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a b s t r a c t

Reducing solid particle erosion of blades is one of the most urgent problems for supercritical steam
turbine power generation technology. Based on the erosion rate models and the particle rebound models
of blade materials obtained through accelerated erosion test under high temperature, systematic nu-
merical simulations of the complex steam-particle flow in high pressure inlet flow channel and gov-
erning stage cascade of a supercritical steam turbine with four control valves was performed in this
paper. The influence the typical nozzle chamber structure and partial-arc admission on the erosion
characteristics of control stage blades was first investigated. Results show that erosion condition of
nozzles in the same nozzle segment vary greatly along circumferential direction, while erosion damage
to the leading edge of different circumferential rotating blades is uniform. Compared with four-valve
opening condition, erosion weight-loss of the whole nozzle segment increases by 14% and 25% under
three-valve opening condition and two-valve opening condition, respectively. Besides, under the partial-
arc admission conditions, some large particles coming from the steam admission nozzle segment will
collide back and forth between vanes and rotating blades in the downstream nozzle segment without
steam admission, thus causing certain erosion to the trailing edge of nozzle suction side.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

SPE (solid particle erosion) problems of steam turbine compo-
nents, such as nozzles and the rotor blades, especially in the gov-
erning stage, have been a problem of concern to power company for
many years. It is generally agreed that erosion damage is caused by
the high hardness iron oxide particles exfoliated from the innerwall
of the boiler and steam pipeline. These particles entrained in the
high pressure steam flow, causing serious erosion to steam path and
turbine components. As described in publication [1], erosion of
blades results in lower efficiency of steam turbine, shorter repair
cycle and higher maintenance costs. In literature [2], systematic
numerical simulations had been carried out to investigate SPE on
the performance of first stage nozzles, which indicated that the
change of nozzle surface roughness would reduce the nozzle effi-
ciency by 2%, while the change of nozzle profile would decrease the

efficiency by 1.1%. Based on the field investigation in a power plant,
Khaimov et al. [3] pointed out that, the unit efficiency decreased by
0.35% under the rated load and decreased by asmuch as 2.16% in the
part load operation due to the oxide particle erosion. With the
development of ultra-supercritical technology, although the heat
rate of units and the cost of electricity decreased in some extent
based on the thermodynamic analysis and design optimization of an
ultra-supercritical steam turbine in literature [4], the economic
advantage would be heavily discounted by SPE. Therefore, reducing
SPE of control stage blades to maintain the efficiency and security
operation of units has been one of the key issues for experts and
scholars around the world. Hamed et al. [5] observed that particles
would directly impacted stator PS (pressure surface) when entering
the cascade passage, and the erosion conditions become worsen
along the flow direction. With numerical simulation method,
Campos-Amezcua et al. [6] found that the erosion rate increased
with the increase of solid particle flow, and deceased with the in-
crease of particle size. According toMazur Z et al. [7], a step on the PS
near nozzle trailing edge could change the particle impact angle and
impact position, and results in 50% reduction of nozzle erosion rate.
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Li YF et al. [8] stated that the erosion rate of nozzle is sensitive to
fluctuations in the flow field, and not entirely dependent on the
solid particle size. Literature [9] systematically discussed the effect
of the oxide particle size on the erosion of control stage nozzles, and
considered that small particles would impact the trailing edge of
nozzle PS with high impingement velocity and small angle, while
particles with large sizewould rebound back and forth in the nozzle
passage,which caused great destruction to the coating of SS (suction
surface). Besides, Dai LP et al. [10] who had performed systematic
numerical simulations to the anti-erosion performance of control
stage nozzles with different geometry profile believed that nozzles
with end-wall contouring could effectively reduce the local erosion
rate and erosion area by 40% and 30%, respectively. With the
employment of experimental and numerical simulations, Wang SS
et al. [11] pointed out that the weight-loss of nozzle could be
reduced by 50% and nozzle efficiencywas improved by 0.4%~0.5% by
improving the end-wall contouring of nozzle. What's more, based
on the systematic research on SPE,Wang et al. [12] further proposed
that the impact intensity of particles on nozzle trailing edge could be
reduced through the optimization of nozzle profile and cascade
structure characteristic parameter G, where G¼ (B2 � t)/B(B2 is
circumferential width of blade, t is the pitch of cascade and B is the
axial width of blade). Numerical simulation results about the full
circle control stage nozzles in a subcritical steam turbine with six
control valves in publication [13] revealed that particles were
concentrated to erosion a small number of nozzles or the local area
of one nozzle because of the upstream pipelines, which greatly
accelerated the erosion damage of nozzle segment.

From the above works, it is can be seen that most of the above
studies only performed numerical simulation to the erosion con-
ditions of a single control stage nozzle passage. Although a annulus
of control stage nozzles had been simulated in literature [13], the
results could not fully reveal the real erosion conditions of gov-
erning stage blades in supercritical steam turbine because the
control stage rotor blades were not considered. Fig. 1 shows the
particle erosion morphology of control stage blades in a typical
supercritical steam turbine with four control valves. It can be seen
that erosion condition of nozzles in the same nozzle segment vary
greatly along the circumferential direction (the length of erosion
notches in some nozzle cascades has amounted to 20% of the chord
length, yet some nozzle cascades still remained intact), but erosion
condition of the corresponding rotor blades in different circum-
ferential location is very similar, which is rarely mentioned in the
present studies. Moreover, as more supercritical units are used to
undertake peak regulation task, it is unavoidable that these units
will operate under different load conditions alternately. Therefore,
it is particularly necessary to explore the motion behavior of oxide

particles in control stage cascade under partial-arc admission
conditions.

In this paper, systematic high temperature erosion tests about
the supercritical steam turbine blade materials are conducted
based on the high temperature high speed accelerated erosion test
rig, the erosion rate models and particle rebound models of blade
materials under the simulated operating conditions of the steam
turbine in power plant are then established. With the employment
of these models, comprehensive numerical simulation on the gas-
particle flow in the high pressure nozzle chamber and control
stage cascade of a supercritical steam turbine with four control
valves is performed in this paper using three-dimensional numer-
ical simulation method. The influence of this typical nozzle
chamber structure and partial-arc admission on the erosion char-
acteristics of control stage blades is detailedly investigated. The
research results in this paper reveal and perfect the blade erosion
mechanism of oxide particle in steam turbine governing stage,
providing a theoretical basis for preventing and reducing SPE of
control stage cascade.

2. High temperature high speed accelerated erosion tests

2.1. Introduction of high temperature high speed accelerated
erosion test system

Fig. 2 shows the high temperature and high speed accelerated
erosion test system, which can be used to model material erosion
behavior under a wide range of conditions: test temperature
20 �Ce700 �C, particle impingement angles 12�~90�, particle
impingement velocity 0e420 m/s. The test system consists of three
parts: particle feeding system, high temperature gas system and
erosion testing system. The basic working principle of the facility is
stated as follows. First, the compressed air with the flow mass of
10 Nm3/min is heated in the combustor producing the required
high-temperature gas. Then, the high-temperature gas flow is
divided into two pipelines. Gases in one pipeline directly flow into
the test chamber to heat the specimen and establish the high
temperature erosion environment. Gases in the other pipeline enter
the pneumatic nozzle for accelerating solid particles. Solid particles
from the screw feeder are carried directly into the acceleration
nozzle throat by the secondary air. After the acceleration by high
temperature flue gas, a uniform gasesolid mixturemeeting the test
requirements of temperature and velocity is produced in the nozzle
and followed by impinging the test target at an incidence angle b in
the test chamber. Erosion rate of the target can be obtained by
measuring the cumulative mass of the particle involved in the
erosion and the target mass before and after the erosion.

Fig. 1. Erosion morphology of control stage blades in a supercritical steam turbine: (a) Erosion of control stage nozzle; (b) Erosion of control stage rotating blades.
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