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The inlet steam flow of steam turbine is obviously reduced and even in the state of 
small volume flow when the thermal power unit is involved in peak load operation, 
which greatly influences the safety of steam turbine. The last stage flow field of 
steam turbine under small volume flow condition is calculated by the CFX to study 
the formation, development, influencing range, and the variation rule of the flow 
separation vortex cores. The results show that the flow separation vortices appear 
near last stage blade at 30% of the rated volume flow. With the decrease of volume 
flow, the flow separation vortices gradually spread to the root of blade. When the 
volume flow decreases to 8% of the rated volume flow, the flow separation vortices 
almost occupy the whole blade. The position of the flow separation vortex cores 
shifts from 72.7% of the relative blade height to 49.1%. The results of this paper 
lay a foundation for the safety analysis of the last stage blade in the steam turbine 
under the small volume flow condition.
Key words: steam turbine, last stage blade, small volume flow, flow angle,  

flow separation vortices

Introduction

With the rapid development of social economy and the increasing demand for energy, 
wind energy, solar energy, and other clean energy are paid more attention in the power genera-
tion industry. In order to consume more new energy, the traditional coal-fired power plant with 
a peak load operation is the main solution. However, the flow field, especially in the last stage 
blade of low pressure cylinder is very complicated when the steam turbine is under the low load 
or high backpressure conditions. The reaction degree in the root of the rotor blade declines due 
to the decreasing of volume flow. The flow will separate and reverse from the last stage blade 
because of the effect of the diffuser of stator blades and the centrifugal force of rotor blades [1]. 
A large range of separation vortices is formed on the pressure surface, which causes a dramatic 
change of the blades dynamic stress [2-4], as well as blades vibration [5-8]. When the volume 
flow decreases to a certain extent, the last stage blades will go into the steam blast condition, 
which leads to a sudden temperature increase and the over-temperature deformation of the 
blade surface [9]. Therefore, it is necessary to study the flow characteristics of the last stage 
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blades under the small volume flow conditions to improve the efficiency of the unit and ensure 
the safety of the last stage blade.

In recent years, a large number of scholars have conducted in-depth studies on the 
flow characteristics of the last stage blades under small volume flow condition [10, 11]. Qi et 
al. [1] simulated the steam flow of the last two-stage blades under a low load condition and put 
forward the law that the height of flow separation varies with the volume flow. Zhu et al. [12] 
pointed out that the last stage was in the blast condition when the backpressure is 55 kPa. With 
the increase of backpressure, the last stage blades are heated by the friction and windage,which 
causes the overtemperature deformation of the last stage blades. Cai et al. [13] and Su and Cai 
[14] studied the steam flow of last stage blades through experiment. It was pointed out that the 
blast state occupied over 50% of the whole blade height at 100% of the rated volume flow under 
high back pressure condition. Benjamin and Rice [15], Sigg et al. [16] combined experiment 
with numerical simulation study the steam flow of the last stage blade in small volume flow. 
It was shown that the test results were in good agreement with simulation. Under the very low 
flow conditions, the steam flow consumed a lot of energy to flow through the blades because the 
last stage blades were in the blast condition. However, the above research only explained the 
variation of steam temperature, pressure and other parameters in peak load conditions, the rules 
of flow separation vortices and the changes of vortex cores position caused by those parameters 
variation were not given.

In the study of the influence of small volume flow, Adam et al. [9] thought the vortex 
generated at the tip clearance between the stator and rotor blades with the decrease of volume 
flow was the main reason for surface temperature rise of the blade. Naoki et al. [17, 18] inves-
tigated the exciting force caused by small volume flow and pointed that it was related to the 
total mass-flow, the smaller mass-flow is, the greater exciting force is. Senoo et al. [19] pointed 
out the flow separation area under small volume flow condition. The aforementioned scholars 
mainly studied the over-temperature deformation and exciting force caused by small volume 
flow condition but the problem that the flow separation vortices spread to the stator blades and 
further deteriorate flow field with the reduce of volume flow were ignored. 

Bosdas et al. [20, 21] researched the pressure fluctuations on the suction and pres-
sure surface at small volume flow conditions, but the flow field deterioration caused by the 
flow separation vortices was not considered. As the volume flow decreases, the deterioration 
intensifies and the flow separation vortices have a tendency of spreading to the stator blades. 
Besides, the pressure fluctuation caused by the flow separation vortices was not considered 
as well. In order to study the vortices migration with the decrease of volume flow, Segawa 
et al. [22] set up monitoring points at the position of flow separation vortex cores in small 
volume flow. The analyses only reflected the axial translation of the flow separation vortices 
but the radial expansion was not considered. The influencing range of the vortices was not 
clearly pointed out, either.

In summary, the steam flow in the last stage blade is very complex under the small 
volume flow condition. Large separation flow occurs in the last stage blade with the decrease of 
the volume flow, the shape of the separation flow on the blade surface changes with the further 
decrease of the volume flow. When the volume flow decreases to a certain extent, the blast con-
dition will occur. It causes over-temperature deformation of the blades and seriously influences 
the safety and stable operation of steam turbine. Therefore, the primary objective of the paper 
is to study the formation, development, influencing range and the variation rule of the flow 
separation vortex cores under the small volume flow conditions. Results presented here would 
aid to ensure the safety of the last blade.
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Models and calculation methods

Model and boundary conditions

A physical model of the last 
stage in a 300 MW steam turbine is 
studied. The number of rotor blades 
and stator blades are 80 and 52, re-
spectively. As the number of rotor 
and stator blades is different, the 
mass flow through a stator blade flow 
passage is different from that through 
a rotor blade passage. To make the 
results more accurate and reduce 
computation amount, the physical 
model of 3 rotor blades and 2 stator 
blades is used. The physical model 
and grid of the last stage blades are 
shown in fig. 1.

The inlet total temperature, the inlet mass-flow and the outlet static pressure are  
336.15 K, 3.33478 kg/s, and 4.9 kPa, respectively. The periodic boundary condition is used. 
The adiabatic and non-slip boundary conditions are applied on the stator blade surface. The 
rotating surface on the rotor blade is established and the rotating speed is 3000 rpm. The frozen 
rotor model produces a steady-state solution the multiple frame of reference problems and takes 
some account of the interaction between the two frames. Therefore, it is applied at the interface 
between stator and rotor in this simulation.

Numerical methods and turbulence models

To simulate the compressible viscous flow in the last stage of steam turbine, the 
time-averaging continuity equation, Navier-Stokes equation and energy equation are solved by 
the finite volume method. The working medium in the last stage is wet steam which status pa-
rameters are provided by the IAPWS-IF97. Equilibrium phase change model is used to simulate 
the wet steam-droplet flow. The wet steam dryness is shown in eq. (1):

sat, f

at, g sat, f

( )
( ) ( )s

h h p
h p h p

α
−

=
−

(1)

where α is the wet steam dryness, hsat,f (p) – the saturated water enthalpy, and hsat,g(p) – the satu-
rated steam enthalpy. When α is between 0 and 1, The working medium turns to wet steam.The 
thermophysical parameters are determined by eq. (2):

 mix sat, f sat, g( ) (1 ) ( ) ( )p p pϕ α ϕ αϕ= − + (2)
where φmix(p) is the wet steam thermophysical parameters, φsat,f (p) – the saturated water thermo-
physical parameter, and φsat,fg (p) – the saturated gas parameter.

The steam separation is studied but the slip between steam and droplets and the influ-
ence of droplets on flow separation are not considered in this paper.

Scalable wall-function method and the boundary-layer mesh refinement technology are 
used to simulate the flow. To obtain well boundary-layer, the dimensionless distance from wall, 
y+, is ensured below 15 as the turbulence model requirement [23]. The difference scheme is the 
second order upwind solution mode and the limit value of convergence residuals is set to 10–4.

Figure 1. Physical model and grid of last stage blade;  
(a) physical model, (b) grid
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Figure 2. Independence verification of turbulence model; (a) the last four stage blades,  
(b) the last stage blade

The temperature ratio of the last four stage blades in the low pressure cylinder was 
measured under 10% of the rated volume flow condition and compared with the result by sim-
ulation in reference [9]. The RNG κ-ε turbulence model is relatively closest to the measured 
value as shown in fig. 2(a). Different turbulence models are provided to study the temperature 
ratio of the last stage blade in steam turbine under the condition of reference [9] as shown in fig. 
2(b). The differences in temperature ratio are found between measurement and simulation in  
fig. 2. The reason of differences is that the inlet temperature of the last four stage blades is 
selected as reference temperatures in measurement, but the inlet temperature of the last stage 
blade is selected in simulation. Obviously, the inlet temperature in the last four stage blades is 
higher than that in the last stage blade. The temperature ratio in simulation is higher than that 
in measurement. The RNG κ-ε turbulence model in this paper is also relatively closest to the 
measured value as shown in fig. 2(b). Therefore, the RNG κ-ε turbulence model is selected in 
this paper. 

Grid generation and independence

Rotor and stator blades meshes are gener-
ated by ANSYS Turbo Grid and the HOH topol-
ogy is used. In order to determine the optional 
grid number, validation of grid independence 
is carried out. Figure 3 illustrates the effects of 
grid number on the CFD results. The isentropic 
efficiency, eq. (3) is taken as reference parame-
ters and it is found that the total grid number has 
little effect on the isentropic efficiency when the 
total grid number reaches to 3.5 millions. To re-
duce computation time, the total grid number 
of the flow passages is determined as 3.66 mil-
lions, in which the grid number of single rotor 
and stator blade is 0.74 millions and 0.72 mil-
lions, respectively. 

*
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Figure 3. Grid independence verification
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where h2 and his
2 is the average enthalpy andthe average entropic enthalpy at the rotor outlet, 

respectively and h*
1 and h1 – the average total enthalpy and the average enthalpy at the stator 

inlet, respectively.

Results and analysis

Flow angle

The flow angle of rotor outlet has an im-
pact on the formation, development, influencing 
range and the variation rule of the flow separa-
tion vortex cores. Therefore, it is a key to rea-
sonably determine the flow angle of rotor out-
let under different volume flow conditions for 
studying the flow separation characteristics of 
the last stage blade. Speed triangle schematic 
diagram in rotor outlet is shown in fig. 4 where 
β2 is the flow angle of rotor outlet. Flow angles 
of rotor outlet shown in fig. 5 are average val-
ues along the blade height. Because the steam 
parameters vary greatly along the blade height 
in the last stage blade, the steam parameters at 
the average diameter cannot be used to describe 
the flow state of the whole blade, ten planes are 
equally spaced along the blade height to calcu-
late the speed triangle, respectively. It can be 
seen from fig. 5, the value of rotor outlet flow 
angle has a good agreement between the simula-
tion and the theoretical calculation by the speed 
triangle calculated method.

Under the rated back pressure 4.9 kPa condition, the steam flow angles at the outlet 
of rotor blade gradually decrease with the decrease of volume flow as shown in fig. 6(a). Under 
the 30% of the rated volume flow condition, the outlet angles of the rotor blade turn to negative 
at the 70% of the relative height of rotor blade. With the decrease of volume flow, the region 
of negative flow angles at the rotor blade outlet gradually increases. At 8% of the rated volume 
flow, the flow angles at the rotor blade outlet are negative value in 20%-85% of the relative 
height of rotor blade. The change rate of outlet flow angles is 7.31%. It is mainly because the 
steam flow is limited by the flow separation vortices. It can be seen in fig. 6(b) that when the 
back pressure rises to 15 kPa, at 70% of the rated volume flow, the flow angle at the outlet of 
the blade has a negative value at 70% of the relative height of rotor blade. The negative value 
reaches 50% of the relative blade height along the blade. With the decrease of volume flow, 
the negative outlet flow angles gradually develop toward tip and root direction. When the flow 
reduces to 8% of the rated volume flow, the negative outlet flow angles appear in the 88% to 
2% of the relative blade height area. It indicates that a large volume of flow separation occurred 
in the rotor blade passage under this condition. The back pressure continues to rise to 30 kPa, 
at 100% of the rated volume flow, the outlet flow angles of rotor blade occur negative value 
at 70% of the relative height of rotor blade. When the flow decreases to 8% of rated volume 
flow, the change rate of outlet flow angles is 11.86%. The outlet flow angles under all volume 
flow conditions are seriously deviated from the design value as shown in fig. 6(d). The negative 

Figure 4. Speed triangle schematic diagram in 
rotor outlet

Figure 5. Comparison of rotor outlet flow 
angles between simulation and theoretical 
calculation
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outlet flow angles occupy the whole blade height at 8% of the rated volume flow condition. It 
can be seen from figs. 6(a)-6(d) that the decrease of the outlet angles of rotor blade is becoming 
smaller and smaller with the rise of the back pressure. The outlet flow angles of rotor blade have 
a tendency to decrease at the same volume flow conditions but the magnitude of the decrease 
is smaller than that at the same back pressure conditions. It is mainly because the flow field 
deterioration due to the decrease of volume flow is greater than that caused by back pressure 
changing. In addition, it can be seen from the figure that the outlet flow angles at the tip and 
root of rotor blade are chaotic, which is mainly due to the reflux caused by the tip clearance and 
the boundary-layer.
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Figure 6. Flow angle of rotor outlet; (a) 4.9 kPa, (b) 15 kPa, (c) 30 kPa, and (d) 40 kPa

The steam flow deflects when the volume flow reduces. The outlet flow angles grad-
ually deviate from that under the rated condition and the negative attack angles occur, which 
are caused by the negative value of the flow angles at the outlet of the blade. With the increase 
of the negative attack angles, the range of flow separation is spreading. When the flow further 
decreases, the steam flows along the diagonal direction. The velocity triangle is severely de-
formed. In this case, a part of the energy must be consumed to counteract the reverse velocity 
for the steam to pass smoothly. It results in a decline in stage efficiency and becomes a serious 
threat to the safety of the blades.

The 3-D streamline

The 3-D streamlines of the last stage blade under different conditions are shown in 
fig. 7. It can be seen that the steam flows smoothly through the blade under the rated condition  
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(4.9 kPa, 100% of the rated volume flow). With the volume flow decreases, the streamline 
curves. The streamline is squeezed toward the root in the stator blade but deflected to the tip 
of rotor blade. The streamline also curves and gradually forms vortices with the rise of back 
pressure. When the flow reduces to 50% of the rated volume flow, the streamline sharply curves 
but without vortex. When the flow further reduces to 8% of the rated volume flow, a vortex is 
formed in the gap between rotor and stator blade and a reverse region occurs at the root of rotor 
blade. Under the 15 kPa back pressure, 100% of the rated volume flow condition, the streamline 
is severely curved but without vortex. At 50% of the rated volume flow condition, a vortex is 
formed between the rotor and stator blade and the vortex spreads along the blade with the de-
crease of volume flow. The back pressure rises to 40 kPa, the flow separation vortex is spread 
to 68% of the relative blade height. With the decrease of the volume flow, the radial flow of the 
steam becomes more and more typical and the influencing area of the flow separation vortex 
becomes larger. When the flow reduces to 8% of the rated volume flow, the vortex almost occu-
pies the whole blade height and the steam flow can only fill the outer edge of the blade, which 
seriously affects the steam flow in the blade. At this point, the blades are completely in the so-
called blast condition and no work is done.
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Figure 7. The 3-D streamline of last stage blade; (a) 4.9 kPa, 100% (b) 4.9 kPa, 50%,  
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Vortices cores position

Figure 8 shows the position of flow separation vortex cores in a small volume flow 
condition. It can be seen from the figure that under the same back pressure condition, the po-
sition of the vortex cores moves to the root with the decrease of volume flow. Under the same 
volume flow condition, the position of the vortex cores decrease along the blade height with the 
rise of back pressure. It can be seen from the previous analysis, the vortex core starts to form 
at 4.9 kPa back pressure and 30% of the rated volume flow condition and spreads to the root of 
rotor blade as the volume flow decreases. At 8% of the rated volume flow, the position of vortex 
core drops to 54.8% of the relative blade height. In addition, the influence of back pressure on 
the flow field is less than that of volume flow on the flow field. Therefore, under 15 kPa back 
pressure and 100% of the rated volume flow conditions, the streamline curves obviously but no 
vortex and vortex cores appear. When the back pressure rises to 30 kPa and the flow decreases 
to 20% of the rated volume flow, the vortex cores fluctuate slightly because of the interaction of 
flow separation and reverse vortices. As a result, the position of the flow separation vortex cores 
drops from 72.7-49.1% of the relative blade height.
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Figure 8. Flow separation vortex core position; (a) relative volume flow, (b) back pressure

Influencing range of vortex cores

Figure 9 displays the influencing range of vortex cores under different volume flow 
conditions when the back pressure are 4.9 kPa and 40 kPa. Maintaining the back pressure 
unchanged, the influencing range of the vortex cores will gradually enlarge in radial direc-
tion as the volume flow decreases. Under 40 kPa back pressure, 8% of the rated volume flow 
condition, the influencing range of vortex cores almost occupies the whole blade height. The 
position variation of the vortex cores under different volume flow conditions is the same with 
that the influencing range of vortex cores under the small volume flow conditions. With the 
decrease of volume flow, the influencing range of the vortex cores spreads not only in radial 
direction, but also in axial direction. If the volume flow continues to decrease, vortices may 
deteriorate the flow field at the last stages and cause the blade vibration, which will seriously 
threaten the safe operation of the blades.

Limited streamline

Figure 10 shows the distribution of the limit streamline of the stator under the rated 
back pressure and different volume flow conditions. As shown in the figure, under the rated 
condition, the steam flow on the suction and pressure surface of stator blade is relatively sta-
ble and the streamline passes through the stator blade smoothly. At 50% of the rated volume 
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flow condition, the detached line and 
reattachment line appear on the suc-
tion surface. When the flow reduces 
to 30% of the rated volume flow, the 
steam flow of the suction surface is 
obviously deteriorated and the flow 
separation vortex first appears at the 
top of the blade. The separation area 
gradually spreads along the blade 
height with the volume flow fur-
ther decrease. The streamline curves 
sharply and has a tendency to spread 
to the blunt under the influence of the 
flow separation vortices. The steam 
flow on the pressure surface is much 
better than that on the suction surface. 
The streamline curves slightly and no separation occurs at 50% of the rated volume flow. The 
curvature of streamline has no significant change with the decrease of volume flow. With the 
volume flow decreasing, the last stage blade is in a large negative attack angles condition and 
the flow separation occurs between rotor and stator. The separation flow influences the perfor-
mance of flow flied of the last stage and causes the separation in suction of the stator blade. At 
the same time, the flow flied deterioration does not influence the steam flow on pressure surface 
of stator blade under the rated back pressure condition, so the separation does not occur on the 
pressure surface of stator blade.

Suction Pressure

100% 50% 30% 15% 8%(a) (b) (c) (d) (e)

Figure 10. Limit streamline distribution of static blade; (a) suction and pressure 100%, (b) 50%,  
(c) 30%, (d) 15%, and (e) 8%

Figure 11 shows the distribution of the limit streamline of rotor blade under the rated 
back pressure and different volume flow conditions. It can be seen from the figure that the flow 
condition in the last stage rotor blade is good and the streamlines are distributed in the main-
stream direction under the rated conditions. At 50% of rated volume flow conditions, a clear 
detached line and a reattachment line occur on the last rotor blade pressure surface. A vortex is 
formed on the suction surface of the last rotor blade in the reverse direction of the vortex on the 
pressure surface. When the flow reduces to 30% of the rated volume flow, the detached line and 
the reattached line of the pressure surface move to the blunt. The vortex at the suction surface 

(a) (b)

100%

70%

50%

30%

20%

15%

10%

8%

30%
20%
15%
10%
8%

Figure 9. Influencing range of vortices cores;  
(a) 4.9 kPa, (b) 40 kPa
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merges into the vortex between the rotor and the stator. The vortex almost occupies the whole 
blade height under the condition of 8% of the rated volume flow, which seriously affects the 
safety of the last blade.

Pressure Suction

100% 50% 30% 15% 8%(a) (b) (c) (d) (e)

Figure 11. Limit streamline distribution of rotor blade; (a) pressure and suction 100%, (b) 50%,  
(c) 30%, (d) 15%, and (e) 8%

Conclusions

 y The outlet flow angles of the last stage blade begin to appear negative value and negative 
attack angles occur under the condition of rated back pressure and 30% of the rated volume 
flow. The range of negative attack angles becomes lager with the decrease of volume flow. 
When the volume flow further reduces, the steam flows along the diagonal direction. Part 
of the energy is consumed to counteract the reverse velocity for the flow of steam to pass 
smoothly, which threaten the safety of blades.

 y A vortex first appears at the top clearance between the rotor and the stator at the rated back 
pressure and 30% of rated volume flow. The influencing range of vortex spreads to the root 
of blade with the decrease of volume flow. At 8% of rated volume flow conditions, the vor-
tex almost occupies the whole blade height and interacts with the weak reverse vortex at the 
root of the blade. So the flow field of the last stage is affected seriously and the last stage 
blade is in the state of blast.

 y The position of the flow separation vortex cores shifts from 72.7% to 49.1% of the relative 
blade height with the decrease of volume flow. The influencing range of vortex cores ex-
tends in radial direction and has a tendency to spread to axial direction.

 y The separation area is generated on the rotor pressure surface and gradually spreads to the 
suction surface with the decrease of volume flow. When the volume flow decreases to 30% 
of the rated volume flow, the steam flow on the suction surface in the last stator blade is 
affected by the separation area.
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Nomenclature

h1– average total enthalpy at the stator inlet, [J]
h2 – average enthalpy at the rotor outlet, [J]
h*

1 – average enthalpy at the stator inlet, [J]
his

2 – average entropic enthalpy at the rotor outlet, [J]
hsat,f(p) – saturated water enthalpy, [J]
hsat,g (p)– saturated steam enthalpy, [J]

Greek symbols

α – wet steam dryness, [–]
β2 – flow angle of rotor outlet, [°]
φmix(p) – wet steam thermophysical parameters, [–]
φsat,f (p) – saturated water thermophysical parameter, 

[–]
φsat,g (p) – saturated gas parameter, [–]
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