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• What is the ultimate potential for 

producing work? 



 



 



 







 

The Steady-State Process 



 

The Control Mass Process 

 



 

The Transient Process 



• What is the maximum reversible work 

that can be done by a given mass in a 

given state? 



 





 

Second-law efficiency 



 





 

• Comparison of shaft work and boundary 

movement work. 

 

 

 

 

 

 

 

• For a reversible steady-state process involving 

negligible kinetic and potential energy changes, 

the shaft work per unit mass is given by 

 

 



• For a reversible process involving a simple 

compressible substance, the boundary movement 

work per unit mass is given by 

 



• Simple steam power plant that operates on the 

Rankine cycle. 

 

 

 

 

 

 

 

• 1–2: Reversible adiabatic pumping process in the pump 

• 2–3: Constant-pressure transfer of heat in the boiler 

• 3–4: Reversible adiabatic expansion in the turbine (or 

other prime mover such as a steamengine) 

• 4–1: Constant-pressure transfer of heat in the 

condenser 



 

• Why not select the Carnot cycle1’–2’–3’–4’–
1’? 

 

 

 

 

 

 

 

 

• At least two reasons can be given. The first 
reason concerns the pumping process.  

• The second reason concerns superheating the 
vapor. 



• Effect of exhaust pressure on Rankine-cycle 
efficiency. 

 

 

 

 

 

 

 

 

 

 

• The net work is increased by area 1–4–4–1–2–2–1 
(shown by the shading).  

• The heat transferred to the steam is increased by area 
a–2–2–a–a.  

• Since these two areas are approximately equal, the net 
result is an increase in cycle efficiency. 

 

 

 

 



• Effect of superheating on Rankine-cycle 
efficiency. 

 

 

 

 

 

 

 

 

 

 

• The work is increased by area 3–3–4–4–3, and the 
heat transferred in the boiler is increased by area 3–
3–b–b–3.  

• Since the ratio of these two areas is greater than the 
ratio of net work to heat supplied for the rest of the 
cycle, superheating the steam increases the Rankine-
cycle efficiency. 

 

 

 



• Effect of boiler pressure on Rankine-cycle 
efficiency. 

 

 

 

 

 

 

 

 

 

 

• The heat rejected decreases by area b–4–4–b–b. 

• The net work increases by the amount of the single 
cross-hatching and decreases by the amount of the 
double cross-hatching. Therefore, the net work tends to 
remain the same,but the heat rejected decreases, and 
hence the Rankine-cycle efficiency increases with an 
increase in maximum pressure. 

 

 



 

• The net work and the efficiency of the Rankine 

cycle can be increased by lowering the condenser 

pressure, by increasing the pressure during heat 

addition, and by superheating the steam.  

• The quality of the steam leaving the turbine is 

increased by superheating the steam and 

decreased by lowering the exhaust pressure and 

by increasing the pressure during heat addition. 

 



• The reheat cycle has been developed to take 
advantage of the increased efficiency with higher 
pressures and yet avoid excessive moisture in the low-
pressure stages of the turbine. 

 

 

 

 

 

 

 

 

 

• there is very little gain in efficiency from reheating the 
steam, because the average temperature at which heat 
is supplied is not greatly changed. 

• The chief advantage is in decreasing to a safe value 
the moisture content in the low-pressure stages of the 
turbine. 

• If metals could be found that would enable us to 
superheat the steam to 3’, the simple Rankine cycle 
would be more efficient than the reheat cycle. 



 

• The process between states 2 and 2’ causes the 

average temperature at which heat is supplied in the 

Rankine cycle to be lower than in the Carnot cycle 1–2–

3–4–1. Consequently, the efficiency of the Rankine 

cycle is lower than that of the corresponding Carnot 

cycle. 

•  In the regenerative cycle the working fluid enters the 

boiler at some state between 2 and 2’;consequently, 

the average temperature at which heat is supplied is 

higher. 

 

 



• The efficiency of this idealized regenerative cycle 
is exactly equal to the efficiency of the Carnot 
cycle with the same heat supply and heat rejection 
temperatures. 

 

 

 

 

 

 

 

 

 

• This idealized regenerative cycle is impractical. 

• First, it would be impossible to effect the 
necessary heat transfer from the vapor in the 
turbine to the liquid feedwater. 

• Furthermore, the moisture content of the vapor 
leaving the turbine increases considerably as a 
result of the heat transfer. 
 



• The practical regenerative cycle extracts some 

of the vapor after it has partially expanded 

in the turbine and uses feedwater heaters. 

 

 

 

 

 

 

 

 

 



• Another frequently used type of feedwater heater, 

known as a closed heater, is one in which the steam and 

feedwater do not mix. 

• The condensate may be pumped into the feedwater 

line, or it may be removed through a trap to a lower-

pressure heater or to the condenser. 

 

 

 

 

 

 



• A typical arrangement of the main components in 
an actual power plant. 

 

 

 

 

 

 

 

 

 

 

 

 

• One open feedwater heater is a deaerating 
feedwater heater; this heater has the dual 
purpose of heating and removing the air from the 
feedwater.  

• Unless the air is removed, excessive corrosion 
occurs in the boiler. 

 

 

 
 



 

• Regenerative vapor power cycle with one 
closed feedwater heater. 

 

 

 

 

 

 

 

 

 

 
 

• The expansion from state 7 to state 8 through 
the trap is irreversible, so it is shown by a 
dashed line on the T–s diagram. 

 

 

 



• Turbine Losses 

• Pump Losses 

 

 

 

 

 

 

• Piping Losses 

 

 

 

 

 

• Condenser Losses 

 

 

 

 

 

 

 

 

 
 

 

 

 



 

 

 

 

 

 

 

 

 
 

 

 

 



 

• many work producing devices (engines) utilize 

a working fluid that is always a gas. The 

spark-ignition automotive engine is a familiar 

example, as are the diesel engine and the 

conventional gas turbine.  

• In all these engines there is a change in the 

composition of the working fluid, because 

during combustion it changes from air and fuel 

to combustion products.  

• For this reason, these engines are called 

internal-combustion engines. In contrast, the 

steam power plant may be called an external-

combustion engine, because heat is transferred 

from the products of combustion to the 

working fluid. 



• Because the working fluid does not go though a 
complete thermodynamic cycle in the engine, the 
internal-combustion engine operates on the so-
called open cycle.  

• However, for analyzing internal-combustion 
engines, it is advantageous to devise closed cycles 
that closely approximate the open cycles. 

• 1. A fixed mass of air is the working fluid 
throughout the entire cycle, and the air is always 
an ideal gas. Thus, there is no inlet process or 
exhaust process. 

• 2. The combustion process is replaced by a 
process transferring heat from an external source. 

• 3. The cycle is completed by heat transfer to the 
surroundings (in contrast to the exhaust and intake 
process of an actual engine). 

• 4. All processes are internally reversible. 

• 5. An additional assumption is often made that air 
has a constant specific heat, evaluated at 300 K, 
called cold air properties, recognizing that this is 
not the most accurate model. 



 

 

 

 

 

 

 

 

• The air-standard Brayton cycle is the ideal 

cycle for the simple gas turbine. 



 

 

 

 

 

 

 

 



• The actual gas-turbine engine differs from the 
ideal cycle primarily because of irreversibilities in 
the compressor and turbine, and because of 
pressure drop in the flow passages and 
combustion chamber. 

 

 

 

 

 

 

 

 

• Another important feature of the Brayton cycle is 
the large amount of compressorwork (also called 
back work) compared to turbine work. Thus, the 
compressor might require40 to 80% of the output 
of the turbine. 



 

• The efficiency of the gas-turbine cycle may be 

improved by introducing a regenerator. 

 

 

 

 

 

 

 



• The efficiency of the ideal gas-turbine cycle with a 
regenerator is found as follows 

 

 

 

 

• But for an ideal regenerator, T4 = Tx, and therefore qH 
= wt . Consequently, 

 

 

 

 

 

 

 

• Thus, for the ideal cycle with regeneration, the thermal 
efficiency depends not only on the pressure ratio but 
also on the ratio of the minimum to the maximum 
temperature. 

 

 

 

 

 

 



• The efficiency of the ideal gas-turbine cycle with a 
regenerator is found as follows 

 

 

 

 
• But for an ideal regenerator, T4 = Tx, and therefore qH 

= wt . Consequently, 

 

 

 

 

 

 
 

 

• Thus, for the ideal cycle with regeneration, the thermal 
efficiency depends not only on the pressure ratio but 
also on the ratio of the minimum to the maximum 
temperature. 

• We note that, in contrast to the Brayton cycle, the 
efficiency decreases with an increase in pressure ratio. 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

• The regenerator efficiency is defined by 

 

 

 

 

 

 

 

 

 

 

 

 

 



• It is found that the isothermal process would 

be preferable to the adiabatic process in 

both the compressor and turbine.  

• The resulting cycle, called the Ericsson cycle, 

consists of two reversible, constant-pressure 

processes and two reversible, constant-

temperature processes. 

 

 

 

 

 

 

 

 

 

 

 

 



 

• The reason the actual gas turbine does not attempt to 

emulate this cycle rather than the Brayton cycle is that 

the compressor and turbine processes are both high-

flow-rate processes involving work-related devices in 

which it is not practical to attempt to transfer large 

quantities of heat. 

• There is a modification of the Brayton/gas turbine cycle 

that tends to change its performance in the direction of 

the Ericsson cycle. This modification is to use multiple 

stages of compression with intercooling and multiple 

stages of expansion with reheat. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 



 

• Compression with Intercooling 

 

 

 

 

 

 

 

 

 

 



 

• Determining Intercooler Pressure for 

Minimum Compressor Work 

 

 

 

 

 

 

 

 

 



• Another cycle that employs a regenerator is 

the Stirling cycle. 

• The cycle consists of four internally reversible 

processes in series: isothermal compression 

from state 1 to state 2, constant-volume 

heating from state 2 to state 3, isothermal 

expansionfrom state 3 to state 4, and 

constant-volume cooling from state 4 to state 

1 to complete the cycle. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



• The air-standard Otto cycle is an ideal cycle that 
approximates a spark-ignition internal combustion 
engine. 

 

 

 

 

 

 

 

 

 

• Process 1–2 is an isentropic compression of the air as 
the piston moves from bottom dead center (BDC) to top 
dead center (TDC). Heat is then added at constant 
volume while the piston is momentarily at rest at TDC. 
(This process corresponds to the ignition of the fuel–air 
mixture by the spark and the subsequent burning in the 
actual engine.) Process 3–4 is an isentropic expansion, 
and process 4–1 is the rejection of heat from the air 
while the piston is at BDC. 

 

 

 
 

 

 

 

 

 

 

 

 

 



• The thermal efficiency of this cycle is found as follows, 

assuming constant specific heat of air: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



• The air-standard Diesel cycle is shown below. This is the 

ideal cycle for the diesel engine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



• Another air-standard power cycle to be 

discussed is the Stirling cycle. 

• Stirling-cycle engines have been developed in 

recent years as external combustion engines 

with regeneration. 

• Since all heat is supplied and rejected 

isothermally, the efficiency of this cycle equals 

the efficiency of a Carnot cycle operating 

between the same temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 



 

• A much larger number of working fluids 

(refrigerants) are utilized in vapor-

compression refrigeration systems than in 

vapor power cycles. 

 

 

 

 

 

 

 

 

 
 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 



 

 

 

 

 

 

 

 

 
 

 

 

 



 

 

 

 

 

 

 

 

 
 

 

 

 



 

 

 

 

 

 

 

 

 
 

 

 

 





• Let us consider a general mixture of N 

components, each a pure substance, so 

the total mass and the total number of 

moles are 

 

 

 

• The mixture is usually described by a 

mass fraction (concentration) 

 

 

• or a mole fraction for each component as 

 



• We may then convert from a mole basis 

to a mass basis as 

 

 

 

• and from a mass basis to a mole basis as 

 

 

 

• The molecular mass for the mixture 

becomes 

 

 

 

 

 

 



• For the Dalton model of gas mixtures, the 

properties of each component of the mixture 

are considered as though each component 

exists separately and independently at the 

temperature and volume of the mixture. 

 

 

 

 

 

 

 

• We further assume that both the gas mixture 

and the separated components behave 

according to the ideal gas model. 

 

 

 

 

 

 

 

 



• It is more convenient to use a mole basis, 
since the gas constant is then the universal 
gas constant for each component and also 
for the mixture. 

 

 

 

• and for the components 

 

 

 

• On substituting, we have 

 

 

 

 

• where PA and PB are referred to as partial 
pressures. 
 

 

 

 

 

 

 

 

 

 

 

 



• Since for ideal gases the internal energy 

and enthalpy are functions only of 

temperature, it follows that for a mixture 

of components A and B, on a mass basis, 

 

 

 

 

• The ideal-gas mixture equation of state 

on a mass basis is 

 

 

 

 

 

 

 



• Alternatively, 

 

 

 

 

 

• The entropy of an ideal-gas mixture is expressed as 

 

 

 

 

 

 

 

 

 



• One special case that arises frequently involves 

an ideal-gas mixture undergoing a process in 

which there is no change in composition. 

 

 

 

 

 

 

 

 

 



• We can treat a mixture similarly to a 

pure substance once the mixture 

properties are found from the 

composition and the component 

properties. 

 

• The isentropic process where s is constant 

leads to the power relation between 

temperature and pressure. 

 

 

 

 

 

 

 

 



• Let us now consider a simplification of the 

problem involving a mixture of ideal 

gases that is in contact with a solid or 

liquid phase of one of the components. 

• 1. The solid or liquid phase contains no 

dissolved gases. 

• 2. The gaseous phase can be treated as 

a mixture of ideal gases. 

• 3. When the mixture and the condensed 

phase are at a given pressure and 

temperature, the equilibrium between the 

condensed phase and its vapor is not 

influenced by the presence of the other 

component. 

 

 

 

 

 

 

 



• The dew point of a gas–vapor mixture is the 

temperature at which the vapor condenses or 

solidifies when it is cooled at constant 

pressure. 

 

 

 

 

 

 

 

 

• If the vapor is at the saturation pressure and 

temperature, the mixture is referred to as a 

saturated mixture, and for an air–water 

vapor mixture, the term saturated air is used. 

 

 

 

 

 

 

 



• The relative humidity φ is defined as the ratio of 

the mole fraction of the vapor in the mixture to 

the mole fraction of vapor in a saturated mixture 

at the same temperature and total pressure. 

Since the vapor is considered an ideal gas, the 

definition reduces to the ratio of the partial 

pressure of the vapor as it exists in the mixture, 

Pv, to the saturation pressure of the vapor at the 

same temperature, Pg: 

 

 

 

 

 

 



• The humidity ratio ω of an air–water vapor 

mixture is defined as the ratio of the mass of 

water vapor mv to the mass of dry air ma. The 

term dry air is used to emphasize that this refers 

only to air and not to the water vapor. The terms 

specific humidity or absolute humidity are used 

synonymously with humidity ratio. 

 

 

 

 

 



• The degree of saturation is defined as the ratio of 
the actual humidity ratio to the humidity ratio of a 
saturated mixture at the same temperature and 
total pressure. This refers to the maximum amount of 
water that can be contained in moist air. 

 

 

 

 

• The maximum humidity ratio corresponds to a 
relative humidity of 100%. the function has an 
asymptote at a temperature where Pg = Ptot, which 
is 100◦C for atmospheric pressure. 

 

 

 

 

 

 

 

• The shaded regions are states not permissible, as 
the water vapor pressure would be larger than the 
saturation pressure. 

 

 



• In a cooling process at constant total pressure, the 

partial pressure of the vapor remains constant 

until the dew point is reached at state 2. Further 

cooling lowers the maximum possible humidity 

ratio, and some of the vapor condenses. The 

vapor that remains in the mixture is always 

saturated, and the liquid or solid is in equilibrium 

with it. For example, when the temperature is 

reduced to T3, the vapor in the mixture is at state 

3, and its partial pressure is Pg at T3 and the 

liquid is at state 5 in equilibrium with the vapor. 

 

 

 

 



 

 

 

 



• An important process for an air–water vapor 
mixture is the adiabatic saturation process. In this 
process, an air–vapor mixture comes in contact 
with a body of water in a well-insulated duct. If 
the initial humidity is less than 100%, some of the 
water will evaporate and the temperature of the 
air–vapor mixture will decrease. If the mixture 
leaving the duct is saturated and if the process is 
adiabatic, the temperature of the mixture on 
leaving is known as the adiabatic saturation 
temperature. 

 

 

 

 

 

• For this to take place as a steady-state process, 
makeup water at the adiabatic saturation 
temperature is added at the same rate at which 
water is evaporated. The pressure is assumed to 
be constant. 

 

 

 



• Considering the adiabatic saturation process to 

be a steady-state process, and neglecting 

changes in kinetic and potential energy, the first 

law reduces to 

 

 

 

 

• The most significant point to be made about the 

adiabatic saturation process is that the adiabatic 

saturation temperature is a function of the 

pressure, temperature, and relative humidity of 

the entering air–vapor mixture and of the exit 

pressure. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 



• The humidity of air–water vapor mixtures has 

traditionally been measured with a device called 

a psychrometer, which uses the flow of air past 

wet-bulb and dry-bulb thermometers. 

 

 

 



 

• Properties of air–water vapor mixtures are given 

in graphical form on psychrometric charts. 

 

 



 

• The direction in which various processes 

proceed for an air–water vapor mixture 

is shown below 

 



 

 

 

 

 

 

 

• Mass Balance 

 

 

 

• Energy Balance 



 

 



 

 



 

 



 

 



 

 





• Which thermodynamic properties can be 
experimentally measured? 

 

• Some of the properties, such as internal energy 
and entropy, cannot be measured directly and 
must be calculated from other experimental data. 

 

• If we carefully consider all these thermodynamic 
properties, we conclude that there are only four 
that can be directly measured: pressure, 
temperature, volume, and mass. 

 

• How can values of the thermodynamic properties 
that cannot be measured be determined from 
experimental data on those properties that can 
be measured? 

 

• How can values of the thermodynamic properties 
that cannot be measured be determined from 
experimental data on those properties that can 
be measured? 



• Consider a Carnot-cycle heat engine operating 

across a small temperature difference. 

 

 



 



• Since the heat addition process 1 – 2 is at 

constant pressure as well as constant temperature, 

 

 

 

 

 

• which is called the Clapeyron equation, 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



• Consider a variable (thermodynamic property) 

that is a continuous function of x and y. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



• If x, y, and z are all point functions (that is, 

quantities that depend only on the state and are 

independent of the path), the differentials are 

exact differentials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

• Helmholtz function A 

 

 

 

 

• Gibbs function G 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



• Maxwell relations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



• Coefficient of linear expansion 

 

 

• Volume expansivity 

 

 

• Isothermal compressibility 

 

 

• Adiabatic compressibility 

 

 

• Velocity of sound 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 









 

• The combustion process consists of the 
oxidation of constituents in the fuel that are 
capable of being oxidized and can 
therefore be represented by a chemical 
equation. 

 
 

• The assumption that air is 21.0% oxygen 
and 79.0% nitrogen by volume leads to the 
conclusion that for each mole of oxygen, 
79.0/21.0 = 3.76 moles of nitrogen are 
involved. 

 

 

• The minimum amount of air that supplies 
sufficient oxygen for the complete 
combustion of all the carbon, hydrogen, and 
any other elements in the fuel that may 
oxidize is called the theoretical air. 

 

 

 



 

• When complete combustion is achieved with 

theoretical air, the products contain no oxygen. A 

general combustion reaction with a hydrocarbon 

fuel and air is thus written 

 

 

• with the coefficients to the substances called 

stoichiometric coefficients. The balance of atoms 

yields the theoretical amount of air as 

 

 

 

 

• and the total number of moles of air for 1 mole 

of fuel becomes 

 

 

 

 

 

 

 



 

• Two important parameters often used to express the 
ratio of fuel and air are the air–fuel ratio 
(designated AF) and its reciprocal, the fuel–air ratio 
(designated FA). 

 

 

 

 

 

• They are related through the molecular masses as 

 

 

 

• and a subscript s is used to indicate the ratio for 
100% theoretical air, also called a stoichiometric 
mixture. In an actual combustion process, an amount 
of air is expressed as a fraction of the theoretical 
amount, called percent theoretical air. 

 

 

 

 

 

 



 

• A similar ratio named the equivalence ratio 

equals the actual fuel–air ratio divided by the 

theoretical fuel–air ratio as 

 

 

• Thus, 150% theoretical air means that the air 

actually supplied is 1.5 times the theoretical air 

and the equivalence ratio is 2/3. The complete 

combustion of methane with 150% theoretical air 

is written 

 

 

• The amount of air actually supplied may also be 

expressed in terms of percent excess air. The 

excess air is the amount of air supplied over and 

above the theoretical air. Thus, 150% theoretical 

air is equivalent to 50% excess air. 

 

 

 

 

 



• Consider the simple steady-state combustion 

process shown below. The carbon dioxide (ideal 

gas) formed by the reaction leaves the chamber 

at the reference state, 25◦C and 0.1 MPa. 

 

 

 

 

 

 

• The chemical reaction can be written 

 

 

• Applying the first law to this process, we have 

 

 

 

 

 

 

 

 



• Suppose, however, that we assign the value of 
zero to the enthalpy of all the elements at the 
reference state. In this case, the enthalpy of the 
reactants is zero, and 

 

 

• The enthalpy of (hypothetical) ideal-gas carbon 
dioxide at 25◦C, 0.1 MPa pressure (with 
reference to this arbitrary base in which the 
enthalpy of the elements is chosen to be zero), is 
called the enthalpy of formation. 

 

 

• The enthalpy of carbon dioxide in any other 
state, relative to this base in which the enthalpy 
of the elements is zero, would be found by 
adding the change of enthalpy between ideal 
gas at 25◦C, 0.1 MPa, and the given state to the 
enthalpy of formation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

• We can write the first law for a steady-state, 

steady-flow process in the form 

 

 

• or 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



• The enthalpy of combustion is defined as the 
difference between the enthalpy of the products 
and the enthalpy of the reactants when complete 
combustion occurs at a given temperature and 
pressure. 

 

 

 

• Frequently the term heating value or heat of 
reaction is used. This represents the heat 
transferred from the chamber during combustion 
or reaction at constant temperature. In the case 
of a constant pressure or steady-flow process, we 
conclude from the first law of thermodynamics 
that it is equal to the negative of the enthalpy of 
combustion. 

• The higher heating value is the heat transfer with 
liquid water in the products, and the lower 
heating value is the heat transfer with vapor 
water in the products. 

 

 

 

 

 

 

 

 

 

 

 

 

 



• Consider a given combustion process that takes 

place adiabatically and with no work or changes 

in kinetic or potential energy involved. For such a 

process the temperature of the products is 

referred to as the adiabatic flame temperature. 

• With the assumptions of no work and no changes 

in kinetic or potential energy, this is the maximum 

temperature that can be achieved for the given 

reactants because any heat transfer from the 

reacting substances and any incomplete 

combustion would tend to lower the temperature 

of the products. 

• For a given fuel and given pressure and 

temperature of the reactants, the maximum 

adiabatic flame temperature that can be 

achieved is with a stoichiometric mixture. 

• The adiabatic 

• flame temperature can be controlled by the 

amount of excess air that is used. 

 

 

 

 

 

 

 

 

 

 





• The isentropic stagnation state is the 

state a flowing fluid would attain if it 

underwent a reversible adiabatic 

deceleration to zero velocity. 

 

 

 

 



• Consider the nozzle shown below, and assume an 

adiabatic, one dimensional, steady-state process 

of an incompressible fluid. 

 

 

 



• When a pressure disturbance occurs in a 

compressible fluid, the disturbance 

travels with a velocity that depends on 

the state of the fluid. A sound wave is a 

very small pressure disturbance. 

 

 



 

 



 

 



• A nozzle or diffuser with both a converging and 

diverging section is shown below. The minimum 

cross-sectional area is called the throat. 

 

 

 

 

 

 

• First law: 

 

• Property relation: 

 

 

• Continuity equation: 

 



 

 

 

 

 

 



 

 

 

 

 

 



 

 

 

 

 

 



 

• These properties at the throat of a 

nozzle when M = 1 are frequently 

referred to as critical pressure, critical 

temperature, and critical density. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

• The energy and continuity equations can be 

combined to give an equation that when plotted 

on the h–s diagram is called the Fanno line. 

• The momentum and continuity equations can be 

combined to give an equation the plot of which 

on the h–s diagram is known as the Rayleigh line. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

• Combining the energy equations and the 

continuity equation, gives the equation of the 

Fanno line. 

 

 

 

 

 



 

• The momentum and continuity equations can be 

combined as follows to give the equation of the 

Rayleigh line. 

 

 

 

 


