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CHAPTER ONE



HEAT ENGINE
1-1 NTRODUCTION

The internal combustion engine (le) is a heat engine that convens chemical energy in a fuel fnto
mechanical energy, usually made availoble on 2 rotating output shaft, Chemical energy of the fuel is
first converted to thermal energy by means of combustion or oxidation with air inside the engine.
Ihis thermal energy raises the temperature and pressure of the gases within the engine, and the high-
pressure gas then expands against the mechanical mechanisms of the engine. This expansion is
converied by the mechanical linkages of the engine to a rotating crankshafi, which is the output of
the engine. The crankshafi, in turn, is connected 10 a transmission and/or power train 10 transmit the
rotating mechanical energy to the desired final use. For engines this will often be the propulsion ol a
vehicle {ie. automobile, truck, locomotive, marine vessel, or airplane). Other applications include
stationary engines 1o drive generators or pumps, and portable engines for things like chain saws and
lrwn mowers.

Meost internal combustion engines are reciprocating engines having pistons that reciprocate back
and forth in cylinders internally within the engine. This book concentrates on the thermodynamic
study ©of this type of engine. Other types of IC engines also exist in much fewer numbers, one
important one being the rotary engine [104], These engines will be given brief coverage. Engine
types mot covered by this book include steam engines and gas turbine engines, which are better
¢lassified as external combustion emgines (i.c. combustion takes place outside the mechanical
engine system). Also not included in this book, but which could be classified as internal combustion
engines, are rocket engines. jet engines, and fircarms. Reciprocating engines can have one cylinder
or many, up to 20 or more. The cylinders can be arrunged in many different geometric on figurations.
Sizes range from small modei airplane engines with power output on the order of 100 watts 1o large
multicylinder stationary engines that produce thousands of kilowatts per ovlinder

There are so many different engine manufacturers, past, present, and future, that produce and have
produced engines which differ in size, geometry, style. and operating characteristics that no absolute

fimit can be stated for any range of engine characteristics (i.e., size, number of evlinders, strokes in a
cvle, ete).



Compari W external co i ine and internal bustion engime:

| Internal combustion engine External combustion engine
* Combustion of air-fuel is inside the engine | *Combustion of air-fuel is outside the
cylinder {in a boiler) engine cylinder {in a boiler)
* Very noisy operated engine *The engines are running smoothly and

i silently due to outside combustion
* It 1s light and compact due 1o lower ratio | *Higher ratio of weight and bulk to output

of weight and bulk 10 output. due to presence of auxiliary apparatus like
boiler and condenser. Hence it is heavy and
, cumbersome.
* Working pressure and lemperature inside | * 'l'i'urking pressure and temperature inside
the engine cylinder is very much high: the engine cylinder is low: henee ordinary
hence special allovs are used alloys are used for the manufacture of
| engine cylinder and its parts.
*High grade fuels are used with proper *It can use cheaper fuels including solid
filtration fuels
| *Higher efficieney about 35-40% | *Lower efficiency about 15-20%

* Lesser requirement of water * Higher requirement of water for

| dissipation of energy through cooling
| system
| *IC engings are not self-starting | *High stanting wrque

(a) (b}

Figure.1: Show (a) Internal combustion Engine, (b) External combustion Engine



1-2 ENGINE CLASSIFICATIONS:

Internal combustion engines can be classified in a number of different ways:

1. Twpes of lgnition:

() Spark Ignition (SI). An SI engine starts the combustion process in each cyele by use of & spark
plug. The spark plug gives a high-voliage electrical discharge between two electrodes which ignites
the air-fuel mixture in the combustion chamber surrsunding the plug. In ¢arly engine development,
before the invention of the ¢lectric spark plug, many forms of torch holes were used to initiate
combustion from #n external Name,

(b) Compression Ignition (CI). The combustion process in a Cl engine starts when the air-fucl

mibxture self-ignites due to high temperature in the combustion chamber cavsed by high compression.

2. Engine Cyele:

(n) Four-Stroke Cycle. A four-siroke cycle experiences four piston movements over two engine
revolutions for each cyvele.

{b) Two-Stroke Cycle. A two-stroke eyele has two piston movements over one revolution for each

cyele. Three-stroke cyeles and six-stroke cyeles were also tried in early engine development

1. Valve Location: {see Fig, 1)

() Valves in head (overhead valve), also called 1 Head engine.

(b} Valves in block (Mat head), also called L Head engine, Some historic engines with valves in
block had the intake valve on one side of the eylinder and the exhaust valve on the other side. These
were called T Head engines,

(¢) One valve in head (usually intake) and one in block, also called F Head engine; this is much less

COmman

4. Basic Design:

{a) Reciprocating. Engine has one or more cylinders in which pistons reciprocate back and forth.
The combustion chamber is locuted in the closed end of each eylinder. Power is delivered 10 a
rotating output crankshaft by mechanical linkage with the pistons.

(b} Rotary. Engine is made of a block (stator) built around a large nom-concentric rotor and

crankshafi. The combustion chambers are built into the nonrotating block.
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Figure.2: Engine Classification by Valve Location, {a) Yaive in blogk, L head. Obder auomobiles
angl soeme small :nu]nl:s. (b} Valve in head, [ bead, Standard on modern suiomohiles. fﬂ O valve in
head and one valve in block, F head, Older, less common auwtomobiles. (dh Valves in block an

opposate sides of cylinder, T head. Some historic auiomabile engines,



3. Position and Number of Cylinders of Reciprocating Engines: (Fig, 3)

{u} Single Cylinder. Engine has one cylinder and piston connected 1o the crankshaft,

{b) In-Line. Cylinders are positioned in a straight line, one behind the other along the length of the
crankshaft, They can consist of 2 1o || evlinders or possibly more. In-line four-cylinder engines are
very common for automobile and other applications. In-line six and eight cylinders are historically
common automebile engines. In-line engines are sometimes called straight (e.g. straight six or
straight eight).

(c) V Engine. Two banks of cylinders at an angle with cach other slong a single crankshafi. The
angle between the banks of cylinders can be anywhere from 15° 1o 1205 with 60°-90° being
common. ¥ engines have even numbers of evlinders from 2 to 20 or more, V6s and V&8s are common
automobile engines, with VI2s and V1és (historic) found in some luxury and high-performance
vehicles.

{d) Opposed Cylinder Engine. Two banks of eviinders opposite cach other on a single crankshaft (a
¥ engine with a 180°V). These arc common on small aircrafi and some automobiles with an even
number of eylinders from two to eight or more, These engines are often called flat engines (e.g., Mt
four}.

(e) W Engine. Same as.a V engine except with three banks of evlinders on the same crankshaft, Not
comman. but some have been developed for raging automobiles, both modem and historic, Lisually
|2 eylinders with about a 607 angle between each bank.

(f) Opposed Piston Engine, Two pistons in each cylinder with the combusticn chamber in the center
between the pistons. A single-combustion process causes two power strokes at the same time. with
each piston being pushed away from the center wnd delivering power to o separate crankshafi at each

end of the cylinder, Engine output is either on two rotating crankshafis or on one crankshaft

meorporating complex mechanical linkage.

(&) Radial Engine. Engine with pistons positioned in a circular plane around the central crankshafi,
The connecting rods of the pistons are connected 1o a master rod which, in turn, is connected 1 the

crankshaft, A bank of evlinders on a radial engine always has an odd number of cylinders ranging



from 3 o 13 or more, Operating on a four-stroke cvele, every other cylinder fires and has g POWET
stroke as the crankshafl rotates, giving a smooth operation. Many medium- and large-size propeller-
driven aircraft use radial engines. For large aircrafi. two or more banks of cylinders are mounted
together, one behind the other on o single ceankshaft, making one powerful, smooth engine. Very
large ship engines exist with up to 54 ¢ylinders, six banks of 9 cylinders each.

d te

Figure.3: Engine Classification by Cyvlinder Arrangement (a) Single Cylinder. (b) In-
Line.ic) V Engine. (d) Opposed Cylinder Engine. {e) W Engine. (D) Opposed Piston
Engine. (g) Radial Engine.
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6. Air Intake Process
{a) Naturally Aspirated. No intake air pressure boost syslem,

(b} Supercharged. Intake air presswre increased with the compressor driven off of the engine
crankshafi,

(e} Turbocharged. Intake air pressure increased with the turbine-compressor driven by the engine
exhaust gases |

(d) Crankcase Compressed. Two-stroke cycle engine which uses the crankcase as the inteke air
compressor. Limited development work has also been done on design and construction of four-stroke
cyele engines with crankcase compression,

7. Method of Fuel Input for S1 Engines

{a) Carbiipeted.
() Multipoint Port Fuel Injection. One or more injectors at each cvlinder intake.
(e} Throttle Body Fuel Injection. Injectors upstream in intake manifold.

B. Fuel Used

(a) Gasoline,

{b) Diesel Oil or Fuel Oil.

(<) Gas. Natural Gas, Methane.
(d) LPG.

(€} Alcohol-Efhyl, Methyl.

(N Dual Fuel. There are a number of engines that use a combination of two or mote fuels, Some,
usually large. Cl engines use & combination of methane and diesel fuel, These are attractive in
developing third-world countries because of the high cost of diesel fuel. Combined gasoline-alcohol
fuels are becoming more common a5 an altemative o straight gasoline automobile engine fuel.

(8) Gasohol. Common fuel consisting of 90% gasoline and 10% alcohol,
9. Application

(a)} Automobile, Truck, Bus.

(h) Locomotive,

(e} Stationary.

(d) Marine.

(e} Aircraft,

() Small Fortable, Chain Saw, Maodel Alrplane,

L Type of Cooling

(#) Adr Cooled.
() Liguid Cooled, Water Cooled,
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1-3 Main Components of Reciprocating 1C Engines:

Cylinder: It is the main part of the engine inside which piston reciprocates to and fro. It should have
high sirength 1o withstand high pressure above 50 bar and temperature above 2000 °C. The ordinary
enging is made of cast iron and heavy duty engines are made of steel allovs or aluminum alloys. In

the multi-<cylinder engine, the eylinders are cast in one block known as cylinder block,

Cylinder head: The top end of the cylinder is covered by cylinder head over which inlet snd exhaunsi
valve, spark plug or injectors are mounted. A copper or asbestos gasker is provided berween the

engine cylinder and cvlinder head to make an air tight joint.

Fiston: Transmit the force exerted by the burning of charge 1o the connecting rod. Usually made ol

aluminum alloy which has good heat conducting property and greater strength at higher temperature.

Piston rings: These are housed in the circumferential grooves provided on the outer surface of the
piston and made of steel alloys which retain elastic properties even al high temperature. 2 types of
rings- compression and oil rings. Compression ring is upper ring of the piston which provides air
tight seal 1o prevent leakage of the burnt gases into the lower portion, Chl ring is lower ring which

provides effective seal to prevent leakage of the oil into the engine cvlinder.

Connecting rod: It converts reciprocating motion of the piston into circular motion of the crank
shaft, in the working stroke. The smaller end of the connecting rod 15 connected with the piston by
gudgeon pin and bigger end of the connecting rod is connected with the crank with crank pin. The

special steel allovs or aluminium alloys are used for the manufacture of connecting rod.

Crankshaft: It converts the reciprocating motion of the piston into the rotary motion with the help of

connecting rod. The special steel alloys are used for the manufacturing of the crankshafi. It consists
of eecentric portion called crank.

Crunk case: It houses cvlinder and crankshatt of the IC engine and also serves as sump for the
lubricating oil.
Flvwheel: It is big wheel mounted on the crankshafi, whose function is to maintain its speed

constam. It is done by storing excess energy during the power stroke, which is returned during other
sIToke,
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Figure.4: shows the different components of IC engine.
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1-4 Terminology used in IC engine:
1. Cylinder bore ([¥): The nominal inner diameter of the working cylinder.
2, Piston area {A): The area of circle of diameter equal to the cylinder bore.

3. Stroke (L): The nominal distance through which a working piston moves between two successive
reversals of its direction of motion,

4. Dead centre: The position of the working piston and the moving parts which are mechanically
connected 1o it at the moment when the direction of the piston motion is reversed (at either end point
of the stroke).

(a} Bottom desd centre (BDC): Dead centre when the piston is nearest 1o the crankshafi,

(b} Top dead centre { TIXC 3: Dead centre when the position is farthest from the ¢rankshafi.

5. Displacement volume or swept volume (V.): The nominal volume generated by the working
piston when travelling from the one dead centre to next one and given as,

V,=AxL

6, Clearance volume (V. )i the nominal volume of the space on the combustion side of the piston al
the top dead centre.

7. Cylinder volume (V: Total volume of the eylinder. V=V, +V,

8. Compression ratio (r}: r=%s /¥y

1-5 ENGINE OPERATING CYCLES
1-5-1 Four stroke engine { Spark Ignition SI):

Cyele of operation compléted in four strokes of the piston or two revolution of the piston.

{1y Suction stroke (suction valve open, exhapst valve closedj-charge consisting of [resh air mixed
with the fuel is drawn into the cylinder due to the vacuum pressure created by the movement of the
piston from TDC 1o BDC.

(i) Compression stroke (both valves closed)-fresh charge is compressed into clearance volume by
the retum stroke of the piston and ignited by the spark for combustion. Hence pressure and
temperature is increased due to the combustion of fuel

16



(i) Expansion stroke (both valves closed)-high pressure of the burnt gases force the piston towards
BDC and hence power is obtained at the crankshaft.

(iv] Exhaust stroke (exhaust valve open, suction valve closed)- burned gases expel oul due o the
maovement of piston from BO to TDC.

Suction stroke Compression Combustion and  Exhaust stroke
stroke expansion stroke

Figure.%: show the eyvele of operation of four stroke engine.

1-5-2 Two stroke engine:
The twa strokes are:

L Compression stroke, which starts by closing the inlet and exhaust ports, and Then compresses the
cylinder contents and draws fresh charge inmto the crank- case. As the piston approaches TC,

combustion 15 inithated.

ii. Power or Expansion stroke, similar 1o that in the four-stroke cyvele until the piston approaches
BC, when first the exhaust ponts and then the intake ports are uncovered {Fig. 'Ir-l}. Mosz of the burne
gases exit the cylinder in an exhaust blow down process. When the inlet ports are uncovered, the
fresh charge which has been compressed in the crankcase flows into the cylinder.

The piston and the ports are generally shaped to deflect the incoming charge from flowing directly

into the exhaust ports and 1o achieve effective scavenging of the residual EASES.

17
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Figure.6: show operation of two stroke engine

1-5-3 Comparison of Four-stroke and two-stroke engine:

Two-stroke mgine

Four-stroke engine

Two stroke of the piston and one
revolution of crankshaft

Four stroke of the piston and two
revolution of crankshaf

time of induction

2 | Ome power stroke in each revolution of One power stroke in every [wo revalution
crankshaft of crankshafi
i | Lighter flywheel due to more uniform Heavier flvwheel due to non-uniform
irning movement turning movement
4 | Theoretically power produce is twice than | Power produce is kess
the four stroke engine for same size
5 | Light and compact Heavy and bulky o
6 | Greater cooling and Jubrication Lesser cooling and lubrication
| requirerments reguirements
7 | Higher rate of wear and tear Lesser rate of wear and tear
§ | Contains ports armngement Contains valve and valve mechanism
9 | Cheaper mitial cost Higher initial cosi
L0 | Volumetric efficiency less due 1o lesser

Volumetric eMMiciency is more due o
rreater time of induction

Thermal efficiency is low., part load
efficiency lesser

Thermal efficiency is high and also part
load efficiency better

It s used where low cost, compactness and
light weight are important.

Ex-liwn mowers, scooters, motor cvcles,
mopeds, propulsion ship et

It is used where efficiency is important.
Ex-cars, buses, trucks, tractors, industrial
engines, acro planes. power generation ¢te
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1-5-4 Comparison of S1 and CI engine:

Cl engine Sl engine
Working cycle is diesel cycle, Working cycle is Otto cycele.
Diesel or high cetane fuel is used. Petrol or gasoline or high octane fuel
15 used,
Low self-ignition temperature. High self-ignition temperature.
Fuel is injected directly into the Fuel and air introduced as a gaseous
combustion chamber at high pressure | mixture in the suction stroke.

at the end of compression stroke. .

Injector and high pressure pump used | Carburettor used to provide the
to supply of fuel. Quantity of fuel mixture. Throttle controls the quantity
 regulated in pump. of mixture introduced.

Self-ignition by the compression of | Use of spark plug for ignition system
air which increased the temperature
required for combustion

Compression ratio is 14 to 22 Compression ratio is 6 to 10.5
Lower maximum RPM Higher maximum RPM due to lower
| weight
Higher maximum efficiency due to Maximum efficiency lower due to
_higher compression ratio lower compression ratio
 Heavier due to higher pressures Lighter

[ A e
B it ,-'_‘l"' ...-_"h'

1-6 Valve Timing Diagram: __

We consider that the valves open and close at the dead center positions of the piston. But, in actual
practice they do not open and close instantaneousy at dead centers. The valves operate some degrees
before or after the dead centers. The ignition is also timed to ocour a little before the top dead center
The timings of these sequence of events can be shown graphically in terms of crank angles from

dead center position. This diagram is known as valve timing diagram.

I1-6-1 Valve timing diagram for four-stroke petrol engine:

Diagram shows the valve timing diagram for a four-stroke cvele petrol engine, The inlel valve apens
10-30° before the 1op dead center position. The air-fuel mixture is sucked into the engine eylinder tll
the inlet valve closes. The inlet valve closes 30-40° or even 60° afler the bottom dead center position,

The air-fuel mixture is compressed till the spark oceurs.
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The spark is produced 20-40° before the T.D.C. position. This gives sufficient time for the fucl o
burn. The pressure and temperature increases. The burning gases expand and force the piston to do
uselul work, The buming gases expand til the exhaust valve opens. The exhaust valve apens 30-60F
before the B.D.C. position. The exhaust gases are forced out of the cylinder till the exhaust valve
closes. The exhaust valve closes B-20° after the T.D.C. position. Before it closes, again the inlet
vilve opens 10-30° before the T.D.C. pasition, The periad between the inlet valve apening and
exhaust valve closing is known as valve overiap period, The angle between the inlet valve opening

and exhaust valve closing is known as angle of valve overlap.

ITDC
BTDC | ATDC
——
INTAKE VALVE l
[SANTS 10 o ; INTAKE STROKE

FGNITION POINT

COMPRE SSIDN
STROKE

[——

Figure.7: Yalve timing diagram for four-stroke petrol engine

1-6-2 Valve Timing Diagram for Four-Stroke Diesel Engine:

The actual valve timing diagram for four-stroke diesel engine is shown in figure The inlet valve
apens 10-25° before the top dead center position, Fresh air is sucked into the engine cylinder till the
infel valve closes. The inlet valve closes 25-50° after the bottom dead center position. The air is

14



compressed till the fuel is injected. The fuel injection starts 5-10° before the T.D.C. positicn in the
compression stroke. The air fuel mixture burns. The temperature and pressure increases.

The buming gases expand (il the exhaust valve opens. The exhaust valve opens 30507 before the
B.D.C. position, The exhaust gases are forced out of the engine cylinder till the exhaust valve closes.
The exhaust valve closes 10-15° after the T.DUC. position, Before the exhaust valve closes, again the
inlet valve opens 10-25° before the T.D.C.. position. The period between the inlet valve opening the
exhaust valve closing is known as valve overlap period. The angle between these two events is

known as angle of valve overlap.

mc_ .-t||.|| [hitsterd et

EXHALITT

R ey

BDC (Battorn Duad Caritneg

Figure.§: Valve Timing Diagram for Four-Stroke Diesel Engine
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According to the first law of thermodynamics, energy can neither
be created nor destroyed. It ecan only be converted from one form
to another. Therefore, there must be an energy balance of input
and output to a system. In the reciprocating internal combustion
engine the fuel is fed into the combustion chamber where it burns in
air converting chemical encrgy of the fuel into heat. The liberated
heat energy cannot be totally utilized for driving the piston as there
are losses through the engine exhaust, to the coolant and due to
radiation. The heat energy which is converted to power at this stage

is called the indicated power, ip and it is utilized to drive the piston.
The energy represented by the gas forces on the piston passes through
the connecting rod to the crankshaft. In this transmission there are
energy losses due to bearing friction, pumping losses etc. In addition,
u part of the energy available is utilized in driving the auxiliary
devices like feed pump, valve mechanisms, ignition systems etc, The
sum of all these losses, expressed in units of power is termed as
frictional power, fp . The remaining energy is the useful mechanical
energy and is termed as the brake power, bp . In energy balance,
generally, frictional power is not shown separately because ultimately
this energy is accounted in exhaust, cooling water, radiation, etc.
1.8 ENGINE PERFORMANCE PARAMETERS '
The engine performance is indicated by the term efficiency, 5. Five

important engine efficiencies and other related engine performance
parameters are given below:

(i) Indicated thermal efficiency (ieh)
(ii) Brake thermal efficiency (Mben)
(iii) Mechanical efficiency (7en )
(iv)  Volumetric efficiency (1 )
(v)  Relative efficiency or Efficiency ratio (1)
(vi) Mean effective pressure (P )

(vii) Mean piston speed (3p)
(viii) Specific power ocutput (Fy)
(ix) Specific fuel consumption (sfe)

(x) Inlet-valve Mach Index (&)
(x) Fuel-air or air-fuel ratio (F/A or A/F)
(xi) Calorific value of the fuel (CV)

Figureil.#§ shows the diagrammatic representation of energy dis-
tribution in an IC engine,
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1-7 The First Law of Analysis of Engine Cycle:

Before a detailed thermodynamic analysis of the engine cycle is done,
it is desirable to have a general picture of the energy flow or energy
balance of the system so that one becomes familiar with the various

performance parameters. Fieure.% |} shows the energy flow through
the reciprocating engine and Figure.i0 shows its block diagram as an
open system.

—— {1} Enengy in fuesl
(2) Encrgy losscs ~ =-—p— Indicated energy or
{exhaust, coalant, network, i [(11-(21]
rsdintiomn 1= Nl
i \ %
i %
Y
: \
{3)Energy Josses . o | Mo
(friction, pumpmg, | | '
uRBCCOLed ) : | Usefisd + n by
enctgy, bp oy ™
|T I__J : K1) - (2= 0] | »
! Crankshaf i ’
b e i g 2 N d

Figure.9: Energy Flow through the Reciprocating Engine

+. !
| Engine Work out
' -I l ) \ { - E.I]lﬂu&t
% | ¥ |
e 1_ _______ \: |
Ur (2)

Figure.10: Reciprocating Engine as an Open System

1€



1.8.1 Indicated Thermal Efficiency (1))

Indicated thermal efficiency is the ratio of energy in the indicated
power, ip, to the input fuel energy in appropriate units.

ip [kJ/s]

timan = energy in fuel per second [kJ/s| (1-9)
- * (14
~ mass of fuel/s x calorific value of fuel '

} I
4 “m‘r - i
q E
%S
= £ n_ .2
z . w2
Z g §
g @
E == N =2
= & 5 P
g| |48 |
) <—— Energy losses in friction,
5 :
g | _ - f pumping, etc.
: |2
s | &

Figure.11:  Energy Distribution
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1.8.2 Brake Thermal Efficiency (s )

Brake thermal efficiency is the ratio of energy in the brake power,
bp, to the input fuel energy in appropriate units.

bp

m-:::t'_fue]fﬂ % calorific value of fuel

Tth = (1.5)

1.8.3 Mechanical Efficiency (1), )

Mechanical efficiency is defined as the ratio of brake power (delivered
power) to the indicated power (power provided to the piston).

_bp_ W
T = BT+ I .
fo = ip—bp (1.7)

It can also be defined as the ratio of the brake thermal efficiency to
the indicated thermal efficiency,

1.8.4 Volumetric Efficiency (7, )

This is one of the very important parameters which decides the per-
formance of four-stroke engines. Four-stroke engines have distinct
suction stroke and therefore the volumetric efficiency indicates the

breathing ability of the engine. It is to be noted that the utilization
of the air is what going to determine the power output of the engine.
Hence, an engine must be able to take in as much air as possible.
Volumetric efficiency is defined as the volume How rate of air
into the intake system divided by the rate at which the volume is
displaced by the system.
My,

) - - ; 1.8
i Ha t.!ia_nf"' /2 e

where p, is the inlet density

An alternative equivalent definition for volumetric efficiency is

My

(1.9)

Tl —
I‘ I"ul:_j
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It is to be noted that irrespective of the engine whether SI, CI
or gas engine, volumetric rate of air flow 1s what to be taken into
account and not the mixture flow.

If p, is taken as the atmospheric air density, then n, represents
the pumping performance of the entire inlet system. If it is taken as
the air density in the inlet manifold, then n, represents the pumping
performance of the inlet port and valve only.

The normal range of volumetric efficiency at full throttle for SI
engines is between 80 to 85% where as for CI engines it is between
85 to 90%. Gas engines have much lower volumetric efficiency since
gaseous fuel displaces air and therefore the breathing capacity of the
engine is reduced.

1.8.5 Relative Efficiency or Efficiency Ratio (1,

Relative efficiency or efficiency ratio is the ratio of thermal efficiency
of an actual cycle to that of the ideal cycle. The efficiency ratio is
a very useful acriterion which indicates the degree of development of

the engine.
Actual thermal efficiency

Air-standard efficiency

Nrel = (1.10)

1.8.6 Mean Effective Pressure (p,,)

Mean effective pressure is the average pressure inside the cylinders of
an internal combustion engine based on the calculated or measured
power output. It increases as manifold pressure increases. For any
particular engine, operating at a given speed and power output, there

720



will be a specific indicated mean effective pressure, imep, and a cor-
responding brake mean effective pressure, bmep. They are derived
from the indicated and brake power respectively. For derivation see
Chapter 17. Indicated puwer can be shown to be

pimLAnK

60 x 1000 )

ip

then, the indicated mean effective pressure can be written as
60000 x ip
ikl 7 =<

Similarly, the brake mean effective pressure is given by

60000 = bp

Pm = TLAnK A
indicated power (kW)
indicated mean effective pressure (N/m?)
length of the stroke (m)
area of the piston (m?)
speed in revolutions per minute (rpm)
Number of power strokes
N2 for 4-stroke and N for 2-stroke engines
number of cylinders

Another way of specifying the indicated mean effective pressure
Pim is from the knowledge of engine indicator diagram (»-V diagram).
In this case, p;,,, may be defined as

(1.12)

" RaatPE
L T T

il

~_Area of the indicator diagram
e, Length of the indicator diagram

where the length of the indicator diagram is given by the difference
between the total volume and the clearance volume.

1.8.7 Mean Piston Speed (3p)

An important parameter in engine applications is the mean pistou
speed, §p. It is defined as

B, = 2LN

where L is the stroke and N is the rotational speed of the crankshaft
in rpm. It may be noted that 3, is often a more appropriate param-
eter than crank rotational speed for correlating engine behaviour as
a function of speed.
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Resistance to gas flow into the engine or stresses due to the inertia
of the moving parts limit the maximum value of 3, to within 8 to
15 m/s. Automobile engines operate at the higher end and large
marine diesel engines at the lower end of this range of piston speeds.

1.8.8 Specific Power Output (F,)

Specific power output of an engine is defined as the power output
per unit piston area and is a measure of the engine designer’s success
in using the available piston area regardless of cylinder size. The
specific power can be shown to be proportional to the product of the
mean effective pressure and mean piston speed.

Specific power output, P, = bp/A (1.14)

= constant x ppy, x 3p (1.15)

As can be seen the specific power output consists of two elements,
viz., the force available to work and the speed with which it is work-
ing. Thus, for the same piston displacement and bmep, an engine
running at a higher speed will give a higher specific output. It is
clear that the output of an engine can be increased by increasing ei-
ther the speed or the bnep. Increasing the speed involves increase in
the mechanical stresses of various engine components. For increasing
the bmep better heat release from the fuel is required and this will
involve more thermal load on engine cylinder.

1.8.9 Specific Fuel Consumption (sf¢)

The fuel consumption characteristics of an engine are generally ex-

pressed in terms of specific fuel consumption in kilograms of fuel per

kilowatt-hour. It is an important parameter that reflects how good

the engine performance is. It is inversely proportional to the thermal

efficiency of the engine.

Fuel consumption per unit time
Power

Brake specific fuel consumption and indicated specific fuel con-
sumption, abbreviated as bsfc and isfe, are the specific fuel con-
sumptions on the basis of bp and ip respectively.

sfc =

(1.16)

1.8.10 Inlet-Valve Mach Index (2)

In a reciprocating engine the flow of intake charge takes place through
the intake valve opening which is varying during the induction oper-
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ation. Also, the maximum gas velocity through this area is limited
by the local sonic velocity. Thus gas velocity is finally chosen by the
following equation,

A
U o= Eﬁ:vp (1.17)
where u = gas velocity through the inlet valve
at smallest flow area
Ay, = Dpiston area
A; = nominal intake valve opening area
Ci = inlet valve flow co-efficient
aud
P . SR i (ol
a A Co (ﬂ'.‘) Cia “ (1.13)
where b = cylinder diameter
D; = inlet valve diameter
Vo = mean piston speed
@ = inlet sonic velocity
Ci = inlet valve average flow co-efficient
Z = inlet valve Mach index.

Large munber of experiments have been conducted on CFR sin-
gle cylinder engine with gaseous mixtures and short induction pipe
lengths, at fixed valve timing and fixed compression ratio, but vary-
ing inlet valve diameter and lift. The results are quite revealing as
regards the relationship of volumetric efficiency versus Mach index
are concerned. From Fig.1.16, it could be seen that the maximum
volumetric efficiency is obtainable for an inlet Mach number of 0.55.
Therefore, engine designers must take care of this factor to get the
maximum volumetric efficiency for their engines.

1.8.11 Fuel-Air (F/A) or Air-Fuel Ratio (A/F)

The relative proportions of the fuel and air in the engine are very
important from the standpoint of combustion and the efficiency of
the engine. This is expressed cither as a ratio of the mass of the fusl
to that of the air or vice versa.

In the SI engine the fuel-air ratio practically remains a constant
over a wide range of operation. In CI engines at a given speed the air
flow does not vary with load: it is the fuel flow that varies directly
with load. Therefore, the term fuel-air ratio is generally used instead
of air-fuel ratio.

i
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Figure.12:  Inlet-Valve Mach Index

A mixture that contains just enough air for complete combustion
of all the fuel in the mixture is called a chemically correct or stoi-
chiometric fuel-air ratio. A mixture having more fuel than that in a
chemically correct mixture is termed as rich mixture and a mixture

that contains less fuel (or excess air) is ealled a lean mixture. The
ratio of actual fuel-air ratio to stoichiometric fuel-air ratio is called

equivalence ratio and is denoted by ¢.

Actual fusl-air ratio

&= . —_— -
Stoichiometric fuel-air ratio

(1.19)

Accordingly, ¢ = 1 means stoichiometric (chemically correct)
mixture, ¢ < 1 means lean mixture and @ > 1 means rich mixture.

1.8.12 Calorific Value (C'V)

Calorific value of a fuel is the thermal energy released per unit quan-

tity of the fuel when the fuel is burned completely and the prod-
ucts of combustion are cooled back to the initial temperature of the

combustible mixture. Other terms used for the calorific value are
heating value and heat of combustion.
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- Worked put Examples

1.1 The cubic capacity of a four-stroke over-square spark-ignition
engine is 245 cc. The over-square ratio is 1.1. The clearance
volume is 27.2 ce. Caleulate the bore, stroke and compression
ratio of the engine,

Solution
Cubic capacity, V) = L~ i = 245
4 4 1.1
£ = U3
Bore,d = Tecm =
Stroke, L = % = 6.36 cm Aoz
. ; Vi+ Ve
Compression ratio, r =
Ve
245 + 27.2 na
— =10 Ao
27.2

1.2 The mechanical efficiency of a single-cylinder four-stroke engine
is 80%. The frictional power is estimated to be 25 kW. Caleu-
late the indicated power (ip) and brake power (bp) developed

by the engine,
Solution
P = s
ip
ip—bp = 25
ip— 0.8 x ip = 25
i o= 2 sarihw ans
0.2
bp = ip-fp=125-25=100 kW 2=

25



L3: A four-stroke, four-cylinder diesel engine running at 2000 rpm
develops 60 kW, Brake thermal efficiency is 30% and calorific
value of fuel (CV) is 42 MJ/kg. Engine has a bore of 120 mm
and stroke of 100 mm. Take p, = 1.15 kg/m?®, air-fuel ratio
= 15:1 and ny, = 0.8. Caleulate (i) fuel consumption (kg/s);
(ii) air consumption (m*/s); (iii) indicated thermal efficiency:;
(iv) volumetric efficiency; (v) bruke mean effective pressure and
(vi) mean piston speed

Solution
. bp GO
Fusl comsumption, thy = L <OV ~ 03 % G000
= 4.76 = 10°% kg/s ans
: oy A 4.76 x 1079
Air consumption = o 135 = 15
= 62.09 x 10 * m?/ s Ans
5 —3
Air low rate feylinder = I:I-.E,I.i'EI: e 15.52 x 107?* m/s
bp 60
Indicated power = ol ¢ 75 kW
* N 75
Wth = 176 % 109 = 42000
=  (.37515 = 3T.51% i

Vialurnet ric ﬂfﬁ(:f[_lnc'.}- —_
Actual volume How rate of air

}
Volume flow rate of air corresponding to displacement volumne A
52 % 10~3
e o= =R X g0
T 20122 x0.10 x 5
= 82.3% 4ns

Brake mean effective pressure,

bp
LAnKk

Plien =
i)
= 104
0.1 % § x 0.122 x 2000 4

- T96 % 10° N/m? = 7.96 bar 222

26



1.4  An one-litre cubic capacity, four-stroke, four-cylinder SI en-
gine has a brake thermal efficiency of 30% and indicated power
is 40 kW at full load. At half load, it has a mechanical effi-
clency of 65%. Assuming constant mechanical losses, calculate:
(i) brake power (ii) frictional power (iii) mechanical efficiency
at full load (iv) indicated thermal efficiency. If the volume de-
creases by eight-fold during the compression stroke, calculate

the clearance volume.

Solution

Let the brake power at full load be bp and the frictional power be

fp.
bp + fp
At half load, bp

i

0.5 bp

Ip
Using (2) in (1) bp

Ip

Tm &t full load
hth

Swept volume/cylinder

Ve + Ve
T =
Ve

Ve

il

40 kW
0.5 x bp at full load

0.5 bp
065 = ———
05 bp+ fp

= 065x(0.5xbp+ fp)
= 0.325 x bp + 0.65 x fp

0.175

= 065 x bp = 0.2Tbp

il
Il
£
[
2
=
£

= 31.5 x0.27 = 8.5 kW

31.5

= 10 = 0.788 = T8.8%

Motn _ 30
Tim 78.8

I
|
I
a
-
g

(1)

(2)

e
4o
Any

— x 100 = 38% 2ns



1.5 | A four-stroke petrol engine at full load delivers 50 kW. It re-
quires 8.5 kW to rotate it without load at the same speed. Find
its mechanical efficiency at full load, half load and quarter load?

Also find out the volume of the fuel consumed per second at full
load if the brake thermal efficiency is 25%, given that calorific
value of the fuel = 42 MJ/kg and specific gravity of petrol is

0.75. Estimate the indicated thermal efficiency.

Solution
Mechanical efficiency at full load = ,m—%ﬁ

50
30 + 8.5

—

= (.8547 = 854T%

Mechanical efficiency at half load
25
25+ 8.5

= (.7462 = T4.62%

Mechanical efficiency at quarter load
12.5
12.5 + 8.5

=0.5952 = 59.52%

Mass flow rate of fuel iy = —2-

= 30 " -3

= o 4.76 x 107" kg/s
Volume flow rate of fuel

4.?5 x Iﬂna -6 8

= T 634 x 107" m°/s

Indicated thermal efficiency at full load
_ _ Mok _ 0.25 B
Mieh = 08547 0.2925 = 29.25%
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AIR-STANDARD
CYCLES AND THEIR
ANALYSIS

4.1 INTRODUCTION

The operating cycle of an internal combustion engine can be broken
down into a sequence of separate processes viz., intake, compression,
combustion, expansion and exhaust. The internal combustion en-
gine does not operate on a thermodynamic cycle as it involves an
open system i.e., the working fluid enters the system at one set of
conditions and leaves at another. However, it is often possible to
analyze the open cycle as though it were a closed one by imagining
one or more processes that would bring the working fluid at the exit
conditions back to the condition of the starting point.

The accurate analysis of internal combustion engine processes is
very complicated. In order to understand them it is advantageous
to analyze the performance of an idealized closed cycle that closely
approximates the real cycle. One such approach is the air-standard
cycle, which is based on the following assumptions:

(i) The working medium is assumed to be a perfect gas and follows
the relation pV' = mRT or p = pRT.

(i) There is no change in the mass of the working medium.
(iii) All the processes that constitute the cycle are reversible,

(iv) Heat is assumed to be supplied from a constant high tempera-
ture source and not from chemical reactions during the cycle.

1.



(v) Some heat is assumed to be rejected to a constant low temper-
ature sink during the cycle.

(vi) It is assumed that there are no heat losses from the system to
the surroundings.

(vii) The working medium has constant specific heats throughout
the cyele.

(viii) The physical constants viz.. Cp, Cuv, 7 and M of working
medium are the same as those of air at standard atmospheric
conditions. For example in SI units,

G
E"‘1 ]

1.005 kJ/kg K M 29 kg/kmol
0.71T kd/kg K ~ = 1.4

Due to these assumptions, the analysis becomes over-simplified
and the results do not agree with those of the actual engine. Work
output, peak pressure, peak temperature and thermal efficiency based
on air-standard cycles will be the maximum that can be attained and
will differ considerably from those of the actual engine. It is often
used, mainly because of the simplicity in getting approximate an-
swers to the complicated processes in internal combustion engines.

In this chapter, we will review the various cycles and also derive
the equations for work output, mean effective pressure, efficiency ete.
Also, comparison will be made between Otto, Dual and Diesel cycles
to see which cycle is more efficient under a set of given operating
conditions.

43 THE OTTO CYCLE

The main drawback of the Carnot cycle is its impracticability due
to high pressure and high volume ratios employed with compara-
tively low mean effective pressure. Nicolaus Otto (1876), proposed
a constant-volume heat addition cycle which forms the basis for the
working of today's spark-ignition engines. The cycle is shown on p-V
and T-s diagrams in Fig.§.6(a) and 88(b) respectively.

When the engine is working on full throttle, the processes 0—1
and 1—0 on the p-V diagram represents suction and exhaust
processes and their effect is nullified. The process 1—2 represents
isentropic compression of the air when the piston moves from

2



Air-Standard Cycles and Their Analysis 83

pressure as well as isothermal processes. Sinee the process 2—3 and
3—4 are parallel to each other on the T-s diagram, the net effect is
that the heat need be added ouly at constant temperature Ty = T
and rejected at the constant temperature 17 = T4,

The cyele is shown on p=V and T-s diagrams in Fig4M(a) and
44(b) respectively. The advantage of the Ericsson cyele over the
Carnot and Stirling cyeles is its smaller pressure ratio for a given
ratio of maximum te minimum specific volame with higher mean
effective pressure.

7 Hewt addition
from the source
2 3 b ) F A AR

: X %“' £ 4 b/

=0 |3 1
! 4 P N
v Heat added from Heat rejection

heat rejected to to the sink
the regenerator

Fig. i.l Ericsson Cycle

The Ericsson cycle does not find practical application in piston
engines but is approached by a gas turbine employing a large number
of stages with heat exchangers, insulators and reheaters.

7.38 THE OTTO CYCLE

The main drawback of the Carnot cvele is its impracticability due
to high pressure aml high volume ratios smploved with compara-
tively low mean effective pressure. Nicolaus Otto (1876), proposed
a constant-volume heat addition evele which forms the basis for the
working of today's spark-ignition engines, The cycle is shown on p-V
and T-s diagrams in Fig.J8a) and 28(h) respectively.

When the engine is working on full throttle, the processes 0—1
and 1—0 on the p-V diagram represents suction and exhanst
processes and their effect is pullibed. The process 1—=2 represents
wsentropic compression of the air when the piston moves from

3
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i
F r 5 {‘u‘?ﬁﬂ
4
| c'm-.nﬂ“"“"#
V s

Fiz. 38 Otto Cyele

bottom dead centre to top dead centre. During the process 2—4
heat is supplied reversibly at constant volume. This process corre-
spands to spark-ignition and combustion in the actual engine. The
processes 3—+4 and 4-=1 represent isentropic expansion and constant
volume heat rejection respectively.

i » 31.1-1 Thml qu
The thermal efficiency of Otto cycle can be written as

s ~ Un
Qs

Considering constant volume processes 2—3 and 4-—1, the heat sup-
plied and rejocted of air can be written as

Thhto [llii

Qs = mC.(Ty-Ta) fifl‘]
QH = :I'II:{.v[T; = -Ji.ql:l {3‘}
: 1 mi(dy —13) = m(Ty = T))
e 5 mi{Ty — T3}
N e

Considering isentropic processes 1 —2 and 3—4, we have

7

Vi L=l
TL b ( F: ) :'5-—‘]
7

and
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E
( Vi

)I'?-lb

6

But the volume ratios Vi /V3 and V3,/ V3 are equal to the compression
ratio, r. Therefore,

therefore,

L« P, T
Vs Vi
L _h
T I
From Eq.3.21, it can be easily shown that
L _n _ L=l
Thn T T: - T3
T = l—!:l—
Wt = Th
L
i v\ -1
()
|
- 1_-||'-r.'f‘—|-fl

q®)
040
($im)

(%29)

Naote that the thermal efficiency of Otto cycle is a function of com-
pression ratio r and the ratio of specific heats, v, As 5 is assumaed
to be a constant for any working fluid, the efficiency is increased by
inereasing the compression ratio. Further, the efficiency is indepen-
dent of heat supplied and pressure ratio. The use of gases with higher

5 values would increase efficiency of Otto cycle. Fig.lq

effect of v and r on the efficiency.

1.!.2 Work Output

The net work output for an Otto cyele can be expressed as

Also

W

P2

m
"
2

mVa—pVa  pmlz -pla

i
"
P
M

.:lau

Il

1

5 —1

rp e

shows the

() 1 3

(o) 1L
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_ ¥ =167
> Y= 1.40
=

Z =130
: .
(45}

Compression ratio, »

Fig, ‘w‘f.l Effect of v and 4 on Efficiency for Otto Cycle

Vi = rW and Vi = rly
therefore,
> pYi (Vs pVy gl j
W = ( S B B3y () £
T=1\mVi oWV oW 4S5
. mW (rpr" ;. )
=1\ r i r ke
- P_lli.l tr : o SRS, o |
- Fr o I P f r o )
-~ 1 I"'E o i |
= _’_]frﬁ—l}(r ul) f””{
‘1.3.3 Mean Effective Pressure
The mean effective pressure of the cvele is given by
Work output
e = Ewépt volume {H}fg
awept volume = V-1 = Valr = 1)
-.E_IPLl'll?'p—lJLr"' "—!]
Pm = —— ot
Valr—1)
pir(r, — 1)(r0-1 1)
= —— - (- 1

(F=1Dir=1)

<
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Thus, it can be seen that the work output is directly proportional
to pressure ratio, rp. The mean effective pressure which is an indi-
cation of the internal wark output increases with a pressure ratio at
a lixed value of compression ratio and ratio of specitic heats. For an
Otto cycle, an increase in the compression ratio leads to an increase
i the mean elfective pressure as well as the thermal efficiency.

-k THE DIESEL CYCLE

[n actual spark-ignition engines, the upper limit of compression ratio
is limited by the self-ignition temperature of the fuel. This limitation
on the compression ratio can be circumvented if air and fuel are com-
pressed separately and brought together at the time of combustion.
In such an arrangement fuel ean be injected into the evlinder which
contalns compressed air at a higher temperature than the self-ignition
temperature of the fuel. Hence the fuel ignites on its own accord and
requires no special deviee like an ignition system in s spark-ignition
engine. Such engines work on beavy liquid fuels. These engines are
called compression-ignition engines and they work on a ideal cvele
known as Diesel cycle. The difference between Otto and Diesel eveles
is in the process of heat addition. In Otto cycle the heat addition
takes place at constant volume whereas in the Diesel cycle it is at
constant pressure. For this reason, the Diesel cycle is often referred
to as the constant-pressure cycle. It is better 1o avoid this term as
it creates confusion with Joules cyele. The Diesel evele is shown on
-V and T-s diagrams in F ig.Pl'n:l and B(L) respectively.

¥V i
Fig. g Diesel Cycle

7
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To analyze the diesel cyele the suction and exhaust strokes, rep-
resented by 0—1 and 1—(, are neglected as in the case of the Otto
cycle. Here, the volume ratio {-; 8 the compression ratio, r. The

volume ratio H is called the cui-off ratio, r..

241 Thermal Efficiency
The thermal efficiency of the Diesel cycle is given by

no - Ni-TeA
s Ql{
- mCy (T3 — T3) — mCy(Ty - 1)
- mCy(Ty ~ T3) (= 19
_ G-y
CulT3 — 1)
1Ty =T, )
= 11— ¢
AR T (. e
Considering the process 1 —2
) Wi {¥y=1) (=13
o= n() = nwY (g g
Considering the constant pressure process 2—3, we have
3 . 8
T : Ty
2 - L . Te (say)
TJ e '-E = [H SHY
T =Tar, (%) 77
Frum Eqs.3.34 and 3.35, we have
Is = T Yy, ( 2‘_}
Considering process 3—4, we have
Vayir-h
L= 73 (=) 2L
/ {7=—1)
= TS(Lf' X E)
a W
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rey -1
= n(%) ()2 <
From Eqs.3.36 and 3.37. we have
. \ (v-1)
Tq = T| i"h-_l‘lf._- (%) = T| r:'

Tl{r‘ﬁ -”rr - rl"'—“':|

Tl(’"? - 1) :[

l
N el — e =
-

- il

ri=Ur — ((3-1)

Ry =) 26

It may be noted that the efficiency of the Diesel evele is different
from that of the Otto eyele only in the bracketed factor. This factor
15 always greater than unity. Hence for a given compression ratio,
the Otto cycle is more efficient. In diesel engines the fuel cut-off
ratio, r., depends on output, being maximum for maximnm out put.
Therefore, unlike the Otto cycle the air-standard efficiency of the
Diesel cyele depends on output. The higher efficiency of the Otto
cycle as compared to the Diesel eyele for the same compression ratio
is of no practical importance. In practice the operating compression
ratios of diesel engines are mnch higher compared to spark-ignition
engines working on Otto cycle. The normal range of compression
ratio for diesel engine is 16 to 20 whereas for spark-ignition engines
it s 6 to 10. Due to the higher compression ratios used in diesel
engines the efficiency of a diesel engine is more than that of the
gasoline engine.

'1#2 Work Qutput

The net work output for a Diesel evele is given by

w L= M{VS_FEJ_!_HV‘-P-’.V' _H""{E_F'Iul

N b1 y-1
= poValre—1) 4+ BV prVe  pVa —purVs
£ 7—1 v —1
- i Pﬂﬂ:-1]'."?—1]'+F3T:—P4?‘-{.PE“P11‘]}
¥ -1

g

() 7 L
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= ba

[P‘J{T}- =5){r=1 -i-;-'::(r'f - :‘ﬂr] - p—;(l - ﬁr]}
~w—1

i Hn[{n.—liﬁ - 1) 4 (l,::l M) - (thr“"l}]

Plrilrh ”[",F{J“.- ~1) - r‘.l-'.-l['r.: - [}]

-7

¥—1

‘3943 Mean Effective Pressure

The expression for mean effective pressure can be shown to be
Vil Ya(r, = 1) = (0 - 1)]
(v— (=)

nhrMre—1) = rir? = 1)]
(v = 1){r =1)

!“rrl —F

(1) 2]

(%E8) <

34 THE DUAL CYCLE

In the Otto cycle, combustion is assumed at constant volume while
in Diesel cyele combustion is at constant pressure. In practice they
are far from real. Since, some time interval is recquired for the chemi-
cal reactions during combustion process, the combustion cannot Lake
place at constant volume, Similarly, due to rapid uncontrolled com-
bustion in diesel engines, combustion does not oceur at constant
pressure. The Dual cycle, also called a mixed cyele or limited pres-
sure cycle, is a compromise between Otto and Diesel cycles. Figures
ﬁ:l{a] and BB(b) show the Dual cycle on p-V and T-s diagrams re-
spectively,

In a Dual cycle a part of the heat is first supplied to the systeun at
constant volume and then the remaining part at constant pressure.

301 Thermal Efficiency

The efficiency of the cyele may be written as

Noual = ?Lcﬁcﬁ | 3]48)
10
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Constant volume
Conatant pressure
3 4
4 T

2

5

i E-D'ﬂﬂI“ 1&\"#
¥ &

Fig. 5@ Dual Cycle

I'?ICEIILT; - T‘g] -+ TFI'CF{T.; - Ta} —m{(Ts — I
mﬂ',,{T: - T:;J + MCP(T.i -~ Tj)

Ts — T

= T i
T —T) T =) (i)
Now,
."'FI (4==1}
T: — Th(i‘;) = Tlr‘."f"r' {'3}'}
Tz = T‘!(E) = Tirget™ Y (394

where ry, is the pressure ratio in the constant volume heat addition
process and is equal to ;—';'l.
Cut-off ratio ». is given hy {E;}I

Vi
Ti = P
4 T Tar.

Substituting for Ty from Eq.3.47

Iy = Trerglr U (3488)
and

L o= T4(%)h_” = T]_rFr,rl‘r—l](E) e (W)
"N % %%

%% - %W ()

1]



B Wy Va : .
ks Fa X m (sinceVy = V)
Therefore,
Va I i "

where H 18 the expansion ratio. Now.

=]
’ ~1fre\”

%
- T]Tpr: {3.‘#}
Substituting for Ty, Ty. Ty and Ty into Eq.3.45 and simplifying
1 rer) — 1
= l == B - i.
* rir-1} [l:rp = 1)+ rpr(r, - I}J () /o

It can be seen from the above equation that a value of ry > 1 results
i an increased efficiency for a given value of re and 5. Thus the
efficiency of Dual cycle lies between that of the Otto cyele and the
Diesel cycle having same compression ratio.

With . = 1, it becomes an Otto cycle, and with rp = 1, jt
becomes a Diesel cycle,

'1;:2 Work Output

The net work output of the cyele is given by

W = MIFI_IQJ+P4‘4~HP%_HLE_PIL'I

y=1 -1

- fﬂi[,;.,_”(ﬂ.s_ﬁ_&ﬁ) ¢ PV pVs  mVs +1J
g = | mWi mW n Vi mW
P]-I'I‘i- 5 =1 1 = |

= i [[ﬂ, - l}(acrpr ~ Tt ) + rerpr?

—rpry =1l 4 l]

. mW s, | ! i =

== vy i ) [-}rr'rpr - -:l'l'.pr-l : '3 J",_,I".' L e pi": — ! + ]I.]
mV

Il

v ["_rrj.,r""'{r.a =1+ g = 1) = (rr — ”] qu]
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243 Mean Effective Pressure
The mean effective pressure is given by

Work output W
En —_— F—4 _|'
Swept volume Vs
1. mW e -
= Vlulﬁ'rl-l['}rpr. 1['rr—‘l]l+:r'_" 1{rp—1]—{rpr:.’—1,'l
1 Pl +=1 ¥=1
> T,r c=1)4r rn—1)
—{rprd — 1)

3 Byrpr(re — 1) + ', — 1) - rirpry — 1))
1

2.6 COMPARISON OF THE OTTO, DIESEL AND DUAL
CYCLES

The important variable factors which are used as the basis for com-
parison of the eyeles are compression ratio, peak pressure, heat ad-
dition, heat rejection and the net work. In order to compare the
performance of the Otto, Diesel and Dual combustion cycles some of
the variable factors must be Axed. In this section, a comparison of
these three eycles is made for the same compression ratio, same heat
addition, constant maxiimum pressure and temperature, same heat
rejection and net work output. This analysis will show which cycle
is more efficient for a piven set of operating conditions.

261 Same Compression Ratio and Heat Addition

The Otto cycle 1—=2—3—4—1, the Diesol eyele 1-+2—3'—4'-1 and
the Dual cycle 1—+2—2"—3"—4" 1 are shown in p-V and T-s dia-
grams in Fig.lfﬂa} and JB(b) respectively for the same COMPression
ratio and heat input.

From the T-s diagram, it can be seen that Area 5236 = Area
523'6" = Area 522"3"6" as this area represents the heat input which
18 the same for all cycles.

All the cycles start from the same initial state point 1 and the
Aalr is compressed from state 1 to 2 as the compression ratio is same,
It is seen from the T-s diagram for the same heat input, the heat
rejection in Otto eycle (area 5146) is minimmm and heat reject ion

13
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Fig. 8 Same Compression Ratio and Heat Addition

in Diesel cycle (514'6") is maximum. Consequently Otto cycle has
the highest work output and efficiency. Diesel cycle has the least
efficiency and Dual cycle having the efficiency between the two,
Une more observation can be made i.e., Otto cycle allows the
working medium to expand more whereas Diesel cycle is least in this
respect. The reason is heat is added before expansion in the case of
former (Otto cycle) and the last portion of heat supplied to the fuid
has a relatively short expansion in case of the latter (Diesel cycle).

3.6.2 Same Compression Ratio and Heat Rejection
Efficiency of Otto cycle is given by [Figs®. W(a) and &a®(b))]

= 1-9=»
Note = Os

where Qg is the heat supplied in the Otto cycle and is equal to the
area under the curve 2—3 on the T-s diagram [Fig.3.10(b)]. The
efficiency of the Diesel cycle is given by

MDigwel = 1= —

where Q5 is heat supplied in the Diesel cycle and is equal to the area
under the curve 2—3' on the T-s diagram [Fig.3.10(h)).

From the T-s diagram in Fig.3.10 it is clear that Qs > Qg ie.,
heat supplied in the Otto cyele is more than that of the Diesel cycle.
Hence, it is evident that, the efficiency of the Otto cycle is greater

I'H
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3

p 2
4

3" T
Isentropic process 1

¥ (]
{a) b}

Fig. 3.4 Same Compression Ratio and Heat Rejection

than the efficiency of the Diesel cycle for a given compression ratio
and heat rejection.

263 Same Peak Pressure, Peak Temperature and Heat
Rejection

Figures . ®(a) and %8 (b) show the Otto cycle 1—2—3—4 and
Diesel cycle 1—2'—3—4 on p-V and T-s coordinates, where the peak
pressure and temperature and the amount of heat rejected are the
BAImME.

'%\ n”
_ 2* Constant
T 5 M
Canss™

~ ! 1————"’5-1:/4

t t'_"uﬂll-lﬂ#

¥ 5 ¥ 6
(a) (b)

Fig. Cf.l Same Peak Pressure and Temperature

/5



96 IC Engines

The efficiency of the Otto cycle 1—2—3—4 is given by
s Qr
where Qg in the area under the curve 2—3 in Fig.3.11(b).
The efficiency of the Diesel cycle, 1—2—3'—3—4 is

NDiesel = — m—
Q%

where (% is the area under the curve 2'—3 in Figd. B(b).

It is evident from Figq.® that Q; > Q¢ . Therefore, the Diesel
cycle efficiency is greater than the Otto cycle efficiency when both
engines are built to withstand the same thermal and mechanical
stresses,

244 Same Maximum Pressure and Heat Input

For same maximum pressure and same heat input the Otto cyele
(12341) and Diesel cycle (12'3'4’1) are shown on p-V and T-5 dia-
grams in Figs.8.10(a) and 8.19(b) respectively,

2 33

ﬁ%@% ‘3/_,3

RN\ SRS~
' 4 2 Mq 4
) ¢ ¢

l:muﬁ'-“w\t
¥ 5 g B6'6

(a) (b)

Fig. 819 Same Maximum Pressure and Heat Input

It is evident from the figure that the heat rejection for Otto cycle
(area 1564 on T-s diagram) is more than the heat rejected in Diesel
cycle (156'4'). Hence Diesel cycle is more efficient than Otto cycle for
the condition of same maximum pressure and heat input. One can
make a note that with these conditions the Diesel cycle has higher
compression ratio 1}} than that of Otto cycle $1. One should also
note that the cycle which is having higher efficiency allows maximum
expansion. The Dual cycle efficiency will be between these two.

/¢



Air-Standard Cycles and Their Analysis 97

245 Same Maximum Pressure and Work Output
The efficiency, 5, can be written as

_ Work done - Work done
e Heat supplied =~ Work done + Heat rejected

Refer to T-s diagram in Fig.3.12(b). For same work output the area
1234 (work output of Otto cycle) and area 12'3'4’ (work output of
Diesel cycle) are same. To achieve this, the entropy at 3 should be
greater than entropy at 3'. It is clear that the heat rejection for Otto
cycle is more than that of Diesel cycle. Henee, for these conditions
the Diesel cycle is more efficient than the Otto cycle. The efficiency
of Dual cycle lies between the two cycles.

¥ THE LENOIR CYCLE

The Lenoir cycle consists of the following processes lsee Fig.B.19(a)).
Constant volume heat addition (1—2); isentropic expansion (2-+3);
constant pressure heat rejection (3—1). The Lenoir cyele is used for
pulse jet engines,

2
&
P T o <4
1 :::ru-nl"-i""'"“ﬁ’1
4 5
(n) (k)
Fig. § |N Lenoir Cycle
Qs —Qr
MLenoir Os
Qs = mCy(Ty -T)) (8%) £) §
Qr = mC(T3-T) (Sene) Lf L)

17
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? -1! In an Otto cycle air at 17 °C and 1 bar is compressed adiabat-

T ically until the pressure is 15 bar. Heat is added at constant
volume until the pressure rises to 40 bar. Calculate the air-
standard efficiency, the compression ratio and the mean effec-
tive pressure for the cycle, Assume C, = 0.717 kJ fkg K and R
= 8.3 kJ/kmal K.

Solution

IP

Consider the process 1 - 2
nYy = pW

Va 5]

- (11:5)* - i

1 =] 1 4
e - ()
r (.01
= D539 = 5399 e
pa Wy 15 1
N = T = 2, 21
’ nv; ! 1 X g <M
= 6205 K
Consider the process 7 - 3
T
B o= B3 L Vo _ 1678 T
D3 15
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Heat supplied

Cy(Ty - Ta)

= 0.717 x (1678.7 — 629.5)

i

752.3 kJ /kg
Work done

)

nx g,
0.539 x 7523 = 405.5 kJ/kg

Work done
Swept volume
Moo ARG
m P

~ B314x 200 3
= Bxixipp — W8Mm/kg

591 i u

405.5
0.711

5.70 bar =

]

1

Il

"—u

x 100 = 5.70 x 10° N/m?

']‘_Fuel supplied to an SI engine has a calorific value 42000 kJ/kg.
~ The pressure in the cylinder at 30% and 70% of the compres-
sion stroke are 1.3 bar and 2.6 bar respectively. Assuming that
the compression follows the law pV!'? = constant. Find the
compression ratio. If the relative efficiency of the engine com-
pared with the air-standard efficiency is 50%. Calculate the
fuel consumption in kg/kW h.

Solution
Vi = 1
ie = 1407(r-1) = 07r+03
Var = 1+03r—1) = 03r+07
- (E)*
Ve B n

11
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P
Fl‘.
-
|
. | SRS
Pl } 1
;! Ly
§ 3F
- L
0% 0% ¥
i3
- () -
1.3
0.7r + 0.3 = L7
03r +0.7 )
r = 488 fus
Air-standard efficiency = 1- 1,-11-1
1 .
= L= ﬁ:ﬂﬁ = 046
= 46%
, . Indicated thermal efficiency
e Air-standard efficiency
mew = 05x046 = 023
" ip
el = CV xm
where m is in kg/s
L 1
ip = 42000 = 0.23
= 1035 % 107" kg/kW s
= 1.035 = 1077 x 3600 kg,/kW h
isfe = 0.373 kg/kW h Ao

20



2.34 Determine the ideal efficiency of the diesel engine having a cylinder
with bore 250 mm, stroke 375 mm and a clearance volume of 1500
cc, with fuel cut-off occurring at 5% of the stroke. Assume ~ = 1.4

for air.

Solution

Il

n

]

Ll _
4dL_

18407 8 cc
V, 18407 .8

1+—= = 1
V. * 1500

E x 257 x 37.5

i

13.27

V

Vi—Vy =
0.05 x 12.27V.
Ve

0.05,

1.6135V.

A = 1.6135

1——1 161354
13.27%4 © 14x (16135~ 1)

0.6052 = 60.53% Ans
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ﬂl..’ In an engine working on Diesel cycle inlet pressure and temperature
are 1 bar and 17 *C respectively. Pressure at the end of adiabatic
compression is 35 bar. The ratio of expansion ie. after constant
pressure beat addition is 5. Calculate the heat addition, heat rejec-
tion and the efficiency of the cycle. Assume v = 1.4, Cp = 1.004
kl/kg K and C\, = 0.717 k] /kg K.

Solution




Chut-off ratia

T,

I
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.ﬁ.
(?) = 12874

i WW

W "B Va
Compression ratio
Expansion ratio

12.674

ol 2.535

Ll
=
mn

35 0. 286
(T) = 276

276290 = BOL.TK

Consider the process 2 - 3

Iy

Vi Va

T — = 8017w —

% * %
801.Tx 2535 = 208323K

Consider the process 3 - 4

¥ §

Heat added

Heat rejected

Efficiency

I

i

i

]

o] 4
B(E) - e ()

Va
1067.6 K
Co(Ta-Ta) = 1.004 x (2032.3 - 801.7)
12355 kJ /kg do
ClTy=Ti) = 0.717 x (1067.6 — 290)
557.5 kJ /kg Soe
Heat supplied - Heat rejected

Heat supplied

54.9% s

3
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i.g'ﬂ Diesel engine is working with a compression ratio of 15 and expan-
sion ratio of 10. Calculate the air-standard efficiency of the cycle.
Assume v = 1.4.

Solution
2 3
P
4
1
¥
r - % = 15
V.
re = -ﬁ‘ = 10
1 [(g) -
TS AT | (E)
14
11 ) -1
- T [(({QJ-I} -
= 63% : e

24



3-8 An oil engine works on the Dual cycle, the heat liberated at constant
pressure being twice that liberated at constant volume. The com-
pression ratio of the engine is 8 and the expansion ratio is 5.3. But
the compression and expansion processes follow the law pV/!3 =
The pressure and temperature at the beginning of compression are 1
bar and 27 °C respectively. Assuming €', = 1.004 kJ/kg K and C, =
0.717 kJ /kg K for air, find the air-standard efficiency and the mean

effective pressure,
3 4
£l a
5
|
¥
Solution
8/ 1.004
= kMG et 1
L C, 0.717 .
Vy
E = o 1 = T
Vi "= W
r
Tr_ = 1‘_.: = -El 3
B
f‘; = ﬁ = 1.500
Mean effective pressure = ﬂre.ﬂ"___;ﬁ-ﬁ i
Area 12345 =  Area under 3 - 44

Area under 4 - 5 - Area under 2 -]
=
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o Vi — psls
= py(la-V)+ Ba—Psls
n-=1
paVa — ;mWg
n-1

Vi = Vi = W
Vi = Vs = rl.-"; = R I-:.
1’4 = l",-_-li-‘_:j = 1.509 1";
I {n—1) 03 _
T == r = B = 1.B66
T3 = 1866 « 300 = 55082 K
B o= moo g9 - e
m
PP = M9Bxpm = 1493 x 10° N/m?

Heat released during constant pressure combustion

= 2 x Heat released during constant volume combustion

C(Ti-Ty) = 2C,(Ty-Ty)

1.00M % {Tq, - Tﬂ] 2% 0717 % fTa = T:}

Ti-Ty = 1428 (Ty—T)
T = Vi _ _
Ta = E = e = Ir'ﬁ'ﬂg
Ty = 1.509 Ty
1508 Ty — Ty = L428 x (T3 — 559.42)

T3 = BGY.E8 K

B T3 BG9 . RE s
= = = = T = 1554
P T 550,82 kR
P3 =  1.554 x 14.93 x 10°

2320 x 10° N/fm® = o,

2£



Area 12345

Ve

Area 12345

Therefore,
P

L4

ul

|

I

I

f

Il

Air-Standard Cycles and Their Analysis

r£n=1:l an

53 = 1649

1312.65
1.649

= T96.03 K

= 5,31 B oy

8.741

Py 23.2 = 108
5,711 8741
2.654 x 10° N/m?

23.2 x L.509V, — 2,654 x 8V,
; 0.3 *

23.2 % (1.509V, = ,) =

1493 = V. - 1 x BV.
0.3

* 10°

34.63 x V, x 10° N/m?
Y
8

Pm XV, = Pm % T % Vo

E

I_Iﬁa

= s

T
4.95 bar

4.95 =« 10° N/m*

e

s

Eﬂiw[_ = 1l = 28T = SO}
™ 1x10%

0.861 m? /kg

34.63 x 10° U
]
34.63 x 10° x {EE'E

3T x10° J/kg =
24

133

372.7 kJ /kg
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Note : Work done should be calculated only from the area ( [ pdv)
for a palytrapic process

@ = g -Ta)+CyTi-Ty)
= G67.1 kl/kg
372.7 :
Moo= ey X100 = 55.9% o

R o T 7

2? A four-cylinder, four-stroke, spark-ignition engine has a displacement
volume of 300 ce per eylinder. The compression ratio of the engine is
10 and operates at a speed of 3000 rev/min, The engine is required
to develop an output of 40 kW at this speed. Caleulate the cyele
efficiency, the necessary rate of heat addition, the mean effective
pressure and the maximum temperature of the cycle. Assume that
the engine operates on the Otto cycle and that the pressure and
temperature at the inlet conditions are 1 bar and i respectively.
Il the above engine is a compression-ignition engine operating on the
Diesel cycle and recviving heat at the same rate, calculate efficiency,
the maximum temperature of the cycle, the eyvele efficiency, the power
output and the mean effective pressure. Take €, = 0.717 kJ/ kg K
and ¥ = 1.A4.

Solution

Consider the Otto evele, Fig.3.9(a)

I
"= I-55

1
1004
= 60.2% Ane

Power ot gt
Heat supplied

)
0.602

66.5 kJ /s e
Ve

= 1

i

Heat supplied = 66.5 kW
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3000

Number of cveles/sec
um cveles/sed % % 60

= 25

Il

Net work output per cyele from each eylinder

40
= e = 0.4 kJ
W 04 % 1000
v = ¥ T 0x10-6
= 133 x10° N/m? 4
AT
n o n()
Vs
= I0x10" = THIGK
Heat supplied feylinder/eyele (Qo-5)
66.5 ’
i T = 0.665 k.J
Now,
Q‘J—H = m{y {Tﬂ o Ti}
. _ Rn _ 287x300
1 o ™ 1 x 10%
=  0.861 m®/kg
TLis initial volume of air in the cylinder is
1
Wi = W+, = (—‘) + Vi
10
08, = v
v " E 300 = 10—%
kN 9 0.0
= 383x10°%m?
Vi 333 x 10°%
T = — =
v 0.861

0.387 x 1073 kg

Z9
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The temperature rise result| ng from heat addition is

Iy - T

T;

]

5}2-:1
m C,
{.665
0.387 x 10-9 x 0.7T17
2396.6 K
Th + 23066 = 7536+ 2306.6
3150.2 K = 2877° C Ane

Now let us consider the Diesel cyele

I3 is the same as in the previous case, i.e.

T;

753.6

Heat supplied per cyele per cylinder is also same, j.e.

Ra-3
-3

Ty =Ty

Cut-off ratio, r.

Alr-standard efficiency

]

Il

0.665 kJ

m {-TFET.T =Ta)
0.665 . 1

0L387 = 102 1.004

1T11.5 K

ITILG+ 7536 = 2465.1 K

2192.1° C ane
Va Ty

Va 13

2465.1

7586 2 OET

iz 1 [r;’—L
Pty (re — 1)

] 1 ” 32714
1004 1A x (3.27-1)

1-0.398 x1.938 = (.467
46.7% A

5o
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Power output = 51 x total rate of heat added

= 0467 x 66.5 = 31.1 kW
Power output/cylinder = E—i—l = 7.76 kW
Work done/cylinder/cyele

7.76
= e 0.3104 kJ
_ W 03104 x 1000
i SR 300 x 10~
= 10.35 x 10° N/m® fus

As discussed in the text, this problem illustrates that for the same
compression ratio and heat input Otto cycle is more efficient.
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CHAPTER THREE



|

FUEL-AIR CYCLES
AND THEIR ANALYSIS

31 INTRODUCTION

In the previous chapter, a detailed discussion of air-standard cycles, par-
ticularly for 1C engines has been given, The analysis was based on highly
simplifving assumptions. Because of this, the estimated engine performance
by air-standard cycle analysis is on the higher side compared to the actual
‘performance. Fér example, the actual indicated thermal efficiency of an SI
engine, say with a compression ratio of 8:1, 1s of the order of 28% whereas

' the air-standard efficiency is 56.5%. This large deviation may to some

extent be attributed to progressive burning of the fuel, incomplete combus-
tion and valve operation etc. However, the main reasons for this may be
attributed to the over simplified assumptions made in the analysis,

In an actual engine, the working fuid is a'mixture of air, fuel vapour
and residual gases from the previous cycle. Further, the specific heats of
the working fluid are not constant but increase with temperature. Finally,
the products of combustion are subjected to a certain dissociation at high
temperatures. 1f the actual physical properties of the gases in the cylinder
before and after the combustion are taken into account, a reasonably close
values to the actual pressures and temperatures existing within the engine
cylinder can be estimated. The mean effective pressures and efficiencies,
calculated by this analysis, in the case of designed engines are higher
only by a few per cent from the actual values obtained by tests. The analysis
based on the actual properties of the working medium viz., fuel and air
is called the fuel-air cycle analysis and even this analysis has simplifying
assumptions. However, they are more justifiable and close to the actual
conditions than those used in the air-standard cycle analysis,

3.2 FUEL-AIR CYCLES AND THEIR SIGNIFICANCE

By air-standard cycle analysis, it is understood how the efficiency is im-
proved by increasing the compression ratio. However, analysis cannot bring

1



out the effect of air-fuel ratio on the thermal efficiency because the working |
medium was assumed to be air. In this chapter, the presence of fuel in the
cylinder is taken into account and accordingly the working medium will be
& mixture of fuel and air. By fuel-air cycle analysis it will be possible to
bring out the effect of fuel-air ratio on thermal efficiency and also study
how the peak pressures and temperatures during the cycle vary with re-
spect to fuel-air ratio. In general, influence of many of the engine operating -
variables on the pressures and temperatures within the engine cylinder may
be better understood by the examination of the fuel-air cycles. The fuel-air *
cycle analysis takes into account the following

(i} The actual compcsition of the cylinder gases : The cylinder gases
contains fuel, air, water vapour and residual gas. The fuel-air ratig
changes during the operation of the engine which changes the relative
amounts of COg, water vapour, etc.

(i) The variation in the specific heat with temperature : Specific heats
increase with temperature except for mono-atomic gases. Therefore,
the value of « also changes with temperature.

(1i) The effect of dissociation : The fuel and air do not completely combine
chemically at high temperatures (above 1600 K) and this leads to the
presence of CO, Hp, H and O3 at equilibrium conditicns.

(iv) The variation in the pumber of molecules | The number of molecules
+ present after combustion depend upon fuel-air ratic and upon the
pressure and temperature after the combustion.

Besides taking the above factors into consideration, the following as-
sumptions are commonly made :

(i} There is no chemical change in either fuel or air prior to combustion.

(i} Subsequent to combustion, the charge is always in chemical equilib-
rium,

(iii) There is no heat exchange between the gases and the cylinder walls
In any process, i.e, they are adiabatic. Also the compression and
expansion processes are frictionless.

(iv) In case of reciprocating engines it is assumed that fluid motion can
be ignored inside the cylinder.

With particular reference to constant-volume fuel-air cycle, it is also
assumed that

(v) The fuel is completely vaporized and perfectly mixed with the air,
and

(vi) Thejhuming takes place instantanecusly at top dead centre (at con-
= stant volume),

-
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:}' As already mentioned, the air-standard cycle analysis shows the general

" gffect of only compression ratio on engine efficlency whereas the fuel-air
cycle analysis gives the effect of variation of fuel-air ratio, inlet pressure and

& temperature op the engine performance. It will be noticed that compression

 ratio and fuel-air ratio are very important parameters of the engine while
inlet conditlons are not so important.

The actual efficiency of a good engive is about 83 per cent of the esti-
mated fuel-air cycle efficiency. A good estimate of the power to be expected
from the actual engine can be made from fuel-air cycle analysis. Also, peak
pressures and exhaust temperatures which affect the engine structure and
design can be estimated reasonably close to an actual engine. Thus the ef-
fect of many variables on the performance of an engine can be understood
better by fuel-air cycle analysis.

A.3 COMPOSITION OF CYLINDER GASES

The air-fuel ratio changes during the engine operation. This change in air-
foel ratio affects the composition of the gases before combustion as well
as after combustion particularly the percentage of carbon dioxide, carbon
monoxide, water vapour etc in the exhaust gases,

In four-stroke engines, fresh charge as it enters the engine cylinder,
comes into contact with the burnt gases left in the clearance space of the
previous cycle. The amount of exhaust gases in clearance space varies with
speed and load on the engine. Fuel-air cycle analysis takes into account
this fact and the rasults are computed for preparing the combustion charts.
However, with the awailability of fast digital computers, nowadays it is
possible to analyze the effect of cylinder gas composition on the performance
of the engine by means of suitable numerical techniques. The computer
snalysis can produce [ast and accurate results. Thus, fuel-air cycle analysis

can be done more easily through computers rather than through manual
calculations.

4.4 VARIABLE SPECIFIC HEATS

All gases, except mono-atomic gases, show an increase in specific heat with
temperature. The increase in specific heat does not follow any particular
law. However, over the temperature range generally encountered for gases
in heat engines (300 K to 2000 K} the specific heat curve is nearly a straight
line which may be approximately expressed in the form

':'p- &y -r vfﬂlT
Oy by -+ h;T

(1)

where a;, b and k; are constants, Now,
R = C-C, = a—-§ (2]

where A is the characteristic gas constant.

3



Above 1500 K the specific heat increases much more rapidly and may
be expressed in the form

Cp = o1+ kT + kT (&3)
C, = by+kT+ kT2 (&4)

In Equn.44 if the term T° is neglected it becomes same as Eqn.&l.
Many expressions are available even upto sixth order of T (i.e. T®) for the
calculation of Cp and C,.

The physical explanation for increase in specific heat iz that as the
temperature is raised, larger fractions of the heat would be required to
produce motion of the atoms within the molecules. Since temperature ls
the result of motion of the mulecules, as & whole, the energy which goes
into moving the atoms does not contribute to proportional temperature
rise. Hence, more heat is required to raise the temperature of unit mass

through one degree at higher levels. This heat by definition is the specific
heat. For air, the values are

Cp=1005k]/kg K at 300K C,=0717kl/kg K at 300K
C, = 1.345 kJ/kg K at 2000 K C, = 1.057 k] /kg K at 2000 K

Since the difference between C, and C, is constant, the value of v de-
creases with increase in temperature, Thus, if the variation of specific heats
is taken into asccount during the compression stroke, the final temperature
and pressure would be lower than if constant values of specific heat are
used. This point is llustrated in Fig}.1.

3 Cycle 1-2-3-4 : with constant specific heat

Cycle 1-2'-3'4' : with variable specific heat
3 Cycle 1-2-3'-4" . with constant specific heat

from point 3"
-
P
2
2
4
4

Fig. 3.1 Loss of Power due to Variation of Specific Heat

Y



With variable specific heats, the temperature at the end of compression
will be 2/, instead of 2. The magnitude of drop in temperature is propor-
tional to the drop in the value of ratic of specific heats. For the process
1—2, with constant gpecific heats

£ =
Tg = Ti (—) {.--5]
3
with variable specific heats,
1 k=1
Ty = n[”—‘) (46)
g

where k = ‘5!_ Note that vy = vy and vy /g = vy fow = r.

For given values of T, p; and r, the magnitude of Ty depends on k.
Constant volume combustion, from point 2/ will give a temperature Ty
instead of T3. This is due to the fact that the rise in the value of C,
because of variable specific heat, which reduces the temperature as already
explained.

The process, 2'—23' is heat addition with the variation in specific heat,
From 3, if expansion takes place at constant specific heats, this would result
in the process 3’ —4" whereas actual expansion due to variable specific heat
will result in 3'—4' and 4’ is higher than 4”. The magnitude in the difference
between 4’ and 4" is proporticnal to the reduction in the value of .

Consider the process 34"
el
" (k=13

u
Tyn = Tar(z {ﬁT}

for the process 3°4’

o
Ty

Il

iy =t
Ty (—a) (&8)
Uy

Heduction in the value of k due to variable specific heat results in in.
crease of temperature from Ty to Ty

3.5 DISSOCIATION

Dissociation process can be considered as the disintegration of combustion
products at high temperature. Dissociation can also be looked as the reverse
process to combustion. During dissociation the heat is absorbed whereas
during combustion the heat is liberated. In 1C engines, mainly dissociation
of CO; into CO and O, occurs, whereas there is a very little dissociation
of HQD.

The dissociation of COy into CO and Q- starts commencing around
1000 "C and the reaction equation can be written as

CO; = 200+ O
5



Similarly, the disscclation of H:O occurs at temperatures above 1300 °C
and 15 written as

E‘EU = EHE'FC': ¥

The presence of CO and O3 in the gases tends to prevent dissociation of
COs3; this is noticeable in a rich fuel mixture, which, by producing more CO,
suppresses dissociation of COy. On the other haned, there is no dissorciation
in the burnt gases of a lean fuel-air mixture. This is mainly due to the fact
that the temperature produced is too low for this phenomenon to oceur,
Hence, the maximum extent of dissociation occurs in the burnt gases of the
chemically correct fuel-air mixture when the temperatures are expected to
be high but decreases with the leaner and richer mixtures.

In case of infernal combustion engines heat transfer to the cooling
medium causes a reduction in the maximum temperature and pressure.
As the temperature falls during the expansion stroke the separated con-
stituents recombine; the heat absorbed during dissociation is thus again
released, but it is too late in the stroke to recover entirely the lost power.
A portion of this heat is carried away by the exhaust gases.

Figure 3.2 shows a typical curve that indicates the reduction in the
temperature of the exhaust gas mixtures due to dissociation with respect
to air-fuel ratio. With no dissociation maximum temperature is attained at
chemically correct air-fuel ratio. With disscciation maximum temperature
is obtained when mixture is slightly rich. Dissociation reduces the maxi-
mum temperature by about 300 “C even at the chemically correct air-fuel
ratio. In the Fig# 2, lean mixtures and rich mixtures are marked clearly.

3200
3000 g Mo dissociation
i * ", </
? IR0 = AR
et /| o
!
2600 |
| With dissociation
=
2400 :
|
2200 |
Lean «—-]1 Rich
2000 I L | RS ] )
0.6 0.4 0.2 0 0.2 0.4 0.6
Degree of richness

Fig. 4.2 Effect of Dissociation on Temperature
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The effect of dissociation on output power is shown in Fig3.3 for a typ-
ical four-stroke spark-ignition engine operating al constant speed. If there
_ is no dissociation, the brake power output is maximum when the mixture
ratio is stoichiometric. The shaded area between the brake power graphs
* shows the loss of power due to dissociation. When the mixture is quite lean
there i no dissociation. As the air-fuel ratio decreases i.e., as the mixture
: becotmes rich the maximum temperature rises and dissociation commences.
The maximum dissociation occurs at chemically correct mixture strength.
 As the mixture becomes richer, dissociation effect tends to decline due to
incomplete combustion.

Brake power

Specific fuel consumption

Rich +—— | —= Lean
|. 1 ] [ | i | 1 | 1

11 12 13 14 15 6 17 18 19 20 21
Air-fuel ratio

Fig. 3.3 Effect of Dissociation on Power

Dissociation effects are not so pronounced in a Cl engine as in an SI
engine. This is mainly due to

(i) the presence of a heterogeneous mixture and

(ii) excess air to ensure complete combustion.

Both these factors tend to reduce the peak gas temperature attained in the
CI engine.

Figure 3.4 shows the effect of dissociation on p-V diagram of Otto cycle.
Because of lower maximum temperature due to dissociation the maximum
pressure is also reduced and the state after combustion will be represented
by 3' instead of 3. If there was no reassociation due to fall of temperature
during expansion the expansion process would be represented by 3'—4" but
due to reassociation the expansion follows the path 3’ —4'. By comparing
with the ideal expansion 3—4, it is observed that the effect of dissociation
is to lower the temperature and consequently the pressure at the beginning

7



Fig. 3.4 Effect of Dissociation shown on a p-V Diagram

of the expansion stroke. This causes a loss of power and also efficiency.
Though during recombining the heat is given back it is too late to contribute
a convincing positive increase in the output of the engine.

|
3.6 EFFECT OF NUMBER OF MOLES

As slready mentioned the number of molecules present in the cylinder after
combustion depends upon the fuel-air ratio, type and extend of reaction in
the eylinder. According to the gas law

pV = NRT

the pressure depends on the number of molecules or maoles present. This
has direct affect on the amount of work the cylinder gases can impart on
the piston.

3.7 COMPARISON OF AIR-STANDARD AND FUEL-AIR
CYCLES

In this section reasons for difference between air-standard cycles and fuel-
air cycles is discussed. The magnitude of difference between the two cycles
can be attributed to the following factors

(i) character of the cycle (due to assumptions)
(ii) equivalence ratio (actual F/A + stoichiometric F/4)
(iii} chemical composition of the fuel

Figure 3.5 shows variation of efficiency with mixture strength of fuel-air
cycle relative to that of air cycle showing the gain in efficiency as the mix-
ture becomes leaner. It is seen from Fig3.5 that the efficiency ratio { Fnel-air

2



cycle efficiency /air-standard cycle efficiency) increases as the mixture be-
comes leaner and leaner tending towards the air-standard cycle efficiency.
It is to be noted that this, trend exists at all compression ratios.

0.2 L | | ] L1 1| |

0 0.4 0.8 1.2 1.6
Relative foel-air ratio

Fig. 3.5 Effect of Relative Fuel-Air ratio on Efficiency Ratio

At very low fuel-air ratio the mixture would tend to behave like a perfect
gas with constant specific heat. Cycles with lean to very lean mixtures tend
towards air-standard cycles. In such cycles the pressure and temperature
rises. Some of the chemical reactions involved tend to be more complete as
the pressure increases. These considerations a.pply to constant-volume as
well as constant-pressure cycles. /

The simple air-standard cycle analysis ca.l:l.l{m predict the variation of
thermal efficiency with mixture strength since air is assumed to be the
working medium. However, fuel-air cycle analysis suggests that the thermal
efficiency will deteriorate as the mixture supplied to an engine is enriched.
This is explained by the increasing losses due to variable specific heats and
dissociation as the mixture strength approaches chemically correct values.
This is because, the gas temperature goes up after combustion as the mix-
ture strengith approaches chemically correct values. Enrichment beyond
the chemically correct ratio will lead to incomplete combustion and loss
in thermal efficiency. Therefore, it will appear that thermal efficiency will
increase as the mixture is made leaner. However, beyond a certain leaning,
the combustion becomes erratic with loss of efficiency. Thus the maximum
efficiency is within the lean zond very near the stoichiometric ratic. This
gives rise to combustion loop, as shown in Fig.3.6 which can be plotted
for different mixture strengths for an engine running at constant speed and
at a constant throttle setting. This loop gives an 1dea about the effect of
mixture strength on the specific fuel consumption.

f.'!



Specific fuel consumption

mep

Fig. 3.6 Specific Fuel Consumption vs Mean Effective Pressure at Constant
Speed and Constant Throttle Setting

)8 EFFECT OF OPERATING VARIABLES _

The effect of the common engine operating variables on the pressure and
temperature within the engine cylinder i better understood by Fuel-air
cycle analysis. The details are discussed in the following sections.

3.5.1 Compression Ratio

The fuel-air eycle efficiency increases with the compression rabio in the same
manner as the air-standard cycle efficiency, principally for the same reason
{more scope of expansion work). This is shown in Figd.7.

The variation of indicated thermal efficiency with respect to the equive-
lence ratio for various compression ratios is given in Fig3 8 The equivalence
ratio, ¢, is defined as ratio of actual fuel-air ratio to chemically correct fuel-
air ratio on mass basis. The maximum pressure and maximum temperature
increase with compression ratio since the temperature, T, and pressure, pa,
at the end of compression are higher. However, it can be noted from the
experimental results (Fig3.9) that the ratio of fuel-air cycle efficiency to
air-standard efficiency is independent of the compression ratio for a given
equivalence ratio for the constant-volume fuel-air cycle.

3.3.1 Fuel-Air Ratio

(i) Efficiency ; As the mixture is made lean (less fuel) the temperature
rise due to combustion will be lowered as a result of reduced energy
input per unit mass of mixture. This will result in lower specific

10
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Thermal efficiency (%)
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Compression ratio

Fig. 3.7 Effect of Compression Ratio and Mixture Strength onEfficiency

- | I
Lean —s— —=Rich
0.25 | I ] |
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Equivalence ratio

Fig 4.8 Effoct of Mixture Strength on Thermal Efficiency for
Various Compression Ratios
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heat. Further, it will lower the losses due to dissociation and varin-
tion in specific heat. The efficiency is therefore, higher and, in fact,
approaches the air-cycle efficiency as the fuel-air ratio is reduced as
shown in Fig$.10.

E 1.0 s 'p,=p,= 103 bar
g8 oL T~ T,=289 K
3 ~
R A o
0.7 - E o r= 6
.ZE 0.6 '"‘E, s e g
£ B a p=]
=< ps [ \E ‘
. Rich —»
0.4 1 L I | |

0 0.4 0.8 1.2 1.6 2.0 2.4
Equivalence ratio

Fig. 3.9 Variation of Efficiency with Mixture Strength for a Constant Vol-
ume Fuel-Air Cycle

Thermal efficiency

Mixture strength

Fig. .10 Effect of Mixture Strength on Thermal Efficiency

L]

(i) Maximum Power : Fuel-air ratio affects the maximum power output
of the engine. The variation is as shown in Fig3.11. As the mixture
hecomes richer, after a certain point both efficiency and power output
falls as can be seen from the experimental curve (Figs3.10 and4.11).
This is because in addition te higher specific heats and chemical equi-
librium losses, there is insufficient air which will result in formation
of CO and H; during eombustion, which represents a direct wastage
of fuel. However, fuel-air cycle analysis cannot exactly imitate the
experimental curve due to various simplifying assumptions made.

12
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Fig.3.11 Effect of Fuel-Air Ratio on Power

(iii) Maximum temperature : At a given compression ratio the tempera-
ture after combustion reaches a maximum when the mixture is slightly
rich, i.e., around 6% or so (F/A = 0.072 or A/F = 14 : 1) as shown
in Fig3.12. At chemically correct ratio there is still some oxygen
present at the point 3 (in the p-V diagram, refer Fig.4.1) because of
chemical equilibrium effects a rich mixture will cause more fuel to
combine with oxygen at that point thereby raising the temperature
Ty. However, at richer mixtures increased formation of CO counters

this effect.
3000
n Ky - ’T_-"'ﬁ\];
2600 - | 8
2400 |- |
2200 | |
120 |- I
| r
100 = ,-I-——-—-—-.
Hﬂ = --F'-r'—-—-.. ‘
%{m 6l = -..-r-.—-rr- L
— L T ——— ‘
a0 |y
— | —
20 L |
o "I '1 S T T
&0 1] 103 120 1&0 160
Mﬂmmﬁthnpmﬁulpeuum
of stoichiometsic mixtare

F.i,g.a.lﬂ Effect of Equivalence Ratio on Ty and ps
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(iv) Maximum Pressure : The pressure of a gas in a given space de-

pends upon its temperature and the number of molecules The curve
of ps, therefore follows T3, but because of the increasing number of
molecules py does oot start to decrease until the mixture is some what
richer than that for maximum T3 (at F/4 = 0.083 or A/F 12: 1),
i.e. about 20 per cent rich (Fig3.12).

Exhaust Temperature : The exhaust gas temperature, Ty is maximum
at the chemically correct mixture as shown in Fig3.13. At this point
the fuel and oxygen are completely used up, as the effect of chemical
equilibrium is not significant. At lean mixtures, because of less fuel,
T} is less and hence Ty is less, At rich mixtures less sensible energy is
developed and hence T is less. That is, Ty varies with fuel-air ratio in
the same manner as T5 except that maximum T} is at the chemically
correct fuel-air ratio in place of slightly rich fuel-air ratio (8%) as in
case of T3. However, the behaviour of Ty with compression ratio is
different from that of T; as shown in Fig 4.13. Unlike T3, the exhaust
gas temperature, Ty is lower at high compression ratios, because the
increased expansion causes the gas to do more work on the piston
leaving less heat to be rejected at the end of the stroke. The same
effect is present in the case of air-cycle analysis also.

2200

a0 80 100 120 140 160
Per cent of theoretical fuel

Fig. 3.13 Effect of Fuel-Air Ratio on the Exhaust Gas Temperature

(vi)

Mean Effective Fressure (mep) : The mean effective pressure increases
with compression ratio. It follows the trend of ps and pg and hence it is
maximum at a fuel-air ratio slightly richer than the chemically correct
ratio as shown in Fig3.14. Table3 1 shows a summary of conditions
which give maximum pressure and temperature in a constant-volume
cycle assuming fuel-air cycle approximations.
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Fig.3.14 Effect of Fuel-Air Ratio on mep

Table 3,1 Condition for Maximum Temperature and Pressure in a Constant
Volume Fuel-Air Cycle

Variable

Maximum at

Reason

1. Temperatora, Ts
(Fig.4.12)

2. Pressure, ps
(Fig.4.12)

3. Temperature, Ty
[see Fig. 4.13)

4. Mean effective
pressure (Fig.4.14)

6% rich, F/A = 0.072;
AfF=14:1,¢= 106

90% rich, F/A = 0.083;
AJFP=12:1

Chemically correct
fuel-air ratic

6% rich, F/A = 0.0745;
AfF=13.54=105 to 1.1

Because of chemical equilib-
rium some Oz still present
even at chemically correct
F/A ratio. More fuel can be
burnt. Limit i8 reached at
6% rich. If > 6% rich CO
formation.

pV = NRT.

p depends on T and N

No effect of chemical equl-
librivm due to low temper-
ature and incomplete com-
bustion at rich mixture.

mep follows the trend of ps
and pa.
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ACTUAL CYCLES AND
THEIR ANALYSIS

}? INTRODUCTION

The actual cycles for IC engines differ from the fuel-air cycles and air-
standard cycles in many respects. The actual cycle efficiency is much lower
than the air-standard efficiency due to various losses occurring in the actual
engine operation. The major logses are due to:

(i) Variation of specific heats with temperature

(ii) Dissociation of the combustion products
(iii} Progressive combustion
(iv) Incomplete combustion of fuel

(v) Heat transfer into the walls of the combustion chamber

(vi) Blowdown at the end of the exhaust process
(vil) Gas exchange process

An estimate of these losses can be made from previous experience and
some simple tests on the engines and these estimates can be used in evalu-
ating the performance of an engine.

3.'{} COMPARISON OF AIR-STANDARD AND ACTUAL
CYCLES

The actual cycles for internal combustion engines differ from air-standard
cycles in many respects. These differences are mainly due to:

(i) The working substance being a mixture of air and fuel vapour or finely
atomized liquid fuel in air combined with the products of combustion
left from the previous cycle.
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(ii} The change in chemical composition of the working substance.

(iii} The variation of specific heats with temperature,

(iv) The change in the compoeition, temperature and actual amount of
fresh charge because of the residual gases,

(v) The progressive combustion rather than the instantaneous combus-
tion.

(vi) The heat transfer to and from the working medium.

(vii) The substantial exhaust blowdown loss, i.e., loss of work on the ex-
pansion stroke due to early opening of the exhaust valve,

(viil) Gas leakage, Auid friction etc., in actual engines.

Points (i) to (iv), being related to fuel-air cycles have already been
dealt in detail in Chapter‘-!- Remaining points viz. (v) to (viii) are in fact
responsible for the difference between fuel-air cycles and actual cyeles.

Most of the factors listed above tend to decrease the thermal efficiency
and power output of the actual engines. On the other hand, the analysis
of the cycles while taking these factors into account clearly indicates that
the estimated thermal efficiencies are not very different from those of the
actual eycles.

Out of all the above factors, major influence is exercised by

(i) Time loss factor i.e. loss due to time required for mixing of fuel and
air and also for combustion.

(ii) Heat loss factor i.e. loss of heat from gases to cylinder walls.

(1ii) Exhaust blowdown factor i.e. loss of work on the expansion stroke
due to early opening of the exhaust valve,

These major losses which are not considered in the previous two chapters
are discussed in the following sections.

3.§] TIME LOSS FACTOR

In air-standard cycles the heat addition is assumed to be an instantaneous
process whereas in an actual cycle it is over a definite period of time. The
time required for the combustion is such that under all Circumstances some
change in volume takes place while it is in progress. The crankshaft will
usually turn about 30 to 40° between the initiation of the spark and the end
of combustion. There will be a time loss during this period and is called
time loss factor.

The consequence of the finite time of combustion is that the peak pres-
sure will not occur when the volume is minimum i.8., when the piston is
at TDC; but will cecur some time-after T'D¢. The pressure, therefore,
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rises in the first part of the working stroke from b to ¢ a2 shown in Fig 9.1
The point 3 represents the state of gases had the combustion been instan-
taneous and an additional amount of work equal to arca shown hatched
would have been done. This loss of work reduces the efficiency and is called
time loss due to progressive combustion or merely time Josses.

60

Pressure (bar)

Fig. 3 ETIm Effect of Time Losses shown on p-V Diagram

The time taken for the burning depends upon the flame velocity which
in turn depends upon the type of fuel and the fuel-si. ratio and alsc on the
shape and size of the combustion chamber, Further, the distance from the
point of ignition to the opposite side of the combustion space also plays an
important role.

In order that the peak pressure is not reached too late in the expansion
stroke, the time at which the combustion starts is varied by varying the
spark timing or spark advance. Figures 3.#¢and BD.§izshow the effect of
spark timing on p-V diagram from a typical trial. ith spark at T DO
{‘F:,g;k?ﬁ the peak pressure is low due to the expansion of gases. If the
spark is advanced to achieve complete combustion close to T DC (Fig3.p¢
additional work is required to compress the burning gases.

This represents a direct loss, In either case, viz., with or without spark
advance the work area is less and the power output and efficiency are low-
ered. Therefore, a moderate or optimum spark advance (Fig 3-8 is the
best compromise resulting in minimum losses on both the compression and
expansion strokes. Table 3.2 compares the engine performance for various
ignition timings. Figure §.§khows the effect of spark advance on the power
output by means of the p-V diagram. As seen from Fi;g.}ibwhen the igni-
tion advance is increased there Is a drastic reduction in the imep and the
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Fig. ¥.4f Combustion Completed at TDC, Advance 35°
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'Inble}'l Cycle Performance for Various Ignition Timings for r = 6
(Typical Values)

Max,
ition effici Actual
Orcte | s | prosnar | ar | o | P
bar
Fuel-air cycle 0° a4 10.20 32.2 1.00
Actual eycle 0° 23 7.50 24.1 0.75
" 1re - B.35 26.3 .81
" 35" 4 | 760! 239 0.74

consequent loss of power. However, some times a deliberate spark retarda-
tion from optimum may be necessary in actual practice in order to avoid
knocking and to simultanecusly reduce exhaust emissions of hydrocarbons

and carbon monoxide.

50

Fig. ?{g{)pt;mum Advance 15° - 3(°

At full throttle with the fuel-air ratio corresponding to maximum power
and the optimum ignition advance the time losses may account for a drop in
efficiency of about § per cent (fuel-air cycle efficiency is reduced by about
2%). These losses are higher when the mixture is richer or leaner when
the ignition advance is not optimum and also at part throttle operations
the losses are higher. It is impossible to obtain a perfect homogeneous

2.0
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21

10



mixture with fuel-vapour and air, since, residual gases from the previous
eycle are present in the clearance volume of the cylinder. Further, only
very limited time is available between the mixture preparation and ignition.
Under these circumstances, it s possible that a pockst of excess oxygen is
present in one part of the cylinder and a pocket of excess fuel in another
part. Therefore, some fuel does not burn or burns partially to CO and
the unused Oy appears in the exhaust as shown in Figig'.‘ﬂEnerﬂ release
data show that only about 95% of the energy is released with stoichiometric
fuel-air ratios. Energy release in actual engine is about 50% of fuel energy
input.

8

8

=l
S
Per cenl volume of N,

Per cent volume of CO,, CO, Oy
k=

0 1 4
0.0 0.0 0.12

Fuel-air ratio by weight

Fig.?.’ﬂThe Composition of Exhaust Gases for Various Fuel-AirRatios

It should be noted that it is necessary to use a lean mixture to elim-
inate wastage of Fuel, while a rich mixture is required to utilize all the
oxygen. Slightly leaner mixture would give maximum efficiency but too
lean a mixture will burn slowly increasing the time losses or will not burn
at all causing total wastage of fuel. In a rich mixture a part of the fuel

- will not get the necessary oxygen and will be completely lost. Also the
flame speed in mixtures more than 10% richer is low, thereby, increasing
the time losses and lowering the efficiency. Even if this unused fuel and
oxygen eventually combine during the exhaust stroke and burn, the energy
which is released at such a late stage cannot be utilized.

Imperfect mixing of fuel and air may give different fuel-air ratios dur-
ing suction stroke or certain cylinders in a multicylinder engine may get
continuously leaner mixtures than others.

_}fQ_ HEAT LOSS FACTOR

During the combustion process and the subsequent expansion stroke the
heat flows from the cylinder gases through the cylinder walls and cylinder

22



head into the water Jacket or cooling fins. Some heat enters the piston
head and fAows through the piston rings into the cylinder wall or is carried

the maximum temperature and therefore, the specific heats are lower. It

may be noted from the Fig;‘?‘!lthat of the various losses, hest loes factor
contributes around 12%,

70

Time loss 659

Heat loss 129

20
10 [_
0 [
0 2 4 6 E
Vo /¥

Fig. 3.8)Time Loss, Heat Logs and Exhaust Loss in Petrol Engines
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mn EXHAUST BLOWDOWN

The cylinder pressure at the end of exhaust stroke is about 7 bar dependiug
on the compression ratio employed. If the exhaust valve is opened a# the
hottom dead centre, the piston has to do work against high cylinder pres-
sures during the early part of the exhaust stroke. If the exhaust valve is
opened too early, a part of the expansion stroke is lost. The best compro-
mise is to open the exhaust valve 40° to 70° before BDC thereby reducing
the cylinder pressure to halfway (say 3.5 bar) before the exhaust stroke be-
gins. This is shown in Figr}%by the roundness at the end of the diagram.

Pressure (bar)
e
L=

P
=

Expansion stroke Ideal diagram

Early exhaust valve opening

i e o S e = =y W _— -

Optimum exhaust valve opening

. N S SR NN S GRS S N EES mew e e

Exhaust valve opening at —
bottom dead centre

Volume

Fig. 3.93Effect of Exhaust Valve Opening Time on Blowdown
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Worked out Examples

3.1 What will be the effect on the efficiency of an Otto cycle having a

compression ratio of 8, if C, increases by 1.6%7

Solution

Notto

2|5

Now,

- |

:1]_&

2 What will be _
3 compression ratio of 20 and a cut-off ratio is 5% of the swept volume,

if the C', increases by 1%. Take C, = 0.717 and R = 0.287 k) /kg K.

‘ER? hrdﬂu

(1L—n)Rlor
) 3

(1 =g)(y=1)InrdCy
_ L =

13 04
1 — (—) = 0.565
8

dCy

_{1—&5&5}:-:{1.4—1}::1::3 2

0.565

—1.025%

the affect on the efficiency of a diesel cycle having a
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MDizsel = 1 - 'II' . 1
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I=f = ==

2 l':'r:_”
Taking logarithm
In{l = n) = —lny+fr] —1)=n{r. = 1) = (y = 1)Inr
.. R
¥—1 = C.

; e ()

Substituting this in the above equation

m(l1-7) = ~—In (— + 1) (1-5&“:' = 1) :

R
—lﬂ'['rg —1] — —&—u‘lﬂr

(E% ])!nr.:

Differentiating we get,

— = lnrdl‘.'_:’,,
& n g" 7 5 1 i_-&L-FI.:I =iy |.|
dn = dﬂ' R (1 — 1-3)
£ = ey
- rég- In(re
+ r.?"“ —1
ﬂ = dcﬂ( )-1'—1][ +!nr—r”_:'nﬂ:|
L | Té — 1
5 = 1.4
¥
it 5 = = 20
Va g
Vi = 2015
Vi —= 20V — Ve = 18l;
Vi = 005V, +Ve = (005=19¥W)+V. = 19515
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Va _ 1851,

Ta = A —. Va = 1.85
g = 1.4
&
1 r7¥—1
e B Ll TR
1 LN pestd_1
- 147 \20 T 64
% 1.4 ad (Eﬂ) # 1.05 — 1 = 0 9
dn 1 — 0.649
= = ST S e——
" iy

! 1.85'4 x In{l,ss}]
=0.4 x [ﬁ +1n(20) — ——g=ra

o —-0.565% Ans

A.3 A petrol engine having & compression ratic of 6 uses a fuel with
calorific value of 42 MJ/kg. The air-fuel ratio is 15:1. Pressure and
temperature at the start of the suction stroke is 1 bar and 57 °C
respectively. Determine the maximum pressure in the cylinder if the
index of compression is 1.3 and the specific heat at constant volume is
given by C, = 0.678 + 0.00013 T, where T is in Kelvin. Compare this
value with that obtained when
C, = 0.717 k1 /kg K.

Solution Consider the process 1-2

RV = pi7
LEh - T
= Mg = 1x6* = 10.27 bar
Va
= P2l
ol mﬁ)
1
1 6
Average temperature during combustion
2 Ty + T3
h 2
Conne = 0.678+0.00013 x (Tﬁ;fa)

A-Hi'.lﬂli"ﬂg wprt q'i’-iﬂﬂﬁl-'}* of air
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Qg_gfkg‘ﬂfﬂjr e E = 28 MJ

Mass of charge = i - %:-kg;"kgm'air

23 = Cumuisat(Th — T)

[ﬂ-.ﬁ'r"ﬂ +13 x 10~% % (T’—gﬁ—@)]

16
:‘CE = {T.] — 565]

2.8 = 102

Solving for Ty we get

Ty — AT K
o iz 3375
fa. = gy = MRS
= 61.35 bar Ans
For copnstant specific heat
2.8 < 107 = 0.717 = :—: x (Ty — 565)
On solving
Ty = 4226
ps =  10.2T x % = 76.81 bar Ane

5+4%® An oil engine working on the dual combusti

: e, ustio . -
pression ratio ‘nf 13:1. The heat supplied per ]:“gcﬂﬁ'dair ?ﬂuﬂilﬂmﬁ
half of which is supplied at constant volume and the other half n‘: -
conetant pressure. If the temperature and pressure at the begin- -
ning of eompression are 100 °C and 1 bar respectively, find {i) the
maximum pressure in the cycle and () the percentage of stroke -
when cut-off occurs. Assume Y = 14, R = 0.287 kl/kg K and
Cw = 0.709 + 0.000028T k] /kg K. ;

Salution

vy =

pa V!
_ M7 . .
P2 s m(ﬁ) = 1x10% x 1314

= 36.27 % 10° N/m?
WY = pp
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For unit mass @
(Consider the process 2-3,
@2-13

Qa3

1000

Pa

Consider the process 3-4,
da-u

Co
Qa4

500

Cut-off % of stroke

Il

Ik

i

il

Il

: x 2000 =

2 1000 kJ

3
m f (0.709 + 0.000028T)dT
2
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CHAPTER FOUR



Combustion Processes

4.1 Analysis of Combustion Products:

‘Fuel’ refers to a combustible substance capable of releasing heat during its combustion. In general fuels
have carbon, hydrogen and sulphur as the major combustible chemical elements. Sulphur isfound to be
relatively less contributor to the total heat released during combustion. Fuels may be classified as solid,
liquid and gaseous fuel depending upon their state.
Solid fuel: Coal is the most common solid fuel. Coal is a dark brown/black sedimentary rock derived
primarily from the unoxidized remains of carbon-bearing plant tissues. It can be further classified into
different types based upon the composition. Composition can be estimated using either “proximate
analysis” or by “ultimate analysis”. Proximate analysis is the one in which the individual constituent
element such as C, H2, S, N2 etc. are not determined rather only fraction of moisture, volatile matter,
ash, carbon etc. are determined.
Liquid fuels: Fuels in liquid form are called liquid fuels. Liquid fuels are generally obtained from
petroleum and its by-products. These liquid fuels are complex mixture of different hydrocarbons, and
obtained by refining the crude petroleum oil. Commonly used liquid fuels are petrol, kerosene diesd,
aviation fudl, light fuel oil, heavy fuel oil etc.
Gaseous fuels: These are the fuels in gaseous phase. Gaseous fuels are also generally hydrocarbon fuels
derived from petroleum reserves available in nature. Most common gaseous fuel is natural gas. Gaseous
fuels may also be produced artificially from burning solid fuel (coal) and water. Some of gaseous fuels
produced artificially are coal gas, producer gas etc.
For combustion calculationsthe air is consider ed to be comprising of nitrogen and oxygen in following
proportions. Molecular weight of air istaken as 29.

Composition of air by mass = Oxygen (23.3%) + Nitrogen (76.7%)

Composition of air by volume = Oxygen (21%) + Nitrogen (79%)

Wet and dry analysis of combustion: Combustion analysis when carried out considering water vapour into
account is called “wet analysis” while the analysis made on the assumption that vapour is removed after
condensing it, is called “dry analysis”.

Volumetric and gravimetric analysis. Combustion analysis when carried out based upon percentage by
volume of constituent reactants and productsis called volumetric analysis.

Combustion analysis carried out based upon percentage by mass of reactants and products is called

gravimetric analysis.



4.2 Combustion Equations:

Proportionate masses of air and fuel enter the combustion chamber where the
chemical reaction takes place, and from which the products of combustion pass
to the exhaust. By the conservation of mass the mass flow remains constant
(i.e. total mass of products equals total mass of reactants), but the reactants
are chemically different from the products, and the products leave at a higher
temperature. The total number of atoms of each eclement concerned in the
combustion remains constant, but the atoms are rearranged into groups having
different chemical properties. This information is expressed in the chemical
equation which shows:

(1) the reactants and the products of combustion;
(11} the relative gquantities of the reactants and products.

The two sides of the equation must be consistent, each having the same number
of atoms of each element involved. It should not be assumed that il an equation
can be written, that the reaction it represents is inevitable or even possible. For
possibility and direction the reaction has to be considered with reference to
the Second Law of Thermodynamics. For the present the only concern is known
combustion equations.

The equation shows the number of molecules of each reactant and product.
The amount of substance, introduced in section 2.3, is proportional to the
number of molecules, hence the relative numbers of molecules of the reactants
and the products give the molar, and therefore the volumetric, analysis of the
gascous constituents.

As stated earlier the oxygen supplied for combustion is usually provided by
atmospheric air, and it is necessary 10 use accurate and consistent analyses of
air by mass and by volume. It is usual in combustion calculations to take air
as 23.3% 0,, 76.7% M, by mass, and 21 % O,, 79% N, by volume. The small
traces of other gases in dry air are included in the nitrogen, which is sometimes
called *atmospheric nitrogen’.

Consider the combustion equation for hydrogen:
2H, + O, —2H,0 (4.1)

This tells us that

(i) hydrogen reacts with oxygen to form steam or water;
(1i) two molecules of hydrogen react with one molecule of oxygen to give two
molecules ol steam or walter,

i.e. 2 volumes H; + 1 volume O, — 2 volumes H, O

The H, O may be a liquid or a vapour depending on whether the product has
been cooled sufficiently to cause condensation. The proportions by mass are
obtained by using relative atomic masses,

i.':- 2“1 -+ Uz — E-H;'D
therefore
2 (2= 1) +(2x16)—=2 = {(2=1)+ 16}



LE. 4kgH; + 32kg O, — 36 kg H,O
or lkg H; + BkgO; —-9kg H,0

The same proportions are obtained by writing equation (7.1)as H; + 0, — H,0,
and this is sometimes done.

It will be noted from equation (7.1) that the total volume of the reactants
is 2 volumes H; + 1 volume O; = 3 volumes. The total volume of the product
15 only 2 volumes. There is thercefore a volumetric contraction on combustion.

Since oxygen 1s accompanied by nitrogen if air 1s supplied [or the combustion,
then this nitrogen should be included in the equation. As nitrogen is inert as
far as the chemical reaction is concerned, it will appear on both sides of the
equation.

With 1| kmol of oxygen there are 79/ 21 kmol of nitrogen, hence equation (4.1)
becomes

79 79

“» ek — s
2H, + O; + 3Ny = 2H,0 + 5-N, (4.2)

Similar equations can be found for the combustion of carbon. There are two
possibilities to consider:
{i) The complete combustion of carbon to carbon dioxide

i o G] m—ry CD: (43)
and including the nitrogen
79
'C""ﬂ;‘i'gﬂg—‘cﬂ;i'_j—'N; (44)

Considening the volumes of reactants and products

0 volume C + | volume O, + za_:: volumes N,

T
— | volume CO. + 31 volumes M,

The volume of carbon is writien as zero since the volume of a solid i1s negligible
in companson with that of a gas.
By mass

12kgC + (2 x 16) kg O, +;[z < 14) kg N,
79
— {12 +(2 x 16)} kg CO, +-ﬁlz x 14) kg N,
LC. 12kgC + 32kgO; + 1053 kg N, 44 kg CO, + 1053 kg N,

105. 3 105.3
or lkgC+':—§ng;+-—l-2—'!kgH1—-EkgCﬂ=+

kg N,



(1) The incomplete combustion of carbon. This occurs when there is an
insufficient supply of oxygen to bum the carbon completely to carbon dioxide,

ic. 2C +0,-+2C0 (4.5)
7
21 21
By mass

(2x12)kgC + (2 x 16)kg O, +g(2 x 14)kg N,
- 2(12 + 16) kg CO + g(z x 14) kg N,

i.C. 24kgC + 32kg O, + 1053 kg N, =+ 56 kg CO + 1053 kg N,

32 105.3 56 105.3
ke s & b Sk ———
or lkgC+24 g0, + 2 gN; % g CO + 52 kg N,
If a further supply of oxygen is available then the combustion can continue

to completion

1 I
2C0+4+0, + 2—3N2 -2C0, + 2—‘N2 (4.7)

By mass,
56 kg CO + 32kg O, + 105.3kg N, — 88 kg CO, + 105.3kg N,

32 105.3 88 105.3
1kgC —k ——kgN, =+ —kgCO, + ——kgN
or [ O+56 80, + 56 BN, 56 gCO; + 56 BN;



4.3 Stoichiometric Air - Fuel Ratio (A/F):

A stoichiometric mixture of air and fuel is on¢ that contains just sufficient

oxygen for the complete combustion of the fuel. A mixture which has an excess
of air is termed a weak mixture, and one which has a deficiency of air is termed
a rich mixture. The percentage of excess air is given by the following:

Percentage excess air
_actual A/F ratio - stoichiometric A/F ratio

stoichiometric A/F ratio

48

where A denotes air and F denotes fuel.

For gaseous fucls the ratios are expressed by volume and for solid and liquid
fuels the ratios are expressed by mass. Equation (7.8) gives a positive result
when the mixture is weak, and a negative result when the mixture is nich. For
boiler plant the mixture is usually greater than 20% weak; for gas turbines it
can be as much as 300% weak. Petrol engines have to meet various conditions
of load and speed, and operate over a wide range of mixture strengths. The

following definition s used:

stoichiometric A/F ratio

Mixture strength = (4.9)

actual A/F ratio

The working values range between 80% (weak) and 120% (rich) (see
section 13.6).

Where fuels contain some oxygen (e.g. ethyl alcohol CyH,O) this oxygen is
available for the combustion process, and so the fuel requires a smaller supply
of air.



The atoms of different elements have different masses and these values are
important when a quantitative analysis is required. The actual masses are
infinitesimally small, and the ratios of the masses of atoms are used. These
ratios are given by the relative atomic masses quoted on a scale which defines
the atomic mass of isotope 12 of carbon as 12 (see Ch. 2, p. 40). The relative
atomic mass of a substance is the mass of a single entity of the substance relative
to a single entity of carbon-12 Table 7.1 gives the relative atomic masses of
some common clements rounded off to give values accurate enough for most

purposes.

Element Oxygen  Hydrogen  Carbon  Sulphur  Nitrogen
Atomic symbol 0 H C ) N
Relative atomic

mass 16 | 12 32 14
Molecular grouping 0, H, C S N,
Relative molecular

mass (rounded ) 32 2 12 32 28

Accurate values 31999 2016 12 32030 28013




4.4 Analysis of Experimental Combustion Products:

Flue gas analysis refers to the determination of composition of exhaust gases. Flue gas analysis
can be done theoretically and experimentally. Here experimental method of flue gas analysisis
described. Various devices available for measuring the composition of products of combustion
(flue gas) are Orsat Analyzer, Gas chromatograph. Infrared analyzer and Flame ionisation
detector etc. Data from these devices can be used to determine the mole fraction of flue gases.
Generally thisanalysisis done on dry basis which may also be termed as “dry product analysis”

and it refers to describing mole fractions for all gaseous products except water vapour.

Orsat analyzer: It is also caled as Orsat apparatus and is used for carrying out volumetric

anaysis of dry products of combustion. Schematic of apparatus is shown in Fig.10.3 It has three
flasks containing different chemicals for absorption of CO2, O2 and CO respectively and a
graduated eudiometer tube connected to an aspirator bottle filled with water.

Caustic soda flask
for abs:}fbing COs
/

Qﬁ}q [ N

Flue gas
sample_h':‘:

|
3
|

e
e
-

To atmosphere

Water jacket

‘ f-"f _Eudiometer
Water seal— il _
rﬂsplrat:}r

. bottle
Flask filled with
solution of
cuprous chloride | |
to absorbh CO

Flask filled with
(Pyrogalloic acid + _J

Caustic soda) ~ S:::nh:::tiun

for absorbing 0z

21,G2,C5 - Slop cocks
C - Three way cocks

Fig. 4.1: Orsat analyzer



Flask | is filled with NaOH or KOH solution (about one part of KOH and 2 parts of water by
mass). This 33% KOH solution shall be capable of absorbing about fifteen to twenty times its
own volume of CO2. Flask Il isfilled with alkaline solution of pyrogallic acid and above KOH
solution. Here 5 gm of pyrogallic acid powder is dissolved in 100 cc of KOH solution as in
Flask I. It is capable of absorbing twice its own volume of O2. Flask 111 is filled with a solution
of cuprous chloride which can absorb CO equal to its’ volume. Cuprous chloride solution is
obtained by mixing 5 mg of copper oxide in 100 cc of commercial HCI till it becomes colorless.
Each flask has avave over it and C1, C2, C3 valves are put over flasks |, Il and I1I. All the air
or any other residual gasis removed from eudiometer by lifting the aspirator bottle and opening
main value. The flue gas for analysis is taken by opening the main valve (three way valve)
while valves C1, C2 and C3 are closed. 100 cc of flue gas may be taken into eudiometer tube by
lowering aspirator bottle until the leve is zero and subsequently forced into flasks for absorbing
different constituents. Aspirator bottle is lifted so as to inject flue gas into flask | with only
valve C1 in open state where CO2 present shall be absorbed. Aspirator bottle is again lowered
and reading of eudiometer tube taken. Difference in readings of eudiometer tube initially and
after CO2 absorption shall give percentage of CO2 by volume. Similar steps may be repeated
for getting O2 and CO percentage by volume for which respective flask valve shall be opened
and gas passed into flask.

Thus Orsat analyzer directly gives percentage by volume of constituents. In case of other
constituents to be estimated the additional flasks with suitable chemical may be used. The
remaining volume in eudiometer after absorption of all constituents except N2 shal give
percentage volume of N2 in flue gas. As in combustion of hydrocarbon fuel the H20 is present
in flue gases but in orsat analysis dry flue gases are taken which means H20 will be condensed
and separated out. Therefore the percentage by volume of constituents estimated shall be on
higher side as in actual product H20 isthere but in dry flue gasit is absent. Orsat analyzer does

not give exact analysis.



4.5 Internal Energy and Enthalpy of Reaction:

Previous consideration of the combustion process has not included the energy
relcased during the process and final temperatures attained. It is evident,
however, that such a process must obey the First Law of Thermodynamics.
Applications of this law to other processes have been for pure substances, or
those that can be. considered to be so, with the stipulation that their
thermodynamic state is defined by two independent properties. In the type
of process now considered there is the potential chemical energy of the fuel to
be included which is released during the change from reactants to products.

It 1s an ecxperimental fact that the enecrgy released on the compicte
combustion of unit mass of a fuel depends on the temperature at which the
process is carried out. Thus such quantitics quoted are related to temperature.
It will be shown that if the energy release is known for a fucl at one temperature
it can be calculated at other temperatures.

The combustion process is defined as taking place from rcactants at a state
identified by the reference temperature 7, and another property, cither pressure
or volume, to products at the same state. If the process is carried out at constant
volume then the non-flow energy equation, Q@ + W = (U, — U, ), can be applied
to give

Q = U'. oo U.. or -Q = U.. — Up. (410)

where W = 0 for constant volume combustion, U, = U, the internal energy
of the reactants which is a mixture of fuel and air at Ty, and U; = U,_ the
internal encrgy of the products of combustion at T5,.

The change in internal energy does not depend on the path between the two
states but only on the initial and final values and is given by the quantity, —Q,
the heat transferred to the surroundings during the process. This is illustrated
in Fig. 7.8 and also the property diagram of Fig. 7.9.

|-e

\\-\I'l'/y,
Reactanis Com.- Products
at : at
’ bustion ’
To and ¥, ,,‘,'"“\.\.. To and ¥V,

The heat supplied, Q, is called the internal energy of reaction at T, and is
mo‘ed by AUQ.

e, Q - AUo - U'. — U.. (411)

The molar internal encrgy of reaction at a standard pressure of | bar is defined
as AG® = AU,/n, where n is the amount of substance of the fuel
As the internal encrgy of the reactants includes the potential chemical encrgy,



U4 Reactants

Products

L

r

and since heat is transferred from the system, it 1s evident that as defined AU
is & negative quantity.

For real constant volume combustion processes the initial and final
temperatures will be different from the reference temperature T;,. For analytical
purposes the change in internal energy between reactants at state | to products
at state 2 can be considered in three stages:

(a) the change for the reactants from state | to the reference temperature 7,;
(b) the constant volume combustion process from reactants to products at Ty,
{c) the change for the products from T to state 2.

The complete process can be conceived as taking place in a piston-cylinder
device as indicated in Fig. 7.10.

-Q
Reactants Reactants * Products Products
(a) (b) ? (<)
» 7 ¥ >
"“T = ek Comb\mt on - R
Internal
encIgy
a (b <)
Uy s Uy, Up, U,

Thus the change in internal energy between states | and 2, (U, — U,), can
be written more explicitly as, (U, — Uy ). to show the chemical change involved
and this can be further expanded for analytical purposes:

Up. — U-. — (U', -— U’.) -+ (U'. -_— U..) -+ (U.‘ -_— U.')
therefore
Up,——U..-(U', o Ur.)""AUo"F(Ug.— U.') (412)
Products Recactants
(<) (b) (a)




The non-flow energy equation applied to a process involving combustion
and work gives

Q+ W =Up, — Uy,

It can be seen that the expression for U, — Uy has been conveniently split
up to give a term U, — U,, which requires the product mixture to be regarded
as a single substance or a summation of single substance constituents, a similar
term for the recactants and the quantity AU, previously defined. The values of
internal energy for the constituents of the mixtures remain to be determined.
These are functions of temperature and the most accurate method is to use
tabulated values such as those of ref. 7.6. In some cases it is a good approximation
to calculate changes in internal encrgy assuming the gascous constituents to be
perfect using an average value of ¢, for the temperature range involved. If the
temperature range is 7, to 7, then the valuc of ¢, at T = (T, + T;)/2 can be
used, this assumes a lincar change in ¢, with temperature, but if the temperature
range is large the result may not be accurate enough and tabulated values of
the propertics are required. The tables of ref. 7.6 give the values of d and
with & = O at the normal reference temperature of 25°C = 298,15 K; @ and
are virtually independent of pressure,

The changes in internal encrgy for the reactants (Uy, — Uy,) and for the
products (Up, — Up,) can be calculated from the following expressions:

U, = Uy, = T, — &) (4.13)

where X, denotes the summation for all the constituents of the reactants denoted

by i, 4, is the tabulated value of the internal energy for the constituent at the

required temperature 7, or 75, and n, the amount of substance of the constituent.
Alternatively if a mass base is used for the tabulated values or calculation

Ugp, — Uy, = };m.(u.. —u,) (4.14)

where u, is the internal energy per unit mass.
In terms of the specific heats which are average values for the required
temperature range

Up, — Up, = ;m.c.,m - T)=(T; - T,)};_m.cv. (4.15)

and similar expressions for the products are

Up,— Up, = I': n(dq, —da,) (4.16)
Up, — Up, = 2': m(u, — u,) (4.17)
Up, — Up, = ;M.C.\(Tz —NH)=(T—-T) Z': mc,, (4.18)

Note that n,&, = mc, .



The process has been analysed on the basis of a non-flow process which
mvolves combustion at constant volume. A similar analysis can be made for a
steady-flow or constant pressure combustion process in which the changes in

enthalpy are important

HFI — H!I_ E{HF, == Hp'}"l" -Iﬁ-Hr_i“i‘ [Hl‘ = Hﬂl}
Products Reactants

where AH, = enthalpy of reaction at T, and
AHy = Hp — Hp_ and is always negative

(4.19

(4.20)

The molar enthalpy of reaction is defined as Ah® = AH,/n at 1 bar where n is

the amount of substance of the fuel.

The expressions [or the change in enthalpy of reactants and products are

Hg, — Hy, = gn,uih ~ )
Hy,— Hy = gml{hfn —h)
and il mean specific heats are used
Hg, — Hg, = ;m.cﬁm - T)=(T - Tl}g m,c,,
Hp, = Hp,= 1 m(hy, ~ hy)
Hp, — Hp, = Em’a{hl: - )

and il mean specific heats are used
Hp, — Hp, = ;mnfn[T: = Tp)=(T; - Tﬁl‘;mﬁn

Note that né, = mc,.

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)




In the equations for the change in internal energy and enthalpy for reactants
and products, and for AU, and AH,, il a change in state takes place (e.g. from
liquid fuel to vapour), a term describing this process must be included.

Nothing has been said of the air-fuel ratio for combustion duning the
determination of AU, or AH,;. Consideration will show that this does not

matter provided there is sufficient air to ensure complete combustion. Excess
oxygen, like the nitrogen present, starts and finishes at the reference temperature
T, and so sufiers no change in internal encrgy or enthalpy, thus not affecting
EU.D or .&Hﬂ.

From the definition of the enthalpy of a perfect gas

H=U+pV=U+nRT

50 if we are concerned only with gaseous mixtures in the reaction then for
products and reactants

Hp, = Up, +mpRyT, and Hy = Uy, + mRy T,

where mp and my are the amounts of substance of products and reactants
respectively, and the temperature 1s the reference temperature T,
Then, using equations (7.15) and (7.24), we have

If there is no change in the amount of substance during the reaction, or if
the reference temperature is absolute zero, then AH, and AU, will be equal.



Example 1. Calculate the theoretical air/ fuel ratio (A/F soichiometric) fOr
completely burned hexane fuel (CgH14) . Then calculate the actual air/ fuel
ratio (A/F acqua) and wet volumetric analysis of the combustion products in
both cases:

a) Excessair 20%.

b) 80% from thetheoretical air.
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Example 7.1 A sample of dry anthracite has the following composition by mass.
C90%: H 3%: 0 25%: N 1% 5 0.5%; ash 3%

Calculate:

(i) the stoichiometric A/F ratio;

(1) the A/F ratio and the dry and wet analysis of the products of combustion
by mass and by volume, when 20% excess air is supplied.
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Example3: The analysis of the dry exhaust gas from an internal combustion engine gave
12% CO,, 2% CO, 4% CH,, 1% H,, 4.5% 0,, 76.5% N,. Calculate the
proportions by mass of carbon to hydrogen in the fuel, assuming it to be a
pure hydrocarbon, and the A/F ratio used.

Solution Let the unknown mass fraction of carbon in the fuel be x kg per kilogram of
fuel. Then we can write the combustion equation as follows:

0233 0767
iC+[|—x]H+A( 20, + Hz)
12 32 28

-+ B{0.12C0O,; + 0.02CO + 0.04CH,
+ 0.01H, + 00450, + 0.765N, | +aH,0

As in Example 7.8 there are four unknowns and four possible equations.
Carbon balance: x/12=8(012 + 0.02 + 0.04)

x = 2168 [n
Hydrogen balance: {1 — x)=(4 = 0.04)B + (2 = 0.01)B + 2a

a = 0.5 — 0.5x — 0.09B [2]

0.2334 0.02
Oxygen balance: 5= H((l]! Tt u.l}as) + ‘-_;

a = 0014564 — 0.358 [3]
MNitrogen balance: 0.767A4/28 = 07658

A= 279278 [4]

Equating [2] and [ 3] we have

0.5 = 05x = 0098 = 0014564 — 0.358
A= 34341 — 34.341x + 17.857B

Then using equation [4]

34341 — 34341x + 178578 = 27.9278
B =341 — 341x

Substituting 1n [ 1]
x = 7.366 — 7.366x
LE. x = (L.BBOS
The composition of the fuel is therefore 88.05% C, 11.95% H.
Also, B =341 x0.1195 = 04075
Then in equation [4],
A=2792T »x 04075 = 11.38
Le. A/F ratio = 11.38



Exampled:  For benzene vapour (CgH,) at 25°C Ahy is — 3301397 kJ/kmol with the
H,O in the liquid phase. Calculate Ah, for the H,;O in the vapour phase.

If the H,O remains as a vapour the heat transferred to the surroundings will
be less than that when the vapour condenses, by the amount due to the change
in enthalpy of the vapour during condensation at the reference temperature.

Alg(vap) = Altg(liq) + m,hy,

where m, is the mass of H,O formed for | kmol of fuel; h_ is the change in
enthalpy of steam between saturated liquid and saturated vapour at the reference
temperature T, and is 2441.8 k] /kg at 25°C.

For the reaction

EHHH + ?&Gz -HEC':.'-'; + ?lH:ﬂ

Therefore 3 kmol of H, 0O are formed on combustion of | kmol of CgHg; 3 kmeol
ol H,O =3 x IE =54 kg H,O.

Ahg(vap) = —3301397 + (54 = 2441.8)
= —3 169 540 k] /kmol

Examples: Calculate the specific internal energy of reaction for the combustion of
benzene (C H, ) vapour at 25°C given that Ak, = — 3 169 540 kJ /kmol and

the H,0 is in the vapour phase.
Solution The combustion equation is
C.,H, + 710, - 6C0O, + 3H,0(vap)
Mg =1 4+ 7.5 =835, Hp =106+ 3=09
From equation (7.31)

AUy = AHy — (np — ng)RT,
= —{3169540 x 1) — {{9 — 8.5) x B.3145 = 193}

where T, =273+ 25=298K
Le. AUy = —3169540 — 1239 = —3 l'i'ﬂ"?"?'il_',_k]
(note that AU, is negligibly different from AH )
| kmol of C,H, = (6 % 12) + (6 % 1) = T8 kg
therefore
3170779

A = — 2007 40651 kI /K
Ho 78 &



Example 6: The combustion enthalpy of liquid heptane (C;H1¢) fud is equal to (-44560
kJ/kg) at (25 °C) when the water is in steam products. We burn this fuel with constant
pressure, regular generation , and true stoichiometric percent . If the temperature of fuel
and air isat (15°C) at beginning and the temperature of products is (2050 °C). Calculate
the heat transferred from burning the heptane fuel. Take the specific heat of liquid
heptane (2.3 kJ/kg.K).

( 0,=0.917: N;= 1.04; H,O(vap.)= 1.862 kJ/kg.K) <Seliil

( COs= 1.336; Ny= 1.252; H,O(vap.)= 2.651 kJ/kg.K) 23 &1
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Example 7: A cylinder containsa mixture of gasolineand air and theratio of air to fud is
(A/F=15/1) at 300 ° C. Theinternal energy of gasolineis equal (AU,=-406100 kJ/mole) at
(25 °C ). when the full combustion isat constant pressure and the temperature of the
products is (3250 ° C). Calculate the heat transferred from the combustion.

- =

(Oz=22.3 N=212 Ced—llalemoleK)-..u:.hu.

N 24.20 H:O(vap.)= 27.3; 02= 255 ki/kg.K) g2 58
\
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