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... in order to progress we must recognize our ignorance and

leave room for doubt. Scienti�c knowledge is a body of

statements of varying degrees of certainty � some most unsure,

some nearly sure, but none absolutely certain.

From: The value of science, 1955, Richard P. Feynman
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Abstract

The development of new steam turbines with higher e�ciency,

better operability, and reduced costs is still of current interest in

the energy market. To this purpose, the prediction tools need to

be able to account for all the geometrical details and all the phys-

ical e�ects that are relevant for the performance. Furthermore,

they are required to provide the designers with the pieces of in-

formation that they need to evaluate the severity of the damage

caused to the rotating blades by the coarse water present in the

large droplets detaching from the trailing edge of the stationary

vanes. In the current industrial approach, the validation of new

LP sections is done with a combination of standard CFD and

correlative methodologies followed by a signi�cant experimental

activity. The recent development of solvers for two-phase �ows

capable to model in details the geometry of the blading and of

the sealing could give a powerful tool for the screening of new

designs and the performance estimation. However, as shown

by recent publications on this subject, the theory behind these

computational methodologies is still a�ected by signi�cant un-

certainty. As a result, no common modelling approach exists in

the industrial practice. A stimulating debate is on-going to con-

solidate the nucleation theory and the equations used to model

the growth of the water droplets. This research project aims to

v
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promote the CFD methodology from being a tool for qualitative

analyses to quantitative predictions. In order to do so, a set of

user de�ned functions has been coded to be used together with a

commercial code. To improve its predictive capability, di�erent

modeling hypotheses and parameters have been considered and

tested on di�erent con�gurations, spanning from plane nozzles

to turbine cascade to a complete LP section. Di�erent steam

conditions have been considered too, so that the losses due to

the nucleation and the droplets growth are put in evidence.
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Chapter 1

Introduction

The whole electric energy market, from production plants to end-

users, is transitioning towards a sustainable use of raw materials

and resources, and a reduction of its carbon foot-print. Renew-

ables provide an increasing share of the total production but, as

reported in [1], the fossil plants still meet 64% of the global elec-

tricity demand. With the current change in the energy mix, the

steam turbines are present in the power generation market with

di�erent roles: they are used in fossil, combined cycle, geother-

mal and concentrated solar plants, but also in waste-to-energy

and heat recovery applications. Therefore, they still play a pri-

mary role in the energy production market. In this scenario,

the improvement of the e�ciency of the power plants and the

reduction of the waste of energy appear to be instrumental to

reach the goal of sustainability and low emission. The current

trends in the steam turbine developments and researches, like in

the case of low volume �ow operation (see Hoznedl et al. [2] and

Mambro et al. [3] for example) or reduced start-up time (e.g.

Seiler et al. [4], Girezzi et al. [5], and Bucciarelli et al. [6]),

1
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show that steam turbine manufacturers are working actively to

improve the performance of their products. The contribution of

the LP section to the power delivered by a steam turbine can

be as high as 40%, therefore it is no mystery the interest of the

industry in developing methodologies to improve the LP stage

e�ciency. In order to maximize the thermal e�ciency of a steam

plant, it is very convenient to reduce the condenser pressure as

much as possible. In fact, a reduction of 1 kPa at the exhaust

�ange can be worth 0.5% on the Heat Rate of the plant.

Reducing the exhaust pressure impacts the design of a LP

section in di�erent ways. The �rst one is the increase of the

annulus area at the exit of the last stage blade, required by the

lower density of the steam. Longer last stage rotating blades

support the annulus area increase and enable the change from

four-�ow to double-�ow machines, with obvious bene�ts in terms

of cost reduction. The second kind of impact is that reducing

the condenser pressure leads to an increased wetness level at the

steam turbine exit, which in turn causes the erosion of the ro-

tating blades and the reduction of the aerodynamic e�ciency of

the stages. These two issues are as old as the steam turbine

itself and were recognized by Baumann in his celebrated paper

[7]. In this way, the design of long blades becomes a challeng-

ing task, because of the high mechanical stress, of the risk of

failure caused by high vibrations, and because of the aggressive

three-dimensional design of the stages which is needed to avoid

negative root reactions degree and high Mach number regions

(for a comprehensive review of the implications see Gyarmathy

[8] and Havakechian et al. [9]).

All these constraints are summarized in the Figure 1.1 (adapted

from [8]) where the design space for a low-pressure stage made

of stainless steel is represented using the exhaust area and the
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Figure 1.1: Low pressure stage design space

tip-to-hub radius ratio RR.

Reducing the exhaust pressure increases the wetness content

of the steam at a level in the range 5% to 18%, depending on

the application. As the liquid and the vapour phases of the

steam follows di�erent thermodynamic paths during their ex-

pansions, and the steam departs from the equilibrium condition,

some losses arise, which can be signi�cant as the wetness in-

creases. A well-known rule to quantify these losses is due to

Baumann [7], who proposed a simple empirical correlation. The

original rule estimates 1% of e�ciency drop for 1% of average

wetness. Therefore, an easy ballpark assessment is that the im-

pact of moisture losses on the turbine overall performance can

be as high as 4%.

The traditional development process for the LP section in-

volves many contributors and requires many steps in order to
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meet a long list of requirements for mechanical integrity, aero-

dynamic performance, manufacturability, layout, and costs. At

the end of the development process, because of all the uncer-

tainties and di�culties of the design the companies are forced

into an expensive validation step to assess the aeromechanical

behaviour and the performance level of the LP section. Testing

a sub-component or testing a scaled model of the LP section are

the approaches currently used in order to reduce this �nancial

e�ort (e.g. [10] and [11]). In any case, testing campaigns are run

at a limited number of operating conditions.

Traditionally, a system of correlations is used to build a per-

formance model of the LP module. In this way it is possible to

expand the usage of a limited set of experimental data to cover

the application range encountered in the steam turbine market.

Another approach, which has become feasible during the last

decade, is the usage of CFD calculations.

As far as the performance is concerned, a large part of the

uncertainty is related to the losses caused by the moisture con-

tent in the �ow. As computational �uid dynamics has evolved,

designers have exploited new tools to improve the turbine perfor-

mance accounting for non-equilibrium e�ects. However, recent

publications (e.g. Starzmann et al. [12]) have shown that a con-

siderable uncertainty in nucleation theory and droplets growth

law exist, and no common modelling approach exists as well. For

this reason, the accuracy of CFD, for designing and predicting

the performance of LP stages is still under a controversial and

stimulating debate.

The present PhD Thesis addresses the problem of the perfor-

mance predictability of the LP stages of the steam turbines. Its

�nal purpose is to provide a methodology to analyse and design

the LP stages of the steam turbines thereby reducing the uncer-
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tainties arising from the usage of correlations and supporting the

reduction of the development cost of new LP stages.

The Thesis is organized as follows:

� In chapter 2 the theoretical foundations for condensing/wet

steam analysis are discussed. The correlations used through-

out this Thesis are also described.

� In chapter 3 the numerical method used to solve the system

of the partial di�erential equations used to model the �uid-

dynamics of the two-phase steam is outlined.

� In chapter 4 the analysis results of two test cases repre-

senting two planar nozzles are presented. The accuracy in

predicting of the nucleation position and in estimating the

nucleating droplet size is also discussed.

� In chapter 5 the analysis results of a test case representing

the geometry of a rotor blade tip are reviewed. The accu-

racy in predicting the losses caused by the nucleation and

growth of the water droplets is discussed. The numerical

results are compared with some correlations available from

literature.

� In chapter 6 the analysis results of a test case representing

the geometry of LP 3-stage module are presented, with a

major focus on the accuracy of the prediction of overall

performance parameters. The numerical results are com-

pared with some correlations available from literature.

� In chapter 7 the results from all the chapters are surveyed

and summarized. The criticalities in the use of the correla-

tions together with the improvement in the predictability
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achieved using CFD methods are discussed. Future direc-

tions for research and improvements to the current work

are also suggested.



Chapter 2

THE THEORETICAL

FRAMEWORK

In the thermodynamic conditions typical for the low pressure

stages of the steam turbines, the water droplets do not nucle-

ate when the saturation temperature and pressure conditions are

reached, but after that the steam has obtained a certain degree

of supercooling. Then, some energy is released during the nu-

cleation and the equilibrium pressure and temperature are re-

stored, but at the cost of some e�ciency reduction. Thereafter,

the droplets start to grow following the expanding vapour. In

doing so, the steam condensates on their surfaces, releasing a

consistent amount of energy in form of latent heat. A temper-

ature di�erence between the droplet surface and the vapour is

established, so that the latent heat energy is transferred back to

the vapour causing additional losses. These two aspects in the

theory, the homogeneous nucleation and the droplet growth, are

the subject of this chapter. The theoretical estimate of the losses

caused by the nucleation and growth of droplets are addressed as

well.

7



Chapter 2: The theoretical framework 8

2.1 PHYSICAL MODELS

2.1.1 THE DROPLET NUCLEATION

The well-known state diagram of the steam is built upon the as-

sumptions that the �ow transformations happen in a quasi static

manner, and that, at any time, the thermodynamic properties

and the velocities are uniform in the considered volume of �uid.

As far as a mixture of steam and water is considered, this means

that the transformations are slow enough to have thermal and

mechanical equilibrium inside the �uid, and that the interphase

between the water and the vapour phase (the so-called menis-

cus) is a planar surface. In fact, in a mixture of droplets and

vapour enclosed adiabatically and kept at constant volume, all

the droplets evaporate, and the amount of bulk liquid increases

correspondingly as the system evolves towards the thermody-

namic equilibrium.

Therefore, the widely accepted common statement that cool-

ing the steam below its saturation temperature leads to water

formation becomes incorrect in a wide variety of situations where

the rate of change of the vapour conditions combines with the

absence of foreign materials or wall surfaces which could assist

the molecules seeking to condense in a well-behaved manner.

The expansion rate is introduced in Gyarmathy [13] to con-

veniently describe the rate of change of the vapour conditions. It

is de�ned as Ṗ = − d
dt ln(P ), and it is built using the Lagrangian

derivative of the pressure. In the conditions found in the steam

turbines, the expansion rate Ṗ can be as high as 10000s−1. In

these cases, as the steam reaches the saturation condition, the

water phase formation is delayed, and the vapour keeps expand-

ing dry so that a certain degree of supercooling is reached. After

that, the formation of water starts at �rst in the form of tiny
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droplets containing 30 to 100 molecules, and then proceeds by

growing the droplets up to a �nal size of 10−8m to 10−6m.

The theoretical framework used to describe the nucleation

process includes aspects from both classic [14] and statistical

[15] thermodynamics. Following the �rst reasoning, the nucle-

ation process can be analysed under the assumption of a constant

temperature and pressure transformation. Under this assump-

tion, the Second Law of the Thermodynamics states that a cer-

tain event can occur spontaneously if the free energy is lowered

in the process.

Let's consider a mass m of vapour at a pressure P , and tem-

perature T , with P > Psat(T ). The free energy balance for the

formation of a droplet of radius r can be written as follows:

∆G = ∆Gsurface + ∆Gbulk (2.1)

where �rst term is simply:

∆Gsurface = 4πr2σ (2.2)

and the second one is:

∆Gbulk = −4

3
πr3ρLRT ln (

P

Psat
) (2.3)

The plot in Figure 2.1, adapted from Young et al. [16], shows

the Equation 2.1 in non-dimensional form for di�erent values of
P
Psat

and temperature T = 1000C. From the plot, it can be

seen that an energy barrier makes small droplets impossible to

form and grow not only in superheated vapour, but also when

a certain value of supersaturation is present. On the other side,

large droplets in supersaturated steam are clearly unstable and

tend to grow inde�nitely. The critical value of the radius can be
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easily obtained by looking the maximum in Equation 2.1:

r∗ =
2σ

ρLRTV ln( P
Psat)

(2.4)

The energy barrier to form a droplet of radius r∗ is then:

∆G∗ =
4

3
πr2
∗σ =

16πσ3

3[ρLRTV ln( P
Psat

)]2
(2.5)

The form of the previous Equation 2.5 and Equation 2.4 is

such that increasing the supersaturation of the steam reduces

very quickly the energy barrier and the critical size of the droplet.

This is shown in Figure 2.2 However, as droplets can only grow

molecule by molecules, it would appear clear that nucleation is

not possible from a thermodynamic point of view.

Despite the results herein discussed, in a superheated steam

does exist a population statistically steady of tiny droplets, called

embryos, formed by only few molecules of water. The statis-

tical distribution of these small droplets is expressed using a

Boltzmann-like distribution:

ng = n1e
−∆G/kT (2.6)

where g is the number of molecules in the embryos, ng is

the number of embryos of size g per unit of volume, n1 is the

total number of molecules in the system per unit volume and can

be approximated by the concentration of monomers. Following

the reasoning of the statistical thermodynamics, the so-called

classical nucleation rate equation Jclass has been obtained in

[15] as:

Jclass = Qc
n2

ρL

√
2σm

π
e−∆G/kT (2.7)
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Figure 2.1: Free energy change in the formation of a droplet at
1000C

Figure 2.2: Critical radius for di�erent supersaturation condi-
tions and vapour temperatures
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Then, making use of the kinetic theory equation P = nkT

and of the relation k = R/NA between the Boltzmann constant

k, the gas universal constant R and the Avogadro number NA

the following equation is obtained which is of more easy use in

calculations [16]:

Jclass = Qc
ρ2
V

ρL

√
2σ

πm3
e−∆G/kT (2.8)

The Jclass has been revised to account for the fact that the

growing droplet is heated above the vapour temperature. The re-

sulting correction [17] has the e�ect of reduce the nucleation rate

by a factor 50. The non-isothermal equation for the nucleation

rate is:

JNI =
1

1 + Φ
Jclass (2.9)

where

Φ =
2 (γ − 1)

γ + 1

[
L

RTV

(
L

RTV
− 1

2

)]
(2.10)

Over the years, several corrections have been proposed by di�er-

ent researchers to improve the Equation 2.8. For a recent review

of the most promising ones the paper [18] should be referred.

However, as con�rmed recently in [12], there is no common agree-

ment on the equations that should be used for the nucleation.

As a matter of fact, throughout this Thesis, Equation 2.9 will be

used for all the calculations.
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2.1.2 THE DROPLET GROWTH

A second aspect in the wet steam theory concerns the growth

of the droplets after the nucleation. As already discussed in the

previous subsection 2.1.1, the nucleation of a droplet requires

a surplus of energy for the generation of its surface. Broadly

speaking, it means that after the nucleation, the number of the

droplets stays nearly constant as long as the vapour and the

droplets stay in mutual thermal equilibrium.

The droplet growth is analysed with reference to various �ow

regimes, which are speci�ed by the value of the Knudsen num-

ber, Kn, de�ned as the ratio between the mean free path of a

vapour molecule, l̃, to its diameter. Even if just approximated,

the traditional division [13] of the Kn range is:

Kn < 0.01 : Continuum �ow
0.01 < Kn < 0.2 : Slip �ow
0.2 < Kn < 5 : Transition �ow

5 < Kn : Free molecular �ow

Table 2.1: Energy transfer range

When the heat transfer process occurs in the free molecular

regime, then Kn >> 1 and the methods of kinetic theory can

be used. In this case, the energy balance for a droplet can be

written [19]:

L
dM

dt
= McL

dTL
dt

+ 4πr2 P√
2πRTV

γ + 1

2γ
cp (TL − TV ) (2.11)

The Equation 2.11 is the balance between the energy released

to the droplet in form of latent heat L, the thermal energy stored

by the droplet itself and the net energy gained or lost upon the

vapour molecules arrival or departure. As the storage term is
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negligible with respect to the other terms, the Equation 2.11 can

be rewritten as:

L
dr

dt
=

P√
2πRTV

γ + 1

2γ
cp (TL − TV ) (2.12)

When the heat transfer process occurs in the continuum regime,

then Kn << 1 and the more familiar methods can be used. The

energy balance can be written:

L
dM

dt
= 4πr2λV

r
(TL − TV ) (2.13)

which can be rewritten as:

LρL
dr

dt
=
λV
r

(TL − TV ) =
λV
2r
Nu (TL − TV ) (2.14)

where Nu is de�ned Nu = h(2r)/λV and is equal to 2. It is

also worth observing that this value is relevant for a sphere in a

quiet medium. This is generally acceptable when the droplets are

very small and the relative motion between the vapour phase and

the droplets is negligible. However, as soon as the droplets grow

and their inertial mass is increased, the e�ects of the relative

motion must be included. Therefore, the correction [20] has been

introduced in order to account for the e�ects of the Reynolds and

Prandtl numbers. The equation that will be used for Nu is:

Nu = 2 + 0.6Re1/2Pr1/3 (2.15)

The intermediate regime between the free-molecular and the con-

tinuum one is further divided in two parts, called slip and tran-

sition regimes. The slip �ow is characterized by small deviations

with respect to the continuum regime, so that the Navier-Stokes

equations can be retained but the assumption of wall adhesion of
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the molecules is eliminated. Therefore, in this regime, the tem-

perature and the velocity are assumed to be discontinuous at

the wall, but it is still possible to set up a theory consistent with

the tests. Instead, the transition regime has presented persistent

di�culties to a theoretical analysis.

The approach followed in [21] to develop a multirange ex-

pression, valid through the full Kn range, is to extrapolate the

equations for the continuum regimes and merge it smoothly to

the free-molecular one, in analogy to what found for the drag

forces. In that way, a simple expression can be obtained:

LρL
dr

dt
=
λV
2r

Nu

1 + 3.18Kn
(TL − TV ) (2.16)

A more re�ned approach has been obtained in [22], where

the free molecular regime and the continuum regime have been

merged, assuming an interface between the free-molecular regime

and the continuum regime at a radius ri, de�ned as:

ri = (1 + βl̃) (2.17)

where the parameter β is used as a tuning parameter, and it is

generally assumed equal to 2.

The resulting equation for the droplet growth can be written:

LρL
dr

dt
=
λV
2r

Nu (TL − TV )

1
1+2βKn +

√
8π

1.5

(
2γ
γ+1

)
Kn
Pr

(2.18)

For steam, assuming γ = 1.3, the equation becomes:

LρL
dr

dt
=
λV
2r

Nu (TL − TV )
1

1+2βKn + 3.78KnPr
(2.19)

The Equation 2.16 and Equation 2.19 can be further simpli-



Chapter 2: The theoretical framework 16

�ed by developing a relation between the various temperatures

and pressures relevant for the problem of a growing droplet.

This relation has been developed in [16] and has been ob-

tained as follows. Let's split the di�erence between the droplet

temperature TL and the temperature TV of the vapour using

Tsat(P ) and Tr, respectively, the �at �lm saturation tempera-

ture and the saturation temperature of the droplet at the given

pressure P . From ∆ = TL − TV we get:

∆ = [Tr − Tsat] + [Tsat − TV ]− [Tr − TL] = ∆sat + ∆sup −∆cap

(2.20)

Each term of Equation 2.20 will be obtained in the following

paragraph.

As for ∆cap, let's write the usual Kelvin Helmholtz equation:

Psat(r) = Psat(TL)exp

(
2σL

rρLRTL

)
(2.21)

in the form

ln

(
Psat(r)

Psat

)
=

2σL
rρLRTL

(2.22)

The Clapeyron equation:

dPsat
dTsat

=
LPsat
RT 2

sat

(2.23)

written in the integral form is:

ln

(
Psat(r)

Psat

)
=

LL
RTrTL

(
1

TL
− 1

Tr

)
=

LL
RTLTr

(Tr − TL)

(2.24)

By combining Equation 2.24 and Equation 2.22 it is then possible

to write:

[Tr − TL] ' 2σLTr
ρLLLr

(2.25)
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The correspondent equation for TV can be obtained in a similar

way, by evaluating the density of the liquid phase ρLV at the

temperature of the vapour TV , so that:

[Tsat − TV ] ' 2σV Tsat
ρLV LV r∗

(2.26)

which can be combined to give:

[Tr − TL]

[Tsat − TV ]
=
σL
σV

LV
LL

ρLV
ρL

Tr
Tsat

r∗
r
' r∗

r
(2.27)

As for the term ∆sat, two possible approaches can be found

in the literature. The �rst one [13] is obtained by neglecting the

di�erence between the two saturation temperatures. Doing so,

we get [Tr − Tsat] ' 0 and the Equation 2.20 is simply reduced

to:

∆ =
[
1− r∗

r

]
∆sup (2.28)

while the Equation 2.16 becomes:

LρL
dr

dt
=
λV
2r

Nu

1 + 3.18Kn

[
1− r∗

r

]
[Tsat − TV ] (2.29)

The second approach [22] is obtained by using the mass continu-

ity equation for the free-molecular regime written at the interface

at radius ri:

ρL
dr

dt
=

2

2−Qc

[
QcP√
2πRTi

− QePsat(r)√
2πRTL

]
(2.30)

and replacing ρL
dr
dt with the right-hand side of the Equation 2.12

written at the interface. Then solving for Psat(r)/P it results

that:

Psat(r)

P
=

[
1− 2−Qc

2Qc

γ + 1

2γ

cp
L

(TL − Ti)
]
Qe
Qc

√
TL
Ti

(2.31)
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By equating Equation 2.12, written for the free-molecular regime

valid for the inner region enclosed by the interface at radius

ri, to the Equation 2.19 and using the approximated Clausius-

Clapeyron equation in the form:

[Tr − Tsat] '
RT 2

sat

L
ln

[
Psat(r)

P

]
(2.32)

the �nal relationship is found:

[TL − Ti] =
3.78Kn/Pr
1

1+2βKn + 3.78KnPr
[TL − TV ] (2.33)

By assuming a linear equation for the condensation and evapo-

ration coe�cients:

Qc
Qe

= 1 +
α(TL − Ti)

Tsat
(2.34)

the �nal equation for ∆sat is obtained:

∆sat =
RTsat
L

[
α− 0.5− 2−Qc

2Qc

γ + 1

2γ

cpTsat
L

]
δ∆ (2.35)

where δ is de�ned as:

δ =
3.78Kn/Pr
1

1+2βKn + 3.78KnPr
(2.36)

Therefore, Equation 2.20 becomes:

∆ =
1

1− νδ

[
1− r∗

r

]
∆sup (2.37)

where

ν =
RTsat
L

[
α− 0.5− 2−Qc

2Qc

γ + 1

2γ

cpTsat
L

]
(2.38)
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The �nal droplet growth law obtained from Equation 2.37 and

Equation 2.19 is derived in [16] and shown below:

LρL
dr

dt
=
λV
2r

Nu
1

1+2βKn + 3.78(1− ν)KnPr

[
1− r∗

r

]
[Tsat − TV ]

(2.39)

It can be seen that both the Equation 2.29 and the Equa-

tion 2.39 estimate that droplets grow linearly with the super-

cooling of the vapour for r > r∗ and tend to evaporate when

r < r∗.

2.2 LOSS MODELS

2.2.1 THE NUCLEATION LOSSES

As already discussed, when the dry steam expands to a pres-

sure below the saturation line no droplets are generated until a

certain value of supercooling is achieved (see subsection 2.1.1).

Therefore, when supercooled and in a metastable condition the

thermodynamic state of the steam can be described by the same

equations that apply to the superheated steam. After the nu-

cleation of new droplets, the steam reverts to equilibrium condi-

tions, i.e. to a state of minimum internal energy. The term nu-

cleation losses refers to the losses that occur when a dry steam in

metastable condition reverts to equilibrium by generating a large

number of small water droplets and releasing the latent heat of

condensation under adiabatic conditions and no work exchange.

The transfer of energy in the form of latent heat and the asso-

ciated losses can be calculated in terms of entropy increase as

explained in Gyarmathy [23]. The amount of wetness generated

in the process is simply obtained by equating the internal energy

"lost" by the supercooled steam to the energy released in form of
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latent heat. When this is done the following relation is obtained:

Yeq =
cp
L

(Tsat − TV ) (2.40)

The initial amount of entropy of the supercooled steam is:

ssupV = s0 + cpln

(
T supV

T0

)
−Rln

(
P

P0

)
(2.41)

The entropy at the end of the reversion is:

srevV = s0 + cpln

(
Tsat
T0

)
−Rln

(
P

P0

)
− L

Tsat
Yeq (2.42)

Therefore, the increase of entropy in the system is:

∆s

cp
= −ln

(
TV
Tsat

)
− L

Tsat
Yeq (2.43)

By combining Equation 2.43 and Equation 2.40, and remember-

ing that ∆sup = Tsat − TV the �nal equation (see Gyarmathy

[23] is obtained:

∆s

cp
= −ln

(
1− ∆sup

Tsat

)
− ∆sup

Tsat
(2.44)

or equivalently:

∆s

cp
= −ln

(
1− LYeq

cpTsat

)
− LYeq
cpTsat

(2.45)

2.2.2 THE THERMODYNAMIC RELAXATION

LOSSES

After the nucleation the droplets and the vapour phase are in

thermal and mechanical equilibrium. As the expansion proceeds,

the steam keeps condensing on the droplets. The latent heat is



21 Chapter 2: The theoretical framework

released to the droplets, whose temperature starts to increase,

while the vapour temperature lags behind its saturation value.

The di�erence in temperature between the two phases causes a

transfer of thermal energy so that the equilibrium between them

is restored to a certain extent. The losses associated to this

energy transfer are called thermodynamic relaxation losses. The

extent to which the thermal equilibrium is achieved depends on

the balance between two di�erent terms:

� the time constant τT associated to the transfer of the en-

ergy amount needed to restore the thermal equilibrium be-

tween the phases

� the time constant τflow associated to the �ow expansion

The amount of supercooling achieved during an expansion can

be evaluated if the expansion rate is constant, or piecewise con-

stant. Under this assumption, the following analytical solution

is presented in Young [24]:

∆sup(t) = ∆(0)
supe

−t/τT + τTFṖ
(

1− e−t/τT
)

(2.46)

The parameter F represents the in�uence coe�cient of the ex-

pansion rate Ṗ on the vapour supercooling, and τT is the time

constant of the system. They are de�ned respectively by Equa-

tion 2.47 and Equation 2.48 below:

τT =
(1− Y )cpρLr

2
(
1 + 3.78KnPr

)
3λV Y

(2.47)

F =
P

(1− Y )cpρsat

[
cTsat
L
− (1− Y )αTV

ρsat
ρV

]
(2.48)

When the droplets are very small, then τT → 0, and ∆sup →
0 as well. In this case the �ow evolves in thermodynamic equi-
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librium, so that:

Y → Yeq = Y0 +
(1− Y )cp

L
FṖ t (2.49)

When the droplets become large the τT increases, and the

supercooling ∆sup increases as well, eventually up to its limit

value equal to:

∆sup → τTFṖ (2.50)

If this value is high enough, then a second nucleation starts

with additional nucleation losses. Otherwise, a nearly constant

number of droplets evolve.

Several authors provide analytical methods to estimate the

losses caused by the heat transfer between the droplet and the

vapour phase. Based on the Equation 2.46, the following equa-

tion is derived in Young [24]:

∆s

cp
=

1− Y
T 2
sat

{
∆

(0)
sup

2

2

(
1− e−2t/τT

)
+ FṖ τT∆(0)

sup

(
1− e−t/τT

)2

+

+
(
FṖ τT

)2
[
t

τT
− 2

(
1− e−t/τT

)
+

1

2

(
1− e−2t/τT

)]}
(2.51)

Other formulations exist in the literature. The one in Gyarmathy

[21] is:

∆ηpol = 0.04
1− Y
Y

ρL
ρV

1 + 4Kn

µPKn2
Ṗ ∼ ∆sup

T
(2.52)

with the usual de�nition for Kn:

Kn = µ

√
RTV
rP

(2.53)



23 Chapter 2: The theoretical framework

A similar equation is presented in Kreitmeier et al. [25]:

∆ηpol = 0.12
τth
τflow

= 0.12
1− Y
Y

ρLcpr
2

3λV
(1 + 4Kn) Ṗ (2.54)

An equation obtained under the assumption of constant su-

percooling ∆T is present in Starzmann et al. [26], which is de-

rived using:

∆s =
q̇

TV
− q̇

TL
(2.55)

By assuming that:

q̇ = L∆Y (2.56)

TL ∼ Tsat (2.57)

a simpli�ed version is obtained:

∆s

cp
=
Tsat − TV
TsatTV

∆Y
L

cp
(2.58)

Using the results of the previous chapter, it is possible to write

down a modi�ed version of Equation 2.45, where the increase of

the wetness caused by the expansion is used instead of Yeq. In

doing so, the following equation is obtained:

∆s

cp
= −ln

(
1− L∆Y

cpTsat

)
− L∆Y

cpTsat
(2.59)
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2.2.3 THE BAUMANN FACTOR

One of the �rst attempt to quantify the losses caused by the

presence of wetness in the low pressure section of the steam tur-

bines is due to Baumann [7]. Based on the data available at that

time, he proposed a 1%−1% rule, that is a 1% of e�ciency drop

with respect to the dry expansion for a 1% of average moisture,

which means αB = 1 in the equation below:

∆η = ηdry − η =
αB
2

(Yin + Yout) (2.60)

The test data collected in the following years show a large vari-

ability of the Baumann factor αB . One of the most referenced

set of data, the one in Miller et al. [27] and Spencer et al. [28],

shows in Figure 2.3 that the drop in e�ciency at low values

of wetness is very high, while the trend slowly collapses on the

Baumann line as the wetness increases. Using the data available

Figure 2.3: E�ciency drop as a function of average wetness
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from Spencer et al. [28], it is possible to have a closer look to the

losses at di�erent values of average wetness. In order to do this,

the experimental data are shown in Figure 2.3 together with the

Baumann line. In the same plot, it is shown the polynomial �t of

the experimental data (called WAM ) proposed by Spencer et al.

[28]) and used to correct the e�ciency of a turbine for the wetness

e�ects. The surprising large drop of the e�ciency at low level

of wetness becomes comprehensible as soon as it is recognized

that the points shown in the plot belong to di�erent expansion

lines, and that this di�erence must be compensated. To do this,

the data are elaborated in terms of polytropic e�ciency ηpol and

thermal reheat factor RH as suggested in Gyarmathy [23]. The

following de�nition for RH is used:

RH =
ηtt
ηpol

(2.61)

After doing so, the Figure 2.4 for the thermal reheat factor and

the Figure 2.5 for the polytropic e�ciency are obtained. The

drop of the polytropic e�ciency in Figure 2.5 is �tted using a

linear function of the average wetness. Finally, applying the

∆ηpol to a dry expansion, the �nal estimate of the wetness losses

is obtained. The wetness losses without the e�ect of the thermal

reheat shown in Figure 2.6, from which it is concluded that the

actual e�ect of the wetness is nearly one half of what generally

thought, i.e. αB ∼ 0.5.
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Figure 2.4: Thermal Reheat Factor for the considered test data

Figure 2.5: Polytropic e�ciency drop as a function of average
wetness
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Figure 2.6: E�ciency drop with dry endpoint

2.2.4 THE KINETIC ENERGY LOSSES

An important piece of a LP performance model is the one that

estimates the kinetic energy leaving the last stage and entering

the exhaust system. As the LP section of a steam turbine is

also the last one before the condenser, the kinetic energy at the

exit of the last stage rotating blade is an important performance

parameter. Even if part of it is recovered in the exhaust system,

it is considered a loss, and therefore named leaving losses (LL).

Its impact for this kind of LP section ranges between 5 points

to 10 points of e�ciency. The estimate of this loss changes if

the vapour and the droplets are assumed to be in equilibrium

or not. In the following discussion, the two cases are labelled

equilibrium steam (ES) and non-equilibrium steam (NES) re-

spectively. Gyarmathy [13] explains that the kinetic energy lost

at the turbine exit is a�ected by non-equilibrium e�ects because
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of the inter-phase drag and supercooling of the steam. By as-

suming that for a given operating condition and rotating velocity

the kinetic energy is proportional to the axial component of the

steam velocity, it can be stated that:

∆LL =
k2

2

[
(u2
x)ES − (u2

x)NES
]

=
k2

2
(u2
x)ES

[
1− (ρ2)ES

(ρ2)NES

]
(2.62)

where it is assumed that the mass �ow is �xed so that

ṁ = (ux)NESAexhaust(ρ)NES = (ux)ESAexhaust(ρ)ES

By referring to an auxiliary reference state with equilibrium

steam at �nal entropy and pressure using the label (̂)NES , the

density di�erence between the NES and the ES calculations can

be split in two pieces. The �rst one is due to the fact that the

wetness losses move the end point of the expansion line to a state

with higher entropy but same pressure. Therefore, they tend to

reduce the density of the steam and increase the kinetic energy

at the exit of the LP section. Remembering the de�nition of

density of a mixture of steam and water:

1

ρ
= (1− Y )

1

ρV
+ Y

1

ρL
(2.63)

the �rst piece is

(ρ)ES

(ρ̂)NES
=

1− (Ŷ )NES

1− (Y )ES
(2.64)

The second e�ect is due to the supercooling present in the NES

calculation, and tend to increase the density and reduce the ki-

netic energy. Its e�ect in terms of density can be written as:

(ρ̂)NES

(ρ)NES
= 1−

(
1

Tsat
− cp
L

)
∆T (2.65)
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Combining Equation 2.64 and Equation 2.65, and neglecting

small terms of higher order, the �nal correction for the kinetic

energy is written as:

∆LL = LL

[
2

(
1

Tsat
− cp
L

)
∆T − 2

(Y )ES − (Ŷ )NES

1− (Y )ES

]
(2.66)

A correlation widely used to correct the kinetic energy for non-

equilibrium e�ects is the one reported in Spencer et al. [29],

labelled SCC from the names of the authors of the paper. The

equation is repeated here below:

∆LLSCC = [1− (1− Yout)(1− 0.65Yout)]LL (2.67)

The company to which the author is a�liated has another

correlation, labelled as Legacy:

∆LLlegacy = 0.19(Yout − 0.01561)
( ub

350

)2

LL (2.68)

where ub is the blade peripheral velocity.





Chapter 3

THE NUMERICAL

METHODOLOGY

In this chapter, the two-phase �ow problem is discussed in the

context of the nucleating/condensing steam in the low pressure

stages of the steam turbines. The di�erential equations in Eule-

rian form are introduced showing their relationship with the con-

ventional Reynolds Averaged Navier Stokes equations (RANS).

Finally, the equations that describe the nucleation and the growth

of the water droplets are shown in the context of the two-phase

di�erential equations that are used for the analyses throughout

the present research.

31



Chapter 3: The numerical methodology 32

3.1 THE TWO-PHASE FLOW EQUA-

TIONS

3.1.1 AN INTRODUCTION

After the development of the theoretical framework described in

the previous sections chapter 2, and its deployment in the indus-

try in the `70s with Gyarmathy [13], the study of the two-phase

�ow in the low-pressure stages of the steam turbines remained

for a long time fundamentally based on the experience built on

the numerous tests done on plane nozzles, and on low-order cal-

culation methods. This is because of the inherent di�culties of

the two-phase di�erential equations, but also because of the large

computational resources required for their solution.

Generally speaking, a two-phase problem requires two sys-

tems of Reynolds Averaged Navier-Stokes equations together with

the equations used to predict the turbulence evolution and its ef-

fects on the ensemble-averaged �ow. More speci�cally, it could

be said that the core of the two-phase problem lies in the set

of equations that model the interaction between the two phases.

The interface shape and behaviour depend on a large variety

of factors, and so do the types of the interaction between the

phases. As of today, no general formulation of the two-phase

problem exists, and speci�c model equations are used to solve

di�erent problems (see for example, Mamoru et al. [30]).

In some cases, a two-phase �ow can be e�ectively solved by

applying each set of equations in its corresponding part of the

computational domain, with some additional equations to ac-

count for the interaction between the two-phases.

This is generally possible whenever the boundary between the

two phases is known and continuous in space and time, like, for
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example, when air and water smoothly �ow separated inside a

horizontal pipe.

In the case of a steam �ow with nucleating or growing droplets,

one of the phases (i.e. the water) is �nely dispersed in the vapour

in the form of tiny droplets. This makes the problem to know

where each phase is, and the location of the separation interphase

between them virtually ill-posed.

However, several assumptions can be done to simplify the

problem. The discussion in the previous chapter 2, for example,

shows that the analysis can be simpli�ed if the droplets are as-

sumed to be spherical. This is, in general, acceptable, at least

as long as they remain small. Under this condition, in fact, the

surface tension is greater than the inertial forces and is therefore

able to stabilize the interphase surface. A widely accepted rule of

thumb for the stability of the surface of the droplets is expressed

in terms of theWeber number, which represents the ratio of sur-

face and inertial forces in non-dimensional terms. According to

Hinze [31], the limit for the spherical droplet existence is:

We =
ρV (uslip)

2
2r

σ
< 5 (3.1)

where uslip is the slip velocity between the droplets and the

vapour, i.e. uislip = uiV − uiL. This limit can be translated

in terms of droplet size for di�erent conditions: as an example,

for a droplet at a pressure of 1 bar and temperature of 100◦C, a

slip velocity uslip = 10m/s means a threshold equal to r < 0.02

mm, which is high enough to ensure that the droplets that will

be considered in this research are spherical. Such a condition

doesn't hold for very large droplets, or for those that detach

from the walls and are entrained in the main �ow. In both these

cases, the uslip gets very large, because of the lag of the droplets
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with respect to the main �ow, which is caused by their inertia,

or because of the way they get exposed to the main �ow.

Among the assumptions used to simplify the two-phase problem,

one of the most relevant is to give up modelling the deposition

of the droplets to the solid walls, which is caused by the turbu-

lent di�usion of the droplets towards the inner part of the wall

boundary layer and by the inertia of the droplets that deviate

from the main �ow direction. The consequence of this assump-

tion, together with the one to renounce to model the coalescence

and break-up of the droplets, is that the number of the droplets

is constant unless a nucleation occurs somewhere in the domain.

This has, in general, little consequences on the accuracy of a

performance analysis, because of the large number of droplets

nucleating in a steam �ow compared to the one depositing on

the walls, but it is very relevant if the erosion caused to the

rotating blades by the impacting droplets is a concern. Other

simpli�cations are obtained by assuming that the pressures of the

phases are equal, the so-called frozen pressure assumption. It is

important to observe that this simpli�cation doesn't extend to

all the aspects that this pressure di�erence implies. For example,

the corrections discussed in the previous subsection 2.1.2 aim to

incorporate in the heat transfer between the phases the e�ects

of the fact that the pressure inside the droplets is di�erent from

the saturation value and from to the one of the vapour phase.

At the same time, the frozen pressure assumption has relevant

consequences for the determination of the stagnation pressure,

as it enforces a no-exchange interphase condition when the �ow

comes to rest (see for example White et al. [32]).

The research presented in Yeoh et al. [33] is one of the �rst

attempt to solve the two-phase �ow present in the low-pressure

stages of a steam turbine. In that case, a streamline curvature
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solver is used in conjunction with a set of non-equilibrium wet

steam routines. Bakhtar et al. [34] shows the results obtained

using a 2D time-marching code to solve the inviscid �ow equa-

tions for the vapour with the extra terms to account for the

droplet nucleation and growth. That code accounts also for the

heat transferred from the droplets back into the main �ow, with

no interphase slip. A later publication, White et al. [35], reports

the development of a 2D time-marching unsteady code for con-

densing steam and the results obtained in plane nozzle analyses.

The code architecture is speci�cally Eulerian for the vapour and

Lagrangian for the droplets, and the code is essentially inviscid.

In Liberson et al. [36] a 3D implicit solver is developed for invis-

cid and non-conductive vapour, with additional terms to account

for droplets nucleation, and it is used to study the condensing

steam in a turbine stage.

Despite the success obtained in predicting the pressure distribu-

tion and the droplet size for condensing steam, all these methods

do not allow to estimate accurately the e�ect of the wetness in

the complex three dimensional �ow typical of the steam tur-

bine applications. The methodology that is used in the present

research is described in Gerber et al. [37] and devised by its au-

thors in order to overcome the limits of the Eulerian-Lagrangian

approaches, and especially those related to the scaling to large

three dimensional problems of transient analyses.
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3.1.2 THE CFD EQUATIONS

The di�erential equations for the solution of the two-phase �ow

problem in Eulerian form can be obtained from the standard

ones by de�ning for each phase c a phase indicator ψc(xi, t) such

that ψc(xi, t) = 1 if phase c is present in xi at time t within ∆t

and ψk(xi, t) = 0 otherwise. In doing so, the volume fraction αc

is therefore de�ned as:

αc =
1

∆t

t+∆t/2∫
t−∆t/2

ψc(xi, t) dt (3.2)

so that, in the following discussion, a generic thermodynamic and

aerodynamic variable Θ is to be considered phase-c averaged as

de�ned below:

Θ̂c =
1

αc

1

∆t

t+∆t/2∫
t−∆t/2

ψc(xi, t)Θ dt (3.3)

The axiom of continuity Equation 3.4 can be expressed as:

nd+1∑
c=1

αc =

nd∑
d=1

αd + αV = 1 (3.4)

From the de�nition of αd, the number of droplets per unit

volume can be estimated as:

Nd =
αd

4
3πr

3
d

(3.5)

The resulting di�erential equations for the two-phase problem

being considered throughout this research are shown in Table 3.1.

It must be observed that in the present research a source-
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speci�c approach is used, which means that a dispersed phase

is de�ned for each domain included in the analysis. For this

reason, the equations for the dispersed phase in Table 3.1 have

the index d, meaning that similar equations hold for di�erent

dispersed phases.

As for the mass and momentum equations in Table 3.1, they

are similar to the standard ones, except for the source terms

SV φ2 and Sdφ2.

In particular, the source term Sdφ2 of the mass-conservation

equation contains the term Jd which is de�ned as in Equation 2.9.

The term ṁd in the equations refer to the mass transfer

for unit volume associated with the heat �ow balance of Equa-

tion 2.14, so that:

ṁd =
q̇c + q̇c
Hc −Hd

(3.6)

where

q̇c =
λV
2rd

NuV (Tr − TV ) (3.7)

and

q̇d =
λL
2rd

Nud (Tr − TL) (3.8)

The Equation 3.7 is the equivalent to Equation 2.14, where Nu

can have di�erent formulations as in Equation 2.29 or in Equa-

tion 2.39. Depending on the size of the droplets, the temperature

di�erence between the droplet inner part and the surface can be

considered or neglected. In the �rst case, Nud = 6 is assumed

in Equation 3.8, while in the second one the Equation 3.8 is

replaced by q̇d = 0.

The energy conservation equation is written using two dif-

ferent approaches for the dispersed phases to be consistent with

the approach used for Equation 3.8. The �rst approach, labelled

Energy(1), is the equation to be used with large droplets. This
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equation solves for the speci�c enthalpy of the droplets, account-

ing for the heat transfer between the surface and the inner part

of the droplets. In the second approach, which is the one adopted

in the present research, the equation Energy(2) is used, which

is equivalent to the Equation 2.28.

The term βd in the conservation equations is the surface area

density, that is the total surface area of the droplets per unit

volume. Its expression, which can be obtained from its de�nition,

is:

βd =
3αd
rd

(3.9)

Finally, the interphase drag forces are accounted for by using

the drag coe�cient CD from the Schiller-Naumann equation (see

Schiller et. al. [38]):

CD = max[
24

Re
(1 + 0.15Re0.687), 0.44] (3.10)
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Continuum
phase

∂(ραφ)V
∂t

+
∂(ραujφ)V

∂xj
= SV φ1 + SV φ2

φ SV φ1 SV φ2

Mass 1 0 −
∑nd

d=1 Sdφ2

Momentum ui −αV
∂P

∂xi
+
∂αV τijV
∂xj

−
nd∑
d=1

Sdφ2

Energy HT −αV
∂P

∂t
+
∂αVQjV
∂xj

+ SV −
nd∑
d=1

Sdφ2

Dispersed
phase

∂(ραφ)d
∂t

+
∂(ραujφ)d

∂xj
= Sdφ1 + Sdφ2

φ Sdφ1 Sdφ2

Mass 1 0 ṁd +M∗αV Jd

Momentum ui −αd
∂P

∂xi
+
∂αdτijd
∂xj

ṁdu
U
id − CD/8βdρV |uid − uiV | (uid − uiV )

Energy (1) HT −αd
∂P

∂t
+
∂αdQjd
∂xj

+ Sd ṁdH
U
T + βdq̇d

Energy (2) Td = Tsat(P )− r∗
rd

[Tsat(P )− TV ] for 2rd < 1µm

Number N/α 0 αV ρdJd

Mixture con-
servation

∂(ρφ)

∂t
+
∂(ρujφ)

∂xj
=

∂

∂xj

(
Γeff

∂φ

∂xj

)
+ S

φ Γ S

Mass (pres-
sure)

1 0 0

Turbulent
kinetic
energy

κ µt/Prk κ− ω model with scalable wall functions

Speci�c dis-
sipation rate

ω µt/Prω

Table 3.1: Governing equations





Chapter 4

PLANE NOZZLE

ANALYSIS

In this chapter, a set of user de�ned functions has been coded to

be used in conjunction with the commercial code ANSYS CFX

v 18.0 widely used in the turbomachinery community. The re-

sults obtained using di�erent modelling hypothesis and parame-

ters have been compared with the experimental data of Moses et

al. [39] and with the ones of Binnie et al. [40]. The results of

the numerical calculations show that a signi�cant improvement

of the accuracy of the performance prediction can be obtained by

using the growth law for the droplets developed by Young [22] and

that no signi�cant correction is required for the considered cases.

41
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4.1 ANALYSIS OF PLANE NOZZLES

4.1.1 THEMOSES AND STEIN PLANE NOZ-

ZLE

The �rst case examined is the test 203 described by Moses et

al. [39]. This test case is one of the most used, because in

addition to the static pressure measurements, the authors pro-

vided the measurements of the light scattered by the droplets

nucleated in the nozzle; the measurements were then elaborated

by Young [22] who deduced from those data also the distribu-

tion of the droplet radius. This case is suitable for low pressure

applications, given the fact that it shows the condensation re-

gion at a pressure around 12kPa. The geometry of the nozzle

is shown in Figure 4.1. In order to proceed with the analysis,

a computational mesh has been built using ANSYS WorkBench

v.18. The computational domain is divided in three parts. A

hybrid 3D tetra-mesh has been used in the inlet region of the

nozzle, while the remaining part of the mesh is hexahedral. The

nucleation region has been re�ned, as shown in Figure 4.2, in

Figure 4.1: The geometry of the Moses and Stein plane nozzle
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Figure 4.2: The computational mesh of the Moses and Stein
plane nozzle

order to have an axial spacing equal to 0.1 mm. The mesh size

is 2.3 million of nodes. Wall spacing is chosen in order to have

Y + < 1. The �rst series of calculations is done using the equa-

tion of droplet growth Equation 2.29, which is actually the de-

fault formulation used by the code. The results obtained using

the Equation 2.9 and the Equation 2.29 are shown in Figure 4.3,

where the non-dimensional pressure distribution and the axial

position are reported on the vertical and horizontal axis respec-

tively. The nucleation onset can be found in the plot by looking

for the pressure bump in the distribution. This pressure bump,

often called "condensation shock", is just caused by the deceler-

ation caused by the latent heat energy released by the condens-

ing water. As shown in Figure 4.3, it is possible to match the

experimental distribution with a good accuracy using the Equa-

tion 2.9 and the Equation 2.29. It is also possible to improve

the agreement by modifying the tension surface coe�cient of the
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Figure 4.3: The pressure distribution for the Moses and Stein
plane nozzle

droplet water. The correction needed, i.e. a multiplier of the

tension surface coe�cient, is generally small, as the tension sur-

face σ has a crucial impact on the nucleation as shown also in

Equation 2.5. An enlarged view of the non-dimensional pressure

distribution is shown in Figure 4.4, similar to the previous plot;

in this case, however, additional results obtained with di�erent

values of the correction for σ are included. It can be seen that, as

expected, by increasing the surface tension coe�cient it is pos-

sible to move downstream the nucleation onset, and that for the

case under investigation, a correction equal to 33% is enough to

match the position of the nucleation start. The results discussed

so far are encouraging. However, as pointed by Young [22] and

repeated more recently by Starzmann et al. [12], it is important

to match both the pressure and the droplet size distributions

in order to have a solid validation of a non-equilibrium steam

model. As for our case, the comparison between the numerical
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Figure 4.4: Detail of the Pressure ratio distribution for the
Moses and Stein plane nozzle

results and the experimental data shows in Figure 4.5 that the

droplet growth law in Equation 2.29 is not able to match the

experimental data. In order to improve the matching with the

experimental data, the Equation 2.39 has been implemented as

user de�ned expression in the CFX code. The improvement in

the predictability achieved in this way is shown in Figure 4.6. It

is also interesting to observe how the droplet growth a�ects the

pressure distribution. This can be seen in Figure 4.7, where the

non-dimensional pressure distributions for the two growth laws

without any correction for σ are compared with the experimental

data. The interaction between the pressure distribution and the

growth law is such that in the present case the Equation 2.39

acts in the same way as the 33% σ correction seen in Figure 4.4

in the delay of the nucleation onset.

This e�ect of quenching of the nucleation JNI (see Equa-

tion 2.9), due to the fast droplet growth expressed in the Equa-
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Figure 4.5: Droplet diameter distribution for the Moses and
Stein case: Equation 2.29

Figure 4.6: The droplet diameter distribution for the Moses
and Stein case: Equation 2.39
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Figure 4.7: The pressure distribution for the Moses and Stein
case: Equation 2.29 and Equation 2.39 results

tion 2.39, which in turn results in a rapid reduction of the super-

cooling, with fewer but larger droplets, is seen also in Figure 4.8,

where the values of the nucleation rates obtained with Equa-

tion 2.29 and with Equation 2.39 are reported at di�erent axial

positions with di�erent correction coe�cients of σ. The map of

the supercooling of the vapour in Figure 4.9 shows clearly that

the supercooling reaches its maximum at 32K and drops below

5K after the nucleation.
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Figure 4.8: The nucleation rate JNI for the Moses and Stein
plane nozzle

Figure 4.9: The supercooling for the Moses and Stein plane
nozzle
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4.1.2 THE BINNIE ANDGREEN PLANE NOZ-

ZLE

The second case examined is the test 96 described by Binnie et

al. [40]. This test case is built with a throat larger than in the

Moses and Stein case, and with similar expansion rate Ṗ as high

as 10000s−1. The di�erent size, and the fact that the nozzle is

built with cylindrical arcs which blend with a straight section,

generates a region where rapid expansion are present, clearly seen

in the waves present in the pressure distribution. The geometry

of the nozzle is shown in Figure 4.10. In order to proceed with

the analysis, a computational mesh has been built using ANSYS

WorkBench v.18. The computational domain is divided in three

parts. A hybrid 3D tetra-mesh has been used in the inlet region

of the nozzle, while the remaining part of the mesh is hexahedral.

The nucleation region has been re�ned, as shown in Figure 4.11,

in order to have an axial spacing equal to 0.1 mm. The mesh size

is 2.3 million of nodes. Wall spacing is chosen to have Y + < 1.

This case has been analysed using the Gyarmathy Equation 2.29

and the Young Equation 2.39 equations to model the droplet

growth.

Figure 4.10: The geometry of the Binnie and Green plane noz-
zle
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Figure 4.11: The computational mesh of the Binnie and Green
plane nozzle
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Pin
T Tin

T Pout
s

[Pa] [K] [Pa]

66189 381.15 27799

Table 4.1: Boundary conditions for test 96

The average values used for the boundary conditions of the

test 96 are shown in Table 4.1.

As for the previous case, the Gyarmathy Equation 2.29 model

has been used with di�erent values of correction. It can be seen

from Fig. 9 that Young Equation 2.39 gives better agreement

than Gyarmathy Equation 2.29, even if the mismatch with ex-

perimental data upstream of the throat is signi�cant. This is in

line with results published by others (see Starzmann et al. [41],

for example). It can be seen in Figure 4.13 how the distribution

of the wall pressure is perturbed by the expansion waves origi-

nated downstream of the throat and being re�ected on and on

at the wall. These expansion waves are the cause of the wavy

pressure distribution in Figure 4.12.
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Figure 4.12: The pressure distribution of the Binnie and Green
plane nozzle

Figure 4.13: The pressure gradient of the Binnie and Green
plane nozzle



Chapter 5

CASCADE ANALYSIS

In this chapter, the results of the research done on the plane

nozzles are used to study the Bakhtar test cases ([42], [43] and

[44]), relevant for cascade con�gurations. In order to do so, the

formulation developed by Young [22] is used, and the e�ects of

di�erent correction levels are investigated. The results have been

compared with experimental data available for di�erent pressure

ratios, di�erent levels of supercooling and wetness at the inlet.

The results have been also elaborated and compared with corre-

lations used in the industry to provide a tangible assessment in

terms of predictability improvement.

53
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5.1 THE BAKHTAR CASCADE

The two con�gurations discussed in the previous chapter 4 allow

to test a CFD code at very high expansion number, i.e. high

Mach number. However, the nucleation occurs typically at lower

Mach number inside the LP sections. From this point of view,

the case provided by Bakhtar et al. [42] is a relevant one, as

it allows to make tests in a wide range of conditions. The 3D

block-structured meshes used for this analysis has been built

using the code Numeca AUTOGRIDtm. The blocking of the

mesh is shown in Figure 5.1.

Figure 5.1: Mesh blocking

Four meshes have been used for a sensibility study: the coars-

est one has 0.8 million of nodes, while the �nest has 12 million

of nodes. The di�erences in terms of e�ciency are small at the

level of re�nement used in this study, as shown in Figure 5.2.

Therefore, the mesh used through this study, unless speci�ed, is

the one with 1.6 million of cells. This mesh is shown in Figure 5.3
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with the relevant dimensions. The traverse plane and the outlet

plane are located 5 mm and 150 mm downstream of the blade,

respectively, which are equivalent to 0.36 axial chords and 7.8

chords. The wall spacing is chosen to have Y + below 10.

Figure 5.2: Grid sensitivity study (TP27, 1C14SEP9)

5.1.1 THE CASESWITHNUCLEATING STEAM

A �rst set of cases with nucleating steam has been obtained

from Bakhtar et al. [42] and Bakhtar et al. [43] for the pres-

sure measurements on the blade wall and e�ciency parameters

respectively. The traverse plane position used to evaluate the

blade e�ciency is shown in Figure 5.3. From the �rst set, two

conditions at pressure ratio equal to 2.33 have been selected:

� the �rst one is the TP30, with high temperature at the

inlet and dry steam at exit

� the second one is the TP27, with inlet steam with 12K of

supercooling and 5% of moisture at the exit
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Figure 5.3: The details of the mesh used for the analysis of the
Bakhtar cascade.
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The two cases have been calculated with the same settings

already discussed and with Young Equation 2.39 for the droplet

growth. The comparison between numerical results and exper-

iments is shown in Figure 5.4 and Figure 5.5 in terms of non-

dimensional pressure on blade wall. The agreement between

Figure 5.4: Superheated test: Surface Pressure (TP30,
4H15SEP9).

calculated and experimental pressure is generally satisfactory.

However, both the previous plots show an evident mismatch in

terms of trailing edge pressure, which is possibly due to lack of

periodicity in the tests.

Some tests have been done on the correction factor for the

surface tension of the water droplets, as suggested in Kermani

et al. [45]. The results show that in this case, the matching

between calculated values and experiments can be improved by

a correction factor equal to 20%, as shown in Figure 5.6. As

can be seen from the plot, by increasing the surface tension it

is possible to delay the nucleation and move it to a region with

higher Mach number. When the correction factor is below 1.2,

the condensation starts very close to the leading edge: this is
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Figure 5.5: Nucleating test: Surface Pressure (TP27,
1C14SEP9).

Figure 5.6: E�ects of the surface tension (TP27, 1C14SEP9).
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evident also because of the di�erent slope of the surface pressure

distribution in the region between the leading edge and the axial

position 0.008m. Such a di�erence is caused by the heat released

by the condensing steam and disappears as soon as the nucleation

front is moved downstream.

Figure 5.7: Adjustment of the exit pressure (TP27,
1C14SEP9).

Adjusting a little bit the exit pressure helps to improve the

matching with the experimental data, as shown in Figure 5.7.

As the front moves downstream, the intensity of the nucle-

ation is increased thereby causing the so-called condensation

shock on the blade suction side.

Additional improvement in the matching has been obtained

by re�ning the mesh to a 6.2 million of nodes (see Figure 5.8). It

is also interesting to observe that moving the nucleation down-

stream has a signi�cant e�ect in terms of bladerow e�ciency, as

shown in Figure 5.9.

In order to assess the predictive capability of the CFDmethod-

ology, the set of data from Bakhtar [43] has been analysed. The

set includes data of bladerow e�ciency for pressure ratio in the
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Figure 5.8: E�ect of the mesh re�nement (TP27, 1C14SEP9).

Figure 5.9: E�ect of the tension correction on bladerow e�-
ciency (TP27, 1C14SEP9).
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range 1.25− 3.25 and inlet temperatures from 35K superheated

to 15K supercooled. The calculations have been performed with

and without tension correction, in order to show the correction

e�ect at di�erent pressure ratio.

Figure 5.10: Test and calculated data w/ and w/o correction.

The comparison between calculated values and experimental

results, reported in Figure 5.10, shows that the model correctly

reproduces the drop of the e�ciency caused by the condensa-

tion start. However, it is also evident from the comparison plot

that at low Mach number, i.e. low expansion ratio, there is a

signi�cant mismatch between numerical results and test data.

Increasing the surface tension by 20% as suggested by the pre-

vious discussion on blade pressure distribution, does not help a

lot. Additional sensitivity tests on the parameters of the droplet

growth Equation 2.39 are presented in Figure 5.11. To this pur-

pose, one case is selected among the points at low pressure-ratio

reported in Bakhtar et al. [43], namely the case 3C3JL90 with

supercooled inlet steam (Tsat − TT = 11.5K). However, the re-

sults shown in Figure 5.11 do not suggest any obvious way to
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improve the matching with the experimental data. Such a di�-

culty is not new in cascade simulations (see Starzmann et al.[46]

and Grübel et al. [47] for example), and it could be related, on

top of some limits of the condensation model, also to the un-

certainty in the measure of the inlet conditions of the steam.

Figure 5.11: Sensitivity to the parameters of Young Equa-
tion 2.39.
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5.1.2 THE CASES WITH WET STEAM

In order to test the new methodology in a wide range of con-

ditions, the data at design expansion ratio from Bakhtar et al.

[44] have been used to extend the analysis and to include some

cases with wet steam at the inlet of the cascade. A summary of

the conditions for the run extracted from Bakhtar et al. [44] is

reported in Table 5.1. Case A is superheated, and no nucleation

is present. Case B has saturated steam at the inlet, and the

steam is wet at the exit. Case C and D have 1% and 1.8% of

wetness at the inlet respectively, in the form of relatively large

droplets. Case E and F have 1.4% and 1.6% of wetness at the

inlet respectively, in the form of relatively small droplets. A cor-

rection factor equal to 1.20 for the surface tension has been used

in this section. In order to show the impact of the nucleating

steam, it is possible to compare the case A with the case B. By

looking at Figure 5.12 it is possible to locate the bump in the

pressure distribution on the blade surface which is the evidence

of the nucleating steam. A signi�cant mismatch between the

measurements and the numerical results can also be seen on the

aft part of the suction side, and more generally, in the exit pres-

sure. This is due to the fact that in the original publication only

the pressure ratio intent is reported, and not the measured one.

An adjustment of the exit pressure, similar to what presented

in Figure 5.7, would reduce the mismatch, but it is not consid-

ered necessary from the point of view of the condensation losses.

In this situation, the losses related to the nucleation are very

high. However, when the steam at the inlet is already wet, the

losses due to the steam condensation can be di�erent. This hap-

pens if the surface of the droplets at the inlet is large enough to

suppress a second nucleation of the steam. In order to show this,

the cases A, C, and F are compared and the di�erences in the
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Figure 5.12: Comparison between numerical and test values:
cases A and B

pressure distributions are discussed. As for the cases F and C

the combination of inlet wetness and droplet radius results with

a number of droplets per unit volume Nd equal to 1.2E+17[m−3]

and 3.7E + 15[m−3] respectively, with an area density βd equal

to 1120m−1 and 242m−1.

As for the case F, characterized by a larger area density, the

losses are not due to the reversion to equilibrium of the steam.

Instead, the losses are caused by the heat exchange with a tem-

CASE Inlet Wetness Inlet droplet radius PT in/Psout
·106[m]

A superheated − 2.36
B 0.000 − 2.32
C 0.010 0.145 2.33
D 0.018 0.150 2.37
E 0.014 0.050 2.36
F 0.016 0.055 2.32

Table 5.1: Conditions for the analysis of the wet cases of the
Bakhtar's cascade.
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perature di�erence between the droplets and the steam vapour.

This temperature di�erence, caused by the steam vapour super-

cooling, is the driver for the droplet growth and the cause of

the so-called thermodynamic relaxation losses. This e�ect is ev-

ident when case A and case F are compared. In this case, in

fact, the presence of small droplets can suppress the secondary

nucleation and the related pressure knee on the suction side (see

Figure 5.13).

The situation is slightly di�erent in Figure 5.14, where the

case A and case C are compared. In fact, the larger droplets of

case C can only partially mitigate the e�ects of the supercooling

of the steam, because they provide a smaller area density. The

result is a secondary nucleation, which is evident in Figure 5.14

because of the knee in the pressure distribution on the suction

side.

Figure 5.13: Comparison between numerical and test values:
cases A and F
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Figure 5.14: Comparison between numerical and test values:
cases A and C

5.2 COMPARISONWITH CORRELA-

TIONS

As already explained, the losses due to nucleation and thermal

relaxation are very di�erent in values. In order to clarify these

di�erences, the values of the losses caused by these two processes

have been deduced from the results already presented. This has

been done in terms of the e�ciency deltas. This means that for

each wet or nucleating run a corresponding dry condition has

been selected and the di�erences in e�ciency have been evalu-

ated. The obtained values are shown in Figure 5.15, together

with the Bauman line.

It can be seen that the points from the nucleating cascade

in subsection 5.1.1 and the ones from the wet cascade in subsec-

tion 5.1.2 points are clustered in di�erent region of the graph,

which is a �rst hint of the fact that the loss mechanisms are

di�erent.

It is a traditional approach (see Guo et al. [48]) to distinguish
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Figure 5.15: E�ciency drop vs average moisture.

between nucleation and thermodynamic relaxation losses and use

di�erent methodologies to estimate them.

As for the nucleation losses, the numerical results in subsec-

tion 5.1.1 obtained from the analysis of the nucleating cascade

of Bakhtar et al. [42] are used. In order to show the e�ects

of the nucleation, the nucleating cases are compared with their

corresponding dry cases by using the outlet-to-inlet growth of

entropy, expressed in non-dimensional form ∆s/cp. The di�er-

ence between the values of ∆s/cp of the nucleating cases and

their corresponding dry cases is shown in Figure 5.16. As a the-

oretical estimate, an equation is derived from the Equation 2.45

under the assumption that the exit moisture Yout is equal to the

equilibrium moisture Yeq quoted in the equation. The obtained

equation is shown below:

∆s

cp
= −ln

(
1− LYout

cpTsat

)
− LYout
cpTsat

(5.1)

and is added in Figure 5.16 for comparison.
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Figure 5.16: Nucleation losses: comparison between numerical
and theoretical estimates.

The comparison between the theoretical curve Equation 5.1

and the non-dimensional entropy variation obtained from calcu-

lated values is shown in Figure 5.16. It can be observed from

the comparison that at low level of exit moisture, there is a

good agreement between the CFD results and the Equation 5.1.

However, when the exit moisture gets higher than 4%, the the-

oretical curve from Equation 5.1 overestimates the e�ect of the

nucleation. By comparing the maximum supercooling achieved

for the considered cases it is possible to observe the cases from

a di�erent point of view. For example, in Figure 5.17 a case

with 4% of exit wetness is compared with another with 6%. The

two cases have the same pressure ratio, which means that the

inlet supercooling is higher for the 7% case. As can be seen, the

maximum supercooling for the two cases is the same, while the

nucleation region, shown in Figure 5.18, is located almost in the

same place. From Equation 2.40 it is easy to show that with

supercooling equal to 44K the equivalent wetness is about 4%.
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Figure 5.17: Supercooling for the 4% and 6% cases.

Figure 5.18: Nucleation rate for the 4% and 6% cases.

This also means that in the two considered cases an amount of

wetness around 4% is formed during the nucleation, and that

the wetness in excess to 4% is formed through the growth of

the droplets. Looking at the Figure 5.19, it can be seen that

all the wetness is formed between the line of maximum super-

cooling of 44K and the isoline of 4K. In terms of losses, this

means that when the expansion is beyond the 4% threshold, a

mechanism di�erent from the one described by equation Equa-

tion 5.1 is acting. As for the thermodynamic relaxation losses,

the pressure distributions in subsection 5.1.2 shows the di�er-

ent behaviour of the cases depending on the size of the droplets.

Elaborating the numerical results, it is possible to see how the

droplets entering the cascade domain a�ect the losses too. In
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Figure 5.19: Wetness distribution and maximum supercooling
for the 4% and 6% cases.

order to extract the wetness losses from the numerical results,

the increase in the non-dimensional entropy growth is used like

in the nucleating case. However, here di�erent forms of the en-

tropy balance are used to get a theoretical estimate of the losses

due to the expansion of a supercooled wet steam. The �rst one

is the Equation 2.58, used in conjunction with value of the su-

percooling obtained from the calculations. The second one is the

Equation 2.59. The third one is the Equation 2.54. The numeri-

cal calculations obtained with a correction factor for the surface

tension σ equal to 1.20 are shown in Figure 5.20, together with

the values of the wetness losses estimated using Equation 2.57,

Equation 2.59, Equation 2.54. As a reference, Equation 5.1 is

added in the plot as well. In the plot, cases A and B represent

the superheated case and the nucleating case already analysed.

The cases E and F, with small droplets, do not present nucle-

ation, as previously shown in Figure 5.13. Therefore, their loss

level is very close to the one predicted by Equation 2.58. As

for the case C and D, they represent an intermediate condition

between the nucleating �ow (i.e. case B) and the wet �ow (i.e.

case E and F), for which no simple correlation exists. Therefore,

looking at the Figure 5.20 it is apparent that Equation 2.58 can
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Figure 5.20: Thermodynamic relaxation losses: comparison
between numerical and theoretical estimates.

be used to estimate the losses due to the heat transfer between

the droplets and the vapour, but only in those cases where the

temperature di�erence between the phases is nearly constant.

As for Equation 2.54, it is worth to spend some words to explain

the disappointing match in Figure 5.20. In Figure 5.21 the ex-

pansion rate for the case C is shown. It can be observed that the

expansion rate Ṗ varies a lot across the cascade, and therefore

estimating the proper value to be used in Equation 2.54 is gen-

erally di�cult. As the maximum value is 50000s−1, an average

value equal to 25000s−1 is used in the Figure 5.20. Looking for a

better match, several tests have been done changing the value of

Ṗ used in Equation 2.54. From the results shown in Figure 5.22

it can be shown that a better match can be obtained by using

a value of Ṗ around 10000s−1. Such a value is close to the low

end of the range of Ṗ in Figure 5.21, and this suggests that the

thermodynamic relaxation losses could depend more on the �ow

evolution in the gap between the bladerows than in the bladed
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region. However, understanding if the droplet laden �ow could

sustain a certain super-cooling without causing a secondary nu-

cleation still remains the major problem in the application of

Equation 2.54.

Figure 5.21: Expansion rate: case C.
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Figure 5.22: Thermodynamic relaxation losses from Equa-

tion 2.54 at varying Ṗ .





Chapter 6

ANALYSIS OF A LP

SECTION

In this chapter, a low-pressure section of recent development is

analysed using two di�erent methodologies. The �rst one con-

sists of a conventional methodology, where the two phases are as-

sumed to be in equilibrium (ES). The second one, labelled as Non-

Equilibrium Steam (NES), consists of the two-phase methodology

previously described and validated in chapter 4 and chapter 5,

where planar nozzles and cascade geometries are considered. The

results obtained with the two methodologies are compared with the

experimental data in terms of total-to-total e�ciency. Di�erent

operating conditions are considered to this purpose, with di�erent

wetness at the exit and di�erent pressure ratios, in order to show

clearly the loss trend for di�erent level of exit moisture. The nu-

merical results are compared with the experiments and with some

correlations available from open literature or built on proprietary

data.

75
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6.1 THE LOW-PRESSURE SECTION

A lot of research papers have been published over the years to

clarify the many aspects of the two-phase �ow in the steam tur-

bines. Perhaps, the one that helped to �ll the gap between the

numerous tests done on plane nozzles, the theoretical aspects of

the condensation physics and a systematic comprehension of the

loss mechanisms related to the wetness in the �ow is given in

Gyarmathy [13], where a systematic framework of all the wet-

ness losses can be found. The most relevant ones in terms of

performance are grouped as follows:

� Nucleation losses

� Thermodynamic relaxation losses

� Interphase drag losses

� Braking losses

� Pumping losses

The methods from Computational Fluid Dynamics (CFD) en-

tered into the world of non-equilibrium steam �ow in the 80's,

initially with through�ow methods (Yeoh et al. [33]), and then

with 2D (Bakhtar et al. [34]) and 3D calculations (Liberson et

al.[36]). Designers have exploited this new tool to improve the

turbine performance accounting for non-equilibrium e�ects. Re-

cent publications dealt with the analysis of part-span connectors

for LP rotating blades (e.g. Hafele et al. [49], Mistry et al.

[50], Ferhatoglu et al.[51]), supersonic tip concepts (e.g. Sreed-

haran et al. [52]), exhaust system optimization (Diurno et al.

[53]) or even complete LP modules (e.g. Starzmann et al. [46]).

However, Young et al. [54] and, more recently, the International

Wet Steam Modeling Project (Starzmann et al. [12] have shown
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that a considerable uncertainty in nucleation theory and droplets

growth law exists, and for this reason no common modelling ap-

proach exists as well.

6.2 THE TEST RIG LAYOUT

The recent developments of new LP sections of steam turbines,

like the ones in Senoo et al. [55], Novak et al. [56], Brunn et al.

[57], and Hoznedi et al. [2], all show that in the industrial prac-

tice a testing campaign is needed to get a �nal assessment of a

new steam turbine, as it is generally felt that the analytical tools

are not yet reliable enough to guarantee performance or struc-

tural integrity over the full range of operating conditions. For

this same reason, the turbine that is considered here was tested

in 2007 and 2009 in the Low Pressure Development Test vehicle

(LPDT) in the General Electric campus located in Schenectady

(NY). The test rig layout is designed to test a LP section over a

wide range of operating conditions, as is shown in Figure 6.1.

For the calculation of the performance of sections and stages

or of total exhaust losses, temperature and pressure probes are

placed throughout the �ow path and within the hood. An inline

torque meter provides a measurement of the power output from

the tested turbine stages, while a load-absorbing water brake

gives a second measurement as further check. On the endwalls,

the test vehicle was instrumented with pressure taps, in order

to measure static pressures, while on the leading edge of the

nozzles of each stage, total temperature and pressure probes are

installed. At the inlet of the exhaust hood, the total pressure and

temperature are measured at �ve radial locations adopting �ve

rakes equally spaced in the annulus. For a more accurate descrip-

tion of the �ow �eld, additional measurements are performed by
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Figure 6.1: Test vehicle layout with instrumentation

means of two traverses equipped with standard �ve-hole probes.

Additional details on the test bed can be found in Basirico et

al. [58], Piraccini et al. [59] and Maceli et al. [60], while some

of its main capabilities are summarized in Figure 6.2.

Although the test campaign was conducted exploring the

expected operating range of the LP section by changing sys-

tematically the rotating speed, the inlet and exit conditions, in

this research only the experimental data at the design rotating

speed and mass �ow are considered. In order to validate the

performance prediction, the analyses are done over the range

between the conditions of limit load and windage for the last

stage. Among the considered ones, there are three operating

conditions at the design pressure ratio and mass �ow rate, but

di�erent moisture content at the exit that are analysed in details

to show clearly the e�ects of the moisture on the performance

and on the aerodynamics of the LP stages. They are labelled

as G6, B6, D4 in the following discussions, and have an exit
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Figure 6.2: Main characteristics of test facility
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moisture respectively equal to 0%, 5%, and 8%.

In the present research only a set of the experimental data

available from the test campaign will be used. The data that

will be used are:

� 4 rakes at vane leading edge for total pressure

� 2 rakes at vane leading edge for total temperature

� Pressure taps for ID and OD

� 2 inline torque-meters

� Bearing losses measured via oil heat balance

� ASME PTC6 Flow nozzle as �ow meter

� Traversing system at the outlet plane

The experimental value of the e�ciency is obtained combin-

ing the measured values of the torque, speed, steam mass �ow

rate, inlet enthalpy and total pressure at the exit, as per equation

below:

ηtt =
Tω + Lossbearing
ṁ (HT in −HT

ss
out)

(6.1)

6.3 THE NUMERICAL SETUP

The setup of the case is similar to the one previously used for

subsection 4.1.1, subsection 4.1.2 and chapter 5. This means that

all the calculations have been performed using the commercial

code ANSYS CFX v.18. Two di�erent series of calculations are

reported here.

The �rst one is obtained using a conventional methodology,

where the two phases are assumed to be in equilibrium. This
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series is labelled as Equilibrium Steam (ES) and is obtained using

the model homogeneous binary mixture (see [40]).

The second one, labelled as Non-Equilibrium Steam (NES), is

obtained using the two-phase methodology previously described

and validated in chapter 5, where planar nozzles and cascade ge-

ometries are considered. In line with the �ndings of the previous

chapter 5, a correction equal to 1.2 is used for the analysis of the

LP section.

The calculations are performed with a second order spatial

discretization scheme. For all analysed models the following are

applied:

� Steady state solution

� SST turbulence model with Kato Launder limiter

� IAPWS steam tables as working gas model

� Mixing plane between blade rows

All the calculations have been converged with a �nal physical

time step equal to 1.e-6 seconds.

The selected approach doesn't include the e�ects of the coarse

wetness, of the deposition and the detachment of the droplets

from the blade walls. Braking losses and pumping losses are also

excluded out of the present research. In terms of performance,

this represents a minor problem because of the low wetness level

considered. Generally speaking, however, including these aspects

in the model it is of great interest for it would provide the design-

ers some very useful pieces of information about the conditions

where the LP section stages operate, especially from the point of

view of the erosion risk to which the rotating blades are subject.

In a preliminary part of the activity (see Bellucci et al. [61]), a

simple model of shroud leakage is used, where the e�ects of the
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leakages are accounted for with a source-sink approach applied

at the cavity/mainstream interface. In the present research, in-

cluding the e�ects of the leakages has required to model the real

geometry of the seals. This is deemed necessary as the leak-

age �ows at the outer diameter (OD) for the shrouded rotating

blades or at the inner diameter (ID) for the �xed nozzles have a

signi�cant role in the overall turbine performance. To this pur-

pose, Workbench v.18 has been used to build the computational

meshes. All computational meshes are tetrahedral with 14 in�a-

tion layers. The thickness of the �rst layer is 0.0001mm. The

thickness of the �rst layer is small enough to keep y+ below one

on all the solid walls. Compared to a previous research (Bel-

lucci et al. [61]), adding the details of the seals and re�ning the

mesh to capture the nucleation front increased the mesh to 40.5

M of cells. In the last decade, several publications have focused

on the interaction between the main �ow and the leakage �ows

(Wallis et al. [62], Pfau et al. [63], Rosic et al. [64]). In order to

capture the e�ects of the interaction between the leakages and

the main�ow, attention must be paid to the position of the in-

terface planes between neighbouring blade rows. Therefore, the

planes are placed in a way that change of reference occurs at

the �rst or second sealing tooth, so that the interaction between

the main �ow and the leakage �ows re-entering the �ow path is

preserved (see Figure 6.3). In order to avoid re�ections, the pres-

sure boundary condition is set downstream the L0 Bucket exit

measurement plane. The proper radial distribution of pressure

used as boundary condition at the Outlet plane is obtained by

targeting the radial pro�le of the measured static pressure at the

L0 Bucket exit.
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Figure 6.3: View of the computational domain.

6.4 THE NUMERICAL RESULTS

Using the numerical approach so far described, the LP section

is analysed, and the obtained e�ciency curve is compared with

the experimental curve. In the already mentioned research Bel-

lucci et al. [61], the CFD data are corrected using the approach

described in Guo et al. [48] to overcome the limitations of the

CFD code.

The research shown in this chapter is carried out in a dif-

ferent way. In order to show the e�ects of the non-equilibrium

behaviour of the steam, two series of calculations are considered.

The �rst one is obtained using a conventional methodology,

where the two phases are assumed to be in equilibrium. This

series is labelled as Equilibrium Steam (ES) and is obtained using

the model homogeneous binary mixture (see [40]).

The second one, labelled as Non-Equilibrium Steam (NES), is
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obtained using the two-phase methodology previously described

and validated in chapter 4 and chapter 5, where planar nozzles

and cascade geometries are considered.

6.4.1 COMPARISON TO THE TEST DATA

The results obtained with the two methodologies are compared

with the experimental data in terms of total-to-total e�ciency

with the purpose to show their di�erent capabilities. The re-

sults obtained with the ES approach are shown in Figure 6.4,

while the ones obtained with the NES methodology are shown

in Figure 6.5. The results shown in Figure 6.4 are generally con-

sistent to the ones obtained using a di�erent CFD code (namely

the TRAF code) in Bellucci et al. [61]. Also, in this case, a

mismatch in the range of 2 e�ciency points is found at the dry

conditions G6.

Figure 6.4: Equilibrium Steam: Total-to-total e�ciency vs
PRts.
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Figure 6.5: Non-Equilibrium Steam: Total-to-total e�ciency
vs PRts.

On the other hand, the results in Figure 6.5 are in good agree-

ment with the experimental data, and reproduce with accuracy

the shape of the e�ciency curve, while in the case of Figure 6.4

the ES results are more �at compared to the experiments. A

detailed comparison between the test data and the numerical re-

sults is done in terms of spanwise distributions considering the

dry test condition G6. In Figure 6.6 and in the following Fig-

ure 6.7 and Figure 6.8, each label of the experimental data refers

to a speci�c angular position of the pressure/temperature rakes,

measured in the counter-clockwise direction with respect to the

right-hand side of the horizontal �ange of the machine. In Fig-

ure 6.6 the total temperature and pressure at the inlet of the L1

stage are shown. It can be seen that the agreement is good in

qualitative terms, but the total pressure distribution calculated

by the CFD is in the lower range of the experimental measure-

ments. In Figure 6.7 a similar set of data is shown for the inlet of
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the L0 stage: it can be seen that in this case the agreement is less

good, especially in terms of total pressure. This apparent failure

to match the experimental measurements has to be judged in the

light of the e�orts required to measure the pressure with steam

as working �uid. In fact, during the tests the steam tends to con-

densate into the pressure lines, thus causing the build-up of water

legs inside them. A special system is used to purge the lines and

Figure 6.6: Radial distributions at the L1 stage inlet: G6 con-
dition.

Figure 6.7: Radial distributions at the L0 stage inlet: G6 con-
dition.
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heat them during the tests to avoid this phenomenon. However,

the di�culties in the tests still remain, as it is demonstrated by

the signi�cant di�erences in the pressure pro�les measured by

the di�erent rakes. Other reasons for such a mismatch could

be related to some limits of the two-phase di�erential equations

Table 3.1 and, in particular, to the frozen pressure assumption

outlined in subsection 3.1.1. Finally, in Figure 6.8 the compari-

son between the numerical results and the test data is shown in

terms of total pressure and temperature, and in terms of swirl.

The agreement in terms of total temperature distribution and in

terms of swirl are especially good, because of the detailed mod-

elling of the gap geometry at the tip of the L0 bucket. However,

the CFD shows a clear tendency to underestimate the measured

total pressure. This is in line with the fact that the e�ciency of

the LP section is overestimated, as already shown in Figure 6.5.

The static pressure distribution is also reported, showing how

the outlet boundary conditions is correctly reproduced, at least

in terms of average quantities.
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Figure 6.8: Radial distributions at the L0 stage exit: G6 con-
dition.
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The agreement between the numerical results and the test

data is generally good, as shown in Figure 6.5. However, a better

view of the predictability of the two methodologies is achieved by

using the parity plot in Figure 6.9, where the numerical results

are plotted against their corresponding experiments.

In the plot, several data sets are shown:

� the numerical results obtained with the NES methodology

� the numerical results obtained with the ES methodology

� the results obtained using the 1D code of Guo et al. [48]

and outlined in Equation 2.51

� the results obtained by applying the moisture losses as per

the 1D code and Equation 2.51 to the results obtained from

ES.

Figure 6.9: Parity plot of total-to-total e�ciency.
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In the plot the parity line is also added together with two

lines that show the lower and upper limits of the tolerance inter-

val. Looking at the plot in Figure 6.9, it can be seen the signi�-

cant improvement in the predictability achieved with the new

methodology NES. In particular, the Non-Equilibrium Steam

methodology allows for an improvement in the predictability as

high as 2 e�ciency points in most of the considered operating

conditions with respect to the more conventional ES approach.

The bene�t in terms of predictability in the order of 1 e�ciency

point is also noticeable if we consider the ES results corrected for

the wetness losses, which is the industrial practice before NES.

As for the comparison between the NES and the 1D code, the

values obtained using the same inhouse performance code used

in Bellucci et al. [61] are also reported in the plot and labelled

as 1Dcode. The performance code reproduces quite well the ex-

perimental data, generally within the experimental uncertainty.

This should not be a surprise, given the fact that the 1D code

has been tuned to match the test data at the G6 test condition.

The tuning has been done on a stage-by-stage basis by using

the measurements of total pressure and temperature available

from the instrumentation on the vane leading edge and at the

L0 Bucket exit plane. In order to better understand the mech-

anisms behind the di�erence predictability of the four methods,

additional investigations are carried on.
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6.4.2 THE WETNESS LOSSES

The e�ect of the wetness losses can be deduced by subtracting

the NES values from the corresponding ES results. The obtained

deltas represent the e�ciency loss caused by the combined e�ects

of the condensation, of the thermal relaxation losses and of the

shift in the operating conditions on the stages. The obtained

values are compared in Figure 6.10 with the values previously

used to correct the CFD results in Bellucci et al. [61], used in

the same way also for the Figure 6.9, and labelled as 1D code in

the plot. It is interesting to observe that the trend of the NES

results is di�erent from the estimates obtained via correlative

approach. In particular, the plot shows that according to NES

calculations the wetness losses reach a 2.5 e�ciency points for

the test point D4, while the 1D code estimates a much lower

value of 1.5 points. This shows how di�erent methodologies can

give the same �nal e�ciency estimate and have at the same time

a di�erent split of the losses.

Figure 6.10: Parity plot of wetness losses.



Chapter 6: Analysis of a LP section 92

The method discussed above is not obviously applicable when

experimental data are of concern. In that case, the way com-

monly used to obtain the wetness losses is derived by the classical

approach of Bauman [7] and improved over the years by many

researchers, like Miller et al. [27] and Kreitmeier et al. [25].

Following this approach, the e�ciency of a given operating con-

dition with wet steam at the exit is compared with the e�ciency

of a corresponding condition with dry steam at the exit, and the

wetness losses are obtained by subtracting the second from the

�rst. In the original publication, Bauman [7] was able to �t the

experimental data against the average wetness of the expansion

by using αB = 1. For the cases considered in the present paper,

Bauman's rule can be written as:

η
(G6)
tt − (η

(NES)
tt

η
(G6)
tt

= αB
Yexit

2

HTwp −HT exit

HT in −HT exit

(6.2)

The term η
(G6)
tt −η(NES)

tt is calculated using the data obtained

from the CFD results, the 1Dcode, and the experimental data

of the test points B6 and D4, whose e�ciencies are subtracted

from the e�ciency of the test point G6. The obtained wetness

losses are shown in Figure 6.11. It can be seen in the plot that,

the trend of the 1D code is di�erent from the others: in this

case, the NES methodology estimates an e�ciency drop equal

to 3.5 e�ciency points, in line with the test data, while the 1D

code estimates only 2 e�ciency points. The attentive reader will

not have missed the fact that deducing the wetness losses using

these two methods provides very di�erent results: for the D4 test

point we �nd 2.5 e�ciency points in Figure 6.10 and 3.5 points

in Figure 6.11. In order to reconciliate these two values, it is

necessary to consider that the test points G6, B6 and D4 have

di�erent expansion lines, although their pressure ratios and mass
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Figure 6.11: E�ciency drop at di�erent exhaust moisture.

�ow rates are similar. The relationship between G6, and NES

and ES values can be written as:

η
(G6)
tt − η(NES)

tt = η
(ES)
tt − η(NES)

tt + η
(G6)
tt − η(ES)

tt (6.3)

The term given by the di�erence η
(G6)
tt − η(NES)

tt is the one

shown in Figure 6.11. The term η
(ES)
tt − η(NES)

tt is the one in

Figure 6.10. As for the third term η
(G6)
tt −η(ES)

tt , it can be written

as:

η
(G6)
tt − η(ES)

tt = η
(G6)
pol RH

(G6) − η(ES)
pol RH =

= η
(ave)
pol

(
RH(G6) −RH

)
+RH(ave)

(
η

(G6)
pol − η

(ES)
pol

)
(6.4)

The expansion lines of the three operating conditions are shown

in the Mollier diagram in Figure 6.12, with the quality lines from

1.0 to 0.92. The corresponding reheat factors RH in Figure 6.13,

change by more than 2 points.
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Figure 6.12: Expansion lines of the considered cases.

Figure 6.13: Reheat factor for the considered cases.
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Therefore, the relative magnitudes of the numbers of the D4

case of Figure 6.10 and Figure 6.11 suggest, through Equation 6.3

and Equation 6.4, that the 2.5 e�ciency drop due to the wet-

ness losses and the 2 points of reduction in the reheat factor RH

come together with an increase of about 1.0 points in the expan-

sion e�ciency ηpol. Such an adjustment is basically driven by

the reduction of the stage loading that is discussed in the next

section.

6.4.3 AERODYNAMIC ASPECTS

In order to show how the aerodynamic design intent is a�ected

by the di�erent methods used for the analysis, the pressure ra-

tio and the load factors are discussed in this paragraph. They

are, in fact, among the most important parameters used for the

aerodynamic design of the stages. To show the impact of the

droplet nucleation on the aerodynamics of the blades, the dis-

cussion will focus on the results obtained for the B6 and D4 test

points. As already mentioned, B6 and D4 test points have dif-

ferent inlet temperature and di�erent moisture level at the exit.

In Figure 6.14 and Figure 6.15 the supercooling map is shown

on the periodic surfaces for the B6 and D4 test points on the

periodicity surfaces. In those plots, the re-entrance regions of

the leakages are highlighted in order to show how these interact

with the main �ow and reduce locally the supercooling because

of their higher temperature. This e�ect is clearly visible also in

the subsequent Figure 6.16 and Figure 6.17, where the nucleation

regions are found at the positions of the maximum supercooling

of Figure 6.14 and Figure 6.15.

As expected, the nucleation region moves upstream when in-

let temperature is reduced. The results show that the nucleation

occurs on the L0 vane for B6, and on the L1 rotating blade for
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Figure 6.14: Supercooling for the B6 test point.

Figure 6.15: Supercooling for the D4 test point.
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Figure 6.16: Nucleation region for the B6 test point.

Figure 6.17: Nucleation region for the D4 test point.
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D4. The position of the nucleation onset has some e�ects on the

LP section. Among the others, the �rst one is that when the

nucleation moves towards the L1 stage and a larger fraction of

the expansion occurs in the wet region of the steam diagram,

higher losses are obtained together with higher moisture at the

exit. Even if this is in line with the common experience, the

result is not obvious, as the wetness losses depend on the ac-

tual conditions under which wetness is formed. A second one is

that the operating conditions of the stages change as the steam

�ow expands beyond the saturation line of the steam diagram.

This is obvious in the sense that when the �uid properties of the

steam change, then the aerodynamics of the stages is expected to

change as well. In Figure 6.18 the total-to-total pressure ratios

of the stages are shown for the selected test points, as calculated

using the ES method. It can be seen in the plot that passing

from G6 to D4 a�ects mainly L1 and L0 only, while L2 stays

nearly unchanged. It seems, however, that the major impact is

related to the passage between the dry G6 and the wet B6, while

smaller adjustments occur for B6 to D4. At the same time, the

stage load coe�cients λ in Figure 6.19 reveal the dominant e�ect

of the inlet temperature on the available enthalpy drop for the

selected test points, which is the main cause of the reduction of

the stage load. The results in Figure 6.20 obtained with the

NES methodology show a di�erent scenario. As for the L2 stage,

no major di�erences are found. Also, in the case of B6 condi-

tion, the L0 and L1 stages nearly replicate the results obtained

for the ES methodology in Figure 6.18. When the inlet temper-

ature is decreased further and the nucleation front moves to the

L1 rotation blades, a major adjustment occurs in the pressure

split between the stages. This is due to the increase in swal-

lowing capacity caused by the supercooling at the L1 exit. This
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Figure 6.18: Stage Pressure ratio for di�erent test points: ES
results.

Figure 6.19: Load coe�cients for di�erent test points: ES re-
sults.
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increase, discussed in Young [65] and Kreitmeier et al. [25], is

also present in the results reported in Starzmann et al. [26], and

it appears to be one of the main causes for the stages to oper-

ate in o�-design condition. Other di�erences in the case of NES

calculations can be observed in Figure 6.21, where the cascading

e�ects of the adjustments in the pressure split are shown for the

stage load λ: in fact, in the plot it is evident how reducing the

inlet temperature from B6 to D4 is moving part of the work-

load of the L0 stage to the L1 stage. In order to understand

the extent of these adjustments, the pressure distributions of the

blading of L1 and L0 are analysed at the midspan in Figure 6.22

and Figure 6.23 for test point B6 and D4 respectively. The plots

show the comparison between the ES and the NES results. As

expected, the droplet nucleation a�ects the pressure distribution

of the L0 stationary vane, and the heat released by the condens-

ing steam reduces the velocity peak on the suction side of the

Figure 6.20: Stage Pressure ratio for di�erent test points: NES
results.
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Figure 6.21: Load coe�cients for di�erent test points: NES
results.

vane. Then the losses cause a reduction of the velocity of the

�ow at the exit of L0, which in turns reduces the incidence an-

gle in the rotating frame of reference. This is seen in the L0B

plot in Figure 6.22, where the L0B pressure distribution for the

NES and ES di�er mainly at the leading edge. This same be-

haviour is present in Figure 6.23 for the D4 test point: in this

case, however, the nucleation occurs on the L1 rotating blade

while the incidence is reduced on the L0 vane. It is also impor-

tant to observe that most of the e�ects are present only on the

nucleating bladerow and in the one next to it. In fact, the pres-

sure distributions on the L0 blade obtained with the ES and the

NES methodologies are almost the same. This con�rms the fact

that the supercooling disappears just after the nucleation onset

and the thermodynamic equilibrium is established between the

droplets and the vapour.
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Figure 6.22: Pressure distributions for L1 and L0 stages: B6
test point.

Figure 6.23: Pressure distributions for L1 and L0 stages: D4
test point.
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6.4.4 THE COMPARISONWITH THE COR-

RELATIONS

The numerical results obtained so far shows that a signi�cant im-

provement in the performance predictability can be achieved by

using the NES methodology. For low wetness cases, the results

in the previous chapter suggest that when close to the nucleation

region the mismatch between ES and NES results is larger, but

also that the it is limited to a few blade rows, and its e�ect van-

ishes downstream. Of course, as the steam turbines are operated

also with moisture level higher than the ones here considered, a

caveat must be stated that these conclusions hold only for cases

with low wetness. Therefore, a wider range of operating con-

ditions would be required for a better assessment of the NES

methodology. In order to show the loss mechanism associated

with the nucleation, the equation presented by Gyarmathy [23]

is used. As done in the previous section 5.2 for the nucleat-

ing steam case, the nucleation losses are evaluated using Equa-

tion 5.1 under the assumption that the equilibrium moisture Yeq

quoted in the original equation Equation 2.45 is equal to the

exit moisture Yout. In order to extract from the CFD results

the value of the nucleation losses, the NES cases are compared

with their corresponding ES cases by using the outlet-to-inlet

growth of entropy, expressed in non-dimensional form ∆s/cp.

The di�erence between the values of ∆s/cp of the NES cases

and their corresponding ES cases is shown in Figure 6.24. The

comparison in Figure 6.24 show that Equation 5.1 provides a

good estimate of the losses associated with the wetness losses,

because, in this case, they are mostly due to the nucleation. It

is also important to notice that the moisture associated with the

nucleation is nearly the same for the stationary vane L0V and
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Figure 6.24: Wetness losses: comparison between numerical
and theoretical estimates.

the L1B rotating blade, respectively at the B6 and the D4 test

point. This is obviously not a general rule, because the results

quoted for the Bakhtar cascade in the same plot show that the

moisture associated with the nucleation can be higher provided

that enough supercooling is present in the steam at the inlet of

the bladerow. As for the present case, it is possible to use the

results in Figure 6.24 to show that just a few factors account

for most of the wetness losses. To do so, the ES expansion lines

(A in Figure 6.25) of the points B6 and D4 are divided in a dry

and a wet part. The split point, or Wilson point, is assumed to

be at an equivalent moisture equal to 3.5%. The starting point

of the wet part is then moved according to the nucleation losses

obtained from Equation 5.1 (B in Fig. 22). The remaining part

of the wet expansion line is �nally updated assuming a Baumann

factor αB = 0.5, as obtained from Kreitmeier et al. [25] (C in

Figure 6.25). The updated expansion lines (D in Figure 6.25) are

used to obtain the �nal e�ciency values. The results are shown
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in Equation 5.1 in terms of e�ciency drop with respect to the G6

test condition. The comparison in Figure 6.26 shows an accept-

able agreement between experiments and numerical estimates,

which generally con�rms that in this case the wetness losses can

be estimated using Equation 5.1 with a reasonable accuracy.

Figure 6.25: Schematic of an expansion line.
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Figure 6.26: Wetness losses: experiments and numerical esti-
mates.

6.4.5 THE KINETIC ENERGY LOSSES

As a last piece of the performance model of the LP section, the

numerical results are compared with the correlations used to es-

timate the correction of the kinetic energy at the LP section exit.

In order to do this, the di�erences between the NES and the ES

calculations are calculated for all the considered operating con-

ditions and plotted against the correlations SCC Equation 2.67

and the Legacy Equation 2.68 in Figure 6.27. It can be observed

that the numerical results do show a signi�cant di�erence be-

tween the NES and ES results. Considering the cases B6 and

D4, the LL of the NES calculations are lower than the ES ones.

The di�erence is about 2% at 6% exit moisture and about 2%

at 8% of exit moisture for B6 and D4 respectively, which imply

a slope between 0.33 and 0.25 of the trend-line. Compared with

the correlations, the numerical results range over a wider region

of the plot. By considering the point G6, B6 and D4 it is pos-

sible to put in evidence that the Legacy correlation �ts well the

data at design condition, with low residual swirl. At the same
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time, the way the remaining test points are distributed in the

plot show that going from B4 to B9 test points there is a sig-

ni�cant e�ect due to the pressure ratio, or better said, due to

the operating condition of the LP section. The SCC correlation

Equation 2.67 �ts the points at high Mach number but it's very

far from the results at low swirl. None of the two correlations �t

the complete range, and both are far from the results obtained

at the low load B4. The di�erent contributors to the LL re-

duction can be obtained from the details of the results, through

the equation below, derived from Equation 2.66 and adapted to

the present case by adding the term LLL for the residual kinetic

energy of the droplets:

LLES − LLNES
LLES

= YES + 2

(
1

Tsat
− cp
L

)
∆T+

− 2
(Y )ES − (Ŷ )NES

1− (Y )ES
− YES

LLL
LLES

(6.5)

Considering, for example, the B9 case, the residual super-

cooling at the exit of the last stage bucket, is in the order of 4K,

which accounts for a LL reduction of about 2%. The di�erence

in the end points of the expansion lines of the NES and ES cases

accounts for another 3% of LL reduction. The remaining part

of the LL reduction is due to the signi�cant slip between the

droplets and the vapour, which is visible from the Figure 6.28,

where the radial distributions of the circumferentially averaged

absolute velocities of the two phases are shown. Therefore, pre-

dicting the �nal correction of the exit kinetic energy is di�cult

due to the complex interaction between these three e�ects, which

is the �nal reason for the signi�cant inaccuracies obtained from

the usage of simple correlations like the SCC and the Legacy.
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Figure 6.27: Leaving losses: di�erence between ES and NES
results.

Figure 6.28: Radial distribution of the absolute velocity at the
L0 Bucket exit.



Chapter 7

Conclusions

In the OEM's practice, the complexity of the �uid-dynamics in

a low pressure steam turbine is managed by combining standard

CFD methods with correlations from open literature or built us-

ing proprietary data. However, this approach adds some uncer-

tainty in terms of performance and does not provide the pieces of

information needed to assess the mechanical robustness of a new

design. Therefore, it is always necessary to carry out a signi�-

cant amount of experimental activity after the development of a

new low pressure section, with a consequent investment in terms

of time and resources. The purpose of the research presented

here is the introduction of the advanced CFD methodologies in

the industrial practice to predict the performance and to model

the operating conditions of the stages of the LP steam turbines.

To do this, a set of user de�ned functions has been developed to

be used in conjunction with a commercial code and tested in a

range of con�gurations and operating conditions.

In chapter 2, the theory behind such development has been

shown, and in particular the equations used to model the nu-

109
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cleation of the droplets and their growth have been discussed.

As one of the pieces of the current practice is the correlative

approach to estimate the wetness losses, the rationale behind

some correlations is explained, trying to show clearly the dif-

ferent mechanisms that generate the losses when water droplets

nucleate and grow.

In chapter 4, the results obtained by using the new method-

ology have been presented for some test cases representing plane

nozzles, for which experimental data are available from open lit-

erature. The obtained results have shown that signi�cant di�er-

ences exist between the available formulations. Namely speak-

ing, the results obtained for the test case of Moses et al. [39]

and Binnie et al. [40] using the formulation developed in Young

et al. [16] have been shown to provide an accurate estimate of

the droplet size. As an additional advantage over the formula-

tion of Gyarmathy [21], the results have shown to reproduce the

experimental data without the need of tuning the model case by

case.

Following this �rst series of results, in chapter 5 the activ-

ity has been extended to the analysis of the tip section of a

rotor blade of a steam turbine. The analyses discussed in sub-

section 5.1.1 pertain to cases with supercooled steam at the inlet

with subsequent nucleation of droplets described in Bakhtar et

al. [42]. The results in subsection 5.1.2 regard the cases with-

out nucleation and droplet steam at the inlet of the cascade,

described in Bakhtar et al. [44]. Given the conclusions of the

previous activity on plane nozzles, only the methodology from

Young et al. [16] has been used. Some adjustments have been

applied to improve the agreement between the numerical results

and the experimental data: a 20% of increase of the surface ten-

sion coe�cient and sort of try and error tweaking of the exit
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boundary conditions which do not undermine the fact that with

this methodology the trend of the losses due to the wetness are

well in agreement with the experimental data. In fact, it turns

out that a signi�cant uncertainty exists in the experiments be-

cause of the transient facility used to produce the supercooled

and the wet steam at the cascade inlet.

The CFD results have been also compared with some cor-

relations available from open literature or built on proprietary

data. In both the cases, it has been shown that the correlations

do a good job only if a posterior information is given about the

mechanism behind the wetness losses, because the key parame-

ter to switch from a dry to a nucleating or a droplet laden �ow

is the amount of maximum supercooling achievable before the

nucleation, which in turns depends heavily by the presence and

size of droplets at the inlet of the cascade. This means that,

in general, the correlations available are "incomplete" compared

with the CFD methodology.

Finally, looking for a con�rmation of this, in chapter 6 a LP

section of recent design has been analysed using the newly de-

veloped methodology. The analysis has been performed over a

wide range of operating conditions, showing that a good agree-

ment can be achieved using the new approach. Compared with

the other considered approaches, with di�erent degree of com-

bination between correlations and CFD, a signi�cant improve-

ment in the predictability has been achieved, in the order of 2 or

3 points of e�ciency. The presented results have demonstrated

that, in addition to this improvement, the interaction between

the droplets and the stage aerodynamics can be correctly ac-

counted for with the newly developed methodology because it

considers the real behaviour of the steam. Therefore, such a

methodology enables the designer to establish the correct trade-
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o� between the available options during the design of a new

LP section. This has been shown not only for the blading per-

formance, but also for the kinetic energy at the exit of the last

stage blade, which is another important piece of the performance

model of an LP section.

The performed activity has focused on some operating condi-

tions with limited level of wetness, for which experimental data

are available. In this respect however, the presented methodol-

ogy should be developed in the future, in order to include the

e�ects of the deposition and the detachment of the large droplets

from the blade walls. This would provide the designers some very

useful pieces of information about the conditions where the LP

section stages operate, especially from the point of view of the

erosion risk to which the rotating blades are subject. As far as

the thermodynamic performance are concerned, however, cases

with higher levels of wetness would not present major di�culties,

because the large droplets coming from the interaction between

the �ow and the solid surfaces have a small e�ect, as they rep-

resent a very small fraction of the droplets population.

Therefore, in the vision of the author, CFD represents nowa-

days an exceptional tool for the prediction of the performance

of a steam turbine LP section and for its design. By including

the e�ects of the steam condensation and their interaction with

the stage aerodynamics, the developed methodology allows for a

signi�cant improvement in predictability compared with the us-

age of correlations, and the presented results show that virtual

testing of LP section with complex hardware can be performed

with a good accuracy. Thus, it is foreseen that using the devel-

oped methodology will allow to design the next generation of LP

sections with higher e�ciency, reduced development costs and

greater con�dence in the performance.
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