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Modern Steam Turbines

1. Introduction. 2. Reheating of Steam. 3. Advantages of Reheating of Steam. 4. Reheat Cycle. 5.
Multi-stage Turbines. 6. Reheat Factor. 7 Efficiencies of a Multi-stage Turbine. 8. Regenerative Cycle.
9. Bleeding. 10. Regenerative Cycle with Single Feed Water heater. 1/. Regenerative Cycle with Two
Feed Water Heaters. 12. Binary Vapour Plows. 13. Binary Vapour Cycle. 14. Some Special Turbines.
15. Passout or Extraction Turbine. /6. flack Pressure Turbine. 17. Exhaust or LOW Pressure Turbine.
/8. Future Power Plants.

25.1. lii (roduct ion

In the last three chapters, we have discussed impulse turbines, reaction turbines and their
performance. In these chapters, we discussed, apart from other things, power developed by the
turbines and their efficiencies. The scientists and engineers, working in research centres all over the
world, concentrated their attention to produce more power and to improve efficiencies of these
turbines. They have listed a number of methods for this purpose. but the following are iniporiant from
the subject point of view:

I. Reheating of steam. 2. Regenerative feed heating, and 3. Binary vapour plants.
All the above mentioned methods will be discussed, in detail, in this chapter.
Reheating of Steam

We have already discussed that
efficiency of the ordinary Rankine cycle
can be improved by increasing the pres-
sure and temperature of the steam enter-
ing into the turbine, A little consideration
will show, that the increase in the initial
steam pressure will increase the expan-
sion ratio, and steam will become quite
wet at the end of expansion. As a matter
of fact, it is not desirable that the steam
may become wet at theend of expansion.
The wet steam causes erosion of the tur-
bine blades tr,d increases internal losses.
This will ultimately reduce the blade ef-
ficiency of the turbine.

The above mentioned difficulty
may be overcome by reheating of the
steam, in this system, the steam is re- 	 Hg. 25.t tsc,ifflig sF ccam.
moved from the turbine when it becomes
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wet. It is then reheated at a constant pressure by the flue gases, until it is :ualn in the uperhcated
state. It is then returned to the next stage in the turbine. ThC schematic hag 	 oft he pre ,, is shown

in Fig. 25.1.
25.3. Advantages of Reheating of Steam

The reheating of steam in a turbine has the following advantagns
I. It increases the work done through the turbine.

2. It increases the efficiency of the turbine.

3. It reduces the erosion of the blades, becswse of increase in dryness fraction of steam at

exhaust.
4. TheatTiount of water rquied in the conhensci &fl	 bic.Hs rcdiided, due to reduction

in the specific steam consumption.

25.4. Reheat Cycle

In a reheat cycle, the steam enters the turbine in a
superheated state at point A. The steam then expands isen-
tropically while flowing through the turbine, as shown by the
vertical lineAB in Fig. 25.2.

After expansion the steam becomes wet, which is
reheated at a constant pressure generally up to the same 	

01

temperature as that at A shown by the point C, where it is
again in superheated state. The steam again expands iseri-
tropically while flowing through the next stage of the turbine
as shown by the vertical line CD in Fig. 25.2.

Now consider a steam turbine with a reheating systen
as shown in Fig. 25.2.

Eul--------------- -	 --
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Let	 hA = Enthalpy or total heat of steam at A,

h, hc, h0 = Corresponding values at B, C and D,

= Enthalpy or sensible heat of water at D.

We know that the total heat ss.pplicd to steam is the sum of the total heat ii A nd the. heat

supplied during reheating between B and C.

Total heat supplied = Total heat at A + Heat supplied between B and C

= hA+[(hChB)JlJDJ

We also know that work done
= Total heat drop = (hA h8) + (h -

Work done	 (hA - ha) + (hc - /)
and efficiency,	 1 =	 eat supplied	 hA+[(hc -

Notes ' If there had been no reheating of steam, the expansion through the turbine would have been along
the tine AE. In that case.

Efficiency.	 = I:,,
	 (Rankine efficiency)

where
	 h E = Total heat of steam at E. and

= Total heat of water at E.

2. For simplicity, we have taken only one stage of reheating. But in actual practice, there maybe more
than one stage of reheating.
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Example 25.1. Steam at a pressure of 15 bar and 250° C is first expanded through a turbine
to a pressure of 41 bar. it is then reheated at a constant pressure to the initial temperature 01250°c
and is finally expandedto 0.! bar. Using Mo!! jer chart estimate the work done perkg ofsteamflowi,;g
through the turbine and the amount of heat supplied during the process of reheat.

A (so find the work output when the expansion is direct from 15 bar to 03 bar without any
reheat. Assume all expansion processes to be isentropic.

Solution. Given: p, = IS bar;T 1 =250°C;p2 4 bar; T2 =250°C ;pO.l bar
The reheating of steam is represented on the Mol-

her chart as shown in Fig. 25.3. From the chart, we fundthat
h  = 2930 kJ/kg ; h 8 = 2660 kJ/kg ; h1

2965 kJ/kg;h0 2345 kJ/kg ; and h=2I3OkJ/kg

From steam tables, corresponding to a pressure of
0.! bar, we find that sensible heat of water at D. 	 W

h10 = hfE = 191.8 kJ/kg

Workdone per kg of steam
We know that workdone per kg of steam,

w = (hA—ha)+(hc_hD) 	 Fig. 25.3

= (2930— 2660) + (2965 - 2345) = 890 kilkg Ans.
1/eat supplied during the p/mess of re/zeal

We know that the heat supplied during the process of reheat,
h = Heal supplied between B and C

= (hc ha) — hJD = (2965-2660)— 191.8 = 113.2kJ/ki' Aits.

Work output when the e.span.cion is direct
The direct expansion from IS bar to 0.1 bar is shown by the line AE in Fig. 25.3.
We know that work output

= lotal heat drop = hA — hE = 2930-2130 = SOOkJ/kg Arb,

Example. 25.2. in a thermal plan!, the steam is supplied at a pressure of 30 bar and
temperature of 300° C to the high pressure side of steam turbine where it is expanded to 5 bar. The
steam is then removed and reheated to 300° Cat a constant pressure. It is then expanded to the low
pressure side of the turbine to 0.5 bar. Find the efficiency of:he cycle with and without reheating.

Solution. Given:p 1 =3o bar; T1 300°C;p2=Sbar;T2300"C;p3=O.Sbar
Efficiency of me c yde with me/wa/jog

The reheating of steam is represented on the Mollies chart as shown in Fig. 25.4. From the
chart, we find that

hA = 2990 Id/kg; h 8 2625 kJ/kg ; h = 3075 kJ/kg ; h 0 = 2595 kJ/kg ; and h,= 2280 kJ/kg

at D, From 
s team tables, corresponding to a pressure of 0.5 bar, we find that sensible heat of water

h10 = h1 E = 340.6 kJ/kg
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We know that efficiency of the cycle with reheating,

- (hA hB)+(hc — ho) - (2990-2625)+(3075-2595)
+ [(he - hB) - hJ	 2990 + [(3075 2625) 340.61

= 30994 
= 0.273 or 27.3% Ans.

Ffieieocv of the evcle without re/leati,,
We know that efficiency of the cycle without re-

heating,

hA—hF	 2990-2280
12 - hA -	 - 2990-340.6

-	 ,,- 	 A1.O v ';ss.	 - Entropy

25.5. Multi-stage Turbines	 Fig. 25.4

We have already discussed a two-stage impulse turbine in Art. 22.12. In this turbine, we have
seen that the steam after leaving the moving blade is made to flow through a fixed ring and again it
impinges on the blades fixed to the second moving ring. If the steam, from the second moving ring,
is made to flow into the condenser; it is known as two-stage turbine. But sometimes, we make the
Steam to pass through a number of stages in order to get more work (or precisely to develop more
power). Such a turbine is known as nzuiti-siage turbine.

25.6. Reheat Factor

It is an important term used for the multi-stage turbines, which may be broadly defined as the
ratio of cumulative heat drop to the isentropic heat
drop. Now consider a multi-stage turbine (say
three-stage turbine) whose reheat factor is required
to be found out.

Let	 p, = Initial pressure of the steam, 	
I1A I---

A,

	P2 = Pressure of steam leaving	 Con,on

the first stage,	 /
	P3

 = Pressure of steam leaving	 >-	 -	 - - A2

the second stage,	 ^6

	

= Finalpressure olthe steam.	 TT	 A

t l = Initial temperature of the 
N3	 B3

iJi3A
steam, and	 t 

	

= Stage efficiency for each	 .-.-- Entropy
stage of the turbine.

Now let us draw the expansion of steam in

	

three stages on a Mollier chart, as shown in 	 Fig. 255. Rchca I:ir lor.iohrce,taee
Fig. 25.5, as discussed below:	 urhinc.

I. First of all, locate the point A 1 with the help of initial pressure (p 1 ) and temperature (')
of the steam. Now find out the enthalpy of Steam at A 1 (i.e. hA,).

2. From A, draw a vertical lineA B 1 meeting the pressure line ( p2) at B representing isent-
ropic expansion of the steam in the first stage. Now find out the enthalpy of steam at B, (i.e. h1).
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3. Now cutoff B 1 C1 equal to the blade friction in the first stage [or in other words, cutoff

A 1 C1 equal toil x (h At -h Bd]'  Through C1 draw a horizontal line C1A 2 meeting the pressure line

(p2) at A21 which gives the final condition of the steam discharged from the first stage. Now find out
the enthalpy of steam atA 2 (i.e. hA2).

4. Similarly, from A 2 draw a vertical line A 2B2 to meet the pressure line (p) at B2

representing isentropic expansion of steam in the second stage. Now cutoff 82C2 equal to the blade

friction in the second stage. Through C2 draw a horizontal line CA, to meet the pressure line (p s ) at

A 3, which gives the final condition of the steam discharged from the second stage. Now find Out the

enthalpy of steam atA 3 (i.e. hA3).

5. Similarly, locate the point A 4 on the pressure line (p4), which gives the final condition of

the steam discharged from the third stage and find out the enthalpy of steam at A 4 (i.e. hAs).

Now a draw a smooth curve through the points A, A 2, A 3 and A 4 . Since these points represent
the final condition of steam at the end of each stage, therefore the curve is known as condition curve.
A little consideration will show, that if the friction is neglected, the isentropic heat drop through all
these stages will be represented by the vertical lineA1D.

It will be interesting to know, from the Mollier diagram, that the pressure lines diverge , from
left to right, which shift the isentropic expansion lines at each stage slightly towards the right side in
the diagram. Or in other words, enthalpy or heat drop (as represented by the lines AB,, A 2B2, A1B)

is slightly increased. The sum of increased heat drops is known as cumulative Aeat drop.
Now the ratio of cumulative heat drop to the isentropic heat drop is known as reheat factor.

Mathematically, reheat factor,

R F - Cumulative heat drop
- Isentropic heat drop

- AB1+A2B2+A3B3 - ZAB
-	 A1D	 A10

25.7. Efficiencies of a Multi-stage Turbine
The following efficiencies of a multi-stage turbine are important from subject point of view:

I. Stage efficiency. It is the ratio of the work done on the rotor (or useful heat drop) in a
stage to the isentropic heat drop tor the same stage. Mathematically, stage efficiency,

Useful heat drop in one stage
- Isentropic heat drop for the same stage

A Ct	A2C2 A3C1

- A 1B - A 2B2 - A1B3

2. internal efficiency. It is the ratio of the total work done on the rotor (or total useful heat
drop) to the total isentropic neat drop. It accounts for all the losses due to friction etc. Mathematically,
interjial efficiency,

- Total useful heatdrop - A 1 C1 +A2C2+A3C3

Total isentropic heat drop 	 A1D

- (hM_ hc I )+(hAl_ hc)+(h A i_ hcl) -

	

hAI — hD	 - hAl - ho

Note : The internal efficiency is sometimes known as lSentropiC efficiency or turbine efficiency.
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. Efficienc y ratio. When the external losses due to friction at the bearing etc. are also

considered with internal losses, the turbine efficiency is termed as efficiency ratio. It is defined as the

ratio of the total work produced at the driving end of the shaft per kg of steam to the total isentropic
heat drop across the turbine. Mathematically, efficiency ratio.

E R	
Total work produced at the driving end of shaft

	

-	 Total isentropic heat drop

Total useful heat drop
Total isentropic heat drop

4. Overall ihernial efficiei'c y it is the ratio of the work delivered at the turbine shaft to
the heat supplied. This efficiency covers both the internal and external losses. Mathematically, overall

thermal efficiency,

- Work delivered at the turbine shaft 	 Total useful heat

	

110-
	 Heat supplied	 -	 Heat supplied

- A1C1+A2C2+A3C3

hAl—hf0

- (hAl _ hcl )+(hA2_ hcz)+(hA3_ hci) - hAl — ho

	

-	 hAl—hf0	 hAl — hID

.. Rankine efflcicmuy. it is the ratio of the isentropic heat drop to the heat supplied.

Mathematically, Rankine efficiency.

- isentropic heat drop	 hAl -

	

—	

-

Heat supplied	 - hAt -

Example 25.3. The steam is supplied to a three stage turbine at 30 bar and 3500 C. The
steam leaves the first stage at 7 bar; second stage at I bar ; and finally at 0.1 bar. If each stage has
an efficiency ofo.7, determine: 1. Rankine efficiency, 2. The final condition of steam, 3. Reheat factor,
and 4. Overall thermal efficiency.

Solution. Given: p1=30bar;T1350°C;p2=7barp3=1bar;P4O.lba1.1lO.7

Now let us draw expansion of the steam in three stages on the Mollier chart, as shown in

Fig. 25.6, as. discussed below:

I. First of all, locate a point A 1 at the intersection of initial pressure (30 bar) and initial

temperature (3500 Q. We find that enthalpy of steam at A 1 , i.e. hAl = 3120 Id/kg.

2. From A 1 , draw a vertical lineA ' B meeting the pressure line of 7 bar at B representing

isentropic expansion of steam in the first stage. We find that enthalpy of steam at B, i.e. h 1 =

2790 kJ/kg.

3. Now cutoff, A 1 C1 equal toll (hA t -. h Bl ) = 0.7 (3120— 2790) 231 Id/kg. Therefore,

enthalpy of steam at C1 i.e. h 1 = hAl —231 = 3120— 231 = 2889 kllkg. Through Cp draw a

horizontal line C 1 A 2 meeting the pressure line of 7 bar at A 2. Now the enthalpy of Steam at A2, i.e.
h 2 = h 1 , = 2889 Id/kg.

4. Similarly from A 2, draw a vertical line A 2B2 meeting the pressure line of I bar at B2. We

find that enthalpy of steam at B, i.e. h 2 = 2535 Id/kg.

5. Now cut off A2C2 equal to i (hA2 - hB2) = 0.7 (2889 - 2535) = 248 Id/kg. Therefore,

enthalpy of steam at C2, i.e. h = hA2 —248 = 2889 —248 = 2641 Id/kg. Through C2 , draw a
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horizontal line C .4 3 meeting the prcssure line of I bar at A3 . Now the enthalpy of steam at ,%. i.e.

hA3 r h 2 264I Id/kg.
co'C

Entro5y
Fig. 25.6

6. Again from A 3, draw a vertical line A 3B3 meeting the pressure line of 0.1 bar at B3. We
fund that the enthalpy of steam at B, i.e. h 3 2300 kJ/kg.

7. Now cut off A 3C3 equal to TI (hAl - h 1) = 0.7 (2641 - 2300) = 239 kJ/kg. Therefore
enthalpy of steam at C3 i.e. h 3 = hA3 —239 = 2641 —239 = 2402 kJ/kg. Through C1 , draw a
horizontal line C3A4 meeting the pressure line of 0.1 bar at A4 . Now the enthalpy of steam at A4 i.e.

	

hA4 = h 3	 2402 kJ/kg.

Now let us tabulate the values of enthalpy of steam as found above from the Mollier diagram
for convenience.

	

hAt	 kJ/kg;

h112 = 2535 kJ/kg ; h =hA4 = 2402 kJ/kg h83 = 2300 kJ/kg h, = 2140 kJ/kg

From steam tables, corresponding to a pressure of 0.1 bar, we find that the enthalpy of water,

h10 = 191.8 kJ/kg

Rw,kine ttfii ',

We know that Rankine efficiency,

hAl —/to 	 3120-2140
flR	 = 0.335 or 33.5r Au.

= hAl —hf0 3120-191.8
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2. liiu,! coisditit 'o '1 cleat,,
From Mollier diagram, we find that the final condition or dryness traction of steam at A A is

092. Ans.

3. Reheat fa lat
We know that reheat factor,

R .
F.- A 1 8 1 +A 282 +A 3B3 - (hAJ_hsI)+(h,,.2_hal)±(hA3—hK3)

- A ID 	 -	 hAI — hD

- (3120 2790)+(28892535F(26412	 - 1025
-	 3120-2140	 980

= 1.046A,is.

4. ()t'tia/l .'lic,i,uil efticieiii%

We know that overall thermal efficiency,

hAI —h.	 3120-2402
= hft hj = 3120-191.8

Example 25.4. In a four stage impulse turbine, the steam is supplied 'at 350' C and at a
pressure of 20 bar. The exhaust pressure is 0.05 bar and the overall turbine efficiency is 80%.
Assuming that the work is shared equally between the stages and the condition line to be straight.
determine (a) stage steam pressures (b) efficiency of each stage and (c) reheat factor.

Solution. Given: T, =350°C;p 1 =20bar;p5 =0.05 bar; T=80%=0.8

.Sri,'e cleat,, pressures

Let	 p2, p, p4 = Steam pressures leaving the first, second and third
stage respectively.

Fig. 25.7

Now let us draw the expansion of steam in four stages on the Mollicr chart, as shown in
Fig. 25.7, as discussed below:

I. First of all, locate the point A 1 at the intersection of initial pressure (20 bar) and initial
temperature (350° Q. We find that the enthalpy of steam at A,, i.e. hA , = 3140 kJ/kg.
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2. From A 1 , draw a vertical line A I D meeting the pressure line of 0.05 bar at D representing
the total isentropic expansion of the steam in all the four stages. We find that enthalpy of steam at D,
i.e. hD = 2125 kJ/kg. Thus we see that total enthalpy or heat drop,

hAI - hD = 3140-2125 = 1015kJ/kg

We know that overall thermal efficiency.

hAI-.hc4	 3140—he

08"hAJ —hD	 1015

h 4 = 2328kJ/kg

and total work done in all the four stages

=	 = 3140-2328 = 8I2kJ/kg

Work done in each stage = 812 / 4 = 203 Id/kg

3. Now locate the point A 5 at the intersection of h 4 = 2328 kJ/kg and final pressure line of
0.05 bar. Now draw the condition line by joining A and A 5 by a straight line (as given).

4. Now locate the point C1 by cutting off A 1 C1 equal to 203 kJ/kg. Through C1 , draw a
horizontal line meeting the condition line atA 2 . From the Mollierdiagram, we find thatp 2 = 9 bar. Ans.

5. Similarly, locate the point C2 by cuttilg off A 2C2 equal to 203 kJ/kg. Through C,, draw a
horizontal line meeting the condition line at A 3 . From the Mollier diagram, we find that p1 =
2.4 bar. Ans.

6. Again locate the point C3 by cutting off A 5C3 equal to 203 kJlkg. Through C5 , draw a
horizontal line meeting the condition line at A4. Front the Mollier diagram, we find that p 4 =
0.5 bar. Ans.

Efficiency of each stage

From the Mollier diagram, we find that

h At = 3140 kJ/kg; h 1 = hAl = 2937 kJ/kg; h81 = 2860 Id/kg; h 2 =hAl = 2734 kJ/kg;

h 13 2670 kJ/kg: h 3 = hA4 = 2531 Id/kg; hBl = 2475 Id/kg; h 4 = hAS = 2328 kJ/kg;

h 84 = 2285 kJ/kg and ho = 2125 Id/kg

We know that efficiency of the first stage,

A, C,hAI — hcI- 3140-2937
-	

= 0.725 = 72.5% Ans.'1 = A 1B = hAj - hBl	 3140-2860

A 1C2 hA2 - hc2- 2937-2734Similarly.	 112 
=	 = hA2 - h12 - 

2937-2670 = 0.76 = 76% Ans.

113

A3C3	 hA3 - hC3 - 2734-2531 = 0.784 = 784% Ans.
= A 3B3 = hA3 — hBl	 2734-2475

A4174	 hA4 -hc42531 —2328 = 0.825 = 92.517, Ans.and	 114	 -	
-

A 4B,	 hA4 — h14 - 2531 —2285
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We know that reheat factor.

R.F.- 
A1B1+A2B2+A3B3+A4B4

A1D

- (hM - hBj ) + (hAa - h 2) + (hAi - hB3) + (hA4 - hBs)

-

-	 40 - 2860) + (2937-2670) + (2734— 2475) + (2531 - 2285)
3140-2125

1052
== 1 .04 Ans.

vg'ncrativc Ccle
We have already discussed in chapter 10, Rankine and Camot vapour cycles. The efficiency

i	 of Rankine cycle is less than that of Carnot cycle, because in the Rankine cycle, all the heat is not
added at the higher temperature as is done in the case of
Car not cycle. Moreover, a large amount of additional heat is
rejected to the condenser (shown by area DEFG in Fig. 25.8)
This rejected heat is not compensated by the additional work 	 AlB
represented by the area ADE. If, howeier, the working fluid
enters the boiler, at some state, between Eand A, the average
temperature of heat supplied is increased. Thus the cycle	 E	 d
becomes as efficient as Carnot cycle.	 E	 0	 C

This is achieved during an ideal regenerative cycle as
shown in Fig. 259. The dry saturated steam, from the boiler,
enters the turbine at a higher temperature, and then expands 	 F G
isentropically to a lower temperature in the same way as that 	 - Entropy —a..
in the Rankine and Carnot cycle. Now the condensate, from
the condenser, is pumped back and circulated around the 	 Hg. 25.8. Comparison of Rnkine
turbine casing, in the direction opposite to the steam flow in	 cycle and Camot cycle.

the turbine. The steam is thus heated before entering into the boiler. Such a systemr 1 hc..ti rig is known
as regenerative healing, as the steam is used to heat the steam itself.
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It maybe noted that due to loss of heat, therexpansion in the steam turbine is no more isentropic

It follows the path BC, which is exactly parallel to EA, as shown in Fig. 25.10.
A little consideration will show, that the heat transferred to tht. liquid (area EAGF) is equal to

the heat transferred from the steam (area BPQC). Moreover, the heat is supplied to the working fluid
at constant temperature in the process shown by curveAB. This is represented by the area ABPG. The
heat is rejected from the working fluid at constant temperature shown by curve CE. This is represented
by the area CQFE which is equal to the area RPGD. The area RPGD represents, to sorwe scale, the
heat rejected in the Carnot cycle. Thus, the ideal regenerative cycle has an efficiency equal to the
efficiency of Carnot cycle with the same heat supply and heat rejection temperatures.

It will be interesting to know that the ideal regenerative cycle is only of academic interest as
it is impossible to achieve the cycle, in actual practice, due to the following two reasons:

I. It is not possible to effect the necessary heat transfer from the steam in the turbine to the
liquid feed water.

2. The moisture content of the steam leaving the turbine is considerably increased as a result
of the heat transfer.

Note: Since it is impossible to achieve the ideal regenerative cycle, in practice, therefore some advantage of this
principle is taken in the form of bleeding a part of the steam, which is discussed below:
25.9. Bleeding

The process of draining steam from the turbine, at certain points during its expansion andusing
this Steam for heating the feed water (in feed water heaters) and then supplying it to the boiler is
known as bleeding, and the corresponding steam is said to be bled. A feed water heater is a simple
form of heat exchanger. It, usually, consists of tubes through which the feed water flows. These tubes
are surrounded by a casing, containing the heating steam. The steam condenses and transfers its latent
heat to the feed water in the tubes. There is no theoretical limit to the number of heaters, which will
yield increased efficiency. But due to the cost of each healer and complicated and costly net work of
pipe lines and fittings, its number is restricted to six in the larger modern turbo .generators. The effects
of bleeding are:

I. It increases the thermodynamic efficiency of the turbine.
2. The boiler is supplied with a hot water.
3. A small amount of work is lost by the turbine, which decreases the power developed.

25.10. Regenerative Cycle with Single Feed Water Heater

Consider a regenerative Cycle with single feed water heater as shown in Fig. 25.11.
The steam (at pressurep 1 ) enters the turbine at point A. Let a small amount of wet steam (say

in kg) after partial expansion (at pressure P2) be drained from the turbine at point B and enter the feed
water heater. The remaining steam (at pressure p) is further expanded in the turbine and leaves at
point C as shown on the Mollier diagram in Fig. 25.12 (Example 25.5).

This steam is then condensed in the condenser. The condensate from the condenser, is pumped
into the feed water heater, where it mixes up with the steam extracted from the turbine. The proportion
of steam extracted is just sufficient to cause the steam leaving the feed water heater to be saturated.
Now consider I kg of steam entering the turbine at point A.

Let	 h, = Enthalpy or total heat of steam entering the turbine at A,
= Enthalpy or total heat of bled steam,
= Enthalpy or total heat of steam leaving the turbine at C,

lip = Enthalpy or sensible heat of feed water leaving the feed water heater.
h11 = Enthalpy or sensible heat of steam leaving the.condenser, and
m = Amount of bled steam per kg of steam supplied.



fkl(,de,,? Stein iu,binei 	 571

We know that heat lost by bled steam

= Heat gained by feed water
or	 m(h2—h)=(l—m)(/t—h)

rnh2_ mha = hfl_hfl_rnhfl+mh,(

h — h,

-

I kg
h

Turbine
Ic	 (I - m)kg
I-

-

Boiler

M kg

'I,

Open ?ee
heale,

(tin) kg

Feed pum

PUMP

Fig 25.1 I. Rcgcn era tivecycle %% i Lh single Iced water heater.

We know that mass of steam in the turbine, per kg of feed water, between A and B is 1 kg.
Therefore work done in the turbine per kg of feed water between A and B

= (h1—h2)

Mass of steam in the turbine per kg of feed water between B and C
= (I — m)kg

Work done in the turbine between B and C

= (I —m)(h2—h)

Total work done	 = (h 1 —h2)+(l —rn)(h2—h3)

and total heat supplied per kg of feed water

Efficiency of the cycle including the effect of bleeding,

Total work done	 (h i _ h2)4(IL in) (Fz_)
- Total heat supplied - 	 -hp

37-
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Note: If there had been no regenerative feed heating (or in other words, m = ]),then the efficiency of the cycle
will be the same, as that of Rankine cycle. In this case, Rankine efficiency,

h 1 —h3
h i —hp

Example 25.5. In a regenerative cycle, having one feed wafer heater, she dry saturated
steam is supplied from the boiler at a pressure of 30 bar and the condenser pressure is I bar. The
steam is bled at a pressure of 5 bar. Determine the amount of bled steam per kg of steam supplied
and the efficiency of the cycle. What would be the efficiency without regenerative feed heating ?Also
determine the percentage increase inefficiency due to regeneration.

Solution. Given :p 1 =3O bar; p3 = l bar; p2 =5 bar

From Mollier diagram, as shown in Fig. 25.12, we find that

Enthalpy of steam at 30 bar, h 1 = 2800 kJ/kg

Enthalpy of steam at 5 bar, h2 2460 kJ/kg

Enthalpy of steam at I bar, h3 = 2220 kJ/kg

From steam tables, we also find that enthalpy or
sensible heat of water at 5 bar,

= 640.1 kJ/kg

and enthalpy or sensible heat of water at I bar.
= 417.5 kJ/kg

Amount of bled steam per kg of steam supplied

We know that amount of bled steam per kg of 	 Fig. 25.12

steam supplied.
- hfl_ hfl - 640.1-417.5

M - h2 -h0 - 2460-417.5 = 0.109 
kg Ans.

Efficiency of the cycle

We know that efficiency of the cycle,

(h 1 -h2)+(l -m) (h2-h3)
h1-i1.

- (2800-2460)+(l -0.109)(2460-2220) - 553.84
-	 2800-640.1	 - 2159.9

= ().256 or 25.6% Ans.

Efficiency of the cvde without regenerative feed hearing

We know that efficiency of the cycle,
h 1 -h3	2800-2220	 580

12	 h- h0	2800-417.5 - 2382.5

= 1)213 or 243% Ans.
Percentage increase in efficiency due to regeneration

We know that percentage increase in efficiency due to regeneration

- 0.256-0.243 = 0.05 15 or 535% Ans.
-	 0.243
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25.11. Regenerative Cycle with Two Feed Water Heaters

In this case, the steam is removed froM the turbine at two points B and B 1 . It is then fed into

two Open feed water heaters I and 2 as shown in Fig. 25.13.

._Turbine

(I—rn, -m 2 )  kg

C

Boiler	 hi2	 m	
Condenser

Open feed
water heaters

1 kg

Fig. 25.13. Regenerative cycle with two feed water heajers.

The steam (at pressure p 1 ) enters the turbine at point A. Let a small amount of steam (say rn
kg) after partial expansion (at pressure p2) be drained from the turbine at point B and enter the feed
water heater I. Similarly, let another small amount of steam (say m2 kg) after further expansion (at
pressurep3) be drained from the turbine at point B1
and enter the feed water heater 2. The remaining
steam equal to (I - m 1 - in2) kg (at pressure pj,) is
further expanded in turbine, and leaves it at point C
as shown on the Mollier diagram in Fig. 25.14. 	

.___ A
The steam is then condensed in the con-

enser. The condensate from the condenser is
pump into the feed water heater, where it mixes 	 2

o 4e

up with the steam extracted from the turbine. Now 	 '	 t° -
consider 1 kg of steam entering into the turbine at A	 -- - C
as shown in Fig. 25.13.	 I

Let

	

	 h1 = Enthalpy of steam entering	 Entropy...........
the turbine at A,

= Enthalpy of steam bled at B,

	= Enthalpy of steam bled alE1,	 Fig 25.14
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h4 = Enthalpy of steam leaving the turbine at C.

lift = Enthalpy of feed water leaving the feed water heater I,

= Enthalpy of feed water leaving the feed water heater 2,

h14 Enthalpy of steam leaving the condenser,

= Amount of steam bled at B per kg of steam supplied, and

m2 = Amount of steam bled at B1 per kg of steam supplied.

We know that heat lost by bled steam at B

= Heat gained by feed water

mJ (h2 —hft) = (1_m1)(ll—h13)

m lh2_ m 1 hft = hft_hfl_m1hft+m1hfl

- h
m1 

= It

Similarly, heat lost by bled steam at B1

= Heat gained by feed water

0_m1.._m2)(h_h)

	

m2h3 - m2h	 h1. - h - m 1 hfl + m 1 h14 - m2 h). + m2 h

(l_m)(h_hft)
or	 m2=	

h—h3	 j

We know that the mass of steam in the turbine per kg of feed water between A and B is I kg.

Work done in the turbine per kg of feed water between A and B

= h1—h2	 (I)

and mass of steam in the turbine per kg of feed water between B and B1

= (l— M I ) kg

Work done in the turbine between B and B1

= (I - m) (h2— h3)	 ... (ii)

Similarly, mass of steam in the turbine per kg of feed water between B 1 and C

= (1—m1—m2)kg

Work done in the turbine between B 1 and C

= (I - m1 _ M2) 03 - he,)	 .. . (iii)

Thus total work done per kg of feed water

= (h 1 —,h)+(l — in) (h2--h3)+(l —m 1 —m2)(h3—h4)

and total heat supplied per kg of feed water

= h 1 —hp

Efficiency of the plant including the effect of bleeding.

Total work done

	

1	 Total heat supplied

Note : When the bleeding lakes place at more than two points, the efficiency of the plant may be obtained by
proceeding in the same way as explained above.
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Example 25.6. Ina steam turbine plant, the steam is generated and supplied to the turbine
at 50 bar and 370° C. The condenser pressure is 0.1 bar and the steam enters the condenser with
drness fraction of 0.9. Two feed heaters are used, the steam in the heaters being bled at 5 bar and
0.5 bar. In each heater, the feed water is heated to saturation temperature of the bled steam. The
condensate is also pumped at this temperature into the feed line immediately after the heater. Find
the masses of the steam bled in the turbine per one kg of steam entering the turbine. Assuming the
condition line for the turbine to be straight, calculate the thermal efficiency of the cycle.

Solution. Given :p 1 =50 bar; T1 =370°C ;p4 =0.1 bar; x4 =0.9 ; p2 = 5 bar ;p3 =O.5 bar

First of all, let us draw the Mollier diagram
and condition line-for the cycle, as shown in

	

Fig. 25.15. From this diagram, we find that	 I	 Condition
£

h 1 = 3llO kJ/kg ; h2 = 2780kJ/kg;

h 1 = 2510 U/kg; h4 = 2350 kJ/kg

	

From steam tables, we also find that 	
UWj--

= 640.1 kJ/kg (at 5 bar)

	

= 340.6 U/kg (at 0.5 bar)	 Entopy

	= 191.8 kJ/kg (at 0.l bar)	
Fig. 25.15

Mac,c of .,ten,1I bled in the turbine
We know that mass of steam bled at B,

=	 = 640.1-340.6 = 0.123 kg Ans.
2780-340.6

and mass of steam bled at B1,

(l—ni,).(h,.,—h14) - ( I-0.123)(340.6-191.8)
1112 =	 h1—h14	 -	 2510— 191.8

= 0.056 kg Ans.

Thermal efficiency oft/ic e,de
We know that work done from A to B per kg of feed water

= h 1 — h2 = 3110-2780 = 330kJ/kg

Similarly, work done from B to B 1 per kg of feed water

= (l—m 1 )(h2 —h3) = ( l-0.123)(2780-2510)kJ/kg

	

= 236.8 Id/kg	 . . . (ii)
and work done from B 1 to C per kg of feed water

= (I ni —m2)(h3 —h4) = ( I 0i23-0.056)(2510-2350)ki4cg

	

131.4 kJ/kg	 ... (iii)
Total work done	 330 + 236.8 f 131.4 = 698.2 Id/kg

Heat supplied	 = h, - hfl = 3110-640.1 = 2469.9 kJ/kg
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Thermal efficiency of the cycle.

Work done	 698.211 Heat supplied = 2469.9 = 0.283 or 2.3% Ans.

25.12. Binary Vapour Plants

We have already discussed that the maximum possible efficiency of any steam engine (known
as Carnot efficiency) is given by the equation

T1—T3

T,

where T1 is the higher temperature at which heat is absorbed and T1 is the lower temperature at which
fibe heat is rejected.

:Z:=)* -  Economis'

= - Super-heater
.	 .

General(
5

Mercury

	

C	 r turbine

Steam

	

Mercury boder

te

neraI	
condenser

Mercury condenser
stiram boiler

Mercury feed pump	 Water feed Pump

Fig. 25.16. Binary vapour plant

\n/e know that the value of lower temperature 7' 3 is fixed by atmospheric conditions. Thus the
thermal efficiency of a Steam plant can only be improved by increasing the value ofT1 . In a steam
plant, if T1 is increased, it will also increase corresponding pressure, which is one of the limiting
factors in its design. Thus a substance, other than steam, is used in the high *temperature range. By
using mercury vapour, instead of steam, in the high temperature range of the cycle, an increased value
of T1 is obtained without any increase in maximum pressure. The heat rejected by the mercury, in
condensing, is utilised in raising superheated steam for the lower temperature range of the cycle. A
power plant using binary vapour (mercury and steam) is known as binary vapour plant.

*	 Thecritical tcncperatureof mercury vapour 1s588.4'Catacriti.al prcssurcof2l bar. Morcover.thccritical
temperature of water vapour is 374,15" C at a critical pressure of 225.65 ham.
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A diagrammatic view of a binary vapour plant is shown in Fig. 25.15. The liquid mercury
passes from the mercury liquid heater to the mercury vapour boiler, where it is evaporated. It then

flows to the mercury turbine through which it is expanded to its low pressure limit. It, now, exhausts
to the mercury condenser steam boiler, where its latent heat is given out to the hot feed water. This
operation condenses the mercury, while the feed water is evaporated into steam. The mercury is then
returned to the mercury liquid heater, thus completing its cycle.

The feed water from the economiser is evaporated into steam in the mercury condenser steam
boiler. It then passes to the superheater, where it is superheated by the hot flue gases. Now the
superheated steam passes to the steam turbine in which it expands to the condenser pressure. It now
passes to the economiser, thus completing the cycle of water and steam.

25.13. Binary Vapour Cycle

The binary vapour cycle on a T-s diagram is shown in Fig. 25.17. The line AB represents the
evaporation of liquid mercury plotted to the same temperature scale as that of steam. But the scale
for the corresponding pressures for the mercury
is lower. The mercury vapour at B has a much
higher temperature than the steam at the same
pressure. The mercury vapours are now ex- AA

	panded isentropically in a mercury turbine as
represented by the line BC in Fig. 25.17. The	 !
condensation of mercury is shown by the line
CD. During condensation, the latent heat is util-
ized for evaporating a corresponding amount of
steam. The line DA represents the heating of
mercury Thus the mercury has completed a

The steam cycle is represented by 1-2-3-

4-5 as shown in Fig. 25.17. The line 1-2 repre-
sents the evaporation by the condensing
mercury. The line 2-3 represents the superheat-

	

ing of the steam by the flue gases. l'he steam is 	
Fig. 25.17. Binary vapour cycic on T-s diagram.

Pow expanded isentropically through a steam turbine as shown by the line 34. The condensation of
the exhaust steam is represented by the line 4-5. The heating of feed water is represented by the line

5-I. This completes the steam cycle.

Notes: 1. It is found that 8.196 kg of mercury is required per kg of steam to obtain the correct amount of heat
from the condensing mercury for evaporating the steam. It may be seen from the areas of T-s diagram that the
use of mercury for the high temperature range of the cycle gives a higher efficiency than that obtained from steam
with the same addition of heat.

2. The relation between the two cycles is that the heat lost by mercury in CD is equal to the heat gained
by steam in 1-2. Mathematically, heat lost by mercury at C is equal to heat gained by steam at I.

25.14. Some Special Turbines
The following are some special turbines commonly used in industry:
I. Pass-out or extraction turbine;

2. Back pressure turbine ; and
.3. Exhaust or low pressure turbine.
The function of these turbines, aside from power generation is to supply steam for manufac-

turing processes or heating or to utilise steam that would otherwise be wasted.
The above mentioned turbines are discussed, in detail, in the following pages.
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25.15. Pass-out or Extraction Turbine

A pass-out or extraction turbine is of the type used in central stations, in which steam is
extracted at different stages and used in heating the feed water for the boiler or processing work such
s paper making, textile, dying, sugar refining

etc. Thus, a pass-out or extraction turbine

	

supplies the required power and also the low	
(-1pressure steam needed for the purpose.

	

The typical arrangement of a pass-out	 stage
or extraction turbine is shown in Fig. 25.18.

c
The high pressure steam from the boiler en-
ers the H.P. stage of the turbine where it

expands and the pressure is reduced to such a Boiler
value as required for processing work. A part

	

of this low pressure steam leaving the high	 Feed water To condenser	 TO Condenserpressure stage is supplied to the processing

	

work while the remaining steam expands fur- 	 Hg. 23.18 r' . ,ut s'rcxtractii,ri turbine.ther in the L.P. stage. The exhaust steam from
the processing plant and the low pressure turbine is condensed in a condenser and pumped back to
the boiler.

25.16. Back Pressure Turbine

The back pressure turbine is also used
in applications where combined power and
tat in steam for process work is required.

The typical arrangement of such a turbine is
shown in Fig. 25.19.

In this turbine, the steam leaves the
turbine at a higher pressure than in normal
turbine and is generally superheated. The
superheated steam is not suitable for process
work due to the following reasons:

I. The control of its temperature is
impossible, and Fig. 25.19. Back pressure turbine.
The rate of heat transfer from the superheated steam to the heating surface is lower than
that of saturated steam.

Thus, the exhaust is passed through a de-superheater to make the steam saturated. The saturated
steam is then passed through a heater where ills fully condensed.

25,17. Exhaust or Low Pressure Turbine

The exhaust or low pressure turbine is
chiefly used where there are several recipro-
cating steam engines which work intermit-
tently and are non-condensing such as rolling
mill and collitry engines. The arrangement
of such a turbine is shownin Fig.. 25.20.

In this turbine, the exhaust steam from
the engine is expanded in a exhaust or low
pressure turbine and then condensed in a
condenser. In this turbine, some form of heat
accumulator is required to collect the more

esgiae

To condenser

Fig. 25.20. Exhaust Or tow pressure turbine.
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or less irregular supply of low pressure steam for the non-condensing steam engines and deliver it to
the turbine at the required rate.

25.18. Future Power Plants

The depleting resources of oil, gas and coal (the conventional fuels used in power plants) along
with atmospheric pollution problems have drawn the attention of the scientists and engineers all over
the world to find out other sources for the generation of electric power. These sources of energy are
going to attain the nerve centre of the future power plants. Though atomic and nuclear bower plants
have been developed on conventional lines, but lot of work is yet to be done. Efforts are being made
to convert atomic and nuclear energy directly into electric power with the help of magneto-hydrody-
namic generator and other equipments.

At certain places research is being conducted to use solar energy and gases for the generation
of power. It is hoped that our scientists will be able to save the humanity from the power crisis in the
near future.

EXERCISES

I. In a power plant, steam at a pressure of 31.5 bar and temperature 370'C is supplied by ahoiler.
The steam is removed after expansion to 5.6 bar in high pressure turbine, reheated at 370'C and is used in the
low pressure turbine. Exhaust is at 0.035 bar. Calculate the gain in efficiency by reheating. 	 [Ans. I

2. Steam ala pressure of ISO bar and 550° C is expanded through a turbine Ina pressure of 40 bar, It
is then reheated to a temperature of 550° C after which it completes its expansion through the turbine loan exhaust
pressure of 0.1 bar. Calculate the ideal efficiency of the plant and the work done.

(a) taking the reheating into account, and

(b) if the Steam was expanded direct to the exhaust pressure without reheating.

tAns. (a ) 43.75%. 1640 kJ/kg : (b) 41.8%. 1370 kJ/kg I

3. Steam supplied to a three stage turbine is at 20 bar and 350° C. The steam leaves the first stage at
6 bar and the second stage at I bar. The steam finally leaves at 0.1 bar. Each stage has an efficiency of 0.8. Find

(i) Rankine efficiency, (ii) Final condition of steam, (iii) Overall thermal efficiency, (iv) Efficiency ratio, and
(v) Reheat factor.	 [Ans. 35.2% ; 0.89; 28.3%; 0804 ; .tX)SJ

4. A three stage pressure compounded impulse turbine operates under initial steam conditions of 28
bar and 350'C and condenser pressure of 50 mm of 1-1g. Assuming an internal efficiency of 0.78 and equal work
is done in all the stages, estimate the probable stage efficiencies and the reheat factor of the turbine.

[Ans. 71.7%, 747%. 78.1%: 1.0431

S. Steam is supplied at 17.5 bar and 300 C to a 5-stage turbine and exhausts at 0.04 bar. The enthalpies
after actual expansion and isentropic expansion in kJ/kg are as follows:

Stage No.	 I	 2	 3	 4J5

Actual expansion	 2901	 2746	 2592	 2416	 2232

Ljntropic expansion	 2842	 2700	 2550	 2374	 2207

If the reheat factor for the turbine is 1.04, determine the stage efficiencies and the overall efficiency.

[Ans. 68%; 77%, 78.6%, 80.7%, 88% :89.2 %J
6. A steam power plant equipped with regenerative as well as reheat arrangement is supplied with

steam to the high pressure turbine at 80 bar and 4700 C. A part of the steam is extracted at 7 bar for feed heating
and the remaining steam is reheated to 350' C in a reheater and expanded in low pressure turbine to a pressure
o 0.035 bar. Determine : I. The amount of steam bled for feed heating ; 2. The heat supplied in boiler and
rchcater ; 3. Output of the turbine ; and 4. Overall thermal efficiency.

[Ans. 0.124 kg/kg of steam ; 2956.6 kJ/kg; 1303.9 kJ/kg 44.1
7. A turbine receives steam at 42 bar and 371°C and exhausts at 0.106 bar. At the actual state of 10.5

bar and 204'C, the steam is withdrawn and part is used for feed water heating, while the remainder passes through
it rcheater. The reheated steam re-enters the turbine at 9.8 bar and 371° C. A second extraction for feed water
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heating occurs at 1.4 bar and 177'C. A third extraction occurs at 0.35 bar and 93°C. The actual exhaust is dry
and saturated steam. The actual temperatures of the feed water leaving the heaters are 71"C. 107'C and 167°V
respectively. Assuming no losses in and between the heaters, find the actual percentage extracted at each point
and the thermal efficiency. Represent the processes on T-s and h-s plane.

lAns. 0.105 kg. 0.0533 kg. 0.0347 kg : 30%]
8. A steam power plant using regenerative feed heating generates 27 MW. The steam at 60 bar and

450'C is supplied to the steam turbine. The condenser pressure is 0.07 bar. The steam is bled from the steam
turbine at 3 bar. The heating of feed water is done in the direct contact heater and the condensate temperature is
raised to 110° C.

The pumps absorb9 percent ofthealtematoroulput. the boiler efficiency is 87 percent,tbe efficiency
ratio of each section of turbine is 85 percent and the alternator efficiency is 97 percent. Ignoring all other losses.
calculate: I. the mass rapped to the feed heater per kg of steam to the condenser;?, the steam to be generated
per hour, and 3. the overall thermal efficiency of the plant, neglecting the boiler feed pump work in calculating
input to the boiler. 	 ]Ans. 0.13kg: 100630kg/li: 26.94%1

QUESTIONS

1. Explain the process and purpose of reheating steam in steam turbine application.
2. What is reheat factor ? Explain it with the h-s diagram.
3. Describe regenerative feed heating as used in thermal power plants. List its advantages.
4. Explain the purpose of bleeding steam turbines, in detail.
5. Describe, with the help of diagram the binary vapour cycle of a thermal power plant?

What are its advantages.
6. Explain with suitable schematic diagram, the following:

(a) Pass out tuthinc ; (b) Back pressure turbine; and (c) Exhaust turbine.

OBJECTIVE TYPE QUESTIONS

I. The efficiency of steam turbines may be improved by
(a) reheating of steam	 (b) regenerative feed heating
(c) binry vapour pla'nt 	 any one of these

2. The reheating of steam in a turbine
(a) increases the workdone through the turbine
(b) increases the efficiency of the turbine
(c) reduces wear on the blades
4d) all of the above

3. The ratio of i . ntropic heat drop to the heat supplied is called
(a) Rankine efficiency 	 (b) stage efficiency
(c) reheat factor 	 (d) internal efficiency

4. The ratio of total useful heat drop to the total isentropic heat drop is called
(a) internal efficiency	 (b) efficiency ratio
(c) Rankine efficiency	 ( stage efficiency
(e)both (a) and (b)	 (f) both (c) and (d)

5. The reheat factor is the ratio of
(a)cumulative heat drop to the isentropic heat drop
(b) isentropic heat drop to the heat supplied
(c) total usefu! heat drop to the total isentropic heat drop
(d)none of the above
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6. The reheat factor depends upon
(a) initial pressure and superheat 	 (b) exit pressure

(c) turbine stage efficiency	 (d) all of these

7. The value of reheat factor varies from
(a) 1.02 to 1.06 	 (b) 1.08 to 1.10	 (c) 1.2 to 1.6	 (d) 1.6 to 2.0

8. The process if thaining steam from the turbine, at certain points during its expansion and
using this steam for heating the feed water in feed water heaters and then supplying it to the boiler,
is known as

(a) regenerative feed heating 	 b) reheating of steam

(c) bleeding	 (d) none, of these

9. The effect of bleeding is that

(a)it increases the thermodynamic efficiency of the turbine

(b)boiler is supplied with hot water
(c)it decreases the power developed by the turbine

(d)all of the above
ID. A binary vapour plant consists of

(a) steam turbine	 . (b) steam condenser

(c) mercury boiler	 (d) economiser

(e)superheater	 (f) all of these

ANSWERS

2.(d)	 3(a)	 4(e)	 5.(a)

7.(a)	 8(c)	 9(d)	 10.(
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Internal Combustion Engines

I. Introduction. 2. Comparison of Steam Engines and Internal Combustion Engines. 3.
Classification of IC. Engines. 4Main Components of IC. Engines. 5. Sequence 0/ Operations i,i a Cycle.
6. Two-stroke and Four-stroke Cycle Engines. 7 Advantages and Disadvantages of Two-stroke over
Four-stroke Cycle Engines. 8. Valve Tuning Diagrams. 9. Four-stroke Cycle Petrol Engine. JO.  Actual
Indicator Diagram for a Four-stroke Cycle Petrol Engine. ii. Valve Tuning Diagram for a Four-stroke
Cycle Petrol Engine. 12. Four-stroke Cycle Diesel Engine. /3. Actual Indicator Diagram for a
Four-stroke Cycle Diesel Engine. 14. Valve Timing Diagram for a Four-stroke Cycle Diesel Engine. 15.
Four-stroke Cycle Gas Engines. 16. Comparison of Petrol and Diesel Engines. 17 Two-stroke Cycle
Petrol Engine. 18. Actual Indicator Diagram for a Two-stroke Cycle Petrol Engine. 19. Valve Tuning
Diagram for a Two-stroke Cycle Petrol Engine. 20. Two-stroke Cycle Diesel Engine. 21. Actual Indicator
Diagram for a Two-stroke Cycle Diesel Engine. 22. Valve Timing Diagram for a Two-stroke Cycle Diesel
Engine. 23. Scavenging. 24. Types of Scavenging. 25. Detonation in I.C. Engines. 26. Rating of S.I.
Engine Fuels-Octane Number. 27 Rating of Cf. Engine Fuels-Cetane Number. 28. Ignition Systems for
Petrol Engines. 29. Coil Ignition System. 30. Magneto Ignition System. 31. Fuel Injection System for
Diesel Engines. 32. Cooling of IC. Engines. 33. Cooling Systems for IC. Engines. 34. Comparison of
Air Cooling and Water Cooling Systems. 35. Supercharging of I.C. Engines. 36. Methods of
Supercharging. 37. Lubrication of I.C. Engines. 38. Lubrication Systems for I.C. Engines. 39. Governing
of I.C. Engines. 40. Methods of Governing IC. Engines. 41. Carburettor. 42. Spark Plug. 43. Fuel Pump.
44. Injector or Atomiser.

26.1. Introduction

As the name implies or suggests, the internal combustion engines (briefly written as I.C.
engines) are those nines in which the combustion of fuel takes place inside the engine cylinder.
These are petrol diesel, and gas engines We have seen in steam engines or steam turbines that the
fuel, fed into the cylinder, is in the form of steam which is already heated (or superheated), and is
ready for working in the combustion cycle of the engine. But, in case of internal combustion engines,
the combustion of fuel takes place inside the engine cylinder by a spark and produces very high
temperature as compared to steam engines.

The high temperature produced may ruin the metal of cylinder, valves, etc. It is, therefore,
necessary to abstract some of heat from the engine cylinder. The abstraction of heat or the cooling of
cylinder may be effected by the surrounding air as in case of a motor cycle or aeroplane engine; or
by circulating water through jackets surrounding the cylinder barrel and cylinder head. The water
cooling is mostly adopted for large pistons.

262 Comparison of Steam Engines and Internal Combustion Engines

Following points are important for the comparison ofstean-i engines and internal combustion
engines.

582



Internal Combustion Engines

	S. No 	 I	 Steam Engines

	I.	 The combustion of fuel takes place outside the
engine cylinder (i.e. in a boiler)

2. Since combustion offuel takes place outside the
engine cylinder, therefore these engines an
smooth and silent running.

3. The working pressure and temperature inside
the engine cylinder is low.

4. Because of low pressure and temperature,
ordinary alloys are used for the manufacture of
engine cylinder 3nd its parts.

3. A steam engine requires a boiler and other
components to transfer energy. Thus, it is heavy
and cumbersome.
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LC. Engnec
The combustion of fuel takes place inside the
engine cylinder.
Since combustion of fuel takes place inside the
engine cylinder, these engines are very noisy.

The working pressure and temperature inside
the cylinder is very high.

Because of very high pressure and temperatum
special alloys are used for the manufacture of
engine cylinder and its parts.

An I.C. engine does not require a boiler or other
components. Thus, it is light and compact.

6. 1

The steam engines have efficiency about 15-20 The I.C. engines have efficiency about 35-40
percent.	 percent
It can not be started instantaneously. 	 It can be started instantaneously.

263. Classification of I.C. Engines
The internal combustion engines may be classified in many ways, but the following are

important from the subjec3 point of view:

I. According to the type offuel used
(a) Petrol engines, (b) Diesel engines or oil engines, and (c) Gas engines.

2 According to the method of igniting the fuel
(a) Spark ignition engines (briefly written as SI. engines), (b) Compression ignition
engines (briefly written as C.I. engines), and (c) Hot spot ignition engines.

3. According to the number of strokes per cycle
(a) Four stroke cycle engines, and (b) Two stroke cycle engines.

4. According to the cycle of operation
(a) Otto. cycle (also known as constant volume cycle) engines, (b) Diesel cycle (also
known as constant pressure cycle) engines, and (c) Dual combustion cycle (also known
as semi-diesel cycle) engines.

5. According to the speed of the engine
(a) Slow speed engines, (b) Medium speed engines, and (c) High speed engines.

6. According to the cooling system
(a) Air-cooled engines, (b) Water-cooled engines, and (c) Evaporative cooling engines.

1. According to the method offire! injection
(a) Carburettor engines, (b) Air injectiore engines, and (c) Airless or solid injection
engines.

8. According to the number of cylinders
(a) Single cylinder engines, and (b) Multi-cylinder engines.

9. According to the arrangement of cylinders
(a) Vertical engines. (b) Horizontal engine-c. (c) Radial engines, (d) In-line multi-cylinder
engines, (e)V-type multi-cylinder engines, W Opposite-cylinder engines, and (g) Oppo-
site-piston engines.
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0.,4c cording to the valve mechanism

(a) Overhead valve engines, and (b) Side valve engines.
I I . According to the method of governing

(a) Hit and miss governed engines, (h) Quantitatively governed engines, and (c) Quali-
tatively governed engines.

26.4 Main Components of IC. Engines

Asa matter of fact, an I.C. engine consists of hundreds of different parts, which are important
for its proper working. The description of all these pans is beyond the scope of this book. However,
the main components, which are important from academic point of view, are shown in Fig. 26.1 and
are discussed below:

Spark plug	
. Rocker arm

Inlet port

Inlet valveWExhaustvalve

spring
Exhaust portIf R

lit
____ II

_________
pin J4,.

Connecting rod N
Crank pin	

J/J.)_—--_Crank shaft
___________	 Crank case

Fig. 26.1. Main components of IC. engines.

Cylinder. It is one of the most important part of the engine, in which the iston moves
to and fro in order to develop power. Generally, the engine cy mdci has to—w—i-tfistand a high pressure
(more than 50 bar) and	 jraturc (more than 2000°C). Thts the materials for an engine cylinder

Fdbe —such that Tt can retain sufficient strength at such a high pressure and temperature. For
ordinary engines, the cylinder is made of ordinary cast iron. But for heavy duty engines, it is made
of steel alloys or aluminium alloys. In case of multiple cylinder engines, the cylinders are cast in one
block known as cylinder block.

Sometimes, a liner or sleeve is inserted into the cylinder, which can be replaced when worn
out. As the material required for liner is comparatively small, it can be made of alloy cast iron having
long life and sufficient resistance to rapid wear and tear to the fast moving reciprocating parts.

Cy linder head. It is fitted on one end of the cylinder, and acts as a cover to close the
cylinder bore. Generally, the cylinder head contains inlet and exit valves for admitting fresh charge
and exhausting the burnt gases, In petrol engines, the cylinder head also Contains a spark plug for
igniting the fuel-air mixture, towards the end ofcompression stroke. But in diesel engines, the cylinder
head contains nozzle (i.e. fuel valve) for injecting the fuel into the cylinder.
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The cylinder head is, usually, cast as one piece and bolted to one end of the cylinder. Generally,
the cylinder block and cylinder head are made from the same material. A copper or asbestos gasket
is provided between the engine cylinder and cylinder head to make an air-tight joint.

Piston. It is considered as the heart of an I.C. engine, whose main function is to transmit
the force exerted by the burning of charge to the connecting rod, The pistons are generally made of
aluminium alloys which are light in weight. They have good heat conducting property andalso greater
strength at higher temperatures.

4. pi.ct,,, ,ingr. These arc circular rings and made of special steel alloys which retain elastic
properties even at high temperEures. The piston rings are housed in the circumferential grooves
provided on the Outer surface of the piston. Generally, there are two sets of rings mounted for the
piston. The function of the u p per rings is to provide airtight seal to prevent leakage of the burnt gases
into the lower portion. Similarly, the function of the lower rings is to provide effective seal to prevent
leakage of the oil into the engine cylinder.

Connecting rod. his a link between the piston and crankshaft, whose main function is
to transmit force from the piston to the crankshaf,,Moreover, it converts reciprocating motion of the
piston into circular motion of the crankshaft, in the working stroke. The upper (i.e. smaller) end of
the connecting rod is fitted to the piston and the lower (i.e. bigger) end to the crank.

The special steel alloys or aluminium alloys are used for the manufacture of connecting rods.
A special care is required for the design and manufacture of connecting rod, as it is subjected to
alternatively compressive and tensile stresses as well as bending stresses.

f't'nrnk.shaJt. In is considered as the backbone of an I.C. engine whose, function is to
convert the reciprocating motion of the piston into the rotary motion with the help of connecting V.
This shaft contains one or more eccentric portions called crank That part of the crank, to which
bigger end of the connecting rod is fitted, is called crank pin.

It has been experienced that too many main bearings create difficulty of correct alignment.
Special steel alloys are used for the manufacture of crankshaft. A special care is required for the
design and manufacture of crankshaft.

Crank case. It is a cast iron case, which holds the cylinder and crankshaft of an I.C.
engine. It also serves as a sump for the lubricating oil. The lower portion of the crank case is known
as bedplat..which is fixed with the help of bolts.

.1( Fit wheel. It is a big wheel, mounted on the crankshaft, whose function is to maintain its
speed constanIt is done by storing excess energy during the power stroke, which is returned during
other strokes.

26.5. Sequence of Operations in a Cycle
Strictly speaking, when an engine is working continuously, we may consider a cycle starting

from any stroke. We know that when the engine returns back to the stroke where it started we say
that one cycle has been completed.

The readers will find different sequence of operations in different books. But in this chapter,
we shall consider the following sequence of operation in a cycle, which is widely used.

I Suction stroke. In this stroke, the fuel vapour in correct proportion, is supplied to the
engine cylinder.

2. Compression stroke. In this stroke, the fuel vapour is compressed in the engine cylinder.
1. Expansion or working stroke. In this stroke, the fuel vapour is fired just before the

compression is complete. It results in the sudden rie of pressure, due to expansion of the combuston
products in the engine cylinder. This sudden rise of the pressure pushes the piston with a great force,.
and rotates the crankshaft. The crankshaft, in turn, drives the machine connected to it.

4. Eshar&ct .ctroke. In this stroke, the burnt gases (Or combustion products) are exhausted
from the engine cylinder, so as to make space available for the fresh fuel vapour.
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Note :The above mentioned strokes ate meant for gas and petrol engines. But in case of diesel engines, pure air
is sucked in suction stroke which is compressed during the compression stroke. The diesel oil is admitted into
t he engine cylinder (just before the beginning of the expansion stroke) and it is ignitcd by the hot air present in
the cylinder. The expansion and exhaust strokes are similar to the gas and petrol engines.
26.0. Two-stroke and Four-stroke Cycle Enginei

In a two-stroke engine, the working cycle is completed in two strokes of the piston or one
revolution of the crankshaft. This is achieved by carrying out the Suction and compression processes
in one stroke (or more precisely in inward stroke), expansion and exhaust processes in the second
stroke (or more precisely in outward stroke). In a four-stroke engine, the working cycle is completed
in four-strokes of the piston or two-revolutions of the crankshaft. This is achieved by carrying out
suction, compression, expansion and exhaust processes in each stroke.

It will be interesting to know that from the thermodynamic point of view, there is no difference
between two-stroke and four-stroke cycle engines. The difference is purely mechanical.

Advantages and Disadvantage of Two-stroke over Four-stroke C y cle Engints
Following àreihe advantages and disadvantages of two-stroke cycle engines over four-stroke

cycle engines:
,4ds'tniuges

I. A two stroke cycle engine gives twice the number of power strokes than the four stroke
cycle engine at the same engine speed. Theoretically, a two-stroke cycle engine should develop twice
the power as that of a four-stroke cycle engine. But in actual practice, a two-stroke cycle engine
develops 1.7 to 1.8 times (greater value for slow speed engines) the power developed by four-stroke
cycle engine of the same dimensions and speed. This is due to lower compression ratio and effective
stroke being less than the theoretical stroke.

2. For the same power developed, a two-stroke cycle engine is lighter, less bulky and
occupies less floor area. Thus it makes, a two-stroke cytle engine suitable for marine engines and
other light vehicles.

3. As the number of working strokes in a two-stroke cycle engine are twice than the
tour-stroke cycle engine, so the turning moment of a two-stroke cycle engine is more uniform. Thus
it makes a two-stroke cycle engine to have a lighter flywheel and foundations. This also leads to a
higher mechanical efficiency of a two-stroke cycle engine.

4. The initial cost ofatwo-stroke cycle engine is considerably less than a four-stroke cycle engine.
5. The mechanism of a two-stroke cycle engine is much simpler than a four-stroke cycle engine.
6. The Iwo-stroke cycle engines are much easier to start.

Diadwu:toge.s

I. Thermal efficiency of a two-stroke cycle engine is less than that a four-stroke cycle engine,
because a two-stroke cycle engine has less compression ratio than that ofa four-stroke cycle engine.

2. Overall efficiency of a two-stroke cycle engine is also less than that of a four-stroke cycle
engine because in a two-stroke cycle, inlet and exhaust ports remain open simultaneously for some
time. lnspile of careful design, a small quantity of charge is lost from the engine cylinder.

3. In case of a two-stroke cycle engine, the number of power strokes are twice as those of a
four-stroke cycle engine. Thus the capacity of the cooling system must be higher. Beyond a certain
limit, the cooling capacity offers a considerable difficulty. Moreover, there is  greater wear and tear
in a two-stroke cycle engine.	 -

4. The consumption of lubricating oil is large in a two-stroke cycle engine because of high
operating temperature.

5. The exhaust gases in a two-stroke cycle engine creates noise, because of short time
available for their exhaust.
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Fig. 26.2. Four stroke cycle engine.
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26.8. Valve Timing Diagrams

A valve timing diagram is a graphical representation of the exact moments, in the sequence
of operations, at which the two valves (i.e. inlet and exhaust valves ) open and close as well as firing
of the fuel. it is, generally, expressed in terms of angular positions of the crankshaft. Here we shall
discuss theoretical valve timing diagrams for four stroke and two stroke cycle engines.

I. - Theoretical valve tinting diagram for four
stroke cycle engine. The theoretical valve timing dia-
gram for a four-stroke cycle engine is shown in Fig. 26.2.
In this diagram, the inlet valve opens at A and the suction
takes place from A to B. The ciankshaft revolves through
1800 and the piston moves frr.m TD-C. to B.D.C. At B. the
inlet valve closes and the compression takes place from B
to C. The crankshaft revolves through 180° and the piston
moves from B.D.C. to TL).C. At C, the fuel is fired and the
expansion takes place from C to D. The crankshaft re-
vo4ves through 180° and the piston again moves from
TD.C. to B.D.C. At D, the exhaust valve opens and the
exhaust takes place from D to E. The crankshaft again
revolves through 1800 and the piston moves back to TD.C.
Note: In four-stroke cycle, the crank revolves through two revolutions.

2. Theoretical i'ah'' timing diagiani for two-stroke csdc csrgine. The theoretical valve
timing diagram for a two-stroke cycle engine is shown in Fig. 26.3. In this diagram, the fuel is fired
at  and the expansion of gases takes place from A to B. The
crankshaft revolves through approximately 1200 and the	 A
piston moves from T.D.C. towards B.D.C. At B, both the
valves open and suction as well as exhaust take place from
B to C. The crankshaft revolves through approximately 1200
and the piston moves first to BDC and then little upwards.
At C. both the valves close and compression takes place
from C to A. The crankshaft revolves through approxi-
mately 120* and the piston moves to TD. C. 120*

Noes: I. In a two stroke cycle, the crank revolves through one	 C Irevolution.
2. The readers will find valve timing diagram, drawn in

other books having slight difference in the angles. This is due to
the different engine speed and the manufacturer's design. How-
ever, in this book, the authors have given the diagrams which am
widely used.

263. Foul— troke Cycle Petrol Engine

B.D.0
Fig. 26.3. Two-stroke cycle engine.

It is also known as Otto cycle. It requires four strokes of the piston to complete one cycle of
operation in the engine cylinder. The four strokes of a petrol engine sucking fuel-air mixture (petrol
mixed with proportionate quantity of air in the carburettor known as charge) are described below:

I. Suction or charging stroke. In this stroke, the inlet valve opens and charge is sucked
into the cylinder as the piston moves downward from top dead centre (T.D.C,) It continues till the
piston reaches its bottom dead centre (B.D.C.) as shown in Fig. 26.4 (a).

* in 1978, Doctor Otto, a German engineer devised an engine workirg on this cycle. The determination
ol air standard efficiency of Otto cycle has been discussed in Chapter 6.

38-
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2. Compression stroke. In this stroke, both the inlet and exhaust valves are closed and the
charge is compressed as the piston moves upwards from B.D.C. to T.D.C. Asa result of compression.
the pressure and temperature of the charge increases considerably (the actual values depend upon the
compression ratio). This completes one revolution of the crankshaft. The compression stroke is shown
in Fig. 26.4 (b).

Spark plug
Inlet	 A- .
	 Exhaust

valve *'i valve

(a) Suction or	 (b) Compression	 (c) Expansion or	 (d) Exhaust
charging stroke, 	 stroke,	 working stroke.	 slioke.

Fig. 26.4. Four-slioke cycle petrol engine.

3. Expansion or working stroke. Shortly before the piston reaches T.D.C. (during compres-
sion stroke), the charge is ignited with the help of a spark plug. It suddenly increases the pressure and
temperature of the products of combustion but the volume, practically, remains constant. Due to the
rise in pressure, the piston is pushed down with a great force. The hot burnt gases expand due to high
speed of the piston. During this expansion, some of the heat energy produced is transformed into
iscehanical work. It may bc noted that during this working stroke, as shown in Fig. 26.4 (c), both the
valves are closed and piston moves from T.D.C. to B.D.C.

4. Exhaust stroke. In this stroke, the exhaust valve is open as piston moves from B.D.C. to
T D. C. This movement of the piston pushes out the products of combustion, from the engine cylinder
and are exhausted through the exhaust valve into the atmosphere, as shown in Fig. 26.4 (4 This
completes the cycle, and the engine cylinder is ready to suck the charge again.
Note	 The four stroke cycle petrol engine are usually employed in light vehicles such as cars. Jeeps and
aeroplanes.

26.1. Actual Indicator Diagram for a Four-stroke Cycle Petrol Engine

The actual indicator d :ram for a four stroke cycle petrol engine is shown in Fig. 26.5. The
suction stroke is shown by the line 1-2, which lies below the atmospheric pressure line. It is this
pressure difference, which makes the fuel-air mix-
ture to flow into the engine cy linder. The inlet valve
offers some resistance to the incoming charge. That
is why, the charge can not enter suddenly into the
engine cylinder. As a result of this, pressure inside

e:s
the cylinder remains somewhat below the atmos-
pheric pressure during the suction stroke. The com- EVO

pression stroke is shown by the line 2-3, which 	 IVO Exhaust	 lVC-

-hows that the inlet valve closes (JVC') a little be-
yond 2 (i.e. BDC). At the end of this stroke, there is 	 VC	 Suc ion	 Alm.
an increase in the pressure inside the engine cylin- 	

1l2

pressure
tier. Shortly before the end of compression stroke	 T. 	 B.D.C.
(i.e. TDC), the charge is ignited (1GW) with the help 	 .- Volume
of spark plug as shown in the figure. The sparking Fig. 26.5. Actual indicator diagramfor a lout
suddenly increases pressure and temperature of the 	 stroke cycle petrol engine.
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products of combustion. But the volume, practically, remains constant as shown by the line 3-4. The
expansion stroke is shown by the line 4-5, in which the exit valve opens (EVO) a little before 5 (i.e.
BDC). Now the burnt gases are exhausted into the atmosphere through the exit valve. The exhaust
stroke i 's shown by the line 5-I, which lies above the atmospheric pressure line. It is this pressure
difference, which makes the burnt gases to flow Out of the engine cylinder. The exit valve offers some
resistance to the outgoing burnt gases. That is why the burnt gases can not escape suddenly from the
engine cylinder. As a result of this, pressure inside the cylinder remains somewhat above the
atmospheric pressure line during the exhaust stroke.
26.11. Valve Timing Diagram for a Four-stroke Cycle Petrol Engine

In the valve timing diagram, as shown in Fig. 26.6, we see that the inlet valve opens before
the piston reaches TDC; or in other words, while the piston is still moving up before the beginning
of the suction stroke. Now the piston reaches the TDC and the suction stroke starts. The piston reaches
the BDC and then starts moving up. The inlet valve closes, when the crank has moved a little beyond
the BDC. This is done as the incoming charge continues to flow into the cylinder although the piston
is moving upwards from BDC. Now the charge is compressed (with both valves closed) and then
ignited with the help of a spark plug before the end of compression stroke. This is done as the charge

T.D.C.

	

NO L
	 TDC: Top dead centre

IGN	 RDC Bottom dead centre

EVC	 IVO: Inlet valve opens (100,200 before TDC)

I:	 IVC: Inlet valve closes (300 40° after BDC)

IGN: Ignition (20°-30° before 1DC)

EVO: Exit valve opens (30°-50° before BL)C)

lVC	
EVO

EVC: Exit valve closes (lO°-15° after TDC)

Pig. 266. Valve liming diagram for a four stroke cycle petrol engine.

requires some time to ignite. By the time, the piston reaches TDC, the burnt gases (under high pressure
and temperature) push the piston downwards with full force and the expansion or working stroke
takes place. Now the exhaust valve opens before the piston again reaches BDC and the burnt gases
start leaving the engine cylinder. Now the piston reaches BDC and then starts moving up, thus
performing the exhaust stroke. The inlet valve opens before the piston reaches TDCto start suction
stroke. This is done as the fresh incoming charge helps in pushing Out the burnt gases. Now the piston
again reaches TDC, and the suction stroke starts. The exit valve closes after the crank has moved a
little beyond the TDC. This is done as the burnt gases continue to leave the engine cylinder although
the piston is moving downwards. It may be noted that for a small fraction of a crank revolution, both
the inlet and outlet valves are open. This is known as valve overlap.

26.1 2. Four-stroke Cycle Diesel Engine
It is also known as compression ignition engine because the ignition takes place due to the

heat produced in the engine cylinder at the end of compression stroke. The four strokes of a diesel
engine sucking pure air are described below:

1. Suction or charging stroke. In this stroke, the inlet valve opens and pure air is sucked
Into the cylinder as the piston moves downwards from the top dead centre (TDC). It continues till the
iston reaches its bottom dead centre (BDC) as shown in Fig. 26.7 (a).
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2. Compression stroke. in this stroke, both the valves are closed and the air is compressed
as the piston moves upwards from BDCto TDC. Asa result of compression, pressure and temperature
of the air increases considerably (the actual value depends upon the compression ratio). This
completes one revolution of the crank shaft The compression stroke is shown in Fig. 26.7 (b).

Fuel Injection valve
In lei	 Exhaust
valve

	

	 valve	 ALLA

(a) Suction or	 (b) Compression	 (e) Expansion or	 (d) Exhaust

	

charging stroke, 	 stroke,	 working strokc.	 stroke.

Fig. 26.7. Four stroke cycle diesel engine.

3. Expansion or working stroke. Shortly before the piston reaches the TDC (during the
compression stroke), fuel oil is injected in the form of very line spray into the engine cylinder, through
the nozzle, known as fuel injection valve. At this moment, temperature of the compressed air is
sufficiently high to ignite the fueit suddenly increases the pressure and temperature of the products
of combustion. The fuel oil is continuously injected for a fraction of the revolution. The fuel oil is
assumed to be burnt at constant pressure. Due to increased pressure, the piston is pushed down with
agreat forte. The hot burnt gases expand due to high speed of the piston. During this expansion, some
of the heat energy is transformed into mechanical work. it may be noted that during this working
stroke, both the valves are closed and the piston moves from TDC to 130C.

4. Exhaust stroke. In this stroke, the exhaust valve is open as the piston moves from BDC
to TDC. This movement of the piston pushes out the products of combustion from the engine cylinder
through the exhaust valve into the atmospher This completes the cycle and the engine cylinder is
ready to suck the fresh air again.
Note: The four stroke cycle diesel engines are generally employed in heavy vehicles such as buses, trucks,
tractors, pumping sets, diesel locomotives and in earth moving machinery.
A.13. Actual Indicator Diagram for a Four Stroke Cycle Diesel Engine

The actual indicator diagram for a four-stroke cycle
diesel engine is shown in Fig. 26.8. The sbction stroke is
shown by the line 1-2 which lies below the atmospheric
pressure line. It is this pressure difference, which makes the
fresh air to flow into the engine cylinder. 'The inlet valve
offers some resistance to the incoming air. That is why, the
aircan notenter suddenly into the enginecylinder. As a result
of this, pressure inside the cylinder remains somewhat below
the atmospheric pressure during the suction stroke. The
compression stroke is shown by the line 2-3, which shows
that the inlet valves closes (IVC) a little beyond 2 (i.e. BDC).
At the end of this stroke, there is an increase of pressure
inside the engine cylinder. Shortly before the cod of com-
pression stroke (i.e. TDC), fuel valve opens (FVO) and the
fuel is injected into the engincylinder. The fuel is ignited
by high temperature of the compressed air. The ignition

Suction 	 tmospheriCF
pressure

TOC	 Soc
- VolUfl

Fig. 26.8: Actual indicator diagram for a
tour stroke cycle diesel Cilginc.
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suddenly increases volume and temperature of the products of combustion. But the pressure,
practically, remains constant as shown by the tine 3-4. The expansion stroke is shown by the line 4-5,
in which the exit valve opens a little before 5 (i.e. BDC). Now the burnt gases are exhausted into the
atmosphere through the exhaust valve. The exhaust stroke is shown by the line 5-I, which lies above
the atmospheric pressure line. It is this pressure difference, which makes the burnt gases to flow out
of the engine cylinder. The exhaust valve offers some resistance to the outgoing burnt gases. That is
why, the burnt gases can not escape soddenly from the engine cylinder. As a result of this, pressure
inside the cylinder remains somewhat above the atmospheric pressure during the exhaust stroke.

26.14. Valve Timing Diagram for a Four-stroke Cycle Diesel Engine
In the valve timing diagram as shown in Fig. 26.9, we see that the inlet valve opens before the

piston reaches TDC; or in other words white the piston is still moving up before the beginning of the
Suction stroke. Now the piston reaches the TDC and the suction stroke starts. The piston reaches the
BDC and then starts moving up. The inlet valve closes, when the crank has moved a little beyond the

TL'C Top dead centre

lv0 TDC
I	

BDC: Bottom dead centre

IVO: Inlet valve opens (10° - 20° before TDC)

1VC: Inlet valve closes (25° . 40° after BDC)

FVO : Fuel valve opens (l0°- 15° before TDC)

FVC: Fuel valve closes (lS°-20° after TDC)

EVO: Exhaust valve opens (39° - 50° before BDC)

EVC: Exhaust valve closes (10° - 150 after TDC)

Fig. 269. Valve (lining diagram tar a tour stroke cycle diesel engine.

BDC. This is done as the incoming air continues to flow into the cylinder although the piston is moving -
upwards from BDC. Now the air is compressed with both valves closed. Fuel valve opens a little
before the piston reaches the TDC. Now the fuel is injected in the form of very fine spray, into the
engine cylinder, which gets ignited due to high temperature of the compressed air. The fuel valve
closes after the piston has come down a little from the TDC. This is done as the required quantity of
fuel is injected into the engine cylinder. The burnt gases (under high pressure and temperature) push
the piston downwards, and the expansion or working stroke takes place. Now the exhaust valve opens
before the piston again reaches BDC and the burnt gases start leaving the engine cylinder. Now the
piston reaches BDC and then starts moving up thus performing the exhaust stroke. The inlet valve
opens before the piston reaches TDC to start Suction stroke. This is done as the fresh air helps in
pushing out the burnt gases. Now the piston again reaches TDC, and the suction starts. The exhaust
valve closes when the crank has moved a little beyond the TDC. This is done as the burnt gases
Continue to leave the engine cylinder although the piston is moving downwards.

26.15. Four-stroke Cycle Gas Engines
A four stroke cycle gas engine, as the name indicates, uses natural or manufactured gas as the

working fuel and works on Otto cycle. All the mechanical features of a gas engine are the same as
those ofa petrol engine. The ignition system, which usuallyconsists of spark plug, is the same in both
the gas and petrol engines. The working of a gas engine on p-v diagram is exactly similar to that of
the petrol engine. The valve timing diagram for a four stroke cycle engine is also exactly similar to
that of a petrol engine.
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The only difference between a gas engine and a petrol engine is fuel and the way it is supplied.
In a petrol engine, a mixture of petrol and air is sucked inside the engine cylinder during the suction
stroke. But in a gas engine, gas and air are supplied to the engine. In most of the cases, the density
and calorific value of gas is considerably less than that of the petrol. As a result of this, the cylinder

of a gas engine is made larger than that of the petrol engine

26.16. Comparison of Petrol and Diesel Engines

Following points are important for the comparison of petrol engines and diesel engines:

S. No I	 Petrol Engines

I.	 A petrol engine draws a mixture of petrol and
during suction stroke.

2. The carburettor is employed to mix air and pc
in the required proportion and to supply it to
engine during suction stroke.

3. Pressure at the end of compression is about 101

4. The charge (i.e. petrol and air mixture) is igni
"	 with the help of spark plug.

5. The combustion of fuel takes place approximal
at constant volume. In other words, it works
Otto cycle.

Diesel Engines

A diesel engine draws only air during suction
stroke.

The injector or atomiser is employed to inject the
fuel at the end of compression stroke.

Pressure at the end of compression is about 35 bar,

The fuel is injected in the form of fine spray. The
temperature of the compressed air (about 600'C
at a pressure of about 35 bar) is sufficiently high
to ignite the fuel.

The combustion of fuel takes place approximately
at constant pressure. In other words, it works on
Diesel cycle.

6.	 A petrol engine has compression ratio A diesel engine has compression ratio
approximately from 6 to 10. 	 approximately from 15 to 25.

7	 The starting is easy due tO low compression ratio. The starting is little difficult due to high
compression ratio.

8. As the compression ratio iS low, the petrOlengines As the compression ratio is high, the diesel

are tighter and cheaper. 	 engines are heavier and costlier.

9. The running cost of a petrol engine is high The running cost of diesel engine is low because
NJ	 because of the higher cost of petrol.	 I of the lower cost of diesel.

The maintenance cost is less.

The thermal efficiency is upto about 26%.

Oveheating trouble is more due to low thermal
efficiency.

These are high speed engines.

The petrol engines are generally employed in light
duty vehicles such as scooters, motorcycles, cars.
These are also used in aeroplanes.

The maintenance cost is more.

The thermal efficiency is upto about 40%.

Oveheating trouble is less due to high thermal
efficiency.

These are relatively low speed engines.

The diesel eagines are generally employed in
heavy duty 'ehicIes like buses, trucks, and earth
moving machines etc.

'V

21.

12.

'3.

14.

26.17:Two-stroke Cycle Petrol Engine

A two-stroke cycle-petrol engine was devised by Duglad Clerk in 1880. In this cycle, the
suction, compression, expansion and exhaust takes place during two strokes of the piston. It means
that there is one working stroke after every revolution of the crank shaft. A two stroke engine has
ports instead of valves. All the four stages of a two stroke petrol engine are described below:

I. Suction stage. In this stage, the piston, while going down towards BDC, uncovers both

the transfer port and the exhaust port. The fresh fuel-air mixture flows into the engine cylinder from

the crank case, as shown in Fig. 26.10(a).
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2. Compression stage. In this stage, the piston, while moving up, first covers the transfer
port and then exhaust port. After that the fuel is compressed as the piston moves upwards as shown
in Fig. 26.10(b). In this stage, the inlet port opens and fresh fuel-air mixture enrr into the crank case.

3. Expansion stage. Shortly before this piston reaches the TDC (during compression

stroke), the charge is ignited with the help of a spark plug. It suddenly increases the pressure and
temperature of the products of combustion. But the volume, practically, remains constant. Due to rise
In the pressure, the piston is pushed downwards with a great force as shown in Fig. 26.10 (c). The
hot burnt gases expand due to high speed of the piston. During this expansion, some of the heat energy
produced is transformed into mechanical work.

..-Spark plug

kportxhause

	

Transfer	 0
	port	 0	 Inlet

port 

(ii) Niiciiiiii.	 (Ii) Compression.	 (i ) Expansion.	 rf) lxh,iusI.

Fig 26.10. Two-stroke cycle jIroI engine

4. Exhaust stage. In this stage, the exhaust port is opened as the piston moves downwards.
The products of combustion, from the engine cylinder are exhausted through the exhau,1 port into
the atmosphere, as shown in Fig. 26.10(d). This completes the cycle and the engine cylinder is ready
to suck the charge again.
Note I 'The two stroke petrol engines are generally employed in very light vehicles such as scooters, rr.otor cycles,
three wheelers and sprayers
26.18. Actual Indicator Diagram for a Two Stroke Cycle Petrol Engine

The actual indicator diagram for a two-stroke cycle petrol engine is shown in Fig 26.11. The
suction is shown by the line 1-2-3, i.e. from the instant transfer port opens (TPO) and transfer port

closes (TPC).We know thatduring the suction stage,
the exhaust port is also open. In the first half of
suction stage, the volume of fuel-air mixture and
burnt gases increases. This happens as the piston
moves from Ito 2 (i.e. BDC). In the second half of	 I
the suction stage, the volume of charge and burnt 	 !
gases decreases. This happens as the piston moves 	 EPO

upwards from 2 to 3. A little beyond 3, the exhausta	 c0	
TPO

port closes (EPC) at 4. Now the charge inside the 	 i0e551.

engine cylinder is compressed which is shown by the E°C 	 2

line 4-5. At the end of the compression, there is an 	 TPC

increase in the pressure inside the engine cyiinder. 	 TDC	 BOC

Shortly before the end of compression (i e. TDC) the	 -
charge is ignited (1GW) with the help of spark plug
as shown in the figure. The sparking suddenly in- Fig. 26.11. Actual indicator diagram for a two

creases pressure and temperature Of the products of	 stroke cycle petrol engine.

combustion. But the volume, practically, remains Constant as shown by the line 5-6. The expansion
is shown by the line 6-7. Now the exhaust port opens (EPO) at 7, and the burnt gases are exhausted
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into the atmosphere through the exhaust port. It reduces the pressure. As the piston is moving towards
BDC, therefore volume of burnt gases increases from 7 to I At I • the transfer port opens (TPO) and
the suction starts.

Notes: 1. The piston top is shaped in such a way that the flesh charge will move up towards spark plug, and
it will also push out the remaining burnt gases through the exhaust pct.

2. As soon as the exhaust port is uncovered by the piston (at this moment the transfer port is still
covered), the burnt gases will be exhausted with a great force till the pressure in the cylinder is reduced,
approximately to that of atmosphere.

3. Due to downward movement of the piston, the charge below the piston will be compressed. As the
transfer port is uncovered, it will flow into cylinder due to pressure difference between the spacex below and
above the piston.

26.19. Valve Timing Diagram for a Two-stroke Cycle Petrol Engine

In the valve timing diagram, as shown in Fig. 26.12, we see that the expansion of the charge
(after ignition) starts as the piston moves from TDC towards BDC. First of all, the exhaust port opens

TDC: Top dead centre

BDC: Bottom dead centre
\-,

I	 EPO: Exhaust port opens (35°- 50° before BDC)

TPO: Transfer port opens (30 - W before BDc)
)

I	 J	 TPC: Transfer port closes (30°..4o°aftera

EPO	 EPC: Exhaust port opens (350 - 50° after RDC)

IGN: Ignition (I5°-° before TD)

Fig. 26.12. Valve timing diagram for a two-stroke cycle petrol engine.

before the piston reaches BDC and the burnt gases start leaving the cylinder. After a small fraction
of the crank revolution, the transferport also opens and the fresh fuel-air mixtureenters into the engine
cylinder. This is done as the fresh incoming charge helps in pushing out the burnt gases. Now the
piston reaches BDC and then starts moving upwards. As the crank moves a little beyond BDC, first
the transfer port closes and then the exhaust port also closes. This is done to suck fresh charge through
the transfer port and to exhaust the burnt gases through the exhaust port simultaneously. Now the
charge is compressed with both ports closed, and then ignited with the help of a spark plug before
the end of compression stroke. This is done as the charge requires some time to ignite. By the time
the piston reaches TDC, the burnt gases (under high pressure and temperature) push the piston
downwards with full force and expansion of the burnt gases takes place. It may be noted that the
exhaust and transfer ports open and close at equal angles on either side of the BDC position.
2620. Two-stroke Cycle Diesel Engine

A two-stoke cycle diesel engine also has one working stroke after every revolution of the
crankshaft All the four stages of a two stroke cycle diesel engine are described below:

I. Suction stage. In this stage, the piston while going down towards BDC uncovers the
transfer port and the exhaust port. The fresh air flows into the engine cylinder from the crank case,
as shown in Fig. 26.13 (a).

2. Compression stage. In this stage, the piston while moving up, first covers the transfer
port and then exhaust port. After that the air is compressed as the piston moves upwards as shown in
Fig. 26.13 (b). In this stage, the inlet port opens and the fresh air enters into the crank case.
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3. Expansion stage. Shortly before the piston reaches the TDC (during compression
stroke), the fuel oil is injected in the form of very fine spray into the engine cylinder through the
nozzle known as fuel injection valve, as shown in fig. 26.13 (c). At this moment, temperature of the
compressed air is sufficiently high to ignite the fuel. It suddenly increases the pressure and temperature
of the products of combustion. The fuel oil is continuously injected for a fraction of the crank
revolution. The fuel oil is assumed to be burnt at constant pressure. Due to increased pressure, the
piston is pushed with a great force. The hot burnt gases expand due to high speed of the piston. During
the expansion, some of the heat energy produced is transformed into mechanical work.

Fuel injclion valve

Pori

Transfe
port

Crari( 4 )	 I	 I
case

(a) Suction.	 (b) Compression.	 (c) Expansion.	 ( Exhaust.

Fig. 26.13. Two-stroke cycle diescl engine.

4. Exhaust stage. In this stage, the exhaust port is opened and the piston moves downwards.
The products of combustion from the engine cylinder are exhausted through the exhaust port into the
atmosphere as shown in Fig. 26.13 (d). This completes the cycle, and the engine cylinder is ready t
suck the air again.
Note : The two stroke diesel engines are mainly used in marine propulsion where space and tightness are the
main considerations.
26.21. Actual Indicator Diagram for a Two Stroke Cycle Diesel Eugine

The actual indicator diagram for a two-stroke cycle diesel engine is shown in Fig. 26.14. The
suction is shown by the line 1-2-3 i.e. from the instant transfer port opens (TF'O).and transfer port
closes (TPC). We know that during the suction
stage, the exhaust port is also open. In the first half 	 FVC
of suction stage, the volume of air and burnt gases

%EP

increases. This happens as the piston moves from 	 5
1-2 (i.e. BDC). In the second half of the suction
stage, the volume of air and burnt gases decreases.
This happens as the piston moves upwards from 2-3. 0
A little beyond 3, the exhaust port closes (EPC) at
4. Now the air inside the engine cylinder is corn-
pressed which is shown by the line 4-5. At the end
of compression, there is an increase in the pressure TPC
inside the engine cylinder. Shortly before th. end of	 TOG	 BOG
compression (i.e. TDC), fuel valve opens (FVO) and	 - Volume
the fuel is injected into the engine cylinder. The fuel
is ignited by high temperature ofthe compressed air. Fig. 26.14. Aelnal indicator diagram For a two

The ignition suddenly increases volume and tern- 	 strkc cck diesel engine.

perature of the products of combustion. But the pressure practically, remains constant as shown by
the line 5-6. The expansion is shown by the line 6-7, Now the exhaust port opens (EPO) at 7 and the
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burnt gases are exhausted into the atmosphere through the exhaust port. It reduces the pressure. As
the piston is moving towards BDC, therefore volume of burnt gases increases from 7 to I. At I, the
transfer port opens (TPO) and the suction starts.
Note: All the notes given at the end of two-stroke cycle petrol engine are valid for this cycle also.

26.22. Valve Timing Diagram for a Two-stroke Cycle Diesel Engine
In the valve timing diagram, as shown in Fig. 26.15, we see that the expansion of the charge

(after ignition) starts as the piston moves from TDC towards BDC. First of all, the exhaust port opens
before the piston reaches BDC and the burnt gases start leaving the cylinder. After a small fraction
of the crank revolution, the transfer port also opens and the fresh air enters into the engine cylinder.
This is done as the fresh incoming air helps in pushing out the burnt gases. Now the piston reaches
BDC and then starts moving upwards. As the crank moves a little beyond BDC, first the transfer port
closes and then the exhaust port also closes. This is done to suck fresh air through the transfer port
andtoexhaust the burnt gases through the exhaust port simultaneously. Now the charge iscompressed

TDC : Top dead centre

8DC: Bottom dead centre

I :	 FVO: Fuel valve opens (10° - 150 before TDC)

1\

FVC: Fuel valve closes(!5° - 2(P after TDC)

EPO: Exhaust port opens (35° - 50° before BOO

'/ 	 TPO Transfer port opens (30° - 40°fore BDC)

I,
o	 TPC : Transfer port closes (30° - 40° after BDC), ,

EPC: Exhaust port closes (35° - 50° after BDC)

Fig. 26.15. Valve timing diagram for a two stroke cycle diesel engine.

with both the ports closed. Fuel valve opens a little before the piston reaches the TDC. Now the fuel
is injected in the form of very fine spray into the engine cylinder, which gets ignited due to high
temperature of the compressed air. The fuel valve closes after the piston has come down a little from
the TDC. This is done as the required quantity of fuel is injected into the engine cylinder. Now the
burnt gases (under high pressure and temperature) push the piston downwards with full force and
expansion of the gases takes place. It may be noted that in a two-stroke cycle diesel engine, like
two-stroke petrol engine, the exhaust and transfer ports open and close at equal angles on either side
of the BDC position.

26.23. Scavenging of I.C. Engines
We have already discussed in Art. 26.5, the sequence of operations in a cycle ofan I.C. engine.

The last stroke of an I.C. 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 concentrat.d on the design of their
I.C. engines 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 engines.
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I. Four-stroke crete engines. Ina four-stroke cycle engine, the scavenging is very effec-
tive, as the piston during the exhaust stroke, pushes Out the burnt gases from the engine cylinder. It
may be noted that a small quantity of burnt gases remain in the engine cylinder irrthe clearance space.

2. Two-stroke c ycle enginec. Ina two-stroke cycle engine, the scavenging is less effective
as the exhaust port is open for 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 charge
also escapes out along with the burnt gases. This difficulty is overcome by designing the piston crown
of a particular shape.
26.24. Types of Scavenging

Though there are many types of scavenging, yet the following are important from the subject
point of view:

I. Crossfiow 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 engines). The piston crown is designed into a particular shape, so that the fresh
charge moves upwards and pushes out the burnt gases in the form of cross flow as shown in

Fig. 26.16 (a).

P't.

(a)	 (b)	 (c)

Fig. 26.16. Types of scavenging.

2. Backflow or loop scavenging. In this method, the inlet and outlet ports are situated on
the same side of the engine cylinder. The fresh charge, while entering into the engine cylinder, forms
a loop and pushes .-it the burnt gases as shown in Fig. 26.16(b).

3. tlniflow scavenging. In this method, the fresh charge, while entering from one side (or
sometimes two sides) of the engine cylinder pushes out the gases throgk the exit valve situated. on
the top of the cylinder. In unitlow scavenging, both the fresh charge and burnt gases move in the same
upward direction as shown in Fig. 26.16 (c).

26.25. Detonation in I.C. Engines
The loud pulsating noise heard within the engine cylinder is known as detonation (also called

knocking or pinking). It is caused due to the propagation of a high speed pressure wave created by
the auto-ignition of end portion of unburnt fuel. The blow of this pressure wave may be of sufficient
strength to break the piston. Thus, the detonation is harmful to the engine and must be avoided. The
following are certain factors which causes detonation:

I. The shape of the combustion chambe

2. The relative position of the sparking plugs in case of petrol engines.

3. The chemical nature of the fuel,

4. The initial temperature and pressure of the fuel, and
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5. The rate of combustion of that portion of the fuel which is the first to ignite. This portion

of the fuel in healing up, compresses the remaining unbumt fuel, thus producing the conditions for
auto-ignition to occur.

The detonation in petrol engines can be suppressed or reduced by the addition of a small
amount of lead ethide or ethyl fluid to the fuel. This is called doping.

The following are the chief effects due to detonation:
I. Aloud pulsating noise which maybe accompanied by a vibration of the engine.
2. An increase in the heat lost to the surface of combustion chamber.
3. An increase in carbon deposits.

26.26. Rating of S.l. Engine Fuels--Octane Number

The hydrocarbon fuels used in spark ignition (S.I.) engine have a tendency to cause engine
knock when the engine operating conditions become severe. The knocking tendency of a fuel in S.I.
engines is generally expressed by its octane number. The percentage, by volume, of iso-octane in a
mixture of iso-octa4e and normal heptane, which exactly matches the knocking intensity of a given
fuel, in a standard engine, under given standard operating conditions, is termed as the octane number
rating of that fuel. Thus, if a mixture of 50 percent iso-octane and 50 percent normal heptane matches
the fuel under test, then this fuel is assigned an octane number rating of 50. If a fuel matches in
knocking intensity a mixture of 75 percent iso-octane and 25 percent normal heplane, then this fuel
would be assigned an octane number rating of 75. This octane number rating is an expression which
indicates the ability of a fuel to resist knock in a S.I. engine.

Since iso-octane is a very good anti-knock fuel, therefore it is assigned a rating of 100 octane
number. On the other hand, normal heptane has a very poor anti-knock qualities, therefore it is given
a rating of 0 (zero) octane number. These two fuels, i.e. iso-octane and normal heptane are known as
primary reference fuels. It may be noted that higher the octane number rating of a fuel, the greater
will be its resistance to knock and the higher will be the-compression ratio. Since the power output
and specific fuel consumption are functions of compression ratio, therefore we may say that these are
also functions of octane number rating. This fact indicates the extreme importance of the octane
number rating in fuels for Si. engines.
26.27. Rating of C.I. engine Fuels--Cetane Number

The knocking tendency is also found in compression ignition (C.!.) engines with an effect
similar to that of S.I. engines, but it is due to a different phenomenon. The knock in Cl. engines is
due to sudden ignition and abnormally rapid combustion of accumulated fuel in the combustion
chamber. Such a situation occurs because ofan ignition lag in the combustion of the fuel between the
time of injection and the actual burning.

The property of ignition lag is generally measured in terms of cejane number. It is defined as
the percentage, by volume, of cetane in a mixture of cetane and alpha-methyl-naphthalene that
produces the same ignition lag as the fuel being tested, in the same engine and under the same
operating conditions. For example, a fuel of cetane number 50 has the same ignition quality as a
mixture of 50 percent cetane and 50 percent alpha-methyl-naphthalene.

The cetane which is a straight chain paraffin with good ignition quality is assigned a cetane
number of 100 and alpha-methyl-naphthalene which is a hydrocarbon with poor ignition quality, is
assigned a 0 (zero) cetane number.
Note The knocking in Cl. engines may be controlled by decreasing ignition lag. The shorter the ignition lag,
the less is the tendency to knock.
26.28. Ignition Systems of Petrol Engines

We have already discussed that the ignition in a petrol engine, takes place by means ota spark
plug at the end of the compression stroke. The voltage required to produce a spark across the gap
between the sparking points ofa plug, is about 8000 volts. Thus, the ignition system in a petrol engine
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has to transform the normal battery voltage (6 to 12 volts) to 8000 volts. In addition tothis, the ignition
system has to provide spark in each cylinder at the appropriate time. Following two ignition systems
of petrol engines are important from the subject point of view:

I. Coil ignition system, and 2. Magneto ignition system.
These ignition systems are discussed, in detail, in the following pages:

2619. Coil Ignition System

It is also known as battery ignition system, and has an induction coil, which consists of two
coils known as primary and secondary coils wound on a soft iron coreas shown in Fig. 26.17. The
primary coil consists of a few hundred turd 300 turns) of wire Over this coil but insulated
from it, are wound several thousand turns (about 2O) turns) of secondary coil. The one end of the
primary soil is connected to a1iiioiiiih, ammeter at 	 atterallof 6 volts. The other
end of the primary coil is connected to a condenser and a contact breaker.

Secondary winding
switch	 /	 Soft iron core
Ignition	 .	 ,	 Oistribulo

Primary winding

	

	 Contact
breaker

Ammeter

2

E

E
	 Spark plug

Fig. 26.17. Coil ignition system.

A condenser is connected across the contact-breaker for the following two reasons:
I. It prevents sparking across the gap between the contact breaker points
2. It causes a more rapid break of the primary current, giving a higher voltage in the

secondary circuit.
The secondary coil is connected to a distributor (in a multi-cylinder engine) with the central

terminal of the sparking plugs. The Outer terminals of the sparking plugs are earthed together, and
connected to the body of the engine.

When the current flows hrough the ptjfliary coil , it sets up a magnetic field which surrounds
p_rirnary and secondary coils. As the switch is on, the contact-break 	 nneci	 two ends.

The magneti1ij.id iiiciTs has	 zero to maximum vi{ue DThiilige
in theitihgiieticTield a voltage isëneiitd iboth the álied voltage (of
biiièry). Thus the primary coil does not give the final value. 'Pieltageib The secondary coil is,
therefore, not sufficient to overcome the resistance of the air gap of the sparking plug, hence no spark
occurs.

When the current in the primary coil is switched off by the moving cam the magnetic field
generated around the coil collapses immediately. The sudden variation of flux, which takes place,
gives rise to the voltage generated in each coil. The value of the voltage depends upon the number

•

	

	 A lur lobed cam for four c y linder engine is an essential Component of the make and break arrangement.
It is rotated at halt the engine spccJ
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of turns in each coil. As a matter of fact, the voltage required to produce a spark across the gap,
between the sparking points, is between 10 000 (020 000 volts. Since the secondary coil has several
thousand turns, so it develops a sufficient high voltage to overcome the resistance of the gap of the
sparking plug. This high voltage then passes to a distributor. it connects the sparking plugs in rotation
depending upon the firing order of the engine. Hence, the ignition of fuel takes place in all the engine

cylinders.
The coil ignition system is employed in medium and heavy spark ignition engines such as in

cars.

2630. Magneto Ignition System

The magneto ignition system, as shown in gig. 26.18. has the same principle of working as
thatof coil ignition system, except that no battery is required, as the magneto acts as its own generator.

Secondary Contact	 Distributor
winding	 breaker

Rotating	 Primar' ' Condenser I
permanent	 winding '+•	 '4-	 I i_-c iIiIJmagnet

Spark plug
Hg. 26.18. Magneto ignition system.

It consists of either rotating magnets in fixed coils, or rotating coils in fixed magnets. The
current produced by the magneto is made to flow to the induction coil which works in the same way
as that of coil ignition system. The high voltage current is then made to flow to the distributor, which
connects the sparking plugs in rotation depending upon the firing order of the engine.

This type of ignition system is generally employed in small spark ignition engines such as

scooters, motor cycles and small motor boat engines.

2631. Fuel Injection System for Diesel Engines

The following two methods of fuel injection system are generally employed with diesel

engaçs (i.e.compression ignition engines):

I. Air injection method and 2. Airless or solid injection method.

These methods are discussed, in detail, as follows:

I. Air injection method. In this method of fuel injectidn, a blast of compressed air is used
to inject the fuel into the engine cylinder. This method requires the aid of an air compressor which is
driven by the engine crankshaft. The air is compressed at a pressure higher than that ofengine cylinder
at the end of its compression stroke. This method is not used now-a-days because of complicated and

expensive system.

2. Airless or solid injection method. The most modern compression ignition engines use,

now-a-days, the solid injection system. in this method, a separate fuel pump driven by the main
crankshaft is used for forcing the fuel. The fuel is compressed in this pump to a pressure higher than
that of engine cylinder at the end of compression. This fuel under pressure is directly sprayed into
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the combustion chamber of the engine cylinder at the end of compression stroke, with the help of an
injector. The solid injection method may be further divided into the following two commonly used
systems.	

Common rail	 To other

(ncylinde;

1 	cylinders
(a)Common rail system, and	 Ivalve

(b)Individual pump system. 	 I
These systems are discussed. in de- 	 Cylinder

tail, as below:
(a) Common rail ss(rin. In the	 Fuel lIne

common rail system, as shown in Fig.
26.19, a multi-cylinder high pressure pump 	 MUll	 linder fuel pum
is used to supply the fuel at a high pressure
to a common rail or header. 	 Fig. 26.19. Common rail system.

The high pressure in the common rail forces the fuel to each of the nozzle located in the
cylinders. The pressure in this common rail is kept constant with the help of a high pressure relief
valve. A metered quantity of fuel is supplied to each cylinder through the nozzle by operating the
respective fuel injection valve with the help of cam-mechanism driven by the crankshaft ofthe engine.

Inieclion valve, 	 Cylinder

Fuel line

Fuel pumps
Crank case

Fig. 26.20. Individual pump system of fuel injection,

(b) Individual pump .rystem. In the individual pump system, as shown in Fig. 26.20. each
cylinder of the engine is provided with an individual injection valve, a high pressure pump and a'
metering device run by the crankshaft of the engine. The high pressure pump plunger is actuated by
a cam and produces the fuel pressure necessary to open the injection valve at the correct time. The
amount of fuel injected depends upon the effective stroke of the plunger.

26.32. Cooling of I.C. Engines
We have already discussed that due to combustion of fuel inside the engine cylinder of I.C.

engines, intense heat is generated. It has been experimentally found that about 30% of the heat
generated is converted into mechanical work. Out of the remaining heat (about 70%) about 40% is
carried away by the exhaust gases into the atmosphere. The remaining part of the heat (about 30%),
if left un-attended, will be absrbcd by engine cylinder, cylinder head piston, and engine valves etc.
It has alsobeen found that the overheating of these parts causes the following effects:

I. The overheating causes thermal stresses in the engine parts, which may lead to their
distortion.

2 The overheating reduces strength of the piston. The overheating may cause even seizure
of the piston.

3. The oyerheating causes decomposition of the lubricating oil, which may cause carbon
deposit on the engine and piston head.

4. The overheating causes burning of valves and valve seats.

5. The overheating reduces volumetric efficiency of the engine.

6. The overheating increases tendccy of the detonation.
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In order to avoid the adverse effects of overheating, it is very essential to provide some cooling
system for an I.C. engine. In general, the cooling system provided should have the following two:
characteristics for its efficient working:

I. It should be capable of removing about 30% of the total heat generated in the combustion
chamber. It has been experienced that removal of more than 30% of heat generated
reduces thermal efficiency of the engine. Similarly, removal of less than 30% of the heat
generated will have some adverse effects as mentioned above.

2. It should be capable of removing heat at a fast rate, when the engine is hot. But at the time
of starting the engine, the cooling should be comparatively slow, so that the various
components of the engine attain their working temperature in a short time.

26.33. Cooling Systems for I.C. Engines
valves

We have already discussed, in the last article,
the adverse effects of overheating of an I.C. engine
and characteristics of the cooling system adopted. The
following two systems are used for cooling the I.C.
engines these days:

I. Air cooling .svs;en,. The air cooling sys-
tem, as shown in Fig. 26.21, is used in the engines of
motor cycles, scooters, aeroplanes and other station-
ary installations. In countries with cold climate, this
system is also used in car engines. In this system, the
heat is dissipated directly to the atmospheric air by
conduction through the cylinder walls. In order to
increase the rate of cooling, the outer surface area of
the cylinder and cylinder head is increased by provid-
ing radiating fins and flanges. In bigger units, fans are
provided to circulate the air around the cylinder walls
and cylinder head.

2. Water cooling sstenI (Thermos lp/lon svstenl of cooling). The water cooling system as
shown in Fig. 26.22, is used in the engines of cars, buses, trucks etc. In this system, the water is
circulated through water jackets around each of the combustion chambers, cylinders, valve seats and

Filler

/ Upper lank Cylinder
Radiator cores	 ,	 Water

IT

	

tank	 \Pisto

Fig. 2622. Witter cooli,ig sy , telij.
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valve stems. The water is kept continuously in motion by a centrifugal water pump which is driven
by a V-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. In 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 is drained and delivered to the water
pump through a cylinder inlet passage. The water is again circulated through the engine jackets.

26.34. Comparison of Air Cooling and Water Cooling Systems

The following points are important for the comparison of air cooling and water cooling
systems.

S.No. I	 Air CooIuJ5 system	 Water cooling system

I.	 The design of this system is simple and less The design of this system is complicated and
costly.	 more costly.

2. The mass of cooling system (per b.p. of the The mass of cooling system (per b.p. of the
engine) is very less, 	 engine) is much more.

3. The fuel consumption ( per b.p. of the engine) is The fuel consumption ( per b.p. of the engine) is
mose.	 less.

4. its installation and maintenance is very easy and Its installation and maintenance is difficult and
less costly.	 more costly.

5. There is no danger of leakage or freezing of the There is a danger of leakage or freezing of the
coolant,	 coolant.

6.
 1

It works smoothly and continuously.
does not depend on any coolant.

2635. Supercharging of I.C. Engines

If the system fails, it may cause serious damage
to the engine within a short time

It is the process of increasing the mass, or in other words density, of the air-fuel mixture (in
spark ignition engine) or air (in compression ignition i.e. diesel engines) induced into the engine
cylinder. This is, usually, done with the help of compressor or blower known as supercharger.

It has been experimentally found that the supercharging increases the power developed by the
engine. It is widely used in aircraft engities, as the mass of air, sucked in the engine cylinder, decreases
at very high altitudes. This happens, because atmospheric pressure decreases with the increase in
altitude. Now-a-days, supercharging is also used in two-stroke and four-stroke petrol and diesel
engines. It will be interesting to know that a supercharged engine is lighter, requires smaller
foundations and consumes less lubricating oil as compared to an ordinary engine. Following are the
objects of supercharging the engines:

I. To reduce mass of the engine per brake power (as required in aircraft engines).

2. To maintain power of aircraft engines at high altitudes where less oxygen is available for
combustion,

3. To reduce space occupied by the engine (as required in marine engines).

4. To reduce the consumption of lubricating oil (as required in all type of engines).

5. To increase the power output of an engine when greater power is required (as required in
racing cars and other engines).

26.36. Methods of Supercharging
Strictly speaking, a supercharger is an air pump, which receives air from the atmosphere

surrounding the engine, compresses it to a higher pressure and then feeds it into the inlet valve of the
engine. Following two methods of supercharging are important from the subject point of view:

1. Reciprocating type. It has a piston which moves to and fro inside a cylinder. It is an old
method and is not encouraged these days, as it occupies a large space and has lubrication probcm.

39-
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2. Rotary type. It resembles a centrifugal pump in its outward appearance, but differs in
action. There are many types of rotary pumps, but gear type, lobe type and vane type are commonly
used.

2637. Lubrication of I.C. Engines

As a matter of fact, the moving parts of an I.C. engine are likely to wear off due to continuous
ri.bbing action of one part with another. In order to avoid an early wearing of the engine parts, aproper
lUbrication arrangement is provided in I.C. engines. In general, following are the main advantages of
lubrication of LC. engines

I. It reduces wear and tear of the moving parts.
2. It damps down the vibrations of the engine.
3. It dissipates the heat generated from the moving parts due to friction.
4. It cleans the moving parts.
5. It makes the piston gas-tight.

26.38. Lubrication System for I.C. Engines

The following two lubrication systems of I.C. engines are important from the subject point
of view:

I. Splash lubrication. This method is generally employed for lubricating small I.C. en-
gines. In this method, an oil sump is fixed to the bottom of the crank case and the pump is immersed,
in the lubricating oil, as shown in Fig. 26.23. A small hole is drilled in the crank shaft and the oil is
forced through this hole to the bearing. The oil is also forced along the connecting rod either through
a hole drilled in the rod or along a small copper pipe to the gudgeon pin and piston.

U — — --'
: t_1_7._GUdgeOn pin
L. 	 .J

Connecting rod	 Oil

/	
Joumal7	 Oil hole

- --- - - - ------Pressure
Oil sump.	 release

valve

Fig26.23. Splash lubrication.

The surplus oil is thrown jut, in the form of a spray, from the bearings by centrifugal action.
The surplus oil lubricates the cams, tappets and valve stems. The whole oil is drained back into
the sump.

2. Forced lubrication. In this method, the lubricating oil is carried in a separate tank and
is pumped at a high pressure to the main bearings. It passes at a lower pressure to the camshaft and
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timing gears. As the oil drains with the sump, it is pumped back by a pump known as scavngc pump
through an oil cooler to the oil tank, as shown in Fig. 26.24.

Low pressure oil
to camshaft

Oil tank

Scavenge

ED

PUT	
13ñ) I	 er

High pressure,\	 Low pressure
relief valve	 relief valve

Fig. 26.24. Forced lubrication.

26.39. Governing 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 consideration will show, that change of load, on an I.C. engine, is sure to change its speed. 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 LC engines.
26.40. 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:

I. H,, 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 explosions 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 cue
to missing of explosions. As a result of this, it requires a heavy flywheel.

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 change in the
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quantity of fuel (with quantity of air remaining constant), the quality of charge (i.e. au -fuel ratio of
mixture) changes. Whenever the engine starts running at higher speed (due to decreased load), the
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. Whnever the enginestarts running at higher speed (due to decreased load), the quantity
of charge 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 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.

26,41. Carburettor
The carburettor is a device for atomising and **vaporising 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.

Fig. 26.25. Carburettor.

There are many types of the carburettors . in use, but the simplest form of the carburettor is
shown in Fig. 26.25. It consists of a fuel jet located in the centre of the choke tube. A float chamber
is provided for maintaining the level of the fuel in thejet 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 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

AornisaIi°fl is the mechanical breaking upof the liquid fuel intosmall particles sothatevCrY minute particle

iii the fuel is surrounded by air.
Vaporisation is it 	 of stair of fuel from a liquid to vapour.
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pressure in the tube facilitates thz breaking up of fuel and its admixture with the air. A throffle valve
controls the flow of the mixture delivered to the engine cylinder.

26.42. Spark Plug
It is always screwed into the cylinder head for igniting the charge of petrol cnincs. It i.

usually, designed to withstand a pressure up to 35 bar and operate under a current of 10 000 to

30 000 volts.	
__Terminal

A spark plug consists of central porcelain insulator,
containing an axial electrode length wise and ground elec-
trode 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. 26.26. The high tension
electric spark jumps over the gap to ignite the charge in the
engine cylinder.

The electrode material should be suck which can
withstand corrosiveness, high temperature having good ther-
mal conductivity. The electrodes are generally made from
the alloys of platinum, nickle, 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) gets 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.

26.43. 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.

JALInlet port	 Sill port

gr

o Tappet

O Cam

Fine,

U1,
millsm

(a) Fuel pump.	 (b) Beginning of stroke.	 (c) End of stroke.

Fig. 26 27

The simplified sketch of a fuel pump is shown in Fig. 26.27 (a). It consists of a plunger which
moves up and down in the barrel by the cam and spring arrangement provided for pushing and
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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 cutaway 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.
26.27(b) and (c) shows how the top part offhe 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 26.27 (h), the fuel enters the
barrel through the inlet poll. 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. 26.27
(c). The plunger can be made to rotate in the barrel and 	 Lock nut 
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 	 Binjected and thus the engine stops. 	 From	 Spring

26.44. Injector or Atomiser	 A plump

The injector or atomiser is also an important part of
the diesel engine which breaks up the fuel and sprays into
the cylinder into a very fine divided particles.

Fig. 26.28 shows the type ofan injector in which fuel
is delivered from the pump along the horizontal pipe con-
nected at A. The vertical spindle of the injector is spring
loaded at the top which holds the spindle down with a
pressure of 140 bar 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.

QUESTIONS
I. What is the difference between internal combustion and external combustion engines ?
2. How the internal combustion engines are classified?
3. List the advantages and disadvantages of a two stroke cycle engine over a four stroke

one.

4 Descioe briefly and with appropriate sketches, the actual sequence of events in the
cylinder of a petroi engine working on the four stroke cycle.

5. Discuss the working of a two stroke cycle petrol engine with the help of neat sketches.
6. Differentiate between petrol and diesel engine.
7. Explain with the help of suitable sketches, the working of a four stroke cycle and a two

stroke cycle diesel engine.
8. What do you understand by air injection and solid injection system generally employed

with the diesel engines?

. Describe the phenomenon of detonation in I.C. engines. On what factors does detonation
depend?

10. Explain what do you understand by octane and cetane number rating of a fuel.
11. Draw the electrical circuit used for battery ignition in a tour stroke four cylinder engines.

Explain the function of each component.
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12. Discuss the cooling requirement of an I.C. eogine. Describe the tijiferent methods of
cooling and give specific examples where each method is employed.

13. Explain the need and methods of supercharging in I.C. Engines.
14. Discuss the lubrication system in I.C. engines.
15. What is the function ofa carburettor in an S.I. engine? Briefly explain with a neat sketch

the operation of a simple float type carburettor.
16. Write short notes on the following

(a) Scavenging;	 (b) Fuel pump;	 (c) Atomiser; and	 (d) Spark plug.

OBJECTIVE TYPE QUESTIONS

1.In  four stroke engine, the working cycle is completed in
(a) one revolution of the crankshaft 	 (h) two revolutions of the crankshaft
(c) three revolutions of the crankshaft 	 (d) four revolutions of the crankshaft

2. A two stroke cycle engine gives...........the number of power strokes as compared to the
four stroke cycle engine, at the same engine speed.

(a) half	 (h) same	 (c) double	 ( four times
3. The thermal efficiency of a two stroke cycle engine is..........a four stroke cycle engine.

(a) equal to	 (b) less than	 (c) greater than
4. The theoretically correct mixture of air and petrol is

(a) 10: I	 (b) 15: I	 (c) 20: I	 (d) 25 :
S. The thermodynamic cycle on which the petrol engine works, is

(a) Otto cycle	 (6) Joule cycle	 (c) Rankine cycle	 ((1) Stirling cycle
6. A diesel engine has

(a)one valve	 (b) two valves	 (c) three valves	 (d.) four valves
7. If petrol is used in a diesel engine, then

(a) low power will be produced	 (b) efficiency will be low
(c) higher knocking will occur 	 (d) black smoke will be produced

8. A petrol engine has compression ratio from
(a)6to 10	 (b) 10 to IS	 (c) 15 to 25	 (d)25to40

9. The function of a distributor in a coil ignition system of I.C. engines is
(a) to distribute the spark	 (6) to distribute the power
(c) to distribute the current	 (d) to time the spark

10. Supercharging................the power developed by the engine.
(a) has no effect on (b) increases	 (c) decreases

11. A carburettor is used to supply
(a) petrol, air and lubricating oil 	 (b) air and diesel
(c) petrol and lubricating oil 	 (d) petrol and air

12. A spark plug gap is kept from
(a) 0.3 to 0.7 mm	 (b) 0.2 to 0.8 mm
(c) 0.4 to 0.9 mm	 (d) 0.6 to 1.0 mm

13. The knocking tendency in spark ignition engines may be decreased by
(a) controlling the air fuel mixture 	 (b) controlling the ignition timing
() i-dttcing the compression ratio 	 (d) all of these
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14. Tbt violent sound pulsations within the cylinder of an I.C. engine are due to
(a) detonation 	 (b) turbulence	 (c) pre-ignition	 (d) none of these

15 Which of the following does not relate to a spark ignition engine?

	

(a) Ignition coil	 (b) Spark plug	 (c) Distributor	 (d) Fuel injector

ANSWERS

I. (h)	 2. (c)	 3(h)
	 4. (b)	 . (a)

. (c)	 7. (c)
	

8. (a)
	

9.(d)	 10."b)
11. (d)
	

12. (a)
	

13. (c)
	 14(a)	 15(d)
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Testing of Internal Combustion Engines

I. Introduction. 2. Thermodynamic Tests for LC. Engines. 3. indicated Mean Effective Pressure.
4. Indicated Power. 5. Morse Test. 6. Brake Power. 7 Efficiencies of an I.C. Engine. & Air Consumption
9. heat Balance Sheet.

27.1. Introduction
In the last chapter, we have discussed the working i.e. operation of the I.C. engines. Asa matter

of fact, when an I.C. engine is designed and manufactured, then it is tested in a laboratory. The purpose
oIte.sting are:

I. To determine the information, which cannot be obtained by calculations.

2. To confirm the data used in design, the validity of which maybe doubtful.

3. To satisfy the customer regarding the performance of the engine.

Note	 By performance, we mean the operation of all variables relating to the working of the engine. These
variables are power, fuel consumption etc.
27.2. Thermodynamic Tests for I.C. Engines

An internal combustion engine is put to the thermodynamic tests, so as to determine the
following quantities

I .1ndicated mean effective pressure ; 2. Indicated power ; 3.Speed of the engine ; 4.Brak.
torque; 5. Brake Power; 6. Mechanical Losses (Motoring test) ; 7. Mechanical efficiency ; B. Fuel
consumption ; 9. Thermal efficiency; 10. Air consumption ; II. Volumetric efficiency; 12. Various
temperatures ; and 13. Heat balance sheet.

It may be noted that these quantities are measured after the engine has reached the steady
conditions.
27.3. Indicated Mean Effective Pressure

The indicated mean effective pressure of an engine is obtained from the indicator diagram
drawn with the help of an engine indicator, by any one of the following methods:

I. By drawing the diagram on a squared paper and then finding its area by counting the
number of squares.

2. By finding the area of the diagram with the help of a planimeter.

3. By mid-ordinates taken from one end to another.
In all these methods, the aim is to determine the height of a rectangle of an area equal to the

area of the indicator diagram. The height of this rectangle gives the mean effective pressure.

Fig. 27.1 (a) shows the indicator diagram and the equivalent rectangle, i.e. a rectangle having
the same area as that of the indicator diagram, whose length is equal to the length of the indicator
diagram or card.

611
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Let	 s = Scale of the pressure, i.e. scale of indicator spring* in bar per mm,

a = Area of the diagram or rectangle in mm 2 , and
I = Length of the diagram in mm.

Mean effective pressure (in bar)

Area of indicator card x Scale of indicator spring - axs
-	 L.engthof indicator card 	 - I

This relation is helpful for finding out the mean effective pressure by using the first two
methods.

,dcatar diagram

\ic,lurne
(a) equivalent rectangle method. 	 (b) Mid-ordinate method.

Fig, 27.1

In case of mid-ordinate method, the indicator diagram is divided into strips of equal width as
shown in Fig. 27.1(b). At the centre of each strip, mid-ordinate (shown dotted) are drawn. All these
mid-ordinates are added and the total is divided by number of ordinates to get the mean height of the
diagram.

Let	 in = Mean height of the diagram, and
s = Scale of the indicator spring.

Mean effective pressure

rn.s

Note : The mean effective pressure calculated on the basis of the theoretical indicator diagram, is known as
theoretical mean effective pressure. Ilit is based on the actual indicator diagram, then it is called actual meaneffective pressure.

27.4. Indicated Power

The indicated power (briefly written as I.P.) is the power actually developed by the engine
cylinder. It is based on the information obtained from the litdicator diagram of the engine.

Let

	

	 p,,, =Actual mean effective pressure as obtained from the indicator diagram
in bar;

L = Length of stroke in metres;

A = Area of the piston in m2;
N = Speed of the engine in r.p.m., and

*	 An engine indicator is. usually, provided with a Set oI accurately calibrated springs each of which is stamped
with a number. This number indicates the pressure (in bar) required to produce a deflection of I mm. The
number is sometimes known as spring number.
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n = Number of working strokes per minute

• . (For two stroke Cycle engine)

	

= N/2
	

(For four stroke cycle engine)

p,x lO5xLxAxn
Indicated power, I.P. -

- 
	 watts

60

lOOp,,, LA
= 60

kW

- lOOKp LAn
60	

kW

where	 K = Number of cylinders.

273. Morse Test

(For single cylinder engine)

(For inul ti-cylinder engine)

The Morse test is adopted to find the indicated power of each cylinder of a high speed IC.
engine, without using indicator diagram. The test is carried Out as follows

Consider a four cylinder engine. First of all, the brake power of the engine, when all the
cylinders are in operation, is measured accurately (by means of a brake dynamometer) at a constant
speed and load. Now, one of the cylinders (say cylinder I) is cut-off so that it does not develop any
power. This is done by short circuiting the spark plug of the cylinder in petrol engines and cutting-off
individual fuel supply in diesel engines. The speed of the engine decreases and in order to bring the
speed back to the original speed, the load on the engine is reduced. The brake power is now measured
in this new condition which gives the brake power of the remaining three cylirilers.

In the similar way, each cylinder is cut-off one by one and the brake power of the remaining
three cylinders is determined by correcting the engine speed, if necessary.

Let	 I, 12' 13 and 14 = Indicated power of each individual cylinder.

F1 , F2 , F3 and F4 = Frictional power of each individual cylinder.

We know that ,total brake power of the engine when all the cylinders are working is given by

B = Total indicated power — Total frictional , power

=(i1+I2+I3+I)— (Fl +F2+F1+F4)

When the cylinder No. I s cut-off, then I = 0, but the frictional losses of the cylinder remain

the same.

Brake power of the remaining three cylinders,

B 1 = (0+12+13+14)—(F1+F2+F3+F)

Subtracting equation (ii) from equation (i),

B—B, =

or	 Indicated power of the first cylinder,

I = B—B,

Similarly, indicated power of the second cylinder,

12 = fl—B2

Indicated power of the third cylinder,

13 = 8-83
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Indicated power of the fourth cylinder,

14 = B - B4

and total indicated power of the engine.

= 'I + 12 + 13 + 14

- Example 27.1. As. gle cylinder, two stroke petrol engine develops 4 k W indicated power.
Ftad the average speed of the piston, 4/'the mean effective pressure is 6.5 bar and piston diameter is
100 Mm.

Solulion. Given:I.P.=4kW; p, =6.5bar; D=l00rnm=0.lm
Let	 L Length of stroke in metres, and

N = Speed of the engine in r.p.m.
Number of working strokes per minute,

n = N	 . . . (: Engine works on two stroke cycle)

We know that area of piston.

A = .(O. 1)2 	7.855 x 10 0

Indicated power (1.P.),
100p,,,LAn	 100x6.5xLx7.855x103xN

60	 60
OOSS1LN

or	 LN=47
Average speed of the piston

2 L N = 2x47 94rnIs Ans.
Example 27.2. Ina laboratory experiment, the following observations were noted during

the test of a four stroke Diesel engine:
Area of indicator diagram = 420mm2 ; Length of indicatordiagram 62 mm; Spring number

= 1.1 bar/mm; Diameter of piston = 100 mm ; Length of stroke = 150 mm ; Engine speed = 450
r.p.m. Determine: 1. indicated mean effective pressure, and 2. Indicated power.

Solution. Given: a=420mm 2 ;1=62mm;sr 1.1 bar/mm;D0 =IOOmm=O.l m;
L = 150 mrn=0.15m;N=45ir.p.m.

We know that area of piston,

A = (0. l)2 = 7.855 X10 -1 M2

and number of working strokes per minute,

n = N 12 = 450/2 = 225	 . . . (; Engine works on four stroke cycle)

I. Indicated mean effective pressure
We know that indicated mean effective pressure,

a.s	 4202<1.1
62	 = 7.45 bar Ans.

2. Indicated power
We know that indicated power,

= I00p,,LAn = 100 x7.45x0.l5x7.855xl0x225 kW
60	 60

= 3.29 kW Ans.
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27.6. Brake Power

The brake power (briefly writ ten as B.P.) is the power available at the crank shaft. The brake
power of an I.C. engine is, usually, measured by means of brake mechanism ( prony brake or rope

braic).
In case of prony brake, Let

W = Brake Toad in newtons,

= Length of arm in metres, and

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

Brake power of the engine,

Torque in N-rn x Angle turned in radians thro:gh I revolution x R.P.M. watts
60

- 2inN -Wlx2nN watts

	

- 60 -	 60

In case of rope brake, let

W = Dead load in newtons,

S = Spring balance reading in newtons,

D = Diameter of brake drum in metres,

d = Diameter of the rope in metres, and

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

Brake power of the engine,

B.P. =	 watts
60

= ç- S) ii	 watts
60

[without considering diameter (d) of the rope]

[Considering diameter (d) of the ropc.l'

E,(ample 27.3. The following data were recorded during a lest on an oil engine:
S'peed of the engine = WOO r.p.m. ; Load on the brake = 1000 N; Length of the brake = 750

mn
Determine: 1. Brake torque; and 2. Brake power of the engine.
Solution. Given: N = 1000 r.p.m.; W = 1000 N; 1 750 turn = 0.75 m

I. Brake torque

We know that brake torque,

T = W  = 1000x0.75 = 750N-m Ans.

2. Brake power of the engine
We know that brake power of the engine,

BP =	 =Tx2uN 75Ox2itxl000 78 550 W = 78.55 kW Ans.
60	 60

Example 27.4. A rope brake has brake wheel diameter of 600mm and the diameter of rope
is 5 mm. The dead load on the brake is 210 N and spring balance reads 30 N. If the engine makes
450 r.p.m., find the brake power developed.

Solution. Given :D=600min=0,6m;d=5mm=O.005n1;W=2l0NS=3O
N = 450 r.p.n1.
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We know that brake power developed.

B.P. =	 (210-30)it(0.6+0.)O
W60	 60

= 2570W 2.57kW Ans.

27.7. Effkiencks of I.C. Engine

The efficiency of an engine is defined as the ratio of work done to the energy supplied to an
engine. The following efficencies of an J.C. engine are important from the subject point of view:

I. Mechanical efficiency. It is the ratio of brake power (B.P.) to the indicated power (I.P.).
Mathematically, mechanical efficiency,

B.P.
11,,, =

It maybe observed that the mechanical efficiency is always less than unity (i.e. 100%) because
some power is lost in overcoming the engine friction. In other words, the indicated power is always
gI'eater than brake power. The power, which is lost in overcoming the engine friction, is known as
früiional power. Therefore frictional power.

F.P. = I.P. - B.P.

2. Overall efficiency. It is the ratio of work obtained at the crankshaft in a given time to
the energy supplied by the fuel during the same time.

Let	 m1 = Mass of fuel consumed in kg per hour, and

C = Calorific value of fuel in kJ/kg of fuel.
Energy supplied by the fuel per minute

mxc

60
and work obtained at the crankshaft per minute

B.P.x60 Id	 ...(; B.P.isirikWand I kW	 lkJIs)

Overall efficiency, 110	 =
B.P. x 60 x 60 B.P. x 3600

m1 XC	 m1xC

3. Indicated thermal efficiency. It is the ratio of the heat equivalent to one kW hour to the
heat in the fuel per I.P. hour. Mathematically, thermal efficiency,

Heat equivalent to one kW hour
Heat in fuel p,eriP.hour

3600 /LP. x 3600
mi x C	 m1xC

I.P.

Note The ratio	 is known as specific fuel consumption per I.P. per hour.

4. Brake thermal fficieicy. It is the ratio of the heat equivalent to one kW hour to the heat
in fuel per B. P. hour. It is also known as overall thermal efficiency of the engine. Mathematically,
brake thermal efficiency.

= Heat equivalent to one kW hour
Heat in fuel per B.P. hour
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BPx36O0
- m1xC

H.P.

Note: The ratio-- is known as specific fuel consumption per B.P. per hour.

5. Air standard efficiency. The air standard efficiency of an I.C. engine may also be
obtained mathematically from the general expression for the air standard efficiency i.e.

	

ry
= -	 . . . (For petrol engines)

-
—	 r	 [Y( - l )j	 . . . (For Diesel engines)

where	 r = Compression ratio,

y = Ratio of specific heats, and
P = Cut-off ratio.

6. Relative efficiency. It is also known as efficiency ratio. The relative efficiency ofan I.C.
engine is the ratio of indicated thermal efficiency to the air standard efficiency. Mathematically,

Relative efficiency = Indicated thermal efficiency
Air standard efficiency

7. Volumetric efficiency. It is the ratio of actual volume of charge admitted during the
suction stroke at N.T.P. to the swept volume of the piston. Mathematically, volumetric efficiency,

- Volume of charge admitted at NTP. =
-	 Swept volume of the piston'	 v

Note : The volumetric efficiency may also be defined as the ratio of the mass of actual charge admitted to the
swept mass of the charge at N.T.P.	 -

ElLample 27.5. A gas engine has piston diameter of 150 mm, length of stroke 400 mm and
mean effective pressure 5.5 bar. The engine makes 120 explosions per minute. Determine the
mechanical efficiency of the engine, if its B. P. is 5kW.

Solution. Given :Dl5OmmOl5m ; L4fl ... O4m;p	 55 bar n 120
H.P. =5kw

We know that area of the piston,

A = (0.15)2 = 0.0177m2

and indicated power	 L.P. =	 100x5.5x0.4x0.0177x 120
60	 60	 = 7.79 kW

We know that mechanical efficiency of the engine,

	

11,, = H.-P.	 5=	 = 0.642or642% Ans.

Example 27.6. Afour cylinder two stroke cycle petrol engine develops 23.5 kWbrake power
at 2500 r.p.m. The mean effective pressure on each piston is 8.5 bar and the mechanical efficiency
is 85%. Calculate the diameter and stroke of each cylinder, assuming the length of stroke equal to
1.5 times the diameter of cylinder.
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Solution. Given: K=4;BP.23.5kW;N2500r.P.m.P,,,=8.5 bar; Tl,,,=85%=0.85

Let	 D = Diameter of cylinder. and

L = Length of stroke = 1.5 Dr	 (Given)

We know that area of the cylinder.

A = (Dr)1 = 0,7855 (D,.)'

and number of working strokes per minute,

a = N = 2500	 ... (; Engine works on two stroke cycle)

We know that indicated power,

I.P. =	 = ^-35 = 27.65 kW
0.85

We also know that indicated power (LP.),

27.65— 
tOOKp,,,LAn

60

100 x 4 x 8.5 x 1.5 D x 0.7855(D) 1 2500 
= 166 920 (D.)3

=	 60

(D)3 = 0.000 165 or D. = 0.055 in = 55 mm Ans.

and	 L	 I.5x55 = 82.5mmAns .

Example 27.7. During the test on single cylinder oit engine, working on the four stroke cycle
and fitted with a rope brake, the following readings are taken:

Effective diameter of brake wheel = 630 mm ; Dead load on brake = 200 N; Spring balance
reading = 30 N; Speed = 450 r.p.m. . Area of indicator diagram = 420 mm2 ; Length of indicator
diagram • = 60 mm; Spring scale = 1.1 bar per mm Diameter of cylinder = 100 mm; Stroke
= 150 mm; Quantity of oil used = 0.815kg/h; Calorific value of oil = 42 000 kJ/kg.

Calculate brake power, indicat ed power, mechanical efficiency, brake thermal efficiency and

brake spec jfic fuel consumption.
Solution. Given: K1;D630mm0.63m200NN;N4SOrPm.;

a.42O mm2 ; 1=60mm; s = 1.1 bar/mm; Dr= too mm =0.1 to ; L = ISO mm=0.l5 m;

m,=0.815kgTh;C=42000kJ/kg

Brake power
We know that brake power.

B.P.	
(200— 30) itx 0.63 x 45 

= 2520W
60	 60

= 2.52 kW Ans.

Indicated power
We know that indicated mean effective pressure,

axs	 420x 1.1
= -r =	

= 7.7 bar

Area of the cylindei. A =	 (D)2	. (0.I) = 7.855 x iO - 3 m2
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and number of working strokes per mm,

•

	

	 = N1 2 = 450/2 = 225	 ... ( Engine works on four stroke cycle)
We know that indicated power,

100Kp,LAn 100  I x7.7x0.15x7.855x103x225 kW=

	

60	 60
•	 =3.4kWAns.

Mechanical efficiency
We know that mechanical efficiency,

B.P.2.52
=	 =	 = 0.7418 or 74.18% Arks.

Brake thermal efficiency
We know that brake thermal efficiency,

B.P.x3600	 2.52x3600=	 0.265 or 26.5% Ans.	m1 xC	 0,815x42000

Broke specific fuel consumption
We know that brake specific fuel consumption

=_TL =	 = 0.323 kg / B.P. / h Ans.

Example 27.8. An engine uses 6.5 kg of oil per hour of calorific value 30000 Uñcg. If the
B.P. of the engine is 22 kW and mechanical efficiency 85%, calculate I. Indicated thermal
efficiency; 2. Brake thermal efficiency ; and 3. Specific fuel consumption in kg/B.P./h.

Solution. Given: m, = 6.5kgTh;C=30O00kJ/kg;B.P.r22 kW; i = 85% = 0.85

I. Indicated thermal efficiency
We know that indicated power,

I.P. =	 = -n-- = 25.88 kW
ii,,,	 0.85

..lndicated thermal efficiency,

I.P. x 3600	 25.88 x 3600
= m1 xC	 6.5x30000 = 0.48 or 48% Ans.

2. Brake thermal efficiency
We know that brake thermal efficiency,

B.P. x 3600	 22 x 3600
= m1 xC	 6.5x 30000 = 0.406 or 40.6% Ans.

3. Specific fuel consumption
We know that specific fuel consumption

_TL 65
= B.P. =	 = 0.295kg1B.P.Ih Ans.

Example 27.9. A four cylinder engine running at 1200 r.p.m. gave 18.6 kW brake power.
The average torque when one cylinder was cut out was 105 N-m. Determine the indicated thermal
40-
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efficiency if the calorific value of the fuel is 42 000 fri/kg and the engine uses 0.34 kg of petrol per
brake flower hour.

Solution. Given: K4;N= 1200r.p.m.;B.P. 18.6kW;T=105N-m;C=42000
kJ/kg;mf = 0.34kg/B.P./h = 0.34x 18.6 = 6.324kg/h

We know that brake power per cylinder

= 186 = 4.65 kW

Brake power for three cylinders (i.e. when one cylinder is cut-out)

= 4.65x3 = 13.95 kW

Since the average torque (1) for three cylinders (i.e. when one cylinder is cut-out) is given as
T= 105 N-m, therefore

Brake power for the three cylinders,

Tx2,tN lOSx2icxl200 - 13-
6060	

-200W 132kW.

and frictional power per cylinder

= 13.95— 13.2 = 0.75 kW

Total frictional power for four cylinders,

•	 F.P. 0.75x4 = 3 k

We know that indicated power.

I.P. = B.P.+F.P. = 18.6+3 = 21.6 kW

Indicated thermal efficiency.

I.P.x364J0	 21.6x3600
mx C	 6.324 x 42 000 0.293 or 29.3% Ans.

Example 27.10. A four stroke, six cylinder gas engine with a stroke volume of 1.75 litres
develops 25 kWat 480 r.p.m.. The mean effective pressure is 6 bar. Find the average number of times
each cylinder misfired in one minute.

Solution. Given K = 6 ; zI, = LA = 1.75 litres	 I.75x10 3 m3 ; IT = 25 kW
N=480r.p.m;p,,, = 6bar

Let	 n	 Number of working strokes produced per minute.

We know that indicated power (l.P.).

lOOKp LAn 1	 100x6x6XI.75x103xn1
25=	 =	 0.105111

nt=238

But the number of working strokes per minute are given as

is	 N1 2  = 48012 = 240	 . Engine works on four stroke cycles

Number of times each cylinder misfired in one minute

= n — n i = 240-238 = 2 Ans.
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Example 27.11. The diameter and stroke length of a single cylinder two stroke gas engine,
working on the constant volume cycle, are 200 mm and 300 min respectively with clearance volume
2.78 litres.

When the engine is running at 135 r.p.m., the indicated mean effective pressure was 5.2 bar
and the gas consumption 8.8 m 3/hour. If the calorific value of the gas used is 16 350 find 1.
air standard efficiency ; 2. indicated power developed by the engine and 3. indicated thermal
efficiency of the engine.

Solution. Given: Dc=200mm=0.2m;L=300mm=0.3m;v=2.78ljtres=0.00278m3;
N = 135 r.p.m.; p,,, = 5.2 bar; in1 = 8.8 m3/ h ; C = 16 350 kJlrn3

1. Air standard efficiency
We know that area of the cylinder,

A = (0.2)2 = 0.03142 m'

Stroke volume, v, = AL = 0.031 42 x 0.3 = 0.009 426 m3

and compression ratio,	 r Total volume of cylinder -- V +V,
= 

Clearance volume Vc

- 0.00278+0.009426 = 4.4
-	 (00278

We know that air standard efficiency,

I = 1 (44)I.41 = 1-0.553 0.447 or 44.7% Ans.

2. indicated power developed by the engine
We know that indicated power developed by the engine,

100p,,,LAn	 100x5.2x0.3x0.03142x135
kW60	 60

n = N, for two stroke cycle engine)

= 11.03 kW Ans.

3. indicated thermal efficiency
We know that indicated thermal efficiency,

1.P.x 
3600 - I1.03x3600 = 0.276 or 27.6% Ans.mxC - 8.8x 16350

Example 27.12. A four stroke petrol engine 80 mm bore, 100 mm stroke, is tested at full
throttle at constant speed. The fuel supply is fixed at 0.068 kg/mitt and the plugs ofthefour cylinders
are successively short circuited without change of speed, brake torque being correspondingly
adjusted. The brake power measurements are the following:

With all cylinders firing 	 = 12.5 kW
With cylinder No. 1 cutoff	 9kW
With cylinder No. 2 cutoff = 9.15 kW
With cylinder No. 3cut off = 9.2 kW
With cylinder No. 4 cut off = 9.1 kW
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Deternwtc I.P. of the engine under these conditions. Also determine the indicated thermal
Øciency. calorific value of the fuel is 44100 kJ.*g. Compare this efficiency with the air standard
Value. Clearance volume of one cylinder is 70 x 10' nun3.

Solution. Given :D=80 nun =0.O8m;Ll00 nun =0.lm;m1O.068kg/mifl=
4.08kg1h;B=12.5kW;E 1 =9kW;.B2 =9.l5kW;B,=9.2kW;B4 9.l kW;C=44l00 kJ/kg ;

v=70x 103 mm3

I.P. of the engine
We know that indicated power produced in cylinder I,

= B—B1 = 12.5-9 = 3.5 kW

Indicated power produced in cylinder 2,

12 = B—B2 = 12.5-9.15 3.35 kW

Indicated power produced in cylinder 3,
13 = B—B3 = 12.5-9.2 = 33kW

and indicated power produced in cylinder 4,

14 = B—B4 = 12.5-9.1 = 3.4 kW

Indicated power of the engine,
I.P. = + 12 + 13 + 14 = 3.5 + 3.35 + 3.3 + 3.4 = 13.55 kW Ans.

Indicated thermal efficiency
We know that indicated thermal efficiency,

I.P.x3600	 13.55x3600
m1 xC 

= 4.08x44 100 = 0.271 or 27.1% Ans.

Air standard efficiency
We know that swept volume

(D,)2 L = • (80)2 100 = 503 x l0 min'

Compression ratio,

- Total cylinder volume -
r -- Clearance volume - vc

....20x103+503x103 -—818
70x103 

We know that air standard efficiency,

l_I(8l8I.4..l	 ... (Taking y=l.4 for air)

= I —0.431 = 0.569 or 56.9% Ans.
Ratio of air standard efficiency to indicated thermal efficiency

0.569 2.10.271 
Thus air standard efficiency is 2.1 times the indicated thermal efficiency. Ans.
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Example 27.13. A four stroke diesel engine has a cylinder bore of 150mm and a stroke of

250 mm. The crankshaft speed is 300 r.p.m. andfuel conswnpnon is 1.2 kg/i,, having a Ca lo rflc value
of 39 900 kMrg. The indicated mean effective pressure is 5.5 bar. If the compression ratio is IS and
cut-off ratio is 1.8, calculate the relative efficiency, taking y = 1.4.

Solution. Given D=I50mm =0.15m;L= 250 mm = 0.25 m;N=300r.p.m
m1 =1.2 kg1h;C=39900kJ/kg;p,,, = 5.5 bar; r=15;p=1.8;y=l.4

We know that area of the cylinder,

A = 1 (0.l)2 = 0.0I77 0
and number of working stroke per minute.

	

n N12 = 300/2 = 150 	 .. .(vEngineworksonfoursecycic)

Indicated power, J.P. = 100p. LA n
60

100 x 5.5 x 0.25 x 0.0177 x 150=	 6.1 kw60
and indicated thermal efficiency,

I.P. 3600	 6.1 x3600=	 =	 = 0.4586 or 45.86%

	

m1 XC	 I.2x39900
We know that air standard efficiency for diesel engine.

Ti,,.	 r' [ 
pT— 1 1=	

y(p—I)j

-	 I	 I (I.8) 1 — i 1
-	 (15)' -' [1.4(1.8 1)] = I —0.386 = 0.614 or 61.4%

Indicated thermal efficiency — 0.4586

	

Relative efficiency,' -
	 Air standard efficiency	 — 0.614

= 0.747 or 74.7% Ans.

Example 27.14. A petrol engine has a cylinder diameter of 60mm and stroke 100 g. If
the mass of the charge admitted per cycle is 0.0002 kg, find the volumetric efficiency of the engine.
Assume characteristic constant for the Charge as 287 f/kg K.

Solution, Given: D, = 60mm = 006m;L=100mm=O.Im;mz0.0002kg
We know that swept volume of the piston,

tii=1!(0.06)20.l=0.283xlO-1m1

Let .	 v,,	 Volume of charge admitted at *N.T.P.
We know that according to characteristic gas equations,

in T — 0.0002x287x2733	
...(.. pv = mRT)

	

=	
—	 I.013x io

= 0.155x10m3

NT.P means normal temperature and pressure, i.e. temperature (7) of 0'C or 273 K and pressure 1.013
h,r or 1.013X to N/rn2.
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Volumetric efficiency,

V	
55x tO-i = 0.548 or 54.8% Ans.

= 0.283x iO-

Example 27.15. Find the engine dimensions of a two cylinder, two stroke!. C. engine from
the following data:

Engine speed = 4000 r.p.m. ; Volumetric efficiency = 0.77; Mechanical efficiency = 0.75;
Fuel consumption = 10 litres/h (specific gravity = 073) ; Air-fuel ratio 18:1 ; Piston speed =
600 rn/mm ; Indicated mean effective pressure = 5 bar.

Find also the brake power. Take Rfor gas mixture as 281 f/kg K at ST.?.
Solution. Given: K = 2 ; N = 4000 r.p.m. ; r, = Q.77: ii ,,, = 0.75; m1zrIOXO.73

= 7.3kg/h;m/m1 = 18;2LN=600rn/min;p,,, = S bar; R=28l J/kgK

Engine dimensions
Let	 Dr = Diameter of the cylinder, and

L = length of the stroke.

We know that piston speed,

2 L N = 600

or	 L = 600 / 2 N= 600 / 2 x 4000 = 0.075m or 75 mm Ans.

Mass of air required m, = m1 x18 = 7.3x18 = 131.4kg/h 	 ... (.mJm1 = 18)

and corresponding volume of air required at S.T.P.,

m,RT	 .4x281x288	 3v =	
= 131	 = 105 rn3/h 1.75 m 1mm

p	 1.0l3x 10

We know that swept volume of the piston per minute,

U, = (DLXflXK

= (D)2 0.075 x 4000 x 2 = 471.3 (D) 2 m3/min

(.. ii = N, for two stroke cycle engine)

and volumetric efficiency (it),

V
0.77 = - = - 1.75

V	 4.71.3 (D)2

= 4.82x IO	 or D = 0.0694m or 69.4 mm Ans.

Brake power
We know that area of the cylinder.

A = (D)2 = (0 .0694)2 = 0.00378 m2

S.T.P.means standard temperature and pressure, i.e. temperature (1) of 15°C or 28 K and pressure 1.013

bar or 1.013 x 10' N/rn',
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IOOKp,,LAn	 lOOx2x5xO.075x0.00378x4000and indicated power, 	 I.P.	 — =	 kW

	

60	 60
= 18.9 kW

Brake power,	 B.P. = 1.P.xTI, = 18.9x0.75 = 14.17 kW Ans.

Example 27.16. A four stroke petrol engine with a compression ratio of 6.5 to I and total
piston displacement of 5.2 x 10-3 m3 develops 100 kW brake power and consumes 33 kg of petrol
per hour of calorific value 44300 k//kg at 3000 r.p.m.

Find: 1. Brake mean effective pressure ; 2. Brake thermal efficiency; 3. Airstandard efficiency
(y = 1.4) and 4. Air-fuel ratio by mass.

Assume a volumetric efficiency 0180 %. One kg of petrol vapour occupies 0.26 m3 at 1.013
bar and 15° C. Take Rfor air 287 f/kg K.

Solution. Given: r=6.5;v, = LA = 5.2x10 3 m3 ;B.P.=lOO kW; m1 = 33kg/b;
C=44300 kJ/kg ;N=3000r.p.m.;y=l.4;i=80%=0.8

I. Brake mean effective pressure
Let	 p,,, = Brake mean effective pressure in bar.

We know that brake power (B.P.),

IOOp,,,h LAn	 too XPhX5.2XI0x500100=	 =	 =

	

60	 60

(: n = N12, for four stnke engine)
= 7.7 bar Ans.

2. Brake thermal efficiency
We know that brake thermal efficiency.

B.P.x3600 - I00x3600
Tlb = m1 xC - 33x44300 = 0.246 or 24.6% Ans.

3. Ar standard efficiency
We know that air standard efficiency,

= I	 = I (6.5)i4	 = 1-0.473

= 0.527 or 52.7% Ans.
4. Air-fuel ratio by mass

We know that actual volume of charge admitted during the suction stroke at N. T.P.,
v = vx ii , = 5.2xI0x0.8 = 4.16x10 3 m3 	.. .(i)

Let	 v, = Secifc volume ofpetroI(i.e. volume of I kg ofpetrol) at N.T.P.
conditions, i.e. at T, = 0°C or 273 K andp 1 = 1.013 bar, and

= Specific volume of petrol (i.e. volume of! kg of petrol) at T2
l5eCor2ggK and p2= 1.013 bar

= 0.26m3 	. 	 . .. (Given)

We know that	
ply! = P2 V2

TI	T,.
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P2 v2 Ti - 1.013 x 0.16x273   = 0.246m/ kg of petrol
= p i T2 -	 1.01	

2i8

Mass of petrol consumed per cycle,

Mass of petrol consumed per minute
m1 - 

Number of working cycles per minute

- 33160
= 0.367x I0kg

- 3000/2

Total volume of petrol at N.T.P.

= 0.246x0.367x io- = 0.0903x 10'm3 	. . (ii)

We know that specific volume of air (i.e. volume of I kg of air) at N.T.P. (i.e. at T = Øi Cot
273Kandp= 1.013haror 1.013x 105N/m2),

!L1_ 1x287x273
= 0.773 m3/kg of air

	

p	 l.013x105

Let in kg of air is admitted per cycle, then total volume of air admitted,

v = 0.773 x in in3	... (iii)

We know that volume of charge admitted per cycle at NIP..
= Volume of petrol per cycle at N.T.P. + Volume of air per cycle

at N.T.P.

4.16x l0- 3 = 0.0903x 103+0.773xm

or	 m=5.265x103kg

	

M	 5.265x10
Air-fuel ratio,	 = - =	 = 14.35 Ans.

	

"i	 0.367x103

27.8. Air Consumption
The supply of air to an I.C. engine maybe measured experimentally bypassing the air through

a sharp edged orifice into a large tank (the volume being 500 times the swept volume of the engine).
The air is then passed to the engine. It is a cheap and simple
method of estimating the air supply to an engine.

The air is drawn intoa large tanK through an orifice whose
diameter and coefficient of discharge are known. The engine 	 Air
now draws air from this tank as shown in Fig. 27.2. The pressure 	 j
of air in the tank is less than the atmospheric pressure due to the 	 h
powerful engine suction. Since the tank is relatively large, the 	 T
air pressure may be assumed to remain constant.

The outside air is assumed to flow continuously, through
the orifice, with a constant velocity. This velocity depends upon 	 To

the difference of pressure between the air in the tank and the en9ir1e
atmospheric air. This pressure difference is measured by a
U-tube containing water, whose one limb is connected to the

Fig. 272. Air consumption.inside of the chamber while the other end is open to the atmos-
phere. The temperature of atmosphere and barometer reading is
also taken.

Lot	 a = Area of orifice in

= Coefficient of discharge of orifice,
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H = Head causing flow of air through orifice in metres of air,

p. = Density of air under atmospheric conditions in kg/M3,

p. = Density of water in kg/m3 = 1000 kg/M3,

h = Pressure difference measured in U-tube in metres of water.

Now head causing flow of air through orifice,

=H h x 
L. = 1000  metres of air	 ... (i)

	P. 	 P.

We know that velocity of air,

V = '1 JI mis

Quantity or volume of air passing through the orifice,

Q=CaV=C,a'hffrn3/S

We know that mass of air supplied,

rn., = Volume x Density = v., p., = Q P.

= C.la,JIxpfl

Caa"/ .9 8=	 . lx-xp.,
P.

= l40CaAT. kg/s

Note The density of air (p.,) at pressure p bar and absolute temperature T K maybe obtained by applying the

characteristic equation of a gas, i.e.
p=p.,RT or p.,=p/RT

Example 27.17. Following readings were obtained during the test on a single cylinder,

4-stroke I.C. engine:
Engine speed = 30) r.p.m. Diameter of orifice of the air tank = 20 mm Pressure causing

airflow through the orifice 100 mm of water.

Find the quantity of air consumed per second, ifits density under atmospheric conditions is
1.15kg/rn3. Take coefficient of discharge for the orifice as 0.7.

Solution. Given: *N_300rpm ;d=20mm=0.02rn;h r l0Ommof water O.l mof

water ;p, = 1.15kg/rn3 ; C, = 0.7

We know that area of orifice,

a = (0 .02)2 = 0.3142x 10 - 1 M2

and head causing flow of air through orifice,

H = It

	

	 = 0.1 xj95 = 86.96mofair ...( p., 1000kg/rn3)
P.

Quantity of air flow,

Q = C,a4ii = 0.7x0.3142x I0 3 '12x9.8 _IX 86.96 m3/s

= 0.0091 m 3/s Ans.

*	 Superfluous data
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27.9. Heat Balance Sheet

The complete record of heat supplied and heat rejected during a certain time (say one minute)
by an I.C. engine is entered in a tabulated form known as heat balance sheet. The following values
are required to complete the heat balance sheet of an I.C. engine:
I. Heat supplied by the fuel

Let	 m. = Mass of fuel supplied in kg/mm. and

C = Lower calorific value of the fuel in Id/kg.

We know that the heat in fuel supplied

= m1 xC kJ/min	 . .(i)

Note: In case of a gas engine, the volume of the gas supplied is first converted to N.T.P. conditions. It is then
multiplied by its lower calorific value to get the heat Supplied by the fuel.

Let	 v, = Volume of gas supplied in m 3/min at N.T.P., and
C = Lower calorific value of the gas in kJ/m 5 at N.T.P.

Heat supplied by fuel 	 = v,, x C kJ/min
2. Heat absorbed in I.P. produced

We know that the indicated power produced by I.C. engine.

ltXp LAn
I.P. =	 kW	 . . . (For single cylinder engine)

Heat absorbed in I.Pfmin = 100 p. L A n kJ/min	 . .. (..' I kW = I kJ/s) . . . (ii)
3. Heat rejected to the cooling water

The mass of cooling water, circulating through the cylinder jackets, as well as its inlet and
outlet temperatures are measured in order to detennine the heat rejected to the cooling water.

Let	 rn,,, = Mass of cooling water supplied in kg/mm,

ç = Specific heat of water which may be taken as 4.2 kJ/kg K,

= Inlet temperature, and

2 = Outlet temperature.

Thçn heat rejected to cooling water

= rn,,, c,,, (: - t ) kJ/min	 ... (iii)
4. Heat carried away by exhaust gases

The mass of exhaust gases maybe obtained by adding together the mass of fuel supplied and
the mass ofair supplied. The mass ofair supplied may be measured byan orifice orit maybe calculated
from the analysis of the exhaust gases. The temperature of the exhaust gases is also measured.

Let	 m = Mass of exhaust gases produced inkgimin,

c = Specific heal of exhaust gases, and

= Rise in temperature.
Heat carried away by exhaust gases

= ?nct kJ/min	 . . .(ii)
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S. Unaccounted heat
There is always some toss of heat due to friction, leakage, radiation etc. which cannot be

determined experimentall y . In order to complete the heat balance sheet, this loss is obtained by the
difference of heat supplied by the fuel and heat absorbed in l.P., cooling water and exhaust gases.

Finall y , the heat balance sheet is prepared as given below:

	

r 

No.	

Heat in
Particulars

S 
Total heal supplied	 ...	 100

	

I.	 Heat absorbed in I.P.

2. Heat rejected to the cooling water 	 0

3. Heat carried away by exhaust gases

4. Unaccounted heat

Example 27.18. An I.C. engine uses 6 kg offuel having calorific value 44 000 kJ/kg in one
hour. The 1.P. developed is 18 kW The temperature of 11.5 kg of cooling water was found to rise
through 250 C per minute. The temperature of 4.2 kg of exhaust gas with specifi 'c heat I kJ/kg K was
found to rise through 221? C. Draw the heat balance sheet for the engine.

Solution. Given :ny'6kgTh=O.l kg/min ;C=44000kJ/kgl.P. lRkW;m,= 1.5

kg/min ; l2 — t1 = 25°C;nz=4.2kgCl kJ/kg K;t=220°C

We know that heat supplied by the fuel
= m1 XC = 0.1 x 44 000 = 4400kJ/min

Heat absorbed in I.P. produced = 18 kW = 18 Id/s = 1080 kJ/min
Heat rejected to cooling water = m,, ç (t2 - 1 1 ) = 11.5 x 4.2 x 25 = 1207.5 kJ/min

Heat lost to exhaust gases	 = m c	 4.2 x I x 220 = 924 kJ/min

and unaccounted heat 	 = 4400 —(1080 + 1207.5 + 924) = 1188.5 kJ/min

Nn,s, nr,nare the heat balance sheet as given below:

Heat in
Particulars	 ki	 %

S.No. 
Total heal supplied	 4400	 100

	

I.	 heat absorbed in I.P.	 1080	 24.55

2. Heat rejected to cooling water 	 1207.5	 27.44

3. Heat carried way by exhaust gases	 924	 21.00

4. Unaccounted heat	 1188.5	 27.01

Total	 4400	 100

Example 27.19. A gas engine, working on four stroke constant volume cycle, gave the
following results when loaded by friction brake during a test of an hour's duration:

Cylinder diameter 240 mm ; Stroke length 480 mm; Clearance volume 4450 x 10 6 m3;
Effective circumference of the brake wheel 3.86 in Net load on brake 1260 N at overall speed of
226.7 r.p.m. ; Average explosions/mm 77; m.e.p. of indicator card 7.5 bar; Gas used 13 m31h at 15°
C and 771 mm of Hg ; Lower calorific value of gas 49 350 kJ/m 3 at N.T.P. ; Cooling jacket water
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6600 raised to 34.2° C; Heat lost to exhaui gases 8%. Calculate:/. 1.P. ; 2 B.P. ; 3. Indicated
thermal efficiency ; and 4. Efficiency ratio. Also draw a heat balance sheet for the engine.

Solution. Given: D 240mm = 024m ; L480mm=O,48m . v rr445t3xl(y63.
RD=3.86m ;(W-S) = 1260N ;N=226.7r.p.m. ;n=77 ;p,,,=7.5 bar; v = 13m3/b

15°C = 288K ; p1 771 mmofHg ; C49 350 kJ/r.1 ; in. =660kgTh II kg/mm
12 - t = 34.2° C; heat lost to exhaust gases = 8%
I. I.P.

We know that area of the cylinder,

A = (D)2 = rJ.24)2 = 0.045 m2

100 p,LAn	 100x7.5x0.48x0045x77 20.8 kW Ans.

2. B.P.

	We know (hat B.P. = (W-S)t 	 l260X3.86x226.7

	

60	 -	 60	 =18400W

= 18.4 kW Ans.
3. Indicated thermal efficiency

fli-st of all, let us find the volume of gas at N.T.P. (i.e. temperature 0°C and pressure 760 min
of Hg).
Let	

PO = Volume of gas at N.T.P.

To = Absolute temperature of gas = 273 K

p0 = Pressure at N.T.P. = 760 mm of Hg
According to the gas equation,

p0t)0 	 p1v1

-

p 1 V1 7	 771x13 273or	 V0 = - - x-- 
= 288 x	 = 12.5m3

Indicated thermal efficiency,

	

I.P.x 3600	 20.8 x 360011 . =	 = 0.121 or 12.1% Ans.

	

v0 xC	 12.5x49350
4. Efficiency rali()*

First of all, let us find Out the air standard efficiency ('i,) . We know that swept volume.

v, = (D)2 L = (0.24)20.48 = 0.0217m3

and clearance volume,	 v = 4450 x 10 -

Total volume	 = v,+v = 0.0217+4450x l0_6 = 0.02615m

*	 It is also known as relative cfficicncy.
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and compression ratio,	 r = 
Total volume	 5.876

Clearance volume = 
0.02615

4450x 10-

We know that air standard efficiency,

11 = I-- =	= I —0.492 = 0.518
r 1

	

-	 (5.876)'-'
... (For air, r= 14)

Efficiency ratio =
Indicated thermal efficiency - 0.121 = 0.234 or 23.4% Ans.

_____
Air standard efficiency	 - 0.518

Heat balance sheet
We know that heat supplied by the fuel

	

= V0 X C	 . . . (V Vol. of gas used for.one hour at N.TP.)

- 12.5x49 350

	

60	
- 10 280 kJ/min

-	 -

Heat absorbed in I.P. produced
= 20.8 kW = 20,8kJ/s = 1248 kllmin

Heat rejected to cooling water

= m,- C.' (12 - ') = II x 4.2 x 34.2 = 1580 kJ/min

Heat lost to exhaust gases (8% given)

= 0.08x 10280 = 822.4 kJ/min

and unaccounted heat 	 = 10 280 — (1248 + 1580 + 822.4) = 6629.6 kJ/min

Now prepare the heat balance sheet as given below:

Heat in
Particulars

	

S.No.	 U

Total heat supplied	 10280	 100

	

I.	 Heat absorbed in I.P. produced	 1248	 12.14
2. Heat rejected to cooling water	 3580	 15.36
3. Heat lost to exhaust gases	 822.4	 8.00
4. Unaccounted heat	 6629.6	 64.50

Total	 10280	 1	 100

Example 27.20. A six cylinder, four stroke diesel engine has bore 360 nun and stroke 500
mm. A trial on the engine provided the following data.-

Mean area of indicator diagram 780 mm2 , Length of the indicator diagram = 75 mm
Spring number = 0. 7bar per mm of compression ; Brake torque = 14 000 N-m; Speed =500 r.p.m.;
Fuel consumption = 240 kg/h; Calorific value offuel oil 44 0(X) U48 , Jacket cooling water =
320 kg/mm ; Rise in temperature of cooling water = 40° C: Piston cooling oil = 140kg1nun; Specific
heat = 2.1 k//kg K; Temperature rise of oil = 28' C; Circulating water in gas calorimeter = 30)
kg/mitt ; Rise in temperature of this water = 42° C.

All heat of the exhaust gases is absorbed in the calorimeter. Estimate the specific fuel
consumption and mechanical efficiency of the engine. Draw up a heat balance sheet of the engine on
1 kg offuel oil basis.
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Solution. Given:K=6 ; Dr = 360mm = 0.36m;L=500mm=0.5m;a=780mm2;
1=75 mm; s=O.7 bar/mm :T= 14000N-m;N=500r.p.m. ;n,.=240kg/h=4 kg/ min;
C=44000kJIkg;m,= 320 kg/mm ; 1 2 -t 1	 40°C; m,,= 140 kg/mm ; c,, 2.1 kJ/kg K;

= 28°C;m=300kg/min;t = 42°C

Specficfrel consumption
We know that indicated mean effective pressure,

axs 780x0.7
p,5 = -- = -i--- = 7.28 bar

Area of cylinder.	 A = (D,)2 = 	 (0,36)2= 0.102 m7

and number of working strokes per minute,

n = N1 2 = 500/2 = 250 ... (; Engine works on four stroke cycle)
We know that indicated power,

— I00Kp,5LAn	 100x6>7.28x0.5xO.102x250 kW

	

60	 —	 60

= 928 kW

Specific fuel consumption

=	 =	 = 0.258kg/kWh An

Mechanical efficiency
We know that brake power.

Tx2itN	 l4000x2itxSOOB.P. =	 =	 = 733000W = 733 kW

	

60	 60

and mechanical efficiency, ii,,	 j
B.P.

- = 733 = 0.79 or 79% Ans.

Heat balance sheet for! kg offue! oil
We know that heat supplied by the fuel

= 44 000 kJ/kg of fuel

Since the fuel consumption is 240 kg! h, therefore time for I kg of fuel consumption

	

h	 15240	 240

Heat absorbed in I.P. produced

= 928 kW = 928 ki/s

= 928x15 = l3920kJ/kg of fuel

I kg of fuel consumption takes 15 s)

Heat rejected to cooling water

= in. xc,(t2 —t,) = 320x4.2x40 = 53760kJ/min=896kJ/S

= 896x 15 = 13440 kJ/kg of fuel
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Heat lost to piston cooling oil.

= m,, c,, t,, = 140 x 2.1 x 28 = 8232 kJ/min = 137.2 kJ/s

= 137.2x 15 = 2058 kJ/kg of fuel

Heat lost to water in calorimeter

= q ct', = 300 x 4.2 x 42 = 52920 kJ/min 882 kJ/s

= 882x IS = 13 230 kJ/kg of fuel

Unaccounted heat = 44 000 - (13 920 + 13 440 + 2058 + 13 230)	 1352 kJ/kg of fuel
Now prepare the heat balance sheeton I kg of fuel basis, as given below:

Meat in
Particulars	 -

S.No. I	
U

Total heat supplied	 44000.	 too

I.	 Heat absorbed in I.P. produced 	 13920	 31.64
2. Heat rejected to cooling water 	 13 440	 30.54
3. Heat lost to piston cooling oil 	 2058	 4.68
4. Heat lost to water in calorimeter 	 13230	 30,07
5;	 Unaccounted heat (by difference)	 1352	 3.07

Total	 44000 1 100

EXERCISES

I. The following data were recorded during testing of a four stroke cycle gas engine:
Area of indicator diagram= 900 mm 2 ; Length of indicator diagram= 70min ; Spring scale =0.3

bar/mm; Diameter of piston= 200mm; Length of stroke = 250min; Speed = 300 r.p.m. Determine:
•	 I. Indicated mean effective pressure ; and 2. Indicated power. 	 [An. 3.86 bar; 7.58 kWI

v2. A two stroke cycle internal combustion engine has a mean effective pressure of 6 bar. The speed
of the engine is 1000 r.p.m. If the diameter of piston and stroke are 110min and 140 mm respectively, find the
indicated power.	 (Ans. 13.3 kWI

A gas engine has a piston diameter off50mm and stroke 250 mm. The speed of the engine is 250
r.p.m. and the average number of explosions are 90 per minute. The mean effective pressure is 7 bar. If the
average torque on the brake is 140 N-rn, find indicated power, brake power and mechaij ical efficiency.

[Ans. 4.65 kW; 3.67 kW ; 78.8%
4" During a trial of a single cylinder four stroke I.C. engine, the following observations were recorded:

Mean effective pressure = 4 bar; Speed = 20) r.p.m. ;Brake power= 7.5kw;Length of stroke =
1.5 times diameter of piston.

If the mechanical efficiency is 70% ; find the dimensions of the engine. lAna. 240mm ; 360 mmj
5. A constant speed four stroke cycle compression-ignition engine has a bore of 100 mm, stroke ISOmin 	 runs at 450 r.p.m. The following data refer to a test on this engine:

Brake wheel diameter = 600min ; Band thickness = 5 mm; Load -iband = 210 N: Spring balance
rcading= 30 N; Area of indicator diagram = 415 min' ; Length of indicator diagram = 62.5 min Spring scale
= 1.1 bar per mm: Specific fuel consumption. = 0.3kg1h.p/h; Calorific value of fuel = 42000 kJlkg.

Calculate : I. the mechanical efficiency, and 2. the indicated thermal effiekncy.
[Ans. 80.3%: 35.6%]

6. The following data refer to a test on a petrol engine:
Indicated power = 30kW: Brake power = 26kW; Engine speed = 1800 r.p.m.; Fuel per brake

power hour = 0.35 kg ; Calorific value of the fuel used 44 100 kJ/kg.
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talculate: I. the mechanical efficiency ; 2. the indicated thermal efficiency; and 3. the brake thermal
efficiency.	 [Ans. 26.9%; 23.3%]

1. Following observations were taken during the trial of a single cylinder, four stroke, oil engine,
running at full load:

Area of indicator diagram = 300 mint ; Length of the diagram = 40 mm ; Spring stiffness =
bar/mm; Speed of the engine = 400 r.p.m ; Brake load = 400 N; Spring balrnce reading = 50 N ; Diameter of
the brake drum =1.2 in;  Fuel consumption per hour 3kg; Calorific value of fuel = 42000 kJ/kg; Cylinder
diameter l6O into ; Stroke =200mm.

Find the indicated power, brake power, mechanical efficiency and brake thermal efficiency.
[Ans. tO kW; 8.8 kW:88%; 25.14%]

S. The output of an LC engine is measured by a rope brake dynamometer. The diameter of the brake
pulley is 750mmand ropedia,ne*eris5o mm.Thedead load on the fight sideoIihcrope ia4l0Nand the spring
balance reading is SON. The engine consumes 4 kg/h of fuel at rated speed of 1000 r.p.m. The calorific value of
Ml is 44100 kiAg. Calculate brake specific fuel consumption and the brake thermal efficiency.

[Ans. 0.265 kg/B.PJh ; 30.8%)
9. A compression ignition engine at rated condition develops 7.5 kW brake power. The mechanical

losses are 1.5 kW. If the indicated thermal efficiency is 4% ; air fuel ratio 22 and calorific value of fuel 432W
kJlkg, delertnine:l. fuel consumption is kg/h; 2 air intake in kg/h; and 3. brake thermal efficiency.

[Ana. 1.783 kg/h ; 39.23 kg/h ; 35%1
10. A four cylinder, two stroke cycle petrol engine develops 30 kW brake power at 2500 r.p.m. The

mean effective pressure on each piston is 8 bar and the mechanical efficiency is 80%. Calculate the diameter and
stroke of each cylinder if the stroke to bore ratio is 1.5. Also calculate the brake specific fuel consumption of the
engine, if brake thermal efficiency is 28%. The calorific value of the fuel is 44 100 kJ/kg.

(Ans. 62mm; 93mm; 0.29 kg/B.PJh)
11. An engine is used on ajob requiring 110 kW B.P., the mechanical efficiency of the engine is 80

percent and the engine uses 50 kg fuel per hour under the conditions of operation. A design improvement is made
which reduces the engine friction by S kW. Assuming the indicated thermal efficiency remains the same, how

	

manykgof fuel per hour will be saved ? 	 [Ans. 1.8 kg/hI
The following data relates to a four cylinder fo?r stroke petrol engine:
Diameter of the piston =SOmm ; Length ofihe stroke = 120 mm ;Ckarance volume = 100 

10 mm3 ; Fuel supply = 4.8 kg/b ; Calorific value = 44100 kJ/kg.
When the Morse test was performed on the engine, the following data were obtained:
B.P. with all the cylinders working = 143 kW

	

B.P. with cylinder I cut-off 	 = 9..8 kW

	

B.P. with cylinder 2 cut-off 	 = 10.3 kW

	

S.F. with cylinder 3 cut-off 	 = 10.14 kW

	

B.P. with cylinder 4 cut-off 	 = 10kW
Find I.P. of the engine and also calculate indicated thermal efficiency, brake thermal efficiency and

relative efficiency. 	 lAna. 11.76 kW; 30.2%; 24.66%; 55.7% 1
13. A petrol engine uses per brake power hour 0.36 kg of fuel of calorific value 44 tOO kJ/kg. The

mechanical efficiency is 78 percent and compression ratio is 5.6. Calculate: I. Brake thermal efficiency ; 2.
Indicated thermal efficiency; and 3. Ideal air standard efficiency. Take y= 1.4. (Ans. 22.7%; 29.1%; 49.8%)

14. A four cylinder four-stroke petrol engine produces 56 kW indicated power when running at 4400
r.p.m. with a volumetric efficiency or 81.5%. The air-fuel ratio is 16: land the thermal efficiency is 35%. The
fuel used has a calorific value of 44 tOO kiAg. If the bore to stroke ratio is I : 1.04, calculate the cylinder
dimensions. Assume the charge to have the density of air equal to 1.293 kg/rn3 at N.T.P.

[Ans. 77.2 mm; 803 mm]
15. A six cylinder, four stroke S.I. engine, having a piston displacement of 700 x ItT' m 3 per cylinder

developed 78 kW at 3200 r.p.m. and consumed 27 kg oIpcflol per hour. The calorific value of petrol is 44 MI/kg.
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Estimate I. the volumetric efficiency of the engine if the air fuel ratio is 12 and the intake air is at 09 bar, and
32° C ; 2. the brake thermal efficiency ; and 3. the brake torque. For air, R = 0.287 kJ&g K.

IAns.78.15% :23.64% ;232.7 N-ml
16. Calculate the bore and stroke of a four stroke single cylinder oil engine designed to the following

particulars.
Brake power 18 kW at 250 r.p.m. when finning on oil having composition by mass C 85%. H 15%

and a lower calorific value of 42 000 kJ/kg. The oil is burnt with 25% excess air. The volumetric efficiency
reckoned on atmospheric conditions of 1.013 bar and 10°C iso.8. The mechanical efficiency is 09 and indicated
thermal efficiency is 0.35. Take  = 0.287 kJ/kg K and bore-stroke ratio as I: 1.2. (Ans. 236 mm ; 283.2 mm)

17. Ina test of one hour duration on a singir cylinder oil engine performing on a four stroke cycle, 8.08
kg of oil of calorific value 42 000kJ/kg were used. The jacket water was 658 kg and its temperature rise is 22°
C. The average speed was 200 r.p.m. and the m.c.p. in the cylinder is 5.95 bar. The cylinder diameter is 300 mm

slroke.450 mm, and brake friction load 1900 N applied at the periphery of a flywheel of 1.2 m diameter. Show
by heat balance chart, how the heat supplied is apportioned between the several items concerned and estimate
the brake thermal efficiency and mechanical efficiency of the engine. 	 [Ans. 25.3%; 75.8%]

18. Calculate the brake specific fuel consumption, indicated thermal efficiency and obtain a heat balance
sheet on minute basis from the following test data obtained in a four stroke two cylinder diesel engine

Duration of test = 1 hour ; Brake power = 15 kW ; Total indicated power = 17.8 kW ; Fuel
consumption = 4.24 litres of specific gravity 0.875; Lower calorfic value of fuel = 43 340kJikg ; Jacket cooling
water circulated = 215 kg; Inlet and outlet cooling water temperature = 30°C and 80°C.

The heat in exhaust gases is measured by an exhaust gas calorimeter as 808 ki/minute.

[Ans.0.247 kg/E.P.Th :39.8%]
19. Draw a heat balance sheet for a two stroke diesel engine run for 20 minutes at full load, from the

data given below

R.P.M. = 350; M.E.P. = 3 bar; Net brake load = 650 N; Fuel consumption = 1.5kg; Cooling
water = 160 kg ; Water inlet temperature = 35°C; Water oUtlet temperature = 60°C ; Air used per kg of fuel =
30 kg ; Room temperature = 20°C ; Exhaust temperature = 300°C ; Cylinder bore= 200 min ; Cylinder stroke
=280min ; Brake diameter = I in 44 100kJilg ;Steamformed per kgof fuel jnthe
exhaust = 1.35 kg ; Specific heat of steam in exhaust = 2.1 kJ/kg K ; Specific heat of thy exhaust gas = 1.008
kJ/kg K.

20. The following particulars refer to the full load test of a single cylinder, petrol engine working on
the four stroke cycle:

Speed = 2500 r.p.m.; Brake power= 118 kW; Cylinder bore = 110 mm; Cylinder diameter = 120
mm ; Lower calorific value of fuel = 41150 kJ/kg ; Petrol consumption 40 kg/h ; Jacket water rate = 280)
kg/h ;Jacket water inlet temperature =20°C: Jacket water outlet temperature =65.5°C ; Fuel-air ralio= I: 16;
Room temperature = 29° C; Exhaust temperature = 399° C; Hydrogen in fuel = 15% by mass ; Sp. heat ot dry
exhaust gases = 0.9945 kiflcg K ; Sp. heat of water vapour = 1.838 kJ/kg K.

Draw up a heat balance shed. Calculate the brake thermal efficiency and volumetric efficiency of
the engine.	 [Ans. 25.8%; 73.7%]

QUESTIONS

1. What is the purpose of engine testing?
2. Name the various measurements which are lobe taken in a test of an I.C. engine?
3. Describe the method of measuring mean effective pressure of an IC. engine.
4. Explain the method fordetermining the indicated power ofa multi-cylinder engine without

using an indicator.
5. Define volumetric efficiency for an I.C. engine. What is the effect of volumetric efficiency

on (i) engine power; and (ii) specific fuel consumption.
6. What is the use of heat balance sheet of an engine ? Mention the various items to be

determined to complete the heat balance sheet.

41-
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OBJECTIVE TYPE QUESTIONS

1. The power actually developed by the engine cylinder of an I.C. engine is known as

(a) brake power	 (b) indicated power (c) actual power

2. The number of working strokes per minute for a four stroke cycle engine are....the,speed
of the engine in r.p.m.

(a) equal to	 (b) one-half	 (c) twice	 (d) four times

3. If the speed of the engine is increased, the indicated power will

a) increase	 (b) decrease	 (c) remain same

4. The brake power of the engine is the power available

(a) at the crank pin	 (b) in the engine cylinder

(c) at the crankshaft 	 (d) none of these

S. The brake power of an engine is always the indicated power.
(a) equal to	 (b) less than	 (c) greater than

6. The ratio of the indicated thermal efficiency to the air standard efficiency is called

(a) mechanical efficiency 	 (b) overall efficiency

(c) volumetric efficiency	 (d) relative efficiency

7. The ratio of the volume of charge admitted at N.T.P. to the swept volume of the piston is
called

(a) mechanical efficiency	 (b) overall efficiency

(c) volumetric efficiency	 (d) relative efficiency

8. The thermal efficiency of petrol engines is about

(a) 15%	 .	 (b) 30%	 (c) 50%	 (d) 70%

9. The volumetric efficiency of a well designed engine may be

(a) 30 to 40110 	 (b) 40 to 60%	 (c) 60 to 70%	 ( 75 to 90%

10. The Morse testis used to find the indicated power of a

(a) single cylinder petrol engine 	 (b) single cylinder diesel engine

(c) multi-cylinder engine 	 (d) none of these

ANSWERS

1. (b)	 2.(b)	 3.(a)	 4.(c)	 5(b)

6.(d)	 7.(c)	 8.(b)	 9.(d)	 10. (c)
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Reciprocating Air Compressors

1. Introduction. 2. Classification of Air Compressors. 3. Technical Terms. 4. Working of Single
Stage Reciprocating Air Compressor. 6. Workdone by a Single Stage Reciprocating Air Compressor
without Clearance Volume. 7. Power Required to Drive a Single Stage Reciprocating Air Compressor.
8. Workdone by Reciprocating Air Compressor with Clearance Volume. 9. Multistage Compression.
JO. Advantages of Multistage Compression. Ii. Two-stage Reciprocating Air Compressor with l,uercooler.
12. Assumptions in Two-stage Compressor with intercooler. 13, intercooling of Air in a Two-stage
Reciprocating Air Compressor. 14. Workdone by a Two-stage Reciprocating Air Compressor with
Intercooler. 15. Power Required to Drive a Two-stage Reciprocating Air Compressor. 16. Minimum Work
Required for a Two-stage Reciprocating Air Compressor. 17. Heat Rejected in a Reciprocating Air
Compressor. 18. Ratio of Cylinder Diameters.

28.1. Introduction

An air compressor, as the name indicates, is a machine to compress the air and to raise its
pressure. The air compressor sucks air from the atmosphere, cdnpresses it and then delivers the same
under a high pressure to a Storage vessel. From the storage vessel, it may be conveyed by the pipeline
to a place where the supply of compressed air is required. Since the compression of air requires some
work to be done on it, therefore a compressor must be driven by some prime mover.

The compressed air is used for many purposes such as fur operating pneumatic drills, riveters,
road drills, paint spraying, in starting and supercharging of internal combustion engines, ingas turbine
plants, jet engines and air motors, etc. It is also utilised in the operation of lifts, rains, pumps and a
variety of other devices. In industry, compressed air is used for producing blast of air in blast furnaces
and bessemer converters.

28.2. Classification of Air Compressors

The air compressors may be classified in many ways, but the following are important from
the subject point of view:

I. According to working
(a) Reciprocating Compressors, and (b) Rotary compressors.
2. According to action
(a) Single acting compressors, and (b) Double acting compressors.
3. According to number 0/stages
(a) Single stage compressors, and (b) Multi-stage compressors.

28.3. Technical Terms

The following technical terms, which will be frequently used in this chapter, should be clearly
understood at this stage:

I. Inlet pressure. It is the absolute pressure of air at the lWet of a compressor.
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2. D is(Ijargepiessive. It is the absolute pressure of air at the outlet of a compressor.

3.
,atio (or pressure ratio). It is the ratio of discharge pressure to the inlet

pressure. Since the discharge pressure is always more than the inlet pressure, therefore the value of

compression ratio is more than unity.

4. CompresS01	
hr. It is the volume of air delivered by the compressor, and is

exptcssed in m 3/min or m3/s.

5. Free air deliveiy. It is the actual volume delivered by a compressor when reduced to the
normal temperature and pressure condition The capacity of a compressor is generally given in terms

of free air delivery.
6. Swep:- volume. ft is the volume of air sucked by the compressor during its suction stroke.

Ma0iematically, the swept volume or displacement of a single acting air compressor is given by

V, = xD2xL

where	 D = Diameter of cylinder bore, and

L = Length of piston stroke.

7. Mean effective pressure. Asa matter of fact, air pressure on the compressor piston keeps
on changing with the movement of the piston in the cylinder. The mean effective pressure of the
compresS& is found out mathematically by dividing the work done per cycle to the stroke volume.

28.4. Working of Single Stage Reciprocating Air Compressor
A single stage reciprocating air compressor, in its simplest form, consists of a cylinder, piston,

inlet and discharge valves, as shown in Fig. 28.1. From the geometry of the compressor, we find that
when the piston moves downwards (or in other words, during outward or suction stroke), the pressure

(a) Sud ion stroke .	 (h) l)ctivc'ry stroke.

Fig. 2ft I - Siiigle 'age reciii:ocatiflt! air conlprcsot

inside the cylinder falls below the atmospheric pressure. Due to this pressure difference the inlei
valve (IV.) gets opened and air is sucked into the cylinder, at inlet pressure until the pistoicoTViete5
the outward stroke. Now when the piston moves upwards (or in other words, during inward or delivery
stroke), the pressure inside the cylinder goes on increasing till it reaches the discharge pressure. At
this stage, the discharge valve (D.V.) gets opened and air is delivered to the container. At the end of
delivery stroke, a small quantity of air, at high pressure, is left in the clearance space. As the piston
starts its suction stroke, the air contained in the clearance space expands till its pressure falls below
the atmospheric pressure. At this stage, the inlet valve gets opened as a result of which fresh air is

sucked into the cylinder, and the cycle is repeated.
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It may be noted that in a single acting reciprocating air compressor, the suction, compression
and delivery of air takes place in two strokes of the piston or one revolution of the crankshaft.
Note Ina double acting reciprocating compressor, the suction, compression and delivery of air takes place
on both sides of the piston. It is thus obvious, that such a compressor will supply double the volume of air than
a single acting reciprocating compressor (neglecting volume of piston rod).
28.5. Workdoiie by a Single Stage Reciprocating Air Compressor

We have already discussed that in a reciprocating air compressor, the air is first sucked,
compressed and then delivered. So there are three different operations of the compressor. Thus we
see that work is done on the piston during the suction of the air. Similarly, work is done by the piston
during compression as well as delivery of the air. A little consideration will show, that the work done
by a reciprocating air compressor is mathematically equal to the work done by the compressor during
suction. Here we shall discuss the following two important cases of work done:

I. when there is no clearance volume in the cylinder, and
2. when there is some clearance volume.

28.6. %Vorkdone by a Single Stage Reciprocating Air Compressor without Clearance Volume
Consider a single stage reciprocating air compressor without clearance volume delivering air

from one side of the piston only.

Let	 p1 = Initial pressure of air (before compression),

v 1 = Initial volume of air (before compression),

= Initial temperature of air (before compression),

p2, v2, T2 = Corresponding values for the final conditions (i.e. at the delivery
point), and

r = Pressure ratio (i.e. p2 1p1).

C C2	
isentropc

Potytropic

I

is
sothermal

Pt ^A

A'

-Volume -

(a)p-v diagram without clearance volume. 	 (1') T-s diagram.

Fig. 28.2. pi' and T-s diagrams for a single stage reciprocating air compressor.

The p-v and T-s diagrams of a single acting single stage reciprocating air compressor without
clearance volume is shown in Fig. 28.2. We know that during return stroke, the air is compressed by
its major part (i.e. compression stroke BC) at constant temperature. The compression continues tiH
the pressure (p2) in the cylinder is sufficient to force open the delivery valve at C. After that no more
compression takes place with the inward movement of the piston. Now during the remaining part of



640	 A Text Book of Thermal Eiigineeri,:g

compression stroke, the compressed air is delivered till the piston head reaches the cylinderend. After
that, the air is sucked from the atmosphere during the suction stroke AB at pressure p1.

As a matter fact, the compression of air may be isothermal, polytropic or isentropic (reversible
adiabatic). Now, we shall find out the amount of work done in compressing the air in all the above
mentioned three cases.

1. Work done during isothermal compression
The isothermal compression and delivery of air is shown by the graphs BC, and C1 D respec-

tively. Now CD represents the volume of air delivered. We know that work done by the compressor

per cycle,

W = AreaABC1D

= Area A'DC1 C'+ Area C 1BB'C 1 ' - Area A'ABB'

( v '
= p2v2 +2.3p2v2 Iog7 )-PM

	2.3pvlogI -	 2.3p1olog	 ..(•: p 1v =2)
(, V2)	 Pi)

= 23 p 1v log  = 2.3mRT log r	 .. .(;pv = ,nRT1)

2. Work done during polytropie compression (pv' = Constant)
The polytropic compression is shown by the line BC in Fig. 282. Now CD represents the

volume of air delivered, i.e. 02 . We know that work done on the air per cycle,

W = AreaABCD

= Area ADCC' + Area CBB'C ' - Area A'ABB'

p2v2 -p101
=p2V2+ n-I

- (n_l)p2V2+p2v2-pV1-(n- 1)p1V1

n-I

= ;--j- 
( p2v2 - p 1v)	 . . (i)

n
=—j x	 - - I	 . . . (íï)

We also know that for polytropic compression,

p l y 1" = p2v2"

—=1')"of -1i
V 1	 (P)	 V2	 l,Pt)

Substituting the value of v2 I o in equation (ii).

	

( P I t

11 p2 	 ) .' _
W= XPiViJ

n-I P I P2
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I(PI
 s—I	 •1

=	 IjXPivi -II

'XmRT1 f 	 i - _ I	 ...(iii)
LJ

The equation (I) may also be written as

W 
= _---xp2v2 ui _JL)

n_I	 (	 po2)

f	 \1'
'I	 I	 P1-	 IP2j;I

—P2V2[IjJ 
J

/	 Sn-In
-	 n	 I	 (p11I

jXP2V2[l—J	
j

= —1-XmRT2 1-f-J= —j-xrnR(T-T,)	 ...(iv)

3. Work done during isenhropic compression

The isentropic compression is shown by the curve BC2 in Fig. 28.2. In this case, the volume
of air delivered v2 is represented by the line CD.

The work done on the air per cycle during isentropic compression may be worked out in the
similar way as polytropic compression. The polytropic index n is changed to isentmpic index yin the
previous results.

Work done on the air per cycle,

	

-	 I IW	 '	 t'-----j-xp11I I ?	 -

-

r1—XmRT_ij
y—1

= —Y-jXmR(T2_TI)

We know that the ratio of specific heats,

= y; and c0 —c = R
CV

or	
'P (

Now work done, 	 W = —1--XmR(T,—TI)

	= 	 Xmt ()(T2_ ) = mc(—)y—I	 "I
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We see that the work done on the air during isentropic compression is equal to the heat required
to raise the temperature of air from T 1 to T2 at a constant pressure.

Note : The work done on the air is minimum when the compression is isothermal (i.e. when n = I) and it is
maximum when the compression is isentropic (i.e. when is y) because isothermal line has less slope than
isrntropic line. Is may be noted that in order to perform isothermal process, the compression should be very slow
so that the temperature is maintained constant, which is not possible in actual practice. However, the isothermal
compression may be approached, if

I. the air or water cooling is done during the compression,
2. the cold water is sprayed (injected) in the cylinder during the compression, and
3. in multi-stage compressors, intercooling is done.

28.7. Power Required to Drive a Single-stage Reciprocating Air Compressor

We have already obtained in the last article the expressions for the work done (1) per cycle
during isothermal, polytropic and isentropic compression. The power required to drive the compressor
may be obtained from the usual relation,

WN
P =	 watts

If N is the speed of the compressor in r.p.m., then number of working strokes per minute,

N, = N	 ... (For single acting compressor)

= 2 N . .. (For double acting compressor)

Note: Since the compression takes in three different ways, therefore power obtained from different works done
will be different. In general, following are the three values of power obtained

W (in isothermal compression) N.
I. Isothermal power = 	 watts

W (in isentropic compression) N.
2. Isentropic power	 = -	 watts

W(in polytropic compression) N.-
3. Indicated power	 -	 watts

The indicated power is also known as air power of the compressor.
Fsmple 28.1. A single stage reciprocating air compressor is required to compress / kg of

air from I bar to 4 bar. The initial temperature is 27' C. Compare the work requirement in the
following cases:

I. Isothermal compression 2. Compression with p V 2 = constant and 3. Isentropic
compression.

Solution. Given:,n=1kg;p 1 lbar;p2 4 bar; Ti27°C27+2l33OOK.'12

Work required for isothermal compression
We know that work required by the compressor.

W = 2.3p1 v t log [)= 2.3mRTi log (!2] ...(.p1v 1	 mRl'1)
1`1	 pJ

= 2.3x1x287x3001og M= 119230J = 119.23 kJ Ans.

(. R for air =287J/kgK)
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2. Work required for polyiropic compression (i.e. pv1 
2 = constant)

We know that work required by the compressor,

W=_-xmRT'I(-1

"-I

n—I	 1J	 j
1 2 - 1

- 1.2
_121x1x287x300[)_l]=134320J

= 134.32H Ans.

3. Work required for isentropic compression
We know that work required by the compressor,

 ^E2W=_L_x,nRTI 

'
^ Y y

 'L 	 i
1.4-I

1.4= ._ x1x287x3oo[()'_I] I46630J

= 146.63 kJ Ans.

Example 28.2. Determine the size of the cylinder for a double acting air compressor of 40
kW indicated power, in which air is drawn in at I bar and 15° C and compressed according to the
law p v' .2 = constant, to 6 bar. The compressor runs ai2Q.0 r.p.m. with average piston speed of 152.5
rn/rn in. Neglect clearance.

Solution. Given: LP.4OkW40X 103 W;p 1 I bar= ix 105 N/m2 ;T1 = 15°C

=

Let	 0 = Diameter of the cylinder in metres, and

L = Length of the stroke in metres.

We know that average piston speed,

2 LN = 152.5

L = 152.5/2N = 152.5/2x100 = 0.7625m Ans.

Volume of air bef.,,e compression,

V1 = xDL = xD2 xO.7625 = 0.6D2m3

and workdone by the compressor,

1iP2V	 1
iiTxPlVIIII

I

-.	 1.2- 1.2_1X10x060[[1)I]Nm

= 125310D 2 N-m

Since the compressor is double acting, therefore number of working strokes per minute.

N. 2N=2x100=200
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We know that indicated power (I.P.),

WxN - 1253101)'X200  
40x103 =	 =417.7x11)3D2

60	 60

[32 = 0.096 or!) = 0.31 m or 310 rum Ans.

Example 283. A single acting reciprocating air compressor has cylinder diameter and
stroke of200 nun and 300mm respectively. The compressor sucks air at / bar and 270 Cane! delivers
at 8 bar while running at 100 r.p.m. Find: I. Indicated power of the compressor; 2. Mass of air
delivered by the compressor per minute and 3. Temperature of the air delivered by the compressor.
The compression follows the law pv" = C. Take R as 287 f/kg K.

Sotution. Given:D=200mm=0.2m;L=300mm=0.3m;p 1 =I bar= Jxlo5NJm2;
T1 =27°C=27+273=300K;p2 =8 bar; N=IOOr.p.m.;n= I.25;R=287J1kgK

We know that volume of air before compression,

V 1	 X	 X L = 71 (0.2) 1 0.3 = 0.0094m'

Indicated power of the compressor

We know that workdone by the compressor for polytropic compression of air,

W=ixPIvI[)	

i
U5-I

= 1.25—I x1Xl05x0.0094{(JI25_l]Nm

= 4700(1.516—I) = 2425N-m

Since the compressor is single acting, therefore number of working strokes per minute,

N = N = 100

Indicated power of the compressor

- WxN, - 

—
2425 x 100 -

4042W = 4042 kW Ans.
60	 60

2. Mass of air delivered by the comprersor per minute
Let	 m = Mass of air delivered by the compressor per stroke.

We know that	 p1v1 = in T1

Pit']lxIO5xO.0094
M =	 =	 = 0.0109kgper stroke

	

RT1	 287x300

and mass delivered minute 	 = mXN , = 0.0109x 100 = 1.09 kg Ans.

3. Temperature of air delivered by the compressor

Let	 T2 = Temperature of air delivered by the compressor.

fl-I	 .25-I
)	 8

We know that	
T2
- = ( -2

1,21

 =	
= 802 = (.5(6

= 1.516x T1 = I.516x 300 = 454.8 K = 181.8°C Ans.



Reciprocating Air Compressors	 645

28.8. Workdone by Reciprocating Mr Compressor with Clearance Volume
In the previous articles, we have assumed that there is no clearance volume in the compressor

cylinder. In other words, the entire volume of air, in the compressor cylinder, is compressed by the
inward stroke of the piston. But in actual practice, it is not possible to reduce the clearance volume
to zero, for mechanical reasons. Moreover, it is not desirable to allow the piston head to come in
contact with the cylinder head. In addition to this, the passage leading to the inlet and outlet valves
always contribute to clearance volume. In general, the clearance volume is expressed as some
percentage of the piston displacement.

Now consider a reciprocating air compressor with clearance volume, as shown in Fig. 28.3.

Let	 p1 = Initial pressure of air (before compression),

v 1 = Initial volume of air (before compression).
= Initial temperature of air (before compression),

P2' V2 T2 = Corresponding values for the final conditions (i.e. at the delivery
points).

r= Pressure ratio (i.e. pp1),

V. = Clearance volume (i.e., volume at point 3).

v = Stroke volume = V i - v., and

n = Polytropic index for compression and expansion.

volume (Vr) is shown in Fig. 28.3. We know that during return stroke, the air is compressed by its
The p-v diagram of a single stage single acting reciprocating air compressor with clearance

major part i.e. compression stroke 1-2. This compression
continues, till the pressure p2 in the cylinder is sufficient

to forceforce open the delivery valve at 2. After that, no more 	
'3
	 2

compression takes place with the inward movement of f 
2

the piston. Now during the remaining part of compres-	 p va " C

sion stroke, compressed air is delivered till the piston
reaches at 3. At this stage, there will be some air (equal
to clearance volume) left in the clearance space of the
cylinder at pressure p2 . After that air in the clearance

space will expand during some part of outward stroke of
the piston i.e. expansion stroke 3-4. This expansion
continues till the pressurep 1 in the cylinder is sufficient
to force open the inlet valve at 4. After that the air is
sucked from the atmosphere during the suction stoke 4 I 	

Fig. 28.3. p-v diagram with clearanceat pressure p1.	 volume.
Though the compression and expansion of air

may be isothermal, isentropic or polytropic, yet for all calculation purposes, it is assumed to be
polytropic. We know that work done by the compressor per cycle,

W = Area 1-2-3-4 = Area A-l-2'-B - Area A -4-3-B

( !!Z\ _jXPiVu1.)	 - I	
-

VI_i	 1n

	I

(2

tj'i )	 .1

vcI.0	 V.

-.Volume •-
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= n—I	
[ ( P2

p1 )

where (v 1 - v4) and m is equal to the actual volume and mass of air sucked by the piston per cycle
respectively.

We see that the clearance volume does not effect the work done on the air and the power
required for compressing the air. This is due to the reascn that the work requlre6 to compress the
clearance volume air is theoretically regained during its expansion from 3 to 4.
Note The terms v4 and (v 1 - v) are known as expanded clearance volume and effective swept volume
respectively.

Example 28A. A single stage, single acting reciprocating air compressor has a bore of 200
mm and a stroke of 300 mm. Jr receives air 01 1 bar and 20' C and delivers it at 5.5 bar, If
compression follows the law pu 3 = C and clearance volume is 5 percent of the stroke volume,
determine: 1. the mean effective pressure and 2. the power required to drive the compressor, if it
runs at 500 r.p.m.

Solution. Given: D = 200 mm=O.2 m ; L=300mm=O.3 m ;p 1 = I bars lx 10 N/rn2;
= 200 C = 20 + 273 = 293 K; p2 = 5.5 bar; n = 1.3; = 5% v ; N= 500 r.p.m

We know that stroke volume,

= XD 2 XL = (0.2)2 0.3 0.00942m3

Clearance volume,

= 5% v = 0.05 x 0.00942 = 0.00047 in3

and initial volume ofair,v 1	= 0.06e47+0.00942 = 0.00989m3
We know that expanded clearance volume,

=	 = 0.00047(-J '3 = 0,00174 0
PI

...(:p1v=p2v)
and effective swept volume,

v1 -v4 = 0.00989-0.00174 = 0.008 15 m3

We know that work done by the compressor per cycle,

W=--jxPi(vi_v11[[?iJ_1]
pf

1.3-I
= i3iXlXloSxo.008l5{(_jJL3_I]=l702Nm

Mean effectiv' pressure
We know that mean effective pressure.

Work done	 1702
Strokevolume = 0.00942 180 700 N/rn2

= 1.807bar Ans.
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Power required to drive the compressor
Since the compressor is single acting, therefore number of working strokes per minute,

N = N = 500

Power required to drive the compressor,

-	 WxN,,,,1702x500 - 14183W = 14183 kW Ans.
60 =	 -60 

28.9. Multistage Compression
In the previous articles, we have been taking into consideration the compression of air in single

stage. In other words, air is sucked, compressed in the cylinder and then delivered at a higher pressure.
But sometimes, the air is required at a high pressure. In such cases, either we employ a large pressure
ratio (in single cylinder) or compress the air in two or more cylinders in series. It has been experienced
that if we employ single stage compression for producing high pressure air (say 8 to 10 bar), it suffers

the following drawbacks:
I. The size of the cylinder will be too large.

2. Due to compression, there is a rise in temperature of the air. It is difficult to reject heat
from the air in the small time available during compression.

3. Sometimes, the temperature of air, at the end of compression, is too high. It may heat up
the cylinder head or burn the lubricating oil.

In order to overcome the above mtntioned difficulties, two or more cylinders are provided in
series with intercooting arrangement between them. Such an arrangement is known as multistage

compression.

28.10. Advantages of Multistage Compression
Following are the main advantages of multistage compression over single stage compression
I. The work done per kg of air is reduced in multistage compression with intercooler as

compared to single stage compression for the same delivery pressure.

2. It improves the volumetric efficiency for the given pressure ratio.

3. The sizes of the two cylinders (i.e. high pressure and low pressure) may be adjusted to
suit the volume and pressure of the air.

4. It reduces the leakage loss considerably.

5. It gives more uniform torque, and hence a smaller size flywheel is required.

6. It provides effective lubrication because of lower temperature range.

7. It reduces the cost of compressor.

28.11 Two-stage Reciprocating Air Compressor with Intercooler
A schematic arrangement for a two-stage reciprocating air compressor with water cooled

intercooler is shown in Fig. 28.4.
First of al.l, li4rcsh air is sucked from the atmosphere in the low pressure (L.p.)-cylinder

during its suction stroke at intake pressure p 1 and temperature T1 . The air, after compression in the

L.P. cylinder (i.e. first stage) from 1 to 2, is delivered to the intercooler at pressure p2 and temperature

Now the air is cooled in the intercooler from 2 to 3 at constant pressure p2 and from temperature

to T3. After that, the air is sucked in the high pressure (H.P.) cylinder during its suction stroke.
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Finally, the air, after further compression in the H.P. cylinder (i.e. second stage) from 3 to 4, is
delivered by the compressor at pressure p3 and temperature 7'4

Intercooler
Cooling water

pT2LM	
3

L.P. Cylinder	 I	 I H.P.

	

p.T1 J'	 41p3.T4

	Air in	 Air out

Fig. 28.4. Two-stage reciprocating air compressor with intcrcoolcr.

28.12. Assumptions in Two-stage Compression with Jntercooler

The following simplifying assumptions are made in case of two stage compression with
intercooler:

I. The effect of clearance is neglected.
2. There is no pressure drop in the inteecooler.
3. The compression in both the cylinders (i.e. L.P. and H.P.) is polytropic (i.e. p v' = C).
4. The suction and delivery of air takes place at constant pressure.

28.13. Intercooling of Air in a Two-stage Reciprocating Air Compressor

In the previous article, we have discussed the working of a two-stage reciprocating air
compressor with an intercooler in between the two stages. As a matter of fact, efficiency of the
intercooler plays an important role in the working of a two-stage reciprocating air compressor.
Following two types of intercooling are important from the subject point of view:

I. Complete orpeifeet mien 00/jog. When the temperature of the air leaving the intercooler
(i.e. T3 ) is equal to the original atmospheric air temperature (i.e. T1 ), then the intercooling is known
as completeor perfect intercooli ng. In thir case, the point 3 lies on the isothermal curve as shown in
Fig. 28.5 (a) and (b).

-	 4	 pv°= C	 IsonhrOpiC

ellsentropic

Volume	 .	 .	 Entropy--

	

(a) 1 .0 diagram.	 (h) Ts diagram.
Fig. 28.5	 Complete lilicreixiting 0 air.



4Pa	 5	 prC

H.P.	
ls^entropic

P2 ________

Isothe atP1	

s

pv"=C	 Isentropic

Isothermal

-	 Entropy
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2. Iiu'onpIete or i,nperfect mtercoo/ing. When the temperature of the air leaving the
intercooler (i.e. T) is more than the original atmospheric air temperature (i.e. T), then the intercoolng

is known as incomplete or imperfect intercooling. In this case, the point 3 lies on the right side of the
isothermal curve as shown in Fig, 28.6 (a) and (b).

(a) p-r' diagram.	 (h) Ts diagram.

Fig. 28.6. Incomplete intercooling ol'air.

Note: The amount of work saved due to intercooling is shown by the shaded area 2-3-4-5 in both the cases,
to some scale. The amount of work saved with incomplete intercooling is less than that in case of complete
intercooling.
28.14. Workdone by a Two-stage Reciprocating Air Compressor with Intercooler

Consider a two-stage reciprocating air compressor with intercooler compressing air in its L.P.
and H.P. cylinders.

Let	 p1 = Pressure of air entering the L.P. cylinder,

= Volume of the L.P. cylinder,

p2 = Pressure of air leaving the L.P. cylinder or entering the H.P.
cylinder,

= Volume of H.P. cylinder,

p3 = Pressure of air leaving the H.P. cylinder, and

n = Polytropic index for both the cylinders.

Now we shall consider both the cases of incomplete intercooling as well as complete
intercooling one by one.
I. When the' yntercoo!ng is incomplete

We know that work done per cycle in L.P. cylinder,

(P^

 [7W1	jxp01	 —1

Similarly, work done per cycte in compressing air in H.P. cylinder,

W2
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Total work done per cycle.

W = w + w2

n	 i(P21T	 I1iiJ= j 	 i

	

X Pi Vt [ 1,	 _ lj+JXP2v2{p)

I,	 I	 1	 1	 I P3)7	 . . (iii)
iLobvul1J	

_lf+P2V21)

2. When the intereoo!i,g is complete
In case of complete intercooling, p 1 v1 = p2v2 . Therefore substituting this value in equa-

tion (iii) ,

W=---j-xp,v,1 (P2+

')	 1.i'z

---xmRT,11 )+1	 –2n–I	 LI'I)	 (P2)

Example 283. Estimate the work done by a two stage reciprocating single acting air
.compressor to compress 2.8 m 3 of air per min as 1.05 bar and 100 C to afinal pressure of 35 bar. The
intennediàte receiver cools the air to 30° C and 5.6 bar pressure. For air, sake n = 1.4.

Solution. Given: v 1 =2.8m3/min;p,= I.O5 bar= lOSxlO5N/m2;T,=10°C=l0+273
= 283 K ;p3 = 35 bar; T3 =30°C=30+273 = 303 K ;p2 =5.6 bar=5.6x 10 N/rn2 ;n= 1.4

Let	 v2 = Volume of the high pressure cylinder.

We know that ply! = P2 V2
T1	 T3

p1V1T3 - 1:05x 105x2.8x303 = 0.562rn 3/minor	 V2 =p2T,-	 5.6x105x283

Work done by the compressor,

	

'I	 \n'(Ip3I
 liI IIP2I	 l(

	

W=j-[p,vi1_	 lI+p2v2i—

	

P1	 P2

	

1	 R)	 Ji

1.4 

{105xl05x28{( 
5.6	 '•

- 1.4–I	 . L)	 -
1.4- I

	

1	 V

	

+5.6xl05x0.562x1 135
	 i-

	

-)	
- j

= 3.5(1.803 x 105 +2.166x 1051 = 13.9x iO N-mhin Ans.
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28.15. Power Required to Drive a Two-stage Reciprocating Air Compressor

We have already obtained in the last article the expressions for the work done (W) per cycle
of a two-stage reciprocating air compressor with incomplete and complete intercooling. The power
requited to drive the compressor may be obtained from the usual relation:

WxN
P = ---- watts

where	 N. = Number of working strokes per minute.

Example 28.6. A two- tage single acting reciprocating air compressor draws in air at a
pressure ofl bar and 17° C c-id compresses it to a pressure 0160 b 7r. After compression in the L P.
cylinder, the air is cooled at constant pressure 018 bar to a temperature of 37° C. The low pressure
cylinder has a diameter • of 150 mm and both the cylinders have 200 mm stroke. If the law of
compression is po t 35 = C,find the power of the compressor, when it runs at 260 r.p.m. Take R = 287
i/kg K.

Solution. Given :p 1 =I bar =lxl05N/m2;T1=7°C=t7+273=290K;p3=60bar;
p2 =8 bar =8x 105 N/m2 ;T3 =37°C=37+273=310K;D= I50nim=0.15 m;L=200mrn
= 0.2 m; n = 1.35 N = 200 r.p.m. R = 287 J/kg K

We know that volume of L.P. cylinder,

= XD 2 XL =(0. l5)2 O . 2 = 0.0035m3

Let	 v. = Volume of H.P. cylinder.

We know that 
p_frv L = 

pv

p1vT3	 lxIO5xO.0035x310 
= 0J0473

8x103x290

Workdone by the compressor per stroke,

= 
n	 p i

vf(]- 1 
+PZV I ( ^' )	 - lJ]

- 1.35 1 	 ii	 11
1.3s_1[Ixx00035I(Aij 	

—1 ii

+ [8x105 x0.00047{() 1.35 L1 	 N-rn

= 3.86(250 + 258) = 1961 N-rn

Since the compressor is single acting, therefore number of working strokes per minute,
N,. = N = 200

We know that power of the compressor,

WxN	 1961 x200
P =	 == 6540W 6.54 kW Ans.

60	 60

Since Tz s more than T, ihercforc a case of incomplete inlcrcoolng.

42-
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28.16. Minimum Work Required for a Two-stage Reciprocating Air Compressor
We have already discussed in Art. 28.14 that maximum work is saved in a two-stage

reciprocating air compressor with complete intercooling. We have also obtained a relation that work
required to be done by a two-stage reciprocating air compressor with complete intercooling.

W=---xp1v1	 M
n-I	 p	 p2

If the intake pressure p 1 and the delivery pressure p 3 are fixed, then least value of the

intermediate or intercooler pressure p 2 may be obtained by differentiating the above equation with

Spec' top2. It maybe noted that value of p2 thus obtained denotes the pressure of the iritercooler at

w.sich the work required to drive the compressor is minimum. Thus work required is minimum, when

dp2
fl-I

+1 — I
d	 -21 1 = 0
dP2	

P1	

P2

F	 (P2]	 (P 	 '

')Now substituting 
n 

n 
i ) 

as a (a constant) in the above equation,

d [
	

_. 

" I	 \"	 IllP3 I	 II
dp2 a Pi ViI — I -1	 I1")	 lPa)

^(i i
ap1v1 (a)(2)'+(P3)(_a)(P2)' 	 0

a(p)(p2)'-a(p(p2)-' = 0

a(p1)'(p2)"	 = a(p3)"(p2)"

( p2)"_I - (p3

- (pI)_

(p2y_l(p2)a*I 
= 

(p3)fl(p1)•

= (p3Pd" or p =

-

	 ( p,

\t!2
P2 	 P3	 1'3i

or in other words,	 ---I	 ... (iii)

	

P,	 P2	 )

	Now substituting the value of	 =	 in equation (i), we have minimum work required for
P2 p1

a two stage reciprocating air compressor,
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p2 	 (p2

	

= -_-1Jf_ V 	
2- –n–I	 LP)	 Pi J	 j

(	 Li	 1

	

"	 i
=2X_XPtVI "[	 ...(iv)L_) a

= 2 x Work required for each stage

	

,'	 112
2Now substituting - = 1 - .

	

in equation (it'),
P i 	Pi)

IPIW=2x----xp1v1l'')
	 j

Similarly, it can be proved that for a three stage compressor
I/I

p2_ p3_ p4_. p4

Pi	 P2 	P3 	P1

and tninimutn work required for a three stage compressor,

n -I

W=3x—jxpiv1[	
J 

–1
PI

\ n - t

I	 P413n= 3x—xmRT I - I –1
n 

a
–I	 [ P1)

Note: In general, for a compressor having q number of stages,

PI	 p2	 p3	 1'i	 ( PI )

and minimum work required for compression,

w= qxxp i v i {('_t_i)
'q.

–In–I 	 p1 

Example 28.7. Estimate the minimum work required zo compress I k8 of air from I bar
22°C to 16 bar in two stages, if the law of compression is pv = constant and Site intercoohng is
perfecl. Take R = 287 f/kg K.

Solution. Given :m= I kg ;p = I bar= I xIO5N/m2;T127°C27+2733t3K.
p1 = 16 bar; n = 1.25; R = 287 J/kg K

We know that for perfect intercooling, the intercooler pressure,

P, =NP, P,	 i	 4 bar
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Minimum work required to compress I kg of air,

W = 2x---xmRT
[(^I

"—i
n—I

1.25-I

1.25	 [(4) 	 1.25	

1=2xjXIX28lX3OOjj)	—ljN-m

= 861 000 x 0.3195 = 275090N-rn Ans.

Example 28.8. A two stage compressor takes in 282 m3 of air per minute at a pressure of

1.05 bar and temperature of 22C. It delivers the air as 8.44 bar. The compression is carried out in
each cylinder according to the law p v 12 = Constant. The air is cooled to its initial temperature in
intercooler. Neglecting clearance, find the minimum power required to drive the compressor.

Solution. v 1 =2.82m 3Imin;p 1 =1.05 bar= I.05X lO5NIm2;T1=22°C22+273=295K

p3 =8.44 bar; n 1.2

Since the air is cooled to its initial temperature, therefore the intercooling is perfect. We know
that for perfect intercooling, the intercooler pressure.

p2 =	 = 41.05 -x8 44 = 2.977 bar

and minimum work required to drive the compressor,

W = 2xx 1 v i [[J	 _i]

1.2	 1(2.977

) 12-1
L2

	

= 2x 1.2—I xl.05x 10 x2.82_j_ 	 -

= 35.5 x lO (1.19—I) = 674 500 N-rn/mm

Power required to drive the compressor
= 674500 

= II 242W = 11.242 kW Ans.	 ... (': I N-ni/s	 I W)

Example 28.9. A two stage air compressor compresses air from I bar and 20° C to 42 bar.

If law of compression is  v' ,33 = constant and the intercoo!ing is complete to 20° C, find per kg
of air: I. The work done is compressing and 2. The mass of water necessary for abstracting the
heat in the intercooler, lithe temperature rise of the cooling water is 25" C.

Take R=287J/kgK and c' IkJ/kgK.

Solution. Gjven:p 1 = Ibar= IxI05N/m2;T1=20°C20+273=293KP3=42b
=

water 25°C; R = 287 JIkg K ; c,, = lid/kg K

We know that for complete intercooling, the intercooler pressure.
p 2 =Ip1 p3	 'Iii 6.48 bar

and volume of air admitted for compression.

	

,RT1	 1x287x293 3

	

<	
= 0.84 m /kg of air 	 . . . (; po = mRT1)

	

Pi	 I
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Work done in compressing the air
We know that work done in compresing the air,

W = a xp1v1[
(PI
	+ -	 — 21IPJ'

	

1.35- I	 1.35- I

(421.35
=	 x I )< iO x O.84[()	

+ -)'"_ 
21 N-rn

= 3.24x iO(I.62+ 1.62-2) = 4.017x iON-rn Ans.

2. Mass of water ,iecessarv for ab.clracting the heal in the intercooler

Let	 m = Mass of water necessary/kg of air, and

= Temperature of the air entering the intercooler.

T2

1.35-I
\135

We know that	 - 
= (

2 	
=	

48	 = 1.622
T,	 j ) '

= T1 x 1.622 = 293x 1.622 = 475.6K

We also know that heat gained by water
= Heat lost by air

mw xcw x Rise in temperature

= mc(T2_T3)

mx4.2x2S = lxi (475.6-293) 182.6

m. = 1.74 kg Ans.

Example 28.10. Fad the pe,cenlage saving in work by compressing air in two stagesfrom
I bar to 7 bar instead of in one stage Assume compression index! 35 in both the cases and opflmwn
pressure and complete intercooling in two stage compressor.

Solution, Given :p 1 =l bar =l x105 N1m2 ;p3 =7 bar lXIO5 N/rn2 ,n-1.35

We know that workdone in compresing air in one stage.

fl
W1_jXPIVi[)	

__lJ
135-1

1.35
=	

X  X10s V1	
rii	 253 100v 1 N-rn	 ... (1)

and workdone in compressing air in two stages

I_i]
W2 2x_jxPIVI[LJ

1.35-I
1.35= 2X1351X1Xl05V1[(7)35_1]Wm

= 221300 v, N-rn	 . . .(ii)
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253 lOOt, 1 – 221300v1
Saving in work done =

253 I0Ov	
= 0.126 or 12.6% Ai.

28.17. Heat Rejected in a Reciprocating Air Compressor

The total heat rejected in a reciprocating air compressor is the sum of the heat rejected during
polytropic compression per kg of air and heat rejected in the intercooler per kg of air.

We know that heat rejected during polytropic compression per kg of air,

q = '— xWork done =
-nR(T –T)

I	 y–I	 y–1	 (n – I)
c(y–n)(T2–T1)

n – I
and heat rejected in the intercooler, per kg of air,

= c(T2–T3)

Total heat rejected per kg of air,

c,(y–n)(T2–T,)
qq l+ q2 (1) 	+c(T2.T3)

Note: Forcomplete inrercooling T1 = T3 . Therefore substituting this valuein case of intemooling,

Ic (y–n)
n–I + CC

Example 28.11. A two-stage single acting reciprocating compressor takes in air at the raze
of 0.2 m3/s. The intake pressure and temperature of air are 0.! MPa and 160 C. The air is compressed
to a final pressure of 0.7 MPa. The intermediate pressure is ideal and intercooling is perfect. The
compression index in both the stages is 1.25 and the compressor runs at 600 r.p.m. Neglecting
clearance, determine 1. the intermediate pressure, 2. the total volume of each cylinder, 3. the power
required to drive the compressor, and 4. the rate of heat rejection in the intercoolcr. Take C ,,, = . ;25
U/kg K and R = 287 f/kg K.

Solution. Given: v, = 0.2 m 3/s ; p1 = 0.1 MPa =0.1 x I0 N/rn 2 ; T1 = 16° C= 16+ 273

=289K;p 3 = 0.7 MPa=0,7xlO4/m2  n = 1.25 ;N=600r.p.m. ; c= 1.005 kJ/kg K;

R = 2871/kg K

I. Intermediate pressure
We know that for perfect intercooling, the intermediate pressure (i.e. intercooler pressure),

p2 = \r;;= '10.1 xO.7 = 0.2646MPa Ans.

2. Total volume of each cylinder
Let	

VL = Volume of L.P. cylinder, and

v = Volume of H.P. cylinder.

Since the compressor is a single acting, therefore number of working strokes/mm.

N. = N 600

Vi 
x60

VL	
I	 .	 3

= 600 =	
<

600 = 0.02 in Ans.
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We know that	 p1 VL P2 VH

VH = VLX = 0.02x-	 = 0.007 56	 Ans.
P2	 0.2646

3. Power required to drit'e the compressor
We know that work required to compress the air,

W=2xXPiVi[[)1]

1.25- I

= 2x__x01xl06x02[(2646J_1]J/s

= 42970 JIs 42.97 U/s

Power required to drive the compressor,

P	 42.97 kW Ans.	 . (: I kW = I kJ/s)

4. Rate of hear rejection in the intercooler

Let	 m = Mass of air admitted for compression, and

= Temperature of the air entering the it.tcrtoder.

We know that	 p1o1 = mRT1

Pi V1	 0.Ix 106x0.2 
= 0.241 kg/smfx2g9

a-I	 1.25-I

T2	 (i'
We also know that 	

=	 - j 	 = 
( 0.2646

 — -j—)'	
= 1.215

T2 = T1 x1.215 = 289x1.2I5= 351.1 K
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We know that heat rejected in the intercooler

= mc(T2—T3)

= 0.241 x 1.005(351.1-289) = 15kJ/s Ans.	 ...( 7'3 = T1)

28.18. Ratio of Cylinder Diameters
Consider a single acting two stage reciprocating air compressor with complete inteicooling,

compressing air in its L.P. and H.P. cylinders.
Let	 p1 = Pressure of air entering the L.P. cylinder,

V1 = Volume of the L.P. cylinder,

p2 = Pressure of air leaving the L.P. cylinder (or intercooler pressure),
V2 = Volume of H.P. cylinder,

p3 = Pressure of air leaving the H.P. cylinder,

Diameter of L.P. cylinder,

= Diameter of H.P. cylinder, and

L = Length of the stroke of each cylinder.
We know that for complete intercooling,

p l o1 = P27'2

- -
Ic  (01)'L 

=

- 02 - (D2)2 L4

D1	 p2)Jf2
or

D2 
We also know that for two stage compression with complete intercooling,

112
P2 - p3
p1

Substituting the value ofp21p 1 in equation (i),

D1 - (p3 
1/4

D2 

Example 28.12. A two stage air compressor, with complete intercooling, delivers air to the
mains at a pressure of 30 bar, the suction conditions being I bar and 27° C If both cylinders have
the same stroke, find the ratio of the cylinder diameters, for the efficiency of compression to be
,naximwn. Assume the index of compression to be 13.

Solution. Given :p3 =3O bar;p1 I bar, *7 1 =27°C;n= 1.3
We know that for complete intercooling, the intercooler pressure.

P, =	 = 'Ii x30 = 5.48 bar

*	 Supxfluous data
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Ratio of cylinder diameters.

D1P	 (548=1- I =2.34Ans.
2	 Pi)	 I )

Note The ratio of cylinder diameters is also given by

	

14	 114D	 =P	 =2.34Ans.
D2	 p1	 H)

Example 28.13. A multi-stage air compressor is to be designed to elevate the pressure from
I bar to 100 bar such that the stage pressure ratio will not exceed 4. Determine: I. Nwnberofstages,
2. Exact stage pressure ratio, and 3; Intermediate pressure.

Solution. Given:p, = I bar ;p,,, = 100bar; 	 = 4
pq

Number 0/ stages
Let	 q = Number of stages.

tlq	 ilq

We know that	 = pq. I	 or 4 =
Pq	 P1

Taking log on both sides,

log  = —log 100 or 0.6021 = -x2
q	 4]

q = 2/0.6021 = 3.32 say 4 Ans.

2. Exact stage pressure ratio
/	 \IIq

We know that !.'±i = I	 1 = 1) = 3.162 Ans.
Pq	 Pt )

3. Intermediate pressure

Let	 * p = Intermediate pressure.

We know that 	 = 3.162
P4

	

P5	 100 3I.62barp4=j 

Similarly	 == 3.162 or p3=	 2=}'i = 10 bar Ans.
P3 P4

Example 28.14. A three stage compressor compresses awfrom I bar to 35 bar and delivers
it at the higher pressure to a receiver. The initial temperature is ir C. The law of compression is
vL25 = constant, and is the same for each stage. Assuming conditions of minimum work perfect

intercooling and that the effect of cylinder clearance and valve resistance etc., may be neglecte4 find
the power required to deliver 14 m 3/ mitt air, measured at the suction conditions. Find also the
intermediate pressures.

•	 The intermediate pressure of an air compressor having four stages is Pi,
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Solution. Given:pj=lba(=1xlOSN/rn2;p435bar;TjI7C=l7+273=29oK;
= 14 m3/min

Power required
We know that minimum work required per mm.,

,-	 n -

 I
3n	 I P41

W=-1Xp1V1[	

J 
—I

1.21- I
3x1.25 

IxlOxl4{(	
iii

)_I j N-m/mn=	
xI.251

15 

= 5.65 x 106 N-rn/mm = 5650 kJ/min

Power required	 = 5650
 = 94.2 kV Ans.

Intermediate pressures
Let	 p2 and p3 = Intermediate pressures..

We know that for minimum work,

( p.P3 P4 -

P 1 	 p2	 p3

=	 = (35)10 = 327
PI	 P, )

or	 p2	 p1 x3.27 = I x3.27 = 3.27 bar Ans.
113 = (

Similarly	
P	

j 	
3.27

P2	 P1

p3 p2 X3.27 = 3.27 x3.27	 10.7 bar Ans.

Example 28.15. A three stage compressor delivers air at 70 bar from an atmospheric
pressure of! bar and 300 C. Assuming the intercooling complete, estimate the amount of minimum
work required to deal with 1 kg of air. Also find the amount of heat rejected in each intercooler. The
index of compression is 1.2 throughout. Take cfor air = /.cX.,5 k//kg K.

Solution. Given :p4 =7Obar;p 1 = I bar ;T1 = 30°C30+273=303K;m= I kg:
n= 1.2; c= 1.005 kJ/kg K

Amount of minimum work required
We know that amount of minimum work required,

ri	 sn-I

3n	 I! P4 IW r ---.-Xn1RTlI---I	 —In—I	 LP')
12- I

=	 X287x303[()2_ ] = 417 070 J

= 417.07 kJ Ans.



Reciprocating Air Compressors	 66

Heat rejected in each intercooler

Let	 T2 = Temperature of air at the end of first stage.

Since the air compressor is three stage, therefore

a±
I

011/3

"-I

T ( L2
We knowthat 	 =

T1	 p1	
(4.12) 12 = 1.266

T2 = T1 x 1.266 303x 1.266 = 383.6K

Since the pressure ratio and index of compression is same for each stage, and intercooling is
complete, therefore temperature of air will be same on entering each intercooler.

Heat rejected in each intercooler

= c ('2 - 7'3) = 1.005 (383.6-303) = 81 kJ Ans.

Example 28.16. A three stage single acting reciprocating compressor has perfect intercool-
ing. The pressure and temperature at the end of suction stroke in LP. cylinder is 1.013 bar and 150

C respectively, if 8.4 nr3 offree air is delivered by the compressor at 70 bar per minute and the work

done is minimum, calculate:

1. LP. and I.P. delivery pressures ; 2. Ratio ofcylinder volumes; and 3. Total indicated power.

Neglect clearance and assume n = 1.2.

Solution. Given :p 1 = 1.013 bar 1.013X105 N/m2 ;T 1 = 15°C= 15+273=288K;

= 8.4m3lmin;p4 7O bar ;fl 1.2

1. L.P. and !.P delivery pressures

Let

	

	 p2	 LI', delivery pressure, and

P3 = I.P. del iv'rypressure.

We know that for minimum work,
\1t3

p2_ p3_ p4_ p4

PI	 p2 p3 	 p1

1/3

-

P2 - (p4	 ( 70	 41
Pi	 p1	 - 1.013 

or	 p2 = p 1 x4.1 = 1.013x4.1 = 4.153 bar Aris.

Similarly,	 p3 = p2 X4.1 = 4.153x4.1 = 17.03 bar Arts.

2. Ratio of cylinder voiwnes

Let	 V, : v2 : v3 = Ratio of cylinder volumes.

We know that for minimum work,
p l y 1 = p2v2 = p3v3

or
Vi

V2	
PI - l.013
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v1=4.lv2

Also	 V2 = P3	 170341v1 	 p2	 4.157

v2 =4.1v,	 ...(ii)

Now taking v3 as I m3, we find that ratio of cylinder volumes,

Vi: V2: V3 = 6.81 41-1 Ans.

3. Total indicated power
We know that minimum work required,

r'

PIVI{1Jn-I

1.2-

PI

3xI.2	 11 7
= 1.2-I xl.013x l05x8.4 [jj_3J3X12_ I ]vmin

= 4067 x 103 Jlmin = 4067 kJfmin

Total indicated power,

.Z = 67.8 kW Ans.

EXERCISES

1. A single stage reciprocating air compressor is required to compress 60 cubic metres of air from I
bar to 8 bar at 22° C. Find work done by the compressor. if the compression of air is I. isothermal, 2. isentropic
with isentropic index as 1.4; and 3. polyuopic with polyiropic index as 1.25. tAns. 12.5 Mi; Il Mi; 15.5 MJJ

2 Find the power required to compress and deliver 2 kg of air per minute from I bar and 20° C to a
delivery pressure 7 bar, when the compression is carried out in a single stage compressor. The compression of
air follows the law  V' 4 = constant. Neglect clearance. Take  = 287 i/kg K.	 [Ans. 7.3 kW)

3. Determine the cylinder dimensions of a double acting. II kW indicated power, air compressor
which compresses air from I bar to 1-bar according to the law pv'' = constant. The average piston speed is ISO
nuts. Assume stroke to diameter ratio of 1.5 and neglect clearance.	 [Ans. 156 mm; 234 mm]

4. A small single acting compressor has a bore and stroke both of 100min and is driven at 400 r.p.m.
The clearance volume is 80 x 10 mm' and the index of compression and expansion is 1.2. The suction pressure
is 0.95 bar and the delivery pressure is 8 bar. Calculate

I. the volume of free air at 1.013 bar and 20° Cdealt with per minute if the temperature at the start
otcompression is 30°C: 2.  the mean effective pressure of the indicator diagram assuming constant suction and
delivery pressure ; and 3. the power required to drive the compressor.

[Ans. 0.1426 n,'/Inin: 1.22 bar; 0.637 kW]
S. An air compressor takes in air at 0.98 bar and 20°C and compresses it according to the law pv" =

C. It is then delivered to a receiver at constant pressure of 9.8 bar. Determine: I. the temperature at the end of
compression ; 2. the workdone per kg of air; 3. the heat transferred during the compression ; and 4. the workdone
during delivery. Take R= 287 i/kg K and y= 1.4.	 [Ans. 150°C ;236kJ: 118 kJ :123.7 kJJ

6. A two stage air compressor with perfect intercooling lakes in air at I bar pressure and 27° C. The
law of compression in both the stages is pu' = constant. The compressed air is delivered at 9 bar from the H.P.
cylinder to an air receiver. Calculate perkgof air I. the minimum workdone, and 2. the heat rejected to intercooler.

lAna. 215 kJ $6.6 kJJ
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7. A two stage air compressor takes in 22.5 kg of air per minute at 15°C and I bar and delivers it at
16.5 bar. At the intermediate pressure, it is cooled to initial temperature. Assuming an ideal diagram with no
clearance and compression according to pV' 1 = constant, determine the intermediate pressure that gives least
work. Also find the heat rejected in the intercooler per minute and minimum powerrequired to run thecompressor.

Take c, = I Id/kg K; and R = 287 i/kg K	 (Ans. 4.06 bar; 1701 ki/min 97.8 kWJ

8. A single acting compressor is required to deliver air at 70 bar from a suction pressure of I bar at

the rate of 2.3 m 3/min. measured at free air conditions of 1.013 bar and 15° C. The temperature at the end of the

Suction stroke is 32" C. Calculate the indicated power required if the compression is carried out in two stages
with an ideal i nterrnediate pressure and complete intercooling. The index of compression and expansion for both
stages is 1.25. Also calculate the heat rejected per minute to the intercOOler and the saving in power over single
stage compression. For air, c,, = I kJ/kg K and c = 0.718 Id/kg K. Neglect clearance volume.

(Asia. 22KW; 461.2 ki/min 5.84 kWl

9. A two stage reciprocating air compressor delivers 40.5 kg1min at 9.8 bar. The intake pressure is I
bar and the intake temperature is 15.5' C. The compression follows p v'' 1 = constant and the intercooler cools
the air back to the intake temperature. Neglecting clearance, calculate I. the optimum intermediate pressure ; 2.
the power to be delivered to each cylinder ; and 3. the rate of heat transfer from the cyiinders and intcrcoolcr.

[Ans. 3.13 bar. 73.2KW; 3625 kJ/min]

10. A three stage reciprocating compressor compresses air from I bar and 26' C to 36 bar. The law of

compression is pv'' = constantand is same for all the three stages ofcompressiojl. Assuming perfect intercooling
and neglecting clearance, find the minimum power required to compress 0.25 /$ of free air. Also find the
intermediate pressures.	

[Ans. 103.12kW; 3.302 bar ; 10.903 ban

QUESTIONS

1. Classify air compressors. Describe the working of a single stage reciprocating air com-

pressor.
2. Draw p.v and T's diagram for a single stage reciprocating air compressor, without

clearance. Derive the expression for the workdone when compression is (a) isothermal, and (b)

isentropic.
3. Sketch the theoretical indicator diagram for a single stage, single cylinder reciprocating

compressor with clearance volume showing the various processes. For such a compressor, derive the
expression for workdone in terms of mass sate of flow of air, initial temperature, pressure ratio and
index of compression.

4. When is multi-stage compression used for air? What are its advantages?

5. Explain the effect of intercooling in a multistage reciprocating compressor.

6. Discuss briefly a two stage air compressor with intercooler. Draw the ideal p-v diagram.

Derive the expression for work done per unit mass of air. Establish that the workdone is minimum
when the pressure ratio for each stage is the same and there is complete intercooling.

7. Ina two stage air compressor, in which intercooling is perfect, prove that the work done
in compression is a minimum when the pressure in the intercooler is the geometric mean between the
initial and final pressures. Draw the indicator diagram for two stage compression.

8. Discuss the procedure for obtaining the ratio of cylinder dimensions in an air compressor.

OBJECTIVE TYPE QUESTIONS

1. The volume of air delivered by the compressor is called

(a) free air delivery	 (b) compressor capacity

(c) swept volume	 (d) none of these

2. The volume of air sucked by the compressor during its suction stroke is called

(a) free air delivery	 (b) compressor capacity

(c) swept volume	 ( none of these
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3. The ratio of workdone per cycle to the stroke volume of the Compressor is known as

(a) compressor capacity	 (h) compression ratio

(c) compressor efficiency	 (d) mean effective pressure

4. In a single stage, single acting reciprocating air compressor witnout clearance volume,
the workdone is minimum during

(a) isothermal compression	 (6) isentropic compression

(c) polytropic compression	 (d) none of these

5. The pressure of air at the beginning of the compression stroke is ...atmospheric pressure.

(a) equal to	 (b) less than	 (c) more than

6. A 3 m3/min compressor means that it

(a) compresses 3 m 3/min of standard air (b) compresses 3 m 3/min of free air

(c) delivers 3 m3/min of compressed air

(d) delivers 3 m 3/min of compressed air at delivery pressure.

7. The multi-stage compression of air as compared to single stage compression

(a) improves volumetric efficiency for the given pressure ratio

(b) reduces workdone per kg of air	 (c) gives more uniform torque	 -

(d) reduces cost of compressor	 (e) all of the above

8. The intercooling in multi-stage compressors is done

(a) to cool the airduring compression 	 (b) to cool the air at delivery

(c) to enable compression in two stages (d) to minimise the work of compression

9. The intercooler pressure (p 2) for minimum work required, for a two stage reciprocating
air compressor, is given by

(a)p2 =Pi p1	 (b)prp/p3	 (c)p2'	 (d)p2=p3/p1

where	 p, = Intake pressure of air, and

= Delivery pressure of air.

10. The ratio olcylinder diameters for a single acting, two stage reciprocating air compressor
with complete intercooling, is given by

(a) D, ID,, =	(b) D,/D2 =

(c) D1 IL)2 =	 (d) none of these

where	 D, = Diameter of L.P. cylinder, and

= Diameter of H.P. cylinder.

ANSWJRS

1(b)	 2.(c)	 1(d)	 4.(a)	 5(b)
6.(b)	 7(e)	 8.(d)	 9.(c)	 10. (C)


