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First Law of Thermodynamics
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 First law of thermodynamics deals with conservation and conversion of

energy.

 It stipulates that when a thermodynamic process is carried out, energy is

neither gained nor lost. Energy only transforms from one form into another

and the energy balance is maintained.

 The law, however, fails to state the condition under which energy conversions

are possible. The law presumes that any change of a thermodynamic state can

take place in either direction.

 However, this is not true; particularly in the inter-conversion of heat and

work.

 Processes proceed spontaneously in certain directions but not in opposite

directions, even though the reversal of processes does not violate the first

law.



Limitations of First Law of Thermodynamics
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 A spontaneous process can proceed in a particular

direction only, but first law does not give information

about direction.

 First law does not help to predict whether the certain

process is possible or not.

 A spontaneous process can proceed in a particular

direction only, but first law does not give information

about direction.

 First law not provides sufficient condition for a certain

process to take place.

 First law establishes equivalence between the amount of

heat used and mechanical work, but does not specify the

conditions under which conversion of heat into work is

possible, neither the direction in which heat transfer can

take place.



Thermal Energy Reservoir
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 “It is defined as sufficiently large system in stable equilibrium

that can supply or absorb finite amount of heat without any

change in its temperature.”

 A thermal reservoir is thus characterized by its temperature

which remains constant.

 In practice, large bodies of water such as oceans, lakes,

rivers, and atmospheric air can be considered thermal

energy reservoirs.

Heat Source: “It is defined as the thermal reservoir which is

at high temperature and supplies heat is called a heat source.”

i.e. boiler furnace, combustion chamber etc.

Heat Sink: “It is defined as the thermal

reservoir which is at low temperature

and to which heat is transferred is called

heat sink”. i.e. atmospheric air, ocean,

rivers etc.



Heat Engine
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 It is defined as thermodynamic device used for continuous

production of work from heat when operating in a cyclic

process.

 It receives heat from a high-temperature source at temperature

T1 (furnace, nuclear reactor, solar energy etc.).

 It converts the part of this heat to work (in the form of a

rotating shaft or reciprocating piston).

 It rejects the remaining waste heat to a

low-temperature sink (the atmosphere,

rivers etc.).

 It operates on complete thermodynamic

cycle.
Heat engine



Heat Engine
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Refrigerator
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 “It is defined as the mechanical device that used for the transfer

of heat from a low temperature medium to a high-temperature

medium.”

 The objective of a refrigerator is to maintain the refrigerated

space at a low temperature by absorbing heat from it and reject

to higher-temperature medium.

The COP of a refrigerator can be

expressed as the ratio of refrigerating

effect to the work input.

Coefficient of Performance of Refrigerator



Heat Pump
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 It is defined as the mechanical device that transfers heat from a

low-temperature medium to a high-temperature.

 The objective of heat pump is to maintain a heated space at a

high temperature.

 This is accomplished by absorbing heat from a low-temperature

source and reject to higher temperature source.

The COP of a heat pump can be

expressed as the ratio of heating effect

to the work input.

Coefficient of Performance

COPHP=  COPR+ 1



Refrigerator/Heat Pump
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Problem1

Heat is transferred to a heat engine from a furnace at

a rate of 80 MW. If the rate of waste heat rejection to

a nearby river is 50 MW, determine the net power

output and the thermal efficiency for this heat engine.

Ans: 30MW, 0.375

Dr. M. Asif, 
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The food compartment of a refrigerator, is maintained

at 4°C by removing heat from it at a rate of 360

kJ/min. If the required power input to the refrigerator

is 2 kW, determine (a) the coefficient of performance

of the refrigerator and (b) the rate of heat rejection to

the room that houses the refrigerator.

Problem2

Ans: 3,  480kJ/min



Problem3
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A heat pump is used to meet the heating requirements of a house and

maintain it at 20°C. On a day when the outdoor air temperature drops

to 2°C, the house is estimated to lose heat at a rate of 80,000 kJ/h. If

the heat pump under these conditions has a COP of 2.5, determine (a)

the power consumed by the heat pump and (b) the rate at which heat

is absorbed from the cold outdoor air.

Ans: 32000kJ/hr,  48000 kJ/hr



Perpetual-Motion Machines (PMM)
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A device that violates either law (first or second) is called a perpetual

motion machine.

PMM1: “A device that violates the first law of thermodynamics is

called a perpetual motion machine of the first kind (PMM1).”

PMM2: “A device that violates the second law of thermodynamics is

called a perpetual motion.

PMM2 follow first law, but it violates the Kelvin- Planck statement of

second law. machine of the second kind (PMM2).”



Second Law of Thermodynamics
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Kelvin–Planck Statement

"It is impossible to construct a device that operates in

thermodynamic cycle produce no effect other than work

output and exchange heat with a single reservoir.

Possible

Impossible



Second Law of Thermodynamics
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Clausius Statement
“It is impossible to construct a device that operates in a cycle and

produces no effect other than the transfer of heat from a lower-

temperature reservoir to a higher temperature reservoir.”

“It is impossible for any system to operate in such a way that the sole

result would be an energy transfer by heat from a cooler to a hotter

body.”

PossibleImpossible



Equivalency of the Two Statements
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Violation of Clausius statement leading to violation of

Kelvin-Planck statement

Refrigerator Violating 

Clausius statement

Combined system Violating 

Kelvin-Planck



Reversible Process
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A reversible process is defined as a process that can be reversed without

leaving any trace on the surroundings and both the system and the

surroundings are restored to their respective initial states by reversing

the direction of the process.

Conditions of Reversible Process

Salient Features

It is quasi-static process which can be carried out in the reverse direction along

the same path.

It can be proceed in either direction without violating the second law of

thermodynamics.

The energy transfer as heat and work during the forward process should be

identically equal to energy transfer as heat and work during the reversal of the

process.

It is possible only if the net heat and net work exchange between the system and

the surroundings is zero for the combined (original and reverse) process or it leaves

no trace or evidence of its occurrence in the system and surroundings.

The process must proceed in a series of equilibrium states.

Heat transfer should not take place with finite temperature difference.

The process should be quasi-static and it should proceed at infinitely slow speed.

The process should not involve friction of any kind (mechanical and

intermolecular).



 Reversible processes can be viewed as theoretical limits for the

corresponding irreversible ones.

 The more closely we approximate a reversible process, the more

work delivered by a work-producing device or the less work

required by a work-consuming device.

 This enables us to compare the performance of different devices

that are designed to do the same task on the basis of their

efficiencies.

 It is idealized process actually do not occur in nature.

 There should be no free or unrestricted expansion and no mixing

of the fluids.

 Work done during reversible process is represented by area

under process curve on p-v diagram, and is equal to

Dr. M. Asif, MED
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Examples
1. Motion without friction.

2. Frictionless adiabatic and isothermal expansion or compression.

3. Restricted and controlled expansion or compression.

4. Elastic stretching of a solid.



Irreversible Process
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An irreversible process is defined as a process that can be reversed with

permanent leaving any trace on the surroundings and both the system

and the surroundings are not restored to their respective initial states

by reversing the direction of the process.

These processes that occurred in a certain direction, once having

taken place, these processes cannot reverse themselves spontaneously

and restore the system to its initial state.

For example, once a cup of hot coffee cools, it will not heat up by

retrieving the heat it lost from the surroundings. If it could, the

surroundings, as well as the system (coffee), would be restored to their

original condition, and this would be a reversible process.

It should be pointed out that a system can be restored to its initial

state following a process, regardless of whether the process is reversible

or irreversible.

However for reversible processes, this restoration is made without

leaving any net change on the surroundings, whereas for irreversible

processes, the surroundings usually do some work on the system and

therefore does not return to their original state.



Salient Features:

 It can be carried out in one direction.

 It occurs at a finite rate.

 It cannot be reversed without permanent change in surroundings.

 The system is in never in equilibrium state at any instant during an

irreversible process.

Some Notable Examples of an irreversible process :

 Spontaneous chemical reaction.

 Viscous flow, fluid flow with friction.

 Inelastic deformation and hysteresis effects.

 Electric circuit with resistance.

 Diffusion of gases, mixing of dissimilar gases.

 Heat transfer takes place with finite temperature difference.

 Free expansion and throttling process.

 Friction—sliding friction as well as friction in the flow of fluids.

Dr. M. Asif, MED



Causes of Irreversibilities

 Friction,

 unrestrained expansion,

 mixing of two fluids,

 heat transfer across a finite temperature difference,

 electric resistance,

 inelastic deformation of solids,

 chemical reactions.

 The presence of any of these effects renders a

process irreversible.

 A reversible process involves none of these.

Dr. M. Asif, MED



The Carnot Cycle (Carnot Heat engine)

Assumptions for Carnot cycle

1. The piston moving in a cylinder does not develop
any friction during motion.

2. The walls of piston and cylinder are considered as
perfect insulators of heat.

3. The cylinder head is so arranged that it can be a
perfect heat conductor or perfect heat insulator.

4. The transfer of heat does not affect the
temperature of source or sink.

5. Working medium is a perfect gas and has constant
specific heat.

6. Compression and expansion are reversible.

Dr. M. Asif, MED



The Carnot Cycle
The Carnot cycle is composed of four reversible processes—two isothermal

and two adiabatic.

Consider a closed system that consists of a gas contained in an adiabatic piston–

cylinder device. The insulation of the cylinder head is such that it may be removed

to bring the cylinder into contact with reservoirs to provide heat transfer.

Dr. M. Asif, 

MED



Carnot Cycle
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Reversible Isothermal Expansion (process 1-2, TH= constant): In this process, high

temperature energy source is put contact with cylinder cover and Q1 amount heat is

supplied while the gas expands isothermally at temperature TH.

Reversible Adiabatic Expansion (process 2-3), Q=0): In this process the adiabatic cover is put

contact on the cylinder head, and the gas is expanded adiabatically, thus the temperature

decreases from TH to TL..

Réversible Isothermal Compression (process 3-4, TL= constant): In this process, low

temperature energy sink is put contact with cylinder head cover and Q2 amount of heat is

rejected while the gas compressed isothermally at temperature TL..

Reversible Adiabatic Compression (process 4-1), Q=0): In this process the adiabatic cover is

put contact on the cylinder head, and the gas is compressed adiabatically, thus temperature

increases from TL toTH and returns to its initial state1 to complete the cycle.

Thermal efficiency of Carnot cycle:



Carnot Cycle

 The efficiency is independent of the working fluid and

depends upon the temperature of source and sink.

 Being a reversible cycle, the Carnot cycle is the most

efficient cycle operating between two specified

temperature limits.

 The efficiency is directly proportional with the

Temperature difference between the source and sink (TH-

TL).

 Thermal efficiency increases with an increase in the

average temperature at which heat is supplied to the

system or with a decrease in the average temperature at

which heat is rejected from the system.

 Even though the Carnot cycle cannot be achieved in reality,

the efficiency of actual cycles can be improved by

attempting to approximate the Carnot cycle more closely.
Dr. M. Asif, MED



Carnot Cycle is impractical
 All the four processes have to be reversible. This necessitates that working fluid must

have no internal friction between the fluid particle and no mechanical friction

between the piston and cylinder wall. It is impossible to perform a frictionless

process.

 The heat absorption and rejection take place with infinitesimal temperature

difference. Accordingly the rate of energy transfer will be very low and the engine will

deliver only infinitesimal power. It is impossible to transfer the heat without

temperature potential.

 Isothermal process can be achieved only if the piston moves very slowly to allow heat

transfer so that the temperature remains constant.

 Also Reversible isothermal heat transfer is very difficult to achieve in reality because it

would require very large heat exchangers and it would take a very long time (a power

cycle in a typical engine is completed in a fraction of a second).

 Adiabatic process can be achieved only if the piston moves as fast as possible so that

the heat transfer is negligible due to very short time available.

 The isothermal and adiabatic processes take place during the same stroke therefore

the piston has to move very slowly for part of the stroke and it has to move very fast

during remaining stroke.

 This variation of motion of the piston during the same stroke is not possible.

Therefore, it is not practical to build an engine that would operate on a cycle that

closely approximates the Carnot cycle. Dr. M. Asif, MED



Reversed Carnot Cycle
(Carnot Refrigerator or Carnot heat pump)

 The Carnot heat-engine cycle just described is a totally reversible cycle.

 Therefore, all the processes that comprise it can be reversed, in which case it becomes 

the Carnot refrigeration cycle. 

 This time, the cycle remains exactly the same, except that the directions of any heat 

and work interactions are reversed.

 Heat in the amount of QL is absorbed from the low-temperature reservoir

 Heat in the amount of QH is rejected to a high-temperature reservoir,

 And a work input of Wnet,in is required to accomplish all this.

 The P-V diagram of the reversed Carnot cycle is the same as the one given for the Carnot 

cycle, except that the directions of the processes are reversed.

Dr. M. Asif, MED



THE CARNOT PRINCIPLES
 The second law of thermodynamics puts

limits on the operation of cyclic devices as

expressed by the Kelvin–Planck and Clausius

statements.

 A heat engine cannot operate by exchanging

heat with a single reservoir.

 A refrigerator cannot operate without a net

energy input from an external source.

 From these statements of II law, Two

conclusions pertain to the thermal efficiency

of reversible and irreversible (i.e., actual) heat

engines, known as the Carnot principles as

follows:

Dr. M. Asif, MED

Carnot principles 

1. The efficiency of an irreversible heat engine is always

less than the efficiency of a reversible one operating

between the same two reservoirs.

2. The efficiencies of all reversible heat engines operating

between the same two reservoirs are the same.



Proof of the First Carnot Principle
These two statements can be proved by demonstrating that the violation of

either statement results in the violation of the second law of

thermodynamics.

Dr. M. Asif, MED



Proof of the Second Carnot Principle
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All reversible heat engines operating between the same two

reservoirs have the same efficiency (the second Carnot principle).



THE  THERMODYNAMIC TEMPERATURE 

SCALE
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 A temperature scale that is independent of the properties of the

thermometric substance that are used to measure temperature is called

a thermodynamic temperature scale.

 Such a temperature scale offers great conveniences in thermodynamic

calculations, and its derivation is given below using some reversible heat

engines.

 A thermodynamic temperature scale is established based on fact that the

thermal efficiency of reversible heat engines is a function of the reservoir

temperatures only as discussed in the second Carnot principle.

That is,

or (Eq. 1)

The functional form of f (TH,  TL) can be developed with the help of the

three reversible heat engines shown in Figure. In the next page. 



THE  THERMODYNAMIC TEMPERATURE SCALE
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Applying Eq. 1 to all three engines separately, 

we obtain:

Now consider the identity

which corresponds to

This condition will be satisfied only if the 

function f has the following form:

(2) 

(3) 

Now using Eq. (2) and (3), we get:

This relation is much more specific than Eq. 1 for the functional form of Q1/Q3 in 

terms of T1 and T3.

(4) 



THE  THERMODYNAMIC TEMPERATURE SCALE
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For a reversible heat engine operating

between two reservoirs at temperatures

TH and TL, Eq. 4 can be written as :

Lord Kelvin first proposed taking ɸ(T)= T

to define a thermodynamic temperature

scale as:

(5) 

•This temperature scale is called the Kelvin

scale, and the temperatures on this scale

are called absolute temperatures.

•On the Kelvin scale, the temperature ratios

depend on the ratios of heat transfer between a

reversible heat engine and the reservoirs and

are independent of the physical properties of

any substance.



THE  THERMODYNAMIC TEMPERATURE SCALE

 On this scale, temperatures vary between zero

and infinity.

 The thermodynamic temperature scale is not

completely defined by Eq. 5 since it gives us

only a ratio of absolute temperatures.

 We also need to know the magnitude of a

kelvin.

 At the International Conference on Weights

and Measures held in 1954, the triple point of

water (the state at which all three phases of

water exist in equilibrium) was assigned the

value 273.16 K.

 The magnitude of a kelvin is defined as 1/273.16

of the temperature interval between absolute

zero and the triple-point temperature of water.

 The magnitudes of temperature units on the

Kelvin and Celsius scales are identical (1 K =

1°C). The temperatures on these two scales

differ by a constant 273.15.
Dr. M. Asif, 
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Carnot Heat Engine
 The hypothetical heat engine that operates on the reversible

Carnot cycle is called the Carnot heat engine.

 The thermal efficiency of any heat engine, reversible or

irreversible, is given by:

Dr. M. Asif, MED

• This relation is often referred to as the Carnot efficiency,

since the Carnot heat engine is the best known reversible

engine.

• This is the highest efficiency a heat engine operating between the

two thermal energy reservoirs at temperaturesTL andTH can have.

• All irreversible (i.e., actual) heat engines operating between these

temperature limits (TL and TH) have lower efficiencies.

But for reversible heat engines:

Hence,



Carnot Refrigerator and Heat Pump
 A refrigerator or a heat pump that operates on the reversed Carnot cycle

is called a Carnot refrigerator, or a Carnot heat pump.

 The coefficient of performance of any refrigerator or heat pump,

reversible or irreversible, is given by Eqs:
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But for reversible heat engines:

Hence the COP relations for reversible refrigerators and heat pumps become,

The coefficients of performance of actual and

reversible refrigerators operating between the

same temperature limits can be compared as

follows :

•These are the highest coefficients of performance that a refrigerator or a heat pump

operating between the temperature limits of TL and TH can have.

•All actual refrigerators or heat pumps operating between these temperature limits

(TL andTH) have lower coefficients of performance.



Problem4

A Carnot heat engine, receives 500 kJ of heat per

cycle from a high-temperature source at 652°C and

rejects heat to a low-temperature sink at 30°C.

Determine (a) the thermal efficiency of this Carnot

engine and (b) the amount of heat rejected to the

sink per cycle. (Ans: 0.672, 164 kJ)

Dr. M. Asif, 
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An inventor claims to have developed a refrigerator that maintains the

refrigerated space at 35°C while operating in a room where the

temperature is 75°C and that has a COP of 8.5. Is this claim

reasonable?

Problem5

(Ans: False,  7.7)



Problem6
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A heat pump is to be used to heat a house during the winter, as shown

in Fig..The house is to be maintained at 21°C at all times.The house is

estimated to be losing heat at a rate of 135,000 kJ/h when the outside

temperature drops to 5°C. Determine the minimum power required to

drive this heat pump. Ans: 3.32 kW



Dr. M. Asif, MED

Problems

Ans: 1.81



AN OVERVIEW OF RECIPROCATING 

ENGINES
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Compression ratio ‘r’ of the engine:



OTTO CYCLE: THE IDEAL CYCLE

FOR SPARK-IGNITION ENGINES
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Ideal Otto cycle consists of four internally 

reversible processes:

1-2 Isentropic compression

2-3 Constant-volume heat addition

3-4 Isentropic expansion

4-1 Constant-volume heat rejection



The Otto cycle is executed in a closed system, and disregarding the

changes in kinetic and potential energies, the energy balance for any of

the processes is expressed, on a unit-mass basis, as:

No work is involved during the two heat transfer processes since both take

place at constant volume. Therefore, heat transfer to and from the working

fluid can be expressed as:

Then the thermal efficiency of the ideal Otto cycle under the cold air standard

assumptions becomes

Processes 1-2 and 3-4 are isentropic, and v2 v3 and v4 v1. Thus,

Substituting these equations into the thermal efficiency relation and simplifying

give

Dr. M. Asif, MED

where

r is the compression ratio and k is the specific heat ratio cp /cv.



DIESEL CYCLE: THE IDEAL CYCLE

FOR COMPRESSION-IGNITION ENGINES
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•In fact, this is the only process where the Otto and

the Diesel cycles differ.

•The remaining three processes are the same for both

ideal cycles.

•That is, process 1-2 is isentropic compression, 3-4 is

isentropic expansion, and 4-1 is constant-volume heat

rejection.

The fuel injection process in diesel engines starts when the

piston approaches TDC and continues during the first part of

the power stroke.

Therefore, the combustion process in these

engines takes place over a longer interval.

Because of this longer duration, the combustion

process in the ideal Diesel cycle is approximated

as a constant-pressure heat-addition process.



Brayton Cycle
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1-2 Isentropic compression

(in a compressor)

2-3 Constant-pressure heat

addition

3-4 Isentropic expansion (in

a turbine)

4-1 Constant-pressure heat

rejection



Cycle Analysis
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Applying SFEE

Heat Input

Heat rejected

Press ratio



Rankine Cycle
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The ideal Rankine cycle 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

Rankine cycle is the ideal 

cycle for vapor power plants. 



Energy Analysis of the Ideal Rankine Cycle
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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 where



Dr. M. Asif, MED

Prob. 8. Consider a steam power plant operating on the simple ideal

Rankine cycle. Steam enters the turbine at 3 MPa and 350°C and is

condensed in the condenser at a pressure of 75 kPa. Determine the

thermal efficiency of this cycle. And compare with the carnot eff.

Ans. 26%, 41.5 %


