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ENHANCED MASTER CYCLE - SIGNIFICANT IMPROVEMENT OF STEAM
RANKINE CYCLE

S. Gluch”, M. Piwowarski

Abstract: The present paper focuses on an enhancement of the Master Cycle. In the first part, the paper presents a
classical Master Cycle which is a modification of the double reheat Rankine cycle. This modification allows to
slightly increase efficiency, resolves problems caused by superheated steam on bleeds and decreases mass flow rate
of steam directed to reheat. These improvements include the implementation of a tuning turbine from which a few
bleeds are taken. In the proposed Enhanced Master Cycle all bleeds are placed on the tuning turbine. This
alteration results in an increased efficiency, further reduction of steam mass flow on reheats and simplification of
low pressure turbine. Comparative calculations of the double reheat cycle, Master Cycle and Enhanced Master
Cycle are presented. Cycles operate on the advanced ultra-supercritical parameters. The Enhanced Master Cycle
achieved the highest net efficiency 54.64% and required the lowest steam mass flow on superheaters.
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1. Introduction

Modern steam power plants do need to meet strict environmental restrictions and ruthless economics
requirements. Flue gases cannot exceed limits of NO,, SO, and other pollutants. Increasing costs of fuel and
CO, certificates impose high efficiency of electricity generation. Furthermore, power grid needs reliable and
stable source of electricity which cannot be significantly affected by weather conditions. All these requirements
could be fulfilled by modern ultra-supercritical (USC) steam power plants. New generation of nuclear plants
will be able to generate fresh steam on parameters high enough for USC cycles. Most significant revolution in
Power Engineering in upcoming future could be an implementation of the nuclear fusion. Since fusion energy
would have to be turned into electricity, USC steam cycle is currently the most efficient method of heat
conversion into electricity. Steam Rankine cycle should remain significant power source in upcoming years.
Currently, Advanced Ultra-supercritical (AUSC) power plants are being developed. The fresh steam parameters
of this generation exceed 620°C and 30MPa. European AD 700 is the biggest program which aims to develop
steam power plants operating at the fresh steam parameters exceeding 700°C. (Tumanovskii et al., 2017 and
Piwowarski, 2009) Researchers are working on the development and testing of new refractory materials.
Construction of the first AUSC power unit is planned between 2020 - 2025. The biggest drawback of AUSC
technology is that it needs to use very expensive nickel and cobalt based super alloys for components which are
affected by extreme temperatures. This paper presents a solution which increases net efficiency and allows to
reduce the amount of costly refractory materials.

2. Master Cycle

Master Cycle (MC) is a modification of the double reheat steam Rankine cycle. The double reheat cycle solves a
problem of wetness at last blade rows, but increases difficulties and costs of bleeds and heat exchangers. Bleed
of steam at supercritical parameters results in exergy losses. MC introduces additional turbine called tuning
turbine (TT). A part of steam exhausting from high pressure is directed to it. Intermediate pressure turbine
bleeds are moved to the tuning turbine. This solution have a few important benefits: cycle efficiency is
increased due to exergy savings, steam mass flow on expensive reheats is reduced and problems with costly
supercritical bleed are resolved. (Kjaer and Dirnhaus, 2010)
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2.1. Enhanced Master Cycle

Enhanced Master Cycle (EMC) is a modification of the classic Master Cycle. In this case, all bleeds are placed
at the tuning turbine. Because of that, steam mass flow through expensive reheaters is reduced. This design
should also simplify the construction of an intermediate pressure and low pressure turbine. The low pressure
turbine could have slightly higher internal efficiency due to removal of bleeds which disrupt flow. Efficiency of
this cycle is higher than classic double reheat cycle. Under the assumption of same internal efficiencies, classic
Master Cycle has slightly higher heat rate, but EMC could have higher heat rate under the assumption that
internal efficiency of the low pressure turbine is 1 percentage point higher in EMC than in MC. In this case, the
construction of TT is more complicated than in the classic Master Cycle. High wetness in the TT could be a
problem, but moisture levels do not exceed levels that could be met inside the nuclear power plants. The scheme
of EMC is presented in figure 1.
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Fig. 1: Scheme of Enhanced Master Cycle
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Fig. 2: Expansion lines in Enhanced Master Cycle
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In the above configuration, 9 bleedings with 9 regenerative heat exchangers including dearator are used, and
steam is reheated twice. At the end of exhaust from low pressure turbine a diffuser is placed, which enables to
regain a part of the kinetic energy from the steam and turns it into the static pressure. An auxiliary pump is
placed after condenser. Expansion lines are presented on h-s (specific enthalpy-specific entropy) diagram on the
Figure 2. All bleeds are marked on the TT expansion line.

2.2. Results of calculations comparing three different configurations of discussed steam cycles

Thermodynamic calculations have been conducted with steam tables IAPWS IF97 implemented in the X Steam
program. Four configurations have been analyzed: classic double reheat cycle, classic Master Cycle, Enhanced
Master Cycle and Enhanced Master Cycle, for which LP internal efficiency is increased by 1 percentage point.
All internal efficiencies were the same for every cycle, apart from this one exception. Certain assumptions have
been made: electric power is equal to 1000 MW, parameters of fresh steam are 740°C and 40 MPa, temperature
of reheated steam is 760°C and backpressure is 3.8 kPa. Pressure after diffuser is 5% higher and is equal to 4
kPa. Feed water temperature is 320°C. Steam cycle could achieve slightly better efficiency with higher feed
water temperature, but it would decrease boiler efficiency. Thermodynamic parameters of EMC are presented in
the Table 1. Highest enthalpy can be observed after second reheat in point 5. Quality of steam at the end of
expansion of low pressure turbine is high and water droplets should not be dangerous for turbine in this region.
Steam quality at the end of a tuning turbine requires safety precautions.

Tab. 1: Thermodynamic parameters in points of the Enhanced Master Cycle(where p- absolute pressure [MPa],
t-temperature [°C], specific enthalpy [kJ/kg], specific entropy [kJ/(kg*K)], x- vapour quality)

p [MPa] |t [°C] | h [kd/kg] | s [kd/(kg*K)] x [-]
0 40 740 | 3799.4 6.50 steam overheated
1 | 39.60 |739.2| 3799.4 6.50 steam overheated
2 | 13.90 |540.6| 3436.9 6.54 steam overheated
2s | 13.90 [528.9| 3405.4 6.50 steam overheated
28 | 0.02 | 63.4 | 22475 6.76 0.844
3k | 13.35 |760.0| 3999.4 7.17 steam overheated
3 | 18.21 |759.7| 3999.4 7.17 steam overheated
4 | 3.20 |502.3| 3460.1 7.21 steam overheated
4s | 3.20 |489.8| 3431.7 7.17 steam overheated
5k | 3.07 |760.0| 4052.1 7.89 steam overheated
5 | 8.04 |759.9| 4052.1 7.89 steam overheated
6 | 0.0038 | 28.1 | 2505.9 8.34 0.981
6s | 0.0038 | 28.1 | 2371.5 7.89 0.926
6' | 0.004 | 29.0 | 2512.9 8.34 0.983
7 | 0004 |275| 1151 0.40 water
9s | 262 |275| 117.7 0.40 water
9 | 262 | 276 | 118.0 0.40 water
10 | 257 | 589 | 246.8 0.82 water
11 | 252 | 904 | 378.8 1.20 water
12 | 248 |121.9| 512.0 1.55 water
13 | 2.43 |153.4| 647.0 1.87 water
14 2.38 |1849| 7849 2.19 water
15 2.34 (216.4| 927.0 2.48 water
15's| 46.40 |224.2| 978.4 2.48 water
15' | 46.40 |225.6| 984.1 2.50 water
16 | 45.60 |257.0| 1120.1 2.77 water
17 | 44.80 |288.5| 1281.8 3.04 water
18 | 44.00 | 320 | 1462.1 331 water
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Comparison of the calculated cycles is presented in the Table 2. The most efficient is Enhanced Master Cycle
with increased LP internal efficiency, and the least efficient is Double Reheat Cycle. It should be noted that
classic Master Cycle is more efficient than EMC without adjusted LP internal efficiency. Nevertheless, the
reduction of steam mass flow through costly reheats is a significant advantage of the Enhanced Master Cycle.
Double Reheat Cycle requires the higher amount of refractory materials in comparison with the Master Cycle.
Enhanced Master Cycle could reduce amount of superalloys required for construction of boiler, heat exchangers,
bleedings, pipelines and blades of first stages.

Tab. 2: Comparison of calculated cycles

Net Mass flow of Mass flow of Mass flow of Total of mass flow on
efficiency | fresh steam first reheat second reheat superheaters [kg/s]
[-] [kg/s] [kg/s] [kg/s]
double reheat cycle 54.27% 563.5 563.5 459.0 1585.9
Master Cycle 54.53% 593.9 385.9 385.9 1365.8
EMC 54.34% 621.9 334.7 334.7 1291.4
EMC with adjusted
LP internal efficiency | 54.64% 618.5 332.9 332.9 1284.4

3. Conclusions

New Advanced Ultra-Supercritical steam power plants will be able to generate electricity with efficiency that
highly exceeds 50%. It has been shown that Enhanced Master Cycle could be the most efficient version of
Rankine Cycle. Calculated net efficiency of EMC for considered parameters is 54.64%. For the calculated case,
Enhanced Master Cycle has net efficiency higher than Master Cycle for 0.11 percentage point. EMC can resolve
problems with supercritical bleeds with high exergy and reduces amount of expensive refractory materials
required for the construction of pipelines, boiler, bleedings, regenerative heat exchangers and blades of first
stages.
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