Please find the published version at: https://doi.org/10.1016/j.applthermaleng.2021.116748

Wet steam flow and condensation loss in turbine blade cascades
Chuang Wen', Yan Yang'”, Hongbing Ding?, Chungian Sun?, Yuying Yan':3"
"Faculty of Engineering, University of Nottingham, Nottingham NG7 2RD,

United Kingdom
2School of Electrical and Information Engineering, Tianjin University, Tianjin
300072, China
3Research Centre for Fluids and Thermal Engineering, University of Nottingham
Ningbo China, Ningbo 315100, China
*Corresponding author: Yan Yang, yanyang2021@outlook.com
Yuying Yan, yuying.yan@nottingham.ac.uk
Abstract: This study develops a wet steam modelling to solve the phase change process
inside the blade cascade of a steam turbine. The comparative study is carried out to
understand the impact of the dry gas model and wet steam model on predicting the flow
behaviours in a steam turbine. The effect of the cutback of the trailing edge on the flow
structure and nonequilibrium condensation is evaluated in blade cascades. The results
show that the dry gas assumption without considering the phase change process predicts
fraudulently flow separations near the trailing edge to induce oblique waves. The
maximum liquid fraction can reach approximately 0.051 based on the wet steam flow
modelling. The condensation-evaporation processes in the blade cascades cause a
condensation loss of 0.118 MW. The stronger expansion flow is obtained to induce the
earlier onset of the homogeneous nucleation process with an increasing cutback of the

trailing edge. The 21% cutback of the trailing edge leads to strong flow separations on
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the suction side to severely deteriorate the flow condition in blade cascades. It suggests
that the cutback of the trailing edge by 14% is acceptable to repair damaged blades
considering the flow structure, nonequilibrium phase change and condensation loss.
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Nomenclature
CFD computational fluid dynamics r droplet radius, m
SST  shear stress transport re critical droplet radius, m
a experimental value R?  root-mean-square, -
b numerical value Rv gas constant, J-K-' - mol!
E total energy, J kg S degree of supersaturation, -
hiy  latent heat, J kg"! t time, s
J nucleation rate, m= s-! T temperature, K
Ks Boltzmann's constant, 1.38 X103 u velocity, m-s’!
JK! Vi droplet volume, m?
Kn  Knudsen number, - X Cartesian coordinates, m
Ldr  condensation loss, MW y liquid fraction, -
m;  mass generation rate due to f modelling parameter, -
nucleation process, kg m= s°! y specific heat ratio, -

m;  mass generation rate due to AG  Gibbs free energy, J
droplet growth process, kgm3s! AT  subcooling, K

Min  liquid flow rate at the inlet Ay vapour conductivity, W-m1-K-!
boundary, kg s! v modelling correction coefficient, -
Moyt liquid flow rate at the outlet p density, kg m
boundary, kg s’! o surface tension, N-m™!
my  mass of a vapour molecule, kg 7j viscous stress tensor, kg m™ s
N droplet number per volume, m> ¢ temperature correction
p pressure, Pa coefficient, -
Pr Prandtl number, - c critical condition
Qe condensation coefficient, - I Cartesian tensor notation
gar  condensation loss coefficient, - | liquid phase
Qe effective heat flux, W m S saturation condition
v vapour phase

1. Introduction

The liquid phase inside the blade cascades of a steam turbine [1] can cause energy



losses and erosion-corrosion issues to reduce the reliability of the equipment [2, 3].
Therefore, one of the essentials is to understand the wet steam flow and condensation
loss inside blade cascades. Bakhtar et al. carried out experimental measurements of
turbine blades including the pressure distributions in the nucleation steam [4], and the
pressure distribution [5] and droplet sizes [6] in wet steam flows. White et al. [7]
proposed and designed an experimental rig to measure the blade wall pressures and
Schlieren flow pictures in a steam turbine. Yousif et al. [8] experimentally investigated
the nonequilibrium condensations inside low-pressure steam turbine cascades, and the
pressure distribution and isentropic Mach number were measured on pressure and
suction sides. Dykas et al. [9-11] performed the experimental studies in the blade
cascade to identify the blade surface pressure distributions and obtained the Schlieren
pictures of the flow structures inside the steam turbines.

The computational fluid dynamics (CFD) modellings were developed to study
flow features inside steam turbines[12, 13]. Bakhtar et al. [14] studied Runge-Kutta and
Denton time-marching computational schemes on the prediction of the nucleation flows
inside a steam turbine and they suggested that the two schemes agreed well with
experimental data. Wroblewski et al. [15] utilised a condensing flow modelling to study
Laval nozzles, two-dimensional and three-dimensional turbine blades and they found
that the predicted condensed droplets were smaller than the experimental tests in low-
pressure conditions, which were larger for high-pressure steams. Ding et al. [16]
investigated the entropy and exergy issues in a steam turbine in the presence of surface

roughness and they reported that the increasing roughness caused the increase of the



entropies and exergy destructions. Vatanmakan et al. [17] numerically studied the
entropy generations in a steam turbine in the presence of the condensing flows and they
showed that the condensation could be reduced via heating the blade surfaces. Zhang
et al. optimised the steam turbine blade by inserting a flow channel into the blade and
they found that the condensation region could be reduced to improve the blade
performance [18-21]. Dykas & Wrdblewski [22] developed a two-fluid condensing
flow modelling to solve separately vapour phase and liquid phase governing equations
and they observed velocity slips between these two phases in the steam turbine. Han et
al. [23] proposed a two-fluid condensing flow modelling to clarify the influences of the
surface heating on blade performances and their numerical investigation showed that
the surface heating could restrain the nonequilibrium condensations in the steam
turbines. Ebrahimi-Fizik et al. [24] used the non-uniform rational B-splines mesh
generation methods to investigate the wet steam flows in a steam turbine and they
reported that the prediction of pressure and droplet radius could be improved by 35.64%
and 78.44%, respectively. Cao et al. [25] investigated the condensed droplet distribution
in a three-dimensional steam turbine, and they found that the vortexes could influence
the locations, numbers and sizes of the condensed droplets in the steam turbine. Yazdani
& Lakzian [26], Ding et al. [27] employed the Eulerian-Lagrangian method to solve the
nonequilibrium condensation in steam turbines.

With the great effort of the aforementioned studies, the phase change of the steam
in the blade cascade still needs to be further investigated. Considering the literature

survey, the novelty and contents of this work are:



(1) A two-phase wet steam modelling is developed to evaluate nonequilibrium
condensations inside steam turbines. The qualitative and quantitative analyses are
carried out to study the effect of the dry gas and wet steam models on predicting flow
features in turbine blades. Specifically, the evaporation of the condensed droplets is
revealed and the condensation loss is investigated considering the condensation-
evaporation processes.

(2) The trailing edge of the steam blades may suffer deterioration due to the
particles in the wet steam flow and one of the typical repair methods is to cut back the
trailing edge [28]. The effect of the cutback of the trailing edge on the blade
performance is evaluated using the wet steam flow model. The nonequilibrium
condensation and condensation loss are discussed in different cutback levels of the
blade to show how the cutback of the trailing edge affect the flow structure in the blade
cascades.

This work provides a detailed and quantitative evaluation of the nonequilibrium
condensation of steam in turbine blade cascade, and the effect of the cutback of the
trailing edge on the blade performance is evaluated. This will be useful for the design
and operation of a steam turbine and provides an understanding of fluid dynamics and
thermal process for the application of a steam turbine.

2. Mathematical modelling

2.1. Governing equations

The Eulerian- Eulerian approach is employed for a steam turbine assuming that
the spontaneous condensation is considered without involving external solid

impurities/particles in the numerical simulation [29, 30]. The unsteady compressible



conservation equations of mass, momentum and energy are employed to govern the

two-phase wet steam flows inside a steam turbine [31, 32].
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Two scalar equations are utilised to describe nonequilibrium condensation

processes in steam turbines [33, 34]:
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where y and N are the liquid fraction and droplet numbers during the nonequilibrium
condensation process in transonic flows [35].
2.2. Spontaneous condensation

During the spontaneous condensation process in transonic flows, the molecular
clusters need to overcome the free critical energy barriers to form a droplet without the
existence of external seeds, which contains the homogeneous nucleation process and
droplet growth process. With the assumption of a spherical droplet, the Gibbs free
energy can be expressed as:
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The critical radius of a droplet can be obtained when the Gibbs free energy reaches

the maximum value:
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The classical nucleation theory is employed here to describe the homogeneous

nucleation rate, J [36], which is given by
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where ¢ is the temperature correction coefficient:
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The droplet growth rate dr/dt [37, 38] is calculated by:
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The liquid mass generation rates per volume during the phase change process
includes M, (kg s' m>) contributed by the homogenous nucleation process and M,

(kg s'' m) contributed by the droplet growth process.
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The relationship between the liquid fraction and numbers of liquid droplets can

be expressed as:

NV (aln) as
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where Vy is the droplet volume.

The thermodynamic parameters are crucial to calculate the physical properties of
water vapour during the nonequilibrium condensation in supersonic flows. In this
numerical simulation, the REFPROP database NIST model [39] is employed to predict
the water vapour properties. The NIST real gas model accurately represents the
thermodynamic properties in the temperature range of 251.165 - 2000 K and for
pressures up to 1000 MPa, which has been employed for the prediction of
nonequilibrium condensations in supersonic flows [40].

2.3. Numerical implementation

For the modelling implementation, the two scalar equations (4) and (5), and source
terms in equations (6) - (17) are interpreted by the C programming [41, 42] and are
integrated into ANSYS FLUENT 18. The density-based approach is employed to solve
the wet steam flow in steam turbines, and the second-order upwind discretization is
used for the flow, turbulence and droplet number and liquid fraction equations. The
thermophysical properties like the density [43], viscosity [44], specific heat capacity
[45] and thermal conductivity [46] are used for the steam. The k- SST turbulence
modelling [47, 48] is utilized for solving the steam turbine based on its accuracy for the
condensing process [49] in transonic flows [50]. The turbulent intensity and turbulent
viscosity ratio are chosen at the inlet (5% and 10 in this study) and outlet (10% and 10
in this study) boundaries. The inlet velocity direction is set perpendicular to the inlet

boundary and the outlet velocity direction is calculated from the upstream neighbouring



cell. The convergence criteria in this study are below 1.0 x 10 for all dependent
variables and the relative difference of mass flow rate between the inlet and out
boundaries is lower than 0.0005%.

2.4. Physical model

The steam blade in Bakhtar et al experiments [51] is used here for the numerical
simulation, as shown in Fig. 1. The axial chord and pitch of the blade are 25.27 mm and
18.26 mm, respectively. The boundary conditions for the numerical simulations are
described in Fig. 1, including the pressure inlet for the entrance, pressure outlet for the
exit, the periodic boundary for upstream and downstream regions of the blades, no-slip
and adiabatic walls for the pressure side and suction side.

The structured quadrilateral mesh is generated for the blade cascade using ANSYS
ICEM CFD. The mesh independent tests are studied based on four different grid
densities including 8800 (coarse), 22400 (medium), 45600 (fine) and 92800 (refined)
cells. The wall pressure on the steam blade cascade in Fig. 2 (a) and the nucleation rate
along the flow direction in Fig. 2 (b) are compared in detail. The static pressure
downstream the nucleation process is over-predicted by the coarse mesh compared to
the medium, fine and refined meshes. Also, the coarse mesh predicts the earlier onset
of the nucleation rate than the other three cases. The fine and refined meshes calculate
similar wall pressure and nucleation rates than the medium one. Therefore, the fine
mesh of 45600 cells is used for wet steam flows inside the steam blade considering

computational accuracy and costs.
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Fig. 1 Geometry, boundary conditions and computational grid of the steam blade in

Bakhtar et al experiments [51]
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3. Results and discussion
3.1. Validation of wet steam flow in supersonic nozzles

A supersonic nozzle [52] is first employed to validate the wet steam modelling.
The detailed geometry, size and mesh can be found in Fig. 3 (a) and (b). The root-mean-
square (R?) defined in Eq. (17) is used to evaluate the errors between numerical and
experimental results [53-55]. The comparison results and error analysis are shown in
Fig. 3 (¢) and (d). The numerical pressures agree well with experimental data with the
root-mean-square (R?) of approximately 0.9990. The relative error between the
numerical and experimental droplet radius is 5.94%. Furthermore, the expansion line at
the central line of the supersonic nozzle is described in the enthalpy-entropy diagram
considering the nonequilibrium condensations in supersonic flows, as shown in Fig. 4.
The comparison between the expansion line and saturation line illustrates that the steam
presents dramatically nonequilibrium state to induce the phase change in supersonic
flows. The enthalpy-entropy line further validates the accuracy of the thermodynamic
properties in modelling the nonequilibrium condensation in supersonic flows. Thus, the
developed CFD model accurately predicts the flow feature of the steam condensation
in supersonic flows.

(a-b, )2
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where a; and b; are experimental and numerical values.
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Fig. 3 Geometry, mesh, boundary conditions, numerical and experimental results, and

error analysis of wet steam flow in a supersonic nozzle
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Fig. 4 Enthalpy-entropy diagram at the central line of the Moore et al. nozzle [52]

considering the nonequilibrium condensation process
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3.2. Validation of wet steam flow in turbine blades

This section further validates the wet steam modelling for a steam blade in Bakhtar
et al experiments [51]. In the experimental tests, the pressure distributions are tested on
blade surfaces and the droplet sizes are measured at the exit. Figure 5 describes the
numerical and experimental wall pressures and droplet sizes. The root-mean-square (R?)
of the wall pressure between experiment and simulation is shown in Fig. 6. The
developed wet steam model predicts good results for the pressure side and the root-
mean-square (R?) subsequently reaches 0.9950 although there are two large differences
near the trailing edge. For the suction side, the CFD model agrees well with the
experimental measurement in the upstream region of the condensation and accurately
captures the condensation shock. In the near region downstream the condensation, the
numerical wall pressures are lower than the experimental value. The R* between
experimental and numerical pressures are approximately 0.9993 for the suction side.
For the droplet size comparison, the experimental droplet radius is 0.057 pm at the
blade cascade exit, while the numerical averaged droplet radius at the exit plane of the
cascade is approximately 0.046 um. The relative error between the experimental and
numerical droplet radii is around 19.3% at the cascade exit. In general, the developed

wet steam model can predict wet steam flows inside blade cascades of a steam turbine.
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Fig. 6 Root-mean-square (R*) between numerical and experimental wall pressures in
Bakhtar et al steam blades [51]
3.3. Flow features in steam blade cascades
This section compares the dry gas model and wet steam model for predicting the
flow structure inside blade cascades. The computational boundary condition is

described in Table 1. Figure 7 shows the Mach number, static pressure and static
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temperature in steam turbines. The dry gas model predicts a strong flow separation near
the trailing edge, which is demonstrated by the steep pressure rise at x/x., = 0.828 in
Fig. 7(d). The flow separation phenomenon further induces the complex oblique waves,
which can be observed by the pressure contours in Fig. 7(a), temperature contours in
Fig. 7 (b), Mach number contours in Fig. 7(c) and the profiles of the temperature and
Mach number in Fig. 7(e). The reason is that the condensation processes weaken the
steam expansion in supersonic flows and change the flow structure in the turbine blades.
For the dry gas assumption, the Mach number is approximately 1.40 at the reflection
point of the suction wall, where the Mach number is only 1.09 for the wet steam model
as shown in Fig. 7(c). The interaction between the steam expansion flow and the suction
wall of the blade generates the unrealistic phenomenon of the oblique waves in the dry
gas model. The wet steam model predicts the nonequilibrium condensation when the
supersonic flow is achieved inside blade cascades, which generates the condensation
shock during phase change processes. As shown in Fig. 7(d), the Wilson point [56] of
the nonequilibrium condensation is at x/x., = 0.859 and subsequently improve the flow
structure near the trailing edge.

During the spontaneous condensation, the latent heat is released to induce a static
pressure rise to form the condensation shock. Subsequently, the static temperature
downstream the condensation shock by the wet steam modelling is dramatically higher
than the dry gas modelling. The wet steam model predicts the static temperature
downstream the condensation shock higher than 375 K, while the dry gas gives 324 K

at x/xc» = 1.113, where the temperature difference can reach 51 K. Furthermore, the wet
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stteam modelling computes a maximum Mach number of 1.16 compared to the
maximum value of 1.41 for the dry gas model. It indicates that the dry gas model over-
predicts expansion characteristics of the steam in the blade cascade of a steam turbine
because it neglects the heat and mass transfer during nonequilibrium condensation
processes.

Table 1 Boundary conditions for steam blade cascades

Boundary conditions Blade inlet  Blade outlet  Fluid and walls

Total pressure 172000 Pa 83560 Pa Wet steam flow
Total temperature 380.7 K 380.7 K No-slip, adiabatic walls
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Fig. 7 Flow structures in the steam blade with dry gas and wet steam models: contours
of the static pressure (a), contours of the static temperature (b), contours of the Mach
number (c), profiles of the blade wall pressures (d) and profiles of the static
temperature and Mach number at the middle line of the flow channel (e)

The nonequilibrium condensation processes inside blade cascades are shown in

Fig. 8, including the degree of supercooling, nucleation rate, mass generation rate,
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droplet radius, droplet number and liquid fraction, respectively. It can be seen that the
degree of supercooling increased due to steam expansions inside the flow channel of
blade cascades. The maximum degree of supercooling is approximately 37 K to form
an extremely nonequilibrium state of the steam to generate the homogeneous nucleation
process in the flow channel. The maximum value of the nucleation rate is 2.42 x 10%
m> s, as shown in Fig. 8 (b). The degree of supercooling stays at around 7 K
downstream the nucleation region to induce the droplet growth process, which
generates a large amount of stable condensed droplets. The maximum droplet number
can reach 7.57 x 10'® m and the maximum droplet radius is approximately 0.053 um
inside blade cascades. The generation of the condensed droplets releases the latent heat
to the vapour phase. The mass generation rate contributed by the homogeneous
nucleation and droplet growth processes determines the heat and mass transfer during
nonequilibrium condensations inside blade cascades for a steam turbine. In this
simulation, we can see that the maximum value of the mass generation rate can reach
2374 kg m™ s in the close region downstream the trailing edge. Also, it can be
observed that the mass generation rate represents -1161 kg m> s! further downstream
the flow channel, which indicates that the condensed droplet evaporates into the vapour
phase. This is also demonstrated by the distribution of the liquid fraction which
achieves the peak value of approximately 0.051 in this case. The condensation and
evaporation processes in the blade cascade increase the energy loss in a steam turbine.

Figure 9 illustrates the enthalpy-entropy distribution at the middle line in the flow

region from the inlet to the blade outlet, which does not include the downstream flow
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channel of the blade cascade. The expansion line demonstrates the supersaturation state
at the inlet of the blade cascade with the given pressure and temperature conditions.
The steam goes further to become an extremely nonequilibrium state due to the
expansion in the blade cascade. A jump of entropy is also observed due to the
condensation process in the transonic flows in the turbine blades. This indicates that the
heat and mass transfer is essential to evaluate the condensation loss of steam in turbine
blades considering the changes of the entropy and enthalpy due to the phase change
process.

The massive droplets during the nonequilibrium condensation in the blade cascade
not only results in the energy loss but also can impact on the blade surface to cause the
erosion issue, which both can influence the efficiency and reliability of the steam
turbines [57]. To evaluate the energy loss of the steam turbine, the following equation

is employed to quantitatively analyse the condensation loss [58, 59].

Ldr = qdr (mout - min )hfg (18)

where Ldr is the condensation loss, ga- is the condensation loss coefficient, mou: and m;y,
are liquid flow rates at the outlet and inlet of blade cascades.

Table 2 describes the condensation loss due to the nonequilibrium condensation
inside blade cascades of a steam turbine, including the latent heat, liquid mass flow rate
and the condensation loss. It can be found that the formation of the condensed droplets
an irreversible process and subsequently can result in condensation losses up to 0.118
MW in this evaluated blade cascade.

Table 2 Condensation loss in the blade cascade of a steam turbine
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hfg Min Mout qdr Lar
(kJ/kg) (kg/s) (kg/s) () MW)

2304.462 0.00 0.0510 1.00 0.118
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Fig. 8 Non-equilibrium condensation parameters in blade cascades of a steam turbine
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3.4. Effect of trailing edge on wet steam flows in blade cascades
In this section, we evaluate the effect of the cutback of the trailing edge on the
blade performance in a steam turbine. The cutback level is defined as the ration of
cutting the axial distance to the axial chord of the blade. The wet steam flow structures
are analysed in detail based on four different cutbacks of the trailing edge including the
original blade, 7%, 14% and 21% cutback, as shown in Fig. 10. The wall pressures on
the blade surfaces under four different cutbacks of the trailing edge are illustrated in
Fig. 11. It can be seen that the wall pressure of 7% cutback of the trailing edge is almost
the same as the ones of the original geometry. When the cutback level of the trailing
edge increases to 14% of the blade, the wall pressures on both pressure side and suction

side show a slight divergence from the original geometry. The cutback of the trailing
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edge by 21% results in dramatic changes of the wall pressure distributions, which

significantly diverges from the original operating conditions.

21% Cutback

14% Cutback
7% Cutback

Original §

Fig. 10 Strategy of the cutback of the trailing edge of the steam blade
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Fig. 11 Wall pressures on the steam blade surface under four different cutbacks of the
trailing edge of the steam blade
The static pressure contours, Mach number contours and streamlines under four
different cutbacks of the trailing edge of the steam blade are described in Figs. 12 - 14.
We can see that the increase of the cutback of the trailing edge induces a stronger

expansion of the steam in the blade cascade, which leads to lower static pressures and
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higher Mach numbers in the cascades. As shown in Table 3, the Mach number for the
original geometry of the trailing edge is about 1.16. The 14% and 21% cutbacks of the
trailing edge will result in the increase of the Mach number to 1.44 and 1.52,
respectively. In these cases, the interaction between the stronger expansion flow and
the blade surface induces more complicated flow structures in the cascades, i.e. the
oblique waves become more violent as a result of the increasing cutback of the trailing
edge. Combining with the streamlines in Fig. 14, we can see that there is no flow
separation both on the pressure side and suction side for the three cases of the original
geometry, 7% and 14% cutbacks of the trailing edge, although the vortex flows are
observed downstream the trailing edge of the steam blade. On the contrary, the 21%
cutback of the trailing edge induces strong flow separations on the suction side of the
blade. This indicates that the flow structures severely deteriorate because of the high
cutback of the trailing edge and the steam blades will not be working as the original
operating conditions.

Table 3 Flow parameters in blade cascades with four cutbacks of trailing edges

Flow parameter Original 7% Cutback 14% Cutback 21% Cutback
Minimum pressure (Pa) 68153 65528 53103 45115
Max Mach number (-) 1.16 1.28 1.44 1.52
Max droplet radius (um) 0.0510 0.0491 0.0425 0.0278

Averaged liquid fraction (-) 0.01226 0.01249 0.01277 0.01086
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Fig. 12 Static pressure contours under four different cutbacks of the trailing edge of

the steam blade
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Fig. 13 Mach number contours under four different cutbacks of the trailing edge of

the steam blade
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Fig. 14 Streamlines under four different cutbacks of the trailing edge of the steam
blade
The nucleation rate contours and profiles at the middle line of the blade cascade
under four different geometrical trailing edges are shown in Fig. 15 and Fig .16,

respectively. It can be observed that the 14% and 21% cutbacks of the trailing edge
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induce an upstream movement of the onset of the homogeneous nucleation. The
comparison between the original geometry and 7% cutback of the trailing edge shows
that the 7% cutback of the trailing edge narrows the nucleation region in the blade
cascade. Fig. 17 and Fig. 18 presents the droplet size and liquid fraction distributions
in the blade cascade under different cutback of the trailing edge. Combining the data in
Table 3, it is shown that the maximum droplet radius decreases with the increase of the
cutback of the trailing edge. For instance, the droplet radius can reach 0.0510 um for
the original blade, which reduces to 0.0278 um for the 21% cutback case. By comparing
the liquid fraction contours of all four cases, we can see that the original, 7% cutback
and 14% cutback cases present similar distributions of the liquid phase while the 21%
cutback of the trailing edge disturbs the liquid generation due to the violent flow
separation in the blade cascade. The averages liquid fraction and condensation loss are
shown in Fig. 19 under four different cutbacks of the trailing edge. For original, 7% and
14% cases, the averaged liquid fraction increases with the rise of the increasing cutback
of the trailing edge. Due to the flow separation in the 21% cutback case, the liquid
region is reduced in the blade cascade and the averaged liquid fraction decreases
subsequently compared to the other three cases. Also, the cutback of the trailing edge
of the steam blade does not affect significantly the condensation loss which is
approximately 0.118 MW for original, 7% and 14% cases. Although the condensation
loss for the 21% cutback case reduces to 0.107 MW, the flow separation under this
condition will significantly increase the flow losses compared to the other three cases.

In general, the cutback of the trailing edge to 14% is acceptable for the Bakhtar et
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al steam blade considering the flow structure, the liquid generation due to the
nonequilibrium condensation and the condensation loss. The 21% cutback of the
trailing edge induces strong flow separation on the suction side of the steam blade, and

the flow structure deteriorate severely in the blade cascades.

Log,, () (m?s’) ‘g

(a) Original (b) 7% Cutback {c) 14% Cutback {d) 21% Cutback

Fig. 15 Nucleation rate contours under four different cutbacks of the trailing edge of

the steam blade
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Fig. 16 Nucleation rate profiles at the middle line under four different cutbacks of the

trailing edge of the steam blade
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Fig. 17 Droplet radius contours under four different cutbacks of the trailing edge of

the steam blade

Liquid fraction (-) T

0 \
(a) Original (b) 7% Cutback {c) 14% Cutback {d) 21% Cutback "

Fig. 18 Liquid fraction contours under four different cutbacks of the trailing edge of

the steam blade
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4. Conclusions

The wet steam modelling is proposed for evaluating the flow behaviour and energy
loss inside blade cascades of a steam turbine. The developed computational modelling
is validated against the supersonic nozzle flow by comparing the pressure distribution
and droplet size, which is further validated against the blade wall pressure and droplet
size inside blade cascades. The dry gas model calculates fraudulently flow separations
near the trailing edge to induce the complicated oblique waves. The wet steam
modelling improves flow structure predictions considering nonequilibrium
condensations inside blade cascades. The wet steam modelling predicts the liquid
fraction of about 0.051, which can cause a condensation loss of about 0.118 MW in a
steam turbine. The increase of the cutback of the trailing edge induces higher expansion
flow in the blade cascade as well as leads to the earlier onset of the homogeneous
nucleation process. The cutback of the trailing edge by 14% is reasonable to repair the
damaged blade considering the flow structure, nonequilibrium phase change and
condensation loss. The 21% cutback of the trailing edge results in strong flow
separation on the suction side and the flow structures severely deteriorate in the blade
cascades, which results in the unacceptable blade performance. This work improves the
understanding of the condensation of the steam and evaporation of the condensed
droplets in transonic flows in the steam turbine.

The two-dimensional simulation is performed in this study to evaluate the
performance of the turbine blade considering the nonequilibrium condensation. If the

real three-dimensional flows in the rotor blade cascade are considered, different
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expansion ratios would be present along with the blade height. As a consequence, it

would be a great challenging to play with correction factors in the wet steam model,

which needs to be clarified in future studies.
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