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Abstract. The process of condensing steam inside turbines damage their internal surfaces and also reduces the
aerodynamic efficiency in that region. As a frame for study of the condensation in turbine stages, it is proposed in this
paper a simpler case, having the wet steam flow set in a 2D transonic Laval nozze (convergent-divergent). This
geometry is selected due to possibility to validate the CFD code on the basis of experimental data for Laval nozzes.
The goal is to investigate how the variation of the thermal parameters, such as temperature and pressure, changes the
condensation onset by examining the region of nucleation and growth of steam droplets along the flow direction. The
condensation phenomena is modeled on the basis of the classical nucleation theory. In this work, the mathematical
model of this multiphase compressible flow is numerically solved using finite volume method with a coupled density-
based approach. Turbulence models were used in the numerical smulations as comparation with the experimental
available data. The simulation results shows that for avoiding condensation inside the nozze must consider the
possibility of elevating the temperature of steam at the entrance or decreasing the pressure difference established
between the input and output.
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1. INTRODUCTION

For several decades, theoretical and experimentalyson the design of steam turbines was been yighl
investigated. The need to solve problems in thesttoction of turbines is increasing in industrialdatechnological
development, seeking to improve the process of pgereration. In this ongoing effort to achieveagee efficiency as
well as durability, the numerical approach appeassa new search technology aimed at a more advanced
manufacturing.

The condensation process takes place during tlnsflw through the low-pressure (LP) turbine. Dgrithe
operation of a steam turbine, the superheated sgedting into the it, transferring thermal energyttie movement of
the blades, seeping through some stages, comks forim of satured steam, showing a small fraatibliquid at low-
pressure turbine (these also are known as wet stedimes, for operating the steam saturation lifféiis fraction
varies according to turbines design. That thindafdiquid water can cause erosion on the innefase of the turbine
blades.

Wréblewski et al. (2009) presented a numerical wetfor modeling transonic steam flows with homogerse
and/or heterogeneous condensation. The experiroanisd out for the Laval nozzles, for 2D turbirescades and for
a 3D flow in real turbine were selected to validatein-house CFD code adjusted to the calculatafnbe steam
condensing flows in complicated geometries. Thennmatention was not to show the best results ofibs solutions,
but to pay attention to the big sensitivity of ttendensation models to the flow conditions (e.kptiparameters, steam
quality) and implemented gas equation of state. vilielation has been performed for many test casekjding flow
through the 3D steam turbine stages as well wittegadly good degree of accuracy.

Kermani and Gerber (2003) performed numerical atadns of thermodynamic and aerodynamic losses in
nucleating steam flow in a series of converginggdivng nozzles with and without shocks. The motiemsd that the
overall thermodynamic loss is only mildly influerkbky increasing shock strength, while the aerodyodmsses follow
that of the single phase flow, and are of the saragnitude as the thermodynamic loss only in the cdwvery weak
shocks. The thermodynamic losses can be attriiatéslo influences, the homogeneous nucleation ewgrt the post-
shock thermal oscillations in the two-phase system.

Moses and Stein (1978) performed experimental tigasons on the growth of steam droplets formea ibaval
nozzle using both static pressure and light séagemeasurements. A series of experiments on steardensation
have been made in a Laval nozzle over a variegtasfing conditions such that the onset of condersaccurs in the
range 233 to 313 K. They have concluded that thpnita of the condensed phase is due to dropletwtro For
detailed calculations on one of the experimentsetias excellent agreement with both measuremierasghout the
condensation zone and theoretical calculationsgusia classical nucleation rate expression andlelrgpowth laws.
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At the present work, a numerical study is perforradsteam condensing flow in a 2D Laval nozzle. Hrioal
results are compared with experimental ones provigle Moses and Stein (1978). The governing equsitiomass,
energy and momentum conservation) were solved wsingmmercial code with the wet steam model couplitd
two-equations turbulence model (realizaltde- ¢ and SST k— w), in order to investigate the condensation
phenomena, analyzing different thermal parametetsival nozzle.

2. MATHEMATICAL FORMULATION
2.1. Governing equations and assumptions

The mixture flow is governed by the compressiblevidaStokes equations in conjunction with a wetasie
multiphase model. To solve the problem a CFD céd®JENT package), that adopted the Eulerian-Euleaipproach

for modeling wet steam flow, was used. The govern@guations (mass conservation, momentum, energy an
turbulence model) are stated as:
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where x; are the Cartesian coordinates; u; are the corresponding average velocity components; t is the time; p is
mixture density; P is pressure; 7;; are stress tensor componentsis average temperature; H is total enthalpy; I} is
effective thermal conductivity. The terf, is the mass source (defined to reflect the coratemms and vaporization
process);S,; contain source representing momentum exchangeebetithe water droplets and surrounding Gas;
contains the smaller terms from gradient of the rieés stress tensos,, + S; represents the total viscous stress
energy contribution; ans}, contains the interphase heat transfer.

* Equations of the Realizable k — € turbulence model:
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where k = turbulenct kinetic energy; € = turbulent energy dissipation rate; y = molecular viscosity; u, =
turbulent viscosity; G, represents the generation of turbulence kinetic energy due to the mean velocity
gradients; Y, represents the contribution of the fluctuating dilatation in compressible turbulence to the overall
dissipation rate; C, are constants; v is kinematic viscosityg, and o, are the turbulent Prandtl numbers for k and
€, respectively. The constant values of tiRealizable k — € model used in this work arer, = 1.0; 0. = 1.2; C, = 1.9.

* Equations of the SST k — w turbulence model:
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where w = turbulent energy dissipation rate; G, represents the generation of turbulence kinetic energy due to
mean velocity gradients; G, represents the generation of w; [, and T, represent the effective diffusivity of k and

w, respectively; Y, and Y, represent the dissipation of k and w due to turbulence. The constant values of tIS&T
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k — w model used in this work arer, ; = 1.176; o}, = 1.0; 0,1 = 2.0; 0,,, = 1.168; ;; = 0.075; ;, = 0.0828;
BL = 0.09.

The following assumptions are made in the wet ste@del: the volume occupied by droplets is negliggmall
and the mass fraction of the condensed ph@s@lso known as wetness factor), is smAlk(0.2); the interaction
between the droplets are neglected; the heat egehlagtween the liquid phase and the solid boundsryell as the
velocity slip between the droplets and gaseousepisasot taken into account in the model.

In this model, two additional transport equatiores i@quired. The first transport equation govehesrhass fraction
of the condensed liquid phage)(

B @ ~
7+6_3ci(puiﬁ) =T (8)

wherer is the mass generation rate due to condensatibmeaporation (kg per unit volume per second). éwond
transport equation models the evolution of the nemaensity of the droplets per unit volung: (

0+ 2 oua = pi
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wherel is the nucleation rate (number of new dropletsypitrvolume per second).

The mass generation rafein the classical nucleation theory during the eguilibrium condensation process is
given by the sum of mass increase due to nucledtimn formation of critically sized droplets) antsa due to
growth/demise of these droplets. Therefdrés written as:
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where p; is the liquid densityr is the average radius of the droplet, ands the Kelvin-Helmholtz critical droplet
radius, above which the droplet will grow and beletich the droplet will evaporate.

The nucleation raté described by the steady-state classical homogsn®aeleation theory and corrected for non-
isothermal effects is given by:
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wheregq, is evaporation coefficienk, is the Boltzmann constant,, is mass of one molecule,is the liquid surface
tension, ang, is the vapor density at temperat(re

2.2. Boundary conditions

The geometry of the nozzle was reproduced with Gaghld.6 software, as a detailed description of &pand
Stein (1978), but only half computational domairswvgafficient to represent the nozzle due to itsraginy, as shown
in Fig. 1. The mesh was constructed in order ttofolthe flow, facilitating the solution convergencehe boundary
conditions are also presented in Fig. 1, wheredted pressuré®, and total temperaturg, are prescribed in the inlet;
static pressur@ and total temperature are prescribed in the outlet.

INLET WALL
(dry steam) OUTLET
(wet stear

SYMMETRY
Figure 1. Geometry, mesh and boundary conditions
3. VALIDATION PROCEDURE
To validate the numerical procedure, the test easesidered a transonic wet steam flow under thalitons

corresponding to the experiment number 410 provickegdMoses and Stein (1978) experimental work. Thexipe
preparation of the steam used for experiment adswrecording to author’'s explanations, the pure dgeneous
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character of the observed condensation procesthein experiment (Exp. 410), it was considered with initial
moisture entering the nozzle (superheated vapdmgnwhe dry steam is supplied to the nozzle intet hence the
droplets are forming due to only spontaneous cosateon. Calculations were performed for nozzle wiitlet
stagnation conditiong, = 70727.32 Pa andT, = 377 K; and in outletP = 5000 Pa andT = 377 K. The numerical
results are compared with the experimental dakgn2.
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Figure 2. Centerline pressure distributions comgpamethe results of Moses and Stein (1978)

As shown at Fig.2, the predicted centerline prespuofile is very good for the condensation shaalation in both
turbulence models. Therefore, the agreement wiplegment is observed. The process can be analyzibe ifollowing
steps:

1. The steam expands isentropically into the conmergortion of the nozzle;

2. It crosses the vapor-liquid equilibrium line whettee saturation ratid = (P/P,)T =1, i. e. the steam is
saturated vaporP( is the liquid-vapor equilibrium pressure at theperaturel’). The point 2 may occur in the
converging (subsonic) part of the nozzle or indhesrging (supersonic) section, depending on theitimns P,
andT,. Since the expansion cools the flow at a very Inég, condensation does not appear in this point;

3. When the pressure becomes greater than the lapak \pressure (supersaturation), the nucleati@ninateases
rapidly and a very large number of stable molecalasters are formed, releasing the heat of vaptioz to the
flow deviates the thermodynamic isentropic behavidwe point at which the pressure differs from igentropic
value by 1 percent is commonly called the “onsatasfdensation”;

4. The length along the nozzle between points 3 arid Known as the “condensation zone”. At the end of
condensation zone, the thermodynamic state of &p®rvis near the equilibrium line. The processdmplet
growth slows down and the flow again begins to expand cool.

4. RESULTS

For the simulations was used the geometrical agogtd the Fig. 1, where a detailed study of mefimement was
conducted to ensure the confiability of the resultsthe validation process was shown that bothbul@nce models
reproduce a good agreement with experimental dath,only the SSTk — w model was used in the subsequent
simulations because information available in therditure report that this is the most appropriateleh for problems
similar to those presented in this paper.

The convergence criterion in all cases was theluesof the mass balance of less thafi, B3 well as the constant
velocity profile of an interaction to another.

4.1. Influence of Turbulence Intensity

The wet steam model equations contains no depepdeaineter of the turbulence, but is importannt@stigate if
any change in the level of turbulence will causeat®ns in the flow and therefore, in the amouhtondensed mass.
In that case, the thermal parameters were kepttaansvith inlet stagnation condition8, = 70 kPa and T, =
378.16 K; and in outletP = 5 kPa andT = 378.16 K. Condensation inside the nozzle is shown in Fig. 3
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Figure 3. View of the effect of turbulence on spowous Figure 4. Velocity profile and condensed
condensation. fraction along the y-axis at the nozzle exit.

Figure 3 shows a region near the wall where no epsation occurs. That fact happens because thedapun
condition on the wall establishes a non-slip cadadijt therefore, the velocity of the steam decreasihin the
turbulence boundary layer (Fig. 4) and, thus, @meperature increases across the saturation petatning to the state
of superheated vapor in this region. At such lacgtthe calculated turbulent boundary layer thiglsn®& was 1.99 mm.

The average amount of liquid mass in the nozzlewas calculated for some values of turbulencengitg in a 2

to 25% range; shown in Fig. 5.
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Figure 5. Variation of liquid mass fraction for féifent turbulence intensities.

It is noted that the fraction of liquid mass rensaapproximately constant, indicating that this pseter does not
influence the amount of condensed water to the laparmicating that such parameter only affectspghttern of flow.
For that reason, all subsequent simulations werfermeed with the value of turbulence intensity egua 10%.

4.2. Influence of Temperature

The temperature is an important parameter in tingl@osation of steam. ;
To illustrate its influence, the phenomenon of ssaturation in the nozzle
must be understood, considering the scheme showigir6. The dry steam , Pout
follows the path 1x on a Ts diagram, where the steam should condense
point a. However, as the point is located in the divergent nozzle par
condensation does not occur until the pding reached. At that point, the
condensation occurs abruptly and is called "coraténs shock”. Between / 2
the pointsa andb water occurs as steam, but the temperature isr[tvam

the saturation temperature for the given presduras, steam is a metastabl-

Figure 6. Scheme of supersaturation.
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state between andb. This means that droplets smaller than a criscad evaporate again and only droplets larger than
this critical size are formed, generating a newviestd equilibrium. The small variation in the eryois due to the
condensation shock.

To investigate how the fraction of liquid mass degeon temperature, the stagnation pressure antinence and
the exit static pressure were kept constBnt: 70 kPa andP = 5 kPa, respectively, only the steam temperature at the
entrance was varied. The results are shown in7Fig.
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Figure 7. Variation of liquid mass fraction for féifent temperatures.

The first point T = 373 K) in Fig. 7 represents the temperaturel@sec to saturation as possible to simulate. This
difficulty in simulating a flow in which the steaanters the nozzle in a state close to saturatiduésto the limitation
of the wet steam model, which assumes that theesstfactor is small. Note that as the steam temperancreases,
the average liquid mass fraction in the nozzle @éadreases to the point where no condensation ®atside the nozzle
(T = 418 K, approximately). Raising the temperatlreva that value, the steam will not cross the s#tum line and it
will leave the nozzle in the form of dry steam.

4.3. Influence of Pressure

The pressure is perhaps the most important parariretthe design of steam turbines. For this reaisomas
analyzed its influence on the process of condemsati steam inside the nozzle.

In that case, the temperature remained con8tast378.16 K while the pressure differencaP, was varied. The
phenomena of nucleation and condensation are showig. 8. The steam expands to cross the lineatfration and
then the nucleation of droplets starts to increapélly to a peak, where the growth of the steaopléts increases its
volume and hence, the amount of condensed mass.
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Figure 8. a) Condensed phase and b) Nucleatioantedine as a function of position in the nozzlés(the total length
in the x-axis).

Figure 8 shows the dynamics of condensation faetmressure differences. Observe that there istanipation of
condensation with increasing pressure differenod, that happens because, with increasing inletspresthe steam
gets near the saturated state, facilitating thedepnsation. When the pressure difference is reduaedelay in
condensation occurs, with a minimum poitdP(= 15 kPa, approximately) necessary for the st&mroross the
saturation line inside the nozzle. Further decrepiie pressure difference, no condensation occurs.
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Figure 9. Variation of liquid mass fraction for féifent pressure differences.

The minimum point can be seen in Fig. 9, which shiive average liquid mass fraction in the exitilation to the
pressure difference, established between inpubatplt nozzle.

Unlike the temperature, the liquid mass fractioeréases with increasing pressure difference tpdir where the
steam is already in the form of saturated stearnthai item is not presented due to the limitatidrihe model (not
converge for high values @).

5. CONCLUSIONS
In this work a numerical study was performed inesrtb analyze the steam condensing flow in a Laalzle.

Numerical simulations have been described and ts@d/estigate the influence of the thermal par@msebn changes
of the condensation onset by examining the regfaruoleation and growth of steam droplets alongfline direction.
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Before varying the conditions of entry of steam, amalysis of the influence of turbulence intengity the
condensate was made, representing a region ofmaensation inside the turbulent boundary layer theitvariation of
liquid mass fraction at the outlet was negligitiéen, the temperature and pressure at the entodribe nozzle were
varied and showed that the onset of condensatina mwves along the nozzle and; therefore, varesterage liquid
mass fraction in the nozzle exit. Figure 7 shovet thy raising the temperature of steam at the eo#athe point of
condensation is delayed, presenting a maximum lienthe phenomenon that occurs inside the nozzakeopposite
behavior occurs for the pressure, shown in Figyrsifce this delay is due to the decrease of presdifference
established between the input and output, withrarmim value for condensation to occur in the nazzle

Therefore, a project of the steam turbine, whickhes to avoid condensation inside it, must consluepossibility
of elevating the temperature of steam at the eoéram decrease the pressure difference establistt®een the input
and output. This is desirable, but other difficstin the project may appear due to these consiolesa
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