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Abstract

Nowadays, the performance improvement of turbomachinery through traditional methods have
reached a plateau, so the state of the art optimization methods make use of computational fluid
dynamics in order to solve fluid flow problems. The optimization methods using CFD are procedures
with a high computational cost since a CFD simulation must be performed for each geometry generated
by the optimization algorithm. Artificial neural networks can be used to approximate the CFD
computations and reduce the computational power needed to perform an optimization. End wall
profiling has been validated as an effective tool for the reduction of secondary losses in turbines. End
wall profiling leads to fully three-dimensional hub and shroud surfaces. The aim of the end wall
profiling is to reduce the transverse pressure gradient at the end wall through the principle of streamline
curvature which results in reducing the blade loading in the end wall region and therefore controlling
the end wall flows. This work consisted in performing three different optimization procedures (A, B and
C). The results showed that the end wall profiling led to a considerable increase of the total-to-total
efficiency. Optimization A led to an efficiency increase of 0.99%, optimization B increased 0.16% and
optimization C increased 0.94%. This work shows that end wall contouring is a good technique to
achieve improvement in the performance of a turbine. It also demonstrates that the use of optimization
algorithms associated with the artificial neural networks is an innovative way of creating new improved
geometries with less computational power.
Keywords: Turbomachinery, Computational Fluid Dynamics, Optimization Algorithm, Artificial
Neural Networks, End Wall Contouring

1. Introduction
Turbomachinery describes machines that are re-
sponsible for the energy transfer between a rotor
and a fluid flow. It includes both turbines and com-
pressors which are rotary mechanical machines that
work in a opposite way. While turbines transform
the energy of the fluid into useful work, a compres-
sor transfers energy from a rotor to a fluid.

One of the main reasons for the reduction of over-
all efficiency in turbomachinery is the secondary
flows. The secondary flows can be categorized into
different types of vortices, such as Horseshoe vor-
tex, Passage vortex, Corner vortex and Tip Leakage
vortex. These phenomena are represented in Figure
1.

A powerful method to improve the aerodynamic
efficiency in a turbine by decreasing the occurrence
of secondary flows is non-axisymmetric end wall
profiling. The objective of the non-axisymmetric
end wall profiling is to reduce the transverse passage
pressure gradient by means of streamline curvature.
This results in a reduction in the blade loading and

consequently controlling the flow.

Nowadays, the performance improvement of tur-
bomachinery through traditional methods have
reached a plateau so the state of the art optimiza-
tion methods make use of the computational capac-
ity available in the present days. Computational
Fluid Dynamics (CFD) makes use of the most ad-
vanced numerical methods in order to solve and an-
alyze fluid flow problems. CFD software are used
both during the design phase and also for compar-
isons with the experimental results.

As technology develops and the computational
power becomes greater, new and innovative soft-
wares to optimize the geometry of turbomachinery
components are created. Fine/Design3D is an in-
tegrated environment for the design and optimiza-
tion of three-dimensional turbomachinery blades
and channels. This environment integrates a mod-
ern parametric blade and non-axisymmetric end
wall modeller, external CFD solver MULTI3 and
a design and optimization environment for turbo-
machinery blades and channels. The design and
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Figure 1: Secondary Flows Representation [1]

optimization environment makes use of optimiza-
tion algorithms alongside the use of Artificial Neu-
ral Networks in order to approximate the CFD com-
putation since it would be too costly to perform a
CFD iteration for each different geometry generated
by the optimization algorithm.

2. Secondary Flows in Turbomachines

As previously discussed, secondary flows are one of
the main reasons for the overall efficiency decrease
in turbomachinery. When secondary flows are mix-
ing out, the secondary losses are generated.

In the year of 1955 Hawthorne [2] proposed his
classical vortex model shown in Figure 2. In this
model, Hawthorne states the existence of normal
vorticity introduced by the inlet boundary layer.
This normal vorticity at the inlet is responsible for
the streamwise vorticity at the exit of a curved pas-
sage.

Figure 2: Secondary Flow Model by Hawthorne [2]

More recently, Langston [3] performed one of the
first experimental investigations into the influence
that end wall exerts in the flow. His experiments
showed that the inlet boundary layer separates at
the end wall of the cascade. As the working fluid
progresses inside the cascade and encounters a solid
turbomachinery component, such as a blade, the ef-
fects of longitudinal and vertical pressure gradients
alongside the momentum deficit in the boundary
layer, caused by the viscous effects, leads the flow
to separate and form one or more vortices [4].

2.1. Methods to Control End Wall Flow

In order to attempt to control the end wall flow,
several methods can be used. This methods can
be divided into two categories, the active and pas-
sive methods. Active methods are of very limited
success. An example of an active method for end
wall flow control is boundary layer blowing inves-
tigated by Biesinger [5].The passive methods for
end wall flow control are the methods which re-
searchers have dedicated more attention. The most
frequently used are the blade leaning, axisymmet-
ric and non-axisymmetric end wall profiling. Blade
leaning has been investigated at the University of
Cambridge by S.Harrison [6]. He reported that the
blade leaning had no overall effect on loss, as it has
more impact on establishing a more homogeneous
flowfield going into the following airfoil rows. [6]

The concept of axisymmetric end wall contouring
was introduced in the year of 1960 by the Russian
engineers M.E. Dejc and A.E. Zarjankin. Since its
conception several other engineers have studied this
method for end wall flow control and it has been
proven to be an efficient method for end wall flow.

In the year of 1965, Gilbert Riollet [7] applied for
a patent which would be the first generic geome-
try of a non-axisymmetric end wall titled “Curved
Channels through which a gas or vapor flows”. Non-
axisymmetric end wall profiling leads to fully three-
dimensional hub and shroud surfaces as opposed to
the traditional design where the hub and shroud are
surfaces of revolution. The aim of the end wall pro-
filing is to reduce the transverse pressure gradient
at the end wall through the principle of streamline
curvature which results in reducing the blade load-
ing in the end wall region and therefor controlling
the end wall flows [8]. Concavity of the end wall
results in a local increase of the static pressure as
in a decrease of the flow velocity. On the other
hand, convex curvature of the end wall will result
in the opposite, the flow velocity will increase and
the static pressure will drop locally, as we can see
in Figure 3.
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Figure 3: Convex and concave curvature influence
in the end wall flow [9]

Not only can the concavity and convexity curva-
ture mechanism be used but also different ones, such
as the change of the cross sections which can affect
the flow field over the span and not only locally
as the previous mechanism. Another way to alter
the flow would be the modification of the blockage
through the thickening of the boundary layer. In
conclusion, the objective of this alterations to the
end wall geometry is to try to diminish the trans-
verse pressure gradient as the driving force behind
secondary flow by altering the static pressure on the
suction and pressure surfaces [9].

3. Optimization Methodology
The method used to obtain the optimum non-
axisymmetric end wall shape uses the idea of taking
the information obtained from previous designs and
using it in order to obtain a better behaved shape.
In this optimization process, the chosen optimiza-
tion algorithm is the genetic algorithm since it has
the ability to enhance the capability of reaching the
global minimum but with a drawback of needing
thousands of iterations to do so. Artificial neural
networks can be used to approximate the CFD com-
putations since it would be to costly to perform a
CFD computation for every geometry generated by
the optimization algorithm. A database constituted
by the design examples feeds the artificial neural
network in what is known as the training of the
ANN. As new design shapes are generated they are
added to the database, updating it. After the up-
date of the database, the ANN is subjected to a new
learning step. This process follows until the predic-
tions of the ANN are closer to what the actual CFD
solution would be. The steps for the optimization
process are the following (Figure 4):

• Creation of a meshing template for the grid
generator using the meshing software Auto-
Grid5 and IGG.

• Parameterization of the geometry to reduce the

geometrical degrees of freedom using the pa-
rameterization software Autoblade.

• Definition of the free and fixed geometrical
parameters, generation of the initial database
based on CFD simulations of arbitrary geomet-
ric samples using FINE/Design3D software.

• Definition of the optimization goals, run the
optimization by means of the ANN, based on
self-learning algorithm and performance check
to compare the current sample with regard to
the optimization goals using FINE/Design3D.

Figure 4: Flow Chart of the Optimization Process
[8]

3.1. End Wall Parameterization

In order to perform the non-axisymmetric end wall
parameterization, the along channel parameteriza-
tion method was used (Figure 5). This method cre-
ates cuts along virtual streamlines which are align
with the blade camber curve. These cuts are divide
equidistantly the blade passage. The parameteriza-
tion area started upstream of the leading edge of
the blade at the inlet interface while the end was
set at the trailing edge of the blade. The blade
channel was divided into 6 equidistant Bezier cuts.
Each cut constituted by an equidistant distribution
of 6 parameters. The choice of the number of pa-
rameters comes from the balance between predicted
aerodynamic benefit and the computational cost of
the optimization. Each parameter is limited to a
movement normal to the end wall, i.e one-degree
freedom. The allowed variation was of 6.75 mm
which corresponds to 7.5% of the blade span. The
value of the variation was chosen with respect to
manufacturing constraints. Finally, the geometri-
cal shape of the non-axisymmetric end wall is lofted
through these cuts.
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Figure 5: Along Channel Parameterization Method
[10]

3.2. Grid Template

The grid generation procedure was performed using
both AutoGrid and IGG meshing software from Nu-
meca International. During the optimization proce-
dure, both during the database generation and the
ANN training/optimization several new geometries
are generated and using the template and mesh-
ing scripts it is possible to automatically create
the meshes for the new geometries. The template
and meshing scripts are obtained through the mesh
of the original geometry (reference geometry), i.e
geometry with axisymmetric end walls (Figure 6).
It is required that the reference geometry and the
modified geometries keep the same topology. In or-
der to avoid poor quality meshes for the new geome-
tries, the template mesh must have a grid quality
as high as possible. Table 1 shows the number of
mesh nodes for the stator and rotor.

Figure 6: Mesh of the Original Geometry

Stator Rotor Total
Single-Pitch 1.69 1.54 3.23

Table 1: Number of mesh nodes in millions rounded
to two decimal digits

3.3. Optimization Objective
For the stator shroud end wall optimization, a study
using three different objective functions was per-
formed in order to see how the optimization results
were going to differ through the use of different com-
bination of strategies. Optimization’s A objective
function is defined by the combination of isentropic
total-to-total efficiency and massflow. Optimiza-
tion’s B objective function is defined by the combi-
nation of isentropic total-to-total efficiency, mass-
flow and entropy coefficient. Finally, Optimization
C is performed using an objective function designed
by the combination of isentropic total-to-total ef-
ficiency, entropy coefficient and secondary kinetic
energy. The following equations represent the three
objective functions used for the different optimiza-
tions.

OFA = wηPη + wṁPṁ (1)

OFB = wηPη + wṁPṁ + wscoeffPscoeff (2)

OFC = wηPη+wṁPṁ+wscoeffPscoeff+wSKEPSKE
(3)

Where, w are the weighting factors and P the
penalty terms can be defined as:

• Equality constraint

P =

(
|Qimp −Q|

Qref

)k
(4)

• Upper bound constraint if Qimp > Q then

P =

(
Qimp −Q
Qref

)k
, else P = 0 (5)

• Lower bound constraint if Qimp < Q then

P =

(
Q−Qimp
Qref

)k
, else P = 0 (6)

The optimum geometry will depend on how the
objective function is chosen. Depending on the
penalty terms and weighting factors, different op-
timum geometries will be obtained. In tables 2, 3
and 4 is summarized the chosen values for each dif-
ferent optimization.

η [%] ṁmax [kg/s] ṁmin [kg/s]
Qimp 1 9.2034937 9.0212463
Qref 1 9.2034937 9.0212463

η ṁmax ṁmin

w 3 196 196
k 2 2 2

Table 2: Objective Function - Optimization A
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η [%] scoff [J/kg/K]
Qimp 1 0
Qref 1 1

ṁmax [kg/s] ṁmin [kg/s]
Qimp 9.2034937 9.0212463
Qref 9.2034937 9.0212463

η scoff
w 1000000 2
k 2 2

ṁmax ṁmin

w 6833 6833
k 2 2

Table 3: Objective Function - Optimization B

η [%] scoff [J/kg/K]
Qimp 1 0
Qref 1 1

ṁmax [kg/s] ṁmin [kg/s]
Qimp 9.2034937 9.0212463
Qref 9.2034937 9.0212463

SKE [J/kg.K]
Qimp 0
Qref 1

η scoff
w 1000000 2
k 2 2

ṁmax ṁmin

w 6833 6833
k 2 2

SKE
w 0.0024
k 2

Table 4: Objective Function - Optimization C

4. Results and Discussion

4.1. Stator Shroud Optimization - Optimization A

Table 5 shows how the objective function quantities
for optimization A have changed when compared to
the baseline geometry. The optimization procedure
led to an efficiency increase of 0.99%. The massflow
increased 1% compared to the baseline geometry
case.

Variable Baseline Optimization A
ηtt 0.86112 0.86965

∆ηtt - +0.99%
ṁ 9.11237 9.20432

∆ṁ - +1%

Table 5: Variation of the Objective function quan-
tities for Optimization A

Figure 7 is a representation of the end wall ge-
ometry for the best individual of optimization A. It
shows the height variations as a percentage of the

Figure 7: End wall radius variation, as percentage
of span, for Optimization A

span. The optimized geometry is characterized by
a concave region on the pressure side of the blade.
The concavity starts early in the blade passage and
propagates along the middle region. The suction
side is characterized by a convex curvature in the
early passage.

Figure 8 shows the pitchwise mass averaged total
pressure loss coefficient and secondary kinetic en-
ergy at the stator exit. From Figure 8 a) we can see
that although the end wall contouring was applied
to the tip region, an increase of the losses in the re-
gion close to the tip end wall, from 90% to 99% of
the span is verified. The optimized geometry shows
a loss reduction in the mid/upper part of the span
(approximately from 54% to 88% of the span). The
radial distribution of the secondary kinetic energy
(SKE) (Figure 8 b)) shows the reduction on the sec-
ondary flows intensity. The highest values for the
SKE are found in the tip boundary layer and in the
hub boundary layer. The peaks of SKE found at
the tip and hub are associated with the secondary
flow mechanisms. At the hub (at 4% of the span)
we observe a peak in the SKE, which in the case
of the contoured geometry has suffered a big reduc-
tion in the value of SKE (SKE reduction of 27.8%).
Although the contour was applied to the tip, a re-
duction in the lower part of the span is also verified
which comes to show that the end wall profiling not
only affect the region close to the contour but also
the flow along the entire span. The profiling was
successful in the reduction of the secondary flows
in the upper/midspan region (from 60% to 98% of
the span). In this region of the span, the biggest
reduction in loss was of 35.48%.

In order to give an explanation for the secondary
flow loss reduction, the end wall static pressure co-
efficient (Cpt) field is analyzed. Figure 9 shows a
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(a) Pressure Loss Coefficient

(b) Secondary Kinetic Energy

Figure 8: Pitchwise averaged Loss Distribution and
Secondary Kinetic Energy at the stator exit for Op-
timization A

comparison between the end wall static pressure co-
efficient field for both the baseline and optimized
geometry. When applying end wall contouring to
a geometry, the pressure distribution suffers alter-
ations generally resulting in a promoted crossflow
in the early blade passage and a reduced cross pas-
sage pressure gradient in the late blade passage.
These alterations on the pressure distribution po-
tentially result in a reduction of the crossflow in
the late passage resulting in a more uniform flow.
When comparing both the baseline geometry (Fig-
ure 9 a)) and the optimized geometry (Figure 9 b)),
one can see that the cross pressure gradient has suf-
fered a reduction over the stator passage as a result
of the end wall profiling. A reduction on the cross
pressure gradient corresponds to a decrease in the
passage vortex intensity.

It is known that the secondary flow structures
have associated to them higher levels of entropy.
Figure 10 shows the time-averaged entropy distri-
bution at the stator exit and draws a comparison
between the baseline and the optimized geometry.
The areas where exists higher values of entropy, and
therefore more intense secondary flow mechanisms,
is in the hub and tip end wall zones. They corre-
spond to the tip and hub leakage vortices. This cor-

(a) Baseline Geometry

(b) Optimized Geometry A

Figure 9: Tip End Wall Static Pressure Coefficient
Contour - Optimization A

relates to the loss reduction observed previously in
the midspan region, showing again that the tip pro-
filing has the ability to change the flow field along
the entire span and not only on the end wall region.
In the tip region, where the end wall contouring
was applied, the high values of entropy associated
to the secondary flow mechanisms have been shifted
to higher radial positions (Black Circle) when com-
pared to the baseline geometry. The end wall profil-
ing did not decrease the levels of entropy but shifted
them closer to the tip end wall.

4.2. Stator Shroud Optimization - Optimization B

In table 6 it is described how the analyzed quanti-
ties for this optimization have been altered when es-
tablishing a comparison with the baseline geometry.
The end wall profiling of optimization B led to an
isentropic total-to-total efficiency increase of 0.16%,
which compared to the efficiency increase of 0.99%
obtained in optimization A is far less impressive.
Optimization B also led to a drop in the entropy
coefficient of 0.051% and an increase of 0.018% in
the massflow compared to the baseline geometry.

Figure 11 shows the end wall geometry for the
best individual of optimization B. The optimized
geometry is characterized by two concave regions
on the pressure side of the blade. The suction side
is characterized by a convex curvature in the early
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(a) Baseline Geometry

(b) Optimized Geometry A

Figure 10: Time-averaged Entropy Distribution -
Optimization A

Variable Baseline Optimization B
ηtt 0.86112 0.86247

∆ηtt - +0.16%
ṁ 9.11237 9.11403

∆ṁ - +0.018%
scoeff 1.01180 1.01128

∆scoeff - -0.051%

Table 6: Variation of the Objective function quan-
tities for Optimization B

passage and by a small concavity in the middle re-
gion.

Similar to the analysis performed for optimiza-
tion A, Figure 12 shows the pitchwise mass averaged
total pressure loss coefficient and secondary kinetic
energy at the stator exit. From Figure 12 a) we are
able to assess that the losses have not be altered in
the lower/midspan area, i.e the changes in the to-
tal pressure loss coefficient are only occurring from
51% of the span until the tip end wall at 100% of
the span. In the case of optimization A there were
still some alterations verified on the lower part of
the span (around 20% of the span) as we can see in
Figure 8. This is probably due to the fact that the
resulting geometry of optimization B led to a end
wall with lower values of the height change. The
biggest loss reduction is occurring at 81% of the

Figure 11: End wall radius variation, as percentage
of span, for Optimization B

span with a reduction of 15.84% compared to the
baseline. Figure 12 b) is a plot of the radial dis-
tribution of SKE where a comparison between the
baseline and the optimized geometry can be estab-
lished. The highest values of SKE occur in locations
close to the tip and hub end wall, i.e in the tip and
hub boundary layers. In the midspan region the
values for the SKE are lower, which means that at
this locations the flow is more homogeneous. The
optimized geometry showed no differences to the
baseline geometry in the region between 9% and
60% of the span. Although there is still a decrease
in the values of the SKE for the profiled geome-
try in optimization B, they are not as significant as
the reduction that optimization A provided. This
shows that optimization B was less successful in the
decrease of the intensity of the secondary flows, cor-
relating to the fact that the efficiency increase was
smaller when compared to optimization A.

The static pressure coefficient field (Figure 13)
is characterized, in the suction side of the blade,
by an increase in size of the area corresponding to
the lower pressure when comparing to the baseline
geometry. In the throat area region of the blade,
the contoured geometry led to an alteration of the
pressure isolines. The isolines had their orientation
changed, becoming more perpendicular to the flow
for the contoured case.

The time-averaged entropy distribution is plot-
ted in Figure 14. Both in the baseline and the op-
timized geometry the hub and tip regions are the
ones where the entropy values are the highest corre-
sponding to areas of more significant secondary flow
mechanisms. This correlates to the radial distribu-
tion of the SKE (figure 12 b)) where the tip and hub
zones were the ones with the higher values of SKE.
The optimized geometry shows an increase of the
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(a) Pressure Loss Coefficient

(b) Secondary Kinetic Energy

Figure 12: Pitchwise averaged Loss Distribution
and Secondary Kinetic Energy at the stator exit
for Optimization B

entropy close to the tip end wall when compared to
the baseline geometry. It is also visible that the pro-
filed geometry led to a shift of the higher entropy
area to higher radial positions (white circle). In the
upper/midspan region of the profiled geometry the
entropy has suffered a small reduction (Blue circle).

4.3. Stator Shroud Optimization - Optimization C

Table 8.3 shows how the analyzed quantities for this
optimization have changed when compared to the
baseline geometry. One can see that the optimiza-
tion led to an efficiency increase of 0.94%, as well
as to a drop in SKE of 23.86%. The massflow in-
creased 0.86% and the entropy coefficient decreased
0.012% when comparing to the baseline geometry.

The end wall geometry for the best individual of
optimization C is depicted in figure 15 . It shows
the height variations as a percentage of the span.
The optimized geometry is characterized by a con-
cave region on the pressure side of the blade and a
convex region on the suction side of the blade, sim-
ilarly to what was seen in optimization A (Figure
7). The first concavity occurs in the middle section
of the passage. The suction side is characterized by
a convex curvature in the early passage.

Although having different optimization objec-

(a) Baseline Geometry

(b) Optimized Geometry A

Figure 13: Tip End Wall Static Pressure Coefficient
Contour - Optimization B

tives, optimization A and C produced similar end
wall geometries. Not only were the geometries sim-
ilar but their characteristics as well, e.g similar in-
crease in efficiency and in the massflow. As a re-
sult, the behaviour showed by optimization C in
the pitchwise mass averaged total pressure loss co-
efficient and secondary kinetic energy at the stator
exit (Figure 16) correlates to the behaviour of opti-
mization A.

Regarding the static pressure coefficient field
(Figure 17), we can see that when comparing both
the Baseline geometry (Figure 17 a)) and the Op-
timized geometry (Figure 17 b)) that the isolines
in the suction side of the blade, especially in the
early blade passage are closer to each other pro-
moting the crossflow as expected. As it occurred
in the end wall profiling of optimization geometry
A, in the throat area region, the the pressure iso-
lines are almost perpendicular to the profiled case.
This alterations on the pressure distribution poten-
tially result in a reduction of the crossflow in the
late passage resulting in a more uniform flow.

Similarly to what occurred in optimization A, the
time-averaged entropy distribution suffers a visible
reduction in the midspan region (Blue circle). This
correlates to the loss reduction observed previously
in the midspan region. Close to the tip end wall,
where the profiling was applied, the high values of
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(a) Baseline Geometry

(b) Optimized Geometry B

Figure 14: Time-averaged Entropy Distribution -
Optimization B

entropy associated to the secondary flow mecha-
nisms have been shifted to higher radial positions
(Black Circle).

5. Conclusions

With optimization A, the total-to-total efficiency
was increased by 0.99%. This increase is a result
of the improvement of the flow. At this region, the
delta in total pressure loss coefficient has suffered
a significant reduction of 21.1% when compared to
the baseline geometry. The secondary kinetic en-
ergy was significantly reduced both in the hub and
tip region. At the hub, a reduction of 27.8% occurs,
as for the tip the end wall contouring was successful
in the reduction of the secondary flows in the span
region from 60% until 98%. In this region of the
span, the biggest reduction in loss was of 35.48%.
The end wall contouring also led to changes in the
pressure gradient at the tip end wall. The cross
pressure gradient, which is the driver of the pas-
sage vortex, suffered a reduction culminating in a
more uniform flow and in a suppression of a sepa-
ration structure present in the pressure side of the
blade. The end wall contouring also decreased the
pressure gradient from tip to hub. This reduction
leads to less mixing losses and a more uniform flow
along the span. This phenomena is a reason to why
there was a reduction of the losses in the midspan

Variable Baseline Optimization C
ηtt 0.86112 0.86924

∆ηtt - +0.94%
ṁ 9.11237 9.19065

∆ṁ - +0.86%
scoeff 1.01180 1.01168

∆scoeff - -0.012%
SKE 26.83134 20.42972

∆SKE - -23.86%

Table 7: Variation of the Objective function quan-
tities for Optimization C

Figure 15: End wall radius variation, as percentage
of span, for Optimization C

region.
Optimization B allowed the total-to-total effi-

ciency to increase by 0.16%. An increase far less
impressive than the one verified for optimization A.
The biggest reduction in the loss coefficient was of
15.84% and happened at 81% of the span. Com-
pared to the 35.48% reduction in optimization A,
the decrease here is quite smaller. However, op-
timization B was successful in the decrease of the
underturning and overturning from 50% of the span
until 100%, where the values of the profiled geome-
try were always lower than the values of the baseline
geometry. Bellow 50% of the span, the contoured
geometry had the same behaviour as the baseline
geometry.

Finally, optimization C resulted in a total-to-
total efficiency increase of 0.94%. This optimiza-
tion has shown to be really similar to optimization
A, not only in the value of the efficiency increase but
in the behaviour of the flow. Both optimizations A
and C produced similar end wall geometries, both
are characterized by the existence of a concave re-
gion on the pressure side and a hill on the suction
side of the blade. The efficiency increase comes as
a result of the improvement of the flow. At 81%
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(a) Pressure Loss Coefficient

(b) Secondary Kinetic Energy

Figure 16: Pitchwise averaged Loss Distribution
and Secondary Kinetic Energy at the stator exit
for Optimization C

of the span, the total pressure loss coefficient has
decreased 22.72% in comparison to the baseline ge-
ometry. The SKE also showed similar behaviour to
what was verified in optimization A. The increase
in efficiency comes from the reduction of both the
cross pressure gradient at the tip end wall and the
reduction of the tip to hub pressure gradient. These
pressure gradients are the drivers of the secondary
flows and a reduction in the gradient results in a
more uniform flow along the span.
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