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Abstract 

 

This article considers whether the unit power of steam-turbine plants can be 

increased through increasing the capacity of the low-pressure cylinders (LPC) of  
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steam turbines. At the current stage of development of science and technology, the 

common level of unit power of a fossil-fuel power unit with 50 Hz steam turbines 

is a 1200 MW plant. One of the main factors determining the marginal unit power 

of steam-turbine units is the capacity of low-pressure cylinders. A promising way 

to increase the steam passage through the LPC is switching to two-tier wheel 

spaces. This approach allows increasing the capacity of one exhaust by more than 

40%. With the same height of the last-stage blade of 1200 mm, application of the 

two-tier wheel space helps to increase the exhaust area from 11.3 m2 to 16.3 m2. 

The studies show that the two-tier cylinder has high levels of performance, its 

internal relative efficiency is 87.1%, which in some cases exceeds the similar 

characteristics of low-pressure cylinders with a conventional construction. If the 

solutions under consideration are used, the highest capacity of the high-speed 

turbine unit may be as high as 2000 MW. 

 

Keywords: low-pressure cylinder, steam turbine, two-tier stage, two-tier wheel 

space 

 

 

1 Introduction 
 

Increasing the unit output of power plant is of great practical interest [5], since 

this would result in a significant decrease in the specific metal consumption and, 

thus, the relative capital investment.  

Increase in the power of the power units is usually through increase in the 

steam flow through the wheel space of the turbine. The factor limiting the steam 

flow rate is the capacity of the last stages of the low-pressure cylinders. 

To consider theoretically possible ways to increase the power of the steam 

turbine, let us turn to the following formula describing the ultimate power of the 

steam turbine [5]: 

 

 

𝑁 ≈ 𝑚 ∙ 𝜂𝑜𝑖 ∙
ΣFа ∙𝐶2∙𝐻0

𝑉2
,                       (1) 

 

where ∑Fa – total end area of the exhaust, m2; 

C2 – average flow rate of steam outflow from the last stage blade row, m/s; 

V2 – specific volume of steam downstream the last stage, m3/kg; 

H0 – available heat drop, kJ/kg; 

m – coefficient taking into account the power generated by regeneration 

steam flows (in most cases 1.1 < m < 1.3). 

  

 

As can be seen from equation 1, the ultimate power of the LPC depends on a 

wide range of factors. Let us consider successively each of them. 
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The local speed of sound being known, the average flow rate downstream the 

last stage can be expressed in terms of the Mach number (M2a). For modern 

exhaust hoods, the values M2a are close to the ultimate ones and currently amount 

to 0.75. Any increase in them will lead to a sharp increase in the resistance of LPC 

exhaust hood and, hence, to increase in the pressure downstream the last stage and, 

therefore, to the decrease of the efficiency of the entire plant. Thus, the increase in 

the power through increase of M2a above 0.75 is unpractical [8]. 

 

The specific volume V2 depends on the pressure downstream the last stage (pk). 

Increase in the final pressure will worsen the efficient performance of the whole 

turbine plant. Transfer, for example, from p2 = 3.5 kPa to p2 = 5 kPa with the same 

dimensions of the last stage increases the rated power of the turbine by about 25% 

due to increase in the steam flow rate limit, while the efficiency of the plant is 

reduced by Δηe/ηe = 0.5% at the supercritical initial parameters of the steam. 

The available heat drop depends on the parameters of the thermodynamic cycle. 

Currently, power units with supercritical steam parameters are the most common. 

The power can also be increased by increasing the heat drop that depends on the 

parameters of the thermodynamic cycle, which are mainly determined by the 

pressure and temperature of the fresh steam. However, the transition to higher 

parameters is inextricably linked with the issues of the creation of new structural 

materials. This issue is actively solved the in the global scientific community, but 

currently, it does not have an unambiguous solution.  

Based on the above, the effect on the above parameters (C2, V2, H0) cannot 

help to substantially increase the power of the steam power plant. The most 

promising way to increase the power is to increase the total exhaust area of the 

LPC. 

 

Increasing the exhaust area can be solved either quantitatively – by increasing 

the number of exhausts, or qualitatively – by increasing the capacity of the LPC 

with the same number of steam exhausts into the condenser. However, a 

quantitative solution consisting in increasing the number of emissions also can be 

only limitedly applied, due to the capabilities to ensure the vibratory reliability of 

a lengthful shaft line. In this connection, this work deals with the qualitative 

method of solving the problem, namely the search for methods to increase the end 

area of the low-pressure cylinder exhaust. Same approach was discussed in [17] 

for nuclear power plants. 

 

2 Methods of increasing the capacity of the LPC 

 
Historically, increasing the capacity of single-flow LPCs became relevant as 

early as 100 years ago, when steam turbines came into wide use for generating 

electricity, and a practical demand arose for high-power turbines. 

Since at that time, engineering capabilities and strength characteristics of 

steels and alloys did not allow solving the problem of increasing the steam 

passage through the last stages of conventionally designed condensing turbines,  
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the beginning of the 20th century saw patenting various structural solutions that 

have not lost their relevance to the present.  

In 1917, Baumann offered a two-tier stage and a low-pressure cylinder based 

on this stage; the design of the LPC is shown in Figure 1 [1]. The use of 

Baumann’s stage allows splitting the steam flow into two parts in it. After 
splitting, one part of the stream enters the upper tier of the impeller, where it is 

expanded to the condenser pressure; and the other part is expanded in the lower 

tier and then enters the last stage of the LPC. This solution allows increasing the 

overall steam passage through the cylinder, thus providing a significant increase 

in the unit power of the turbine, however, it was only applied in domestic turbine 

K-200-130/50. 

 

 

 
 

 

Fig. 1: LPC with Baumann’s next-to-last stage 

 

 

 The limited use of the stage of the design discussed is due to a number of its 

significant flaws. First, the heat drop of the next-to-last stage upper tier equals the 

total heat drop of the lower tier and the last stage of the LPC, due to which the 

upper tier operates at the speed ratio u/sf that is significantly lower than the 

optimal value. The structural flaws of the stage under consideration include the 

absence of a dividing shelf in the nozzle assembly and a proper seal in the 

inter-tier gap and profiling of the blade row without considering the peculiarities 

of the supersonic nature of the flow in the upper tier. As the blades of the upper 

tier are a natural extension of the lower tier blade airfoil, then there is increase in 

losses connected with the large degree of the fan-shaped design of the blade row. 

The nozzle array chords of the upper and lower tiers of Baumann’s stage and the 

rows of the last stage are so large that the relative height of these rows is compara- 
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ble with the relative height of the rows of the first stages. Obviously, these flaws 

do not allow to achieve a high level of efficiency of Baumann’s stage, and, thus, 

the low-pressure cylinder as a whole. 

Due to the low level of efficiency and reliability, the structural solution 

including Baumann’s stage was an interim step in improving the ultimate power 

of steam turbines. The rapid development of the metal industry and improvement 

in the quality of used steels and alloys in the middle of the 20th century allowed to 

abandon the use of complex structural solutions and switch to the currently 

conventional method for increasing the capacity of the LPC – increasing the 

height of the last-stage blade [2, 4, 6, 10]. A 960 mm long last-stage blade is used 

in most of the currently existing high-speed steam-turbine equipment from the 

power range of 300-800 MW [3]. The attempt to increase the power, and, 

therefore, the capacity without auxiliary cylinders resulted in the creation of a 

1200 mm long blade [7, 12]. The next step is to switch to 1300-1400 mm long 

blades. Issues related to the development of lengthful blades are considered in a 

number of works [8, 11, 13, 14, 15], which note a number of issues related to 

ensuring the required strength and aerodynamic efficiency of the stages based on 

such blades. 

 

 
To analyze in detail all the advantages and disadvantages of this approach, we 

performed aerodynamic and strength calculations of the wheel space of the 

four-stage LPC with a 1400 mm high blade of the last stage, the sketch design of 

which is shown in Figure 2. The calculations made showed that, as expected, the 

least efficient stage of the LPC is the last stage, the blade efficiency of which is ηoi 

= 0.71. The main cause for this poor efficiency is great losses with the output 

speed ΔHos = 40.5 kJ/kg, which depend mainly on the speed in case of the fixed 

axial exhaust area, that is, on the Mach number at the outlet of the last stage, the 

Mach number being assumed to be around 0.75 for the calculations, and this is the 

limit value that ensures the efficient operation of the turbine exhaust hood. 

Additional losses connected with the fan-shaped design, humidity, and losses 

from leakage decrease the internal relative efficiency of the last stage down to 

55%. Moreover, the use of a long blade with just four stages in the cylinder leads 

to an excessively large opening angle of the wheel space (more than 45%), which 

in turn inevitably leads to high losses at the peripheral area of the blades. In reality, 

it should be expected that the efficiency of this stage will not exceed 50%, and the 

efficiency of the whole cylinder will be rather low – about 80%. Thus, we can 

conclude that the increase in the capacity of the low-pressure cylinder through 

using longer blades (more than 1200 mm) leads definitely to low levels of 

efficient performance. 
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Fig. 2: LPC with a 1400 mm high blade of the last stage 
 

Strength holds a prominent place along with providing the aerodynamic 

efficiency of the last stages. Data from the strength calculation suggest that the 

last stage of the LPC with a 1400 mm long blade will be in critical operation 

conditions, since the coefficient of safety in respect to tensile stress is as low as 

1.3 where titanium is used. It is also worthwhile noting that lengthful blades 

typically have high values of the circumferential speed, which is 725 m/s at the 

periphery of the 1400 mm long blade with the root diameter of 2.1 m, such 

circumferential speed being almost 100 m/s greater than that of the cylinder with 

1200 mm long blades. In this connection, it should be expected the erosive drop 

wear of the blade feather to be more intense. 
On facing the challenges of creating lengthful blades in the 1980s, scientists 

returned once again to the idea of increasing the end area through the use of one 

and a half exhausts. For example, the works [9] by TsKTI proposed a concept of a 

cylinder in which a part of the flow is turned by 180° (Figure 4). The organization 

of the operating medium flows is as follows: steam passes the lower tier of the 

next-to-the-last two-tier stage and is divided into two flows, one of which enters 

the last stage, and the other one is turned by 180° in a special guiding device and 

then enters the upper tier of the next-to-the-last stage. The offered solution helps 

to eliminate one of the flaws of Baumann’s stage – to reduce the available heat 

drop existing in the second tier of the next-to-the-last stage, which will be equal to 

the heat drop of the LPC last stage in this case. However, there are very great 

difficulties concerning the organization of the bleeding and subsequent turning of 

the steam flow. Turning the flow by 180° results in an uneven velocity profile at 

the inlet to the second tier, causing additional losses which reduce the efficiency 

of the stage by 2-3%. The latter circumstance, together with the technical 

complexity of the organization of such wheel space, makes the approach under 

consideration difficult-to-make. 
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Fig. 3: LPC with the division and turn of a part of the flow by 180° 

 

It is practical to use the concept of a two-tier wheel space, the principal design 

of which is further discussed in more detail, in order to ensure an optimal heat 

drop in the upper tier, thereby avoiding problems with Baumann’s exhaust, on the 

one side, and avoid the turn of a part of the flow as in the design offered by TsKTI, 

on the other side. 

 

3 Two-tier LPC 
 

A step-ahead solution for increasing the capacity of the LPC is switching to a 

multi-stage two-tier wheel spaces, where the upper tier is a set of blades separate 

from the lower tier that has its own optimal pitches, profiles, values of u/cf and 

reactions. Basic principles of using two-tier stages in low-pressure turbines were 

discussed in [18, 19].The sketch of one flow of the developed LPC with a higher 

capacity is shown in Figure 4, and its three-dimensional model in Figure 5. 

 

 
Fig. 4: Wheel space of the two-tier LPC 
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Fig. 5: Three-dimensional model of the two-tier flow path 

 

 

 

 

The principle of the organization of steam movement is as follows: the flow 

passes the first stage of the LPC, is divided and the greater part of it continues to 

expand in the four stages of the lower tier, while the other part is expanded to the 

condenser pressure in the three stages of the upper tier. While the two tiers have 

the same heat drop, the smaller number of stages in the second tier compared with 

the first one is due to the fact that their average diameters are larger than the 

average diameters of the lower-tier stages, therefore, the triggered heat drops on 

the upper-tier stages are higher than on the lower-tier stages. 

 

The basis for the formation of the two-tier wheel space is two-tier blades. It is 

reasonable to designed the first two two-tier stages with the same number of 

blades in the lower and upper tiers. It is practical to design the last two-tier stage 

with a different number of blades in the tiers. A fork-shaped design of the two-tier 

blade shown in Figure 6 was developed to implement this solution. 

 
Compared to conventional blades [16], two-tier blades are under additional 

tensile stresses connected with the presence of an inter-tier shelf, which is one of 

the most loaded areas of the structure under consideration. Three-dimensional 

strength calculations showed that to ensure the necessary strength parameters 

requires that the fork-shaped blade should be made of titanium, and the thickness 

of the inter-tier shelf of the blade should be at least 20 mm. In this case, its safety 

factor will be at least 2.8. 
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Fig. 6: “Fork-shaped” two-tier blade 

 

 

As there is a necessary gap between the fixed part – the dividing shelf of the 

nozzle assembly and the rotating part – the dividing shelf of the impeller, this 

inevitably results in steam leakage from the peripheral area of the lower tier into 

the root area of the inter-rim gap of the drop existing on the stage of the second 

tier exceeds the heat drop of the stage of the second tier. This direction of fluid 

leakage is due to the fact that the available heat first tier, due to the arrangement 

of the blades on the high average diameters, therefore, the steam pressure in the 

inter-rim gap at the second tier is lower, resulting in the flow of the working fluid.  

 
Calculations showed that the total flow through the radial gap of 2 mm can be 

up to 4.3% of the flow rate at the inlet to the second stage of the lower tier without 

a sealing system, therefore, to reduce it, a sealing system was developed to seal 

gaps between the upper and lower tier. 

Three-dimensional calculations of various labyrinth sealing systems showed 

that the most effective sealing is that offered by V. G. Orlik, which can reduce the 

steam leakage flow by more than 3 times as compared to the design without 

sealing. Figure 7 shows the results of the aerodynamic analysis of the steam flow 

at the offered seal design. 
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Fig. 7: Flow pattern in the inter-tier seal 

 

 

 

To evaluate the efficiency of the cylinder under design, we performed an 

engineering design including profiling the rotating and nozzle blades, followed by 

studies of the efficiency of the profiles obtained based on a three-dimensional 

numerical simulation. A particularity of designing a two-tier cylinder is a variable 

root diameter of the stages of the second tier. For most existing high-power steam 

turbines, the root diameter in the LPC is constant or varies only slightly. This 

allows to somewhat simplify profiling because profiles under design are on 

cylindrical surfaces coaxial with the axis of the turbine. If the condition of the 

radial equilibrium is met, the flow lines of the root section and midsection also are 

on the cylindrical surfaces. However, in the peripheral area, especially where the 

opening angles of the meridian contour are large, the flow lines are already on the 

conical surfaces.  

 

The national school usually neglects this deviation to simplify the process of 

designing and manufacturing blades. For the second tier, the nature of the change 

in the root diameter predetermines the movement of the flow at a considerable 

angle to the turbine axis. Therefore, special attention was paid to the correct 

location of the profiles under design on the dividing shelves. The obtained profiles 

for the average diameter of the upper-tier stages are shown in Figure 8. For each 

stage, we constructed three-dimensional design models and finite element meshes 

(Figure 9) for three-dimensional modeling of the steam flow in the channels of the 

rows.  
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Fig. 8: Profiles of the upper tier with velocity triangles on the average diameter 

 

We used computational grids of structured type with a detailed resolution of 

the boundary layer (y+ < 10) and the cell number of 200-400k. The numerical 

solution was made in the program AxCent. The simulation was based on 

Reynolds-averaged Navier-Stokes (RANS) equations using k-ε turbulence models. 

We used the second discretization order. 

 

 
 

 

Fig. 9: Location of the design grid in a three-dimensional model of the row 

 

 

Three-dimensional CFD calculation was performed for all the stages of a 

two-tier LPC. Figure 10 shows the distribution of the absolute velocity vectors on 

the midsection of the second tier nozzle array, and Figure 11 shows the distribution 

of the relative Mach number in the channel of the blade row. 
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Fig. 10: Vectors of the absolute velocity in the channel of the nozzle array on the 

midsection of the first stage of the second tier 

 

 

 

 

 
 

 

Fig. 11: Distribution of the relative Mach number in the channel of the blade row 

of the first stage of the second tier 

 

 
The optimization of the profile shape based on the variable numerical study of 

aerodynamics of the wheel space helped to achieved low profile losses, which do 

not exceed 3.7% for the blades of all the stages, except for the last one. The 

subsequent consideration of additional losses related to leakage made it possible  
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to determine the value of the internal efficiency of the LPC stages. The most 

efficient stage in the lower tier is the second stage (Figure 12). For the cylinder as 

a whole, there is a decrease in the efficiency from one stage to another in the 

direction of the steam movement, which is due to the gradual increase in profile 

losses and losses associated with humidity. The exception is the first stage of the 

lower tier, where a large share of losses is end losses due to the small height of the 

blade. The least efficient cylinder stage is the last stage of the lower tier, its 

internal relative efficiency was 65%. The low value of the efficiency of the last 

stages of both upper and lower tiers is due to large losses from the output velocity 

and humidity. For the lower tier, the losses from the output velocity reduce the 

internal efficiency by 15% and the losses from humidity by 8%.  

 
The total value of the internal relative efficiency of the low-pressure cylinder 

in the two-tier design was 87.1%, which in some cases exceeds the efficiency of 

low-pressure cylinders with a conventional wheel space. Further increase of the 

efficiency should be primarily connected with the increase in the efficiency of the 

last stages which could be achieved through decrease of the basic components of 

the losses – humidity and the output velocity.  
 

 

 

 
 

 

 

Fig. 12: Efficient performance of the wheel-space stages of the two-tier LPC 

 

4 Conclusions 
 

To increase the unit power of the steam turbine units is one of the main areas 

of development of the modern power industry. The main obstacle to increasing 

the power of high-speed steam turbines is that the ultimate blade length in terms  
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of strength state of the last stage is achieved, such length determining the end area 

of the exhaust and, thus, the peak steam flow through the turbine and its power. 

According to the studies made, a promising method to solve this problem can be a 

new higher-capacity two-tier LPC based on the new two-tier stages. 

 

 

The basic idea for increasing the exhaust area is to switch to a one and a half 

exhausts. The developed design of a new low-pressure cylinder can increase the 

steam flow rate to the condenser, and, consequently, the power of the turbine unit 

by more than 40% when the existing 1200 mm long blade of the last stage is used, 

which is successfully used in turbo-machinery. When using cylinders with a 

two-tier wheel space, the ultimate power of a high-speed steam turbine can be as 

high as 1800-2000 MW, depending on the initial and final parameters of the 

thermodynamic cycle. 

 

The creation of the wheel space of the low-pressure cylinder using two-tier 

stages certainly is a technically more complex solution compared to 

conventionally designed wheel spaces. In addition, the sophisticated design of the 

stages leads to additional losses connected with the presence of the dividing shelf 

and steam flows between the tiers. However, the offered design of the fork-shaped 

blades, where the upper tier has a larger number of blades than the lower one, 

allows to virtually eliminate losses due to the fan-shaped design and the offered 

system of inter-tier sealing can reduce steam flows between them. The application 

of one and a half exhausts based on two-tier stages is both free from the flaws of 

Baumann’s stage and provides a solution to the problems arising when the height 

of the last-stage blade increases over 1200 mm, these problems including not only 

the issues of strength, but also aerodynamic ones connected with an increased 

degree of the fan-shaped nature and the opening angle of the wheel space. The 

application of the developed solutions helps to achieve the low-pressure cylinder’s 

internal relative efficiency of 87.1%, which is in line with the efficiency of the 

conventionally designed cylinders, and exceed it in some cases. 

 

The underlined advantages of the two-tier cylinders make the offered 

engineering solution a key for creating super-powerful high-performance steam 

turbines. 
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