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Abstract: The aim of this work is to estimate the losses in steam flow through an LP steam turbine
rotor and the whole stage. Two types of losses occur in steam flow, aerodynamic (profile, secondary
flow, leakage) and thermodynamic (due to addition of heat caused by condensation). The presented
numerical results are split into two groups. First, a comparison of three different calculation methods
of steam flow is carried out. To this end, the geometry of an LP steam turbine’s last rotor is chosen.
The first examined method is the Streamline Curvature Method (SCM) used on the meridional
plane with loss correlations, the other two being commercial and in-house CFD codes, solving the
Reynolds-averaged Navier-Stokes equations for a 3D flow. The first two codes model equilibrium
steam properties below the saturation line, while the latter models non-equilibrium steam properties.
Finally, a comparison is made of the influence on loss prediction of various condensation models for
the geometry of the penultimate stage, with the use of an in-house CFD code.
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— specific entropy [J/(kg K)]

— temperature [K]
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— non-equilibrium wetness fraction [kg/kg]
— compressibility coefficient

— density [kg/m?]

— quantity increase
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Subscripts
1 — inlet
2 — outlet
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¢ — condenser
g — vapor phase
[ — liquid phase
s — isentropic quantity

Abbreviations
LP — Low-Pressure
SCM — Streamline Curvature Method

1. Introduction

Ever more reliable methods and algorithms of through-flow optimization are
devised thanks to the development of CFD numerical methods and accumulation
of knowledge on energy dissipation in thermal fluid-flow machinery flows. Together
with increased computer efficiency they enable us to abandon the simplifications of
numerical flow modeling and consider real geometries of steam turbines.

The losses in the last stages of LP steam turbines are difficult to estimate. This
is mainly due to a significant parameter change along the blade length, transonic and
supersonic flows and the two-phase character of the flow. Two types of losses have to
be considered in the last stages: aerodynamic losses due to the interaction between the
fluid and the wall boundaries and thermodynamic losses occurring during the phase
change.

Loss prediction for fluid-flow machinery has attracted the interest of many re-
searchers. There has been both experimental (e.g. [1-3]) and numerical research [4, 5]
in this field. In the method based on a numerical solution of flow-governing equations,
the losses in steam turbines are in most cases calculated with the use of an ideal gas
model. It is a justified simplification when the stages operate on superheated steam.
However, there problems may arise with proper calculation of the entropy increase
or enthalpy drop. For LP stages operating on the wet steam, an ideal gas equation
of state cannot be used as a mathematical closure of flow-governing equations, as an
estimation of entropy production would be incorrect. At the same time, the applica-
tion of a real gas equation of state creates many additional problems in the numerical
algorithm for the solution of flow-governing equations [6]. Calculations become more
time-consuming due to the additional iteration processes necessary for steam param-
eter estimation and boundary condition algorithms.

In the first part of this paper, losses are estimated on the basis of flow
parameters determined by means of three different algorithms. The first one is based
on the Streamline Curvature Method. The calculation results depend on the assumed
relations describing the energy losses. The progress in numerical modeling has made
it possible to determine the 3D flow structure more accurately. The other algorithms
used in the calculations are based on the finite volume method. The TASCflow
commercial codes and TraCoFlow, an in-house CFD code have been used. The
TraCoFlow code is able to account for thermodynamic losses caused by condensation
(the non-equilibrium model), whereas the TASCflow code uses the equilibrium dry/wet
steam model. Numerical investigations have been performed on the geometry of the
LP part of a high-output steam turbine.

In the second part of the paper, the TraCoFlow CFD code is used to investigate
the influence of different condensation models on the losses. The flow without
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condensation, with homogeneous condensation and with heterogeneous condensation
is modeled. The geometry of an LP steam turbine’s penultimate stage has been chosen
for these calculations.

2. Numerical analysis

Accurate determination of the flow field parameters is required for a correct
estimate of losses in steam flow through the turbine stage. The flow field can be
predicted by means of various physical and numerical methods. Three numerical
methods are applied in this paper: the 2D Streamline Curvature Method, the
TASCflow commercial CFD code and TraCoFlow, an in-house code.

2.1. The Streamline Curvature Method (SCM)

The classical Streamline Curvature Method is used to simulate the flow in the
meridional plane. In this method, a real gas equation of state for water steam is applied
[7]. Empirical formulas are used for energy dissipation in the conservation equations.
The losses are divided into profile, boundary and additional ones, including leakage
losses. The empirical correlations proposed by Craig and Cox [8] are used save for
long blades, where the relations given by Aleksejeva [9] are implemented.

2.2. TASCflow (commercial CFD code)

TASCflow v.2.11.1 [10] is a code widely used for turbomachinery applications.
TASCflow is based on the averaged Navier-Stokes equations employing the finite
volume method (FVM) with an implicit, multi-block algorithm. The solution strategy
is based on the algebraic multi-grid method. TASCflow provides many types of
turbulence models. In this case, turbulence is modeled with the use of Menter’s SST
(Shear-Stress-Transport) model [11, 12]. In TASCflow, the real gas flow is modeled
using an approximation of water steam tables. The equilibrium model for a two-phase
flow has been assumed in the presented calculations.

2.3. TraCoFlow (in-house CFD code)

The third method for predicting the flow field is an in-house CFD code. The nu-
merical simulation is based on time-dependent, 3D Reynolds-averaged Navier-Stokes
equations coupled with a two-equation turbulence model (the k-w SST model), with
additional mass-conservation equations for the liquid phase (two for homogeneous
condensation and one for heterogeneous condensation). The set of governing equa-
tions is closed by a ‘local’ real-gas equation of state [6]. The application of a real
gas equation of state as a mathematical closure of partial-differential equations com-
plicates the numerical algorithm significantly. The idea behind the use of a real gas
equation of state has been to create a very accurate equation as simple in mathemat-
ical form as possible. As the flow through turbine stages takes place within a limited
range of steam parameters, an equation of state covering the whole region of super-
heated steam is not necessary. A simple mathematical form can be very accurate only
in a small parameter range. Therefore, a new form of the equation of state for real
gases has been created (Figure 1).
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Figure 1. Mollier’s diagram of the “local” real gas equation of state near the saturation line
The mathematical form of the applied real-gas equation of state, Equation (1),

is similar to the virial equation of state with a single virial coefficient:

p
p-R-T

=z(T,p)=A(T)+B(T)-p, (1)
where

AT)=ag+a1-THay -T2,

B(T)=bg+by-T+by - T

Coefficients a;, b; (i =0...2) of polynomials A(T) and B(T') are functions of tempera-
ture only and can be found from an approximation of the thermodynamic properties of
steam TAPWS-IF’97 [13]. The equation is represented with a relatively uncomplicated
approximate surface (see Figure 2).

Equation (1) is called the ‘local’ real-gas equation of state, as — because of its
simple mathematical form — it can be applied locally in a limited parameter range.

This form of the ‘local’ real-gas equation of state can be applied to various
arbitrary real gases, including steam. For modeling the ideal gas flow, it is enough to
assume that ag =1 and ay, as, by, b1, by =0.

For two-phase flow, it is assumed that the volume occupied by droplets is
negligibly small. The droplets formed by homogeneous nucleation are very small and
growing. The interaction between the droplets has been neglected in the model, as has
been Heat exchange between the liquid phase and the solid boundary, and the velocity
slip between the vapor and the liquid phase. The non-slip assumption is much less
significant than the effects of thermal non-equilibrium [14]. On this assumption, the
momentum conservation equations may have the same form as for single-phase flow.
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Figure 2. Approximate surface of the IAPWS-IF97 properties

The conservation equations have been formulated for the two-phase mixture with the
specific parameters calculated with the following relations:

h=hg(l=y)+hy,  s=sg(l=y)+siy,  p=pg/(1-y). (2)

The value of the non-equilibrium wetness fraction, y, has been calculated from
the conservation equations for the liquid phase.

The condensation phenomena have been modeled on the basis of the classical
nucleation theory of Volmer, Frenkel and Zeldovich, well-suited for modeling technical
flows [15, 16]. In this theory, the rate of formation of droplet embryos per mass unit
of mixture, J (the nucleation rate), the droplet growth rate, dr/dt, and the critical
droplet radius, 7+, have to be modeled. The nucleation rate, J, is calculated with the
correction factor proposed by Kantrowitz [17]. The equation of droplet growth for
steam flow requires a relation valid for a wide range of Knudsen numbers. Therefore,
the continuous model proposed by Gyarmathy [18] is used in the presented method.

For heterogeneous condensation on insoluble particles, an additional equation
has to be solved for the liquid phase. The model of heterogeneous condensation on
soluble particles is based on [19].

The system of governing equations is solved on a multi-block structured grid
with the finite volume method and integrated in time with the explicit Runge-Kutta
method. In time integration, the fractional step method is used to split the equations
into homogeneous and inhomogeneous parts in order to introduce various time steps
for the flow and condensation calculations.

The MUSCL technique has been implemented to approach the TVD scheme
with the flux limiter to avoid oscillations. A detailed description of the method can
be found in Wréblewski [20] and Dykas [6].

2.4. Loss coefficient

There are many loss coefficients used in loss estimation for cascade flow. The
basic correlation uses increase in entropy and is known as the cascade (or entropy)

loss coefficient:
TQAS TQAS
(=45 =

- 1,2°
51}25 Ah5+5’01

3)
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In the case of flow through rotors, relative velocities are used in Equation (3),
absolute velocities have to be used for stators. For 3D test cases the coefficient is
calculated along the blade’s length from circumferentially mass-averaged values. In
the Streamline Curvature Method, the parameters are treated as circumferentially
averaged.

3. Calculation results

A numerical analysis was carried out for the geometry of the last stage rotor
and for the penultimate stage of a 200MW LP steam turbine. Boundary conditions
at the inlet and outlet for the TASCflow and TraCoFlow CFD codes were determined
from results obtained with the Streamline Curvature Method, which assured the same
boundary conditions for all the performed calculations. The Streamline Curvature
Method was used for calculations of the flow through the whole LP part of the steam
turbine. It made it possible, with known inlet and outlet conditions for the LP part,
to determine the radial parameter distributions in the gaps between blade rows and
to locate condensation.

Exactly the same numerical grid was applied for the TASCflow and TraCoFlow
CFD codes. The calculation results represent the steady flow field, which means that
the presented losses are time-averaged. A mixed-out technique was used model the
stator-rotor interaction. In the last stages of the LP steam turbine the flow has a strong
3D character and the stream line is difficult to identify. Therefore, the losses were
calculated using mass-averaged flow parameters at the inlet and outlet.

A very important parameter of the turbine flow is the power generated through
the stage. Therefore, beside the cascade loss coefficient, stage power was used as an
additional parameter for comparison. It was calculated for the TraCoFlow results
only.

Stage power was calculated with two methods. In one method, the resultant
moment was determined from static pressure distribution on the rotor blade surface.
With rotation speed and a known number of blades, power could be calculated. The
advantage of this method is that it is enough to model the flow through the rotor to
estimate the whole stage power. In the other method, power was calculated with the
use of enthalpy drop in the stage and the mass flow rate. The power calculated with
both methods should have the same value. In the case of the TraCoFlow CFD code,
the difference between these two methods of power estimation was less than 0.5%.

3.1. LP steam turbine’s last rotor

The rotor geometry of the LP steam turbine’s last stage was chosen for
comparison of the different methods of flow field prediction (Figure 3). The gap
between the rotor’s tip and the casing was not modeled and thus leakage losses
were neglected. Two different operating conditions were considered for the last stage,
relatively far from the nominal load. They correspond to the power of N = 140MW
by two values of pressure in the condenser (p.=2.7kPa and p. = 3.7kPa), as under
these conditions condensation starts in the last stage. The radial distributions of inlet
angles and total parameters at the rotor’s inlet were determined for both cases by
means of SCM.
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Figure 3. Geometry for an LP steam turbine’s last stage rotor

The computational domain was discretized with a structural multi-block grid.
The dimensionless distance of the first grid line from solid walls, y™, was less than 1.5.
Numerical grid for the last rotor consisted of about 260000 nodes. The Reynolds
number calculated with the total parameters at the inlet, the inlet speed of sound
and the blade chord was Re=0.17-10°.

Our earlier research has demonstrated that for the methods used here the
number of grid points close to 250000 for one blade row makes the solution grid
independent. A further increase in the number of grid points does not alter the flow
field significantly and or change the values of the loss coefficient (for steady flow
without tip leakage).

A comparison of the loss coefficient’s distributions calculated using different
methods of flow field prediction is shown in Figure 4. In this case, the loss coefficient
distributions along the blade span are relatively close to each other. There is relatively
good agreement between the SCM and TraCoFlow calculations with the adiabatic
flow model (without condensation), which is attributable to wetness losses not being
modeled in SCM. In both cases, the greatest losses were incurred for the flow with
homogeneous condensation modeled by the TraCoFlow code.

TASCflow models an equilibrium wet steam flow and the loss coefficient distri-
bution calculated on the basis of its results is lower than for the flow with condensation
and higher than for the adiabatic flow.

In the case with higher pressure in the condenser, the outlet wetness is higher
than in the case with lower outlet pressure, as expansion proceeds with lower values
of entropy.
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Figure 4. Comparison of the loss coefficient for last stage rotor
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Table 1. Values of stage power calculated with the TraCoFlow CFD code

adiabatic homogeneous condensation
power [MW] 2.95 3.05
N =140MW, p. =3.7kPa
power [MW] 3.12 3.07
N =140MW, p. =2.7TkPa

8000
7500
7000
6500
6000
5500
5000
4500
4000
= 3500
- 3000
2500
2000

Figure 5. Pressure distribution P [Pa] at the tip section for the last stage rotor for N =140MW
and p. = 3.7kPa (TraCoFlow results)

Additionally, the power generated through the last stage rotor was determined
with the TraCoFlow code. Table 1 shows a comparison of power for the flow with and
without homogeneous condensation.

Apparently, in some cases condensation may increase the power slightly in
comparison with the adiabatic flow, in spite of the losses caused by the condensing
flow being higher (Figure 4). This may be due to the change of the shock wave moving
from the trailing edge to the suction side of the blade (Figure 5). The weakness of this
shock wave causes a decrease in the pressure on the suction side, which may affect
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Figure 6. Numerical grid at mid-span for stage calculation (~ 240000 nodes for each blade row)

power. Besides, we consider that the entropy loss coefficient, Equation (3), depends
not only on As but also on the outlet temperature and velocity. Usually, the outlet
temperature for diabatic flow is higher than for adiabatic one. In effect, with an
insignificant difference in As between diabatic and adiabatic flows, the loss coefficient
for diabatic flow can be much graeter than for adiabatic one.

3.2. LP steam turbine’s penultimate stage

It is clear, e.g. from the former calculations, that the flow model has a significant
influence on the value of losses in a wet steam flow. The TraCoFlow code has been
chosen to investigate various wet steam models, as only this code enables one to
calculate the wet steam flow with different condensation models. In TASCHlow v.2.11.1,
the homogeneous condensation model (NES) is implemented too, but we were unable
to obtain satisfactory results with this code, even for a 2D cascade flow and with the
help of CFX experts.

For this comparison, the geometry of the penultimate stage of another
large-output steam turbine was selected. The number of nodes for each blade row was
about 240000, with yT of less than 1.5 (Figure 6). The total parameters at the inlet
were pg = 52000Pa, Ty = 373.15K, while the outlet static pressure was p,,; = 22000Pa.
The Reynolds number for this flow case was Re=1.1-10°.

Four types of flow were applied for comparison: flow without condensation
(adiabatic flow), flow with homogeneous condensation, and flow with heterogeneous
condensation on insoluble and soluble particles (NaCl). A concentration of 10'°
particles per cubic meter and the radius of 10~ meter were assumed for heterogeneous
condensation.

The obtained span-wise distributions of the loss coefficient are presented in
Figure 7. The loss coefficient for the stator, Equation (3), was calculated with absolute
velocities. As in the previous cases, relative velocities were used for the rotor. An
increase of the loss coefficient for diabatic flow with heterogeneous condensation has
been observed for the stator. It is connected with the appearance of the liquid phase at
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Figure 7. Span-wise distribution of the loss coefficient for the penultimate stage:
(a) stator, (b) rotor

the stator’s outlet (see Figure 8). In the rotor, heterogeneous condensation produces
lower losses than homogeneous one, as in the case of homogeneous condensation
a rapid increase of pressure and entropy is observed.

Figure 8 shows the static temperature and wetness fraction distributions in
the blade-to-blade channels at the mid-span of the stage blades. The outlet value
of the wetness fraction is very similar for all types of condensation and equals
~3.5%. For the flow with homogeneous condensation, the wetness fraction has been
observed only in the rotor (homogeneous condensation starts, as usual, close to the
transition from sub- to supersonic flow — the Mach number close to 1). Heterogeneous
condensation shifts the wetness fraction upstream towards the stator. In the case of
condensation on soluble particles, formation of the wetness fraction starts just above
the saturation line.
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Figure 8. Parameter distribution in the stage at mid-span:
static temperature T'[K] (left) and wetness fraction Yhom + Yhet [kg/kg] (right)

The calculated power for the penultimate stage and the mass flow for all four
flow models are presented in Table 2.

The higher power and mass flow have been observed for the flow without con-
densation. The drop in power and mass flow in comparison to the adiabatic flow is
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Table 2. Values of stage power and mass flow calculated with the TraCoFlow CFD code

adiabatic homogeneous heterogeneous heterogeneous
condensation condensation condensation
on insoluble particles on soluble particles
power [MW] 7.41 7.33 7.34 7.32
mass flow [kg/s] 63.25 62.75 62.58 62.4

similar for all condensing flows, which suggests that the condensation model does not
influence the change of power and mass flow significantly. The value of the outlet wet-
ness fraction is similar in all cases, only the location of condensation is different. It is
known from earlier calculations [6] that flows with mixed homogeneous/heterogeneous
condensation have the strongest effect on the losses and power. In the presented
heterogeneous flow on insoluble and soluble particles, condensation is almost purely
heterogeneous.

4. Conclusions

Three methods of fluid flow calculation are used to estimate the loss coefficient
in the last stage rotor. The presented methods use different dry/wet steam models.
The finite volume calculation methods, TASCflow and TraCoFlow, are compared with
the Streamline Curvature Method with empirical correlations for loss coefficients. The
elaborated in-house CFD code allows calculating a steam-condensing flow in LP steam
turbine stages for a wide range of operating parameters.

An analysis of losses in a flow without condensation, with homogeneous
and heterogeneous condensation, has been carried out. The influence of impurities’
concentration on the losses has also been investigated. The in-house code has been
used for condensing flows. A comparison of results obtained with TraCoFlow and
TASCflow has shown:

e good correspondence between the flow field parameters for the flow without
condensation,

e good correspondence in the modeling of steam (real gas) properties. (The
simplest equation of state used in the in-house code has given results identical
to those of the virial equation of state with three virial coefficients applied in
TASCflow.)

Qualitatively, all three methods have given similar loss coefficient distributions.
The differences have resulted from the different flow models assumed in the calcula-
tions.

The Streamline Curvature Method is suitable to determine the inlet and outlet
boundary conditions for TASCflow and TraCoFlow 3D calculations. Radial parameters
distributions in blade row gaps can be obtained from calculations for the whole LP
part.

The following conclusions can be drawn for a 3D flow through the penultimate
stage of an LP steam turbine:

e for the flow with heterogeneous condensation wetness appears earlier,
e the solubility of particles may alter the location of condensation in the turbine
stage,

tq210s-e/189 1112007 BOP s.c., http://www.bop.com.pl



190

S. Dykas and W. Wréblewski

the flow with homogeneous condensation is the worst with respect to efficiency
and losses, and

the influence of impurities on the flow field is significant, but it is very difficult
to determine the distribution, size, type and impurities’ concentration in a real
turbine.

Thermodynamic losses have to taken into account in order to estimate losses in

a wet steam flow correctly. It is impossible to calculate these types of flows properly

with the adiabatic model (especially with an ideal gas equation of state).
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