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UNIT – 1 COMBUSTION and GAS POWER CYCLES

1.1 PREREQUISITE DISCUSSIONS

Discussion of this gas power cycles will involve the study of those heat engines in which
the working fluid remains in the gaseous state throughout the cycle. We often study the ideal
cycle in which internal irreversibility’s and complexities (the actual intake of air and fuel, the
actual  combustion  process,  and  the  exhaust  of  products  of  combustion  among  others)  are
removed.  We  will  be  concerned  with  how  the  major  parameters  of  the  cycle  affect  the
performance of heat engines. The performance is often measured in terms of the cycle efficiency.

INTRODUCTION

 The cycle is defined as the repeated series of operation or processes performed on a 
system, so that the system attains its original state.

 The cycle which uses air as the working fluid is known as Gas power cycles.
 In the gas power cycles, air in the cylinder may be subjected to a series of operations 

which causes the air to attain to its original position.
 The source of heat supply and the sink for heat rejection are assumed to be external to the

air.
 The cycle can be represented usually on p-V and T-S diagrams.

1.2 POWER CYCLES

 Ideal Cycles, Internal Combustion

 Otto cycle, spark ignition

 Diesel cycle, compression ignition

 Sterling & Ericsson cycles

 Brayton cycles

 Jet-propulsion cycle

 Ideal Cycles, External Combustion

 Rankine cycle

1.3 IDEAL CYCLES

 Idealizations & Simplifications

 Cycle does not involve any friction

 All expansion and compression processes are quasi-equilibrium processes
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 Pipes connecting components have no heat loss

 Neglecting changes in kinetic and potential energy (except in nozzles & diffusers)

1.4 GAS POWER CYCLES

 Working fluid remains a gas for the entire cycle

 Examples:

 Spark-ignition engines

 Diesel engines

 Gas turbines

Air-Standard Assumptions

 Air is the working fluid, circulated in a closed loop, is an ideal gas

 All cycles, processes are internally reversible

 Combustion process replaced by heat-addition from external source

 Exhaust is replaced by heat rejection process which restores working fluid to initial state

1.5 ENGINE TERMS

 Top dead center

 Bottom dead center

 Bore

 Stroke

 Clearance volume

 Displacement volume
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 Compression ratio

 Mean effective pressure (MEP)

CYCLES AND THEIR CONCEPTS

1.6 OTTO CYCLE

An Otto cycle is an idealized thermodynamic cycle that describes the functioning of a
typical  spark ignition piston engine.  It  is the thermodynamic cycle most commonly found in
automobile engines. The idealized diagrams of a four-stroke Otto cycle Both diagrams

 Petrol and gas engines are operated on this cycle
 Two reversible isentropic or adiabatic processes
 Two  constant volume process
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1.7 PROCESS OF OTTO CYCLE

 Ideal Otto Cycle

 Four internally reversible processes

o 1-2 Isentropic compression

o 2-3 Constant-volume heat addition

o 3-4 Isentropic expansion

o 4-1 Constant-volume heat rejection

Thermal efficiency of ideal Otto cycle:
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Since V2= V3 and V4 = V 1

1.8 DIESEL CYCLE

The Diesel cycle is a co mbustion process of a reciprocating internal co mbustion engine.
In it,  fuel is  ignited by hea t  generated during the compression of air  in the combustion
chamber, into which fuel is t hen injected.

It is assumed to have constant pressure during the initial part of the "combustion" phase
The  Diesel engine  is  a heat  engine:  it converts heat into work.  During  the  bottom

isentropic processes (blue), energy is transferred into the system in the form of work , but
by definition (isentropic) no ene rgy is transferred into or out of the system in the form of heat.
During the constant pressure ( red, isobaric) process, energy enters the syste m as heat  .
During the top isentropic processes (yellow), energy is transferred out of the sy stem in the form
of , but by definition (isen tropic) no energy is transferred into or out of the system in the
form of heat. During the constan t volume (green,isochoric) process, some of energy flows out of
the system as heat through the right depressurizing process  . The wor k that leaves the
system is equal to the work that enters the system plus the difference between the heat added to
the system and the heat that lea ves the system; in other words, net gain of wo rk is equal to the
difference between the heat adde d to the system and the heat that leaves the system.

1.9 PROCESSES OF DIESEL CYCLE:

 1-2 Isentropic com pression

 2-3 Constant-Pres sure heat addition

 3-4 Isentropic expansion

 4-1 Constant-volume heat rejection
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For ideal diesel cycle

Cut off ratio rc

Efficiency becomes

1.10 DUAL CYCLE

The dual  combustion  cycle  (also known as  the limited  pressure or mixed cycle)  is  a
thermal cycle that is a combination of the Otto cycle and the Diesel cycle. Heat is added partly at
constant volume and partly at constant pressure, the advantage of which is that more time is
available for the fuel to completely combust. Because of lagging characteristics of fuel this cycle
is invariably used for diesel and hot spot ignition engines.

 Heat addition takes place at constant volume and constant pressure process .
 Combination of Otto and Diesel cycle.
 Mixed cycle or limited pressure cycle

1.11 PROCESS OF DUAL CYCLE
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 Isentropic compression

 Constant-volume heat rejection

 Constant-pressure heat addition

 Isentropic expansion

 Constant-volume heat rejection

The cycle is the equivalent air cycle for reciprocating high speed compression ignition
engines. The P-V and T-s diagrams are shown in Figs.6 and 7. In the cycle, compression
and expansion processes are isentropic; heat addition is partly at constant volume and
partly at constant pressure while heat rejection is at constant volume as in the case of the
Otto and Diesel cycles.

1.12 BRAYTON CYCLE

The Brayton cycle is a thermodynamic cycle that describes the workings of a constant
pressure heat engine. Gas turbine engines and airbreathing jet engines use the Brayton Cycle.
Although the Brayton cycle is usually run as an open system (and indeed must be run as such if
internal combustion is used), it is conventionally assumed for the purposes of thermodynamic
analysis that the exhaust gases are reused in the intake, enabling analysis as a closed system. The
Ericsson cycle is similar to the Brayton cycle but uses external heat and incorporates the use of a
regenerator.

 Gas turbine cycle

 Open vs closed system model

7
Department Of Mechanical Engineering



With cold-air-standard assumptions

 Since processes 1-2 and 3-4 are isentropic, P2 = P3 and P4 = P1

Pressure ratio is

Efficiency of Brayton cycle is
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1.13 REAL TIME APPLICATIONS

PETROL ENGINES

 Datsun Go
 Hyundai Xcent
 Maruti Suzuki Celerio
 Volkswagen Vento
 Nissan Terrano

DIESEL ENGINES

 Isuzu Diesel Cars
 Datsun Diesel Cars
 Ashok Leyland Diesel Cars

GAS TURBINES

 Indraprastha (Delhi) CCGT Power Station India
 Kovilkalappal (Thirumakotai) Gas CCGT Power Station India
 Lanco Tanjore (Karuppur) CCGT Power Plant India

1.14 TECHNICAL TERMS

 TDC: Top Dead Center: Position of the piston where it forms the smallest volume
 BDC:  Bottom Dead Center: Position of the piston where it forms the largest volume
 Stroke:  Distance between TDC and BDC
 Bore : Diameter of the piston (internal diameter of the cylinder)
 Clearance volume: ratio of maximum volume to minimum volume VBDC/VTDC
 Engine displacement : (no of cylinders) x (stroke length) x (bore area) (usually given 

in cc or liters)
 MEP: mean effective pressure: A const. theoretical pressure that if acts on piston

produces work same as that during an actual cycle
 Gas  Power  Cycles:  Working  fluid  remains  in  the  gaseous  state  through  the  cycle.

Sometimes  useful  to  study  an  idealised  cycle  in  which  internal  irreversibilities  and
complexities are removed. Such cycles are called:Air Standard Cycles

 The mean effective pressure (MEP): A fictitious pressure that, if it were applied to the
piston during the power stroke, would produce the same amount of net work as that
produced during the actual cycle.

 Thermodynamics: Thermodynamics is the science of the relations between heat ,work 
and the properties of system

 Boundary: System is a fixed and identifiable collection of matter enclosed by a real or 
imaginary surface which is impermeable to matter but which may change its shape or 
volume. The surface is called the boundary

 Surroundings: Everything outside the system which has a direct bearing on the 
system's behavior.

 Extensive Property: Extensive properties are those whose value is the sum of the values
for each subdivision of the system, eg mass, volume.
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 Intensive Property: Properties are those which have a finite value as the size of the 
system approaches zero, eg pressure, temperature, etc.

 Equilibrium: A system is in thermodynamic equilibrium if no tendency towards 
spontaneous change exists within the system. Energy transfers across the system disturb 
the equilibrium state of the system but may not shift the system significantly from its 
equilibrium state if carried out at low rates of change. I mentioned earlier that to define 
the properties of a system, they have to be uniform throughout the system.
Therefore to define the state of  system, the system must be in equilibrium.
Inequilibrium of course implies non-uniformity of one or more properties).

 Isentropic  process:  Isentropic  process  is  one  in  which  for  purposes  of  engineering
analysis and calculation, one may assume that the process takes place from initiation to
completion without an increase or decrease in the entropy of the system, i.e., the entropy
of the system remains constant.

 Isentropic flow: An isentropic flow is a flow that is both adiabatic and reversible. That
is, no heat is added to the flow, and no energy transformations occur due to friction or
dissipative  effects.  For  an  isentropic  flow of  a  perfect  gas,  several  relations  can  be
derived to define the pressure, density and temperature along a streamline.

 Adiabatic heating:  Adiabatic heating occurs when the pressure of a gas is increased
from work done on it by its surroundings, e.g. a piston. Diesel engines rely on adiabatic
heating during their compression.

 Adiabatic  cooling:  Adiabatic  cooling  occurs  when  the  pressure  of  a  substance  is
decreased as it does work on its surroundings. Adiabatic cooling occurs in the Earth's
atmosphere  with  orographic  lifting  and lee  waves,  When  the  pressure  applied  on  a
parcel  of  air  decreases,  the  air  in  the  parcel  is  allowed  to  expand;  as  the  volume
increases, the temperature falls and internal energy decreases.

1.15 SOLVED PROBLEMS

1. In an Otto cycle air at 1bar and 290K is compressed isentropic ally until the pressure is
15bar The heat is added at constant volume until the pressure rises to 40bar. Calculate the
air standard efficiency and mean effective pressure for the cycle. Take Cv=0.717 KJ/Kg K
and Runiv = 8.314KJ/Kg K.

Given Data:

Pressure (P1) = 1bar = 100KN/m2

Temperature(T1) = 290K

Pressure (P2) = 15bar = 1500KN/m2

Pressure (P3) = 40bar = 4000KN/m2

Cv = 0.717 KJ/KgK
Runiv = 8.314 KJ/Kg K
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To Find:

i) Air Standard Efficien cy (ηotto)

ii) Mean Effective Press ure (Pm)

Solution:

Here it is given  Runiv = 8.314 KJ/Kg K
We know that ,

(Here Cp is unknown)

Runiv  = M R

Since For air (O2) moleccular weight (M) = 28.97
8.314=28.97∴ R

R = 0.2869

(Since gas constant R = Cp-Cv )
∴0.2869 = Cp – 0.717

Cp= 1.0039 KJ/Kg K

η

Here  ‘r’ is unknown.

We know that,

r= 6.919

ηotto
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∴ηotto = 3.87%

Mean Effective Pressure (Pm) =  

Pm =

Pm = 569.92 KN/m²

2. Estimate the lose in air st andard efficiency for the diesel engine for the c 
ompression ratio 14 and the cutoff change s from 6% to 13% of the stroke.

Given Data

C
Compression ra tio (r) = 14

ρ = 6% Vs

Ca se (i)

compression ratio (r) =14

ρ = 13%Vs

To Find

Lose in air standard eff iciency.

Solution
Compression rati o (r) =

Case (i):

Cutoff ratio (ρ) =V3/V2
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ρ =

ρ = 1.78

We know that,

ηdiesel

= 0.6043x100%

ηdiesel =60.43%

case (ii):

cutoff ratio (ρ)

=1+(0.13) (13)

ρ = 2.69

ηdiesel

= 1- (0.24855) (1.7729)
= 0.5593  100%

=55.93%

Lose in air standard efficiency =  (ηdiesel CASE(i) )  -  (ηdiesel CASE(i) )

= 0.6043-0.5593
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= 0.0449

= 4.49%

3. The compression ratio o f an air standard dual cycle is 12 and the maximum pressure 
on the cycle is limited to 70bar. Th e pressure and temperature of the cycle at the b eginning 
of compression process are 1bar a nd 300K. Calculate the thermal efficiency and M ean 
Effective Pressure. Assume cylinder bore = 250mm, Stroke length = 300mm, Cp=1.005K 
J/Kg K, Cv=0.718KJ/Kg K.

Given data:

Assume Qs1 = Qs2
Compression ratio (r) = 12

Maximum pressure (P3) = (P4) = 7000 KN/m2

Temperature (T1) = 300 K
Diameter (d) = 0.25m
Stroke length (l) = 0.3m

To find:
Dual cycle efficiency (ηdual)
Mean Effective Pressure (P m)

Solution:

By Process 1-2:

= [r]γ-1

 300[12

T2 = 810.58K

P2 = 3242.3KN/m2

14
Department Of Mechanical Engineering



By process 2-3:

T3 = 1750K

Assuming Qs1 = Qs2

mCv[T3-T2] = mCp[T4-T3]

0.718 [1750-810.58] = 1.005 [T4-1750]
T4 = 2421.15K

By process 4-5:

We know that, = 1.38

T5 = 1019.3K
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Heat supplied Qs = 2

Q s = 1349KJ/Kg

Heat rejected T1]

Qr

= 516.45 KJ/Kg

ηdual

η dual = 61.72%

Stroke volume (Vs) = 

Vs = 0.0147m3

Mean Effective Pressure (Pm)
= 832.58/0.0147

Pm = 56535 KN/m2

4. A  diesel  engine  operating
30cmstroke.the clearance volu me is
the air standard efficiency.

an air standard diesel cycle has 20cm bore and

420cm3.if the fuel is injected at 5% of the stroke,find

Given Data:-

Bore diameter (d) =20cm=0.2mk

Stroke, (l) =30cm=0.3m

Clearance volume, (v2 ) =420cm3=420/1003= m3

To Find:-
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Air standard efficiency,
(diesel) Solution:-

Compression ratio, r = v1/v2

= (vc+vs)/vc

We know
that,

Stroke vo lume, vs=area*length

=

=   ) 

Vs=

Therefore,

Compression ratio, (r) =

r = 23.42

Cut off ratio,          /

+5% ) /

We know the equation,
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1.16 REVIEW QUESTIONS
PART A

1. What is meant by cut-off ratio?
2. Draw the P-V and T-S diagram for otto cycle.
3. What are the assumption s made for air standard cycle analysis?
4. Define mean effective pr essure as applied to gas power cycles.
5. What is the effect of compression ratio on efficiency of otto cycle?
6. Draw the actual and theoretical P-V diagram for four stroke cycle SI engine.
7. Mention the various processes of dual cycle.
8. For the same compressi on ratio and heat supplied, state the order o f decreasing air 

standard efficiency of Ot to, diesel and dual cycle.
9. What are the effects of reheat cycle?
10. What is thermodynamic cycle?
11. What is a thermodynami c cycle?
12. What is meant by air stan dard cycle?
13. Name the various “gas poower cycles".
14. What are the assumption s made for air standard cycle analysis
15. Mention the various processes of the Otto cycle.
16. Mention the various processes of diesel cycle.
17. Mention the various processes of dual cycle.
18. Define air standard cycle efficiency.
19. Define mean effective p ressure as applied to gas power cycles. How it is related to 

indicate power of an I.C engine.
20. Define the following term s. (i) Compression ratio (ii) Cut off ratio, (iii) . Expansion ratio

PART B

1. Drive and expression for the air standard efficiency of Otto cycle in terms of volume ratio.
2. Drive an expression for the air standard efficiency of Diesel cycle.
3. Drive an expression for the air standard efficiency of Dual cycle.
4. Explain the working of 4 stroke cycle Diesel engine. Draw the theoretical and actual PV 
diagram.
5. Drive the expression for air standard efficiency of Brayton cycle in terms of pressure 
ratio.
6. A  Dual  combustion  air  standard  cycle  has  a  compression  ratio  of  1 0.  The  constant
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pressure part of combustion takes place at 40 bar. The highest and the lowest temperature of
the  cycle  are  1725degree  C  and  27  0  C  respectively.  The  pressure  at  the  beginning  of
compression is 1 bar. Calculate (i) the pressure and temperature at’ key points of the cycle. (ii)
The heat supplied at constant volume, (iii) the heat supplied at constant pressure. (iv) The heat
rejected. (v) The work output. (vi) The efficiency and (vii) mep.
7. An Engine-working on Otto cycle has a volume of 0.45 m3 , pressure 1 bar and temperature
30o, Cat the beginning of compression stroke. At the end of compression stroke, the pressure is
11 barand 210 KJ of heat is added at constant volume. Determine (i) Pressure, temperature and
volumes at salient points in the cycle.' (ii) Efficiency.
8. Explain the working of 4-stroke cycle Diesel engine. Draw the theoretical and actual valve- 
timing diagram for the engine. Explain the reasons for the difference.
9. Air enters the compressor of a gas turbine at 100 KPa and 25 o C. For a pressure ratio of
5 and a maximum temperature of 850°C. Determine the thermal efficiency using the Brayton 
cycle.
10. The following data in referred for an air standard diesel cycle compression ratio = 15 heat
added=  200  Kj/Kg-  minimum  temperature  in  the  cycle  =  25°C Suction  pressure  =  1  bar
Calculate

1. Pressure and temperature at the Salient point. 2. Thermal efficiency 3. Mean effective
pressure, 4. Power output of the cycle, if flow rate 'of air is 2 Kg/s
11. A Dual  combustion  air  standard  cycle  has  a  compression  ratio  of  10.  The  constant
pressure part of combustion takes place at 40 bar. The highest and the lowest temperature of
the cycle are 1727° C and 27° C respectivety.The pressure at the beginning of compression is
1 bar. Calculate- (i) The pressure and temperature at key points of the cycle. (ii) The heat
supplied at constant volume, (iii) The heat supplied at constant pressure (iv) The heat rejected
(v) The Work output, (vi) The efficiency and (vii) Mean effective pressure.
12. An Engine working on Otto cycle has a volume of 0.45 m3, pressure 1 bar and Temperature
30Oc, at the beginning of compression stroke. At the end of Compression stroke, the pressure is
11 bar and 210 KJ of heat is added at constant Volume. Determine i. Pressure, temperature and 
volumes at salient points in the cycle. ii. Efficiency.
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THERMAL ENGINEERING

UNIT II - INTERNAL COMBUSTION ENGINES

2.1 PRE-REQUISITE DISCUSSION

The  first  internal-combustion  engine,  according  to  our  modern  ideas,  was  that  of
Robert Street, patented in England in 1794. In this the bottom of a cylinder was heated by fire
and a small  quantity  of  tar  or  turpentine  was projected  into  the  hot  part  of  the  cylinder,
forming a vapor. The rising of the piston sucked in a quantity of air to form the explosion
mixture and also flame for ignition. The cycle was that which was used later by Lenoir in the
first  commercially  successful  engine.  About  1800  Phillippe  Lebon  patented  in  France  an
engine using compressed air, compressed gas and electricity  for ignition.  Some authorities
believe that his early death retarded the development of the internal-combustion engine half a
century, as all of the features mentioned are necessary to the highly efficient engines of today,
though they did not come into use for three-quarters of a century after his death.

The well-known Otto engine was invented by Dr. Nicholas Otto, of Germany, and was
patented in this country in 1877. It  follows the cycle that has been described by Beau de
Rochas , now known as the four-cycle, or sometimes as the Otto cycle. The engine was first
known as the Otto-Silent, to distinguish it from the free-piston engine, which was rather noisy.
It immediately established the internal-combustion engine on a firm footing, and the engines
of the four-cycle type sold today show merely minor improvements.

The development of the Diesel engine for oil began about 1894. As has been stated, this
engine is similar to the Brayton. Air is compressed to about 500 pounds pressure and oil is
sprayed into this highly compressed air. It burns spontaneously at nearly constant pressure,
which is followed by a long expansion. The extremely high temperature of the air previous to
the injection of the fuel, and the high temperature maintained during this injection, together
with the long expansion, give the engine the highest efficiency of any thermal motor. The
development of the Diesel engine has been so recent that it is not necessary to elaborate upon
it. At this time, it is being manufactured in all of the European countries and in America, and
there is a tendency on the part of many of the American manufacturers who are bringing out
new engines to adopt the features of the Diesel. The gas turbine is as yet in the experimental
stage. A number have been built and are of course, extremely interesting. The success of the
steam  turbine  has  encouraged  many  to  believe  that  the  gas  turbine  will  achieve  similar
success. Nothing of recent development can be said to encourage this view. The difficulties in
the way of successful gas turbines are very great, and while some turbines have been designed
and run, none of them has shown an efficiency at all comparable to that of ordinary four-cycle
engines.

2.2 The Concept of IC Engine

The internal combustion engine (ICE) is an engine where the combustion of
a fuel (normally a fossil fuel) occurs with an oxidizer (usually air) in a combustion
chamber that is an integral part of the working fluid flow circuit.
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THERMAL ENGINEERING

2.3 The most significant improvement offered by the Concept IC Engine:

 The most significance of IC engine in Day to day life, It is a lightweight and 
reasonably compact way to get power from fuel.

 It is also significantly safer and more efficient than the engine it replaced - steam.
 Small, lightweight IC engines made personal transportation possible. It transformed 

how we built cities and did business.

2.4 Classification of IC Engines:

2.5 Components and functions of IC Engines (R.K.R 590)

The cylinder block is the main body of the engine, the structure that supports all the
other components of the engine. In the case of the single cylinder engine the cylinder block
houses the cylinder, while in the case of multi-cylinder engine the number of cylinders are
cast together  to form the cylinder block. The cylinder  head is  mounted at  the top of the
cylinder  block.  When  the  vehicle  runs,  large  amounts  of  heat  are  generated  within  the
cylinder block. To remove this heat the cylinder block and the cylinder head are cooled by
water flowing through the water jackets within larger engines such as those found in cars and
trucks. For smaller vehicles like motorcycles, fins are provided on the cylinder block and on
the  cylinder  head  to  cool  them.  The  bottom  portion  of  the  cylinder  block  is  called  a
crankcase. Within the crankcase is where lubricating oil, which is used for lubricating various
moving parts of the engine, is stored.

Cylinder:
As the name suggests it is a cylindrical shaped vessel fitted in the cylinder block.

This cylinder can be removed from the cylinder block and machined whenever required to. It
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THERMAL ENGINEERING

is also called a liner or sleeve. Inside the cylinder the piston moves up and down, which is
called the reciprocating motion of the piston. Burning of fuel occurs at the top of the cylinder,
due to which the reciprocating motion of the piston is produced. The surface of the cylinder is
finished to a high finish, so that there is minimal friction between the piston and the cylinder.

Piston:

The piston  is  the  round cylindrical  component  that  performs a  reciprocating  motion
inside the cylinder. While the cylinder itself is the female part, the piston is the male part. The
piston  fits  perfectly  inside  the  cylinder.  Piston  rings  are  fitted  over  the  piston.  The  gap
between the piston and the cylinder is filled by the piston rings and lubricating oil. The piston
is usually made up of aluminum

Piston rings:

The piston rings are thin rings fitted in the slots made along the surface of the piston.
It provides a tight seal between the piston and the cylinder walls that prevents leaking of the
combustion gases from one side to the other. This ensures that that motion of the piston
produces as close as to the power generated from inside the cylinder.

Combustion chamber:
It  is  in the combustion chamber  where the actual  burning of  fuel  occurs.  It  is  the

uppermost portion of the cylinder enclosed by the cylinder head and the piston. When the fuel
is burnt, much thermal energy is produced which generates excessively high pressures causing
the reciprocating motion of the piston.

Inlet manifold:

Through the inlet manifold the air or air-fuel mixture is drawn into the cylinder.

Exhaust manifold:

All  the  exhaust  gases  generated  inside  the  cylinder  after  burning  of  fuel  are
discharged through the exhaust manifold into the atmosphere.

Inlet and exhaust valves:

The inlet and the exhaust valves are placed at the top of the cylinder in the cylinder
head. The inlet valve allows the intake of the fuel during suction stroke of the piston and to
close thereafter. During the exhaust stroke of the piston the exhaust valves open allowing the
exhaust gases to release to the atmosphere. Both these valves allow the flow of fuel and gases
in single direction only.
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THERMAL ENGINEERING

Spark plug:

The spark plug is a device that produces a small spark that causes the instant burning 
of the pressurized fuel.

Connecting rod:

It is the connecting link between the piston and the crankshaft that performs the rotary
motion. There are two ends of the connecting rod called the small end and big end. The small
end of the connecting rod is connected to the piston by gudgeon pin, while the big end is
connected to crankshaft by crank pin

Crankshaft:

The crankshaft performs the rotary motion. It is connected to the axle of the wheels
which move as the crankshaft rotates. The reciprocating motion of the piston is converted into
the rotary motion of the crankshaft with the help of connecting rod. The crankshaft is located
in the crankcase and it rotates in the bushings.

Camshaft:

It takes driving force from crankshaft through gear train or chain and operates the inlet
valve as well as exhaust valve with the help of cam followers, push rod and rocker arms.

2.6 Theoretical valve timing diagram of four stroke engine:
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THERMAL ENGINEERING

2.7 Actual valve timing diagram of four stroke engine:

2.8 Theoretical port timing diagram of two stroke engine:
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THERMAL ENGINEERING

2.9 Comparison of two stroke and four stroke engines
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THERMAL EN GINEERING

2.10 FUEL SYSTEMS

2.10.1 CARBURETOR : (T.E R.K.R 598)

FUNCTION:

 A carburetor  is  a  device  that blends air and fuel for  an internal  combustion
engine.

PRINCIPLE:

 The carburetor worrks on Bernoulli's principle: the faster air mo ves, the lower 
its static pressure, and the higher its dynamic pressure.

 The throttle (accelerator) linkage does not directly control the flow of liquid
fuel. Instead, it actuates carburetor mechanisms which meter the flow of air being pulled
into the engine.

 The speed of this fl ow, and therefore its pressure, determines the a mount of 
fuel drawn into the airstream.

 When carburetors are used in aircraft with piston
features are needed to prevent fuel starvation during inverted
early form of fuel injection kn own as a pressure carburetor.

engines, speci al designs and 
flight. Later en gines used an

2.10.2 FUEL INJECTION: (A.E K.S 294-295)

 Fuel injection is a system for admitting fuel into an internal combustio n engine.

 It has become the prim ary fuel delivery system used in automotive en gines.

 The primary differe nce between carburetors and fuel injection is that fuel injection
atomizes the fuel by forcibly pumping it through a small nozz le under high pressure, while
a carburetor relies on suction created by intake air accele rated through aVenturi tube to
draw the fuel into the airstream.

 Fuel is transported from the fuel tank (via fuel lines) and pressuri sed using fuel 
pump(s). Maintaining the corr ect fuel pressure is done by a fuel pressure regulator.

 Often a fuel rail is u sed to divide the fuel supply into the requir ed number of 
cylinders. The fuel injector injects liquid fuel into the intake air.
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2.10.3 FUEL INJECTOR

 When signalled by the engine control unit the fuel injector opens and sprays the 
pressurised fuel into the engine.

 The duration that the injector is open (called the pulse width) is proportional to the 
amount of fuel delivered.

 Depending on the system design, the timing of when injector opens is either relative
each individual cylinder (for a sequential  fuel injection system),  or injectors for
multiple  cylinders  may  be  signalled  to  open  at  the  same time  (in  a  batch  fire
system).

Direct injection

 In a direct injection engine, fuel is injected into the combustion chamber as opposed
to injection before the intake valve (petrol engine) or a separate pre-combustion chamber
(diesel engine).

 Direct fuel injection costs more than indirect injection systems: the injectors are
exposed  to  more  heat  and  pressure,  so  more  costly  materials  and  higher-precision
electronic management systems are required.

Multiport fuel injection

 Multiport fuel injection injects fuel into the intake ports just upstream of each 
cylinder's intake valve, rather than at a central point within an intake manifold.

 The intake is only slightly wet, and typical fuel pressure runs between 40-60 psi.

2.11 Diesel knocking and detonation:

We already know that if the delay period is long, a large amount of fuel will be

injected and accumulated in the chamber. The auto ignition of this large amount of fuel

may cause high rate of pressure rise and  high maximum pressure which may cause

knocking in diesel engines. A long delay period not only increases the amount of fuel

injected by the moment of ignition, but also improve the homogeneity of the fuel air

mixture  and its chemical preparedness for explosion type self ignition similar to

detonation in SI engines. It is very instructive to compare the phenomenon of detonation

is SI ensues with  that  of knocking in  CI engines. There is  no doubt that these two

phenomena are fundamentally similar. Both are processes of auto ignition subject to  the

ignition  time  lag  characteristic  of  the  fuel  air  mixture.  However, differences  in  the

knocking phenomena of the SI engine and the CI engine should also be care fully be

noted: 1. In the SI engine, the detonation occurs near the end of combustion where as in

the CI engine detonation  occurs near the beginning of combustion  as  shown in  fig.

6.10. 2. The detonation in the SI engine is of a homogeneous charge causing very high
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rate of pressure rise and very high maximum pressure.

In the CI engine the fuel and air are in perfectly mixed and hence the rate of

pressure rise is normally lower than that in the detonating part of the charge in the SI

engine. 3. Since in the CI engine the fuel is injected in to the cylinder only at the end of

the compression stroke there is no question of pre ignition or pre mature ignition as in the

SI engine. 4. In the SI engine it is relatively easy to distinguish between knocking and

non- knocking operation as the human ear easily find the distinction. However, in the

case of the CI engine the normal  ignition is  itself  by auto ignition  and hence no CI

engines have a sufficiently high rate of pressure rise per degree crank angle to cause

audible  noise.  When such noise becomes excessive or there is  excessive vibration in

engine structure, in the opinion of the observer, the engine is sending to knock. It is clear

that  personal  judgment  is  involved  here.  Thus  in  the  CI  engine  there  is  no  definite

distinction between normal and knocking combustion. The maximum rate of pressure rise

in the CI engine may reach as high as 10bar per crank degree angle.

It is most important to note that factors that tend to reduce detonation in the SI engine

increase  knocking in  CI engine  and vice  versa because of the following reason.  The

detonation of knocking in the SI engine is due to simultaneous auto ignition of the last

part  of  the  charge.  To eliminate  detonation  in  the  SI  engine  we want  to  prevent  all

together the auto ignition of the last part of the charge and therefore desire a long delay

period and high self ignition temperature of the fuel. To eliminate knocking the CI engine

we want to achieve auto ignitions early as possible therefore desire a short delay period

and low self ignition temperature of the fuel. Table 6.2 gives the factors which reduce

knocking in the SI and CI engines

2.12 IGNITION SYSTEM

Basically  Convectional  Ignition  systems  are  of  2  types  :  (a)  Battery  or  Coil

Ignition  System,  and (b)  Magneto Ignition  System.  Both these  conventional,  ignition

systems work on mutual electromagnetic induction principle. Battery ignition system was

generally used in 4-wheelers, but now-a-days it is more commonly used in 2-wheelers

also (i.e.  Button start,  2- wheelers like Pulsar, Kinetic  Honda; Honda-Activa,  Scooty,

Fiero, etc.). In this case 6 V or 12 V batteries will supply necessary current in the primary

winding. Magneto ignition system is mainly used in 2-wheelers, kick
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start engines. (Example, Bajaj Scooters, Boxer, Victor, Splendor, Passion, etc.). In this

case magneto will produce and supply current to the primary winding. So in magneto

ignition system magneto replaces the battery.  Battery or Coil Ignition System Figure

shows line diagram of battery ignition system for a 4-cylinder petrol engine.

It  mainly  consists  of  a  6  or  12  volt  battery,  ammeter,  ignition  switch,  auto-

transformer (step up transformer), contact breaker, capacitor, distributor rotor, distributor

contact points, spark plugs, etc. Note that the Figure 4.1 shows the ignition system for 4-

cylinder  petrol  engine,  here  there  are  4-spark  plugs  and contact  breaker  cam has  4-

corners. (If it is for 6-cylinder engine it will have 6-spark plugs and contact breaker cam

will be a hexagon).

The ignition system is divided into 2-circuits:

i. Primary Circuit :

a. It consists of 6 or 12 V battery, ammeter, ignition switch, primary 
winding it has

200-300 turns of 20 SWG (Sharps Wire Gauge) gauge wire, contact 

breaker, capacitor.
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(ii) Secondary Circuit:

It consists of secondary winding. Secondary Ignition Systems winding

consists  of  about  21000  turns  of  40  (S  WG)  gauge  wire.  Bottom  end  of  which  is

connected to bottom end of primary and top end of secondary winding is connected to

centre of distributor rotor. Distributor rotors rotate and make contacts with contact points

and are connected to spark plugs which are fitted in cylinder heads (engine earth).

(iii) Working : When the ignition switch is closed and engine in cranked, as soon as the

contact breaker closes, a low voltage current will flow through the primary winding. It is

also to be noted that the contact beaker cam opens and closes the circuit 4-times (for 4

cylinders) in one revolution. When the contact breaker opens the contact, the magnetic

field  begins  to  collapse.  Because  of  this  collapsing  magnetic  field,  current  will  be

induced  in  the  secondary  winding.  And  because  of  more  turns  (@  21000  turns)  of

secondary, voltage goes unto 28000-30000 volts. This high voltage current is brought to

centre  of the distributor  rotor. Distributor  rotor  rotates and supplies  this  high voltage

current  to  proper  stark  plug  depending upon the  engine  firing  order. When the  high

voltage current jumps the spark plug gap, it produces the spark and the charge is ignited-

combustion starts-products of combustion expand and produce power. Magneto Ignition

System In this case magneto will produce and supply the required current to the primary

winding. In this case as shown, we can have rotating magneto with fixed coil or rotating

coil  with  fixed  magneto  for  producing  and  supplying  current  to  primary,  remaining

arrangement is same as that of a battery ignition system.

30
Department of Mechanical Engineering



THERMAL ENGINEERING

2.13 Comparison between Battery and Magneto Ignition System:

2.14 Lubrication System:

Does anyone know the importance of lubrication and cooling systems in an engine?

 The  lubrication  and  cooling  system  of  an  internal-  combustion  engine  is  very
important. If the lubricating system should fail, not only will the engine stop, but
many of the parts are likely to be damage beyond repair. Coolant protects  your
engine from freezing or overheating.
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What lubrication system does for an engine?

1. The job of the lubrication system is to distribute oil to the moving parts to reduce 
friction between surfaces which rub against each other.

2. An oil pump is located on the bottom of the engine.
3. The pump is driven by a worm gear off the main exhaust valve cam shaft.

4. The oil is pumped to the top of the engine inside a feed line.
5. Small holes in the feed line allow the oil to drip inside the crankcase.
6. The oil drips onto the pistons as they move in the cylinders, lubricating the surface 

between the piston and cylinder.
7. The oil then runs down inside the crankcase to the main bearings holding the 

crankshaft.
8. Oil is picked up and splashed onto the bearings to lubricate these surfaces.
9. Along the outside of the bottom of the crankcase is a collection tube which gathers 

up the used oil and returns it to the oil pump to be circulated again.

Purpose of Lubrication System

Lubricate

 Reduces Friction by creating a thin film(Clearance) between moving parts 
(Bearings and journals)

Seals

 The oil helps form a gastight seal between piston rings and cylinder walls (Reduces 
Blow-By)

 Internal oil leak (blow-by) will result in blue smoke at the tale pipe.

Cleans

 As it circulates through the engine, the oil picks up metal particles and carbon, and 
brings them back down to the pan.

Absorbs shock

 When heavy loads are imposed on the bearings, the oil helps to cushion the load.

Viscosity:

 Viscosity is a measure of oil’s resistance to flow.
 A low viscosity oil is thin and flows easily
 A high viscosity oil is thick and flows slowly.
 As oil heats up it becomes more viscous (Becomes thin)
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Proper lubrication of an engine is a complex process.

Motor oil must perform many functions under many different operating conditions.
The primary functions of oil are listed below:

1. Provide a barrier between moving parts to reduce friction, heat buildup, and wear.

2. Disperse heat. Friction from moving parts and combustion of fuel produce heat that 
must be carried away.

3. Absorb and suspend dirt and other particles. Dirt and carbon particles need to be carried 
by the oil to the oil filter where they can be trapped.

4. Neutralize acids that can build up and destroy polished metal surfaces.

5. Coat all engine parts. Oil should have the ability to leave a protective coating on all parts
when the engine is turned off to prevent rust and corrosion.

6. Resist sludge and varnish buildup. Oil must be able to endure extreme heat without 
changing in physical properties or breaking down.

7. Stay fluid in cold weather; yet remain thick enough to offer engine

What the cooling system does for an engine.

1. Although gasoline engines have improved a lot, they are still not very efficient at 
turning chemical energy into mechanical power.

2. Most of the energy in the gasoline (perhaps 70%) is converted into heat, and it is
the job of the cooling system to take care of that heat. In fact, the cooling system on
a car driving down the freeway dissipates enough heat to heat two average-sized
houses!

3. The primary job of the cooling system is to keep the engine from overheating by
transferring  this  heat  to  the  air,  but  the  cooling  system  also  has  several  other
important jobs.

4. The engine in your car runs best at a fairly high temperature.
5. When the engine is cold, components wear out faster, and the engine is less 

efficient and emits more pollution.

6. So another important job of the cooling system is to allow the engine to heat up as 
quickly as possible, and then to keep the engine at a constant temperature.
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2.14.1Splash:

The splash system is no longer used in automotive engines. It is widely

used in small four-cycle engines for lawn mowers, outboard marine operation, and so on.

In the splash lubricating system , oil is splashed up from the oil pan or oil trays in the

lower  part  of  the  crankcase.  The  oil  is  thrown upward  as  droplets  or  fine  mist  and

provides  adequate  lubrication  to  valve  mechanisms,  piston  pins,  cylinder  walls,  and

piston rings.

In the engine, dippers on the connecting-rod bearing caps enter the oil

pan with each crankshaft revolution to produce the oil splash. A passage is drilled in each

connecting rod from the dipper to the bearing to ensure lubrication. This system is too

uncertain for automotive applications. One reason is that the level of oil in the crankcase

will vary greatly the amount of lubrication received by the engine. A high level results in

excess  lubrication  and oil  consumption  and a  slightly  low level  results  in  inadequate

lubrication and failure of the engine.

Combination of Splash and Force Feed:
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In a combination splash and force feed , oil is delivered to some parts

by means of splashing and other parts through oil passages under pressure from the oil

pump. The oil from the pump enters the oil galleries.

From the  oil  galleries,  it  flows to  the  main  bearings  and camshaft

bearings.  The main  bearings  have oil-feed holes  or  grooves  that  feed oil  into drilled

passages in the crankshaft. The oil flows through these passages to the connecting rod

bearings. From there, on some engines, it flows through holes drilled in the connecting

rods to the piston- pin bearings. Cylinder walls are lubricated by splashing oil thrown off

from  the  connecting-rod  bearings.  Some  engines  use  small  troughs  under  each

connecting rod that are kept full by small nozzles which deliver oil under pressure from

the oil pump. These oil nozzles deliver an increasingly heavy stream as speed increases.

At very high speeds these oil streams are powerful enough to strike the

dippers directly. This causes a much heavier splash so that adequate lubrication of the

pistons and the connecting-rod bearings is provided at higher speeds. If a combination

system is  used  on  an  overhead  valve  engine,  the  upper  valve  train  is  lubricated  by

pressure from the pump.

2.14.2 Force Feed :

A somewhat more complete pressurization of lubrication is achieved in the force-

feed lubrication system. Oil is forced by the oil pump from the crankcase to the main
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bearings and the camshaft bearings. Unlike the combination system the connecting-rod

bearings are also fed oil under pressure from the pump. Oil passages are drilled in the

crankshaft to lead oil to the connecting-rod bearings.

The  passages  deliver  oil  from  the  main  bearing  journals  to  the  rod  bearing

journals. In some engines, these opening are holes that line up once for every crankshaft

revolution.  In  other  engines,  there are  annular  grooves  in  the main  bearings  through

which oil can feed constantly into the hole in the crankshaft.  The pressurized oil that

lubricates  the  connecting-rod bearings  goes  on  to  lubricate  the  pistons  and walls  by

squirting  out  through  strategically  drilled  holes.  This  lubrication  system  is  used  in

virtually all engines that are equipped with semi floating piston pins.

2.14.3 Full Force Feed:

In a full force-feed lubrication system, the main bearings, rod bearings, camshaft

bearings,  and the complete  valve mechanism are lubricated by oil  under pressure.  In

addition, the full force-feed lubrication system provides lubrication under pressure to the

pistons  and the  piston  pins.  This  is  accomplished  by holes  drilled  the  length  of  the

connecting rod, creating an oil passage from the connecting rod bearing to the piston pin

bearing. This passage not only feeds the piston pin bearings but also provides lubrication

for the pistons and cylinder walls. This system is used in virtually all engines that are

equipped with full-floating piston pins.

2.15 Cooling System:

2.15.1 Air Cooled System:

Air cooled system is generally used in small engines say up to 15-20 Kw and in

aero plane engines. In this system fins or extended surfaces are provided on the cylinder

walls, cylinder head, etc. Heat generated due to combustion in the engine cylinder will be

conducted to the fins and when the air flows over the fins, heat will be dissipated to air.

The amount of heat dissipated to air depends upon : (a) Amount of air flowing through

the fins. (b) Fin surface area. I Thermal conductivity of metal used for fins.
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Advantages of Air Cooled System Following are the advantages of air cooled system:

(a) Radiator/pump is absent hence the system is light. (b) In case of water cooling system

there  are  leakages,  but  in  this  case  there  are  no  leakages.  I  Coolant  and  antifreeze

solutions are not required. (d) This system can be used in cold climates, where if water is

used it may freeze.  Disadvantages of Air Cooled System (a) Comparatively it is less

efficient. (b) It is used only in aero planes and motorcycle engines where the engines are

exposed to air directly.

2.15.2 Water Cooling System:

In this method, cooling water jackets are provided around the cylinder, cylinder

head, valve seats etc. The water when circulated through the jackets, it absorbs heat of

combustion. This hot water will then be cooling in the radiator partially by a fan and

partially by the flow developed by the forward motion of the vehicle. The cooled water is

again recirculated through the water jackets

2.15.3 Thermo Syphon System:

In this system the circulation of water is due to difference in temperature (i.e.

difference in densities)  of water. So in this system pump is not required but water is

circulated because of density difference only.
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2.15.4 Pump Circulation System: In this system circulation of water is obtained by a

pump. This pump is driven by means of engine output shaft through V-belts.

2.16 Performance Calculation:

Engine  performance  is  an  indication  of  the  degree  of  success  of  the  engine

performs its assigned task, i.e. the conversion of the chemical energy contained in the

fuel into the useful mechanical work. The performance of an engine is evaluated on the

basis of the

following : (a) Specific Fuel Consumption. (b) Brake Mean Effective Pressure. I Specific

Power  Output.  (d)  Specific  Weight.  (e)  Exhaust  Smoke  and  Other  Emissions.  The

particular application of the engine decides the relative importance of these performance

parameters.  For  Example  :  For  an  aircraft  engine  specific  weight  is  more  important

whereas for an industrial engine specific fuel consumption is more important. For the

evaluation of an engine performance few more parameters are chosen and the
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effect  of  various  operating  conditions,  design  concepts  and  modifications  on  these

parameters are studied. The basic performance parameters are the following : (a) Power

and Mechanical Efficiency. (b) Mean Effective Pressure and Torque. I Specific Output.

(d) Volumetric Efficiency. (e) Fuel-air Ratio. (f) Specific Fuel Consumption. (g) Thermal

Efficiency  and  Heat  Balance.  (h)  Exhaust  Smoke  and  Other  Emissions.  (i)  Specific

Weight. Power and Mechanical Efficiency The main purpose of running an engine is to

obtain mechanical power. • Power is defined as the rate of doing work and is equal to the

product of force and linear velocity or the product of torque and angular velocity. •

Thus, the measurement of power involves the measurement of force (or torque) as well as

speed. The force or torque is measured with the help of a dynamometer and the speed by

a tachometer. The power developed by an engine and measured at the output shaft is

called the brake power (bp) and is given by bp=2Πnt/60 where, T is torque in N-m and N

is the rotational speed in revolutions per minute.

The total power developed by combustion of fuel in the combustion chamber is,

however, more than the bp and is called indicated power (ip). Of the power developed by

the engine, i.e. ip, some power is consumed in overcoming the friction between moving

parts, some in the process of inducting the air and removing the products of combustion

from the engine combustion chamber.

Indicated Power: It is the power developed in the cylinder and thus, forms the basis of

evaluation  of  combustion  efficiency  or  the  heat  release  in  the  cylinder.  Where,  I.P=

PmLANK/60 pm = Mean effective pressure, N/m2, L = Length of the stroke, m, A

= Area of the piston, m2, N

= Rotational speed of the engine, rpm (It is N/2 for four stroke engine), and k = Number

of cylinders. Thus, we see that for a given engine the power output can be measured in

terms of mean effective pressure. The difference between the ip and bp is the indication

of the power lost

in  the mechanical  components  of the engine (due to friction)  and forms the basis  of

mechanical efficiency; which is defined as follows : Mechanical efficiency=bp/ip The

difference between ip and bp is  called friction power (fp). Fp = ip − bp Mechanical

efficiency= b.p/(bp+fp)
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Mean  Effective  Pressure  and  Torque:  Mean  effective  pressure  is  defined  as  a

hypothetical/average pressure which is assumed to be acting on the piston throughout the

power stroke. Therefore, Pm=60Xi.P/LANk where, Pm = Mean effective pressure, N/m2,

Ip = Indicated power, Watt, L = Length of the stroke, m, A = Area of the piston, m2, N =

Rotational speed of the engine, rpm (It is N/2 for four stroke engine), and k = Number of

cylinders.  If  the  mean  effective  pressure  is  based  on bp it  is  called  the  brake  mean

effective pressure( Pm), and if based on ihp it is called indicated mean effective pressure

(imep). Similarly, the friction mean effective pressure (fmep) can be defined as, fmep =

imep  –  bmep.  The  torque  is  related  to  mean  effective  pressure  by  the  relation

B.P=2Πnt/60 I.P=PmLANk/60

Thus, the torque and the mean effective pressure are related by the engine size. A

large engine produces more torque for the same mean effective pressure. For this reason,

torque  is  not  the  measure  of  the  ability  of  an  engine  to  utilize  its  displacement  for

producing power from fuel. It is the mean effective pressure which gives an indication of

engine displacement utilization for this conversion. Higher the mean effective pressure,

higher will be the power developed by the engine for a given displacement. Again we see

that the power of an engine is dependent on its size and speed.

Therefore, it is not possible to compare engines on the basis of either power or

torque.  Mean effective  pressure  is  the  true  indication  of  the  relative  performance  of

different engines.

Specific Output: Specific output of an engine is defined as the brake power (output) per

unit of piston displacement and is given by, Specific output=B.P/A.L Constant = bmep ×

rpm • The specific output consists of two elements – the bmep (force) available to work

and the speed with

which it is working. Therefore, for the same piston displacement and bmep an engine

operating at higher speed will give more output. It is clear that the output of an engine

can be increased by increasing either speed or bmep. Increasing speed involves increase

in the mechanical stress of various engine parts whereas increasing bmep requires better

heat release and more load on engine cylinder.
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Volumetric  Efficiency:  Volumetric  efficiency  of  an  engine  is  an  indication  of  the

measure of the degree to which the engine fills its swept volume. It is defined as the ratio

of the mass of air inducted into the engine cylinder during the suction stroke to the mass

of the air corresponding to the swept volume of the engine at atmospheric pressure and

temperature. Alternatively, it can be defined as the ratio of the actual volume inhaled

during suction stroke measured at intake conditions to the swept volume of the piston.

Volumetric  efficiency,  hv  =  Mass  of  charge  actually  sucked  in  Mass  of  charge

corresponding  to  the  cylinder  intake  The  amount  of  air  taken  inside  the  cylinder  is

dependent  on  the  volumetric  efficiency  of  an  engine  and  hence  puts  a  limit  on  the

amount of fuel which can be efficiently burned and the power output. For supercharged

engine the volumetric efficiency has no meaning as it comes out to be more than unity.

Fuel-Air Ratio (F/A): Fuel-air ratio (F/A) is the ratio of the mass of fuel to the mass of

air in the fuel-air mixture. Air-fuel ratio (A/F) is reciprocal of fuel-air ratio. Fuel-air ratio

of  the  mixture  affects  the  combustion  phenomenon  in  that  it  determines  the  flame

propagation  velocity,  the  heat  release  in  the  combustion  chamber,  the  maximum

temperature and the completeness of combustion. Relative fuel-air ratio is defined as the

ratio of the actual fuel-air ratio to that of the stoichiometric fuel- air ratio required to

burn the fuel supplied. Stoichiometric fuel-air ratio is the ratio of fuel to air is one in

which case fuel is completely burned due to minimum quantity of air supplied. Relative

fuel-air ratio,

=(Actual Fuel- Air ratio)/(Stoichiometric fuel-Air ratio)

Brake Specific Fuel Consumption: Specific fuel consumption is defined as the amount

of fuel consumed for each unit of brake power developed per hour. It is a clear indication

of the efficiency with which the engine develops power from fuel. B.S.F.C= Relative

fuel-air ratio,

=(Actual Fuel- Air ratio)/(Stoichiometric fuel-Air ratio) This parameter is widely used to

compare the performance of different engines.

Thermal Efficiency and Heat Balance:  Thermal efficiency of an engine is defined as

the ratio of the output to that of the chemical energy input in the form of fuel supply. It

may be based on brake or indicated output. It is the true indication of the efficiency with

which the chemical energy of fuel (input) is converted into mechanical work.
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Thermal efficiency also accounts for combustion efficiency, i.e., for the fact that whole of

the chemical  energy of the fuel is  not converted into heat  energy during combustion.

Brake thermal efficiency = B.P/mf* Cv where, Cv = Calorific value of fuel, Kj/kg, and

mf = Mass of fuel supplied, kg/sec. • The energy input to the engine goes out in various

forms – a part is in the form of brake output, a part into exhaust, and the rest is taken by

cooling water and the lubricating oil. • The break-up of the total energy input into these

different parts is called the heat balance. • The main components in a heat balance are

brake  output,  coolant  losses,  heat  going  to  exhaust,  radiation  and  other  losses.  •

Preparation of heat balance sheet gives us an idea about the amount of energy wasted in

various parts and allows us to think of methods to reduce the losses so incurred.

2.17 Exhaust Smoke and Other Emissions:

Smoke and other exhaust emissions such as oxides of nitrogen, unburned hydrocarbons,

etc. are nuisance for the public environment. With increasing emphasis on air pollution

control all efforts are being made to keep them as minimum as it could be. Smoke is an

indication of incomplete combustion.  It limits the output of an engine if air  pollution

control is the consideration.

Emission Formation Mechanisms: (S.I)  This section discusses the formation of HC,

CO, Nox, CO2, and aldehydes and explains the effects of design parameters.

Hydrocarbon Emissions:

HC  emissions  are  various  compounds  of  hydrogen,  carbon,  and

sometimes oxygen. They are burned or partially burned fuel and/or oil. HC emissions

contribute to photochemical smog, ozone, and eye irritation.

There are several formation mechanisms for HC, and it is convenient to

think about  ways HC can avoid combustion and ways HC can be removed;  we will

discuss each below. Of course, most of the HC input is fuel, and most of it is burned

during “normal” combustion. However, some HC avoids oxidation during this process.

The processes by which fuel compounds escape burning during normal S.I. combustion

are:

1. Fuel vapor-air mixture is compressed into the combustion chamber crevice volumes.

2. Fuel compounds are absorbed into oil layers on the cylinder liner. 3. Fuel is absorbed

by and/or contained within deposits  on the piston head and piston crown. 4.  Quench

layers on the combustion chamber wall are left as the flame extinguishes close to the
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walls. 5. Fuel vapor-air mixture can be left unburned if the flame extinguishes before

reaching the walls. 6. Liquid fuel within the cylinder may not evaporate and mix with

sufficient air to burn prior to the end of combustion. 7. The mixture may leak through the

exhaust valve seat.  (ii) Carbon Monoxide Formation of CO is well established. Under

some conditions, there is not enough O2 available for complete oxidation and some of the

carbon in the fuel ends up as CO. The amount of CO, for a range of fuel composition and

C/H ratios,  is  a  function  of  the  relative  air-fuel  ratio.  Even  when enough  oxygen is

present, high peak temperatures can cause dissociation – chemical combustion reactions

in which carbon dioxide and water vapor separate into CO, H2, and O2. Conversion of

CO to CO2 is governed by reaction CO + OH ↔ CO2 + H Dissociated CO may freeze

during  the  expansion stroke.  (iii)  Oxides  of  Nitrogen Nox is  a  generic  term for  the

compounds  NO and NO2.  Both  are  present  to  some degree  in  the  exhaust,  and NO

oxidizes  to  NO2 in  the  atmosphere.  Nox contributes  to  acid  rain  and  photochemical

smog;  it  is  also  thought  to  cause  respiratory  health  problems  at  atmospheric

concentrations found in some parts of the world. To understand Nox formation, we must

recognize  several  factors  that  affect  Nox  equilibrium.  Remember  that  all  chemical

reactions  proceed  toward  equilibrium  at  some  reaction  rate.  Equilibrium  NO (which

comprises  most  of  the  Nox  formation)  is  formed  at  a  rate  that  varies  strongly  with

temperature and equivalence ratio. (iv) Carbon Dioxide While not normally considered a

pollutant,  CO2  may  contribute  to  the  greenhouse  effect.  Proposals  to  reduce  CO2

emissions have been made. CO2 controls strongly influence fuel economy requirements.

(v) Aldehydes Aldehydes are the result of partial  oxidation of alcohols.  They are not

usually present in significant quantities in gasoline-fueled engines, but they are an issue

when alcohol fuels are used. Aldehydes are thought to cause lung problems. So far, little

information of engine calibration effects on aldehyde formation is available.

Emission Formation in C.I. Engine:

For many years, diesel engines have had a reputation of giving poor

performance and producing black smoke, an unpleasant odor, and considerable noise.

However, it  would find it  difficult  to distinguish today  s modern diesel car from its‟

gasoline counterpart. For diesel engines the emphasis is to reduce emissions of Nox and

particulates, where these emissions are typically higher than those from equivalent port

injected gasoline engines equipped with three-way catalysts. Catalyst of diesel
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exhaust remains a problem insofar as researchhas not yet been able to come up with an 

effective converter that eliminates both particulate matter (PM) and oxide of nitrogen.

2.18 TECHNICAL TERMS

Alternator: A generator producing alternating current used for recharging the vehicle 
battery.

BMEP: Pressure in I.C engine cylinder during the work stroke.

Cam shaft: A shaft having number of cams at appropriate angular position for opening the 
valves at timing relative to the piston movement.

Carburation: Air fuel mixing of correct strength

Catalytic converter: Convert toxic gases produced by I.C engines

Clearance volume: volume of engine cylinder above the piston when it is in the TDC 
position.

Combustion chamber: The small space in the engine cylinder head and or piston into 
which air fuel mixture(petrol engine) or air (diesel engine) is compressed and burnt.

Connecting rod: it converts the linear motion of the piston into the rotary motion of the 
crank shaft.

EGR system: Exhaust gas recirculation

Fly wheel: A heavy metallic wheel attached to the engine crankshaft to smoothen out the 
power surges from the engine power strokes.

Governer: A mechanical or electronic device to restrict the performance of an engine 
usually for reason of safety.

Idle screw: A screw on the carburetor for adjusting the idling speed of the engine.

Detonation: An uncontrolled explosion of the unburnt air fuel mixture in the engine 
cylinder.

Pre-ignition: Ignition of air-fuel mixture earlier than the spark plug.
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2.19 Solved Problems:

1. A trial carried out in a four stroke single cylinder gas engine gave the following

results. Cylinder dia=300 mm, Engine stroke=500mm, Clearance volume=6750cc,

Explosions  per minute=100 Net  work  load  on  the  brake=190kg

Brake dia=1.5m  Rope dia=2 5mm, Speed of the engine=240rpm, Gas used=30 ,

Calorific  value of   gas=20515  KJ/ .  Determine  compression  rat io,mechanical

efficiency,indicated thermal efficiency,air standard efficiency,relative effic iency,assume

GIVEN DATA:-

Dia of cylind er (d)=300mm=0.3m

Engine stroke(l)=500mm=0.5m

Clearance volume(vc)=6750/1003=6.75 m3

Explosions pe r minute(n)=100/minute=i.67/sec

Pmin=765 KN /m2

Brake drum dia(D1)=1.5m

Rope dia(d1)= 0.025m

Work load on the brake(w)=190kg=1.86KN

TO FIND:-

Compression rati o (r)

Mechanical efficiency (ηmech)

Indicated thermal efficiency (ηit)

Air standard efficiency (ηair)

Relative efficiency (ηrel)
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SOLUTION:-

(1).Compression Ratio (r):-

+1

(r) = 6.23
(2).Air Standard Efficiency (ηa ir):-

ηair = 

=51.89%
(3).Indicated Thermal Efficie ncy (ηit):-

(ηit)=

Here, indicated power (IP)=

=765x0.5x0.0706x1.67x1

=45.09KW

Therefore,

=24.03%
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(4).Relative Efficiency (ηrel):-

(ηrel)=ήit/ήair

=

=46.30%

(5).Mechanical Efficiency (ηm ech):-

(ηmech)= 

=

=79.02%

2. The following observat ions are recorded during a test on a four-stroke petrol engine,
F.C = 3000 of fuel in 12sec, speed of the engine is 2500rpm, B.P = 20KW, Air intake
orifice diameter = 35 mm,Pressure across the orifice = 140mm of water coefficient of
discharge of orifice = 0.6 , piston diameter = 150mm, stroke length = 100 mm, Density of
the fuel = 0.85gm/cc , r=6 .5, Cv of fuel = 42000KJ/Kg, Barometric pressure = 760mm

of Hg , Room temperature = 24oc

Determine:

(i) Volumetric ef ficiency on the air basis alone

(ii) Air-fuel ratio

(iii) The brake mean effective pressure

(iv) The relative efficiency on the brake thermal efficiency

Given data:

Fuel c onsumption = 30cc in 12sec = 

Speed (N) = 2500/60 rps

Brake power = 20KW

Orifice diameter (do) = 0.035 m

Pressure across the orifice (Po) = 140mm of water

Coefficient of discharge (Cd) = 0.6
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Piston diameter (d) = 150mm = 0.15m

Stroke length (l) = 0.1m

Density of fuel (ρ) = 0.85gm/ cc

Compression ratio (r) = 6.5

Room temperature (Ta) = 297 K
2

Barometric pressure = 760mm  of Hg = 101.325KK/m = 10.34m of water

(i) Volumet ric efficiency on the air basis alone

(ii) Air-fuel ratio
(iii) The brake mean effective pressure

(iv) The relative efficiency on the brake thermal efficiency

Solution:

10.34m of water = 101.325KN/m2

Pressure head

Po = 0.14m of water

Po  = 1372N/m2

De nsity of gas (ρ) = P/RT

ρ = 1.1887Kg/m3

Pr essure head (h) 

h = 117.6557m

Qa ir =
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= 0.02774 m3/sec

No. of. Suction strokes per second

Air consumptionns per stroke

= 0.001332m3

Stroke volume (Vs) = m3

Volumetric effi ciency (ηvol) =

ηvol  = 75.382%

volume of air consumed Vair = Qair  = 0.02774m3/sec

= 0.02774 m3/hr

Mass of air consumed (ma) =  = 99.864 

= 118 .71Kg/hr

Fuel consumption = 9000cc/hr

Mass of the fuel consumed (mf) = 9000× 0.85 = 7.65Kg/hr

Air fuel ratio

Brake power (B.P) = 20KW = P mb × l × a × n × k

P
mb

= 543.294KN/m2

Air standard efficiency (ηair) =

=

= 52.703%

Brake thermal efficiency (ηBT) = 22.4%

Relative efficiency on brake thermal efficiency basis (ηrel) = ηBT/ ηair
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= 0.22409/0.52703

ηrel = 42.52%

2.20 REVIEW QUESTIONS
PART A

1. Classify IC engine according to cycle of lubrication system and field of  application.
2. Types of lubrication system
3. List the various components of IC engines.
4. Name the basic thermodynamic cycles of the two types of internal combustion 

reciprocating engines.
5. Mention the important requites of liner material.
6. State the purpose of providing piston in IC engines.
7. Define the terms as applied to reciprocating I.C. engines "Mean effective pressure" and 

“Compression ratio".
8. What is meant by highest useful compression ratio?
9. What are the types of piston rings?
10. What is the use of connecting rod?
11. What is the use of flywheel?
12. Which factor increases detonation in IC engines?
13. Which factor do not have much influence in detonation?
14. For maximum power, air-fuel ratio should be?
15. For maximum economy, air-fuel ratio should be?
16. For maximum power we need is?
17. Cold starting required?
18. Knock in SI engine can be reduced by
19. In 2-stroke engines wich two strokes are eliminated?
20. Which efficiency will reduce if fresh charge filled is reduced?
21. SFC decreases as power capacity of engine?
22. What about the NOx emission when the compression ratio decreases?
23. Methods used for preparing bio-diesel?
24. Nox, Sox, HC can be determined by ?
25. What is blending of fuel?
26. Is hydrogen fuel is storable?

PART B

1. Explain full pressure lubrication system I.C Engine.
2. Explain the water cooling system in I.C Engine.
3. Explain the 2 types of Ignition system In S.I Engine.
4. Draw and explain the valve timing diagram of 4 strokes Diesel Engine.
5. Draw and explain the port timing diagram of 2stroke Petrol Engine.
6. Explain with neat sketch the exhaust gas analysis.
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7. The following results refer to a test on a petrol engine Indicated power = 30 Kw, Brake
power = 26 Kw, Engine speed = 1000 rpm Fuel brake power/ hour = 0.35 kg Calorific value of
fuel = 43900kj/kg .Calculate the indicated Thermal efficiency, the brake Thermal efficiency and
Mechanical efficiency

8. A four cylinder 2 stroke cycle petrol engine develops 23.5 kw brake power at 2500 rpm. The
mean effective pressure on each piston in 8. 5 bar and mechanical efficiency in 85% Calculate
the diameter and stroke of each cylinder assuming the length of stroke equal to 1.5 times the
diameter of cylinder.

9. The following data to a particular twin cylinder two stroke diesel engine. Bore 15 cm stroke.
20 cm. speed 400 rpm. Indicated mean effective pressure 4 bar, dead weight on the brake drum
650 N. spring balance reading 25 N Diameter of the brake drum 1 m. Fuel consumption 0.075
kg/min and calorific value of the fuel is 44500 KJ/kg. Determine 1. Indicated Power 2. Brake
Power 3. Mechanical efficiency 4. Indicated thermal efficiency and
5. Brake thermal efficiency.
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UNIT – 3

STEAM NOZZLES AND TURBINES

3.1 PREREQUISITE DISCUSSIONS

A steam turbine  is  basically  an assembly  of  nozzles  fixed to a  stationary  casing and
rotating blades mounted on the wheels attached on a shaft in a row-wise manner. In 1878, a
Swedish engineer, Carl G. P. de Laval developed a simple impulse turbine, using a convergent-
divergent (supersonic) nozzle which ran the turbine to a maximum speed of 100,000 rpm. In
1897 he constructed a velocity-compounded impulse turbine (a two-row axial turbine with a row
of guide vane stators between them.

Auguste  Rateau  in  France  started  experiments  with  a  de  Laval  turbine  in  1894,  and
developed the pressure compounded impulse turbine in the year 1900.

In the USA , Charles G. Curtis patented the velocity compounded de Lavel turbine in
1896 and transferred his rights to General Electric in 1901.

In England , Charles A. Parsons developed a multi-stage axial flow reaction turbine in
1884.

Steam turbines are employed as the prime movers together with the electric generators in
thermal and nuclear power plants to produce electricity. They are also used to propel large ships,
ocean liners, submarines and to drive power absorbing machines like large compressors, blowers,
fans and pumps.

Turbines  can be condensing or non-condensing types  depending on whether  the back
pressure is below or equal to the atmosphere pressure.

STEAM NOZZLE

3.2 Introduction

A steam turbine converts the energy of high-pressure, high temperature steam produced
by a steam generator into shaft work. The energy conversion is brought about in the following
ways:

1. The high-pressure, high-temperature steam first expands in the nozzles emanates as a 
high velocity fluid stream.

2. The high velocity steam coming out of the nozzles impinges on the blades mounted on a
wheel. The fluid stream suffers a loss of momentum while flowing past the blades that is
absorbed by the rotating wheel entailing production of torque.

3. The moving blades move as a result of the impulse of steam (caused by the change of
momentum) and also as a result of expansion and acceleration of the steam relative to
them. In other words they also act as the nozzles.
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3.3 Flow Through Nozzles

 A nozzle is a duct that increases the velocity of the flowing fluid at the expense of
pressure drop.
 A duct which decreases the velocity of a fluid and causes a corresponding increase in 

pressure is a diffuser .
 The same duct may be either a nozzle or a diffuser depending upon the end conditions 

across it. If the cross-section of a duct decreases gradually from inlet to exit, the duct is said to 
be convergent.
 Conversely if the cross section increases gradually from the inlet to exit, the duct is 

said to be divergent.
 If the cross-section initially decreases and then increases, the duct is called a convergent-

divergent nozzle.
 The minimum cross-section of such ducts is known as throat.
 A fluid is said to be compressible if its density changes with the change in pressure 

brought about by the flow.
 If the density does not changes or changes very little, the fluid is said to 

be incompressible. Usually the gases and vapors are compressible, whereas 
liquids are incompressible .

3.4 Shapes of nozzles

1. At subsonic speeds (Ma<1) a decrease in area increases the speed of flow.
2. In supersonic flows (Ma>1), the effect of area changes are different.

Convergent divergent nozzles
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3.5 SIGNIFICANCE OF STEAM TURBINES

 Large scale electrical energy production largely depends on the use of turbines. Nearly all
of the world's power that is supplied to a major grid is produced by turbines.

 From steam turbines used at coal-burning electricity plants to liquid water turbines used
at  hydro-electric  plants,  turbines  are  versatile  and  can  be  used  in  a  number  of
applications.

 There are  also gas turbines that  combust  natural  gas or diesel  fuel for use in  remote
locations  or  where  a  large  backup power  supply  is  required.  Most  power  plants  use
turbines to produce energy by burning coal or natural gas.

 The heat produced from combustion is used to heat water in boiler. The liquid water is
converted to steam upon heating and is exhausted through a pipe which feeds the steam
to the turbine.

 The pressurized steam flow imparts energy on the blades and shaft of the turbine causing 
it to rotate.

 The rotational mechanical energy is then converted to electrical energy using a generator.

STEAM TURBINES

3.6 Turbines

 We shall consider steam as the working fluid
 Single stage or Multistage
 Axial or Radial turbines
 Atmospheric discharge or discharge below atmosphere in condenser
 Impulse/and Reaction turbine

3.7 Impulse Turbines

 Impulse turbines (single-rotor or multirotor) are simple stages of the turbines.
 Here the impulse blades are attached to the shaft.
 Impulse blades can be recognized by their shape.
 The impulse blades are short and have constant cross sections.
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3.8 Schematic diagram of an Impulse Trubine

 and   = Inlet and outlet absolute velocity

 and  = Inlet and outlet relative velocity (Velocity relative to the rotor blades.) U

= mean blade speed

 = nozzle angle,    = absolute fluid angle at outlet

It is to be mentioned that all angles are with respect to the tangential velocity ( in the 
direction of U )

3.9 Velocity diagram of an Impulse Turbine
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 and   = Inlet and outlet blade angles

and  = Tangential or whirl component of absolute velocity at inlet and outlet

and    = Axial component of velocity at inlet and outlet

Tangential force on a blade,

(22.1)

(mass flow rate X change in velocity in tangential direction)

or,

(22.2)

Power developed = (22.3)

Blade efficiency or Diagram efficiency or Utilization factor is given by

or,

(22.4)

3.10 The Single-Stage Impulse Turbine

 The single-stage impulse turbine is also called the de Laval turbine after its inventor.
 The turbine consists of a single rotor to which impulse blades are attached.
 The  steam is  fed  through  one  or  several  convergent-divergent  nozzles  which  do  not

extend completely around the circumference of the rotor, so that only part of the blades is
impinged upon by the steam at any one time.

 The nozzles also allow governing of the turbine by shutting off one or more them.
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3.11 Compounding in Impulse Turbine

 If high velocity of steam is allowed to flow through one row of moving blades, it 
produces a rotor speed of about 30000 rpm which is too high for practical use.

 It is essential to incorporate some improvements for practical use and also to achieve 
high performance.

 This is called compounding.
 Two types of compounding can be accomplished: (a) velocity compounding and (b) 

pressure compounding

3.12 The Velocity - Compounding of the Impulse Turbine

 The velocity-compounded impulse turbine was first proposed to solve the problems of a
single-stage impulse turbine for use with high pressure and temperature steam.

 It is composed of one stage of nozzles as the single-stage turbine, followed by two rows
of moving blades instead of one.

 These two rows are separated by one row of fixed blades attached to the turbine stator, 
which has the function of redirecting the steam leaving the first row of moving blades 
to the second row of moving blades.

3.13 Pressure Compounding or Rateau Staging

 To alleviate the problem of high blade velocity in the single-stage impulse turbine, the total
enthalpy drop through the nozzles of that turbine are simply divided up, essentially in an 
equal manner, among many single-stage impulse turbines in series,Such a turbine is called 
a Rateau turbine.

 The inlet steam velocities to each stage are essentially equal and due to a reduced Δh.

3.14 Reaction Turbine

 A reaction turbine, therefore, is one that is constructed of rows of fixed and rows of 
moving blades.

 The fixed blades act as nozzles.
 The moving blades move as a result of the impulse of steam received (caused by change

in momentum) and also as a result of expansion and acceleration of the steam relative to
them.

 The pressure drops will not be equal.
 They are greater for the fixed blades and greater for the high-pressure than the low-

pressure stages.
 The absolute steam velocity changes within each stage as shown and repeats from stage 

to stage.
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3.15 APPLICATIONS

 Locomotives
 Power generations
 Industrial application for producing steam

3.16 Governing of Steam Turbine:  The method of maintaining  the turbine speed constant

irrespective of the load is known as governing of turbines. The device used for governing of

turbines is called Governor. There are 3 types of governors in steam turbine,

1. Throttle governing

2. Nozzle governing

3. By-pass governing

3.16.1 Throttle Governing:

Let us consider an instant when the load on the turbine increases, as a result the speed of the

turbine decreases. The fly balls of the governor will come down. The fly balls bring down the

sleeve. The downward movement of the sleeve will raise the control valve rod. The mouth of

the pipe AA will open. Now the oil under pressure will rush from the control valve to right side

of piston in the rely cylinder through the pipe AA. This will move the piston and spear towards

the left  which will  open more area of nozzle.  As a result  steam flow rate into the turbine

increases, which in turn brings the speed of the turbine to the normal range.
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3.16.2 Nozzle Governing:

A dynamic arrangement of nozzle control governing is shown in fig.

In this nozzles are grouped in 3 to 5 or more groups and each group of nozzle is supplied steam

controlled by valves. The arc of admission is limited to 180º or less. The nozzle controlled

governing is restricted to the first stage of the turbine, the nozzle area in other stages remaining

constant. It is suitable for the simple turbine and for larger units which have an impulse stage

followed by an impulse reaction turbine.

3.17 Solved Problems:

1. A convergent  divergent  adiabatic  steam  nozzle  is  supplied  with  steam  at  10  bar  and

250°c.the discharge pressure is 1.2 bar.assuming that the nozzle efficiency is 100% and initial

velocity of steam is 50 m/s. find the discharge velocity.

Given Data:-

Initial pressure(p1)=10bar Initial

Temperature(T1)=250°c

Exit pressure(p2)=1.2 bar
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Nozzle efficiency(ηnozzle)=100%

Initial velocity of steam (v1)=50m/s

To Find:-

Discharge velocity (v2)
Solution:-

From steam table, For  10 bar, 250°c, h1=2943 KJ/kg s1=6.926 KJ/kgk

From steam table, For 1.2 bar,

hf2 =439.3 KJ/kg ; hfg2=2244.1 KJ/kg;

sf2=1.3 61 KJ/kg K ; sfg2=5.937 KJ/kgK.

Since s1=s2,

S1=sf 2+x2sfg2

6.926=1.361+x2(5.937)

X2=0 .9373

We know that,
h2=hf2+x2hfg2

= 439.3+(0.9373)2244.1

h2 = 2542KJ/Kg

Exit velocity (V2) = 

= 896.91m/s.

2. Dry  saturated steam at 6.5 bar with negligible velocity  expands isentropically  in

a convergent divergent nozzle to 1.4 bar and dryness fraction 0.956. De termine the final

velocity of steam from th e nozzle if 13% heat is loss in friction. Find th e % reduction in

the final velocity.
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Given data:

Exit pressure (P2) = 1.4 bar

Dryness fract ion (X2) = 0.956

Heat loss = 13%

To Find:

The percent reduction in final velocity

Solution:

From steam table for initial pressure P1 = 6.5bar, take values h1 =

h1 = 2758.8KJ/Kg

Similarly, at 1.4 bar,

hfg2 = 2231.9 KJ/Kg

hf2 = 458.4KJ/Kg

h2 = hf2 + X2 hfg2

= 458.4 + (0.956) 2231.6 

h2 = 2592.1 KJ/Kg

Final velocit y (V2) =

=  V2 =

577.39 m/s

Heat drop is 13%= 0.13
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Nozzle efficiency (η) = 1- 0.13 = 0.87

Velocity of s team by considering the nozzle efficiency,

V2 = 

V2 =

V2  = 538.55 m/s

% reductio n in final velocity = 

= 6.72%

3. A  convergent  divergent  nozzle  receives  steam  at  7bar  and  200oc  and  it  expands

isentropically  into  a  space  of  3bar  neglecting  the  inlet  velocity  calculat  e  the  exit  area

required for a mass flow of 0.1Kg/sec . when the flow is in equilibrium through all and

super saturated with PV1.3=C.

Given Data:

Initiall pressure (P1) = 7bar = 7× 105N/m2

Initiall temperature (T1) = 200oC

Press ure (P2) = 3bar = 3× 105N/m2

Mass flow rate (m) = 0.1Kg/sec

PV1.3 =C
To Find:

Exit area
Solution:

From st eam table for P1 = 7bar and T1 = 200oC V1 =

0.2999

h1 = 2844.2
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S1 = 6.886

Similarly for P2 = 3bar

Vf2 = 0.001074 Vg2 = 0.60553 hf2 =

561.5 hfg2 = 2163.2

Sf2 = 1.672 Sfg2  = 5.319

We know that, S1 = S2 = St

S1 = Sf2 + X2 Sfg2

6.886 = 1.672 + X2 (5.319) X2 =

0.98

Similarly,

h2 = hf2 + X2 hfg2

h2 = 561.5 + 0.98 (2163.2)

(i) Flow is in equilibriu m through all:

V2 = 

V2 =  V2 =

569.56

ν2  = X2 × νg2

= 0.98× 0.60553 = 0.5934
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(ii) For saturated flow:

ν2 =

ν2 =

ν2 = 568.69 m/s

specific volume of steam at exit. For super saturated flow, P1  = P2
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3.18 TECHNICAL TERMS

1. Diaphragm -  Partitions b etween pressure stages in a turbine's casing.

2. Radial - flow turbine - st eam flows outward from the shaft to the casing.

3. Radial clearance - cleara nce at the tips of the rotor and casing.

4. Axial clearance - the fore -and-aft clearance, at the sides of the rotor and t he casing.

5. balance piston - Instead of piston, seal strips are also used to duplicate a piston's counter 
force.

6. steam rate - The steam rate is the pounds of steam that must be supplied per kilowatt-hour
of generator output at the steam turbine inlet.

7. extraction turbine - ste am is withdrawn from one or more stages, at one or more 
pressures, for heating, pl ant process, or feedwater heater needs.

8. Wet steam: The steam w hich contains some water particles in superposition.

9. Dry steam / dry saturated steam: When whole mass of steam is converted into steam then 
it is called as dry steam.

10. Super heated steam: When the dry steam is further heated at consta nt pressure, the
temperature  increases  the  above saturation  temperature.  The steam has  obtained  is
called super heated stea m.

11. Degree of super heat: The difference between the temperature of saturated steam and 
saturated temperature is c alled degree of superheat.

12. Nozzle:It is a duct of varying cross sectional area in which the velocity increases with 
the corresponding drop in pressure.

13. Coefficient of nozzle: It is the ratio of actual enthalpy drop to isentropic enthalpy drop.

14. Critical pressure ratio: There is only one value of ratio (P2/P1) which produces
maximum discharge fro m the nozzle . then the ratio is called critica l pressure
ratio.

15. Degree of reaction: It is  defined as the ratio of isentropic heat drop in th e moving blade
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to isentrpic heat drop in the entire stages of the reaction turbine.

16. Compounding: It is the method of absorbing the jet velocity in stages when the steam
flows over moving blades. (i)Velocity compounding (ii)Pressure compounding and
(iii) Velocity-pressure compounding

17. Enthalpy: It is the combination of the internal energy and the flow energy.

18. Entropy: It is the function of quantity of heat with respective to the temperature.

19. Convergent nozzle: The crossectional area of the duct decreases from inlet to the outlet 
side then it is called as convergent nozzle.

20. Divergent nozzle: The crossectional area of the duct increases from inlet to the outlet 
then it is called as divergent nozzle.

3.19 REVIEW QUESTIONS

PART- A

1. What is supersaturated flow in a nozzle?
2. Define nozzle efficiency.
3. Why a choke is used in carburetor?
4. What is Meta stable flow?
5. Define stoichiometric air-fuel ratio.
6. What is the effect of friction on the dryness fraction of steam leaving a nozzle?
7. What are the effects of friction on the flow through a steam nozzle?
8. Explain the need of compounding in steam turbines.
9. What is meant by governing in turbines?
10. What are the different losses involved in steam turbines?
11. What are the various types of nozzles and their functions?
12. Define nozzle efficiency and critical pressure ratio.
13. Explain the phenomenon of super saturated expansion in steam nozzle. Or what is 

metastable flow?
14. State the function of fixed blades.
15. Classify steam turbines.
16. How does impulse work?
17. What is meant by carry over loss?
18. State the function of moving blades...."
19. What is the fundamental difference between the operation of impulse and reaction steam

turbines?
20. What are the different methods of governing steam turbines?
21. How is throttle governing done?
22. Where nozzle control governing is used?
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23. Whereby - pass governing is more suitable?
24. What are the different losses in steam turbines?

PART- B

1. An impulse turbine having a set of 16 nozzles receives steam at 20 bar, 400° C. The pressure
of steam at exist is 12 bar. if the total discharge Is 260 Kg/min and nozzle efficiency is 90% .
Find the cross sectional area of each nozzle, if the steam has velocity of 80m/s at entry to the
nozzle, find the percentage Increase In discharge.

2. Dry saturated steam at a pressure of 8 bar enters the convergent divergent nozzle and leaves
it at a pressure 1.5 bar. If the flow isentropic and if the corresponding index of expansion is
1.133, find the ratio of 0.3 are at exit and throat for max. discharge.

3. Steam enters a group of nozzles of a steam turbine at 12 bar and 2200 C and leaves at 1.2 bar.
The steam turbine develops 220 Kw with a specific steam consumption of 13.5 Kg/ KwHr. If
the diameter of nozzle at throat Is 7mm . Calculate the number of nozzle

4. Drive an expression for critical pressure ratio in terms of the index of expansion

5. Explain the method of governing in steam turbine.

6. Explain various type of compounding in Turbine

7. A 50% reaction turbine running at  400 rpm has the exit  angle of blades as 20° and the
velocity of steam relative to the blade at the exit is 1.35 times mean speed of the blade. The
steam flow rate is  8.33 kg/s and at  a particular  stage the specific volume is 1.38m3/kg.
Calculate, suitable blade height, assuming the rotor mean diameter 12 times the blade height,
and diagram work.

8. The blade angle of a single ring of an impulse turbine is 300m/s and the nozzle angle is
200.The isentropic  heat  drop is  473kJ/kg and nozzle  efficiency is  85%.Given the  blade
velocity coefficient is 0.7 and the blades are symmetrical, Draw the velocity diagram and
calculate for a mass flow of 1 kg/s i) axial thrust on balding ii) steam consumption per BP
hour if the mechanical efficiency is 90% iii) blade efficiency and stage efficiency.
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UNIT 4 - AIR COMPRESSORS

4.1 PREREQUISITE DISCUSSION
A history associated with air compressors like a device goes back in order to antiquity.

Guy offers utilized compressors data compression with regard to a large number of many years
in  order  to  warmth their  house,  prepare  meals,  as  well  as  proceed  items.  The first  kind  of
compressor had been the bellows accustomed to great time compacted compressors on to the
fireplace. These types of easy compressing models had been possibly driven through guy or even
creatures in order to shrink. They were changed through mechanized air compressors that have
been  employed  for  commercial  reasons.  Along  with  improvements  within  technology,
compressors had been decreased in dimensions as well as discovered utilizes beyond industrial
facilities  because  helps  with  regard  to  marine  scuba  diving  in  order  to  energy  pneumatic
resources as well as exercises.

4.2 CONCEPT OF AIR COMPRESSOR

Introduction:
 The process of increasing the pressure of air, gas or vapour by reducing its volume is 

what compression.
 The devise used to carry out this process is called a compressor.

Principles on which compressors work:

 A compressor is a mechanical device that increases the pressure of a gas by reducing its 
volume.

 Compressor  is  a  machine  which  increases  the  pressure  of  a  fluid  by  mechanically
decreasing its volume (i.e. by compressing it).(The fluid here is generally air since liquids
are theoretically incompressible).

Construction:
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4.3 SIGNIFICANCE OF AIR COMPRESSORS

Compressed Air is often described as thefourth utility, although not as ubiquitousas 
electricity, petrol and gas, it plays a fundamental part in the modern world.
 The importance of compressed air is often over looked, but in reality it plays a vital part 

in most modern manufacturing processes and modern civilization.
 Although we may not realize it most products we use today could simply not be made 

without compressed air.
 Compressed air accounts for about 10% of the global energy used in industry today.
 With so many applications in different environments being dependant on compressed air,

the compressors not only have to compress the air to a specific pressure, at a certain flow, it has
to deliver air of the right quality.
 To most people, a compressor is all that is required to compress air, but to obtain the right

quality of the compressed air, more equipment is often needed.
 Filters and dryers are often needed to remove oil and water before it reaches the 

application.
 Compressed Air has a range of completely oil-less compressors where air  comes into

contact  with  the  process  it  serves  and  so  the  quality  is  critical,  for  example  in  where  a
compressor may be used in a food packaging role.

4.4 CLASSIFICATION OF AIR COMPRESSORS

Types of compressors
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4.4.1 Positive displacement compressor

 In  the  positive-displacement  type,  a  given  quantity  of  air  or  gas  is  trapped  in  a
compression chamber and the volume it  occupies  is  mechanically  reduced,  causing a
corresponding rise in pressure prior to discharge.

 At constant speed, the air flow remains essentially constant with variations in discharge 
pressure.

 Ex: Reciprocating compressors,  vane compressors & so on.

4.4.2 Dynamic compressors:

 Dynamic compressors impart velocity energy to continuously flowing air or gas by 
means of impellers rotating at very high speeds.

 The velocity energy is changed into pressure energy both by the impellers and the 
discharge volutes or diffusers.

 In the centrifugal-type dynamic compressors, the shape of the impeller blades determines 
the relationship between air flow and the pressure (or head) generate.

 Ex: centrifugal compressors, axial compressors.

4.4.3 Reciprocating compressors

 In a reciprocating compressor, a volume of gas is drawn into a cylinder; it is trapped and 
compressed by piston, then discharged into the discharge line.

 The cylinder valves control the flow of gas through the cylinder; these valves act as 
check valves.
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Principle of Operation

 The piston is driven by a crank shaft via a connecting rod.

 At the top of the cylinder are a suction valve and a discharge valve.

 A reciprocating compres sor usually has two, three, four, or six cylinders in it.

 The suction valve opens at point 4.

 As the piston travels toward the bottom dead center, the volume of the c ylinder increases
and the vapor flows into the cylinder.

 The pressure inside the cylinder is slightly less than suction line pressu re. The pressure 
difference pushes the val ve open on during the suction stroke.
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 At point 2, the pressure inside the cylinder has become slightly greater than discharge line
pressure.

 This causes the valve opening allowing the gas to flow out of the cylinder.

 The volume continues to decrease toward point 3, maintaining a sufficient pressure 
difference across the discharge valve to hold it open.

 At point 3, the piston reaches the top dead center and reverses direction.

 At top dead center, as the piston comes to a complete stop prior to reversing direction, the
pressure across the valve is equal.

 So, the discharge valve is closed.

 As the piston moves towards point 4, the volume increases and the pressure decreases in 
the cylinder.

 The gas trapped in the cylinder expands as the volume increases until to point 4.

 At point 4, the gas pressure inside the cylinder becomes less than the suction line 
pressure, so the suction valve opens again.

 The cycle then starts over again.

 The shape of the re-expansion line (Line 3-4) is dependent on the same compression 
exponent that determines the shape of the compression line.

What is the difference between a single and two stage compressor?

 The simplest way to explain the difference between a single stage compressor and dual or
two stage compressor is the number of times that the air is compressed. In a single stage
system the air is compressed once and in a dual stage the air is compressed twice.

 In a single stage piston compressor the air is drawn into a cylinder and compressed in a
single piston stoke to a pressure of approximately 120 PSI. Then it is send to the storage
tank. All rotary compressors are single stage.

 In a dual stage compressor the first step is the same except that the air is not directed to
the storage tank, the air is sent via an inter cooler tube to a second, smaller high pressure
piston and compressed a second time and compressed to a pressure of 175 PSI. Then it is
sent through the after cooler to the storage tank.

 In a dual stage pump the first stage cylinder is always a larger diameter. Also a dual stage
pump will always have an inter cooler tube or finned housing attached to the pump to
cool the air before being compressed a second time.

4.5 ROTARY VANE COMPRESSORS

 Rotary vane compressors consist of a rotor with a number of blades inserted in radial 
slots in the rotor.
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 The rotor is mounted offset in a larger housing that is either circular or a more complex
shape. As the rotor turns, blades slide in and out of the slots keeping contact with the
outer wall of the housing. Thus, a series of decreasing volumes is created by the rotating
blades.

4.6 MULTISTAGE COMPRESSION:
Multistage compression refers to the compression process completed in more than one

stage i.e., a part of compression occurs in one cylinder and subsequently compressed air is
sent  to subsequent  cylinders for further  compression.  In case it  is  desired to increase the
compression ratio of compressor then multi-stage compression becomes inevitable. If we look
at  the  expression  for  volumetric  efficiency  then  it  shows  that  the  volumetric  efficiency
decreases  with  increase  in  pressure  ratio.  This  aspect  can  also  be  explained  using  p-V
representation shown in Figure.

A multi-stage compressor is one in which there are several cylinders of different diameters.
The intake of air in the first stage gets compressed and then it is passed over a cooler to
achieve a temperature very close to ambient air. This cooled air is passed to the intermediate
stage where it is again getting compressed and heated. This air is again passed over a cooler to
achieve a temperature as close to ambient as possible. Then this compressed air is passed to
the final or the third stage of the air compressor where it is compressed to the required
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pressure and delivered to the air receiver after cooling sufficiently in an after-cooler.

Advantages of Multi-stage compression:

The work done in compressing the air is reduced, thus power can be 
saved

2. Prevents mechanical problems as the air temperature is 
controlled

3. The suction and delivery valves remain in cleaner condition as the temperature and 
vaporization of lubricating oil is less
4. The  machine  is  smaller  and  better
balanced

5. Effects from moisture can be handled better, by draining at each 
stage

6. Compression    approaches    near
isothermal

7. Compression ratio at each stage is lower when compared to a single-stage 
machine

4.7 WORK DONE IN A SINGLE STAGE RECIPROCATING COMPRESSOR WITH 
CLEARANCE VOLUME:

Considering clearance volume: With clearance volume the cycle is represented on Figure. The
work done for compression of air polytropically can be given by the are a enclosed in cycle 1-
2-
3-4.  Clearance  volume in  compressors  varies  from 1.5% to  35% depending  upon type  of
compressor.
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In the cylinder  of  reciprocating  compressor  (V1-V4) shall  be the actual  volume of  air
delivered per cycle. Vd = V1 – V4. This (V1 – V4) is actually the volume of air in hated in
the cycle and delivered subsequently.

If air is considered to behave as perfect gas then pressure, temperature, volume and mass
can be inter related using perfect gas equation. The mass at state 1 may be given as m1 mass
at state 2 shall be m1, but at state 3 after delivery mass reduces to m2 and at state 4 it shall
be m2.

Ideally there shall be no change in temperature during suction and 
delivery i.e., T4 = T1 and T2 = T3 from earlier equation
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Thus (m1-m2) denotes the mass of air sucked or delivered. For unit mass of air delivered the
work done per kg of air can be given as,

Thus from above expressions it  is  obvious that  the clearance volume reduces the effective
swept volume i.e., the mass of air handled but the work done per kg of air delivered remains
unaffected. From the cycle work estimated as above the theoretical power required for running
compressor shall be,
For single acting compressor running with N rpm, power input required, assuming clearance 
volume.
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4.8 VOLUMETRIC EFFICIENCY:

Volumetric  efficiency  of  compressor  is  the  measure  of  the  deviation  from  volume
handling capacity of compressor. Mathematically, the volumetric efficiency is given by the
ratio of actual volume of air sucked and swept volume of cylinder. Ideally the volume of air
sucked  should  be  equal  to  the  swept  volume  of  cylinder,  but  it  is  not  so  in  actual  case.
Practically the volumetric efficiency lies between 60 to 90%. Volumetric efficiency can be
overall volumetric efficiency and absolute volumetric efficiency as given below.

Here free air condition refers to the standard conditions. Free air condition may be taken
as  1  atm  or  1.01325  bar  and  15oC  or  288K.  consideration  for  free  air  is  necessary  as
otherwise the different compressors can not be compared using volumetric efficiency because
specific volume or density of air varies with altitude. It may be seen that a compressor at
datum level (sea level) shall deliver large mass than the same compressor at high altitude.
This concept is used for giving the capacity of compressor in terms of „free air
delivery  (FAD). “Free air delivery is the volume of air delivered being reduced to free air‟
conditions”. In case of air the free air delivery can be obtained using perfect gas equation as,

Where subscript a or pa, Va, Ta denote properties at free air 
conditions

This volume Va gives „free air delivered  per cycle by the compressor. Absolute volumetric ‟
efficiency can be defined, using NTP conditions in place of free air conditions.
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Here Vs is the swept volume = V1 – V3 and Vc is the clearance volume = 
V3

Volumetric  efficiency depends on ambient  pressure and temperature,  suction  pressure and
temperature, ratio of clearance to swept volume, and pressure limits. Volumetric efficiency
increases with decrease in pressure ratio in compressor.

Mathematical analysis of multistage compressor is done with following assumptions:

(i) Compression in all the stages is done following same index of compression and there is no
pressure drop in suction and delivery pressures in each stage. Suction and delivery pressure
remains constant in the stages.

(ii) There is  perfect  inter  cooling between  compression
stages.

(iii) Mass handled in different stages is same i.e., mass of air in LP and HP stages are 
same. (iv) Air behaves as perfect gas during compression.

From combined p-V diagram the compressor work requirement can be given
as,
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4.9 APPLICATION OF COMPRESSORS

 Reciprocating compressors are  typically  used where high compression ratios  (ratio  of
discharge to suction pressures) are required per stage without high flow rates, and the
process fluid is relatively dry.

 Screw compressors: Trailer mounted diesel powered units are often seen at construction 
sites, and are used to power air operated construction machinery.

 P.E.T bottling industries, gas filling stations usually use reciprocating compressors.

 Processing equipment, Oxygen Generators Oil Atomization use compressors of required 
capacity.

 Air compressors: a compressor that takes in air at atmospheric pressure and delivers it at 
a higher pressure.

 Compressors serve the basic necessities & form an integral part of the company .

 Pneumatic brakes

 Pneumatic drills

 Pneumatic jacks

 Pneumatic lifts

 Spray painting

 Shop cleaning

 Injecting fuel in Diesel engines

 Refrigeration and Air conditioning systems.

4.10 TECHNICAL TERMS

After  cooler  -  Heat  exchangers  for  cooling  air  or  gas  discharged  from  compressors.  They
provide the most effective means of removing moisture from compressed air and gases.

Air-Cooled Compressors  -  Air-cooled compressors  are  machines  cooled by atmospheric  air
circulated around the cylinders or casings.

Base Plate - A metallic structure on which a compressor or other machine is mounted.

Capacity - The capacity of a compressor is the full rated volume of flow of gas compressed and
delivered at conditions of total temperature, total pressure, and composition, prevailing at the
compressor inlet. It sometimes means actual flow rate, rather than rated volume of flow.

Capacity, Actual - Quantity of gas actually compressed and delivered to the discharge system at
rated  speed  of  the  machine  and  under  rated  pressure  conditions.  Actual  capacity  is  usually
expressed in cubic feet per minute (cfm) at that stage inlet gas conditions.
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Casing  -  The  pressure  containing  stationary  element  that  encloses  the  rotor  and  associated
internal components of a compressor. Includes integral inlet and discharge corrections (nozzles).

Check valve - A check valve is a valve that permits flow in one direction only.

Clearance -  The maximum cylinder volume on a working side of the piston minus the piston
displacement volume per stroke. It is usually expressed as a percentage of the displaced volume.

Clearance Pocket - An auxiliary volume that may be opened to the clearance space to increase
the clearance, usually temporarily, to reduce the volumetric efficiency of the air compressor.

Compressibility - A factor expressing the deviation of a gas from the laws of hydraulics.

Compression, Adiabatic - This type of compression is effected when no heat is transferred to or
from the gas during the compression process.

Compression, Isothermal - Isothermal compression is a compression in which the temperature
of the gas remains constant. For perfect gases, it is represented by the equation PV is a constant,
if the process is reversible.

Compression, Polytropic - Compression in which the relationship between the pre-sum and the
volume is expressed by the equation PV is a constant.

Compression Ratio - The ratio of the absolute discharge; press = to the absolute inlet pressure.

Critical  Pressure  -  The  limiting  value  of  saturation  pressure  as  the  saturation  temperature
approaches the critical temperature.

Critical Temperature -  The highest temperature at which well defined liquid and vapor states
exist. It is sometimes defined as the highest temperature at which it is possible to liquify a gas by
pressure alone.

Diaphragm - A stationary element between the stages of a multistage centrifugal compressor. It
may include guide vanes for directing the flowing medium to the impeller of the succeeding
stage. In conjunction with an adjacent diaphragm, it forms the diffuser surrounding the impeller.

Diaphragm Routing - A method of removing heat from the flowing medium by circulation of a
coolant in passages built into the diaphragm.

Diffuser - A stationary passage surrounding an impeller, in which velocity pressure imparted to
the flowing medium by the impeller is converted into static pressure.

Displacement - Displacement of a compressor is the piston volume swept out per unit time; it is
usually expressed in cubic feet per minute.

Dynamic Type Compressors - Machines in which air or gas is compressed by the mechanical
action of routing vanes or impellers imparting velocity and pressure to the flowing medium.

Efficiency - Any reference to efficiency of a dynamic type compressor must be accompanied by
a qualifying statement which identifies the efficiency under consideration, as in the following
definitions.
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Efficiency,  Compression  -  Ratio  of  calculated  isentropic  work  requirement  to  actual
thermodynamic work requirement within the cylinder, the Inner as determined from the cylinder
indicator card.

Efficiency, Isothermal - Ratio of the work calculated on an isothermal basis to the actual work
transferred to the gas during compression.

Efficiency, Mechanical - Ratio of thermodynamic work requirement in the cylinder (a shown by
die indicator card) to actual brake horsepower requirement.

Efficiency, Polytropic - Ratio of the polytropic compression energy transferred to the gas no the
actual energy transferred to the gas.

Efficiency, Volumetric - Ratio of actual capacity to piston displacement, stated as a percentage.

Exhauster - This is a term sometimes applied to a compressor in which the inlet pressure is less
than atmospheric pressure.

Expanders - Turbines or engines in which a gas expands, doing work, and undergoing a drop in
temperature.  Use  of  the  term  usually  implies  that  the  drop  in  temperature  is  the  principle
objective.  The orifice in a refrigeration system also performs this  function,  but the expander
performs it nearly isentropically, and is thus more effective in cryogenic systems.

Filters - Filters are devices for separating and removing dust and dirt front air before it enters a
compress.

Flange Connection -  The flange connection (inlet or discharge) is a means of connecting the
casing to the inlet or discharge piping by means of bolted rims (flanges).

Fluidics - The general subject of instruments and controls dependent upon low rate flow of air or
gas at low pressure as the operating medium. These usually have no moving parts.

Free  Air  -  Air  at  atmospheric  conditions  at  any  specific  location.  Because  the  altitude,
barometer, and temperature may vary at different localities and at different times, it follows that
this term does not mean air under identical or standard conditions.

Gas - While from a physical point of view a gas is one of the three basic phases of matter, and
thus air is a gas, a special meaning is assigned in pneumatics practice. The term gas refers to any
gas other than air.

GasBearings -  Gas bearings  are  load carrying machine elements  permitting  some degree of
motion in which the lubricant is air or some other gas.

Volumetric Efficiency of the Compressor - It is the ratio of actual volume of air drawn in the 
compressor to the stroke volume of the compressor.

Mechanical efficiency - It is the ratio of indicated power to shaft power or brake power 
of motor.
Isentropic efficiency - It is the ratio of the isentropic power to the brake power required to drive
the compressor.
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Centrifugal compressor - The flow of air is perpendicular to the axis of compressor

Axial flow compressor - The flow of air is parallel to the axis of compressor

Compression - The process of increasing the pressure of air, gas and vapour by reducing its
volume is called as compression.

Single acting compressor - The suction , compression and the delivery of air takes on the one
side of piston

Double acting compressor - The suction, compresstion end the delivery of air takes place on
both sides of the piston.

Multi stage compressor - The compression of air from initial pressure to the final pressure is
carried out in more than one cylinder.

Application of compressed air - Pneumatic brakes, drills,jacks,lifts, spray of paintings, shop 
cleaning , injecting the fuel in diesel engine, supercharging, refrigeration and in air conditioning
systems.

Inter cooler - It is a simple heat exchanger, exchanges the heat of compressed air from low 
pressure compressor to circulating water before the air enters to high pressure compressor. The 
purpose of intercooling is to minimize the work of compression.

Isentropic efficiency - It is the ratio of isentropic power to the brake power required to drive the
compressor.

Clearance ratio - It is the ratio of clearance volume to the swept volume or stroke volume 
is called as clearance ratio.

Isothermal efficiency - It is the ratio between isothermal work to the actual work of the
compressor.

Compression ratio - The ratio between total volume and the clearance volume of the cylinder
is called compression ratio.

Perfect intercooling - When the temperature of the air leaving the intercooler is equal to the
original atmospheric air temperature, then the inter cooling is called perfect intercooling.

4.11  SOLVED PROBLEMS

1. A single stage double acting air compressor of 150KW power takes air in at 16 bar &

delivers at 6 bar. The compression follows the law PV
1.35

 = C. the compressor runs at
160rpm with average piston speed of 150 m/min. Determine the size of the cylinder.

Given data

Power (P) = 150KW
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Piston speed (2lN) = 150m /min 

Speed (N) = 160rpm 160/6 0 = 2.7rps

Pressure (P1) = 1bar = 100 KN/m
2

Pressure (P2) = 6bar = 600 KN/m
2

PV
1.35

 = C, n = 1.35
Hence it is a polytropic pr ocess.

To find

Size of the cylinder (d) ?

Solution

It is given that,

2lN = 2.5m/s

l =

l = 0.4629m

since V1 = Vs =

V1 = Vs =

V1 = 0.3635d
2

We know that,

Power (P) = 2× W× N (for double acting) For polytropic process, work done
(W) is

W = 82.899

d
2

Power (P) =
2× W× N
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150 = 2 × 82.899 d
2

 × 2.7

d
2

 = 0.3350

d = 0.57M

2. A single stage single acting reciprocating air compressor is required to handle 30m
3

 of free
air per hour measured at 1 bar . the delivery pressure is 6.5 bar and the s peed is 450 r.p.m
allowing  volumetric  efficienc  y  of  75%;an  isothermal  efficiency  of  76%  and  mechanical
efficiency  of  80% Find the indicated  mean effective  pressure and the po wer required the
compressor

Given data
Volume V  =30m

2
1

Pressure P1=1 bar ,
P2=6.5 bar Speed N=450 r.p.m
Volumetric efficiency ηv=75%
Isothermal efficiency ηi=76%
Mechanical efficiency ηm=80%

To find

The indicated mean eff ective pressure
The power required to drive the compressor

Solution

Indicted Mean Effectiv e Pressure

We know that isothermal work done

= 2.3V1P1  =2.3× 

10
5

 × 30 

=5609× 10
3

J/h

And indicated work done=

=7380K J/h
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We know that swept volume of the piston

Vs= =

=40m
3

/h

Indicated mean effective press ure pm= =

= 184.5kJ/m
3

=184.5KN/m
2

The power required to drive t he compressor

We know that work done by th e compressor =

=

=9225KJ/h

Therefore the power required to drive the compressor =

=2.56KW
Result

Indicated mean effective pressure pm=184.5KN/m
2

 
The power required to drive the compressor =2.56KW

3. A two stages, single acting air compressor compresses air to 20bar. The air enters the L.P 

cylinder at 1bar and 27
o

c and leaves it at 4.7bar. The air enters the H.P. cylinder at 4.5bar and

27
o

c. the size of the L.P cylind er is 400mm diameter and 500mm stroke. The clearance volume In
both cylinder is 4% of the r espective stroke volume. The compressor runs at 200rpm, taking index
of compression and ex pansion in the two cylinders as 1.3, estimate 1. The indicated power required
to run the comp ressor; and 2. The heat rejected in the intercooler per minute.
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Given data
Pressure (P4)= 20bar

Pressure (P1) = 1bar = 1× 10
5

 N/m
2

o

Temperature (T1) = 27  C = 27+273 =

Pressure (P3) = 4.5bar
o

Temperature (T3) = 27  C = 27+273 =
300K Diameter (D1)  = 400mm 0.4m

N = 200rpm ; n = 1.3

To find
Indicated power required to run the compressor

Solution
We know the sw ept volume of the L.P cylinder

= 0.06284 m
3

And volumetric efficiency,

ηv

= 0.9085 or 90.85%

Volume of air sucked by air pressure compressor,

1.42m 
3

/min
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And volume of airsucked by H.P compressor,

We know that indicated worrk d one by L.P compressor,

= 2123.3× 10
3

 J/min = 2123.3 KJ/min

And indicated workdone by H.P compressor,

= 2043.5× 10
3

 J/min = 2034.5 KJ/min

Total indicated work done by the compressor,

W = WL + WH = 2123.3 + 2034 .5 = 4157.8 KJ/min

Indicated power required to run the compressor

= 4157.8 / 60
= 69.3KW
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4.12 REVIEW QUESTIONS

PART A

1. Draw the P-V diagram of a two stage reciprocating air compressor.
2. What is ton of refrigeration?
3. What is compounding of steam turbine?
4. Name the methods of steam turbine governing.
5. Why is compounding necessary in steam turbine?
6. What is the purpose of using intercooler in multi-stage compression?
7. Indicate the application of reciprocating compressors in industry.
8. What are the advantages of multi stage compression with inter cooling over single stage 

compression for the same pressure ratio.
9. Why clearance is necessary and what is its effect on the performance of reciprocating 

compressor?
10. Give two merits of rotary compressor over reciprocating compressor.
11. What is meant by single acting compressor?
12. What is meant by double acting compressor?
13. What is meant by single stage compressor?
14. What is meant by multistage compressor?
15. Define isentropic efficiency
16. Define mean effective pressure. How is it related to in power of an I.C engine.
17. What is meant by free air delivered?
18. Explain how flow of air is controlled in a reciprocating compressor?
19. What factors limit the delivery pressure in reciprocating compressor?
20. Name the methods adopted for increasing isothermal efficiency of reciprocating air 

compressor.
21. Why clearance is necessary and what is its effect on the performance of 

reciprocating compressor?
22. What is compression ratio?
23. What is meant by inter cooler?

PART B

1. Drive an expression for the work done by single stage single acting reciprocating air 
compressor.

2. Drive an expression for the volumetric efficiency of reciprocating air compressors

3. Explain the construction and working of a root blower

4. Explain the construction and working of a centrifugal compressor

5. Explain the construction and working of a sliding vane compressor and axial flow 
compressor.

6. A single stage single acting air compressor is used to compress air from 1 bar and 22° C
to 6 bar according to the law PV1 .25 = C. The compressor runs at 125 rpm and the ratio
of stroke length to bore of a cylinder is 1.5. If the power required by the compressor is 20
kW, determine the size of the cylinder.
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7. A single stage single acting air compressor is used to compress air from 1.013 bar and 25°
C to 7 bar according to law PV 1.3 = C.The bore and stroke of a cylinder are 120mm and
150mm respectively. The compressor runs at 250 rpm .If clearance volume of the cylinder
is  5%  of  stroke  volume  and  the  mechanical  efficiency  of  the  compressor  is  85%,
determine volumetric efficiency, power, and mass of air delivered per minute.

8. A two stage singe acting air compressor compresses 2m3 airs from 1 bar and 20° C to 15
bar. The air  from the  low pressure  compressor  is  cooled  to  25°  C in  the  intercooler.
Calculate the minimum power required to run the compressor if the compression follows
PV1.25=C and the compressor runs at 400 rpm.
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UNIT – 5

REFRIG ERATION AND AIR CONDITIONING

5.1 PREREQUISITE DISCUSSION

Before 1830, few Am ericans used ice to refrigerate foods due to a lack of ice-
storehouses and iceboxes. As these two things became more widely available, individuals
used axes and saws to harvestt ice for their storehouses. This method proved to be difficult,
dangerous,  and  certainly  did  not  resemble  anything  that  could  be  du  plicated  on  a
commercial scale.

Despite  the difficulti  es of harvesting ice,  Frederic  Tudor thought  that  he could
capitalize on this new commo dity by harvesting ice in New England and shipping it to the
Caribbean islands as well as the southern states. In the beginning, Tudor lost thousands of
dollars, but eventually turned a profit as he constructed icehouses in Charle ston, Virginia
and in the Cuban port town of Havana. These icehouses as well as better insulated ships
helped reduce ice wastage from 66% to 8%. This efficiency gain influen ced Tudor to
expand his ice market to othe r towns with icehouses such as New Orleans a nd Savannah.
This ice market further expan ded as harvesting ice became faster and cheap er after one of
Tudor’s  suppliers,  Nathaniel  Wyeth,  invented  a  horse-drawn  ice  cutter  in  1825.  This
invention as well as Tudor’s s uccess inspired others to get involved in the ice trade and the
ice industry grew.

Ice became a mass-m arket commodity by the early 1830s with the price of ice
dropping from six cents per pound to a half of a cent per pound. In New York City, ice
consumption increased from 12,000 tons in 1843 to 100,000 tons in 1 856. Boston’s
consumption leapt from 6,00 0 tons to 85,000 tons during that same period. Ice harvesting
created a “cooling culture” as majority of people used ice and iceboxes to store their dairy
products, fish, meat, and ev en fruits and vegetables. These early cold storage practices
paved the way for many Ame ricans to accept the refrigeration technology that would soon
take over the country.

CONCEPT

5.2 CONCEPT OF REF RIGERATION

Refrigeration is a pro cess in which work is done to move heat from one location
to another. The work of heat trannsport is traditionally driven by mechanical work, but can
also be driven by heat, magnetism , electricity, laser, or other means.

How does it work?
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Thermal energy moves from left to right through five loops of heat trans fer:

1) Indoor air loop
2) Chilled water loop
3) Refrigerant loop
4) Condenser water loop
5) Cooling water loop

5.3 SIGNIFICANCE

Refrigeration  has  had a large  importance  on industry, lifestyle,  a  griculture  and
settlement patterns.  The idea of preserving food dates back to the ancien t Roman and
Chinese empires. However, refrigeration technology has rapidly evolved in the last century,
from ice harvesting to temperature-controlled rail  cars. In order to avoid food spoilage,
refrigeration plays an important role in day to day life, similarly, Air conditioning is also an
important  technological  system to  prevent  the  human  from the  hot  atmosphere  during
summer seasons.

5.4 CLASSIFICATION OF REFRIGERATION SYSTEM

Types of Refrigeratio n

• Vapour Compression Refrigeration (VCR): uses mechanical energy

• Vapour Absorption Re frigeration (VAR): uses thermal energy

5.5 VAPOUR COMPRESSION REFRIGERATION

• Highly compressed flu ids tend to get colder when allowed to expand

• If pressure high enough

• Compressed air hotter than source of cooling

• Expanded gas cooler than desired cold temperature

• Lot of heat can be rem oved (lot of thermal energy to change liquid to vapour)

• Heat transfer rate re mains high (temperature of working fluid mu ch lower than 
what is being cooled)
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Vapour Compression Refrig eration Cycle

Evaporator

Low pressure liquid re frigerant in evaporator absorbs heat and changes to a gas

Compressor

The superheated vapo ur enters the compressor where its pressure is raised

Condenser

The high pressure sup erheated gas is cooled in several stages in the co ndenser

Expansion

Liquid passes through expansion device, which reduces its pressure an d controls 
the flow into the evaporator

Type of refrigerant

• Refrigerant determine d by the required cooling temperature

• Chlorinated fluorocarb ons (CFCs) or freons: R-11, R-12, R-21, R-22 and R-502

Choice of compressor, design of condenser, evaporator determined by

• Refrigerant

• Required cooling

• Load

• Ease of maintenance

• Physical space requirements

• Availability of utilities (water, power)
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5.6 Vapour Absorption  Refrigeration

Evaporator

Absorber

High pressure generator
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Condenser

Evaporative Cooling

• Air in contact with water to cool it close to ‘wet bulb temperature’

• Advantage: efficient cooling at low cost

• Disadvantage: air is ri ch in moisture

5.7 COMPARISON BETW EEN VAPOR COMPRESSION AND A BSORPTION 
SYSTEM

5.8 PERFORMANCE

Assessment of Refrigeration

• Cooling effect: Tons of Refrigeration

1 TR = 3024 kCal /hr heat rejected

• TR is assessed as:

TR = Q xCp x ( Ti – To) / 3024
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Q = mass flow rate of coolant in kg/hr

Cp = is coolant specific heat in kCal /kg °C

Ti = inlet, temperature of coolant to evaporator (chiller) in 0°C

To = outlet temperature of coolant from evaporator (chiller) in 0°C

Specific Power Consumption (kW/TR)

• Indicator of refrigeration system’s performance

• kW/TR of centralized chilled water system is sum of

• Compressor kW/TR

• Chilled water pump kW/TR

• Condenser water pump kW/TR

• Cooling tower fan kW/TR

Coefficient of Performance (COP)

• The  performance  of  refrigerators  and  heat  pumps  is  expressed  in  terms  of
coefficient  of performance (COP), defined as

•

Measure

• Airflow Q (m3/s) at Fan Coil Units (FCU) or Air Handling Units (AHU): 
anemometer

• Air density  (kg/m3)

• Dry bulb and wet bulb temperature: psychrometer

• Enthalpy (kCal/kg) of inlet air (hin) and outlet air (Hout): psychrometric charts

5.9 APPLICATIONS OF REFRIGERATRION

 Metal workers
 Oil refineries
 Chemical plants
 Petrochemical plants
 Transporting temperature-sensitive foodstuffs
 Dairy products
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AIR CONDITIONERS

5.10 CONCEPT OF AIR CONDITIONING

Air conditioning (often referred to as aircon, AC or A/C) is the process of altering
the properties of air (primarily temperatureand humidity) to more favourable conditions,
typically with the aim of distributing the conditioned air to an occupied space to improve
thermal comfort and indoor air quality.

5.11 TYPES OF AIR CONDITIONERS

• Room air conditioners
• Zoned Systems
• Unitary Systems
• Window Air-conditioning System
• Split Air-conditioning System
• Central air conditioning systems

5.11.1 ROOM AIR CONDITIONER
• Room air conditioners cool rooms rather than the entire home.
• Less expensive to operate than central units
• Their efficiency is generally lower than that of central air conditioners.
• Can be plugged into any 15- or 20-amp, 115-volt household circuit that is not 

shared with any other major appliances

5.11.2  ZONED SYSTEMS

5.11.3 CENTRAL AIR CONDITIONING

• Circulate cool air through a system of supply and return ducts. Supply ducts and
registers  (i.e.,  openings  in  the walls,  floors,  or  ceilings  covered  by grills)  carry
cooled air from the air conditioner to the home.

• This cooled air becomes warmer as it circulates through the home; then it flows 
back to the central air conditioner through return ducts and registers
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5.11.4 UNITARY SYSTEMS

A  unitary  air  conditioning  system  comprises  an  outdoor  unit  including  a
compressor for compressing a refrigerant, an outdoor heat exchanger for heat exchange
of  the  refrigerant  and  an  expander  connected  to  the  outdoor  heat  exchanger,  for
expanding the refrigerant; a duct installed inside a zone of a building; a central blower
unit having a heat exchanger connected to the outdoor unit through a first refrigerant pipe
and a blower for supplying the air heat-exchanged by the heat exchanger to the duct; and
an  individual  blower  unit  including  a  heat  exchanger  connected  to  the  outdoor  unit
through a second refrigerant pipe and a fan for sending the air heat exchanged by the heat
exchanger and disposed in a zone in the building, for individually cooling or heating the
zone.  Accordingly,  cooling  or  heating  operation  is  performed  on  each  zone  of  the
building, and simultaneously, additional individual heating or cooling operation can be
performed on a specific space, so that a cost can be reduced and cooling or heating in the
building can be efficiently performed.

5.11.5 WINDOW AIR-CONDITIONING SYSTEM

It  is  the  most  commonly  used  air  conditioner  for  single  rooms.  In  this  air
conditioner  all  the components,  namely the compressor, condenser, expansion valve or
coil, evaporator and cooling coil are enclosed in a single box. This unit is fitted in a slot
made in the wall of the room, or often a window sill. Windows air conditioners are one of
the most widely used types of air conditioners because they are the simplest form of the air
conditioning systems. Window air conditioner comprises of the rigid base on which all
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the parts of the window air conditioner are assembled. The base is assembled inside the
casing which is fitted into the wall or the window of the room in which the air conditioner
is  fitted.  The whole  assembly  of  the  window air  conditioner  can  be  divided into  two
compartments: the room side, which is also the cooling side and the outdoor side from
where the heat absorbed by the room air is liberated to the atmosphere. The room side and
outdoor side are separated from each other by an insulated partition enclosed inside the
window air conditioner assembly. In the front of the window air conditioner on the room
side there is beautifully decorated front panel on which the supply and return air grills are
fitted (the whole front panel itself is commonly called as front grill). The louvers fitted in
the supply air grills are adjustable so as to supply the air in desired direction. There is also
one opening in the grill that allows access to the Control panel or operating panel in front
of the window air conditioner.

TYPES OF CENTRAL AC

• split-system

• An outdoor metal cabinet contains the condenser and compressor, and an 
indoor cabinet contains the evaporator

• Packaged

• The evaporator, condenser, and compressor are all located in one cabinet.

5.11.6 SPLIT AIR-CONDITIONING SYSTEM:

The split air conditioner comprises of two parts: the outdoor unit and the indoor
unit. The outdoor unit, fitted outside the room, houses components like the compressor,
condenser and expansion valve. The indoor unit comprises the evaporator or cooling
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coil and the cooling fan. For this unit you don't have to make any slot in the wall of the
room. Further, the present day split units have aesthetic looks and add to the beauty of the
room. The split air conditioner can be used to cool one or two rooms.

Energy Consumption

• Air conditioners are rated by the number of British Thermal Units (Btu) of heat
they can remove per hour. Another common rating term for air conditioning size is
the "ton," which is 12,000 Btu per hour.

• Room air conditioners range from 5,500 Btu per hour to 14,000 Btu per hour.

Energy Efficiency

• Today's best air conditioners use 30% to 50% less energy than 1970s

• Even if your air conditioner is only 10 years old, you may save 20% to 40% of your
cooling energy costs by replacing it with a newer, more efficient model
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5.12 SOLVED PROBLE MS

1. A sling psychrometer  gives reading of 25
0

c dry bulb temperature 1 5
0

c wet bulb
temperature. The barome ter indicates 760 mm of hg assuming partial pressure of the
vapour as 10 mm of Hg. Determine 1. Specific humidity 2. Saturation ratio.

Given Data:

Dry bulb  temper ature  td =25
0

c
0

Wet bulb tempe rature tw=15  c
Barometer pressure pb=760mm

Partial pressure pv= 10mm of Hg

To Find:

Specific humidit y

Saturation ratio.

Solution:

Specific humidity:

We know that Specific humidity

W      =

0.0083 kg/kg of
dry air

Saturation ratio:

From steam table corresp onding to dry bulb temperature td =25
0

c

We find the partial press ure ps=0.03166 bar

=

=23.8 mm of Hg
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We know that Saturation ratio.
µ=

=

= 0.41
Result:

1. Specific humidity 0.0083 kg/kg of dry air

2. Saturation ratio . = 0.41

2. A two stages, single acting air compressor compresses air to 20bar. The air enters 
the

L.P cylinder at 1bar a nd 27
o

c and leaves it at 4.7bar. the air en ters the H.P. cylinder
at

4.5bar and 27
o

c. the size of the L.P cylinder is 400mm diameter and 5 00mm stroke.
The clearance volume In both cylinder is 4% of the respective stroke volume. The
compressor runs at 200rpm, taking index of compression and expansi on in the two
cylinders as 1.3, estimate 1. The indicated power required to run the co mpressor; and
2. The heat rejected in the intercooler per minute.
Given data:

Pressure (P4)= 20bar

Pressure (P1) = 1 bar = 1× 10
5

 N/m
2

o

Temperature (T1 ) = 27  C = 27+273 =

Pressure (P3) = 4.5bar
o

Temperature (T3 ) = 27  C = 27+273 =
300K Diameter ( D1) = 400mm 0.4m

N = 200rpm ; n = 1.3

To Find:

Indicated power required to run the compressor

Solution :
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We know the swept volume of the L.P cylinder

= 0.06284 m
3

And volumetric e fficiency,

ηv

= 0.9085 or 90.85% Volume of air sucked by air pressure compressor,

=1.42 m
3

/min

And volume of air sucked by H.P compressor,

We know that indicated work done by L.P compressor

= 2 123.3× 10
3

 J/min = 2123.3 KJ/min

And indicated workdone by H .P compressor,
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= 2 043.5× 10
3

 J/min = 2034.5 KJ/min

Total indicated work done by the compressor, 

W = WL + WH = 2123.3 + 2034.5

= 4157.8 KJ/min

Indicated power required to run the compressor = 4157.8 / 60

= 69.3KW

3. In an oil gas turbine installation , air is taken as 1 bar and 30
o

C . The air is compressed

to 4bar and then heated by b urning the oil to a temperature of 500
o

C . If the air flows at
the rate of 90Kg/min . Find the power developed by the plant take γ for air as 1.4 Cp as
1KJ/KgK .  If  2.4Kg of  oil  having calorific  value  of  40,000 KJ/Kg if  b  urned  in  the
combustion chamber per min ute. Find the overall efficiency of the plant.

Given Data:

Pressure (P4 = P3) = 1bar
Pressure (P1 = P2) = 4bar

Temperature (T2) = 500
o

C  = 500+273 = 773K
Mass flow rate  of air(ma) = 90Kg/min = 1.5Kg/sec
Mass flow rate of fuel (mf) = 2.4Kg/min = 0.04Kg/sec

Temperature (T4) = 30
o

C  = 30+273 = 303K
γ = 1.4 ; Cp = 1KJ/KgK ; Cv= 40,000 KJ/Kg

To Find:
Power developed by the plant
Performance of the gas turbine
Overall efficiency of the plant

Solution:
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Power developed by the pla nt:
Let T1, T3 = temperature of air at points 1 and3

We know that isentropic expansion 2-3,

T3 =  T2× 0.673  =  773× 0.673  =  520K
Simi larly for isentropic compression  4-1:

T 1 = T4/ 0.673 = 303/0.673 = 450K

Performance of the gas turbine:
We know that work developed by the turbine,

= 379.5KJ/s

And work developed by the compressor,

= 220.5/s

Net work or power of the turbine,
P = WT  - Wc = 379.5 – 220.5 = 159KJ/s = 159KW

Overall efficiency of the plant:
We know that the heat supplied per second

= mf × C = 0.04× 40,000 = 1600 KJ/s
Therefore, overall efficiency of the plant,

ηo = 159/1600 = 0.099 or 9.99%
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5.13 TECHNICAL TERMS

BTU - British thermal unit. A unit of heat energy - approximately the amount of energy needed
to heat one pound of water by one degree Fahrenheit.

dBA – a unit for measuring sound power or pressure, deciBel on the A scale.

Capacity – the ability of a heating or cooling system to heat or cool a given amount of space.
For heating, this is usually expressed in BTU’s. For cooling, it is usually given in tons.

Compressor  – the pump that moves the refrigerant from the indoor evaporator to the outdoor
condenser and back to the evaporator again. The compressor is often called “the heart of the
system” because it circulates the refrigerant through the loop.

Condenser – a device used to condense a refrigerant thereby rejecting the heat to another source,
typically an air cooled or water cooled condenser.

Cassette  – a fan coil unit that fits mainly in the ceiling void with only a diffuser plate visible,
diffuses conditioned air in one, two, three or four directions.

HVAC – heating, ventilation and air conditioning.

Inverter system – Constantly alters fan and motor speeds. This enables faster cooling of a room,
and the inverter air conditioner doesn’t have to switch itself on and off to maintain a constant
temperature.

kw – standard measurement of heat or power, 1kw = 1000 watts = 3412Btu/hr = 860kcal.

Load Calculation – a mathematical design tool used to determine the heat gain and heat loss in
a building so that properly sized air conditioning and heating equipment may be installed.

Refrigerant – a substance that produces a refrigerating effect while expanding or vaporizing.

Reverse cycle  – the reverse cycle air  conditioner  internally reverses its  operation to provide
heating or cooling, as required.

Split  System  – a  central  air  conditioner  consisting  of  two or  more  major  components.  The
system usually  consists  of  a  compressor-containing  unit  and condenser,  installed  outside  the
building and a non-compressor – containing air handling unit installed within the building. This
is the most common type of system installed in a home.

Zoning  – the practice of providing independent heating and/or cooling to different areas in a
structure.  Zoning  typically  utilizes  a  system  controller,  zoning  dampers  controlled  by  a
thermostat in each zone, and a bypass damper to regulate static pressure in the supply duct.
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5.15 REVIEW QUESTIONS
PART A

1. What is the function of analyzer and rectifier in an absorption system?
2. Define by-pass factor.
3. Give examples for positive displacement compressor.
4. What is meant by subcooling in vapour compression system?
5. What is the advantage of multi stage air compressor?
6. Define dew point temperature
7. Define tons of refrigeration and COP.
8. What is the difference between air conditioning and refrigeration?
9. What are the effect of superheat and subcooling on the vapor compression cycle?
10. What are the properties of good refrigerant?
11. Define RSHF,RTH.
12. Name four important properties of a good refrigerant
13. What is the difference between air conditioning and refrigeration.
14. What is the function of the throttling valve in vapour compression refrigeration system?
15. In a vapour compression refrigeration system, where the highest temperature will occur?
16. The vapour absorption system can use low-grade heat energy in the generator. Is true of 

false?
17. Name any four commonly used refrigerants.
18. Explain unit of Refrigeration.
19. Why throttle valve is used in place of expansion cylinder for vapour compression 

refrigerant machine.
20. What are the effect pf super heat and suhcooling on .the vapour compression cycle?
21. What are the properties of good refrigerant?
22. How are air-conditioning systems classified?
23. How does humidity affect human comfort?
24. What are the various sources of heat gain of an air-conditioned space?
25. What do you mean by the term infiltration in heat load calculations?

PART B
1. Draw neat sketch of simple vapor compression refrigeration system and explain.
2. Explain with sketch the working principle of aqua Ammonia refrigeration system.
3. Explain with sketch the working principle of water-Lithium bromide refrigeration system.
4. Briefly explain the cooling load calculation in air conditioning system.
5. Explain winter, summer, and year round Alc system.
6. Explain unitary Alc and central Alc system.
7. Explain any four psychometric processes with sketch.
8. A refrigeration system of 10.5 tonnes capacity at an evaporator temperature of -12°C and

a condenser temperature  of 27°C is  needed in a food storage locker. The refrigerant
Ammonia is sub cooled by 6°C before entering the expansion valve. The compression in
the  compressor  is  of  adiabatic  type.  Find  1.  Condition  of  vapor  at  outlet  of  the
compressor.2.  Condition  of  vapor  at  the  entrance  of  the  Evaporator  3.COP &power
required.

9. A  sling  psychrometer  in  a  lab  test  recorded  the  following  readings  DBT=35°C,
WBT=25°CCalculate the following 1. Specific humidity 2. Relative humidity 3. Vapor
density  in  air  4.  Dew  point  temperature  5.  Enthalpy  of  mixing  per  kg  of  air  .take
atmospheric pressure=1.0132 bar.
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