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Diesel Engine Power Plant

4.1. Introduction. 4.2, Advantages and disadvantages of diesel power plants. 4.3. Applications of
diesel power plant. 4.4. Site selection. 4.5. Heat engines. 4.6. Classification of .C. engines. 4.7, Different
parts of |.C. engines. 4.8. Terms connected with 1.C. engines. 4.9. Four stroke cycle diesel engines.
4.10. Two stroke cycle diesel engines. 4.11. Comparison of four stroke and two stroke cycle engines,
4.12. Comparison between a petrol engine and a diesel engine. 4.13. Essential components of a
diesel power plant : engine, air intake system, exhaust system, fuel system, cooling systems, lubrication
systems, engine starting system. 4.14. Combustion phenomenon in C.I. engines. 4,15, Delay period
in C.1. engines. 4.16. Diesel knock. 4.17. Cetane number. 4.18. Basic designs of C.1. engine combustion
chambers. 4.19. Supercharging. 4.20. Operation of a diesel power plant. 4.21. Types of diesel engine
used for diesel power plants. 4.22. Layout of a diesel engine power plant. 4.23. Performance of |.C.
engines, Worked Examples—Highlights—Theoretical Questions—Unsolved Examples—Competitive
Examinations Questions.

4.1. INTRODUCTION

Diesel engine power plants are installed where supply of coal and water is not available in
sufficient quantity or where power is to be generated in small quantity or where standby sets are
required for continuity of supply such as in hospitals, telephone exchanges, radio stations and cin-
emas. These plants in the range of 2 to 50 MW capacity are used as central stations for supply
authorities and works and they are universally adopted to supplement hydro-electric or thermal
stations where stand-by generating plants are essential for starting from cold and under emergency
conditions.

In several countries, the demand for diesel power plants is increased for electric power gen-
eration because of difficulties experienced in construction of new hydraulic plants and enlargement
of old hydro-plants. A long term planning is required for the development of thermo and hydro-
plants which cannot keep the pace with many times the increased demand by the people and indus-
tries.

The diesel units used for electric generation are more reliable and long-lived piece of equip-
ment compared with other types of plants.

4.2, ADVANTAGES AND DISADVANTAGES OF DIESEL POWER PLANTS
The advantages and disadvantages of diesel power plants are listed below :

Advantages :

Design and installation are very simple.

Can respond to varying loads without any difficulty.
The standby losses are less.

Occupy less space.

Can be started and put on load quickly,
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Require less quantity of water for cooling purposes.

Overall capital cost is lesser than that for steam plants.

Regquire less operating and supervising staff as compared to that for steam plants.

The efficiency of such plants at part loads does not fall so much as that of a steam plant.
The cost of building and civil engineering works is low.

Can burn fairly wide range of fuels.

These plants can be located very near to the load centres, many times in the heart of the
town.

No problem of ash handling,

The lubrication system is more economical as compared with that of a steam power plant.
The diesel power plants are more efficient than steam power plants in the range of 150 MW
capacity.

Disadvantages:

High operating cost.

High maintenance and lubrication cost.

Diesel units capacity is limited. These cannot be constructed in large size.

In a diesel power plant noise is a serious problem.

Diesel plants cannot supply overloads continuously whereas steam power plant can work
under 25% averload continuously.

The diesel power plants are not economical where fuel has to be imported.

The life of a diesel power plant is quite small (2 to 5 years or less) as compared to that of a
steam power plant (25 to 30 years).

APPLICATIONS OF DIESEL POWER PLANT
The diesel power plants find wide application in the following fields :

Peak load plant 2. Mobile plants
Stand-by units 4. Emergency plant
Nursery station 6. Starting stations

Central stations—where capacity required is small (5 to 10 MW)

Industrial concerns where power requirement is small say of the order of 500 kW, diesel
power plants become more economical due to their higher overall efficiency.

SITE SELECTION

The following factors should be considered while selecting the site for a diesel power plant :
1. Foundation sub-soil condition. The conditions of sub-soil should be such that a founda-

tion at a reasonable depth should be capable of providing a strong support to the engine.

road.

2. Access to the site. The site should be so selected that it is accessible through rail and

3. Distance from the load centre. The location of the plant should be near the load centre.

This reduces the cost of transmission lines and maintenance cost. The power loss is also minimised.

4, Availability of water. Sufficient quantity of water should be available at the site

gelected.

5. Fuel transportation. The site selected should be near to the source of fuel supply so that

transportation charges are low.
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4.5. HEAT ENGINES

Any type of engine or machine which derives heat energy from the combustion of fuel or any
other sources and converts this energy into mechanical work is termed as a heat engine.

Heat engines may be classified into two main classes as follows :

1. External Combustion Engines.

2. Internal Combustion Engines.

1. External combustion engine (E.C. engines). In this case,combustion of fuel takes place
outside the cylinder as in case of steam engines where the heat of combustion is employed to generate
steam which is used to move a piston in a cylinder. Other examples of external combustion engines

are hot air engines, steam turbine and closed cycle gas turbine. These engines are generally used for
driving locomotives, ships, generation of electric power etc.

2. Internal ecombustion engines (I.C. engines). In this case, combustion of the fuzel with
oxygen of the air occurs within the cylinder of the engines. The internal combustion engines group
includes engines employing mixtures of combustible gases and air, known as gas engines, those
using lighter liquid fuel or spirit known as petrol engines and those using heavier liquid fuels, known
as oil compression ignition or diesel engines.

4.6. CLASSIFICATION OF ).C. ENGINES

Internal combustion engines may be classified as given below :
1. According to cyele of operation

(i) Two stroke cycle engines

{if) Four stroke cycle engines.

2. According to cycle of combustion

(1) Otto cycle engine (combustion at constant volume)

(i) Diesel cycle engine (combustion at constant pressure)

(ifi) Duai-combustion or Semi-Diesel cycle engine (combustion partly at constant volume and
partly at constant pressure).

3. According to arrangement of cylinder

() Horizontal engine (if) Vertical engine
(iff) V-type engine (iv) Radial engine ete.

4. According to their uses:

(i) Stationary engine (if) Portable engine
(ifi) Marine engine - (iv) Automobile engine

(v} Aero engine etc.

5. According to the fuel employed and the method of fuel supply to the engine
cylinder

() Oil engine (ii) Petrol engine
(i) Gas engine (iv) Kerosene engine etc.
{v) Carburettor, hot bulb, solid injection and air injection engine.
6. According to the speed of the engine
(¢} Low speed engine (if) Medium speed engine
(iit) High speed engine. ‘
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7. According to method of ignition

({) Spark ignition S.I. engine (it} Compression ignition C.1. engine.
8. According to method of cooling the cylinder :
(i) Air-cooled engine (i{) Water-cooled engine. -

9, According to method of governing

(i) Hit and miss governed engine (zf) Quality governed engine

(if) Quantity governed engine.
10. According to valve arrangement

(£} Over head valve engine (if} L-head type engine
(£{) T-head type engine (iv) F-head type engine.

11. According to number of cylinders

(i) Single cylinder engine (it) Multi-cylinder engine.

4.7. DIFFERENT PARTS OF 1.C. ENGINES
Fig. 4.1 shows the cross-section of an air-cooled I.C. engine with principle parts.

Exhaust valve
Valve spring

Inlet valve

Exhaust port

Inlet port Cylinder head

Cooling fins

Piston

Wrist pin
-

Connecting rod
——— Cylinder

Crankcase

Crankshaft

Fig. 4.1. Air-cooled 1.C. engine.
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A. Parts common to both petrol and diesel engines

1. Cylinder 2. Cylinder head
3. Piston 4. Piston rings
5. Gudgeon pin 6. Connecting rod
7. Crankshaft 8. Crank
9. Engine bearing 10. Crankease

11. Fly wheel 12. Governor

13. Valves and valve operating mechanisms.
B. Main parts for petrol engines only

1. SBpark plugs 2. Carburettor
3. Fuel pump.
C. Main parts of diesel engines only
1. Fuel pump 2. Fuel injector or atomiser.

4.8. TERMS CONNECTED WITH 1.C. ENGINES

Refer Fig. 4.2.
Cylinder head
Intake ranifold 5’;:?1};?;
Top dead centre L L <1 Clearance
(1DC) 'y - volume
Piston at
upper limit
of linear trave|
Stroke +— Cylinder
J' '"“""““‘“““'::___ Piston at
Bottomdead .~ [--.._.__ pre—pesmm——maa ] lower limit
centre (B.D.C.) b of linear trave|
|
-
got®

Fig. 4.2. Terms relating 1.C. engines.
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Bore. The inside diameter of the cylinder is called bore.

Stroke. As the piston reciprocates inside the engine cylinder, it has got limiting upper and
lower positions beyond which it cannot move and reversal of motion takes place at these limiting
positions.

The linear distance along the cylinder axis between two limiting positions, is called stroke.

Top Dead Centre (T.D.C.). The top most position of the piston towards cover end side of the
cylinder is called top dead centre. In case of horizontal engines, this is known as “inner dead
centre.”

Bottom Dead Centre (B.D.C.). The lowest position of the piston towards the crank end side
of the cylinder is called bottom dead centre. In case of horizontal engines it is called “outer dead
centre.”

Clearance volume. The volume contained in the cylinder above the top of the piston, when
the piston is at top dead centre, is called the clearance volume.

Swept volume. The volume swept through by the piston in moving between top dead centre
and bottom dead centre, is, called swept volume or piston displacement. Thus, when piston is at
bottom dead centre, total volume = swept volume + clearance volume,

Compression ratio. It is the ratio of total cylinder volume to clearance volume.

Refer Fig. 4.2. Compression ratio (r) is given by

V4V,
Ve
where V_=Swept volume, and
V., = Clearance volume.

The compression ratio varies from 5 : 1 to 9: 1 in petrol engines and from 14:1t0 22 : 1 in
diesel engines. .

Piston speed. The average speed of the piston is called piston speed.

Piston speed = 2 LN
where, L = Length of the stroke, and

N = Speed of the engine in r.p.m.

4.9. FOUR STROKE CYCLE DIESEL ENGINES

This types of engine comprises of the following four strokes :

1. Suction stroke. With the movement of the piston from T.D.C. to B.D.C. during this stroke,
the inlet valve opens and the air at atmospheric pressure is drawn inside the engine cylinder ; the
exhaust valve however remains closed. This operation is represented by the line 5-1 (Fig. 4.4).

2. Compression stroke. The air drawn at atmospheric pressure during the suction stroke is
compressed to high pressure and temperature (to the value of 35 bar and 600°C respectively) as the
piston moves from B.D.C. to T.D.C. This operation is represented by 1-2 (Fig. 4.4). Both the inlet and
exhaust valves do not open during any part of this stroke.

3. Expansion or working stroke. As the piston starts moving from T.D.C. a metred quan-
tity of fuel is injected into the hot compressed air in fine sprays by the fuel injector and it (fue!) starts
burning at constant pressure shown by the line 2-3. At the point 3 fuel supply is cut off. The fuel is
injected at the end of compression stroke but in actual practice the ignition of the fuel starts before
the end of the compression stroke. The hot gases of the cylinder expand adiabatically to point 4, thus
doing work on the piston. The expansion is shown by 3-4 (Fig. 4.4).

4. Exhaust stroke. The piston moves from the B.D.C. to T.D.C. and the exhaust gases es-
cape to the atmosphere through the exhaust valve. When the piston reaches the T.D.C. the exhaust
valve closes and the cycle is completed. This stroke is represented by the line 1-5 (Fig. 4.4).
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F.I = Fuel injector IV. = Inlet valve E.V. = Exhaust valve
E.C. = Engine cylinder C.R. = Connecting rod C =Crank

Fig. 4.3. Four stroke diesel cycle engine.

Pressure ——»

Exhaust +——
Suction ———»

Volume ——»
Fig. 4.4. Theoretical p-V diagram of a four stroke diesel cycle,

Fig. 4.5 shows the actual indicator diagram for a four-stroke Diesel cycle engine. It may be
noted that line 5-1 is below the atmospheric pressure line. This is due to the fact that owing to the
restricted area of the inlet passages the entering air can't cope with the speed of the piston. The
exhaust line 4-5 is slightly above the atmospheric line. This is because of the restricted exhaust
passages which do not allow the exhaust gases to leave the engine cylinder quickly.
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Pressure —»

Exhaust 4 )
5 <2255, oy Atmospheric
LI QI I T 22" ins
Suction

v

Volume —»
Fig. 4.5. Actual p-V diagram of four stroke diesel cycle.

The loop of area 4-5-1 is called negative loop ; it gives the pumping loss due to admission of air
and removatl of exhaust gases. The area 1234 is the total or gross work obtained from the piston and
net work can be obtained by subtracting area 451 from area 1234,

4.10. TWO STROKE CYCLE DIESEL ENGINES

Fig. 4.6 shows two stroke diesel engine. The cylinder L is connected to the closed crank cham-
ber C.C. During the upward stroke of the piston M, the gases in L are compressed and at the same

Injector |

{ii) iii)
L = Cylinder ; M = Piston ; E.P. = Exhaust port ; T.P. = Transfer port ; C.C. = Crank chamber ; V = Valve
Fig. 4.6. Two stroke cycle engine.
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time fresh air enters the crankchamber through the valve V. When the piston moves downward, V
closes and air in the crank chamber is compressed. Refer Fig. 4.6 (i). The piston is moving upwards
and is compressing the air which has previously been supplied to L and before it {piston) reaches the
T.D.C. (top dead centre) the fuel injector supplies fuel to the engine cylinder. Ignition of fuel takes
place due to high temperature of air and gases are produced. These gases expand and the piston
then travels downward [Fig. 4.6 (éi)] and near the end of this stroke the piston uncovers the exhaust
port (E.P.) and the burnt exhaust gases escape through this port [Fig. 4.6 (iii)]. The transfer port
(T.P.) then is uncovered immediately, and the compressed air from the crank chamber flows into the
cylinder and is deflected upwards by the hump provided on the head of the piston. It may be noted
that the incoming air helps the removal of gases from the engine-cylinder. The piston then again
starts moving from B.D.C. to T.D.C. and the air gets compressed when exhaust port (E.P.) and

transfer port (T.P.) are covered by the piston ; thus the cycle is repeated.

4.11. COMPARISON OF FOUR STROKE AND TWO STROKE CYCLE ENGINES ‘

Four stroke cycle engines

Two stroke cycle engines

1.  The cycle is completed in four strokes of the pis-
ton or in two revolutions of the crankshaft. Thus
one power stroke is obtained in every two revo-
lutions of the crankshaft.

2. Because of the above turning-movement is not
so uniform and hence heavier flywheel is needed.

3.  Again because of one power stroke for two revo-
lutions, power produced for same size of engine
is small or for the same power the engine is heavy
and bulky.

Because of one power stroke in two revolutions
lesser cooling and lubrication requirements.
Lesser rate of wear and tear.

5.  The four stroke engine contains valve and valve
mechanism.

Because of the heavy weight and complication
of valve mechanism, higher is the initial cost.

7. Volumetric efficiency more due to more time of
induection.

8. Thermal efficiency higher, part load efficiency
better than two stroke cycle engine,

Used where efficiency is important ; in cars,
buses, trucks, tractors, industrial engines, aero-
plane, power generators ete.

The cycle is completed in two strokes of the piston or
in one revolution of the crankshaft. Thus one power
stroke is obtained in each revolution of the crankshatt.

More uniform turning movement and hence lighter fly-
wheel is needed.

Because of one power stroke for one revolution, power
produced for same size of engine in more (theoretically
twice, actually about 1.8 times) or for the same power
the engine is light and compact.

Because of one power stroke in one revolution greater
cooling and lubrication requirement. Great rate of wear
and tear.

Two stroke engines have no valves but only ports (some
two stroke engines are fitted with conventional exhaust
valves).

Because of light weight and simplicity due to absence
of valve mechanism, cheaper in initial cost.

Volumetric efficiency less due to lesser time for induc-
tion.

Thermatl efficiency lower, part load efficiency lesser
than four stroke cycle engine,

In two stroke petrol engine some fuel is exhausted
during scavenging.

Used where (@) low cost, and (b) compactness and light
weight important. Two stroke (air cooled) petrol
engines used in very small sizes only, lawn movers,
scooters, motor cycles (lubricating oil mixed with
petrol).

Two stroke diesel engines used in very large sizes, more
than 60 cm bore, for ship propulsion because of low |-
weight and compactness.
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4.12. COMPARISON BETWEEN A PETROL ENGINE AND A DIESEL ENGINE

Petrol engine Diesel engine
1. Air petrol mixture is sucked in the engine Only air is sucked during suction stroke. |
cylinder during suction stroke. :
2. Spark plug is used. Employs an injector.
3. Power is produced by spark ignition. Power is produced by compression ignition.
4. Thermal efficiency up to 25%. Thermal efficiency up to 40%.
B. Occupies less space. Occopies more space.
6. More running cost. Less running cost.
7. Light in weight. Heavy in weight.
8. Fuel (Petrol) costlier. Fuel (Diesel) cheaper.
9. Petrol being volatile is dangerous. Diesel is not dangerous as it is non-volatile.
10. Pre-ignition pessible. Pre-ignition not possible.
11.  Works on Otto cycle. Works on diesel cycle.
12. Less dependable. More dependable.
13. Used in cars and mofor cycles. Used in heavy duty vehicles like trucks,
buses and heavy machinery.

4.13. ESSENTIAL COMPONENTS OF A DIESEL POWER PLANT
Refer Fig. 4.7. The essential components of a diesel power plant are listed and discussed

below :
Surge tank
Air filter
Fuel day tank Fuel injection
$ i i / um
VL Diesel engine pump T J' Jacket
Compressed Exhaust line water
air bottle \ @ = —To muffier | 1" pump
- — Fuglﬂ'ner g" ) Generator —
— W
[ el N
W\l =
, P
Air

. . Pume.. - Oii cooler l
eompressori &1~ — A, oil pump ¥ t
Lubricating oil tank Strainer ; <
L —t . ‘ _ ] Cooling
Over flow Transfer pump Gil purifier  } tower

Fuel tank

exchanger

Pump —
Fig. 4.7. Schematic arrangement of a diesel power plant.

1. Engine 2. Air intake gystem
3. Exhaust system ' 4. Fuel system' -
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5. Cooling éysbém 6. Lubrication system
7. Engine starting system 8. Governing system.
4.13.1. Engine

This is the main component of the plant which develops the required power. It is generally
directly coupled to the generator as shown in Fig. 4.7.

4.13.2. Air Intake system

The air intake system conveys fresh air through pipes or ducts to : (i) Air intake manifold of
four stroke engines (i) The scavenging pump inlet of a two stroke engine and (iii) The supercharger
inlet of a supercharged engine.

Air filter

@: Diessl engine

I =1 hd
IIIITIIIIIIII/II!IIIIIIIIII/I!/III-"Ifl//l!l//lll!l/fll!l!r’/??7

Fig. 4.8. Air intake system.

The air system begins with an intake located outside the building provided with a filter to
catch dirt which would otherwise cause excessive wear in the engine. The filters may be of dry or oil
bath. Electrostatic precipitator filters can also be used. Oil impingement type of filter consists of a
frame filled with metal shavings which are coated with a special oil so that the air in passing through
the frame and being broken up into a number of small filaments comes into contact with the oil
whose property is to sieze and hold any dust particles being carried by the air, The dry type of filter
is made of cloth, felt, glass wool etc. In case of oil bath type of filter the air is awept over or through
a pool of oil so that the particles of dust become coated. Light weight steel pipe is the materiai for
intake ducts. In some cases, the engine noise may be transmitted back through the air intake sys-
tem to the outside air. In such cases a silencer is provided between the engine and the intake.

Following precautions should be taken while constructing a suitable air intake system :

1. Air intakes may not be located inside the engine room.

2. Air should not be taken from a confined space otherwise air pulsations can cause sericus
vibration problems.

3. The air-intake line used should neither have too small a diameter nor should be too long,
otherwise there may crop up engine starvation problem.

4. Air intake filters may not be located close to the roof of the engine room otherwise pulsating
air flow through the filters can cause serious vibrations of the roof.

5. Air intake filters should not be located in an inaccessible location.

4.13.3. Exhaust System

Refer Fig. 4.9. The purpose of the exhaust system is to discharge the engine exhaust to the
atmosphere outside the building. The exhaust manifold connects the engine cylinder exhausts
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outlets to the exhaust pipe which is provided with a muffler to reduce pressure in the exhaust
line and eliminate most of the noise which may result if gases are discharged directly into the
atmosphere.

The exhaust pipe leading out of the building should be short in length with minimum number
of bends and should have one or two flexible tubing sections which take up the effects of expansion,
and isolate the system from the engine vibration. Every engine should be provided with its independ-
ent exhaust system,

Gases out
Silencer | | .
Expansion
joint Exhaust manifold
s 1 | L I
9‘
]
(]
Z
/
7 Diesel engine
7
/J
TI77TTITT 7 Ta7 77T 777 T idiiiaiairiveiTiosdaTosv

Fig. 4.9. Exhaust system.

The waste heat utilisation in a diesel-stenm station may be done by providing waste-heat
boilers in which most of the heat of exhaust gases from the engine is utilised to raise low pressure
steam. Such application is common on marine plants. On the stationary power plant the heat of
exhaust may be utilised to heat water in gas-to-water heat exchangers consisting of a water coil
placed in exhaust muffler and using the water in the plant suitably. If air heating is required, the
exhaust pipe from the engine is surrounded by the cold air jacket, and transfers the heat of exhaust
gases to the air,

4.13.4. Fuel System
Refer Fig. 4.10.

The fuel oil may be delivered at the plant site by trucks, railroad tank cars or barge and
tankers. From tank car or truck the delivery is through the unloading facility to main storage tanks
and then by transfer pumps to small service storage tanks known as engine day tanks. Large storage
capacity allows purchasing fuel when prices are low. The main flow is made workable and practical
by arranging the piping equipment with the necessary heaters, by passes, shut-offs, drain lines,
relief valves, strainers and filters, flow meters and temperature indicators. The actual flow plans
depend on type of fuel, engine equipment, size of the plant etc, The tanks should contain manholes
for internal access and repair, fill lines to receive oil, vent lines to discharge vapours, overflow
return lines for controlling oil flow and a suction line to withdraw oil. Coils heated by hot water or
steam reduce oil viscosity to lower pumping power needs.

The minimum storage capacity of at least a month’s requirement of oil should be kept in bulk,
but where advantage of seasonal fluctuations in cost of oil is to be availed, it may be necessary to
provide storage for a few month’s requirements. Day tanks supply the daily fuel need of engines and
may contain a minimum of about 8 hours of 0il requirement of the engines. These tanks are usually
placed high so that oil may flow to engines under gravity.
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Fuel unloading
( ) e N Peje line

Bulk Fuel
storage oil
pumps

(O

Strainers

Meters
Day tanks

To engines

Fig. 4:10. System of fuel storage for a diesel power plant.
For satisfactory operation of a fuel cil supply system the following points should be taken

care of ;

1. There should be provisions for cleanliness and for changing over of lines during emergencies.

2. In all suction lines the pipe joints should be made tight.

3. Before being covered, all oil lines should be put under air pressure and the joints tested with
soap solution. Small air leaks into the line can be the source of exasperating operating diffi-
culties and are hard to remedy once the plant is in operation.

4. The piping between filter and the engine should be thoroughly oil flushed before being first
placed in service.

5. Considerable importance should be given for cleanliness in handling bulk fuel oil. Dirt parti-

cles will ruin the fine lap of injection pumps or plug the injection nozzle orifices. 8o high-
grade filters are of paramount importance to the diesel oil supply system.

Fuel Injection system
The mechanical heart of the Diesel engine is the fuel injection system. The engine can per-

form no better than its fuel injection system. A very small quantity of fuel must be measured out,
injected, atomised, and mixed with combustion air. The mixing problem becomes more difficult—the
larger the cylinder and faster the rotative speed. Fortunately the high-speed engines afe the small-
bore automotive types ; however, special combustion arrangements such as precombustion cham-
bers, air cells, etc. are necessary to secure good mixing. Engines driving electrical generators have
lower speeds and simple combustion chambers.

Functions of a fuel injection system :
1. Filter the fuel.

2. Meter or measure the correct-quantity of fuel to be injected.
3. Time the fuel injection.
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4. Contro! the rate of fuel injection.
5. Automise or break up the fuel to fine particles.
6. Properly distribute the fuel in the combustion chamber.

The injection systems are manufactured with great accuracy, especially the parts that actu-
ally meter and inject the fuel. Some of the tolerances between the moving parts are very small of the
order of one micron. Such closely fitting parts require special attention during manufacture and
hence the injection systems are costly.

Types of fuel injection systems

The following fuel injection systems are commonly used in diesel power station :
1. Common-rail injection system

2. Individual pump injection system

3. Distributor

Atomisation of fuel oil has been secured by (i) air blast and (i) pressure spray. Early diesel
engines used air fuel injection at about 70 bar. This is sufficient not only to inject the oil, but also to
atomise it for a rapid and thorough combustion. The expense of providing an air compressor and
tank led to the development of “solid” injection, using a liquid pressure of between 100 and 200 bar
which is sufficiently high to atomise the oil it forces through spray nozzles. Great advances have
been made in the field of solid injection of the fuel through research and progress in fuel pump, spray
nozzles, and combustion chamber design.

1. Common-rail injection system :
Two types of common-rail injection systems are shown in Figs. 4.11 and 4.12 respectively.

Refer Fig. 4.11. A single pump supplies high-pressure fuel to header, a relief valve holds
pressure constant. The control wedge adjusts the lift of mechanical operated valve to set amount
and time of injection.

Mechanically
actuated
spray

valve

Fuel lines to
other cylinders
F 3 F 3
High
. 2 Control p,'gssm
ALy wedge relief
valve
Camshaft

C

Header, or “common rail"

Fuel from
day tank High-pressure
pump

Pump-drive '
camshaft

Fig. 4.11
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Refer Fig. 4.12. Controlled-pressure system has pump which maintains set head pressure,
Pressure relief and timing valves regulate injection time and amount. Spring loaded spray valve acs

merely as a check.
[—] Spring-loaded

Fuel fines to
other cylinders

AF &

\, pressure-relief
and timing valve

Accumulator
Pump drive

shafth

Fuel from
day tank

Fig. 4.12

2. Individual pump injection system ;
Refer Fig. 4.13. In this system an individual pump or pump cylinder connects directly to each
fuel nozzle. Pump meters charge and control injection timing. Nozzles contain a delivery valve actu-

ated by the fuel-oil pressure.

M 1 1
u! A
i\ N 1~ /R
Injection
'nozzles
High-pressure .
fuel lines f‘ur_n_p with an
individual cylinder
: for each nozzle
Control 3
rack
— — Pump
| camshaft

Fig. 4.13. Individual pump injection system.
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3. Distributor system : _

Refer Fig. 4.14. In this system, the fuel is metered at a central point ; a pump pressurises,
meters the fuel and times the injection. From here, the fuel is distributed to cylinders in correct
firing order by cam operated poppet valves which open to admit fuel to the nozzles.

Nozzles
‘ ’ll\“} e . £ \ 1~ T ]
Metering &
Distributor —— % < O |4 pressure
block pump
F 3

= Control

= rod

= Cam

Primary pump !

Fig. 4.14. Distributor system.

Fuel Pump

Refer Fig. 4.15. L is the plunger which is driven by a cam and tappet mechanism at the
bottom (not shown in Fig. 4.15), B is the barrel in which the plunger reciproeates. There is the
rectangular vertical groove in the plunger which extends from top to another helical groove. Vis the
delivery valve which lifts off its seat under the liquid fuel pressure and against the spring force S).
The fuel pump is connected to fuel atomiser through the passage P. SP and Y are the spill and
supply ports respectively. When the plunger is at its bottom stroke the ports SP and Y are uncovered
(as shown in Fig. 4.15) oil from low pressure pump (not shown) after being filtered is forced into the
barrel. When the plunger moves up due to cam and tappet mechanism, a stage reaches when both
the ports SP and Y are closed and with the further upward movement of the plunger the fuel gets
compressed. The high pressure thus developed lifts the delivery valve off its seats and fuel flows to
atomiser through the passage P. With further rise of the plunger, at a certain moment, the port SP
is connected to the fuel in the upper part of the plunger through the rectangular vertical groove by
the helical groove, as a result of which a sudden drop in pressure occurs and the delivery valve falls
back and occupies its seat against the spring force. The plunger is rotated by the rack R which is
moved in or out by the governor. By changing the angular position of the helical groove (by rotating
the plunger) of the plunger relative to the supply port, the length of stroke during which the oil is
delivered can be varied and thereby quantity of fuel delivered to the engine is also varied accordingly.
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Fuel atomiser or injector
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Refer Fig. 4.16. It consists of a nozzle valve (NV) fitted in the nozzle body (NB). The nozzle
valve is held on its seat by a spring ‘S’ which exerts pressure through the spindle E. ‘AS’ is the
adjusting screw by which the nozzle valve lift can be adjusted. Usually the nozzle valve is set to lift
at 135 to 170 bar pressure. FP is the feeling pin which indicates whether valve is working properly
or not. The fuel under pressure from the fuel pump enters the injector through the passages B and C
and lifts the nozzle valve. The fuel travels down nozzle N and injected into the engine cylinder in the
form of fine spray. Then the pressure of the oil falls, the nozzle valve occupies its seat under the
spring force and fuel supply is cut off. Any leakage of fuel accumulated above the valve is led to the

fuel tank through the passage A. The leakage occurs when the nozzle valve is worn out.
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4.13.5. Cooling Systems

In an 1.C. engine, the temperature of the gases inside the engine cylinder may very from 35°C
or less to as high as 2750°C during the cycle. If an engine is allowed to run without external cooling,
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the cylinder walls, cylinder and piston will tend to assume the average temperature of the gases to
which they are exposed, which may be of the order of 1000 to 1500°C. Obviously at such high tem-
perature, the metals will loose their characteristics and piston will expand considerably and sieze
the liner. Of course theoretically thermal efficiency of the engine will improve without cooling but
actually the engine will sieze to run. If the cylinder wall temperature is allowed to rise above a
certain limit, about 65°C, the lubricating oil will begin to evaporate rapidly and both cylinder and
piston may be damaged. Also high temperature may cause excessive stress in some parts rendering
them useless for further operation. In view of this, part of the heat generated inside the engine
cylinder is allowed to be carried away by the cooling system. Thus coeling system is provided on an
engine for the following reasons :

1. The even expansion of piston in the cylinder may result in seizure of the piston,

2. High temperatures reduce strength of piston and cylinder liner.

3. Overheated cylinder may lead to pre-ignition of the charge, in case of spark ignition en-
gine.
4. Physical and chemical changes may occur in lubricating 6il which may cause sticking of
piston rings and excessive wear of cylinder.
Almost 25 to 35 per cent of total heat supplied in the fuel is removed by the cooling medium.
Heat carried away by lubricating oil and heat lost by radiation amounts 3 to 5 per cent of total heat
supplied.
There are mainly two methods of cooling 1.C. engine :
1. Air cooling , ' 2. Liquid cooling.

1. Air cooling

In this method, heat is carried away by the air flowing over and around the engine cylinder.
It is used in scooters, motorcycles etc. Here fins are cast on the cylinder head and cylinder barrel
which provide additional conductive and radiating surface (Fig. 4.17). The fins are arranged in such
a way that they are at right angles to the cylinder axis.
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Fig. 4.17. Air cooling.

Advantages :

1. The design of the engine becomes simpler as no water jackets are required. The cylinder
can be of identical dimensions and individually detachable and therefore cheaper to re-
new in case of accident ete,
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2. Absence of cooling pipes, radiator etc. makes the cooling system simpler.
3. No danger of coolant leakage ete.

4. The engine is not subjected to freezing troubles etc. usually encountered in case of water
cooled engine.

5. The weight per B.P. of the air-cooled engine is less than that of water-cooled engine.

6. In this case engine is rather a self contained unit as it requires no external components
e.g. radiator, headers, tank etc.

7. Installation of air-cooled engines is easier.

Disadvantages :
1. Their movement is noisy.
2. Non-uniform cooling.
3. The output of air-cooled engine is less than that of a liquid-cooled engine.
4. Maintenance is not easy.
5. Smaller useful compression ratio.

2. Liquid ecooling

In this method of cooling engines, the cyliﬁder walls and heads are provided with jackets
through which the cooling liquid can circulate. The heat is transferred from cylinder walls to the
liquid by convection and conduction. The liquid becomes heated in its passage through the jackets
and is itself cooled by means of an air-coeled radiator system. The heat from liquid in turn is trans-
ferred to air.

Various methods are used for circulating the water around the cylinder and cylinder head.
These are :

1. Thermo-syphon cooling 2. Forced or pump cooling
3. Cooling with thermostatic regulator 4. Pressurised water cooling
5. Evaporative cooling.

1. Thermo-syphon cooling :

The basis of this type of cooling is the fact that water becomes light on heating. Fig. 4.18
shows the thermo-syphon cooling arrangement. The top of radiator is connected to the top of water

el

Upper tank
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Fig. 4.18. Thermo-syphon cooling.
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jacket by a pipe and bottom of the radiator to the bottom of the water jacket. Water travels down the
radiator across which air is passed to cool it. The air flow can take place due to vehicle motion or a
fan can be provided for the purpose.

This system has the advantage that it is quite simple and automatic and is without any water
pump unless there is leak, there is nothing to get out of order.

The major short coming of this system is that cooling depends only on the temperatyre and is
independent of the engine speed. The rate of circulation is slow and insufficient. The circulation of
water starts only after the engine has become hot enough to cause thermo-syphon action. This
system requires that the radiator be above the engine for gravity flow of water to engine,

Thermo-syphon system is not widely used at present.

2. Forced or pump system :

Refer Fig. 4.19. In this system, a pump is used to cause positive circulation of water in the
water jacket. Usually the pump is belt driven from the engine.

- . AR, Foreed oF peomp Syetam.

Yhe advariage of forced system is that cooling is emsursd upder all conditions of operation.

This system entails the follawing demerits : .

(i) The cosling is independent of temperatare. This may, under certain eircumstances, result
in overceeling the engine. (ii) While moving uphill the ceoling requirement is increased because
more fuel is burned. However, the coolant cireulation is reduced which may result in over-heating
the engine. (iii) As soon as the engine is stopped the eooling also ceases. This is undesirable because
cooling must continue till the temperatures are reduced to nermal values.

3. Thermaosiat cooling :

Too lower cylinder barrel temperature, may result in severe corrosion damage due to conden-
sation of acids on the barrel wall. To avoid such a situation it is customary to use a thermostat (a
temperature controlling device) to stop flow of coolant below a pre-set cylinder barrel temperature.
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Most modern cooling system employ a thermo-static device which prevents the water in the engine
Jjacket from circulating through the radiator for cooling until its temperature has reached to a value
suitable for efficient engine operation.

Radiator

j¢———— Upper tank

Air

SRR IR

1Ll

LR

Drain tap Lower tank

Fig. 4.20. Thermostatically controlled cooling system.

Main valve

Pressure
refief valve

Fig. 4.21. Typical thermostat.

Fig. 4.20 shows a systematic diagram of a thermostatically controlled cooling system. Also
gshown is a typical thermostat (Fig. 4.21). It consists of bellows which are made of thin copper tubes,
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partially filled with a volatile liquid like ether or methyl aleohol. The volatile liquid changes into
vapour at the correct working temperature, thus creating enough pressure to expand the bellows.

The temperature at which the thermostat operates is set by the manufacturers and cannot be al-——"

tered. The movement of the bellows opens the main valve in the ratio of temperature rise, increasing
or restricting the flow of water from engine to the radiator. Hence when the normal temperature of
the engine has been reached the valve opens and circulation of water commences. When the unit is
closed the gas condenses and so the pressure falls, The bellows collapse and the thermostat seats on
its seat and circulation around thermostat stops. When the thermostat valve is not open and the
engine is running the water being pumped rises in pressure and causes the pressure relief valve to
open. Thus the water completes its circulation through the by-pass as shown in Figs. 4.20 and 4.21.
Now when the temperature of water around the engine-cylinder rises upto a certain limit, it causes
the thermostat valve to open. The pressure of water being pumped falls and pressure relief valve
closes. So the flow of cooling water in the normal circuit commences through the radiator. This
accelerates the rise of temperature of the cylinder walls and water and more power is developed in a
few moments of the starting of the engine.

Another method of warming up the radiator water upto the normal temperature is by utilis-
ing the shutter in the radiator in order to restrict the incoming air through the radiator till the
engine warms up. Thereafter, the shutter is opened gradually so that the desired rate of cooling is

achieved. '
4. Pressurised water cooling

The boiling point of the coolant ean be increased by increasing its pressure. This allows a
greater heat transfer to occur in the radiator due to a larger temperature differential. Usually the
water pressure is kept between 1.5 bar to 2.0 bar. Use of pressurised water cooling requires an
additional valve, called vacuum valve, to avoid formation of vacuum when the water is cooled after
engine has stopped. A safety valve in the form of pressure relief valve is provided so that whenever
cap is opened the pressure is immediately relieved.

5. Evaporative cooling

In this system, also called steam or vapour cooling, the temperature of the cooling water is
allowed to reach a temperature of 100°C. This method of cooling utilises the high latent heat of
vapourisation of water to obtain cooling with minimum of water. Fig. 4.22 shows such a system. The
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Fig. 4.22. Evaporating cooling.
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cooling circuit is such that coolant is always liquid but the steam formed is flashed off in the sepa-
rate vessel. The make up water so formed is sent back for cooling. This system is used for cooling of
many types of industrial engines.

Advantages of liquid cooling :

1. Compact design of engine with appreciable smaller frontal area is possible.

2. The fuel consumption of a high compression liquid-cocled engine is rather lower than for
air-cooled one.

3. More even cooling of cylinder barrels and heads due to jacketing makes it easier to reduce
the cylinder head and valve seating temperature.

4. In case of water-cooled engine installation is not necessary at the front of mobile vehicles,
aircrafts etc. as the cooling system can be conveniently located wherever required. This is
not possible in case of air-cooled engines.

5. The size of the engine does not involve serious problem as far as design of cocling system
is concerned. In case of air-cooled engines particularly in high horse power range diffi-
culty is encountered in circulation of required quantity of air for cooling purposes.

Disadvantages :

1. This is dependent system in which supply of water/liquid for circulation in the jacket is
required.

2. Power absorbed by the pump for water circulation is considerably higher than that for
cooling fans.

3. In the event of failure of cooling system serious damage may be caused to the engine.
4. Cost of system is considerably high.
5. System requires considerable attention for the maintenance of various parts of system.

4.13.6. Lubrication Systems

Lubrication is the admittance of oil between two surface having relative motion. The purpose
of lubrication may be one or more of the following :
1. To reduce friction and wear between the parts having relative motion.
2. To cool the surfaces by carrying away heat generated due to friction.
3. To seal a space adjoining the surfaces such as piston rings and cylinder liner.
4. To clean the surface by carrying away the carbon and metal particles caused by wear.
5. To absorb shock between bearings and other parts and consequently reduce noize.

The main parts of an engine which need lubrication are as given below :

(£ Main crankshaft bearings. (ii) Big-end bearings.
({if) Small end or gudgeon pin bearings. (iv) Piston rings and cylinder walls.
(v) Timing gears. (vi) Camshaft and cam shaft bearings.

(vii) Valve mechanism.
(viii) Valve guides, valve tappets and rocker arms.

Various lubrication systems used for 1.C. engines may be classified as :
1. Wet sump lubrication system.
2. Dry sump lubrication system.
3. Mist lubrication system.

Wet sump lubrication system

These systems employ a large capacity oil sump at the base of crankchamber, from which the
oil is drawn by a low pressure oil pump and delivered to various parts. Qil then gradually returns
back to the sump after serving the purpose.
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(a) Splash system. Refer Fig. 4.23. This system is used on some small four stroke stationary
engines. In this case the caps on the big end bearings of connecting rods are provided with 8coops
which, when the connecting rod is in the lowest position, just dip into oil troughs and thus directs
the oil through holes in the caps to the big end bearings. Due to splash of oil it reaches the lower
portion of the cylinder walls, crankshaft and other parts requiring lubrication. Surplus oil eventu-
ally flows back to the oil sump. Qil level in the troughs is maintained by means of a oil pump which
takes oil from sump, through a filter.

Splash system is suitable for low and medium speed engines having moderate bearing load
pressures. For high performance engines, which normally operate at high bearing pressures and
rubbing speeds this system does not serve the purpose.
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Fig. 4.23. Splash system.

{b) Semi-pressure system. This method is a combination of splash and pressure systems. It
incorporates the advantages of both. In this case main supply of oil is located in the base of crank-
chamber. Oil is drawn from the lower portion of the sump through a filter and is delivered by means
of a gear pump at pressure of about 1 bar to the main bearings. The big end bearings are lubricated
by means of a spray through nozzles. Thus oil also lubricates the cams, crankshaft bearings, cylin-
der walls and timing gears. An oil pressure gauge is provided to indicate satisfactory oil supply.

The system is less costly to install as compared to pressure system. It enables higher bearing
loads and engine speeds to be employed as compared to splash system,
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{c) Full pressure system. In this system, oil from oil sump is pumped under pressure to the
various parts requiring lubrication. Refer Fig. 4.24. The oil is drawn from the sump through filter
and pumped by means of a gear pump. Oil is delivered by the pressure pump at pressure ranging
from 1.5 to 4 bar. The oil under pressure is supplied to main bearings of crankshaft and camshatft.
Holes drilled through the main crankshafts bearing journals, communicate oil to the big end bear-
ings and also small end bearings through holes drilled in connecting rods. A pressure gauge is
provided to confirm the circulation of oil to the various parts., A pressure regulating valve is also
provided on the delivery side of this pump to prevent excessive pressure.
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Oil filter
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Fig. 4.24. Full pressure system.

This system finds favour from moest of the engine manufacturers as it allows high bearing
pressure and rubbing speeds.
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Fig. 4.25. Wet sump lubrication system.
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The génera] arrangement ofwet sump lubrication system is shown in Fig. 4.25, In this case oil
is always contained in the sump which is drawn by the pump through a strainer.

2. Dry sump lubrication system

Refer Fig. 4.26. In this system, the oil from the sump is carried to a separate storage tank out
side the engine cylinder block. The oil from sump is pumped by means of a sump pump through
filters to the storage tank. Qil from storage tank is pumped to the engine cylinder through oil cooler.

Oil pressure may varies from 3 to 8 kgf/em?2. Dry sump lubrication system is generally adopted for
high capacity engines.
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Fig. 4.26. Dry sump librication system,
3. Mist lubrication system

This system is used for two stroke cycle engines. Most of these engines are crankcharged, i.c.
they employ crankease compression and thus, are not suitable for cran case lubrication. These en-
gines are lubricated by adding 2 to 3 per cent lubricating oil in the fuel tank. The oil and fuel mixture
is induced through the carburettor. The gasoline is vaporised : and the oil in the form of mist, goes
via crankcase into the cylinder. The oil which impinges on the crankease walls lubricates the main
and connecting rod bearings, and rest of the oil which passes on the cylinder during charging and
scavanging periods, lubricates the piston, piston rings and the cylinder.

Advantages
1. System is simple.
2. Low cost (because no oil pump filter etc. are required).

" Disadvantages

1. A portion of the lubricating oil invariably burns in combustion chamber. This bearing oil
when burned, and still worse, when partially burned in combustion chamber leads to
heavy exhaust emissions and formation of heavy deposit on piston crown, ring grooves
and exhaust port which interferes with the efficient engine operation. -

2. One of the main functions of lubricating oil is the protection of anti-friction bearings ete.
against corrosion. Since the oil comes in close contact with acidic vapours produced dur-

ing the combustion process, it rapidly loses its anti-corrosion properties resulting in cor-
rosion damage of bearings.
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3. For effective lubrication oil and fuel must be thoroughly mixed. This requires either sepa-
rate mixing prior to use or use of some additive to give the oil good mixing characteristics.

4. Due to higher exhaust temperature and less efficient scavening the crank case oil is di-
luted. In addition some lubricating oil burns in combustion chamber. This results in 5 to
15 per cent higher lubrieant consumption for two stroke engine of similar size.

5. Since there is no control over the lubrication oil, once introduced with fuel, most of the two
stroke engines are over-oiled most of the time.

4.13.7. Engine Starting Systein

The following three are the commonly used starting systems in large and medium size
engines :

1. Starting by an auxiliary engine.

2. Use of electric motors or self starters.

3. Compressed air system.

1. Starting by an auxiliary engine (generally petrol driven) :

In this system an auxiliary engine is mounted close to the main engine and drives the latter
through a clutch and gears. The clutch is first disengaged and the auxiliary engine started by hand
or by a self starter motor. When it has warmed up and runs normally the drive gear is engaged
through the clutch, and the main engine is cranked for starting. To avoid the danger of damage to
drive gear it is desirable to have an over-running clutch or starter type drive.

2. Use of electric motors or self starters :

These are employed for small diesel and gasoline engines. A storage battery of 12 to 36 volts
is used to supply power to an electric motor which is geared to the flywheel with arrangement for
automatic disengagement after the engine has started. The motor draws a heavy current and is
designed to be engaged continuously for about 30 seconds only, after which it is required to cool off
for a minute or so, and then re-engaged. This is done till the engine starts up. When the engine is
running a small d.c. generator on the engine serves to charge the battery.

3. Compressed air system :

The compressed air system is commonly used for starting large diesel engines employed for
stationary power plant service, Compressed air at about 17 bar supplied from an air tank or bottle is
admitted to a few of the engine cylinders making them work like reciprocating air motors to run the
engine shaft. Fuel is admitted to the remaining cylinders and ignites in the normal way causing the
engine to start. The air bottle or tank is charged by a motor or gasoline engine driven compressor.
The system includes the following :

(i) Storage tank/vessel (i) A safety valve
(iif} Interconnecting pipe work.

Methods of Starting and Stopping Engines

Although starting procedure may differ from engine to engine but some common steps are
listed below :

Starting of engines :

1. In case of electric motor starting check the condition of étorage battery. If compressed air
system is used, then air pressure may be checked first and the air system inspected for possible
leakage.

2. As prescribed by the manufactures all necessary checks for fuel, lubricating oil and cooling
water should be made.
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3. Crank the engine after ensuring that all load is put off and decompression device is in use,
and then let it start.

4. For a few minutes run the engine at slow speed and observe the working of fuel pumps,
lubricating systems, fuel and oil pressures etc. The lubrication of generator and excited bearings
should also be checked.

5. Increase the engine speed gradually till it synchronizes with the station bus-bar.

6. Connect the generator to the bus-bar when it is in synchronism and increase the engine
speed till it begins to share the desired load. -

Stopping of engines ;
1. Reduce the speed of the engine gradually until practically no power is delivered by the
alternator.

2. Disconnect the unit from the bus and allow the engine to idle for a few minute, and then
stop it in confirmity with the instructions detailed by the manufacturers,

4.13.8. Governing System

The function of the governing system is to maintain the speed of the engine constant irrespec-
tive of load on the plant. This is done generally by varying the fuel supply to the engine according to
the load. : '

4.14. COMBUSTION PHENOMENON IN C.I. ENGINES

The process of combustion in the compression ignition (C.L) engine is fundamentally differ-
ent from that in a spark-ignition engine. In C.I. engine combustion occurs by the high temperature
produced by the compression of the air, i.e. it is an auto-ignition. For this a minimum compression
ratio of 12 is required. The efficiency of the cycle increases with higher values of compression ratic
but the maximum pressure reached in the cylinder also increases. This requires heavier construc-
tion. The upper limit of compression ratio in a C.I. engine is due to mechanical factor and is a
compromise between high efficiency and low weight and cost. The normal compression ratios are in
the range of 14 to 17, but may be upto 23. The air-fuel ratios used in the C.1. engine lie between 18
and 25 as against about 14 in the S.1. engine, and hence C.I. engines are bigger and heavier for the
same power than 8.I. engines.

In the C.I engine, the intake is air alone and the fuel is injected at high pressure in the form
of fine droplets near the end of compression. This leads to delay period in the C.1. engine, is greater
than that in the S.I. engine. The exact phenomenon of combustion in the C.I. engine is explained
below.

Each minute droplet of fuel as it enters the highly heated air of engine cylinder is quickly
surrounded by an envelope of its own vapour and this, in turn, and an appreciable interval is in-
flamed at the surface of the envelope. To evaporate the liquid, latent heat is abstracted from the
surrounding air which reduces the temperature of the thin layer of air surrounding the droplet, and
some time must elapse before this temperature can be raised again by abstracting heat from the
main bulk of air in this vicinity. As soon as this vapour and the air in actual contact with it reach a
certain temperature, ignition will take place. Once ignition has been started and a flame established
the heat required for further evaporation will be supplied from that released by combustion. The
vapour would be burning as fast as it can find fresh oxygen, i.e., it will depend upon the rate at which
it is moving through the air or the air is moving past it.

In the C.I. engine, the fuel is not fed in at once but is spread over a definite period. The first
arrivals meet air whose temperature is only little above their self-ignition temperature and the
delay is more or less prolonged. The later arrivals find air already heated to a far higher tempera-
ture by the burning of their predecessors and therefore light up much more quickly, almost as they
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issue from the injector nozzle, but their subsequent progress is handicapped for there is less oxygen
to find.

If the air within the cylinder were motionless, only a small proportion of the fuel would find
sufficient oxygen, for it is impossible to distribute the droplets uniformly throughout the combustion
space. Therefore some air movement is absolutely essential, as in the S.I. engine, But there is a
fundamental difference between the air movements in the two types of engines. In the S.1. engine we
call it turbulence and mean a confusion of whirls and eddies with no general direction of flow, (to
break up the surface of the flame front, and to distribute the shreds of flame throughout an exter-
nally prepared combustible mixture). In the C.I. engine we call it air swirl and mean an orderly
movement of the whole body of the air, with or without some eddying or turbulence, so as to bring a
continuous supply of fresh air to each burning droplet and sweep away the products of combustion
which otherwise tend to suffocate it.

Three phases of C.I. engine combustion

In the C.I. engine, combustion may be considered in three distinct stages as shows in
Fig. 4.27.

1. Ignition delay period.
2. Period of rapid or uncontrolled combustion.
3. Period of controlled combustion,

The third phase is followed by ‘after burning’(or burning on the expansion stroke), which may
be called the fourth phase of combustion.
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Fig. 4.27. Combustion phenomenon of C.I. engine.

1. Ignition delay period. The delay period is counted from the start of injection to the point
where the p-6 combustion curve departs from air compression (or no ignition or motoring) curve. The
delay period can be roughly sub-divided into physical delay and chemical delay. The period of physi-
cal delay is the time between the beginning of injection and the attainment of chemical reaction
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conditions. In the physical delay period, the fuel is atomized, vaporized, mixed with air, and raised
in temperature. In the chemical delay period reaction starts slowly and then accelerates until in-
flammation or ignition takes place (it may be noted that the ignition delay in the S.I. engine is
essentially equivalent to the chemical delay in the C.I engine).

The delay period exerts a great influence in the C.I. engine combustion phenomenon. It is
clear that the pressure reached during the second stage will depend upon the duration of the delay
period ; the longer the delay, the more rapid and higher the pressure rise, since more fuel will be
present in the cylinder before the rate of burning comes under control. This causes rough running
and may causediesel knock. Therefore we mustaim o keep the delay period as short as possible, both
for the sake of smooth running and in order to maintain control over the pressure changes, But some
delay period is necessary otherwise the droplets would not be dispersed in the air for complete combus-

tion. However, the delay period imposed upon is greater than what is needed and the designer’s
efforts are to shorten it as much as possible.

2. Period of rapid or uncontrolled combustion. The second stage of combustion in C.I.
engines, after the delay period, is the period of rapid or uncontrolled combustion. This period is
counted from the end of the delay period to the point of maximum pressure on the indicator diagram.
In this second stage of combustion, the rise of pressure is rapid because during the delay period the
droplets of fuel have had time to spread themselves out over a wide area and they have fresh air all
around them. About one-third of heat is evolved during this process.

The rate of pressure rise depends on the amount of fuel present at the end of delay period,
degree of turbulence, fineness of atomization and spray pattern.

3. Period of controlled combustion. At the end of second stage of combustion, the tempera-
ture and pressure, are so high that the fuel droplets injected in the third stage burn almost as they
enter and any further pressure rise can be controlled by purely mechanical means, i.e. by the injec-
tion rate. The period of controlled combustion is assumed to end at maximum cycle temperature.
The heat evolved by the end of controlled combustion is about 70 to 80 per cent.

4. After burning. The combustion continues even after the fuel injection is over, because of
poor distribution of fuel particles. This burning may continue in the expansion stroke upto 70° to 80°
of crank travel from T.D.C. This continued burning, called the after burning, may be considered as
the fourth stage of the combustion. The total heat evolved by the end of entire combustion process is
95 to 97% ; 3 to 5% of heat goes as unburned fuel in exhaust.

In the p-V diagram, the stages of combustion are not seen because of little movement of
piston with crank angle at the end and reversal of stroke. So for studying the combustion stages,
therefore, a pressure-crank angle or time, p-6 or p-f diagram is invariable used. In the actual dia-
gram, the various stages of combustion look merged, yet the individual stage is distinguishable.

4.15. DELAY PERIOD (OR IGNITION LAG) IN C.I. ENGINES

~—In C.I. (compression ignition) engine, the fuel which is in atomised form is considerably
colder than the hot compressed air in the cylinder. Although the actual ignition is almost instanta-
neous, an appreciable time elapses before the combustion is in full progress. This time occupied is
called the delay period or ignition lag. It is time immediately following injection of the fuel during
which the ignition process is being initiated and the pressure does not rise beyond the value it would
have due to compression of air

—The delay period extends for about 13°, movement of the crank. The time for which it
occurs decreases with increase in engine speed.

The delay period depends upon the following :

(i) Temperature and pressure in the cylinder at the time of injection.
(if) Nature of the fuel mixture strength.



380 ' POWER PLANT ENGINEERING

(iif) Relative velocity between the fuel injection and air turbulence.
(iv) Presence of residual gases. ‘ '
{v) Rate of fuel injection.
(vi) To small extent the finess of the fuel spray.
The delay period increases with load but is not much affected by injection pressure.

—The delay period should be as short as possible since a long delay period gives a more rapid
rise in pressure rise and thus causes knocking.

4.16. DIESEL KNOCK

If the delay peried in C.1. engines is long a large amount of fuel will be injected and accumu-
lated in the chamber. The auto-ignition of this large amount of fuel may cause high rate of pressure
rise and high maximum pressure which may cause knocking in diesel engines. A long delay period
not only increases the amount of fuel injected by the moment of ignition but also improves the
homogeneity of the fuel-air mixture and its chemical preparedness for explosion type self-ignition
similar to detonation is S.I. engines.

The following are the differences in the knocking phenomena of the S.1. and C.I. engines :

1. In the S.I. engine, the detonation occurs near the end of combustion whereas in the C.1.
engine detonation occurs near the beginning of combustion.

2. The detonation in the S.I. engine is of a homogeneous charge causing very high rate of
pressure rise and very high maximum pressure. In the C.I. engine, the fuel and air are
imperfectly mixed and hence the rate of pressure rise is normally lower than that in the
detonating part of the charge in the 8.1, engine.

3. In the C.I. engine the fuel is injected into the cylinder only at the end of the compression
stroke, there is no question of pre-ignition as in S.I. engine.

4. In the S.I. engine, it is relatively easy to distinguish between knocking and non-knocking
operation as the human ear easily finds the distinction.

4.17. CETANE NUMBER

—The cetane rating of a diesel fuel is a measure of its ability to autoignite quickly when it is
injected into the compressed and heated air in the engine. Though ignition delay is affected by
several engine design parameters such as compression ratio, injection rate, injection time, inlet air
temperature etc., it is also dependent on hydrocarbon composition of the fuel and to some extent on
its volatility characteristic. The cetane number is a numerical measure of the influence the diesel fuel
has in determining the ignition delay. Higher the cetane rating of the fuel lesser is the propensity for
diesel knock.

~—The procedure for obtaining cetane number is similar to that for obtaining the octane number
of petrols. Reference mixtures ofcetane (C,4H,,) (high ignitability), ando-methyl-naphthalene (C,, H,,)
(low ignitability), are used. The mixture is made by volume and the ignitability of the test fuel is
quoted as the percentage of cetane in the reference mixture which has the same ignitability.

—For higher speed engines, the cetane number required is about 50, for medium speed
engines about 40, and for slow speed engines about 30,

—~Cetane number is the most important single fuel property which affects the exhaust emis-
sions, noise and startability of a diesel engine. In general, lower the cetane number higher are the
hydrocarbon emissions and noise level. Low centane fuels increase ignition delay so that start of
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combustion is near to top dead centre. This is similar to retarding of injection timing which is also
known to result in higher hydrocarbon levels.

—In general, a high octane value implies a low cetane value.

4.18. BASIC DESIGNS OF C.l. ENGINE COMBUSTION CHAMBERS

In C.I. engines several types of combustion chambers are used. Each of these has its own
peculiarities, and desirable, as well as undesirable features. Any one of these combustion chambers
may produce good results in one field of application, but less desirable, or even poor results in
another, No one combustion chamber design has yet been developed which will produce the best
result is all types of engines. The particular design chosen, then, must be that which accomplishes
the best performance for the application desired.

Four specific design which find wide use in C.I. engines are discussed below :

1. The non-turbulent type
(i) Open combustion chamber.
2. The turbulent type

(i) Turbulent chamber (if) Precombustion chamber
(iif) Energy cell.

1. Non-turbulent type

Fig. 4.28 (a) illustrates the usual design ofopen combustion chamber, which is representative
of non-turbulent type. The fuel is injected directly into the upper portion of the cylinder, which acts
as the combustion chamber. This type depends little on turbulence to perform the mixing. Conse-
quently, the heat loss to the chamber walls is relatively low, and easier starting results. In order to
obtain proper penetration and dispersal of the fuel necessary for mixing with the air, however, high
injection pressures and multi-orifice nozzles are required. This necessitates small nozzle openings
and result in more frequent clogging or diversion of the fuel spray by accumulated carbon particles,
~ with consequent higher maintenance costs.

This type of chamber is ordinarily used onlow speed engines, where injection is spread through
a greater period of time and thus ignition delay is a relatively less important factor. Consequently,
less costly fuels with longer ignition delay may be used.

2, Turbulent type

The turbulent chamber, precombustion chamber, and energy cell are variation of the turbu-
lent type of chamber, and are illustrated in Fig. 4.28 (5), (¢) and (d).

Main Combustion
chamber

Minor cell

ez e Q '
: — Major cell
O O O O
Open Turbulent Precombustion Energy cell

{a) (b) (c) (d)

Fig. 4.28. Some commonly used C.I. engine combustion chambers.
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—In the ‘turbulent chamber’, Fig. 4.28 (b), the upward moving piston forces a flow of air into
a small antechamber, thus imparting a rotary motion to the air passing the pintle type nozzle. As
the fuel is injected into the rotating air, it is partially mixed with this air, and commences to burn.
The pressure built up in the antechamber by the expanding burning gases force the burning and
unburned fuel and air mixtures back into the main chamber, agam imparting high turbulence and
further assisting combustion.

—In the ‘precombustion chamber’, Fig. 4.28 (c), the upward moving piston forces part of the
air into a side chamber, called the precombustion chamber. Fuel is injected into the air in the
precombustion chamber by a pintl type nozzle. The combustion of the fuel and air produces high
pressures in the precombustion chamber, thus creating high turbulence and producing good mixing
and combustion.

—The ‘energy cell’ is more complex than the precombustion chamber. It is illustrated in Fig.

4.28 (d). As the piston moves up on the compression stroke, some of the air is forced into the major
and minor chambers of the energy cell. When the fuel is injected through the pintle type nozzle, part
of the fuel passes across the main combustion chamber and enters the minor cell, where it is mixed
with the entering air. Combustion first commences in the main combustion chamber where the
temperature is higher, but the rate of burning is slower in this location, due to insufficient mixing of
the fuel and air. The burning in the minor cell is slower at the start, but due to better mixing,
progresses at a more rapid rate. The pressures built up in the minor cell, therefore, force the burn-
ing gases out into the main combustion chamber, thereby creating added turbulence and producing
better combustion in this chamber. In the mean time, pressure is built up in the major cell, which
then prolongs the action of the jet stream entering the main chamber, thus continuing to induce
turbulence in the main chamber.

Summarily it may be said that a particular combustion chamber design must be chosen to
perform a given job. No one combustion chamber can produce an ultimate of performance in all
tasks. The design of the chamber must be based on a compromise, after full considerations of the
following factors : ({) Heat lost to combustion chamber walls, (ii) Injection pressure, (iii) Nozzle
design, (iv) Maintenance, (v) Ease of starting, (vi) Fuel requirement, (vif) Utilisation of air, (viii)
Weight relation of engine to power output, (ix) Capacity for variable speed operation.

4.19. SUPERCHARGING

—The purpose of supercharging is to raise the volumetric efficiency above that value which can
be obtained by normal aspiration.

The engine is an air pump. Increasing the air consumption permits greater quantities of fuel
to be added, and results in a greater potential output. The indicated power produced is almost
directly proportional to the engine air consumption. While brake power is not so closely related to
air consumption, it is nevertheless, dependent upon the mass of alr consumed. It is desirable, then,
that the engine takes in greatest possible mass of air.

Three possible methods which might be utilized to increase the air consumption of an engine
are :

1. Increasing the piston displacement, but this increases the size and weight of the engine,
and introduces additional cooling problems.

2. Running the engine at higher speeds, which results in increased fluid and mechanical
friction losses, and imposes greater inertia stresses on engine parts.

3. Increasing the density of the charge, such that a greater mass of charge is introduced into
the same volume or same total piston displacement.
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The last method of increasing the air capacity of an engine is widely used, and is termed
supercharging.

The apparatus used to increase the air density is known as a supercharger. It is merely a
compressor which provides a denser charge to the engine, thereby enabling the consumption of a
greater mass of charge with the same total piston displacement. During the process of compressing
the charge, the supercharger produces the following effects :

(£) Provides better mixing of the air-fuel mixture. The turbulent effect created by the super-
charger assists in additional mixing of the fuel and air particles. The arrangement of certain types of
superchargers, particularly the centrifugal type, also encourages more even distribution of the charge
to the cylinders.

(it) The temperature of the charge is raised as it is compressed, resulting in a higher tempera-
ture within the cylinders. This is partially beneficial in that it helps to produce better vapourisation
of fuel (in case of S.1. engines) but deterimental in that it tends to lessen the density of the charge.
The increase in temperature of the charge also effects the detonation of the fuel.

Supercharging tends to increase the possibility of detonation in a S.I. engine and lessen the
possibility in a C.I. engine.

(iii} Power is required to drive the supercharger. This is usually taken from the engine and
thereby removes, from over-all engine output, some of the gain in power obtained through super-
charging.

Compressors used are of the following three types ;

(2) Positive displacement type used with many reciprocating engines in stationary plants,
vehicles and marine installations.

(if) Axial flow type seldom used to supercharge reciprocating engines, it is widely used as
the compressor unit of the gas turbines.

(iii) Centrifugal type widely used as the supercharger for reciprocating engines, as well as
compressor for gas turbines. It is almost exclusively used as the supercharger with reciprocating
power plants for aircraft because it is relatively light and compact, and produces continuous flow
rather than pulsating flow as in some positive displacement types.

Supercharging of 8.1..engines

—An ideal p-V diagram for a supercharged constant volume cycle is shown in Fig. 4.29.

Apart from increases in pressures over the un-supercharged cycle the main difference is that
pumping loop (1-5-6-7-1) is now a positive one. The net indicated power (LP.) is obtained by adding
the contribution from pumping loop to that of the power loop (1-2-3-4-1), The gas is exhausted from
the cylinder at the pressure of point 4 on the diagram. This value is high compared with atmeospheric
pressure and a considerable amount of energy is lost by allowing the gas to blow down in this way.

The power required to drive a blower mechanically connected to the engine must be sub-
tracted from the engine output to obtain the net brake power (B.P.} of the supercharged engine.

area 12341+ area 15671 ,
Then, Iyep = ( length of dia ) x spring number «(4.1)
and brake power (B.P.) = Mmee. % I.P.) — (power required to drive blower)
(for mechanical driven blowers only) ..(4.2)

(i) As far as S.1. engines are concerned, supercharging is employed only for ‘aircraft’ and
‘racing car engines’. This is because the increase in supercharging pressure increases the tendency to
detonate.
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Fig. 4.29. p-V diagram for a supercharged constant volume cycle.

{if) Supercharging of petrol engines, because of its poor fuel economy, is not very popular and
is used only when a large amount of power is needed or when more power is needed to compensate
altitude loss. '

Supercharging of C.I. engines ‘

Fig. 4.30 shows the p-V diagram for a supercharged constant pressure (diesel) cycle.

Unlike S.I. engines supercharging does not result in any combustion problem, rather it im-
proves combustion in diesel engine. Increase in pressure and temperature of the intake air reduces
significantly delay and hence the rate of pressure rise resuiting in a better, quieter and smoother
combustion. This improvement in combustion allows a poor quality fuel to be used in a diesel engine
and it is also not sensitive to the type of fuel used. The increase in intake temperature reduces volu-
metric and thermal efficiency but increase in density due to pressure compensates for this and
intercooling is not necessary except for highly supercharged engines.

If an unsupercharged engine is supercharged it will increase the reliability and durability of
the engine due to smoother combustion and lower exhaust ternperatures. The degree of supercharging
is limited by thermal and mechanical load on the engine and strongly depends on the type of super-
charger used and design of the engine.

Effects of supercharging on performance of the engine

1. The ‘power output’ of a supercharged engine is higher than its naturally aspirated coun-
terpart. - .

2. The ‘mechanical efficiencies’ of supercharged engines are slightly better than the naturally
aspirated engines.

3. Inspite of better mixing and combustion due to reduced delay a mechanically supercharged

otto engine almost always have ‘specific fuel consumption’ higher than a naturally aspi-
rated engine.
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Fig. 4.30. p-V diagram for a supercharged constant pressure (diesel) cycle.
Fig. 4.31 shows the effect of supercharging on power and fuel.
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4.20. OPERATION OF A DIESEL POWER PLANT

When diesel alternator sets are put in parallel, “hunting” or “phase swinging” may be pro-
duced due to resonance unless due care is taken in the design and manufacture of the sets. This
condition occurs due to resonance between the periodic disturbing forces of the engine and natural
frequency of the system. The engine forces result from uneven turning moment on the engine crank
which are corrected by the flywheel effect, “Hunting” results from the tendency of each set trying to
pull the other into synchronism and is characterised by flickering of lights.

To ensure most economical operation of diesel engines of different sizes when working to-
gether and sharing load it is necessary that they should carry the same percentage of their full load
capacity at all times as the fuel consumption would be lowest in this condition. For best operation
performance the manufacturer’s recommendations should be strictly followed.

In order to get good performance of a diesel power plant the following points should be taken
care of :

1. It is necessary to maintain the cooling temperature within the prescribed range and use of
very cold water should be avoided. The cooling water should be free from suspended impurities and
suitably treated to be scale and corrosion free. If the ambient temperature approaches freezing
point, the cooling water should be drained out of the engine when it is kept idle.

2. During operation the lubrication system should work effectively and requisite pressure and
temperature maintained. The engine oil should be of the correct specifications and should be in a fit
condition to lubricate the different parts. A watch may be kept on the consumption of lubricating oil
as this gives an indication of the true internal condition of the engine.

3. The engine should be periodically run even when not required to be used and should not be
allowed to stand idle for more than 7 days.

4. Air filter, oil filters and fuel filters should be periodically serviced or replaced as recom-
mended by the manufacturers or if found in an unsatisfactory condition upon inspection.

5. Periodical checking of engine compression and firing pressures and also exhaust tempera-
tures should be made.

— The engine exhaust usually provides a good indication of satisfactory performance of the
engine. A black smoke in the exhaust is a sign of inadequate combustion or engine cver-
loading. .

— The loss of compression resulting from wearing out of moving parts lowers the compres-
sion ratio causing inadequate combustion. These defects can be checked by taking indi-
cator diggrams of the engine after reasonable intervals.

4.21. TYPES OF DIESEL ENGINE USED FOR DIESEL POWER PLANTS
The diesel engines may be four-stroke or two stroke cycle engines. The two-stroke cycle engines
are favoured for diesel power plants.

Efforts are being made to use “duel fuel engines” in diesel power plants for better economy
and proper use of available gaseous fuels in the country. The gas may be a waste product as in the
case of sewage treatment installations or oil fuels where the economic advantage is self evident.
With the wider availability of natural gas, the duel fuel engines may become an attractive means of
utilising gas as fuel at off-peak tariffs for the electric power generation,

Working of Duel Fuel Engines
The various strokes of a duel fuel engine are as follows :
1. Suction stroke. During this stroke air and gas are drawn in the engine cylinder.
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2, Compression stroke. During this stroke the pressure of the mixture drawn is increased.
Near the end of this stroke the ‘pilot oil’ is injected into the engine cylinder. The compression heqt
first ignites the pilot oil and then gas mixture,

3. Working/power stroke. During this stroke the gages (at high temperature) expand and
thus power is obtained.

4. Exhaust stroke. The exhaust gases are released to the atmosphere during the stroke.

4.22, LAYOUT OF A DIESEL ENGINE POWER PLANT
' Fig. 4.32 shows the layout of a diesel engine power plant.
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Fig. 4.32. Layout of a diesel engine power plant,

The most common arrangement for diesel engines is with parallel centre lines, with some
room left for extension in future. The repairs and usual maintenance works connected with such
engines necessitate sufficient space around the units and consideration should be given to the need
for dismantling and removal of large components of the engine generator set. The air intakes and
filters-as well as the exhaust mufflers are located outside the building or may be separated from the
main engine room by a partition wall. The latter arrangement is not vibration free. Adequate space
for oil storage and repair shop as well as for office should be provided close to the main engine room.
Bulk storage of 0il may be outdoor. The engine room should be well ventilated.

4.23. PERFORMANCE OF 1.C. ENGINES

Engine performance is an indication of the degree of success with which it does its assigned
jobi.e, conversion of chemical energy contained in the fuel into the useful mechanical work,

In evaluation of engine performance certain basic parameters are chosen and the effect of
various operation conditions, design concept and modifications on these parameters are studied.
The basic performance parameters are enumerated and discussed below :



388

POWER PLANT ENGINEERING

1. Power and mechanical efficiency 2. Mean effective pressure and torque
3. Specific output 4, Volumetric efficiency

5. Fuel-air ratio 6. Specific fuel consumption

7. Thermal efficiency and heat balance 8. Exhaust smoke and other emissions

9. Specific weight,.
1. Power and mechanical efficiency

(i) Indicated power. The total power developed by combustion of fuel in the combustion .

« chamber is called indicated power.

np_ . LANk %10
| 1P, = Emi W (4D
where, n = Number of cylinders,
P, = Indicated mean effective pressure, bar,
L = Length of stroke, m,
A = Area of piston, m2, and
= -12- for 4-stroke engine
= 1 for 2-stroke engine.
[ In MKS Units T
. LAN k
o TPy X
LHP. = 4500 . [4.1(a)]
where LH.P. = Indicated horse power,
n = Number of cylinders,
P = Indicated mean effective pressure, kgflem?,
L = Length of stroke, m,
A = Area of piston, cm?, and
1
=5 for 4-stroke engine
B = 1 for 2-stroke engine.
(ii) Brake power (B.P.). The power developed by an engine at the output shaft is called the
brake power.
2nNT
BPFP.= B0 x 1000 kW (4.2)
where, N =Speed inr.p.m., and
T = Torque in N-m.
In MKS Units
2nNT
BHP.= 4500 ..[4.2 (a)]

where B.H.P. = Brake horse power,
N =Speedinr.p.m,, and
T = Torque in kgf m.

The difference between L.P. and B.P. is called frictional power, F.P.
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Le., FP.=1P -B.P ..{4.3)
The ratio of B.P. to LP. is called mechanical efficiency
B.P.
i.e, Mechanical efficiency, n mech, = I—l-l;— ' L.(4.4)
In MKS Units ‘
FHP.=1HP.-BHP. ..[4.4 (@)]
B.H.P.
d = .4,
an Mmech, LH.P. (4.4 ®)

2. Mean effective pressure and torque

Mean effective pressure is defined as hypothetical pressure which is thought to be acting on
the piston throughout the power stroke. If it is based on LP. it is called indicated mean effective
pressure (Im.e.p. or p, ) and if based on B.P. it is called brake mean effective pressure (Bm_e_p_ orp. ).
Similarly, frictional mean effective pressure (Fm.e_p. or p, o) can be defined as :

Fm.e-p. = m.e.p. - Bm.e.p. (45)
The torque and mean effective pressure are related by the engine size.

Since the power (P) of an engine is dependent on its size and speed, therefore it is not possible
to compare engine on the basis of either power or torque. Mean effective pressure is the true indica-
tion of the relative performance of different engines.

3. Specific output

It is defined as the brake output per unit of piston displacement and is given by :

B.P.
Specific output = AxL

Constant x p_, x r.p.m. ...(4.6)
For the same piston displacement and brake mean effective pressure (p,,) an engine running
at higher speed will give mors output.
4. Volumetric efficiency

It is defined as the ratio of actual volume (reduced to N.T.P.) of the charge drawn in during the
suction stroke to the swept volume of the piston. ‘

The average value of this efficiency is from 70 to 80 per cent but in case of supercharged
engine it may be more than 100 per cent, if air at about atmospheric pressure is forced into the
cylinder at a pressure greater than that of air surrounding the engine.

5, Fuel-air ratio

It is the ratio of the mass of fuel to the mass of air in the fuel-air mixture.

“Relative fuel air ratio” is defined as the ratio of the actual fuel air ratio to that of stoickiometric
fuel-air ratio required to burn the fuel supplied.

6. Specific fuel consumption (s.f.c.)

It is the mass of fuel consumed per kW developed per hour, and is a criterion of economical
power production.

' sfe. = —f ke/kWh
ie., s.fe = B.F. .
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In MKS Units
sfe.= 3 ’;" - ke/B.HL.P.-hr where m, is the fuel consumed in kg/hr

7. Thermal efficiency and heat balance
Thermal efficiency. It is the ratio of indicated work done to energy supplied by the fuel.
If, m f= Mass of fuel used in kg/fsec., and
C = Calorific value of fuel (lower),
Then indicated thermal efficiency (based on LP.),

LP.
w0 = e xC (4.7
and brake thermal efficiency (based on B.P.)
B.P. 7
Nen, (B = ;n“;";‘é“ ~(4.8)
In MKS Units
I.H.P. x 4500
New, (= m— -[4.7 (@]
B.H.P.x 4500
and Nen ) = W ...[4.8 (@)]

Heat balance sheet ,

The performance of an engine is generally given by heat balance sheet.

To draw a heat balance sheet for 1.C. engine, it is run at constant load. Indicator diagram is
obtained with the help of an indicator. The quantity of fuel used in a given time and its calorific
value, the amount, inlet and outlet temperature of cooling water and the weight of exhaust gases are
recorded. After calculating 1.P. (or LH.P.) and B.P. (or B.H.P.}, the heat in different items is found as
follows :

Heat supplied by fuel :

For petrol and oil engines, heat supplied = m,x C, where my and C are mass used per minute
(kg) and lower calorific value (kJ or keal) of the fueir respectively.

For gas engines, heat supplied = V x C, where V and C is volume at N.T.P. (m®min.) and
lower calorific value of gas respectively.

(i) Heat absorbed in L.P.

Heat equivalent of LP. {per minute) = L.P. x 60 kJ ...(4.9)
In MKS units
Heat equivalent of LH.P. (per minute) = i"“ﬂ,@ keal  ..[4.9 (@)]

(ii) Heat taken away by cooling water
If, m, =Mass of cooling water used per minute,
¢, = Initial temperature of cooling water,
t, = Final temperature of cooling water,
Then, heat taken away by water=m_ x Cp % (s — 1) ..(4.10)
where Cpy = Specific heat of water.
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(tii} Heat taken away by exhaust gases
If, m, = Mass of exhaust gases (kg/min),
Cpg = Mean specific heat at constant pressure,
t, = Temperature of exhaust gases,
t, = Room (or boiler house) temperature,
Then, heat carried away by exhaust gases=m, xc, (t, ~t,) (411}

Note. The mass of exhaust gases can be obtained by adding together mass of fuel supplied and mass of
air supplied.

The heat balance sheet from the above data can be drawn as follows :

Item kdJ Percent
Heat supplied by fuel

(i} Heat absorbed in LP. (or LH.P.)

(ii} Heat taken away by cooling water
(iif) Heat carried away by exhaust gases
(iv) Heat unaccounted for (by difference)

Total

8. Exhaust smoke and other emissions

Smoke is an indication of incomplete combustion. It limits the output of an engine if air
pollution control is the consideration. Exhaust emissions have of late become a matter of grave
concern and with the enforcement of legislation on air pollution in many countries, it has become
necessary to view them as performance parameters.

9. Specific weight
It is defined as the weight of the engine in kg for each B.H.P. developed. It is an indication of
the engine bulk.

10. Basic measurements

To evaluate the performance of an engine following basic measurements are usually under-
taken : ’

1. Speed 2. Fuel consumption

3. Air consumption 4. Smoke density

5. Exhaust gas analysis 6. Brake power

7. Indicated power and friction power 8. Heat going to cooling water

9. Heat going to exhaust.

11. Measurement of speed

The speed may be measured by :

(i) Revolution counters (i} Mechanical tachometer
(iif) Electrical tachometer.

12. Fuel measurement
The fuel consumed by an engine can be measured by the following methods :
(i) Fuel flow method * (i) Gravemetric method

(iif) Continuous flow meters.



392 POWER PLANT ENGINEERING

13. Measurement of air consumption o

The air consumption can be measured by the following methods :

(i) Air box method (ii) Viscous-flow air meter,
(i) Air box method

Fig. 4.33 shows the arrangement of the system. It consists of air-tight chamber fitted with a
sharp edged orifice of known co-efficient of discharge. The orifice is located away from the suction
connection ta the engine. Due to the suction of engine, there is a pressure depression in the air box
or chamber which causes the flow through the orifice. For obtaining a steady flow, the volume of
chamber should be sufficiently large compared with the swept volume of the cylinder ; generally 500
to 600 times the swept volume. It is assumed that the intermittent suction of the engine will not
effect the air pressure in the air box as volume of the box is sufficiently large, and pressure in the box
remains same. '

Air box

Mancmeter

L— Airin
—— orifice

‘_.

To engine ¢+——

Fig. 4.33. Air-box method for measuring air.

A water manometer is used to measure the pressure difference causing the flow through the
orifice. The depression across the orifice should not exceed 100 to 150 mm of water.

Let, A = Area of orifice, m?,
d = Diameter of orifice, cm,
h,, = Head of water in em causing the flow,
C, = Co-efficient of discharge for orifice,
p, = Density of air in kg/m® under atmospheric conditions, and
p,, = Density of water in kg/m?,
Head in metres of air (H) is given by :

H = i& x EK". = .hL * }99_9, = IOhw
100 p, 100 p, .
The velocity of air passing through the orifice is given by,

104
C,= J2gH m/s= 28 p"’m/s

a

m of air
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The volume of air passing through the orifice,

10n h,
V, =CyxAxC,=C,A 2g—p—w— =MAC, " ms
a a
hw
=840 AC, +,* m%min.
Py

Mass of air passing through the orifice is given by

nd?® fhw
m,=Vp, =14 x chd B: X p,
= 00011 Cyx & o kels

=0.066 C, x d? fh p_ kg/min. (4.12)
{ii) Viscous-flow air meter

Alcock viscous-flow air meter is another design of air meter. It is not subjected to the errors of
the simple types of flow meters, With the air-box the flow is proportional to the square root of the
pressure difference across the orifice. With the Alcock meter the air flows through a form of honey-
comb so that flow is viscous. The resistance of the element is directly proportional to the air velocity
and is measured by means of an inclined manometer. Felt pads are fitted in the manometer connec-
tions to damp out fluctuations. The meter is shown in Fig. 4.34.

Filter Honeycomb
! !

Air i i To engine or
— i ; ntermodiate.
in take ! ! intermediate

= e damping vessel

inclined manometer

Fig. 4.34. Alcock viscous-flow air meter.
The accuracy is improved by fitting a damping vessel between the meter and the engine to
reduce the effect of pulsations.
4. Measurement of exhaust smoke
The following smoke meters are used : !
0 (i) Bosch smoke meter (i) Hatridge smoke meter
(i) PHS smoke meter.
5. Measurement of exhaust emission

Substances which are emitted to the atmosphere from any opening down stream of the exhaust
part of the engine are termed as exhaust emissions. Some of the more commonly used instruments
for measuring exhaust components are given below :

() Flame ionisation detector - (i) Spectroscopic analysers
(ifii) Gas chromatography.
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6. Measurement of B.P. (or B H.P.)

The B.P. of an engine can be determined by a brake of some kind applied to the brake pulley
of the engine. The arrangement for determination of B.P. of the engine is known as dynamometer.
The dynamometers are classified into following two classes :

{i) Absorption dynamometers (i) Transmission dynamometers.

(i) Absorption dynamometers. Absorption dynamometers are those that absorb the power
to be measured by friction. The power absorbed in friction is finally dissipated in the form of heat
energy.

Common forms of absorption dynamometers are :

o Prony brake ® Rope brake

e Hydraulic brake ¢ Fan brake

e Electrical brake dynamometers

(a) Eddy current dynamometer

{b) Swinging field d.c. dynamometer.

(i) Transmission dynamometers. These are also called torquemeters. These are very accu-

rate and are used where continuous transmission of load is necessary. These are used mainly in
automatic units.

Here we shall discuss Rope brake dynamometer only :

Rope brake dynamometer

Refer Fig. 4.35. A rope is wound round the circumference of the brake wheel. To prevent the
rope from slipping small wooden blocks (not shown in the Fig. 4.35) are laced to rope. To one end of
the rope is attached a spring balance (S) and the other end carries the load {W). The speed of the
engine is noted from the tachometer (revolution counter).

w

Fig. 4.35. Rope brake dynamometer.
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If, W =Weight at the end of the rope N (or kg),
S = Spring balance reading, N (or kg),
N = Engine speed, r.p.m.,
D, = Diameter of the brake wheel in meters,
d = Diameter of the rope in meters,
(D, + d) = Effective diameter of the brake wheel,
Then work/revolution = Torque x angle turned per revolution

=(W-S)x (Db;dj x2n=(W-8S)D,+d)xn

Work done/min. =(W-S)n(D,+dN
i W -8)n(D, +d)N
Work done/sec. = &0
(W -8) n(D, +d}N
60 <1000 &W .(4.13)

W-S)n DN
= T0x1000 if d is neglected

BP. =

(T xonN
o (" 60 x 1000 ka (419

In MKS Units
(W -S)n(D, +d) N

4500
_(W-S)nD,N
B 4500

or (: Tx 2“N) [4.14 ()]

BHP. = .[4.13 (a)]

... if d is neglected

4500

Rope brake is cheap and easily constructed but not very accurate because of changes in friction
co-efficient of the rope with temperature.

7. Measurement of Indicated power (LP.)

The power developed in the engine cylinder or at the piston is necessarily greater than that
at the crankshaft due to engine losses. Thus,

LP. = B.P. + engine losses.

Indicated power is usually determined with the help of a p-V diagram taken with the help of an
indicator. In case indicated power cannot be measured directly, it is made possible by measuring the
brake power and also the engine losses. If the indicator diagram is available, the indicated power
may be computed by measuring the area of diagram, either with a planimeter or by ordinate method,
and dividing by the stroke measurement in order to obtain the mean effective pressure (m.e.p.).

_ Net area of diagram in mm?
m " Length of diagram in mm
where p_. is in bar. -.{4.15)
(The spring constant is given in bar per mm of vertical movement of the indicator stylus.)

Le.

x Spring constant
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In MKS Units r
. . 2
Poi = NE::?;:; :::;::::z :: z:: » Spring constant (kgffem2-cm) ...[4.15 (@)]

Engine indicators
The main types of engine indicators are :
1. Piston indicator
2. Balanced diaphragm type indicator :
{(f) The Farnborough balanced engine indicator
(i) Dickinson-Newell indicator
(iit) MIT balanced pressure indicator
(iv) Capacitance-type balance pressure indicator.

3. Electrical indicators
In addition to this, optical indicators are also used.
Calculation of indicated power (LP.) ;
If p,,; = indicated mean effective pressure, bar,

A = area of piston, m2,

L = length of stroke, m,

N = speed of the engine, r.p.m,,

= % for 4-stroke engine,
= 1 for 2-stroke engine.
Then, force on the piston =p,_; x A x 10° N
Work done per working stroke = Force x Length of stroke
=p,.; XA x10° x L N-m

Work done per second = Work done per stroke x Number of working stroke per second

=p,..xLxAx10%x GKO x k& N-m/s or J/s

Dmi X LANE x10°
60 x 1000

' Pomi LANE X 10
Indicated power, LP.= T 60x1000 kW

kW

If n is the number of cylinders, then
np,.; LANk x 10
6
[ In MKS Units 7

Calculation of LH.P.
_ If p_; = Indicated mean effective pressure, kgf/em?,
A = Area of the piston, cm?,
L = Length of stroke, m,
N = Engine speed, r.p.m.,

1P. = kW ...(4.16)

k = 7 for 4-stroke engine,

= 1 for 2-stroke engine,
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Then, force on the piston = p_. x A kgf
Work done per working stroke
=p,;*AxLkgfm
Work done per minute = Work done per stroke
x Number of working stroke per minute
=p . xAxLxNxk

_ PmiLANE
LELP. = 4500
If n is the number of cylinder, then
LANE
LH P, = Pni % 4.
4500 {4.16 (a)]

Morse test
This test is only applicable to multi-cylinder engines,

The engine is run at the required speed and the torque is measured. One cylinder is cut out,
by shorting the plug if an 8.1. engine is under test, or by disconnecting an injector if a C.I. engine is
under test. The speed falls because of the loss of power with one cylinder cut out, but is restored by
reducing the load. The torque is measured again when the speed has reached its original value. If
the value of LP. of the cylinders are denoted by I}, I,, I, and I, (considering a four-cylinder engine),
and the power losses in each cylinder are denoted by L,, L,, L, and L, then the value of B.P., B at
the test speed with all cylinders firing is given by

B=(,-L)+U,-L)+{I;-L)+ U, ~L)) i)

If number 1 cylinder is cut out, then the contribution I, is lost ; and if the losses due to that

cylinder remain the same as when it is firing, then the B.P., B,, now obtained at the same speed is

B =(0-Ljp+Uy—Ly)+Uy—Ly)+UI,—Lp (7))
Subtracting equation (if) from (), we get
B-B, =1, A4.17)
Similarly, B — B, = I, when cylinder number 2 is cut out,
and B - B, =I; when cylinder number 3 is cut out,
and B - B, = I, when cylinder number 4 is cut out.
Then, for the engine,
I=1 +L,+I,+1, ..(4.18)

Measurement of frictional power (F.P.)

The frictional power of an engine can be determined by the following methods :
1. Willan’s line method (used for C.I. engines only)

2. Morse test

3. Motoring test

4. Difference hetween L.P, and B.P.

1. Willan’s line method

At a constant engine speed the load is reduced in increments and the corresponding B.P. and
gross fuel consumption readings are taken. A graph ie then drawn of fuel consumption against B.P.
as in Fig. 4.36. The graph drawn in called the Willan’s line (analogous to Willan’s line for a steam
engine), and is extrapolated back to cut the B.P. axis at the point L. The reading OL is taken as the
power loss of the engine at that speed. The fuel consumption at zero B.P. is given by OM ; and if the
relationship between fuel consumption and B.P. is assumed to be linear, then a fuel consumption
OM is equivalent to a power loss of OL.
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;

Fuel consumption ——

L
| Power T B.P—
loss

Fig. 4.36. Willian's line method.

2. Morse test

In ‘Morse test’ (already discussed), frictional power can be found by subtracting (B.P.), from
(IP.)
ie. F.P.=(LP.), - (BP)
where n is the number of cylinders.

3. Motoring test

In this test the engine is first run upto the desired speed by its own power and allowed to
remain under the given speed and load conditions for sometime so that oil, water and engine compo-
nent temperatures reach stable conditions. The power of the engine during this period is absorbed
by a dynamometer (usually of electrical type). The fuel supply is then cut off and by suitable electric
switching devices the dynamometer is converted to run as a motor to drive or ‘motor’ the engine at
the same speed at which it was previously running. The power supply to the motor is measured
which is a measure of F.P of the engine.

4. Difference between ILP. and B.P.

The method of finding the F.P. by finding the difference between LP. as obtained from an
indicator diagram, and B.P. as obtained by a dynamometer is the ideal method. However, due to
difficulties in obtaining accurate indicator diagrams, especially at high engine speeds, this method
is usually only used in research laboratories and its use at commercial level is very limited.

WORKED EXAMPLES

Example 4.1. Following data refer to a four stroke double acting diesel engine havingbylinder
diameter 200 mm and piston stroke 350 mm. '

m.e.p. on cover side =6.5 bar
m.e.p. on crank side =7 bar
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Speed =420 r.p.m.
Diameter of piston rod =20 mm
Dead load on the brake - =1370N
Spring balance reading =145N
Brake wheel diameter =12m
Brake rope diameter =20 mm

Calculate the mechanical efficiency of the engine.

399

Solution. Given : Pm.(cmr) = 6.5 bar, Priiteranky = 7 bar, D = 0.2 m, L = 0.35 m,
N=420r.pm., dq=20mm = 0.02m, W = 1370 N, S =145N,

D,=12m,d=0.02 m,

Mechanical efficiency ; Nmech, ©
Area of cylinder on cover end side,

1
k= 3 4-stroke cycle engine

A = /4 D% = (n/4) x (0.2)% = 0.03141 m?

cover
Effective area of cylinder on crank end side,

Acron = W4 (D? - d24) = /4 (0.2% — 0.02%) = 0.0811 m?

Indicated power on cover end side,
LP _ Pmitcovery X LANE x 10

** *{cover) = 6

6.5 x 0.35 % 0.03141 x 420

xlxlﬂ

Indicated power on crank end side,

=25 kW

_ pmi(crank) XLA.Nk X 10

I'P'(crank) - 6
7% 035 x 0.0311 x 420 x X x 10
= g = 26.67 kW
Total LP.=1P .+ LP.roniy = 25 + 26.67 = 51.67 kW
(W-S)n(Dy +dIN (1370 - 145)m(L2 + 0.02) x 420
Now, brake power, BP = 601000 = 60 = 1000 kW
= 32,86 kW
. : B.P. 3286
Mechanical efficiency, Ninech, = 1P - 5167 = 0.6359 = 63.59%. (Ans.)
Example 4.2, The following data refer to an oil engine working on Otto four stroke eyele :
Brake power =147 kW
Suction pressure = 0.9 bar
Mechanical efficiency =80%
Ratio of compression =5
Index of compression curve =135
Index of expansion curve =13

Maximum explosion pressure =24 bgr
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Engine speed = 1000 r.p.m.
Ratio of stroke : bore =15

Find the diameter and stroke of the piston.
Solution. Refer Fig. 4.37.

p, (bar)
&
3

»V(m’)
Fig. 4.37
Given : B.P.= 14.7kW, p, =09 bar,n__, =80%,r=5,p, =24 bar
N=1000r.p.m., % =15
D=? L=%
C 3 t' Vl V4
ompression ratio, r= v, =V,

To find p,, considering compression process 1-2, we have
p1V11.35 - szz L35

135
f.& = YL - (5)1.35 =878
By \£

pP;=p;x8.78=09x878=79 bar

To find p,, considering expansion process 3-4, we have
PV, 13=p V13

13
v,
Py _ [..i} =(5)18=8.1

P _ 24

Py=g1= 81 = 2,96 bar
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Work done/eycle = Area 1-2-3-4
Area under the curve 3-4 — Area under the curve 1-2

_PVs-pVy eV, - iV
- 13-1 135-1

P3Vs - pV, _ PaVs — piVy [
0.3 0.35 :

_ 10°(24V;, - 2.96V,) _ 105%(7.9V, - 0.9V,)

- 0.3 0.35

10° 80V, - 6.86V,) - (22.57V, — 2.57V,)]

= 10%80V, - 9.86V, - 2257V, + 2.57V)

= 105(57.43V, - 7.29V)

Vl = V‘ aﬂd V2 = Va]

S
CI:‘

= 10%(57.43V, - 7.29 x 5V,) [

= 10° x 20.98 V; N-m.
Mean effective pressure (theoretical),
_ Work done / cycle
Pm = Stroke volume (V,)

_ 10° x 2098V, _ 10° x20.98V,
- (V4 - Va) - 5‘}; - ‘,3
B.P.

LP.

B.P.
IP = — - M7 _joanw

Nmech, 0.8

= 10% x 5.245 N/m? or 5.245 bar.

Now, Nimech, =

Tofind Dand L:

LANE %10
IP.= &L"—G“— kW

1
5245 x15D xn/4x D? x1000 x = x 10
_2

6
3 147x6x4x2
D = 5245 x 15 x n x 1000 x 10 = 0-002855
or D=0.1418 ~ 0.142 m or 142 mm. (Ans.)
and L=15D=15x%142 = 213 mm, (Ans.)
Example 4.3. The following readings were taken during the test of a single cylinder four
stroke oil engine :

14.7 =

Cylinder diameter =250 mm
Stroke length =400 mm
Gross m.e.p. =7 bar

Pumping m.e.p. =0.5bar
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Engine speed =250r.p.m.

Net load on the brake = 1080 N

Effective diameter of the brake = 1.5 meires

Fue! used per hour =10 kg

Calorific value of fuel = 44300 kJ/ kg
Calculate : (i) Indicated power ; {ii) Brake power ;

(iii) Mechanical efficiency ;  (iv) Indicated thermal efficiency.
Solution. Given: D=250mm=025m,L=400mm=04m,p, =7 bar,

. 10
Ppp = 0.5bar, N=250r.pm., D, =15m, 7y = 3600 0.00277 kg/s
C=44300 klkg, n=1,(W~S)=1080 N

Net pm=pmg—pmp=7~—0.5=6.5 bar.
(i) Indicated power LP.:

np, LANK x10  1x 6504 x 1/ 4025 x 250 x1

0
IP.= " kW = 26.59 kW.
6 6

{Ans.)
(i{) Brake power, B.P.:

- 1080 x ® x 1.5 x 250
BP.= W —S)nD kW = =212 kW. (Ans.)

60 x 1000 - 60 x 1000
(iii) Mechanical efficiency, N .5 °
' BP. 212
| Mmeer. = TP, = 2659 ~ 0.797 or 79.7%. (Ans.)
(iv} Indicated thermal efficiency, n,,, :
LP. 2659

N = n':fxC = 000577 < 44300 = 0.216 or 21.6%. (Ans.)

Example 4.4. The brake thermal efﬁciéﬁf:’y 6f a diesel engine is 30 per cent. If the air to fuel
ratio by weight is 20 and the calorific value of the fuel used is 4 1800 kJ | kg, what brake mean effective
pressure may be expected at S.T.P. conditions ?

Solution. Brake thermal efficiency, 1y, g, = 30%

Air-fuel ratio by weight =20
Calorific value of fuel used, C = 41800 kJ/kg
Brake mean effective pressure, p_; :
Brake thermal efficiency = M
Heat supplied
0.3 = Work produced
41800
Work produced per kg of fuel = 0.3 x 41800 = 12540 kJ

Mass of air used per kg of fuel =20 kg

S.T.P. conditions refer to 1.0132 bar and 15°C

mRT 20 x 287 x(273 + 15)
P 10132 x 10°

Volume of air used = =16.231 m?
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‘Brake mean effective pressure,

_ Work done 12540 x 1000
Pmb = Cylinder volume 1631 x10°

=7.69 bar. (Ans.)

¥Example 4.5. A 2-cylinder C.I. engine with a compression ratio 13 : I and cylinder dimen-
sions of 200 mm x 250 mm works on two stroke cycle and consumes 14 kg ! h of fuel while running at

300 r.p.m. The relative and mechanical efficiencies of engine are 65% and 76% respectively. The fuel

injection is effected upto 5% of stroke. If the calorific value of the fuel used is given as 41800 kJ/ kg,
calculate the mean effective pressure developed.

Solution. Refer Fig. 4.38,

Vg = V, —v,_.‘—-l

Fig. 4.38
Diameter of cylinder, D=200mm=02m
Stroke length, L=250mm=025m
Number of cylinders, n=2
Cempresgion ratio, r=14
Fuel consumption =14 kg/h
Engine speed, N =300r.p.m.
Relative efficiency, Nrelative = 50%
Mechanical efficiency, Ninech, = 16%

Cut-off = 5% of stroke
Calorific value of fuel, C = 41800 kd/kg

k=1.... for two-stroke cycle engine

Cut-off ratio, p= 2
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404
Also V, ~ V, = 0.05V, = 0.05(V, - V)
Vl
or V-V, =0.05(13V,-V,) Voo =r=13
- 2
or Vy~V, =0.05 x 12V, = 0.6V,
V.
2=
7 =18

2

1 p’ -1
MNeir-standard = 1~ W[ p—11|

-1 1 1644 -1
T 14044 161

=1-0.248 x 1.55 = 0.615% or 61.5%

Also, Nrelative = L
Tllir-ntnndmd
0.65 = Netermal
0.615
Nipermat = ¢-68 x 0.615=0.4
LP.
But Nthermal ( = m; xC
04 = - i.p.
3600 x 41800
0.4 x14 x 41800
IP.= ———— =66kW
3600
B.P.
Now, Noech, = 1
P,
0.76 = 65

- B.P. =0.76 x 65 = 49,4 kW
Mean effective pressure can be calculated based on LP. or B.P. of the engine.
np LANEx10
IP = 2 —
6
where p . = Indicated mean effective pressure
_ 2xp,; X025xn/4x02%x300x1x10
- 6
65x6x4
Pmi = 9 % 025 x 11 0.2% 300 x 10

85

=8.27 bar. (Ans.)

and brake mean effective pressure,
Py =0.76 x 827 = 6.28 bar. (Ans.)
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Example 4.6. A single cylinder 4-stroke diesel engine gave the following results while running
on full load :

Area of indicator card = 300 mm?
Length of diagram =40mm
Spring constant = I bar/mm
Speed of the engine =400 r.p.m.
Load on the brake =370N
Spring balance reading =50N
Diameter of brake drum =12m
Fuel consumption =28 kglh
Calorific value of fuel = 41800 kJtkg
Diameter of the cylinder = 160 mm
Stroke of the piston =200 mm

Calculate : (i) Indicated mean effective pressure.
(i1} Brake power and brake mean effective pressure.
{iii) Brake specific fuel consumption, brake thermal and indicated thermal efficiencies.
Seolution. Given : N=400r.p.m., W =370 N, S=50N, D,=12m,
m,=2.8kgh, C=41800kJ/ke, D=016m, L=02m,

== ... for 4 stroke cycle engine.

B | =

() Indicated mean effective pressure, p_,:

Area of indicator diagram or card x spring constant
P mi =

Length of diagram
300x1
=~ - 7.5 bar. (Ans.)
np LANEx10 1x75x02xn/4x0162 x 400 L x10
Indicated power, LP.= -—Jm—ﬁ—- = 5 2
=10.05 kW.

GOYBP.:y Pt

(W-S)n DN~ (370 - 50)m x 1.2 x 400
Brake power, BP. = b (370 ) X

=8.04 kW, (Ans.)

60x1000 - 60 x 1000
x LANE x10
Also, BP. = oM
1x p,, X02x /4 x 0162 x 400% = x10
8.04 = 2
6
Pos B.04x6x4x2 £ Gbar. (Ans.)

T 02xnx0.16% x400x 10
(iii) b.sfee. 3 Ny gy 5 Ny *
Brake specific fuel consumption,

b.s.f.c = Fuel consumption per B.P. hour

9 :
=804 = 0.348 kg/B.P. hour. (Ans.)
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Brake thermal efficiency,
B.P. 8.04
1] = - = = 0.2473 or 24.73%. (Ans.)
BB o xC - 28 41800
3600
Indicated thermal efficiency,
n. o= 1005 64081 or 30.91%. (Ans.)
WO xC T 28 | 4800
3600

¥ Example 4.7. The following observations were recorded during the test on a 6-cylinder, 4-
stroke Diesel engine :

Bore =125mm

Stroke =125 mm

Engine speed = 2400 r.p.m.

Load on dynamometer =490 N

Dynamometer constant = 16100

Alir orifice diameter =55mm

Co-efficient of discharge = 0.66

Head causing flow through orifice = 310 mm of water

Barometer reading =760 mm Hg

Ambient temperature =25°C

Fuel consumption =221 kglh

Calorific value of fuel = 45100 kJtkg

Percent carbon in the fuel =85%

Percent hydrogen in the fuel =15%
. Pressure of air at the end of suction stroke = 1.013 bar

Temperature at the end of suction stroke =25°C

Calculate : (i) Brake mean effective pressure, (if) Specific fuel consumption,
(iit) Brake thermal efficiency, (iv) Volumetric efficiency, and

(v) Percentage of excess air supplied.
Solution. Given: n=6,D0=0.125m, L = 0.1256 m, N = 2400 r.p.m.
W =490 N, Cp, = dynamometer constant = 16100
d, = Orifice diameter = 0.055 m, C, = 0.66, 2, = 310 mm
221

m. = 22 — Q00614 k = 45100 kJ/kg,
f = 3600 0.00614 kg/s, C = 45100 g

k= % ..... for 4-stroke cycle engine.

(i) Brake mean effective pressure, p_; ¢
WxN _ 490x2400

Brake power, B.P.= CD =~ 16100 =73 kW
LANE x1
Also B.P.= Em.bs—xo

:8X ppp X 0.125x /4 % 0.1252 x2400x—12—><10
6

73 =
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_ TBx6x4x2 396 b (Ans)
P = 6% 0125 % 7 x 01257 x 2200 x 10 = S-¥6 bar. (Ans.
{if) Specific fuel consumption, b.s.f.c. :

b.s.fec. = _2:72?1 =0.3027 kg/kWh. (Ans.)
(iii) Brake thermal efficiency, NewcB)

B.P 73
Mg () = ﬁ;lf XC = 000614 x 45100 = 0.2636 or 28.36%. {(Ans.)

(iv) Volumetric efficiency, Nyoy
Stroke volume of cylinder = /4 D2 x [,
\ = /4 x 0.1252 x 0.125 = 0.00153 m®
The volume of air passing through the orifice of the air box per minute is given by,

3
Vu=84OA°CdJ“‘_”'

where, C, = Discharge co-efficient of orifice = 0.66
A, = Area of cross-section of orifice
=n/4 d? = n/4 x (0.055)2 = 0.00237 m?
h, = Head causing flow through orifice in em of water
= % =31cm
P, = Density of air at 1.013 bar and 25°C

1.013 x 10°
=B . __exXD 4
T RT ~ 28Tx(25+ 273) = 118 kg/m®

f 31
‘Volume of air, V, = 840 x 000237 x 0.66 118 = 6.73 m¥min
Actual volume of air per cylinder

6.73
= —6—13- = —1— =1.12 mslmin

Air supplied per stroke per cylinder
112
== — _ 3
= 240072) = 0.000933 m:
Volume of air actually supplied
Volume of air theoretically required

! 0.000933
= W = 0.609 or 80.9%. (Ans.)

(v) Percentage of excess air supplied :
Quantity of air required per kg of fuel for complete combustion
100 [C X 8 +H, x %]

oo, =
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P

where C is the fraction of carbon and H, is the fraction of hydrogen present in the fuel respectively.

100 8 /
= og [0.85 X3+ 0.15% 8] = 15.07 kg/kg of fuel

Actual quantity of air supplied per kg of fuel

_ Vyxp, %60 673x118x60
- 221 - 221
. Percentage excess air = 2145165—_0%@ x 100 = 43.06%. (Ans.)

Example 4.8. In a trial of a single cylinder oil engine working on dual cycle, the following
observations were made :

- 21.56 kg

Compression ratio = 15

Oil consumption =102 kg/h
Calorific value of fuel = 43890 hJikg
Air consumption = 3.8 kg/min
Speed = 1900 r.p.m.
Torque on the brake drum =186 N-m
Quantity of cooling water used = 15.5 kgimin
Temperature rise = 36°C
Exhaust gas temperature =410°C
Room temperature =20°C

¢, for exhaust gases = 1.17 kJlkg K

Calculate : (i) Brake power,
(if) Brake specific fuel consumption, and
(i) Brake thermal efficiency.
Draw heat balance sheet on minute basis.
Solution. Giver : n = 1,1 = 15, ms= 10.2 kg/h, C = 43890 kJ/kg, m, = 3.8 kg/min.,
N =1900r.p.m., T =186 N-m, m , = 15.5 kg/x:uinT

b, — t, = 36°C, 1, = 410°C, £, = 20°C, ¢, = L.IT.
(i) Brake power, B.P.:

2nNT 27 x 1900 x 186
BP. = B0 %1000 = 50 <1000 =37 kW. (Aps-)

(ii) Brake specific fuel consumption, b.s.f.c. :

10.2

b.s.fe. = 37 = 0.2756 kg/kWh. (Ans.)

(iii) Brake thermal efficiency, 1,4, :
B.P. 37

Ma®)= 7 = TOL . goggy = 02975 or 20.76%. (Ans)
3600

—Heat supplied by the fuel per minute
10.2

= -6-0— x 43890 = 7461 kJ/min
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" (i) Heat equivalent of B.P.

=B.P. x 60 = 37 x 60 = 2220 kJ/min.

(i) Heat carried away by cooling water

=m, xc,, (th - tw' )=15.5 x 4.18 x 36 = 2332 kJ/min.

(i) Heat carried away by exhaust gases

=mgxcpgx(tg——tr)

60

102
= (——-— + 3.8) x 1.17 x (410 - 20) = 1811 kJ/min.

Heat balance sheet (minute basis)

Item kJ Per cent
Heat supplied by fuel 7461 100
{{) Heat absorbed in B.P, 2220 298
(ii) Heat taken away by cooling water 2332 31.2
(iii) Heat carried away exhanst gases 1811 24.3
{iv) Heat unaccounted for (by difference) 1098 14.7
Total 7461 100

“FExample 4.9. From the data given below, caleulate indicated power, brake power and draw
a heat balance sheet for a two stroke diesel engine run for 20 minutes at full load :

r.p.m, = 350

m.e.p. = 3.1bar

Net brake load = 640N

Fuel consumption = 1L52kg
Cooling water = 162 kg
Water inlet temperature = 30°C

Water outlet temperature = §5°C

Air used/kg of fuel = 32 kg

Room temperature = 25°C
Exhaust temperature = 305°C
Cylinder bore = 200 mm
Cylinder stroke = 280 mm
Brake diameter = I metre
Cualorific value of fuel = 43900 kJikg
Steam formed per kg of fuel in the exhaust = 1.4 kg
Specific heat of steam in exhaust = 2.09 hJikg K
Specific heat of dry exhaust gases = LOkRJIkg K.

Solution. Given : N = 350 rpm, p,. = 3.1 bar, (W - S) = 640 N, me = 152 kg, m,,

=162 kg, %, =30°C, tw, = 55°C, m, = 32 kg/kg of fuel, ¢ = 25°C, t,=305°C,D=02m,L=0.28m,
Dy =1m, C=43900 kJ/kg, ¢, = 2.09, Cop = 10, k=1.... for two stroke cycle engine.
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(i) Indicated power, LP.:
np, .LANk x10
6

2
- 1x3.1x0.28x1tl4;<0.2 x350x1x10 -159kW. (Ans)

{i{} Btake power, B.P.:

LP. =

(W-S)n DN  640x nx1x350
BP.= — o0 = 6oxiooo = HTSKW. (Ans)

Heat supplied in 20 minutes
= 1.52 x 43900 = 66728 kJ
(i) Heat equivalent of 1.P. in 20 minutes -

=1P. x 60 x 20 = 15.9 x 60 x 20 = 19080 kJ
(#i) Heat carried away by cooling water '

=M, X C,, X (t‘”s_ twl )
=162 x 4.18 x (55 — 30) = 16029 kJ
Total mass of air =32 x 1.52 = 48,64 kg
Total mass of exhaust gases
= Mass of fuel + Mass of air
=152 + 48.64 =50.16 kg
Mass of steam formed = 1.4 x 1.52 = 2.13 kg .
. Mass of dry exhaust gases = 50.16 — 2.13 = 48.03 kg
(¢#ii) Heat carried away by dry exhaust gases
=mgxcpgx(t'-—tr)
= 48.03 x 1.0 x (305 ~ 25) = 13448 kJ
(iv) Heat carried away by steam
=218tk + hy + ¢, (£, ~ £

pe “Vaup
At 1.013 bar pressure (atmospheric pressure assumed) :
hy= 417.6 kJ/kg, h;, = 2257.9 kJ/kg

=2.13 [417.5 + 2257.9 + 2.09 (305 - 99.6)]

= 6613 kJ/kg ..... neglecting sensible heat of water at room temperature
Heat balance sheet (20 minute basis)

Item kJ Per cent
Heat supplied by fusl 66728 100
(i) Heat equivalent of LP. 19080 - 28.60
(if) Heat carried away by cooling water 16929 25.40
{iii) Heat earried away by dry exhaust gases : 13448 2010
(iv) Heat carried away steam in exhaust gases 6613 9.90
(v) Heat unaccounted for (by difference) ' 10658 16.00
Total ) 66728 100,00
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" Example 4.10. During a test on a two stroke oil engine on full load the following observa-
tions were recorded :

Speed - =350r.p.m.
Net brake load =590N

Mean effective pressure = 2.8 bar

Qil consumption =43 kg/h
Jacket cooling water = 500 kg/h
Temperature of jacket water at inlet and outlet = 25°C and 50°C regpectively
Air used per kg of il : =33 kg
Temperature of air in test room = 25°C
Temperature of exhaust gases = 400°C
Cylinder diameter =220 mm
Stroke length =280 mm
Effective brake diameter . = I metre
Calorific value of il = 43900 kJ ! kg
Proportion of hydrogen in fuel oil = 15%

Mean specific heat of dry exhaust gases =1.0kJihg K
Specific heat of steam =2.09 kJlikg K

Calculate : (i) Indicated power, and (ii) Brake power.
Also draw up heat balance sheet on minute basis.
Solution. Given : n = 1,N =350 r.p.m., (W-S8) =590 N, p,.=28bar

my= 4.3 kg/h, m, = 500 kg/, 1, = 25°C, 1, = 50°C

m, = 33 kgkg of oil, ¢, = 25°C, 1, =400°C,D=0.22m
L=028m,D,=1m,C = 43900 kl/kg, Cpg = 1.0, ¢, = 2.09
k=1... for two stroke cycle engine,

(i) Indicated power, LP.:

LP. - np, LANE x10
6
2
_ 1x2.8x0.28xn/4;<0.22 X 350x1x10 =17.38kW. (Ans)
(ii) Brake power, B.P, ;
W-8)xDN 590 x 1 x1x350
BP.= 60 x 1000 = 80 x 1000 =10.81 kW, (Ans.)

43
Heat supplied per minute = 0 * 43900 = 3146 kJ/min.
(i) Heat equivalent of LP. = 17.38 x 60 = 1042.8 kJ/min.
(ii) Heat lost to cooling water

=My, X Cp,, % (th- t'”x)

- -‘”3% x 4.18 x (50 — 25) = 870.8 kJ/min.
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Now, 2H, + 0, = 2H,0
4 32 36
1 8 9

ie, 1%gofH,produces9kgof HO
Mass of H,O produced per kg of fuel burnt
= 9 x H, x mass of fuel used/min.

43
=9x0.15x 60 = 0.0967 kg/min.

Total mass of exhaust gases (wet)/min.
= Mass of air/min. + mass of fuel/min.

- (33+€15())x4.3 = 9.436 kp/min.

Mass of dry exhaust gases/min.
= Mass of wet exhaust gases/min — mass of H,O produced/min.
= 2.436 — 0.0967 = 2.339 kg/min.
(iif) Heat lost to dry exhaust gases
=Mm, X,y X (tg-—tr)
= 2339 x 1.0 x (400 — 25) = 887 kJ/min.

{iv) Assuming that steam in exhaust gases exists as superheated steam at atmospheric pres-
sure and exhaust gas temperature, the enthalpy of 1 kg of steam at atmospheric pressure
1.013 ~ 1 bar and 400°C

=hg,,—h (where h is the sensible heat of water at room temperature)
=Thp+ by +c,, (6, —2 )] - 1% 418 x (25-0)
= [417.5 + 2257.9 + 2.09 (400 — 25)] — 104.5
= 3355 kJ/min.
Heat carried away by steam = 0.0967 x 3355 = 320.6 kJ/min.
Heat balance sheet (minute basis)

Item ) keJ Percent

Heat supplied by fuel 3146 100
(i) Heat equivalent of LP. 1042.8 33.16
(#) Heat carried away by cocling water 870.8 T 27.70
(iii) Heat carried away by dry gases 887 28.15
(iv) Heat carried away by steam 320.6 - 10.20
(v) Heat unaccounted for (by difference) 24.8 0.80
Total 3146 100

Example 4.11. During a test on a Diesel engine the following observations were made :

The power developed by the engine is used for driving a D.C. generator. The output of the
generator was 210 A at 200 V ; the efficiency of generator being 82%. The quantity of fuel supplied to
the engine was 11.2 kg/h ; Calorific value of fuel being 42600 kJ/kg. The air-fuel ratio was 18 : 1.
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The exhaust gases were passed through a exhaust gas calorimeter for which the observations

were as follows : Water circulated through exhaust gas calorimeter = 580 litres/h. Temperature rise of
waler through calorimeter = 36°C. Temperature of exhaust gases at exit from calorimeter = 98°C.
Ambient temperature = 20°C,

basis.

Heat lost to jacket cooling water is 32% of the total heat supplied.
If the specific heat of exhaust gases be 1.05 kJ/kg K draw up the heat balance sheet on minute

Solution. Qutput of generator = 210 Aat200V
Generator efficiency = 829
Fuel used = 11.2 kgt
Calorific value of fuel = 42600 kJ/kg
Air-fuel ratio = 18:1
Mass of water circulated through calorimeter, m_.= 580 litres or 580 kg/h
Temperature rise of water, th - b, = 36°C
Temperature of exhaust gases at
exit from calorimeter = 98°C
Ambient temperature = 20°C
Heat lost to jacket cooling water = 32% of the total heat supplied
Specific heat of exhaust gases = 105 kJ/kg K
Total power generated = VI=200x 210 = 42000 W = 42 kW
Power available at the brakes of the engine, B.P.= 54525 =51.22 kW
Total heat supplied to the engine = Fuel supplied per min. x calorific value of fuel
= 161(;2 x 42600 = 7952 kJ/min.
(£) Heat equivalent of B.P. = 51.22 x 60 = 3073 kJ/min

Mass of exhaust gases formed per minute

AY
= Fuel supplied/min. (% ratio + 1J [% ratio means air-fuel ratio]

112 )
=80 (18 + 1) = 3.55 kg/min.
(éf) Heat carried away by exhaust gases/min.
= Heat gained by water in exhaust gas calorimeter from exhaust gases
+heat in exhaust gases at exit from exhaust gas
calorimeter above room temperature
=m, X cp, X (th - tw1 )+ my x cm(tg —t)
580
=50 * 4.18 x 36 + 3.55 x 1.05 (98 — 20)
= 1454.6 + 290.7 = 1745.3 kg/min.
(iii) Heat lost to jacket cooling water
= 0.32 x 7952 = 2544.6 kJ/min.

413
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Heat balance sheet (minute basis)

Item kJ Percent

Heat supplied 7952 100
(i) Heat equivalent of B.P. . 3073 as.t
{ii) Heat carried away by exhaust gases 1745.3 219
(iif) Heat lost to jacket cooling water 2544.6 32.0
(iv) Heat unaccounted for (by difference) 589.1 7.4
Total 7962 100

% Example 4.12. During a trial of a single cylinder, 4-stroke diesel engine the following obser-
vations were recorded :

Bore = 340 mm
Stroke = 440 mm
r.p.m, = 400

Aren of indicator diagram = 465 mm?
Length of diagram = 60 mm
Spring constant = 0.6 bar/mm
Load on hydroulic dynamometer = 950N
Dynamometer constant = 7460

Fuel used = 10.6 kg/h
Calorific value of fuel = 49500 kJikg
Cooling water circulated = 25 kg/min
Rise in temperature of cooling water = 25°C

The mass analysis of fuel is :

Carbon ‘ = 84%
Hydrogen = 15%
Incombustible = 1%

The volume analysis of exhaust gases is :

Carbon dioxide = 9%

Oxygen = 10%
Nitrogen = 8I%
Temperature of exhaust gases = 400°C
Specific heat of exhaust gases = 1.05 kJlkg"C
Ambient temperature = 25°C
Partial pressure of steam in exhaust gases = 0.030 bar
Specific heat of superheated steam = 2.1 kJ/kg°C.

Draw up heat balance sheet on minute basis.
Solution. Given :n=1,0=034m,L =044 m, N=400rpm., W=950N,
C, (dynamometer constant) = 7460, m,=10.6 kg/h,
C = 49500 kd/kg, m , = 25 kg/min., (th - t'-"1) = 25°C,

t, = 400°C, c,, = 1.05 kJ/kg°C, Py = 2.1 kJ/kgC.
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Mean effective pressure,

p = Area of indicator diagram x Spring constant
mi

Length of indicator diagrame,.
_ 465x06

=~ %0 = 4.65 bar
. np LANE <10
Indicated power, 1P, =

. T
o

—

6

1% 4.65x 044 x 1/ 4 x 0342 x 400 x L x 10

5 = 61.9 kW
Brake power, B.P.=z WxN = 950 x 400

C, 7460 = 50.9 kW
Friction power, F.P.=LP.-B.P. = 61

9-50.9=11 kW
Heat supplied per minute

= Fuel used per min. x Calorific value
- % x 49500 = 8745 kJ/min.

({) Heat equivalent of B.P. = B.P. x 60 = 50.9 x 60 = 3054 kJ/min.
(i) Heat lost in friction

=F.P. x 60 = 11 x 60 = 660 kJ/min.
(tif) Heat carried away by cooling water
=m, x pr x (th—' twl)

=25 x 4.18 x 25 = 2612.5 kJ/min.
Mass of air supplied per kg of fuel

NxC 81x84

= 33(C0+CO, ~ 3%0+9) =229ke
Mass of exhaust gases formed per kg of fuel

=229+1=239kg -
Mass of exhaust gases formed/min,

106
=239 x — 4,
23.9 x 50 22 kg

Mass of steam formed per kg of fizel

=9x0.15=1.35kg
. Mass of steam formed per min.

=1.35 x %ﬁ = 0.238 kg/min.
Mass of dry exhaust gases formed per min.
=4.22 - 0.238 = 3.982 kg.
(iv) Heat carried away by dry exhaust gases/min.
=m,xe, % (tg—tr)
= 3.982 x 1.05 x (400 — 25) = 1568 kJ/min.
Steam is carried aw.
exhaust gases e.g. 400°C.

ay by exhaust gases. The temperature of steam is also the same as that of

415
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At partial pressure of steam 0.03 bar, the saturation temperature is 24.1°C. Therefore, steam
is superheated.

Enthalpy of steam =k +¢_ (¢, ~1)
= 2545.5 + 2.1 (400 — 24.1) = 3334.89 kJ/kg.
{v) .. Heat carried by steam in exhaust gases
= 3334.89 x 0.238 = 793.7 kJ/min.
(vi) Heat unaccounted for
= Total heat supplied—heat equivalent of B.P.
— heat lost in friction—heat carried away by cooling water
— heat carried away by dry exhaust gases
— heat carried away by steam in exhaust gases
= 8745 — (3054 + 660 + 2612.5 + 1568 + 793.7) = 56.8 kJ/min.

Heat balance sheet on minute basis

Item ke Per cent
Heat supplied 8745 100
(i) Heat equivalent of B.P. 3054 34.92
(ii) Heat lost in friction 660 7.55
(ii1) Heat carried away by cooling water 2612.5 29.87
(tv) Heat carried away by dry exhaust gases 1568 17.93
(v) Heat carried away by steam in exhaust gases 793.7 9.07
(vi) Heat unaccounted for 56.8 0.66
Total 8745 100

SUPERCHARGING

wExample 4.13. The average indicated power developed in a C.I. engine is 13 kW /m? of free
air induced per minute. The engine is a three-litre four-stroke engine running at 3500 r.p.m., and has
a volumetric efficiency of 81%, referred to free air conditions of 1.013 bar and 15°C. It is proposed to
fit a blower, driven mechanically from the engine. The blower has an isentropic efficiency of 72% and
works through a pressure ratio of 1.72. Assume that at the end of induction the cylinders contain a
volume of charge equal fo the swept volume, at the pressure and temperature of the delivery from the
blower. Calculate the increase in brake power to be expected from the engine.

Take all mechanical efficiencies as 78%.

Solution. Capacity of the engine = 3 litres = 0.003 m?

3500
5 % 0.003 = 5.25 m%min.

=5.26 x N,

=525 x 0.81 = 4,25 m?
Blower delivery pressure =1.72 x 1.013 = 1.74 bar
Temperature after isentropic compression

Swept volume =

Unsupercharged induced volume

= 288 x (1.72f14-1D14 - 336 3 K
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. Blower delivery temperature = 288 + (ﬂ%ﬁi@) =355 K
T2 - Tl ’ TZ - T!l:l
W Migen. = m———or T'=T) + —2-
{ T, -1 ' Nigen,

The blower delivery is 5.25 m®min at 1.74 bar and 355 K.
Equivalent volume at 1.013 bar and 15°C
525 x1.74 x 288
~  1.013x355
Increase in induced volume = 7.31 — 4.25 = 3.06 m%min.
Increase in indicated power from air induced
=13 % 3.06 = 39.78 kW
Increase in LP. due to the increased induction pressure

_ {1.74-1.013)x10° x 5.25

= 7,31 m¥min.

T = 6.36 kW
Le., Total increase in LP. =39.78 + 6.36 = 46.14 kW
. Increase in engine B.P. = Mo, X 46.14

=0.78 x 46.14 = 35.98 kW
From this must be deducted the power required to drive the blower

174 x10° x 5.25

60 x 287 x 355

Work input to blower =mc, (355 - 288)
=0.149 x 1.005 x 67

0.149 x 1.005 x 67
Power required - o8 X 1286 kW

Net tncrease in B.P. 35.08 - 12.86 = 23.12 kW. (Ans.)
Example 4.14. A six-cylinder, four stroke Clengine is tested against a water brake dynamometer
for which B.P. = WN/17 x 103 in kW where W is the brake load in newton and N is the speed of the

engine in the r.p.m. The air consumption was measured by means of a sharp edged orifice. During the
test followirg observations were taken :

Mass of air delivered by blower = =0.149 kg/s

Bore . =10em
Stroke =1ldem
Speed =2500r.p.m.
Brake load =480N
Barometer reading =76 cm of Hg
Orifice diameter =33em
Coefficient of discharge of orifice =062
Pressure drop acroess orifice =4 cmof Hg
Room temperature =25°C

Fuel consumption =0.32 kg/min.
Calculate the following :

{i) The volumetric efficiency ; (ii) The brake mean effective pressure (bmep) ; (iii) The engine
torque ; (iv) The brake specific fuel consumption (bsfc). (AMIE Summer, 2000)
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Solution. (i} Volumetric efficiency, Nyt ?
V, = Swept volume,

T piLx

4 60x2

= x No. of cylinders, for 4-stroke. (where N =r.p.m.)
2500

— * m3
50 2 x 6 =0.137 m¥s.

= % (0.1)? x 0.14 x

Barometer =76 cm Hg = |:I70£0 %136 x 10% x 9.81] x 10~? = 101.4 kN/m?

p 1013

= = . 3
P RT " 0287273+ 25) " 1.1844 kg/m

Ap = 14 cm of Hg = % x 13.6 x 10° x 9.81 = 18,678 x 10 N/m?

Ap=p,x981xh,
where, A =Head, m of air, causing flow
- 18678 x10° .
or ha= m = 1607.5 m of air

V, = Volume flow rate of air, at free air conditions
n 2
=C, 1 (dy) 1f2gha
n(33Y
= 0.62 x 1 [WJ .\/2 x 981 x160756 = 0.094 m3/s,

V. 0.094
= & » 100 = x 100 = 88.6%. (Ans.)
Ml v, 0137
(ii) The brake mean effective pressure,
BP. = v;wT x 103 kW = ﬂ;‘fﬂ % 10- = 70.588 kW

=p.p LA % -é'% b % x 6, for six cylinder, four stroke

70,588 x 60 x 2
0.14 x 2(0.1)2 x 2500 x 6

(zii} Engine torque, T :

BP.=2nNT
B.P. 70588 x10°
or Torque, (T) = N = 5500 = 269.63 N-m. (Ans.)

2nx

0
(iv) Brake specific fuel consumption, bsfc :

_me(kg/h)  0.32x60
bsfe= —F 3 = “josss

= 0272 kg /kWh. (Ans)
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Example 4.15.An engine is required to develop 100 kW, the mechanical efficiency of the engine
is 86% and the engine uses 55 kg/ h of fuel. Due to improvement in the design and operating conditions,
there is reduction in engine fractwn to the extent of 4.8 kW, If the indicated thermal efficiency remains

the same, determine the saving in fuel in kg/h. (AMIE Winter, 1999)
Solution. Required brake power = 100 kW
. 100
Indicated power =086 = 116.28 kW
(8fe ) ngicated = 55 _ 0473 kg/kWh
116.28
Friction power =116.28 - 100 = 16.28 kW.

Given that indicated thermal efficiency remains same after improvement, the (sfc),,q also
remains the same.

After improvement :

Brake power = 100 kW

Friction power =16.28 - 4.8 =11.48 kW

Indicated power =100+ 1148 =111.48 kW

Fuel consumption =111.48 x 0.473 =52.73kg/h

Saving in fuel =65-5273=227Tkg/h

227
or 55 % 100 = 4.127%. (Ans.)

HIGHLIGHTS

1. Any type of engine or machine which derives heat energy from the combustion of fuel or any other
source and converts this energy into mechanical work is termed as a heat engine.
2, Essential components of a diesel power plant are :

(i) Engine (##) Air intake system
(iii) Exhaust system (iv)} Fuel system
{v) Cooling system (vi) Lubrication system
(vii) Engine starting system (viii) Governing system.
3. Commonly used fuel injection system in a diesel poweér station :
(i) Common-rail injection system (ii) Individual pump injection system

(zii) Distribution system.
4. In liquid cooling following methods are used for circulating the water around the cylinder and cylmder

head :
(i) Thermo-gystem cooling (it} Forced or pump cooling
(iii) Cooling with thermostatic regulator (iv) Pressurised cooling

(v) Evaporative cooling.
5. Various lubrication systems use for I.C. engines are :
(i} Wet sump lubrication system (ii) Dry sump Iubncatmn system
(iii} Mist lubrication system.
6. The following three are the commonly used starting systems in largg and medium size engines ;
(i) Starting by an auxiliary engine (i) Use of electric motors or self starters
(iif) Compressed air system.
7. The purpose of supercharging is to raise the volumetnc efficiency above that value which can be ob-
tained by normal aspiration. .
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8. Performance of L.C. engines. Some important relations :

; LANE x 1
(i) Indicated power (LP.) = __nﬁ,,_,;s—x_o kW
In MKS Units
. _ np,,; LANR
Indicated horse power, LH.P. = 4500
.- _ (W - S)?t(Db +d)N
(if) Brake (B.P.} = 50 % 1000 kW
2nNT
AL,
o [ 60 x 1000 WJ
In MKS Units
Brake horse power, BH.P. = W - Sm(D, + ) N
4500
%)
or =202
4500
‘ , B.P.(or B.H.P.}
ical effi L Docter B
(#ii) Mechanical efficiency, Nuech, 1P (or LELF)

(iv) Thermal efficiency (indicated),

1.P.
Mf xC
B.P.
T ® = FxC

N, p =

and thermal efficiency (brake),
where m, = mass of fuel used in kgfsec.

[ In MKES Units
_ LH.P.x 4500
. = JxmgxC
_ B.HL.P.x 4500
o B = IxmexC
[ where my = Mass of fuel used in kg/min. |
Nihermal

Nair-standard
{vi) Measurement of air consumption by air box method :
Volume of air passing through the orifice,

V, =840 AC, Fp‘&
a

and mass of air passing through the orifice,
m, =0.066 C, x a2 Jh, p, kg/min.
where, A = Area of orifice, m?,

d = Diameter of orifice, cm,
h, = Head of water in ‘cm’ causing the flow, and
p, = Density of air in kg/m® under atmospheric conditions.

EH

THEORETICAL QUESTIONS

) Nrelative =

1. What are the advantages and disadvantages of diesel power plants 7
2. State the applications of diesel power plant.
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A R

10.
1L
12,
13.

What factors should be considered while selecting a site for a diesel power plant ?
With the help of neat sketches give the construction and working of a four stroke diesel cycle engine.
List the essential components of a diesel power plant and explain them briefly.
Name and explain briefly various types of fuel injection systems.
Explain with the help of a neat sketch the working of a thermostatically controlled cooling system.
Explain briefly the following lubrication systems :
(i) Wet sump lubrication system. (i} Dry sump lubrication systems.
Describe briefly the commonly used starting systems in large and medium size engines.
Discuss briefly the basic designs of C.I. engine combustion.
Write a short note on “Supercharging”.
Give the types of diesel engines used for diesel power plants.
Give the layout of a diesel engine power plant.

UNSOLVED EXAMPLES

A single cylinder petrol engine working on two stroke cycle develops indicated power of 5 kW. If the
mean effective pressure is 7.0 bar and the piston diameter is 100 mm, calculate the average speed of the
piston. [Ans. 109.1 m/s]
[Hint. Average piston speed = 2LN ]
A 4-cylinder petrol engine works on a mean effective pressure of 5 bar and engine speed of 1250 r.p.m. -
Find the indicated power developed by the engine if the bore is 100 mm and stroke 150 mm.
[Ans. 6.11 kW]

A 4-cylinder four stroke S.I. engine is designed to develop 44 kW indicated power at a speed of 3000
r.p.m. The compression ratio used is 6. The law of compression and expansion is pV!® = constant and
heat addition and rejection takes place at constant volume. The pressure and temperature at the begin-
ning of compression stroke are 1 bar and 50°C. The maximum pressure of the ¢ycle is limited to 30 bar.
Calculate the diameter and stroke of each cylinder assuming all eylinders have equal dimensions.
Assume diagram factor = 0.8 and ratio of stroke/bore = 1.5. (Ans. D = 95 mm, L = 142.5 mm]
During the trial of a four stroke diesel engine, the following observations were recorded :
Area of indicator diagram = 476 mm?, length of indicator diagram = 62 mm, spring number = 1.1
bar/mm, diameter of piston = 100 mm, length of stroke ='¥50 mm, engine r.p.m. = 375.
Determine : (i) Indicated mean effective pressure ; (ii) Indicated power.

[Ans. () 8.43 bar ; (i) 3.1 kW)
A 4-cylinder, four stroke diesel engine runs at 1000 r.p.m. The bore and stroke of each cylinder are 100
mm and 160 mm respectively. The cut off is 6.62% of the stroke. Assuming that the initial conditions of
air ingide the cylinder are 1 bar and 20°C, mechanical efficiency of 75%, calculate the air-standard
efficiency and brake power developed by the engine.
Also, calculate the brake specific fuel consumption if the air/fuel ratio is 20 ; 1. Take R for air as 0.287
kJ/kg K and clearance volume as 0.000084 m?2. [Ans. 61.4%, 21.75 kW, 0.4396 kg/kWh]
During a trial of a two stroke diesel engine the following observations were recorded :
Engine speed = 1500 r.p.m., load on brakes = 120 kg, length of brake arm = 875 mm.
Determine : ({) Brake torque, (ii} Brake power. [Ans. (i) 1030 N-m ; (ii) 161.8 kW]
A four stroke gas engine develops 4.2 kW at 180 r.p.m. and at full load. Assuming the following data,
calculate the relative efficiency based on indicated power and air-fuel ratio used. Volumetric efficiency
= 87%, mechanical efficiency = 74%, clearance volume = 2100 cm?, sweept volume = 9000 cm?, fuel

consumption = 5 m%h, calorific value of fuel = 16750 kJ/m®. [Ans, 50.2%, 7.456 : 1]
During the trial of a four stroke cycle gas engine the following data were recorded : .

Area of indicator diagram = 565.8 mm? -

Length of indicator diagram = 74.8 mm M

v

Spring index = 0.9 bar/mm
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Cylinder diameter =220 mm
Stroke length =430 mm
Number of explosions/min =100

Determine : (i) Indicated mean effective pressure; (if) Indicated POWET.

[Ans, (i) 6.8 bar ; (i) 18.5 kW]
The following observations were recorded during a trial of a four stroke engine with rope brake
dynamometer : :
Engine speed = 650 r.p.m., diameter of brake drum = 600 mm, diameter of rope = 50 mm, dead load on
the brake drum = 32 kg, spring balance reading = 4.75 kg.
Calculate the brake power. ' {Ans. 5.9 kW]
The following data refer to a four stroke petrol engine : ' :
Engine speed = 2000 r.p.m., ideal thermal efficiency = 35%, relative efficiency = 80%, mechanical effi-
ciency = 86%, volumetric efficiency = 70%.
1f the engine develops 29.42 kW brake power calculate the cylinder swept volume. [Ans, 0.00185 m3)
A single cylinder four-stroke gas engine has a bore of 178 mm and a stroke of 330 mm and is governed
by hit and miss principle. When running at 400 r.p.m. at full load, indicator cards are taken which give
a working loop mean effective pressure of 6.2 bar, and a pumping loop mean effective pressure of 0.35
bar. Diagrams from the dead cycle give a mean effective pressure of 0.62 bar. The engine was run light
at the sadme speed (i.e. with no load), and a mechanical counter recorded 47 firing strokes per minute.
Calculate : (i) Full lead brake power, (ii) Mechanical efficiency of the engine.

[Ans. (i) 13.54 kW ; (i£) 84.79%]
During a 60 minutes trial of a single cylinder four stroke engine the following observations were
recorded :
Bore = 0.3 m, stroke = 0.45 m, fuel consumption = 11.4 kg, calorific value of fuel = 42000 kJ/kg, brake
mean effective pressure = 6.0 bar, net load on brakes = 1500 N, r.pm. = 300, brake drum
diameter = 1.8 m, brake rope diameter = 20 mm, quantity of jacket cooling water = 600 kg, temperature
rise of jacket water = 55°C, quantity of air as measured = 250 kg, exhaust gas temperature = 420°C, <,
for exhaust gases = 1 kJ/kg K, ambient temperature = 20°C.

Calculate : ' JGEE TN
(i) Indicated power.;, PIETE PR 1 F T (ii) Brake power ;
(1) Mechanica) efficiency ; b wndR {iv} Indicated thermal efficiency.

Draw up a heat balance sheet ¢n minuts basis.

{Ans. (i) 47.7 kW, (ii) 42.9 kW, (iii} 89.9%, (iv) 35.86%]
A quality governed four-stroke, single cylinder gas engine has a bore of 146 mm and a stroke of 280 mm.
At 475 r.p.m. and full load the net load on the friction brake is 433 N, and the torque arm is 0.45 m. The

indicator diagram gives a net area of 578 mm? and a length of 70 mm with a apring rating of 0.815
bar/mm.,

Calculate :
(z} The indicated power (it) Brake power (iii) Mechanical efficiency.
[Ans, (i) 12.5 W (i) 9.69 kW (iii) 77.5%]

A two-cylinder four stroke gas engine has a bore of 380 mun and a stroke of 585 mm. At 240 r.p.m. the
torque developed is 5.16 kN- m.

Calculate ;
(#) Brake power (i£) Mean piston speed in m/s ‘
(iééf) Brake mean effective pressure. [Ans. (i) 129.8 kW (if) 4.68 m/s ; (iii) ; 4.89 bar]

The engine of Problem 14 is supplied with a mixture of coal gas and air in the proportion of 1 to 7 by
volume. The estimated volumetric efficiency is 85% and the calorific value of the coal gas is 16800 kJ/
m®, Calculate the brake thermal efficiency of the engine. [Ans, 27.4%)
A 4-cylinder, four-stroke diesel engine has a bore of 212 mm and a stroke of 292 mm. At full load at 720
r.p.m., the b.m.e.p. is 5.93 bar and the specific fuel consumption is 0.226 kg/kWh. The airffuel ratio as
determined by exhaust gas analysis is 25 : 1. Calculate the brake thermal efficiency and volumetric
efficiency of the engine, ‘
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Atmospheric conditions are 1.01 bar and 15°C and calerific value for the fuel may be taken as 44200
kd/kg: tAns. 36% ; 76.5%]
A 4-cylinder petrol engine has an output of 52 kW at 2000 r.p.m. A Morse test is carried out and the
brake torque readings are 177, 170, 168 and 174 N-m respectively. For normal running at this speed the
specific fuel consumption is 0.364 kg/kWh. The calorific value of fuel is 44200 kJ/kg.

Calculate : (i) Mechanical efficiency ; (ii) Brake thermal efficiency of the engine.

[Ans. (i) 82% ; (ii) 22.4%)
A V-8 four stroke petrol engine is required to give 186.5 kW at 440 r.p.m. The brake thermal efficiency
can be assumed to be 32% at the compression ratio of 9 : 1. The air/fuel ratiois 12 - 1 and the volumetric
efficiency at this speed is 69%. If the siroke to bore ratio is 0.8, determine the engine displacement
required and the dimensions of the bore and stroke. The calorific value of the fuel is 44200 kJ/&g, and
the free air conditions are 1.013 bar and 15°C. [Ans, 5.12 litres ; 100.6 mm ; 80.5 mm]
During the trial (60 minutes) on a single cylinder oil engine having cylinder diameter 300 mm, stroke
450 mm and working on the four stroke cycle, the following observations were made :
Total fuel used = 9.6 litres, calerific value of fuel = 45000 kd/kg, total number of revolutions = 12624,
gross indicated mean effective pressure = 7.24 bar, pumping im.e.p. = 0.34 bar, net load on the brake
= 3150 N, diameter of brake wheel drum = 1.78 m, diameter of the rope = 40 mm, cooling water circu-
lated = 545 litres, cooling water temperature rise = 25°C, specific gravity of oil = 0.8,
Determine : (i) Indicated power.

(if) Brake power. (i1i) Mechanical efficiency.

Draw up the heat balance sheet on minute basis. [Ans. (i) 77 kW ; (i) 61.77 kW ; (iii) 80.22%]
The following results were obtained on full load during a trial on a two stroke oil engine :
Engine speed = 350 r.p.m.

Net brake load =600N

m.e.p. = 2.75 bar

0Oil consumption =425 kg/h

Temperature rise of jacket cooling water =25°C

Alr used per kg of oil =31.5kg

Temperature of air in test room =20°C

Temperature of exhaust gases =390°C

Following data also apply to the above test :

Cylinder diameter =220 mm

Stroke = 280 mm

Effective brake diameter =1 metre

Calorific value of oil = 45000 kJ/kg

Proportion of hydrogen in fiel oil = 15%

Partial pressure of steam in exhaust gases =0.04 bar

Mean specific heat of exhaust gases = 1.0kJkg K

Specific heat of superheated steam =21kikg K

Specific heat of water =4.186 kJ/kg K

Determine : (i) Indicated power.

(i) Brake power. (iif) Mechanical efficiency.

Draw up heat balance sheet for the test. [Ans. (i) 17.1 kW ; (i) 11 kW ; (iii) 64.33%)

A 4-cylinder, four-stroke diesel engine develops 83.5 kW at 1800 r.p.m. with specific fuel consumption of
0.231 kg/kWh, and air/fuel ratio of 23 : 1. The analysis of fuel is 87% carbon and 13% hydrogen, and the
calorific value of the fuel is 43500 kJ/kg. The jacket cooling water flows at 0.246 kg/s and its tempera-
ture rise is 50 K. The exhaust temperature is 316°C. Draw up an energy balance for the engine. Take R
= 0.302 kJ/kg K and ¢, = 1.09 kJ/kg K for the dry exhaust gases and ¢, = 1.86 kJ/kg K for superheated
steam. The temperature in the test house is 17.8°C, and the exhaust gas pressure is 1,013 bar.
[Ans. B.P. = 35.8%, cooling water = 22.1%, exhaust = 24%,
radiation and unaccounted = 16.7%]
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COMPETITIVE EXAMINATIONS QUESTIONS "

(a) State and explain the factors which are required to be considered in the choice of diesel engine for a
diesel power plant.

(b) With the help of diagrams, show the general shape of (i) fuel consumption (kg/kWh) versus percent-
age rated load, and (ii) energy produced per unit weight of fuel (kWh/kg) versus percentage capacity
factor characteristic of diesel engines. How is the rating of a diesel engine effected by the altitude
above sea-level ?

{¢) Define (i) the thermal efficiency, in the terms of indicated horse-power, weight of fuel etc., and
(if) the brake power in kW of a diesel engine.

(a) Why is supercharging necessary in diesel power plant 7 What methods are used for supercharging
the diesel engines ?

(b) Draw a neat diagram of a fuel storage and fuel supply system wsed for diesel power plants. What are
the advantages of underground fuel storage ?

(a) Under what conditions diesel generating plants are preferred ?

(b} On what factors is the size of the generating plant selected ?

{¢) Draw the neat diagram of a cooling system used for diesel power plant showing all the essential
components. What are the advantages of double circuit over single circuit system ? What precau-
tions should be {aken to ensure that cooling is satisfactory ?

For a diesel power station discuss briefly about the following :

(@) Cooling system ; {b) Lubricating system ; (¢} Supercharging system.

(a) Under what conditions diesel power plants are selected in preference to steam power plants ? Explain
giving suitable examples.

(b} Describe the working of a gas turbine plant with the help of T-¢ chart. How can the efficiency be
improved ?

(a) Draw line diagram to show the layout of diesel power plant and describe it in brief.

{b) State the factors to be considered for selection of prime movers in a medium sized power plant.

{a) Explain the starting and stopping procedure in a diesel power plant.

(b} Make a layout of a modern diesel power plant showing the following systems :

(i) Air intake system ; (i) Cooling system ;
(iii) Fuel supply system ; (iv) Lubrication system ;
(v) Exhaust system.

(a) What are the advantages of supercharging ? Explain the methods used for supercharging diesel

engines.

(b) Calculate the cooling water required in litres per minute from the following performance data avail-
able for a particular diesel engine :

Brake horse-power = 4500
Jacket loss =23%
Water temperature rise =35°C
Mechanical efficiency =83%
Indicated thermal efficiency =34%

(a) Give a general layout of a diesel engine power plant showing clearly all the essential circuits.

(b) A four cylinder 40 cm diameter and 60 cm stroke, four stroke diesel engine has a fuel consumption
of 0.20 kg per LH.P. hour based on 10,000 keal/kg oil. Engine speed is 275 r.p.m. with an indicated
mean effective pressure of 8.5 kgffem?. Jacket water carries away 24% of the heat supplied. Calcu-

late the quantity of water in kg/hr needed to maintain an outlet temperature of jacket water at
50°C. Temperature of atmosphere is 20°C.

Calculate also the indicated thermal efficiency of this engine. _

The following data is obtained during a test on a 4-stroke, 4-cylinder diesel engine :
Cylinder diameter =35cm i

Stroke =40 cm
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1Speed of the engine = 315 r.p.m.
Indicated m.e.p. =7 kgflem?
B.H.P. of the engine =330
Fuel consumption = 80 kg/hour
Calorific value of fuel = 10500 kcal/kg
Hydrogen content in hydrocarbon fuel =13%
Air consumption = 30 kg/min
Cooling water circulated = 80 kg/min
Rise in temperature of cooling water =38°C
Exhaust gas temperature = 324°C
Specific heat of air =0.24
Specific heat of exhaust gases =0.26
Ambient temperature = 24°C
Specific heat for superheated steam =0.5
Partial pressure of steam in exhaust gases = 0.030 kgffem?
Find :

(i) Mechanical efficiency, indieated thermatl efficiency and specific fuel consumption on [.H.P, basis.
(i) Cost of energy per kWh assuming cost of fuel as Rs. 2.50 per litre and specific gravity of fuel as 0.93.
(iiz) Draw up the heat balance on minute and percentage basis,
Find : (i) The fixed cost of power generation per kW per annum : (ii) The total cost of power generation
per kWh. Cost of primary distribution is chargeable to generation,
Write brief notes on the following :
(a) Lubrication system in diesel power plant;  (b) Intercooling in gas turhine plant ;
{¢) Earthing of a power system ; {d} Flat plate solar collectors.
What are the advantages and disadvantages of diesel power plant over steamn power plant ? What is the
status of diesel power plants in our country ?
{a) Make a neat layout line diagram of a diesel power plant showing in particular the fuel system and
the water cooling system.
(b) What are the Primary advantages of a diesel power plant 7 )
(c) Cooling water from a 400 kW diesel power plant enters a cooling tower at 60°C and leaves the tower
at 37.8°C in an atmosphere with a dry bulb temperature of 32.2°C and a wet bulb temperature of
27.8°C. If thermal efficiency of the Plant is 30% and 32% of the energy input is lost to the cooling

water, estimate the kg/min of cooling water handled by the tower and the cooling efficiency of the
tower.
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Gas Turbine Power Plants

5.1. Gas turbines—General aspects. 5.2. Applications of gas turbine plants. 5.3. Advantages and
disadvantages of gas turbine power plants over diesel and thermal power plants. 5.4. Site selection.
5.5. The simple gas turbine plant. 5.6, Energy cycle for a simple-cycle gas turbine. 5.7. Performance
terms. 5.8. Classitication of gas turbine power plants. 5.9. Classification of gas turbines. 5.10. Merits of
gas turbines. 5.11. Constant pressure combustion gas turbines—Open cycle gas turbine—Methods for
improvement of thermal efficiency of open cycle gas turbine plant—Closed cycle gas turbine—Merits and
demerits of closed cycle turbine over open cycle turbine. 5.12. Constant volume corbustion turbines.
5.13. Gas turbine fuels. 5.14. Effect of operating variables on thermat efficiency. 5,15, Combination gas
turbine cycles—Combined turbine and steam power plants—Combined gas turbine and diesel power
plants, 5.16. Operation of a gas turbine. 5.17. Gas turbine power plant layout. 5.18. Components of a gas
turbine power plant. 5.19. Various arrangements of gas turbine power plants. 5.20. Effect of thermodynamic
variables on air rate. 5.21. Free-piston engine plant. 5.22, Relative thermal efficiencies of different cycles.
Worked Examples—Highlights—Theoretical Questions—Unsolved Examples—Competitive Examinations
Questions.

5.1. GAS TURBINES—GENERAL ASPECTS

Probably a windmill was the first turbine to produce useful work, wherein there is no pre-
compression and no combustion. The characteristic features of a gas turbine as we think of the
name today include a compression process and a heat-addition (or combustion) process. The gas
turbine represents perhaps the most satisfactory way of producing very large quantities of power
in a self-contained and compact unit. The gas turbine may have an ample future use in conjunc-
tion with the oil engine. For smaller gas turbine units, the inefficiencies in compression and
expansion processes become greater and to improve the thermal efficiency it is necessary touse a
heat exchanger. In order that a small gas turbine may compete for economy with the small oil
engine or petrol engine it is necessary that a compact effective heat exchanger be used in the gas
turbine cycle. The thermal efficiency of the gas turbine alone is still quite modest 20 to 30%
compared with that of a modern steam plant 38 to 40%. It is possible to construct combined plants
whose efficiencies are of order of 45% or more. Higher efficiencies might be attained in future,

The following are the major fields of application of gas turbines :

1. Aviation

2. Power generation

3. 0il and gas industry

4, Marine propulsion.

The efficiency of a gas turbine is not the criteria for the choice of this plant. A gas turbine is
used in avintion and marine fields because it is self contained, light weight not requiring cooling
water and generally fit into the overall shape of the structure. It is selected for ‘power generation’
because of its simplicity, lack of cooling water, needs quick installation and quick starting. It is
used in oil and gas industry because of cheaper supply of fuel and low installation cost.
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