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Abstract: In order to investigate the operational performance of the high-pressure (HP) cylinder
towards a 300 MW boiler unit, the three-dimensional calculation method was applied to simulate the
aerodynamic flow characteristics of the last five stage cylinder blades, including limiting streamline,
isentropic efficiency along the blade height, and relative work amounts. Simulation results show that
with the back pressure controlled at 3.4 MPa and the inlet steam flow decreasing to a certain extent,
the flow state of the last three stage blades begins to deteriorate. When the back pressure continues to
drop, the flow state becomes unstable at the blade root and the blade tip on the suction surface of the
rotor blade, while the flow state is stable on the pressure surface of the rotor blade and the surface of
the stationary blade. If the flow rate decreases, the flow separation area on the suction surface of the
moving blade decreases, and the flow performance can be improved. With the decrease in the boiler
load, the total-total isentropic efficiency for the last three stage blades of the HP cylinder gradually
decreases. In addition, the isentropic efficiency at the blade root and blade tip is lower than that for
the blade body, which is closely related to the flow separation phenomenon of the last three stages of
moving blades at the root and tip. In the working condition of the intermedium-pressure adjustment
valve, since the temperature variation is within a limited range, operational safety can be guaranteed
under the design blade frequency and strength. This paper provides the upper and lower limits
of the exhaust gas pressure for the HP cylinder under the intermedium-pressure adjustment valve
participation mode concerning various working conditions as well as corresponding constraints. This
is conducive to guiding the design and safe operation of the intermedium-pressure adjustment valve.
Through adjusting the intermedium-pressure adjustment valve, a specific supply capacity of the unit
can also be satisfied at the lower load, which is beneficial to the deep peak regulation of the unit.

Keywords: deep peak regulation; isentropic efficiency; flow separation; control strategy

1. Introduction

With the rapid development of renewable energy in recent years, the abandonment
of wind and solar energy is becoming increasingly severe [1], and the demand for peak
regulation of power grids is urgent. Coal-fired generating units are still the main body
of many countries or regions, such as China. Hence, it is imperative for them to take
responsibility for deep peak regulation. Conventional combined heat and power units
usually operate in the mode of constant thermal power supply in winter, and the thermal
load restricts the peak regulation capacity. Thermoelectric decoupling technology can
remove the constraint of thermal production on power production, thus facilitating the
development of cogeneration units with deep peak regulation capacity [2].
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There are many ways to realize thermoelectric decoupling. One of them, partial
removal of the low-pressure (LP) cylinder in the thermal supply during operation, is a
relatively economical solution [3,4]. If the LP cylinder is partially removed, the key is how
to ensure the safe and stable operation of the final blade for a long time [5–7]. Regarding
the industrial steam supply, the decoupling of heat and electricity is commonly realized
through high and low steam bypass or by directly reducing the temperature and pressure
of the main steam [8,9]. Suppose the intermedium-pressure adjustment valve is applied to
adjust and supply steam through the hot section or cold section. In that case, the steam
supply pressure under low load conditions can also be adjusted to a certain extent.

The published studies on the application of the intermedium-pressure adjustment
valve mainly focus on the controlling method. In order to ensure safe operation, the opening
degree of the valve and the exhaust gas pressure of the high-pressure (HP) cylinder are
generally controlled to prevent the vibration of the valve and the overload of the last blade
due to more work [10,11]. However, studies were only found to investigate the flow field
variation and aerodynamic characteristics of the HP cylinder when using an intermedium-
pressure adjustment valve to adjust the heat supply. In contrast, current research is mainly
concentrated on the LP cylinder. Namely, the analysis of the flow characteristics of the LP
cylinder is complete, especially for the conditions running at low flow rates or high back
pressure [12–16]. These studies have indicated that off-flow and backflow phenomena may
occur when the flow state is far from the design conditions. A similar situation may also
happen if the intermedium-pressure adjustment valve is deeply involved in the adjustment.

In this paper, a 300 MW boiler unit was selected as the research objective to investi-
gate the operational performance of the HP cylinder mainly through a three-dimensional
simulation method. Since the normal operational range of steam supply pressure is from
1.7 MPa to 3.4 MPa, three different back pressures were considered, 3.4 MPa, 2.7 MPa, and
1.9 MPa. Particularly, 3.4 MPa is the designed back pressure of the unit under 100% flow
condition, 2.7 MPa is the designed back pressure under 80% flow condition, and 1.9 MPa
is the designed back pressure under 60% condition. The three back pressures selected
are the pressures with no participation from the intermedium-pressure adjustment valve
adjustment. In this way, it is convenient to compare the flow state with or without the use
of the intermedium-pressure adjustment valve. The aerodynamic flow characteristics of
the last five stage cylinder blades were analyzed, including limiting streamline, isentropic
efficiency along the blade height, and relative work amounts, thus better determining the
safe operation mode when applying the intermedium-pressure adjustment valve in the
adjustment for heat supply.

2. Model Description
2.1. Modeling Methods

This paper mainly discusses the aerodynamic performance of the last three stages of
dynamic or stator blades under the adjustment of the intermedium-pressure adjustment
valve. As shown in Figure 1, considering the flow characteristics of the incoming steam,
two stages were added before the last three stage blades in the numerical simulation. In
order to ensure stable gas flow at the inlet and outlet and no significant backflow, the inlet
and outlet were extended, and the outlet section was directly extended a certain distance
along the straight line without considering the influence of the exhaust cylinder.

The internal flow of the steam turbine has the remarkable feature of three-dimensionality,
and the requirements for numerical simulation are challenging. The computational fluid
dynamics software NUMECA, a highly integrated flow field numerical simulation software
suitable for turbomachinery design, was applied to carry out this work. As the first
simulation step, the computational model’s grid division was completed using the software
module IGG/Autogrid5. Specifically, the thickness of the first layer of grids near the upper
and lower end walls is 0.001 mm. The grid structure adopts an H-O-H topological grid,
i.e., the inlet section adopts an H-type topological grid, the surrounding blade adopts an
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O-type topological grid, and the outlet section adopts an H-type topological grid, as shown
in Figure 2a. Figure 2b presents the computational domain and mesh schematic diagram.
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The complex flow inside the steam turbine should obey a series of physical conser-
vation equations, including mass balance, momentum balance, and energy conservation
balance. The turbulence model in this paper adopts the Spalart-Allmaras turbulence model
(SA model), and the working medium is considered compressible condensable water vapor,
which is based on the IAPWS-IF97 [16] property table.

It should be noted that the number and quality of meshes significantly affect the
computational efficiency and the reliability of the calculation results [16–19]. In order to
determine the appropriate number of grids, it is necessary to verify mesh independence.
Taking the full load condition as an example (100% rated flow rate), the static outlet pressure
is set at 3.4 MPa. The convergence criterion will be satisfied if the difference between the
inlet and outlet flow rates is less than 0.05%. The total-total isentropic efficiency for the five-
stage blades is defined as the evaluation standard. A total of six different grid schemes were
generated, and the number of computational grids ranges from 1.45 million to 4.84 million.
The numerical simulation results are shown in Figure 3. When the number of grids exceeds
3.93 million, the variation in the total-total isentropic efficiency tends to be unapparent.
Hence, the number of grids is selected as 4.54 million in the following cases to balance the
computational time and calculation accuracy.
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2.2. Simulation Conditions

The inlet boundary condition is set at total pressure and total temperature, correspond-
ing to the total flow rate. Specifically, the inlet total pressure and inlet total temperature are
obtained based on the designed data of the turbine flow. According to the designed inlet
pressure, temperature, and velocity, the kinetic energy of the inlet steam is converted into
enthalpy, thus obtaining the total temperature and total pressure. In contrast, the outlet
boundary condition is set to the given static pressure (back pressure). In total, three back
pressures are involved in this paper, 3.4 MPa, 2.7 MPa, and 1.9 MPa. Meanwhile, for each
back pressure condition, the effect of flow rate on the aerodynamic performance of the last
three stage blades of the HP cylinder was also discussed (the ratio of the actual flow rate
to the rated flow rate is defined as the load ratio). The detailed simulation conditions are
listed in Table 1. The five load ratios listed in Table 1 are chosen so as to cover all possible
load conditions during operation.

Table 1. Boundary conditions for each calculation case.

(a) 3.4 MPa back pressure

Load ratio/% 100 85 70 60 50

Inlet total pressure/MPa 6.827 6.051 5.431 5.043 4.678
Inlet total temperature/K 677.45 673.85 688.05 697.15 709.85

(b) 2.7 MPa back pressure

Load ratio/% 100 85 70 60 50

Inlet total pressure/MPa 6.375 5.574 4.935 4.529 4.143
Inlet total temperature/K 668.05 662.65 675.45 682.95 693.75

(c) 1.9 MPa back pressure

Load ratio/% 85 70 60 50 40

Inlet total pressure/MPa 5.080 4.411 3.984 3.575 3.156
Inlet total temperature/K 650.35 660.95 666.35 674.75 682.15

3. Results and Discussion
3.1. Flow Field Analysis

The possible flow instability over blade surfaces can be reflected by the limiting
streamline [20]. At the 60% load ratio, the flow deterioration occurs at the last stage blade,
the penultimate stage blade, and the antepenult stage blade, so that it is convenient to
analyze the influence of increasing back pressure on flow conditions. Figures 4 and 5 show
the aerodynamic flow characteristics of the last three stage blades when the back pressure
is controlled at 3.4 MPa and the load ratio is 60%, involving four types of blade surfaces:
the pressure surface of the stator blade (S-P), the suction surface of the stator blade (S-S),
the pressure surface of the moving blade (M-P), and the suction surface of the moving
blade (M-S).
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Figure 6 shows that for the last three stage blades, the flow instability may occur at
the root and tip of the moving blade suction surface under almost all working conditions,
regardless of the back pressure and load ratio. With the decrease in back pressure, this
phenomenon seems more obvious. While the load ratio decreases, the flow separation area
on the M-S surface will be smaller.
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Flow instability can also happen on the pressure surface of moving blades. As shown
in Figure 7, if the load ratio decreases below 70%, the flow instability on the M-P surface
starts developing from the last stage blade. Under the 60% load ratio condition, from
the blade root to the middle of the last stage blade, the flow disturbance over the M-P
surface is evident, and the flow over the penultimate stage blade’s surface becomes unstable
at a limited area near the blade tip. When the load ratio is further reduced to 50%, the
flow instability on the M-P surface for all three stage blades is significant. As the steam
flows to the last stage blade, the flow separation becomes more and more severe, and the
aerodynamic loss increases. These results indicate that under the high back pressure of
the HP cylinder, it is necessary to maintain the steam flow rate above a specific value. If
the flow rate is too low, the flow state will deteriorate, affecting the work of the last three
stages, and some safety hazards may exist. This is consistent with the aerodynamic analysis
results of the LP cylinder at a small volumetric flow rate. Namely, the secondary flow and
flow separation can also occur for the last two stage blades [21–24].

However, different from the situation with the suction surface of the moving blade,
the aerodynamic flow characteristics of the pressure surface are significantly related to the
back pressure. Figures 8 and 9 show the limiting streamlines on the S-P and M-P surfaces
of the last stage blade with a back pressure of 2.7 MPa and 1.9 MPa, respectively. It can
be seen that when the back pressure is 2.7 MPa for the high load conditions (100% and
85% load ratio), the flow separation happens near the head of the S-P surface and the tail
edge of the M-P surface, resulting in severe aerodynamic losses. The flow separation on the
M-P surface of the last stage blade is only notable once the load ratio decreases to 50%. If
the back pressure further drops to 1.9 MPa, the flow on S-P and M-P surfaces will be more
stable at each load from an overall point of view, except for some local areas of the moving
blade where the flow separation can occur at high loads (10~15% of the blade height, from



Processes 2023, 11, 1214 6 of 12

the root or tip), this may be due to the lower flow rate in these areas compared with other
areas on the M-P surface.
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Therefore, for the low back pressure, the deterioration of the flow condition needs to
be noticed if the total steam flow rate is high. The flow and work conditions at low loads
may be acceptable.

3.2. Total-Total Isentropic Efficiency and Work Capacity

Figure 10 presents the distribution of the total-total isentropic efficiency along the
blade height with a back pressure of 2.7 MPa. The distribution law shows a similar trend
under the other two back pressure conditions (3.4 MPa and 1.9 MPa), which can be seen in
Figures 11 and 12. It can be seen that the total-total isentropic efficiency of the last three
stages gradually decreases with the decline in load ratio. The efficiency at the blade root
and tip is lower than that at the blade body, which has a close relationship with the flow
separation phenomenon existing at both ends of the moving blade.
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Figure 12. Distribution of the total-total isentropic efficiency along the blade height (1.9 MPa back
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When maintaining a high back pressure condition, as the inlet steam flow decreases,
the amount of work performed by the last three stage blades will decrease accordingly, as
shown in Figures 13–15. Specifically, the work performed by the antepenult stage blade
decreases in proportion to the flow rate of the inlet flow. In contrast, the reduction in the
amount of work performed by the last two stage blades, especially the last stage blade, is
relatively more apparent. For instance, at 50% of the rated flow, the relative work capacity of
the last stage blade is only 36.8% of that at full load. This can be ascribed to the deterioration
of the working conditions around the last stage blade caused by the flow separation and
increasing back pressure. At the same load (50%), when the back pressure drops to 2.7 MPa,
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the relative work capacity of the last stage blade increases to 41.7%. If the back pressure
is further reduced to 1.9 MPa, the relative work capacity of the last stage can increase to
48.8%. This is consistent with the case of limiting streamlines.
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3.3. Blade Frequency and Strength

Figures 16 and 17 show the static temperature distribution on the pressure surface of
moving blades under different conditions. Simulation results reveal that the back pressure
has no significant effect on the surface temperature distribution for each stage blade. While,
at the same back pressure, the variation of the surface temperature for the same stage blade
is within 60 ◦C when the load changes.

In this temperature range, the elastic modulus of the blade material changes slightly [24–26].
According to Equation (1), the blade frequency is proportional to the square root of the
elastic modulus. Hence, it can be inferred that the blade frequency does not change
significantly. Namely, within the design load and back pressure range, blade frequency and
material strength can ensure safe operation without serious problems.
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f ∝
√

EJ/(ρA) (1)

where f denotes the type A vibration frequency, Hz; E denotes the material elastic modulus,
Pa; J denotes the moment of inertia of blade section, kg · m2; ρ denotes the material density,
kg/m3; and A denotes the blade cross-sectional area, m2.
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3.4. Control Strategy of High Discharge Pressure under Parameter Adjustment of the
Intermedium-Pressure Adjustment Valve

Through the above analysis, it is acknowledged that if the outlet pressure of the HP
cylinder is to be maintained at the rated value, the flow state of the last two stage blades will
begin to deteriorate when the flow rate drops below 60%. Hence, the operating pressure of
the HP cylinder must be reduced. When the back pressure decreases to a lower value, the
flow state at significant flow rates deteriorates. Consequently, under different flow rates, to
maintain a satisfactory flow state, there should be a safety threshold for the back pressure
of the HP cylinder. Namely, this value cannot be too high or too low.

In terms of the actual power plant operation, the back pressure of the HP cylinder is
usually controlled based on the ratio between the back pressure of the HP cylinder and
the pressure of the turbine regulating stage [27–29]. However, this control mode could be
more accurate.

The intermediate-pressure adjustment valve is a device used to regulate the pressure
between two sections of a system. In the context of the paper, it is used to control the
back pressure of the high-pressure cylinder. The principle of operation of the valve is
relatively straightforward. When the pressure on the upstream side of the valve exceeds a
setpoint, the valve opens to allow fluid to pass through to the downstream side, reducing
the pressure differential. When the downstream pressure exceeds a setpoint, the valve
will close, preventing further flow. By adjusting the setpoint of the intermediate-pressure
adjustment valve, the pressure in the system can be controlled. This, in turn, can be used to
regulate the back pressure of the high-pressure cylinder, which affects the performance and
efficiency of the system as a whole.
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From the aerodynamic performance and safety perspective, this paper proposes a
control strategy of the back pressure of the HP cylinder through adjusting the intermediate
control value. The upper and lower limits of the back pressure are shown in Figure 18.
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The back pressure of the HP cylinder still needs to be constrained by the following
three conditions:

(1) The difference between the first-stage extraction pressure (p1) and exhaust pressure
(pc) of the HP cylinder shall not exceed this differential pressure with the exact definition
under the rated pressure (∆p), thus preventing the overload of the last stage blade;

(2) The exhaust volume flow of the LP cylinder V(pC, mh) (related to the extraction
pressure pc and the exhaust flow of the HP cylinder mh) should not exceed a certain pro-
portion (λ) of the volume flow rate under the rated working condition (V), thus preventing
the steam flow rate of the reheater from over-speeding;

(3) The operating temperature of thrust bearings (Ttl) should be lower than a specific
limit (Ttl); otherwise, the negative thrust exceeds the standard level and the back pressure
of the HP cylinder needs to be increased. Meanwhile, ensuring the required minimum flow
rate of the medium-pressure cylinder after steam extraction is necessary.

In summary, the back pressure of the HP cylinder is subject to the following constraints:

s.t.


p1 − pc ≤ ∆p

V(pc, mh) ≤ λ · V
Ttl ≤ Ttl

(2)

Therefore, according to the aerodynamic analysis, the upper and lower limits of the
back pressure of the HP cylinder are obtained. Combined with the above constraints
(Equation (2)), the steam extraction pressure at different loads with the participation of
the intermedium-pressure adjustment valve can be determined, guiding the relevant unit
transformation and safe operation.

4. Conclusions

In order to analyze the aerodynamic flow characteristics of the last five stage cylinder
blades of the high-pressure cylinder, including limiting streamline, isentropic efficiency
along the blade height, and relative work amounts, three-dimensional calculations were
carried out in this paper. The steam turbine of a 300 MW unit was taken as the research ob-
jective, and three different back pressures of the HP cylinder were chosen as the simulation
cases: 3.4 MPa, 2.7 MPa, and 1.9 MPa.

Results show that when the back pressure is controlled at 3.4 MPa and the inlet steam
flow rate is lower than 60%, the flow state of the last stage blade begins to deteriorate. If
the inlet steam flow rate is further reduced to 50%, the deterioration will happen on the
last three stage blades. When the back pressure decreases to 2.7 MPa, the flow state at low
flow rates can be improved. However, if the back pressure is reduced to 1.9 MPa, flow
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instability may occur at the root and tip of the moving blade suction surface for almost all
working conditions. Meanwhile, the flow is stable on the pressure surface of the moving
blade and the surface of the stator blade. In addition, with the decrease in flow rate, the
flow separation area on the suction surface of the moving blade decreases, and the flow
stability improves.

As the load decreases, the total-total isentropic efficiency of the last three stage blades
gradually decreases. The efficiency at the blade root and tip is lower than that at the blade
body. This is due in large part to the flow separation phenomenon on moving blades. The
distribution of the total-total isentropic efficiency of the last three stages along the blade
height shows a similar trend under different back pressures.

According to the temperature field data, the static temperature distribution on the
blade surface under different back pressures is similar at the same load. When the back pres-
sure stays the same, the surface temperature variation with load for the same blade is about
60 ◦C. Within this temperature variation range, the elastic modulus of the blade material
changes little, and the blade frequency and material strength can ensure safe operation.

Based on the above analysis, the upper and lower limits, and corresponding constraints
of the back pressure of the HP cylinder are suggested for various working conditions,
which can provide relevant guidance for the design and safe operation of the steam supply
related to the intermedium-pressure adjustment valve. Through adjusting the intermedium-
pressure adjustment valve, a specific supply capacity of the unit can also be satisfied at
the lower load. For example, when the back pressure of the HP cylinder is 2.7 MPa, the
minimum steam load of the unit can be reduced from 80% to 60% with the participation of
the intermedium-pressure adjustment valve, which is conducive to the peak regulation of
the unit.
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