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UNIT-I
INTERNAL COMBUSTION ENGINES
INTRODUCTION

The Internal Combustion engine (I.C. engine) is a heat
engine that converts chemical energy of fuel into mechanical
energy. Chemical energy of a fuel is first converted into thermal
energy by means of combustion or oxidation with air inside the
engine. This thermal energy is again converted into useful work
through mechanical mechanism of the engine. Most of the I.C.
engines are reciprocating engines having pistons that reciprocate
back and forth in cylinders internally within the engine. This

chapter mainly concentrates on the study of this type of engine.
CLASSIFICATION OF IC ENGINES

The 1.C. engines are classified on the basis of

Q) Type of ignition;
a. Spark Ignition engines (S.I. engines)
b. Compression Ignition engines (C.I. engines)
(i) Cycle of operation (Thermodynamics cycle):
a. Otto cycle engine b. Diesel cycle engine
c. Dual cycle engine

(i)
(iv)

(v)

(vi)

Engine cycle per stroke:
a. Four stroke cycle
Types of fuel used:
a. Petrol engine
c. Gas engine
Method of cooling:
a. Air-cooled engines
engines
Number of cylinders:
a. Single cylinder engine
cylinder engine

c. Three cylinder engine
engine

e. Six cylinder engine
engine

g. Twelve cylinder engine
engine

(vi) Valve location:

(viii)

a.

a. L-head engine

c. F-head engine

Arrangement of cylinders:

Vertical engine

. Two stroke cycle

. Diesel engine

. Water-cooled

bh. Two

. Four cylinder

. Eight cylinder

. Sixteen cylinder

. I-head engine

. T-head engine

. Horizontal engine




c. Radial engine

e. Opposed cylinder engine

(ix) Speed of the engine:

a. Low speed engine
b. Medium speed engine

C.

High speed engine

(x) Types of lubrication system:

(xi)

(xii)

a. Wet sump lubrication system

b. Dry sump lubrication system

Method of governing:

a.

Quantity governing

b. Quality governing

C.

Hit and Miss governing

Field of application:

a
b.
C.
d
e

Automobile, truck, bus
Locomotive engine
Stationary engine
Marine engine

Aircraft engine

d. V-engine engine

ENGINE CONSTRUCTION
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Fig. 2.1. Constructional details of I.C engine

Fig 2.1 shows the construction details of an I.C. engine (Four
stroke petrol engines). The main components of a four stroke cycle
engine are cylinder, piston, connecting rod, piston rings, cam shaft,

crank shaft, crank case, inlet and outlet valves, spark plug, cylinder




head, push rod, gudgeon or piston pin, rocker arm, cam follower,
valve spring, big end bearing, inlet port etc. The piston reciprocates
inside the cylinder; Piston rings are inserted in the circumferential
grooves of the piston. The cylinder and cylinder head are bolted

together.

The reciprocating motion of the piston is converted into
rotary motion of the crankshaft by means of a connecting rod and
crank. The small end of the connecting rod is connected to the
piston by a gudgeon pin or piston pin. The big end of the
connecting rod is connected to the crank pin. Crank pin is a bearing

surface and it is rigidly fixed to the crankshaft.

The crankshaft is mounted on the main bearing. The main
bearings are housed in the crankcase. Camshaft is driven by the
crankshaft through timing gears. The camshaft actuates the inlet and
outlet valves. The valve springs are provided to bring back the

valves in the closed position.

The oil sump containing lubricating oil is provided at the
bottom of the crankcase. Lubricating oil is circulated to the various
parts of the engine from the oil sump. A spark plug is providing in

petrol engines to ignite the air-fuel mixture in the engine cylinder.

An injector is provided in diesel engines to inject the fuel into hot

compressed air during power stroke.
DIFFERENT PARTS OF I.C. ENGINE:
1. Parts common to both petrol and diesel engine

ii)Cylinder head

iv)Piston rings

i)cylinder
iii)piston
vi)Connecting rod
viii)Crank

x)Crank case

v)Gudgeon pin
vii)crankshaft
iX)Engine bearing
xi)flywheel xii)Governor

xiii)Valve and valve operating mechanism

2. Parts of petrol engine only:

i)spark plug ii)carburetor iii)fuel pump
3.parts for diesel engine
only
i)fuel ii)injector

pump




aft cast irons | reciprocating motion of
the piston into the
rotary motion
Main Steel or The function of bearing | Casting
bearings | bronze is to reduce. The
friction and allow the
parts to move easily
Flywhee | Steel or In engine it takes care Casting
I cast iron of fluctuations of speed
during thermodynamic
cycle
Inlet Silicon Admits the air or Forging
valve chrome mixture of air and fuel
steel with | into engine cylinder
about 3%
carbon
Exhaust | Austenitic | Discharges the product
valve steel of combustion

WORKING OF FOUR STROKE CYCLE ENGINES:

Name of | Material function Method of
the parts manufacturin
g
Cylinder | Hard Contains gas under Casting
grade pressure and guides the
Castiron | piston
Cylinder | Castiron | Main function is to seal | Casting
head or the working end of the | Forging
aluminum | cylinder and not to
permit entry and exit of
gases on overhead
valve engine
Piston Castiron | Itacts as a face to Casting
or receive gas pressure Forging
aluminum | and transmits the thrust
alloy to the connecting rod
Piston Castiron | Their main functionis | Casting
rings to provide a good
sealing fit between the
piston and cylinder
Gudgeon | Hardened | It supports and allows Forging
pin steel the connecting rod to
swivel
Connecti | Alloy steel | It transmits the piston Forging
ng rod load to the crank
causing the latter to turn
thus converting the
reciprocating motion of
the piston into rotary
motion of the
crankshaft
Cranksh | Special It converts the Forging

In four-stroke cycle engines, one working cycle is completed
in four stroke of the piston or two revolution of the crankshaft.
Hence, it is called as four stroke engine. In 4-stroke engine, 2
valves are placed instead of port as that of two stroke engines.
These are termed as inlet and exhaust values. The schematic

diagram of four-stroke cycle engine is shown in fig. 2.12((a)




Working of four stroke cycle (petrol) S.1. engine

It consists of the following four strokes

1
2
3.
4

Suction stroke
Compression stroke
Power or expansion stroke

Exhaust stroke
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1. Suction Stroke:

At the beginning of the stroke, the piston is at the top most
position (TDC) and is ready to move downward. As the piston
moves downwards, vacuum will create inside the cylinder. Due
to this vacuum, air fuel mixture from the carburetor is sucked
into the cylinder through inlet valves till the piston reaches
bottom most position (BDC). During the suction stroke, exhaust
valve remains in closed condition and inlet valve remains open.
At the end of the suction stroke, the inlet valve will be closed
Refer fig. 2.12.(a)

2. Compression stroke:

During the compression stroke, both the inlet and exhaust
valves are in closed condition and the piston moves upward from
BDC to compress the air fuel mixture. This process will
continue till the piston reaches TDC as shown in fig. 2.12(b).
The compression ratio of engine varies from 6 to 8. The
pressure at the end of compression is about 600 to
1200kN/M?.The temperature at the end of the compression is

250 to 300°C. At the end of this stroke, the mixture is ignited by




spark plug.It leads to increase in pressure and temperature of the

mixture instantaneously.
3. Power or Expansion stroke:

Both the pressure and temperature range of the ignited
mixture are 1800 to 2000°C and 3000 to 4000 KN/m2
respectively. During the expansion stroke, both the valves are
remains closed. The rise in pressure of the mixture exerts an
impulse on the piston and pushes it downward. Therefore, the
piston moves from TDC to BDC. This stroke is known as power
stroke Fig. 2.12.

4. Exhaust stroke:

During the exhaust stroke, the piston moves from DC to
TDC, the exhaust valve is opened and inlet valve is closed. The
burnt gases are released through the exhaust valve when the
piston moves upward. As the piston reaches the TDC, again the
inlet valves will open and the fresh air fuel mixture enters into

the cylinder for the next cycle of operation.

It is obvious from the above operations; only one power

stroke is produced in each and every four stroke of the piston or

two revolution of the crankshaft. Hence, it is termed as four-

stroke engine.

VALVE TIMING DIAGRAM FOR A FOUR-STROKE
CYCLE S.1. ENGINE:

The exact moment at which each of the valves open and
close with reference to the position of piston and crank can be
shown graphically in a diagram. This diagram is known as

“Valve timing diagram”.
Theoretical valve timing diagram:

In theoretical valve timing diagram, inlet and exhaust valves
open and close at both the dead centers. Similarly, all the
processes are sharply completed at the TDC of BDC. Fig. 2.13.
Shows theoretical valve timing diagram for four stroke S.I.

engines.




IVO- Inlet VValve Open

EVOI
BDC

Fig 3.16 Theoretical valve
timing diagram
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Fig 3.17 Actual valve timing diagrant _
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Actual valve timing diagram:

Fig.Shows actual valve timing diagram for four stroke S.I. engine.
The inlet valve opens 10-300 before the TDC. The air-fuel mixture
is sucked into the cylinder till the inlet valve closes. The inlet valve
closes 30-400 or even 600 after the BDC. The charge is compressed
till the spark occurs. The spark is produced 20-400 before the TDC.
It gives sufficient time for the fuel to burn. The pressure and
temperature increase. The burnt gases are expanded till the exhaust

valve opens.

The exhaust valve opens 30-600 before the BDC. The
exhaust gases are forced out from the cylinder till the exhaust valve
closes. The exhaust valve closes 8-200 after the TDC. Before
closing, again the inlet valve opens 10-300 before the TDC. The
period between the IVO and EVC is known as valve overlap period.
The angle between the inlet valve opening and exhaust valve closing

is known as angle of valve overlap.




FOUR STROKE CYCLE C.I. ENGINE (DIESEL ENGINE):

The working of four-stroke CI engine is similar to that of Sl
engine except. Here, fuel injector is placed instead of spark plug
and only air is sucked into the cylinder during suction strokes.
The operations are described as follows:
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1. Suction stroke:
During the suction stroke, the piston moves from TDC to
BDC. The inlet valve is in open condition whereas exhaust
valve is closed. When the piston moves from top to bottom,
the fresh air is admitted inside the cylinder through inlet

valve as shown in fig. 2.15. ().

2. Compression stroke

During the compression stroke, both the inlet and exhaust
valves are closed. The piston moves from BDC to TDC to
compress the air. In case of Cl engine, the compression ratio
varies from 12 to 18. The pressure at the end of compression
is about 3500 to 4000kN/M2. The temperature of the

compressed air reaches 600 to 700°C.

3. Power Stroke:

In this stroke also, both the inlet and exhaust valves are in
closed position. The fuel injector opens just before the
beginning of the third stroke; it injects the fuel in atomized
form. Ignition of the fuel takes place automatically by
means of high pressure and temperature air. The pressure
and temperature further will increase due to combustion, it
pushes the piston towards down. Thus, it produces power
stroke




4. Exhaust stroke:
During this stroke, inlet valve is closed and the exhaust valve
opens. The piston moves from BDC to TDC. Its blows out
the burnt gases from the cylinder. Thus, one cycle of
operation is completed and repeated again and again in the

Same manner.

VALVE TIMING DIAGRAM FOR A FOUR STROKE C.I.
ENGINE:

Fig.2.16 shows the actual valve-timing diagram for four-stroke

diesel engine.
IVO - Inlet VValve Open
IVC - Inlet Valve Close
IS - Ignition starts
EVO - Exhaust valve Open
ig EVC -Exhaust valve Close
é TDC -Top Dead Center

i Exhaust

i

o [ (I BDC -Bottom Dead Center

Fig 3.20 Actual valve ‘n'mi.ng diagram

The inlet valve opens (IVO) 10° to 25° before the TDC. Fresh air is
sucked into the engine cylinder till the inlet valve closes. The inlet
valve closes (IVC) 25° to 50° after the BDC. The air is compressed

till the fuel is injected.

The fuel injection starts (FIS) 5° to 10° before TDC in the

compression stroke.  The air-fuel mixture burns. Both the
temperature and pressure increase. The burning gases are expanded

till the exhaust valve opens.

The exhaust valve opens (EVO) 30° to 50° before the BDC. The
exhaust gases are forced out of the cylinder till the exhaust valve

closes.

The exhaust valves close (EVC) 10° to 15° after the TDC. Before
closing the exhaust valve, again the inlet valve opens 10° to 25°
before the TDC. The period when both the inlet and exhaust valves
are opened is known as valve overlap period. The angle between

these two events is known as angle of valve overlap
TWO STROKE CYCLE ENGINE:

In two stroke engines, one working cycle is completed in two

strokes of the piston (i.e. one up and down movement) or one




revolution of the crankshaft. Hence, it is called as two stroke

engines. One working cycle consists of the following four processes.

1. Suction

2. Compression

3. Power or expansion
4

Exhaust

The schematic diagram of two-stroke engine is given in fig. 2.17. It
consists of a cylinder in which all the operations are performed. The

piston reciprocates inside the cylinder.

The piston is connected to the crankshaft through connecting rod
and the crank. Inside of the cylinder, valve ports are placed.
Opening and closing of ports are performed by the position of the

piston.

The above diagram describes the spark ignition (SI) engine. in the
case of compression ignition (CI) engines, the spark plug is replaced
by fuel injector. A two-stroke engine consists of ports instead of
valves. In two stroke engines, both the suction and compression
process are carried out in the first stroke, expansion and exhaust
processes in the second stroke. Therefore, it develops power in each

revolution of the clerk shaft.

WORKING OF TWO STROKE CYCLE S.I.
(PETROL ENGINE)

ENGINE

The working principles of two stroke S.I. engine is described as

follows.
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First stroke (Suction and Compression):

The first stroke consists of the suction and compression processes.
During the first stroke, the piston moves upward from BDC to TDC.
When the piston is at BDC, the partially compressed air fuel mixture
from crank case enters into the cylinder through transfer port as
shown fig. 2.18 (a). Then the piston moves upward and compresses
the air contained in it till the piston reaches TDC. At the end of the
compression stroke, the spark plug produces spark, it will ignite the

compressed high pressure fuel air mixture.

When the piston is at TDC, the inlet port opens and the air fuel
mixture from the carburetor enters into the crank case as shown in

fig. 2.18. (b). Thus, one stroke of the piston is completed.
Second stroke (expansion or power and exhaust stroke):

When air fuel mixture is ignited, both the pressure and temperature
of the products of combustion will suddenly increase. Therefore,
the piston receives power impulse from the expanded gas and it
pushes the piston downward and also produces the power stroke.
This process is described in fig. 2.18. (c).During the expansion
stroke, some of the heat energy produced is converted into

mechanical work.
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During downward stroke of piston, already entered air fuel mixture
in the crank case is partially compressed by the underside of the
piston.  This pre compression process is called crank case
compression. At the end of power stroke, the exhaust port opens
and burnt gases are sent out of the engine through this port as shown

in fig 2.18. (d).

At the same time, all the burnt gases are not exhausted. Some
portion of it will remain in the cylinder. When the piston moves to
BDC, the fresh air fuel mixture from crank case enters into the
cylinder to sweep out the burnt gases. The process of sweeping out
the exhaust gases with help of fresh air fuel mixture is known as
scavenging. The scavenging helps to remove the burnt gases from
the cylinder.

PORT TIMING DIAGRAM FOR TWO-STROKE CYCLE S.1.
ENGINE:

Two stroke cycle engines are provided with ports. The timing
sequence of events like opening and closing of various ports are
shown graphically in terms of crank angles from dead center
positions. This diagram is known as port timing diagram. Fig. 2.19

shows the port timing diagram for two stroke cycle Sl engines. The




inlet port is opened by the piston 45° to 55° before TDC. The inlet

port is closed by the piston 45° to 55° after TDC position.

The exhaust port is opened by the piston 40°to 50° before BDC. The

exhaust port is closed by the piston 40°to 55°fter BDC position.

Fig 3.24 Port timing diagram for S.IL

IOP=inlet port open

IPC=inlet port closed

IG= ignition starts

EPO= exhaust port open

TPO= transfer port open

TPC= transfer port closed

EPC= exhaust port closed
TDC= top dead center

/) BDC= bottom dead center

The transfer port is opened by the piston 30°to 40° before BDC. The

transfer port is closed by the piston 30°to 40° after BDC. Ignition
occurs 15° to 20° before TDC.

Si | Port valve timing Events during port timing
no
1 | IPO-IPC Air fuel mixture is sucked into the crank
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case

2 | IPC-TPO Air fuel mixture is partially compressed in
the crank case which is known as crank
case compression.

3 | TPO-TPC Partially compressed air-fuel mixture is
transferred into the engine cylinder.

4 | TPC-IG Air-fuel mixture is compressed in the
cylinder.

5 |IG Air-fuel mixture is ignited by the spark
plug and burns.

6 | IG-EPO The burning gases expand for doing work
on the piston.

7 | EPO-EPC Burnt gases are pushed out of the engine.

WORKING OF TWO STROKE CYCLE C.I. ENGINE (DIESEL

ENGINE)

The working of two stroke C.I. engine slightly differs from the S.I.

engine instead of sparkplug the fuel injector is placed on the top of

the cylinder.
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First stroke:

In the first stroke, the piston move from BDC to TDC. When the
piston is at BDC, partially compressed air from the crank case enters
into the cylinder through transfer port as shown in fig. 2.20.(a). then
the piston move upward and further compresses the air into high

pressure and temperature till the piston reaches TDC. At the end of
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the compression stroke the fuel injector injects the fuel in atomized
from and ignited automatically by the compressed air. During the
upward movement of the piston, a slight vacuum will be produced at
the crank cast to suck the air from the atmosphere.

Second stroke:

When the fuel and air are ignited, it suddenly increases the pressure
and temperature of the gas. Therefore, the gases will expand and it
pushes the piston downward and producing the power stroke as
shown in fig. 2.20.(c).

energy produced is converted in to mechanical work.

During the expansion, some of the heat

During the downward stroke of the piston, first it uncovers the
exhaust port and the burnt gases are sent out of the engine, as shown
in fig. 2.20. (d).

exhaust.

At the same time, all the burnt gases are not
Therefore, scavenging takes place in the cylinder.

(Scavenging process already defined in previous section).

At the time off downward movement of the piston, already entered
air in the crankcase is partially compressed by the underside of the

piston. This process is called crank case compression.




PORT TIMING DIAGRAM FOR TWO STROKE C.I.
ENGINE

Fig 2.21. Shows the port timing diagram for two stroke C.I. Engine.
The port timing diagram for two strokes C.l. Engine is exactly
similar to the two-stroke cycle S.I. Engine except the position of
opening and closing of fuel valve. Fuel is injected into the cylinder
100 to 150 before TDC.Fuel injection continues till 15° to 20° after
TDC. The other difference between these two is, the charging and
scavenging period of C.I. engine (90°) is greater than the SI. Engine
(70°).Since, there is no danger of loss of fuel during scavenging of

diesel engine as only air is charged.

IPO- Inlet port open
IPC - Inlet port close
IG - Ignition starts
EPO Exhaust Port Open
TPO Transfer port Open
TPC Transfer port Close
EPC Exhaust port close
: TDC - Top Dead Center
= BDC Bottom Dead Center
BDC
Fig 3.27 Port timing diagram
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The various events are given below:

1. IPO-IPC Air is sucked into the crankcase through
plate valve

2. IPC-TPO Air is compressed partially in the
crankcase. (Crankcase compression

3. TPO-TPC Partially compressed air is transferred to
the engine cylinder through transfer port.

4. TPC-FIB Air is compressed in the cylinder. Both
the pressure and temperature of the air
increase.

5. FIB-FIC Fuel is injected into the hot compressed
air. Fuel mixes with hot air and burns.

6. FIC-EPO The burning gases expand and move the
piston t do work

7. EPO-EPC Burnt gases escape to the atmosphere
through exhaust port.

COMPARISON OF TWO STROKES AND FOUR STROKE
ENGINES:




S. Two stroke cycle engine Four stroke cycle engine

No

1. | Cycle is completed in 2 One cycle is completed in 4
stroke or one revolution of | strokes or two revolution of
the crankshaft the crank shaft.

2. | It develops twice the It develops half the number of
number of power strokes power stroke than two stroke
than the four stroke engine.
engines.

3. | For the same power For the same power developed,
developed, the two stroke | the four stroke engine is bulky,
engine is much lighter, less | heavier and occupies more
bulky and occupies less floor area.
floor area.

4. | Turning moment is more Turning moment is not
uniform and hence lighter | uniform and hence heavier
flywheel is required. flywheel is required.

5. | It contains ports which are | It contains valves which are

operated by the piston
itself therefore no separate

mechanisms are required.

operated by separate

mechanisms.
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6. | Initial cost is low due to Initial cost is high because of
less complexity in heavier and complicated
mechanism. mechanisms.

7. | Mechanical efficiency is Mechanical efficiency is low.
more.

8. | Easy to start. It requires separate starting

motor.

9. | Itcan be runin either It can be run in only one
direction, which is useful | direction.
in marine engines.

10. | Thermal efficiency is low. | Thermal efficiency is high.

11. | Volumetric efficiency is Volumetric efficiency is more.
low.

12. | Greater cooling and Lesser cooling and lubrication
lubrication are required. are required.

13. | Overall efficiency is less. | Overall efficiency is more.

14. | Greater rate of wear and Lesser rate of wear and tear.
tear.

15. | Itis used in light vehicles | Used in heavy vehicles such as

only (e.g.) scooters, motor

cycles, mopeds etc.

cars, buses, trucks etc.




16.

Sudden release of exhaust

gases makes the exhaust

Release of exhaust gas is more

uniform and hence noiseless

ignite the fuel air mixture.

by high pressure &

temperature air.

more noisy. operation. 4. | Compression ratio varies from | Compression ratio varies
17. | Specific fuel consumption | Specific fuel consumption is 6 to 8. from 12 to18.
is more because of less because of separate 5. | Itis operated by Otto cycle or | It is operated by Diesel
escaping of the fresh exhaust stroke. constant volume cycle. cycle or constant pressure
charge with exhaust gases. cycle.
18. | Less compression ratio. More compression ratio. 6. | The starting is easy due to The starting is little difficult
lower compression ratio. due to higher compression
COMPARISON OF S.1. AND C.I. ENGINES 7. | Running cost is high because | Running cost is less because
of high cost of fuel. of lower cost of fuel.
SL. | S.I. or Petrol engine C.l. or Diesel engine 8. | For the same power, less For the same power, more
No. space is required. space is required.
1. | During the suction stroke, air | During the suction stroke, 9. | Initial cost is low. Initial cost is high.
fuel mixture is drawn from air is only drawn from the 10. | Maintenance cost is less Maintenance cost is more
carburetor. atmosphere. because of fewer parts. because of more number of
2. | Carburetor is used to mix the | Fuel injector or atomizer is parts.
air and fuel in required required to inject the fuel 11. | Thermal efficiency is low. Thermal efficiency is
proportion. into cylinder in atomized considerably more.
form. 12. | These are used for high speed | These are used for low
3. | Spark plug is required to Fuel is ignited automatically applications. speed operations.
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SCAVENGING OF I.C. ENGINE:

The sequence of operations in a cycle of an IC engine. The last
stroke of an IC engine is the exhaust, which means the removal of
burnt gases from the engine cylinder. It has been experienced that
the burnt gases in the engine cylinder are not completely exhausted
before the suction stroke. But a part of the gases still remain inside
the cylinder and mix with the fresh charge. As a result of this
mixing, the fresh charge gets diluted and its strength is reduced. The
scientists and engineers, all over the world, have concentrated on the
design of their IC engine so that the burnt gases are completely
exhausted from the engine cylinder before the suction starts. The
process of removing burnt gases, from the combustion chamber of

the engine cylinder, is known as scavenging.

Now we shall discuss the scavenging in four-stroke and two- stroke

cycle engine.

1. Four-stroke cycle engine:
In a four stroke cycle engine, the scavenging is very effective
as the piston during the exhaust stroke, pushes out the burnt

gases from the engine cylinder. It may be noted that a small
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quantity of burnt gases remain in the engine cylinder
clearance space.
2. Two -stroke cycle engine:

In a four stroke cycle engine, the scavenging is less effective
as the exhaust port is open from a small fraction of the crank
revolution. Moreover, as the transfer and exhaust port are
open simultaneously during a part of the crank revolution,
therefore fresh change also escapes out along with the burnt
gases. This difficulty is overcome by designing the piston

crown of a particular shape
Types of scavenging:

There are three types of scavenging.

(a) Cross flow

scavenging

(b) Loop or Back
Sflow scavenging

Spark |
s /& plug xhaust
Exhaus.t‘k j‘ \ - valve
gas S

Fresl{t_;)r A . FfCSh':;;\& — Fresh

‘ charge
charge ; charge

E st Piston
© | ©

(¢) Uniflow scavenging




1. Cross flow scavenging

In this method, the transfer port (or inlet port for the engine
cylinder) and exhaust port are situated on the opposite sides
of the engine cylinder (as is done in case of two —stroke
cycle engine). The piston crown is designed in to a particular
shape, so that the fresh charge moves up words and pushes

out the burnt gases in the form of cross flow as shown in
fig.(a)

Black flow or loop scavenging

In this method, the inlet and outlet port are situated on the
same side of the engine cylinder. The fresh charge, while
entering into the cylinder, forms a loop and pushes out the
burnt gases as shown in fig.(b)

Uniflow scavenging

In this method, the fresh charge, while entering from one
side (or some time two sides) of the engine cylinder pushes
out the gases through the exit value situated on the top of the
cylinder in unfloor scavenging, both the fresh charge and

burnt gases move in the same upward direction as shown in
fig.(c)
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COOLING SYSTEM IN I.C. ENGINE:
Purpose of cooling system

When the air- fuel mixture is ignited and combustion takes place at
about 2500°c for producing power inside an engine the temperature
of the cylinder, cylinder head, piston and valve, continuous to rise

when the engine runs.

It these parts are not cooled by some means then they are liked to
get damaged and even melted. The piston may cease inside the
cylinder. To prevent this, temperature of the parts around the
combustion chamber is maintained 200oc to 2500c. Too much of
cooling will lower the thermal efficiency of the engine. Hence, the
purpose of cooling is to keep the engine at its most efficient
operating temperature at all engine speeds and all driving condition.
The cooling system is so designed that it prevents cooling until the
engine reaches in to its normal operating temperature. When the
engine warms up the cooling system will begin to function. It cools
rapidly when the engine is too hot and it cools slowly or not at all
when the engine is cold or warming up. Thus, the duty of the
cooling system is to keep the engine from getting too hot-not to keep

it cool.




Types of cooling system:

There are two types of cooling system
1. Air cooling system

2. Water cooling system

Air cooling system:

JSG wa ~ ==

Fig. 3.57. Cylinder with Fins

The air cooling system is shown in fig, is used in the engine of
motor cycle, scooters, aero planes and other stationary installations.
In countries with cold climate, this system is also used in car
engines. In this system, the heat is dissipated directly to the
atmosphere air by conduction thorough the cylinder walls. In order
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to increase the rate of cooling, the Surface area of the cylinder and
cylinder head is increased by providing radiating fins and flanges in
bigger units, fans are provided to circulate the air around the

cylinder walls and cylinder head.

Advantages

1. Light in weight since there are no radiators, cooling water
and pipelines.

2. No coolant is used and so no leak and no anti-freeze
required.

3. Warming up is faster.

4. Maintenance is easy and hence cheaper.

Disadvantages

1. Less efficient since air is poor conductor of heat compared
with water.

2. Since it is not possible to maintain even cooling some time
distortion may take place.

3. Noisy operation.

It can be used only in small engines.

&




Water cooling system:

| Thermosyphon system:

Hose pipe

Fig. 3.59.Pump Circulation System
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The water cooling system as shown in fig. is used in the engine of
car, bus, trucks etc. in this system; the water is circulated through
water jackets around each of combustion chamber, cylinder, valve
seats and valve stems. The water is kept continuously in motion by a
centrifugal pump which is driven by a VV-belt from the pulley on the

engine crank shaft. After passing through the engine jackets in the




cylinder block and heads, the water is passed through the radiator,
the water is cooled by air drawn through the radiator by a fan.
Usually, fan and water pump are mounted and driven on a common
shaft. After passing through the radiator, the water pumps through a
cylinder inlet passage. The water is again circulated through the

engine jackets.
LUBRICATION SYSTEM IN IC ENGINE:

In an I.C. engine, moving parts rub against each other causing
frictional force. Due to the frictional force, heat is generated and the
engine parts wear easily. Power is also lost due to friction. To
reduce the power loss and also wear and tear of the moving parts, a
foreign substance called lubricant is introduced in between the
rubbing surface .the lubricant keeps the mating surface apart.
Lubricant may be solid (graphite), or semi-solid (grease) or liquid
lubricant generally used is mineral oil. This is obtained by refining
petroleum. Grease is also used to lubricant certain parts of the

engine.
Purposes of lubrication (or) function of lubrication:

1. It reduced friction between moving parts.

2. It reduces wear and tear of the moving parts.
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3. It minimizes power loss due to friction.

4. It reduces noise
Types of lubrication
The various methods adopted for lubrication of I.C. engines are

Q) Petroil lubrication
(i)  Wet sump system, and

a. Gravity lubrication system

b. Splash lubrication system

c. Pressure lubrication system

d. Semi-pressure lubrication system

(iii)

Dry sump system.

Gravity lubrication system:
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Fig. 3.61.Drop feed oiler




In this method, oil is supplied to the parts to be lubricated by
means of gravity. This system uses a drop feed oiler shown fig. it
consist of a cup and needle valve arrangement. The needle valve is
operated by means of screw. The valve is raised to increase the flow
of oil and lowered to decrease the oil flow. This system is used for
lubricating external moving parts such as bearing, cross head, crank

pins of simple steam engine.

Splash lubrication system:

Fig.3.62. Splash lubrication
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In this system, oil is stored in the crank case. A small scoop is

attached with the big end of connecting rod as shown in fig.

When the crank is rotated, the scoop dips in the oil and splashes the
oil. The oil is splashes on cylinder wall, connecting rod ends and
valve mechanisms. This method is used in some motorcycle and
single cylinder stationary engines. Greater care should be taken that
the oil in the crank case is filled up to the desired mark. There will

be insufficient lubrication when the oil level is low.
Disadvantages:

» ltis not efficient, if the bearing loads are heavy.
» Itis very difficult to introduce oil in the minute gaps between
the sliding surface.

Pressure lubrication system:
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Fig.3.63. Pressure lubrication

In this system, lubrication oil is forced under pressure b hole is a
pump at a pressure of 2 to 4Mpa. Fig. shows a line diagram of this
system. It consist of oil sump, oil pump, oil gallery, pressure release
valve, oil filter, oil pressure gauge and oil dipstick. The lubrication
oil from the sump or oil pan is sucked by oil pump and lifted to oil
main gallery though oil filter and strainer. The oil pump is driven by
the camshaft. Oil pump and filter are always immersed in the oil.
From the gallery, the oil is described under pressure to various parts

of the engine to be lubricated by the oil tubes. Oil from gallery
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enters the crank pin bearing through a taper hole in the crank shaft.
A though provided at the center of the connecting rod. The oil from
the big end bearing enters the gudgeon pin bearing (small and
bearing) through the hole in the connecting rod. Separate oil tubes
carry oil for lubrication timing gears, rocker arm assembly, and cam
shaft etc. another oil line is connected to the pressure gauge to show

the pressure of the oil.

The excess supplied oil drips back into the oil pump. A pressure
relief valve is provided to avoid any damages in case of excess oil
pressure an oil dipstick is provided to measure the oil level in the

sump.
Advantages

1. All the parts of the engine are efficiently lubricated.

2. The minute gap between the sliding surfaces can be
lubricated since the oil is supplied under pressure.

3. Engine parts lubricated under pressure: crank shaft main
beginning cam shaft main bearings, big end bearings of the
connecting rod, timing gears, chain and sprocket, rocker arm,

springs, valve guides etc.




Semi pressure lubrication:

Oil pressure gauge L

Connecting rod

Cam shaft
bearing

Oil jet directe?
to the dipper on
the rod

Oil strainer’ Oil pump

Fig 3.64.Partial pressure lubrication

It is also called as partial pressure lubrication system. This is a
modification of flash lubrication system. This system is used if the
Bering loads are heavy and splash lubrication is not sufficient. It is a

combination of splash and pressure lubrication.
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This system consists of oil pump, oil gallery, oil filter, oil pressure
gauge scoops attached to connecting rod big end. The pump pumps
the oil to the main gallery. From the gallery, oil is forced under
pressure to the engine parts to be lubricated. Scoops or attached to

the big end of the connecting rod.

The lubricating oil is directed to the scoops through oil jets from
gallery. The scoops splash this oil in all direction to lubricate the

engine parts such as piston, cylinder wall etc.

Engine parts lubricated by splash piston, cylinder walls, corns,
piston pin and rings, springs and guides of valve stems, oil pump

drive gear etc.
Dry sump lubrication system:

The lubricating oil stored in the oil sump is called wet sump system.
But the system in which the lubricating oil is not kept in the oil
sump is known as dry sump system. In this system.in this system,

oils cares in a separate tank and fed to the engine.

The oil which falls into the oil sump after lubricating is sent back to

the oil tank by a separate delivery pump. Thus the system consists of




two pumps. One pump is used to feed the oil. The other pump is

used to deliver the oil the oil tank. This system is used in aircrafts.

The main advantages of this system are that there is no chance of
break down in the oil supply during up and down movement of the
vehicle.

IGNITION SYSTEM OF I.C. ENGINE:

In 1.C. engines, the ignition of fuel-air mixture should take place at
the end of compression stroke. It ensures efficient and smooth
running of an engine. There are mainly two different types of

ignition used in 1.C. engines.
1. Compression ignition
2. Spark ignition.

1. Compression ignition

This system is used in heavy oil engines working on diesel cycle.in
these engines, fresh air are drawn into the engine cylinder during
suction stroke. This air is compressed to a high compression ratio
(12 to 18) during compression stroke. The air pressure at the end of

compression is about 3500Kn/m2. The temperature at the end of
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compression is about 600 c. at the end of compression stork; the
fuel is injected into the engine cylinder in the form of fine spray.
The temperature of the air is higher than the self-ignition
temperature of the fuel injected. Hence, the fuel-air mixture is
ignited simultaneously. In diesel, the engines, the ignition of fuel-air
mixture takes place due to high pressure and temperature of the air.

Hence, they are known as compression ignition (C.1.) engines.
2. Spark ignition:

Spark ignition is mostly used in gas engines, petrol engines and light
oil engines working on Otto cycle. In this system the fuel —air
mixture is ignition by a high-tension electric spare. Hence, they are

known as spark ignition (S.I.) engines.

There are different types of spark ignition systems used in Otto

cycle engines.

1. Coil ignition system,

2. Magneto ignition system,
3. Electronic ignition and,
4

. Transistorized ignition system.




Battery coil ignition system:

It is employed in engines fig. shows the wiring diagram of a simple
coil ignition system of a cylinder engine. This system is used in

automobile.

Construction:
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It consists of a battery, ignition coil, condenser, contact breaker,
distributor and spark plugs. Generally, 6 or 12 volt battery is used.
The ignition coil consists of two winding primary and secondary.
The primary winding consists of thinks wire with less number of
turns. The primary winding is formed of 200-300 turns of thick wire
of #20-gage to produce a resistance of about 1.50hms.
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The secondary winding located inside the primary winding consists
of about 21,000 turns of thin enameled wire of #38-40 gage with
sufficiently insulted to withstand high voltage. It is wound close to
the core with one end connected to the secondary terminal and the
other end grounded either to the metal case or the primary coil. The
condenser is connected across the contact breaker. It prevents excess
arcing and pitting of contact breaker points. The contact breaker is
housed in the distributor itself. 1t makes and breaks the primary
ignition circuit. The distributor distributes the high voltage to the
respective spark plugs having regular interval in the sequence of

firing order of the engine.

(The sequence in which the firing or power occurs in a multi
cylinder engine is known as firing order of a 4-cylinder in-line
engine is 1-3-4-2 or 1-4-3-2. The firing order of a 6-cylinder in-line
engine is 1-5-3-6-2-4).

The spark is fitted on the combustion chamber of the engine. it
produces spark to ignite the fuel-air mixture. The rotor of the
distributor and contact breaker cam are driven by the engine. there
are two circuits in this system. One is the primary circuit. It consists

of battery, primary coil of the ignition coil, condenser and contact




breaker. The other circuit is the secondary circuit. It consists of 3. This high voltage is directed to the rotor of the distributor.

secondary coil, distributor and spark plugs. 4. The rotor directs this high voltage to the individual spark

Working: plugs in the sequence of the firing order of the engine.

5. This high voltage tries to cross the spark plug gap (0.45 to
The ignition switch is switched on and the engine is cranked. The 0.6mm) and the spark is produced. This spark ignites the
cranking of the engine opens and closes the contact breaker points fuel-air mixture.

through a cam.
Advantages:

When the contact breaker points are closed: _ ) )
1. It provides better sparks at low speeds of the engine during

1. The current flows from the battery to the contact breaker starting and idling due to availability of maximum current

points through the switch and primary winding and then
returns to battery through the earth

. This current builds up a magnetic field in the primary
winding of the ignition coil.

. When the primary current is at the highest peak, the contact

breaker points will be opened by the cam.

throughout the engine speed range.

The initial cost is low as compared with magneto ignition
system.

The maintenance cost is negligible except battery.

Spark efficiency remains unaffected by various position of

the timing control mechanism.

When the contact breaker points are closed: Disadvantages:

1. The magnetic field set up in the primary winding is suddenly 1. Frequent battery down occurs when the engine is not is use
collapsed. continuously. This causes starting trouble.

2. A high voltage (15000 volts) is generated in the secondary 2. The weight is greater than magneto ignition system.
winding of the ignition coil. 3. Wiring mechanism is more complicated.
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Magneto ignition system: When the contact breaker points are closed:

In this system, the battery is replaced with a magneto fig shown the 1.
wiring diagram of a magneto ignition system. It consists of a switch, 2.
magneto, contact breaker, condenser, distributor and spark plugs. 3.

This system is used in two wheelers like motor cycles etc.

There current flows in the primary circuit.

This produces a magnetic field in the primary winding.

When the primary current is at the highest peak, the contact
breaker points will be opened by the cam.

Construction: When the contact breaker points are opened:

The magneto ignition system consists of a rotating magnet assembly 1.
driven by a engine and a fixed armature. The armature consists of 2.

primary and secondary windings. The primary circuit consists of a

primary winding condenser and contact breaker. The secondary 3.

circuit consists of a secondary windings, distributor and spark plugs.

There is a break in the primary circuit.

The magnetic field in the primary winding is suddenly
collapsed.

A high voltage (15000 volts) is generated in the secondary

winding.

4. This high voltage is distributed to the respective spark plugs
. Rotor through the rotor of the distributor.
Rotating magnet Fixed distfibutor
ussembly amsture — 5. The high voltages tries to cross the spark plug gap and a
,*4 spark is produced in the gap. This spark ignites the fuel-air
) L mixture in the engine cylinder.
-{%cam} ) Advantages:
L g 1. It has no maintenance problem like coil ignition (i.e. for

Fig 3.51 magneto ignition systep,
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battery).so, it is more reliable.




2. When the speed increases, it provides better intensity of
spark and thus provides better combustion as compared to
batter coil ignition system.

3. Less space is required as compared to battery ignition
system.

4. ltis very light in weight and compact in size.
Disadvantages:

1. Initial cost is very high as compared to coil ignition system.
2. Minimum 75 rpm is necessary to start the engine.
3. For higher power engine, some other devices are necessary

to start ignition.
ELECTRONIC IGNITION SYSTEM:

Construction

‘Control
circuit

OV sipRtiansl oy
elector

Fig 3.53 Eléctronic ignition' system
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A schematic diagram of an electronic ignition system is shown in fig
it consists of a battery, ignition switch, electronic control unit,
magnetic pick-up, reluctor or armature, ignition coil, distributor and
spark plug. The construction of battery, ignition switch, ignition
coil, distributor and spark plug is same as previous methods. In this
system, a magnetic pick-up is used of contact breaker points in

conventional system. Also cam is replaced by a reluctor or armature.

The magnetic pick-up is shown in fig .it consists of a sensor coil
through which passes the magnetic flus is generated by a permanent
magnet. A star shaped rotor called reluctor or armature is mounted
on the distributor shaft which modulates the flux density in the coil
and due to the consequent changes in the flux voltage induced in the
coil. This voltage serves as a trigger signal for the high voltage
generator circuit. Since there is one spark plug per cylinder,the
number of teeth of armature is equal to the number of engine

cylinders.
Working:

When the ignition switch is closed (i.e. Switch is ‘ON’.), the reluctor

rotates which makes the teeth of the reluctor cone closed to the




permanent magnet. It reduces the air gap between the reluctor tooth

and the sensor coil.

Thus, the reluctor provides a path for the magnetic lines from the
magnet. The magnetic field is passed onto the pick up every time
when the reluctor teeth pass the pick up coil in which an electric
pulse is generated. This small current then triggers the electronic
control unit which stops the flow of battery current to the ignition

coil.

The magnetic field in the primary winding collapses and the high
voltage is generated in the secondary. it leads to the spark in spark
plug via distributor. Meanwhile, the reluctor teeth pass the pickup
coil. Therefore, the pulse unit is ended. It causes the electronic

control unit to close the primary circuit.
Advantages:

1. The parts such as reluctor, magnetic pickup and electronic
control unit are not subjected to wear as incase of
mechanical contact breaker.

2. Periodic adjusted of engine timing is not necessary.

3. It gives very accurate control of timing.
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GOVERING OF I.C.ENGINES:

As a matter of fact, all the I.C. engines like other engines are always
designed to run at a particular speed. But in actual practice, load on
the engine keeps on fluctuating from time to time. A little
considertation will show ,that change of load ,on an I.C.engine is
sure to change it has been observed that if load on an I.C. engine is
decreased without changing the quantity of fuel,the engine will run
at a higher speed . similarly, if load on the engine is increased
without changing the quantity of fuel, the engine will run at a lower

speed.

Now, in order to have a high efficiency of an I.C. engine, at different
load conditions, its speed must be kept constant as far as possible.
The process of providing any arrangement, which will keep the
speed constant (according to the changing load conditions) is known

as governing of 1.C. engines.
Methods of Governing I.C. Engines

Through there are many methods for the governing of I.C.
engines, yet the following are important from the subject point of

view:




1. Hit and miss governing: This method of governing is
widely used for I.C. engines of smaller capacity or gas engines.
This method is most suitable for engines, which are frequently
subjected to reduced loads and as a result of this, the engines tend to
run at higher speeds. In this system of governing, whenever the
engine starts running at higher speed (due to decreased load), some
explosion are omitted or missed. This is done with help of
centrifugal governor (Art.24.11) in which the inlet valve of fuel is
closed and the explosions are omitted till the engine speed reaches
its normal value. The only disadvantage of this method is that there
IS uneven turning moment due to missing of explosions. As a result

of this, it requires a heavy fly wheel.

2. Qualitative governing: In this system of governing, a
control valve is fitted in the fuel delivery pipe, which controls the
quantity of fuel to be mixed in the charge. The movement of control
valve is regulated by the centrifugal governor through rack and
pinion arrangement. It may be noted that in this system, the amount
of air used in each cycle remains the same. But with the changed in
the quantity of fuel (with quantity of air remaining constant), the
quality of charge (i.e. air-fuel ratio of mixture) changes. Whenever

the engine starts running at higher speed (due to decreased load), the
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quantity of fuel is reduced till the engine speed reaches its normal
value. Similarly, whenever the engine starts running at lower speed
(due to increased load), the quantity of fuel is increased. In
automobile engines, the rack and pinion arrangement is connected

with the accelerator.

3. Quantitative governing. In this system of governing, the
quality of charge (i.e. air-fuel ratio of the mixture) is kept constant.
But quantity of mixture supplied to the engine cylinder is varied by
means of a throttle valve which is regulated by the centrifugal
governor through rack and pinion arrangement. Whenever the
engine starts running at higher speed (due to decreased load), the
quantity of charge is increased. This method is used for governing

large engines.

4. Combination system of governing. In this system of
governing, the above mentioned two methods of governing (i.e.
qualitative and quantitative) are combined together, so that quality
as well as quantity of the charge is varied according to the changing
conditions. This system is complicated, and has not proved to be

successful.

CARBURETOR:




The carburetor is a device for *atomizing and ** vaporizing the fuel
and mixing it with the air in the varying proportions to suit the
changing operating conditions of the engine. The process of

breaking up and mixing the fuel with the air is called carburation.
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There are many types off the carburetors in use, but the simplest
form off the carburetor is shown in Fig. It consists of a fuel jet
located in the center of the choke tube. A float chamber is provided
for maintaining the level of the fuel in the jet and is controlled by a
float and lever which operates its needle valve. The fuel is pumped

into the float chamber and when the correct level of the fuel is
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reached, the float closes the needle valve, and shuts off the petrol

supply.

The suction produced by the engine draws air through the choke
tube. The reduced diameter of the choke tube increases the velocity
of air and reduces the pressure. The high velocity and low pressure
in the tube facilities the breaking up of fuel and its admixture with
the air. A throttle valve controls the flow of the mixture delivered to

the engine cylinder.
SPARK PLUG:

It is always screwed into the cylinder head for igniting the charge of
petrol engines. It is, usually, designed to withstand a pressure up to
35 bar and operate under a current of 10000 to 30000 volts.
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_Central
" electrode

Ground
~ electrode




A park plug consists of central porcelain insulator, containing an
axial electrode length wise and ground electrode welded to it. The
central electrode has an external contact at the top, which is
connected to the terminal and communicates with the distributor. A
metal tongue is welded to the ground electrode, which bends over to
lie across the end of the central electrode. There is a small gap
known as spark gap between the end of the central electrode and the
metal tongue, as shown in Fig. The high tension electric spark jumps

over the gap to ignite the charge in the engine cylinder.

The electrode material should be such which can withstand
corrosiveness, high temperature having good thermal conductivity.
The electrodes are generally made from the alloys of platinum,

nickel, chromium, barium etc.

Note: The spark plug gap is kept from 0.3 mm to 0.7 mm. The
experiments have shown that efficiency of the ignition system is
greatly reduced if the gap is too large or too small. Sometimes,
foreign materials (such as carbon) get deposited in the spark gap. It
is a source of nuisance, as it permits some of the high voltage
current to bypass the gap and reduce the intensity of spark as well as

engine efficiency
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FUEL PUMP

The main object of a fuel pump in a diesel engine is to deliver a fuel
to the injector which sprays the finely divided particles of the fuel

suitable for rapid combustion.

. -

zz IE s

net port

The simplified sketch of a fuel pump is shown in Fig. (a). It consists
of a plunger which moves up and down in the barrel by the cam and
spring arrangement provided for pushing and lowering the plunger
respectively. The fuel oil is highly filtered by means of felt-pack
filter before entering the barrel of the pump.




The upper end part of the plunger is cut away in a helix shaped piece
forming a groove between the plunger and barrel, which is the most
important one. Therefore, the amount of fuel delivered and injected
into the engine cylinder depends upon the rotary position of the
plunger in the barrel, Fig. (b) And (c) shows how the top part of the
plunger is designed so that the correct amount of fuel is delivered to

the injector.

When the plunger is at the bottom of its stroke as shown in Fig. (b),
the fuel enters the barrel through the inlet port. As the plunger rises,
it forces this fuel up into the injector, until the upper part cut away
comes opposite the sill port. Then the fuel escapes down the groove
and out through the sill port so that injection ceases, as shown in
Fig.(c). The plunger can be made to rotate in the barrel and
therefore more fuel is injected. When the plunger is rotated so that
the groove is opposite to the sill port, no fuel at all is injected and

thus the engine stops.
INJECTOR OR ATOMISER

The injector or atomizer is also an important part of the diesel
engine which breaks up the fuel and sprays into the cylinder into a

very fine divided particle

Fig. shows the type of an injector in which fuel is delivered from the
pump along the horizontal pipe connected at A. The vertical spindle
of the injector is spring loaded at the top which holds the spindle
down with a pressure of 140 bars so that the fuel pressure must
reach this value before the nozzle will lift to allow fuel to be injected
into the engine cylinder. The fuel which leaks past the vertical
spindle is taken off by means of an outlet pipe fitted at B above the
fuel inlet pipe.
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pump
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Performance Calculation:
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Rorults |-
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4.2.9. Heat Balance Sheet @L—/%/

The complete record of heat supplied and heat rejectec during a

certain time by an 1.C. engine is entered in a tabular form knowa as heat

balance sheet.
All the heat energy supplied to an engine can not be converted into

useful work some of the heat energy may be lost by means of some

sources.
The sources of heat losses are given below.

(i) Heat rejected to the cooling water.
(ii) Heat carried away by exhaust gases.
(iii) Unaccounted heat losses by means
incomplete combustion and errors in observatiors etc.
The following values should be calculated for tabulating heat

of radiation,

balance sheet.
(i) Heat supplied by the fuel (QS)
Os=myx CV KJthr
(ii) Heat absorbed in I.P. produced (Qrp):
Indicated power Qjp = Pn lank KW
(iii) Heat rejected to the cooling water (Qy):
Ow=m, C, (T —T) KJ/hr
Where, m, — Mass of the cooling water circulated .in kg/hr.
C,, — Specific heat capacity of water in K.7kg k
=4.19 KJ/kg k
7, — Inlet temperature in X
— Qutlet temperature in X
(iv) Heat carried away by exhaust gas (Qy):
Oy =g Ce(Tg—To) .
Where, mg— Mass of exhaust gases in kg/hr
C, - Specific heat capacity of exhaust gas in KJ/kg =1 (05 KJ/kgk

) Lnaccounted heat losses (Qudd-

Qua = O5 —[Qur+ Ow + Ot

Find out all the above heat losses into perceniags
-

.. ] KJthr

%o heat loss = Mx]OO

Qy
Hear balance sheet:
Credls K| % Debit Ki| %
T.Heat supplied - | 100 1. Heat equivalent to IP or | -- -
by the fuel BP.
(O 2. Heat carried away by | == | ==
cooling water (Qwp).
3. Heat carried away by | - | --
exhaust gas ().
4. Unaccounted hecat loss | -- Sl
A (Qua)-
T Fotal -— | 200 Toral —|700

Prokilem' 11 P cylinder Jour-stroke engine of -
ation
and 390mpuz stroke was tested gave the following b inform

Engine speed — 360rpm

Brak: power — [80KW

Mearn effective pressure — 3.8bar

Fuel per minute of C.V. — 45000 KJ/kg = 0.77kg

Fiow of cooling water — 64kg/min; with a temperature ris

9%C; Draw the heat balance sheet for the engine. |
Giver. Zara: \

k=6

Four stroke engine v A L.

' = 340mm = 0.34m \ Y
1==390mm = 0.39m

N =360rpm = 6rps SRR ) o

N 6 \ 3

"nTg=z 73 X
EP = 180KW

NL€.p. Pm = 3.8bar = 380KN/m*
r1e=0.77kg/min

CV = 45000K kg

r:, = 6dkg min

340”1": bore

e of

J




o

mous T T,=9°C

T -
To find:
Draw a heat balance sheet.
© Solution:

[ndicated power P =pm lan k
=380 x 0.39 x %(0.34)& Ix6

[P = 242.19KW = 14531 .4KJ/min
Heat supplied by the fuel,
Q, =mgX CcvV
=(.77 x 45000 = 34650K/min

14531.4
i
Pm%= =%

Heat carried away by cooling water,
Qw=my Cy(T2-Th)
=04x42x9
© Ow=2419.2KJ/min

x 100 =41.937%

24192
mo/_ﬁ 0
Owin % 34650)(100 6.982%

Unaccounted heat loss,
Qua=34650 - (14531 4 + 2419.2)
Oua = 17699 4K /min

Ouin = 176994
34650 100 =51.08%
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Result:

Heat balance sheet

Credit  |KJ/min| % Debit KJ/min| %
1. Heat

1. Heat equivalent to IP

14531.441.937 5'._

supphed by [34560 [100 | 2. Heat carried away by 2419.2 16.982
the fuel cooling water (Qy).
(Os). 3. Unaccounted ~ heat {17699.4/51.081
loss (Qua).
Total 34560 100 Total P’4560 100
%
Problem;‘;:i

The following observations were taken during a test

on a single cylinder four-stroke cycle engine having a bore of 300mm

and strole of 450mm.
Ambient air temperature = 22°C
. Fuel consumption = 118kg/hr




CV of fuel = 42,000 KJ/kg
Engine speed = 300rpm
Mean effective pressure = 6 bar

Net brake load = 1.0KN
Brake drum diameter = 2m diameten % fhe Yope = 20m

Quantity of jacket cooling water = 590kg/hr
Temperature of entering cooling water = 22 °C
Temperature of leaving cooling water = 70 °C
Quantity of air as measured = 225kg/hr
Specific heat of exhaust gas = 1.005K.J/kgk

Exhaust gas temperature = 405 °C
Determine Indicated power, Brake power, Mechanical efficiency

and draw up a heat balance sheet on hour basis.

Given data:
Single cylinder, four stroke engine

d=300mm = 03m

! =450mm = 0.45»4

T.=22°C

my=11kg/hr

CV =42000K/kg

N =300rpm \= Srps
N 5

n= > =§ =2.5
p Gbar GOOKN/m*
OKW
D=2m
a' 2cm = 0.02m
m,, = 590kg/hr
7, =170°C
=22°C
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mg =225kg/hr
Cy=1.005K/kgk
T, = 405°C
To find:
IP, BP, N pecn and draw the heat balance sheet.
© Solution: . '
Indicated power IP = p,,, lan A

= 600 x 0.45 x —(03)’x25x1

=47 7KW Ans.
Brake power BP =21 N W R [ R=
=2nx5x1x 2+0.02
2
=31.73KW Ans.
Mechanical efficiency

BP 3173
__BP 3LT sy
Tmech = p = 477

Heat supplied by the fuel
QOs=mex CV =11 x 42000
Q5= 462000K)/hr
Heat carried away by the cooling water
Qw=m,Cy(T12-T)
=590 x4.2(70-22)
O, = 118944KJ/hr

118944
% = 25.745%
Quin%= 4000 ’

Heat carried away by the exhaust gas

D+d

)

= 66.52%Ans. ™




R,

Problem 1 @ERZIEVE: single cylinder 4 stroke oil engine having
bore of 180mm and stroke of 360mm gave the following results: Speed

Qg Cy (T, - To) — = 290rpm, brake torque = 392N-m, IMEP = 7.2bar, oil consumption |
=225 x 1.005 x (405 ~ 22) = 3.5kg/h, Coolant flow = 270kg/h, cooling water temperature rise 1
Q. = 86605.875K.1/hr = 36, air-fuel ratio by weight = 25, exhaust gas temperature
O, in Y= 86605.875 x100 = 18.746% = 415°C, room temperature = 21 °C. The fuel has a calorific value
462000 45200KJ/kg and take specific heat of the exhaust gases as
Unaccounted heat loss : 1.0035KI/kg-k.
Qua=Qs=(Qw+ Qg+ Orr) Calculate (i) Indicated thermal efficiency.
Reakior [ =R IR S XTI TR0 (i) Draw up a heat balance sheet in KJ/min basis.
IPin %= 171720 %x100=37.168% [Anna University-Nov.’2003]
462000 i , Given data:
- vomnnad (BP) = HeDre mw

Problew « & Single cylinder, four stroke engine

Toeblewm «

Dwniq o eal 2 2 C ‘ . 3 L d=180mm=0.18m
1=360mm = 0.36m

i 2 290
N =290rpm = -gb— =4 833
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Brake torque, 7'= 392N-m
Pon = 7.2bar = 720KN/m”

35
N T e
4 &A= 3600 %

270
m,, = 270kg/hr = 2660 kg/sec
(T2 -Ty) =36°C
Air-fuel ratio A/F = 25:1
, T.=415°C
T,=21°C
CV = 45200KJ/kg
C, = 1.0035KV/kg-k
To find: '
Tsr and heat balance sheet.

© Solution:
Indicated power, IP=p,,lank

=720 x 0.36 x %(0.18)2 x 2.41€7 x 1

= 15.94KW
Heat supplied by the fuel,
QJ = fo CV' \

35 45200 e
3600

O, =43.94KW
Indicated thermal efficiency,

npm 2P 1394 050

0, 4394

49

r= 36.27% Ans.

LP. it % 6E 0, = 2220
43.94

%100 = 36.27%

Heat carried away by the cooling water
Ow=m,C, (I:—-Th)

270
3600

11.34KW

—_—

x4.2%x36

O.

. 11.34
Q.in %= —_- - o
0= 13 5a X100 =25.8%

Heat carried away by ex-haust gas,
Qe =myg Ce (T~ T70)
We know that Air-fuel ratio, A/F = 25:1

Mass of air 7, = 25 x Mass of fuel consumed

me =25 x 36‘00 = 0.0243kg/sec
S 0. =0.0243 x 1.0035 x (415 — 21)
O =9.61KW

Q inO/ f - 9.61
s o of O, 43,04 <100 =21.879, -

Brake power, BP = 2™V7 _ 2x7mx290x395
\

60 60 = 11904
BP in % of w, = 11.904
a3.04 <100 =27 1¢,
".naccounfed heat loss,

Oua=43.94— (11.904 + 11 34 +

= 11.086KW 9.61)




Quain % of O, = ll.()8f <100 = 25.23%

439
Results:
Indicated thermal efficiency = 36.27%
Heat balance sheet
Credit Kw | % Debit KW | %
1. Heat 4304|100 1. Heat equivalent to BP ' [11.904{27.1
supplied 2. Heat carried away by
by the fuel cooling water (Ow). 11.34|25.8
(Qs). 3. Heat carried away by
exhaust gas (Qy) 9.61 21.87
4. Unaccounted heat loss : :
(Qua). 11.086125.23
Total 43.94 100 Total  |43.94( 100

m The following data related to the testing oj’ a four-
cylinder four-stroke diesel engine. Bore = 36em; stroke = 402m; specd
= 350rpm; BP = 257KW; m.e.p. = 7bar; fuel consumption = 72kg/hr;
CV of fuel = 43960 K/kg; air consumption 28.2kg/min; rise in
temperature of engine cooling water = 41°C; room temperaivre =
20 °C; temperature of exhaust gas = 345°C; specific heat of exhaust
gas 1.041KJ/kg; c led per hour = 1800kg. Draw up
heat balance sheet. [MU- Oct. 98]

ling water co

Given data:

Four cylinder; four stroke

d=36¢cm=036m

k=4

!=40cm = 0.4m

N=350rpm = 5.83rps
N 583

n= 7=-z—= 2916rps

BP =257KW

Pm= Thar = TO0KN/m’

rar= 72kg/hr = 3:30 kg/sec 4
(72— T71) =41°C
7. = 20°C
7, = 345°C
.= 1.041 K kghk
: 1800
ri, = 1800kg/hr = Se00 kg/sec

To find':

Heat balance sheet
© Solution:

Indicated power

IP=p,lank
=700 x 0.4 x %(0.36)2 x 2.916 x 4

IP =332 43KW
Heat supplied by the fuel

Os=mrx CV

72
= 4
5600 x '396.0
QOs=8792KW
) . 332.43
IP in % = i
°T 3703 <100=37.81%

Heat carried away by the cooling water
Qw =m, Cw (TZ G Tl)
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86.1 - o ’
v ata D0 4100 =9.79% ’
Quin%= 3755
Heat carried &y bY g ollowing data were obtained in 4 4, X
11 15 Thef AV ofs.
Qg = myg Cy (Tg— Ta) proble F enginé they,
linder diesel engt:
= 282 1 .041x(345-20) o i ion = 13.5kg/r
— 159KW - Air consumption = 230kg/hr
Q=15 " Engine speed = 33rps
Q,in% = 139 . 100=18.086% " Net brake torque = 260N-m
£ 8792 //\ Exhall-ﬂ gas te";perature = 400 r
Unaccounted heat loss Atmospheric temp =30 °C

Oua=879.2 —(332.43 +86.1 + 159)
Qua=301.67KW

Cooling water mass flow rate = 1100kg/hr
Temperature of cooling water inlet = 25C

soL67 Temperature of 'coqling vfta.ler outlet = 65°C
Quain %= =220 x100 =34.34% Calorific value of fuel = 44000KJ/kg -
_ Specific heat of exhaust gas = 1.005KJ/kgk
i Calculate brake power, brake thermal efficiency and draw the
s e — o pergy balance chart? [BU-April 1996]
1. Heat 879.2 100 | 1. Heat equivalentto IP [332.43(37.81
supplied by 2. Heat carried away by
the fuel cooling water (Qy). 86.1 9.79
(Os). 3. Heat carried away by
exhaust gas (Q,) 159 [18.086
4. Unaccounted heat los's .
(Qua). ’ 301.6 34.314
Total 879.2(100 Total 879.2| 100
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Given data:
FC = 13.5kg/nr
AC = 230kg/hr
N =33rps
7= 260N-m
T, =400°C
7.=30°C
m,, = 1100kg/hr
Ty =25°C
75 = 65°C
CV = 44000K.7/kg
Cpy = 1.005K I /kegh

To find: -
BP, npr and energy balance sheet
© Solution:
Brake power, BP = 2nN7T=2 x 7t x 33 x 260
BP =53.91KW
Brake thermal efficiency
_ Brake Power
msr —.m/ xC_V 3
7 Se——
—— % 44000
3600

Ner= 32.67%
Energy equal to brake power = 53.91KW

53.91
in % = ——x100=32.6%
BP in % 165 x ()

Energy equal to cooling water,

52

1100
9= 600

0. =51.08KW

51";3“00:30.96%

x4.13(65-25)

Ouwin%=

Energy cqual to exhaust gas,

0, = 32::0“'005 (400 -30)
Q. =23.76KW
0, in%= 213;5'6 X100 = 14.4%
Unaccounted heat losses,
Quo= 165~ [53.91 +51.08 +23.76]
Qua = 36.25KW
Quain % = 36'? x100=2197%
Result:
Credit KW | % Debit KW\ %
1. Energy 165 [100 | 1. Energy equal to brake [52.9132.67
supplied by power.
the fuel 2. Energy equal to [51.0£30.96
(©9). cooling water.
3. Energy equal to 23.7614.4
exhaust gas
4. Unaccounted heat loss B€.2521.97
(0u). |
Total 165 |100 Total 165 ; 100 |




UNIT-1I
FUEL.:
Fuel may be chemical or nuclear. Here we shall consider briefly chemical fuels only.

A chemical fuel is a substance which releases heat energy on combustion. The principal
combustible elements of each fuel are carbon and hydrogen. Though sulphur is a combustible
element too but its presence in the fuel is considered to be undesirable.
CLASSIFICATION OF FUELS:
fuels can be classified according to whether
They occur in nature called primary fuels or are prepared called secondary fuels.
They are in solid, liquid or gaseous state.
The detailed classification of fuels can be given in a summary from as follows:
Type of fuel Natural(primary) Prepared(secondary)

Solid Wood Coke
Peat Charcoal

Lignite coal Briquettes

Liquid Petroleum Gasoline
Kerosene
Fuel oil
Alcohol
Benzol
Shale oil

Gaseous Natural gas Petroleum gas
Producer gas
Coal gas
Coke-oven gas
Blast furnace gas
Carbureted gas

Sewer gas

SOLID FUELS:
Coal:
+ Its main constituents are carbon, hydrogen, oxygen, nitrogen, sulphur, moisture and ash.
Coal passes through different stages during its formation form vegetation. These stages are
enumerated and discussed below: Plant debris-peat-lignite-brown coal-sub-bituminous coal-

bituminous coal-semi bituminous coal-semi-anthracite coal-anthracite coal-graphite.
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Peat:

% It is the first stage in the formation of coal from wood. It contains huge amount of moisture
and therefore it is dried for about 1 to 2 months before it is put to use. It is used as a
domestic fuel in Europe and for power generation in Russia. In India it does not come in the
categories of good fuels.

Lignite and brown coals:

% These are intermediate stages between peat and coal. They have a woody or often clay like
appearance associated with high moisture, high as and low heat contents. Lignite is usually
amorphous in character and impose transport difficulties as they beak easily. They burn with
a smoky flame. Some of this type is suitable for local use only.

Wood charcoal:

It is obtained by destructive distillation of wood. During the process the volatile matter and
water are expelled. The physical properties of the residue however depend upon the rate of
heating and temperature. Briquettes: these are prepared from fine coal or coke by
compressing the material under high pressure.

LIQUID FUELS:

¢ The chief source of liquid fuels is petroleum which is obtained from wells under the earth’s
crust. These fuels have proved more advantageous in comparison to solid fuels in the
following respects.

Advantages:
1. Require less space for storage.
. Higher calorific value
. Easy control of consumption.
. Staff economy
. Absence of danger from spontaneous combustion
. Easy handling and transportation
. Cleanliness

o N o O B~ W DN

. No ash problem
9. Non-deterioration of the oil in storage
Petroleum:
% There are different opinions regarding the origin of petroleum. However, now it is accepted
that petroleum has originated probably from organic matter like fish and plant life etc., by

bacterial action or by their distillation under pressure and heat. It consists of a mixture of




gases, liquids and solid hydrocarbons with small amounts of nitrogen and sulphur
compounds. In India, the main sources of Petroleum are Assam and Guijarat.

% Heavy fuel oil or crude oil is imported and then refined at different refineries. The refining if
crude oil supplies the most important product called petrol. Petrol can also be made by
polymerization of refinery gases.

¢+ Other liquid fuels are kerosene, fuels oils, colloidal fuels and alcohol.

GASEOUS FUELS:

% Natural gas: the main constituents of natural gas are methane (CHs) and ethane (CzHe). It has
calorific value nearly 21000 KJ/m?. Natural gas is used alternately or simultaneously with oil
for internal combustion engines.

Coal gas:

% Mainly consists of hydrogen, carbon monoxide and hydrocarbons. It is prepared by
carbonization of coal. It finds its use in boilers and sometimes used for commercial purposes.

Coke-oven gas:

It is obtained during the production of coke by heating the bituminous coal. The volatile content
of coal is driven off by heating and major portion of this gas is utilized in heating the ovens.
This gas must be thoroughly filtered before using in gas engines.

Blast furnace gas:

It is obtained from smelting operation in which air is forced through layer of coke and iron ore,
the example being that of pig iron manufacture where this gas is produced as by product and
contains about 20% carbon monoxide(CO). After filtering it may be blended with richer gas or
used in gas engines directly. The heating value of this gas is very low.

Advantages:

% Better control of combustion

%+ Much less excess air is needed for complete combustion

% Economy in fuel and more efficiency of furnace operation

% Easy maintenance of oxidizing or reducing atmosphere

% Cleanliness

¢ No problem of storage of the supply is available from public supply line

¢ The distribution of gaseous fuels even over a wide area is easy through the pipelines and as such
handling of the fuel is altogether eliminated

% Gaseous fuels give economy of heat and produce higher temperatures (as they can be preheated
in regenerative furnaces and thus heat from hot fuel gases can be recovered)

COMBUSTION OF FUEL AND REACTION:
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% We know that all fuels contain carbon, hydrogen and sulphur. These constituents will readily
combine with oxygen and release heat while combusting.

% Therefore, the sufficient air is required to make complete combustion of fuels. If the supplied
air is insufficient, still some amount of heat will be present in the burnt fuel which is indicated
by presence of CO. if any fuel gas contains only CO> after combustion, it will refer the process
is complete combustion. Otherwise the same combustion process is said to be incomplete
combustion which is identified by the presence of both CO2 and CO.

%+ Combustion means burning. The combustion of fuels can be represented by chemical equations.

% C+02= COy --------mmmmmmmmeee ) ----- complete combustion equation

% 2C+02=2CO0 -------------=---- (2)-----incomplete combustion equation

% 4C+30,=2C0,+2CO--------- (3)----- incomplete combustion equation
Substances Symbol Atomic weight Molecular weight
Carbon C 12 12
Hydrogen H2 1(1.008) 2
Nitrogen N2 14 28
Oxygen 02 16 32
Sulphur S 32 32
Carbon dioxide Co - 12+32=44
Water vapour H-0 - 2+16=28
Sulphur dioxide So2 - 32+32=64
Methane Chs - 12+4=16

Combustion of carbon:
When carbon combines with oxygen, carbon dioxide is formed and a large amount of heat is
released. This process is represented by the chemical equation as.
C+02=CO2
Carbon + oxygen=carbon dioxide
Substituting the values of molecular weight
C+02=CO>
12+2x16=12+(2x16)
12+32=44
Divide by 12 1+32/12=44/12
1kg+8/3kg=11/3k
4




This means 1Kg of carbon requires 8/3Kg of oxygen for its completes

Combustion and produces 11/3 Kg of carbon dioxide.

Carbon Monoxide:
2C+02=2CO
Carbon +oxygen =carbon monoxide
2c+02=2co
2x12+2x16=(2x12)+(2x16)
24+32=56
Divide by 24 1kg+4/3kg=7/3kg
1Kg of carbon needs 4/3Kg of oxygen to form carbon monoxide.

Carbon monoxide is highly poisonous. It has no smell and hence it should not be allowed to escape.

Combustion of carbon monoxide:
Carbon monoxide combine with oxygen to form carbon dioxide and this represented as,
2C0O + 02 =2CO2
Carbon monoxide + oxygen = carbon dioxide
Molecular weight
2x28 + 2x16=2(12+32)
56+32=88
Divide by 56 1kg+4/7kg=11/7 kg

1 kg of carbon monoxide requires 4/7 kg of oxygen to form 11/7 kg of carbon dioxide

Combustion of hydrogen:
Hydrogen burns with oxygen and produce water vapor. It is represented by the following
chemical equation.
2H2+02=2H2)
Hydrogen + oxygen =water vapour
(2x1x2)+ (2x16) =2(2+16)
4kg + 32kg=36kg
Divide by 4  1kg+32/4kg=36/4kg
1kg+8kg=9kg
1kg of hydrogen burns with 8kg of oxygen and produces 9kg of water vapour.

Combustion of Sulphur:




Sulphur burns with oxygen and produce sulphur dioxide. This is represented by the
following chemical equation
S+02=S02
Sulphur+Oxygen=Sulphur dioxide
32+ (16x2) =32+ (16x2)
32+32=64
Divide by 32 1kg+1kg=2kg
1kg of sulphur burns with 1kg of oxygen and forms 2kg of sulphur dioxide.
PROPERTIES OF FUEL USED IN IC ENGINES
Flash point:
> It is defined as the lowest temperature at which the lubricating oil will flash when a
small flame is passed across its surface.
» The flash point of the oil should be sufficiently high so as to avoid flashing of oil
vapours at the temperature occurring in common use.
» High flash point oils are needed in air compressors.
Fire point:
> It is the lowest temperature at which the oil burns continuously. The fire point also
must be high in lubricating oil, so that oil does not burn in service.
Calorific valve:
» The calorific value or heating value of the fuel is defined as the energy liberated by
the complete oxidation of a unit mass or volume of a fuel.
> Itis expressed in KJ/Kg for solid and liquid fuels and KJ/m? for gases.
> If a fuel contains hydrogen water will be formed as one of the products of
combustion. If this water is condensed a large amount of heat will be released. Than
if the water exists in the vapour phase. For this reason two heating values are defined
the higher or gross heating value and the lower or net heating value.
Gross or higher calorific value:
» Gross calorific value takes into account the heat recovered from the hot fuel gases due to
burning of fuel.
» It is defined as the amount of heat obtained by the complete combustion of 1kg of a fuel.
When the products of combustion are cooled down to the temperature of the air supplied
(15°) it briefly written as H.C.V or H.H.V
» If the chemical analysis of a fuel is known the higher calorific valve of the fuel can be
determined by the following formula known as Dulong’s formula
H.C.V=33800c+144000H,+9270s KJ/Kg
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H.C.V=33800c+144000[H>-02/8]+9270s KJ/Kg
Net or Lower Calorific Value:
» Lower calorific value comes into picture (this is in actual practice) when the heat absorbed
by the products of combustion is not recovered.
» The higher calorific value is known then the lower calorific value may be obtained by
subtracting the amount of heat carried away by the combustion products (steam) from
H.C.V
» L.C.V=H.C.V-heat of steam formed during combustion
L.V.C =H.C.V-amount of steam x heat liberated
In solid fuels:
L.C.V=H.C.V-(9H2 x2466) KJ/kg where Hz-amount of hydrogen present in %
In gaseous fuels:
L.C.V=H.C.V-(Mc/Vsx2466)KJ/m?
Mc-amount of steam condensed (Kg)
Vs-volume of gas used at S.T.P (m°®)
Water equivalent
We=mjp X Sp gm
We-water equivalent of the substance
Mp-mass of the substance
Sp-specific heat of the substance
Solid and liquid fuels:
The heat released by the fuel on combustion is absorbed by the surrounding water and the
calorimeter.
Heat released by the fuel sample=Wsx C
Ws-weight of fuel sample (Kg)
C-calorific value (higher) of the fuel (KJ/Kg)
Heat received by water and calorimeter
= (Wm+We) XC X [(to-t1)+tc]
Wh-weight of water (Kg)
We-water equivalent of calorimeter (kg)
to- final temperature of water and c.m
t1- Initial temperature of water and ¢.m
c- Specific heat of water
tc- radiation corrections

Heat lost =heat gained




Wi X C=(Ww +We) X C X[(t2-t1)+tc]

(Ww +We) XC X[(t2-t1)+tc]

C=
W

SOLID AND LIQUED FUEL.:

SOLID FUEL

Bomb calorimeter:

» The calorific value of solid and liquid fuels is determined in the laboratory by Bomb calorimeter.

> It is so named because its shape resembles that of a bomb fig shown the schematic sketch of a bomb
calorimeter.

» The calorimeter is made of austenitic steel which provides considerable resistance to corrosion and
enables it to withstand high pressure.

> In the calorimeter is a strong cylindrical bomb in which combustion occurs.

» The bomb has two values at the top. One supplies oxygen to the bomb and other releases the
exhaust gases.

» A crucible in which a weighted quantity of fuel sample is burnt is arranged between the two
electrodes as shown in figure. The calorimeter is fitted with water jacket which surrounds the bomb.

» To reduce the losses due to radiation Calorimeter is further provided with a jacket of water and air.

A stirrer for keeping the temperature of water uniform and a thermometer to measure the temperature up

to accuracy of 0.001° is fitted through the lid of the calorimeter.

Ive
. Ol Battery
Beckman's __| ‘ |
thermometer  E X< Electrically operated stirrer

1
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Procedure:

To start with about 1gm of fuel sample is accurately weight into the crucible and a fuse wire (whose
weight is known) is stretched between the electrodes.

It should be ensured that wire is in close contact with the fuel.

To absorb the combustion products of sulphur and nitrogen 2ml of water is poured in the bomb.
Bomb is then supplied with pure oxygen through the value to an amount of 25 atmospheres.

Bomb is then placed in the weighted quantity of water in the calorimeter.

The stirring is started after making necessary electrical connections and when the thermometer
indicates a steady temperature fuel is fired and temperature fuel is fired and temperature readings
are recorded after %2 minute intervals until maximum temperature is attained.

The bomb is then removed the pressure slowly released through the exhaust valve and the contents

of the bomb are carefully weight for further analysis.

GASEOUS FUELS:

Junker’s gas calorimeter:

The calorific value of gaseous fuels can be determined by Junker’s gas calorimeter.

Junkers gas calorimeter is shown in figure its principle is somewhat similar to bomb calorimeter in
respect that heat evolved by burning the gas is taken away by the water

In its simplest construction it consists of a combustion chamber in which the gas is burnt (in a gas
burner). A water jacket through which a set of tubes called flues pass surrounds this chamber.
Thermometers are incorporated at different places (as shown in figure) to measure the temperatures.

TJ |
:
s ' —» To measuring vessel
&3 =
g .
P Exhaust (gases)
3as meter '_N to almosphere
!
( ; L]
Pressure
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Procedure:

X/
°e

A metered quantity of gas whose calorific value is to be determined is supplied to the gas burner via
a gas meter which records its volume and pressure regulator which measures the pressure of the gas
by means of a manometer.

% When the gas burns the hot products of combustion travel upwards in the chamber and then
downwards through the flues and finally a space to the atmosphere through the outlet.

% The temperature of the escaping gas is recorded by the thermometer fitted at the exist and this
temperature should be as close to room temperature as possible so that entire heat of combustion is
absorbed by water. The cold water enters the calorimeter near the bottom and leaves near the top.
Water which is formed by condensation of steam is collected in a pot.

% The quantity of gas used during the experiment is accurately measured by the meter and
temperature of ingoing and outgoing water is indicated by the thermometers. From the above data
the calorific value of the gas can be calculated.

A/F RATIO OR STOCHIOMETRIC RATIO
» The mixture that contains just enough air for the complete combustion of all the fuel is
called as the air fuel ratio or stoichiometric fuel ratio.
RICH MIXTURE
» A mixture having more fuel than a chemically correct mixture is known as rich mixture.
LEAN MIXTURE
* A mixture having less fuel than a chemically correct mixture is known as lean mixture.
COMBUSTION PROCESS IN IC ENGINES
» Combustion in Sl engine
* Combustion in Cl engine
COMBUSTION PHENOMENONIN S.I. ENGINES:
Normal combustion:
Fuel is completely vaporized and homogeneously premixed with air and residual gas, when
combustion occurs means is called by normal combustion.
The combustion is normal when 2 conditions are respected:
1) The ignition of combustible mixture is controlled by the spark plug, with a present timing .
2) After the ignition, the flame propagates regularly to the whole mixture, without any sudden
increase of velocity.
* The combustion process in Sl engine can be divided into three broad categories.
1. Ignition delay or ignition lag.
2. Flame propagation.
3. After burning.
10




Pressure—p

TDC
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Crank angle —p
Fig. 4.1.2. Actual p-0 diagram for S.1. tngines

I — Ignition delay 250

Il — Flame propagaticn

Il — After burning .
Ignition delay(A-B)
Point A refers the ignition of spark.
But burning of air fuel mixture commences only at point B.
interval between A and B is known as ignition delay or lag.
Flame propagation (B-C)
The turbulent flame rapidly spreads over the main part of the combustion chamber, whose
volume remains almost constant, since in this phase the piston moves slowly around TDC.
This is the main phase characterized by a rapid burning. It begins when 4-8% of the mixture
volume has been ignited and it ends when the flame front comes near the walls and the max
pressure in the cylinder is reached.
. After burning(C-D)
During which the mixture completes its oxidation processes behind the flame front, when
the expansion stroke is occurring.
The burning of fuel after the maximum pressure is known as after burning.
The flame velocity decreases during this stage.
The rate of combustion becomes low due to lower flame velocity and reduced flame front

surface.

Factors affecting normal combustion are S.I engines:

|

mbustion

SPp—
\

Temperalure

Combustion with
dissociation

Stolchiometric -
Air Tuel ratio
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The factors which affect normal combustion in S.1 engines are brief described below:
Induction pressure: As the pressure falls delay period increases and the ignition must be earlier at
low pressures. A vacuum control may be incorporated.

Engine speed: As speed increases the constant time delay period needs more crank angle and
ignition must be earlier. A centrifugal control may be employed.
Ignition timing: if ignition is too early the peak pressure will occur too early and work transfer
falls. If ignition is too late the peak pressure will be low and work transfer falls. Combustion may
be complete by the time the exhaust valve opens and the valve may burn.
Mixture strength: although the stoichiometric ratio should give the best results, the effect of
dissociation is to make a slightly rich mixture necessary for maximum work transfer.
Compression ratio: an increase in compression ratio increases the maximum pressure and the
work transfer.
Fuel choice:

» The induction period of the fuel will affect the delay period.

» The calorific value and the enthalpy of vaporization will affect the temperatures achieved
Abnormal combustion

When the 2 conditions of normal combustion do not occur, the combustion process is
abnormal, causing engine damages or simply performance worsening and noise.

There are two forms of abnormal combustion in Sl engines:

» The first of these is pre ignition of the mixture by carbon particles in the chamber. This will
have the effect of reducing the work transfer.

« The second abnormality is generally known as knock and is a complex condition with many
facets.

Pre-ignition
» Itis defined as the phenomenon of ignition of the charge before the ignition spark occurs.

» This ignition is caused when some parts of combustion space like spark plug, exhaust valve,
carbon particles in the combustion chamber are over heated under certain operating
conditions.

Knocking or detonation

 If the temperature of the air fuel mixture is raised high enough, the mixture will self-ignite
without the need of spark plug. This phenomenon is called as self-ignition or auto ignition.

* The temperature above which self-ignition occurs called the self-ignition temperature.

12
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 If the temperature of the unburnt mixture exceeds the self-ignition temperature during the
ignition delay period, auto ignition occurs at various locations in the cylinder.

» This will generate the pressure pulses. This high pressure pulses can cause damage to the
engine and quite often are in the audible frequency range . This phenomenon is often called
knocking or detonation.

Effects of detonation:
* Noise and roughness
* Mechanical damage
« Carbon deposits
* Increase in heat.
» Decrease in power output and efficiency
Control of detonation:
The detonation can be controlled or even stopped by the following methods
 Increase engine r.p.m
» Uniform spark production.
» Reducing pressure in the inlet manifold by throttling
» Making the ratio too lean or too rich.

Factors affecting knock:

The likelihood of knock is increased by any reduction in the induction period of combustion
and any reduction in the progressive explosion flame velocity. Particular factors are listed below
Fuel choice: a low self ignition temperature promotes knock.

Induction pressure: increase of pressure decreases the self ignition temperature and the induction
period. Knock will tend to occur at full throttle.

Engine speed: low engine speeds will give low turbulence and low flame velocities and knock may
occur at low speed.

Ignition timing: advanced ignition timing increases peak pressures and promotes knock.

Mixture strength: optimum mixture strength gives high pressures and promotes knock.
Compression ratio: high compression ratios increase the cylinder pressures and promote knock
Combustion chamber design: poor design gives long flame paths, poor turbulence and insufficient
cooling all of which promote knock.

Cylinder cooling: poor cooling raises the mixture temperature and promotes knock

13
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Desirable characteristics of combustion chamber for S.1. engines:

From the point of view of attaining highest resistance to detonation under a given set of
service conditions, and also promote high power output; high thermal efficiency, and smooth
operation, the following would appear to be desirable characteristics for S.I. engines:

Short combustion time

Short ratio of flame path to bore

Absence of hot surfaces in the end gas region

Use of squish areas particularly in the end gas region

High velocity through the inlet valve

Large surface to volume ratio for the end gas

Cooling of hot spots

COMBUSTION CHAMBER DESIGN-SI ENGINES:

Combustion chambers are usually designed with every possible attempt made to meet the
following objectives:

%+ To regulate the rate of pressure rise such that the greatest force is applied to the piston as closely
after T.D.C on the power stroke as possible, with a gradual decrease in the force on the piston
during the power stroke. The forces must be applied to the piston smoothly, however, thus
placing a limit on the rate of the pressure rise, as well as the position of the peak pressure with
respect to T.D.C

% To prevent the possibility of detonation at all times

To obtain these objectives attempt is made to design the combustion chambers with the following

factors in mind:

To achieve the highest possible flame front velocity through the creation of high turbulence of the

minute “swirl” type.

To burn the largest mass of charge as soon as possible after ignition with progressive reduction in

the mass of the charge burnt toward the end of the combustion

To reduce the possibility of detonation by:

*reducing the temperature of the last portion of the charge to burn, through the application of a high

surface to volume ratio in that part of the combustion chamber where this portion burns. Such a

ratio increases the temperature of the final unburned charge

* reducing the distance for the flame to travel by centrally locating the spark plug, or in some

engines, by using dual spark plugs.

14




ii)

G A
L

L-Head (b)

Types
- '

i, 7577

LJ L..] Exhaust

T-Head
|-Head {9
(¢ o

It may be noted that these chambers are designed to obtain the objectives outlined above,

namely:

. A high combustion rate at the start
. A high surface to volume ratio near the end of burning
. A rather centrally located spark plug.

TURBULENCE IN S.I ENGINES:

. Turbulence plays a very important role in combustion phenomenon in S.I engines. The flame speed

is very low in non-turbulent mixtures. A turbulent motion of the mixture intensifies the processes of
heat transfer and mixing of the burned and unburned portions in the flame front. These two factors
cause the velocity of turbulent flame to increase practically in proportion to the turbulent velocity.
The turbulence of the mixture is due to admission of fuel-air mixture through comparatively narrow
sections of the intake pipe, valves etc. in the suction stroke. The turbulence can be increased at the
end of the compression stroke by suitable design of combustion chamber which involves the

geometry of cylinder head and piston crown.

. The degree of turbulence increases directly with the piston speed.

The effects of turbulence can be summed up as follows:

Turbulence accelerates chemical action by intimate mixing of fuel and oxygen. Thus weak mixtures
can be burnt.

The increase of flame speed due to turbulence reduces the combustion time and hence minimizes
the tendency to detonate.

Turbulence increase the heat flow to the cylinder wall and in the limit excessive turbulence may

extinguish the flame.
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Excessive turbulence results in the more rapid pressure rise and the high pressure rise causes the
crankshaft to spring and rest of the engine to vibrate with high periodicity, resulting in rough and
noisy running of the engine.

The following points are worth noting:

Swirl: the main macro mass motion within the cylinder is rotational motion called swirl. It is
generated by constructing the intake system to give a tangential component to the intake flow as it
enters the cylinder. This is done by shaping and contouring the intake manifold, valve ports and
even the piston face.

Swirl greatly enhances the mixing of air and fuel to give a homogeneous mixture in the very short
time available for this in modern high speed engines. It is also a main mechanism for very rapid
spreading of the flame front during the combustion process.

Squish and Tumble:

As the piston approaches T.D.C at the end of compression stroke, the volume around the outer
edges of the combustion chamber is suddenly reduced to a very small value. Many modern
combustion chamber designs have most of the clearance volume near the centerline of the cylinder.
As the piston approaches T.D.C the gas mixture occupying the volume at the outer radius of the
cylinder is forced radially inward as this outer volume is reduced to near zero. This radial inward
motion of the gas mixture is called squish. It adds to other mass motions within the cylinder to mix
the air and fuel and to quickly spread the flame front. Maximum squish velocity usually occurs
about 10° before T.D.C

As the piston nears T.D.C squish motion generates a secondary rotational flow called tumble. This

rotation occurs about a circumferential axis near the outer edge of the piston bowl.

FIAME PROPAGATION:

Typical flame propagation velocities range from something like 15to 70 m/s.

This would relate to the combustion flame velocity increasing from about 15 m/s at an idle speed of
About 1000r.p.m to roughly 70 m/s at a maximum speed of 6000 r.p.m.

When ignition occurs the nucleus of the flame spreads with the whiling or rotating vortices in the
Form of ragged burning crust from the initial spark plug ignition site.

The speed of the flame propagation is roughly proportional to the velocity at the periphery of the
\ortices.

Effect of engine variable on flame propagation:

1. Fuel air ratio: when the mixture is made leaner or is enriched and still more velocity of
flame diminishes.

2. Compression ratio: the speed of combustion increase of compression ratio .the increase in
compression ratio results in increase in temperature which increases the tendency of the
engine to detonate.
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3. Intake temperature and pressure: increase in intake temperature and pressure increases
the flame speed.

4. Engine load: as the load on the engine increases the cycle pressures increase and hence the
flame speed increases.

5. Turbulence: the flame speed is very low in non-turbulent mixture. A turbulent motion of
the mixture intensifies the processes of heat transfer and mixing of the burned and unburned
portions in the flame front these two factors cause the velocity of turbulent flame to increase
practically in proportion to the turbulent velocity.

6. Engine speed: the flame speed increases almost linearly with engine speed. The crank angle
required for flame propagation, which is the main phase of combustion will remain constant
at all speed.

7. Engine size: the number of crank degrees required for flame travel be about the same
irrespective of engine size provided the engine are similar.

COMBUSTION PHENOMENON IN C.I ENGINES:

Normal combustion

o,

%+ The process of combustion in the compression ignition (C.I) engine is fundamentally different from
that in a spark-ignition engine. C.l engine combustion occurs by the high temperature produced by
the compression of the air, i.e., it is an auto-ignition.

i ) Accérding to Sir Ricardo, the combustion process in C.l .* en'ngine

can be divided into four broad regions as:
(1) Ignition-delay period.
(11) Uncontrolled combustion period
(ii1) Controlled combustion period
(iv) . After-burning period.

Compression pressure
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= 0.001s
=S
% 40—
B

Ty - . | T A T

1 | SR I | 1 ] | | I _i
100 80 60 40 20 TDC 20 40 60 80 100
Time (degree of crank rotation)

Fig 4.1.4 Combustion phenomenon in C.I. engine

The third phase is followed by after burning, which may be called the fourth phase of combustion.

Ignition delay period:

% The delay period is counted from the start of injection to the point where the p-e combustion curve
departs from air compression curve. The delay period can be roughly sub-divided into physical delay
and chemical delay.
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The period of physical delay is the time between the beginning of injection and the attainment of
chemical reaction 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 the accelerated until inflammation or ignition
takes place.

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 cause diesel knock. Therefore we must aim to 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 combustion. 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:

R/
L4

)/
A X4

The second stage of combustion 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 head 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:

X/
L X4

At the end of second stage of combustion, the temperature 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 injection 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:

/7
°

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-e or p-t diagram is invariably used. In the actual diagram, the various
stages of combustion look merged, yet the individual stage is distinguishable.

Factors affecting combustion in C.I engines:

In compression ignition combustion, the length of the delay period plays a vital role. This period
serves a useful purpose in that it allows the fuel jet to penetrate well into the combustion space. If
there were no delay the fuel would burn at the injector resulting in incomplete combustion. If delay is
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too long the amount of fuel available for simultaneous explosion is too great and the resulting
pressure rise is too rapid:

Delay is reduced by the following:

High charge temperature

High fuel temperature

Good turbulence;

A fuel with a short induction period

HowbdRE

Fuel choice:

» The choice of fuel has a large effect on combustion since induction period of the fuel
contributes a major part of the delay period.

Combustion chamber design:

» The shape of the chamber is critical so that the fuel is introduced with swirl and the pistons
are also shaped to produce a squish effect, the whole concept of design being to give
controlled motion of the air and fuel rather than rely on haphazard turbulence.

Engine load:

» In most engines injection starts at a fixed crank angle and continues as long as the rack
setting allows. At light loads all the fuel will be injected into the delay and simultaneous
explosion periods, or at very light loads when temperatures are lower and the delay period
longer injection may be completed in the delay period.

Engine speed:

» The effect of speed is allied to the design of the combustion chamber and varies with
individual designs. Delay may be reduced or increased.

Abnormal combustion in C.I engines:

In C.I engines abnormal combustion is not as great a problem as in S.I engines. The only
abnormal is diesel knock. This occurs when the delay period is excessively long so that there is a
large amount of fuel in the cylinder for the simultaneous explosion phase. The rate of pressure rise
per degree of crank angle is then so great than an audible knocking sound occurs. Turning is rough
and if allowed to become extreme the increase in mechanical and thermal stresses may damage the
engine. Knock is thus a function of the fuel chooser and may be avoided choosing a fuel with
characteristics that do not give too long a delay period.

Delay period (or ignition lag) in C.I engines:

In C.I engine, the fuel which is in atomized form is considerably colder than the hot
compressed air in the cylinder. Although the actual ignition is almost instantaneous, an appreciable
time elapses before the combustion is in full progress. This time occupied is called the delay period
or ignition lag. It is the 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
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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:

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

iii) 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 increase 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 and thus causes knocking.

Diesel knocks:

If the delay period in C.I engines is long a large amount of fuel will be injected and
accumulated in the chamber. The auto-ignition of this large amount of fuel may cause high rate of
pressure rise and high maximum pressure which may cause knocking in diesel engines. A long
delay period not only increases the amount of fuel injected by the moment of ignition but also
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.1 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 S.I engine.

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

BASIC DESIGNS OF C.I ENGINES COMBUSTION CHAMBERS:

In C.1 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
amy 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 chose, then, must be that which accomplishes the
best performance fot the application desired.

Four specific designs which find wide use in C.I engines are discussed below:
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1. The non-turbulent type
i) Open combustion chamber

2. The turbulent type
i) Turbulent chamber
il) Precombustion chamber
iii) Energy cell.

1. Non-turbulent type:

¢+ Fig illustrates the usual design of open 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. Consequently, 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 results 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 on low 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 variations of the turbulent type of

chamber and are illustrated in fig.

A - } 3
Aain combustion

; chamber

=" ==
e [u T

Open Turbulent Precombustion Energy cell

(@) (6) (©) "

% In the turbulent chamber fig(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 his 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, again imparting high turbulence and further assisting
combustion.

% In the precombustion chamber fig(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
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chamber by a pintle 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 pre combustion chamber. It is illustrated in fig (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.

< 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. As most
engineering work, the design of the chamber must be based on a compromise, after full
considerations of the following factors: i) heat lost to combustion chamber walls ii)injection pressure
Iii) nozzle design iv)maintenance, v)ease of starting, vi) fuel requirement vii)utilization of air viii)
weight relation of engine to power output ix)capacity for variable speed operation.

RATING OF FUELS
% Fuels are rated for their antiknock qualities.

U Gasoline : Octane number

U Diesel : Cetane number
Resistance to knock depends upon the chemical composition.
¢+ Other operating parameters:

O F-Aratio

O Ignition timing

O Engine speed

U Shape of combustion chamber

U Compression ratio etc.

SI ENGINE FUELS (OCTANE NUMBER)

Antiknock property is compared with reference to

e

AS

Iso-octane (CgH1g) P 100 Octane No. Very good antiknock fuel
Heptane (C7H16) P Zero Octane No. Very poor antiknock fuel

X/
°

«» Fuel with Octane Number of 70 indicates
O 70 % octane, and
O 30 % heptane

% Definition: It indicates the % by volume of iso-octane in a mixture of iso-octane and
heptane which exhibit the same characteristics of the fuel in a standard engine under a set
of operating conditions.

%+ Common octane numbers for gasoline fuels used in automobile range from 87 to 95, with
higher values for special high performance and racing cars.

Tests for Rating Octane Number (ON)
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O Two most common methods of rating gasoline and other Sl engine fuels are the Motor
Method and the Research Method. These give the motor octane number (MON) and
research octane number (RON).

O Another less common methodis the Aviation Method used for aircraft fuel, and this gives
an Aviation Octane Number (AON).

Cl ENGINE FUELS (CETANE NUMBER)
Rating of CI Engine Fuel
% Reference Fuels
U Cetane (C16H34) P 100 Cetane No.
U A-methyl naphthalene (C11H10) b Zero Cetane No.
% Fuel with Cetane Number of 60 indicates
Q 60 % CisHas
U 40 % CiiHio

Definition: It indicates the % by volumeof normal Cetane in  a mixture of Cetane (C1sHz34)
and a-methyl naphthalene (C11H10) which exhibit the same ignition characteristics (ID) as the
test fuel when combustion is carried out under specified operating conditions.

O Cetane number is a measure of its ability to auto-ignite quickly when the fuel is injected into
the combustion chamber.

O Higher the CN, lesser is the tendency to knock. Further, too high a Cetane number may
induce pre-ignition.

O Diesel usually has a Cetane number

between 40-60, whereas gasoline has a

Cetane number of 10-20. This is why it is not suitable as diesel fuel due to its poor auto- ignition
quality. A good diesel engine fuel is a bad gasoline engine fuel.

Qualities of CI Engine Fuel
O It should have good antiknock quality. Must have short ignition delay.

U Must be sufficiently volatile in the operating range to ensure proper mixing and complete
combustion.

U Should not promote smoke in the exhaust.
U Should not cause corrosion / wear in the engine components.

U Easy handling / availability.
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SUPERCHARGING AND TURBOCHARGING:

The most efficient method of increasing the power of an engine is by supercharging, i.e.
increasing the flow of air into the engine to enable more fuel to be burnt.

* A Supercharger is run by the mechanical drive, powered by engine power.

» A turbocharger uses the otherwise unused energy in the exhaust gases to drive a turbine

directly connected by a co-axial shaft to a rotary compressor in the air intake system.

Need of turbocharger and super charger

» For ground installations, it is used to produce a gain in the power output of the engine.

» For aircraft installations, in addition to produce a gain in the power output at sea-level, it

also enables the engine to maintain a higher power output as altitude is increased.

Spark Plug
—!

ExhaustPort

Transfer Port

Inlet Port \

Supercharger

Supercharger

Type of Compressor used in super charger
Compressors used are of the following three types:

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

—y
2 g —
Receiver 1

f Rotating drum
Vanes
= Casing
Inlet

Fig 4.1.9 Vane blower
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2. Axial flow type seldom used to supercharge reciprocating engines, it is widely used as the

compressor unit of the gas turbines.

Outlet

[:Rectcivcg:__]

Fig 4.1.8 Roots blower

3. Centrifugal type widely used as the supercharger 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.

Compressed ____ ?
air delivery

ASLRLLLATIR RS AR LLANY

Impeller

Volute casifig X Rotor

Fig 4.1.10 Centrifugal s“be"f—‘hargers

Application of supercharging

» Itis used in aircrafts and stationary installations in mountains to maintain the power output
at higher attitudes.

« lItisused in locomotives and marine engines to reduce the bulk of the engines to fit into a
limited space.

« lItisused to increase the power of an existing engine when a greater power is needed.

» Itis used in racing car engines and aircrafts because of reduced weight of the engine per
power output.

WORKING PRINCIPLE OF A TURBOCHARGER

25




» Aturbocharger is a small radial fan pump driven by the energy of the exhaust gases of an
engine.

*  Aturbocharger consists of a turbine and a compressor on a shared shaft.

* The turbine converts exhaust to rotational force, which is in turn used to drive the
COMpressor.

» The compressor draws in ambient air and pumps it in to the intake manifold at increased
pressure, resulting in a greater mass of air entering the cylinders on each intake stroke.

Components of turbocharger

oltea T LI S FERE AR GO B R Sl S e, e T e bty

Exhaust gas
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. Compressor
Exhaust 1n Air, in

Fig 4.1.11 Turbocharger
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Erpty Air Entrance

TURBOCHARGER

Application of turbo charger

» Turbo charger is very common in diesel engines, both conventional automobile and also for
trucks, marine etc.

» Itis most commonly used on petrol engine in high performance automobiles, particularly in
race cars which has less space for fitting engine.

» Turbo chargers are suitable for engines running at high attitudes where air is less dense.

26




ENGINE EMISSION

IC engine fuels contain hydrogen and carbon in various combinations.

During combustion, oxygen combines with hydrogen and carbon to form water (H20),
carbon monoxide (CO) and carbon dioxide (CO>).

The nitrogen in the fuel combines with oxygen and forms nitrogen oxides (NO>).
Remaining fuel goes unburnt resulting in smoke and ash.

Exhaust gas constituents consist of partly burned petrol, carbon monoxide, nitrogen oxides
and if sulphur in petrol, sulphur oxides, pollute the air.

There are two types of emissions will be in IC engine. (1) Diesel engine emission. (2) Sl
engine emission.

Diesel engine emission

Well maintained diesel engine will emits negligible amount of carbon monoxide and hydro
carbons through considerable amount of nitrogen oxides are emitted.

Diesel smoke is another pollutant in case of diesel engines.
Two types (1) white smoke (2) black smoke.

The white smoke normally arises due to, too operating temperature and too long delay
between the start of fuel injection and beginning of combustion.

The white smoke appears during starting and warming up.

The black smoke appears after the engine has fully warmed up and accelerating or pulling
under load.

The black smoke results incomplete combustion of fuel.
Blue smoke occurs due to excessive lubricating oil consumption.
Its emission indicates very poor condition of the engine.

The blue smoke is not considered as a serious problem.

Sl engine emission

There are three main sources of air pollution due to petrol engine.

1. Evaporative emission.
2. Crankcase blow by.

3. Exhaust emission.

Evaporative emission.
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» Evaporative emission takes place from the fuel supply system.
» The main reason is hydrocarbon evaporation at high temperature.

» About 30% of total hydrocarbon emission occurring from the fuel tank, fuel line and
carburator.

Crankcase blow by.

» Crank case blow by means of the leakage past the piston and piston rings from the cylinder
to the crankcase.

Exhaust emission.

» During combustion, oxygen combines with hydrogen and carbon to form water (H20),
carbon monoxide (CO) and carbon dioxide (CO>).

* The nitrogen in the fuel combines with oxygen and forms nitrogen oxides (NO).
* Remaining fuel goes unburnt resulting in smoke and ash.

» Exhaust gas constituents consist of partly burned petrol, carbon monoxide, nitrogen oxides
and if sulphur in petrol, sulphur oxides, pollute the air.

AIR POLLUTION AND POLLUTION CONTROL
1. Hydrocarbons.
» Hydro carbon is produced due to incomplete combustion.
» Hydrocarbon produces smog. This affects vision. Smog is the mixture of fog and smoke.
Methods for Control of hydro carbon

* Reducing the compression ratio.

Changing the design of combustion chamber.

Changing the design of piston.
« By supplying lean mixture.
* By maintenance of piston and piston rings.
Methods for Destroying hydro carbons
* By supplying air to the inlet manifold.
» By using after burner.
* By using catalytic convertor.
2. Carbon monoxide

» itis produced because of insufficient supply of air for combustion.
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» CO has more affinity than oxygen for haemoglobin in our blood.
» It reduces the ability of haemoglobin to carry oxygen to body tissues.
» Hence it will affects the nervous system, vision and finally affects hearts .
Methods for reducing CO
« By using closed loop control.
« By supplying lean mixture.
* Providing suitable overlap of valves.
Methods for destroying CO
» By using reactor in exhaust manifold.
» By using after burner.
» By using catalytic convertor.
3. Oxides of nitrogen

* In high temperature, nitrogen react with the oxygen and produces nitric oxide and nitrogen
oxide.

» They affect living organisms. They affect blood purification system.
* It may be mixed with moisture and produces dilute nitric acid in the heart and affects hearts.
Control of oxides of nitrogen.
» By supplying exhaust again to the inlet manifold.
« By spraying water in the inlet manifold to add moisture to the mixture.
» By using catalytic convertor in the exhaust, the oxides of nitrogen can be destroyed.
4. Photo chemical smog

« Some hydro carbons and oxides of nitrogen in the exhaust react with the atmospheric air in
the presence of sun light and produces photochemical smog.

* It damages the plant’s life. It reduces visibility.
» It produces irritation and affects the respiratory system of human beings.
5. Smoke
* Smoke is produced because of insufficient mixing of fuel and air.it contains CO and CO2

* When cold starting, blue white smoke is produced when more carbon particles are mixed
with exhaust.
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» Smog is produced by means of smoke.
* it causes irritation of eyes,coughing,headache and vomiting.
Control of smoke and smog
* Running the engine with limited load.
+ Maintaining the engine well.
+ By adding barium salt in the fuel.
» By using catalytic muffler.
6. Lead
» Lead is poisonous. It is a toxic air pollutant.

* Itis produced from the combustion of gasoline.it affects liver and kidneys. It causes mental
effects to children.

7. Particulate
» Particulates are minute separate particles found in the air. They may solid or liquid particles.
» The dust soot and fly ash are included in it.
It cause respiratory diseases like bronchitis and lung cancer and allergic diseases.
8. Sulphur oxide
»  Sulphur oxide is produced if the fuel has sulphur. It may damage the plants.

» It causes irritation to eye and throat and gives respiratory troubles to children. It corrodes
materials.

EXHAUST GAS ANALYSIS
1. Exhaust gas recirculation system.(EGR)
2. Treating the exhaust gas.
1. Air Injection System.

2. Catalytic Convertor.
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Diaphragm port \
ﬁ
Exhaust * re———

Intake
gas ///////////////////////////////%

manifold

Fig. 2.83. Exhaust gas recirculation (EGR) system

It consists of a spring-loaded vacuum diaphragm linked to a tapered
valve. A vacuum chamber is there at the top of thec valve. This valve
controls the passage for the exhaust gas. The chamber
tube to a vacuum port in the throttle body. When there is
port, the spring will push the diaphragm down and
closed. Therefore, no exhaust gas recirculates. It happen
NO; formation is at a minimum. Also EGR could stall

is connected by a
No vacuum at thig
keep the passage
s during idle, when
an idling engine.

When the throttle is opened from the idle position, vacuum applied

will gradually open the tapered valve. It causcs the exhaust gas 1o flow into
the intake manifold. At wide-open throttle, the j

low and the EGR valve 1s closed by the spring. Thus
do not affect full power operation. It is thus
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Intemal LO’"U“JHU,- o
when the engine 18 cold. I
After the engine warms up,

t prevents EGR just after a cold engine starts.
the switch is opened.

Treating the exhaust gas | |
s ing the cxhaust gas means some cleaning or reducing the
i T::a: r:)gf pollutants in it. It takes place after leaving the exhaust gas
\Pef"e‘:h: engine cylinders and before it exits the tailpipe and enters the
f;:nlzsphere. It reduces the amount of HC, CO and NO, in the exhaust gas.
The exhaust gas is treated in two ways. One is by injecting fresh air into

the exhaust system. The other is by sending the exhaust gas through
catalytic converter.

(1) Air Injection System:

The main parts of an air-injection system are the air pump, one way

check valve and piping into the exhaust manifold. The air pump 1is driven

by a belt from the crank shaft pulley. When the engine is cold, air is

supplied to exhaust manifold, This fresh air supplies excess oxygen to
oxide of HC and CO into CO; and water vapour,

Intake
manifold

MY
[_H Engine

LL_) UJ Exhaust
——
kAT
Check valve
Air divertor valve
[L —» To air
= \ cleaner
Pump

Fig. 2.84. Air injection system
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arm

The diverter valve prevents back-firing in the exhaust S)’Stem?
diverter valve 1s operated by a vacuum diaphragm. When the fue] ; ‘“JCCt
system is in idling or in part or full throttle conditions, the mamfold
vacuum is not enough to move the diverter valve dlaphragm Bug,
sudden decelerations manifold vacuum will increase. . This wil] lift th
diaphragm and send the air to the atmosphere or air cleaner.

High manifold vacuum draws rich mixture from the carburetor, |, 3
too difficult to ignite in the combustion chamber due to which Teasons ;
goes out in the exhaust manifold.

When air is pumped into exhaust manifold, the mixture becomes legy
It would ignite when hot exhaust gases are released from the next cylinde,
This may result in back firing. To prevent this, the diverter valve dive,
the fresh air from exhaust manifold during deceleration. Check valye is

meant to prevent back flow whenever exhaust pressure is greater than i,
pump pressure.

(2) Catalytic converter:

The catalytic converter converts the pollutants like HC, CO and N0,

into harmless gases. It is placed between exhaust manifold and silencer. It
contains the plastic pallets coated with the catalyst.

Catalyst (Pallets)

/- ~O0QO0Y0 g
Exhaust 0 Oo~d Clean gas
-T—> 0 —_—
oooo °ooc

P —— >
r—

Fig. 2.85. Catalytic converter

All exhaust gas must flow through it. The catalyst causes a chemical
change without being a part of the chemical reaction. The catalytic

converter may have two different catalysts. One catalyst treats the HC and
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’Cﬁo, The other treats NO,. The catalyst encourages the HC and CO to unit
with oxygen to become H,O and CO,. This type of converter is known as
oxiding converter because it oxidizes the HC and CO. The metal platinum
and palladium are used as oxidizing catalysts.

The catalyst for NO, splits the oxygen from the NO,. The NO,
becomes harmless nitrogen and oxygen. This type of converter is known as
reducing converter. The metal rhodium is used as reducing catalyst.
Vehicles with catalyst converter must use unleaded petrol. Lead in petrol
coats the catalyst and makes it ineffective. For the catalytic converter to

the most effective, the air fuel mixture must have stoichiometric ratio o!
14.7: 1.

To achieve the described air fuel ratio at all operating conditions, a
feed back system is used. It determines the correct air fuel ratio of the
intake chérge by measuring the amount of oxygen remaining in the
exhaust. The diesel engine catalytic converter is a pure oxidation catalytic

converter. It oxidizes HC and CO into water and CO,. It can not reduce
NO,,

EMISSION STANDARDS

Implementation of Emission Standardsin India, Europe, and China [ndian Emission Standards (2 and 3 wheelers)

Standard Reference Date
Bharat Stage Furo 2 1 April 2005
Bl il B N o Bharat Stage Furo 3 T April 2010

O 8. -.Q,mQTug A SRS | Bharat Stage V Fu 4 1 Apil 2012

turot furo & BS540
ticwide  Netionwide

| BhantSage fu 3 1 April 017 to be skipped)
S | e Bharat Stage V! Furo 6 2020.04 (proposed)

Dieect transition from BS-1V o BS540

by 2020~ intent dzclared by

msitatrasgots 50u1; Auto Fuel Vson & Poliy 2005

Highwaysin Janusry 2016
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COMPRESSIBLE FLOW — FUNDAMENTALS

1.1, INTRODUCTION

A fluid is defined as a substance which continuously deforms unde
the action of shearing forces. Liquids and gases are termed as fluids.

The study of fluids at rest is known as fluid statics.

The study of fluids in motion where pressure forces are n
considered, is known as fluid kinematics.

The study of fluids in motion where pressure forces are al:
considered, is known as fluid dynamics.

1.2. GAS DYNAMICS

Gas dynamics deals with the study of motion of gases and its effec
[t differs from fluid dynamics. Gas dynamics considers thermal or chemic
_ effects while fluid dynamics these effects are generally excluded.

1.3. TYPES OF FLUID FLOW
| The fluid flow is classified as follows
1. Steady and Unsteady flows
2. Uniform and Nonuniform flows
3. Laminar and Turbulant flows
4, Compressible and Incompressible flows

Rotational and Irrotational flows

Lh

6. One dimensional flow, Two dimensional flow and Th
dimensional flow.




1.2 Gas Dynamics and Jet Propuision

1. Steady and Unsteady flows

Steady flow is that type of flow, in which the fluid characterisitcs -

like velocity, pressure and density at a point do not change with time.

Unsteady flow is that type of flow, in which the fluid characteristics
like velocity, pressure and density at a point changes with respect to time.

2. Uniform and Non-uniform flows

Uniform flow is that type of flow, in which the velocity of fluid
particles at all sections are equal.

Non-uniform flow is that type of flow, in which the velocity of fluid
particles at all sections are not equal.

3. Laminar and Turbulant flows

Laminar flow is sometimes called stream line flow. In this type of
flow, the fluid moves in layers and each fluid particle follows a smooth and
continuous path.

In turbulant flow, the fluid particles move in very irregular paths.
4. Compressible and incompressible flows

Compressible flow is that type of flow in which the density of the
fluid changes from point to point, i.e. density is not constant for the fluid.

Density, p # constant
Examples : Gases, vapours

Incompressible flow is that type of flow in which the density of the
fluid is constant

Density, p = constant
Example ; Liquids
§. Rotational and irrotational flows

Rotational flow is that type of flow in which the fluid particles flowing
along stream lines and also rotate about their own axis.

Compressible Flow — Fundamentals 1.3

Irrotational flow is that type of flow in which the fluid particles
flowing along stream lines but do not rotate about their own axis,

6. One dimensional, Two dimensional and
Three dimensional flows.

One dimensional flow is that type of flow in which the flow parameter
such as velocity is a function of time and one space co—ordinate (x) only.
In this type of flow the stream lines may be represented by straight lines.

Two dimensional flow is that type of flow in which the flow parameter
such as velocity is a function of time and two space co—ordinates (x,y} only.
In this type of flow the stream lines may be represented by a curve.

The flow of liquid whose stream lines may be represented in space
along three mutually perpendicular axis (x, y and z) is called three
dimensional flow.

1.4 STEADY FLOW ENERGY EQUATION

From first law of Thermodynamics, we know that the total energy
entering the system is equal to total energy leaving the system. This law is
applicable to the steady flow systems.

| Outlet (2)
Inlet (1) ?3
|
V Datum level 1
Fig LI
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Consider an open system through which the working substance flows
as a steady rate as shown in fig.1.1. The working substance entering the
system at (1) and leaves the system at (2).

Let,

p; — Pressure of the working substance entering the system
(N/m?)

v; - Specific volume of the working substance entering the
system (m*/kg)

¢; - Velocity of the working substance entering the system
(m/s)

U, - Specific internal energy of the working substance entering
the system (I/kg)

Z, - Height above the datum level for inlet in (m).

Py, Ve, €y Upand Z, - Corresponding values for the working
substance leaving the system.

Q - Heat supplied to the system (J/kg)
W -  Work delivered by the system (J/kg).

Total energy entering the system
= Potential energy (gZ;)
-+
N 2
Kinetic energy 1_]
2
+

Internal energy (U;)
+

Flow energy (p; v{)
+

Heat (Q)

A i S i
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Total energy leaving the system
= Potential energy (gZ,)

J’...

2
Kinetic energy [%]

L%
.'_

Internal energy (Us)

+

Flow energy (p; va)
+

Wark (W)
From first law of Thermodynamics,

Total energy entering the system = Total energy leaving the systel

9127.
= gyt Tj*—"U;"'Pa v +Q

Gyl -
=gZ, + [—-2%-]+Uz+pzv2+w

2 2 |

i I C
l:; ez, +—-21-—-+ hy+Q= gZ, +%—+h2+w E—

The above equation is known as steady flow energy gquation,

1.5 STEADY FLOW ENERGY EQUATION FOR TURBO
MACHINES
Most of the compressible flow turbomachines such as turbines a
COMpIessors are classified as adiabatic machines. In these machines the
is no heat transfer takes place and change in potential energy (Z, =25
i_ also negligible.
| So, apply Q=0
| Z,-Z, =0 in Equation (L.1).
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(L= |—— 4+ & ““él + oyt W - (12)

1.6 STEADY FLOW ENERGY EQUATION

FOR NOZZLE AND DIFFUSER
Nozzle is a device which increases the velocity and decreases the

pressure of working substance,
Diffuser is a device which increases the pressure and decreases the

velocity of the working substance.
In these systems
1. There is no work is done by the system i.e. W =0

2. There is no heat transfer takes place
ie. Q=0
3. Change in potential energy is negligible i.e. gZ, = gZ,

Apply these conditions in Equation (1.1).

1o’ _ e
(1.1);‘;}=T+ h *T+ 15 - —={1.3)

1.7 VELOCITY OF SOUND (a)

The velocity with which sound waves propagate in a medium is called
velocity of sound (a).

Sound waves are generated due to infinitesimally small pressure
disturbances.

The velacity of sound is given by

a=/TRT

Compressible Flow — Fundamentals 1.7

1.8 DERIVATION OF ACCOUSTIC VELOCITY (or)
SOUND VELOGITY (a)

Sound waves are infinitely small pressure disturbances. The speed
with which sound propagates in a medium is called speed of sound and is
denoted by 'a",

If an infinitesimal disturbance is created by the fpistc-n., as shown in
fig 1.2, the wave propagates through the gas at the velocity of sound relative
to the gas into which the disturbance is moving.

“/"_CDDIFDI Surface

A = Constant

=
e J !
:+]
- a—dec

Distance
2
% p+dp
£ P

Distance

Fig. 1.2 Propagation of an infinitesimal wave in a constant area duct

In the case the stagnant gas at pressure 'p' on the right appears to
flow towards the left with a velocity . When the flow has passed through
the wave to the left its pressure is raised to p + dp and the velocity is lowered
to a - dc,
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Apply momentum equation for this process. : ! 1.9 MACH NUMBER
Alp - (p+dp)] = m [(a-dc)-a]
= A[p—p-dp] = pAa [a—dc-a]

The Mach number is an index of the ratio between inertia force and
elastic force

[** m= pAc,Herec =a

= m = pAa) i M2 = M
= —Adp = pAa [—dc] | Elastic force
= -_dp =padec ————(A) _ pAC?

_ , KA
From continuity equation for the two sides of the wave i ) Dl
= Mé= ——
m = pAa = (p + dp) (a-dc)A . K
where

= pAa= A [ap —pdc + adp — dpdc]

p = Density of the fluid
= pa= [pa-pdc + adp —dpde] i ens.; g © .]

| ¢ — Velocity of the fluid
The term dpdc is negligible | A - Flow area

= pa= pa-pdc+adp K - Bulk Modulus

= pdczadi]' ‘_“‘—(B) | — Mzﬁ-—p—é}——

Substituting Equation (B) in Equation (A)

i . P K = pal
(A)= dp=f(adp)*a g_ pa? [ K= pa‘]
= aldp . i Mzz-__‘i?.'..
P _ 2 ' a?
= £
M =3

dp
d_p=
L [E-.

For Isentropic flow

This relation gives another important definition of Mach numbe
i e.. the Mach number is defined as the ratio of the fluid velocity (¢} to th

g_z = YRT velocity of sound (a).
: . : We know that
=a= jgi—f; = /YRT Velocity of sound, a = /YRT

Sound velocity (or) accoustic velocity (a) = /YRT ~ = M= %i/i.._ ———— (1.4)
o : 1 TRT
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1.10 STAGNATION STATE

Stagnation state is obtained by decelerating a gas isentropically to
zero velocity at zero elevation. The stagnation state ofa gas is often used as
a reference state,

1.11 STAGNATION ENTHALPY (/1)

Stagnation enthalpy can be defined as the enthalpy of a gas when it
is isentropically decelerated to zero velocity at zero elevation.

Put
hy=h ¢ =c forthe initial state,

hy=hy ¢, =0 for the final state, in Equation (1.3).
2
(1.3)= ,.g.h +h=hy

2
= hﬂzh'f"'c—“

) -—-~(1.3)

where
hy — Stagnation enthalpy
1 — Static enthalpy
¢ — Fluid velocity
1.12 STAGNATION TEMPERATURE (T,)

Stagnation temperature is the temperature of the gas when it is
isentropically decelerated to zero velocity at zero elevation.

We know that

Stagnation enthalpy
c2

-:h—.—
g +2

c2
= ¢Tg=c,T+ 5~ hg = ¢,Tp]

Tl b R ot | IS IR 8T i L1 PR o ey e T ol i e i M RN e B 161 s 3
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Divided by cp

e
= Ty= T+2—%

Stagnation Temperature, T =T + ETR
p

Divided by T
T 2
T 2¢,T
T, o2
= =]+
T 2 x YRXT
ﬂ"_n_i
T 2
:’TGZH —
a
2X 33
Ty - 2
:>__Q_1+ }'—-ix c

T 2
Ty Y1 2
I e + - 4 -
E_ T I 2 M
where,

Ty — Stagnation temperature
T - Static temperature

M — Mach Number

e (16)

_R_
[ o= 2
[+ a=+/YRT]

[ Mach Number M = €/,]

e (L7)
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1,13 STAGNATION PRESSURE (poi

Stagnation pressure is the pressure of the gas when it is isentropically
decelerated to zero velocity at zero elevation.

For isentropic flow

%
ﬂ}___[l{_)_‘ ¥-1
=P T
o | A1
20 = 2
01+ L M] (1)
Ty Y1 .2
" = +
Tl M
Where

Py ~ Stagnation pressure
p — Static pressure

M — Mach Number

1.14 STAGNATION DENSITY (Pp)}

Stagnation density is the density of the gas when it is isentropically
decelerated to zero velocity at zero elevation

For isentrapic flow

fg_[ﬁf&
Py Lpy

e | MATLMBIATAN 11 e S I RCE T 11 A b AL
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For stagnation condition,

Put
P=Py  Py= P
=P Pi=p
LML
P P
T/v—l"f/v'
R 4]

e (1.9)

Where
P, — Stagnation density

p — Static density

1.15 STAGNATION VELOCITY OF SOUND ()
Velocity of sound, a = J YRT
For stagnation condition,
Puta= gg
T=Ty
= ay= YRTy

Y-l
" P

Gas constant, R =
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o e Xl -
= a, = fY = 7 ey Ty
= 8= VI -D)e, Ty

a4y = {7 -1} hy

where,

= ==(1.10)
[ hy=c,Tp)

ay ~ Stagnation velocity of sound

hy - Stagnation enthalpy.

1.16 VARIOUS REGIONS OF FLOW

The adiabatic energy equation for a perfect gas is derived in terms
of velocity of fluid (¢) and velocity of sound (a). This is then discussed
graphically by differentiating various regions of flow on the ¢ —a plot.

We know that

Stagnation enthalpy, Ay = A+ 1/5 c2 ————(L11)
Static enthalpy, /= r;pT
YR TR
- % T o= IR
Y- 1 L= 3]
RT |
= (p= IRL - (1.12)

Velocity of sound, a= \/YRT

Substitute YRT value in Equation (1.12)

2 ]
= A
(12)=lh= 2 [

. .
b e .--J-.-h...-.,;..-‘.-- e AL B -1 bt bt
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Substitute / value in stagnation enthalpy equation

2
(LI = hy= 2t 1y ¢l

-2 e (1.13)

Case (i}

At T=0, h=0and ¢ = c,,,, substitute these values in stagnation
enthalpy equation. '

(LD = [ hg= Th e pad = (1.14)
Case (ii)
At ¢ =10, a=a; substitute these values in stagnation enthalpy
equation
(L) = hy=h
_ & o= 2]
T Y= Ewy
2
4y
=1 [ a=a
2
Ao~ e
hy = --(13)

From Equation (1.13), (1.14} and (1.15)

We know that

2

2 a
hy = fr‘rlf’zcz = 115 ¢ =7§? ————(1.16)
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{ncompressiv'e ¥
<1

t =1
o S(}n:lc flow
=
3 >1
% Transonic flow £l
s Supersom®
>
.g .
- . z
g ﬁ.},pa‘(so'ﬂ!c f‘l\U

Velocity of fluid, ¢ —

Fig. 1.3 ¢-a curve

There are six different regions on this curve.
1. Incompressible flow region

In incompressible flow region, fluid velocity (c) is much smaller
than the sound velocity (a). Therefore the Mach number (M = /,) is very
very low. '

2. Subsonic flow region

The subsonic flow region is on the right of the incompressible flow
region. In subsonic flow, fluid velocity (c) is less than the sound
velocity (a) and the Mach number in this region is always less than unity.
ie. M=%, <1,

3. Sonic flow region

If the fluid velocity (c) is equal to the sound velocity (a), that type of
flow is known as sonic flow. In sonic flow Mach number valug is unity.
M=¢%,=] =c=a

H
]
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4. Transonic flow region

1f the fluid velocity close to the speed of sound, that type of flow is
known as transonic flow. In transonic flow, Mach number value is in between

0.8and 1.2.1e,08<M<12

5. Supersonic flow region

The supersonic region is on the right of the transonic flow region.
In supersonic flow, fluid velocity (c) is more than the sound velocity (a) and
the Mach number in this region is always greater than unity.

ie. M= C,>1
6. Hypersonic flow region

In hypersonic flow region, fluid velocity (c) is much greater than
sound velocity (). In this flow, Mach number value is always greater

than 5.

ie. M= €,>5.

4.17 REFERENCE VELOCITIES

In compressible fluid flow analysis, the following velocities are used.
1. Local velocity of sound (a)

Fluid velocity (¢)

Mach Number, M =~ 0 elocity (a)

M=,

= ia:c‘fM\

2. Stagnation velocity of sound (uy)

Velocity of sound, a= /YRT

For stagnation condition,

e TR 0 DR TR A AR 5 1488 o B ) .
e i A o Llen b £ A % B B o R B o T e 3
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S - U SOU. RSP S

Put 4= a8, T.:'-Tu

(2= TRTy

3. Maximum velocity of fluid, Coax
From equation (1.16),

We know that

gt _ 2
-1 13 G
2
Crrnn
= 2 - TGN
Y1 312
0

e (11T

4. Critical velocity of fluid (or) Critical velocity of sound c* = a*,

At critical state, Mach number value is unity. i.e., M
The velocity at critical state is known as critical velocity

[
critical ~ =1
ai

VYRT*

2
Stagnation enthalpy, i, = k + %

M

:}’—C*:a*=

[From equation (1.5)]

critical = M* = L.

v \..._.‘_--- 0 P L ) 9410 2ot ot 5 8 B e et e e
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At critical state,

c=c*; h=h*

mhﬂmh*.}.i

2
c? .
Stagnation Temperature, Ty = T+ ry {From equation (1.6)]
c
IJ
At critical state
T = T* ; C = c#
c*2
= Tﬂ = T%+
ECP
*2
= Ty— T*= —
ZCF

=" =2¢p [Ty-T*]
=c*t= f2cp [Ty~ T*]
= |¢*= a*= ﬁ;ﬁtﬁ

———=(1.18)

Stagnation Temperature — Mach number relation

To 1y 1=t

ﬂl+ 2
T

M

[From Equation no.(1.7}]

At critical state

M:—M*:}; T=T*

T, -
— ._cl._=‘§+.:!_l.
T* 2
To _ 2+7-1

T* 2
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To  y+1

e T2

T 2
|

Substitute T* value in Equation (1.18)

= [2¢ [T -Z-T-i]
J2ee o7

2T
¥ -1 ¥+l

N N
2
= ',J_xae xY"l
Y-1 (¥+1)
2ay?
o= T
_ 2
T %y

At eritical state

ct=ga*

,2

* = "=a =

= C a 0 '}'A&l
°*=_§i=’i_. -

= ag ag Y+ 0.913 1

= |

s S .
arrrenmT—yarse f.]l e zan e l ah Am s o LA b AT,
1 HE|
H H i |

E— )

[ 29 = /YRTy]

———(120)
[y=14]
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From Equation 1.19, we know that

2Ty
=5
:I_-g_= li-!-—l ______{1.21}
T* 2
From equation (1.7), we know
Ty y—1..2
R e (122)
= 1 5 M (
(1.21)+(1.22)
_T.E. ¥+ 1
T* 2
To L Xzly?
T 2
T+ 1
T_" 2
T 1+ Y—1 1.2
2
Y-1,,2
e 1T 5T
= =
T ¥+1
2
_ y—1,,2 2
[H 2 M]KH*I
¥+1  Y+1
-
o2 _x-ly? e (129)
T T+ ¥+ 1 .

—
-
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From equation {1.17). we know that

E."L‘?:L:[Z

4 Jr-i

From equation (1.20), we know that

ety
B {y+]
Conay 2
max % ¥Vl
= ot c* 2
ap ¥ +1
Conax __g___‘ Y+ 1
c* ¥ -1 2
Conax _ /.2 ¥+l
c* ¥-1 2
Comax - m
c* Y-1
Cmox _ Cmax _ [Y+1
c* at Y-l ---~(1.24)
Chuax - Y +1
c* VY-l
[1+1
= cma.t = C‘ J "f__]
2 _ L2 r+1
Chpax = C Y -1
From equation (1.16), we know that
2
45

2
Stagnation enthalpy, Ay = ?"1_? + Va2 =1 cim = T

Compressible Flow — Fundamentaly 1.23

Substitute ¢ ax Value in stagnation enthalpy equation,

2
=|hy = A 2=l 2ol 42 [._L"Ll.

Y-l e 1=
+ ag?
l[-‘;cik:n*}

1.18 CHARACTERISTIC MACH NUMBER (M*) (OR) CRITICAL
MACH NUMBER

It is defined as the ratio between fiuid velocity (c) and critical velocity
of sound (a*).

c
M* = pry
[._. C‘za‘]'
- &
¢
= oM=L
t:.*"2
2_ 2 @2
= M ) x c*z
[ M=%]
M=2= MZ % _3_.2..‘
c"z
2
‘ M? = M? x2S ——=—(1.26)
#
L 2 [ v c*=a*]

From equation (1.25), we know that

2 +

a 1 b 1 « [TH+1
. _+ = —_—
71 //ZC /23 [Y"‘]

Multiplying by 2
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E}.-f 32 = a*z [?*-11

¥--1 Y-l
Divided by ax?
2 2
2 L [L“i] (127
Y-l aaaz a¥ (-l
From equation (1.26), we know that
M*zg Mz ® 32
a’F
. al . \
Substitute 5 value in equation (1.27)
aﬁl
*2 2 +
(o= = Ml fo- [?_i]
Y"E M?- a¥ Y—l
2 oMt e (TR
L M e M= | — ) -
Y-l M2 [Tnlj [+ M*
Muttiply by (y—1)
%2
- 2x [E’L] s M -1y = (1)
ME

= M*z[mzm‘r{?—l)]ﬂ a+1)
MI

r b
= M f““‘:;?’- ‘)j: a+1)

2 Y41
M =
= 2+ M- 1)

M‘.

Compressible Flow — Fundamentals 1.25

L apelo MEOED)
2+ME(Y-1)

Divided by 2 (right side terms)

2
2

M** = v S

1+-'"2-'"('\"—“

(}"i"l}Mz

2227
= M*¥= ————1(1.28)
}+[L-_.!-.]M2
2

This equation gives the relationship between M* and M.

From equation (1.28), we came to know

M*=1ifM=1
MF<tifM<l
M*¥>1ifM>1
R (T
M m‘:’-1 itM—w

From that we know M* behaves in the same manner as M, except

when M goes to infinity.

It is more inconvenient to use M* instead of M due to the following

reasons.

1. At high velocities M approaches infinity but M* gives a finite

valune [M“ = —Lﬂ\'

dY-1)
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2. M is proportional to the fluid velocity (c) and sound velocity
(a), but M* is proportional to the fluid velocity alone.

c
Mo —
a

M* ac S
} =
M*ec ¢ [+ a* = constant]

1.1 CROCCO NUMEER (c,)
) It is defined as the ratio between fluid velocity (c) and its maximum
fluid velocity (€,50)-

[+ c*=at]

ci
¢ = M* x— ————(1.29)

o=

From Equation (1.24), we know that

Cinax - Y+l

c* T-1

c* Y-1

=
! cmax T+ 1
—

Substitute this value in Equation (1.29)

71
(129 = ¢ =M*x 3+

Compressible Flow — Fundamentals 1.27

‘c2=M*2x _.__V—l_l
f T+1

From Equation (1.28), we know that

Multiply by 2 (right side terms)

M= O F D) M2
2+ (r-1)Mm?
Substitute M**valuc in Equation (1.30)

r

2. G rDME [24)

2+(T—1}M2 Y+
M2

== W ( “‘"I

2+(Y-1) M2 r-1)

2. M2 (y-1)
2+ (y=-1) M2

e [2+ (- 1) M2] = M2 (y—1)

2¢? +c2(y- 1) M2 = M2 (y -1
)

2¢ = M2 (-1) - Xy~ 1) M2

2¢2=M2(y-1)[1-c?]

2¢2

— Mzz 3
(=D[1~¢]

-=-——(130)



J 28 Gas Dynamics and Jet Propulsion

This equation gives the relationhip between Mach number and Crocco

= (131)

number,

Stagnation temperature - Mach number relation

[From Equation no. (1 N

From Equation (1.31), we know that

(-1 [1-¢]]

Qubstitue M2 value in stagnation temperature equation

T{] Y —1 zcrz
— e = | + 2 = 3
T G-Di1-¢]
('.‘.2
I—crz

(1- cr?.) + cr2

- —-—(1.32)

This equation gives the relationship between stagnation temperature
and Crocco number.

AT YN ks B AEa A R )
1 ¢

e e e s o
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1,20 BERNOULLI EQUATION

- From stag gnation enthalpy equation, we know that

. 2
hy=h+ C—,,— [From Equation (1.5)]

Fs

c?
= Fr+—-5~= hy = constant

Differentiating this equation

2ede

dh+-———=10
p)
]dk+ca‘c=€i \ -——=(1.33)
For isentropic flaw
dn=SP
)
dp
(1.33)= T+CdCiG e {1.34)
Assuming flow is incompressible. So, p = constant,
Integrating Equation (1.34)
9, jcdc: =j0
p
p o, e
= "5‘ T_ K(uonstimt} ~===(1.35)

Stagnation pressure s the pressure of the gas when it is isentropically
decelerated to zero velocity at zero elevation. Therefore when ¢ = 0,

p=py and p= py.

Substitute these values in equation (1.35).

1.35 Po . g
(1.35) = Po
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Substitute K value in Equation (1.35)

P, _Po
(1.35)= ) 5o (1.36)
For incompressible flow,
p = constant
=[p=r]
3 P, . P
(1.36) = P + 7"
2
pc
- p
P+ > 0
= [pg=p +V2pc e (137)

This is Bernoulli equation and it is valid only when the flow
is isentropic and incompressible.

For Compressible flow,

Stagnation enthalpy, Ay =c,T,

_ 1R con= IR
=3-1 o [ ep= 577
Y
hy = * RT
0Ty 0
We know that
- Po
2 RTO
Py
= RT, —
0 Po
_ .y P
hy lex o (1.38)

T T wm—

e

e e
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Substituting A value in stagnation enthalpy equation

2
C
hDIJ{]-!-—E'—
X P, 2
O Tl
Y P YRT 2 = IRT
= ¥=1 P -1 3 ['_ -1
[From Equation (1.12)]
Y Po_ v P @ .o=P _pr=p
= R r-ie T2 NPT ‘o]
AP _ Y P
= JY” Py “T-1 P +Yae? | ——--(1.39)
For insetropic flow
L
_.F'_x{uﬁu]?
Po (Po
p 1
= = oy
p pg[%]
= P . P
P 1
By
pﬁx[p(}]
s
= _i?..x[_ﬁ_]?
Pg Py
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...E...:LX-E{JL)(HE._
PPy Py [ ]

Po \Pg) (Pg
y—1
_,EP,,,CF_,‘]?
Py Po
r=1 |
IR R
P o LPy) i

— = ——(1.40)

J_ P v Poo (Y
-1 Py ?m1"nc,"[ ]”*/”

This is the Bernoulli Equation for isentropic compressible flow.

1.21 EFFECT OF MACH NUMBER ON COMPRESSIBILITY

From Bernoulli equation, we know that stagnation pressure for
incompressible flow is

Po=p+ V2pc?
Py-P
Y2 pe?

This equation shows the value of pressure co-efTicient, ¢ (sometimes
referred to as compressibility factor) is unity.

But for compressible flow the value of the pressure co-efficient
deviates from unity.

= e (1.41)

s i S W TN 2 i A0 SR S et b M 0 R TR B
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S

For isentropic compressible flow, the relationship between stagnation
pressure and stagnation temperature is given by

;
_*’9_;[&1?:1
p T!
L
= -%‘i= [1+ I=RVEN LAY e (1.42)

[From Equation no.(1.8)]

Expanding this equation as Taylor series i.e.,

n(n*—l) 24 n(n-1) (n-2} 3 +

(1 4yt =1 o —— N

- ¥
Here x=1§—1—M2 n= o

1] 2
X[ —1} 2
Y=1 171 y ( r-1 MI'E +
2! 127
Yy [ ¥ H Y ]
— | 2
-1 [‘H JLY-1 x{hIMzr
31 L2
1 [e) ,
- - -1
C e a2 LT [(v )M"]
5 L 4
R f'v-(r—n}][w.-—z (H)] ;
. -1 l ¥-1 -1, [g—j xM(’]
6 8
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T[] 2
- I+_2'f_ M2+_L-L_?£i,x[(?;t) M4]

2
¥ [_1_] {ﬂ] .
-1 - ) {(T“I)ijﬁJ
6 8
. Y .2 ¥ Y(2-v), 6
= | 4 e M© +—_
: m* M
x
= 1 Y .2 Y 4 v2y) 6
= [+ M =1+ — -
[ 5 } oM+ M+ T M
Substitute this value in equation (1.42)
Po Y o2 Y b Y2
— ] S +
P s M g M i M
Po Y 2, 7 1(2-v), 6
—_1= M M
p 2 8 48 M
Po=P v 2 v 4 v@2) 6
= M+ =M +
p 2 8 48 M
Divi Y 2
1v1dedby~§-—M
Py —Pp M2 (2) .
—=]r— + =M ———=(1.43)
px%Mz 4 24

we know that,

Mach number, M = ~§-—

2
= M2 =-.E__.
al

e T

S ka arec—rms s
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; z _ .
2-_C g
M IRT [~ a=+/YRT]
Y- T -
2 M’ 2 “YRT
Y ,.2_ ¢2
2 M 2RT
pxImt=PE
2 2RT
[vpv=RT
PRT 2 =p=~ XL
2RT M
= p=pRT]
< 12 P
p 2M 3 ———= (1.44)
Substitute p x J;:- M? value in Equation (1.43)
Pg ~Pp M2 (2-7) . 4
143) = ———— =]+ — +— M + =
( )= Py 1 3 o M
2
Substitute Y = 1.4
| Pg-p oMz oM
wl/zpcz =1+ et ———— (145

This is the pressure co-efficient equation for compressible flow.

-
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1,22 MACH CONE, MACH ANGLE, MACH WAVES

Let us consider a solid body move in a straight line through a fluid
which is stationary. The movement of the body will generate pressure waves
in the fluid. These pressure waves are transmitted to other particles of the
fluid in all the direction with a velocity of sound (a). These sound pulses
forms a spherical wave front as shown in figures 1.4, 1.5, .6 and 1.7.

Incompressible flow

In an incompressible flow, the source of disturbance velocity (¢} is
negligibly small compared to the sound velecity (a). In this case infinitesimal
sound waves (spherical waves) are generated as shown in fig.1.4 and
travelled at a velocity (a) in all directions.

Sound waves

Where

s — source of disturbance
a —» Sound velocity

¢ — Fluid velocity

Fig.1.4 Incompressible flow

T ELSDFR 7o L w8 b 1 2 e 3t W A i S
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Subsonic flow

In subsonic flow, the source of disturbance velocity (¢) is less than
the sound velocity (a). The spherical waves are generated as shown in
fig 1.5. It is observed that the sound waves move ahead of the source of
disturbance and the intensity is not symmetrical.

Sound waves

Fig 1.5 Subsonic flow
Sonic flow

In sonic flow, the source of disturbance velocity (c) is equal to the
sound velocity (a). Under this condition the sound waves always exit at the
present position of the point source and cannot move ahead of it. Therefore,
the zone lying on the left of the source of disturbance (s) is called zone of
silence because the waves do not reach this zone.

The zone lying on the right of the source of disturbance (s) is called
zone of action. Because the waves reaches this zone,



Zone of Zone of action

silence
Sound waves

3a

Fig.1.6 Sonic flow

Supersonic flow

In supersonic flow, the source of disturbance velocity (¢) is greater
than the sound velocity (a). The spherical waves are generated as shown in
fig.1.7. It is observed that the point source is always ahead of the wave

fronts.

Mach Cone

Tangents drawn from the point S (Source of disturbance) on the
spheres define a conical surface referred to as Mach Cone. The region inside
the cone is called the zone of action, and the region outisde the cone is

termed as the zone of silence.

Mach waves or Mach lines

The lines at which the pressure difference is concentrated and which
generate the cone are called Mach lines or Mach waves,

Mach Angle
The angle between the Mach line and the direction of motion of the
body (Flow direction) is called the Mach angle.

-

B

Compressible Flow - Fundamentals 1.39

Mach angl ='-![_L
gle o = sin M]

Mach cone

Fig. 1.7 Supersonic flow
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1.23 FORMULAE USED

Mach number, M = %

Velocity of sound, a = \/ YRT m/s
Stagnation temperature - Mach number relation

T 2

Stagnation pressure — Stagnation temperature relation

)
P B fTB] =1
= 3T
. R
VR PR ek B 21
=i I
Stagnation density — stagnation pressure relation
1
Py "giL] ¥
P v

Static enthalpy, £ = cﬂT

Stagnation enthalpy, & = ¢, Tg

Stagnation enthalpy equation

2
2 4y
a - 2 o
hy= g+ = Valmar T 7
Crocco Number
c =
" Cmax

10, Mass flow rate

1L

m=pAc= pjA c; = PrAsCy .-

2T,

Critical temperature, T* = 7

Compressible Flow — Fundamentals 1.4]

12. Gasconstant, R= P—Hll Cp

Forair Y=1.4¢c,=1005J/kgK
R =287 JikgK
- IR
Y-l
13. Machangle, a=sin!(1/)
14. From Bernoulli equation, (For incompressible flaw)
Stagnation pressure, Py = p + %2 pc?
15. For isentropic flow,
Stagnation temperature remains constant, i.e., Ty =Ty =Ty,

Stagnation pressure remains constant, i.e., Py = Po; = Po2

1.24 SOLVED PROLEMS

Calculate the velocity of sound and stagnation temperatire of Jet
al 300 K. Assume Macl number = 1.2,

Given
T=300K
M=12
To find
1. Velocity of sound (a)
2. Stagnation temperature (Ty)
Solution

We know that
Velocity of sound, a = /YRT _
= /1.4 %287%300 (y=1l4
-7 R =287 J/kg K]
a=347.18m/s



Stagnation femperature = Macl

Result:

) number relation,

Ty & 1§ ]’_:__1 M2 [From equation no.1.7)

L
_'B)_ = ]+l—4—,’:‘]')’(|.2)2
300 =

d, a= 347.18 m/s
=386.4K

1. Velocity of soun

2. Stagnation temperature, Ty

An air jet at 300 K has sonic velocity. Determine the following:

1. Velocity of sound at 300 K

2. Velocity of sound at stagnation con ditions
3. Maximum velocity of the jet

4. Stagnation enthalpy

5. Crocco number

Take y=1.4, R =287 J/kgK.

Given:

T = 300K

At sonic condition,

Mach nuinber, M = |

=

—

c
M=
¢ = a

y = 14, R=287J/keK

—
1o find

1. Velocity of sound, 4

~

. Velocity
0city of sound at stagnation condition, a,

=

- Maximum velocity of the jet, c,,
4, Stagnation enthalpy, hy
5. Crocco number, 'l
Solution
1. We know that
Velocity of sound, a = \/Y_RT

= J14x287x300

2. Stagnation temperature — Mach number relation,

Ty
Rl IR ol YOO
T 1+ 5 M
At sonic condition, M =1
T
=5 _0:]+Y__].
T 2
T
= B
300 2
T
3 —°=12
300
Ty = 360K.

Velocity of sound at stagnation condition

30 =4/ YRro



= /1.4 287 %360
a;=380.32m/s

3. We know. stagnation enthalpy equation

.
32 2 &
hy = -_{_—lﬂ-'/zcz = a5 = -1
‘ [From Equation no.(1.1g
2 )
ek
= Ay = Y—1
2
2
)y _ 2
= Cpgy = =1
2a3

~ (2 x (380.32)2
o] P iade i
14-1
I Maximum velocity Crnax = 850.42 mys, I

4. From Stagnation enthalpy equation, we know that

-1 2
hy = 72 Conax

hy="2(850.42)2

hy= 3616 x |03J/kg

3. Crocco number. (.

—

[At sonic condition ¢ =4

Result
1.a=347.18 /s
2.25=380.32 my/s
3. gy = 850.42 nys
4.hy=361.6 x 103 J/kg

5.¢,= 0.408

3] Thejet of a gas at 500 K jas a Mach nu

/ following

I. Local velocity of sound

mber of 1.2. Determine the

2. Stagnation velocity of sound
3. Static enthalpy
4. Stagnation enthalpy

3. Maximum attainable velocity of this jet
Tuke 7= 1.3, R =469 J/kg K.
Given

T=500K

M=1.2

y=13

R=469 J/kgK.

To find

1. Local velocity . a



| 1 1 3%
2. Stagnation velocity. g L 13%469 > 500

13-1
3. Static enthalpy. /i _
4. Stagnation enthalpy. /g L= 10.16 x 105 Vg |
5. Maximum attainable velocity, €,y 4. Stagnati
shation enthalpy, p, = Ty
Solution 3R
= “ x T
1. Velocity of sound, a = /YRT Y170

.13
= /1.3 %469 = 500 "'ﬁﬁgxms
[a=552.13 s | "°='2-3*10511kg_]|
- ———

2. Stagnation temperature — Mach number relation,

" | i 2 5. Stagnation enthalpy equation
— + 2 -
5 _ - BT o - aj
ho Y -1 l/zcz“l/zcr%mx= 0
To . 13- > "
= oo I+ ==—(1.2)y [
5 From Equation no.(1.16
B ) q (1.16)]
I; = hy = Yol
= —=1.216
500 1237105 = 15¢, 2
= 129 = Vo Cmax
Ty = 608 K.
Stagnation velocity of sound = l.cmu'\‘ onamR

ay = /v RT, Result:
= /1.3 %469 x 603 1.a=552.13m’s

| 2)=608.84 m/s S 2.ay- 608.84m's

P et 3. 4= - 10% Jkea
5. Static enthalpy, h=cpT 3 h=10.16 - 10° Jkg
=JR 4. hy= 123 <10° Ike

=1 T -

[ - Cp= ;:;—!’] s. c:"m =i} 56844 ms.



_ ' Ipera
3 @ An air stream enters in to a duct ot u pressureof 1.2 bar, temperaty,

4 of 300 K and Mach number of 1.25. If the Mach number at exit of
the duct is 0.6, determine the following
1. Temperature of uir uf the et exit
2. Velocity of air af the duct exi
Assuming adiabatic flow.
Given
p=1.2bar=12x 105N [ Note for air
T)=300K 1=14,
My =125 O R=MIRK
] oo
N M08 c,= 1003 VK]
To find

|, Temperature of ir atexit ()

2, Velocity ofair atexit(¢;)

.0V v m gy

This problem can be solved by using gas tables
S

Solution :
At inlet
Refer Isentropic flow table. for Y = 1.4 and M, =1.25

——Tl = 0.762 [ From Gas tables.(S.M. Yahy,
To, Fifth Edition) - page no.32)
T,
- % 0762
300
et 5 K. Y B T4
B 0.762

Stagnation temperature, Tp, =393.7K

We know that for Isentropic flow, stagnation temperature remaing

constant
= To =Ty, =T02=393.7£|
At outlet
From Isentropic flow table forY = 1.4 and M, =06
T,
—?(—)— =0.933 [ From Gas tables page no.29|
2

T, = To, x 0.933

= 393.7 x 0.933

Exit temperature, T>=367.32K

Sound velocity at exit, a, = ,/fy RT,

= V1.4 %287 x 36733
a =384.17 m/s



< )
Mach number at exit, M, = )

0.6 = =
= T 38407
= ¢, =230.50 m/s
Result :

1.T,=367.32K

2. ¢, =230.50 m/s.

\Air enters a straight duct at 2.5 bar and 30° C. The inlet Mach
/" number is 1.5 and exit Mach number is 2.4. Assuming adiabatic
flow, determine

a) stagnation temperature
b) Temperature and velocity of air at exit.
¢) The flow rate per square metre of the inlet cross section.
TakeY = 1.4 R =287 J/kg K.
Given :
p; = 2.5 bar=2.5 x 105 N/m2
T,=30°C+273=303K
M, =1.5
M2 =24
T =14, R=287JkgK.
To find :
a. Stagnation temperature, T,
b. Temperature and velocity of air at exitT,, ¢,

el
1

Solution ¢
At inlet
Refer Isentropic flow table for My = 1.5and ¥ =14
_'ll_ 558 [From Gas tables (S.M, Yahy,
To, Fifth Edition) - page no.3)
2 0L
% 0689
" _ 303
0.689

Stagnation temperature, Ty = 439.76 K

For Isentropic flow stagnation temperature remains constant

= | To=To =Ty, =439.76K

At outlet

Refer Isentropic flow table for My=24and v =14

T
— 0.464

|
T, [From Gas tables page no.35) |



1.30 QAS L2ynumies e > -
= Ty= Ty, x 0464

m _1502.10 ke/s-m?
= 439.76 % 0.464 - L

Exit temperature, T, = 204,04 K R AR
8) To=To, = To; =% "

b) T, = 204.04K
. %) =
Mach number al exit, M, = = ¢, = 687.18 m/s
C ’ m _ - k S—m2
=; [.I- a= YRT] c) —A—l 150210 g
VIRT, .
@ The pressure, lemperature and fluid velocity of air at the entry of
) ,/|4x287x§. 5204 'flow passage are 3 bar, 280 K and 140 m/s. The pressure,
' PR ‘ temperature and velocity at the exit of a flow passage are 2 bar,
24 = i ' 260 K and 250 m/s. The area of cross section at entry is 600 cn?.
28633 Determine for adiabatic flow,

a) Stagnation temperature

= | Velocity of air at exit, ¢ =687.18 m/s

b) Maximum velocity

c) Mass flow rate

Mass flow rate, m = pAc = PlAc = Py AsCy d) Area of cross section at exit.

= m =p, A ¢ _ TakeY= 1.4, R =287 J/kgK.
Given
. P
m =Wlx Alcl P =3 bar=3 x 105 N/m2
1
T,=280K
R p—'-xcl ¢; =140 m/s
Al RT]
P2 = 2bar=2 x 105 N/m2
2.5x 105 ¢
M T M=—= T,=260K
w7303 (M=) - D
¢, =250m/s

=2.87x M, x \/1RT, [+ a=V1RT] A =600 cm2 =600 x 10~ ny2
i m

=287 x1.5% 4/1.4x287x303 Y=14. R=287JkgK.



To find

®

. Stagnation temperature T,
. Maximum velocity, c,, ..

b
c. mass flow rate, m
d

- Area of cross section at exit, A,

Solution
Inlet Mach number, M| = —

140

/14 %287 %280

M, = 0.417

At inlet ) 7
fer Isentropic flow table forY = 1.4, and M| = 0.417 = 0.42
Refer

Py
i _o.966 Po- — 0886
To, 1
i 1.529 [From Gas tables page no.29j
A#
T,
—1 T—' = 0.966
0y
- L
To1~ G066
280
0.966
To, = 289.85 K

For isentropic flow, stagnation temperature remains constant.

=

To = To, = Top, = 289.85 K

From Stagnation enthalpy equation, we know

2 2

=_8 £ 62 — 1z .2 —_3%

o Y-—l+/2c Y2 Cmax Y1
<
- -,
2 _ 2a}
Cmax = Y -1
2
2ap

= Smax = {3Tp ———=(A)



Ay \/Yfﬁ:u
= /1.4 x287 x 289.85

E(;:@6 m/s

Substitute a, value in Equation (A)

2% (341.26)2
o = T

Cmax = 763.08 m/s.

Mass flow rate, m = PAC=p A ¢, =Py A0
= m=p, Ac,

P
RT,

XA xey

= 3x10° . c00x10x 140
287 % 280

m=31.36 kg/s

From gas tables, we know that

A
L =152
A‘
Ay
1529

600 x 10~
1.529

= At =

A* =

| A* = 0.039m2 |

22

Mach number at exit, My = a
250
YRT,

= 250
s S

v/ 1.4 x 287 x 260

M, =0.773

At outlet
From Isentropic flow table for Y=14and M= 0773 = 0.77

Ay
F = 1.052 [From Gas tables page no.30]

= Ay = 1.052 x A*
=1.052 x 0.039

Exitarea, A,= 0,041 m?

Result ;

a.Tp= 289.85 K

b. oy = 763.08 mys

C.Ay= 0.0410 2

d. m=3|-36kg/s



O

; : ‘ed by using gas tables.
/) Steam ata section of  pipe has a pressure of 10 bar, temperature This problem can be solved b) gg
Steam .

. 1
of 550 K, velocity of 125 mys and datum height of 10m. Calculate P—
the following

7 1. Mach number We know that

\_ 2. Stagnation pressure

Gasconstant, R = ¢,—-c,
3. Stagnation temperature
4. Compare the stagnation pressure value with that obtained = 2150 -1615
rom Bernoulli equation and comment on the difference.
4 4 IR = 535 J/kgK |
Tukec,=2.150kJkgK;  c,=1.615kJ/kg K
Given y = 2 _ 2150

p=10bar=10x 105 N/m? ¢y, 1615
c=125m/s Pl
Datum height, Z=10m tyofsound, ¢ = ‘\j YRT

¢, =2.150kl/kg K =2150kg K

= 1.33 x 535
¢, =1L615kikgK=1615Jkgk x 550

@ = 62558 nys
To find Inlet M
ach num c
1. Mach number, M ber, M = &
2. Stagnation temperature, T,
-~ . = 12\5
3. Stagnation pressure, Py 62558
4. Compare the stagnation pressure value with that obtained from
the Bernoulli equation and comment on the difference. Reter Isentropic oy
table for .,
Solution I ! 13WM=0-199802
Ty = 0.994 e
We know that (From =
. i P 845 tapjey page no.2! :
as constant, R = ¢, ~c, Py - 0975
=2150-1615

f
|
!
}
|

R =535 J/kg K

!



= 0
T _ 550 _s5331K
To~ D094  09%

= K
n temperature, Ty = 553.31

Smgnﬂtio

P 0975
Py

=

P_ - 10 _ 1025bar
Po~ 0975 0975

=10.25 bar
gnation pressure, p, =1
Stagnation p Recimanball Y-

| nation
F m Bemou"l equall‘o", 10' IIICOIleI eSSIble ﬂow. S‘ag
ro

2
pressure py=p-+ /3 pe

P 2
= p=ptlapo xe

5
= 10% 105+ /5 x _"L"Lx(lzs)Z

535550

Pp=10.26 x 105 N/m2

Resul
1. M=0.199
2. Ty=55331K
3 Py =1025 x 105 N/m?2
[for Compressible flow]
4Dy =10.26x 105 N/m2

[for Incompressibic flow]

- . s |
0 metres, at 800 kv,
i itude of 11,00
i 1is flying at an alt o SR This e
@ 7,"/" ‘ :f’;:frmf:sibly compressed in an inlet rll_lf;)"ur et M, et
< £ v :rulure is 216.65 K and pressure is 0.226 a’.h fo”ow'tlch
m, . : % 3
neunl:ber at the exit of the diffuser is 0.35, calculate 73
1. Entry Mach number

2. Velocity, pressure and temperature of air at the diffuser exig,

Given
Altitude, Z=11,000m

800 > 103
Air velocity, ¢, = 800 km/h = g0 — Mls

=2222m/s
Inlet temperature, T)=216.65K
Inlet pressure, P, =0.226 bar
Mach Number at exit, M2 =0.35

7o find

I Entry Machy Number, M,
2, Veloci!y. Pressure ang tem
Solution

Veloci!y of Sound,

a =‘/YTT1
= ].4!287><216.65

[ For gjry

= ].4,R-=287J/kg K]




ccwreevala (L7 0

At entry,
Refer Isentropic table for Y = 1.4 and M, =0.753 = 0.75

T
'_'_ =0.899 [From Gas tables
To page no.30]
P oess
Po
T,
= —— =()899
0
T 216.65
= = == =240.98 K
= To 0.899  0.899

Stagnation temperature, T, = 240.98 K \

For Isentropic flow, stagnation temperature remains constant

ie. | To=To =Tgy=24098 K |

From table
PL o688
Py '
» 0.226 _ 0.688 [Ta'bl'e \'ralue—
Py pressure unit is in bar)
_ 0226
Po ™ “0.688

(_, Y

Stagnation pressure, p, = 0.328 bar \

For Isentropic flow, stagnation pressure remains constant

ie. \lo = Py; = Pg = 0328 bar |

At Exit -
Refer Isentropic flow table for v =1.4. M; = 0.35

. . 0.976 [From Gas tables page ng, 2
To2
p
- —Z = 0918
Poa
2 _ 097
= e ()
Toz
= T2 = 0.976 x Toz
=0.976 x 240.98
T, =235.19K
P
= —_—
Pz 0918



o P
/ 7

m The air maoving at a velocity of 150 m/s. The static conditions are

=M, 13 100 KPa and 25° C. C alculate the Mach number and stagnatio

=) " i ) ify the val ith tabl e
) [ /propef“es verify the values with table values..

[ April'96 Bharathidasan Univ and Apr'97 Bharathiyar Univ]
= 03530741 ghen”

Air velocity, ¢ = 150 m/s
Static pressure, p = 100 kpa = 1 bar = 1 x 105 N/m2
¢, = 10759ms

Static temperature, T = 25°C + 273 =298 K
To find :

Vlocityofairat exi, ¢ = 107.59ms

1. Mach number, M

2. Stagnation temperature, Tq
3. Stagnation pressure, p,

Result
L My= 015

Solution :

Sound velocity, a = /YRT

/1.4 x 287 x 298

I

) T,= 359K

[ -+ ForairY=1.4,

R =287 J/kg K]
[a= 346.02 m/s
= ." r
p2 0300 be Mach number, M = ia—
ty= 10759 ms. _ 150
346.02
Note M = 0.434

[AtZ=11,000m, T, =216.65K andp, =0.226 br. S given vlues
are comect (From gas tables page no.19))



; .y relation,
Stagnation temperature — Mach number ¥

— =]

T -
0 +1__.]__M2
3 2

= O T 14-1 .434)
298 2
iy
—R_ = 1008
298
= To= 298 1.038 =309.32 K

[Stagnation temperature, To = 309.32 K

Stagnation temperature — stignation pressure relation

i
Po _ [Io_]y-‘
P T
Y
o V=1
= = px |=9
Po P [T ]
1.4
= - 15105 5 [309.32] T4-1
298

Stagnati 2 |
gnation pressure, p; = 1.13 x 105 N/m?2

To verify Tgs Py value by using £as tables

Refer Isentropic flow table for y= 4 and M
. =0434 = 0.43

b
To .964

)
=S Fi
Py 0.881 [From gas tables (S. M Yahya,

Fifih edition) pPage no.29]

e e ——

ST
5 oo T - PNK

Stagnation temperature, Ty = 309.13K

o os
Py
P
M. B L0
> R g o d

[ 1bar=10° Nim?]

py= 1.13% 10°Nim?

Stagnation temperature, p, = 1.13 X 105 N/m?

Result
1.M=0434
2Ty=309.13K
3.pp= 113 x 10 N/m?



e essure temperature and Mack number at the entry of a flow
@ passage are 245 bar, 26.5°C and 1.4 respectively. If the exit Mach
< umber is 2.5, determine the following for adiabatic flow of a
 pefect gas (y=1.3, R=0.469 kl/kg K).

A Stagnation temperature

2. Temperature and velocity of gas at exit

3. The flow rate per square metre of the inlet cross section,

[Madurai Kamaraj Uniy, Apr'96, Manonmanium

Sundaranar Uniy Apr'96, Madras Uniy Apr'2000]

Given
P, =245bar=1 45 « 105 N2

T =26.5°C+273 =299 5 K

M1=|.4
Mz=2.5

1,106 U 22

y =13 N
R = 0.469 KIkeK = 469 J/kg
Taﬂml s pcramre' &

ion tem .
1. Stagnation at exit, Ty, €

d velocity of gas

an -
2. Temp‘fraw"':e er square metre of the inlet cross section, Aﬂ
3. The flow ra 1
Solution *
At inlet . _
Refer Isentropic flow table for Y = 1.3 and M; = L.4.
i 0.773 [ From gas tables pay,
23] To
no.
T, 299.5
T o= —= =3875K
= for 5773~ 0773

{;agnation temperature, Ty = 387.5 K

For isentropic flow, stagnation temperature remains constant

= !-r‘)'_'To] =T02=387.5 K

At outlet

Refer Isentropic flow table for Y = 1.3 and M, =2.5.

T ‘
= 0.516 [From gas tables page 0.2’
02

= 0.516 x 387.5

Exit temperature, T,=199.95K




S LS ]
""'_-'_—- cz
Jxit Mach number, M, = a_z

€2
M, = [~ a=\/YRT]
= * AR,
25 = =2 =
V1.3%469 % 19995

Exit velocity => ¢, = 872.89 m/s

From continuity equation, we know that mass flow rate remains

constant
= m=pAc=plA|c1=p2A2c2
—> m=p A, c
m_ _
A P e
p
] p
= % KR, 3 o,
RT, < [ P‘m-]
_ 245x105
= 2710,
469 x299.5
= 1.74¢,
C
= 174 x M, xa, [~M=31
=1.74%x14 *+/YRT, [ 8=|/YRT]
= 1.74% 1.4 % \/1.3x469x299 5§
I - 1040.96 kg/s-m2
A
Result
1.Ty=387.5K ;
; = g /s
2.T,=19995K 3™ B
3. M — 1040.96 kg/s—m?



156 Gas Dynamics and Jet_Propulsion

2
hy = Lf + Y2t = V20,00 [From Equation no (1.16)]

v—
= m— +I/;ZC I’é'cnm'r

YRT . _ RT
= I—z_—] +Y¥ac? = l/:"vcmaxz [va= ‘/?RT]
= M + I/E’.I{IEOF = cmaxz

1.4-1

= Cpgl = 1.165 x 106

= [Cpge™ 1079.60 m/s |

. Define closed and open system. [May 2005 Anna Univ]
A closed system, does not permit any mass transfer, only energy
mnsfer takes place. )

In open system both the mass and energy transfer takes place.

.. What is the difference between intensive and extensive property.
[May 20035 Anna Univ]

Intensive Properties :
These properties are independent on the mass of the system.
Example : Pressure, Temperature, etc,

Extensive Properties : '
These properties are dependent upon the mass of the system.
Example ; Total volume, Total energy, etc. -

(. Distinguish between Mach wave and normal shock.
[Dec 2005 Anna Univ]

Mach wave : The lines at which the pressure difference is concentrated

id which generate the cone are called Mach lines or Mach waves.

Normal Shock : A shock wave is nothing but a steep finite pressure
ave. When the shock wave is right angle to the flow, it is called normal
wck.

2]

ISENTROPIC FLOW
THROUGH VARIABLE AREA DUCTS

2.1 INTRODUCTION

- Steady flow is that type of flow, in which the fluid characteristics
like velocity, pressure and density do not change with time.

One dimensional flow is that type of flow, in which the flow
parameters like velocity, pressure and density are the function of time and
one space co~ordinate (x) only.

The one dimensional, steady flow treatment of isentropic flow in
variable area passage is discussed in this Chapter.

2.2 ADIABATIC PROCESS

In an adiabatic process there is no heat transfer from the fluid to the
surroundings or from the surroundings to the fluid,

ie, Q=0

2.3 ISENTROPIC PROCESS

Inan isentropic process entropy remains constant and it is reversible.
During this process there is no heat transfer from the fluid to the surroundings
or from the surroundings to the fluid. Therefore, an isentropic process can
be stated as reversible adiabatic process. '

Entropy, S = constant

Heat transfer Q = 0.



2.2 Gas Dynamics and Jet Propulsion Isentropic Flow 2.3
2.4 COMPARISON OF ISENTROPIC AND ADIABATIC PROCESSES
An isentropic and adiabatic expansion of a perfect gas between the .
two states land 2 is shown in fig.2. 1 -
T Pm'l le P@
Isentropic process Tor ' 0_ - 0‘5,./
. . 2 ] 4 Tos =Tz
Let, Initial stagnation temperature = Tﬁl . 12 !
) 2" H
) ; - - = ; £y
Final stagnation temperature Tﬂ'z TO] S | L
Initial static temperature =T > : :
o . -
- . Adiabatic 1.2
Final static temperature - Tzs % 1.2 260
1.3
» . _ w 2
Inmgl stagnation pressure = Py -
. . _ o
. Final stagnation pressure = Poag 2
Initial kinetic energy = 1 ctz E- Isentropic |~ P
; s
Final kinetic energy = Yoy 2a
T 2s
28
" — d.f ——-c-l
Adiabatic Process
Let, Initial stagnation temperature = TQ’ Entropy, s
Final stagnation temperature = Tﬂz
Initial static temperature = T, Fig. 2.1 Temperature-entropy diagram for expansion processes
Final static temperature = Tla In adiabatic process, the final stagnation pressure Po2, is lower than
Nyttt . B i 2: .
Initial staguation pressure = Py, its initial value Py - The final kinetic energy ¥2 €5~ is also lower than its
‘ _ corresponding isentropic value %2 ¢, 2.
Final stagnation pressure = Py
o o2 The stagnation temperature remains constant for both isentropic
Initial kinetic energy = 726 and adiabatic processes.
Final kinetic energy = ¥ Cog’ From perfect gas equation,
From T~ 8§ diagram we came to know that there is an increase in We know that
entropy (ds) in adiabatic process but in an isentropic process, entropy remains :
constant ' pv=RT
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For isentrapic process at point 2s

szzsé R Tpg
RTsg
A" = e

For adiabtic process

- RT7,
V2a~ T,
But we know that,
Tza > Tzs
So,
Vaa 7 Vas

This is shown in p — v diagram.

Py

Adiabatic

4 Isentropic

Py

T
i
|
|
1 1
v ¥2s Vaa

Fig. 2.2 p~v diagram

Isentropic Flow 2.5

2 5 MACH NUMBER VARIATION FOR VARIABLE AREA

From stagnation enthalpy equation, we know that

2
hﬂ:- h—.—-_—cz
c? -
= h+=5- = hy = constant

Differentiating this equation

dh + 2ol .

—

We know that for isentropic flow,
dp
dh 5

@)= %B 4 cde=0

-.‘-i-p—==-cdc
P

dp = - pc dc S T (2.2)
Mass flow rate, m = pAc = constant
= pAc = constant
Taking log on both sides

inpi_-lnA+£nc={}

Differentiating
dp dA  dc
s e A —— = 0
P A ¢
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[

Substituting de value in Equation (2.2)

e | o B2, 9A
(22)= dp pe [ ¢l A
dp  dA |
=pel |—— 4 —
dp =pe [p TA
dp dA _ dp
= P TTA T o2
L dA_d &
A pe2 p
I 2
N -E.P_ ]._._.FE » d_p
pe? dgp P
dA  dp dp
—_— L 2 o
A pc? Et e dp]
For isentropic process
dp _ ,
dp a
- A _dp &
A pc? a2
Mach number, M= ~:—
dA  dp
—_— - M2
= Ao [1-M=] ————{(2.4)

This equation is considered for increasing and decreasing area
passage for various values of Mach number,

,
e

"

Isentropic Flow 2.7

2.6 NOZZLE
Nozzle isa duct of varying cross sectional area in which the velocity
of fluid increases with the corresponding drop in pressure.

2.7 TYPES OF NOZZLES

Following three types of nozzles are important from the subject point
of view.

1. Convergent nozzle : In convergent nozzie, the cross sectional area
decreases from the inlet section to the outlet section.

—
Inlet | ——>
. Qutlet
—

2. Divergent nozzle : In divergent nozzle, the cross sectional area increases
from the inlet section to the outlet section.

—

Inlet Outlet
o —
—_

3, Convergent — Divergent nozzle (C.D. nozzle) : In convergent —divergent
nozzle the cross sectional area first decreases from the inlet section to throat
and then increases from its throat to outlet section.

Throat

Inlet
QOutlet
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2.8 EXPANSION IN NOZZLES
Gases and vapours are expanded in nozzles. In nozzle velocity of
fluid increases with the corrésponding drop in pressure. So a pressure drop
(dP) in Equation (2.4} is always negative.
dA

A -—dp .
— = ] __M2
= A pc? [ J

The following three possible conditions are considered.
Case (i) _
IfTM<1, *ii becomes negative, It means that the area of nozzle

decreases from M = 0 to M = 1. This is convergent type nozzle and flow
is subsonic (~* M < 1),

Inlet Qutlet

Fig 2.3 Convergent type nozzle
Case (ii)
., dA . )
IfM= 1,"1— = (). It means that there is no change in area of cross

section. This section is referred to as the throat of the passage and the flow
is sonic (~~ M =1).

Case (iii)
dA S
If M>1, Y becomes positive. It means that the area of nozzle

increases. This is divergent type nozzle and the flow is supersonic
(oM 1),

Tnlet M > | Supersonic | Outlet

Fig 2.4 Divergent type nozie

PERR "t PTTTPRPHPRER PR s b 4 s e U TRONT. 1R s b, (YN T 14 1 7 b i e A B i 9

Isentropic Flow 2.9

. ‘_Casle {ii)

The above results can be schematically shown in fig. 2.5

Throat M = | {Sonic flow)

g

M < | Subsonic

Inlet

M > | Supersonic

Qutlet

Fig 2.5 Isentropic flow of a gas in a nozzle.

2.9 DIFFUSER

Diffuser is a device which is used to increase the pressure and
decrease the velocity of fluids. So a pressure drop (dp) in equation (2.4) is
always positive.

= == [1-M

Cuse (i)
IfFM=<1, GA becomes positive. It means that the area of diffuser

increases and the flow is subsonic (M < 1)

Inlet Outlet

Fig 2.6 Divergent type diffuser

IfM=1, %% = (), It means that there is no change in area of cross

section. This section is referred 1o as the throat of the passage and the flow
‘sonic (M = 1).
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Case (iii)
IfM>1, —% becomes negative. It means that the area of diffuser

decreases and the flow is supersonic (** M > 1).

Inlet M > 1 Super sonic Outlet

Fig. 2.7 Convergent type diffuser
The above results can be schematically shown as in fig 2.8

Throat M = 1 (Sonic flow)

Y

M < 1 Subsonic f %’

Fig. 2.8 Isentropic flow of a gas in a diffuser

M > 1 Super sonic

Inlet

2.10 CRITICAL TEMPERATURE (T*),
CRITICAL PRESSURE (P*) AND CRITICAL DENSITY (p*)

Stagnation temperature-Mach number relation
_T_{I . | M> [From chapter | — Equation no(1.7)]
T 2
Stagnation pressure - Mach number relation

Y

_}?.Q..z {] + _.Y;l._ Mz]?_l
P 2 [From chapter 1 ~ Equation no(1.8)]

Stagnation density ~ Mach number relation
!

Po _ Yol 2|Y-l
H{“ 2 M]

P [From chapter | — Equation naf1 o

Isentropic Flow 2.11

At critical (*) state, M = 1. So the above equations becomes

T -
= LapaXd [PutT=T*
T+ 2
2+ ¥-1
2
To _v+
i ————(2.5)
.
= 2e[i ] [Put p=p*]
p* 2
-
_p,.?, - [T""'l} T"‘l --——"'(2.6)
p* 2
A
Pt 2
' 2
Po _ [_?"" 1 ]H e 2T)
p* 2

To find the relationship between static and critical state
(T, T* P, P*, p, p*).

*_1* To
e S e W
T T, T
¥+1 2
f
fIr_ 2 . r-1 e (2.8
i_'l‘ y+!+y+1M2 248
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We'know that
-
P* _ [T*JTHI
P T
X
pr _[.2. 1-1 2] S
2 [
We know that
1
p* B [T*]?:T
P T
.
Pt (2 L y-1, 20! L
° {?ﬁ*v+lM] = (2.10)

2.11 AREA RATIO AS A FUNCTION OF MACH NUMBER

Like temperature, pressure and density ratios, area ratio is also a
useful quantity.

We know that,

Mass flow rate, m = pAc = p*A¥ c*

p¥  o*
= —‘:‘";'—'"E—“% e (2.11)
Y1
Characteristic 2o [ 3 ]M
Mach number 4 I; i Mz

[From chapter 1 Equation no.(1.28)]

PEPTER PR ISP TSP IR ket e 4t 4 e 0 et BTN A . L PSS § (L 4 e T b

Isentropic Flow 2,13

B
e

= L
c¥
c*

= -
c

Multiply by 2 on R H.S

c* :{2-4 (y-1) M2 i
(y+1) M

=
C

2, y-1]
{w+wmﬁ-v+1

Taking l.f'M out

-

el (2
¢ M@+

- l.mq-lﬂrl:-x:-n"lupl_nn‘mrx-EV““‘__-. VAR gl A B b ot - [ bR R AT
¥ +

Ya
[ M* =]
2
[ c¥ = a*]
Y5
Va
- (2.12) |
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o . c* p* . .
Substituting - and 5 values in equation {2.11)

1
A_[ 2 ?“lmzr-ixi_!' 2

2.11) = 2L +
*

+ ! le,/z
l(Y‘-‘lJ r+1

M| G v
[From equation (2.10) and (2.12)]

gi=i["L+LLM2-€:+%
A* M [gr1y x|

: L2+ Y -1

“‘f&“[(vin i

| A

For various values of Mach number and area ratio is shown in fig.2,9

We know that

¥

p - -1
—I-f— = [E + -1'(2—1 Mz} [From chapter 1~ Equation no.1.8]

¥+l
AP _ 12 y-1,0]26-D |
7 av Po M[{7+l}' y+lM} ) KN
?—1] 2} 7!
[H[__z M]
Y+
M [{y+1) y+1
,:p...é.)(i:
A* Po e

Isentropic Flow 2,15

Acceleration

Deceleration

Subsonic Supersonic
M<1 M:>1

0 1.0
Mach number, M

Fig. 2.9 Variation of urea ratio with Mach number

7+l y+i

._.
+
—
-
1
-
—t
gm-
|
b
~
—
1
=

L{ 2 }2@—1)
M g+
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-‘t4| Y*l
e Tag-h
2y -1 [v—1] 2
] [H > M

J

=L [___L_
M o+

(y+1)) 2
RALI 1_'/3
_ L 2 ) 2-D Y-1
M [(YH)] x[“[ ]MEJ
y+1
1 2 [2{74}
M G+

=

Isentropic Flow 2.17

Impulse function (F).
Impulse function, F = pA + pAc?

We know that for perfect gas

pv=RT
P _
= ) =RT
'.. - =i
2

Multiply by ¢? on both sides
P
RT

¥Ppc?
YRT

_Ype?
az

! pe? =YpM2

Substitute pe? value in Equation (2.15)

(2.15)= F=pA+AxypM?2
F = pA [1+YM?]

¥+l
L{ 2 ]2{?—1}
M l{y+D
?T ﬁixi:
| A* FPo Y
j- y-1), .2
i [‘ *[ 2 1MJ

-——=(2.14)

2.12 IMPULSE FUNCTION (OR) WALL FORCE FUNCTION

The sum of pressure force (pA) and Impulse force (pAc?) gives

—===(2.15}

['va=y/yRT]

_c
i.). M_.'-é_]

-——={2.16})
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One dimensional flow through a symmetrical straight duct is shown
in fig.2.10 The thrust or wall force (F) experienced by the duct also shown

in fig.2.10. -

-

Flow
p]rci.- ?1 —!—-‘? ey - p‘23 527 pz

W—A

Wall force (F)

Fig.2.10 Impulse function

At sonic condition M =1

AtM=1, F=F*

F* =p*A* [1+7] ———=(2.17
F _ pA[l+yM?]
Fr prAr[I+Y)
ol
F_P A [IvTM = (2.18)
PPt oAr | IHy
We know that
p_F’]“ = I - {From equation no.(2.9}]
2, el
I:T+1+T+1M]

. Isentropic Flow 2.19

. p . ;
Substitute ‘p_* and *i*; values in Equation (2.18)
1+l

-ﬁ- = i K‘*L -L} _,1':'_1_ zj[z{?‘“[)x Ii"r' MZ‘
F* - _Y_ M []’4‘{ T+1 —ri-+—§...|
_2_+HM2 y-1
h‘"‘i ¥+1
i g+l
:[#%M-FMM:}?FI ® —l ..2__.._,._1__1 M2 2y -1) I+TM2
¥+l y+1 M |y+1 y+I b u,[,:_;
¥kl ¥
_ L2, 3 YT 1M
M7+ 7R M LA H?]
.,L“flil_?_}
M Ly+l y+1 | -—H-}r
J_h[?"'lmva
M [TH T-‘EM | x Ty
;[ﬁ:ﬂ]
:i_ Hg__'_ -_?_:_l_ 2 ?-I 2 ri+TM2
M [y+itya M "[—-—-—HT
=L
L2, el ? (1M
Myt e 1+7J
| +YM2
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F . 1+Y M2

F* 1

M(H—T)h%[ulfz—‘mzﬂz

¥
i

14y M2

i
2 e
2{1+Y) I"I Mzﬁ 2
M [ v+I1 [E+ 2 }

1+ M2

1
M {2 (1+y)[1 +-‘f;—‘ Mzﬂ 2

CF__ 1Y M [ e (2.19)
i F* E

|

|

‘ MJ:UWJ[HT”Mz]

2

Another non dimensional expressin for the impulse function may
e obtianed as follows

F P A [1+YM2)
- - »t F=pA(1+yM?
poA* po A* [ AT
F =—p—x-'@-- [1+y M?] -—=={220)

[From Chapter 1
Equation no.(1.8)]

Isentropic Flow 2.21

y+1

A _ 1|2 X=lyp|2rD
Ar M L‘HWHM}

[From equation no.(2.13)]

p
Substitute m% and i‘— values in Equation (2.20)
P AY

1+l
FE_ - 1 A2 X1 nhay-D .,
PoA* EE M[Y+1+T+1 MQ] <+ 2]
i|+f""*IM21"‘l _
L2 S
y+1 ~ B 2_{_:{ :
2 11, ,l2-D "l“”[? ]M] [ !
M Ly+l y+I L2 x L1+ yM2]
| 2 I el I 1+l ‘.}:I'T
=L [=_|2v-D y-1 2(y-1) y=1,27"
x [waMz]
2L i S
. -1 -1 2260 ¥
_ﬁ[m]z(r }[w["f ]Mz (-1 e[+ yM2]
v+l J_[ﬂ_L
e L2 T2e-D] R RN,
M Ly+l] L} L[J:?*“}M |1+ TMZ]
y+1 1 -,-+l~2~r]
L 72 Y200 Tt | ) « 1+ yM?
i L) e [
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}f‘!'l + M2
=L[.2_1J2{r—n g™
M v+
[+_1:..LMJ
2
‘ ]
71—
1+ yM2
F__ L]Z{H} ™ — 1))
2

2.13 MASS FLOW RATE IN TEMS OF PRESSURE RATIO
We know that, Mass flow rate, m = pAc

Stagnation pressure — Stagnation density relation

1
Po [ ]‘f
P L
Pa
= p= E
R
P
[ _1 L
p.YY pY
o} =,00 * ['F_D] =pgx [_'p;] "‘__"(2.22}
. c2
Stagnation temperature, Tg= T + E—-—
Cp
= (To - T) 2cp= c2
= ¢2=2¢p(Ty-T)
.. _ IR
2 A \Cp - a
= ce= 2 -‘—-—- {Tﬂ )

Isentropic Flow 2.23
2= —}?‘TXTB[E' ?:o]
p Lt =
s B 7] [ 2487
| -1
= c=Jz S RT, [1 -{p%}l‘r] - (223)

Substitute p and ¢ values in mass flow rate equation

= m=pAc

L
Y .‘,_’
P ! T, 20y
mwpﬂx [pu] KAXJ-T Ro[l [pﬂ] :|

We know that

Py
%" R,
1 -1
P PIT Y [5’ T
L L —— RTy{ 1| =}~
=m RTE)‘A"[P{; x 21_,__I o{ By ]
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U

This equation gives mass flow rate in terms of pressure ratio.
For maximum flow rate condition m =m,, . and A = A¥,

We know that, ¥

B

max

Substitute [—Eﬂ value in Equation (2.25)

Y2 Y r+l]
¥

Mo VTo |, (K
¥

A*pg N

2 1+l |
m %y Ty R | 2 p Y Py v
— s S x| - = -—={2.25)
AP, Y -1 Pg Po

2 (2 ) (27T
ISR TR T

e

Isentropic Flow 2.25

’- 2 '!"H
-2 .[z ]v“j_“_%,?‘f—‘
] l5+1

Multiply and divide by %

[ 2 y+l]
=al V”HL,J*' (2 -
y=1 | Ly+l y+l 2 Lf"‘l

i 2 . P
_ [z ]?:T Lyt _[L\?“
Y+ | 2 Y+
2+y-1 it
2 (2] "f“] a[";w V-
-1 v +1 l 2 ¥+l
i y+1 Y+
2 (2Tt #[.2_}‘”'
y=1 | iy+1 2 v+l
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-

"""‘xm ffr [M]Z{T”n = (2.26)

This is maximum mass flow rate equation in tems of Ty, p, and A®,

Substituting
y=14
R=287JkgK
Mo VT [387 _
A‘ pﬂ 1.4
m, . % T
=| I VTy = 0.0404
A* Py

1.4+1
(2 ]2(1.4 ~1)
1.4 +1

—-===(227)

Isentropic Flow 2.27

R0 TPV F N i 7 110 e A0y 0 Bt 18 | 55 (RGP 8L Bty ey e i e s R 1 o s gt

2,14 MASS FLOW RATE IN TERMS OF AREA RATIO
From continuity equation, we know that

m= pAc = p*A*c*

Divided by A
m A*
= T:_ pc:_A_ p'c* —_——(228J
We know that
O
RT*

c*“a*=m

Substitute those values in Equation (2.28)

m_ AT P AR
m_ A* p* Jl_
== A x__..JT*x X ————(2.29)

From equation (2.5), we know that

To_y+i

T 2

2
T

= T [Y+]JTG

From equation (2.6), we know that

T
Po _frer)m ee o
pt | 2 - P X
[T‘*I}rﬁ;
2
5 i
» = -1
= P [‘HI] *Po

Substitute T*, p* values in Equation (2.29)
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Xpl]
229) = *-E—r- %l:x Lind. “I‘%’

= A By Y+ 1 2 A
mmTaF [ZJY—I {ET:&XE
Ap, V1 7T Y+1 A

A Py Y+ 1 A
2Y-7+1
LM, (23D
A p, voor+l A
) T+1
my/Ty F_ 2 -1 A*
It BV E [‘H IJ A —-==(230)

This equation gives the mass flow rate in terms of area ratio.
For maximum mass flow rate condition, m=m,,,, and A =A*,

Y+ 1
m T, {
(2.30)= mx\{% Iii

27 -1)
A* P, Wl

This is similar to Equation no. (2.26)

Isentropic Flow 2.29

2.15 MASS FLOW RATE IN TERMS OF MACH NUMBER
From Equation (2.13), we know that

¥4

Al L2 ]y
AT M TET T YT

A 5 } Y+ 1
A2 (1= 20200
AT M !?+1 i 2 Mj

Substituting %vaiue in Equation no. (2.30)

Y+ 1
2 y2(-1)
LAY .- 2
APG Y | ) 1 T+ 1
|2 Y 2} 20-1)
M[Y*I L 2 MH
¥+ |
2 y2(v-1)
[Ht] *M
5 L Y+
_&_ |1 il SOV R TR
{‘Hlj {” > M
_ M
| ¥+ 1
y= 1. 2Y200-1)
-.i.—n-m-.-.
[1+557s?)
]
T R M |
=l T ‘ - (231)
0 Y1
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This equation gives the mass flow rate interms of Mach number..

For maximum mass flow rate condition, m = m,,., A = A* and
M=1.

maxm

ﬂﬁxff_ﬂ !
A* Py ' T+ 1

[1+"{-1]2{'f—i;
2

231)=

Y+ 1
max‘fl?l]

m F“[ﬁg—]z{w}
Tavp, Yy T

This is similar to Equation no. (2.26).

(231)=

2.16 FLOW THROUGH NOZZLES

Flow through nozzles occurs in several engineering applications.
Subsonic and sonic flows occurs in convergent nozzles. Supersonic flows
occurs in convergent—divergent nozzles, Convergent nozzles are used in
flow measuring and flow regulating devices. Convergent-divergent nozzles
are used in compressors and turbing blade rows.

L = --m.a:-.:.-u‘--.----r-.a...u-uum-,\

Isentropic Flow 2.31

2.16.1 Convergent Nozzles

The air flow from an infinite reservoir to an exhaust chamber through
a convergent nozzle is shown in fig. 2.11. The stagnation pressure (p) and
the stagnation temperature (Tg) in the reservoir are maintained constant.

¢=0
0 P,
Flow | Po \
— T, : Py P
pﬂ /
Convergent
Reservoir nozzle Exhaust Chamber

Pressure

Distance

Fig. 2.11 Isentropic flow through a convergent nozzle

The exhaust chamber pressure i.e., back pressure (pb} can be varies
by means of valve.

Let p, denotes the pressure in the exit plane of the nozzle. The effects
of various values of pressure ratio are shown graphically in curves a, b, ¢, d
and e.

By .
When T = |, the pressure is constant throughout the nozzle and
0

there is no flow which is shown in curve 'a'.

When p, value is slightly less than p,, value, there will be flow with
a constantly decreasing pressure through the nozzle, which is shown in
curve 'b',
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When p, value is further reduced, there will be increasing flow rate
nd decreasing pressure through the nozzle which is shown in curve 'c'.
Jere there is no qualitative change in performance.

When p, value is further reduced (curve'd’), % value is equal to

he critical pressure ratio and the value of M, is equal to unity.

Further reduction in Py cannot produce further changes within the
Po
P i
wzzle [curve ('e")]. The —I—JE— value cannot be made less than critical pressure
0
atio unless there is a throat upstream of the exit section.

Pe
Po

and the mass flow

The variation of the nozzle pressure ratio [

Py

> for y= 1.4 is shown in fig 2.12.
0

yarameter against the pressure ratio

1.0

il
P =0
o
o

0.0404

AL
L
L¢)

0 0.528 Py 1.0

" Fig, 2.12 variation of nozzle pressure and the mass flow parameter
Jor a convergent nozzle

2.16.2 Convergent divergent nozzle

Nozzle is a duct of varying cross sectional area in which the velocity of

fluid increases with the corresponding drop in pressure.

When the cross section of a nozzle first decreases from the inlet section
‘0 throat and then increases fram its throat to outlet section, it is called a
:onvergent — divergent nozzle,

Isentropic Fiow 2.33

Convergent—divergent nozzle is used to generate supersonic flow. It is
sometimes called De Laral Nozzle because it is produce supersonic flow.

Consider the convergent-divergent nozzle shown in fig.2.13. At the
throat, the flow is sonic. When p, = p,,, there will be no flow through the
nozzle. Let the exit pressure be reduced to a value p, 1Whil:h is slightly
below p,,. This small pressure gradient will cause a flow through the nozzle
at low subsonic speeds.

The static pressure will decreases continuously in the convergent portion
of the nozzle, reaching a minimum at the throat as shown by the curve 1 in
the figure.

o® P . - Py
= 0828 |Ferermeenmnaas ; "‘.-'
: 4 v
! Shock
; : 1 Pes
0.0 ] i“

Fig. 2.13 Flow in a convergeni-divergent nozzle
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Now assuming p, is further reduced to pe_z. So, the pressure gradient
will be stronger, flow acceleration will be faster, and variation of mach number
and static pressure through the duct will be larger, as shown by curve 2.
Similarly if p, is reduced continuously, at some value of p, , the flow will
reach sonic velocity at the throat as shown by curve 3.

Now, the sonic flow at the throat will expand further in the divergent

portion of the nozzle as supersonic flow if < 1 and will decelerate

e
Pihroat

) Pe
as a subsonic flow as shown by curve 3 for 3 >
Pthroat

For the cases discussed above, the mass flow through the duct increases
as p, decreases.

2.17 FLOW THROUGH DIFFUSERS

4
B
=3
E Isentropic Diffusien
& |
——M>1
g Shock (Irreversibility)
7 M <1
ot
o
M=>1

Distance Along the Diffuser

. Fig 2.14 Reversible and irreversible diffusion of supersonic flow

Isentropic Flow 2.35

Diffuser is a device which is used to increase the pressure and
decrease the velocity of fluids. The reversible and irreversible diffusion of
supersonic flow is shown in fig.2.14. From section 2.9, we know that
convergent part of the diffuser is supersonic and divergent part of the
diffuser is subsonic. In many applications diffusion occurs through a shock
wave i.e., steep finite pressure wave. In an isentropic diffusion, continuous
rise in static pressure takes place, This type of diffusion is not possible
practically. The pressure rise across the shock wave is sudden and is
governed by the Upstream supersonic mach number (M>1}) and the mach
number after the shock is subsonic (M<1).

2.18 FORMULAEUSED
1.  Mach number, M = —-g—
2 Velocity of sound, a = \/ YRT
3. Stagnation pressure for incompressible flow, p,=p + Y2 pe?

4. Critical velocity, c* =a*= /YRT*

2
5. Maximum velocity, ¥2¢,,,2 = %

6. Characteristic Mach number

[Y;I]ME

Y"l] 2
[

M* =

7. Maximum mass flow rate
Y+ 1
Mypar v/ 1o "J"_B"' _ [ 2 ]2(?~1)
Y

A* Po T+1

[From Equation (2.26)]
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8 Masflowrate m, = p A €] = PyA0;
= P* A¥o¥
9. Densi S
. Density, p= 2
10. Power required, P=mc,(Ty-T)
11. Stagnation pressure — stagnation temperature relation
X
pﬂ _ [ Tg ]Y -1
p T

12. Stagnation temperature

2
T0=T+_..c._..
2cp

13. Maximum mass flow rate (For air)

T
&L‘E ® ﬂ = (.0404
AF Py
T Y+ 1
14, — =
T 2
ki

' + 1
15' E.QHT:[T ]
p

Isentropic Flow 2.37

218 SOLVED PROBLEMS

E] The velocity, pressure and temperature of a duct are 320 mss, 1 bar

and 295 K. Calculate the following
1. Stagnation pressure

2. Stagnation temperature

3. Velocity of sound in dynamic condition

4. Velocity of sound in stagnation condition

5. Stagnation pressure assuming constant density.

Takey = 1.4, R=287 J/kg - K.
Given
¢=320m/s
p= 1 bar=1 x 105 N/m?
T=295K
To find
1. Stagnation pressure, p,

2. Stagnation temperature, T},

3. Velocity of sound in dynamic condition, a

4. Velocity of sound in stagnation condition, a

5. Stagnation pressure (p,) assuming constant density.

Solution

Velocity of sound in dynamic condition

a= /YRT
= 4/ 1.4 %287 %295

a=344.28 m/s |

'lllr\l-l'vlnn-u-ruﬂj-dMimilnwihﬁhq.u.._. RN Ak o et a | B B i Bl




B o S
This problem can be solved by using gas tables x

Velocity of sound at Stagnation condition
Solution :

vV YRT a()- VYRTO

V1.4 x 287 x 295

* V14287« 3458
|a= 344.28 mvs|

= 37275 mss
Mach number, M = % s

___ 320
344.28

| M = 0.929

Velocity of sound, a

I

Stagnation pressure at constapy density [Incompressible flow]

Py=p+Yaped
Refer Isentropic flow table fory= 1 4 and M = 0,929 0.93
= e - 541
T, 08s3; plo' 0.572 o A ERF
- tom T [F:'rom Zas tables (S. M. Yahy; P, = 1.6x loSN/mZ v =_p'
Y e 853 Fifih edition) page no.31j - 4 5
_ Result
0.853 S N/m?
[.py = 1.748 x 10° N/m
;
= P%‘ 0.572 S Sk
- Py~ P 1S 3.2= 34428 m/s
" oS oy

| 4.3, M5 s

5.y | constant density] = 1.6 x 10° Nim?




é 00 273 593 K
h l.l e

(At [eservoir, dit maintains stagnation conditions ie., Py Tyl

094 bar ~ 0.94 = 10* N/m?

1p!
M 3500 kg/h
| 3500

3600

"Fo.m ke/s

To find :
1. Throat area, A*

kg's

2. Throat pressure, p*

3. Throat velocity, c*

4. Exit area, A,

5. Exit Mach number, M,

6. Maximum velocity, Conax

; Solution :
-zle from alarge reservolr at 7 bar and 320°C. 7,

We know that, at throat i =
nozzle is 0.94 bar and mass flow rage j; S

N LI Airenters the no

exit pressure 0.

' ortsentrophe flow Refer Isentropic flow table for y = 1.4 and M =
3500 kg/h. Calculate the following [ ‘ Y -
1. Throat area. _:;— o
: rhm‘"’"ﬂ“{” y [From gas tables page no.31)
3. Throat velocity p-‘ -
4. Exit area v
§. Exit Mach number
6. Maximum velocity ” e .
Gh.m = 0.834 x 593

p, = Tbar=Tx 10°N/m?

T* = 494,56 K




L IN ey ey

£In cswre
P* - 0.528

Po

p* = 0.528 > p,

= 0.528 x 7 x 10°

F' = 3.69 x 105 N/sz

c*=a*= JYRT*

= /1.4 <287 x 494.56

[c* = 44577 s |

Mass flow rate, m = p* A* c*

= A¥ =M
p* xc*
| _ _ m
*
S e
RT*
0972

_3.69x105
287 % 434 .56

li" =8.38 x 104 mﬂ

From given data,

2 = & - 0.94>< 105
Py Pga R

x 445.77

=0.134

g

I

i ) : .“[)-2_-.
pefer jsentropic Mlow table for P
M, = 1.97
—TL= 0.563
Toz
k- O
A*
= A2 = 1.646 x A*

= 1.646 x 8.38 x 104

[, = 138 % 103 m2]
2 . Cmax (R
Maximum velocity, e f ¥=1
_ ’7 + 1
max c* Y_—--l-

= 445.77

U
1

1.4 +
1.4-1

—_

'c,,,,,,= 1091.9 mvs.

Result :
[. A*= 838 x 104 m2
2. p*=3.69 x 105 N/m2

w2

c* = 44577 wm/s
4 Ay = 138x103m2
S. M, = 1.97

6. Corax = 1091.9 my/s,

0.134and Y= 1.4.

[From gas tables page no- 3]

[From chapter 1.
Equation no.(1.24)]



=

@ The pressure, temperature and velocity of air at the ¢,

) diffuser are 0.7 bar, 345 K and 190 m/s respectively, 1,
% e

diameter of a diffuser is 15 cm and exit diameter is 35 cpy,. i eny,
the following €M
1. Exit pressure
2. Exit velocity
3. Force exerted on the diffuser walls. Assuming i
flow and take y= 1.4, cp = 1005 J/kg K. 1ropie
Given’
p,=0.7 bar=0.7 105 N/m?
T, = 345K
c; =190 m/s
d;=15cm=0.15m
d>,=35cm=0.35m
y=14
cp =1005J/kg K
To find
1., Exit pressure, p,
2. Exitvelocity, ¢y
3. Force exerted on the diffuser walls, (F, —Fy).
Solution
We know that
Velocity of sound at inlet, a; = VYRT;
= /1.4 %287 x 345
a, = 372.32m/s l
€1
Mach number at inlet, M, = —aT
!
|
i

From Isentropic flow table for Y = 1.4 and M| =0.510,

Tt _ o951 L= 0837
Tol ' Pol '
Ay
A = 1.321 [From gas tables page no.29]
F|
Fe = 1.190
T
= g e TL o WIS
01 = 9951 0951  36278K

T0| - 362.78 K . Toz

[+ For Isentropic flow, T, = T,]

p
" -1 _ 07 _
Po1” 0837 " g.g37 0836 bar
Pg; = 0.836 bar = Poa
[ For Isentropic flow, Po1 = Pgy)
= —L = 1321 §
Al
T
=2
= A|.= Al = 4 dl
1.321 1.321
n
i g (0.15)2
1.321

Ap* =0.01337 = A+




. kL
Areaatexit. Ay = 4= dy?

T 0 35)2
= —4-(0.35)
I A, = 0.096 m? |
A2 0.096
Ay* 001337
Ag
e 7.180

In this problem, dy > d, => A, > A,. So, this is divergent type diffuser.
For divergent type diffuser mach number value is less than unity
[Refer section 2.9].

Inlet M<l Outlet
Fig 2.15

A
From Isentropic flow table, for A—2.= 7.1800 =~ 7.262 and Y = 1 4.

M, =0.08
P2
“Poz e [ From gas tables page no.28]
T.
—2 = 0.998
02
Fy
Fe = 575

A
[Note : For A‘Z = 7.180 value. we can refer gas tables page no. 28

1n0.38. But we have to take Mach number less than 1

and page o ;
corresponding values because it is divergent type diffuser].
p
sy —2 = 0995
Po2
= p, = 0.995 x 0.836
p,= 0.832 bar

Exit pressure, p, = 0.832 x 105 N/m?2

T,
— = 0.998
Toa
= TZ = ().998 x Toz

=0.998 x 362.78

T, = 362.05K
7 ]
Mach number, M; = —
%
= CZ = Mz X 32

[-:a=/YRT]

M, x /YRT,

0.08 x /1.4 x 287 x 362.05

Exit velocity, ¢, = 30.51 m/s




204 Y0 gL |_'(=1-4

At throat (+) section, M ~
P o [Fromgas tablespageno3ry L ieieiaens s o m e
P
0 ) @ Air is discharged from a receiver at py = 6.91 bar and Ty =325
= p* = 0528 % Po through a nozzle to an exit pressure of 0.98 bar. If the flow g, is
0528 % 0 836 [ Po~ Py = p02] 3600 kg/h. Determine for isentropic flow
o 1. Area, pressure and velocity at throat.
p*= 0.441 bar 2. Area and Mach number at exit
s opt=p,t= 0.441 % 103 N/m? 3. Maximum possible velocity.
= P =P - [Anna University Nov-2003 and Madras Univ April - 2000]
Given :
: i to the thrust of the flow
Force excerted on the diffuser walls is equal to b = 6.91 bar = 691 x 105 N P
| To= 325°C +273 =598 K
T =F-F
p, = 0.98 bar =0.98 x 105 N/m?
= 5.753 F,*-1.190 x F* .
g : m=3600kg/h=-§%(-g—=lkg/s
= [5.753 - 1.190] F,* [ F=H5
To find :
= 4.563 F* 1. Area, pressure and velocity at throat (A*, p*, c*).
= 4563 [p.* x A*(14 )] [+F* = p*A"(Hm 2. Area and Mach number at exit (A, M,).
! A 3. Maximum possible velocity, ¢,
=4.563 [0.441x 105 x 0.01337 (1+1.4)] Solution :
——yp—— We know that at thraot () section, M = 1.
From Isentropic flow table for M=1andY=1.4.
Result
T _
. p,=0.832x 105 N/m? s
2. ¢ =30. *
2 =051 mis pl = 0.528
s 0
3. T =6457N [ From gas tables (S.M. Yah*

Fifth edition) page no.31]
=  T* =T, x0834



T*=498.73 K
p* =(0.528 x po

~0.528 % 6.91 x 10°

p* = 3.65 x 105 N/m?

We know that
C‘ = a' = \/-Y_R——r—;

- /1.4 x287 x 498.73

c* = 447.65 m/s |

Mass flow rate, m = p* A*c*

Maximum velocity,

[ From gas tables page no 33 )

M, = 1.93

B _ o573

To2

22~ 1593

A, = A*» 1.593

8.76 x 104 x 1.593

Ay =139 x 104 m?

Conax o I +

c* Y-1

_ lv 1
Cia =¥ -1

- 44765 "'4\”
14-1

Cmax = 1096.51 my/s.

m
= A¥= prc*
m - _P__]
p % c*
RT*
_ 1
_366x105 44765
287 x 498.73 Result
A*=8.76 « 104 m2 h
From given data,
P, _ P, _ 098x105 2
Po P2 691x105 0142

Refer Isentropic flow table for % =0.142
02

[ Po= Pg1™ Pga)
and Y=14 .

3.

A* =876 x 104 2
P* =365 x 105 N/m2
c*= 447 65 m/s

A =139« 104 2
M, = 193

Cmax = l096.5] m/s

[From chapter |
Equation no.(1.24)]




4ir enters an isentropic diffuser with a mach number of 3.6 and is
"\ decelerated to a mach number of 2. The diffuser passes a flow of

5 kg/s. The initial static pressure and temperature of the air are
1,05 bar and 40° C. Assuming y = 1.4, Calculate

1. Inlet area, total pressure and total temperature at inlet.

2, Exif area, total pressure, total temperature and static pressure
af exit.
[MU Oct - 97]

Given
M, =36
M, =2
m=15kgs
p,= 1.05 bar = 1.05 x 10° Nim?
T,=40°C+273=313K
1=14

To find

I Inlet area (A,), Total pressure and total temperature at inlet.
(pgy» and Tgy)

2. Exit area (A,), Total pressure, total temperature and static
pressure at exit. (poz’ Ty, and p,)

Solution : e
Refer Isentropic flow table for My =3.6 and y = 14

¥

—T'—= 0.278

01

' [ From 8as tables Page g 35
— = 1138 x 10-3 K
Po)
Ay
F = 7450

T, 313
= T, —_—— =
0l 0278 0273 1125.89 K

[ For Isentropic flow

Stagnation temperature

g _— P, remains constani]
11.38 x 10-3

T°|= 1125.89 K= T02

_ 1.05x 105
11.38 x 10-3

[ +* For Isentropic flow
stagnation pressuré
remains constant]

Poy =92.26 x 10° N/m? =p,,

Mach number at entry, M =—

v/ 1.4 x 287 x 313

|L‘= 1276.67 m/s 79




Mass flow rate, m = p, A ¢y

P e
er §® <y
1.05 » 108 —
———— ®
557366 * M 127667
A, = 0010 m{]
: Ay
= 7‘— = 7.450 [From Table]
A
= At= —1 . 0010 _
T

A‘ & |.34 x |0‘3 [“2

Refer Isentropic flow table for ¥ = 1.4 and M, =2

T,

——= 0.555 !

To [From gas tables page no. 34]
P

0128

Po)

A

‘AT s l687

= Ay = 1.687 x A*

= 1.687 x 1.34 x 103

l Ay= 2260 x 104 m? |

2 gy = 0128x p,
0.128 x 92.26 x 10°
I

It

* 11.8 % 105 N/m?2

Resul R ———
LAy = 0010m?
Pgy = Pyy = 9226 % 10°N m?
To; = Tp= 1125.89K
2. A,= 2260 10~ m’

p, = 118> 105 N'm?

‘7| The pressure, velocity and temperature of air (y <y,

@= ] kJ/kg K) at the entry of anozcleare 2 bar, 145 nvs and 3 30K'

The exit pressure is 1.5 bar. find
(a) What is the shape of the nozzle
(b) Determine for isentropic flow

(i) The Mach number at entry and exit

(ii) The flow rate and maximum possible flow rate.
[MU Oct - 95)

Given

y=14

c, = | KIkg K = 1000 J/kg K
=2 bar =2 * 105 N/m?

Py

C1 = 145 m/'s

T, = 330K

p,=1.5bar = 1.5~ 105 N/m?
To find

a) Shape of the nozzle

b) (i) The Mach number at entry and exit (M, M;)

(ii) The flow rate (m) and maximum possible flow rate (Mpax/




" T 2NOPIE Fly . s ;, "
Solution : e Flow 2105 Refer Isentropic flow table for == 0673~ 0.676 and y=14
Mach number atentry. M, = _:'_ M, = 0.77
i
T
-] -T—2—= 0.894
\/? RTi S ! a [ From gas tables page no.30)
i = 22 _ 052
1.4 <287 - 330 A*
Type of nozzle is convergent because mach number value is less
M, = 0.39 y
LT than unity. (M= 0.77<1,M; = 0.398<1)

Refer Isentropic flow table for M; =0.398 = 0.4 andy= 1.4

T
— = 0.969 — M< | Outlet
Ty
[From gas tables page no.29]
p
5= 0.895
2 Fig. 2.17 Convergent nozzle
A e
—1 — 1590 . )
A . Mass flow rate, m= pAc=p, Aj ¢ = p, A€
= TI o 33 = I"i'l = pl Al Cy
= Tor= 5969 ~ 0.969 .
m
> = —_—= p! X cl
[~ For Isentropic flow, Ty, = Ty,] = P x|
Py RT,
e Por = 0.895 .
; R B D
el 287 % 330
s e

0.895

B;LM M - 306.197 kg/s-m?
o1 [ Po1 = poz] Al




mum Y+l

Max

. R (2)0-D
a0, (R[5
A* Py

[From Equation no(2.26)]

qubstitute Y = 14.R=287,T)= 340.56 K, p, = 223 X 105 N/m?

i, ¥ g§_7_=[ 2 }z(u-n
14+1

X
A 223 10° 1.4

m
M - 490.43 kg/s-m?
At

Result :
(a) Type of nozzle is convergent

) () M,=03%
M, =0.77

(ii) -:\“— = 306.197 kg/s-m?
1

m
max - 490.43 kg/s-m?

A#

j 4 convergent-divergent steam nozzle jas an area ratio
“ i = 1.44. Calculate (without using gas tables) the mach number
and pressure ratio (p/p,) for isentropic supersonic flow

faking ¥ =1.3.

Recalculate the above values in the subsonic section of the nozzle

for the same area ratio.
[MSU April - 93]

Given
A -
TA-'_ =144
=13
To find
|. Mass flow rate, m. | For subsonic flow and

2. Pressure ratio, Pp, | supersonic flow

Solution
We know that,



[From equation ). 13)

Y41
A 1 [ 2 ¥ 2=
Are A | —M
rea ratio 25 M[Y+l o ]
Substitute A and y values
Ax andy
1.3+1
LT 2, 13 e ]203-1
= — — M
=14 M[1.3+| 1.3+1

= 1.44 = Tl/f [0.869 +0.130 M23 833

— 1.44 M = [0.869 + 0.130 M2)3.833

= [1.44 M]1/3-833=0.869 + 0.130 M2
= [1.44 M]0-261 = 0.869 + 0.130M2
— 0.130 M2 — [1.44 M]0-261 +0.869 = 0

— 0.130 M2 - 1.099 % M0.261 +0.869 =0
By trail and error method, we can fi

For subsonic flow, M = 0.46

We know that,
i
Py _ [1+Y—1 Mz] T-1
p
A3
5 Po _ [l+13 1(046)2]"'1
p
Po
—= 1.144
= p
B

=)

nd M = 0.46,and M = 1.764

—

———

W i .
For supersonic flow, M = 1.764

P, | Y1 ]
B Ly M|
P 2|
13
1.3-1
P, T 2
=5 _°=t|+l" ‘(1.764)3K
P 2
Py 5258
= — =5,
p
= L—()
po— -l90
Result :

|. For subsonic flow

M =0.46
L = 0873
Py

2. For supersonic flow
M= 1.764
P
—=(.190

Po
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4.1 NORMAL SHOCK WAVES

4.1.1 Introduction

When there is a relative motion between a body and fluid, the
disturbance is created. If the disturbance is of an infinitely small amplitude,
that disturbance is transmitted through the fluid with the speed of sound. If
the disturbance is finite amplitude shock waves are created.

Wave phenomenon is classified as follows

Wave phenomenon

L
—
Weak waves Shock waves
I |
[ l I E
Weak Weak Normal Oblique
compression expansion shock : shock

wave wave wave wave

Mach Waves

A mach waves are weak waves. Mach wave has been described in
the previous Chapter (Chapter 1).

Expansion Wave

A wave which is at a lower pressure than the fluid in to which it is
moving is called an expansion wave (or) rarefaction wave.

Compression Wave

A wave which is ata higher pressure than the fluid in to which it is
moving is called compression wave.




4.2 Gas Dynamics and Je! Propulsion
Shock Wave

A shock wave is nothing but a steep finite pressure wave. The shock
wave may be described as a compression wave front in a supersonic flow
field across which there is abrupt change in flow properties. The flow process
through the shock wave is highly irreversible and cannot be approximated
as being isentropic.

Steep wave

(time)

N Non Steep waves

X (space}
Fig 4.1 Development shock wave [Time-space diagram]

Normal shock

When the shock wave is atright angle to the flow, itis called normal

shock.

Oblique shock

When the shock wave is inclined at an angle to the flow, it is called

obligue shock.

4.1.2. Prandtl - Meyer Relation

Prandtl-Meyer relation which is the basis of other equation for shock
waves, 1t gives the relationship between the gas velocities before and after
the normal shock and the critical velocity of sound.

AP B R G- e kT e s T

Normal .ghock waves 4.3

Shock wave
= /i o Lr o, A
4 S\
| [
M M
Area * 1 | g
constant C, ! ‘
—_— ‘ l c}‘
| I
Before shock [ \ After shock
TS SO SN
Fig.4.2
We know that

Stagnation enthalpy equation

2 2
by = a + £ =1 [.._._._.HY-E']'}*E
0T y-17 2 Ay

[From Chapter | — Equation no.1.25]
Applying this equatlon to the flow before shock wave and after
shock wave,
Before shock wave

a

eSS VA [YH} 2
ot e Al
% Y+1

......i...:lfl[ + *2_1 :’.
TR VA % o

T+1
¥-1

= ai= (?—;}x‘/z[ }a*z—— YacZ(y-1)

= a = [?‘_;_i] 9% w l'_;..!. i



4.4 Gas Dyn&mr‘cs and Jet Propulsion

a% ¥+ 1 a*z _'}’-—16
=% |2 c 2 %

X x

LIRSV i S
= cx 2 Cr 2 x

After shock wave

2
= 4[] 0
?a{_{*/”y % (=)

2 .
a: 1 {T#"l *2*’1 2
] Y"I—/‘fzt}'m}}a /i!cy

We know that from momentum equation

(pe—Py) A= m(c, - c.)

m
= Py p}l = T (cy"'cx)
E_ px_Py - c—c
m ¥
[

L AP SR 2 LBt b b D ko S Sk LTI E TR - AN ETIN Y 11 A R e L ) S S

e (4.1)

= (4.2)

Normal Shock Waves 4.5

m - [1_"_1_'1_j= cy—cx —-——--—(4.3)
i [A ] A
Mass flow rate, m=pAc=p A, C,=pyA,cC
!
m
= —A-_ = px':x= pycy 1 “___‘:4'4}
, m . .
Substitute e value in Equation (4.3)
P P
(43) = —— = —— =, =0,
xCe  PyG
Multiplying by Y
.
o | TP By Y(ey—cy) | e (4.5)
PeCy  PySy
Gas equation, pyv=mRT
For unit mass
pv=RT
I
- Lot [p=7]
p
P _YRT
= Ty
2
= % = %—— [+ a=/YRT]
= IP =2
p
YPx .2
= b, a,

R .18 P T ST TN 3w b e 0L i oo e S el 4 b 2 B N5 e e




4.6 Gas Dynamics and Jet Propulsion

| vp
¥

Substitue a,2 and a,2 values in equation no (4.5)

2 2
a;( ay =Y [ch‘ - [:x]

4.5)= -'g:* - ——

Cy
a2  al _ Yiec] - (46)
= 1 T c, yooE

Substitute equation (4.1) and (4.2) in equation no {4.6)

o=(ig) £ (e [P - B3]

CI ¥

=1 [Cy"'cx]'

2 1
e () - (5

= Y[e,— ¢l

1

v+ 2L 1_] sl e —ed = Yiey— <)
= [ ]a l-cx c 5 Ly rx

[T+}] " [Cy“cx] [Tz_}[c —c] = Y[e,~¢)

Cy Sy
iply by ———
Multiply by 5,—¢

X

¥+ 1) 42 [T—l
[2]"‘* 72

]cxc}.-*—"f fex eyl

Normal Shock Waves 4.7

Multiplying by 2

= (r+Da? + (1-1) ey, =21 [c, c,)
= (‘r-&-l}a*zﬁ W eexe)- (F-1cyxe,
= (’HI}a* =2¥¢c, e ~Ye 0ty

= (T+i}a*2 =Y¢, C,+C.C

¥ ¥
2
= (Y+h)a*” = c.c, (T+1)
€. C
- a*z _ Xy ¥ +1)
(Y +1)
= a*z = C,.C ———(4.7)
Xy '

This equation is known as Prandtl-Meyer relation.

* =
= atxa*=c,

Gy Cy
= 1-le

a* a*

> I=MxM*
= MFxM*=1 ———=(4.8)

This is another useful form of Prandtl-Meyer relation.



4.8 Gas Dynamics and Jet Propulsion

4.1.3. Down stream mach number (or)

Normal Shock Waves 4.9

Mach number after the shock (M)

Shock wave

yd
. M, / M,

_—

Fig.4.3
A fluid is flowing in a constant area duct as shown in fig and the
shock wave is generated.
where,
M, — Upstream Mach number (or) Mach number before the shock,

M,— Down stream Mach number {or) Mach number after the shock.

We know that

2 2 2
= [ 2 ] x Ty =foMy=<TxXT

= c.= M,.xa

X X X
= | Mx JART, |
Similarly

¢, = My x/YRT, i

Substituting c, ¢, values in equation no (4.9)

(49) = ’?E'E"T « RTy=M, /YRT, x M, /7R,

Squaring on both sides

2
2 02T 2 _ wad 2
= [?+ 1] x¥2R*Ty = M{ YRT, x M, YRT,

Y+1 ¥

2 2 2
a2 i 2 [¥+ ] < To
2 == [From Chapter 1- Equation no.1.20] -~ MxM = !
ag2 Y+1 x ¥
T, < T,
= a"z = '{24'1 xaﬂl
2 Ty, T
PR | = | M x Mj:[?ili *‘%lx“i?_ - (4.10)
- wte 2, [+ 29= /TRT;] : b
From equation no {4,7), we know that, We know that
0 Y1
2 —_—= F gy . 2
aif = cxcy T 1 5 M
T
i s ---.i =1+ Y-—-—-—-—“ ! 2
=77 Rle™ &G ~==-=(49) = T, M
We know that Similarly
To ¥~1
o — =]+ M2
Mx_' a_x T}, 2 ¥

o e AT 007 o i ma e




4.10 Gas Dynami d Jet Propulsi
Dynamics an puision NormalShock Waves 4. 11

. Ty Ty
Substituting —— and —— values in equation no (4.10)

T T s[1+7—*~le}

x ¥ 2
2
¢ M, =
2 2 y-1 Y- =
Mix My = f [1+——-—M2 P Xzl g2 -
= x y TF1 ® 3 Ly x[] 2 My 2(y+1)2M§H4{1+372-—]—M:2|{y_I]
2 2 4 Y-1,.2 2[ 1 1-1 -
= M M, 1) K[H 2 wax My | M2 +T} 8[E+1§J_M§]
= % y =
a2l 21=1] 0¥ +1)2P M2~ [4+2 (y—1) M2]x(Y~1)
v AU
= = T=1 2
2 +1)2M 2= [4 (Y= 1)+ 2 (y= 12 M,?]
2 "
. My _ L 1-1 3{1+HM2]
4 y-1 M2 2 = S
= |
¥ +1)2 2 20 + 1M -4 (= 1) =2 (y = 1) M2
( X X
2
. (r+1)2 M, Lyl _ g+4(y-1)M,?
2
4[“?_; Mg] M2 2 21+ M2 -4y - 1) -2 (y— 12 M2
) B 2[4+2(-1)M7
T +12 M - -
= L- L) S = 2[(+1PM2-2 (- 1) - (- 1) M)
y 4[1«——-——“‘ Mz}
2 x 4+2(T"13Mr2
CHIPMA-2 (- 1) - (- 1P M2
2 Y-1,,2 .
1 2(Y +1)2 M, -4{1+ N M_,,](T -1) Divided by 2(y-1)
= M}} . 2 im2
S{H — Mﬁ] 2 Y-1 F
= My "~

HM2,1“MM2
27-1) 2
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2
-'-f_-T+Mx1
S
(r +1)? Mz_b L1=1 M‘ﬂ
27 -1) |
2 2
-=—+M
y-1 °F
(Y2+2-1j+1) Mx?,_[! +_Y__2;_.1...Mx21
207 -1)
2 M2
y-1 7
i M2Y2+2YM2+ M2 {?—1 2]
i SRR SR ) By a3 M, J
231 1) :
2 2
S+ M
o1

e

d

2 21
M:2Y2+2YMx'I+M1’2 ...{[ +M
___,—.._—mﬂ‘-.——__—-.-'_.-

2

2(v-1)
2- 2
2 im
Y1
v g f2e =
27 1) 2
2 2
2 M
Y1

e—

R = S
JM 272+ 27 MR+ M2 - 20-D 2 7MY M)

2 % 2(Y =1)

Warsint S o T SR

Normal Shock Waves 4.13

2 a2
-:,_]*Mx

M 272+ 2YM2+ M2] - (-1) [2 +YM,2-M2]

2(r-1)

WZIT M2 |20y

M2Y2+2YM2+ M2 -20-1) =Y (=DM + (1 -1)M,?

e

M2Y2+2YM2 + M2 - 272 -V 2M2 +YMZ2 + YM2- M2

'[ii * Mﬁ]zﬂ -1)

Lt

4YM2-2Y +2

F 2
= Mﬁ}?{‘f ~1)

4YM2 - 2(T-1)

[ 2
77+

4YM,2-2(v-1)
2(7-1)

2
= 4 2
Y -1 M,

4YM,? |
2v-1)
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4.14 Gas Dynamics and Jet Propulsion

2 = pll1+TMA = p [1+7M7]

— 2
, 71 Mk
M, = "
’ 2YM,? %hz - TM*:
- 1+¥YM
a-1) * TN
Substituting M,? value from equation no (4.11)
2 + sz ’
Y-l i
M, = ———(4.11) P, L +7M,2
2Y il A
“_}—-'!'*sz -1 Py 2
- .—-.—_.—i— -+~ sz
14% x
. 2
4.1.4. Static Pressure Ratio Across the Shock 'Y_—?T M2 -1
We know that
Force, F=p+pc? 1+7M,2
Force acting before the normal shock 3 L RvE!
Fx=px+px{:x2 1+ ¥
Force acting after the normal shock YTIM"Z*l
Fy=py+ ¢,
1+7M,2
We know that -
2y 2y
(][
= Pt PeCd = PR, "
.2 . 2.
= qu.px)( Mx23x2=py+pyxh{yzay2 Y—l MX ]]
[ ¢ = Mxa]
Pr i 2xyRT. = 4 Do x M2 x TR (1+m,1)[—33'—m2_1]
= p.* TxxMx = YRT, p,t RT};xM}' ¥ Ty N Y1
R (2Y ., 2y
[p RT [:'f—_‘l-sz—l] +[_:T+¥Mr2]
a=+/7TRT]

= Pt TP MZ = By TR, M)?
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Normal Shock Waves 4.17

(l + Y sz} [%“ sz .-l]

N

2YM,

-1+ 2y +YM,?
v-1 -1

2y 2_
oo [

2 21
Tsz[m+1]+ = 1

arrwd (Fpee]

— i

yM,2

X

2+Y- 1]+[21+Y+ 1)
y-1 y-1r /

1
—_—
(¥
-
=
]
|
4
1—#’.

e R Y R 0Lt B0 A 00 L 4Ll S 0 LR L R

Py _ 2% 0 “[1;1.) T
Py

From equation (4.12), we came to know, if M, > 1, %’i > 1. So
: X

there is always pressure rise across it.

If Mx*—'l::»?rul
F 4

P
If M, < 1= ;2: <1 = Not possible

X

4.1.5, Static Temperatufe Ratio Across the Shock

Stagnation temperature — Mach number relation

To =1
- 2
T I+5— M

For upstream Mach number

T{.‘ch z"‘“l' 2
T, ~ T2 M,

For downstream Mach number

T
20y _ =1,
T, Tt M,

Stagnation enthalpy remains constant

= Tg = Top = Ty,




4.18 Gas Dynamics and Jet Propulsion
: Normal Shock Waves 4.19

= ?=T$ "T"T' 2
o L o [ Tog=Toy) [%T sz—l:l [1 ol 2]
Y-1 1
= 1+ Mz] [P ET 7 (T"‘E)
2 ¥=1 /2 [,_____ M, -—l}+1+M2x }
T+ My T 2
1-1
1+ — M. 2
_ 2 ¥ [—zjl sz—l] {t LX= sz]
1+I...£_1 My! -
2_?sz4+11th;,<(?-1)

Substituting M,? value from equation no (4.11)
2
[__I_ sz"]] [l + ¥-1 sz]

T-1 )
T e L 2
2
' [ 2 w2 21M,” M. (r-1)
x -
S 5 W i A Y1 2
2 2
=l M2
L 2Y M.2 7-1
) [Y-—l x-—-l} [1-‘}-——~sz]
Y1 042 B 2
) 1+ M, M, [2?+{1{,])2‘]
Y-1 7

y—1 2
4 —
i 1 3 M, T 5
[_g.:r__MZ_,i]*, rl-!-M 2 x M]
T-1 - \_ * 2 [ﬂpM2_l 1+ ¥—1 2
T-1"% 2 M,
2T 2 =
[T—l M, 1] sz
« [ay +0r-172]

2(r-1)
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F2Y [ul—‘iMz]
LT—IMI ] 2 F

L —

b
M, [4}'+ y2-2y +11

21 -1)

“2? 2 +'f—-1 21
L M “*1 [1 7

2
My L [y2e2r+1]
2(1-1)

4.1.6 Velocity of Sound Across the Shock

We know that velocity of sound, 2= YRT

For upstream,

a,= TRTI

For downsiream,

a,= -.("i'R'T),
a, v YRT, _

= -

By YRT,

|E;
T,

1 A TR I T S FO R b s

e (413)

127920

Normal Shock Waves 4.21

T
Substituting _l_?’vame from equation no (4.13)
X

[2—"M,}—1] [1+ 11 M,}]

a, -1 2
= = —e——(4.14)
a, | M 2
\} - x (Y +1)2
2(y -1)
4.1.7. Rankine — Hugoniot Equation
[Density Ratio Across the Shock]
: P
w - T em——
e know that density, p RT
For upstream shock wave
_ P
Px ™ RT,
For down stream shock wave
p
= —.—“-’I—
P R,
Py
p
- by Ry
px Py
RT,
1
P P T, |
= Lo Ly X - (4.15)
Pk P T,

e e e e L B B T
H LR A I § |
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4.22 Gas Dynamics and Jet Propulsion

From equation no (4.12), we know

-_-

Px Y +1 ?‘H

Py oy

2= 4 —
'I'"“IM px 2Y
p
5 _ T+l y] ¥=1
= ;M 2']" Px 2y
1

From equation no (4.13}, we know that,

-

(27 2 Y=1 02
[T ma-] [ 15w

J

T, 2

X (¥ -+
2 -1) a1y

Substituting M,? values

———(4.16)

2y ¥+l Py],_v-l] dex=t j_]_’j’i] ¥-1
_1[21, YA e R 5 T
T,
' L (B, 1], (1
¥ \Px)  2Y 201 -1)
- ~12]
vel Py O By @ 1>
Ty T—-1 Py 4% Px 4Y
E @ +1y? {_‘.’L]J“‘?z
4y (r-1)

Normal Shock Waves 4.23

[m_?,a LD By -
¥=1 P« Y Y

(r+1)° [ﬂ&]ﬁ“”’z
4y(y-1) P« 4y

Y+ +{7*1)2[ } +(T-—1)(T+1) By
Px

'3"--1 px 47 4y P,
Co (B e
4ay(y-1) (Px 4y
T+1)3 p
Taking out AL x =2
4v(r-1) Px

G+ Py | 4y +[v_-_1m]__ﬁ -1
- P | e 717 (T+1)2

(v +1)? {Py vu1]
7. Yy
4y (r-1) \Px  ¥+1

B4t ()b olF
l_(-r+1}2 W+ 1) Py (7-:-1)2
[f.a.?‘“l]
Pr  Y+1
By [L:l]”_umi
Py |l¥+1) P, (r+1)2
Py v-l
Px +Y+l
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- 227+ 1) T_-”x [_EJ‘_J,H
L RS E_Lf_”_.f_i_—-r-:\ P T, (Px ¥4l
P lY+1 Py (r+1) J = B
- Y-1 Py
= l... ¥ cai
[ Py T——’i) ¥+=1 Py
t?}”wl
py . ¥ -1
. i p, T, Py ¥+l
p, [1-1 Pr | ?1+2T+1] 1 o | Pt . — e (@18)
P (TF1 P (1M I T
- —_ ' Y+1 Py
b |
Py ¥

LAl A
Py L‘I""lx Py (r+1y? -!
= M 1]

|
Py Y -1 i

Py [y-1 Py g:i)_z—] | Py

Py N ¥-1
bo— P
py Y+ | - _EE’_ = ¥ _A+1 {From equation (4.18)]
Px L1 By
; Y+1 Py

Py +] -1 Py
o ez
Px =1 v+l Py
+1]7-1 x
{407y :
| P [l * 1?1!5 " "gij
5 — LA = ————(4.19)
* [m d
-1 N

I T e b dms-tend b o ALseATIS Lt | 0 B et B AT £ WI-HT'MHH- oA g TR W 8 B o e g ol BRG] e B R L ey e b e
1 1 H i Bt i H t
| H i B
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Py -Y+I py] 1 v+1 Py 4.1.8 Stagnation Pressure Ratio Across the Shock
i | — o e | = + H
= R I T N ¥-1 Py We know that,
Py (ren), By (By) vl Py Poy _ Poy , By, Px
— t I X 5 5. @.2n
p, Lv-1)" Py |p, -1 Py 0x y  Px Poy
and
E%L[.‘f_’fﬁ:HT*IKEL_E&?F’_N o
= P, LY=L, Y-l . Py P, f?_: L Y—1 M2 -1 {From Chapter 1
p 2 ~ Equation no.1,8]
1’2 [r:_l] LA A L .
= P, i) p, | 7-1 - P, Similarty ,
P - 1
p_y{?+1]_1=&-r4'l_&_ %:[l+%lMy2]TI
= e LTl P |Y-1 P, Yoou
Py {m \ { Substituting My2 value from equation no (4.11)
) Pl | }.
=> R ————(4.20) - e
S i 2w
3_ ﬁl p.x = _‘_ﬁz - I + T‘_l x T“
Py - 2y M.2-1
Equation (4.19) and (4.20) are known s Rankine-Hugoniot equation. . T
This gives the pressure~density relation.
-
Rankine—Hugoniot 1+ -1, M,2 -1
relation . _ - Poy_ 11+ 2
Isentropic . Py 2y M.Z-1
B, relation L -1 F
P
I
| —?:'J—MxZ_HHJ';‘ Mmz2| !
Py -1 2 *
- -
p}’ _?L M.2 -1
Y-1
Py
px
Fig. 4.4 Comparison of Rankine—~Hugoniot and Isentropic relations
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¥

- -1
2Y M2+? 1 2 ¥

-1 2

2Y M2 i
T-1

—t

v

r

1

Z{M)[ M2-1]

J

M2 (Y + 1)? -1

4aYMZ=2(1=1)

[ ompasn? 1w
20T ME-(-1)

Divided by (Y + 1)

2 [22 Y_“i}

Y+1 T+ ]
L M2+ ]
- —
2[2‘!’ M~ z]
. d

Y+1 T Y+

-1
M2 (Y + 1P T

M2 4 -1
|
J

X
1-1

~--(4.22)
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Similarly,
Y
p - -1
T i o]
x 2 T
P, Y-1 2 T‘I:'T
= —=|] 4+ —M ] ————{423
Pox [ 2 * A )

From equation no (4.12), we know that

Py 27 szﬁ[wz

— B —— -

Py Y+l ¥+
Substituting Poy . P and Px valuesin equation no (4.21)
)y Px Poe
M2 ey |
Py _|_ 2 2L (2]
Por | 27 ., 5 Y-1 (ER R A
Y+1 ° ¥+l )
Y1, 271
et
-
2 -
M, (r+1) 1-1
Py 2 « 2 2_[3'“_1}
Pox 2Y g9 Y-l y+1 F ¥+l
Y+1T Y+

! -

] T - . —e
;[Mr (¥+1)T,1 o | 2Y 2o Y=l
- 2 # 1{,{,1

+1

2 .
M, (Y+1) v —¥+¥-1
2 - Y-l
= Tr__l 2 X[QT sz_,‘r_._l._I
14+ === M Y41 Y+1j
2z X
- ..
2 L
Mg+ |7 -1
= x{zv 2 Y=1]%1
1+ 1=ty Y+1 ° Y+l
2 x
: J_
2 —
p { Moy |7 -
Y o2 27 2 Y=1]F
Y+ 1

E

¥

Por "[
Ox [.1+T“1M2 r+1 *

-———(4.24)

This equation gives the stagnation pressure ratio across the shock.
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4.1.9. Change in Entropy Across the Shock
We know that, .

Change in ent As i k) RI P2
C T . = n—"=—" n
gel opY it T, ™

= fﬂz_%-,._c ik—l]lnﬁ#

', P P
(-1
R=¢
& L
-1

As=cyln e
P 1-1

)7
P

=
z - (425)

As=Cp m\—
=1
&)
P

Tg y-1
,_~=1+__-—u 2
T 2 M

For shock waves

-

Wwe know that,

gimilarly
:EDJ}_-"_ =1+ I...-;—i- M A
Ty 2 ¥

Tox ¥--1
) Mx

[
e S

1
i
I
!
|
L}
i
I
i

- Naormal Shock Waves 4.33
— 1+ u |
B P 4
Toy -1
= I+ == M2
v z -

= X-u
* 1+ :":.i 2 -
7 My -=={4.26)
We know that, [ Tox= Tyl
pﬂ, ...L
p -1t Y‘z‘i Mz]v-:
Similarly
Pgy Y
Poy [, 2=l o] H
py [ 2 Myz]
Pﬂr Y
v _ ¥ X
P, [l + 5 ! sz}?—i
pﬂx I ¥
i ¥—-1 —
1+ i
P, ) L 3 sz T-1
Poy
¥
P_Jr" {1 ‘1':!’--:-1. M 2 -';:'}-
2 ¥
r y
jot=1 Py
.Ey..x Pox _ [. 2 M-Tz} I
P.\' pﬂy -
v
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x
[, 1=1 1]7—1
1+ M
p, L 2 ¥ xpﬁy
= P v Pu
Y-1 ., 5]
"2 M”l
-1 Y=1 2 .. =L
p.17 1+ 5 Mx | P{}y 4
O N xlw— e (4.27)
P, S RV Pox

Substituting equation (4.26) and (4.27) in equation (4.25)

- 9
1+1.'—_.1_.Mx2

(425)= As=cyln

- E --—<---~-.--.-|‘---.--..:::anm.iu,d.;-,-----. STV T AT 1 1S e o A e e a1
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Pox
As Poy
R Pox
. pﬁy .
Substitute value [from equation. no. (4.24)]
Ox
- -
+1n ] 1
. 6.5 = In 2 - 2Y 2___?“". 1-1
R N =k P Y+1 7 Y+
X
- -

Dy |™ =N
=85 =y 2 + In [2—? 12-—?"1 =
R P Y=l 2 T+1 T+

L .
N,
= ;7 M ”{2? 2 Y=1]
-1 EESEVER B o A B A
s XJ
r+1
PV [ i N
méf_:_.-xﬁ_[n 2 * ++}ﬁ_;ﬂ 27 M.Z_Y“I'g
N ey B R CT TR T
2 x I
|H-_~(4.28}

This equation gives change in entropy equation in terms of Mach
number.



4.36 Gas Dynamics and Jet Propulsion _
4410 Strength of a Shock Wave
am and upstream

itis defined as the ratio of difference in down sire

- p)to upstream shock pressures (p, ) 1t is

shock pressures (py
denoted by &

Py P
&= T,
x
-
£= .%1’--4 o-(a29)
X
%ubsntuunb Py yalue from equation 1O (4.12)
_ 12 LFI_LXT
Ly +t Ms ‘Hl1 :
- — 2yM2-( -~ y+1
H[ 21— (D)
_ L 2 yal=¥-
7 ym2-rei-d 1)
= 2yM2-2Y
Y+i (2Y !
(430

From equation (4.30), we came to know, streng

directly pmpomonal 1o (Mx -1).

ther form using 3

The strength of shock wave may be expressed in ano

Rankmer-Hugomut equation.

From equation (4.20), [Rankine —Hugoniot equation]

ST I 5 o

{h of shock wave is

L
E AR ) T
T

T -

" : Iﬁ-ﬂ}wn:a_u‘... [
|1t fan ot o A
| i : IR I I
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e
...—

[Adding and subtracting 1]

—_— + __X
=1 _

_ -1 P
{_.p:'f..._l ¥ +1
LR y—1 71
2 P,
?-T”“"F,L

X

.
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= | &= C———(432)

From equation (4.32) we came to know strength of shock wave is

x

directly proportional to I:sy ...1]

————(433)

4.1.11 Supersonic Wind Tunnels

In supersonic wind tunnel, the diffusion of the supersonic flow
after the test section takes place through a shock wave. It is shown in
fig.4.5. It consists of nozzle, test section and diffuser.

At designed running condition there is no shock wave anywhere in
the tunnel. It happens during ideal flow. The idea! flow is reversibly
accelerated in the nozzle to supersonic mach number and the model can be

TR t ..|:,,|.7---1.‘..-_-._--.. L ETE SRS S PP S

Normal Shack Waves 4.39

tested at supersonic velocity in the test section. In the supersonic diffuser,
the supersonic flow leaving the test section is decelerated and pressure of
the gas is raised.

Throat A,*  Shock wave Throat A"

Entry — —1— Exit
M, X1
«—Nnzzle _ Tc’!;ﬁfct:-rr”" Difﬁjser—x-|

Flig.4.5 Supersonic wind tunnel with shock in the test section

Shgck wave

Test .
‘qﬂNozzte ﬂqﬁmion»‘o- DIfquer—-n-|

Fig.4.6 Supersonic wind tunnel with shock at the diffuser throat
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4112 FORMULAE USED . .
tream Mach pumber (or) mach num
1, Down s
...:.2——— 4 sz
L S S
My _ELHM 2.1
-1
7, Static pressure ratio across the shock
T R

rature ratio across the shock

3, Static tempe
_ 27 2 _q
W

T}‘
T Lo
2 vl
i i the shock
4. Density ratio acTOSS o b
1+—= " -p—"
-1 Py
Py _
O 55 W 4
Y "1 px
i 55 Ap, = Po, —p(]_y
5, Stagnation pressureé loss, &Py " - »
s Apg= ____.p.-—ﬂ
6, Percentagt of stagnation pressure loss, &Py -
, e
o™
i =Rin|—
7. Increase in entropy, AS R oy
-1
Tm —P-Q_}LX T n
Ty Pox
. Diffuser officiency, Tp~ o e
2
i
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4.1.13 SOLVED PROBLEMS

The upstreant macl number, pressure and temperature of normal
shock wave are 2.4, 2 bar and 270 K respectively. Calculate the
Mach number, pressure, temperature and velocity of the gas for the
down stream of the shock. Check the calculated values with those
given in the gas tables. Take ¥ = 1.3 R = 460 J/kg K.

Given
M,=24
p,= 2 bar=2x 10° N/m?
T,=270K
¥=13
R=460J/kgK
To find
I. Down stream Mach number, My
2. Down stream pressure, p,,
3. Down stream temperature, T,,
4. Down stream velocity, <y
Solution
We know that,
For M
I. Down stream Mach number Myz T e
2_YM 2
y-1 F
2 +{2.4)?
2 L3-1
= A
12 2421
1.3-1
=(.254
I

I Downstream Mach number (or) B
| Mach number after the shock wave " 0.504

H
i
b
o =8 M AT 45314145 A A 80 3 50 0BT <05 A1 86312505 48 5kt T A 81 St
I 1 il i ] |
i HE IH i | |
it 5 1 M| | { |
| HE Y | 5| ik H i
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2. Static pressure ratio across the shock

_p.y. .ELM:_T_‘_L

px +| X Y+1
_ 2513 gap. 1371
1.3+1. 1.3+1
_""_'F
Py
—_— = 8
B, 6.3 0’

= p,=6380xp,

6.380 = 2 % 10°

il

py = 12.76 105 N/m?

Downstream pressure (or)

- Snfm2 |
Pressure after the shock =Py 12.76 * 10° N/m j

3. Static temperature ratio across the shock

-

e+ 11 MfH” M2-1J

T, | 2 ¥-1
T NIV
2 v-l

e 13 g ] [2213

1 {13+ l}2
L 2T 4y
3 " Taoy (@4

= T, = 1795xT,
= 1.795 % 270
T, = 484.65K

Downstream temperature (or) T = 48465 K
Temperature after the shoek '

4. Downstreamn velocity (or) velocity after the shock
= M, *a,

=M, =/YRT,

=0.504 x /1.3 % 460 = 484.65

= 271.32 mfs

Refer Normsl shocks tables for M, =24andY=13.

M, = 0.505
Py = 6.380 [From gas tables (S.M. Yahya,
Py ’ Fifth edition) page no. 49}
T,

=L = 1,797
TX

From these values we came to know calculated values and gas tables
values are same.

Result :
1. My =0.505

2. py= 12.76 x 105 N/m?

L

T, = 484.65K

4. ¢ = 271.32 m/s
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444 Gas
1270 K and 0.7 bar lras an i

7\ Ajerof aird
b a normal shock way

If it passes throug
for downstredant of the shock.

1. Mach namber
2, Pressure
3. Temperature
4. Speed of sound
5. Jet velocity
6. Density
Given :
T,=270 K

p = 0.7bar= 0.7 x 105 N/m?
M, =19

To find : [ At downstrean]

1. M,
2.9,
3 T,
4.2,
5. ¢

6.p,

e

I

pitial Mach pumber of 1.9-
e, determing the following

bles page no. 3]

Solution :
Refer Normal shocks tables for M= 19 and ¥ = L4

M, = 0.596
P
L = 4045 [From gasta
Py
T,
L = 1608
T,

Narmal Shock Waves 4.45

= pj.- = 40‘15 = px

= 4045 = (.7 = 105

Py = 2,831 x 105 N/m?

Ty = 1.608 x T,

= 1.608 x 270

T, = 434.16K '

Speed of sound at downstream of the shock

a, = /YRT,

= V{IA % 287 x 43416

f a, = 417.66 m/s {

Jet velocity at downstream of the shock

c =
V Myx a,

1l

0.596 * 417.66

1 ¢, = 248.93 m/s

Density = p,_ = Py . 283« 105
¥ RT, 287 x434.16

¥
|

= 2.27 kg/m?

Result

L. M, =059
2. p= 2831 x 10% N/m?
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3. T, = 43416K , R T
1 =  p,=2.820xp,
4. a, = 417.66 m's B
: = 2.820 x 0.9 x 103
5. 6,7 248.93 m/s 3
' py = 2.538x 105 N/m?
6. p, =227 kg/m?>. _

= T,=1388xT,

b L g e

Air at a Mach numiber of 1.6, pressure of 0.9 bar, and temperature

of 370 K passes through a normal shock. Calculate the density E = 1.388 =370
B
after the shock. Compare 1ltis value with isentropic compression é
through the same pressure ratio. T, =513.56K
Given : 3 )
- | We know that
=1. 5
M= 16 E y,
p.= 0.9 bar =109 x 105 N/m? ; Py RT,
T,=370K 1 _ 253810
i 287 = 513.56

To find :

p, = 1.722kg/m’

|. Density after the shock, Py

2. Compare this value with isentropic compression.

e e

Density after the shock, p, = 1.722 kg/m3

Solution :
For Isentropic flow,

Refer Normal shocks tables for M, = 1.6 and Y= 1.4.

1
M= 0668 b ()
P, Px i
-2 = 2.820 g’megasmbfespagenu.i?] 1
X p ]T
¥
p == p ] |
T, = T [ij
—— = 1.388
T, L
¥

1+
RT, \Px




' 48 Gas Dynamics and Jet Propulsion

e s

L

5 4

L 09105 5 gog)
287 % 370

e e e

[
| o, * 1.77 kg/m?®
e ——

From that we came to know that the final density in the isentropic

process is greater than in shock process.

Result
1. p,[For chock wave process] = 1.722 kg/m?.

2. py [ For Isentropic process] = 1.77 kg/m3

I number of 1.1 at an altitude of 15,000
gine is partly ach ieved by a normal
of its diffuser. Determine the

E An aircraft flies at a Mac

metres. The compression in ifs i
shock wave standing at the eniry
following for downstream of the shock.

1. Macih number
2. Temperature of the air
3. Pressure of the air
4. Stagnation pressure {oss ucross the shock.
Given
M, =11
Altitude, Z=15,000m
To find [At do wnsiream]
1M,
2.T,
3. Py
4. Apy = Pyy ~ Poy

Normal Shock Waves 4.49

T ——— Ty

Salution :

Refer gas tables for Z = 15,000 m

[From gas tables page no. 20
T, =216.6K !

p,= 0.120 bar
p, = 0.120 x 105 N/m?

Refer Normal shocks tables for M, = 1.l and Y= 1.4

M, = 0.911

pJ' =

P, = 1.245 [From gas tables page no.52]
T,

Poy _ 0.998

Poy .

Poy

“ﬁ;- = 2.133

= py, = 1.245xp,

= 1.245 % 0.120 x 103

py = 0.149 x 103 N/m?

= T, = L065xT,

= 1.065 x 216.6

T, = 230.67K
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= Py, =2.133xp,_
=2.133%0.120 % 10°
Py, = 02559 % 109 N/m?
Poy _
*;36; =().998
_ Py
= Poc T Goog
_ 0.2559 % 10°
0.998

Doy =0.2564 x 109 N/m?

Stagnation pressure loss
ﬁpoﬁ Por = Pgy

= 0.2564 x 105 -0.2559 x 105

Ap,= 50 N/m?

L M,=0911
2 T,=23067K

3. p,=0.149x 105 N/m?

4. Ap,=50N/m?

Normal Shock Waves 4.51

E‘ Air enters into a diffuser through a normal shock wave at an initial

Mach number of 1.4, Determine the following
1. Efficiency
2. Percentage of stugnation pressure loss
3. Increase in entropy
Given !
M, =14
Y=14
R=287J/kg K
To find :
I. Diffuser efficiency, np
2. Percentage of stagnation pressure loss, Apg
3. Increase in entropy, As.

Solution :

Refer lsentropic flow table for M, =M; = 1.4 and ¥ = 1.4,

T
— = 0.718 [From gas tables page no.32]

0l

Refer Normal shocks tables for M, = 1.4 and Y= 1.4,

p
FOL = 0.958 [From gas tables page no.52]
0x
¥-1

Eﬂrﬂy]” 1
TI pﬂx

Diffuser efficiency, N =

54.53

yof
unher
'owing

2.34)



. 14-1
x [0.958] '4 _
o71s 10938 A
1.4 -1
(1.4

= 1.4y
=0.958
Np =958%

. _ Pox— Oy
Percentage of stagnation pressure loss, Ap, = Fr x 100

Po,

Oy

= |1- x 100
[ l:’0.1:]

=[1-0.958] % 100

Apo =42%

Pox
Increase in entropy, As =R in Poy

1
=281 In [0.958]

As = 1231kgK

Result

. Mp=958%
2. Apo=4.2%

3. As=123JkgK.

>

i 1\ 7he state of the gas [y= 1.3 an d R = 0.469 kJ/kg K] upstream of q
i wormal shock wave is given by the following data : M = 2.5,
p, = 2 har T, =275 k. Calculate the mach number, pressure,

A R

temperature of the gas downstream of the shock.
[Anna Univ-May 2005)

Given :
¥ =13
R =0.469 kl/kg K =469 J/kg K
M =25

v
p, = 2bar =2 105 N/m?
T = 275K

To find
1. Down stream mach number. M‘,
2. Down stream pressure, p,

3. Down stream temperature. T
Solution :

Refer Normal shocks table for M,=25and Y=1.3

M, = 0493

b, [From gas tables

T = 6.935 (S.M. Yahya, Fifth edition)
: page no.49]
T

T = 1.869

s P‘ = 6()35Ap‘

= 69352 -~ 103
s ——
by - 13.87 + 105 N'm? |

—
————



- T,=1869 ~T,

= 1.869 ~ 275
T, = 513.97K

Result :
I. M, =0.493

2.p, = 13.87 x 105 N/m?2

3.T,=51397K

Slows adiabatically in o Pipe. A normal shock wave is Sformed,
The pressure and femperature of air before the shock are

150 kN/m? and 25°C respectively. The pressure just after the
normal shock is 350 kN/m2. Calculate

(i) Mach number before the shock

(ii) Mach number, static temperature and velocity of air after
the shock wave,

(ii)) Increase in density of air
(iv)  Loss of stagnation pressure of air
(v) Change in entropy

[Anna university, May 2004)
Given

P, = 150 KN/m? = 150 x 10% N/m2

T,=25°C+273=298K

P, = 350 KN/m? =350 x 103 N/m2
To find :

I. Mach number before the shock, M,

2. Mach number, static temperature and velocity after the shock,
M,.T,c,]

3. Increase in density of air, fPJ, -p,]

4 Loss of stagnation pressure. (Apo)

5. Change in entropy. (As)

Solution
Py 350103

Py 150 103

b
Px

= 2.333

- % =2.320and Y=
Refer Normal shocks tables for i 2333 =2. 4

X

M, = 1.46

M, =0.716

L = 1.294 [From gas tables page no.52]

Poy
p0x
Poy
Py

= 0.942
= 3.265

> T, = 1294xT,

= 1.294 x 298

T, = 38561K

= P, = 3.265xp,

L}

3.265 x 150 x 103

Poy = 489.75 x 103 N/m2




-

,/_—’—-——‘ —
Poy _ 489.75 x 105
= = = 51 X 2

| Poy = 519:9 % 103 N/m2

Stagnation pressure loss

Apo = pOx - pOy

= 519.9 x 103 -489.75 x 103

Ap,= 30.15 x 10> N/m?

Mach number after the shock

M= 2
= <, =Myx a,
= M, x \/7RT,
= 0.716 x /1.4 x 287 x 385.61
cy = 281.83 m/s

Density before the shock
= px
Py = RT,

_ 150x103

287 x 298

p, = 1.753 kg/m?

Density after the shock

L SRE VAR VI VSIS Ll sttt b et

350 x 10
350> 10
287 x 385.61

p, = 3.162 kg/m?

Increase in density = Py~ Px

=3.162-1.753

Increase in density = 1.409 kg/m?

i PN
Change in entropy, As =R /n Poy

(1
(0,942

=287 In

As = 17.148 J/kg K

Result :
1. M= 146
2. M,=0716, T,= 385.61 K, c,=281.83 m/s
3. p,~ p,= 1409 kg/m?
4. Apy= 30.15x 103 N/m?

5. As=17.148 JkgK
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A convergent divergent nozzle is designed to expand air from q

N

reservoir in which the pressure is 700 kPua and temperature is 5°C
and the nozzle inlet mach number is 0.2. The nozzle throat area is
46 cm? and the exit area is 230 cm?. A normal shock appears at a
section where the area is 175 cm?. Find the exit pressure and

temperature. Also find the increase in entropy across the shock.
[Anna Univ-Dec'04]

Given =

P
To= 5°C+ 273 =278K

M| =0.2

o 700 kPa = 700 = 103 Pa = 700 x 103 N/m?

A* = 46 cm? =46 x 104 m2=A_* [ A*=A,*]

A, =230 cm? = 230 x 104 m2
A,=175cm? =175 x 104 m?
To find :
1. Exit pressure, p,
2. Exit temperature, T,

3. Increase in entropy, As

Solution :

4
Ay = __1_7_5,"—,_9_= 3.80
A 46 < 1074

Refer Isentropic flo

M, = 2.89

A
w tables for x—";-s.so ~3.813and Y= 1.4.
: x

[From gas tables page no.37]



[Note :Upstream Mach number. M, value is always greater than one]

Refer Normal shock table for M, = 2.89 and 7= 1.4.

M, =0482 “
N 2 2 _
Py _ o561 From gas lables page n0.33) Refer Isentropic flow table for —== 1.81 =1.823 and 7= 1.4.
Pox M, = 0.34
= pg, = 0361 %pg, P 0.923
’ ropha 2
— 0361 x 700 103 Poy [ From gas tables page no. 9]
= T
Py, = 2.52% 10° N/mll [~ Po = Poud 2_ . 0977
v TO}'
Pox = p, =0923xp
Increase in entropy As =R In [—%‘] 2 Oy
i’ = 0.923 x 2.52 x 10°
1
=287 In [-—-—o 361] p, =232 105 N/m?
Refer | ic flow table for M, = 0.482 = 0.48 and 1= 1.4 L Sy Lo T~ T~ Ygp
efer Isentropic 1low table for = U, = U. an = l.4. —
X P ¥ T, = 271.60 K
——{— =1.380 [From gas tables page no.29] Result
1. p, = 5 N/m?
. A, A, P, =2.32 10° N/m
: = = Xs .. =
= Ay 1.380 1.380 [ A”] 2. T,=271.60 K
175 x 104 3. As =292.42 J/kg-K
1.380 When a converging divergine nozzle is operated at off-design
- - (/L‘omlirion a normal shock occurs at a section where the cross
A,*=0.01268m sectional area is 18.75 cm? in the diverging portion. At inlet to the
nozzle the stagnation state is given as 0.21 MPa and 36°C. The
- Ay _ 230x10% _ o throat area is 12.5 cm? and exit area is 25 cm?. Estimate the exit
Ay"i 0.01268 ' mach number, exit pressure and loss in stagnation pressure for

flow through nozzle.
[Anna Univ-Dec'05 ]



—— e — —

Given :
A=18.75cm?=18.75x 104 m=A,
Po= 021 MPa=0.2] x 106 Pa=0.21 x 106 N/m?
To= 36°C+273=309K
A¥=A*=125cm?2 =125 x 104 m? [ A*=Ar)

Ay=25cm?=25x 104 m?

Convergent ~ Divergent nozzle

To find :
1. Exit Mach number, M,
2. Exit pressure, P,
3. Loss in stagnation pressure, (A Py
Solution :
A, o 1875 x 104
Ad 25104

Refer Isentropic flow tables for % =l5andyY=14.
X

M= 138 [From gas tables page no.34]

[Note : Upstream Mach number, M, value is always greater than one]

Refer Normal shock table for M, = 1.86 and vy = 1.4,

=

M, =0.604

Poy
pOx
= 0.786 % p,,

= 0.786 x 0.21 x 108

=(.786 [From gas tables page no.53]

po’:

Py, = 1.65 x 105 N/m? [~ py = Pox]
Oy

Refer Isentropic flow table for M, = 0.604 =~0.60 and Y= 1.4.

=

-;AL =1.188 [From gas tables page no.29]
. 3
A —
r= 2 [ A,=A)]
Ay 1188 ~
18.75 x 104
1.188

A,*=1.578 » 103 m?

A2 _ _25x107 _sp4
At 1578 x 1073

A2 _ 584 dy=14.
Refer Isentropic flow table for -A-;;- = 1.584 =1.590 an

M2 = 0.40

.29,
"E‘z—- = 0.895 [From gas tables page no. ]
Oy

P,

i

0.895 x p;,
0.895 » 1.65 x 10°

p, = 1.476 x 105 N/m?




I
A convergent—divergent air nozzle has exit to throat area ratio

of 3. A normal shock appears at the divergent section where the
existing area ratio is 2.2. Find the Mach number, before and after
the shock. If the inlet stagnation properties are 500 kPa and 45 0K,

find the propertles of air at exit and entropy increase across the
shock. [Madras Univ - Apr'99’

A* A
A
=2,
A 2

Po = 500 kpa = 500 x 103 Pa = 500 x 103 N/m2

Po=5x 10° N/m?

We know that,
Stagnation pressure 10ss, Ap =Py, — Poy Ty=450K
=(0.21 x 10%) — (1.65 x 10°) 1o find :
[*" Py = Poyl 1. Mach number before and after the shock M,, My)
Ap= 0.45 x 105 N/m? 2. Properties of air at exit (p,, Ty, ¢;)
Result 3. Increase in entropy (As).
1. M,=0.40 Solution :

, A
2. p, =1.476 x 10° N/m? Bt o RIS T A:o S22~2213and Y= 1 4

3. Ap=10.45 x 105 N/m?2



[From gas tables page 10.35]

Refer Normal shock table for M, =2.31 and Y = 1.4.

M}, =0.533
_:_:_01 = 0.5785 [From gas tables page no.54]
Ox

= py, = 0.5785xp,

= 0.5785 x 5 = 105 o
[~ Po = Poxl

=2.89 x 105 N/m?

Poy

7 Pox
Increase in entropy, As=R In |+
pOy

1
=287 8 [0.5785]

As = 157.07 Jkg K

Refer Isentropic flow table for M, =0533= 0.53and Y=14.
A)’ s
F i 1.287 [From gas tables page no.29]

We know that,

[ A=A

Refer [sentropic flow table for

Exit

Result :

3.

Az
.‘

=1.755= 1.735and Y= 1.4.

M, = 0.36 [from gas tables page no.29]
T
=—= 0975
0y
P2 - 0914
pO,r ‘

Tz = 0.975 x To).
= 0.975 x 450

[T, = 438.75K]|

p, = 0.914 x py,
= 0.914 x 2.89 x 103

[ To = To, = Tp,. = 450]

p, =2.65 x 105 N/m?

= szaz

M2 x \/YRTZ
0.36 * 1 /1.4 x 287 x 438.75

151.15 m/s

velocity of air, ¢y

i

C2

M, = 231
M, = 0.533

p, =2.65x 105 N/m?
438.75 K

T,

< 151.15 m/s

As = 157.07 Vkg K



@ A Convergent- divergent nozzle has an exit area to throat g, A, . o
_/‘ ratio of 2.5. The total properties of air at Inlet are 7 bar and 87°¢ A =k [From gas tables page no. 34)

The throat areals 6.5 cm?. Determine Mach number, static pressyy,

static temperatute and stagnation pressure at exit, when a plan,

Refer Normal shocks table for M, =2 and Y= 1.4.

normlﬂuk&@ds at a point where the Mach number is 2. Assum, M, = 0.577
Isentropic flow béfore and after the shock.
; . ' b
[Manonmanium Sundaranar Univ - Apr'97) p_Oy_ = 0.721 [From gas tables page no.53]
Given .

Throat (+)

Normal Shock
= py, = 0.721 xpy,

= 0.721 x 7 x 103

i s [ Py = Pus]
M M, Poy = 5.047 x 105 Nim?
1 efer Isentropic flow table for M, = 0.577 = 0.58 sdid
Convergent — Divergent nozzle " y _ and Y= 1.4
Ay Ay ek —%= 1.213 [From gas tables page no.29]
7\—‘-=A.-2.S ['A'Ax] Ay
We know that,
py=7bar=1x105N/m? AT
e e R S .. =
To= 87°C+273=360K e Y XA,‘ [ A=
P=A = 6.5cmz=6.5>‘10"m2
o = 25x—_x1213
M, =2 1.687
A
n —L = 17975
1. Exit Mach number, M, A,

2. Exit State pressure, p,
3. Exit static temperature, T
4. Exit stagnation pressure, o

Solution
Refer

Isentropic flow table for M, =

Refef . Az
Isentropic flow table for T 1797 =~ 1.778 and Y= 1.4.

Y
Mz = 0.35 [From gas tables page no.29]
Ty
2and Y=14. +— = 0976
Toy



P2 _po18
p()y

360 [._- T0=Tox=’[‘oy]
= 0.976 %

Exit temperature, To = 35136 K

= P, = 0.912 % pgy

= 0.912 x 5.047 x 10

2
F’ixit pressure, p, = 4.60 % 105 N/m J

‘We know,

Stagnation pressure at exit, py, = Poy .

= Pop = 5-047 x 10° N/m2
Result
L M;=0235

2 p,=4.60%105N/m?
3. T,=35136K
4. Pgy="5.047 x 105 N/m2
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4.2 OBLIQUE SHOCK WAVES

4.2.1 Introduction

When the shock wave is inclined at an angle to flow, it is called
oblique shock. It is also referred to as a two dimensional plane shock wave.

4,2.2 FlowThrough Oblique Shock Waves

Consider a stationary wedge in a flow system as shown in fig.4.7.
The gas undergoes a change of direction due to this concave corner. A
shock will appear at the wedge as shown and this will make an angle o with
the criginal flow direction. This angle is called the wave angle (o) and it will
be greater than the deflection angle (8).

oblique
shock

i

Fig. 4.7

A stronger oblique shock wave is nearer to a normal shock wave
and has a larger wave angle (i.e., nearer to 90°).

A weak oblique shock wave has smaller wave angle and closer to the
Mach waves.

Oblique shocks usually occur when a supersonic flow is turned in to
itself. The opposite of this, i.e., when a supersonic flow is turned away from
itself, expansion fan is formed.

Normal Shock Waves 4.125

The following assumptions are used for-oblique shock flow

1. Flow is steady, adiabatic and frictionless.

2. The gas is perfect with constant specific heats.

3. Absence of work transfer across the boundaries.

4. Absence of body forces.

4.2.2 Formulae Used

1. Mach number at entry

(or)

Upstream Mach number of Oblique shock

where

M, - Upstream Mach number of normal shock

o — Wave angle.

2. Mach number at exit

(or)

Mj,
M, = sin (c...—:ﬁ

Downstream Mach number of Oblique shock

where

M’, — Downstream Mach number of normal shock

§ — Deflection angle (or) Wedge angle.

3. Deflection angle

tand=2coto

MTZ sin‘o-1

2-1M,2+ M, (1 - 2sin’6)
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4.2.4 Solved Problems

An oblique shock wave occurs at the leading edge of a symmetrical
wedge. Air has a Mach number of 2.1 and deflection angle (5) of
15° Determine the following for strong and weak waves.

1) Wave angle

2} Pressure ratio

3) Density ratio

4} Temperature ratio

5) Down stream Mach number

Given
Upstream Mach number of oblique shock, M, =2.1

Deflection angle, 8= 15°
To find

For strong and weak waves

1) Wave angle, o

. B
2) Pressure ratio, B
!

L
3) Demlt)f ratio, p—'
1

T
4} Temperature ratio, ?2-«
1

5) Downstream Mach number of oblique shock, M,.

e 0 R AR 5355 T 571 B o P e oy e SRR 1T

Normal Shock Waves 4.127

Solution
We know that,

2.2
, M sin" o1
Deflection angle, tan §=2 cot o

2+ Y M, + M2 (1 - 2sin’c)
Substitute 5= 15°and M; = 2.1

(2.1 sin? o~ 1
2+ 1.4 x (.17 +(2.1)2 (1 - 2sin20)

= tan 15=2cot o x

441 xsin2g—1
8.174 +4.41 (1 - 2sinZo)

0.267=2cotox

4.41 xsinfg-1
8.174 +4.41-8.82 sinc

0.267=2cota x

441 xsin g1
12.584 — 8.82 sinZo

= 0.1335 = coto x

By iteration, we can find
o = 80.8°
and
o = 43° )
The angle being closer to 90° is the angle of strong shock wave.
Similarly the angle much lesser than 90° is the angle of weak wave.
So,
Ostrong = 80.8°

U“,ek = 43°

For strong shock wave
Upstream Mach number of Normal shock M, =M, sinc -
= 2.1 xsin 80.8

[ M, =2.07 \
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Refer normal shocks table for M, = 2.07 and 7= 1.4,
' For Weak shock wave

M= 0.565 - Upstream Mach number of normal shock, M, =M sinc
f_é_'_: 453 ﬁa = 2.1 xsind3°
P, P [ From gas tables f
- Lo (S.M. Yahya, Fifih edition) [ M= 1432
T = 1.745 = — page no.53]
x : 1 Refer normal shocks table for M, = 1.432and Y= 14.
We know that, M}. M;- = 0.727
Down stream Mach number of oblique shock, My = ————
sin (g ~ &) p p
) 2= 2919= 2
_ 0.565 Py Py
sin (80.8°— 15°) T, T,
_ . —T'!—— = [.274=— [From gas tables page no.52)
M, = 0619 o '.
) By We kitow that,
Density at exit, p, = ==
RTI : r
_ Down stream Mach number of oblique shock, M, = ———.
b, sin (o - &)
Density at entry, p, = ——
i RT, _ 0.727
P sin (43 - 15)
RT, ' p
. , 2
_ Density at exit, p, EE}M
22, T 3 2
TP T, :
2 Density at entr = —_—
ty Y P RT,
- - --—[—
= 4852 s Fa
— p RT
Py = b= =2
—5= 2769 B
1 RTt

e e n 2o et A a1 den e gy |:|.:u-|.|

iy
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4.130 Gas Dynamics and Jet Propulsion Normal Shock Waves 4.131
- f}_ % E '-'g: El A gus ar 4 pressure of 340 m bar, temperature of 355 K and entry
Py Ty '1 Much namber of 1.4 is expanded isentropically ro 140 m bar.
I ¥ Culenlate the following
= 2219=% : .
1.274 1) Deflection angle
_%&_ = 1.741 :' 2) Final Mach number
1 -
3) Final temperatire of the gas.
Result : Take y= 1.3
For Strong shock wave Given :
p, = 340 m bar =340 x 10-3 bar = 0.340 bar = 0.340 = 10° N/m?
= o 3
1. Wave angle, Oyyn, = 80.8 | T, =355 K
p :
2. Pressure ratio, T,-EI"= 4.832 , M, = 1.4

p p, = 140 m bar = 140 x 103 bar = 0.140 bar = 0,140 x 105 N/m?
3. Density ratio,—= = 2.769
i ¥ To find :

T
4. Temperature ratio, Tj- = 1.745 ! 1) Deflection angle, &
2) Final Mach number, M,

ber, M, =0.619
5. Downsiream Mach number, My 3) Final temperature, T4

For Weak shock wave ‘ Solution :
1. Wave angle, o, =43° ; Refer Isentropic flow table for M) = 1.4 and ¥ = 1.3.
2. Pressure ratio, —1;21— =2219 % = 0.773 [Fron: gas tables page no.23]
3. Density ratio, o2 = 1.741 E P,

P, I Por = (.327
4, Temperature ratio, %—= 1274 o1y - % ) _3% 45924 K

5. Downstream Mach number, M, = 1.548 5 T, = 45924 K = Ty

[ Top =Tol

o3



4.132 Gas Dynamics and Jet Propulsion

P 0.3 : '
=t o 0340% 107 _ 639« 105 N2
0.327 0.327

= Py

Poy = 1.039 x 105 N/m? = p,, _

Py 0.140 % 107

— = 0,134
Poz  1.039= 105

Refer Isentropic flow table for ;?3" =0.134= 0.135and ¥ = 1.3.

02
Mz =1.98
1
T = .629 [From gas tables page no. 24]
02

= T, = 0629 xTp

= 0.620 x 45924

T, =288.86 K

Refer Prandtl-Meyer functions.‘ table for M, = [.4 and y= 1.3
w(M ) =9.542
. [From gas tables page no. 125]
Refer P'r'andtl:-h.;i-e.}-'er functions table for M, = 1.98 and y = 1.3.
w(M,) = 28.060
[From gas tables page no.126]

Deflection angle
5 = wM;) - w(M,) |
= 9,542 - 28.060

[5 = —18.51"] .

L PRI VOIS 3 100 M ETEE T S 1 87 7Y 1 1 s B v

commmnd

Normal Shock Waves 4.133

Result
1. &=-18.51°
2 M;=198

. T,=28886K

L]
h

A jet of air approaches a symmetrical wedge of a Mach number of
2.4 and wave angle of 60°. Determine the following

1) Deflection angle

2) Pressure ratio

3) Temiperature ratio
4) Final Mach number

Given

Entry Mach number M, =24
Wave angle o= 60°

To find

1) Deflection angle, &

. P2
2) Pressure ratio, N
1

' . D
3) Temperature ratio, T
1

5) Final Mach number, M,.

Solution
We know that,

2.2
M;"sin" o -1
Deflection angle, tan 8 =2 cot o

2 +TME2+M]2(I —Esinzcj
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L
- (2.4)% sin? 60 - | el
= tand =2 cot 60° x )

2+ 1.4 % (24)2 +(2.4)2 (1 - 2sino)
= tan 6 = (.555

[8 =28.08°

We know that,

x

Entry Mach number, M, = P

= M, = M, x sino
= 2.4 % sin 60O

r_"—-————

M, =2.07

Refer Normal shocks table for M, = 2.07 and ¥ = 1.4,

M, = 0.565
P, . Py

== = 4832 =—= [From gas tables
x : page no.53]

T, T
2 =1745= 2%
Tx Tl
Exit Mach number, M, = ——2
sin (o - §)

0.565
sin (60 - 28.08)

[ M, = 1.068

Normal Shock Waves 4.135

4, M,= 1.068

i An air jet at a Mach number of 2.1 is isentropically deflected by

10° in the clockwise direction. The initial pressure is 100 kN/m?
and initial temperature is 98°C. Derermine the final state of air
_ after expansion.

Given :

M; =2.1

Deflection angle, 8 = 10° = clockwise direction, & =~10°

p, = 100 kN/m? = 100 x 10> N/m? = 1 x 103 N/m?

T, =98°C+273=371K
To find :

Final state of air (T, p,, p,)
Solution :

Refer Isentropic flow table for M; =2.1 and Y= 1.4.

T
?'— = 0.531 [From gas tables page no.34]
0t
Py
— = 0.109
P
i a
= Ty = —— =21 = 69868 K
0.531  0.53
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Tn = 698.68 K= T'Ul .
‘ ol [~ Topr = Toa)
- P = A x10Y 917 » 105 N/m?

= =
Pos ™ g 109 10,109

\E’ = 9.17 % 103 N/m? = Po2

We know that,

[ Pg; = Pga

Deflection angle, § = © (M) —o (M3) = (A)

Refer Prandtl-Meyer functions table for M, = 2.1 and y = 1.4.
® (M) =29.097
[From gas tables page no.126]
(A)= § = o(M)=-wM,)
-10°=129.097 — w (M,)

= t @ (M,) = 39.097 [

Refer Prandtl-Meyer functions table for @ (M;)=39.097=39

and y = 1.4,
M, =2.495

Refer Isentropic flow table for My =2.495=25and Y=14

[From gas tables page nol31]

,_.r—[;.l_, = 0.444 [ From gas tables page no.36]
02 .

p

2 = 00585

Po2

= T2 =.0.444 x Tﬂl

=0.444 * 698.68 K

o P LS | LB L B 7

e——y

0

Normal Shock Waves 4.137

T, =31021K

= py = 0.0585 % py,

= 0.0585 % 9.17 x 103

p, = 0.536x 105 N/m?

P2

Density at exit, py = R
2

_ 0.536x 10
287 x 310.21

py = 0.602 kg/m?

Resulf

1. T,=31021K

2. p,=0.536x10°N/m?

3. py=0.602kg/m’

An obligue shock wave at an angle of 33° occurs at the leading
edge of a symmetrical wedge. Air has a Mach number of 2.1
upstream temperatire of 300 K and upstream pressure of 11 bar.

Determine the following
a) Downstream pressure
b} Down siream temperature
¢) Wedge angle

d) Downstream Mach number
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Given ¢
Wave angle, o = 33°

Entry Mach number. M; = 2.1
Upstream pressure, p_= 11 bar= 11 x 10° N/m?

Upstream temperature, T, = 300 K

To find :
1} Downstream pressure, by
2) Downstream temperature, T,
3) Wedge angle (or) Deflection angle, (8)
4) Downstream Mach number, M,.
Solution :

Mach number at entry (or)
! X

Upstream Mach number of oblique shock, M; = —
sing
= M, = M, sing
= 2.1 xsin 33°
M, = 1143

Refer Normal shocks table for M, = 1,143 = .14 and Y= | .4.

M, = 0.882

T,

- = 1,080 [From gas tables page no.52]
L= 1349

Py

Normal Shock Waves 4.139

= T,= 109 xT,
= 1.090 x 300

[T =197k |
| T, =327K [

= p,=1349xp

= 1.349 x 11 x 10°

p, = 14.83 105 N/m?

Deflection angle

{or)
Wedge angle

2 .2
M,"sin“o-1
tan § =2 cot o !

2+7M2 + M2 (1 - 2sin’0)

2.1y sin? (33)~ 1
2+ 14 x (102 4+ (212 [(1 - 25in2(33))

= tand=2cot33ix

=  tand=0.0952
=

Downstream Mach number of oblique shock, M, = -m—(ng
mig-

__ 0.882
sin (33 - 5.44)

M,= 1.91

Result

L p,=1483x 10% Nfm?
T, = 327K
5 =544°

EaSE S N

M2 = 1.91
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FLOW THROUGH CONSTANT AREA DUCTS

3.1 FLOW IN CONSTANT AREA DUCTS WITH
HEAT TRANSFER [RAYLEIGH FLOW]

3.1.1 Introduction

Flow in a constant area duct with heat transfer and without friction
is known as Rayleigh flow.

In the case of combustion chambers, regenerators, heat exchangers
and intercoolers the fluid flow takes place with heat transfer. In such a flow,
the following assumptions are made

1. One dimensional steady flow
Flow takes place in constant area section.
There is no friction

The gas is perfect.

O S S

Absence of work transfer across the boundaries.

3.1.2 Rayleigh Line {or) Curve

Flow in a constant area duct with heat transfer and without friction
is described by a curve known as Rayleigh line (or) curve.
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3.1.16 SOLVED PROBLEMS | P Given :

NOTE b p,= 0.35 bar =0.35 % 103 N/m?
E T, =300 K

Procedure for solving Rayleigh flow problems

; ¢ = 55 mfs.
* Find entry Mach mumber (M, (Ifnot giver) Change in enthalpy, Ao = ho, ~ b = 1170 ki/kg = 1170 = 103 ke,
+  Find stagnation temperature (Ty), stagnation pressure (p,) [or] C, = 1.005 kifkg K = 1005 J."b;g K
Static temperature (T,), Static pressure (p,) by referring ; 14
[sentropic flow table at M, : ¥ = L
To find :

* Find T* p* c* py* To* values by referring Rayleigh flow

table at M;. 1. Exit Mach number, M,

2. Exit Pressure. py
* Find Ty, p,. €3, pg, values by referring Rayleigh flow table at My )
2 3. Exit temperature, T,

Toz ) )
(or) T . 4. Exit velocity, ¢,
9% Solution ;
* T = T ¢,
Mach number at entry, M] =
* = # a
Py Py ,
: G
To* = Tp.* 3 _ I

i * : W T RTI

PQI“ = Po; .
c]* = Cz* 9 55

1.4 < 287 = 300

The pressure, femperature and velecity of a gas in a combustion

chamber at entry are 0.35 bar, 300 K and 55 m/s. The increase in M, = 0.158
stagnation enthalpy of the gas between entry and exif is '
1170 kJ/kg. Caleulate the following ! Refer Isentropic flow table for Y= 1.4 and M; = 0.158 = 0.16
1. Exit Mach number, M, T,
—— = 0.9949
2, Exit Pressure, p; 1 0, [From gas tables (S.M. Yahya,
3. Exit temperature, Ty Fifih edition) - page no.28]
4. Exit velocity, ¢y ' _g..'... =().982
' a

Take cp = 1.005 kJ/kg K, v = 1.4,
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T, 300

Toy = = =301,
01 7 0.9949 0,9949 bsats
Refer Rayleigh flow table forY = 1.4 and M, =0.158 = 0.16
P osy7
p*
—p—{”;- = 1.246 [From gas tables page no.111]
Po
T . o137
T
T
o - 0115
Toy*
C
L = 0.059
C!*
Py
= * =
P 2317
_ 0.35x10°
2.317
p.* =0.151 x 105 N/m?2 =p_*
: 2 [ p*=p,*]
Toy
= Toy* = ——
o os
_ 30154
0.115

Top* = 2622.08 K = Tp,*

[-.- Tﬂl L T{lz*]

Flow in constant area ducts with heat transfer [Rayleigh Flow] 3.25

_ 300
0.137
R = = ¥ “ .
T)F= 218978 K = Tt | [ Ty =Ty7)
= c* = ©1
b 0.059
_ 3
0.059
B}“ = 03220 m/s = Cz* [... C]* - CE*]
We know that
}102 = Cp Tng
hok = CpTol
= }?ﬂz—ﬁnl = cpTﬂlﬁcpTﬁl-
= 1170 % 103 = 1005 [T, ~ 301.54]
= 1164.18 = Tgy~301.54
= Ty = 1465.72 KJ
Tor _ 146572 _
:> -
Too* 2622.08
, _ T2 _
Refer Rayleigh flow table for ¥ = 1.4 and = (.56 = 0.564
To2"
—'ﬁ; = 1.925
P2
Pz - 1.148 [ From gas tables page no.111]
Poz”
Ty
" = 0.653



3.26 Gas Dynamics and Jet Praopulsion

]
'-E—z—;- = (L3319
[Note : For To _ o564
Tog® . , we can refer gas tables page no.111

and‘page no 116. But we have to take M, < I corresponding values, since
the inlet mach number is subsonic i.e,, M;< 1 Refer fig.3.2)

= P, = Pyt 1.925

= 0,151 x 105 % 1,925

P; = 0.2906 = 10° N/m2 ‘

I
s
i

T,* x 0.653

I

2189.78 = 0.653

T, = 142993 K

= ¢y = c,*x 0,339

= 032,20 » 0.339

<, = 316.09 mss]

Result :
1. M, = 0.42

2.py = 0.2906 x 105 N/m?
3.T, = 1429.93K
4.c, = 316.09 mis,

P A T I APy 4 4. 5508/t S5 8 0 0

Flow in constant area ducts with heat transfer [Rayleigh Flow] 3.27

The pressure, temperature and Mach number of air i a combustion
chamber are 4 bar, 100°C and 0.2 respectively. The stagnution
remperature of «ir in a combustion chamber is increased 3 times

its initial value. Calculate
1. The Much number, pressure and temperature at the exit
2. Stagnation pressure loss
3. Heat supplied per kg of air.

Given
p,= 4 bar=4x 105 N/m?

T,=100°C +273 =373 K
M! = (.2
Tg2 =3 Ty

To find
1. The Mach number, pressure and temperature at exit, (My, p, JT4)

2. Stagnation pressure loss (Ap,)

3. Heat supplied (Q).
Solution

Refer Isentropic flow table for Y= 1.4 and M; = 0.2

T
T—l- = 0.992 [ From gas tables page no. 28]
0y
P29
PU}
T 373
T ——= —— =376K
00" ooz 0992

HE
T

R B
it i |
£l
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3.28 Gas Dynamics and Jet Propulsion .' Flow.in constant areq ducis with heat transfer [Rayleigh Flow] 3.29
| T i
| Py =4.11 % 105 N/im? - Top
L = =
‘ | % " 0174
Refer Ravleigh flow table for ¥ = 1.4 and M, =02 I
L _ 376
p = _
'p"l? =2273 [From gas tables page no.111] 0.174
: Tg* = 2160.91K = Tgp* [ Tor* = Tpo*]
p !
F@I = 1235 ’ From given, we know that
0f :
T Toa = 3 xTgy
—L = 0207 ] =3% 37
1 .
Toy = 1128 K
TO] B 02
= 0.174
01
. T
P 5 = Tm" B 22:311;891 - 09z
= p* = 5 21?3 = 42)(2.1',2 = 1,759 x 105 N/m?2 1 02 ‘ .
Refer Rayleigh flow table for Y = 1.4 and w,}“z* = 0.522=0.529
— 02
p,* = 1.759 % 10° N/m? = P, 1 M, = 0.40 [From gas tables page no.111]
Po P2 - 1961
) o "
Por” ™ 7235 P”
_ 411x10% : P2 - 1187
1.235 Poz
lfm* = 3327 % 10Nm2 =pp*| [ k=g v hf: T - oers
; - th )
T :
s T,\*= 507 2:}7 § [Note : Inlet Mach number is subsonic,i.e., M; < 1. So, M, <1]
_ 371 3 = Py = BT X 1961
0.207 g =1.759 x 105 x 1.961
T\*= 180193 K = T,* [ Ty =Ty ‘_; p, =3.449 x 105 N/m?
!




3.30 Gas Dynamics and Jet Propulsion Flow in constant area ducts with heat transfer [Rayleigh Flow] 3.31

= T, = T,*x0615 . . )
The conditions of a gas in « combustion chamber af entry are
o lf?l 93 *x 0615 M, =028, Ty, =380 K, Py, = 4.9 bar. The heat supplied in the
b = 1108.18 K combustion chamber is 620 kJ/kg. Determine Mach number,
- pressure and temperature of the gas at exit and also determine the
= Py = 1157 < pyy” stagnation pressure loss during heating, Take y = 1.3,

= 1.22 kikg K.
= 157 % 3.327 = 10°

Given
Py = 3.849 x 105 N/m? M, =0.28,
Stagnation pressure loss Ty = 380K,

Pg; = 4.9 bar = 4.9 x 105 N/m?
Q=620kJ/kg =620 x 103 J/kg

Takey = 1.3,¢,= 122 kJ/kg K= 1.22 x 103 J/kg K
To find

Apy= Poy - Py

=4.11 x 105 - 3.849 = 105

Apy = 0.261 x 10° N/m?

1. Mach number, pressure and temperatl.ire of the gas at exit,
(Mg, p, and Ty)

2. Stagnation pressure loss (Apﬂ}

Heat supplied, Q = me, (Toy = Toyr)

For unit mass
Q=¢p (Top = Ton)

= 1005 [1128 - 376]

Solution
Refer Isentropic flow table for Y= 1.3 and M, = 0.28

T;.
Q =755.7 x 103 Jikg ?L = 0.988 [ From gas tables page no.21]
0y
Result
P _psi
1. M, =040, p,= 3.449 x 105 N/m2, T, = 1108.18 K Py,
2. Ap,=0.261 x 10° N/m? b, = Py 0951

3.Q="755.7 % 103 Jkg to 105 % 095,
" x x .

=
[

4.659 x 105 N/m? I

e T T
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= TE_== T{}i x 0.988
= 380 = (.988
T, = 37544K

Refer Rayleigh flow table for ¥ = 1.3 and M, = 0.28

212087

P

Por _

ﬁ = 1.198 [ From gas tables page no.105]

TI
—- = 0.342
T, *

T
O = 5300
Ty*

Py _ 4.659x10°

= p]‘ = =223 % 105 N/m?
2087 2,087
py* = 2.23 % 105 N/im? = p,* [ py* =p,"]
+_ Poi
= Por” ™ Tiog
5
= 43107 _ 409 « 105 N/m?
1.198

Po* = 4.09 x 105 N/im? =p,.* [ P * = Ppp'l

i Ll

t ...._.,..-,\,..|_. o PR I L 5 s e

Flow in constant area ducts with heat transfer [Rayleigh Flow] 3.33

_ 375.44
0.342
L = *
T 109777 K Tz. [ Ty = Ty%)
To
= Toi* = ——nem
o 0300
380
0.300
Tﬁl* ={2666 K= Tﬂz* [--' Ta|‘ = Tﬂz*}
We know
Q= mc, (Tgp - Tgy)
For unit mass
Q = cp (T2 —Top)
620 x 103 = 1.22 x 103 [Ty, — 380]
=N [Tg, - 380] = 508.19
= Ty = 888.19K
T,
02 _ 888.19 _ o0
Tea* 12666
T
Refer Rayleigh flow table for ¥ = 1.3 and T‘”'* = 0.701 = 0.708
02
M, = 0.52
P2 - 1702
F . [From gas tables page no.105]
P2~ 1103
Po2
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3.34 Gas Dynamics and Jet Propulsion

T
2= 0.783
2?
[ Note : Inlet Mach number M < 1, So M, <1]
= p, = py* x 1.702

2.23 % 10% x 1,702

p, =3.79 x 103 Na’mz_}

= T, =T,*x0.783

= 1097.77 = 0.783

T, = 859.55K

= Popy = 1-103 % py,*

= 1.103 = 4,09 = 103

Py = 4511 % 103 N/m?

Stagnation pressure loss

Apy= Pg; = Ppa

= 4,9 % 105 -4.511 x 103

Ap, =0.389 = 103 N/m?

Result
l. Mz = (.52

p, = 3.79 x 10° N/m?
T, = 859.55K .

2, Stagnation pressure loss

Ap, = 0.389 x 10° N/m?

The pressure, temperature and Muach number of the gas at exitare
2 bar, 1200°C and 0.7 respectively. The ratio of stagnation
temperature al exit to entry is 3.85. Calculate the following.

I. Macl number, pressure and temperature af the gas af entry.
2. The heat supplied per kg of gas
3. The maxinum heat supplied

4. Is it a cooling or heating process
Take y = 1.3, Cp=122 kdikg K

Given !
p,= 2 bar =2 x 105 N/m?

Ty, = 1200°C = 1200+ 273 = 1473 K

Cp= 122 kilkg K =122 103 kg K y=1.3
To find :
1. The Mach number, pressure and temperature of the gas at entry,
(M,, P, and T}
2. Heat supplied, Q
3. Maximum heat supplied (Q,,,)
4. Whether cooling or heating process

Solution :
Refer Isentropic flow table for Y= 1.3 and M, = 0.7
Ty
-:F-- = (.932 [ From gas tables page no.22]
02

P2 o735
Po,
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= 158047 K

= Tﬂz = =

! Stagnation temperature at exit, Tgy = 158047 K !

From given,
T
To
" Tgo
= Tor = 3¢5
_ 158047 = 41051 K
3.85 '

J‘_Stagnation temperature at entry, Ty =410.51 K |

Refer Rayleigh flow table for Y= 1.3 and M, = 0.7

— = 1403
P;g*
Pp2
-p—-—; = 1.042 [From gas iables page no.106]
02
T,
— = (.967
Ty*
T
=2 = 0903
Toa*
P
= * =
P2 1.405
_ 25108
1.405

p,* = 1.423 x 105 N/m? = p, *

[ By =Py

L R e s

|
b --_.‘.;--\..-_.-_-m..,u.w,b__. fomin s e

Flow in constant area ducts with heat transfer [Rayleigh Flow] 3.37 -

=% Ty* =

T
0.967
1473

0.967

|T,*=152327 K =T* [ Ty* = Ty*]

1

Taz

* =

= Toa™ = 4503

_ 1580.47
0.903

Top* = 1750.24 K = Ty, *

[+ Tgp* =T "l

Tor _ 41051
:> _
Ty * 1750.24
T
0 =0234
To1*
T
Refer Rayleigh flow table for ¥ = 1.3 and Tm* = (.234 = 0.23]
a1
M, =0.24
P
b = 2.140 [From gas tables page no.105]
1
—[{9‘: = 1212
Py
T
— = {),264
T,*

[ Note : Exit Mach number My < 1. So, M| <1]
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Flow in constant area ducts with heat transfer [Rayleigh Flow]3.39

= p, = 2.140 % p/*
= 2,140 x 1.423 x 10°
| Py = 3.046x 10° N/m? [ p*=p,*]
= T, = 0.264 < T*
= 0.264 x 1523.27
| T, = 402.14K
[ -[-]4: = TZ*]
We know that
Q= me, (Tgp = Toy)
For unit mass
Q= ¢y (T =Ty
= 1220 [1580.47 - 410.51]
Q= 1427.35 = 103 Jikg
Q = 1427.35 kl/kg
: : (1-M,2)°
Maximum heat supplied, Q,py = ———— * ¢, T}
2(1+1)M,2

[1- (0.24)2) [From equation (3,21)]
= Qm.:.r;. SRR S L S 1220 % 402.14
2(1+1.3) (0.24)2

Quuax = 1644.47 x 103 Iikg

]

]
| Quuay = 1644.47 Kiikg 1t
1

Since the heat transfer is positive, it is a heating process.

Result
i. M] = 024
P = 3.046 x 105 N/m?2

T, = 40214K
2. Q = 1427.35klkg
3. Qe = 164447 ki/kg
4. Heating process

The condition of a gas (y = 1.3, R = 465 J/kg K ) at the entry of a
constant area duct are p; = 0.35 bar, T; = 3 10 K, ¢; = 60 m/s. The
lieat supplied in the combustion chamber is 4500 kJ/kg. Calculute
ar exit

1. Pressure

2. Temperatiire

3. Mach number

4. Velocity of the gas

5. What are the pressure and temperature of the gas at sonic

condition
Given
¥y =13
R=465JkgK

p,= 0.35 bar = 0.35x 10° N/m?

T,=310K

¢ =60 m/s.

Q = 4500 kJ/kg = 4500 = 10° J/kg.
To find

At exit

1. Pressure, pa




Flow in constant area ducts with heat transfer [Rayleigh Flow] 3.41

3.40 Gas Dynamics and Jet Propulsion

2. Temperature, T, : \pm =0.355 % 105 Nfm?

lad

. Mach number, M,

4. Velocity of gas c, Refer Rayleigh flow table forY =13 and M; =0.138 = 0.14

Py

5. Pressure, temperature at sonic condition (p*, T*). —, =2243 [ From gaspables page no. 105"
Solution ; d
We know, PoL .. 1039
¢ Por”
Mach number at entry, M, = .
: Ty
{:1 E‘: - = 9.098
- o
VTRT, -
4 Toy
3 — = 0.086
_ 60 ; Tor*
/1.4% 465 %310 ¢
1 — = 0.044
_ 3 “
M, = 0.138
P = Pt = pL = 035 <107 _ 4 156 x 105 Nim?
Refer Isentropic flow table for Y =1.3 and M; = 0.138 =~ 0.14 . 2243 1243
LI 0.997 (From gas tables page no.21] g p,* =0.156 x 105 N/m? = p,* [~ p*=p"
Tﬂl ' b4 page no, 1 - 2 Y
s
o ; = poy* = —bl = Q333 X107 566 5 105 N/m?
—L =0.987 ; 1.239 1.239
Po,
oo 310 Pgy* = 0.286 x 103 N/m? = p.*
Tou = G597 = Doo7 1093K
- L -—-—-—TI
Ty = 310.93K | 1 0.098
b, E _ 310
= | e
Por = 087 1 0.0%
35 x 105 Ti*= 316326 K="T,* [ T* =157
= D352 107 . 355« 108 N/m2 i : |

0.987
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Tﬂ']
0.086

= Tg]*:ﬂ

_ 310,93
0.086

| Tor* = 3615.46 K = Ty,*

€
0.044

= o=

_ 60
0.044

cy* = 1363.64 m/s = cy*

We know that,
Q= ¢y (Tga—Typy)

4500.% 10 = % [Toz - To]
1.3 x 465
4500 x 103 = —2.239
= AR
= [Tgp~310.93] =2233.25
= Toy = 2544.18K

Toz 254418
Typ* 361546 0.703

T
Refer Rayleigh flow table for¥= 1.3 and —2 = 0,703 = 0.708

M, =0.52

Py
e ™ 1.702

Py

o
CP Y-l

[Toy - 310.93]

%
Ty

o BB 14t L] (I SRR g g T

AT

Flow in constant area ducts with heat transfer [Rayleigh Flow] 3.43

p()?,* = 1.103 [From gas tables page no.105]
Poz
T
2 = 0783
Tz*
C
2 = 0.460
Cz-
= p, = p,* x 1.702

= 0,156 % 105 = 1,702

p, =0.265 x 105 N/m? I

= T, = T,* 0.783
E = 3163.26 x 0.783
'iTz = 2476.83 K
= €y = “1* % (.460

= 1363.64 x 0.460

¢y = 627.27T m/s

We know _
At sonic condition, M = 1
Refer Isentropic flow table forM=1and Y=13
“I‘#
= — = (.870 [ From gas tables page no.22]
Ty"
£
L; =0.546
Py

P R £ T WP TR i bk b oo i 0] R o e B




3.44 Gas Dynamics and Jet Propulsion ~ Flow in constant area ducts with heat transfer [Rayleigh Flow] 3.45

* *
= T* = To* x 0.870 Given «

= 3615.46 x 0.870 T, =315K

p,;= 0.50 bar = 0.50 x 105 N/m?

T* =3145.45K |

¢, =70 mfs.
= p* = py* * 0.546 Air fuel ratio = 29

Calorific value = 42 MJ/kg = 42 x 106 J/kg

= 0.286 x 105 % 0.546

5 N/m2 ’ [~ Pg1* = Py = pg*l T Y =14
f - 1
| B~ 29136  16° N/ I R = 0.287 ki/kg K = 287 J/kg K.
Result To find :
1. p, =0.265 x 105 N/m? l I. The initial and final Mach number (M;, M5)

3 2. Final pressure, temperature and velocity of the gas (p,,T5, ¢
2. T, = 2476.83 K ;- F emperature and veloclty of the gas (p.T2, ;)

3. Percentage of stagnation pressure loss

3. My=0.52

4. Maximum stagnation temperature (T,,a0)-

4. €, = 627.27 mis, .
, Solution :

5, At sonic condition We know that

TH=314545K 3 Mach number at entry, M, = ~:—I~
p* = 0.156 x 105 N/m2 I ¢
~/RT,
@ The condition of u gas in a combustion chamber at entry are ] 10
T,=375K,p 1= 0.50 bar, c; = 70 mss. The wir—fuel ratio is 29 and = m
the calorific value of the fuel is 42 MJ/kg. Calculate 3 ,
1. The initial and final Mach number . ‘ M, = 0.180
2. Final pressure, temperature and velocity of the gus Refer Isentropic flow table for Y = 1.4 and M; = 0.180
3. Percentage of stugnation pressure loss E T, .
4. Maximum stagnation temperature, - -1:;1" = 0.994 [From gas tabies page no.28]

Take y= 1.4 and R = 0.287 kJtkg K

- ThR T
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—
e
|
[
-
=~
el
L=
~

0.978

- 2
@ 0.5112 x 10° N/m

Refer Rayleigh flow table for ¥ = 1.4 and M; = 0.18

BLINPPTY
p *
i
-?-‘?J; - 1241
Poy
Ty
=017
T,*
T
0 = 0,143
Tor*
<
=L = 0074
cl*
Py
Foor e
= Pi" 7 9295
_ 050 10°
2.295

[From gas tables page no.111 ]

Lp,* =0218 x 105 N/m? = pﬂ

[ gy =py'

Flow in constant area ducts with heat transfer [Rayleigh Flow]3.47

T T L Ty

Pl e

e e

= Py* =

_ 05112 % 108
1.241

Po* = 04119 x 105 N/m? = p,*

T,* = 219298 K = T,*

Tor
T *=
= 0T 0143
_ 37126
0.143
; Tm* =2638.18 K= Tm"
L
= ¢ ¥ = il
L 0.074
=70
0.074

CI *= 094595 m/s= Cz*

_ Calorific viaue of fuel
Air fuel ratio + 1
42 x 106
29 + |

Ahy= 1.4 x 106 J/kg

[ PgL* = Pyy"]

[ TL* = Tg*]

I._. T{)i* = TOZ*]

[ ot =)

Stagnation enthalpy rise due to the combustion of one kg of fuel is



3.48 Gas Dynamics and Jet Propulsion Flow in constant area ducts with heat transfer [Rayleigh Flow]3.49

We know that

= T, = T,*x 0.758
= S 2192.98 x 0.758
= - x -
= cpToa-¢p Ty [ = ey Tl
_ T, = 166227 K
1.4 x 106 = ¢, [Toy — Ty 2
= ?LP‘;“ [Toz = Toy] [ o= IR } = Gy = 6y % 0418
- o= IR
v-1 = 945.95 x 0.418
6 . 1.4x287 _ .
= 1.4 % 10 a1 [Top —377.26} ¢, = 39541 m/s
= [Top ~377.26] = 1393.73 - Poy = 1122 % pp,*
= Tg = 1770.99K | = 1.122 = 04119 x 105
- T _ 177099 _ o Poy =0.462 x 105 N/m?

Tgs*  2638.18 -
Refer Rayleigh flow table for Y = 1.4 and —2 - 0670661

Percentage of stagnation pressure loss

Toz = Pu=Pe 00
M, =048 [Note: My <= M,<1] - §
01
"2. = 1.815 . 05112 1050462105
P F 0.5112 = 103
_E'_QZ..-. = 1.122 [ From gas tables page no. 111} =9.62%
Poz Maximum stagnation temperature
2 .
Ty* 0.758 !_ Tomax = Tor* = Top* = Tg*
2 | 3
; = (418 ! Tl]max =2638.18 K
= * ‘
= P =Rt 18IS : Result
= * 5 x .-
0.218 > 107 = 1.815 I. My =0.180, M, = 0.48

p, =0.3956 x 105 N/m?

3 2. p, =0.3956 x 109, T,=1662.27 K, ¢, = 39541 m/s.
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3. Percentage of stagnation pressure loss = 9.62 %

4. Maximum stagnation temperature, Ty, =2638.18 K

The data for a gas (v = 1.3, ¢, = 2.144 kJ/kg K) at entry of
combustion chamber are ¢; = 150m/s ,p, =4 bar and Ty =395 K.
If the exit Mach number is 0.78, calculate the Sollowing

1. The initial Mach number

2. Final pressure, temperature and velocity of the gas

3. Stagnation pressure loss

4. Air fuel ratio reguired.

Tuke calorific value of fuel is 42 MJ/kg

Given
vy =13
¢, =2.144 kl/kg K = 2.144 103 Jkg K
¢, =150 m/s.
p,= 4bar=4x10° N/m?
T, =395K
M, = 0.78

Calorific value = 42 MJ/kg =42 x 106 J/kg

To finmd

1. Entry Mach number, M,
2. Pressure, temperature and velocity of the gas at exit, (p;, T2, ¢3)

e

. Stagnation pressure loss, (Apg)

4. Air fuel ratio

S L SRS 417 IR M I TR Ly o

Flow in constant area ducts with heat transfer [Rayleigh F. low] 3.51

Solution :

CC
Mach number at entry, M; = -&—1—
__“
JYRT,
c cp(v-1)
) 1 { Rt Y }
¥ X CP(TMI) th
Y
- 150
3(1.3—
ﬁ3 2144103 (13 1), 3
1.3
M, = 0.305

Refer Isentropic flow table for M; =0305= 0.3and Y= 13

T
-%;L = 0.987 [From gas tables page no.21]
0y
Py
—L =0.944
Pgl
- S - -
01~ 0,987  0.987
To; = 400.20 K
_ P
= Par = Toas
- 4 %105
0.944

Py = 423 % 103 Nhn?J
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Refer Rayleigh flow table for ¥ = 1.3 and M) =0.297 =0.30

p
> L =2.059 [From gas tables page no.105]
!

p
m% = 1.191
Por
T,
Ty*

= 0.382

= p * = pl - 4 x 105
b 2059 2.059

= 1.94 x 105 N/m?2

| Py =194 105 N/m2 = p,*

- Py
= T
1.191

_ 423 %105
1.191

=3.55 x 105 N/m?

pm* =355« I{}j Np’mz-'-pm*

T
= T s —
0.382
395

"~ 0382

T;*= 1034.03 K = T,*

y r,.-.-r‘n.._.-.wu“.,,.,,,,_..... L A

TR

Flow in constant area ducts with heat transfer [Rayleigh Flow] 3.53

01
= Tor*= 5336

_ 400.20
0.336

T{n* = 119107 K z"_'Tﬂz’

€
sy c‘¢=
0.185

= 139 = 21081 mss

0.185

¢y* = 810.81 m/s = c;*

Refer Rayleigh flow table for Y =1.3 and M, =0.78

[From gas 1ables page no. 106]

— = 0.78]
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= p, = py* x 1.284
= 1.94x 105 % 1.284 Stagnation enthalpy rise,
Calorific value of fuel
=2.49 x 105 N/m? =
P, x 109 N/m Air fuel ratio + 1
= Py = Pop® * 1023 B 42 % 106 L
e e = ¢,Tn-To = Arfueiratior1 L M= ¢Tol
= 3.55 x 10% x 1.023
B _ 42 X E{}ﬁ
Doy = 3.63 % 105 N/m? 4 = ¢p [Toa=Toil = ir fuel ratio + 1
_ 42 x 108
LT, Ty 1003 : o 2,144 x 103 [1133.89 ~400.20] = 57 fcf rafio T 1
= 1034.03 x 1.003 .@
&'_' => Air fuel ratio+ 1 = 26.70
T, = 1037.13 E(J g
= Air fuel ratio = 25.70
= Ty, = Tpp" ¥ 0952 =  Air fuel ratio = 25.70 : 1
= 1191.07 x 0.952 4 v
Air Fuel
T,, = 1133.89K
e Result:
= Cy = C* % 0.781 1. M, = 0297
= 810,81 =0.78] : 2. py = 2.44 x 105 N/m?
-
¢, = 63324 m/s T, = 1037.13K
Stagnation pressure loss r ca = 63324 m/s
, = 633.
Apg = Pg) ~ Py t 3. Apg = 0.6 % 105 N/m?
= 423 % 105-3.63 x 105
3% 10°~3.63 x 10 _- 4. Airfuel ratio = 2570 1
Ap, = 0.6 x 105 N/m?

Al
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3.2 FLOW IN CONSTANT AREA DUCTS WITH FRICTION AND
WITHOUT HEAT TRANSFER (FANNO FLOW)

3.2.1. Introduction

Flow in a constant area duct with friction and without heat transfer
and work transfer is known as Fanno flow.

In the previons chapter, frictionless flow in a constant area duct
was discussed. But in many engineering applications where the effect
of friction may not be neglected. In this chapter, the frictional
phenomena will be discussed, in a simplified manner.

Similar to that Rayleigh flow, the followmg assumptions are made
for fanno flow.

1. One dimensional steady flow.

2. Flow takes place in constant sectional area.

3. There is no heat transfer.

4.. The gas is perfect with constant specific heats.

5. Absence of work transfer across the boundaries.
3.2.2. Fanno Line (or} Curve

Flow in a constant area duct with friction and without heat transfes
is described by a curve is known as Fanno line or Fanno curve.

We know that

Mass flowrate, m = p Ac

m
= A

il
©
o

= G*%tpc

B AR s a5 ) P08 o s s 1 e

Flow in constant area ducts with friction [Fanno flow] 3.121

where
G - Mass flow density

¢ — velocity of fluid

i p — Density of fluid

E
= G=pc
G

= =2 ———(3.22

= (3.22)

Stagnation enthalpy, hy = h + Y2 c2

5 Substitute c= S

,, p

= hy=h+ Ve S

; p2

; 2

i = h=h0—‘/z_%; - ——(3.23)

Density (p) is a function of entropy and enthalpy.
= p=1(s,h)

Substitute p value in Equation no{3.23)

GE

h=hy-1s, &2
- Ty

2
h=hy—1fy ———— -——=(3.24
"% e hE )

Equation (3.23) or (3.24) may be used for representing fanno line on
the A-s diagram as shown in fig. 3.3.
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L]

The following assumption are made for [sothermal flow

1. One dimensional frictional flow

2. Flow takes place in constant sectional area

3. The gas is perfect with constant specific heats.
4. Temperature remains constant.

[sothermal flow processes are represented by straight horizontal
lines on the temperature — entropy diagram as shown in fig. 3.6.

In acceleration process (heating process), the pressure of the gas
decreases up to limiting state where M = ]!{Y and entropy increases.

In deceleration process (cooling process), the pressure of the gas
increases and eniropy decreases.

Constant Pressure Lines Py p"
T /
// /Cuofing
TT; = / Bt Stagnation
Heating state
e 1
1 e
M<— / M= 13
TH feceayfdinfaa *.7./.’.-’:1- Y i e B . .B.-
) 1 Acceleration-;/ %Y Deceleration
I A 1
e M=—
Decreasing pressure v
s

Fig. 3.6 Isothermal flow with friction

b AR TV 4 g T BB e i Vi kb R
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3.2.15 SOLVED PROBLEMS

(I] Airarp,=11bar, Ty= 420 K enters a 45 mm diameter pipe at a
Mach number of 3 and the friction co-efficient for the pipe surface
is 0.001. If the Mach number at exit is 0.8, Determine

1. Mass flow rate

2. Length of the pipe

Given ;
p,= 11 bar=11x :l_l't_}5 N/m?
Ty =420K
D=45mm=0.045m
M, =3 '
T =0.001

M, = 0.8. For air, y = 1.4 and R = 287 J/kg-K

To find :
1. Mass flow rate (m)
2. Length of the pipe (L)

Solution :

Refer Isentropic flow table for Y= 1.4 and M; =3

_‘El_= 0.357 [From gas tables (S.M. Yahya,
TOI Fifth edition) -page no.37]
2100272
Pg,

= 420 %0357 [ Ty=Tp)
T, = 14994K

R e e e el L et
i s LT 1il ! | 1
i |.:f

by
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Flow in constant area ducts with friction [Fanno flow]3.153

= Py = Py x 0.0272

= 11 x 105 % 0.0272 [“'Py= Py]

Py = 0.299 x 105 N/m?

Mass flow rate, m =pAc = p Ajc; = p,Agc,

= i';'l :p|ALC]

=2 axe
RT,
P, n
TR, @O M c
1 [ M:.—]
a
p
- "E;“ x 25 (D) x M, x /1RT,
l
[a=\/YRT]
- 0.299 x 105 < T [0.045] % 3
287 x 149.94 '

4
x o/ 1.4 % 287 x 149,94

m=10:813 kg/s

Refer Fanno flow table for Y= 1.4 and M, = 3
4fL,,.
T = 0.522 [From gas tables page no.85]

Refer Fanno flow table for ¥ = 1.4 and M, = 0.8
47L

= = 0.073 [From gas tables page no.82)

We know that

4fL 4&%} 4Ly |
P DM, D ,IMZ
= 0.522-0.073
41 = 0.449
5 =0.
- L= 0449 :D
4% f
_ 0.449x0,045
4% 0.001

Result
[.m=0.813kg/s
2.L=505m

Air atp, = 3.4 bar, T; = 35°C enters a circular duct at a Mach
number of 0.14. The exit Mach number is 0.6 and co-efficient of
Jriction is 0.004. If the mass flow rate is 8.2 kg/s, determine

1. Pressure, temperature ai the exit
Diameter of the duct
Length of the duct

Stagnation pressure loss

S VR

Verify the exit Mach number through exit velocity and
temperature.
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Flow in constant area ducts with friction [Fanno flow] 3.155

Given :
p,= 3.4 bar =3.4 ¥ 10% N/m?

T, =35°C+273=308K
M;=0.14
M, = 0.6
£=0.004.
m = 8.2 kg/s
To find :
I, Pressure, temperature at exit, (Pz! T,)
2, Diameter of the duct, (D)
3. Length of the duct, (L)
4. Stagnation pressure loss, (py — Pg,)
5. Verify exit Mach number.

Solution
Refer Isentropic flow table for Y = 1.4 and M; = 0.14

T
?-l- = 0.996 {From gas tables page no.28]
0y
LI 0.986
Po,
T
= To = —— =222 __30803K
0.996 0.996
Tg = 30893K
= Por ™ 0986

U TR T U S S ]\ v b emand g
{ | H

_ 34x105
0.986

Pg; = 3.4 x 10° N/m?

Refer Fanno flow table for Y = 1.4 and M; = 0.14

Lo 7800

Py

L 0.153 [ From gas tables page no.81]

c*

T

—_ = 1,195

T *

f‘ﬂ; = 4.183

Por

4L

I = 325110
P

* = _
= P " 7300
_ 34x 103

7.809

p* = 0.435% 10° me2=p2j

|
= o * =
! 0.153

Ml x 31
0.153

M, x /YRT,

0.153

[~ For Fanno flow

P*= D%
M=%}
[a=./YRT]
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_ 014 x /1.4 x 287 x 308
0.153

|
¢ *= 321.89 m!s=c2"’%

T*=257.74 K = T,*

By

= Pyy" = 4.183

_ 344 x 10°
4183

Poy* = 0822 x 105 N/m2 = p*

Refer Fanno flow table for Y= 1.4 and M, = 0.6

[“T* = Ty%)

[ Pgi* = Pgy*)

P2 . 1763

Py »

c

2= 0,635 {From gas tables page no.81]
Cz*

T
= 1119
T,*
Po - 1158
sz*
4fL

R = 0.491

Flow in constant area ducts with friction {Fanno flow]3.157

= Py = P,* % 1763

= 0.435 %105 % 1.763

p, = 0.766 x 105 N/m?

= T, =Ty*x 1.119

=257.74 = 1.119

T, = 288.41K

= Cy = cy* x 0.635

= 321.89 x 0.635

¢, = 204.40 m/s

= Pyy = Pgp* * 1.188

=0.822%105%1.188

Pgy = 0.976 % 105 N/m?

Diameter of the duct (D)
Mass flow rate, m =p A,c,

Pi n
—x —(D,2) % ¢
RT, 4 '~

5
= 8.2 zM—XL(Dlz)xMJKaE
287 = 308 4
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e, 82 = M.__x L{;}IZ} xml % +/YRT]

287 = 308 4

['a= /YRT]
5

= 82 = wa _’."_.._(D[?:) % 0.14

287 =« 308 4

%o/ 1.4 %287 %308

= D,2 =0.055!
= Dy =0234m

Area is constant. s0,

D] =D25D30234m

Length of the duct
We know that,
afL  [4FL, 4FL
D L D M, D" IM,
= 32.511-0.491
4FL
— =3202

D
L= 3202xD
ax T

_ 32.02x0.234
4 x 0.004

L = 468.29m

e e S

T

Flow in constant area ducts with friction [Fanno flow]3. 159

Stagnation pressure loss
Ap= pg; = Poy

= 3.44 x 105-0.976 < 105

Ap=2.464 x 105 N/m? |

Ta verify exit Mach number
Exit Mach number,

204.40
/14 x 287 x 288.41

M; = 0.60} verified

Result
1. (a) p,= 0.766 = 105 N/m?

(b)T, = 28841K
2 D=0234m
3. L= 46829m

4. Ap,=2.464 x 105 N/m?
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Air enters a pipe of 25 mm diameter, at @ Mach number of 2.4
stagnation temperature of 300 K and static pressure of 0.5 bar. If
the co-efficient of friction is 0.003, determine the following for a
section at which the Mach number reaches 1.2.

1. Static pressure and temperature

2. Stagnation pressure and temperature
3. Velocity of air

4. Distance of this section from the inler

5. Mass flow rate

Given
D=25mm=0.025m
M, =24
To; =300K
p,= 0.5bar=0.5 x 10° N/m?
f=0.003
M,=12
To find

1. Static pressure and temperature at exit (p,, T5)

2. Stagnation pressure and temperature at exit (pg, , Tg2)
3. Velocity of air at exit (02)

4. Distance of this section from inlet (L)

5. Mass flow rate (m)

Solution
Refer Isentropic flow table for Y= 1.4 and M, = 2.4

T,
——= (.464

- [ From gas tables page no.34]
0 :

I q".n'.' -

Flow in constant area ducts with_friction [Fanno flow] 3.16]

e e

i . 0.0684
Py,
=5 T| = Tﬂl = 0.464
= 300 x 0.464
T, = 1392K
= = P
Po1 = 50684
_ 0.5x10°
0.0684

Py = 7309 x 105 Nim?

Refer Fanno flow table for Y= 1.4 and M, =24

P
L= 0311

P,

T]
— = 0.557

. 05x10°

0.311 .
E p,* = 1.607 x 105 N/m? = p,*

[From gas tables page no.84]

[ py* = By*)
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_ reo D = T, = Ty* % 0.932
b 0557
= 24991 x«0.932
;3:5‘3 [T = 23292K |
T * =249.91 K = T,* - R
[Ty = 1)) = 3.042 105 x 1.030
Pos = 3133 x 105 N/m2
5 ot | gy = 3.133 x 10° Nim
7.309 » 105 We know that
2.403 Stagnation temperature remains constant
Por* = 3.042 x 105 N/m? =p,* = Ty = Ty = Ty =300K

Velocity of air exit, ¢, =M, x a,
Refer Fanno flow table for Y= 1.4 and M, =1.2

22 - 0804 = M VYR
Py =12 x%/1.4 x 287 x 232.92
Ty
~T—2* = (0,932 [From gas tables page no.82] ¢, = 367.10 m/s
fQZ; = 1.030 We know .
Poz 4fL {4 FLW] [ﬁLm }
4fL o | 1 -
O = 0,034 ° LM PM
D
= 0.409 ~0.034
= p, = p,* % 0.804
= 1.607 x 105 % 0.804 4fL - 0475
5 ,
p,= 1.292 x 105 N/m?
_ 32.02xD
= L& ———
4= f

Berriohe e i res s e B S L L T e BT LB 2 1B in s ey e s P —
i s widounicacy 1o ..._..u.....] g e ..nq--r.-mmmu-wmﬂ-wm--a A8 A L b A8 T U T 0 5010 S i 1 5 S5 B 5 ) bt A3t Eis

I E TR | G N N 4
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3.164 Gas Dynamics and Jet Propulsion
E] Air enters” 20mm diameter, 11m long pipe at a Mach number of
0.24, pressure of 2 bar and temperature of 300K. If the friction
Jactor is 0.003, Determine the following
1. Mass flow rate

2. Exit pressure

_ 0.375x0.025
4 % 0.003

—_—
‘L= 078Im

“ 3. Exit temperature

Mass flowrate, m =p A ¢,
4. Exit Mach number

P T ;
=——x—(DFxc Given :
RT, 4 (D)%) x ¢ »
D=20mm=0.020m
p =
= =—Lx 2 (D2)x M, xa, 2 - L=lim
RT, 4 . ; M, = 0.24
("M== E
al : p,= 2 bar =2 x 105 N/m?
P
= = =% BD?) <M x /IRT)) s T,=300K
I ¥ _
[a= /7RT] i f=0.003
! To find :
5
= = 23x10 T 150252 x24 |
. 287 x1392 4 + 1. Mass flow rate, m

x /1.4x287%139.2 2. Exit Pressure, p,
= m =0.348kg/s 2. Exit temeprature, T,

4. Exit Mach number, M,

Result 3
L p,= 1292 x 105 N/m? ' 1 Solution :
T, =23292K 4 Refer Isentropic flow table for ¥ = 1.4 and M, = 0.24
2 Py, = 3.133 x 105 N/m? T
Poo 3 / i T_l = 0.988 [From gas tables page no.28]
Toz = 300K ; 0
3. oy = 367.10mis 1 P <0961
j P,
4, L=10781m

5. m=0348kg's
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Ty
= Tor = Toss

300
0,988

= 303.64 ﬂ

Ew!
I

2 x 10°
0,961

= 5 2
Py 2.08 » 10° N/'m

Refer Fanno flow table for Y= 1.4 and M, = 0.24

Pi__ 4538
P*
TrL* = 1.186 [ From gas tables page no.81)
1
Por _ 5496
Poy
4t
Fmax =0387
D
P
* =
= P~ 3538
2% 103
4.538
p,* = 0.440 x 105 N/m? = p,*

o TR TN T E37 22 A 7 e ] 78 RSN | MR ET

-
)

Flow in constant area ducts with friction [Fanno flow] 3.167

* = .___T‘ "
= T = 1186 ._
_ 300
1.186
tr,*=zsz.951<=?ﬂ oty = T
We know that
4fL 4?1,,1,&] [Mmel
D D M, L D M
x 4FL
_ 450003 X 11 _ oo [ mﬂ
0.020 M,
4fL
= 6.6 = 9.387 - [ ’“‘”‘j\
D M,
= L”L""“} = 9387 - 6.6
D M,
= [4 fLmax‘J = 2.787
D M,
4F L N ymid
Refer Fanno flow table for --—5-—-— =7787=2705 and Y= 1.
M, = 0.38
P2 . 2842
Pz‘
-Iz— = 1.166 [From gas tables page no.81 ]
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3"—{ = 1.658
Poz
= P, = p,* X 2.842

= 0.440 x 105 x2.842

p,= 1.25% 10° N/m2

= T, = Ty* % 1.166

= 25295 % 1.166

T, = 294.94 K

We know that,
Mass flowrate, m =pAc= PAIG

Pp x
D i W e D2 X
RT, 4 (D% x ¢y
Pi a
= = e X —— (D 2y x M, x
RT, g (DX My xa
= = pl xl_(Dlz)lex /YRTI
RT, 4
[.‘.a=
5
= = 2xX10° LR 002002 x 024
287x300 4
x4/ 1.4 %287 %300
= m = 0.060 kg/s

= PyAncy

e

Flow in constant area ducts with heat transfer [Fanno Flow] 3.169

e

Result
1. m= 0.060kg/s

2. py= 1.25x10° Nim?
3. Ty = 29494K

A convergent—divergent nozzle is provided with a pipe of constant
cross section at its exit. The exit diameter of the nozzle and that of
the pipe is 50 cm. The mean co-efficient of friciton for the pipe is
0.002. The stagnation pressure and temperatsre of wir at the nozzle
entry are 10 bar and 620K. The Macl numbers at the entry and exit
of the pipe are 1.6 and 1.0 respectively.

Determine _
1. The length of the pipe
2. Diumeter of the nozzle throat

3. Pressure and temperature at the pipe exit.

Given
D=50ce¢m=0.50m
f =0.002

Po;= 10 bar =10 x 103 N/m?

Tg = 620K
M;=16
M, = 1.0

To find

1. Length of the pipe, L
2. Diameter of the nozzle throat, D*

3. Pressure and temperature at the pipe exit (p,, Tp).
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Solution : ) We know that
1 . n 2
Refer Isentropic flow table for Y = 1.4 and M, = 1.6 E Ajf=At=-~D*
T
-_i_l—-= 0.661 [From gas tables page no.33] . = p*? = 4 x A
Di : H n
p . = 4_34 0.157
—l-=0.235 P
Po, 4 2
D*" = 0.1998
P _
A 1250 E = Throat diameter, D* = 0.447m
= T) = To; * 0.661 Refer Fanno flow table for Y = 1.4 and M;= 1.6
i pl
T, = 409.82 K .
: ‘
E — = 0,794 From gas tables page no.83
= P, = Py, X 0235 | - T, [Fromg Pag Jj
= x 10° R 4f
10 = 107 x 0.235 :._ max _ 0172
p, = 2.35 % 105 N/m? -
i . Py
3 = PI" T e
A = Al 5 055?
- bo12s0 3 _ 235 105
T, E 0.557
© 1250 : p,* = 4.219 x 105 N/m2 =p,* [py* = p,*]
T - T
—[0.5072 _- N
-4 = = 579
1.250
. 409.82
Ay* = 0.157 m? 0.794

T* = 516.15 K =T,* [Ty = Ty%)

1 s U L S TINS5 ) MM W ] T
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s remmstent o | i dusn b oo

Refer Fanno flow table for M, = | [sonic flow] and ¥ = 1.4

P,
Pt
T,
-T—; =] [From gas tables page no.82]
2
4FL,
D
= P, = p,*=4.219 x 10° N/m?
= | Ty=Ty*=51615 K
We know that
4fL { 4Ly | [4?Lm}
b P JM| DM,
=0172-0
i =0.172
D - .
- L= 0.172: D
4% f
_ 0.172x0.50
4 % 0.002
L=1075m
Resulr :
I, L=107m

2. D*= 0447 m
3. p; = py*=4.219 x 10° N/m?
T2 = ‘Tz¥ = Slﬁiﬁ K

e Y P DU U

Flow in constant area ducts with friction {Fanno flow]3.173

@ A circular duct of 35 cm diamerer passes gas at a Mach number of
2.0. The static pressure and temperature are 1 bar and 410 K
respectively. A normal shock occurs at a Mach number of 1.4 and
the exit Mach number is 1. If the co—efficient of friction is 0.002,
calculate

1. Length of the duct upstream and down stream of the shock
wave

Mass flow rate of the gas

3. Change of entropy for upstream of the shock, across the|
shock and down stream of the shock.

Take y= 1.3 and R = 0.285 kJ/kg K.

Given
D=35em=0.35m

M, =2
p,= Ibar=1x10°N/m?
T,;=410K
Mach number at shock, M, =14
Exit Mach number, M; =1
£=0.002
¥=13,R=0.285kl/kg K
=285 )kgK
To find

1. Length of the duct 'upsm:am and down stream of the shock wave

2. Mass flow rate, m

3. Change of entropy for upstream of the shock (As,_,), across the
shock (z&sx_y}, and downstream of the shock(ﬂsy_z).




UNIT-V
INTRODUCTION:
The principle of jet propulsion is obtained from the
application Newton’s third law. For every action there is an
equal and opposite reaction.

We know that when a fluid is to be accelerated, a force is
required to produce this acceleration in the fluid.at the same
time, there is an Equal and opposite reaction force acting on
this fluid. This opposite Reaction force of the fluid on the
engine is known as thrust. Hence it may state that the principle
of jet propulsion is based on the reaction Principle.

Any fluid can be used to achieve the jet propulsion principle.
Thus water, steam, and combustion gases are used to propel a
body in a fluid. But there are limitations imposed upon the
choice of the suitable fluid when is applied to the propulsion
bodies.

CLASSIFICATION OF JET PROPULSION

Jet propulsion engines may be classified broadly into two
groups.

(a) Air breathing engines — combustion takes place by
using atmospheric air

(b) Rocket engines - combustion takes place by using its
own oxygen supply

CLASSIFICATION OF AIR BREATHING ENGINES

Air breathing engines can be further classified as follows;

1. Ramjet engine
2.pulise jet engine

3. Turbojet engine
4.turbo prop engine

5. Turbo fan engine

RAMJET ENGINE
Construction

» The construction of ramjet engine is shown in fig.5.1
which is Simplest types of air-breathing engine.
» It consists of;

1. Supersonic diffuser (1-2)

2. Subsonic diffuser (2-3)

3. Combustion chamber (3-4)

4. Discharge nozzle section (4-5)

Intet and
" SLLIT:"&U"TC Subsonic Combustion
: fluser,  garu
Nomal §  pee ) TETOR Mot
Shock —.} i ! P g Fuel
byl L T TR xfw—"‘ Injéctor
E " R Cs
Mpcads AT M
a ——
' : m P e
A : f 2 L m, e,
X o I"M/-’/ TR TLRL O AL LA (Jet of
Oblique : H a
i i : gases)
shock | I | ThrustF - o \8
Al e 2 ) |
o0 1 2 3 4 5
Central body
housing accessaries




>

The functions of supersonic and subsonic diffusers are
to convert the kinetic energy of the entering air into
pressure energy. This energy transformation is called
ram effect and the pressure rise.is called the ram
pressure.

The function of nozzle is to convert pressure energy of
gas into kinetic energy.

Working

>

Air from the atmosphere enters the engine at a very
high speed and its velocity gets reduced and its and its
static pressure is increased by supersonic diffuser.

Then the air passes through the subsonic diffuser and its
Velocity further reduces to subsonic value. Due to this,
the Pressure of air increases to ignition pressure.

Then the high pressure air flows into the combustion
chamber. In the combustion chamber, the fuel is
injected by suitable injectors and the air fuel mixture is
burnt.

The highly heated products of combustion gases are
then allowed to expand in the exhaust nozzle section.

In the nozzle pressure energy of the gas is converted
into Kinetic energy.so the gases coming out from the
unit with very high velocity.

Due to high velocity of gases coming out from the unit,
a Reaction or thrust is produced in the opposite
direction. This Thrust propels he air craft.

>

Ramjet produces very high thrust with high efficiency
at Supersonic speeds. So, it is best suitable for high
speed aircrafts.

The air enters the engine with a supersonic speed must
be reduced to subsonic speed. This is necessary to
prevent the blow out of the flame in the combustion
chamber. The velocity must be small enough to make it
possible to add the required quantity of fuel for stable
combustion.

Both theory and experiment indicate that the speed of
the air entering the combustion chamber should not be
higher than that corresponding to a local match number
of 0.2 approximately

Advantages

>
>
>
>

>
>

Ramjet engine is very simple and does not have any
moving part.

cost is low

Less maintenance.

The specific fuel consumption is better than other gas
turbine power plants at high speed.

There is no upper limit to flight speed.

Light weight when compared with turbojet engine.

Disadvantages

>

Since the take-off thrust is zero, it is not possible to
start a ramjet engine without an external launching
device.




» The combustion chamber required flame holder to
stabilize the combustion due to high speed of air.

» It is very difficult to design a diffuser which will give
good pressure recovery over a wide range of air.

» It has low thermal efficiency.

Applications
> It is widely used in high speed aircrafts and missiles
due to its high thrust and high operational speed.
» Subsonic ramjets are used in target weapons.

PULSE JET ENGINE (OR) FLYING BOMB:
The constructions of pulse jet engine is shown in fig.5.4 which
is similar to ramjet engine.

It consists of;

(1) A diffuser

(2) A valve grid which contains springs that close on their
own spring pressure.

(3) Combustion chamber.

(4) Spark plug.

(5) A tail pipe (or discharge nozzle)

iniet diffuser  Valve grid Combustion chamber
/ / Tail plece
: == Exhaust
028
l.EE S;ﬁark plug
Thrust F
e e

» The function of diffuse is to convert the kinetic
energy of the entering air into air into pressure
energy.

» The function of nozzle is to convert pressure
energy of gas into Kkinetic energy.

Working

» Air from the atmosphere enters into pulse jet engine.
The air velocity gets reduced and its static pressure is
increased by diffuser.

» When a certain pressure difference exists across the
valve grid, the valve will open and allow the air to enter
into the combustion chamber.

» In the combustion chamber, fuel is mixed with air and
combustion starts by the use of spark plug.




» Once the combustion starts it proceeds at constant
volume.so there is a rapid increase in pressure, which
causes the valve to close rapidly.

» The highly heated products of combustion gases are
then allowed to expand in the exhaust nozzle(tail
pipe)section

> In the nozzle pressure energy of the gas is converted
into kinetic energy. So the gases coming out from the
unit with very high velocity.

> Due to high velocity of gases coming out from the unit,
a reaction (or) thrust is produced in the opposite
direction. This thrust propels the air craft.

» Since the combustion causes the pressure to increase,
the engine can operate even at static condition once it
gets started.

» When the combustion products accelerate from the
chamber, they leave a slight vacuum in the combustion
chamber. This, in turn, produces sufficient pressure
drop across the valve, grid allowing the valves to open
again and new charge of air enters the combustion
chamber.

Advantages
> Pulse jet engine is very simple device next to ramjet
engine.
» Less maintenance.
Cost is low.
> Light weight when compared with turbojet engine.

Y

» Unlike the ramjet engine, the pulse jet engine develops
thrust at zero speed.

Disadvantages
» High rates of fuel consumption.
» The maximum flight speed of the pulse jet engine is
limited to 750 km/h.
» Low propulsive efficiency than turbojet engines.
» High degree of vibration leads to noise pollution.

Application
» It is used in subsonic flights, German v-1 missiles,
target aircraft missiles, pilotless air craft,etc.
» A factor practically restricting the use of the pulse jet
engine to pilotless air craft is its severe vibrations and
high intensity of noise.

TURBOJET ENGINE:

» The two air-breathing engines described so far are
simple in construction and they have not been used very
extensively.

» The most common type of air- breathing engines is the
turbojet engine.

Construction
» The construction of turbojet engine is shown in fig
» It consists of
Diffuser
Rotary compressors
Combustion chamber
Turbine and

e




5. Exhaust nozzle

Cor Fusl Turbine
Difser ~ e o T Nk
|1 I|= ) III Ill-
AR ==] -
Bir — : Exhaust
: ‘= , =
1 A T
g1 b 3
I'ui Fuel I'ul Thrust F
i . | 1 —— .
Shaft Combustion
chamber

» The function of the diffuser is to convert the kinetic
energy of the entering air into pressure energy

» The function of the nozzle is to convert the pressure
energy of the combustion gases into kinetic energy.

Working

» Air from the atmosphere enters into turbojet engine.
The air velocity gets reduced and its static pressure is
increased by diffuser.

» Then the air passes through the rotary compressor in
which the air is further compressed.

» Then the high pressure air flows into the combustion
chamber, in the combustion chamber, the fuel is
injected by suitable injectors and the air —fuel mixture
is burnt. Heat is supplied at constant pressure.

» The highly heated product of combustion gases are then
enters the turbine and partially expanded.

» The power produced by the turbine is just sufficient to
drive the compressor, fuel pump and other auxiliaries.

» The hot gases from the turbine are then allowed to
expand in the exhaust nozzle section.

» In the nozzle, pressure energy of the gas is converted
into kinetic energy .so the gases coming out from the
unit with very high velocity.

» Due to high velocity of gases coming out from the unit,
a reaction or thrust produced in the opposite direction
this thrust propels the air craft.

» Like ramjet engine, the turbojet engine is a continuous
flow engine.

» Because of turbine material limitations, only a limited
amount of fuel can be burnt in the combustion chamber.

Advantages

Construction is simple

Less wear and tear

Less maintenance cost

It runs smoothly because continuous thrust is produced

by continuous combustion of fuel.

The speed of a turbojet is not limited by the propeller

and it can attain higher flight speed than turbo propeller

air crafts.

» Low grade fuels like kerosene, paraffin, ect., can be
used. This reduced the fuel cost.

YV V VYV
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Disadvantages

» It has low take-off thrust and hence poor stating
characteristics.

» Fuel consumption is high.

» Costly materials are used.

» The fuel economy at low operational speed is extremely
poor.

» Sudden decrease of speed is difficult.

Applications
It is best suited for piloted air-crafts, military aircrafts,etc.

TURBO-PROP ENGINE:
It is very similar to turbojet engine. In this type, the turbine
drives the compressor and propeller.
Construction
» The construction of turbo-prop engine is shown in fig
It consists of:
(i) Diffuser
(iii) combustion chamber
(v) Exhaust nozzle
and
(vii) Propeller

(if) Compressor
(iv) Turbine
(vi) Reduction gear

Compressor Fuel Turbine Nozzie
Y Jf '
S T /
\ e | , .
1
.I".L_h"—“.,'_j "'.L . 5
‘— Reduction 2 ]I" : ¥ Theust F
o \ Fuel "l,l i
sl —
Propelier Shafi Combustion
chamber

» The function of diffuser is to convert the kinetic energy
of the entering air into pressure energy.

» The function of nozzle is to convert the pressure energy
of the combustion gases into Kinetic energy.

» The angular velocity of the shaft is very high. But the
propeller cannot run at higher angular velocity. So a
reduction gear box is provided before the power is
transmitted to the propeller.

WORKING

» Air from the atmosphere enters into turbo prop engine.
The air velocity gets reduced and its static pressure is
increased by diffuser.

» Then the air passes through the rotary in which the air
is further compressed. So, the static pressure of the air
is further increased.

» Then the high pressure air flows into the combustion
chamber. In the combustion chamber, the fuel is




injected by suitable injectors and the air-fuel mixture is
burnt. Heat is supplied at constant pressure.

The highly heated products of combustion gases are
then enters the turbine and partially (about 80 to 90%)
expanded.

The power produced by the turbine is used to drive the
compressor and propeller.

Propeller is used to increase the flow rate of air which
result in better fuel economy.

The hot gases from the turbine are then allowed to
expand in the exhaust nozzle section.

In the nozzle, pressure energy of the gas is converted
into Kinetic energy. So the gases coming out from the
unit with very high velocity.

Due to high velocity of gases coming out from the unit,
a reaction or thrust is produced in the opposite direction
The total thrust produced in this engine is the sum of
the thrust produced by the propeller and the thrust
produced by the nozzle. This total thrust propels the air
craft.

Advantages

>

YVVV VYV

>

High take-off thrust

Good propeller efficiency at a speed below 800km/hr.
Reduced vibration and noise

Better fuel economy

Easy maintenance

The power output is not limited

Sudden decrease of speed is possible by thrust reversal.

Disadvantages

>

>
>

The main disadvantage is, the propeller efficiency is
rapidly decreases at high speeds due to shocks and flow
separation.

It requires a reduction gear which increases the cost of
the engine.

More space needed than turbojet engine.

Engine construction is more complicated.

Application

>

The turbo prop engine is best suited for commercial and
military air-craft operation due to its high flexibility of
operation and good fuel economy.

518. TURBOFANENGINE [ 1

The turbofan engine is a combination of the turbo prop and

the

turbojet engines combining the advantages of both.

Working

0
O'O

The construction of turbofan engine is shown in Fig.5.12.




Primary

—
& Air from the atmosphere enters into turbofan engine
employing a low pressure ducted fan. !

< The air after passing through the fan is divided into tw,
streams, namely primary air and secondary air.

¢ The primary air (my) flow through the turbofan engine
consisting of compressor, combustion chamber, turbine and
exhaust nozzle. Combustion takes place in the combustion
chamber and the thrust is produced in the opposite direction.

Combustion
Fan; Compressor | chamber | Turbines Fan nozzle

r_ \

i J— I [

[T
> Hot jet
/

Cold jet

air _J U,J-
- Cold jet
Bypass air —'—’j
[ [t
H.P. Turbine  L.P. Turbine

Fig. 5.12. Turbofan engine
& The secondary air (or) by pass air (or) cold air (m,) al
relatively lower pressure flows around the turbofan engine and
expands in the fan nozzle. Hence thrust is produced.

% The thrust developed by the secondary air is at lower velocity
and the thrust developed by the primary air is at much higher
velocity.

“The total thrust produced in this engine is the sum of thrust
uced by the primary air (m ») and the secondary air (l;zc).

- This total thrust propels the air craft.

2 mof the mass flow rates of cold air (r;zc) and the hot air

f{: eased frontal area. ‘

% Fuel consumption is high compared to turbo prop engine.

% Construction is complicated compared to turbojet engine.
~ Lower speed limit than turbojet engine.




5.1.10. THRUST

The force which propels the air craft forward at a given speed is
called as thrust or propulsive force. This thrust mainly depends on the
velocity of gases at the exit of the nozzle.

5.1.11. JET THRUST

The control surface of a turbojet engine between section 1 and 2 is
shown in Fig.5.16.

Air from atmospheric (m ,) enters the Turbojet engine at a pressure
P, and velocity u.

The gases leaves the nozzle at a pressure of p, and velocity of ¢, .

The mass flow rate of gases at exit of the nozzle is m,+m Iz

Propulsion
device

Control surface

Fig. 5.16. Internal and external flows for a propuision device

We know that

Momentum Pressure
Net thrust of the engine (F) = thrust + ¢ thrust
(Fmoirl } (Fpi‘g )

Momentum thrust (F,,, .. ) = (r;ra + n."ef) C, = My XU

Pressure thrust (F,, ) = (@, —P4) X A,

= Netthrust (F) = (m,+ri)c, — mpxu+ (o, =Pg) X A

. (5.10)
For complete expansion, p, = p.-
= Netthrust I = (;;za+r;qf}ce - m,xu
where m, — Mass of air (kg/s)
r?:rf — Mass of fuel (kg / s)
e, — Exit velocity of gases
(or) (or)
¢ Jet velocity

[ Note ; For complete expansion, ¢, =¢; ]
u ~ Flight speed

5.1.12. PROPELLER THRUST

The control surface of a turbo prop engine between section 1 and 2

is shown in Fig.5.17.
Thrust F

B

=1} i Fa

Fig. 5.17.
We know that,

Net thrusll
considering ¢ F
mass of fuel J

(n, +imyg) ¢, — M, ¥ U

* - -
= me, — My % U [~ m=m,+mg]




For compiete expansion,

Co =

(,}.
P sl T}

= F o=

.
Cj - m, xu

5 . = - I
Since ny is very stmah compared to mg, 1t is neglected.

Net thrust without } .
considering mass of fuel Come —miu

[ m=r?za+:;1f = m=m,

F = r;z(cj~u)

(or) ... (5.12)

F = im,(c-u

$.1.13. EFFECTIVE SPEED RATIO (o)

The ratio of flight speed to jet velocity is known as effective speed
ratio (o).
- Flight speed
Jet velocity {or) Velocity of exit gases

s A8
c = : W %
We know that, Thrust F = ’;‘a[ff}' -u]
= ;Eaxcj[l —;—f I
i
!F = m, x ¢ [1-o] .. {5.14)

5.1.14, SPECIFIC THRUST (Fsp)

The thrust developed per unit mass flow rate is known as specific
thrust,

—————

E .
... {5.15)

5.1.15. THRUST SPECIFIC FUEL CONSUMPTION (TSFC)

The fuel consumption rate per unit thrust is known as Thrust
Specific Fuel Consumption

Tt
TSFC = —

= ... (5.16)

5.1.16. SPECIFIC IMPULSE (tsp)

The thrust developed per unit weight flow rate is known as specific
impulse.

F
sp W

T 0
R

1

I

1
S g o

where, o — Effective speed ratio = —

5.1.17. PROPULSIVE EFFICIENCY

It is defined as the ratio of Propulsive power (or) Thrust power to
the power output of the engine.
Propulsive power (or) Thrust power
Tp = Power output of the engine

We know that

]

Thrust power Thrust (F) x Flight speed ()

Chrust power = m [, — u] x u




At the outlet of the engine, the power is available in the form of

1 T
kinetic energy. So the power output of the engine is 5 " Ecj.‘ —-u?].

] -
Power output = ;M [c:2 -]
.’;1'[:’.'- —u] % u
= Ny ¥ ——"-"“*—1 (5.18)
iy 2 7
2 m[cj —ut]
fe; —u] xu 2ule; —ul
ﬂp - 2 - cz —u?
5 [ej =] j
2ule; —u]
€ 0 -9
- 24 5.19
= o - (519)
Divide the numerator and denominator by c; .
2u 2u
= o .
P e, +u [+ 2
¢ G
26
U™ e ... (5.20)
where o — Effective speed ratio = c&
¥

5.1.18. THERMAL EFFICIENCY

It is defined as the ratio of power output of the engine to the power
input to the engine.

Power output of the engine
; = Power input to the engine through fuel

Power is given as the input by burning the fuel.
Se, Power Input = r;f, el

We know that

Power output

where

w521}

H

— Mass of air fuel mixture
— Velocity of jet

— Flight velocity
— Mass of fuel

C -V — Calorific value of fuel
If efficiency of combustion is considered,

n, =

i, -
3 mle] —#?]

'qur;zf xNCV

5.1.19. OVERALL EFFICIENCY
It is defined as the ratio of propulsive power to the power input to

the engine.
g
We know that,
Thrust power

Power input

Propulsive Power {or) Thrust Power
Power input to the engine

J;:[.::J—u] x U

!}IJKC'V
mle, —u} x u

_t . (5.23)

= Ny, = 5
mp % C-V
1
i R A e ey
mlie, =u] x u 2’"[Cj ut]
= =
Lwiia 2 p, x CV
2m[cj—u} i
M X R
= Ny = npxnf'l .. (5.24)




[FORMULAE USED |
1. Velocity of flight (or) Aircraft =
2. Velocity of jet (or) Velocity of exit gases = ¢; (or) c,
p o |
(3)7 -
7 E B0 L
3. Diffuser efficiency, My <= = 2
’ e i
[we™-1]
; _Tal®Re) " -1
4. Compressor efficiency, T, C —
where Rgc — Compressor ratio =
5. Combustion éfficiency
,;’ <
— ¢, Toz-— ¢ Tz 1 + €, T
it 4
B T c-vV
where C-V — Calorific value of fuel.
6. Turbine efficiency '
_ Tos — Tos _
B = 1
Tea| 1 - =1
Rop) ¥
__Pw
where Ry = Turbine pressure ratio = 5,
7. Nozzle efficiency
T04 — Te -
My = 1
Toa| 1 — 7 =1 ]
(Ron) 7

/

8.

9.

14,

15,

16,

10.

1L

12.

13.

/\/’;ocity of exit gas (or) Velocity of jet

=1
c; Of Co = zxﬂNcme[l_(& Y
Pog
(or)
c; OF Co = '\IZAho
Ce = ‘\lch (TO“_ e)

If nozzle efficiency is considered, ¢, =
Thrust, F= mc¢; — m, x u

Thrust, F= I;la [¢i—ul

Effective speed ratio, ¢ =
Specific thrust, Fg,
Thrust specific fuel consumption (TSFC L

Specific fuel consumption (SFC)

Specific Impulse, I, = _\i;:/—

Thrust power, P =

A Propulsive efficiency, M =

2 xnyxakg
[considering mass of fuel]

[without considering mass of fuel]

e MmO

m
(or) - _FL

F

u
by E

Fxu
= mlc-ul x u

2u
cj+u




.,

mlc? -2

1

- 2 J

17. Thermal efficiency, n = —
m; x C-V

m (c} -u?)
[If efficiency of combustion is considered, 1 ™ D —

Ny Xm; xCV

[ SIS

18. Overall efficiency, 1= E o w

my x C-V
(or)

= MpXx M,

. Velocity of air flow at the propeller

e = %[u+cj]

1
Air standard efficiency, n=1-= S )
Roe) 7
Po
Po

where Ry — Compressor pressure ratio =

Mass flowrate m = pA,u or pA;c;

Stagnation temperature — Mach number relation

To =1 .5

ol S M
u
Mach number at entry, M; = °—
!

Q’ Cc, Or c

; _ coorg
24 Mach pumber at exit M, =
= o MGy
\JTRT,
25. [sentropicC relation To; -
c2
26. Stagnation temperature, Ty = T+ o
37. Absolute velocity Caps = ¢ — U
For Ramjet Engine
1
. f Ideal c cle, N =
1. Efficiency © v e - :
y—1
=1

p (Rop) ! -1
2. Efficiency of diffuser, i
Y p y 21 Mf

where, Rop = Diffuser pressure ratio = _Rp_olg
3. Combustion efficiency
aSp (To3 — TOZ)
m 5 X C.V

Mg ©

Where, C.V = Calorific value of fuel.




5.1.20. SOLVED PROBLEMS
An aircraft flies at a speed of 520 kmpj o, w

altitude of 8000 m. The diameter of the propeller of an aircray i
2.4 m and flight to jet speed ratio is 0.74. Find the following .

(i) The rate of air flow through the propeller
(i) Thrust produced (iii) Specific thrust

(iv) Specific impulse (v) Thrust power
Given :

Air craft speed (or) Flight speed # = 520 kmph
_ 520x 103
3600 s
= 144.44 n/s
Altitude z = 8000 m
Diameter of the propeller d = 2.4m
Flight to jet speed ratio & = = = 0.74

J
where  ¢; — Jetspeed (or)

Speed of exit gases from the engine
To find: (i) Flow rate of air, m,

(#) Thrust produced, F

(ii1) Specific thrust, Fsp

(iv) \Specific impulse, Ly
(v) Thrust power P.

Solution : Area of the propeller disc A =

//—_
From gastubesat Z = 8000 m

p = 0.525kg/m3
[Gas Tables, S.M. Yahya, fifth edition, page no. 20]

. u
Effective speed ratio, ¢ = Zj
44
0.74 = ‘4':
J
= [ Velocity of Jet, ¢, = 19519 m/s | -

Velocity of air flow at the propeller

1
c=5[u+cj]

= % [ 144.44 +195.19 1,

[¢c = 16981 nvs |
Mass flow rate of air-fuel mixture

m = pAc .
= 0.525 x 4.52 x 169.81

[ = 40296 ke/s |

We know that m = mg *+ my

Simemassﬂowrateofﬁlcl(ﬁll) is not given, let us take

- -
m = m,

Mass flow rate of air m, = 402.96 kg/s

'-'l'hmst produced, F - m, [ ¢;—wu] [From equation no. 5.12]
= 402.96(195.19 — 144.44]
[F = 2045 x 10° N |




—_—

g the follawmg > (i) Thrust

Specific thrust, g, = [From equation no. 5,15 e

(i) Thrust power
(iii) Propulsive efficiency

[ m= I;Za] Air craft speed, ¥ = 440 kmph

; en :
a o _ 440 x 103 m
_.20.45 x 103 3600 s
T 40296 u = 12222 m/s
| Fsp = 50.75 N/(kg/s) | Diameter of the propeller, d = 4.1'm
F Speed ratio, ¢ = 0.8
S 1 o | ;
e (Isp) v ! Ambient temperature, T = 255K
. E Pressure, p = 0.55bar = 0.55 x 105 N/ m2
mg

Tofind: (i) Thrust(F)

= F [~ m=m i ", @) Thrust power (P)
r;xa x g ’ { (iif) Propulsive efficiency (nP)
20.45 x 103 . llerdisc, A = = g2
= —=—== T tion : Area of the propeller disc,
402.96 x 9.81 Boaion : 4
£
L, = 517 s | = 7 (@4ay
Thrust power, P = Thrust (F) x Flight speed () [A = 1320m? |
' = 3 u
L 20.45 x 103 x 144.44 J S i ratio, ¢ = =
P =295 x 106 W J
: ] ' 12222
Result: () m, = 40296 kg/s 0.8 = ¢
() F = 2045 x 103N [ Velocity of jetc, = 152.77 m/s |
@) Fg = 5075 N/ (kg/s) Velocity of air flow at the propeller
j I.,, = 5.17
) sp S ‘ | B [u % cj]
vy P = 295 x 106W

| Example 2 | An aircraft propeller flies at a speed of 440 k"';: t
The diameter of the propeller is 4.1 m and the speed ratio is 0.8.

= /s
ambient conditions of air at the flight altitude are T =255 K andp [c = 13749 m/s|
0.55 bar.

[122.22 + 152.77]




Mass flow rate of air fuel mixture, m = pxAxec

We know that

=%xAxc

0.55 x 105
- —28—7;‘35 % 13.20 x 137.49

m = 1363.9 kg/s

m, = 13639 kg/s

Thrust, F = r;za [cj—u]

= 1363.9 [152.77 - 122.22]
[F = 41,667N|

Thrust power, P = Thrust (F) x Flight speed (u)

Propulsive efficiency, By =

Result: (i) F

@ P
i) m,

= 41,667 x 12222
[P = 5.09x105W |

u
ion no. 5.19]
¢+ u [From equation no

2% 12222
152.77 + 122.22

Np = 0.88 (o) 88'VL|

41,667 N

5.09 x 106 W
88%

- e

= An aircraft takes 45 kg/s of air from the
? here and flies at a speed of 950 kmph. The air Juel ratio is 50
dthe ¢ alorific value of the fuel is 42 MJ/kg. For maximum thrust

power, find :
(i) Jet velocity (ii) Thrust
(i) Specific thrust (iv) Thrust power

(v) Propulsive efficiency (vi) Thermal efficiency
(vii) Overall efficiency L

(vilj) Thrust specific fuel consumption (TSFC)
Given : Mass of air, m, = 45 kg/s

Air craft speed, u = 950 kmph

950 x 10° m
3600 s

[ = 263.88m/s |

: '-"a
Air fuel ratio 7— = 50
G
Calorific value of the fuel, C-V = 42Ml/kg
= 42x 10 ) /kg

Note : At maximum thrust power, ¢ =0.5
Tofind: (i) Jet velocity, c; (if) Thrust, F

(#if) Specific thrust, F-p (iv) Thrust power, P

(v) Propulsive efficiency, n, ’

(vi) Thermal efficiency, n,

(vii) Overall efficiency, ng

_ (viif) Thrust specific fuel consumption (TSFC)
Solution : At the maximum thrust power, effective speed ratio
c = 05




u
=> g = - =05
%
g 263.88 _ 0.5
&
[ Jet velocity ¢; = 527.76 mis |
Mass of air fuel mixture, m = :;xa + r;zf

L

We know that,

Thrust, F = me, —

J

m, u  [From equation no. 5.11]

= 459 [ 527.76] — 45 x 263.88

[F = 1235 x 103N |

F
Specific thrust, F,, = -~

12.35 x 103

45.9

[F, = 269.06 N/(kg/s) |

Thrust power, P = Fxu

= 1235 x 103 x 263.88

[P = 32 x 106W |

Propulsive efficiency, 1 P

2u ; 5.19]
tion no.
o +u [From equati
2 x 263.88

527.76 + 263.88

L7

I

0.66 (or) 66%

% m [cj2 - u?)
my; x C-V
[From equation no. 5.21]
m, + my
= m-m,
459 — 45
0.9

: % x 45.9 x [(527.76)% — (263.88)? ]

0.9 x 42 x 10°

m
= _ oy
Yy
= n,
L,

0.126 (or) 12.6%

Overall efficiency, Ng

I

T'l" ® nl
“0.66 x 0.126

[Mo = 0.083 (or) 8.3% |

my
Thrust specific fuel consumption (TSFC) = F

[From equation no. 5.16]
- 09

12.35 x 103

TSFC

=

k;
s __5._
7.29 % 10 s-N

Result :
@ ¢ = 52776 m/s
@i ¥,
® m,

66.6%

ii) wy = 8.3%

269.06 N/(kg/s) ) P

@in) F 1235 x 103 N
32x100W

o) n, = 126%

(viii) TSFC = 7.29 x 10-5 —g—s'f o




T

[(Example 4] A wrbojet flies at a speed of 870 knpy, .
altitude of 10,000 m. The data for the engine is given beloyy,

Diameter at inlet section = (.74
Velocity of the gases at the exit of the jet pipe = 505 /¢
Pressure at the exit of the jet pipe = 0.28 par

Air-fuel ratio = 42
Determine : (i) Air flow rate through the engine

(i) Thrust (i) Specific thrust
(iv) Specific impulse (v) Thrust power
(vi) TSFC
Given : Flight speed, # = 870 kmph
_ 870x 103
3600
[ = 241.66 m/s |
Altitude, Z = 10,000 m
Diameter atinlet, d, = 0.74m
Velocity of the gas at exit of
jet pipe <, (or) cj} = 505 m/s
Pressure at exit, P. = 0.28 bar
= 0.28 x 105 N/m?
Airfuelratio = —2 = 42
: mg
Tofind: (i) Air flow rate through the engine (m,)

(i) Thrust F

() Specific impulse, 1,

(vi) TSFC

@iy Specific thrust, Fs_
(v) Thrust power. P

_ _
; at § e X0
Solution : Area atinlet, A, = 4 9,
= T 074y
'b' = 0.43 m2
From gas tables at z = 10,000 m
T, = 223.15K [Gas tables, page no. 20]
Pr = 0264 bar = 0.264 x 105 N/m?2
p; = 0413 ;

Mass flow rate of mixture }

through the engine

= p;Au
= 0.413 x 0.43 x 241.66

Air flow rate through the engine i, = 41.9 kg/s

We know that

“Thrust, F

me; — m,u [From equation no.5.11]
429 x 505 — 419 x 241.66

LF

11,538 N |

Thrust power, P

Fxu
11,538 x 241.66

(P =278 x 105 W |




/

F . -
Specific thrust, F,, = =
Spec S (Ehample 8| The flight speed of a turbojet is 800 km/h at an
_ 11,538 ambient pressure of 1.1 bar. The mass flow rate of air is 15 kg/s. The
429 pressure of the gas entering the nozzle is 4 bar and temperature is
[F, = 26895 N/(kg/s) ] 300°C. Determine the following :
. F F 1. Thrust
Specific Impulse, I, = Jy = o 2. Thrust power
_ 11,538 3. Propulsive efficiency
42.9 x 9.81 Take y=1.4 and R = 287 J/kg-K
[E = 2741 sJ Given : Flight speed, » = 800 km/r
» _ 800x103m
& = /== 0
Thrust specific fuel consumption (TSFC) = _FL ; 3600 s
[« = 22222 mss |
We know that, m = m, + my Ambient pressure, p, = 1.1 bar = 1.1 x 103 N/m?
— 429 = 419 + m Mass flow rate of air, m, = 15kg/s
4 Pressure of the gas entering the nozzle, po, = 4 bar
= m, = 1 kg/s = 4 x 105 N/m2
1 Temperature of the gas } N 2
= TSFC = 77538 entering the nozzle | "4 300°C +273
kg = 573K
= 8.66 x 103 s-N § = 14
R = 287 Jkgk
. kg Combustion
TSFC = 0312 7o o
2
Result : () m, = 419 kg/s ' Tm-wDTm-m
@G F = 11,538N
) F, = 268.95 N/kg/s Al — e Tutine] coliozzie | Extant
@v) I, = 2741s Tipm ToPo
) P = 278x106W — )4 VA,
k To1. Pot %
(viy TSFC = 0312 _g_h s i £




Tofind: 1. Thrust, F. - _2x22222

— = 596.06 +22222 — 0-543
s Stlpo ef’;'xciency n 1 = 54.3%
3. Ermpuisie B | Result : 1. F = 5.60x 103N
© Solution : We know that, ‘ z 2 P = 1.24x 10N
-1 =
T ( P. )’—,- 3. my, = 543% |
ic relation, = = { — . "
sentrople TEIEHON: Toq s Example 1| A turbojet propels an aircraft at a speed of 900
14-1 . . :
T _ JL_) 13 m/h while taking 3000 kg of air per minute. The isentropic
= 573 4x 10

enthalpy drop in the nozzle is 200 kJ / kg and the nozzle efficiency is
90%. The air-fuel ratio is 85 and the combustion efficiency is 95%

[+ For complete expansion of nozzle, p, = p|

14-1
Ty (1.1 X 105) 14

= 73 = \%xios The calorific value of the fuel is 42,000 kJ / kg. Calculate :
- T, = 573 x0.6915
[T, = 396.24K |

We know that,

Exit velocity of gas, ¢, (or) ¢, = -\, 2¢,(Tos—Te)

= ¢; = \2x1005 x (573 —396.24)
= lc; = 596.06 m/s |

Thrust developed, F = m, [¢,~u ] [~ m y is ot giverl
= F = 15[596.06 — 222.22]

[F = 560x10°N |

Thrust power, P = Fx u
= 5.60 x 103 x 222.22
P = 1.24x106 N |

Propulsive efficiency, np = c2 :
1 u
J




/
0 Propulsive power (or) Thrust power
(ii) Thermal efficiency
(i) Propulsive efficiency  [Dec. 2003, 2004 Anna University]
Given : Aircrafi speed, # = 900km/h
_900x10°m _ 250 m/
= T 3600s ~ “VMS
Mass of air, m, = 3000 kg / min
3000 _
= 760 kg/s = 50kg/s
Enthalpy drop, Ak = 200 kJ/kg = 200 x 103 J/kg
Nozzle efficiency, Ny = 90%
mg,
Air fuel ratio, 7— = 85
My

95%

Combustion efficiency. Ny
B 3
Calorific value of the fuel, C-V = 42,000'@ = 42,000 x 103 ke

Tofind: (i) Propulsive power, P
(if) Thermal efficiency, N

(iif) Propulsive efficiency, N,

Solution : Mass flow rate of air-fuel mixture

m = ﬁza+ﬁr,
- 1
m . ¥
=m |+':L =ma[‘+85]
a m“
. X,
m = 50[\ + 85
= 5058 ke/s

SBY 1 e \
Mass ﬂbw rate of air-fuel mixture m = 50.5g kg /s
- ,;1[ = ';1 - ';7a = 50.58 - 50

‘,;1, 0.58 kg /s

‘. Mass flow rate of fuel m, = 0.58 kg /s
We know that

Velocity of jet (or) } _
Velocity of exit gases | 2 xn x Ak,
V2 x0.90 x 200 x 103
600 m/s |

Le

hd .
Thrust, F = m ¢; — myu

[From equation no, 5.1
50.58 x 600 — 50 x 250
[F= 1784 x 1°N |

Thrust power (or) Prepulsive power P = Fx y
= P

17.84 x 103 x 250
4.46 x 106 W |

| Propulsive power P

I

Propulsive efficiency,

e tu [From equation no. 5.19]

= 2% 250
600 + 250

|np = 0588 (or) 58.8% |
l < 2 2
5 m [cJ. —us]

Thermal efﬁciency, n
t -
T B X mg x C-V

[From equation no. 5.22]




JEL FIOpuision 5.35

o

Nt

1
2 * 50.58 [(600)2 - (250)2]

0.95 % 0.58 x 42.000 x 103
‘ n, = 0325 (or) 32.59 |

. = 4.46x 106 W
alt: @) P
R G m, = 325%

GiD M, = 58.8%

[

The flight speed of a turbojet is 800 kmv/h at
10,000 m altitude. The density of air at that altitude is 0.17 kg / m.

The drag for the plane is 6.8 kN. The propuisive efficiency of the jet
s 60%. Calculate the SFC, Air-fuel ratio, Jet velocity. Assume the

calorific value of fuel is 45000 kJ / kg and overall efficiency of the
wrbojet plane is 18%.

[April 2003, Madras University, Dec. 2005, Anna University]
Given : Flight speed, = 800km/h

800 x 103 m
3600 s

lu = 22222 m/s |
Altitude, z = 10,000 m
Density, p = 0.17 kg/m3

Drag (or) Thrust, F = 6.8kN = 68 x 103 N
Propulsive efficiency, My = 60%

Calorific value of the fuel C - V

45,000 kJ / kg

= 45,000 x 103 J/kg
Overall efficiency, ng = 18%

m

Tofind: (iy SFC (ii) Air-fuel ratio ——
m

/

(i) Jet velocity ¢

Solution : We know that,

_ 2u
Propulsive efficiency, Mp ~ cj+u
2 x 22222
060 = &'+ 22227
0.60 ¢, +22222] = 2 x 22222
& X
=> 0.60 ¢, + 13333 = 444.44
c; = 518.51 m/s
=

[ Velocity of jet, ¢, = 518.51 m/?l

Thrust Power
Power Input
Thrust x Flight speed

Power Input
F x u

r;xl x CV
—— .6.8><103 x 22222
my; x 45,000 x 103
m; = 0.186 kg/s

Overall efficiency ng =

Mass flow rate of fuel, 1;1! = 0.186 kg/s

Thrust, F = p ¢, —m, u [From equation no. 5.11]

F = I;lacj + };1, cj - ';1au
6.8x 103 = m, x 518.51 + 0.186 x 518.51 — m, x 2222
6.8 %103 =

296.29 r;:a + 96.44
m, = 2262 kg/s

Mass flow rate of air, ';'a = 22.62kg/s




m
Air fuel ratio =2 = 2262
m ; 0.186

m,
= = 12141

I
—
o

—
o

—_—

Thrust specific fuel consumption} _m
TSFC (or) SEC) ~ F

_ 01

6.8 % 10°

TSFC = 2.735 x 107 S—k%w

k
Result: (i) SFC(or) TSFC = 2735x 107 s_%\l-

ma
@i — = 121,61
By

(i) ¢; = 518.51 m/s

‘ Examéle 5| The Jollowing datg re

e 110 a turbojet flying at qn
alituae 0f 7000

Speed of turbojet = 850 km /i
Propulsive efficiency = 55
Overall efficiency of turbine plant = 17%

Density of air = 0.17 kg /ne
Drag on plane = 6.10kN
Caleulate : (a) Absolute velocity of je

(b) Diameter of jet
(¢) Propulsive power
Gien: ~ Altiude, z = 9500m
Speed of turbojet, # = 850 km/h

[April 99, MU]




5.98 @S LylknIma v oo
20 e ———

S50~ | 0dm

T 000 s
f_zj,:_;_,_,:__"{o.l lm/s
Propulsive efficiency. M, - S3%
Overall efficiency, g = 17%
Density of air, p = 0.17 kg /m?
Drag on the plane (or) Thrust, F = 6.10KN
= 6.10 x 103 N

To find : (i) Absolute velocity of jet, ¢,

(@7) Diameter of the jet, uf ;

(#if) Propulsive power, P
Solution : We know that,

o
- \0 — u

Propulsive efficiency, N, = J i [From equation no. 5,19

™ 0.55 = 2X 236.11
' cj + 236.11

= 0.55[cj+236.lll] = 2x236.11
= 0.55 ¢+ 12986 = 47222
—J

¢ = 62247 m/s

= 622.47 m/ﬂ

s = C — u = 62247 - 236.11

Cabs = 386.36 m/s

Thrust, F = ';z[cj‘ll]

Velocity of jet c; (or)
Veloci

of exit gases
Absolute velocity of jet, ¢ b

We know that,

[~ m,is not given
[From equation no. 5.12
6.10 T e @
X103 = m[622.47 — 236.11]

-
fass tlow rat =
Mass flc rate, m P x c, = z‘\l

» 15:7 = 0.17 x 622.47 x ‘; (d” )

d, = 0434 m
_. [Diameter of the jet, d, 0.434m |

— o a2

Propulsive power, P = F x

Il

= 6.10 x 103 » 236.11

P = > = 1.44 x10° W |

Result : (1) Caps 386 36 m/s
(i) d, = 0434m
(iir) P = 144 100 W

L

A turbojet has a speed of 750 kmv/h while flying at
on altitude of 10000 m. The propulsive efficiency of the jet is 50%
wnd the overall efficiency of the turbine pilant is 16%. The density of
gir at 10,000 m altitude is 0.173 kg / n. The drag on the plane is
6250 N. Calorific value of the fuel is 48000 kJ / kg. Calculate :

(i) Absolute velocity of the jet

(ii) Diameter of the jet

(iii) Power output of the unit in kKW [April 98, MU]

Given: Flightspeed, u = 750km/h = %06&‘%3
[u = 208.33kg/s
Altitude. z = 10,000 m
Propulsive efficiency. m, = 50%
Overall efficiency, Ny = 16%
Density of air, p = 0.173kg/ m?3

Drag (or) Thrust, F = 6250 N
Calorific value C-V = 48000 kJ/ kg
— 48000 x 10° J/kg




——

To find : (@) Absolute velocity ¢, o

—

(#7) Diameter of the jet J /;

(iii) Power output (P) in kW

Solution :
Propulsive efficiency, 1, = —2%_
Foogtu [Fromeguy, no
= 0.50 = -2x20833
¢ + 208.33
= 0.50¢; + 104.165 = 41666

=
G = 624.99 n

Velocity ofjet ¢, = 624.99 1,/
Absolute velocity of jet, ¢ b :
abs

624.99 — 203 35

Cabs = 416.6
We know that ==
Thrust, p = 2
= mlc,—q
o ’ >y ] [From €quation ng
0 = m [ 624 99

Mass flow rate, ’;1 -
=3 p X Aj x 9
I5 =

T
s 0173 x T (@?) x 624.99

042 m

P :
p = —2Rulsive Power (or) Thrust Po
Power output of the engine

/
. Fxu
P Power output of the engine
[+ Thrust power P = Fxu |
0.50 = 9250x208.33
Power output
- [ Power output = 2.6x 106W = 2.6 x 103 kW_]
Result: () cg = 416.66 m/s
()] dj = 042 m
@Gi) P = 260 x 103 kW

A turbojet engine takes in 50 kg/s of air and

propels an aircraft with uniform flight speed of 880 km/hr.
Isentropic enthalpy change for nozzle is 188 kJ/kg and velocity
coefficient is 0.96. The fuel air ratio is 1.2%. Combustion efficiency
is 95%. Calorific value of fuel is 44,000 kJ/kg. Find out :
(i) Thermal efficiency of the engine
(ii) Fuel flow in kg / hr
(iti) Propulsive efficiency
(iv) Overall efficiency [April 97, MU]

Given :  Air flow rate, r;ia = 50kg/s

Flight speed, # = 880 km/h

880 x 103
3600

244.44 m/s

m/s

Isentropic enthalpy change in the nozzle
Ahy, = 188kJ/kg
= 188x 103 J/kg
Velocity coefficient = 0.96

Fuel air ratio = 1.2%




-
my
-
=2 m,,

Combustion efficiency, M,

Calorific value C-V

To find : (i) Thermal efficiency, n,

1]

0.012
95%

44,000 kJ / kg
44000 x

(i) Fuel flow, m, inkg/h

(iii) Propulsive efficiency, Np

(iv) Overall efficiency, n,,

Seolution : Mass flow rate of air fuel mixture

-
m

-
m

e -
i, m

-
a
11”

S0[1+0.012]

3

ot

+
~e LS'

50.6 kg /ﬂ

- ©
! R m,

50.6 — 50

0.6 kg/s\

s

2160 kg/h

Mass Q(_))N_rate of fuel, m s

2160 kg/hl

Velocity of jet (or)

Velocity of exit gas | €/

-\’ 2 x Ahg

l()" _| / kg

el

= \J2x188x10°

—

c

61318 m/s |

] SRR o,

velocity coefTicient

= 0.96

{given]

¢, = 096 x 613.18
=
Velocity of Jet, ¢, = 588.66 m/s |

propulsive efficiency, n,

2u ) )
¢, *u [From equation no. 5.19]

2 x 244.44
588.66 + 244 .44

Lne

= 0.5868 (or) 58.6%J

Thermal efficiency, m,

m (e} — )

N =

Ny XMy * Cc-V

[From equation no. 5.22]

% x 50.6[(588.66)2-(244.44)2]
0.95 x 44000 x 103

n, = 0289 (o0 23.90/;‘
Overall efficiency, Mg = MNp * ™,
= 0.586 x 0.289
N = 0.169 (or) 16.9%
Result : H n, = 28.9%

L kg/h

0,
Gy Mp ~ 58.6%

o W= 16.9%




A turbojet plane has two jets of 250 mm dian,
and the net power at the turbine is 3000 kW. The fuel consu mpy
per kwhr is 0.42 kg with a fuel of calorific value 49 MJ / kg,

“fAying at a speed of 300 m/s in atmospheric having a density of 0.
kg/m>. The air fuel ratio is 53. Calculate :
(i) Absolute-velocity of jet
(ii) Resistance (or) Drag of the plane
(iii) Overall efficiency of the plane
(iv) Efficiency of the thermal [Oct. 95, )
Given : Number of jets, n = 2
Diameter, d = 250 mm = 0.25m
Power, P = 3000 kW

= 3000 x 103 W

Fuel consumption, m, = 0.42 kg/kwhr

Since power is 3000 kW, m; = 3000 x 0.42 kg/h

= 1260 kg/h

1260
3600 k&/s

m; = 035 kg/s
Calorific value C-V = 49 MJ/kg

CV = 49 x 106 J/kg
Flight speed, # = 300 m/s
Density, p = 0.168 kg/m?

. m
Air fuel ratio Tg_ =" 53
m; -

1o find ¢ (i) Absolute velocity of jet, ¢,
0

(ii) Resistance (or) Drag of the plane, (F)
@iii) Overall efficiency, n,

(iv) Thermal efficiency, n ;

Solution :  Mass flow rate of air fuel mixture, m =

= 8 g
- ml = + I
i

= 035 [53+1]
m = 189 kg/sl

We know that,
Mass flow rate, m = A cp
Here, Number of jéts, n = 2
= Com o= 2 x A; x ¢ xp
= m = 2 % %' d? x ¢ x p
1189 = 2 x § (0257 x ¢; x 0.168
= , ¢ = 1145.91 m/s
[ Velocity of jet, ¢; = 1145.91 m/s |
Absolute velocity of jet, €aps = ¢ — ¥
= 114591 — 300
oy = 84591 m/s

Thrust (or) Resistance (or) Drag

P -
F = mcj—max“




.
[

18.0 x 114591 - 18.55 x 300

n—-m, = 18.9 ).35
m-m; = 18 0.3! IX.SSkg/SI

LF

16.09 x 10°N |

Overall efficiency, n,

r;z[cj—u] X u

l;zGC-V

[From equation no, 5.22)
18.9[ 114591 -3001] x 300
0.35 x 49 x 106

Mo

0.279 (or) 27.9%

Thermal efficiency, M,

n

1

%r;r[c}—uz]

m; x C-V
[From equation no. 5.21]

1
7 x 189 [(114591)2 - (300)2]
0.35 x 49 x 106

0.673 (or) 67.3

Result: (i) Coabs
@) F

Giil) ng
() m,

84591 m/s

16.09 x 103 N
27.9%

67.3%

I|J = V,.WJT& D

d '
Example 12,9, The diameter of the propeller of an aircraft is 2.5 m; it flies at a speed of
500 kmph at an altitude of 8000 m. For o flightto jet speed ratio of 0.75 determine (@) the flow
rate of air through the propeller, (b) thrust, produced, (c) specific thrust, (d) specific impulse

and (e) the thrust power,
Solution. Area of eross-section of the propeller dis

A=£d2=£x2.52=4.9b‘8m2
4 4

Air density at Z=8000m s
p=0.525 kg/m?

Flight speed u = 500 kmph = 138.89 m/s
o= ule;=0.75

¢;=138.89/0.75 = 185.18 mls
(a) Velocity of air flow at the propeller disc is

c= %(u t¢y)

¢=0.5(138.89 + 185.18) = 162.035 m/s
Theoretical value of the flow rate is given by

1, = pAc = 0,525 x 4.908 x 162,035
i, =417516kgs Ans.

) F= (e -u)
F=417.516(185.18 - 138.89) x 103
F=19.3268kN Ans,
F 193268 _

(c) F = m—“ . e 46.29 N/(kg/s) Ans.
F _F _4629 _

(d) I. = w—a- = ’;;; = —9-,8] =4718s Ans.

(e) Thrust powerisP=F x u
P =19.3268 x 138.89 = 2684.3 kW Ans.
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