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In the operating process of the coal-fired generation during flexible peaking regulation, the
primary and secondary water droplets in the steam flowing through the last two stages of the
low-pressure cylinder could influence the efficiency and safety of the steam turbine definitely.
However, systematic analysis of the movement characteristics of water droplets under low-
load conditions is scarcely in the existing research, especially the ultra-low load conditions
below 30%. Toward this end, themore novel algebraic slipmodel and particle transportmodel
mentioned in this paper are used to simulate the primary and secondary water droplets.
Taking a 600MW unit as a research object, the droplets motion characteristics of the last two
stages were simulated within four load conditions, including 100, 50, 40, and 30% THA. The
results show that the diameter of the primary water droplets is smaller, ranging from 0 to 1 µm,
during the flexible peak regulation process of the steam turbine. The deposition is mainly
located at the entire moving blades and the trailing edge of the last two stator blades. With the
load decreasing, the deposition effect decreases sustainably. And the larger diameters of
secondary water droplets range from 10 to 300 µm. The erosion of secondary water droplets
in the last stage is more serious than that of the second last stage for different load conditions,
and the erosion of the second last stage could be negligible. The pressure face and suction
face at 30% blade height of the last stage blade have been eroded most seriously. The lower
the load, the worse erosion from the secondary water droplets, which poses a potential threat
to the fracture of the last stage blades of the steam turbine. This study provides a certain
reference value for the optimal design of steam turbine blades under flexible peak regulation.

Keywords: steam turbine, low-pressure cylinder, last two stages, lower loads, water droplet movement
characteristics

INTRODUCTION

Under the condition of deep peak shaving of thermal power unit, the steam intake of the steam
turbine is significantly reduced, and the low-pressure cylinder is in a small flow condition, and water
erosion will occur in the last two stages of the low-pressure cylinder (Li et al., 2020; He et al., 2021;
Wang et al., 2021). Water erosion of steam turbine not only affects the economy of the unit, but also
seriously endangers the safety of the unit. (Li et al., 2020; Zhang et al., 2020; He et al., 2021; Synáč
et al., 2021; Wang et al., 2021). The generation and movement of the primary and secondary water
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droplets in the last two stages are the important factors that cause
water erosion in the steam turbine (Mirhoseini and Boroomand,
2017; Tishchenko and Alekseev, 2018; Tishchenko et al., 2018;
Han et al., 2019; Yan et al., 2019). Therefore, it is of great
significance to study the water droplet movement
characteristics in the last two stages of the low-pressure
cylinder under different working conditions.

During the operation process of the steam turbine, the primary
water droplets that condenses by expansion are mixed with pure
steam and moves together when the steam passes through the last
two stages of the low-pressure cylinder. (Gribin et al., 2017). A part
of it will adhere to the surface of the blade of the steam turbine, and
when the water droplets deposited on the surface of the blade
accumulate to a certain amount, the water droplets will adhere to
the blade by water film. The water film on the surface of the blade is
flowed to the edge of the blade by the force of the steam flow. In this
way, on the steam side of the blade, the water film is torn into larger
secondary water droplets (Tishchenko andAlekseev, 2019). For the
research of the movement of water droplets in the low-pressure
cylinder of a steam turbine, the first thing that has been carried out
is the relevant research on a water drop. Through experiments, it
has been obtained that the diameter of a water droplet is between 0
and 1 μm (Petr and Kolovratnik, 2000; Tatsuno and Nagao, 1986;
White andHounslow, 2000). In the process ofmovement, a drop of
water is deposited on the surface of the steam turbine blade in two
ways, inertia and turbulent diffusion due to the action of force
(Sengupta and Bhattacharya, 2017; Sengupta, 2016; Sengupta and
Bhattacharya, 2018). Schuster S (Schuster et al., 2016), Rossi P
(Rossi et al., 2018) and Starzmann J (Starzmann et al., 2014) and
others respectively combined theoretical calculations and
numerical simulations to analyze the characteristics of the
primary water droplets under rated conditions. The movement
state and deposition distribution of the primary water droplets
were obtained. According to the formation mechanism of the
secondary water droplets, the research results of the primary water
droplets lay the foundation for the formation of the secondary
water droplets and subsequent analysis. The secondary water
droplets are formed by tearing the liquid film of the primary
water droplets deposited on the trailing edge of the blade and
converge (Ameli et al., 2016). The diameter of the secondary water
droplets is between 20 and 200 μm. For the study of the secondary
water droplets, Yao H (Yao and Zhou, 2018), Li N (Li et al., 2009)
and others simulated the distribution and movement trend of the
secondary water droplets under a single working condition, and
obtained the movement trajectory and deposition rate of the
secondary water droplets. At the same time, due to the
movement characteristics of the secondary water droplets, it will
impact the turbine blades and erode the blade surface, and the last
stage blades of the steam turbine will appear water erosion
(Ahmad, 2018; Ahmad et al., 2018; Bohn et al., 2021).

At present, the research on the movement characteristics of
water droplets in the low-pressure cylinder of steam turbines is
limited to a single rated load. Especially the current necessity of
flexible peak regulation, the unit operates in a complex
environment with variable load conditions, and the research
on a single rated load is particularly insufficient. Therefore,
this paper adopts the algebraic slip model and the water

droplet transport model to simulate and analyze the water
droplet movement characteristics in the last two stages of the
steam turbine under different load conditions. The research
results provide a guarantee for the safety and economy of
steam turbine units under flexible peak regulation.

MODELS AND NUMERICAL METHODS

Physical Model and Meshing
The wet steam begins to condense in the second last stage stator
blades, and then grows into small water droplets, which are
deposited on the surface of the blade to form a water film, and
then form large water droplets under the action of the flow field. In
order to better simulate themotion characteristics of water droplets
in the low-pressure cylinder of a steam turbine, a physical model is
established with the last two stage blades of a low-pressure cylinder
of a 600 MW steam turbine as the research object. The single flow
channel structure of the last two stages is shown in Figure 1. In
order to meet the accuracy of the calculation results, the cascade
channel adopts a hexahedral structured grid, which is directly
generated by the TurboGrid module in ANSYS, at the same time,
the grid of the blade wall is encrypted, as shown in Figure 2.

Boundary Condition
The mass flow rate and total temperature are set as the inlet
boundary conditions, and the average static pressure is set as the
outlet boundary conditions. In this study, the boundary conditions
are taken from the rated conditions of steam turbine, the inlet
temperature is 357.45 K, the inlet mass flow rate is 1.305 kg/s, the
intake humidity is 1.5%, the outlet pressure is 0.0049MPa, and the
rotation speed is 3000 r/min. The commercial software ANSYS-
CFX was used to analyze the flow field.

FIGURE 1 | The last two-stage single-runner structure.
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Grid Independence Verification
The average outlet humidity of the last stage blade is used to verify
the influence of the number of grids on the calculation results,
and the result is shown in Figure 3. When the number of grids
exceeds 6 million, the number of grids increases and the average
outlet humidity of the last stage remains basically unchanged.
Considering the calculation accuracy and calculation speed, the
total number of grids is 6 million for calculation.

Mathematical Model and Verification
Algebraic Slip Model
In a multiphase flow, each phase has its own velocity field, which is
controlled by the conservation ofmomentumof that phase. In Euler-
Euler multiphase flow, the full momentum equation including the
phase inertia effect is considered. However, in some cases, if the time
scale to reach the equilibrium slip velocity is small, a simplified
model can be used to calculate the velocity of the dispersed phase.

The mixed continuity equation is shown in Eq. 1,

z

zt
(ρm) + z

zxi
(ρmum,i) � 0 (1)

where ρm is the mass average mixed fluid density, um is the mass
average mixed fluid velocity, and i � 1.

The mixed momentum equation is shown in Eq. 2,

z

zt
(ρmum,j) + z

zxi
(ρmum,ium,j) � − zP

zxj
+ z

zxi
μm

(zum,i

zxj
+ zum,j

zxi
) + ρmgj + z

zxi

⎛⎝∑n
k�1

αkρkuk,iuk,j
⎞⎠

(2)

where μm is the mass average mixing viscosity, gj is the
gravitational constant, k, n are the phases, a is the volume
fraction of the second phase, and j � 2.

The liquid phase volume fraction equation is shown in Eq. 3,

z

zt
(αlρl) + z

zxi
(αlρlum,i) � − z

zxi
(αlρlul,i) (3)

where αl is the volume fraction of liquid phase, ρl is the density of
liquid phase, and ul is the velocity of liquid phase.

Slip speed refers to the speed difference between the dispersed
liquid phase (l) and the vapor phase (s): vsl


→ � ul
→− us

→. It can be
solved by Eq. 4,

vsl

→ � ρld

2

18μs
�a (4)

where vsl

→ is the slip velocity vector between two phases, ul

→ is the
velocity vector of the liquid phase, us

→ is the velocity vector of the
vapor phase, μs is the turbulent viscosity of the mixed phase, �a is the
centrifugal acceleration of liquid phase, and d is the particle diameter.

Droplet Transport Model
In view of themovement law of the secondarywater droplets studied in
this paper, it is necessary to track the movement state of the secondary
water droplets. The Lagrange method is used to track the trajectory of
the secondary water droplets in this paper. The Lagrange method adds
a random velocity component to the velocity term of the equation of
motion. In a rotating coordinate system, the equation of motion of
particles derived by Basset, Boussinesq andOseen is shown in equation
(Chen, et al., 2021; Ding, et al., 2021; Wittmann, et al., 2021) Eq. 5.
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(5)

FIGURE 3 | Grid independence verification.

FIGURE 2 | Model grid.
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FIGURE 4 | Primary water droplet velocity in the last two stages of the steam turbine under different loads.

FIGURE 5 | The diameter of the primary water droplets in the last two stages of steam turbine under different loads.
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wheremp is the particle quality, u is the velocity, ρ is the density, µ is
the fluid kinematic viscosity coefficient, CD is the drag coefficient,
Fb is the buoyancy due to gravity, ω is the rotational angular
velocity, �R is the calibrate the direction vector of the rotation axis,
FU is the user-defined other forces, f, p represents vapor phase and
liquid respectively, t0 is the start time, t1 is the end time.

CALCULATION RESULTS AND ANALYSIS

Analysis of theMovement Characteristics of
the Primary Water Droplets
Velocity Distribution of the Primary Water Droplets
The diameter of the primary droplets is small and can flow well
with the steam. Therefore, the flow rate of the primary water

droplets at the trailing edge of the stator blade is the steam flow
rate. Figure 4 shows the distribution of steam velocity in the last
two stages of the steam turbine under different loads. It can be
seen from the figure that the velocity distribution trend of
different loads is the same. Whether it is the trailing edge of
the stationary blade or the trailing edge of the moving blade, the
velocity of a droplet gradually increases from the tip to the root.
And the value of the velocity of a droplet has a small change
range, and the size range is between 100 m/s and 500 m/s.

Diameter Distribution of the Primary Water Droplets
Figure 5 shows the droplet diameter distribution in the last two
stages under different working conditions. After condensing and
nucleating, a large number of small water droplets will be
produced, and these small water droplets will grow rapidly,

FIGURE 6 | The distribution of primary water droplets in the last two stages of steam turbine under different loads. (A) 100%THA. (B) 50%THA. (C) 40%THA. (D)
30%THA.
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forming a primary water droplet with a larger diameter. As can be
seen from the above figure, under 100% THA conditions, the
diameter of a drop of water is between 0 and 1 μm. Under the
other three conditions, the diameter of a drop of water is smaller,
between 0 and 0.08 μm. The primary water droplets have the
characteristics of small diameter and large number, so most of
them can flow well with the steam in the channel without
depositing on the surface of the blade. And along the direction
of the steam flow, there is a significant growth phenomenon of
water droplets, reaching a maximum value at 80% of the blades
height of the blade. This is because as the water droplets grow, the
number of the primary water droplets at a time increases. The
acting frequencies between water droplets increases, and different
water droplets collide and converge, forming water droplets with
a larger diameter. Under the action of the flow of steam, a small
part is deposited on the surface of the blade. For different
operating conditions, as the load decreases, the degree of
subcooling decreases, the condensation nucleation effect
decreases, and the diameter of the water droplets after
condensation and nucleation decreases. Therefore, the water

droplet size in the last two stages also begins to decrease.
Until the 30% THA operating condition The diameter of the
water droplet drops to about 0.03 μm.

Deposit Distribution of a Drop of Water
Figure 6 shows the deposition and distribution of primary water
droplets on the pressure surface and suction surface of the last
two stages of steam turbine blades under different loads. From an
overall point of view, the most serious part of the deposition
occurs in the moving blade, and there is almost no deposition on
the suction surface of the stator blade. The deposition severity on
the pressure side is higher than that on the suction side, and the
deposition at the trailing edge of the stator blade is the most
serious. This is because although the primary water droplets
formed by condensation and nucleation are small in size and
most of them can flow well with the steam, a small part of the
water droplets will still be deposited on the stator blades. With the
flow of steam and the accumulation of deposits, these small water
droplets will slowly move to the stator blades, forming a water
film or stream at the trailing edge of the stator blades.

Comparing these four working conditions, it can be concluded
that as the load decreases, the deposition rate of the primary water
droplet also decreases. From 100% THA load to 30% THA load
the deposition rate of water droplets is decreasing in the last two
stage blade whether the pressure face or the suction face. The
reduced value is from 0.0001 kg/(m2s) to 0.00004 kg/(m2s). At the
same time, there is almost no drop of water on the suction surface
of the last stator blades.

Analysis of the Motion Characteristics of
Secondary Water Droplets
Secondary Water Drop Motion Calculation Model
Settings
Since the secondary water droplets are formed by tearing the
water film of the primary water droplets deposited on the trailing
edge of the stator blade, the last two stages of the steam turbine
are selected as the research objects to simulate the deposition and
movement of the secondary water droplets in the wet steam stage.
In order to better simulate the results of secondary water droplets
depositing on the blade surface, the Lagrangian particle tracking
model is used to calculate the water droplet deposition, while

FIGURE 7 | Computational domain for calculating the movement of
secondary water droplets.

FIGURE 8 | The movement trajectory of the secondary water droplets in the last two stages of the steam turbine under different loads.
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considering the actual distribution of the water droplet diameter
and mass flow along the blades height (Lain and Sommerfeld,
2020; Han et al., 2021; Lattanzi et al., 2021). The secondary water
droplets are only formed by falling off the surface of the trailing
edge of the stator blade. When setting the boundary conditions of
the secondary water droplets, 20 spray points are evenly set for

the second and last stage stator blades along the blades height
direction (Yu, 2015), as shown in Figure 7.

Motion Analysis of Secondary Water
Droplets
Streamline Analysis of Secondary Water Droplets
Figure 8 is a diagram of themovement trajectory of the secondary
water droplets in the last two stages of the steam turbine. It can be
seen from this figure that for its radial direction, the movement
location of the secondary water droplets is mainly closer to 30%
or more of the blades height. As the load decreases, the more
secondary water droplets at the tip of the last stage moving blade.
This is because the mass of the secondary water droplets is
relatively large. In the process of circular motion, centrifugal
force will produce a partial velocity towards the top of the blade,
which results in a vacuum zone near the root of the blades, and
there are fewer secondary water droplets near the root of the
blades.

Erosion Rate Density of Secondary Water Droplets
The wear of a wall due to the erosive effect of particle impacts is a
complex function of particle impact, particle and wall properties.
For nearly all metals, erosion is found to vary with impact angle
and velocity according to the relationship:

E � kVn
Pf(c) (6)

where is a dimensionless mass, E is the particle impact velocity
and f(c) is a dimensionless function of the impact angle. The
impact angle is the angle in radians between the approaching
particle track and the wall. The value of the exponent, n is
generally in the range 2.3–2.5 for metals. Finnie’s model of
erosive wear (Aungier and Farokhi, 2004) relates the rate of
wear to the rate of kinetic energy of impact of particles on the
surface, using n � 2:

E � kV2
Pf(c) (7)

where

f(c) � 1
3
cos2 c if tan c> 1

3

f(c) � sin(2c) − 3 sin2 c if tan c≤
1
3

(8)

Figure 9 shows the erosion rate density distribution of the
secondary water droplet of the last two stage blades of the steam
turbine under different load conditions. As can be seen from these
figures, the deposition of secondary water droplets in the last
stage is more serious than that of the second last stage, which is
also one of the reasons for the water erosion of the last stage
blades. In the last two stator blades, whether it is the pressure
surface or the suction surface of the blade, the deposition of
secondary water droplets is light and almost negligible. Hence, the
possibility of water erosion at the stator blade is unlikely. This is
because the deposited water on the surface of the rotor blade is
forced to the inner wall of the cylinder due to the centrifugal force
generated by the rotation. Then it is collected and discharged out

FIGURE 9 | The erosion rate density of the secondary water droplets of
the last two stage blades of the steam turbine under different loads. (A) 100%
THA. (B) 50%THA. (C) 40%THA. (D) 30%THA.
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of the steam turbine through the drainage tank. The stator blade
will not have a large number of water droplet collision and
erosion phenomena, even if there are some small water
droplets flow out of the moving blade with the steam and
impact on the stator blades behind. Since the impact speed is
very low, it will not cause water erosion of the stator blades.

In the last stage blades, the deposition of secondary water
droplets is more serious. The most serious part occurs in the last
moving blades. This is because the deposited water on the
surface of the stator blade and other solids moves to the
steam outlet under the action of the steam flow shear stress
and tears at the steam outlet to form large-dispersion liquid
clusters or droplets. These large water droplets inevitably collide
with the rotating blades behind them. The above process is
repeated continuously during the operation of the steam
turbine, which eventually leads to serious water erosion of
the rotor blades. It occurs at 80% of the blades height of the
pressure surface and suction surface of the last moving blade,
and the maximum value is 3′104 kg/(m2s).

CONCLUSION

A three-dimensional numerical simulation method was used to
comprehensively analyze the movement characteristics of water
droplets in the wet steam stage of a 600 MW steam turbine. The
main conclusions are as follows:

1) The algebraic slip model and particle tracking model are used
to accurately simulate the water droplets movement
characteristics in the last two stages of the steam turbine
low-pressure cylinder, and the diameter and deposition rate of
the primary water droplets under different loads and the
erosion rate density of the secondary water droplets are
obtained.

2) Under different loads, the diameter of primary water droplets
is generally small, ranging from 0 to 1 µm, and its speed is
close to the steam velocity. The primary water droplets will be
deposited on the surface of the blade in the form of a water
film, and the difference of working conditions will not change

the location of the deposit of it. Under the four loads, the most
serious deposition locations are the trailing edge of the
pressure surface of the last two stages and the suction
surface of the last moving blades. With the continuous
decrease of the loads, the deposition gradually weakened,
and no deposition was found on the suction surface of the
last two stage.

3) For secondary water droplets with a large diameter, which
is between 10 and 300 µm. As the load decreases, the
diameter of the secondary water droplets is increasing.
Such the large water drop will inevitably corrode the last
stage blades in the low pressure cylinder of the steam
turbine. Therefore, the lower the load, the larger the
diameter of the secondary water droplets, and the most
serious erosion. When the load drops to 30% THA, the
erosion range of the secondary water droplets expands. The
trailing edge of the suction surface of the last stator blades
and the pressure surface of the last moving blades above
30% of height are eroded.
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