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The numerical investigation on the wet steam flow in the last two stages of a 
1000 MW fossil-fired low pressure steam turbine is presented in this paper. The 
non-equilibrium model via the classical nucleation theory is employed to simulate 
the condensing flow of the wet steam. The characteristics of the flow filed from 
design condition to low volume flow condition are calculated and the static perfor-
mance of last stage moving blade is also obtained. The development of the back-
flow phenomenon is clearly captured through the analysis of the velocity triangle.
Key words: low volume flow, steam turbine, condensation,  

windage condition, CFD

Introduction

The spontaneous condensation of the wet steam in the steam turbine and its influence 
on the reliability of the unit has been an important research content in the field of steam turbine 
design. For the difference between electric power peak and valley has been largely increased, 
to maintain a balance of power supply-demand in power grid, some large capacity units have to 
participate in the process of peak shaving [1]. If the steam turbine is running in the low-volume-
flow (LVF) condition, the temperature in the low pressure part increases. The strength problem 
of the low pressure cylinder or last stage moving blade (LSB) is also revealed. When the LSB is 
rotating at the LVF condition, the occurrence of back flow from the exhaust chamber makes en-
trained drops to a large relative velocity impact blade, which will bring some new problems, in-
cluding the decrease in stage efficiency, the erosion of the LSB trailing edge [2]. The simulation 
results using the non-equilibrium model showed that, as the flow rate decreased, not only the 
quantity of droplets , but also the condensation region was changed [3]. In Sigg [4] experimen-
tal and numerical work a good evidence for the accuracy of the CFD model, the results showed 
that the temperature rise, pressure ratio, and output power agreed well with the experimental 
date at LVF condition by using the equilibrium phase transition model. Sigg [4] also proved 
that the development of thee back flow vortex could be clearly seen through the CFD method. 
Both experimental and numerical studies showed that the generation of vortices had a sequence 
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of processes as the low pressure turbine changed to LVF condition [5]. The windage flow field 
had the main flow meandering distribution in the meridional plane. The process indicated that 
the generation of vortex was related to the return flow from the exhaust chamber. 

In this work, in order to investigate the characteristics of the flow at the stages of the 
steam turbine low pressure under different working conditions, a non-equilibrium condensation 
model is employed to describe the two stages of a 1000 MW fossil-fired low pressure steam 
turbine at different flow ratios, φ. Moreover, the velocity vector, including the flow angle and 
velocity triangles, is discussed.

Mathematical model

The total stage number of the low pressure steam turbine, studied in the present work, 
is 6. The S5, R5, S6, R6, and dfffuser zone are main calculation zones for the low pressure steam 

turbine. The E31 and E32 are the inlet and outlet 
plane of R6. The parts of the penultimate stage, the 
last stage and the exhaust chamber surface are con-
sidered, as shown in fig. 1. The inlet of S5 is set 
as the pressure boundary condition with the total 
pressure and temperature. The opening boundary 
condition with the given pressure and wetness is 
applied for diffuser outlet. All the walls are set as 
adiabatic with no slip wall type.

The CFD software ANSYS CFX 15.0 is ad-
opted for solving the RANS Navier-Stokes equa-
tions. The non-equilibrium model with the conden-
sation droplet characteristics can be obtained in [3]. 
The number of the fine droplets formed is given:
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where 1cq = , and σ , m , vρ , lρ , K, and cT  are the surface tension of droplets, mass of the water 
molecule, densities of the vapor and water liquid, Boltzmann’s constant and temperature of 
vapor, respectively. 

The Kantrowitz’s non-isothermal correction factor η  is given:
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where γ  is the specific heat capacity of vapor, L – the latent heat, and R – the gas specific  
constant. 

The critical droplet radius *r  is defined by:
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where cG∆  is the bulk Gibbs free energy change of gas phase depending on the equation of state. 
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calculation domain
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The droplet-growth rate derived from the heat transfer surrounding droplets is given:
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where dT  and cT  are, respectively, the droplet and the vapor temperature, Kn – the Knudsen 
number, ck  – the thermal conductivity of the vapor, ch  and dh  are the droplet and the vapor stat-
ic enthalpy, respectively, and c is an empirical factor.

When using the non-equilibrium model, only one condensed phase model in multiple 
stages flow field calculation would be inaccurate. It is suggested that using source specific meth-
od will improve accuracy. In this work, the gas 
phase (steam vapor) is defined as P1, and there is 
only one of it, P2 is a condensed phase that can 
only have its source location in stator 5, and P3 
only in rotor 5, P4 only in stator 6, P5 in rotor 6 
and diffuser zone. The SST k-ω model is suit-
able for the LVF condition in the steam turbine, 
see, [3, 6]. The hexahedron cells are used for the 
discrete calculation region as is shown in fig. 2.

The computational grid has about the 2.6 
million elements in total. The near-wall grid is 
densified in order to ensure that 10y+ < . The 
experimental data of the wet steam flow in cas-
cade and nozzle were carried out in [7-9]. The 
2-D stator cascade measurements are particu-
larly relevant to low pressure steam turbine 
conditions [7]. They are utilized to validate the non-equilibrium condensation model in this 
work. The Moore’s nozzle is also designed at the last stage of the low-pressure-steam turbine. 
For more details, see [6]. 

Results and discussion

Pressure ratio, temperature rise, and output power

Two monitor points are set in front and 
behind the LSB tip, as shown in fig. 3. 

With the decrease of the inlet pressure, 
the flow rate of the steam flowing into the steam 
turbine decreases slowly. With the decrease of 
the flow ratio, φ, to 0.26 (the critical value of 
the flow ratio in the work), the pressure ratio is 
close to 1.0. With the decrease of the flow ratio 
the LSB of the steam turbine begins to com-
press the steam (so-called windage condition).

Figure 4 shows the relationship between the 
flow ratio and the output power coefficient of R6.

The output power decreases with the de-
crease of the flow ratio. When the flow ratio is 
close to 0.22, the final output power is 0. The 

Figure 2. The grid structure and +y  
distribution of R6 
(for color image see journal web site)
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whole blade of the R6 still has the power capability when the LSB tip zone begins to compress 
the fluid. The tip zone of LSB is in the state of the power consumption. However, with the fur-
ther decrease of the flow ratio the back flow region in R6 is gradually expanded, and the total 
output power is lower than 0.  

In the windage condition, the flow temperature of the LSB increases significantly. The 
comparison of temperature distributions of flow ratios φ = 1.0 and φ = 0.66 in the plane E31 is 
given in fig. 5.

Figure 4. Power output of R6 at the different 
flow ratios
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Figure 5. Temperature distributions of the flow 
ratios φ = 1.0 and φ = 0.66 in the plan E31 
(for color image see journal web site)
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Figure 6. Velocity triangles during design and 
low volume rate operation of a stage: 
c – the velocity, cax – axial velocity component,  
cu0 – tangential velocity component, w – the 
relative velocity, u – circumferential velocity, 0, 1, 
2 are, respectively. the stator inlet, rotor inlet and 
rotor outlet (for color image see journal web site)
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The value T/Tref (dimensionless tem-
perature) gradually increases along the radial 
direction. As the flow ratio decreases to 0.66, 
the output power of R6 is below 0. The high 
temperature of the LSB, caused by the LVF 
condition, would bring the strength problem to 
low pressure cylinder or LSB. When the tem-
perature monitor value is higher than 65 ℃, the 
spry nozzle should be opened in time. 

The velocity filed

Figure 6 displays the variations of veloc-
ity triangles from the design to LVF conditions.

As the flow ratio decreases, the axial ve-
locity component decreases (c1ax from black line 
to red line). Meanwhile, the rotating speed, u, 
is unchanged, which makes the moving blade 
inlet velocity, w1, decrease, and also results in 
an increase of the flow angle, β1.

Figure 7 illustrates the c1ax distribution at 
the different flow ratios.

Figure 8 illustrates the flow angle, β1 ,dis-
tribution at different flow ratios.

Figure 9 shows the c2ax distribution of 
E32 at the different flow ratios. 
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Figure 10 shows meridional streamline of five typical conditions. 
Figure 11 indicates the surface streamline distribution of LSB suction side at different 

flow ratios. 
The flow separation in two aspects is illustrated in fig.12.

Figure 7. The c1ax distribution of E31 at 
different flow ratios 
(for color image see journal web site)

Figure 8. Flow angle of the R6 distribution  
at different flow ratios 
(for color image see journal web site)
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Figure 9. The c2ax distribution of E32 at 
different flow ratios 
(for color image see journal web site)

Figure 10. Meridional streamlines at the different flow ratios 
(for color image see journal web site)
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Conclusions

In this paper, the CFD numerical method is used to study wet steam flow in the last 
two stages of a 1,000 MW fossil-fired low pressure steam turbine. By solving the RANS N-S 
equations with non-equilibrium condensation model, several conditions of the flow field at 
different flow ratios have been calculated. The generation and development process of windage 
condition have been obtained and discussed. The velocity flied, including flow inlet angle and 
velocity triangles have also been analyzed. The condensation droplet characteristics have been 
discussed. 

As flow ratios decreases, the pressure ratio of LSB tip and output power decrease. 
When the pressure ratio is equal to 1, the LSB still has power capability, but reversed flow 
from exhaust chamber to LSB has already occurred near the blade root zone. With the further 
decrease of flow ratios, the output power of LSB is negative, the LSB is completely in windage 
condition. The flow inlet angle of LSB decreases with the decrease of flow ratios, the root zone 
at first presents the separation flow. Compared to the c1ax, the c2ax near the root zone at first ap-
pears negative in early windage condition (such as when φ = 0.195 in this paper), while the inlet 

Figure 12. The velocity triangle of LSB  
at φ = 0.195; Span = 0.1 
(for color image see journal web site)
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Figure 11. The surface streamline of R6 suction side at different  
flow ratios 
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velocity c1ax is still greater than 0. This makes two obvious separation bubbles generated from 
the root zone. Under the action of centrifugal force, the flow of the steam in LSB flow channel 
has an obvious radial movement. With the further decrease of φ, c1ax at the root of LSB grad-
ually reduces to a negative value, leading to the reversed flow moving towards S5 direction.
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Nomenclature
c, w – velocity, [ms–1]
Span – dimensionless blade heigh, [–] 
Powref – Power/Powerdesign point, [–]
T/Tref – dimensionless temperature, [–]
u – circumferential velocity, [ms–1]

Greek symbols

α, β – flow angle
φ – mass flow rate/mass flow rate design point

Acronyms

LSB – last stage moving blade, [–]
LVF – low volume flow, [–]
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