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NOMENCLATURE

Nomenclature

—

A Lift strength.
A1 Ao, Az, A4 Borders of the contact line.

B: Stream width.

C .. ..
- Friction coefficient.

Cpo: Drop velocity.

Coui: Steam medium velocity
Crto: Steam velocity.
cx. Field velocity in x
cy: Field velocity in'y

dt Drop diameter

G : Gravity force.
hiot: Total enthalpy.

—

Ke : Electrostatic forces.

Ks: Volume of the element.

K,: Knudsen number

Ke : Field strength due to a pressure gradient.

My Drop mass

Mﬁ: Local Mach number.

n: Polytropic exponent

P: Pressure.

R. Radius of cluster.

Re Reynolds number

rarop Radius of drop.

rsy Radius of the stream of the contact line.

r; Radius of the contact line.

Sy : Length of the element.
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NOMENCLATURE

t: Time.

T : Force of inertia.

U: Axial Velocity.

V: Peripheral Velocity.

w: Impact velocity of the drop.

Wpx: Relative velocity in x

Wpy: Relative velocity in'y

W' strength.

We: Weber number.

—

Wy : Strength due to additional movement along steam mass.

W Relative velocity

x: Quality.

Pois: Theoretically exit angle.
Ar: Time interval.

AV Volume in hexagoinal space k.
o1 Displacement thickness.

%, -pulse loss thickness.

2% Energy thickness.

@ : Friction Force.

Vi Drop course

A Mean free path of the molecules
o : Surface Tension

p: Density

np: Polytropic efficiency.

THESIS BY: FERNANDO RUEDA MARTJNEZ
LEADERSHIP: DR. MIGUEL TOLEDO VELAZQUEZ



OBJECTIVE

vii

Objective

To develop a procedure of calculation for the flow pattern with liquid droplets
those cause the problem of erosion in the exit plane of the stator crown of the
last stages, in order to have the knowledge of the behavior of the stator blades
geometry, like the channels of the steam flow and the drops as a set in the low

pressure steam turbine.

The previous thing is necessary to the exit of the stator crown, since the
phenomenon of the erosion as a set also makes its appearance in the following
crown of blades, well-known as rotor crown, being observed damages in the

surface of these.

An analysis will become of the different foundations, like mass, impulse and
enthalpy, for the bidimensional calculation of the analysis of transonic flow in
the crown of turbine blades, in condition of which the behavior of the flow is

stationary and free of friction.
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Justification

The estator-rotor crown of the last stages is selected, since the damages by
erosion are here remarkably and the phenomenon of condensation of the steam
flow is analyzed with the nucleation theory, to know more thorough the causes
than they bring about his wearing down due to the origin of drops, and to have
more information about the erosion problems, according to the data of design of

the turbine.
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RESUMEN

Resumen

En la seccion de baja presién de las turbinas de vapor los dafios debido a la
erosion son pronunciados, llegando a observarse en todas las etapas, puesto
que la generacion de microparticulas de liquido implica el impacto sobre los
alabes, ocasionando mayores problemas de erosion en los ultimos pasos por el

incremento de la humedad.

Se establece una metodologia de calculo de la distribucién de velocidad y
de presion en base a un flujo sin friccién, bidimensional, estacionario,
homogéneo y transdnico. También se presentan las condiciones que gobiernan
la seccion de baja presion de las turbinas de vapor en los Ultimos pasos en
relacion al movimiento aproximado de las gotas que fluyen a través del vapor y

su acumulacioén en la cascada de alabes estatores.

Este estudio se utiliza para desarrollar un codigo en lenguaje Fortran que
calcula la distribucion de presién y velocidad en la salida de los é&labes
estatores que tienen condiciones de flujo de vapor humedo, para entender las
causas que origina el fenbmeno de erosion sobre los alabes de los ultimos

pasos en la seccion de baja presion de las turbinas de vapor.
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ABSTRACT

Abstract

In the low pressure section of the steam turbines the damages due to the
erosion are pronounced becoming remarkable in all the stages, since the
generation of water liquid microparticles implies the impact on the blades having

majors problems of erosion in the last stages by the increase of the humidity.

The methodology of calculation of the velocity and pressure distribution on
the basis of the frictionless, two-dimensional, stationary, transonic and
homogenous flow is established. The knowledge of conditions that govern the
low pressure section of steam turbines in the last stage to have an approximate
movement of the droplets in the blade cascades and the accumulation of

droplets on the stator blades, flowing through the steam, is presented.

This study is used for developing a code in Fortran about the pressure and
velocity and pressure distribution in the output of stator blades that have flow
conditions of wet steam, in order to understand the causes that originate the
erosion on the blades of the last stages in the low pressure section of steam

turbines.
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Introduction

The cycle of steam in a thermoelectrical power plant begins when the feed
water enters to the steam generator. There it happens, due to of the process of
combustion and heat transference, the conversion of the water to steam by
means of the auxiliary equipment. Normally, when exists units of great power or
small power in the turbine of high pressure, intermediate pressure and low
pressure, it occurs the process of expansion of the steam, as is shown in

Fig.(I.1), in the part of equipment and its enthalpy-entropy diagram.

If the enthalpy-entropy diagram is observed carefully, it is had that the
expansion crosses in a certain moment the line of saturation in the diagram of
Mollier, as it is known to date. By the information in literature articles and
corresponding books, it is known that the steam has another behavior when
crossing the saturation line in the last stage passages of the expansion turbine.

In these stages the steam flow contains liquid water particles and their
impact against the blades causes different problems, for example, vibrations,
changes in the flow velocities, imbalance in the meridian line, corrosion and
erosion. These liquid water particles are originated by a phenomenon that in
technical literature is known like nucleation. This entails to define to the nucleus
like a particle set (atoms, ions, molecules, etc.) ready in ordinate form, so that
they can serve as antecedent of growth of the drops (Benavente, 2002). The
nucleation of drops will have origin when its temperature is reduced below the
condensation point; this is, minor to 90°C. According to the nucleation theory,
when the formation of the drops begins and they achieve to surpass their critical
radius (of the order of 10 pm), these grow until reaching a stable size (0,1 to
100 um; Gerber & Mousavi, 2007), and they are united with others forming a

molecular group denominated conglomerate, as is illustrated in Fig.(I.2).
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Figure 1.1: Diagram of Mollier shows the equipment that takes part in the cycle of steam
with overheating and illustrates the regions where it concentrates the corrosion and the

erosion by drops of water (Jonas, 2001).
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Figure I.2: Formation of a molecular conglomerate (Schmelzer, 2005).

Some researchers mention that, during the transition of the dry steam to the
wet one, the union between the molecular conglomerates exists, that is,
coalescences (Ford, 2004; Bakhtar, Schmelzer, 2005). The coalescences are
majors when the conglomerate reaches a critical dimension that will allow to
make them stable and homogenous, being the properties of these molecular
conglomerates the center of the theory of nucleation of origin of liquid

micropatrticles.

The effect of this phenomenon in the steam flow has consequences in the
performance of the turbomachinery, since the interactions of the set of the wet
steam with the blades gradually originate a wearing down in the surface of the
same; so that appear tracks of roughness and, sometimes, phenomena of
erosion very pronounced, that it is normal to observe in the blades of the last
stages of the steam turbines, as well as losses, as much in the leading edge,
like in the suction side, pressure side and trailing edges. So that the material of
the blades is diminished and the rotor stability in the turbine is lost, and
consequently it is had in the maintenances that make decisions to change

blades or complete crowns.
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Examples in Fig.(I.3) and Fig.(I.4) show to crowns of blades with erosion in

their pressure side and their peripheral zone in the leading edges (pictures
taken to the rotor crown of the last stage of the steam turbine installed in the
Thermoelectrial Power Station Valley of Mexico; Rueda, 2006).

Figure 1.3: Blades damaged by erosion in the low pressure section (Rueda, 2006).

 EROSIONADA
ZONA PERIFERIC

Figure 1.4: Wearing in the peripheral zone (Rueda, 2006).
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In the low pressure section of the steam turbines the damages are
pronounced becoming remarkable in all the stages, since the generation of
liquid microparticles implies the impact on the blades having majors problems of

erosion in the last stages by the increase of the humidity.

The necessity to understand the transition of the dry steam to the wet one in
the steam turbines and the technological problems that appear it is what
motivates to this study. This work implies a calculation procedure at the outlet of
a set of blades when the flow has a certain wet degree, in order to have the
knowledge of the behavior of the stator blades geometry, like the channels of

the steam flow and the drops as a set in the low pressure steam turbine.
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CHAPTER

DROPLETS FORMATION IN STEAM
TURBINES




One of the most important properties of matter is its capacity to take different
physical forms for different values of parameters such as temperature or
pressure; for example, the condensation of the vapor by nucleation of droplets.
Such changes are fundamentally characterized on the part of physical systems

to minimize their free energy by any available means.

A practical situation where the existence of water droplets creates
problems is the behavior of steam in turbines. The temperature and pressure
gradients are such that these droplets might nucleate with undesirable effects
on the performance of the machine, including the erosion of the turbine blades
due to the repeated impact on them. On the other hand the steam must be
expanded as much as possible to extract the most work from it. The need for an
understanding of the transition from dry to wet steam in turbines has motivated
this thesis.

Being the liquid impact erosion a major technological problem in steam
turbines, the interaction of drops, droplets or clusters, plays an important role in
the low pressure section. The understanding of drops collision is pertinent to a
broad range of processes including nucleation, growth and cluster coalescence.
The erosion that appears on the blades due to repetitive impact of the great
droplets causes damage in the surface of them and, therefore, changes in the

flow conditions of the stage.

In this chapter an analysis about the formation of droplets in the steam turbines
and their impact on the rigid surface of blades is presented. The treatment of
the cluster of droplets as one small liquid droplet is based on the assumption
that these droplets are spherical, equal in size with others and water chemistry
issues are not considered. The impact of a droplet of radius r, moving with a
velocity V towards the rigid surface considering the compression of the liquid
adjacent to the surface, is examined. The subject is concentrated on the
droplets that cause the erosion on blades of steam turbines, which constitutes

also a matter of investigation.



1 DROPLETS FORMATION

1.1 Droplet formation

A phase transition or phase change is the transformation of a
thermodynamic system from one phase to another. There are some phase
transitions which occur when experimental conditions change such that a new
phase becomes stable, for example, the evaporation from the surface of a pure
liquid. However, there are other phase transitions for which this is not the case.
An example of phase change is condensation of a gas. Gases supersaturated
need to nucleate before a new phase can be formed. Melting and boiling (i.e.,
phase changes which almost always occur at equilibrium) [1] differ from
condensation and crystallization because they occur at free surfaces (stable).

In general, a phase is defined as a set of states of a macroscopic
physical system that have relatively uniform chemical composition and physical
properties (i.e. density, crystal structure, and so forth). The different phases of a
system can be represented using a phase diagram, where the axes of the
diagram are the relevant thermodynamic variables, like temperature and
pressure. The phase diagram of a typical case of water is sketched in Fig. (1.1).
In this diagram, the open spaces correspond to the stable phases, which are
separated by lines corresponding to the phase boundaries, or coexisting lines.

When a system passes from one stable phase to another, crossing a
phase boundary, a change in its physical properties occurs. In this case the
system is said to undergoing a phase transition. However, in some cases a
phase can be stable for a relatively long time even beyond the line of
coexistence, in a region of the phase diagram where a different phase would
have lower free energy [2]. These systems are said metastable with respect to
the equilibrium stable phase, concept which describes state of delicate
equilibrium; in other words, a system is in a metastable state when it is in
equilibrium (not changing with time) but is susceptible to fall into lower-energy

states with only slight interaction.
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Figure 1.1: Water phase diagram in the pressure-temperature plane, showing the

boundaries between solid, liquid and gas phases.

To microscopic level, phase fluctuations occur as random events due to
the thermal vibration of atoms (collisions). In terms of nucleation, the
spontaneous fluctuations lead to the formation of small nuclei droplet that can
grow beyond some critical radius, being possible overcome this barrier and
sustain spontaneous growth; that is, it can only survive and grow if there is a
reduction in free energy; once the nuclei reach the critical size, the phase
transition practically occurs. However, if the energy barrier to spontaneous
growth is large and the droplet cannot achieve the critical size, it remains
unstable and with all possibility will be evaporated. As a result of this energy
barrier, the state is prevented from escaping to the equilibrium state [3], being
possible that the system exists in a metastable state with unfavorably high

supersaturation levels being maintained in the gas phase [4].

It is just this mechanism of energy necessary to form a stable nuclei of a
new phase [5], caused by random phase fluctuations in the metastable phase,
which is called nucleation. In this picture the critical nucleus is assumed
spherical.
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1 DROPLETS FORMATION

Figure 1.2 According to the Stillinger definition, a molecule is considered part of a cluster if

it lies closer than a distance R, from a constituent molecule of the cluster.

When a change of phase takes place, the repositioning of molecules
(monomers) happens on a grand scale. Phase transformations are the
statistical consequences of the ability of large physical systems (and any
environment with which they interact) to explore a huge range of microscopic
configurations. The principal idea is that there exists a bottleneck in the
transformation, which is passed through only by fragments, or molecular
clusters, of the new phase. The bottleneck is narrowest when the clusters reach
a critical size [6]. Any molecular nucleation requires a definition of a cluster.
Unfortunately nature does not provide an automatic definition of which
molecular configurations form a single physical cluster, and one is forced to
introduce an artificial definition instead. Here is occupied the Stillinger definition,
according to the connectivity between cluster molecules [7]. It states that a

cluster molecule cannot be separated by more than a Stillinger distance R, (see
Fig.(1.2)) from another cluster molecule, and that a cluster is formed by a single
network of connected molecules. The Stillinger radius chosen in the specialized
literature typically varies between values of 1.20 and 1.8c [8], where o is the
surface tension.
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The first considerations of the nucleation phenomena were presented by
Thomson (1870, 1871) (later Lord Kelvin), followed by the work of Gibbs (1906)
on thermodynamics of curved surfaces during 1876-1878. The theory that is
nowadays known as the classical nucleation theory was evolved from the joint
works by Volmer and Weber (1925), Farkas (1927), Becker and Déring (1935),
Zeldovich (1942), and Frenkel (1946).

In this chapter will be exposed the nucleation by homogeneous
condensation from the vapor phase and its intervention on the steam turbines.
The basic distinction between homogeneous and heterogeneous nucleation is
that the heterogeneous nucleation is formed by suspended and dissolved
impurities, as well as imperfectly wetted solid boundaries that provide
preferential sites for the formation of the new phase; while for homogeneous
nucleation the nuclei of the new phase are formed throughout a homogeneous
sample in absence of impurities and occurs when there are no heterogeneous

nuclei present, involving only the material and so it is intrinsic to the material [9].

1.2 Thermodynamics

As already pointed out, the first detailed description of the phenomenon
of nucleation was given by Gibbs [10]. In its original treatment, the nuclei that
are formed in the volume of supersaturated ambient phase, have the same
properties as the corresponding bulk phase (unstructured system) with the only
exception of being their small sizes. This approach treats a microscopic
problem (surface tension) in terms of macroscopic thermodynamic variables
[11]. According to it, if the radius of the curvature of the interface between an
object and its surrounding is large with respect to its molecular dimension, the

object is treated as being macroscopic.
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Considering the formation of liquid nuclei in the bulk of a vapor phase,
the surface free energy of the liquid droplet is treated equal to the surface
tension o of the liquid bulk, which, being isotropic, the form will be the one that
requires a minimum of energy of formation and allows to equilibrium of the
spherical shape of the small liquid entities. It is considered that the nuclei have
a structure, equal composition and properties, identical to that one of the future
phase (in this case, liquid) and they are not different between them more than

by the form and the size. Now, it is considered a volume containing N,
molecules of a vapor with chemical potential x, (tendency of a component to

escape of a certain phase) which is a function of the temperature T and
pressure P. The thermodynamic potential (energy available from a
thermodynamic system) of the initial state of the system at T = constant and

P = constant is given by:

Gl = nwuL)' (11)

When a droplet of a liquid with bulk chemical potential g, is formed from

N molecules of the vapor phase, the thermodynamic potential of the system

vapor-liquid droplets reads:

G,=(n,—-nu, +G,, (1.2)

where G, is the thermodynamic potential of a cluster containing N molecules.
The work of formation (equilibrium and spontaneity condition at T =const and
P =const) of a cluster consisting of N atoms is then given by the difference
AG, =G, -G, =G(n) —ng,. From the previous equation, it follows that the work
of formation of the cluster represents the difference of the thermodynamic

potential of the cluster and the thermodynamic potential of the same amount of

material (number of molecules) but in the parent (vapor) phase.
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The thermodynamic potential of the liquid droplet is given by the sum of
the chemical potential of the constituent atoms in the infinitely large liquid phase

ny, and the surface energy 4zr’c necessary to obtain the nuclei [12]:
G(n) =ny, +4zr’c, (1.3)

In this equation o is the surface energy as measured for a flat surface.
Now if it is substituted Eq.(1.3) into Eq.(1.2), and N is evaluated with the

expression N = 4xr®/3v, (v, being the molecular volume of the liquid), then is

obtained the expression for the work of formation as a function of the radius of
the droplet:

4 ard

AG(r)z—5

Ap+4nrio, (1.4)

b

where Ap = pu, —, is the supersaturation. Thus in the simplest case of a

droplet formation in vapor, AG consists of two terms: the free energy by the

nuclei compared to the same volume to the liquid phase, 4zr®Au/3v,, which is

negative when the liquid phase is stable (see Fig.(1.3)), and a surface term
4rzr’o, to obtain the nuclei with radio I, which is always positive. The increase
of the thermodynamic potential of the system is due to the formation of the
interface between the liquid droplet and the surrounding vapor. Then AG

displays a maximum at some critical size r* given by:

2
rx— =901 (1.5)
Ap

Under this condition the system is in unstable equilibrium. Indeed, any
infinitesimal deviation of the size of the nucleus from the critical one leads to a
decrease of the thermodynamic potential of the system. In this sense the cluster
with size r* is a critical nucleus of the new phase.
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Figure 1.3 Dependence of the droplet radius of the Gibbs free energy change AG in

relation to the formation of liquid nuclei from a supersaturated vapor phase. When the liquid
phase is stable (g, <u,), AG displays a maximum at some critical radius r*. This

maximum is the work of formation of the critical nucleus; beyond the critical size, growth of

the nucleus leads to a decrease of the Gibbs free energy of the system. When vapor phase
is stable (£, > u, ) both terms in Eq.(1.4) are positive and the formation of nuclei capable of

unlimited growth is thermodynamically forbidden (it would lead to an infinite increase of the

Gibbs free energy).

The maximal value of AG is obtained by substituting the expression of

r* into Eq. (1.4), thus obtaining [13]:

3,2
ey

AG*

This expression gives the height of the free energy barrier which should

be overcome for condensation takes place. It is inversely proportional to the
square of the supersaturation and increases steeply near the phase equilibrium,
i.e. at small supersaturation, thus imposing great difficulties for the phase

transition to occur.
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Figure 1.4: Work of cluster formation (change in Gibbs free energy, AG) in dependence

on cluster size (R is the radius of the cluster). The subindex denotes the critical size.

Useful expressions for Ax could be obtained if is substituted the

expression for the radius of the critical nucleus, Eq.(1.5), into Eq.(1.4), and is
used the Eq.(1.6):

AG* = AG(r)*{?{rr*j _ z(rr*j } (1.7)

or in terms of the number n* of atoms in the nucleus (from v,n = 42r3/3):

AG(n) = AG *Hn”*j - 2(n”*ﬂ , (1.8)

where

AG*:%ﬁr * o (1.9)
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and has been obtained substituting the expression for Ax from Eq.(1.5) into
Eq.(1.6). The Eqg.(1.8) can be shown in the Fig.(1.4) in function to the ratio of
the cluster and the radius of the critical cluster Rc. The process of formation of
supercritical clusters will be with sizes R > Rc capable of a further growth. The
bulk and surface properties of the clusters are widely same as the respective

properties in the newly macroscopic phase [14].

1.3 Cluster formation

The kinetic interpretation can be taken assuming that the only important
transition processes of evolution clusters are those involving the addition or loss
of single molecules to or from the cluster. For the critical size, the probabilities
of growth and decay are equal. Since growth and decay are stochastic, an
individual cluster can reach the critical size through improbable sequences of
molecular acquisitions [15]. According to this scheme (see Fig.(1.5)), cluster of
class N (i.e. consisting of N atoms), are formed by the attachment of one
molecule to a cluster of class n—1 and detachment of a molecule from a cluster
of class n+1 and disappear by the attachment and detachment of one molecule
respectively to the cluster of class N, giving rise to a cluster of class n+1 and

n—1 respectively.

In fact, the growth of a cluster of class n—1 to form a cluster of class N,
is given by the number of collisions of atoms from the vapor phase on the

surface of the droplets.

According to Volmer, the number of atoms leaving a cluster of class N,
in equilibrium with the vapor phase, in a fixed interval of time, is equal to the
number of atoms arriving at its surface. Hence the flux of atoms leaving the

cluster is equal to the equilibrium flux of atoms arriving at its surface.
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Figure 1.5 The scheme of birth and death of clusters. Addition of a monomer to a cluster
will take it up the chain, towards the right, while the loss of a monomer will take it in the

opposite direction.
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Figure 1.5: Determination of the surface area of a liquid droplet containing N molecules
upon detachment of a single molecule shown by the small circle. The molecule leaves the
droplet when its center of mass crosses the surface of action of the intermolecular forces

given by the dashed circle. Precisely at that moment the surface area of the droplet

becomes S, ; as given by the solid circle.
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Condensation takes place when the center of mass of a molecule (joining
the droplet) crosses a sphere of action of the interatomic forces, and the radius
of the droplet increases just after that event (see Fig.(1.5)). Similarly, the
evaporation of a molecule takes place when its center of mass crosses the
same sphere of action and at that moment the droplet shrinks and the radius of
the droplet decreases.

1.4 Spherical cluster as adrop

It has often been argued that from the thermodynamic point of view, a
cluster of drops behaves in fact as one large drop of the same dimension as the
cluster. The physical picture of the cluster of drops as an equivalent large drop
IS not supported by results obtained with models coupling dynamics and
thermodynamics of interacting drops. Nucleation theory builds on the treatment
of droplets, according to which small droplets are considered to have the same
properties as bulk condensed phases, with bulk surface properties [16] and
whereby the critical cluster, however small, is considered as a scaled-down

macroscopic droplet of the condensed phase.

Generally speaking, the drops are closely approximated by spheres if
carried by an inviscid fluid [17]. Here, in this model, the cluster is considered
using the concept of the "sphere of influence". By definition, each drop is
surrounded by a fictitious sphere of influence centered at the drop’s center and
having for radius the half distance between the centers of two adjacent drops
(all droplets having equal separation distances). Thus, the cluster volume is the
volume of all spheres of influence plus the volume between the spheres of
influence. The drops have both an axial velocity in the direction of the motion of
the entire cluster with respect to a frame of reference located outside of the

cluster, and a radial velocity with respect to the center of the cluster [18].
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Figure 1.6: Cluster formed in a collision of liquid drops (supposed as a one drop).

A snapshot of the molecules present in a supersaturated state shows
small clusters of the new phase containing two, three, or more molecules. There
also would be occasional clusters containing a larger number of molecules;
however, a motion picture of these larger clusters would show that most are
very short lived; they grow rapidly and then shrink rapidly. Nucleation occurs
when a cluster of two, three, four, grows (fluctuates in size) to a size large
enough that it then continues to grow rather than shrink [19]. Eventually,
agglomeration by coalescence (see Fig.(1.6)) of large clusters enters until

thermodynamic equilibrium [20].

A cluster formed in a collision [21] has a size probability to live long
enough to undergo another collision and grow further before it breaks up. This
probability is determined by the formation free energy of the cluster. In a
nucleating vapor, a distribution of clusters of different sizes is presented.
Clusters collide with each other and form larger clusters [22]. During the
collision of a molecular cluster with a solid substrate, the initially directed kinetic
energy of the cluster will be thermalized (thermal equilibrium) rapidly by
collisions of the molecules of the cluster with each other and with the atoms of
the solid surface. This sudden, impact-induced redistribution of the cluster
translational energy may lead to a variety of processes, including the collision-
induced dissociation of inter- and intramolecular bonds. The cluster-surface
collisions have received considerable attention, because can provide internal

excitations to the impacting clusters, on a sub-picosecond time-scale [23].
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The ability of the target cluster to absorb the monomer depends primarily
on the state of the cluster at the moment of the collision, however, the water
molecules with the smaller force constant seem to be able to absorb some of
the kinetic energy in the collision, and thus the clusters have considerably

longer lifetimes.

When the bonds in the cluster increases their flexibility, the molecules
stabilizes the cluster and increases the ability of cluster molecules to transform
part of the kinetic energy of the incident monomer into intramolecular vibration,
resulting to a slowing down of both the translational and rotational movements

of molecules [24].

1.5 Collision process

The collisions of particles can occur at different scales, ranging from
macroscopic particles, such as raindrops, down to nanosized particles, i.e.,
clusters and nanodroplets. In the context of macroscopic scales, collisions of
droplets have been the subject of extensive investigations over the last few
decades. Collision fragments that are formed during the collision process are
classified according to their size. Depending on the collision dynamics, there
may be one or two main fragments. In some cases it may also include satellite

droplets.

Experimental studies have identified four main collision modes:
coalescence, reflexive separation, stretching separation, and shattering. The
outcome of a collision for a given set of initial conditions is developed and
enhanced using experimental results. However, the details of the collision
processes are difficult to be obtained through experiments, especially at small
length [25].
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The attracting interatomic forces cause the coalescence of the two
clusters, which takes place through two distinguishable stages: initially a neck
forms between the clusters. The neck disappears later and one particle is
formed. Generally, the coalescence prevails at low velocities and/or small
impact. Common to all collisions belonging to this mode is the formation of one
main cluster or a droplet that is created by the two original clusters.

The patrticles of smaller dimensions change of direction by consequence
of reflection [26]. The temporarily formed cluster separates after being
stretched, thus the mode is referred to as stretching separation labeled. The
shattering label (total disintegration) corresponds to the destruction of clusters

and occurs for high velocities.

In the formation of a larger cluster, these are flattened at impact and the
initial contact point evolves to a flat circular interface. The heat generated at the
contact interface liquefies the material in this region and a liquid layer with
reduced friction is formed acting as a cushion between the clusters facilitating
sliding along each other. Eventually, the interface locks and the sliding motion
completely stop leaving behind a rotating cluster.

The clusters’ trajectories after the initial contact are parallels to each
other, while symmetry is preserved throughout. As it was mentioned above, the
friction increases when the trajectories enter a circular motion and the contact
interface is locked, thus not permitting further sliding of the clusters. The
distance of the mass centers is closest approach immediately after the clusters
have come in contact. This distance increases during the sliding phase. The
initial kinetic energy is transformed into internal potential energy, causing
deformation and increasing pressure. Increasing the faster and longer sliding
motion, eventually leads to the separation of both clusters; this is the transition
to stretching separation mode. The translational motion is transformed into
rotation. The shape of the resulting cluster depends mainly on the extent of

flattening and sliding of the original cluster.
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Figure 1.7: Collision of a drop with a wall. Original drop and ejection of satellite droplets.

With respect to dense clusters of drops, cannot sustain slip velocities
with respect to the vapor due to the large surface area that they expose to the
flow (since the drop number density is large). An important implication of
particle collisions with walls is erosion. The literature on erosion by liquid impact
dates back to the start of the last century when the velocities of the rotating
blades of steam turbines became sufficient to cause erosion. At first the
suggested mechanisms for turbine blade erosion (Coles 1904) included almost

every possibility except liquid drop impact.

Finnie (1972) developed a quantitative model for the mass of material
removed from a surface because of collisions of particles. He predicted that the
maximum rate of erosion, defined as the rate of mass of material removed from
the surface, would occur at a direction that is almost normal to the surface (13°).
Erosion is of significance when drops impact a wall. The continuous impact of
drops will form a liquid film on the wall surface, which would attenuate the
forces during the impact at subsequent times and, hence, the long-term wear on
the surface [27]. The perpendicular impact of liquid drops on solid surfaces
gives like result that the drops flatten and spread on the wall. When an initially
spherical drop of radius on the order of millimeters spreads out at impact, the
maximal spreading radius is on the order of a centimeter [28]. Zaleski (1998)
and Carles (2001) demonstrated that the impact causes very large deformations
on the drop and creates a radial jet at the early stages of the impact, which
finally induces the ejection of fluid at the sides of the flattened drop and
formation of several smaller satellite droplets. The qualitative details of this

process have been depicted schematically in Fig.(1.7).
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Figure 1.8: Impact of liquid drop on solid surface. In this picture is shown the evolution of

compression of the liquid and the propagation of pressure waves.

The impact phenomenon is characterized by the compression of the
liquid adjacent to the solid surface, whereas the rest of the liquid droplet
remains unaware of the impact. Initially, the area of compressed liquid is
assumed to be bounded by a shock envelope, which propagates both laterally
and upwards into the bulk of the motionless liquid. Compression of the liquid in
a zone defined by a shock wave envelope, lateral jetting of very high velocity
and expansion waves in the bulk of the medium are the most important

mechanisms identified.

When a liquid drop impacts against a rigid surface, is expected to see a
number of flow regimes. The impact involves compression of the liquid,
triggering the propagation of pressure waves outward from the point of first
contact (see Fig.(1.8)) being all wave propagation velocities smaller than the
contact line velocity. At a certain point, the radial velocity of the contact line
decreases below the shock velocity and the shock wave overtakes the contact
line, starting to travel along the droplet free surface. The resulting high pressure
difference across the free surface at the contact line region triggers an eruption
of intense lateral jetting. The pressure waves travel through the bulk of the
droplet, interacting with the free surface. In the final state of the contact, when
the compressible effects are expected to die away, the drop spreads out over

the rigid surface.
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The behaviour during impact depends mainly on the impact velocity V ,
or more precisely on the Weber number We, which is the ratio of kinetic energy

to surface tension [29]:

PV o
We = —I% (1.10)

Here, Iyop denotes the radius of a sphere with the same volume as the

drop, and p and o denote the density and surface tension of the liquid,

respectively. The Weber number We it can be defined as the ratio between
average dynamic pressure and the drop, and the surface tension, under the
hypothesis that the drop has a spherical form. Assuming that the breakage of
the drop takes place when the dynamic pressure of the steam exceeds to the
pressure surface tension [30], then the number of critical Weber goes bound to
the maximum number of Weber that allows the stable existence of the drop in
the steam flow, stability that comes given by the equality from the dynamic

pressures and surface tension [31].

For We < 1, drop deformation during impact is small, and the drop retains
an oval shape (Richard & Quéré 2000). For We > 1, the deformation becomes
significant (of the order of the drop radius), and the drop spreads over the solid,
with a well-defined maximal extension. Above a threshold Weber number
(We~4), capillary waves travel to the top without being damped. This structure
can also occur for a normal solid surface; indeed, it should exist on normal
solids because it takes place in the inertial regime of spreading, where the

wetting properties do not play a major role.

The liquid is described by its thermodynamic state, surface tension,
viscosity and compressibility. Depending on impact velocity, drop and target
geometries as well as the physical properties of both, there might exists a

regime in which effects such as viscosity and surface tension do not play a role.
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Numerous studies have been published on low velocity impact (e.g. 1 m/s),
where the compression effects have been assumed negligible. The fluid flow
associated with impinging drops is rather complex and not understood in detalil.
The high-speed impact involves compressibility patterns, whose both analytical

and numerical modeling cause significant difficulties.

1.6 Compressible droplet impact

The problem geometry is boarded of a spherical liquid droplet impacting
at high speed onto a perfectly rigid surface (Fig.(1.9)). The droplet is assumed
to move with a velocity normal V to the wall and to have an initial density o
under pressure p. Then, the angle between the shock wave and the plane wall,
[, as depicted in Fig.(1.9). During the first phase of the impact, liquid adjacent
to the contact zone is highly compressed whereas the rest of the liquid droplet
remains unaware of the impact. The two regions are separated by a shock front
which travels into the bulk of the liquid remaining joined to the surface at very
early times due to the outward motion of the contact line [32]. The most
frequently used approximations to the pressure developed in liquid-solid impact

are based on one-dimensional elastic impact theory.

According to this model, the generated pressures in the compressed

region are of the order of water-hammer pressure:
Pun = poSV (1.11)

where S are the shock velocity with respect to the unaffected bulk of the liquid,
respectively. The pressure in the compressed area is not uniform and reaches
its highest values just behind the contact line. A temporal maximum will be

reached at the instant when the shock wave overtakes the contact periphery.
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Figure 1.9: Impact of a spherical liquid drop (blue) on a rigid surface. The zone of the high

compressed liquid (red) is bounded by the sock front and rigid surface.

The damage caused by liquid impact and particularly the damage
threshold velocities required to initiate failure, are convincing evidence that
compressible behavior occurs during impact. As in mentioned previously, once
the shock detaches and moves up the free surface of the drop, release waves

travel into liquid and jetting commences [33].

For the calculation of the velocities of the contact line of the drop against
the surface without movement, the maximum radius and the beginning and
duration of the extension of the drop deformed against the surface can be
obtained through following analysis [34].

At the first moment of time 71, when the drops makes contact with the
surface (Fig.(1.10)), only in the point A; a contact line propagates in the wave
with a velocity a". Simultaneously the expansion of the contact line of the
drop takes place (in the plane) in the region of point A;. The velocity cg as
a result of the points in the circumference of the contact line move by the
surface of the impact from point A; is equal a:
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Figure 1.10: Scheme of impact of the drop against a plane rigid surface NN;

contours of the drop; ------ borders of the shock wave; A;, AxA;, AszAs, AsA, borders

of the contact line with the surface of contact, respectively, in the moments of time

711751 T3, Ty Fyrop radius of drop; s, radius of the stream of the contact line; r3 radius of the

contact line that corresponds at the moment 7, of the beginning of the extension.

rdrop
r

str

Cg =W (1.12)

where w is the impact velocity of the drop, in m/s; ry, is the radius of the

drop and I, is the radius of stream in x#m. In the initial period, being small the

values of the radius I, , speed Cg overtakes the speed of propagation of the

contact line a. In this case the particles on the surface of the droplet enter in
contact with the impact plane NN faster than the propagation of the

disturbance in the interior of the drop. In the Fig.(1.10) the moment of time z, is

shown by means of the points A, that are the borders of the contact line.
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Meanwhile the contact line that is shown by the dots line 2, does not leave of
the limits of this spot. Only in the time z,, when the velocity Cz =a, the

extension of the drop begins throughout the impact surface. The borders of

contact line at this moment are designated with points A,, and the shock wave,
with the dots line 3. The later extension of the drop (z,>7;) is with the help of
points A,. The maximum radius of contact line r, corresponds at moment z, of

the beginning of the extension, and it is determined with:

w

I

—
=

max

drop g . (1.13)

The duration of the time interval in the period of action in which the elastic

deformation of the drop takes place, can calculate by means of the equation:

W-T
. (1.14)
2(2)

T=T7,—-7, =

The time in which the impulse (7, —7,) in seconds acts is proportional to the Cg

and the dimension of the drop.

The existence of water droplets formation presents practical difficulty
concerning the behavior of steam in turbines. Following the conditions of flow
and the type of design of the turbine it will be the size of the drop, for example,
the humidity degree, the geometric conditions, the velocities of the blades
altogether with the velocity of the flow, the conditions of pressure and
temperature in the stage to analyze, etc., they will determine the influence of
erosion. Therefore, the impact of the drops on rigid surface is one of the causes

that will carry out the deterioration of the blades [35].
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1.7 Wet in Steam Turbines

Development of the nucleation is of considerable help in the study of
wetness problems in turbines. It has been observed that on the low pressure
section occurs a decrease of the quality, beginning with values without greater
risks (x = 98%), till reaching lower qualities (x = 90%) in the last stage [36].
Steam turbines are designed to extract thermal energy from steam and convert
it into rotary work. The thermodynamicists conceive the expansion work of
turbines on an enthalpy-entropy diagram, called a Mollier Chart. The pressure
and temperature conditions of the steam at various points in the turbine are

shown on this chart and called the expansion line [37].

Fig.(1.11) shows the expansion line for a turbine, the corrosion and
impurity behavior zones [38]. Once supersaturated, the fluid begins to nucleate
and the supercritical droplets will grow, but the nucleation is initially negligible
and steam remains in a metastable state. As the expansion continues,
eventually supercritical droplets formed are sufficient to return the system to

thermodynamic equilibrium [39].

The heterogeneous droplets are formed earlier and the expansion and
grow to a larger size and their presence can often be detected before the steam
has nucleated homogeneously. The surface offered by the heterogeneously
formed droplets is sufficient to affect the flow, and the fluid will supercool with

further expansion until it nucleates homogeneously to return to near-equilibrium.

The steam thus becomes supercooled with further expansion such that
homogeneous nucleation is usually the dominant mechanism [40]. Wet steam
thus formed consists of a very large number of extremely small droplets that are
suspended in, carried by, and interact with the parent vapor, affecting its

subsequent behavior.
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Figure 1.11: Mollier diagram, with regions of impurity concentration, corrosion and erosion

by drops of water.
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Figure 1.12: Topology of phase transition in a LP steam turbine: a-a, saturation line; b-b,
heterogeneous nucleation transition; c-c, primary homogeneous nucleation transition; d-d,
secondary primary homogeneous nucleation transition; e-e, secondary droplet region
originating from trailing edges of rotating blades. Stator and rotor components labeled with

S and R, respectively.

Because the last stages of low-pressure steam turbines are directly
connected with the condenser having necessarily low values of pressure and
temperature, the working fluid starts already to condense flowing through the
last blade passages [41]. Within a few microseconds, the temperature of the
vapor decreases below the equilibrium saturation limit. This is because the
phase change proceeds at a finite rate and there is no sufficient time for

equilibrium condensation to occur.

Fig.(1.12) is provided to assist in further describing the two-phase flow
behavior in a LP turbine [42]. The solid lines, with letters at the beginning and
ending, denote typical nonequilibrium phase transition lines or zones of
secondary droplet behavior. Dashed lines indicate equilibrium phase transition.
The first transition line (a-a) denotes the saturation line where, under equilibrium
assumptions phase transition would appear. Transition line b-b denotes
heterogeneous nucleation transition, which occurs on contaminants in the flow,

and is generally insufficient in number to bring the flow to equilibrium conditions.
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Typical sizes for droplets generated in this manner are 0.01-0.1 xm. Under

rapid expansion, supercooling continues up to line c-c, where primary
homogeneous nucleation occurs, creating droplet sizes in the range of 0.001-

0.01 xm and following with the reversion of the flow to near equilibrium

conditions.

Note that transition line c-c can be highly curved such that primary
nucleation toward the shroud occurs in the following stage component (the third
rotor). As flow expansion continues into the final stage, significant supercooling
is again possible, leading to further secondary homogeneous nucleation along
line d-d. Finally, smaller droplets generated along lines b-b and/or c-c can
collect on blades and be re-entrained, as secondary droplets, into the flow at
the trailing edges of rotating components, in particular. Centrifugal action
generally confines these droplets toward the shroud as shown by boundary e-e.
Droplets in region e-e are entrained at sizes that are generally greater than
100uzm and have a considerable slip relative to the vapor; therefore, water

drops tend to move more slowly than the vapor; they strike the rotor blades at
unfavorable velocities and exert a braking effect [43]. These droplets have a
significant influence on blade erosion, and the fact that the small nucleated
droplets provide the source for entrainment of large droplets into region e-e
describes a highly coupled two-phase flow system. Erosion is only one

consequence of the presence of water in steam.

A tangible wetness effect is erosion of blading. The nucleated droplets are
generally too small to cause erosion damage but some of the droplets are
collected by the stator and rotor blades to form films and streams on the blade
and casing walls. In Fig.(1.13) it can see the locations of erosion problems in a
low pressure section of a steam turbine. On reaching the trailing edges or the
tips of blades, the liquid streams are re-entrained into the flow in the form of
coarse droplets and are these larger droplets that cause the erosion damage

and braking loss.
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Figure 1.13: Cross section of a turbine with locations of erosion in low pressure section.
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After nucleation, the flow behavior of the wet vapor (formed by a
polydispersed system of droplets [44]) is strongly dependent on the size
distribution of the droplets present and hence on the conditions under which
nucleation occurred. Understanding the nucleation process is thus central to

know the behavior of wet steam [45].

The formation of the vortices (Fig.(1.14)) takes place in the zones of
separation of the flow, for example, in the roughness of the trailing edges. In the
center of the vortices that leave of the trailing edge, there is a zone of low
temperature, where AT of mean takes place, which is essential condition for
the formation of the violent condensation of the steam, and the drops which
they form are expelled from the vortex to the nucleus of the flow. The nuclei of
condensation grow until dimensions that overpass the critics, passing to be the
condensation centers for steam weakly supercooled of the main flow.
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Figure 1.14: Vortices that are generated in the exit of the stage of the low pressure section.

The effect of the interaction of the boundary layer and the condensation
is localized in the outer part of the turbulent boundary layer where considerably
larger droplets appear in the inviscid core flow of the same cross section. The
reason for this effect is that in the outer part of the boundary layer fewer
droplets are formed. However, these droplets grow faster and get therefore
larger since the reduction of the supersaturation, i.e. the driving force of the
growth, decreases slower. This is, because the faster growth of the lower
number of droplets produces less condensate than the weaker growth of the
larger number of droplets in the core flow and thus causes a slower reduction of
the supersaturation [46]. It may also be added that, in turbine flows, the droplets
formed by heterogeneous nucleation are relatively few in number and usually
grow to a sufficient size to deposit on the blade and casing surfaces. They
provide a mechanism for the transfer of chemical species and water to the
metallic surfaces, and cause erosion in the phase transition zone. However,
condensation on these droplets and on the blade and casing surfaces is too
small in magnitude to affect the behaviour of the main flow. The dominant
mechanism for condensation in high-speed flows is therefore homogeneous
nucleation.
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This work implies a calculation procedure at the outlet of a set of blades
when the flow has a certain wet degree. The main detail is to know the
behavior and the influence in the geometry that can have this type of

damages on blades in normal operation.

In blade cascades the flow of saturated steam is a nebula of droplets. Due to
the accumulation that is formed on the stator blade, the erosion features in the
following rotor blades is the consequence. The impact of droplets on the blade
surfaces is essentially based in the range of particles with sizes affected by the
forces of inertia. These droplets cannot follow the path of the steam flow in the

blade cascade.

Particularly, the effects of the saturated steam are clears by the occurrence
of remarkably erosion damage. In turbines the water becomes to escape from
the stator blades in form of large drops, generally toward the suction side of the
following rotor blade, causing there erosion problems.

Erosion and reduction in efficiency are in relationship with the accumulation
of the fine nebula drops on the blade profiles. Only the accumulation leads to
the generation of large drops, which cause flow losses and erosion damage
directly.

The observations show that is of practical importance an approximated
calculation of the drop movement in a mesh configuration for a turbine, of the
saturated steam and, in particular, of the accumulation of drops on the stator
blades, if with the calculation procedure the fundamental characteristics of the

drops distribution are qualitative and quantitatively detectable.

The analysis of the influence of the water in the flow is had, seeing

itself as loss due damage of the wet steam.
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2.1 Conditions for calculation of drop movement

The movement of water on the blade channel is the distribution velocity and
local density of steam. As a condition for the calculation of the drop movement,
first the velocity field of the steam in the blade cascade must be calculated. For
calculation of the velocity distribution in the subsonic region the procedure
which permits the treatment of the mesh in the curvature is used.

Frequently the blade cascades with supercritical pressure ratio and transonic
velocities in the last stages of steam turbines are used. In these cases, for the
calculation of the velocity field in the mesh, an appropriate procedure for
transonic conditions is needed. In the following section a two-dimensional time

step procedure is described in detail.

With the velocities in the profile surface and in the mesh, the motion
equations of individual drop were calculated by Gyarmathy [46] and the drop
trajectories already calculated were used for the calculation of the local drops

distribution in the mesh.

For the computer model the stream of frictionless flow is divided on the blade
surface. Here, real conditions are given in order to determine quantitatively the

water accumulation in the symmetric stator blade cascade mesh.

2.2 Transonic stream in the mesh

For the calculation of the compressible-subsonic stream in blade cascades,
generally the method of singularities is used. For calculating the transonic

stream, the time step procedure is suitable.
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Figure 2.1: Designation of the zone of flow by mesh.

With the arrangement according to Fig.(2.1) the starting point of the
calculation of the estimated field velocity cx, cy, is does not agree with the
zone of flow which can be calculated yet; however, the boundary conditions of
the problem are fulfilled. In future, the ideal gas with constant relationship of the

specific thermal capacities k is accepted for the medium flow.

With the polytropic law, the pressure and density are in each point of well-
known field for this approximation. Any kind of field can be treated in a
compressible fluid regarded as a possible momentary condition within an

unsteady procedure.
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If this condition prevails at time t = 0 and if is kept as constant t > 0, then an
iterated transition adjusts itself to a stationary condition, which is the flowing
state searched. The theory determines this temporal transition, which offers the
advantage that the problem receives a parabolic character everywhere in the
field, since the solution in the time t + At from the time t, until is sufficiently
closed at the final state. The parabolic character makes the treatment of

subsonic and supersonic problems possible.

In order to solve the problem, a mesh configuration is made, suggested as in
Fig.(2.1). The point of mesh k surrounding hexagonal space, whose volume is
AV is in the Fig.(2.1), is still drawn separately. The simplifying accepts that in
the points k of the existing values cy, Cy, Pk, P« as average values of the
components of the velocities and the condition over the whole AV, are regarded
at the same time to be allowed. It is possible formulate the conservation laws for

these spaces.

However, first the law of the change of state may be indicated, which is

accepted as polytropic, in accordance with

2
P-=—R| — 2.1
R(gj (2.1)

whereby index 1 always refers about flow condition.

The polytropic exponent n is given by the Eq.(2.1). In the practice, the most
important case of the adiabatic procedure is with the definition over the

polytropic efficiency 7,

R

N
N1

<
—1 2.2)

N
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2.3 Velocity Fields

The base factors serve to the Mach number and speed of sound in the flow,

which provide the index 1, and the quantities with the index R.

:
e

(2.3)

=
[

(2.4)

Q:@@HZ e js (2.5)
A RY _

2] .

A condition for the application of the Eq.(2.6) is that the function of the mesh

D0

and the leading edge crossing compression shocks must be weak. This

condition is very well fulfilled with the turbine mesh.
It is accepted that in the flow, the angle f; takes place. In the zone of flow of
the mesh profile the velocities of the compressible stream with the given

variables of state become pressure and density of inlet and outlet plane after

the relationship

2< S
6;@:2{}@ @7

is calculated.
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In the outline of the profile the condition is fulfilled if the velocity is tangential.
Thus it is possible if the velocity, pressure and density of the fields regarding the

size in the inlet and outlet plane linear can be interpolated.

In the closest section |y, the exit angle g, in the following form can be

written:
i e
sin g, = Imn (KAL) 2ty g KTy 2 (2.8)
t 2 2
. I .
sing, = ”t““ fur M, =10 (2.9)
with

REC

Thus, a theoretically exit angle fis of the mesh turbine results in the case of
isentropic expansion on a given pressure side. The velocities in x and y-
direction toward the trailing edge are calculated

€ = c-cos(ﬁz—i)

2

(2.11)
¢, = C - sin (ﬁz — E:]

2

The estimated parameters, e.g. velocity, pressure and density fields are
introduced as initial values for the iterative methods. The pressure p; and p, are
well-known from the given state of flow. Also is known c; and ¢, in each case

with p; and p; from the Eq.(2.7).
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2.4 Conservation laws

In Eq.(2.2) the polytropic efficiency 7, considers the friction in summary way.

It allow to understand the friction strength constantly distributed in the area.

It can suppose the field strength per mass unit, in the direction of the

increasing meridian coordinate against the points n". Then is

d
HTYeEHA e (2.12)
e
dr
dfbf?p; (2.13)
&@%24?6 (2.14)

If these equations are divided by dn”, dp/dn” is replaced in such a way by the
developed Ap/An”, where Ap and An” are the total differences from inlet to
outlet, then follows finally

&éﬁz)g; (2.15)

whereby 2 is an average value of the density. Thus the polytropic exponent n

and the friction force SF can be determined for a given 7.

For the transition the continuity equation applied on the volume element AV

reads

%M@ﬁ (2.16)
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The circulation is extended in that way over the whole element.
For a list of the impulse equation in meridional direction is considered the

following: A is the impulse stream entering in the area, B is the pressure force,

C is the ideal friction force. Then is valid

A:Uja(c;( siny—q, asy )5k
B—{[osinyctxs

Thus the impulse equation is written

In the same way the impulse equation in tangential direction is deduced

itself. It reads

(2.18)

The circulations can be represented as sums of the connecting distances As;;
in the Fig.(2.1), in each case are multiplied by the average value integrating

along the distance. For example, in the Eq.(2.16) then the integral is read
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where 7i is the angle of inclination of the side that connects the points

designated with i and j. The summation is extended over all sides.

2.4.1 Dimension of the conservation laws

For the representation of the appropriately calculation procedure, the

dimensionless formulation may be introduced in addition of the following

definition:
M
B= Ky : Stream width
1
Sy = | " Length of the element
YA\VA

K<:|2 — :Volume of the element

r:T : Time

p
P= et - Pressure (2.19)

P
o=-— . i
0, . Density
|
D= 012 : Friction Force

THESIS BY: FERNANDO RUEDA MARTJNEZ
LEADERSHIP: DR. MIGUEL TOLEDO VELAZQUEZ



2 NUMERICAL MODELING

40

U= - Axial Velocit
A, : y
£C

V="" : Peripheral Velocit
£.C P Y

Here, index 1 refers to the inlet level, with dependence of time t = 0. The
axial length of the mesh is /3. Then the Eq.(2.16), (2.17), (2.18) and (2.1) are

represented in the following way:

P.=Ro. (2.23)

On the basis of U, V, P and o into all points in the mesh in a stream value ¢

the temporal derivatives Eq.(2.20) - (2.22) can be calculated

l,gftéb:'%@#égzﬁ (2.24)
\&% 2 (2.25)
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o>
<E=HEre=@3T—~ .
= 226)

the magnitude of Uy, Vkx and ok in the time 7 + Ar and the Eq.(2.23) are
associated to Py. The consequence to receive the function values is the smooth,
in order to avoid instabilities in the calculation, on which the calculation around
a further interval of Az . It is terminated, if the function values with increasing =

do not change substantially.

2.5 Condition of periodicity in the profile

The edges which can be treated simply represent the upper and lower
delimitations of the profile blade range. Here the condition of periodicity must be
fulfilled. It demands that the sizes in the place (i, js) are equal to those in the

place (i, jp), like are represented in Fig.(2.2).

The inclusion of two additional points in the cascade reaches the actual
boundary lines (i, js-1) and (i, jo+1) to internal points. The values on these border
lines can be determined by means of the normal differential equations. The
sizes of the two additional lines are according for periodicity from internal grid

points.
AL dFa 3 (2.27)

TAL-2—FfEL 3 (2.28)

The function f does not correspond to the function character o, P, U and V.
In fact, is guaranteed the values on the lines (i, js) and (i, jp) corrects. In order to
exclude these deviations additionally, in the area of the profile of blades the
values of (i, js) in the grid of the mesh are assigned or turned around with (i, jp).
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Figure 2.2: Range of periodicity and direction of flow in the stagnation point.
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2.5.1 Boundary Condition in Inlet and Outlet Plane

The two dimensional elements have there only five sides considering the
points, and the examples are indicated in Fig.(2.1). For the calculation of the

elements, equal to the others, only the sizes with index k appear under the

sigma sign.

The boundary lines 1 and 2 must be arranged at least for a division far away

from the mesh. Then P and o as independent of place and time are prescribed.

With the pressure on the boundary lines 1 and 2 reads the associated quantities

P and o

=2\
(N ] =

%@—7\2
Noef
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LD =L)*

M) =MD
Here, refers index (1) on the inlet level, index (2) on the following level and
index (n) in each case on the outlet plane. The symbol * shows the size with the

inflow angle B; formulated for the conditions of the inlet level. Thus, one

receives U and V in the level 2, therefore the exit angle.
A
Yz Zta% (2.30)

Index 1 and 2 refer the deflection condition.

2.5.2 Boundary Condition for the Profile Outline

With a frictionless stream the velocity vector € must be zero on the blade

surfaces.

n-c=0 (2.31)

with five-lateral in two dimensional elements at the blade surfaces. The
summations are simplified as polygon sides, the dimensionless function size
disappear of the part of the blade surface, with which the impenetrability
condition for the suction and pressure side [46] of the blade surface is

expressed.

| W im@& (2.32)
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With the blade geometry also the angle 6 is given on the blade surfaces. The

associated velocity components are expressed in the blade surfaces
WU -AZ
U\WCO6E (2.33)
AVar s VAVAST ] !
The symbol * shows the magnitude with the resulting velocity component
and with the angle, formulated for the conditions of the blade surfaces.

2.5.3 Condition of discharge in the trailing edge

The trailing edge in Fig.(2.2) requires a certain reasoning. Same pressure in
the pressure and suction side of the blade is demanded in its direct proximity.

Then is represented the function values in the following way.

(2.34)
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Here, 6 (i>-1, js) and @ (i.-1, jp) are the tangential angle in the associated
place (io-1, js) and (i;-1, jp). The symbol * shows the reformulated magnitude

with the angle 6.

2.5.4 Direction of flow within the stagnation point

For the determination of the stagnation points in the time step procedure
does not exist accurate solution. Depending of the blade profile, the direction of
flow must be accepted in the stagnation points as in Fig.(2.2). Thus, is defined
the direction of flow and the neighbor point, in order to complete the physical
conditions in the blade profile. During the calculation method the accepted
stagnation points remain unchanged, because their positions do not result from
the calculation.

The velocity components directly on the stagnation point (ig, jp) and (ia, js)
follow the impulse equations (2.21) and (2.22). The determination of the velocity
direction at the points of neighbor is described as a function of the blade profile

in the direction of flow in the section 2.5.2.

If the resulted with the accepted stagnation points are not real, this
acceptance must improve and the calculations must be repeated. The

stagnation point refers in each case to the joint of the mesh.

The angle of inclination y of the element is already defined (see Fig. (2.1)),
does not have influence on this stagnation point, since the angle y is a

geometrical size of the element.
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2.6 Numerical Approximation of the Balance Equations

For the smoothing procedure of the balance equations, a method of numeric
approximation is examined. The smoothing absorbs practically the ripples of the
solution functions resulted from computing inaccuracies. The equations takes
place according to time (t) works on (t + 4t). In the Fig.(2.3) i and j are the net

indices in x and y direction.

The smoothing is accomplished by o, U and V. The function f means in each
case a function before the smoothing, g the same function after the smoothing.
After the smoothing the Eq.(2.33) for the character function U and V in the blade
surface must be used, thus the Eq.(2.32) is fulfilled. Anyhow the Eq.(2.23) with
P and o is fulfilled in the entire range. ¢ is an empirical constant. For the
absorption the product of ¢ and the time step value 4t is determined. Small
values result in a strong absorption. According to the exactitude of the
calculation it can be selected the magnitude of ¢, which is adapted to the

desired computational accuracy with approximately 100.

L —
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o —"
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Figure 2.3: The net indices.
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(2.35)

Where a is the local speed of sound. The computer cost depends of the time
step magnitude At. For the organization of a more finely mesh, At must be

selected smaller, in order to secure stability.

2.7 Criterion to Stop the Computing Method

As stop criterion is used the deviation of the function size at all points and

should be below a border which can be specified.

The total enthalpy in the output pressure after certain number of time steps,
presents convergence in the control. A simplification of the equation system is
possible by introduction of a constant specific total enthalpy for the entire
computing area. This is from the first law of thermodynamic for stationary
systems and taking or adding work. The energy equation in differential form can

be replaced therefore by an algebraic equation [47].

Kl:)é—é

IFEF —|— —= ¢ (2.38)

The replacement of the energy equation in differential form by the
expression for the constant total enthalpy results in a restriction in the case of
the application of the equation system. The total enthalpy is constant only in a
stationary system. If is inserted hy = const. into the energy equation, then this

is simplified to the expression
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—=0 (2.39)

i. e. the pressure must be constant. The total enthalpy takes the simple form

Q£ ;m (2.40)

Further control is accomplished by the comparison of inlet and outlet mass
stream and the mass density of the stream p-c in inlet and outlet plane as well
as in the closest cross section. The theory is not suitable for high supersonic
speed. In addition, with very small Mach number it fails, as the structure of the
Eq.(2.17a,b) and (2.18). Indeed, the output condition is invalidated in the border
line of the incompressibility for any velocity field. This difficulty makes itself
noticeably as instability of the calculation, for a long time before this border line

is reached.

2.8 Transformation of coordinates

The coordinates of one point in the X;-X, system through PX; and PX; in
Fig.(2.4) are given. From turn around the angle ¢ is developed a new system
where Y;-Y; results. When is written an instruction sequence, is calculated the
new coordinates PY; and PY,. The new coordinates result from the

transformations equation
R=PasaPsay

F—{Ca g Pas

(2.41)
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In order to program this equation of transformation, the transformation matrix

T is used, multiplied by the column vector PX and the column vector PY is

received.

€ G | s
[ S YT (2.42)
It can be written then:
PR o
LR | S T 249

PROFILE WITHOUT TURN

PROFILE WITH TURN

Figure 2.4: Rotation in Cartesian coordinate system.
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The arithmetic rule for the elements of the column vector reads:

PP (2.46)
=1

Thus, is transformed the profile coordinates with the given progressive rate

angle ¢ into the new coordinates, with the corresponding angle fSs - 7/2.

2.8.1 Conditions to mesh

The periodicity of the cascade flow (when all blades are identical in shape
and equally spaced from each other) can be guaranteed in the calculation,
which covers only one blade channel and the outflow, only by periodic boundary
conditions on the lateral delimitations of the computing area. Also, this requires
geometrically periodic bounds in diverting range.

In addition, the computing mesh is divided in such a way that the respective
arithmetic procedures with the smooth do not become strongly affected by the
neighbor points and without loss of physical characteristics evenly balanced, in
order to avoid instabilities of the calculation. Sharp profile outlines are

represented by mesh refinements within this range.

2.8.2 Mesh organization

The mesh organization along the mainstream direction fulfills the periodic
boundary conditions of the bounds and diverting range. But this computing

mesh has an irregular configuration, particularly in the trailing edge.
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The H-mesh, which is used for the mesh organization, is defined as follows:
by straight lines parallel to the circumferential direction, intersects the lines, in
profile periodicity areas parallel to the axial direction, but in the channel range,
being limited by both blades parallel to the blade profile. The H-mesh is
associated in Fig.(2.1).

The H-mesh does not only fulfill the periodic conditions and the diverting
range, also, irregular mesh configurations are not generated. Therefore, the H-
mesh fulfills in best form the necessary conditions. Since the inclination of the
blade profile is different against the circumferential direction, the mesh
organizations with variable distances are divided in axial direction. A strongly
curved outline as a leading and trailing edge can be approximated with closer

mesh organization, whereby clear damages occur.

It is also conceivable that the mesh configuration is divided in circumferential
direction with different distances. However, the calculation becomes with an
extremely different element volume unstably. Therefore, the mesh organizations
into circumferential direction are equidistantly divided. The Fig.(2.1) shows the
mesh organizations, which were divided with different distances in x-direction

and equidistantly into y-direction.

2.9 Balance equations for turbulent boundary layer

In the proximity of the surface of the wet blade the drop movement is
affected by the boundary layer in the profile. The computing procedure belongs
to the group of the integral methods, which results from the integration of the
partial differential equations of the flow over the boundary layer thickness.
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2.9.1 Integral condition for the impulse

The integral condition for the impulse as the force equilibrium in x-direction,

averaged over the boundary layer thickness ¢

Wﬂ (2.47)

with the definitions

7 Pao |
o : Displacement thickness 2.48
é{ P=ve P (2.48)
<
é":_Fl :'——L/Bj : Impulse loss thickness (2.49)
L
G =%/ 2L§ : Friction coefficient (2.50)
< { az;j
S99
M =0  local Mach numb 2.51
a. : local Mach number (2.51)

The local speed sound as(X) is according gas dynamics laws from the

velocity Us(X) and Ms(X) . In addition the loss of energy thickness &3

éﬁf I *ij} : energy thickness (2.52)
2>
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Figure 2.5: Representation of the boundary layer thicknesses.

In Fig.(2.5) is represented a boundary layer with linear velocity profile and

the quantitative relation of 41, &, and 9.

2.10 Drop movement of individual drop

In order to calculate the distribution of drops on blade profiles, first is
necessary to describe the movement of drops in a zone of flow. In particular,
the behavior must be considered by nebula drops in the low pressure saturated

steam.

The movement of nebula drops in the low pressure section is of special
importance, since only under the dominant conditions a remarkable separation
of the water and vapor phase is expected with flow streams. The separation of
nebula drops on blades supposes the transport of the drops toward the surface
and their adherence. The transportation effects are essentially based on the

effect of forces of inertia.

The beginning for the calculation of individual drop movement to the stream

in turbines proceeds from the force equilibrium:
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> K=0 (2.53)

The sum of all forces around a drop is zero. The resulting strength is

developed itself generally as follows

AN ONSE, (2.54)

Therein mean

W : Drag force

T : Force of inertia

A : Lift force

G : Gravity force

W, : Force due to additionally move along steam mass

Kp : Field force due to a pressure gradient

KE : Electrostatic forces.

In case of the movement of small drops in steam flow the relationship is
simplified. The lift force can be neglected only if the densities of drops and flow
medium are of the same large order. The gravity force is neglected likewise,

since it cannot exert noticeable influence with the dominant velocity and the

short ways which can be regarded. The force Wy remains likewise
unconsidered, since the influence along the moved steam mass is negligibly
small due to the large density variation. The field force due to a pressure
gradient is under the given conditions, likewise lies around several orders of
magnitude lower than the force, as a calculation showed. Finally, generally also

the electrostatic forces can be neglected in case of the steam flow.
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The EQq.(2.53) and (2.54) lead to the simple relationship

W+T =0 (2.55)
The force becomes
W= c“..g wi s (2.56)
and the force of inertia is defined
T ¥
=1 dt (2.57)

Here cy, is the coefficient of drag, p is the steam density, rr the drop radius
and w the relative velocity between steam and drop in accordance with the

relationship

We iV, — VY (2.58)

The drop mass my is calculated with
pal
e (2.59)
From this, the general differential equation for the drop movement follows

(o AV
R :%2&7@ (2.60)

In this work, the drops with a selected size always have a spherical shape,
which is forced by the surface tension maintaining as constant. For the

coefficient of drag c, the spherical particle is presented theoretically and
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experimentally determined by relations. The coefficient of drag for three ranges

of Reynolds number Rer is approximated by the following:

Re; <0.2 (2.61)

_=24
S Rre
0.2<Re <80 (2.62)

2%z

Re
Re>8.0

-1 6
‘v?v—i—égfﬂ (2.63)

~HFeRRe

The Reynolds number is formed by the relative velocity with the drop

diameter dt and wg.

R&ﬂ'
\Y4

(2.64)
v is the kinematic viscosity of steam. The theoretical calculations show that for

the movement of nebula drops Rer << 0.2 is generally always valid.

The EQ.(2.62) and (2.63) are valid under the condition of a continuous
medium. In case of extremely small body, generally no more continuum stream
is presented. As a measure of the deviation, the Knudsen number K, is

consulted,
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K, 4 (2.65)

the relationship of mean free path 4 of the molecules refers to a characteristic
length of wet flowing through the drop. Appropriately, during the drop generation

the drop diameter dt is selected.

With increasing deviation from the continuum stream, the Knudsen wet
number decreases. The correction factor f; is developed [49], the free molecule
in the stream is validated and the drag coefficient in the case of a deviation from

the continuum stream is corrected.

£ a1
C_ﬁg (2.66)

The mean free path 4 in Eq.(2.70) is calculated by

LL
e —— (2.67)

aRT

where p is the dynamic viscosity of steam, p is in the state of saturation, R is the
gas constant and T is the absolute temperature.

For the calculation of drop courses the velocity field must be given by drops
moving with the help of the Eq.(2.60). Appropriately, the Eq.(2.60) transforms
the individual components of a coordinate system formulated. Since the
investigations are referred to the stream on the basis of the EQ.(2.60) a set of
equations for the two-dimensional drop movement in the Cartesian coordinate

system is derived. With the identities
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\%ﬁ( \M@?

W= =S (2.68)

and the amount of the relative velocity

oA Cer D Cors (2.69

whereby the steam flow in the place (x, y) by the velocities wpx and wpy is

given, follows the relationship of the Eq.(2.60) of the equation system:

e _

—= R eV T

—_— e e (2.70)
3395—2'?9%@&@9‘ 2.71)

2.11 Interpolation of flow parameters between the mesh

points

The momentary position x(i) and y(i, j) of the drop is admitted from the
Eq.(2.70) and (2.71). Index i and j refers to the x and y direction. Actually, the
flow parameters of the steam flow are well-known only in the points of mesh,
thereby they must be determined only by arbitrary drop positions. They are
interpolated linearly from the points of neighbor, if the position of the drop does

not agree with the mesh point (see Fig.(2.6)).
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Figure 2.6: Mesh indices.

Kk =p@® > —>G)]

Y0 1) =Y, i)+, - M. i)Y, ]

Y0, i) =Y, i), - [M, i)Y 1))

K, =0, DG iDVMG, i)—vG, 1)) (2.72)
@ D) =F0, D+K [f@. DTG ]

0, 1) =T0, i)+ - [f@ i)—F (. )
f@D=F0 D+ - [fG )G D]

Here the function f generally needs the functions o, P, U and V.

2.12 Drop distribution in the mesh outlet plane

The deviation must show that the drop courses from the steam streamlines
have an inhomogeneous distribution of the nebula drops in the stream range of
the blade channel as well as behind the mesh.
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Vapor
Drops

Figure 2.7: Nomenclature for the moisture distribution in the mesh outlet plane.

In Fig.(2.7) follows the drop distribution represented on the basis of a
fundamental flow pattern in a blade channel. It provides that the drops before
the mesh are homogeneous distributed and that the drop velocity and steam
velocity are identical to cro and cpo here. The stream condition continues

homogeneous by pp and Y. The drop radius is rqo.
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Between the two drop courses ¥7.i and ¥v.ix in the distance Aty;, which are
identical to the steam streamlines in the mesh and two surfaces parallel to the

indication level Aty 1, the water mass flow is

My =% -Ng, (2.73)

whereby Mo,i is the total mass stream between the streamlines and Yq is the

humidity content in the inlet. The number of drops flowing is then

P I
' gﬁl%-,é (2.74)

The water mass flow and the number of drops through the mesh for

simplification are assumed as constant and permissible [48]. Then is valid

Ny; =Ny, (2.75)

Behind the mesh, water and vapor phase are not uniformly mixed and then
are equally accepted before the mesh. A certain part of the drops which flow
between the pressure side of the blade and the outlet border come in contact
with the profile, whereby the simplifying is accepted here and all these drops
concentrating in a very thin layer close in the profile surface strongly and finally
in a narrow volume of the trailing edge. Really, they form a water film. The
remaining drops leave from the mesh with a velocity which more or less
deviates to magnitude and direction from the local steam velocity. In addition,
they are irregularly distributed over the division. The local moisture content
behind the mesh is defined as

;

T,

(2.76)
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Therein Mr1i represents the quantity of water in the level 1 by the cross

section of the height 1 between the courses ¥t and ¥1.i:1. The zone of flow of
steam is presented from the calculation of the transonic stream. The quantity of

water between the two drop courses in the level 1 is calculated by
A ,
Q=74 (277)

The middle drop course in the steam flow between the courses ¥r.i and

Y1+ in the level 1 is:

RS LT s T o e o — (2.83)

Steam has a medium velocity oui in the level 1 in the cross section. This

direction is given by Tp1i . The term OHGH; —G&;) of the steam quantity is

referred to the drop course direction.

2.13 Particular data of stator blade in the last stage of

low pressure

Mechanical components in a steam turbine may experience heavy damage
by erosion when subjected to repeated impingement of liquid droplets. The flow
parameters are in game into the erosion process on blades of last stage of low
pressure section. Program code is in function of data base of geometry about

introduced stator blade profile.
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From the geometric data of the turbine blades and their flow values the
knowledge of conditions that govern the low pressure section of steam turbines
in the last stage to have an approximate movement of the droplets in the blade
cascades and the accumulation of droplets on the stator blades, flowing through
the steam by the calculation of the velocity distribution on the basis of the
frictionless, two-dimensional, stationary, transonic and homogenous flow will be

established.

The determination of the drop distribution in the channel of flow of stator
blades provides fundamental information that it can be used to diminish and to
solve the problems that arise when they form liquid films in the surface of the
blades. The main detail is to know the behavior and the influence in the

geometry that can have this type of damages in the blades operating normally.

The steam turbine taken as a reference in this study is from GE and gives 30
MW of power and is analyzed a stator blade in the last stage. The turbine is
working in a plant that process phosphoric acid and phosphates, installed in the
Industrial Complex Pajaritos in Coatzacoalcos, Veracruz, México. The low
pressure section of the steam turbine has five stages. The row of stator step
consists of 70 working blades with a measurement of 600 + 0.5 mm each one;
the profile of the stator blade to treat is 980BE23 and the chord is of 44 cm. The
pressure that reigns in the input of stator stage is 49 kPa, and the temperature
is approximately 86°C. The humidity at the inlet of the stator blade of 8% is

found in the Mollier diagram in agreement with reports.

The equations presented previously are discretized to reach the
development of the programming code of calculation procedure when coming
out of this set of blades when the flow has certain humidity degree. The main
detail is to know the behavior and the influence in the geometry that can have

this type of damages that are had in the blades in normal operation.
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The set of blades must be analyzed considering the amount of drops by
cloudiness that exists in the same steam when it begins to become water and
cause damages in the trailing edge of the blades stators as a set, appearing
erosion problems, that they essentially cause damages in the edge of entrance
of the crown rotor blades. Then the analysis of the influence of water in the flow,
seeing this like loss of damage of the wet steam is presented.

The results will be presented in according to its influence of the
characteristics of clusters conformed by certain number of molecules
approximately. The condensation on the last stage of this steam turbine shows
the phase change governed by homogeneous nucleation and the
nonequilibrium process of condensation. It is known that condensed water
vapor affects the performance of the steam turbine, and the blades of the steam
turbine are occasionally damaged by erosion due to the interaction with this
condensed water. The cluster of droplets is assumed to be spherical, as a one
droplet, chemically inert, equal in size, with a smooth surface and the interface

has zero thickness.

First, the system of finite mesh is obtained in two dimensions of the flow
channel of the stator blades in a cascade of the turbine. For this, they are
needed to enter the coordinates of a steam turbine blade profile (table 3.1).
Then, the profile coordinates are transformed with the angle that is selecting
through the suitable subroutine. The resulting profile is in the Fig.(2.8). The

points that conform the stator blade are in table 2.1.

The following is to develop the set of subroutines that will allow it to obtain
the coordinates of the mesh in the flow channel. Like input data in the program
is necessary to provide the coordinates of the profile, as length and to select the

angle to transform the coordinates.
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Table 2.1: Points that conform the stator blade.

X Y X Y X Y X Y
0.288 34.809 19.111 22.98 33.332 -0.597 19.208 35.164
0.577 34.276 20.144 21.904 33.379 -0.58 17.98 36.331
0.865 33.897 21.176 20.751 33.425 -0.557 16.753 37.33
1.153 33.604 22.208 19.515 33.472 -0.53 15.525 38.178

1.441 33.37 23.241 18.19 33.518 -0.497 14.297 38.886
1.73 33.181 24.273 16.765 33.565 -0.457 13.07  39.464
2.018 33.03 25.305 15.231 33.611 -0.408 11.842 39.919
2.306 32.91 26.337 13.574 33.658 -0.346 10.615 40.257
2.594 32.82 27.37  11.779 33.704 -0.261 0.387  40.48
2.594 32.82 28.402 9.826 33.751 0.112 8.159  40.591
3.627 32.525 29.434 7.689 32.91 4.202 6.932  40.588
4.659 32.194 30.467 5.338 32.07 7.638 5.704  40.471
5.691 31.826 31.499 2.728 31.229 10.65 4.476  40.235
6.724 31.42 32.531 -0.198 30.389 13.359 [3.249  39.872
7.756 30.974 32.607 -0.352 29.548 15.836 [2.021  39.372
8.788 30.488 32.682 -0.444 28.708 18.128 [2.021  39.372
9.821 29.959 32.758 -0.509 27.867 20.267 [1.797  39.258
10.853 29.387 32.833 -0.556 27.027 22278 [1.572 39.121
11.885 28.77 32.909 -0.591 26.186 24.178 [1.347 38.96
12.918 28.106 32.984 -0.614 25.346 25981 [1.123  38.769
13.95 27.392 33.059 -0.627 24.118 28.372 |0.898 38.541
14.982 26.626 33.135 -0.631 22.891 30.447 |0.674  38.265
16.014 25.805 33.21 -0.626 21.663 32.249 |0.449 37.916
17.047 24.927 33.286 -0.611 20.435 33.812 [0.225 37.434
18.079 23.986 0.000  36.200

In the flow channel the mesh is adapted through an interpolation polynomial.
The contours can be treated like the superior and inferior boundaries of the flow
channel reason why resorting to the suitable subroutines the flow channel that
forms is the one that is in the Fig.(2.9). With the obtained flow channel the
characteristics are introduced in the region of mesh (the parameters of entrance
for the flow can be found in tables). The values to introduce are the flow angle,

the velocity, the density and the pressure of the steam to the input passage, as
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well as the value of the isentropic exponent for the gas, the efficiency of the flow

channel and the number of the initial iteration.
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Figure 2.8: Stator blade 980BE23 of low pressure section in a steam turbine.

Figure 2.9: Mesh flow channel.
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The units used for these magnitudes are the corresponding to Sl units. Then,
the calculation displays the density and momentum distribution for the potential

flow in two dimensions.

The considerations of bidimensional steam flow are:

e Subsonic-transonic,

e Inviscid,

e Compressible,

e Stationary,

e Cluster as a drop is spherical, constant diameter size of drop is 25 um,

e Boundary layer in surface of profile.

The flow properties of wet steam on stator blade:

Inlet temperature = 86.13 °C

e Inlet pressure = 0.49 bar

¢ Inlet steam quality = 0.9

e Inlet stator Mach number = 0.23
e Exit stator temperature = 65 °C
e Exit stator pressure = 0.2 bar

e Exit stator steam quality = 0.893

e Exit stator Mach number = 0.9

Considerations of code:

¢ Number of coordinates of the profile (x,y) = 98
e Number of nodes x = 90

e Number of nodesy =12

e Interval between nodes = 0.8

e Long of the profile = 0.60 m.
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Once given the geometry of the element and the organization of the mesh
for the calculation, are realized the first iterations with an initial estimation of the

distribution of the searched parameters of flow.

In agreement they pass the number of iterations, the initial distribution more
and more comes near to the stationary solution of the zone of flow, maintaining
constant the conditions of border. The number of iterations used for the
calculation is in a rank from 1 to 500. After 800 iterations the result depends of
the time. From 1000 steps they begin to give deviations in the mass flow which
takes to errors in the calculation.

Finally, it is obtained in pressure and suction sides of the blade profile a field
of pressure, velocity, impulse, boundary layer, friction coefficient, etc. in the flow

channel.

2.14 Calculation and control of the transonic stream

The process of steam expansion on the rows is very complicated. The drop
velocities are different of the steam velocity as much by their magnitude as by
their direction; in fact, it can’t give a general scheme of the movement of wet
steam. The path of the droplets in the channel of the blade rows can be different
as is observed. In this case, the drops in the steam flow can lose their stability
and be divided.

The approach of the results of calculation to the stationary solution is
effectuated several times and must be examined. The local Mach numbers of

the different conditions are represented, with four flow parameters from
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(2.84)

To differentiate M is the Mach number, which can be calculated from the
relationship of the local pressure p to the pressure in the rest of the inflow p
(see Eq.(2.10)).

Originally substantial problems results along the blade profiles in the case of
the evaluation of pressure and Mach number process that can cause the
inaccurate treatment of the zone of flow within the range of the blade points that
are found. These difficulties are avoided with the mesh organization. With a
relatively small range in the proximity of the front stagnation point obviously
errors result, since for the relationship of the static pressure to the total pressure
inflow. Thus, it becomes clear that with the calculation of gradients the
inaccuracies increase. In similar way is expected the inaccuracy remaining in
the calculation into a continuous increase of pressure in the case of an

increasing compression shock.

For the quantitative examination of the calculation the representation of the
total enthalpy is better. The isentropic total enthalpy shows that the arithmetic
procedures in the leading of the profile have better agreement than in the
trailing side.

The control of the transonic flow calculations is accomplished by the
comparison in the inlet and outlet mass flows. In inlet and outlet plane as well
as in the closest cross section the process of the mass stream density = is
continued to effectuate the calculations. Before and behind the mesh the values
are constant because of the balanced parallel flow. In the closest cross section
of curvature a variation entails the streamlines transverse to the stream, which
however runs evenly. A more exact solution can become by the refinement of

the computing mesh.
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2.15 Diagram of calculations for flow pattern with liquid

droplets
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Figure 2.10: Flow chart of the methodology of calculation of flow pattern with droplets in

the stator blade cascade.
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The flow chart of the methodology in Fig.(2.10) consists of the lattice
geometry and the mesh organization of the computational net. An estimated
initial distribution of the searched flow parameters o, P, U and V must be
entered. With the progress of time, if the boundary conditions are kept constant,
the distribution is approximately iterated more and more to the stationary
solution of the zone of flow. If the difference of the flow functions is successively
under a barrier which can be given, the approach to the stationary final state is

terminated.

The solution functions o, P, U and V of the iterated final state, must be
converted in p, p, ¢x and cy. The first parameter p is selected in such a way that
the given pressure P of the Equation (2.1) fulfills the turbine design values. The
positions of drops are relevant for the calculation of the drops distribution, and
are calculated with a subroutine. The approximate results of calculation for the

stationary solution must be effectuated several times and examined.
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It is implies a procedure of calculation of this set of blades when the flow has
certain humidity degree. The main detail is to know the behavior and the
influence in the geometry that can have this type of damages that are had in the
blades in normal operation. In order to understand the causes that originate the
erosion on the blades of the last stages in low pressure section of steam
turbines, the previous procedure is developed in a code in Fortran. In according
with values shown by the program are generated graphics that show the
behavior for the different fields of analysis. The obtained results of velocity and
pressure distribution and the analysis of the boundary layer in the proximity of
the exit blade surface that have flow conditions of wet steam are presented.

The set of blades are analyzed considering the cloudiness of drops that
exist in the same steam when it begins to become water and cause
damages in the trailing edge of stator blades as a whole, appearing erosion
problems that essentially cause the damage in the inlet edge of the rotor crown
of blades. The analysis of the influence of the water is had then presents in the
flow, appearing damages and losses by humid steam. This measurement is

interesting and from the technical point of view necessary to realize it.
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3.1 Flow calculations

The lattice geometry and the mesh organization of the computation net are
given. The geometry of the blade is given point by point and represented by
polynomial factors. In the next table 3.1 and Fig.(3.1) is presented the
coordinates of profile in order to suction and pressure side. The outline
computing mesh adapted for the blade cascades was already shown in the
Fig.(2.9). It covers 206-97 = 19,982 nodes. The computing lattice is thus finely
enough, in order to calculate the expected gradients. The individual structure for

the theoretical calculation of the flow with drops was compiled.

An estimated initial distribution of the searched flow parameters o, P, U and
V must be entered. With time progress the initial distribution, if the boundary
conditions are kept constant, is approximately iterated more and more to the
stationary solution of the zone of flow. If the difference of the flow functions is
successively under a barrier which can be given, the approach to the stationary
final state is terminated. Then, the velocity fields are corrected in the suction

and pressure side of the blade surface with the boundary layer calculation.

Figure 3.1: Suction and pressure side of stator blade. Dimensions are in cm.
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Table 3.1: Coordinates of suction and pressure side of stator blade. Measured in cm.

Point Suction Side Point Pressure Side
X Y X Y X Y X Y
24 19.111 22.98 49 0.288 34.809 73 19.208 35.164 |97 33.332 -0.597
23 20.144 21.904 |48 0.577 34.276 72 17.98 36.331 |96 33.379 -0.58
22 21.176 20.751 |47 0.865 33.897 71 16.753 37.33 |95 33.425 -0.557
21 22.208 19.515 |46 1.153 33.604 70 15.525 38.178 |94 33.472 -0.53
20 23.241 18.19 45 1.441 33.37 69 14.297 38.886 |93 33.518 -0.497
19 24.273 16.765 |44 173 33.181 68 13.07 39.464 |92 33565 -0.457
18 25.305 15.231 |43 2.018 33.03 67 11.842 39.919 91 33.611 -0.408
17 26.337 13,574 |42 2306 32.91 66 10.615 40.257 |90 33.658 -0.346
16 27.37 11779 |41 2594 32.82 65 9.387 40.48 89 33.704 -0.261
15 28.402 9.826 40 2594 32.82 64 8.159 40591 |88 33.751 0.112
14 29.434 7.689 39 3.627 32525 63 6.932 40.588 |87 3291  4.202
13 30.467 5.338 38 4.659 32.194 62 5.704 40.471 |86 32.07 7.638
12 31.499 2.728 37 5.691 31.826 61 4.476 40.235 |85 31.229 10.65
11 32531 -0.198 36 6.724 31.42 60 3.249 39.872 84 30.389 13.359
10 32.607 -0.352 35 7.756 30.974 59 2.021 39.372 83 29.548 15.836
9 32682 -0.444 |34 8.788 30.488 58 2.021 39.372 |82 28.708 18.128
8 32758 -0.509 |33 9.821 29.959 57 1.797 39.258 |81 27.867 20.267
7 32833 -0.556 |32 10.853 29.387 56 1.572 39.121 |80 27.027 22.278
6 32909 -0.591 |31 11.885 28.77 55 1.347 38.96 79 26.186 24.178
5 32984 -0.614 |30 12.918 28.106 54 1.123 38.769 |78 25.346 25.981
4 33.059 -0.627 |29 13.95 27.392 53 0.898 385541 |77 24.118 28.372
3 33135 -0.631 |28 14.982 26.626 52 0.674 38.265 |76 22.891 30.447
2 3321 -0.626 |27 16.014 25.805 51 0.449 37.916 |75 21.663 32.249
A 33.286 -0.611 |26 17.047 24.927 50 0.225 37.434 |74 20.435 33.812
25 18.079 23.986 E 0.000 36.200

In addition, the solution functions o, P, U and V of the iterated final state,

must be converted into the material sizes p, p, ¢x and cy. In addition, the first

parameter p; is selected in such a way that the given pressure P; of the

Eq.(2.1) fulfils the turbine design. Thus, inlet and outlet Mach number and the

exit angle results from the calculation.
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Each step of the calculation in the time t, with t + At in each point in the
mesh to examine in the EQ.(2.23), is in order to avoid the instability of the
calculation. If the dimensionless ox becomes negative, is a time At selected and
the calculation must be on the basis of t = 0 with a smaller At to be repeated.
After everyone solutions the time of smoothing by means of the empirical
function is the Eq.(2.36).

The sharp curvature of the profile outline, particularly in the trailing edges,
leads to difficulties with the calculation. For the necessary adjustment of the
mesh organization in these ranges a special program section was developed.
Also, to proceeds into the development of the program, in the environment of
the given stagnation points, physically meaningful boundary conditions are
guaranteed. Since the situation of the front and rear stagnation point which can
be given is held with the process of calculation, an error would have by default
in the front stagnation point (resulted of the distribution of velocity and/or

pressure) to be particularly corrected and a new calculation is accomplished.

Is pointed out the turbulent viscose stream in a turbine lattice like economic
criteria. and can be seized only with an approaching model, whose largest
inadequacy represents the neglect of all friction terms. The reason for it lies in
that is not yet able to treat transonic viscous flows in channels in economically

justifiable way.

In the geometrically periodic bounds the result of calculation of the drop
distribution fulfills likewise the periodicity condition in both edges. With
iterations, the initial distribution is more and more comes near to the stationary
solution of the zone of flow, maintaining constant the conditions of border. The
number of iterations used for the calculation is in a rank from 1 to 500. After 800
iterations the result depends of the time. From 1000 steps they begin to give

deviations in the mass flow which takes to errors in the calculation.
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3.2 Mach distribution

For the mesh represented in Fig.(2.9) an example of calculation is
accomplished. Are given the lattice of pressure of the measuring condition,
according to the isentropic diverting Mach number Myis (p2/p1) = 1.07 from the
Eqg.(2.10) and the polytropic efficiency n, = 0.98. As resulted of the example of

calculation the Mach numbers are indicated in the Fig.(3.2) and its values in the
table (3.2).
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Figure 3.2: Graphic that shows the Mach values in the stator blade channel.
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Table 3.2: Mach number throughout stator blade channel.

M X/la M X/la M X/la M X/la
0.000 0.000 0.850 0.725 0.325 0.980 0.475 0.760
0.025 0.000 0.875 0.770 0.350 0.980 0.450 0.715
0.050 0.000 0.900 0.790 0.375 0.980 0.425 0.655
0.075 0.000 0.925 0.870 0.400 0.980 0.400 0.620
0.100 0.000 0.900 0.900 0.425 0.980 0.375 0.600
0.125 0.005 0.875 0.920 0.450 0.980 0.350 0.560
0.150 0.007 0.850 0.930 0.475 0.980 0.275 0.030
0.175 0.020 0.825 0.955 0.500 0.980 0.270 0.027
0.200 0.021 0.875 0.920 0.525 0.980 0.265 0.025
0.225 0.025 0.850 0.930 0.550 0.980 0.260 0.021
0.250 0.027 0.825 0.955 0.575 0.980 0.255 0.020
0.275 0.030 0.800 0.960 0.600 0.980 0.250 0.007
0.280 0.030 0.775 0.965 0.625 0.980 0.215 0.005
0.285 0.035 0.750 0.970 0.650 0.980 0.210 0.005
0.290 0.035 0.725 0.975 0.675 0.980 0.205 0.005
0.295 0.035 0.700 0.980 0.700 0.980 0.200 0.004
0.300 0.040 0.675 0.985 0.725 0.980 0.195 0.004
0.325 0.050 0.650 0.990 0.750 0.980 0.190 0.004
0.350 0.085 0.625 0.995 0.775 0.980 0.185 0.004
0.375 0.110 0.600 1.000 0.800 0.975 0.180 0.004
0.400 0.113 0.575 1.000 0.825 0.975 0.175 0.003
0.425 0.117 0.550 1.000 0.850 0.975 0.170 0.003
0.450 0.200 0.525 1.000 0.875 0.975 0.165 0.003
0.475 0.230 0.500 1.000 0.850 0.965 0.160 0.003
0.500 0.280 0.475 1.000 0.825 0.955 0.155 0.003
0.525 0.300 0.450 1.000 0.800 0.950 0.150 0.002
0.550 0.325 0.425 0.995 0.775 0.945 0.145 0.002
0.575 0.350 0.400 0.995 0.750 0.930 0.140 0.002
0.600 0.400 0.375 0.995 0.725 0.925 0.135 0.002
0.625 0.475 0.350 0.990 0.700 0.915 0.130 0.002
0.650 0.515 0.325 0.990 0.675 0.905 0.125 0.001
0.675 0.535 0.300 0.985 0.650 0.885 0.120 0.001
0.700 0.580 0.275 0.985 0.625 0.875 0.115 0.001
0.725 0.620 0.280 0.985 0.600 0.860 0.110 0.001
0.750 0.640 0.285 0.985 0.575 0.845 0.105 0.001
0.775 0.660 0.290 0.985 0.550 0.830 0.100 0.001
0.800 0.685 0.295 0.985 0.525 0.815
0.825 0.710 0.300 0.980 0.500 0.800

007

The estimated parameters of pressure and density fields are introduced as

initial values for the iterative methods. The pressure sizes p; and p, are well-

known from the given state of flow. Also is known c; and c; in each case with p;

and p, from the Eq.(2.7). Thus the Fig.(3.2) shows the estimated process of the

Mach fields over the axial run length x/I,.
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There is a clear difference between suction and pressure Mach number. In
the graphic of the Fig.(3.2) it is shown the distribution of Mach number of the

suction side in the superior region and pressure side in the inferior region.

It is observed an increase in the magnitude of Mach number in agreement
with the advance of flow throughout the channel of blades, passing of a
subsonic to transonic regimen in Mach 0.85, with values that decreasing in the
zone of exit suction side due to effects of condensation phenomena. A small
increase in pressure exists on the suction surface due to the fast condensation
or presence or droplets travelling in the flow and is localized in the change of

curvature of the profile.

According to this, the condensation occurs before the exit of the cascade (in
the throat) and the expansion rate can vary in the passage of blades (the

pressure distribution decrease and increase in fast form in the throat zone).

Also, the Mach range with the trailing edge shows the effects of change
intentionally given in the rear stagnation point. Changes remarkably for these
change conditions of the exit angles B2. This shows again that with relatively
closely divided turbine lattices of the exit angle in a wider range is independent
of the inflow angle. In addition, proves that the effect of the rear stagnation point
affects the flow in the cascade.

3.3 Pressure distribution

The resulted of calculate of the pressure throughout the channel are
indicated in the Fig.(3.3) and in the table (3.3). The pressure sizes p; and p, are
well-known from the given state of flow. Also is known c; and ¢, in each case
with p; and p, from the Eq.(2.7). Thus the Fig.(3.3) shows the estimated

process of the pressure fields over the axial run length x/l,.
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Figure 3.3: Graphic that shows the pressure values in the stator blade channel.

Table 3.3: Pressure throughout stator blade channel.

P/P01 X/la P/Po1 X/la P/P01 X/la
1.050 0.005 0.725 0.970 | 0.575 0.615
1.025 0.006 0.700 0.970 | 0.600 0.595
1.000 0.020 0.675 0.970 | 0.625 0.550
0.975 0.025 0.650 0.970 | 0.650 0.520
0.950 0.035 0.625 0.970 | 0.675 0.440
0.925 0.045 0.600 0.970 | 0.700 0.415
0.900 0.050 0.575 0.970 | 0.725 0.360
0.875 0.095 0.550 0.970 | 0.750 0.350
0.860 0.150 0.525 0.970 | 0.775 0.310
0.875 0.200 0.500 0.970 | 0.800 0.290
0.900 0.300 0.475 0.975 | 0.825 0.240
0.925 0.400 0.450 0.975 | 0.850 0.200
0.930 0.585 0.425 0.970 | 0.875 0.115
0.940 0.600 0.400 0.950 | 0.900 0.085
0.930 0.620 0.375 0.925 | 0.925 0.060
0.925 0.660 0.380 0.850 | 0.950 0.045
0.900 0.825 0.400 0.820 | 0.975 0.040
0.875 0.880 0.425 0.777 | 1.000 0.035
0.850 0.925 0.450 0.745 | 1.025 0.009
0.825 0.950 0.475 0.705 | 1.050 0.005
0.800 0.955 0.500 0.700
0.775 0.960 0.525 0.660
0.750 0.965 0.550 0.630
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In the graphic of the Fig.(3.3) it is shown the distribution of the pressure side
in the superior region and suction side in the inferior region. If is compared the
graphic of the Fig.(3.2) with one another Fig.(3.3), is noted that the pressure in
the proximity of the front stagnation point decreasing with increasing Mach
number. As was already mentioned in section 2.7, for the polytrophic law the
correct change of entropy does not apply with small Mach number. In addition, it
was guaranteed that M; and 3, increase with the constantly increase of M,, and

that continuity condition thereby is well fulfilled.

An increase of pressure occurs near to the exit of the trailing edge of the
profile. This behavior is because a phenomenon of condensation is presented
near to the pressure surface locating a presence of drops that will reach the

trailing edge of the blade.

Substantial problems originally resulted along the blade profiles, in the case
of the evaluation process of pressure and Mach number, cause the inaccurate
treatment in the zone of flow. These difficulties are avoided with the descriptive

improved mesh organization.

Thus, it becomes clear that with the computation of gradients the
inaccuracies increase. In similar way is expected the inaccuracy remaining in
the calculation into a continuous increase of pressure in the case of an

increasing compression shock.

3.4 Velocity distribution calculation

As resulted of the example of calculation the velocity distribution are
indicated in the Fig.(3.4) and Fig.(3.5) and its values in the table (3.4) and (3.5).
In both suction and pressure side graphics is shown an increasing value of the
velocity of the flow over the surface, in according with Mach number in Fig.(3.2)
and the pressure distribution in the Fig.(3.3).
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Figure 3.4: Graphic that shows the behavior of the velocity distribution on the suction side
in the stator blade channel.

Table 3.4: Velocity distribution on the suction side in the stator blade channel.

x/1 iU, x/1 /U,
0.000 0.000 26.000 3.160
2.000 0.800 28.000 3.240
4.000 1.300 30.000 3.380
6.000 1.600 32.000 3.500
8.000 1.760 34.000 3.570
10.000 1.850 36.000 3.600
12.000 2.200 38.000 3.600
14.000 2.380 40.000 3.590
16.000 2.560 42.000 3.600
18.000 2.640 44.000 3.500
20.000 2.700 46.000 3.400
22.000 2.850 48.000 3.620
24.000 3.000 49.000 3.400
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Figure 3.5: Graphic that shows the behavior of the velocity distribution on the pressure
side in the stator blade channel.

Table 3.5: Velocity distribution on the pressure side in the stator blade channel.

X/l U/U, X/l U/Ug
0.000 0.000 22.000 1.650
2.000 1.000 24.000 1.800
4.000 1.400 26.000 1.900
6.000 1.430 28.000 2.050
8.000 1.400 30.000 2.400
10.000 1.390 32.000 2.600
12.000 1.400 34.000 3.000
14.000 1.410 36.000 3.080
16.000 1.500 38.000 3.000
18.000 1.540 40.000 3.400
20.000 1.600

3.5 Enthalpy calculation

The resulted of quantitative examination of the calculation represent the total
enthalpy throughout the channel is indicated in the Fig.(3.6), Fig.(3.7) and in the
table (3.6). The comparison between calculated and isentropic total enthalpy
shows that the arithmetic procedures in the leading of the profile have better
agreement than in the trailing side.
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The total enthalpy in the cascade is used like value of convergence because
IS a constant for a stationary system, which is the state looked for a certain
number of iterations. Once the stationary flow is reached, the parameters do not
present variation with respect to the time.
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Figure 3.6: Graphic that shows the total enthalpy calculation in the suction and pressure
side in the stator blade channel.
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Figure 3.7: Graphic that shows the enthalpy calculation in the suction and pressure side in
large x/L of the stator blade channel.

It is observed in graphic of Fig.(3.6) the total enthalpy is constant when is
reached the stationary system. The graphic of Fig.(3.7) shows the pressure side
in the superior part of the path of values and the suction side in the inferior part.

THESIS BY: FERNANDO RUEDA MARTINEZ
LEADERSHIP: DR. MIGUEL TOLEDO VELAZQUEZ



3 RESULTS ANALYSIS

86

The lifted values of enthalpy in the pressure side indicate that formation of
drops in that part of the blade is in minor grade that in the suction side. The
enthalpy shows that the droplets in their pass affect this zone, interpreting this
like an accumulated in the pressure side because have been depositing in this
part of blade affecting the flow in local form, by the geometrical position of the
blades. The values of enthalpy that are in the suction side indicate the presence
of drops, since the change of phase of steam to liquid is associate to less

values of enthalpy.

Table 3.6: Enthalpy throughout stator blade channel.

h/(PO1/Rhol) x/la h/(P01/Rhol) x/la

3.550 0.000 3.530 1.000
3.540 0.010 3.550 0.985
3.520 0.050 3.150 0.975
3.500 0.100 3.200 0.970
3.490 0.130 3.075 0.965
3.480 0.150 2.850 0.964
3.490 0.175 3.000 0.962
3.490 0.175 3.100 0.960
3.500 0.250 3.200 0.958
3.500 0.275 3.300 0.955
3.490 0.300 3.400 0.950
3.480 0.315 3.500 0.900
3.450 0.350 3.600 0.875
3.400 0.400 3.700 0.800
3.380 0.500 3.750 0.750
3.350 0.600 3.700 0.700
3.300 0.650 3.650 0.600
3.250 0.700 3.600 0.550
3.230 0.750 3.575 0.500
3.210 0.775 3.550 0.400
3.180 0.800 3.520 0.300
3.150 0.850 3.510 0.200
3.100 0.875 3.500 0.150
3.075 0.925 3.500 0.125
3.100 0.950 3.480 0.050
3.400 0.975 3.450 0.025
3.500 0.990 3.420 -
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3.6 Impulse calculation

The Fig.(3.8) presents the levels of reference that help to understand the
calculation of impulse throughout the blade channel and the resulted are
indicated in the Fig.(3.9) and in the table (3.4). It is observed in the inlet of the
blade channel 0-O the impulse value of 2.9, and this impulse is going to
incrementing due to the decrease of the pressure. In the point 1-1 the value is

7, and the exit 2-2 has this same value of 7.

In the point 1-1 is reached the value of the exit on the pressure side, but is
observed that is surpassed from this point. This is due to the geometrical
disposition of the channel of the pressure side on the suction side. The flow
pass throughout de channel and first leave the pressure side in the throat zone,
in this moment is reach de impulse value of 7. The flow follows its way

increasing the impulse value.

2
Figure 3.8: Levels of reference in the blade channel. 0-0 Inlet of flow. 1-1 Outlet of

pressure side at level with suction side (throat). 2-2 Exit of blade channel.
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Figure 3.9: Graphic that shows the impulse calculation in the suction and pressure side in
the stator blade channel.

Table 3.7: Impulse values throughout stator blade channel.

c*Rhoy; (kg/s'm2) x/la
2.9 0.0
6.2 0.175
6.5 0.200
6.6 0.275
6.7 0.400
6.8 0.475
6.9 0.500
7 0.600
7.1 0.675
7.25 0.750
7.4 0.775
7.55 0.800
7.7 0.875
7.85 0.95
8 1.00
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In relation with Fig.(3.7) is noted the values of enthalpy predominates on the
pressure side, due to velocity of the flow first leaves this part of the blade and

later it makes with the suction side.

The control of the transonic flow calculations was accomplished also by the
comparison in the inlet and outlet mass flows. The difference in the comparison
of inlet and outlet mass flows was accomplished. In inlet and outlet plane as

well as in the closest cross section the process of the mass stream density p-c

is continued to effectuate the calculations.

Before and behind the mesh the values are constant because of the
balanced parallel flow. In the closest cross section of curvature a variation
entails the streamlines transverse to the stream, which however runs evenly. A

more exact solution can become by the refinement of the computing mesh.

3.7 Displacement thickness calculation

In the proximity of the blade surface the drop movement is affected by the
velocity profile of the boundary layer and for the impulse as the force of
equilibrium in x-direction averaged over the boundary layer thickness &,
overcome the difficulty in the fact that the fluid velocity in the boundary layer
approaches asymptotically to the free stream value as distance from the wall
increases at any given location. The effect on the free flow is then equivalent
with the displacing of the surface into the stream with no boundary layer

present.

After employing the boundary layer equations to calculate the displacement
thickness along the wall, a virtual wall is created by displacing the wall outward
by the displacement thickness. A new inviscid solution is computed using this

virtual wall. This yields slightly different free-stream conditions than the initial
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calculation. A balance of mass is calculated. The boundary layer solution is then
recalculated, using the new free-stream conditions, for the real wall. The
process is repeated moving with each iteration until the mass balance is equal

to a certain value and the displacement thickness stops.

The resulted of calculate of the displacement thickness of the boundary layer
throughout the surfaces of blade channel are indicated in the Fig.(3.10),
Fig.(3.11) and in the tables (3.8) and (3.9). Considering the results of boundary
layer thickness, it is shown that they are thin on the pressure side and up to

approximately at 37% of length of the axial chord of the suction side.

It is observed the increment in the thickness boundary layer conform the flow
passes throughout the suction side. Beyond this point there is some growth.
There is a variation in the 90% of the curve of thickness of boundary layer on
the length of the suction in the graphic of Fig.(3.10), to the 46 cm of length. This
inflection shows a possible presence of flow with droplets and transition to
turbulence. They are agree with the graphic of behavior of enthalpy at trailing
edge shown in Fig.(3.7). length indicate the presence of drops droplets and

transition to turbulence.

In the pressure side is shown a variation in loss of thickness of the boundary
layer at 45% (18 cm) of length of the blade. This is because the throat causes
an effect of acceleration on the flow due to geometrical disposition of the
blades, incrementing the impulse of the flow and decreasing the thickness of
the boundary layer. The pressure side distribution for this calculation is given in
Fig.(3.3) .1t is observed that in the pressure side results in thin boundary layers

as shown in the graphic of Fig.(3.11).

The changes in the pressure distribution are the cause of growth in the
boundary layer shown by the Fig.(3.10) and Fig.(3.11). The inflection at 82%
(33 cm) of the length indicate the presence of drops and transition to

turbulence.
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Figure 3.10: Graphic that shows the behavior of boundary layer thickness on the suction
side in the stator blade channel.

Table 3.8: Boundary layer thickness values throughout suction side

stator blade channel.

8 x 107 (m) Sx107 (m) § x 10° (m) Sx107 (m)
0.0000 0.000 0.0380 26.000
0.0060 2.000 0.0410 28.000
0.0100 4.000 0.0440 30.000
0.0125 6.000 0.0480 32.000
0.0180 8.000 0.0500 34.000
0.0210 10.000 0.0580 36.000
0.0230 12.000 0.0670 38.000
0.0250 14.000 0.0720 40.000
0.0280 16.000 0.0780 42.000
0.0300 18.000 0.0880 44.000
0.0320 20.000 0.1080 46.000
0.0350 22.000 0.0900 48.000
0.0360 24.000 0.1180 49.000
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Figure 3.11: Graphic that shows the behavior of boundary layer thickness on the pressure

side in the stator blade channel.

Table 3.9: Boundary layer thickness values throughout pressure side

stator blade channel.

8 x10° (m) Sx107 (m) 8 x10° (m) Sx107 (m)
0.0000 0.000 0.0500 22.000
0.0070 2.000 0.0470 24.000
0.0110 4.000 0.0450 26.000
0.0200 6.000 0.0440 28.000
0.0280 8.000 0.0410 30.000
0.0350 10.000 0.0390 32.000
0.0450 12.000 0.0370 34.000
0.0490 14.000 0.0320 36.000
0.0510 16.000 0.0350 38.000
0.0520 18.000 0.0200 40.000
0.0510 20.000

The boundary layer behavior in the remaining solutions is very similar. In
both cases the boundary layer flow is laminar on the pressure surface and for
approximately 50% of the axial chord on the suction surface and indicate the
presence of droplets and transition to turbulence provoked by the pressure on

the suction surface and impulse of the flow in the throat.
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With help of the displacement thickness ¢, the drop courses in the wall

proximity are affected, as for these calculations the delimitations of the blade

channel around ¢, are in pressure in each case and the frictionless velocity field

is supposed. In this case the boundary layer displacement thickness has been
very small, the boundary layers have remained attached and the main flow has
been little affected by the presence of the boundary layer.

3.8 Calculation of energy thickness

The resulted of calculate of the loss of energy thickness of the boundary
layer throughout the surfaces of blade channel are indicated in the Fig.(3.12),
Fig.(3.13) and in the tables (3.10) and (3.11). The graphics show the lower
kinetic energy in the boundary layer relative to the inviscid outer. This can be
regarded as a defect produced by the loss in kinetic energy attributable to the

boundary layer.

b3 loss of energy - thickness (suction side)

0.2000
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Figure 3.12: Graphic that shows the behavior of loss of energy thickness on the suction
side in the stator blade channel.
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Figure 3.13: Graphic that shows the behavior of loss of energy thickness on the pressure
side in the stator blade channel.

It is observed by the graphics the development of the boundary layer over
surface of blades. In the suction side is seen a greater growth of the boundary
layer than in the pressure side due values of pressure and Mach that operate in
the channel. The low level of energy presented in the suction side in the 90% of
the length of the blade indicate the presence of transition due to local velocities
on the surface lower than the freestream velocity and the skin friction is

decreased.

Table 3.10: Loss energy thickness values throughout suction side stator blade.

Sx107 (m) 83 x 10° (m) Sx107 (m) 83 x 10 (m)
0.000 0.000 26.000 0.067
2.000 0.011 28.000 0.071
4.000 0.015 30.000 0.078
6.000 0.024 32.000 0.800
8.000 0.030 34.000 0.088
10.000 0.032 36.000 0.100
12.000 0.034 38.000 0.112
14.000 0.038 40.000 0.120
16.000 0.042 42.000 0.132
18.000 0.050 44.000 0.150
20.000 0.055 46.000 0.178
22.000 0.060 48.000 0.150
24.000 0.062 49.000 0.193
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Table 3.11: Loss energy thickness value throughout pressure side stator blade.

Sx107 (m) 83 x10° (m) Sx107 (m) 83 x10° (m)
0.000 0.000 22.000 0.085
2.000 0.010 24.000 0.080
4.000 0.020 26.000 0.078
6.000 0.030 28.000 0.075
8.000 0.045 30.000 0.071
10.000 0.060 32.000 0.868
12.000 0.070 34.000 0.062
14.000 0.081 36.000 0.051
16.000 0.086 38.000 0.063
18.000 0.090 40.000 0.030
20.000 0.088

The transition to turbulence is provoked by the pressure on the suction
surface and impulse of the flow in the throat. This inflection shows a possible
presence of flow with droplets and transition to turbulence. They are agree with
the graphic of behavior of enthalpy at trailing edge shown in Fig.(3.7).

The pressure side presents lowers levels of thickness of boundary layer with
an inflection localized in the 82% (33 cm) of the length. The lower levels
indicate pass to transition zone by a variation in loss of thickness of the
boundary layer at 45% (18 cm) of length of the blade. This is because the throat
causes an effect of acceleration on the flow due to geometrical disposition of
the blades, incrementing the impulse of the flow and decreasing the thickness
of the boundary layer .It is observed that in the pressure side results in thin

boundary layers as shown in the graphic of Fig.(3.11).

3.9 Calculation of friction coefficient

The resulted of calculate the friction coefficient of the boundary layer
throughout the surfaces of blade channel are indicated in the Fig.(3.14),
Fig.(3.15) and in the tables (3.12) and (3.13). The friction coefficient is caused
by the viscosity in the boundary layer. In the suction surface the initial values of
the coefficient are higher because the development of the boundary layer
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Figure 3.14: Graphic that shows the behavior of friction coefficient on the suction side in

the stator blade channel.

Table 3.12: Friction coefficient values throughout suction side stator blade channel.

Sx107 (m) Cfx 107 (m) Sx107 (m) Cfx 107 (m)
0.000 0.0000 26.000 0.0079
2.000 0.0120 28.000 0.0078
4.000 0.0110 30.000 0.0077
6.000 0.0100 32.000 0.0073
8.000 0.0098 34.000 0.0065
10.000 0.0093 36.000 0.0062
12.000 0.0092 38.000 0.0061
14.000 0.0090 40.000 0.0060
16.000 0.0085 42.000 0.0052
18.000 0.0083 44.000 0.0045
20.000 0.0082 46.000 0.0050
22.000 0.0081 48.000 0.0068
24.000 0.0080 49.000 0.0050

begins and it is observed in the Fig.(3.14) that the coefficient is decreased in the
suction side due to laminar region by it crosses the flow, but in the 82% (33 cm)
of the length surface exist a deflection, caused by the Mach number and the

character of the boundary layer.

In the pressure surface the initial values of the coefficient are higher because
the development of the boundary layer begins. The pressure side presents an
inflection localized in the 82% (33 cm) of the length that indicates the pass to

transition zone by a variation in thickness of the boundary layer at 45% (18 cm)
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of length of the blade. This is because the throat causes an effect of
acceleration on the flow due to geometrical disposition of the blades,
incrementing the friction of the flow against the surface. As the velocity
increases the boundary layer breaks away. The friction becomes increasingly
due to the pressure built up at the front. It is observed that in the pressure side
results in thin boundary layers as shown in the graphic of Fig.(3.11).

friction coefficient Cf
pressure side
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0.004
0.002 =
0.000

0.000 8.000 16.000 24.000 32.000 40.000

3.15: Graphic that shows the behavior of friction coefficient on the pressure side in the

stator blade channel.

Table 3.13: Friction coefficient values throughout pressure side stator blade channel.

Sx10” (m) Cfx 10° (m) Sx107 (m) Cfx 10° (m)
0.000 0.000 22.000 0.009
2.000 0.010 24.000 0.009
4.000 0.009 26.000 0.009
6.000 0.008 28.000 0.009
8.000 0.008 30.000 0.009
10.000 0.008 32.000 0.009
12.000 0.007 34.000 0.009
14.000 0.008 36.000 0.010
16.000 0.008 38.000 0.007
18.000 0.009 40.000 0.012
20.000 0.009
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3.10 Presence of droplets in the flow

According to the displayed results, in the trailing edge of the stator blades,
exists a presence of drops, that in according to technical literature [50], this
presence can be interpreted as a concentration layer of liquid on the surface of
drops next to pressure forms near, and they are possible to be formed in the
suction side, which brings about alterations in the development of the boundary

layer.

The Fig.(3.7), (3.11), (3.13) and (3.15) indicates that local presence of the
drops exists whose tendency is to be accumulated in the trailing edge of the
pressure side of the stator blade, this phenomenon is known like accumulation
of primary drops. The boundary layer effects also show that near of the
pressure surface, the water presence in liquid form occurs on the section next
to trailing edge, being a common characteristic the appearance of the inflection,
subsequent to the change of curvature of the suction surface, as is shown in
Fig.(3.8). This is because patrtially in the profiles the channel converges until the
throat, where the flow is controlled by the pressure and suction side, but after
the throat is controlled only by the suction side and the flow comes near to the

following blade.

Therefore, a sudden change in the rate of expansion after the throat and
great influence of the surface of suction in this region exists. A great percentage
of humidity begins to give in the outlet of the throat of the channel; generally this

occurs in the change of radio of curvature of the suction side of the profile.

The rate of expansion varies in flows over turbine blading. It is low in the
entrance region and high in the vicinity of the throat. As a consequence, the
zone of rapid condensation occurs downstream of the throat [51]. In the case of
the present profile the calculations associated with the presence of drops in the

flow is sufficient to provoke boundary layer transition.
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The increase in the amount of humidity is translated in losses that will
become evident after certain running hours from the turbine and they will be
reflected in his operation. To understand the phenomenon of erosion like a
problem that is derived from the humidity that exists in the flow in channels and
that is accumulated in the stator blade, it allows improving the efficiency of the
steam turbines until in a 8% [52]. The continuous process of accumulation of
drops in the blade stator causes that the film that is formed breaks and the
greatest drops will affect the leading edge of the rotor blade following by the

suction side.

3.11 Comparison with other works

A measured surface in subsonic treatment is carried by Bakhtar, Mahpeykar,
Mashmoushy and Jadayel [51,53] in a stator cascade of turbine in an
experimental arrangement in the University of Birmingham. Many studies into
the performance of the wet stages of turbines have been undertaken. However,
because of the three-dimensional and complex nature of these flows,
measurements in turbines do not offer a satisfactory means of investigating the
influence of individual factors contributing to wetness losses. It can be seen that
the agreement with results here displayed.

The work of Bakhtar, Mahpeykar, Mashmoushy and Jadayel shows an
overexpansion on the suction surface on the vicinity of the throat which is well
predicted in experimental and theoretical solution. In the case of flow with
drops, with the flow subsonic the effect of rapid condensation on the flow has

been masked by the overexpansion.
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Figure 3.16: Graphic that shows the boundary layer parameters — subsonic outlet®.

The position of the rapid condensation zone is similar to higher outlet Mach
number, but as would be expected the outlet wetness fractions are lower in
according to that work. As already indicated in previous chapter 2, to describe
the behavior of two-phase flows the equations about droplet behavior are
combined with the standard gas dynamic field conservation equations which in
the treatment were used in their inviscid form. Here, the deal with the viscous
effects was assumed to be concentrated in boundary layers and a boundary

layer routine is included in the treatment.

The resulting variations in displacement thickness and surface friction
coefficients in the test with subsonic outlets are given in Fig.(3.16). The
boundary layer characteristics compared with fig.(3.10) and Fig.(3.11) and
Fig.(3.14) and Fig.(3.15) are very similar. Here is given the variations of the
boundary layer as a function of the fractional axial chord, while the lower curves
give the corresponding surface friction coefficients. The full line represents the
results for the suction surface, while de dotted lines give the data for the

pressure surface.
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Figure 3.17: Graphic that shows the surface pressure distributions — subsonic treatment®?.

Considering the results for the boundary layer thicknesses, it will be seen
that they are extremely thin on the pressure surface and up to approximately 50
per cent of the axial chord on the suction surface. Beyond this point there is

some growth.

It will be seen that the pressure falls off steadily on the pressure surface,
resulting in thin boundary layers as shown by the dotted line in Fig.(3.17). In
contrast with this work, here there is a rapid pressure drop until 0.4 of the axial
chord on the suction surface, beyond which there is first an inflection followed
by a pressure drop and then pressure rise. The changes in the pressure
distribution are the cause of growth in the boundary layer shown by the full line
in Fig.(3.16).

The corresponding surface friction coefficient shows a drop at approximately
50 percent of the axial chord and then again at about 60 percent, in contrast
with the friction coefficient obtained here that shows an inflection at 83% of the
axial chord. However, it is observed that the coefficient, although becoming
small, remains finite, indicating that the pressure changes have not been

sufficient to cause boundary layer transition.
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The boundary layer behavior in the remaining solutions is very similar. In this
work compared with Bakhtar and Mahpeykar [P3] the boundary layer flow is
laminar on the pressure surface and for approximately 70 per cent of the axial
chord on the suction surface. At this point appears the transition provoked by
the pressure on the suction side. The friction coefficient is low and the boundary
layer is transitional for the 83% of the surface of suction and pressure side

The speed of sound in two-phase mixtures is not explicit and depends on
the local conditions, like was indicated in previous chapter 2. For this reason,
the overall pressure ratio was used as a more readily quantifiable measure of
the inlet and outlet Mach number. Thus, to investigate the influence of droplets
in the flow on the performance of the profile for a series of constant overall
pressure ratios the calculations were carried out with the stagnation pressure.
For the determination of the stagnation points in the time step procedure does
not exist accurate solution. Depending of the blade profile, the direction of flow
must be accepted in the stagnation points as in Fig.(2.2). Thus, is defined the
direction of flow and the neighbor point, in order to complete the physical
conditions in the blade profile. During the calculation method the accepted
stagnation points remain unchanged, because their positions do not result from

the calculation.

The velocity components directly on the stagnation point follow the impulse
equations (2.21) and (2.22). The determination of the velocity direction at the
points of neighbor is described as a function of the blade profile in the direction
of flow in the chapter 2. If the resulted with the accepted stagnation points are
not real, this acceptance must improve and the calculations must be repeated.

THESIS BY: FERNANDO RUEDA MART’I'NEZ
LEADERSHIP: DR. MIGUEL TOLEDO VELAZQUEZ



Conclusions

The available information to contribute in the knowledge of the
understanding of the drops distribution in the outlet stator blade mesh is
analyzed. For an appropriate mesh interpretation of the grade of saturated
steam is essential the knowledge of the influence of the mesh geometry as well
as the steam condition on the deposits of water to the stator blades profiles.
The saturated steam stream in turbine stages connects the additional flow
losses as well as the endangerment of the flow on the blade by drop impact
erosion. Both features result of the expansion, which partially in the stator blade
surface is deposited as finely fog-drop and finally a water film is formed

becoming more largely secondary drop from the trailing edge.

A computational program for generating a bidimensional stator blade mesh
for the calculation of the stationary, frictionless, transonic wet steam flow in a
turbine cascade according to the time in the method of finite element is
presented. The procedure contains a program section, which avoids different
difficulties in the strongly curved profile of the leading and trailing edge by a
developed computational mesh refinement. The mesh organization along the
mainstream direction fulfills the periodic boundary conditions and due to the

irregular configuration of the trailing edge an H-mesh configuration is used.

The procedure includes adaptive mechanisms to improve flow resolution in
the mesh interior and smoothness. The smoothing absorbs practically the
ripples of the solution functions resulted from computing inaccuracies in this
case a polynomial of two degrees is used. This polynomial makes the
computing time short and prevents the truncation error. For the smoothing of
the two dimensional computation surface the procedure must be accomplished

in both directions x, .
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From Gyarmathy [48], Bakhtar, Mahpeykar, Mashmoushy and Jadayel
[51,53] it has been shown that the large secondary drops in the saturated steam
stream is essentially responsible by the negative consequences. Thus, he
asked himself by the places of accumulation of the fine primary drops against
the stator blade surfaces with possibilities of influence. For this answer first an
engineer computer model of large efficiency is indispensable, which controls
also the material as the transonic flow conditions in the final stages of steam
turbines. Thus, the systematic investigations of influence of the blade shape on

the drops stream also accomplished the water separation by exhaust.

For an appropriate mesh interpretation of the grade of saturated steam is
essential the knowledge of the influence of the mesh geometry as well as the
steam condition on the deposits of water to the stator blades profiles. The
saturated steam stream in turbine stages connects the additional flow losses as
well as the endangerment of the flow on the blade by drop impact erosion. Both
features result of the expansion, which partially in the stator blade surface is
deposited as finely fog-drop and finally a water film is formed becoming more
largely secondary drop from the trailing edge.

On the basis of the conservation laws for mass, impulse and total enthalpy is
compile the calculation of the stationary, frictionless, two-dimensional, transonic
flow in the turbine cascade according to the time in the method of the finite
element. The velocity distribution determined by the calculation procedure for
the frictionless stream finds the inlet into the calculation of the boundary layer

on the blade surfaces and drops in the field.

With the help of program fortran a developed computational program of
calculations is accomplished, whose results are communicated to the pressure
and Mach number distribution, direction of flow and streamlines in the field and

the drops distribution in the outlet of the stator blade mesh.
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The procedure contains a program section, which avoids difficulties in the
strongly curved profile of the leading and trailing edge by a developed
computational mesh construction. For this treatment first are admitted firmly the
stagnation points by a special method that keeps the conditions of the field

physically correct.

The stability of the calculation can be achieved by the smoothing procedure
structure in the sequence of the program, and also without the energy from
other causes that dissipate generally in the zone of flow. Several inspection
procedures for the results of computation are developed by the numeric
approximation of time step procedures and never exclude the substantial errors,

being present the unfavorable circumstances with security.

Here is introduced the proceeding for a stator blade mesh by systematic
deformations for transonic flow conditions, with respect to smaller drops of
water, that the flow losses and erosion damages resulting from the stream of

saturated steam are reduced to a minimum.

The viscous effects can be treated by a boundary layer calculation in
conjunction with an inviscid field solver. In this case the boundary layer
displacement thickness and the loss of energy thickness have been very small,
the boundary layers have remained attached and the main flow field has been
little affected by the presence of the boundary layer.
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Annex
Computational Program: Stator Drop

PROGRAM STATOR DROP

PL  :PROFIL LENGTH

T : INTERVAL OF PROFIL GRID

TTOL :T/PL

BETAS :STAPLE ANGLE (RAD)

DS : MAXIMAL PROFIL SURFACE LENGTH OF UNIT MESH
DSTOL :DS/PL

DTAN : MAXIMAL GRADIENT OF PROFIL SURFACE (RAD)
NPROF : NUNBER OF ORIGINAL PROFIL COORDINATES
XPROF : BITANGENTIAL X-AXIAL COORDINATE OF PROFIL

YPROF : " Y-AXIAL "
NX1 :NUMBER OF X-AXIAL FOREWARD PROFIL END
NX2 " Y-AXIAL AFTERWARD "

NX :NUMBER OF X-AXIAL MESH COORDINATES

NY : " Y-AXIAL "

X :X-AXIAL MESH COORDINATE

Y  :Y-AXIAL

INPUT :PL,TTOL,BETAS,DSTOL,DTAN,NPROF,XPROF,YPROF
OUTPUT : NX1,NX2,NX,NY,X,Y

RP  :RADIUS OF PARTICLE (M)

RHOW : DENSITY OF PARTICLE (KG/M**3)

ETADYN : DYNAMIC VISCOSITY (KG/M SEC)

DT  :TIME SEGMENT (SEC)

NX1 :NUMBER OF X-AXIAL FOREWARD PROFIL END

NX2 " Y-AXIAL AFTERWARD "

NX01 : NUMBER OF X-AXIAL FOREWARD STAGNATION POINT
NYOL : " Y-AXIAL "

NX02 : NUMBER OF X-AXIAL AFTERWARD STAGNATION POINT
NY02 : " Y-AXIAL "

NX  :NUMBER OF X-AXIAL MESH COORDINATES

NY : " Y-AXIAL "

X :X-AXIAL MESH COORDINATE

Y I Y-AXIAL

XIN  : X-AXIAL COORDINATE OF INLET STEAM

YIN G Y-AXIAL "

FIN :EACHFLOW QUANTITY OF STEAM AT INLET

XOUT : X-AXIAL COORDINATE OF OUTLET STEAM

YOUT :Y-AXIAL "

RHO :DENSITY OF STEAM

PRES :PRESSURE

CX  :X-AXIAL VELOCITY COMPONENT OF STEAM

THESIS BY: FERNANDO RUEDA MART’I'NEZ
LEADERSHIP: DR. MIGUEL TOLEDO VELAZQUEZ



ANNEX 114

CY 1 Y-AXIAL "

NWAY : "  STREAM LINE

XDOT : X-AXIAL COORDINATE OF PARTICLE MOVEMENT

YDOT :Y-AXIAL "

RHODOT : DENSITY OF PARTICLE (KG/M**3)

PDOT :PRESSURE " (N/M**2)

CXDOT : X-AXIAL VELOCITY COMPONENT OF PARTICLE (M/SEC)
CYDOT :Y-AXIAL "

PROGRAM STATORDROP
IMPLICIT NONE

REAL,DIMENSION (100):: X,XPROF,YPROF
REAL,DIMENSION (100,100) :: Y

REAL :: TTOL,BETAS,DSTOL,DTAN,PL

INTEGER :: 1,J,NX1,NX2,NX,NY,NPROF
READ(5,1000) NPROF,PL, TTOL,BETAS,DSTOL,DTAN

DO 10 I=1,NPROF
10 READ(5,1100) XPROF(I),YPROF(I)

CALL
GRID(PL, TTOL,BETAS,DSTOL,DTAN,NPROF,XPROF,YPROF,NX1,NX2,
NX,NY,X,Y)

WRITE(10) TTOL,BETAS,NX,NY,NX1,NX2
1000 FORMAT(110,6F10.0)

1100 FORMAT(2F10.0)

END

SUBROUTINE
GRID(PL, TTOL,BETAS,DSTOL,DTAN,NPROF,XPROF,YPROF,NX1,NX2,&

&NX,NY,X,Y)

IMPLICIT NONE

REAL :: TTOL,BETAS,DSTOL,DTAN,DTAL,PL

INTEGER :: NPROF,NSUCT,NPRES,NA,NX1,NX2,NX,NY,N1,N2,N
REAL,DIMENSION (100):: X

REAL,DIMENSION (NPROF) :: XPROF,YPROF
REAL,DIMENSION (100,100) :: Y

TTOL=0.90000
DTAN=0.7265
DSTOL= 0.0066889

THE MESH COORDINATES OF PROFIL CASCADE
DO 10 I=NX1,NX2
X()=XA(I-NX1+1)
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YS(I)=YAS(I-NX1+1)
YP(I)=YAP(I-NX1+1)
10 CONTINUE

| THE MESH COORDINATES OF UPSTREAM
DO 20 I=1,NX1
X(NX1-1+1)=XUP(1)
YS(NX1-1+1)=YUPS(I)
YP(NX1-1+1)=YUPP(I)
20 CONTINUE

| THE MESH COORDINATES OF DOWNSTREAM
DO 30 I=NX2,NX
X(1)=XDN(I-NX2+1)
YS(I)=YDNS(I-NX2+1)
YP(I)=YDNP(I-NX2+1)
30 CONTINUE

I THE WHOLE MESH COORDINATES
DO 40 1=1,NX
DY=(YP(I)-YS())/(NY-1)
DO 40 J=1,NY
40 Y(1,0)=YS()+(J-1)*DY

RETURN
END

I THE EQUIDISTANT INTERPOLATION OF TURBINE CASCADE

NXINT=48
DXINT=(X2-X1)/(NXINT-1)
DO 10 1=1,NXINT-1

10 XINT(1)=X1+(I-1)*DXINT
XINT(NXINT)=X2

CALL DIFF(NSUCT,XTS,YTS,FPS1,0)

CALL INTERP(NSUCT,XTS,YTS,FPS1,NXINT,XINT,YINTS,FPS2)

CALL DIFF(NPRES,XTP,YTP,FPP1,0)

CALL INTERP(NPRES,XTP,YTP,FPP1,NXINT,XINT,YINTP,FPP2)
I THE TRANSFORMED PROFIL COORDINATES WITH ANGLE(BETAS)

DBETAS=PI/2.-BETAS
CALL TRANS(DBETAS,NPROF,T1,T2,XPROF,YPROF,XT,YT)

SUBROUTINE INTERP(N1,X1,F1,FP1,N2,X2,F2,FP2)
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IMPLICIT NONE

CUBIC INTERPOLATION
REAL :: DXX,DXX2,DXX3,FPP1,FPPP1,DX,DF,DX2,DF1,DX3,FPP
INTEGER :: N1,N2,JJ,JT,JTT,1,J,01
REAL,DIMENSION (N1) :: X1,F1,FP1
REAL,DIMENSION (N2):: X2,F2,FP2
DO 50 1=1,N2

DO 10 J=JT,N1
ITT=1
IF (X1(J).GE.X2(l)) GOTO 20

10 CONTINUE

20 JT =JTT

1=JT

IF (X1(J).EQ.X2(I)) GOTO 40

IF (J.EQ.JJ) GOTO 30

3=

J1=J-1

DX=X1(J)-X1(J1)

DF=F1(J)-F1(J1)

DX2=DX*DX

DX3=DX2*DX

DF1=FP1(J)-FP1(J1)

FPP=FP1(J)+FP1(J1)

FPPP1=(2.*DF-DX*FPP)/(-DX3/6.)

FPP1=DF1/DX-DX*FPPP1/2.

30 DXX=X2(1)-X1(J1)

DXX2=DXX*DXX/2.

DXX3=DXX2*DXX/3.

F2(1)=F1(J1)+DXX*FP1(J1)+DXX2*FPP1+DXX3*FPPP1

FP2(1)=FP1(J1)+DXX*FPP1+DXX2*FPPP1

GOTO 50

40 F2(1)=F1(J)

FP2(1)=FP1(J)

3=0

50 CONTINUE
RETURN

END

SUBROUTINE TRANS(PHI,N,T1,T2,X0,Y0,X,Y)
IMPLICIT NONE

REAL,DIMENSION (2,2):: D
REAL,DIMENSION (33,2) :: T1,T2
REAL,DIMENSION (33) :: X0,Y0,X,Y
INTEGER :: N,1,J,K

REAL :: PHI
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! THE TRANSFORMATION OF PROFIL COORDINATES
D(1,1)=COS(PHI)
D(1,2)=SIN(PHI)
D(2,1)=-SIN(PHI)
D(2,2)=COS(PHI)

DO 10 I=1,N
T1(1,1)=X0(1)
T1(1,2)=Y0(I)
10 CONTINUE
DO 30 I=1,N
DO 20 J=1,2
T2(1,3)=0
DO 20 K=1,2
T2(1,9)=T2(1,3)+D(J,K)*T1(I,K)
20 CONTINUE
X(=T2(1,1)
Y()=T2(1,2)
30 CONTINUE
RETURN
END

SUBROUTINE ENT(C1,P1,RHO1,PN,NX,NY,RHO,PRES,CX,CY,SIGMA,&
&U,V,VARINITER,NITER1,NITER2)

| THE TOTAL ENTHALPIE IN TURBINE CASCADE
DO 40 1=1,NX
DO 40 J=1,NY
C=SQRT(CX(I,J)**2+CY(1,J)**2)
H=PN/(PN-1.)*PRES(I,J)/RHO(I,J)+0.5*C**2
HREL(I,J)=H/(P01/RHO01)

40 CONTINUE

RETURN
END

SUBROUTINE IMPULS(AL,C1,A1,AM1,RHOL1,ETAP,DTAU,NX1,NX2,&
&NX,NY,STAU,PTAU,UTAU,VTAU)

IMPLICIT NONE

REAL :: DTAU,ETAP,RHO1,AM1,A1,C1,AL,SIN,S1,52,S3,54,S5,56
REAL :: DP,RHOM,DPRES,DF,PHI,S,DN,DV,F11,F12,&
&F21,F22,F31,F32,F41,F42,F51,F52,F61,F62

INTEGER :: NX,NY,IX1,1X2,11,JJ,NX1,NX2,1,J,R,STATUS
REAL,DIMENSION (NX,NY) :: STAU,PTAU,UTAU,VTAU
REAL,DIMENSION (100,100) :: SIGMA,P,U,V,UP,VP,SIGMAP
COMMON/MASS1/ SIGMAP,UP,VP
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I THE CHARACTERS REDESIGNATION FOR PERIODIC REGION

DO 10 I=1,NX
DO 10 J=1,NY
SIGMA(I+1,J+1)=STAU(I,J)
P(1+1,J+1)=PTAU(I,J)
U(I+1,J+1)=UTAU(I,J)
V(1+1,J+1)=VTAU(1,)
10 CONTINUE

DO 20 J=1,NY
SIGMA(1,J+1)=SIGMA(2,J+1)
P(1,J+1)=P(2,J+1)

U(1,J+1)=U(2,J+1)

V(L,J+1)=V(2,J+2)
SIGMA(NX+2,J+1)=SIGMA(NX+1,J+1)
P(NX+2,J+1)=P(NX+1,J+1)
U(NX+2,J+1)=U(NX+1,J+1)
V(NX+2,J+1)=V/(NX+1,J+1)

20 CONTINUE

I THE INLET CONDITION OF X- AND Y-VELOCITY

IF (NX1.EQ.NX01) THEN
W(NX1,1)=SQRT(U(NXL,1)**2+V(NX1,1)**2)
U(NX1,1)=W(NXZ,1)*COS(THETA(NX1,1))
V(NX1,1)=W(NX1,1)*SIN(THETA(NXZ,1))
W(NX1,NY)=SQRT(U(NXL,NY)**2+V(NX1,NY)**2)
U(NX1,NY)=W(NX1,NY)*COS(THETA(NXL,NY))
V(NX1,NY)=W(NX1,NY)*SIN(THETA(NXL,NY))
END IF

I THE VELOCITIES AT PROFILE SURFACE

DO 50 I=NX1,NX2

DO 50 J=1,NY,NY-1
U(1,3)=W(1,J)*COS(THETA(I,J))
V(1,9)=W(1,J)*SIN(THETA(I,J))
50 CONTINUE

RETURN

END

SUBROUTINE FLOW1(C1,AM1,P1,P2,RHO1,PN,NX01,NX02,NX,NY X, &
&RHO,CX,CY,SIGMA,U,V,NITER1)
IMPLICIT NONE
REAL,DIMENSION (20) ::
XCAL,YCAL,DYCAL,YOCAL,XIN,YIN,DIN,FIN
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REAL,DIMENSION (75) :: X

REAL,DIMENSION (75,48) :: Y,RHO,PRES,CX,CY
REAL,DIMENSION (2,20) :: NDOT,XOUT,YOUT,DOUT,FOUT,SFOUT
REAL,DIMENSION (2,20,1000) :: XDOT,YDOT,RHODOT,PDOT,&
&CXDOT,CYDOT

INTEGER :: NX1,NX2,NX,NY,NX01,NY01,NWAY,NRHO,TTOL,&
&BETAS,1,J,NX02,NY02,NFLOW,NCAL

REAL :: T,PROFL,XMES,RP,RHOW,RHOG,RX,FCW,DT,

I THE INPUT DATAS FOR STREAM LINE

RETURN
2010 FORMAT(1H1,9X, THE COORDINATES AND VELOCITIES OF GAS FLOW
LINESY, &
&
10X, == == = === == == :::::::::::::'//,&

READ (5,1000) NRHO,NWAY

READ (5,1100) RP,RHOW,ETADYN,RX,FCW,DT,YO
NWAY=20

RHOW=994.8

ETADYN=0.00000001

DT=0.00000001

NRHO=2

THE GAS CONSTANT FOR IDEAL GAS
KAPPA=1.4

ETAP=1.0

AKAPPA=1.4

ETAP=1.0
PN=AKAPPA/(AKAPPA-ETAP*(AKAPPA-1.))
C1=SQRT(CXDOT(L,1,1)**2+CYDOT(L,1,1)**2)
RHO1=RHODOT(1,1,1)

P1=PDOT(1,1,1)

A1=SQRT(PN*P1/RHO1)

AM1=C1/Al
PO=P1*(L.+(PN-1.)/2.*AM1**2)**(PN/(PN-1.))
RHO0=RHO1*(P0O/P1)**(1./PN)
CA=SQRT(2.*PN/(PN+1.)*PO/RHO0)

2020 FORMAT(1H1,8X, THE COORDINATES AND VELOCITIES OF DROP

FLOW

&  TX'MY* 7X'M*Y)

LINES'/,&

9X,'
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&  TX,MY* 7X,'M*)

2030
FORMAT(LH1,2X, NWAY",1X,'NDOT',6X, X/LA 6X,"Y/LA' 9X, MX* 7X,'MY*' 7X,'
M*'))

2110 FORMAT(LH ,215,2X,2F10.4,2X,3F10.4)

2120 FORMAT(LH ,5X,15,2X,2F10.4,2X,3F10.4)

2130 FORMAT(1H )

2210 FORMAT(LH1,///44X, THE GAS FLOW QUANTITY TROUGH TURBINE
CASCADE',&

&  I,14X,NFLOW' 6X,'X/T'2X,' DIN(KG/SM**2)' 1X 'FIN(KG/S)', &
&  6X,'SIA'2X,DMID(KG/SM*2)',1X,'FMID(KG/S)', &
&  6X,SIA'2X, DOUT(KG/SM*2)', 1X,'FOUT(KG/S)'/)

2220 FORMAT(LH
11X,15,2X,F10.4,1X,F10.4,1X,F10.4,3X,F10.4,1X,F10.4,2X,F10.4,3X,F10.4,1X,F10.4
2X,F10.4)

2230 FORMAT(LH ,/,15X,FSUM',22X,F10.4,26X,F10.4,26X,F10.4)

2310 FORMAT(LH ,///,12X,'BOUNDARY LAYER)

RETURN
END
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ABSTRACT

In this theoretical study an analysis of the mechanical erosion influence on working blades in the last
stage of the pressure low section of a steam turbine with electric generation of 300 MW installed in a
thermoelectrical plant is presented. First, it is described the formation of humidity and is given an analyses of
nucleation theory like introduction to the problems of erosion in the working blades of steam turbines. With
information of the turbine in conditions of operation and design for the 5" stage, is showed a calculation of
the different physical, structural and of regime parameters (impact pressure, modal dimensions drops, impact
frequency, etc.) that appear in the working blades erosion of this turbine. The model used in this work is only
spherical nucleation on a flat surface and a spherically convex surface are considered, the model of drop also
is spherically and it’s not considered water chemistry issues. The solutions of these erosive influence
equations here presented are obtained for different sections of a rotor blade: base, middle zone and
peripherical zone. With the solved variables, it is obtained a table of resulted that compare the operation and
design conditions and are elaborated graphics that allow correlations of values in function of drops
dimension and different velocities calculated, obtaining information that shows the mass lost of the blade
during the time operation work. The calculation realized gives an idea of the damage on working blades due
to the presence of droplets into the flow.

Keywords: erosion, steam turbine, rotor blades, nucleation
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ABSTRACT

The main flow problems associated with the design of turbo-
machines are connected with the cascade and spatial flows. As is
known, the two problems are usually dealt with separately in the
theory of axial turbo-machines, the first as a plane problem, and the
second as a rotationally symmetrical one. It is then assumed that the
two solutions can be superposed on one another with sufficient
accuracy. A similar assumption was recently made for radial
machines as well, i.e. the rotationally symmetrical flow is determined
through the blading, which strictly speaking represents an infinite
number of blades. For evaluating the effects of a finite number of
blades the rotationally symmetrical flow areas are considered given
and the frictionless flow around the blades is calculated. The second
step takes into account the influence of friction in the thin layer along
the wall, where this resistance to motion is regarded as being
concentrated (the boundary-layer effect).

Until now the flow areas of the rotationally symmetrical meridian
flow were approximately represented by conical or cylindrical
sections. By conformal mapping the flow around the blade profiles
could be reduced to a two-dimensional problem. In contrast to
previous treatments, the frictionless, compressible subsonic flow is
calculated in any rotationally symmetrical reference plane through
the spatial cascade in accordance with the method of singularities.
According to this theory all the cascades which are of importance
from an engineering aspect (conical, axial, radial and straight) can be
dealt with by one and the same mathematical process. In this article
the process is applied to the particularly simple example of the
straight, plane blade cascade.

Keywords: blade, cascade, streamline, compressible flow.

1. NOTATION AND DEFINITIONS

F, Region containing sources and sinks.

L Developed length of the profile edge.

Ma=c/c Local Mach number.

O’ Origin of the complex coordinates ¢ and z.}

P =P(2) Point in the flow area.

Q = dFq Law of conservation of mass per unit of length.
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Review of nucleation phenomena in steam turbines
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Abstract --- The nucleation theory, like introduction to the problems of erosion in the working blades of
steam turbines, is presented. From basic ideas of homogeneous and heterogeneous spherical nucleation model,
the low pressure section of a turbine installed in a steam-electrical power plant is treated from the point of
view of the erosion that appears on blades due to the droplets in the steam.

Keywords: nucleation, steam turbine, droplet, cluster, erosion.

I. INTRODUCTION

The nucleation is the energy necessary to form a stable germ, also named thermodynamic barrier of
germination [1]. To microscopic level, phase fluctuations occur as random events due to the thermal
vibration of atoms (collisions). In terms of classical nucleation theory, the spontaneous fluctuations lead
to the formation of small embryonic droplet that can grow beyond some critical radius; it being possible
overcome this barrier and sustain spontaneous growth; that is, it can only survive and grow if there is a
reduction in free energy. However, if the energy barrier to spontaneous growth is large and the droplet
cannot achieve critical size, it remains unstable and will in all possibility evaporate. As a result of this
energy barrier, the system can exist in a metastable state with unfavorably high supersaturation levels
being maintained in the gas phase [2].

A practical difficulty where the existence of formation of water droplets creates problems is the
behavior of steam in turbines. The temperature and pressure gradients are such that these droplets might
nucleate with undesirable effects on the performance of the machine, including the erosion of the turbine
blades due to the repeated impact on them. On the other hand the steam must be expanded as much as
possible to extract the most work from it [3]. In the case of condensed phases, the principal idea is that
there exists a bottleneck in the transformation, which is passed through only by fragments, or molecular
clusters, of the new phase. The cluster is a grouping of individual units interrelated mutually in all the
senses: verticals, horizontals, etc., that establish a functional interdependence for the development of its
processes. The bottleneck is narrowest when the clusters reach a so-called critical size, and therefore the
properties of these critical clusters are central to the theory of nucleation.
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ABSTRACT

This paper presents the calculation of the drops distribution in the exit of blades that have flow
conditions of wet steam, in order to understand the causes that originate the erosion on the
blades of the last stages in the low pressure section of steam turbines. Into the calculation of
the velocity distribution for the stream frictionless, the boundary layer on the blade surfaces and
the drops in the flow line, on the basis of the stationary, frictionless, two-dimensional, transonic
and homogenous flow is found. In this work an approximate movement of the droplets in the
blade cascades, flowing through the steam and, in particular, the accumulation of droplets on
the stator blades is identified.

KEYWORD: Steam turbine, homogeneous nucleation, drop distribution, erosion stator-rotor
blade, transonic flow, mesh pressure-suction side.

1. INTRODUCTION.

The energy in the heated water can be transferred to a thermodynamic working fluid to
generate electrical power. Because of the water is only under moderately high temperature and
pressure, the working fluids often operate in the two-phase region (water and steam together,
for example). The two-phase turbines have moderate efficiencies but a very high blade erosion
rate due to impingement by high velocity, unsteady, individual liquid droplets.

Steam turbines are one of the most versatile and oldest prime mover technologies still in
general production. Power generation using steam turbines has been in use for about 100
years, when they replaced reciprocating steam engines due to their higher efficiencies and
lower costs. The capacity of steam turbines can range from 50 kW to several hundred MWs for
large utility power plants. Steam turbines are widely used for combined heat and power
applications. Due to the erosion of steam turbine blades has been one of the important
technological problems in power generation systems, is necessary the analysis of path and
collision of droplets that have brought severe erosion problems in steam turbine blades, causing
a high cost of maintenance and repair as well as a safety problem and low efficiency of power
generation.

1.1 Droplets by nucleation in steam turbines

Nucleation is the energy necessary to form a stable droplet, also named thermodynamic
barrier of germination. In a microscopic level, phase fluctuations occur as random events due to
the thermal vibration of atoms (collisions). In terms of classical nucleation theory, the
spontaneous fluctuations lead to the formation of small embryonic droplet that can grow beyond
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