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Introduction

The present PhD Thesis addresses the subject of steam tur-
bine design and analysis.

Steam turbines are used in a huge range of applications:
from mechanical drive applications, e.g.driving pumps and
compressors, to power generation applications.

The design procedure of a turbomachine is a very com-
plex engineering operation, involving thermodynamic, aero-
dynamic, technological and structural aspects. At the same
time the time to market is of crucial importance for industry,
hence fast and reliable tools for design are required.

Moreover, steam turbines are faithful partners to the pro-
cess industries. They have proven their reliability and keep
pace with every demand of capacity and speed. The design
process hence has to be fast, reliable and capable to respond
to the most different requirements in terms of operating range
and power.

The focus of the present thesis is the review of the steam
turbines design process carried out in Nuovo Pignone-GE
Oil&Gas.

This process is based on a one-dimensional design tool.
The turbines designed with the aid of this tool are composed
of:

• 1 or 2 impulse stages for the steam mass flow partial-
ization

vii



viii Introduction

• 1 or more drums with 50% reaction stages

• 1 condensing drum

Figure 1: GE-Nuovo Pignone Steam Turbine

The turbines output of this tool have at the moment un-
satisfactory efficiency levels. The object of the present re-
search is hence the review of the design procedure of the 50%
reaction stages, seeking higher efficiencies. Given the deep
integration of the one-dimensional tool with all the subse-
quent phases of the product development, this must remain
the main instrument of the design process. Furthermore its
integration with the subsequent phases of the industrial prod-
uct development have to be preserved.

The thesis is organized as follows:

• Chapter 1: A brief description of the state of the art of
turbine design methodologies

• Chapter 2: A brief description of the existing design tool

• Chapter 3: How the efficiency increase has been pur-
sued and how it has been realized through the modified
design procedure
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• Chapter 4: How the integration of the tool with the
subsequent phases of the product development has been
conserved and enhanced

• Chapter 5: Results and examples of turbines output of
the new design procedure



Nomenclature

AR Aspect Ratio, H
C

H Blade Heigth

C Blade Chord

Z Number of Stages

RR Radius Ratio, RTIP

RHUB

Re Reynolds Number

Fc Centrifugal Force

Greek
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Nomenclaure xi

ϕ Flow Coefficient, cxU

ψ Load coefficient, ∆H0
U2

2

ξ Stagger Angle

σ Stress [MPa]

ζ Loss Coefficient, 1 − ( c
cis

)
2

η Total-to-Total Efficiency

∆H Enthalpy Drop

Acronyms

CFD Computational Fluid Dynamics

LE Leading Edge

TE Trailing Edge

BEP Best Efficiency Point

FEM Finite Element Method

Subscripts

sec Secondary

tot Total

p Profile

all Allowable
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Chapter 1

State of the Art

This chapter provides a description of the state of the art of
the methodologies for turbine design

1.1 Steam Turbine

A steam turbine is a device that extracts thermal energy from
pressurized steam and uses it to do mechanical work on a ro-
tating output shaft.
Its modern manifestation was invented by Sir Charles Par-
sons in 1884. This first model was connected to a dynamo
that generated 7.5kW of electricity. The invention of Par-
sons’ steam turbine made cheap and plentiful electricity pos-
sible and revolutionized marine transport and naval warfare.
Parsons’ design was a reaction type.
A number of other variations of turbines have been devel-
oped that work effectively with steam. The De Laval turbine
(invented by Gustaf de Laval) accelerated the steam to full
speed before running it against a turbine blade.
One of the founders of the modern theory of steam and gas
turbines was also Aurel Stodola, a Slovak physicist and engi-
neer and professor at Swiss Polytechnic Institute (now ETH)
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2 Chapter 1 State of the Art

in Zurich. His mature work was “Die Dampfturbinen und
ihre Aussichten als Wärmekraftmaschinen”([11]). In 1922, in
Berlin, was published another important book: “Dampf und
Gas-Turbinen”([12]).

The Brown-Curtis turbine, an impulse type, which had
been originally developed and patented by the U.S. company
International Curtis Marine Turbine Company, was devel-
oped in the 1900s in conjunction with John Brown&Company.

It was used in John Brown-engined merchant ships and
warships, including liners and Royal Navy warships.

Steam turbines are made in a variety of sizes ranging
from smaller than 0.75kW units used as mechanical drives
for pumps, compressors and other shaft driven equipment, to
1,500 MW turbines used to generate electricity.

There are several classifications for modern steam tur-
bines. To maximize turbine efficiency the steam is expanded,
doing work, in a number of stages. These stages are charac-
terized by how the energy is extracted from them and are
known as either impulse or reaction turbines. Most steam
turbines use a mixture of the reaction and impulse designs:
each stage behaves as either one or the other, but the overall
turbine uses both. Typically, higher pressure sections are re-
action type and lower pressure stages are impulse type.

1.1.1 Impulse turbine

An impulse turbine has fixed nozzles that orient the steam
flow into high speed jets. These jets contain significant kinetic
energy, which is converted into shaft rotation by the rotor
blades, as the steam jet changes direction. A pressure drop
occurs across only the stationary blades, with a net increase in
steam velocity across the stage. As the steam flows through
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the nozzle its pressure falls from inlet pressure to the exit
pressure.
Due to this high ratio of expansion of steam, the steam leaves
the nozzle with a very high velocity. The steam leaving the
moving blades has a large portion of the maximum velocity
of the steam when leaving the nozzle. The loss of energy due
to this higher exit velocity is commonly called the carry over
velocity or leaving loss. The law of momentum states that
the sum of the moments of external forces acting on a fluid
which is temporarily occupying the control volume is equal to
the net time change of angular momentum flux through the
control volume.

Figure 1.1: Impulse Stage

1.1.2 Reaction turbine

In the reaction turbine, the rotor blades themselves are ar-
ranged to form convergent nozzles. This type of turbine makes
use of the reaction force produced as the steam accelerates
through the nozzles formed by the rotor. Steam is directed
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onto the rotor by the fixed vanes of the stator. It leaves the
stator as a jet that fills the entire circumference of the ro-
tor. The steam then changes direction and increases its speed
relative to the speed of the blades. A pressure drop occurs
across both the stator and the rotor, with steam accelerating
through the stator and decelerating through the rotor, with
no net change in steam velocity across the stage but with
a decrease in both pressure and temperature, reflecting the
work performed in the driving of the rotor.

Figure 1.2: Reaction Stage
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1.2 Methodologies for Turbine De-
sign

In the early development of turbines, many empirical design
rules were used. At the beginning of the 1950s turbine design
relied substantially on empirical correlations of data. Tur-
bine design has almost always involved mean line analysis
or simple radial equilibrium theory together with empirical
information on blade section performance. Efficiency was es-
timated using empirical expressions for basic two-dimensional
loss, secondary loss and clearance loss.

At the beginning of the 1960s a strong effort has been
made in the analytical research both in two directions:

• Direct problem: Solving the flow through cascades of a
given shape

• Indirect problem: Obtaining the required blade shape
once the surface velocity distribution has been given

We can cite:

• Blade to Blade flow analysis: analysis of the two-dimensional
potential flow in given turbine cascades

• Through-Flow methods: these represented the start of
the practical application of CFD to turbomachinery de-
sign. These methods still require empirical input for the
blade row loss and deviation but allow designs with
arbitrary vortex distribution to be developed. These
methods remain the backbone of the modern compres-
sor and turbine design process. They are used both in
the design mode, where enthalpy or angular momentum
changes are specified and the flow angles are sought, and
in the analysis mode where specified machine geometry
is analyzed to predict performance.

Modern turbomachinery design relies almost completely
on CFD to develop blade sections. What CFD really provides
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is the ability to exploit the three dimensional nature of the
flow to control undesirable features such as strong secondary
flows in turbines.

Simple methods with empirical inputs are still needed for
the mean-line design and for through-flow calculation and it
is often emphasised by experienced designers that if the one-
dimensional design in not correct then no amount of CFD
will produce a good design.

1.3 Design methods for routine de-
sign

As aforementioned in the turbine design we can face two dif-
ferent problems:

• Direct problem: Solving the flow through cascades of a
given shape

• Indirect problem: Obtaining the required blade shape
once the surface velocity distribution has been given

The direct problem can be faced with a growing level of
precision with:

• Mean line analysis and empirical input for the blade
row loss and deviation

• Through-Flow methods with empirical input for the
blade row loss and deviation

• CFD methods

CFD calculation for a complete turbine are still too time
consuming for routine design, while the first two methods are
currently used for industrial design. Hence, simple methods
with empirical inputs are still needed for the mean-line design
and for through flow calculation or an entire turbine.



Chapter 2

Analysis of the
Existing Design Tool

This chapter provides a description of the existing industrial
tool for steam turbine design

The analysis of the existing tool has been an essential step
of the present work. In fact, due to industrial needs, it was
necessary to maintain the existing tool as the main one for
the turbine design.

This tool performs both a thermodynamic and mechanical
design. Given few inputs selected by the design engineer with
a front-end interface the tool designs a complete 50% reaction
drum.

The analysis carried out can be divided into:

1. Mean line thermodynamic analysis

2. Mechanical verifications

In fig 2.1 it is reported a schematic flowchart of the code.
As it can be seen, the thermodynamic design and the me-
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8 Chapter 2 Analysis of the Existing Design Tool

chanical one are not independent one from the other but they
interact with each other in an iterative way.

2.1 Mean Line Thermodynamic Anal-
ysis

The thermodynamic analysis is the one that leads the design
of the machine.

The code is based on a direct problem approach. This
means that, given the shape of a profile, it is possible to eval-
uate its performance with a zero dimensional correlative ap-
proach and the analysis of the turbine is made through a
Mean Line Analysis.

The code selects a two-dimensional constant profile section
blading that is the same for stator and rotor rows. In fact,
owing to expanding flow in both stator and rotor in a typical
50 % reaction stage and to the low loading level, it is recog-
nized that with a single efficient profile section it is possible
to cover the entire application range without any significant
loss in efficiency (Havakechian and Greim [8]).

This two-dimensional constant profile section blading fea-
tures a wide incidence range and a good mechanical behaviour.
We can indicate this profile as “GEO-1”.
The code knows the optimum conditions at which the profile
presents its best efficiency point (BEP) in terms of:

• Flow Coefficient ϕ

• Stagger Angle ξ

Through an iterative approach, the code designs each sin-
gle drum of the turbine with stages working at their BEP.
When this is not possible, due to constraints in terms of max-
imum drum length or design diameters, the code is allowed to
explore other working points varying the blade stagger angle.

The code requires only few inputs:
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• Steam inlet conditions in terms of pressure and enthalpy

• Drum inlet and outlet hub diameters

• Discharge pressure

With these few inputs the code realizes a very first design
of the drum in terms of:

• Number of stages

• Stagger angle of each stage ξ

• Flow coefficient ϕ

• Load Coefficient ψ

• Heights of blades

This first design is obtained knowing the ϕ − ψ curves
of the profile for each stagger angle. At the first iteration the
drum efficiency is an hypothesis and only with the subsequent
iterations this value is updated until convergence.

A schematic flow chart is reported in Fig. 2.2.
Into the code the row efficiency is calculated through a

correlative approach coupled with a mean line analysis.
Once the first design of the turbine is performed the code

starts the mechanical verifications.

2.2 Mechanical Verifications

Once the turbine structure is defined on the base of the ther-
modynamic analysis, the code performs a mechanical verifi-
cation of the bladings (stator and rotor ones) and of the rotor
anchor system.

This analysis leads to the dimensioning of the stator and
rotor blade chord. The chord is dimensioned at first targeting
an ideal aspect ratio value AR (blade height/blade chord).
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The blade is modelled as a fixed beam and the most
stressed section is verified. The chord is increased until the
mechanical verifications are passed.

Furthermore, it is designed the foot of the rotor blade (its
anchor system) and it is verified the resistance in terms of
compression and bending.

The thermodynamic analysis and the mechanical verifi-
cations are not parts separated into the code. In fact, once
the mechanical design is performed, a new thermodynamic
analysis is carried out.

An iterative design procedure is hence realized until the
turbine’s performance between two subsequent steps is not
varying (with respect to a minimum tolerance value).

At the end, it is verified that the calculated axial length
is not greater then the maximum allowable one. When this
happens, the code re-starts the design from the beginning
with a reduced number of stages. A schematic flow chart is
reported in Fig. 2.3
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FIRST THERMODYNAMIC DESIGN 

• NUMBER OF STAGES 

The target of  the code is 

designing each stage at his 

BEP.  

MECHANICAL DESIGN 
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The stator and rotor 
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SELECTION AND VERIFICATION OF 
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The rotor blade anchor 
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a given rotor chord 
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• STAGGER ANGLE OF EACH STAGE 
• HEIGHT OF EACH STAGE 

Selection of: 
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THERMODYNAMIC ANALYSIS 

Given the geometry, a 

detailed mean line 

analysis is made 

CALCULATION OF EACH STAGE EXPANSION 

CALCULATION OF DRUM PERFORMANCE 

Drum expansion consistent with the one of 
previous thermodynamic analysis 

Axial length 
is respected? 

YES 

END 

NO 

YES 

•RESULTS PRINTING 
•DATA PREPARATION FOR CAD AUTOMATION 

NO 

Reduction 
of stage 
number 

Figure 2.1: Code Schematic Flowchart
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The first 

thermodynamical design 
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Discharge pressure 
matched? 

NO Increase or 
reduction of 
stage number 

Oscillation 
between n and n-1 

stages? 

Change of design point  

NO 

DETAILED THERMODYNAMIC DESIGN: Mean line analysis with Correlative Approach  

MECHANICAL DESIGN 

YES 

Efficiency calculation: Correlative Approach  

Convergence on 
efficiency value? 

Maximum axial 
lenght is respected 

YES 

YES 

YES 

END 

NO 

NO 
Reduction of 
stage number 

Figure 2.2: Thermodynamic design Flowchart
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SELECTION OF ROTOR BLADE ANCHOR 
SYSTEM 

The rotor blade anchor 

system is standardized for 

a given rotor chord 

VERIFICATION OF STRESSES IN NECK 
SECTION AND CRASH SURFACES 

YES 

Verification  
satisfied 

NO 

END OF MECHANICAL DESIGN 

Increase of 
rotor chord 

Figure 2.3: Mechanical design Flowchart



Chapter 3

Research of
Efficiency Increase

This chapter provides a description of how the research of ef-
ficiency increase has been pursued

The 50 per cent reaction turbine stage (reaction stage) has
often been synonymous with stages of superior aero-dynamic
efficiency and high flexibility with respect to operating range.

This advantage is primarily linked with the lower stage
loading and accelerating flow through the stator and rotor.
To achieve the highest efficiency level the designer has to:

1. use the most efficient profile sections

2. find the optimum choice of the basic design parameters
leading to the most efficient meridional flow path

3. optimize the seal design in order to reduce leakage
flow rate and the impact on main flow rate

In the present thesis it has been investigated the research
of more efficient machines through the use of more efficient
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18 Chapter 3 Research of Efficiency Increase

profile sections and meridional flow path.

3.1 Profile Geometry

As we have seen in the previous chapter, the existing code
uses a profile of a given shape to cover the entire operating
range. The code has in fact the task to design a turbine where
this profile works at his best efficiency point BEP.

The code performs an iterative loop and the target is
the design of a turbine that realizes the disposal of the flow
for a given pressure ratio at the highest efficiency reachable
with the given bladings. Then the tool performs the mechani-
cal verifications. Mechanical verifications and thermodynamic
design are coupled and interact one with the other until “con-
vergence ”on both.

This design approach is motivated by the fact that in the
Steam Turbine world, especially the one of mechanical driven,
the integration of the mechanical and thermodynamic design
is really important, by the moment that the turbine has to
be designed on the customer requirements.

Furthermore, in the case of Nuovo Pignone-GE Oil&Gas
world, it is applied the design concept of “building blocks ”,
that are used to “assemble ”the machine, that implies a very
high degree of standardization.

Hence, when we have faced the problem of increasing pro-
file efficiency, we have analysed two different possible paths:

1. Implementation into the code of a new more efficient
profile geometry

2. Change of the design process with the introduction of a
dedicated profile design section (i.e. resolution of merid-
ional and blade to blade flow field, Havakechian and
Greim [8] )
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The second way meant a complete change in the design
procedure, and was not consistent with the requirements in
terms of customization possibilities by a side (very variable
customer’s requirements) and standardization of product de-
velopment process by the other.

Even if this way has the advantage of allowing the selec-
tion of the best profile section for each operating condition,
industrial needs typical of this turbomachinery’s field made
not viable this approach.

It has been hence decided, together with the industrial
partner, to find a new more efficient profile, so on called
“GEO-2”, to be used in alternative to the old profile GEO-1.

When looking for a new profile geometry, it was possible
to follow two paths:

• Choice of a New prismatic (2D) profile

• Choice of a New three-dimensional blading design

During the last decade, the major steam turbine man-
ufacturers have devoted significant investment on advanced
three-dimensional blading design.
At the same time through the latest generation of two-dimensional
constant profile section blading it has been recorded a re-
liable operation and outstanding performance in the entire
range of setting angle , aspect ratio AR and stage loading ψ
(Havakechian and Greim [8]).

Together with the industrial partner, it has been chosen to
follow a more conservative path with respect to what it is ac-
tually implemented and to find an optimized new prismatic
profile.

In fact, the adoption of a 3D profile would have implied
a complete review of the mechanical verification approach
and at the same time a strong effort in all the subsequent
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phases of product development process, especially in terms of
manufacturing.

Only at a later time of the present industrial research pro-
gram it will be explored the opportunity of implementing a
new more efficient three-dimensional blading design.

The new prismatic profile has been obtained through a
dedicated multi-objective, aerodynamic optimization that re-
lies on a neural-network based approach coupled with CFD
analysis (Bellucci et al. [5]).

3.1.1 Airfoil Optimization

The overall optimization strategy is extensively reported in
(Bellucci et al. [5]). Even if this optimization is not part of
the present thesis, it is important to present here how this
optimization has been performed.
This optimization relies on a neural-network-based approach
and consists of coupling CFD analyses with a neural-network-
based-optimization method. The CFD calculation have been
performed by means of the multi-row, multi-block version of
the TRAF code (Arnone [2], Arnone [3]).

Two different optimizations have been carried out, at high
and low flow coefficient ϕ, by the moment that the optimized
stage will work in a wide range of operating conditions.

By the moment that accounting for structural limitations
was essential for final design purpose, both the static and dy-
namic behaviors of each geometry were checked downstream
of CFD analysis.

The mechanical integrity checks are based on simplified
design rules based on the evaluation of:

• Root Tensile Stress σ

• Minimum inertia moment-to-area ratio

Respecting the design philosophy of the tool, a single air-
foil for stator and rotor rows was used. As a result of the
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process two different optimum airfoils were identified:

• OPT-A: low ϕ

• OPT-B: high ϕ

and each one of these airfoils were tested in off-design
conditions by varying the stage pressure drop. In addition
both optimized airfoils were re-staggered to cover the whole
operating range.

Hence, the profile optimized for high flow coefficient has
been tested at low flow coefficient and vice versa.
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Figure 3.1: Efficiency comparison: original and optimized ge-
ometries performance curve (CFD)

Fig. 3.1 shows the comparison between the efficiency curves
of the original airfoil (GEO-1) and those of the optimized air-
foils (OPT-A and OPT2). The new geometries exhibit similar
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operating range as the original and maintain an elevated ef-
ficiency gain in off-design conditions. Fig.3.1 shows also how
the performance of the OPT-A is similar to the re-staggered
version of OPT-B and vice versa.

The mechanical constraints, independent of the operating
conditions, have driven the two optimizations towards similar
airfoils shapes.

This has suggested the possibility of using a single op-
timized airfoil. The OPT-A was hence selected to cover, by
re-staggering, the entire operating range. From this moment
on we will refer to this optimized profile as GEO-2.

Compared to the original design, the GEO-2 geometry has
a higher nominal stagger angle, a smaller radius of curvature
in the rear part of the suction surface and it is in general
thinner [Fig. 3.2].

Original

OPT

Figure 3.2: Airfoil geometries comparison( GEO-1 Original
and GEO-2 Optimized

Parallel to the numerical activity, an experimental cam-
paign was conducted in which the original GEO-1 and GEO-2
airfoils were tested in a linear cascade arrangement. A general
agreement was found between measurements and predictions
in terms of shape of the loss coefficient curves. Moreover the
loss level was fairly well predicted too, since the maximum er-
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ror between computations and measurements was lower then
0.3%.

3.1.2 Implementation in the design proce-
dure:
Thermo-fluid dynamic analysis

By the moment that the existing design tool performs both a
thermodynamic as well as a mechanical strength analysis, it
has been necessary to implement the new optimized geometry
with respect to both aspects.

Concerning the first aspect, as aforementioned in chapter
2, the code performs a thermo-fluid dynamic analysis its scope
is the calculation of:

• Row Efficiency

• Stage Enthalpy drop

Into the code this scope is realized using a zero-dimensional
correlative approach together with a mean line analysis. When
facing the problem of introducing the new profile GEO-2 into
the code by a thermodynamic point of view few alternative
approaches have been taken in consideration.

The constraints to the problem were:

• The new approach has to be easily integrated into the
existing code

• The new approach must require a computational time
compatible with the existing design cycle time

The approaches that have been taken in consideration are:

1. A zero dimensional correlative approach coupled with a
Mean Line Analysis

2. A zero dimensional correlative approach coupled with
an analysis of the flow field outside of the bladings with
a Not Isentropic Radial Equilibrium (NISRE).
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3. Solution of the three-dimensional flow field based on
the resolution of meridional (S2) and blade to blade
(S1) flow (Wu and Brown [14] and Havakechian and
Greim [8])

The first approach is analogous to what is at the moment
into the code, while the second approach would have allowed
a better characterization of profile losses.

The last approach has been excluded by the industrial
partner because of too tight time deliverable of the present
research project.

Together with the industrial partner, we have decided to
investigate the first approach, and, when not satisfying, to
take in consideration the second one.

This decision has been supported by the consideration
that the new profile geometry is a prismatic blade, hence the
metal blade inlet and outlet angles remain constant along the
span. On the other hand, the inlet flow angle varies with the
radius ratio, but the new profile geometry, as well as the old
one, is tolerant to incidence. Hence one can reasonably expect
to have not a strong variation of profile loss along span.

An extensive CFD campaign has been carried out in or-
der to investigate the effects of basic two-dimensional loss,
secondary flow and tip clearance on the stage efficiency.

In fact, by the moment that the goal was to replace the
current set of correlations for the row performance estima-
tions, the CFD campaign has been aimed at pointing out the
differences in the aerodynamic behavior between two high-
pressure steam turbine stages implementing respectively the
GEO-1 and GEO-2 profile.

In order to find the best suitable correlative approach for
the new blading, it has been deeply analyzed the one present
into the code for the old (GEO-1) blading.

The last step has been the analysis of what is available in
the open literature. At the end, it has been possible finding
a new correlative approach that suits GEO-2 bladings.
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CFD Campaign

Three dimensional RANS Analysis have been carried out in
order to independently investigate the effect of profile, sec-
ondary flow and tip-clearance losses on the stage efficiency.

Fig. 3.3 shows a comparison between GEO-1 and GEO-2.

Figure 3.3: Three dimensional blade geometry comparison
GEO-1 (black) and GEO-2 (red)

Both airfoils exhibit a blunt leading edge, in order to have
a good robustness with respect to incidence, suitable for wide
operating range where these blades typically operate. The ge-
ometrical differences in this region yield a different response
to incidence variation, that plays an important role in affect-
ing stage performance.

The higher nominal stagger and the smaller radius of cur-
vature of the uncovered part of the suction side of GEO-2
respect to GEO-1, together with higher pitch-to-axial chord
ratio, provide an increase in the blade loading.

An exhaustive comparison between the performance of the
two geometries was then carried out. The parametric study
included geometrical features such as:

• Stagger angle ξ

• Aspect ratio AR

• Radius ratio RR
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This study was extended in a wide range of flow coef-
ficient (φ) in order to cover the expected operating space.
A cylindrical flow path geometry was selected to avoid local
three-dimensional effects that can hide the actual impact of
the parameter under investigation. For each configuration, a
performance curve was drawn by varying the stage backpres-
sure only, while keeping the same pressure and temperature
distribution at stage inlet.

Impact of Profile losses The impact of the profile loss
on the efficiency of the two stages was studied by varying the
stagger angle of the blade. In fact, by the moment that both
stages GEO-1 and GEO-2 employ prismatic blades, use a sin-
gle airfoil for stator and rotor rows and are designed to work
with an optimum pitch-to-chord ratio at blade midspan, the
only geometrical feature that can affect profile loss, with a
fixed blade size and flow path geometry, is the stagger angle.

The computations were performed in a cylindrical flow
path characterized by a high AR and low RR, in order to limit
the influence region of the secondary flows near the endwall.
Hence the evaluation of the midspan loss was not affected by
secondary flows. The results of this analysis are reported in
Fig. 3.4

The Fig. 3.4 highlights that the envelope curve of the peak
efficiency for the GEO-2 has a greater efficiency. The total
loss coefficient ζ was evaluated making a balance between
the inlet and the outlet section of the computational domain,
while the profile loss was calculated at the blade midspan.
Both are evaluated with the equation 3.2:

ζ = 1 − (
c2
c2is

)2 (3.1)
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Figure 3.4: Comparison between GEO-1 and GEO-2 perfor-
mance curves at different stagger angles

and:

ζsec = ζtot − ζp (3.2)

The trends of the loss coefficients are reported in Fig. 3.5.

Observing the profile losses, it is worth noticing that the
benefits of the GEO-2 rise towards the reduced staggers. This
consideration highlights that only the aerodynamic perfor-
mance of the airfoils guides the ∆η, revealing that both stages
have a similar behavior in terms of secondary flows. The Fig.
3.5 shows how the impact of secondary loss is almost constant
in the whole range.
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Figure 3.5: Total, profile and secondary loss coefficients at dif-
ferent stagger angles: comparison between GEO-1 and GEO-2
(constant AR,RR,Reynolds Number)

Impact of Secondary losses The effects of secondary
flows were studied at three different stagger angles, by varying
independently the blade aspect ratio AR and radius ratio RR
of the meridional flow path. At first the impact of Aspect Ra-
tio was investigated at four different values. The blade height
was varied at fixed chord length in order to preserve the same
Reynolds number. For each AR a flow path geometry with dif-
ferent mean diameter was selected in order to keep the radius
ratio unchanged. Moreover the blade speed was modified to
preserve the kinematic similitude of the stage at midspan.
The results of the computations are reported in Fig. 3.6 where
the peak efficiency is reported for both stages at three differ-
ent stagger angles. The computations confirm the well known
trend whereby reducing AR increases the blade span influ-
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enced by the secondary flows, thus reducing efficiency.
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Figure 3.6: Aspect ratio effect for three values of stagger an-
gle: comparison in terms of peak efficiency values

The two stages exhibit similar secondary flows intensity
and depth of penetration into the main stream, as shown in
Fig. 3.7. The figure shows how the secondary flows increase
their penetration with reduced AR and higher stagger angles,
affecting the aerodynamic performance of the stage. The per-
cent of the blade height influenced by these flows is almost
the same for both stages.

As for the aspect ratio analysis, four different values of
Radius Ratio were investigated. The computations were per-
formed with different flow path geometries and blade speeds
in order to preserve the Aspect Ratio and the kinematic simil-
itude of the stage at midspan for each RR. The results are
summarized in Fig. 3.9. Increasing the radius ratio increases
the variation of inlet flow angle. The endwall regions work in
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Figure 3.7: Aspect ratio effect: spanwise distribution of swirl
angles at bucket exit for several stagger angles

very off-design conditions. For these reasons the efficiency is
progressively reduced when the radius ratio is increased, as
shown in Fig. 3.8.

When comparing the two stages, a similar angle distribu-
tion can be observed for the lower radius ratio, as well as the
same penetration of the secondary flows in the mainstream.
Different considerations have to be made for theRR/RRref =
1.33 case. The impact of secondary flows is stronger for GEO-
2 stage and more marked for the higher stagger.

Choice of correlative approach

Most of the actual turbines selected currently by the design
tool are composed of stages with high aspect ratios and low
radius ratios, which confine three dimensional effects near
blade endwalls. The discussion of the CFD results has pointed
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Figure 3.8: Radius ratio effect for three values of stagger an-
gle: comparison in terms of peak efficiency values

out that the GEO-2 stage would have responded in a very
similar way to the GEO-1 one in terms of secondary losses.
Thus it was decided to use the same modelling of the sec-
ondary losses as the one implemented in the existing
correlations. Once the model for secondary losses was estab-
lished, the tuning was focused on the modeling of the profile
loss.

At first we have analysed the current set of correlations
implemented for GEO-2.
The correlative approach present into the code is based on the
one of Traupel (Traupel [13]) with few modifications. Trau-
pel has developed a one-dimensional, empirical model where
various flow disturbances are generated by the presence of the
blades. Extensive testing has been the base for empirical di-
agrams, and then these experimental results are interpreted



32 Chapter 3 Research of Efficiency Increase

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

N
o
rm

a
liz

e
d
 s

p
a
n

α1 - α1,ref

Original

α1 - α1,ref

Optimized

RR=1.15

RR=1.60

5 deg

Higher stagger
Nominal stagger

Lower stagger
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in a physical sense to be interpolated-extrapolated also for
other flow and geometrical conditions. The total loss by Trau-
pel consists of profile losses, secondary losses (rest losses), tip
leakage losses and fan losses:

ζ = ζp + ζf + ζr + ζTIP (3.3)

where ζ is defined as:

ζ =
C2

2is − C2
2

C2
2is

(3.4)

The profile losses are due to the friction on the profile sur-
faces and the separation of the boundary layer on the blade.
The profile losses ca be calculated as:

ζp = χRχMζp0 + ζTE + ζc (3.5)
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• ζp0: the basic profile loss is a function of outlet flow
angle.

• χR: Reynolds number correction. A high Reynolds num-
ber (above 2×105) has no effect on the profile loss, while
a low Reynolds number will increase the profile loss. The
surface roughness has a large impact on Reynolds num-
ber correction factor and its influence can be seen for
value of roughness-to-chord ratio above 10−05.

• χM : The Mach number correction takes into account
what impact the outlet Mach number has on the profile
loss.

• ζTE : The trailing edge loss depends on the trailing edge
thickness to pitch ratio, basic profile loss, Mach and
Reynolds number correction. For steam turbine blades,
where the TE thickness tipically is small, this loss has
little influence.

• ζC : The Carnot shock loss is caused by the shock that
appears just after the TE where the fluid undergoes a
sudden expansion. For steam turbines this loss is typi-
cally predominated by the flow angles at given TE thick-
ness.

As it can be seen, the old set of correlations made a point
only of the outlet flow angle. Some geometrical features of
the blades were also implicitly assumed, such as the deflection
or the maximum blade thickness. For these reasons, a more
general profile loss model was necessary, capable of reproduc-
ing the correct trend of incidence losses and including a more
exhaustive set of input parameters.

Many loss predictions methods exist to predict losses in
turbomachines. Concerning axial turbines, methods for pre-
dicting total losses in the cascades have been developed such
as:
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• Ainley & Mathieson -[1951] [1]

• Craig & Cox -1970 [7]

• Duhnam & Came [1970]

• Traupel -1977 [13]

• Kacker & Okapuu - [1982] [9]

• Moustapha & al -[1990] [10]

• Benner & al -[1990] [6]

• Aungier -2006 [4]

All these approaches handle the impact of incidence on the
profile loss. In general, the loss is calculated at design condi-
tion and then corrected for the off-design ones as a function of
the incidence angle. The differences among these works have
to be sought not only in the parameters used to describe the
airfoil geometry, but also in the complexity of the models
themselves. This makes each approach effective and accurate
for a specific blade typology, somehow losing its prediction
capability when different typologies are faced.
In light of this consideration, each approach has been exam-
ined in depth, and eventually it has been defined a proper
blending of such approaches, in order to exploit the advan-
tages of each for the case under investigation.
Much attention was paid to the leading edge geometry of
the profile, which is markedly different between GEO-1 and
GEO-2. In fact, the characterization of the leading edge is
recognized in literature as a key factor in estimating profile
performance (Moustapha et al. [10] and Benner et al.[6]), as
it plays a role of primary importance in determining the inci-
dence losses. The input parameters were extended, including
some geometrical features such as the blade thickness, inlet
flow and blade angle as well as the outlet ones and the leading
edge diameter. However, all the details of such a “blended”are
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proprietary and cannot be disclosed in the present thesis.

A first validation of the new set of correlations was made
by considering the cylindrical flow path geometry used to in-
vestigate the impact of profile loss. The prediction of the new
correlations were compared with the ones by the old set and
CFD results at different stagger angles.
The results are summarized in figures 3.10 and 3.11, where
the performance curves of the GEO-2 stage are evaluated by
means of the three tools: CFD calculation, Old Correlative
Set, New Correlative Set. A general agreement was found
between CFD and the tuned correlations. When comparing
the two figures, the need for tuning the 1-D tool to correctly
model the GEO-2 stage into present design tool is readily
evident. The tuning has allowed for a better prediction not
only in terms of absolute value, but also in terms of peak-
efficiency and off-design behavior. For all the curves, except
for the lower left one, the prediction is improved. This is prob-
ably due to the secondary loss model, which might not be able
to accurately capture the impact of secondary flows for the
GEO-2 geometry. In fact, to work along that working line, the
blades had to have a high stagger angle, which enhances the
secondary flows. However, the region where the tuning worsen
the prediction capability is far from the optimum design space
where the blades are commonly designed. Moreover, the dif-
ference in efficiency evaluation, between the old and the new
curve, is about 0.25%. Overall, the trend of each curve and
the shape of the envelope curve confirm the interpretation of
the CFD results discussed in the previous section.

In order to assess the prediction capability of the new
set of correlations in different machine layouts, than the one
used for the tuning, two different stage configurations were
extracted from existing turbines. These two geometries are
characterized by different meridional flow paths (AR,RR), ro-
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tational speeds, expansion ratios, flow coefficients and blade
counts. The GEO-2 airfoil was investigated in design and off-
design conditions by means of CFD computations. The results
were compared to the one-dimensional prediction tool as de-
picted in Fig. 3.12. The plots show a general good agreement
between CFD and the preliminary design tool in terms of
both peak efficiency position and absolute value. The tuned
tool predicts an off-design behaviour similar to the one of
CFD computations, highlighting that the new modelling is
able to well capture the aerodynamic behavior of both the
stages. Moreover, the results confirm the choice of using old
modelling for the secondary losses.

Figure 3.12: Performance curve for two different real machine
layouts: comparison between CFD and tuned 1D tool
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3.1.3 Implementation in the design proce-
dure:
Mechanical verifications

Once the thermofluiddynamic design is realized, the code per-
forms mechanical and aero-mechanical verifications. Into the
present work only the mechanical verifications have been re-
vised and updated. First, it has been deeply analysed how the
mechanical verifications are performed into the code, then, in
light of some considerations, these have been revised and up-
dated.

The design procedure presents an high grade of standard-
ization. This means that, even if the code designs turbine in
a wide operating range, the parts of the machine itself are
deeply standardized.

In particular the design basic element is the blade chord.
Once the blade chord is defined, all the other parts, for in-
stance the cover or the anchorage system, are dimensioned as
a function of this one.

The mechanical design starts with the dimensioning of
the stator and rotor chord. Once the chords are verified, it is
possible to design the other components and make the relative
mechanical verifications. If one of the verifications related to
these component is not satisfied, we go back to the chord
dimensioning that is increased until all the verifications are
passed.

Existing Mechanical verifications into the code

The mechanical verifications into the code are performed as-
suming the stator and rotor blade like a fixed beam. Fur-
thermore also the rotor anchor system, the “blade foot”, is
verified.

The stator and rotor chord are selected considering a tar-
get aspect ratio. The value of this target aspect ratio depends
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on many factors, for instance if we are considering the first
stage or a subsequent one or the value of steam quality.

The chord is hence calculated as:

chord =
Hblade

AR
(3.6)

Once the stator chord and the rotor chord are verified, the
rotor anchor system is verified too. The chord is increased
every time one of these verifications is not passed, until a
maximum value.

Blade mechanical verification The schema of the blade
mechanical verifications is reported in Fig. 3.14. The blade is
verified in its root section. The blade is modelled like a fixed
beam. Both static and fatigue stress are calculated only in
one point of the airfoil contour. This is due to two reasons:

• The point of the airfoil contour where the stress is cal-
culated is in most cases the most stressed one

• At the time when the program has been written it was
essential saving computational time.

We can indicate this point as “point A”. The turbine’s
blade can be considered well dimensioned when:

• The total static stress is lower then an allowable value
calculated for a static load

• The bending stress is lower then the alternate allowable
stress

The static stress σstat is calculated considering:

1. Membrane stress due to centrifugal force acting on the
blade cover σc1

σc1 =
Fccover
A

(3.7)
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2. Membrane stress due to centrifugal force acting on the
blade σc2

σc2 =
Fcblade
A

(3.8)

3. Bending stress due to steam force σb1 calculated in the
point A

The total stress in point A is hence:

σstat = σc1 + σc2 + σb1 (3.9)

The fatigue stress is calculated considering:

1. Membrane stress due to centrifugal force acting on the
blade cover σc1

2. Membrane stress due to centrifugal force acting on the
blade σc2

3. Bending stress due to steam force σb1 calculated in the
point A

For each material, selected by the designer, the allowable
stress is selected as a function of operating temperature.

The modelling of the blade cover is approximate. The con-
tribute to stress due to the presence of the cover is taken into
account only in terms of membrane stress and not in terms of
bending. Even if the centrifugal force acting on cover creates
a bending stress, due to the fact that its center of gravity
is not aligned with the one of the blade root section, by the
moment that this one is opposite respect to the steam one, it
is not considered.

Rotor blade anchor system mechanical verification
The rotor blade anchor system is verified taking into account
the stresses at:
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Figure 3.13: Point A of the airfoil contour verified in mechan-
ical analysis

• Foot neck section

• Crash surfaces

In this section the stresses considered are:

• Membrane stress due to centrifugal force acting on the
blade cover σc1

• Membrane stress due to centrifugal force acting on the
blade σc2

• Membrane stress due to centrifugal force acting on the
foot σc3

• Bending stress due to steam force σb1

• Bending stress due to centrifugal force acting on the
blade at foot neck section σb2

• Bending stress due to centrifugal force acting on the
blade at crash surfaces section σb22

The steam force consists of two parts:
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Figure 3.14: Stator and Rotor blade design flow chart

• pressure of steam acting on blade surface

• the change of steam momentum

Also the centrifugal force acting on cover and the upper
part of the foot create a bending stress of foot neck and crash
surfaces. In the existing coed they have been considered neg-
ligible.

Review and update of mechanical verifications into
the code

First, in order to perform the mechanical verifications when
the new profile geometry is selected, it has been necessary to
update a series of geometrical parameters.
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Figure 3.15: Blade centrifugal force

In particular, have been updated the values of:

• Minimum and maximum inertia moment in principal
inertia reference system

• Airfoil area

• Airfoil coordinates in principal inertia reference system
of the most stressed point of the airfoil.
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Figure 3.16: Inertia axis

Figure 3.17: Rotor Blade
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Considering that the computational cost is not anymore
a critical factor, it has been decided to improve the accuracy
of stress modeling.

At first it has been decided to extend the number of ver-
ifications at the root blade section. Hence it is verified not
only one point but a discrete number of points that properly
describes the airfoil shape. In the new version of the code the
airfoil’s shape is hence discretized in 47 points and they are
all verified.

Improvement in foot geometry realised by the industrial
partner have been implemented into the code, hence it has
been implemented the new foot modeling. In order to calcu-
late the stresses it has been necessary to calculate the inertia
momentum of each critical section of the foot in his principal
inertia reference system, as reported in Fig. (3.16).

In order to reach a deeper detail in stress modeling, it has
been decided to carefully model both the cover and the foot
geometry:

• Cover: It is calculated the mass and the center of grav-
ity. This allows a proper calculation of the bending due
to the centrifugal force that acts at blade root section
and at foot neck and crash surfaces.

• Foot: It is calculated the mass and the center of gravity.
This allows a proper calculation of the bending due to
the centrifugal force that acts on foot neck and crash
surfaces.

This accurate modeling has allowed us to calculate all
the bending stresses acting at blade root section and at foot
critical sections, in particular:

• Bending stress due to centrifugal force acting on the
cover at blade root section σb3

• Bending stress due to centrifugal force acting on the
cover at foot neck section σb4
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• Bending stress due to centrifugal force acting on the
cover at foot crash surface σb5

• Bending stress due to centrifugal force acting on the
upper part of the foot at foot neck section σb6

• Bending stress due to centrifugal force acting on the
upper part of the foot at foot crash surfaces σb7

Thank to this new approach, it has been possible having a
better modeling of the stresses acting on the critical sections
of the blade and of the blade anchor system.
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3.1.4 Implementation in the design proce-
dure:
Positioning in tangential direction of
the blade respect to cover and blade
foot

When facing the problem of the tangential positioning of the
rotor blade respect to cover and foot, the old design proce-
dure performed a standard positioning. No consideration was
made upon the consequences in terms of stress connected to
a given positioning respect to another.

When we have faced the problem of using the old rules for
tangential positioning or finding new ones, we have realised
that the tangential positioning does not have only an impact
on the geometry of the machine, but also on the stresses act-
ing on the critical sections of foot and blade. This is due to
the misalignment along radial direction of the center of grav-
ity of cover, blade root section and foot critical sections in
tangential direction.

As we have seen in section 3.1.3, the centrifugal stress act-
ing on the cover determinates a bending stress on airfoil and
foot critical sections, as well as the centrifugal stress acting
on the blade determinates a bending stress on foot critical
sections. Even if in lower measure, also the upper part of the
foot, whose center of gravity is not aligned with the one of the
foot critical sections, determinates a bending stress on these
last ones.

As we have seen, these stresses are influenced by the re-
ciprocate tangential position of each part of the rotor:

• Bending stress due to centrifugal force acting on the
blade at foot neck section σb2

• Bending stress due to centrifugal force acting on the
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Figure 3.18: tangential view of the rotor

blade at crash surfaces σb22

• Bending stress due to centrifugal force acting on the
cover at blade root section σb3
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• Bending stress due to centrifugal force acting on the
cover at foot neck section σb4

• Bending stress due to centrifugal force acting on the
cover at foot crash surface σb5

• Bending stress due to centrifugal force acting on the
upper part of the foot at foot neck section σb6

• Bending stress due to centrifugal force acting on the
upper part of the foot at foot crash surfaces σb7

Obviously, only the component of the stress related to
axial momentum is influenced by tangential positioning.

Research of optimum tangential positioning

By the moment that these stresses are influenced by the recip-
rocate tangential position of each part of the rotor, we have
thought that it could be possible to use this positioning
to reduce the stresses acting on the critical sections.

With reduced stresses it is possible to select a smaller rotor
chord size. When, with the same operating conditions, it is
possible to have a smaller chord the advantages are numerous.

In fact, what we expect from a reduced rotor chord size
is:

• Increase in efficiency connected with an higher aspect
ratio

• Reduced axial length. This is often connected with an
increase in efficiency when the drum axial length is a
strong constraint. In these cases in fact a reduced stage
axial length means a higher number of stages working
at lower load and closer to their best efficiency point.

The new rotor blades, respect to the old ones, will be
manufactured with a CNC machine with 5 axis, hence we
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have the possibility to explore the design space in terms of
tangential positioning.

We have decided to set the relative positioning of blade,
cover and foot with two parameters:

• alfa : angle of suction side respect to radial direction

• delta y: distance in terms of tangential direction from
blade pressure side to solid pressure side

In Fig.3.18 it is reported the basic configuration, with the
pressure side of the blade aligned with radial direction and
delta y equal to its minimum value (there is a curvature ra-
dius that has to be respected between blade and solid).

Varying both these two parameters, alfa and delta y, we
can realize a matrix of possible configurations.

We have decided to review the design procedure, and
in particular we have decided to make the verification of ro-
tor and foot critical sections at the same time, and not in a
sequential way, as it was in the code (see Fig. 2.3).

For each possible configuration in terms of alfa and delta y,
it is computed the ratio between acting stress and allowable
one σ

σall
in each point of the critical sections .

We make hence a matrix its dimensions are:

• Number of positioning in terms of alfa

• Number of positioning in terms of delta y

• Number of verifications

In Fig. 3.19 the matrix of possible design solutions is rep-
resented: at each couple of j-k value corresponds a geometry
in terms of alfa and delta y.
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Figure 3.19: Design matrix

Once the matrix values are computed, it has been essential
finding a criterion for the choice of the optimum configura-
tion. The first criterion is obviously that the configuration to
be chosen has to present all the σ

σall
values (corresponding to

all the verifications) lower than 1.
In fig. 3.20 this means that only the configurations where all
the curves are under the black line are taken in consideration.

Once these possible configurations have been found, we
need a criterion for the choice of the best solution. We have
taken into consideration two possible criteria:

1. Choice of the configuration with the minimum of the
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Figure 3.20: Example of Values of σ
σall

Figure 3.21: Example of Possible tangential configuration in
terms of stresses

sum of the stresses:

σtot =
∑

(
σ

σall
) (3.10)

2. Choice of the configuration with the smallest “highest
stress”
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We have decided to choose the second one because this
criterion leads to a better exploitation of the strength char-
acteristics of the material in all the critical sections. We may
say that the material is somehow “better used”.

In Fig. 3.21 are reported the configurations where all the
values σ

σall
are lower then 1. In the case reported in Fig. 3.21,

on the base of the chosen criterion the selected configuration
would be the number 9.

The new mechanical design procedure implemented into
the code is reported in Fig. 3.22. As we can easily see now
the selection of the blade rotor chord and anchor system is
made at the same time and not with subsequent steps.
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The stator and rotor 

chord are selected with 

a target aspect ratio 

SELECTION OF STATOR CHORD 
stator_chord = stator_height/AR  

Increa
se

 o
f stator cho

rd
  

YES 

VERIFICATION OF ROOT STATOR 
AIRFOIL STRESSES  

Verification  
satisfied 

NO 

SELECTION OF ROTOR CHORD 
rotor_chord = rotor_height/AR  

CALCULATION  OF ROOT ROTOR AIRFOIL STRESSES IN 
EACH J-K TANGENTIAL POSITION CONFIGURATION  

Exist at least 1 configuration where all the 
verifications are satisfied? 

NO 

YES 

SELECTION OF ROTOR 
BLADE ANCHOR SYSTEM 

CALCULATION  OF STRESSES IN NECK SECTION AND CRASH 
SURFACES IN EACH J-K TANGENTIAL POSITION 
CONFIGURATION 

CREATION OF J-K NORMALIZED 
STRESS MATRIX  

Increase of 
rotor chord 

CHOICE OF BEST J-K TANGENTIAL 
CONFIGURATION  

Figure 3.22: New stator chord, rotor chord and anchor system
design procedure
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3.2 Meridional Flow Path

Turbine design practice is essentially composed of three steps
(Havakechian and Greim [8]):

1. optimal choice of the basic design parameters leading
to the most efficient flow path

2. the design of most efficient profile sections

3. the employment of advanced three-dimensional features

As we have seen in section 3.1, the second point has been
faced with a dedicated optimization aimed at designing a
new two-dimensional profile. With reference to point 3, to-
gether with the industrial partner we have decided to im-
plement a new prismatic profile (see section 3.1), hence no
three-dimensional feature has been employed.

We have then decided to review the rules of the flow path
design.

When facing the problem of reviewing the criteria of the
meridional flowpath design, it has been at first analysed what
are the actual rules, then, taking also into account the new
possibilities offered by manufacturing, they have been up-
dated.

3.2.1 Existing meridional flow path design

When the existing design tool faces the problem of merid-
ional flow path shaping, it performs at first the “global”drum
meridional flow path design and, at a later time, the single
stage meridional flow path design.

Drum meridional flow path design

The existing tool needs only four inputs to perform the shap-
ing of the meridional flowpath in terms of hub inlet diameter
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of each stage. The inputs are:

• Drum inlet diameter at hub D1H

• Drum outlet diameter at hub D2H

• Maximum drum inlet stator height H1

• Maximum drum outlet rotor height H2

The Drum isentropic enthalpy drop is a given data. In fact
the inlet thermodynamic characteristics and outlet pressure
are input data.
The design code at the very first iteration takes into account
a reference value of drum efficiency ηdrum. Then the code
performs the design of first and last stage, of which the hub
diameters and the minimum and maximum height are given
data. For the first and last stage the code calculates the en-
thalpy drop. The choice of the number of stages “Z”is made
considering the smallest enthalpy drop between these two:

∆Hdrum = ηdrum · ∆HISO (3.11)

Z =
∆Hdrum

∆Hmimum
(3.12)

Once the number of stages is found, the code calculates
the drum axial length with the hypothesis that all the stages
have the minimum stage axial length (that is that all the
stages present the minimum selectable value of stator and
rotor chord).

LAX = Z · Lstage (3.13)

The inlet hub diameter of every intermidiate stage is hence
calculated with a simple linear interpolation. An example is
reported in Fig.3.23.
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Figure 3.23: Inlet Stage Hub diameter first design

Once the hub diameters are selected, it is possible to de-
sign each single stage. The height of each stage is calculated
in order to ensure the disposal of the imposed mass flow rate.
The tip diameters, and hence the shape of the meridional
channel, is the consequence of the thermodynamic expansion
and can not be directly controlled by the design engineer.

We have to highligth that the hypothesis that allows the
hub diameter to be linear with these shaping rules, is that all
the stages present the same axial length.

By what we have seen, the stator and rotor chord sizes
depend on aspect ratio considerations (we want to target an
optimum AR) and mechanical verifications.

What happens in most cases is that the last stages of the
drum have bigger chords than first ones. This is due to the
lower steam density in last stages, that requires higher blade
heights. Higher blade height in fact means bigger chord with
the same AR and also:

• Higher centrifugal force

• Higher steam force because of bigger area on which acts
the steam pressure
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Hence, in most cases the hub meridional channel does not
present a linear shaping.

Stage meridional flow path design

Once the first thermodynamic design of the entire drum has
been performed, the code makes a detailed thermodynamic
analysis of each stage, as it is briefly reported in section 2.1.

It is in this part of the code that the inlet and outlet di-
ameters at hub and tip of stator and rotor are calculated.

The design rules of the code are heavily affected by the
old manufacturing possibilities.

The basic idea is trying to have a linear growth at the
hub between stage inlet and outlet, while at tip the growth is
driven by thermodynamic expansion. The old manufacturing
imposed, however, the following constraints:

• Stator HUB inlet and outlet diameters must be the
same

• Rotor TIP inlet and outlet diameters must be the same

These constraints lead to a “steps”trend of the meridional
flow path. The result are a loss in efficiency. An example of
this “steps”meridional flow path shaping is reported in Fig.
3.25

3.2.2 New meridional flow path design

Reviewing the rules of meridional flow path design, we have
first considered the global drum flow path design, and then
the single stage flow path design.

New Drum meridional flow path design

Having a linear shaping of the meridional flow path between
inlet and outlet is not an incorrect way to proceed. However,
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having only one possible shaping for each couple of values of
hub drum inlet D1H and outlet diameter D2H causes a strong
reduction of design possibilities.
In fact, a different hub diameter shape leads to different op-
erating conditions for each stage, and hence the thermody-
namic expansion will not be exactly the same for the stage.
Furthermore, how the hub diameter grows has an impact on
axial thrust value, that is an important parameter for me-
chanical design.

What we wanted was a reliable and easy way to shape the
hub diameter that could give to the design engineer the pos-
sibility to better exploit the design space. The requirements
were:

1. few input parameters

2. a shaping that does not create inflection points

3. a shaping that does not create hub diameter values
lower than drum inlet hub diameter

4. a shaping that does not create hub diameter values big-
ger than drum outlet hub diameter

We have hence decided to use a quadratic Bezier Curve
that needs only 3 control points.

• 1st point:

1. first coordinate: drum inlet hub diameter D1h

2. second coordinate: x1h = 0

• 3rd point:

1. first coordinate: drum outlet hub diameter D2h

2. second coordinate: xh = LAX - Drum axial length
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• 2nd point:

1. first coordinate: Dintermidiate - a value intermedi-
ate between D1h and D2h

2. second coordinate: xintermidiate - a percentage of
drum axial length

The designer engineer has to select only two values: xbezier
and ybezier. These values have to be between 0 and 1 and are
used for the calculation of the second point coordinates:

Dintermidiate = D1h + ybezier ∗ (D2h −D1h) (3.14)

xintermidiate = x1h + xbezier ∗ (x2h − x1h) (3.15)

Figure 3.24: Example of quadratic Bezier curve

When xbezier = 0.5 and ybezier = 0.5 the design follows
a linear shaping, as it was in the old design procedure. We
have decided to select a Bezier curve because this choice al-
lows having smooth curves, with no inflection points, with
the selection of only two input values xbezier and ybezier.

The design engineer has hence the possibility to explore
different hub diameter shaping with the same drum inlet and
outlet hub diameters.
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New Stage meridional flow path design

In implementing the new stage meridional flow path design we
have taken into account the new manufacturing possibilities.

The constraints that imposed a “steps”trend to the merid-
ional flow path are not anymore present, given that the new
blades will be manufactured with a CNC machine with 5 axis.

We have then decided to shape the stage hub diameter
with a linear interpolation. The tip diameter is then calcu-
lated with respect to thermodynamic expansion. Limits to
maximum flow path opening angles have been chosen.

As we can see in Fig. 3.26, the “steps”trend is not present
anymore.
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Figure 3.25: Example of old flow path design

Figure 3.26: Example of new flow path design



Chapter 4

Integration in the
Production Process

This chapter provides a description of how the integration of
the 1-D design tool with the subsequent phases has been main-
tained and enhanced

As we have seen in the introduction, the integration of the
tool with the subsequent phases of the industrial production
process was an essential requirement to the present work.

The existing tool provides the data for the phases relative
to the generation of:

1. 3D Master Model

2. 2D Drafting Tables

3. Assembly Tables

4. Groove tables

It has been necessary to review all these data in order to
have the same integration with the subsequent phases of the
production process.
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4.1 Data for 3D Master Model

The data for 3D master model are provided with 2 output
files: the first is relative to stator 3D blade, the second is
relative to rotor 3D blade. In both cases it is modelled also
the anchor system, that is an integral part of the blade. These
output files have been realized together with the industrial
partner in order to directly speak with the CAD software
used in the company. Hence, it is possible having a 3D CAD
model of the blades in one single step.

Figure 4.1: Example of 3D Master Model and the data text
generated by 1D code

This procedure, fast and reliable, allows the designer to
have a 3D model of the blades useful for further analysis of
the blade or anchor system, especially in terms of stress with
FEM instruments.
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Together with the industrial partner, the rotor 3D master
model data output of the tool have been updated and re-
viewed according to new design, and at the same time it has
been introduced the files relative to 3D modelling of stator
blade, not present in the old version of the code.

4.2 Data for 2D Drafting Tables

With reference to the data necessary for 2D drafting tables,
they have been updated according to the new design. In Fig.
4.2 it is reported an example of the output data and the 2D
drafting table generated with these last ones.

4.3 Data for Assembly Tables

By the moment that, in order to take advantage of the new
manufacturing possibilities, the design of rotor and stator an-
chor systems have been reviewed, the assembly system has
been deeply modified.

It has then been necessary reviewing all the output data
for assembly. In figures 4.3 and 4.4 are reported two examples
of Rotor and Stator assembly tables so generated.

4.4 Data for Groove Tables

Respect to past design procedure, it has been decided to add
a new output relative to groove tables. This new output is
intended to help the assembly procedure.

All these outputs, made to directly speak with CAD in-
struments, are time saving for the design engineer and in-
crease the robustness of the product development process.



66 Chapter 4 Integration in the Production Process

Figure 4.2: Example of 2D Drafting Table
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Figure 4.3: Example of Rotor assembly Table
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Figure 4.4: Example of Stator assembly Table



Chapter 5

New Design Turbines

This chapter provides a description of two steam turbines de-
signed with the updated design tool

In this chapter are reported three cases of drums realized
with the updated design code.

Real machines, designed with the old tool and yet pro-
duced and operating, have been re-designed with the new
code.

So, given the same input file used for the past design, the
updated tool has designed new design machines.

A CFD analysis both of the old existing drums and of the
new ones has been made.

The results have been used in order to :

• Verify the increase in efficiency respect to old design

• Verify performance predicted by the one-dimensional
tool

69
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5.1 Turbine N1

The first turbine analysed is a turbine composed of:

• 1 Impulse stage for partialisation

• 5 Reaction drums

• 1 Low pressure drum

Given the same input used for existing machine, a new
machine has been designed with the updated code. The new
design uses the optimized profile sections and the new flow-
path design, as well as the optimized relative tangential po-
sitioning of rotor cover, blade and foot.

We have decided to analyse with CFD three-dimensional
steady calculation (Full Navier Stokes) the first and fourth
drum. We have chosen the first and fourth ones because they
are characterized by different values of aspect ratio and radius
ratio, that, as we have seen in section 3.1.2, have a strong
impact on row efficiency.

In Fig. 5.17 it is reported a schematic design of the turbine
output of the old code, while in 5.15 is reported the design of
the same turbine using the updated code (new profile section,
new flowpath design).

The input data used for the design are the same, hence the
two designs respect the same constraints and requirements.
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Figure 5.1: Turbine N1 old Design
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Figure 5.2: Turbine N1 new Design
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5.1.1 Turbine N1: First Drum

With reference to the first drum (Fig. 5.3) we have that the
new design presents a reduced axial length. The load coeffi-
cient at which the new blades work is higher than the one
relative to old design.

Figure 5.3: Comparison between old (red) drum design and
new (black) drum design

In fact, as we have seen in chapter 3 ,the higher nominal
stagger and the smaller radius of curvature of the uncovered
part of the suction side of GEO-2-new design respect to GEO-
1-old design, together with higher pitch-to-axial chord ratio,
provide an increase in the blade loading. In particular, we can
notice a reduction in the number of stages (8 in the old design,
5 in the new one), and each stage presents a bigger chord, as-
sociated to the higher stresses connected to an higher load.

By the moment that the target of the present work was
having more efficient turbines, we have at first run CFD
simulations. The CFD three-dimensional steady calculation
(Full Navier Stokes) have been performed by means of the
multi-row, multi-block version of the TRAF code (Arnone
[2],Arnone [3]).

Both the old design drum and the new one have been
analysed. The results in terms of total-to-total efficiency seen
by TRAF code and relative to the two drums are reported
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Figure 5.4: Comparison between old drum design and new
drum design in terms of total-to-total efficiency (CFD -
TRAF code)

in Fig. 5.4. What we can notice is that the target in term
of efficiency increase has been satisfied ( about 1% for each
stage). Together, we can see an increase in the load, that has
lead to a strong reduction in stage number (Fig. 5.5). This
growth in stage load is due to the higher nominal stagger of
the new blade profile and also to the fact that the new stage
length has been increased respect to the old one. The effect
is hence often a reduction in stage number in order to match
the maximum drum length.

At the same time an important requirement to the up-
dated code was his reliability in drum efficiency calculation.
In fact the code is used for routine design and the efficiency
output of the code is used as a criterion for the selection of
a turbine configuration respect to another. It is hence essen-
tial having a reliable prevision. In figures 5.6,5.7 and 5.8 it
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Figure 5.5: Comparison between old drum design and new
drum design in terms of load coefficient (TRAF code)

is reported the comparison in terms respectively of flow co-
efficient, load coefficient and total-to-total efficiency between
the 1-D code calculation and the TRAF code one. We can
see a good match in terms of efficiency and flow coefficient.
In fact, a good prevision in terms of efficiency, and hence a
proper design of the stages, leads to a correct flow coefficient
calculation and hence to a correct estimation of the power
developed by each drum .
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Figure 5.6: Comparison in terms of flow coefficient seen by
1-D design code and TRAF code

Figure 5.7: Comparison in terms of load coefficient seen by
1-D design code and TRAF code
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Figure 5.8: Comparison in terms of efficiency seen by 1-D
design code and TRAF code
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5.1.2 Turbine N1: Fourth Drum

The fourth drum of the turbine N1 is characterized by higher
Aspect Ratio and Radius ratio respect to the first drum. The
analysis has been analogous to the one made for the first
drum.

Figure 5.9: Comparison between old (red) and new (black)
drum design

At first we have run CFD calculation in order to ver-
ify the efficiency increase connected with the new design. In
this drum too we see an increase in efficiency (about 1% for
each stage), while the load coefficient is almost the same both
for new design and old one. Respect to the drum number 1,
we see here that old design and new design have the same
number of stages and a similar drum axial length. The two
turbine are working almost in the same operating point and
we can appreciate the increase in efficiency connected to the
new profiles. Even if the new profile is more weak in terms of
mechanical resistance than the old one, the chords selected by
the code are similar to the ones chosen in the old design. This
has been possible for the rotor through the optimization of
the tangential positioning of cover and anchor system respect
to blade (see section 3.1.4).

With reference to figures 5.12, 5.13 and 5.14, we can see a
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Figure 5.10: Comparison between old and new drum design
in terms of total-to-total efficiency (TRAF code)

good agreement between CFD and 1D code calculation, even
if the discrepancy between the two tools is slightly bigger than
in the previous drum (see Fig.5.8). This is probably due to a
stronger impact of secondary flows on main flow rate that is
difficult to be modelled with a correlative approach.
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Figure 5.11: Comparison between old and new drum design
in terms of load coefficient (TRAF code)

Figure 5.12: Comparison in terms of flow coefficient seen by
1-D design code and TRAF code
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Figure 5.13: Comparison in terms of load coefficient seen by
1-D design code and TRAF code

Figure 5.14: Comparison in terms of total-to-total efficiency
seen by 1-D design code and TRAF code
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5.2 Turbine N2

The second turbine analysed is a turbine composed of:

• 1 Impulse stage for partialisation

• 5 Reaction Drums

• 1 Low pressure drum

5.2.1 Turbine N2: First Drum

We have analysed the first drum.
At first we have run CFD calculation in order to verify

the efficiency increase connected with the new design. In this
drum we see an increase in efficiency, while the load coefficient
is higher in new design respect to old one.

We see here in fact that new design has less stages then
old design, even if the drum axial length is comparable.

As we have seen, the new stage axial length is bigger
then the old one. Hence, when the maximum axial length
is a strong constraint, the new design tends to have a lower
number of stages respect to old one. This leads to stages more
loaded in average respect to old ones.

Even if the new design turbine is working at an higher
load coefficient, we can appreciate anyway the increase in
efficiency connected to the new profile section.

In fact, when the optimization procedure for the new pris-
matic profile choice has been performed, one of the require-
ment was having more efficient profiles at an higher load re-
spect to old one (see section 3.1.1).

With reference to figures 5.20,5.21 and 5.22, we can see a
good agreement between CFD and 1D code calculation.



Chapter 5 New Design Turbines 83

Figure 5.15: Turbine N1 old Design
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Figure 5.16: Turbine N1 new Design
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Figure 5.17: Comparison between old (red) and new (black)
drum design

Figure 5.18: Comparison between old and new drum design
in terms of total-to-total efficiency (TRAF code)
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Figure 5.19: Comparison between old and new drum design
in terms of load coefficient (TRAF code)

Figure 5.20: Comparison in terms of flow coefficient seen by
1-D design code and TRAF code
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Figure 5.21: Comparison in terms of load coefficient seen by
1-D design code and TRAF code

Figure 5.22: Comparison in terms of total-to-total efficiency
seen by 1-D design code and TRAF code





Conclusions

The present Ph.D. research program has been developed in
the framework of an industrial research program. The purpose
of this industrial project was obtaining an efficiency increase
of the company’s steam turbines.

One of the requirement of the present program was also
continuing to use the existing industrial design tool. This
tool performs both a thermodynamic and mechanical design.
Given few inputs selected by the designer with a front-end in-
terface the tool designs a complete 50% reaction drum. The
analysis carried out can be divided into a mean line thermo-
dynamic analysis and a section where mechanical verifications
are performed.

In order to achieve an higher efficiency level, we have in-
dividuated as key factors the profile sections, the choice of
the basic design parameters leading to the meridional flow
path and the seal design.

We have decided to investigate the first two factors, while
the third one has been dealt by the industrial partner.

The existing code is based on a “Direct Problem”approach.
Hence, given a profile shape, the code has the task to design
a turbine where this profile works at his best efficiency point.

We have decided to maintain the existing design philos-
ophy and find a new more efficient profile. The new profile
geometry has been obtained through a multi-objective, aero-
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dynamic optimization (Bellucci et al. [5]). The overall opti-
mization strategy relies on a neural-network based approach.

Even if during the last decade the major steam turbine
manufacturers have devoted significant investment on advanced
three-dimensional blading design, together with the industrial
partner it has been chosen to follow a more conservative path
with respect to what it is actually implemented and to find an
optimized new prismatic profile. In fact with the latest gen-
eration of two-dimensional constant profile section blading it
has been recorded a reliable operation and outstanding per-
formance in the entire range of setting angle, aspect ratio and
stage loading (Havakechian and Greim [8]). In order to im-
plement the new profile into the code, a correlative approach
has been tuned in order to better model the new profile per-
formance.

An important and interesting step has been the problem of
the tangential positioning of the rotor blade respect to cover
and foot (rotor anchor system). Respect to what was imple-
mented, now the consequences in terms of stresses connected
to a tangential positioning respect to another have been taken
into consideration. We have hence thought that it could be
possible to use this positioning to reduce the stresses acting
on the critical sections. A new routine has been implemented
that performs the research of the “optimum position”in terms
of stresses. This has lead to smaller rotor chords with the same
operating conditions, with all the consequent advantages.

The second step has consisted in reviewing the rules of
the flow path design. When facing the problem of reviewing
the criteria of the meridional flowpath design, it has been at
first analysed what are the actual rules, then, taking also into
account the new possibilities offered by manufacturing, they
have been updated. We have at first considered the drum flow
path design and then the single stage flow path design.

In order to give one more degree of freedom to the de-
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sign engineer, instead of having only the linear option for
drum hub diameter shaping, we have decided to implement a
quadratic Bezier Curve with 3 control points.

In implementing the new stage meridional flow path de-
sign we have taken into account the new manufacturing pos-
sibilities.

The constraints that imposed a “steps”trend to the merid-
ional flow path are not anymore present, given that the new
blades will be manufactured with a CNC machine with 5 axis.

We have then decided to shape the stage hub diameter
with a linear interpolation.

Another constraint to the present work was maintaining
not only the existing design tool, but also the integration of
the tool with the subsequent phases of industrial production
process. This part has not only been maintained but has been
enhanced.

At last, in order to validate the new design tool, real ma-
chines, designed with the old tool and yet produced and oper-
ating, have been re-designed with the updated code. So, given
the same input file used for the past design, we have had new
machines as output. A CFD analysis both of the old existing
drums and of the new ones has been made. We have been
able to see that the target in term of efficiency increase has
been satisfied. At the same time in two of the three cases we
have seen an increase in the load, that has lead to a strong
reduction in stage number. This growth in stage load is due
to the higher nominal stagger of the new blade profile and
also to the fact that the new stage length has been increased
respect to the old one. The effect is hence often a reduction
in stage number in order to match the maximum drum length.

At the same time an important requirement to the up-
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dated code was his reliability in drum efficiency calculation.
In fact the code is used for routine design and the efficiency
output of the code is used as a criterion for the selection of
a turbine configuration respect to another. In all three cases
we have seen a good match in terms of efficiency and flow co-
efficient between 1D tool and CFD performance. Hence, the
1D tool can be used for the selection of the most promising
design.
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