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6 Chapter Six 

Vapor and Combined Power Cycles 

6.1 Introduction 

The objectives of this chapter are to: 

• Analyze vapor power cycles in which the working fluid is alternately vaporized 

and condensed. 

• Investigate ways to modify the basic Rankine vapor power cycle to increase the 

cycle thermal efficiency. 

• Analyze power cycles that consist of two separate cycles known as combined c 

ycles and binary cycles. 

• Analyze power generation coupled with process heating called cogeneration. 

Analyze the reheat and regenerative vapor power cycles. 

 

6.2 The Carnot vapor cycle 

We have mentioned repeatedly that the Carnot cycle is the most efficient cycle 

operating between two specified temperature limits. However, the Carnot cycle is 

not a suitable model for power cycles. The steam is assumed to be the working fluid 

predominantly used in vapor power cycles. 
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Figure 6-1. T-s diagram of two Carnot vapor cycles.  

 

1. Isothermal heat transfer to or from a two-phase system is not difficult to achieve 

in practice since maintaining a constant pressure in the device automatically fixes 

the temperature at the saturation value. Therefore, processes 1-2 and 3-4 can be 

approached closely in actual boilers and condensers. Limiting the heat transfer 

processes to two-phase systems, however, severely limits the maximum temperature 

that can be used in the cycle (it has to remain under the critical-point value, which is 

374°C for water). Limiting the maximum temperature in the cycle also limits the 

thermal efficiency. Any attempt to raise the maximum temperature in the cycle 

involves heat transfer to the working fluid in a single phase, which is not easy to 

accomplish isothermally. 

2. The isentropic expansion process (process 2-3) can be approximated closely by a 

well-designed turbine. However, the quality of the steam decreases during this 

process as shown in figure 6.1 a.  

3. The isentropic compression process (process 4-1) involves the compression of a 

liquid–vapor mixture to a saturated liquid. There are two difficulties associated with 

this process. First, it is not easy to control the condensation process so precisely as 
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to end up with the desired quality at state 4. Second, it is not practical to design a 

compressor that handles two phases. 

Some of these problems could be eliminated by executing the Carnot cycle in a 

different way, as shown in Figure 6.1b. This cycle, however, presents other problems 

such as isentropic compression to extremely high pressures and isothermal heat 

transfer at variable pressures. Thus we conclude that the Carnot cycle cannot be 

approximated in actual devices and is not a realistic model for vapor power cycles. 

 

6.3 Rankine cycle: the ideal cycle for vapor power cycles 

Many of the impracticalities associated with the Carnot cycle can be eliminated by 

superheating the steam in the boiler and condensing it completely in the condenser, 

as shown below. This cycle is the Rankine cycle, which is the ideal cycle for vapor 

power plants. It does not involve any internal Irreversibilities and consists of the 

following four processes: 

1-2 Isentropic compression in a pump 

2-3 Constant pressure heat addition in a boiler 

3-4 Isentropic expansion in a turbine 

4-1 Constant pressure heat rejection in a condenser 
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Figure 6.2 simple ideal Rankine cycle. 

Water enters the pump at state 1 as saturated liquid and is compressed isentropically 

to the operating pressure of the boiler. The water temperature increases somewhat 

during this isentropic compression process due to a slight decrease in the specific 

volume of water. Water enters the boiler as a compressed liquid at state 2 and leaves 

as a superheated vapor at state 3. Then vapor enters the turbine, where it expands 

isentropically and produces work by rotating the shaft connected to an electric 

generator. The pressure and the temperature of steam drop during this process to the 

values at state 4, where steam enters the condenser. At this state, steam is usually a 

saturated liquid–vapor mixture with a high quality (x). Steam is condensed at 

constant pressure in the condenser, which is basically a large heat exchanger, by 

rejecting heat to a cooling medium such as a lake, a river, or the atmosphere. Steam 

leaves the condenser as saturated liquid and enters the pump, completing the cycle. 

The area under process curve 2-3 represents the heat transferred to the water in the 

boiler, and the area under the process curve 4-1 represents the heat rejected in the 

condenser. The difference between these two areas (the area enclosed by the cycle 

curve) is the net work produced during the cycle. 
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6.3.1 Energy analysis of the ideal Rankine cycle 

All four components in the Rankine cycle are steady-flow devices, and thus all four 

processes are analyzed as steady-flow processes. The kinetic and potential energy 

changes of the steam are usually small relative to the work and heat transfer terms 

and are therefore usually neglected. Then the steady-flow energy equation per unit 

mass of steam reduces to 

 

The boiler and the condenser do not involve any work, and the pump and the turbine 

are assumed to be isentropic. Then the conservation of energy relation for each 

device can be expressed as follows: 

  
or 

 

and, 

 

The thermal efficiency of the Rankine cycle is  

 

where 
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6.3.2 Increasing the efficiency of the Rankine cycle 

Steam power plants are responsible for the production of most electric power in the 

world, and even small increases in thermal efficiency can mean large savings from 

the fuel requirements. That is, the average fluid temperature should be as high as 

possible during heat addition and as low as possible during heat rejection. 

a. Lowering the Condenser Pressure (Lowers Tlow,avg) 

b. Superheating the Steam to High Temperatures (Increases Thigh,avg) 

c. Increasing the Boiler Pressure (Increases Thigh,avg) 

   

(a) (b) (c) 

 

6.4 The ideal reheat Rankine cycle 

Increasing the boiler pressure increases the thermal efficiency of the Rankine cycle, 

but it also increases the moisture content of the steam to unacceptable levels. The 

question now is; how can we take advantage of the increased efficiencies at higher 

boiler pressures without facing the problem of excessive moisture at the final stages 

of the turbine? 

Thus the total heat input and the total turbine work output for a reheat cycle become 
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And 

 

The incorporation of the single reheat in a modern power plant improves the cycle 

efficiency by 4–5 % by increasing the average temperature at which heat is 

transferred to the steam. The average temperature during the reheat process can be 

increased by increasing the number of expansion and reheat stages. 

 

 

6.5 Combined gas–vapor power cycles 

A more popular modification involves a gas power cycle topping a vapor power 

cycle, which is called the combined gas–vapor cycle, or just the combined cycle. The 

combined cycle of greatest interest is the gas-turbine (Brayton) cycle topping a steam 

turbine (Rankine) cycle, which has a higher thermal efficiency than either of the 

cycles executed individually. 

Gas-turbine cycles operate at higher temperatures than steam cycles. The max fluid 

temperature at the turbine inlet is about 620°C for modern steam power plants, but 

over 1425°C for gas-turbine power plants. The use of higher temperatures in gas 

turbines is made possible by recent developments in cooling the turbine blades and 

coating the blades with high-temperature-resistant materials such as ceramics. 
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Because of the higher average temperature at which heat is supplied, gas-turbine 

cycles have a greater potential for higher thermal efficiencies. However, the gas-

turbine cycles have one inherent disadvantage in which the gas leaves the gas turbine 

at very high temperatures (usually above 500°C), which erases any potential gains 

in the thermal efficiency. The situation can be improved somewhat by using 

regeneration, but the improvement is limited. The solution is a combined gas–steam 

cycle. The energy is recovered from the exhaust gases by transferring it to the steam 

in a heat exchanger that serves as the boiler. The combined cycle increases the 

efficiency without increasing the initial cost greatly. Thermal efficiencies are over 

than 40% as a result of conversion. 

 

 

 


