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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 Walter Heater. 11, Regenerative Cycle with Two
Feed Water Heaters, 12. Binary Vapour Plants. I3. Binary Vapour Cycle. 14. Some Special Turbines.
I5. Passout or Exiraction Turbine. 16. Buck Pressure Turbine. 17. Exhaust or Low Pressure Turbine.
I8. Future Power Plants.

25.1. Introduction

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 important from
the subject point of view :

1. Reheating of steam, 2. Regenuauve feed heatmg and 3. Binary vapour plants.
#All the above mentioned methods will be discussed, in detail, in this chapter.

2. 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
wel at the end of expansion. As a matter
of fact, it is not desirable that the steam
may become wet at the end of expansion,
The wet steam causes erosion of the tur- -
bine blades am]increases internal losses.
This will ultimately reduce the blade ef- N\ 7
ficiency of the turbine. ;\/) \_)
The above mentioned difficulty  Pump ) Condenser
may be overcome by reheating of the
steam. In this system, the steam is re- Fig. 25.1. Releating of steam.
moved from the turbine when it becomes
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Superhealer

Reheatar
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wet. Tt is then reheated at a constant pressure by the flue gases, until it is 4zain in the cuperheated
state. It is then returned to the next stage in the turbine. The schematic diagram of the process is shown
in Fig. 25.1.

25.3. Advantages of Reheating of Steam

The reheating of steam in a turbine has the following advantages :

1.
2
3

4.

It increases the work done through the turbine.

It increases the efficiency of the lurbine.

It reduces the erosion of the blades, because of increase in dryness fraction of steam at
exhaust.

The amount of water required in the condenser of [ wirbine is reduced. due to reduction
in the specific steam consumpiion.

254, Reheat Cycle

In a reheat cycle, the steam enters the turbine in a ;
superheated slate at point A. The steam then ex pands isen- I
tropically while flowing throughthe turbing, as shown by the
vertical line ABin Fig. 25.2. &

After expansion, the steam becomes wel, which is
reheated at a constant pressure generally up to the same
temperature as that at A shown by the point C, where it is |
again in superheated state. The steam again expands isen-

tropically while flowing through the next stage of the turbine I N—
as shown by the vertical line CD in Fig. 25.2. — Enlropy ——

Now consider a steam turbine with areheating systein e 252 Rehenl eyele unt fi-s
as shown in Fig. 25.2. drgerann.

Let

h, = Enthalpy or total heat of steam at A,

hg, he, by, = Corresponding values at B, Cand I,
hy, = Enthalpy or sensible heat of water al 2.

We know that the total heat st pplied to steam is the sum of the total heat a1 A and the heat
supplied during reheating between B and C.

- Total heat supplied = Total heat at A + Heat supplied between B and €

= By + (e~ hg) = hy)

We also know that work done

and efficiency,

= Total heat drop = (h, = hg) + (.~ hyy)

= Work done _ (hy = Prg) + L = hy)
~ Total heat supplied ~ hy + [(he — ig) = hip))

Notes: b. If there had been no reheating of steam, the expansion through the turbine would have been zlong
the linc AE. In that case,

where

1

Efficiency. M=

hy—he
h - ,; . + . (Rankine efficiency)
he = Total heat of steamat E, and

hﬂ = Totalheatof water at E.

For simplicily, we have taken only one stage of reheating, Butin aclual practice, there may be more

than one stage of reheating.
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Example 25.1, Steamat a pressure of 15 bar and 25(F C is first expanded through a turbine
to.a pressure of 4 bar. It is then reheated at a constans pressure 1o the initial temperature of 250° C
andis finally expanded to 0.1 bar, Using Mollier chart, estimate the work done per kg af steam flowing
through the turbine and the amount of heat supplied during the process of reheat.

Also find the work output when the expansion is direct from 15 bar to 0.1 bar without any
reheat. Assume all expansion processes 1o be isentropic,

Solution. Given tpy=15bar; 7, =250°C; p, =4 bar; T, = 250°C ; p, = 0.1 bar

_ The reheating of steam is represented on the Mol-
lier chart as shown in Fig. 25.3. From the chart, we find
that

g &

h, = 2930 kifkg ; hy = 2660 klkg ; he =
2965 kJ/kg ; hy = 2345 kI/kg ; and kg = 2130 kiAkg

From steam tables, corresponding to a pressure of
0.1 bar, we find that sensible heat of water at D,

hyp = e = 1918 Kikg

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

W = (hy = hg) + (he — hy)

|
|

7 F&

Fig. 25.3

= (2930 - 2660) + (2965 — 2345) = 890 kl/kg Anms.

Heat supplied during the process of reheat
We know that the heat supplied during the process of reheat,
h = Heat supplied between 8 and C
= {hc—hn)—hm = (2965-2660)-191.8 = 113.2 kItkg Ans.

Work output when the expansion is direct
The direct expansion from 15 bar to 0.1 bar is shown by the line AE in Fig. 25.3,
We know that work output
= Total heatdrop = h, -k, = 2930-2130 = K00 klikg Ars.

Example.25.2. In a thermal plant, 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° C at a constant pressure. It is then expanded !0 the low
pressure side of the turbine to 0.5 bar. Find the efficiency of the cycle with and without reheating.

Solution. Given:p, =30bar; 7, =300°C; p, =5 bar; T,=300°C;p,=0.5 b;u

Efficiency of the <ycle with reheating

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

h, =290 kJ/kg ; hy =2625 kl/kg ;hc =3075 klikg by = 2595 k/kg ; and hE = 2280 kl/kg

From steam tables, corresponding to a pressure of 0.5 bar, we find that sensible heat of water

atD,

hyp = hyg = 340.6 ki/kg



Maodern St Tuebies
We know that efficiency of the cycle with reheating,

_ (hy—hg) + (Ao~ hpy) (2990 - 2625) + (3075 — 2595)
7 b+ [l = hg) =) T 2990 +((3075 - 2625) - 340.6]

845
=—=0273 7 3
3094 or 27.3% Ans. 1 ::
Effiviency of the cycle without reheating 2
We know that efficiency of the cycle without re- =
heating, g M
ho
m = hy — by _ 29902280 ,'h!_
_ g hy—hy  2990-340.6
= (.268 or 268% Ans. i —— Entropy ——=
255, Multi-stage Turbines Fig. 254

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 multi-stage turbine,

25.6. Rcheat Factor
[tis 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 (he steam,

X Condilion
Py = Pressure of steam leaving

the first stage,

p, = Pressure of steam leaving
the second stage,

Enthalpy —e

p, = Final pressure of the steam.

t, = Initial temperature of the
steam, and

n = Stage efficiency for each
stage of the turbine.

Now let us draw the expansion of steam in
three stages on a Mollier chart, as shown in Fig. 2185, Reheat Lictor toz o three-stage
Fig. 25.5, as discussed below : turhine.
I Firstof all, locate the point A, with the help of initial pressure ( p,) and temperature (1,)

of the steam. Now find out the enthalpy of steam at A (e h

Entropy ——=

ar)-
2. FromA,,drawa vertical line A B, meeting the pressuré line ( p,) at B, representing isent-
ropic expansion of the steam in the first stage. Now find out the enthalpy of steam at B, (i.e. hg,).
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3. Now cut off B,C, equal to the blade friction in the first stage [or in other words, cut off
A,C, equal to 1 x (A, — hy,)]. Through C, draw a horizontal line C\A, meeting the pressure line
(p,) at A,, which gives the final condition of the steam discharged from the first stage. Now find out
the enthalpy of steam at A, (i.e. A, ).

4. Similarly, from A, draw a vertical line A,B, o meet the pressure line (p,) at B,
representing isentropic expansion of steam in the second stage. Now cut off B,C, equal to the blade
friction in the second stage. Through C, draw a horizontal line C,A, to meet the pressure line (p,) at
A, which gives the final condition of the steam discharged from the second stage. Now find out the
enthalpy of steam at A, (i.e. &, ).

5. Similarly, locate the point A, on the pressure line ( p,), which gives the final condition of
the steam discharged from the third stage and find out the enthalpy of steam at A, (i.e. i, ).

Now a draw a smooth curve through the points A, A,, A; and A . 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 line A, D.

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 A 8, A,B,, A,8,)
is slightly increased. The sum of increased heat drops is known as cumulative heat drop.

Now the ratio of cumulative heat drop to the isentropic heat drop is known as reheat factor.
Mathematically, reheat factor,

RF. = Cumulative heat drop
"' Isentropic heat drop
P AB, +AB,+A,B, _LAB
- AD T AD

25.7. Efficiencies of a Multi-stage Turbine
The following efficiencies of a multi-stage turbine are important from subject point of view :
I. Siage efficiency. Itis the ratio of the work done on the rotor (or useful heat drop) in a
stage to the isentrapic heat drop for the same stage. Mathematically, stage efficiency,
_ Useful heat dropin one stage
7~ Isentropic heat drop for the same stage
AC AL  AG

1

2. Internal efficiency. 1tis theratio of the total work done on the rotor (or total useful heat
drop) to the total isentropic neat drop. It acccunts for ll the losses due to friction etc. Mathematically,
internal efficiency,

Total useful heatdrop A€y +4,65 + AG

i = Total isentropic heatdrop AD
Uy =he) + hyg = he) + Uy = hey) _ by =hey
hy, —ho PR

Note : The internal efficiency is sometimes known as isentropic efficiency ov turbine efficiency.
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3. Efficiency 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. Itis 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,

Total work produced at the driving end of shaft
Total isentropicheat drop

ER. =

___Total useful heat drop _
" Total isentropic heat drop

4. Overall thermal efficiency. Tt is the ratio of the work delivered at the turbine shaft to
the heat supplied. This efficiency covers both the intemal and external losses. Mathematically, overall
thermal efficiency,

~ Work delivered at the wrbine shaft _ Total useful heat drop
0= Heat supplied = 7 Heat supplied

AC +AC,+AC

h.i\l *h,rp
& (hpy = hey) + (g~ Bey) + (g3 — hey) _ Bai=he
hM il th fay = h;'n

S. Renkine efficiency. Tt is the ratio of the isentropic heat drop to the heat supplied.
Mathematically, Rankine efficiency,

_ Isentropic heatdrop _ Fai —fp
R™  Heatsupplied  hy, —hg

Example 25.3. The steam is supplied to a three stage turbine at 30 bar and 350° C. The
steam leaves the first stage at 7 bar ; second stage at 1 bar ; and finally at 0.1 bar. If each stage has
an efficiency of 0.7, determine : 1. Rankine efficiency, 2. The final condition of steam, 3. Reheat facto?,
and 4. Overall thermal efficiency.

Solution. Given : p, =30bar ; T, =350°C; p,=Tbar; p;=1 bar;p;={}l.l bar;m=07 -

Now let us draw expansion of the steam in three stages on the Mollier chart, as shown in
Fig. 25.6, a= discussed below :

1. First of all, locate a point A, at the intersection of initial prcssure (30 bar) and initial
temperature (350° C). We find that enthalpy of sieamat A, i.e. h, = 3120 kd/kg.

2. From A,, draw a vertical line A, 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. hy, =
2790 ki/kg.

3. Now cut off, A,C, equal to 1 (h,, — hg,) = 0.7 (3120~ 2790) = 231 kl/kg. Therefore,
enthalpy of steam at C, ie. hy, = h,, —231 = 3120 - 231 = 2889 kl/kg. Through C;, draw a
horizontal line C; A, meeting the pressure line of 7 bar at A,. Now the enthalpy of steam at A,, f.e.
hy, = hey =2889KJ/kg.

4. Similarly from A,, draw a vertical line A,B, meeting the pressure line of | bar at B,. We
find that enthalpy of steam at B,, i.e. hy, = 2535 ki/kg.

5. Now cut off A,C, equal to 1 (h,, — hy;) = 0.7 (2889 — 2535) = 248 ki/kg. Therefore,
enthalpy of steam at C,, i.e. hey = h,,~248 = 2889 —248 = 2641 ki/kg. Through C,, draw a
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hotizantal line €A, meeting the pressure line of 1 bar at A,, Now the enthalpy of steam at A, i.e.
hpy = by = 2641 Klikg.

A a50°G

Condition line

Entropy —— -
Fig. 25.6

6. Again from A,, draw a vertical line A,B, meeting the pressure line of 0.1 bar at 5, We
find that the enthalpy of steam at B,, i.e. hg, = 2300 kl/kg.

7. Now cut off A,C, equal to 1) (h,,— hy,) = 0.7 (2641 — 2300) = 239 kl/kg. Therefore
enthalpy of steam at Cy ie. hey = hyy—239 = 2641 - 239 = 2402 kl/kg. Through C,, draw a
horizontal line C,A, meeting the pressure line of 0.1 bar at A,. Now the enthalpy of steam at A, i.e.
hpg = hey = 2402ki/kg.

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

for convenience.
hyy=3120ki/kg s hey=h,, =2889 kl/kg ; hy, =2790 klkg s b, = h, = 2641 klkg .

ho, =2535klkg s hey=h, = 2402 klikg ; hyg,=2300 klkg ; by, = 2140 kl/kg
From steam tables, corresponding to a pressure of 0.1 bar, we find that the enthalpy of water,
hep = 191.8 kl/kg
Runkine efficivicy
We know that Rankine efficiency,

_ha—hy  3120-2140
TRy —hy 3120-1918

= 0.335 or 33.5% Auns.
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2. Final condition of steam :
From Mollier diagram, we find that the final condition or dryness fraction of steam at A, is
092, Ans.
3. Reheat factor
We know that reheat factor,
_AB HAB +ABy  (yy —hy) + (g~ hgg) + (s ~ figy)

S AID 'hM _hD
= (3120 - 2790) + (2889 -- 2535) + (2641 - 2300) _ 1025
- 31202140 T 980
= .06 Ans.

4. Overall thermial efficiency
We know that overall thermal efficiency,

h.\l_"!'l _ 31202402

= 2120-1918 = 0.245 or 24.5% Ans.

Mo = '
W iy hJD
Example 25.4. In a four stage impulse turbine, the steam is supplied at 350° C and ata
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 straighi,
determine (a) stage steam pressures ; (b) efficiency of each stage ; and (c) reheat factor. '

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

Stage steani pressures
Let Py Py Py = 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 Mollier chart, as shown in
Fig. 25.7, as discussed below
1. First of all, locate the point A, at the intersecticn of initial pressure (20 bar) and initial
temperature (350° C). We find that the enthalpy of steam at A, i.e. h, | = 3140 kl/kg.
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2. FromA,, draw a vertical line A, D meeling the pressure line of 0.05 bar at D represénting

the total iséntropic expansion of the steam in all the four stages. We find that enthalpy of steam at D,
i.e. hy, = 2125 k)/kg. Thus we see that total enthalpy or heat drop,

hy,—hy = 3140-2125 = 1015kJ/kg
We know that overall thermal efficiency,

by ke 30k,
Ay —hy 1015

hey = 2328kl/kg

08 =

and total work done in all the four stages
=h,, —he, = 3140-2328 = 812 ki/kg

. Work done in each stage = 812/4 = 203 kl/kg

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

4. Now locate the point C, by cutting off A,C, equal to 203 ki/kg. Through C,, draw a
horizontal line meeting the condition line at A,. From the Mollier diagram, we find that p, = Y bar. Ans.

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

6. Again locate the point C; by cutting off A,C; equal to 203 kJ/kg. Through C,, draw a
horizontal line meeting the condition line at A,. Fronf the Mollier diagram, we find that p, =
(.5 bar. Ans.

Efficiency of euch stuge

From the Mollier diagram, we find that

h,,=3140klkg ; ho,=h,,=293Tkl/kg; by, =2860 kI/kg; Ao, =h,,=2734klkg;

hgy = 2670 kg : hoy=h, =2531kI/kg; hyy=2475 ki/kg; hoy=h, o= 2328kilkg ;

hys = 2285 k)/kg and h, = 2125 kI/kg

We know that efficiency of the first stage,

AC  hy—he  3140-2937

M= AB, T h—hy,  3140-2860

= 0.725 = 72.5% Ans.

P 22 Al C1 2937 -2734
= = = = =] = 76% Ans.
Similarly, m, z The, = 293726 076 = 7 ns

- ACy  hyy—hy _ 2734-2531 _ 0.784 = 78.4% Ans.
3T ABy  hya—hgy  2734-2475 '

s = A o hra—hes  2531-2328 - 0825
M= A8, " Ry—hg,  2531-2285 "

82 55 Ans.
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Reheat factor

We know that reheat factor, .
= AB +AB +AB,+AB,
- AD
_ (ayy =) + (g = hyy) + (hay —hyy) + (hag = Bigg)

by —hy

_ (3140 —2860) + (2937 — 2670) + (2734 — 2475) + (2531 — 2285)
4 3140-2125

RF

1052 _ _
2 —IDIS = .04 Ans.

Regencrative Cyele

We have already discussed in chapter 10, Rankine and Camot vapour cycles. The efficiency
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
Carnot 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
represented by the area ADE, If, howeber, the working fluid
enters the boiler, at somie state, between E and A, the average
temperature of heat supplied is increased. Thus the cycle
becomes as efficient as Carnot cycle.

This is achieved during an ideal regenerative cycle as
shown in Fig. 25.9. The dry saturated steam, from the boiler,
enters the turbine at a higher temperature, and then expands FG
isentropically to a lower temperature in the same way as that ——— Enlropy ——e
in the Rankine and Carnot cycle. Now the condensate, from ’
the condenser, is pumped back and circulated around the  Fig 25.8. Cumparison of Rankine
turbine casing, in the direction opposite to the steam flow in cycle and Camal cycle.
the turbine. The steam is thus heated before entering into the boiler. Such asystem of heating is known
as regenerative heating, as the steam is used to heat the steam itself.

Temperature —

8 Turbine

—— Temperature —=

| water

i
A vl
F G Q P

¢ E
Feed pump

Fig. 2549, Ideal regencrative cyele Fig. 25.10.  Regenerative ovels on T diagrim

A Enlropy ——-
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Itmay be noted that due to loss of heat, the expansion in the steam turbine is no more isentropic!
It follows the path BC, which is exactly parallel to £A, as shown in Fig. 25.10.

A little consideration will show, that the heat transferred to the 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 curve AB. This is represented by the area ABPG. The
heat is rejected from the working fluid at constant temperature shown by curve CE. This s represented
by the area CQFE which is equal to the area RPGD. The area RPGD represents, to sorme 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 temperalures.

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 :

1. Itis 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 ]eawnglheturbme is considerably increased as a result

of the heat transfer.
Nuote ; Since itis 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 :
259. Bieeding

The process of draining 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 bleeding, and the corresponding steam is said to be bled. A feed water heater is a simple
form of heat exchanger. It, usually, consisis of tubes through which the feed water flows. These tbes
are surrounded by a casing, containing the heating steam, The steam condenses and transfers its latent
heat to the feed waler 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 heater and complicated and costly net work of
pipe lines and fittings, its number is resiricted to six in the larger modern turbo-generators, The effects
of bleeding are :

I, Itincreases the thermodynamic efficiency of the turbine.

2. The boiler is supplied with a hot water.

3. Asmall 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 stcam (at pressure p, ) enters the turbine at point A. Let a small amount of wet steam (say
m kg) after partial expansion (at pressure p,) be drained from the turbine at point 8 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 | kg of steam entering the turbine at point A.

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

h, = Enthalpy or total heat of bled steam,

h, = Enthalpy or total heat of steam leaving the turbine at C,

hg, = Enthalpy or sensible heat of feed water leaving the feed water heater,
hy = Enthalpy or sensible heat of steam leaving the.condenser, and

m = Amount of bled steam per kg of steam supplied.



Modern Steani Turbines 571
We know that heat lost by bled steam

= Heat gained by feed water
or m[hILkﬂ} = (t——m)(hﬂ— ﬂ}
mhy —mhy = hy—hy—mhy+mh,
W . O
hy—h,

Open leet 1
{ waler heater
1kg (1-m) iy
< 12 h;’
Eom pusyy hy 4 (1-m) kg
Feed pump

Fig 2511, Regenerative cycle with single feed waler 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

= (h,—h)

Mass of steam in the turbine per kg of feed water between B and C
= (1-m)kg

. Work done in the turbine between B and C
= (1=m)(hy—hy)

Total work done = (hy = hy) + (L = m) (b~ hy)

and total hedt supplied per kg of feed w’alcr

=h-h,

- Efficiency of the cycle including the effect of bleeding,

Total work done _ (hy=h) +(1 = m) (h, - hy)

L Total heat supplied hy -k,

37 -
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Note : If there had been no regenerative feed heating (or in other words, m = 1), then the efficiency of the cycle
will be the same, as that of Rankine cycle. In this case, Rankine efficiency,
o ishy
hy=hy
Example 25.5. [n a regenerative cycle, having one feed water heater, the dry saturated
steam is supplied from the boiler at a pressure of 30 bar and the condenser pressure is | 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 7 Also
determine the percentage increase in efficiency due to regeneration.

Solution. Given: p, =30bar; p;= | bar ;p, =5 bar

From Mollier diagram, as shown in Fig. 25.12, we find that
Enthalpy of steam at 30 bar, h, = 2800 kJ/kg
Enthalpy of steam at § bar, h, = 2460 kl/kg
Enthalpy of steamat 1 bar, hy = 2220 ki/kg

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

h, = 640.1 kl/kg
and enthalpy or sensible heat of water at | bar,
h, = 417.5 /g
» —— Enlropy —
Amount of bled steam per kg of steam supplied
We know that amount of bled steam per kg of Fe. 212
steam supplied,
h,—h
_"p7"s _ 640.1-417.5 _ (16914 A
™= hy-h, T 2460-a175 0 E O
Efficiency of the cycle
We know that efficiency of the cycle,
(b= hy)+ (1 =m) (h,~ hy)
! hy~hp
_ (2800 — 2460) + (1 —0.109) (2460 — 2220) _ 553.84
N 2800 - 640.1 T 21599

(0.256 or 256 % Ans,
Efficiency of the cycle without regenerative feed heating
We know that efficiency of the cycle,
N = uzhy _ 2800-2200 580
? h—hy 2800-4175 23825
= (.243 or 24.3% Ans.

Percentage increase in efficiency due 10 regeneration

We know that percentage increase in efficiency due to regeneration

_ D256 - 0.243

= ().0515 5.35¢ Ans.
0.243 or
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25.11. Regenerative Cycle with Two Feed Water Heaters
In this case, the steam is removed frofn the turbine at two points B and B,. It is then fed into
two open feed water heaters | and 2 as shown in Fig. 25.13,

1kg GI‘)— ®(1—M.—m,lkﬂ
@)
u hll'i

o
3

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

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

The steam is then condensed in the con-
uenser. The condensate from the condenser is
pumped into the feed water heater, where it mixes
up with the steam extracted from the turbine. Now
consider 1 kg of steam entering into the turbine at A
as shown in Fig. 25.13.

Let h, = Enthalpy of steam entering

the turbine at A,
h, = Enthalpy of steam bled at B,

hy = Enthalpy of steam bled at B,,

—— Enthalpy —e

Fig. 25.14
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h, = Enthalpy of steam leaving the turbine at C,
hp, = Enthalpy of feed water leaving the feed water heater 1,
hﬁ = Enthalpy of feed water leaving the feed water heater 2,
= Enthalpy of steam leaving the condenser,
= Amount of steam bled at B per kg of steam supplled and
”‘: Amount of steam bled at B, per kg of steam supplied.
We know that heat lost by bled steam at B
= Heat gained by feed water
my (hy—hg) = (1 —m,) (h; — hy)
mhy=mh, = hy—hy—m hy+m, h

'n
= ip_‘_— :ﬂ
2"
Similarly, heat lost by bled steam at B,
" = Heat gainedby feed water

& "'1("3"*";3’ = (l—ml-—mz)(hﬂ—hﬂ]
Mohy —mahy = by —be —m, hy+my hg—myha+m, by
or ’ m, = ——‘Lw it
- S5l fl }5‘
We know Ihat the mass of steam in the turbine per kg of feed water between A and B is | kg.
. Work done in the turbine per kg of feed water between A and B y

=h-h, : ()
and mass of steam in the turbine per kg of feed water between B and B,

= (1-m)kg

<. Work done in the turbine between B and B,
= U-m) Gy o )

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

= (l=m;=my) kg
<. Work done in the turbine between B, and C

= (1=m,—my) (h,~h,) . (i)

Thus total work done per kg of feed water
= (k) =h)+ (1 =m) (hy~hy) +(1 = m, —my) (hy — h)
and total heat supplied per kg of feed water
= h- J:ﬂ
- Efficiency of the plant including the effect of bleeding,

Total work done
Yo Total heat supplied

Nole : When the bleeding takes 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. In a steam turbine plant, the steam is generated and supplied o the turbine
at 50 bar and 37(° C. The condenser pressure is 0.1 bar and the steam enters the condenser with
dryness 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
condifion line for the turbine to be straight, calculate the thermal efficiency of the cycle.

Solution. Given : p, =50 bar; T, = 370°C; p,=0.1 bar; x,=09; p, =5 bar Py =0.5 bar

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

From steam tables, we also find that

Fig. 25.15. From this diagram, we find that I
b, = 3110 KKg; hy = 2780KIKg:  »
: Py
hy = 2510KIkg; A, = 2350 ki/kg % E

hy = 640.1 ki/kg (at S bar)
iy = 3406 kI/kg (a1 0.5 bar)

Entiopy — o

Fig. 25.15
hy = 191.8kI/kg (at 0.1 bar) &
Masy of steam bled in the turbine
We know that mass of steam bled at B,
h,—h i
-t B BOL-M08 s

m, = =
b hy- n'lﬂ 2780 - 340.6
and mass of steam bled at B,

s (1=m) (hy=hy) _ (1-0.123) (3406 - 191.8)
hy=hg 2510-191.8
= (.056 kg Ans.
Thermal efficiency of the cycle
We know that work done from A to B per kg of feed water
= h —h, = 3110-2780 = 330 kJ/kg L i)

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

= (1=m,) (h,=h) = (1-0.123) (2780 - 25!0) kJ/kg

= 236.8 kl/kg . (i)
and work done from B, to C per kg of feed water

= (1 =m =my)(hy=h) = (1-0.123-0.056) (2510 - 2350) k)/kg
131.4 kikg .. (i)
=, Total work done = 330+ 23638 + 131.4 = 698.2 kl/kg
Heat supplied = h - h, = 3110 -640.1 = 2469.9 kl/kg
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.. Thermal efficiency of the cycle,

Workdone _ 6982 _ (503 o 283% Ans.

25.12. Binary Vapour Plants

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

-7 T
\ n= T =1 —Fl'
where T| is the higher temperature at which heat is absorbed and T is the lower temperature at which
the heal is rejected. '

;i o Steam turbing
e[ Economiser

r._._._h — Super-healer

Mercury

Mercury boiler

Mercury condenser

A -
steam boiler

" Mercury leed pump Water feed pump

Fig. 25.16. Bimaiy vapour plant,

We know that the value of lower temperature T is fixed by atmospheric conditions. Thus the
thermal efficiency of a steam plant can only be lmprovad by increasing the value of T;.In a steam
plant, if T, is increased, it will also increase corresponding pressure, which is one of the limiting
factors in ils 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 T, is obtained without any increase in maximum pressure. The heat rejected by the mercury, in
condensmg. 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 lemperature of mercury viipour is 588.4" C atacritical pressure of 21 bar. Morcaver. the critical
temnperature of wiiler vapour is 374.15" C ot a critical pressure of 225.65 bar.



Modern Steam Turbines 577

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. Tt then passes to the superheater, where it is superheated by the hot flue gases. Now the
superheated steam passes (o the stcam 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 Yapour 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-
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
cycle ABCD.

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

4-5 as shown in Fig. 25.17. The line 1-2 repre- T Enlropy ————
sents the evaporation by the condensing
mercury. The line 2-3 represents the superlieat-
ing of the steam by the flue gases. The stcam is
now expanded isentropically through a steam turbine as shown by the line 3-4. The condensation of
the exhaust steam is represented by the line 4-5. The heating of feed water is represented by the line
5-1. 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 ahigher 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 meecury 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 1.

25.14. Some Special Turbines .

The following are some special turbines commonly used in industry :

1. 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 10 utilise steam that would otherwise be wasted.

The above mentioned turbines are discussed, in detail, in the following pages. -

Temperature —e

Fig.25.17. Binary vapour cycic on 7-5 diagram.
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25.15. Pass-out or Extraction Turbine

A pass-out or extraction turbine is of the type used in central siations, in which steam is
extracted at different stages and used jn heating the feed water for the boiler or processing work such
és paper making, textile, dying, sugar refining
etc. Thus, a pass-out or extraction trbine
supplies the required power and also the [ow
pressure steam needed for the purpose,

The typical arrangement of a pass-out
or extraction turbine is shown in Fig. 25.18.
The high pressure steam from the boiler en-
ters the H.P. stage of the turbine where it

expands and the pressure is reduced to such a ' proceesin

value as required for processing work. A part

of this low pressure steam leaving the high Feedwaler To condenser  To condenser
pressure stage is supplied to the processing

work while the remaining steam expands fur- FFig. 25.18.  Pass-out or extraction 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
heat 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

2. The rate of heat transfer from the su perheated 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 it is fully condensed.

De-superhealer

Fig.25.19. Back pressure turbine.

25.17. Exhaust or Low Pressure Turbine

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

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

Steam engine’

To condenser

Fig. 25.20.  Exhaust or low 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 power 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.

pressure of 0.1 bar. Calculate the ideal efficiency of the plant and the work done,
(a) taking the rehealing into account, and

EXERCISES
1. Ina power plant, sieam al a pressure of 31.5 bar and temperature 370° C is supplied by a boiler.
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.
1. Steam ata pressure of 150 bar and 550" C is expanded through a turbine to a pressure of 40 bar. It
is then reheated to a temperature of 550" C after which it completes its expansion through the turbine to an exhaust

(b) if the steam was expanded direct to the exhaust pressure without reheating,
[Ans. (@) 43.75%. 1640 kI : (b) 41 8%, 1370 kl/kg|

3. Steam supplied to a three stage turbine is at 20 bar and 350" C. The steam leaves the firs{ stage at
6 bar and the sccond stage at | bar, The steam finally leaves at 0.1 bar. Each stage has an efficiency of 0.8, Find
: (i) Rankine efficiency, (if) Final condition of steam, (iii) Overall thermal efficiency, (iv) Efficiency ratio, and
[Ans, 35.2% ; 0.89 ; 28.3% ; 0.804 : 1.008]

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 Hg. Assuming an internal efficiéncy 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%, T4.7%, T8.1% ; 1.043)

(v) Reheat factor.

after actual expansion and isentropic expansion in kl/kg are as follows :

[Ans. 1.78%)]

5. Steamissupplied at 17.5 barand 300" C to a S-stage turbine and exhausts at0.04 bar, The enthalpies

Stage No. I 2 3 4 5
Actual eap\ansion 2901 2746 2592 2416 2232
Isentropic expansion 842 | 2700 | 2550 | 2374 | 227

If the reheat factor for the turbine is 1.04, determine the siage efficiencies and the overall cfficiency.
[Ans. 68% ; 77% ; 78.6 %, 80.7%, B&8% ; 89.2 %]

6. A steam power plant equipped with regencrative as well as reheat amange ment is supplied with
steam to the high pressure turbine at 80 bar and 470° C. A part of the sieam is extracted at 7 bar for feed heating
and the remaining steam is reheated 10 350" C in a reheater and ex panded in low pressure turbine to a pressure
of 0.035 bar. Determine : 1. The amount of sicam bled for feed heating ; 2. The heat supplied in boiler and
reheater ; 3. Output of the turbine ; and 4. Overall thermal efficiency.

[Ans. 0.224 kg/kg of steam ; 2956.6 k)ikg ; 1303.9 klkg 44.1%]

7. Aturbine rco:iv_cs 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 partis used for feed water heating, while the remainder passes through
a rehcater. 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°C
respectively. Assuming no losses in and between the heaters, find the actual percentage exiracted at each point

and the thermal efficiency. Represent the processes on T-s5 and h-5 plane.
[Ans. 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 lemperature is
raised o 110" C.

: The pumps absorb 9 percent of the alternator outpul, the boiler efficiency is 87 percent, the efficiency

“ratio of each section of turbine is 85 percent and the ajtemator efficiency is 97 percent. Ignoring all other losses,

calculate : 1. the mass tapped to the fead heater per kg of steam to the condenser ; 2. 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. 0.13 kg : 100 630 kg/h : 26.94%|

QUESTIONS

Explain the process and purpose of reheating steam in steam turbine application.
What is reheat factor ? Explain it with the h-s diagram.
Describe regenerative feed heating as used in thermal power plants. List its advantages.
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 tusbine ; (b) Back pressure turbine ; and (c) Exhaust turbine.

OBJECTIVE TYPE QUESTIONS
1. The efficiency of steam turbines may be improved by
(a) reheating of steam (b) regenerative feed heating
(c) binary vapour plant (&) 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
(¢) reduces wear on the blades

S e e

44) all of the above
3. The ratio of i :entropic 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
(¢) Rankine efficiency (d) stage efficiency
() both (a) and (b) () both (¢) and (d)

5. The reheat factor is the ratio of
(@) cumulative heat drop to the isentropic heat drop
(b) isentropic heat drop to the heal supplied
(c) total useful 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) exil pressure
(c) turbine stage efficiency (d) all of these
7. The value of reheat factor varies from
(a) 1.02to 1.06 b)1.08t0 110 () 1210 16 (d) 161020

8, The process of d:aining steam from the turbine, at certain points during its expansion and
using this steam for heating the feed waler 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 therrsodynamic efficiency of the turbine
(b) bailer is supplied with hot water
" (c) it decreases the power developed by the turbine

(d) all of the above
10. A binary vapour plant consists of
(a) steam turbine . (b) steam condenser
{c) mercury boiler (d) economiser
{e) superheater (f) all of these
ANSWERS
1.(d) 2.(d) 3.{a) 4.(e) 5.(a)

6. (d) 7. (@) 8. (c) 9. (d) 10.(f)
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Internal Combustion Engines

1. Introduction. 2, Comparison of Steam Engines and Internal Combustion Engines. 3.
Classification of I.C. Ergines. 4. Main Components of I.C. Engines. 5. Sequence of Operations in a Cycle.
6. Two-stroke and Four-stroke Cycle Engines. 7. Advantages and Disadvaniages of Twa-stroke over
Four-stroke Cycle Engines. 8. Valve Timing Diagrams. 9. Four-stroke Cycle Petrol Engine. 10. Actual
Indicator Diagram for a Four-stroke Cycle Peirol Engine. 11. Valve Timing Diagram for a Four-siroke
Cycle Petrol Engine. 12. Four-siroke Cycle Diesel Engine. 13. Actual Indicator Diagram for a
Four-stroke Cycle Diesel Engine. 14. Valve Timing Diagram for a Four-stroke Cycle Diesel Engine. I5.
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 Timing
Diagram for a Two-stroke Cycle Petrol Engine. 20. Two-stroke Cycle Diesel Engine. 2. 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 C.I. Engine Fucls-Cetane Number, 28. Ignition Systems for
Peirol Engines. 29. Coil Ignition System. 30. Magneta Ignition System. 31. Fuel Injection System for
Diesel Engines. 32, Cooling of 1.C. Engines, 33. Cooling Systems for 1.C. 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 1.C. Engines. 41. Carburettor. 42. Spark Plug. 43. Fuel Pump.
44. Injecior ar Atomiser.

26.1. Introduction

As the name implies or suggests, the internal combustion engines (briefly written as L.C.
engines) are those engines 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 (o steam engines.

The high temperature produced may ruin the metal of cylinder, valves, etc. It is, therefore,
necessary to ahstract 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.

26,2. Comparison of Steam Engines and Internal Combustion Engines
Following points are important for the comparison of steam engines and internal combustion
engines.
582
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5. No

Steamn Engines

I.C. Engines

S

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

Since combustion of fuel takes place outside the
engine cylinder, therefore these engines are
smooth and silent running, ;

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

Because of low pressure and temperature,
ordinary alloys are used for the manufacture of]
engine cylinder gnd its parts.

A sleam engine requires a boiler and other

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 lemperature inside
the cylinder is very high.

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

An [.C. engine does not require a boiler or other

components to transfer encrgy. Thus, it is heavy | components, Thus, it is light and compact,

and cumbersome.

The steam engines have efficiency about 15-20
percent.

It can not be started instantancously.

The LC. engines have efficiency about 3540
percent.
It can be staried instantaneously.

26.3.

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

important from the subject point of view ;

2

. According to the type of fuel used

(a) Petrol engines, (b) Diesel engines or oil engines, and (c) Gas engines.

According to the method of igniting the fuel

(a) Spark ignition engines (briefly written as S.1. engines), (b) Compression ignition
engines (briefly written as C.1. engines), and (c) Hot spot ignition engines.

According to the number of strokes per cycle '

(a) Four stroke cycle engines, and (b) Two stroke cycle engines.

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 (alse known
as semi-diesel cycle) engines.

According to the speed of the engine

(a) Slow speed engines, (b) Medium speed engines, and (c) High speed engines.
According 1o the cooling system

(a) Air-cooled engines, (b) Water-cooled engines, and (c) Evaporative cooling engines.
According to the method of fuel injection

(a) Carburettor engines, (b) Air injection: engines, and (c) Airless or solid injection
engines.

According to the number of cylinders

(a) Single cylinder engines, and (b) Multi-cylinder engines.

According to the arrangement of cylinders

(a) Vertical engines, (b) Horizontal engines, (c) Radial engines, (d) In-line multi-cylinder
engines, (¢)V-type multi-cylinder engines, (/) Opgosite-cylinder engines, and (g) Oppo-
sile-piston engines.
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0. According to the valve mechanism
{a) Overhead valve engines, and (&) Side valve engines.
1. According to the method of governing
(a) Hit and miss governed engines, (b) Quantitatively governed engines, and (c) Quali-
_ tatively governed engines.
264 Main Components of I.C. Engines
As a 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 parts 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
@
yid ~a—f—Valve spring
Inlet port — Exhaus! por
Inlet valve oy | Exhaust valve

.y 5. 9 R
,(’ . / \ Clindar—- | Piston rings
( ;

-1—-—7 PI.IEh rod
T i \ =—-,‘.b\' — Waler jacket
¢ ! |—— Piston
all
k
“AI 1 --"\ Cam
Connecting rod \ Crank shaft
Crank pin ;' Crank case
Mo & Crank
—

Fig. 26.1. Main components of 1.C. cngines.

Ul Cylinder. Itis one of the most important part of the engine, in which the piston moves
to and fro in order to develop power. Generally, the engine cylinder has to withstand a high pressure”
(more than 50 bar) and temperature (more than 2000°C). Thus the materials for an engine cylinder

should b€ such that it 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 wom
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.

4. Cvlinder head, Tt 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 of compression stroke. Butin 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 1.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 and also greater
strength at higher temperatures.

4. Pistonrings. Thesearccircular rings and made of special steel alloys which retain elastic
properties even at high temperatures. 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 w per rings s to proviie air tight 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,

A Comnecting rod. Itis alink between the piston and crankshaft, whose main function is
to transmit force from the piston to the crankshaft, 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 siresses. '

o Crankshaft. It 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 rod.
This shaft contains one or more eccentric portions called cranks; That part of the crank, to whic
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.

_7 Crank case. Ttis a cast iron case, which holds the cylinder and crankshaft of an L.C.
engine. It also serves as a sump for the lubricating oil. The lower portion of the crank case is known
as bed plate, which is fixed with the help of bolts.

-/B./;;whref. It is a big wheel, mounted on the crankshaft, whose function is to maintain its
speed oonstan&-ll is done by storing excess energy during the power stroke, which is returned during
other strokes.

26.5. Secquence 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. Inthis stroke, the fuel vapour is compressed in the engine cylinder.

3. Expansion or working stroke. In this stroke, the fuel vapour is fired just before the
compression is complete. It results in the sudden rise of pressure, due to expansion of the combust:on
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. Evhaust stroke. In this stroke, the bumt 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 are meant for gas and petrol engines. But in case of diesel engines, purc air
is sucked in suction stroke which is compressed during the compression stroke. The dicsel oil is admitted into
the engine cylinder (just before the beginning of the expansion stroke) and it is ignited 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 Engines

In a two-stroke engine, the working cycle is compleled 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.

[t 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.

26. . Advantages and Disadvantage of Two-stroke aver Four-stroke Cycle Engines

Following are the advantages and disadvantages of two-stroke cycle engines over four-stroke
cycle engines :
Adveantuges

I. A two siroke 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 cycle engine suitable for marine engines and
other light vehicles.

3. As the number of working strokes in a two-siroke 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 iwo-stroke cycle engine.

4, Theinitia| costof atwo-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 two-stroke cycle engines are much easier to start.

Divadvantages

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

2. Overnll 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. Inspite of careful design, a small quantity of charge is lost from the engine cylinder.

3. Incase of a iwo-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 a 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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268. 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 timing diagram for four
stroke cycle engine. The theoretical valve timing dia- TDC.
gram for a four-stroke cycle engine is shown in Fig. 26.2. As
In this diagram, the inlet valve opens at A and the suction
takes place from A to B. The crankshaft revolves through
180° and the piston moves fr.m T°D.C. 10 B.D.C. At B, the g
inlet valve closes and the compression takes place from 8 &
to C. The crankshaft revolves through 180° and the piston g
moves from B.D.C. to T.D.C. At C, the fuel is fired and the
expansion takes place from C to D. The crankshaft re-
volves through 1B0° and the piston again moves from
T.D.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 180" and the piston moves back to T.D.C,

Note :  In four-stroke cycle, the crank revolves through two revolutions,

Fig. 262, Four-stroke cycle engine.

2. Theoretical valve timing diagram for mvo-stroke eycle engine. The theoretical valve
timing diagram for a two-stroke cycle engine is shown in Fig. 26.3. In this diagram, the fuel is fired
atA and the expansion of gases takes place from A to B. The TDC
crankshaft revolves through approximately 120° and the
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
810 C. The crankshaft revolves through approximately 120°
and the piston moves first to BDC and then little upwards.
Al 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 T.D.C,

Notes : 1. In a two stroke cycle, the crank revolves through one
revolution.

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- B, I'J.C
ever, in this book, the authors have given the diagrams which are
widely used. * Fig.26.3. Two-siroke cycle engine.

26.9. Fows-.troke Cycle Petrol Engine

Itis 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).

o y
*  In 1978, Doctor Otto, a German engincer devised an engine working on this cycle. The determin.ation
of air slandard efficiency of Ouo eyele 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.toT.D.C. As aresult 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 compressionstroke is shown
inFig. 26.4 (b).

Spark plug

Inlet o Exhaust [ é ]
va[ue“—l—é—-l- valva
S5

i

e L]
(a) Suction or (b) Compression (c) Expansion or (ef) Exhausl
charging stroke. stroke. working stroke. stioke.

Fig. 26.4. Four-stioke cycle peirol engine.

3. Expansionorworking stroke. Shortly before the piston reaches 7.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 ex pand due to high
speed of the piston. During this expansion, some of the heat energy produced is transformed into
incehanical work. It may be noted that during this working stroke, as shown in Fig. 264 (c), both the
valves are closed and piston moves from 7.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
7' 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 (d). 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
acroplanes. )

26.10. Actual Indicator Diagram for a Four-siroke Cycle Petrol Engine

The actual indicator ¢, :gram 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 cylinder. 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
the cylinder remains somewhat below the atmos-
pheric pressure during the suction stroke. The com-
pression stroke is shown by the line 2-3, which
shows that the inlet valve closes (IVC) a liule be-
yond 2 (i.e. BDC). At the end of this stroke, there is -
an increase in the pressure inside the engine cylin- i pressure |
der. Shortly before the end of compression stroke T.0C. E_E_C_
(i.e. TDC), the charge is ignited (IGN) with the help — Volume ——=
of spark Rlug as shown in the figure. The sparking Fig. 265, Actual indicator diagram for a four
suddenly increases pressure and temperature of the stroke cycle petro) engine.

— PIOSSWG ——
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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) alittle before 5 (i.e.
BDC). Now the burnt gases are exhausted into the atmosphere through the exit valve. The exhaust
stroke is shown by the line 5-1, which lies above the atmospheric pressure line. It is this pressure
difference, which makes the burm gases to flow out of the engine cylinder. The exit valve offers some
resistance lo the outgoing burnt gases. That is why the burnt gases can not escape suddenly from lhe
engine cyiinder. 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 litle 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

TDC : Top dead centre

BDC : Bottom dead centre

1VO : Inlet valve opens (10°-20° before TDC)
1VC : Inlet valve closes (30°- 40° after BDC)
IGN : Ignition (20°-30° before TDC)

EVO : Exit valve opens (30°-50" before BDC)
EVC : Exit valve closes (10%15° after TDC)

BDC.

Fig 26.6. Valve timing 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 TDC to 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.
26.12. 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). Tt continues till the
niston 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 BDC'to TDC. As aresult 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 vaive
Intet Exhaust
vaive | || ff vaie LILL .Lu..l. - H
E.-\u v e
3 . 2 ;
(a) Suction or (b) Compression (r) Expansion or (ef) Exhaust
charging stroke. siroke. ) working stroke. stroke.

Fig. 26.7. Four stroke cycle diesel engine.

3. Expansion or werking stroke. Shortly before the piston reaches the TDC (during the
compression stroke), fuel oil is injected in the form of very fine 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 fuel, It 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 bumnt at constant pressure. Due to increased 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 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 BDC.

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 atmosphere, This completes the cycle and the engine cylinder is
ready to suck the fresh air again.

Nofe : The four stroke cycle dicsel engines are generally employed in heavy vehicles such as buses, trucks,
tractors, pumping sets, diesel locomotives and in earth moving machinery.
,.‘!ﬁ.l 3. 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 suction 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
air can not enter suddenly into the engine cylinder. Asaresult
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 |

i
FVC Suclion  Aymospheric

that the inlet valves closes (/VC) alittle beyond 2 (i.e. BDC). pressure
At the end of this stroke, there is an increase of pressure -_'T_I!)C e
inside the engine cylinder. Shortly before the end of com- L Volume —=

pression stroke (i.e. TDC), fuel valve opens (FVO) and the
fuel is injected into the engine cylinder. The fuel is ignited ;5 26.8: Actual indicator diagram for a
by high temperature of the compressed air. The ignition four stroke cycle diesel engine.
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suddenly increases volume and lemperature of the products of combustion. But the pressure,
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 a little before 5 (i.e. BDC). Now the bumt gases are exhausted into the
atmosphere through the exhaust valve. The exhaust stroke is shown by the line 5-1, 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 bumt gases can not escape suddenly 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 Dicsel Engine

In the valve timing diagram as shown in Fig. 26.9, we sec 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

TDC : Top dead centre

BDC : Bottom dead centre

IVO : Inlet valve opens ( 10° - 20° before TDC)
IVC : Inlet valve closes (25° - 40° afler BDC)
FVO : Fuel valve opens (10° - 15° before TDC)
FVC: Fuel valve closes (15° - 20° after TDC)

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

EVC : Exhaust valve closes (10° - 15” after TDC)

BDOC

Fig. 269. Valve timing diagram for a four stroke eycle 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 litle 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 Engincs

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
thase of a petrol engine. The ignition system, which usually consists 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 exacily 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 :
§ Na Petrol Engines Diesel Engines
1| A petrol engine draws a mixture of petrol and air| A diesel engine draws only air during suction

v during suction stroke. stroke.

2. | The carburettor is employed to mix air and petrol|  The injector or atomiser is employed to inject the
in the required proportion and 1o supply it to the| fuel at the end of compression stroke,
engine during suction stroke.

\/3. Pressure at the end of compression is about 10bar.|  Pressure at the end of compression is about 35 bar.
4, | The charge (i.e. petrol and air mixture) is ignited| The fuel is injected in the form of fine spray. The
V7 | with the help of spark plug. temperature of the compressed air (about 600°C

at a pressure of about 35 bar) is sufficiently high
to ignite the fuel.
5. The combustion of fuel takes place approximately|  The combustion of fuel takes place approximately

.\/’ at constant volume. In other words, it works on| &t constant pressure. In other words, it works on

Otto cycle. Diesel cycle.
6. A petrol enginc has compression ratio| A diesel engine has compression ratio

N approximately from 6 to 10. approximately from 15 to 25.

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

\‘)< compression ratio.

8. As the compression ratio s low, thepetrol engines| As the compression ratio is high, the diesel

X are lighter and cheaper. engines are heavier and costlier.

9. The running cost of a petrol engine is high| The running cost of diescl engine is low because

Y because of the higher cost of petrol. of the lower cost of diesel.

i The maintenance cost is less. The maintenance cost is more.

V}l. The thermal efficiency is upto about 26%. The thermal efficiency is upto about 40%.

12. | Oveheating trouble is more due to low thermal Oveheating trouble is less due to high thermal
efficiency. efficiency.

- 13. | These are high speed engines. These are relatively low speed engines.

14, | Thepetrol engines are generally employed inlight|  The diesel eagines arc generally employed in
duty vehicles such as scooters, motorcycles, cars.|  heavy duty vehicles like buses, trucks, and earth
These are also used in acroplanes. moving machines elc.

26.17. Two-stroke Cycle Petrel 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 onc 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 :

1. 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 enters 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. Bul the volume, practically, remains constant. Due torise
n 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 heatenergy
produced is transformed into mechanical work.

(e} Suction () Compression. () Expansion, (ef) Exhast,
Fig. 20,10, Two-stroke cycle petrol engine.

4. Exhaust stage. Tnthis stage, the exhaust port is opened as 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. 26.10 (d). This completes the cycle and the engine cylinder is ready
to suck the charge again. '
Note 1 The two stroke petrol engines are generally employed in very light vehicles such as scoolers, motor 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 m 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
bumt gases increases. This happens as the piston
moves from 1 to 2 (i.e. BDC). In the second half of
the suction stage, the volume of charge and burnt
gases decreases. This happens as the piston moves
upwards from 2 to 3. A little beyond 3, the exhaust
port closes (EPC) at 4. Now the charge inside the
engine cylinder is compressed which is shown by the
line 4-5. At the end of the compression, there is an
increase in the pressure inside the engine cylinder.
Shoitly before the end of compression (i e. TDC) the
charge is ignited (IGN) with the help of spark plug
as shown in the figure. The sparking suddenly in-
creases pressure and temperature of the products of
combustion. But the volume, practically, remains constant as shown by the line 5-6. The expansion
is shawn by the line 6-7. Now the exhaust port opens (£PO) at 7, and the burnt gases are exhausted

- Pressurga —=

Fig. 26,11, Actwal indicator diagram for a two
stroke cycle pewrol enginc.
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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 710 1. At 1, the transfer port opens (TPO) and
the suction starts.

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

2. As s00n as the exhaust port is uncovered by the piston (at this moment the transfer port is still
covered), the bumt gases will be exhausted with a great force till the pressure in the cylinder is reduced,
approximalely 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 spaces 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:Tup&udmh

BDC ; Bottonh dead centre

EPO : Exhaust port opens (35° - 50° before BDC)
TPO : Transfer port opens (30° - 40° before BDC)
TPC : Transfer port closes (30° - 40° after BDC)
EPC: Exl‘nmlponopuu[ﬁs"-w"mum
IGN : Ignition (15° - 20° before TDC)

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

before the piston reaches BDC and the bumnt gases start leaving the cylinder. After a small fraction
of the crank revolution, the transfer port also opens and the fresh fuel-air mixture enters into the engine
cylinder. This is done as the fresh incoming charge helps in pushing out the bumnt gases. Now the
piston reaches BD'C 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 7DC, the bumt gases (under high pressure and temperature) push the piston
downwards with full force and expansion of the bumt 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.

26.20. Two-stroke Cycle Diesel Engine

A two-stroke cycle diesel engine also has one working stroke after every revolution of the
crank shaft. 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 (5). In this stage, the inlet port opens and the fresh air enters into the crank case.
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3 E l;mrmrm 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 toignite the fuel. It suddenly increases the pressure and temperaturc
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 bumt gases expand due to high speed of the piston. During
the expansion, some of the heat energy produced is transformed into mechanical work.

ali

{er) Suction, {b) Compression. (c) Expansion. (f) Exhaust.
Fig. 26.13. Two-stroke cycle diesel engine.

4. Exhauststage. Inthis 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 1o
suck the air again.
Note : The two stroke diesel engines are mainly used in marine propulsion where space and lightness are the
main considerations,
26.21. Actual Indicator Diagram for a Two Stroke Cycle Diesel Engine

The actual indicator diagram for a two-stroke cycle diesel engine is shown in Fg 26.14. The
suction is shown by the line 1-2-3 i.e. from the instant transfer port opens (TP} and transfer port
closes (TPC). We know that during the suction
stage, the exhaust port is also open. In the first half
of suction stage, the valume of air and bumt gases
increases. This happens as the piston moves from
1-2 (i.e. BDC). In the second half of the suction |
stage, the volume of air and burnt gases decreases. i
This happens as the piston moves upwards from 2-3, i
A little beyond 3, the exhaust port closes (EPC) at ‘|
4. Now the air inside the engine cylinder is com- |
pressed which is shown by the line 4-5. At the end |
of compression, there is an increase in the pressure |
inside the engine cylinder. Shortly before thz end of 0
compression (i.e. TDC), fuel valve opens (FVO) and
the fuel is injected into the engine cylinder. The fuel
isignited by high temperature of the compressed air. -
The ignition suddenly increases volume and tem-
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 (EPG) at 7 and the

—— Pressure. —

2614, Actual indicator diagram for a two
stroke cyele diesel engine.
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bumnt 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 |. At 1, 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 gascs. 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
and to exhaust the burnt gases through the exhaust port simultaneously. Now the charge is compressed
TBC : Top dead centie
BDC : Bottom dead centre
FVO : Fuel valve opens (10° - 15° before TDC)
FVC : Fuel valve closes (15° - 20° after TDC)
EPO : Exhaust port opens (35° - 50° before BDC)
TPO : Transfer port opens (30° - 40° before BDC)
TPC : Transfer port closes (30° - 40 after BDC)

EPC : Exhaus! 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 guantity 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 pasition.
26.23. Scavenging of L.C, Engines
We have already discussed in Art. 26.5, the sequence of operations ina cycleof an [.C.engire.
The Jast stroke of an 1.C. engine is the exhaust, which means the removal of bumt 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 femain inside the cylinder and mix
with the fresh charge. As a result of this mixing, the fresh charge gets diluted and its strength is
- reduced, The scientists and engineers, all over the world, have concentrated on the design of their
1.C. engines so that the burnt gases are completely exhausted from the engine cylinder before the
suction starts. The process of removing bumt 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 cycle engines. In a 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 inthe clearance space.

2. Two-stroke cycle engines. In atwo-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. Crossflow 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).

o Tl
PG A
— ‘ \\
€ I
7:__".17.-,/ :?_'iEEE
(a) ©®) ' (o)

Fig. 26.16. Types of scavenging.

2. Buckflow 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 en gine cylinder, forms
a loop and pushes tut the burnt gases as shown in Fig. 26.16 (b).

3. Uniflow scavenging. In this method, the fresh charge, while entering from one side (or
sometimes two sides) of the engine cylinder pushes out the gases throngh the exit valve situated on
the top of the cylinder. In uniflow 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 1.C. Engines

The loud pulsating noise heard within the engine cylinder is known as detonation (also called
knacking or pinking). It is caused due to the propagation of a high speed pressure wave created by
the auto-ignition of end portion of unbumnt 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
tollowing are certain factors which causes detonation :

I. The shape of the combustion chamber;

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



598 A Text Book of Thermal Engineering

5. 'The rate of combustion of that portion of the fuel which is the first to ignite. This portion
of the fuel in heating 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 : _

1. A loud pulsating noise which may be accompanied by a vibration of the engine.

2. Anincrease in the heat lost to the surface of combustion chamber.

3. Anincrease in carbon deposits.

26.26. Rating of S.1. Engine Fuels--Octane Number

The hydrocarbon fuels used in spark ignition (S.1.) engine have a tendency to cause engine
knock when the engine operating conditions become severe. The knocking tendency of a fuel in S.1.
engines is generally expressed by its octane number. The percentage, by volume, of iso-octane in a
mixture of iso-octarje 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 ocrane 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 heptane, then this fuel
would be assigned an octane number rating of 75. This octane number raling is an expression which
indicates the ability of a fuel to resist knock in a 8.1. 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 owput
and specific fuel consumption are functions of compression ratio, therefore we may say that these are
also functions of octane number rating. This fact indicales the extreme importance of the octane
number rating in fuels for S.I. engines.

26.27. Rating of C.I. Engine Fuels--Cetane Number

The knocking tendency is also found in compression ignition (C.I.) engines with an effect
similar to that of S 1. engines, but it is due to a different phenomenon. The knock in C.1. engines is
due to sudden ignition and abnormally rapid combustion of accumulated fuel in the combustion
chamber. Such a situation occurs because of an 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 cetane 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-methyi-naphthalene which is a hydrocarbon with poor ignition quality, is
assigned a 0 (zero) cetane number,

Note : The knocking in C.I. engines may be controlled by decreasing ignition lag. The shorter the ignilion lag,
the less is the tendency to knock.
26.28. Ignition Systems of Petrol Engines

. Wehave already discussed that the ignition in a petrol engine, takes place by means of a spark
plug at the end of the compression stroke. The voltage required to produce a spark across the gap
between the sparking points of a 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 to this, 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 :

1. Coil ignition system, and 2. Magneto ignition system.

These ignition systems are discussed, in detail, in the following pages :
26.29. 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 core, as shown in Fig. 26.17. 17. The

Enmary coil consists of a few hur hur_)dred lurns ;aboul 300 tums) of wire. Over this coil, but insulated
from it, are wound several thousand turns {about 20,000 turns) of secondary coil. The one end of the
primary ¢oil is connected to a ignition swilch, ammeter and batteTy generally of 6 volts. m other
end of the primary coil is connected to a condenser and a contact brtaker

Secondary winding
Solt iron core
swilch o Distributor
|
z
Primary winding Contact
breaker

Battery

" Fig. 26.17. Cuil ignition systeim.

A condenser is connected across the contact-breaker for the following two reasons :

I. [t prevents sparking across the gap between the contact breaker pointy

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 through the primary coil, it sets up a magnetic field which surrounds
both the primary and secondary coils. As the switch is on, the conlact-bre"ker connect the two ends.
The magnetic field in coils has tendency to  grow from zero to mas maximum value. Due to this change
ll_l_—ll_i?_‘nﬁn_eﬂc field, a voltage is generated in both the coils, bt opposite (o the applied voltage (of
batiery). Thus the primary coil does not give the final value. The voltage in 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 genenuef:' in each coil. The value of the voltage depends upon the number

** A four lobed cam for four cylinder engine is an essential component of the make and break arrangement.
ILis rotated at half' the engine speed.
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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 to 20 000 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 adistributor. 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.
26.30. Magneto Ignition System

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

Secondary Contact Distributor
winding breaker

Spark plug

Fig. 26.18. Magneto ignition system. WE
It consists of ekther 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 1o 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.
26.31. Fuel Injection System for Diesel Engines

The following two methods of fuel injection system are generally employed with diesel
engings (i e.compression ignition engines) : .

1. Air injection meghod; and 2. Airless or solid injection method.

These methods are discussed, in detail, as follows :

1. Air injection method. 1In 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 of engine 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 di rectly 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. . _Commaon rail _ To other

- 3 s cylinders

(z) Common rail system, and g’;"?"‘”‘ valve

(b) Individual pump system.

These systems are discussed, in de-
tail, as below :

(1) Common rail system, In the
common rail system, as shown in Fig.
26.19, a multi-cylinder high pressure pump
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-mechanismdriven by the crankshaft of the engine.

Injection vahmk \Cylindﬂ

}" 1 Fuel line
£t

L Fuel purrtps:'
Crank case

Cyinder  [Cylinder

Fuel line

Muli cylinder fuel pump

Fig 26.20. Individual pump system of fuel injection.

(h) Individual pump sysiem. 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 1o 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 1L.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 absorbed by engine cylinder, cylinder head piston, and engine valves etc.
It has also’been found that the overheating of these parts causes the following effects : ‘
I. The overheating causes thermal siresses in the engine parts, which may lead to thei
distortion.
"9 The overheating reduces strength of the piston. The overheating may cause even seizure
of the piston.
3. The overheating causes decompdsition of the lubricating oil, which may cause carbon
deposit on the engine and piston head.
4. The overheating causes burning of valves and valve seals.
The overheating reduces volumetric efficiency of the engine.
6. The overheating increases tendc=.cy of the detonation.

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

I. Ttshould 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. Itshould 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

We have already discussed, in the last article,
the adverse effects of overheating of an I.C. engine
and characteristics of the cooling system adopied. The
following two systems are used for cooling the 1.C. )
engines these days : /Z,

I. Air cooling sysiem.  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 counlries 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- B4 0% i
ing radiating fins and flanges. In bigger units, fans are
provided to circulate the air around the cylinder walls Fig 2621, Air coaling system
and cylinder head.

2. Water cooling system (Thermosyphon system 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

valves

\ 7
0

> Fins

Cylinder

Filler cap
Upper tank  Cylinder

ater
jackels

Radiator cores

Air — {1 : Engine

Fig. 26,22, Water couling sysiem.
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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 shafi. 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. Air cooling system Waier cooling system
1. | The design of this system is simple and less| The design of this system is complicaied and
costly. more costly.
) 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
5 more. ’ less.
4, Its installation and maintenance is very easy and| [ts installation and maintenance is difficult and
less costly. more costly.
3 There is no danger of leakage or freezing of the| There is a danger of leakage or freezing of the
coolant. coolant.
- 6. it works smoothly and continuously. Moreoverit| If the system fails, it may cause serious damage
does not depend on any coolant. to the engine within a short time.

26.35. Supercharging of I.C. Engines

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. Ttis widely used in aircraft engines, 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 dre the
objects of supercharging the engines :

1. 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).

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

I. Reciprocaring type. Tt 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 problen.

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,

26.37. Lubrication of I.C. Engines

As a matter of fact, the moving parts of an 1.C. engine are likely to wear off due to continuous
rybbing action of one part with another. Inorder to avoid an early wearing of the engine parts, a proper
lubrication arrangement is provided in L.C. engines. In general, following are the main advantages of
lubrication of LC. engines :

1. It reduces wear and tear of the moving parts.

2. Itdamps down the vibrations of the engine,

3. Itdissipates the heat generated from the moving parts due to friction.

4. TItcleans the moving parts. '

5. Itmakes the piston gas-tight.

26.38. Lubrication System for 1.C. Engines

The following two lubrication systems of 1.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 lucricating 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.

| Baler
! (5 =ide—Gudgeon pin
i r"l'-
|.4' =l
}' {<— Connecling rod 0il gauge
i
iR Joumal Oil hola
I
4 /7 M
|
& ] 4
L/
s |
Pressure
release

valve

Fig.26.23. Splash lubrication.

The surplus oil is thrown dut, in the form of a spray, from the bearings by centrifugal action.
The surplus oil lubricates the cams, tappets and valve stenis. 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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liming gears. As the oil drains with the sump, it is pumped back by a purmp known as scavange puang
through an oil cooler to the oil tank, as shown in Fig. 26,24,

Low pressure ol =

" o camshall

Oiltank

OQil cogler

Pressure
pump Filter
i Low preésuhe
Hih pressurs relief valve

reliel valve

Fig. 26.24. Forced lubrication.

26.39. Governing of I.C. Engines

As a matter of fact, all the L.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 L.C, engine, is sure to change its speed. It
has been observed that if load on an 1.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, inorder 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 arangement, which will keep
the speed constant (according to the changing load conditions) is known as governing of I.C. engines.

26.40. Methods of Governing 1.C. Engines

Through there are many methods for the governing of 1.C. engines, yet the following are
important from the subject point of view :

I Hit and miss governing. This method of governing is widely used for I.C. engines of
smaller capacity or gas engines. This method is most suitable for engines, which are frequently
subjected to reduced loads and as a result of this, the engines tend to run at higher speeds. In this
system of governing, whenever the engine starts running at higher speed (due to decreased load),
some 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 due
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 1o 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. aii-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 (é.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. Whznever the engine Starts 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. Inthis 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 s complicated,
and has not proved to be successful.

26.41. Carburetior
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.

To engine

Throttle valve
Choke tube

Explosive

Float mixtura
Floal Air passage
chiamber

Needle vaive

Petrol

Fig. 26.25. Carburetior.

There are many types of (he 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 the jet and is controlled by a float and lever which
operales 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
& Awmisationis the mechanical breaking up ol the liquid fucl into small particles so thatevery minute particle

ol the fuelis surrounded by air
Vaporisalion is i change of state of fuel froma liguid to vapour.
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pressure in the tube facilitates the breaking up of fuel and its admixture with the air. A dhrottle 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 petiol engines. It is,
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,
confaining 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 such which can

: A . A Ground
withstand corrosiveness, high temperature having good ther- elecirode
mal conductivity. The electrodes are generally made from Fig.26.26. Spark plug.
the alloys of platinum, nickle, chromium, barium etc.
Note : The spark plug gap is kept from 0.3 mm to 0.7 mm. The cxperiments have shown that efficiency of the
ignition system is greatly reduced if the gap is oo large or too small. Sometimes, foreign malerials (such as
carbon) gets deposited in the spark gap. It is a source of nuisance, as it permits some of the high voltage current
10 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.

A

Insulalor

Central
eleclrode

Inlet port 9= Sill port
1]
O ) Tappet
e
(a) Fuel puinp. (&) Beginning of stroke. () End of stroke.

Fig. 26.27

The simplified sketch of a fuel pump is shown in Fig. 26.27 (). 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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towering the plunger respectively. The fuel oil is highly filtered by means of fell-pack filter before
entering the barrel of the pump.

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

When the plunger is at the bottom of its stroke as shown in Fig 26.27 (b), the fuel enters the
barrel through the inlet port. As the plunger rises, it forces this fuel up into the injector, until the upper
part cutaway 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
therefore more fuel is injected. When the plunger is rotated
sothat the groove is opposite Lo the sill port, no fuel at all is
injected and thus the engine stops.

26.44. Injector or Atomiser

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 of an 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 7 Nozzle
into the engine cylinder. The fuel which leaks past the
vertical spindle is taken off by means of an outlet pipe fitted Fig. 26.28. Injector or Atomiscr.
at B above the fuel inlet pipe.

gp Lock nuly

QUESTIONS
1. Whatiis the difference between internal combustion and external combustion engines ?
2. How the internal combustion engines are classified 7
3. List the advantages and disadvantages of a two stroke cycle engine over a four stroke
one.
4. Desciite briefly and with appropriate sketches, the aclual 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 skefches.
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 ?
9. Describe the phenomenon of detonation in L.C. engines. On what factors does detonation
depend ?
10. Explain what do you understand by octane and cetane number rating of u fuel.
11. Draw the electrical circuit used for battery ignition in a four stroke four cylinder engines.
Explain the function of each component.
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12. Discuss the cooling requirement of an I1.C. eagine. Describe the different methods of
cooling and give specific examples where each method is employed.

13. Explain the need and methods of supercharging in L.C. Engines.

14. Discuss the lubrication system in L.C. engines.

15. What is the function of a carburettor inan S.1. 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. Ina four stroke engine, the working cycle is completed in

(a) one revolution of the crankshaft (k) two revolutions of the crankshaft
(¢) 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.
() half (b) same (c) double (d) 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
(ay10:1 (bh)15:1 (©)20: 1 (d)25: 1
5. The thermodynamic cycle on which the petrol engine works, is
(a) Otto cycle (b) Joule cycle (c) Rankinecycle  (d) 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
() low power will be produced (b) efficiency will be low
(c) higher knocking will occur () black smoke will be produced
8. A petrol engine has comprescion ratio from
(a)6to 10 () 101015 (c) 151025 (d) 25 to 40
9, The function of a distributor in a coil ignition system of 1.C. engines is
(@) to distribute the spark (b) to distribute the power
(c) ta 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 () air and diesel
(¢) petrol and lubricating oil () petral and air
12. A spark plug pap is kept from
(a) 0.3 10 0.7 mm (6)0.2t0 0.8 mm
() 0.4 10 0.9 mm (d) 0.6to 1.0 mm
13. The knocking tendency in spark ignition engines may be decreased by
(1) controlling the air fuel mixture (b) controlling the ignition timing

(¢} reducing the compression ratio () all of these
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14. The violent sound pulsations withix the cylinder of an L.C. engine are due to

(a) detonation () 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
1. (b) 2.4¢) 3. (b) 4, (b) S (a)
6. (¢) 7.(c) 8. (a) 9. (d) 10. ib)

1. d) 12.(a) 13.(¢) 14. (a) 15. (d)
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Testing of Internal Combustion Engines

1. Introduction. 2. Thermodynamic Tests for L.C. 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. Heai Balance Sheel.

27.1. Intreduction

In the last chapter, we have discussed the working i.e. operation of the I.C. engines. As a matter
of fact, when an1,C. engine is designed and manufactured, then itis tested in a laboratory. The purpose
of testing are :

|. To determine the information, which can not be obtained by calculations.

2. To confirm the data used in design, the validity of which may be 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 L.C. Engines
An internal combustion engine is put to the thermodynamic tests, so as lo determine the
following quantities :

1.“Indicated mean effective pressure ; 2. Indicated power ; 3.Speed of the engine ; 4 Brak.
torque ; 5. Brake Power ; 6. Mechanical Losses (Motoring _tcsl} : 7. Mechanical efficiency ; 8. Fuel
consumption ; 9. Thermal efficiency ; 10. Air consumption ; 11. 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-ordinales 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. 21.1 (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



612 A Text Book of Thermal Engineerin g

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’, and
I = Length of the diagram in mm,
. Mean effective pressure (in bar)
. Area of indicator card x Scale of indicator spring _axs
B Length of indicator card T

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

Indicator diagram

Equivalent [ |

ir'ec:angle i

2| k- ey |

g | | ! l
& o ' a

| ! Mo |
| i \Sv_f_' r
—\Vnlume —— Volume -
(a) Equivalent rectangle method. (b) Mid-ordinate method.

Fig.27.1

In case of mid-ordinate methed, 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. Al! these
mid-ordinates are added and the total is divided by number of ordinates (o gel the mean height of the
diagram.

Let m = Mean height of the diagram, and

s = Scale of the indicator spring.

-« Mean effective pressure

=ms

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

274. Indicated Power

The indicated power (briefly written as LP.) is the power actually developed by the engine
cylinder. It is based on the information obtained from the indicator 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 inm?:

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

*  Anengine indicator is, usually, provided with a set of accurately calibrated springs each of which is stamped
with a number, This number indicates the pressure (in bar) required to produce a deflection of 1 mm. The
number is sometimes known as spring number.
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= Number of working strokes per minute

=N . . . (For two stroke cycle engine)

= N2 . . .. (For four stroke cycle engine)
P X 10X LXAXN

. Indicated power, LP. = 0 walts

10p, LAR

s kW ... {For single cylinder engine)
100Kp LAR

= T k - - - (For multicylinder engine)

where K = Number of cylinders.

27.5. Morse Test

The Morse test is adopted to find the indicated power of each cylinder of a hlgh speed L.C.
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 1) is cut-off so that it does not develop any
power. This is done by short circuiti ng 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 cylinders.

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

Let 1,1, I, and I, = Indicated power of each individual cylinder.

F,, F,, Fyand F, = 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
=(h+hL+ L+ 1)~ (F +F,+F54F) e |
When the cylinder No. 1 is cut-off, then [, =0, but the frictional losses of the cylinder remain

the same.
.. Brake power of the remaining three cylinders,

B, = (0+L+L+1)-(F +F,+F+F) (i)
Subtracting equation (i) from equation (i),
B-B, = I,
or  Indicated power of the first cylinder,
1, = B-B,
Similarly, indicated power of the second cylinder,
I,=B-B,
Indicated power of the third cylinder,
I, = B-B,
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Indicated power of the fourth cylinder, -
I, =B-B,
and total indicated power of the engine,
I =1 +L+1+1,
Example 27.1. A s ugle cylinder, two stroke peirol engine develops 4 kW indicated power.

Find the average speed of the piston, if the mean effective pressure is 6.5 bar and piston diameler is
100 mm.

Solution. Given:LP.=4kW; p =65bar; D, =100mm=0.Im
Let L = Length of stroke in metres, and
N = Speed of the engine inr.p.m.
.+ Number of working strokes per minute,
n=N ... (. Engine works on two stioke cycle)
We know that area of piston,

A= ;w.n2 = 7855 10* m?

.. Indicated power (1.P.),
100p, LAn  100x65xLx7855% 10" x N
4= D = 25 =00851 LN
or LN =47
- Average speed of the piston

=2LN=2x%47 = 94 m/s Ans.

[Example 27.2. In a laboratory experiment, the following observations were noted during
the test of a four stroke Diesel engine :

Area of indicator diagram = 420 mm? ; Length of indicator diagram = 62 mm ; Spring number
= |.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=420 mm?:l=62mm;s=11 bar/mm; B, =100 mm =0.1m ;
L=15mm=0.15m;N=45:rpm.

We know that area of piston,
A=F017 = 7855x10" m?

and number of working strokes per minute,
n=N/2=450/2 = 225 ... {7 Engine works on four stroke cycle)

|. Indicated mean effective pressure

We know that indicated mean effective pressure,

; 420 1.1
P, = = = === = 745 bur Ans.

2. Indicated power

We know that indicated power,

100p LAn -3
IP. = Pm _ 100 x745x0.15x 7.855x 10 x 225 W
60 60

= 329 kW Ans.
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27.6. Brake Power
The brake power (briefly written as B.P.) is the power available at the crank shaft. The brake
power of an .C. engine is, usually, measured by means of brake mechanism (prony brake or rope
brake). 4
In case of prony brake, let
W = Brake load in newtons,
I = Length of arm in metres, and
N = Speed of the engine in r.p.m.
. Brake power of the engine,

_ Torque in N-m x Angle turnedﬂi]n radians throsgh 1 revolution R.P.M. watts

_IxmN _ Wix2inN
60 60
=¥ In case of rope brake, let
W = Dead load in newtons,
§ = Spring balance reading in newtons,

B.P.

waltts

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,

1

B.P. = LW__%‘)OLQ_‘N_' waltls ... [without considering diameter (d) of the rope]
. ;
= Lﬂ--ﬁ%{}-ﬂ walls ... [Considering diameter (d) of the ropc

Example 27.3. f}’la following data were recorded during a icst on an oil engine ;
Speed of the engine = 1000 r.p.m. ; Load on the brake = 1000 N ; Length of the brake = 750

Determine : 1. Brake torque ; and 2. Brake power of the engine.
Solution. Given: N =1000r.pm.; W=1000N;!=750mm=075m
|. Brake torque
We know that brake torque,
T =Wl =1000x075 = 750N-m Ans.
2. Brake power of the engine
We know that brake power of the engine,

Tx2nN 750 %2 nx 1000
60 60

Exampje 21.4. A rope brake has brake wheel diameter of 600 mm and the diameter of rope
is § 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 =600 mm=06m;d=5mm=0005m; W= 210N ;S=30N;
N = 450 rp.m.

B.P. =

= 78550 W = 78.55kW Ans.
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We know that brake power developed,
BP = (W-5 :;éDﬂ!}N _ (210-30) = (0.6 + 0.005) 450 W

60
= 2570 W = 25TkW Ans.

27.7. Efficiencies of 1.C. Engine
The efficiency of an engine is defined as the ratio of work done to the energy supplied to an
engine. The following efficienicies of an I.C. engine are important from the subject point of view :

1. Mechanical efficiency. Itis the ratio of brake power (B.P.) to the indicated power (1.P.).
Mathematically, mechanical efficiency,

_BP.
M= = Tp.

It may be 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
greater than brake power. The power, which is lost in overcoming the engine friction, is known as
frictional power. Therefore frictional power,

FP. = LP.-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 m, = Massof 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
=4 kJ
60
and work obtained at the crankshaft per minute
. =BP.x60 KJ «..(7 BP.isinkW and | kW = 1k)/s)
] . _ BP.x60x60 _ B.P.x 3600
« Ovenall efficiency, n, = mxC = mxC

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

n = Heat equivalent to one kW hour
d Heat in fuel per L.P.hour

_ 3600 _IP.x3600
ﬁxc" mxC
LP.

m
Note ; The ratio ﬁ'[ is known as specific fuel consumption per LP. per hour.

4. Brake thermal efficiericy. Ttis 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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3600 _ B.P.x 3600

mxC ~ mxC

BP,

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

5. Air standard efficiency. The air standard efficiency of an I1.C. engine may also be
obtained mathematically from the general expression for the air standard efficiency i.e.

Tlﬂ" =1- }‘;'_-]— + .« (For petrol engines)
1] p-1 _ _
_;;-_—l m_—l) .+« (For Diesel engines)
where r = Compression ratio,

Y = Ratio of specific heats, and
p = Cut-off ratio.

6. Relative efficiency. Itisalso known as efficiency ratio. The relative efficiency of an 1.C.
engine is the ratio of indicated thermal efficiency to the air standard efficiency. Mathematically,

Indicated thermal efficiency
Air standard efficiency

Relative efficiency =

7. Volumerric 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,

_ Nolume of charge admitted at N-TP. 7,

o
® " 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.-TP, o

Example 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, ifits B.P. is 5 kW,

Solution. Given: D, =150 mm =0.15m; L =400 mm =04 m ip,=55bar;n=120;
BP.=5kW

We know that area of the piston,

A = 70157 = 00177 n¥
100p LAn
and indicated power, IP, = e = 100% 3504 x 00177x 120 = 1.79 kW
: 60 60
We know that mechanical efficiency of the engine,
BP. _ 5 _
Tn = 1p. = 7.9 = 06420r64.2% Ans,

Example 27.6. A four cylinder two stroke cycle petrol en gine develops 23.5 kW brake 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 N=2500rpm.;p, =8.5bar;n, =B85% =085
Let D, = Diameter of cylinder, and
L = Length of stroke = 1.5D, ... (Given)
We know that area of the cylinder,
A =5 0) =0m8550)
and number of working strokes per minute,
n=N=250 ... ("~ Engine works on two stroke cyc1_c}

We know that indicated power,

We also know that indicated power (I.P.),
100Kp, LAn
60

100 x4 x 8.5 x 1.5 D, x 0.7855 (D,)* 2500
™ 0 . = 166920 (D)’

{Dt)’ = 0000165 or D, =0055m = 55mm Ans.

27.65 =

and " L =15x55 = 82.5mm Ans.

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

Effective diameter of brake wheel = 630 mm ; Dead load on brake = 200 N ; Spring balance
reading = 30N ; Speed = 450 r.p.m. ; Area of indicator diagram = 420 mm’ ; 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 = 0.815 kg/h ; Calorific value of oil = 42 000 ki/kg.

Calculate brake power, indicated power, mechanical efficiency, brake thermal efficiency and
brake specific fuel consumption. :

Solution. Given:K=1;0=630mm=0.63m;W=200N;5=30N; N=450rpm.;
a=420mm?; [ =60 mm ;s = 1.1 bar/mm ; D= 100 mm = 0.1 m ; L = 150 mm = 0.15 m ;

m, = 0815 kg/h ; C= 42000 ki/kg

Bruke power
We know that brake power,

BO = (W=5)nDN _ (200 30) tx 063 X450 _ 2520 W
60 60
= 252kW Ans.
Indicated power
We know that indicated mean effective pressure,
P = E':fj = @6:)_” = 7.7 bar

Area of the cylinder, A = .:;-(Dl_)z - .I.:.{(}_”Z = 7.855 % 10~ m?
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and number of working strokes per min, .
n=NI2=450/2=235 ...(- Engincworkson four stroke cycle)
We know that indicated power,
L 100Kp,LAn  [00x1x7.7x0.15x7.855 x 10~ x 225

IP. = m - = KW
= 34kW Ans.
Mechanical efficiency
We know that mechanical efficiency,
L “?‘:;,“ = 33572 = 07418 or 74.18% Ans.

Brake thermal efficiency
" We know that brake thermal efficiency,

_ BP.x3600 _ _2.52x3600
PT mxC " 0815x42000

= 0265 or 265% Ans.

Brake specific fuel consumption
We know that brake specific fuel consumption
= B—m{; = %ﬁslzi =0323kg/B.P./h Ans.

Example 27.8. An engine uses 6.5 kg of oil per hour of calorific value 30 000 kl/kg. If the
B.P. of the engine is 22 kW and mechanical efficiency 85%, caiculate : 1. Indicated thermal
efficiency ; 2. Brake thermal efficiency ; and 3. Specific fuel consumption in kg/B.P./h.

Solution. Given:m = 6.5kgh; C=30000kikg; BP.=22kW ;n, = 85% = 0.85
I Indicated thermel efficiency

We know that indicated power,

~Indicated thermal efficiency,

_ LP.x3600 _ 25.88 x 3600
¢ mxC ~ 65%30000

2. Brake thermal efficiency
We know that brake thermal efficiency,
_— BP.x3600 _ 22x3600
: mxC 6.5 x 30 000
3. Specific fuel consumption
We know that specific fuel consumption

=048 or 48% Ans.

= 0406 or 406% Ans.

m
BP. 22
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 -

st w53 4 gaos kg/B.P./h Ans.
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efficiency if the calorific value of the fuel is 42 000 kJ/kg and the engine uses 0.34 kg of petrol per

brake power hour.
Solution, Given: K=4;N=1200 rp.m. ; BP.=18.6 kW ; T=105 N-m; C =42 000

kl/kg ; m = 034kg/B.P./h =034x186 = 6.324kg/h
We know that brake power per cylinder

T

. Brake power for three cylinders (i.e. when one cylinder is cut-out)
=4.65x3 = 13.95kW
Since the average torque (T) 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,

_Tx2aN _ 105x2xx1200 _ _
= - & = 13200W = 13.2kW

and frictional power per cylinder
= 1395-132 = 0.75kW
.. Total frictional power for four cylinders,
FP. =075x4 = 3kW

We know that indicated power,
ILP. = BP.+FP. = 18.6+3 = 21.6kW

- Indicated thermal efficiency,

LP.x3600 _ _21.6x3600 _
W= "mkE  GottxAza0y o0 o Wk Aw

Example 27,10, A four stroke, six cylinder gas engine with a stroke volume of 1.75 litres
develops 25 kW at 480 r.p.m.. The mean effective pressure is 6 bar. Find the average number of times

ench cylinder misfired in one minute.
Solution, Given K = 6 ; v, = LA = 175 litres = 1.75%107°m* ; IP = 25 kW ;
N=480rpm;p = 6bar
Let n, = Number of working strokes produced per minute.

We know that indicated power (LP.),
’ 100Kp, LAn, 100x6x6%1.75x 10 xn, A4
L 60 = 0 = 0.105n,

ny = 238

But the number of working strokes per minule are given as
: n=NI2=480/2 = 240 ... ("> Engine works on four stroke cycle

;. Number of times each cylinder misfired in one minute
=n—-n, =240-238 = 2 Aps,
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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 mm respectively with clearance volume
2.78 litres.

When the engine is running at I35 r.p.m., the indicated mean effective pressure was 5.2 bar
and the gas consumption 8.8 m*/hour. If the calorific value of the gas used is 16 350 k//n’, find 1.
air standard efficiency ; 2. indicated power developed by the engine ; and 3. indicated thermal
efficiency of the engine. '

Solution, Given:D,=200mm=02m;L=300mm=0.3m;v,=2.78litres=0.00278 m* ;
N=135rpm;p, = 52bar;m = 88m’ h;C=16350 ki/im’

. Air standard efficiency
We know that area of the cylinder,
A= %(02)2 = 0.031 42 n?
- Stroke volume, v, = A L = 0.03142x 0.3 = 0.009 426 m’

. , Total volume of cylinder _ ¥+
and compressionratio, r = - =
Clearance volume )

_ 0.00278+0.009426 _ ,
=7 ool T *

We know that air standard efficiency,

N ™ l=ie o 1-(7511‘—_—, = 1-0553 = 0.447 or 44.7% Ans.

Al

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

_10p,LAn  100x52%03x0.031 42 135
60 60

«..{"n = N, [or two stroke cycle engine)

1P, kW

11.03 kW Ans.
3. Indicated thermal efficiency
‘We know that indicated thermal efficiency,

- 1LP. x 3600 _ 11,03 x 3600
i mx C T 88x16350

‘Example 27.12. A four stroke petrol engine 80 mm bore, 100 mm stroke, is tested ut full
throftle at constant speed. The fuel supply is fixed a1 0.068 kg/min and the plugs of the four 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 = J25kW
With cylinder No, 1 cutoff = 9kW

= 0276 or 27.6% Ans.

With cylinder No. 2cutoff = 9.15kW
With cylinder No. 3cutoff = 92kW
With cylinder No. 4 cutoff = 9.1 kW
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Determing L.P. of the engine under these conditions. Also determine the indicated thermal
efficiency. Calorific value of the fuel is 44 100 kl/kg. Compare this efficiency with the air standard
vaiue. Clearance volume of one cylinder is 70 10° mm’.

" Solution. Given: D, = 80mm = 0.08m;L=100 mm=0.1m;m = 0068 kg/min =
408kgh;B=125kW ;B =9kW;B,=9.15kW ; B;=9.2kW ; B,=9.1 kW ; C= 44100 ki/kg ;
v,=170x 10° mm’

L.P. of the engine
We know that indicated power produced in cylinder 1,
I, =B-B, = 125-9 = 35kW
Indicated power produced in cylinder 2,
I, =B-B,=125-9.15 = 335kW
Indicated power produced in cylinder 3,
I, = B-B,=125-92 = 33kW
and indicated power produced in cylinder 4,
I, =B-B,=125-9.1 = 34kW
-, Indicated power of the engine,
LP. = L+ L+ 1,+1, = 35+335433+34 = 1355kW Ans.
Indicated thermal efficiency
We know that indicated thermal efficiency,

_ IP.x3600 _ 13.55x 3600
FS TmxC T 4.08x44100

= 0271 or 27.1% Ans.

Air standard efficiency
‘We know that swept volume
o, =0yL= 3 (807 100 = 503 10 mm’
.. Compression ratio,
_ Total cylinder volume _ Ye*?,

Clearance volume o,
70 % 10* + 503 x 10°
=l 1
70% 10°
We know that air standard efficiency,
1 | ” g
Noee = I-F=I-Wj . . (Taking y= 1.4 for air)

=1=0431 = 0.569 or 569% Ans.
Ratio of air standard efficiency lo indicated thermal efficiency

_ 0569 _
T 0271 %

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 150 mm and a stroke of
250 mm. The crankshaft speed is 300 r.p.m. and fuel consumption is 1.2 kg/h, having a calorific value
of 39 900 kJ/kg. The indicated mean effective pressure is 5.5 bar. If the compression ratio is 15 and
cut-off ratio is 1.8, calculate the relative efficiency, taking y = 1 4.

Solution. Given : D, =150mm = 0.15m; L = 250 mm = 025 m ; N = 300 rp.m. ;

m, =12 kg/h; C=39900kl/kg;p, = 55bar;r=15;p=18;y=14
We know that area of the cylinder,

A= f(o.ls)? = 00177 m?

and number of working stroke per minute,
n= N2 =302 =150 ...( Engine works on four stroke cycle)
100p, LAn
60
_ 100x5.5%0.25 x 0.0177 x 150 - 6.1kW
60
and indicated thermal efficiency,

LP.x3600 _ 6.1 3600
W ETmxC T 12x39900 - 04586 or 4586%

We know that air standard efficiency for diesel engine,

el [ p'-1
e = 1= 5557 | 351
T
= - - [I{;ﬁs_:)]z 1-0.386 = 0614 or 61.4%

Indicated thermal efficiency _ 0.4586
Air standard efficiency ~ 0.614

= 0747 or 74.7% Ans.

Example 27.14. A petrol engine has a cylinder diameter of 60 mm and stroke 100 . 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 Jikg K.

Solution. Given: D, = 60mm = 0.06m; L= 100mm=0.1 m; m=00002 kg

We know that swept volume of the piston,

v, = (006701 = 0283x 10 m’

-, Indicated power, LP.

I

1l

= Relative efficiency, 7,

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

p = MRT _ 0.0002x287x273 ,
“ P 1.013x 10%

0.155% 10 *m’

...{ - pv=mRT)

*  N.TP means normal temperature and pressure, i.e. temperature (7) of 0" C or 273 K and pressure 1.613
bar or 1.013x 10* N/fm?,
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. Volumetric efficiency,

Fxample 27.15.  Find the engine dimensions of a two cylinder, two stroke I. 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 = 0.73) ; Air-fuel ratio = 18:1 ; Piston speed =
600 m/min ; Indicated mean effective pressure = 5 bar.

Find also the brake power. Take R for gas mixture as 281 J/kg K at S.T.P.

Solution. Given ; K =2 ; N = 4000 rpm. ; n, = 077; 0, = 075 m= 10x0.73
= 73kg/him,/m = 18;2LN=600m/min;p, = 5bar; R=1281J/kg K

Engine dimensions

Let D_ = Diameter of the cylinder, and
L = Length of the stroke.
We know that piston speed,
2LN = 600
or L =600/2N=600/2x4000 = 0075m or 75mm Ans,
Mass of air required m, = myx 18 =73x18 = 1314kg/h <o (imfm = 18)

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

y o MaRT _ 1314x281x 288
v p 1.013x 10°

We know that swept volume of the piston per minute,

= 105 m’h = 1.75 m*/min

n
o, = (DY LxnxK
= E(Dc)’ 0.075x 4000 X 2 = 4713 (D, m¥min
...(" n =N, fortwo stroke cycle engine)
and volumetric efficiency (),
v
1€ o .

et _—
v, 4713(D)
(D) =482x1077 or D _=0.0694m or 69.4 mm Ans.

Brake power
We know that area of the cylinder,

L . - 2
A=20) =F006% = 000378 m

e
*  §T.P.means standard temperature and pressure, ie. temperature (T) of 15° Cor 288 K and pressure 1.013
bar or 1.013x 10% N/m?.
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100Kp, LAn  100x 2 x5 x0.075 x 0.003 78 x 4000
= kw
60 60
189 kW

- Brake power, BP. = LP.x1, = 189x0.75 = 14.17kW Ans.

and indicated power, LP.

]

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~ m’ develops 100 kW brake power and consumes 33 kg of petrol
per hour of calorific value 44 300 k/kg at 3000 r.p.m.

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

Assume a volumetric efficiency of 80 %. One kg of petrol vapour occupies 0.26 m’ ar 1.013-
barand 15° C. Take R for air 287 J/kg K.

Solution, Given: r=65;v, =LA =52x10" m*;BP.=100kW;m, = 33 kgh;
C=44300kl/kg i N=3000rpm.;y=14;1,=80%=08
I.  Brake mean effective pressure

Let P,;, = Brake mean effective pressure in bar,

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

100p,,LAn  100%p , x52% 10" *x 1500

100 60 = ﬁ(} s !3pnb

< (7 n=N12, for [our sunke engine)
Py = 71.7bar Ans.
2. Brake thermal efficiency

We know that brake thermal efficiency,
_ B.P.x3600 _ 100x 3600

=T e Txadan = 046 o M6E Ans.
3. Air standard efficiency
We know that air standard efficiency,
1 1
m!=|—F=]-W:|—=1—‘U.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, = v, XN, = 52x107¥%08 = 4.16x 10"’ m} ()
Let o, = Soecific volume of petrol (i.e. volume of | kg of petrol) at N.T.P.
conditions, i.e.at T, =0°Cor 273 K and p, = 1.013 bar, and

v, = Spezific volume of petrol (i.e. volume of 1 kg of petrol) at T, =
15°C or 288 K and p, = 1.013 bar

= 0.26m? ; .. (Given)

v v
We know that ﬂ,ﬁ-l— = &T‘—z
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P T 1.013%0.26 %273
= p T, T 1013x288

Mass of petrol consumed per cycle,

= 0.246m" kg of petrol

Mass of petrol consumed per minute

"™ = Number of working cycles per minute
- 3360 _ -3
= St = 0367% 10 %g
.. Total volume of petrol at N.T.P.
= 0246 x0.367 x 10~* = 0.0903 x 10~ *m" . (i)

We know that specific volume of air (i.e. volume of | kg of air) st NT.P. (ie. at T = 0°Cor
273 Kand p = 1.013 baror 1.013 x 10° N/m?),

_mRT _ 1 x287x2713 = 0.773 m¥kg of air

P 1.013x 10°
Let m kg of air is admitted per cycle, then total volume of air admitted,
v=07T13xmm L. (i)

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

. at N.T.P.
4.16% 107 = 0.0903 X 107*+073xm
or m = 5265x10 kg
-3
- Air-fuel ratio, . . 3265 x 10 = [4.35 Ans.

27.8. Air Consumption

The supply of air to an 1.C. engine may be measured experimentally by passing the air through
a sharp edged orifice into a large 1ank (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.

Theairisdrawninto alarge 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
of air in the tank is less than the atmospheric pressure due to the
powerful engine suction. Since the tank is relatively large, the T
air pressure may be assumed to remain constant.

T -

‘The outside air is assumed to flow continuously, through
the orifice, with a constant velccity. This velocity dependsupon
the difference of pressure between the air in the tank and the engne
atmospheric air. This pressure difference is measured by a
U-tube containing water, whose one limb is connected to the
inside of the chamber while the other end is open o the atmos-
phere. The temperature of atmosphere and barometer reading is
also taken.

Fig. 27.2. Air consumption.

Area of orifice in.m?,

2
Il

Let

™
1}

, = Coetficient 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/m’,
p, = Dengity of water in kg/m® = 1000 kg/m’,
h = Pressure difference measured in U-tube in metres of water.
Now head causing flow of air through orifice,
Py _ 1000k

H=hx metres of air ... (i)
u [']
We know that velocity of air,
= V2gH s
. Quantity or volume of air passing through the orifice,
Q=C,aV=Ca Y2gH m'fs o (i)

We know that mass of air supplied,
m, = Volume x Density = v,p, = @p, .

= C,aN2gH xp,
=C,a J2x9.8|x o xp,

=140 C,avhp, kg's
Note : The density of air (p,) at pressure p bar and absolute temperature T K may be obtained by applying the
characteristic equation of a gas, L.e.
p=p,RT or p, = pIRT
Example 27.17. Following readings were obtained during ihe test on a single cylinder,
4-stroke I.C. engine :

Engine speed = 300 r.p.m. ; Diameter of orifice of the air tank = 20 mm ; Pressure mu.rmg
air flow through the orifice = 100 mm of water.

Find the quanrity of air consumed per second, if its dzn.my under atmospheric conditions is
1.15 kg/m’. Take coefficient of discharge for the orifice as 0.7.

Solution. Given : *N =300 r.p.m. ; d = 20 mm = 0,02 m ; h = 100 mm of water = 0.1 m of
water;p, = 1L.I5kg/m’; C, = 0.7

‘We know that area of orifice,
a= f(nm}1 = 03142 x 10~ *m?

and head causing flow of air through orifice,

Po 0% 19 _ 8696 mofair ...( . p, = 1000kg/m’)

H=h
o 115

~. Quantity of air flow,
Q = C,aV2gH = 0.7%x0.3142x 107> V2 x 9.81 x 86.96 m'/s
= 0.0091 m¥s Ans,

*

Superfluous data
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27.9. Heat Balance Sheet

The complete record of heat supplied and heat rejected during 4 certain time (say one minute)
by an l.‘ -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 1.C. engine :

1. Heat supplied by the fuel
Let m; = Mass of fuel supplied in kg/min, and
C = Lower calorific value of the fuel in ki/kg.
We know that the heat in fuel supplied
= myx € kl/min e D)

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¥min at N.-T.P., and
C = Lower calorific value of the gas in kl/m® at N.T.P.
- Heat supplied by fuel = v, % Ckl/min

2. Heat absorbed in I.P. produced
" We know that the indicated power produced by I.C. engine,

100p, LAn
IP. = T kW -« . (For single cylinder enging)
. Heat absorbed in L P Jmin = 100p, LAn ki/min (VKW = 1kbs) L. (i)

3. Heat rejected ta 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 determine the heat rejected to the cooling water.

Let m,, = Mass’ of cooling water supplied in kg/min,
¢, = Specific heat of water which may be taken as 4.2 ki/kg K,

t; = Inlettemperature, and

i, = Outlettemperature.
Then heat rejected to cooling water

= m,c, (t,—1,) k¥/min v i)
4. Hear carried away by exhaust ga.%es

The mass of exhaust gases may be obtained by adding together the mass of fuel supplied and

the mass of air supplied. The mass of air supplied may be measured by an orificeor it may be calculated
from the analysis of the exhaust gases. The temperature of the exhaust gases is also measured.

Let m, = Mass of exhaust gases produced in kg/min,
¢, = Specific heat of exhaust gases, and
1 = Rise in temperature.
~. Heat carried away by exhaust gases
= myc, t kl/min o (iv)
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5. Unaccounted heat

There is always some loss of heat due to friction, leakage, radiation etc. which cannot be
determined experimentally. 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 LP., cooling water and exhaust gases.

Finally, the heat balance sheet is prepared as given below

Heat in
Particulars
5.No. K %
Total heat supplied 100
1 Heat absorbed in LF.
2 Heat rejected to the cooling water
3 Heat carried away by exhaust gases
4, Unaccounted heat

Example 27.18. An .C. engine uses 6 kg of “fuel having calorific value 44 000 kJ/kg in one
hour. The LP. developed is 18 kW. The temperature of 11.5 kg of cooling water was found to rise

through 25° C per minute. The temperature of 4.2 kg of exhaust gas with specific heat 1 kJ/kg K was
found to rise through 220° C. Draw the heat balance sheet for the engine.

Solution. Given : m, = 6kg/h = 0.1 kg/min; C=44 000 k)/kg ; [P.= IBkW ;m =15
kg/min ; £, =1, = 259C; m,= 4.2kg;c, =1 Kikg K 1=220°C

We know that heat supplied by the fuel .

= mfxC = 0.1 x44000 = 4400 kJ/min
Heat absorbed in LP. produced = J8KW = 18kJ/s = 1080 kl/min
Heat rejected to cooling water = m, ¢, (,—1) = 11.5%4.2x25 = 1207.5 ki/min

Heat lost to exhaust gases =mc, 1 = 4.2x 1 %220 = 924 kJ/min
and unaccounted heat = 4400 - (1080 + 1207.5+924) = 1188.5 kJ/min
Now prepare the heat balance sheet as given below ;
Heat in
Particulars
$.No. k %
Tatal heat supplied 4400 100
1. | Heatabsorbed in LP. 1080 24.55
2, Heat rejected to cooling water 1207.5 27.44
3. Heat carried away by exhaust gases 924 21.00
4. Unaccounted heat 1188.5 2701
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 107%m’;
Effective circumference of the brake wheel 3.86 m ; Net load an brake 1260 N at overall speed of
226.7 r.p.m. ; Average explosions/min 77 ; m.e.p. of indicator card 7.5 bar ; Gas used 13 m/hat 15°
C and 771 mm of Hg ; Lower calorific value of gas 49 350 ki/m’ at N.T.P. ; Cooling jacket water
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660 kg raised 10 34.2° C ; Heat lost to exhaux' gases 8%. Calculate : 1. LLP.: 2. B.P. ;3. Indicated
thermal efficiency ; and 4. Efficiency ratio. Also draw a heat balance sheet for the engine.
Solution. Given : D, =240 mm = 0.24 m ; L = 480 mm = 048 m : v, = 4450% 10~ *m*:
AD=386m;(W-5) = 1260N; N=2267 rpm ;n= MM:p,=75bar;v, = 13m'm ;
T, =15°C = 288K ; p, = 771 mmof Hg ; C = 49 350 kJ/ra’ im, =660 kg/h = |1 kg/min ;
1,~1, = 34.2°C  Heat lost to exhaus! gases = 8%
L P
We know that area of the cylinder,

= 07 = T2 = 0045 m?

_10p,LAR _ 100x7.5%048 0045 X T7 IRV A

1P, == -
2. BP.
Weknow thatBp, = (W=SIXDN _ 1260x386x2267 _ . .0\
0 60
= IB4KW Ans.

3. Indicated thermal efficiency
First of all, let us find the volume of gas at N.T.P. (i.e. temperature 0° C and pressure 760 mm

of Hg).
Let v, = Volume of gas at NT.P.

T, = Absolute temperature of gas = 273K
Py = Pressure at NT.P, = 760 mmof Hg

According to the gas equation,

P% _ A%
T B T,
2% T Txp 3
or Y, = T, xpu— 288 x..,w 125m

< Indicated thermal efficiency,
_ IP.x3600 _ 20.8x3600

- o =0, 1% Ans.
M= Txe ~Haxing ~ T e 1215k

4. Efficiency ratio*
First of all, let us find out the air standard efficiency ( M,...)- We know that swept volume,

v, = ;wc}’.a = ;(u.:u)? 0.48 = 00217 m®

and clearance volume, v, = 4450% 10 ¢m’
* Total volume = v 43, = 0.0217+4450% 10°% = 0,026 15 m"

*  [vis also known as relative efficiency.
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Total volume __ 0.026 15

i i = = = 5.876
D e Clearance volume ~ 4450 x 108
We know that air standard efficiency,
| | o 5
1‘]‘“‘: l‘—-F:‘ |—W_—I—i—o‘492—0.5|3

. .. (For air, Y= 1.4)
Indicated thermal efficiency _ 0.121
Air standard efficiency 0518

Efficiency ratio = =023 or 234% Ans.

Heat balance sheet
We know that heat supplied by the fuel
= gyxC - ... (Uy = Vol. of gas used for.one hour at N.T.P.)
- -‘—2—'5"—63’;339 = 10280 kV/min

Heat absorbed in LP. produced
= 208 kW = 20.8k)/s = 1248 kJ/min
Heat rejected to cooling water
=m,c,(t,—1) = 11x42x342 = 1580 kJ/min
Heat lost to exhaust gases (8% given)
= 0.08x 10280 = 822.4 kJ/min
and unaccounted heat = 10280~ (1248 + 1580 +822.4) = 6629.6 kJ/min

Now prepare the heat balance sheet s given below :

_ Heat in
Particulars
5.No. o %

Toual heat supplied 10 280 100

i Heat absorbed in LP. produced 1248 12.14

2. Heat rejected to cooling water 1580 15.36

3 Heat lost 1o exhaust gases 8224 8.00

4, Unaccounted heat 6629.6 64.50
Total 10280 100

Example 27.20. A six cylinder, four stroke diesel engine has bore 360 mm and stroke 500
mm. A trial on the engine provided the following data :

Mean area of indicator diagram = 780 mm’ ; Length of the indicator diagram = 75 mm ;
Spring number = 0.7 bar per mm of compression ; Brake torque = 14 000 N-m ; Speed = 500 r.p.m. ;
Fuel consumption = 240 kg/h ; Calorific value of fuel oil = 44 000 kl/kg ; Jacket cooling water =
320 kg/min ; Rise in temperature of cooling water = 40° C ; Piston cooling oil = 140 kg/min ; Specific
heat = 2.1 ki/kg K ; Temperature rise of oil = 28° C ; Circulating water in gas calorimeter = 300
kg/min ; 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
| kg of fuel oil basis.
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Solution. Given: K=6;D_= 360mm = 036 m; L=500 mm=0.5m; a=780 mm?;
{=75mm ;s =07 bar/mm ; T = 14 000 N-m ; N = 500 r.p.m. ‘.m!=240 kg/h =4 kg/ min ;
C =44 000 kl/kg ; m,, = 320 kg/min ; 1,—1, = 40°C; m, = 140 kg/min ; ¢, = 2.1 kikg K ;
1, = 28°C;m =300 kg/min ;1 = 42°C
Specific fuel consumption

We know that indicated mean effective pressure,

mn

2 _'1“ 7 _ 2
3 =3 (0.36) = 0.102m

(D

Area of cylinder, A=
and number of working strokes per minute,
n=N/2=500/2 =250 ...( Engincworkson four siroke cycle)
We know that indicated power,
10Kp, LAn  100x6x7.28x0.5 x0.102x 250

LB = %0 60 kW
= 928 kW
.. Specific fuel consumption
o O
= 1P 28 0.258 kg / kWh Ans
Mechanical efficiency
We know that brake power,
TX2RN 14000 X 21 X 500 -
BP. = - o = 733000 W = 733 kW
: i BP. 733 :
and mechanical efficiency, 0, = TR i 079 or 79% Ans.

Heat balance sheet for | kg of fuel oil
We know that heat supplied by the fuel
= 44 000 kJ/kg of fuel
Since the fuel consumption is 240 kg / b, therefore time for | kg of fuel consumption

el o360
= 20" = 240 = 158

Heat absorbed in LP. produced
= 928 kW = 928 kI/s
= 928X 15 = 13920 kl/kg of fuel
... (" 1 kg of fuel consumption takes 15 5)
Heat rejected to cooling water

= mwxc_,(fa—r,} = 320% 4.2 %40 = 53 760 kJ/min = 896 kl/s
= 896 15 = 13 440 kV/kg of fuel
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Heat lost to piston cooling oil:
=m,c,t, = 140x2.1x28 = 8232kl/min = 137.2kl/s

(U ]

= 137.2x 15 = 2058 kl/kg of fuel
Heat lost to water in calorimeter

=m.c. 1, = 300x4.2x42 = 52920 kl/min = B32 kJ/s

= B82x 15 = 13 230 kJ/kg of fuel
Unaccounted heat = 44 000 - (13920 + 13 440 + 2058 + 13 230) = 1352 kl/kg of fuel
Now prepare the heat balance sheel on | kg of fuel basis, as given below :

r ' : Heat in
Particulars

SNo. o -

 |Total heat supplied | 44 000. 100
I: Heat absorbed in I.P. produced - 13920 Jled
2. | Heat rejected to cooling water 13 440 30.54
X Heat lost to piston cooling oil 2058 4.68
4. | Heatlost to water in calorimeter 13230 30.07
- Unaccounted heat (by difference) 1352 = 308

Total 44 000 100
EXERCISES

1. The following data were recorded during testing of a four stroke cycle gas engine :

Area of indicator diagram = 900 mm? ; Length of indicator diagram = 70 mm ; Spring scale = 0.3
bar/mm ; Diameter of piston = 200 mm ; L2ngth of stroke = 250 mm ; Speed = 300 r.p.m. Delermine :

1. Indicated mean effective pressure ; and 2. Indicated power. [Ans. 3.86 bar ; 7.58 kW]

v21. 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, Il the diameter of piston and stroke are 110 mm and 140 mm respectively, find the

indicated power. [Ans. 133 kW]

~3. A gas engine has a piston dizmeter of 150 mm 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-m, find indicated power, brake power and mecharical efficiency.

[Ans. 4.65 kW ; 3.67 kW ; 78.8%]

4/ Duringa trial of asingle cylinder four stroke |.C. engine, the following observations were recorded:

Mean effective pressure =4 bar ; Spﬂ'.'d =200 r.p.m.; Brake power = T5kW; I..cngth of stroke =
1.5 times diameter of piston. '

If the mechanical efficiency is 70% ; find the dimensions of the engine. [Ans. 240 mm ; 360 mm|

5. A constant speed four stroke cycle compression-ignition engine has a bore of 100 mm, stroke 150
mm and runs at 450 r.p.m. The following data refer to a test on this engine:

Brake wheel diameter = 600 mm ; Band thickness = 5 mm ; Load .«1 band = 210 N ; Spring balance
reading = 30 N ; Area of indicator diagram = 415 mm? ; Length of indicator diagram = 62.5 mm ; Spring scale
= 1.1 bar per min : Specific fuel consumption. = 0.3 kg /b.p./h ; Calorific value of fuel = 42 000 kl/kg.

Calculate : 1. the mechanical efficiency, and 2, the indicated thermal efficfency.

[Ans. 80.3% : 35.6%]
6. The following data refer Lo a test on a petrol engine:

Indicated power = 30 kW : Brake power = 26 kW : Engine speed = 1800 r.p.m. ; Fuel per brake

power hour = 0.35 kg ; Calorific value of the fuel used = 44 100 kfkg.
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*Calculate: 1.the mechanical efficiency ; 2. the indicated thermal efficiency ; and 3. the brake thermal
efficiency. [Ans. 26.9% ; 23.3%)]
7. Following observations were taken during the trial of a single cylinder, four stroke, oil engine,

running at full load :

Area of indicator diagram = 300 mm? ; Length of the diagram = 40 mm ; Spring stiffness = |
bar/mm ; Speed of the engine = 400 r.p.m ; Brake load = 400 N ; Spring balance reading = 50 N ; Diameter of
the brake drum =1.2 m ; Fuel consumpfion per hour = 3 kg ; Calorific valve of fuel =42 000 kJXg ; Cylinder
diameter = 160 mm ; Stroke = 200 mm.

Find the indicated power, brake power, mechanical efficiency and brake thermal efficiency.

[Ans, 10kW ; 8.8 kW ; 88% ; 25.14%)]

8. The output of an 1.C engine is measured by a rope brake dynamometer. The diameter of the brake
pulley is 750 mm and rope diameter is 50 mm, The dead load on the tight side of the rope is 410 N and the spring
balance reading is 50 N. The engine consumes 4 kg/h of fuel at rated speed of 1000 r_p.m. The calorific value of
fukl is 44 100 ki/kg. Calculate brake specific fuel consumption and the brake thermal efficiency.

[Ans. 0.265 kg/B.P.h ; 30.8%)

9. A compression ignition engine at rated condition th\'elnps 7.5 kW brake power. The mechanical
losses are 1.5 kW, If the indicated thermal efficiency is 42% ; air fuel ratio 22 and calorific value of fuel 43 260
IJ/kg, determine : 1. fuel consumption is kg/h ; 2 air intake in kg/h ; and 3. brake thermal efficiency.

[Ans. 1.783 kg/h ; 39.23 kg ; 35%)]
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 cfficiency is 28%. The calorific value of the fuel is 44 100 ki/kg.
) [Ans. 62 mm ; 93 mm ; 0.29 kg/B.P/h)
11. An engine is used on a job 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 5 kW. Assuming the indicated thermal efficiency remains the same, how
many kg of fuel per hour will be saved 7 [Ans. 1.8 kgh)
J&. The following data relates to a four cylinder foyr stroke petrol engine :
’ Diameter of the piston = 80 mm ; Length of the stroke = 120 mm ; Clearance volume = 100 x
10° mm® ; Fuel supply = 4.8 kg/h ; Calorific value = 44 100 kl/kg.
When the Morse test was performed on the engine, the following data were obiained ;
B.P. with all the cylinders working = 14.5 kW

B.P. with cylinder | cut-off =9.8kW

B.P. with cylinder 2 cut-off =103 kW

B.P. with cylinder 3 cut-off =10.14 kW

B.P. with cylinder 4 cut-off = 0kW

Find LP. ohhe engine and also calculate indicated thermal efficiency, brake thermal efficiency and
relative efficiency. [Ans, 17.76 kW ; 30.2% ; 24.66% ;55.7% |

% 13. A petrol engine uscs per brake power hour 0.36 kg of fuel of calorific value 44 100 kJ/kg. The
mechanical efficiency is 78 percent and compression ratio is 5.6. Caleulate : |. 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 of 81.5%. The air-fuel ratio is 16 : 1 and the thermal efficiency is 35%. The

fuel used has a calorific value of 44 100 kl/kg, If the bore to stroke ratio is 1 ; 1.04, caiculale the cylinder
dimensions. Assume the charge to have the density of air equal to 1.293 kg/m’ at N.T.P.

(Ans. 77.2 mm ; 80.3 mm]

15. A six cylinder, four stroke $.1. engine, having a piston displacement of 700 x 10°® m® per cylinder
developed 78 kW at 3200 r.p.m. and consumed 27 kg of petrol per hour. The calorific valve of petrol is 44 MJ/kg.
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Estimate 1. the volumetric efficiency of the engine if the air fuel ratio is 12 and the intake air is at 0.9 bar, and
32"C ; 2. the brake thermal efficiency ; and 3. the brake torque, For air, R = 0.287 kikg K.
[Ans. 78.15% ; 23.64% ; 232.7 N-m]

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 running on oil having composition by mass C 85%, H 15%
and a lower calorific value of 42 000 klkg. The oil is bumt with 25% excess air. The volumetric efficiency
reckoned on atmospheric conditions of 1 013 bar and 10° Cis 0.8, The mechanical efficiency is 0.9 and indicated
thermal efficiency is 0.35. Take R = 0.287 kl/kg K and bore-stroke ratio as 1 : 1.2. [Ans. 236 mm : 2832 mm]

17. Inatestof one hour duration on a single cylinder oil engine performing on a four stroke cycle, 8.08
kg of oil of calorific value 42 000 kJ/kg were used. The jackel water was 658 kg and its lemperature rise is 22°
C. The average speed was 200 r.p.m. and the m.e.p. in the cylinder is 5.95 bar. The cylinder diameter is 300 mm
i stroke 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 concemed and estimate

the brake thermal efficiency and mechanical efficiency of the engine. [Ans, 253% ; 75.8%)
18. Calculate the brake specific fuel consumption, indicated thermal efficiency and obtain a heatbalance
sheet on minute basis from the following test data obtained in a four stroke two cylinder diesel engine :

Duration of test = I hour ; Brake power = 15 kW ; Total indicated power = 17.8 kW ; Fuel
consumption = 4.24 litres of specific gravity 0.875 ; Lower calorific value of fuel = 43 340kJ kg ; Jacket cooling
waler 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 kJ/minute.

[Ans.0.247 kg/B.P./h ; 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.PM. =350 ; MEP. = 3 bar ; Net brake load = 650 N : Fuel consumption = 1.5 kg : 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 mm ; Cylinder stroke
=280 mm ; Brake diameter = 1 m ; Calorific value of fuel = 44 100 kJ/kg ; Steam formed per kg of fuel in the
exhaust = 1,35 kg ; Specific heat of steam in exhaust = 2.1 ki/kg K ; Specific heat of dry exhaust gas = 1.008
kikg 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 = 1 10 mm ; Cylinder diameter = 120
mm ; Lower calorific value of fuel = 41150 kJ/kg ; Petrol consumption = 40 kg ; Jacket water rate = 2800
kg/h ; Jacket water inlet temperature = 20° C ; Jacket water outle! temperature = 65.5° C ; Fuel-air ratio = 1 : 16 -
Room temperature = 29° C ; Exhaust temperature = 399" C ; Hydrogen in fuel = 15% by mass ; Sp. heatof dry
exhaust gases = 0.9945 kJkg K ; Sp. heat of waler vapour = 1838 klkg K.

Draw up a heat balance sheet. Calculate the brake thermal efficiency and volumetric efficiency of
the engine. |Ans, 25.8% ; 73.7%]

QUESTIONS

What is the purpose of engine testing ?
Name the various measurements which are to be taken in a test of an [.C. engine 7
Describe the method of measuring mean effective pressure of an I.C. engine. )

4. Explain the method for determining the indicated power of amulti-c ylinder engine without
using an indicator. '

5. Define volumetric efficiency foran L.C. engine. What is the effect of volumetric efficiency
on (i) engine power ; and (if) 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-

L
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OBJECTIVE TYPE QUESTIONS
1. The power actually developed by the engine cylinder of an 1.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 inr.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
(&) at the crank pin (b) in the engine cylinder
(c) at the crankshaft (d) none of these
5. The brake power of an engine is always.....the indicated power.
(@) 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% (¢) 50% (d) 10%
9. The volumetric efficiency of a well designed engine may be .
(a) 30 to 40% (b) 40 to 60% (c) 60 to 70% (d) 75 to 90%
10. The Morse test is used to find the indicated power of 2
(a) single cylinder petrol engine (b) single cylinder diesel engine
(€) mullt-cylimfer engine (d) none of these
ANSWERS
1.(b) 2.(b) '3.(a) 4.0 5.(b)

6.(d) 1.(c) 8.(b) 9.(d) 10.(c)



28

Reciprocating Air Compressors

L. Intraduction. 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 lo Drive a Single Stage Reciprocating Air Compressor,
8. Workdone by Reciprocating Air Compressor with Clearance Volume. 9. Multistage Compression.
10. Advantages of Multistage Compression. 11, Two-stage Reciprocating Air Compressor with Intercooler.
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 Compressar. 16. Minimum Work
Required for a Two-stage Reciprocating Air Compressor. 17. Heat Rejected in a Reciprocating Air
Compressor. 18. Ratio of Cylinder Diamerers, f - :

28.1. Introduction

An air compressor, as the name indicates, is a machine. to compress the air and 1o raise its
pressure. The air compressor sucks air from the atmosphere, cofnpresses 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 for operating pneumatic drills, riveters,
road drills, paint spraying, in starting and supercharging of intemal combustion engines, in gas turbine
plants,jet engines and air motors, etc. It is also utilised in the operation of lifts, rams, 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 (4) Double acting compressors,

3. According to number of stages

(a) Single stage compressors, and () Multi-stage compressors.

283. 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 inlet of a compressor.

637
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2. Discharge presswe. Itis the absolute pressure of air at the outlet of a compressor.

3. Compression ratio (or pressure ratio). Itis 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. Compressor capaily. It is the volume of air delivered by the compressor, and is
exptessed in m’/min of m'/s.

5. Freeairdelivery. Ttisthe actual volume delivered by a compressor when reduced to the
normal temperature and pressure condition. The capacity of acompressor is generally given in terms
of free air delivery.

6. Swepivelume. Itisthe volume of air sucked by the compressor during its suction stroke.
Marhematically, the swept volume or displacement of a single acting air compressor is given by

v, = -E xD?Px L
where D = Diameter of cylinder bore, and

. _ L = Length of piston stroke.
7. Meun effective pressure. As a matter of fact, air pressure on the compressor piston kecpé
on changing with the movement of the piston in the cylinder. The mean effective pressure of the
compressor 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 COmpIessor, inits simplest form, consists of & 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

‘DV.

a7

3 N

{«t) Suction stroke. {h) Delivery stroke.

Vig. 28.1. Single siage reciprocating iif COmpressor

inside the cylinder falls below the atmospheric pressure. Due to this pressure difference, the inlex
valve (V) gets opened and airis sucked into the cylinder, at inlet pressure until the pistorcompletes
{he 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. Al
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 gels 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 : [n a 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. Workdone 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 dome on the pisfon 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 :

1. when there is no clearance volume in the cylinder, and
2. when there is some clearance volume.
28.6. Workdone by a Single Stage Reciprocating Air Compressor without Clearance Yolume

Consider a single stage reciprocating air compressor without clearance volume delivering air
from one side of the piston only.

Let : p, = Initial pressure of air (before compression),
v, = Initial volume of air (before compression),
T, = Initial temperature of air (before compression),

Py, vy, T, = Corresponding values for the final conditions (i.e. at the delivery
point), and

r = Pressure ratio (i.e. p, / p,).
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() p-v diagram without clearance volume. (b) T-5 diagram.
Fig. 28.3. p-v and T-5 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 till
the pressure ( p,) in the cylinder is sufficient to force open the delivery valve at C. After that no more
compression iakes place with the inward movement of the piston. Now during the remaining part of
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compression stroke, the compressed air is delivered till the piston head reaches the cylinder end. After
that, the air is sucked from the atmosphere during the suction stroke AB at pressure p,.

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 C D respec-
tively. Now C, D represents the volume of air delivered. We know that work done by the compressor
per cycle,
W = Area ABC,D

= Area A'DC\C|"+ AreaC,BB'C,’ - Area A'ABE
%
= pyv, +2.3 py, log ;—2 -p

Y P2

=23pu, log| — |=23pp, log| — (0 ppy =Py
L P

=23py, logr=23mRT logr ...(vpp, =mRT)

2. Work done during polytropic compression (pv" = Constant)

The polytropic compression is shawn by the line BC in Fig. 28.2. Now CD represents the
volume of air delivered, i.e. v, . We know that work done on the air per cycle,

W = AreaABCD
= Area A'DCC " + Area CBB'C "~ Area A'ABB’
PU; — PV
B S T

_(n- 1) pv, + pyUy — vy — (n = 1) 0,

n-1
n "
&~ (PP e di)
n ¥y "
- XP101[—“p1bl 1] - (i)

We also know that for polytropic compression,

pYf = pg

i i
Y [(Afa U _[Pa]a
Z=|=1"or — =

Y P2 Y P

Substituting the value of v,/ v, in equation (ii),
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n T, ;
= xmRT, I_?; :':;t—_‘l—me{Tlv-T]} <o (V)
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=

3. Work done during isentropic compression
The isentropic compression is shown by the curve BC, in Fig. 28.2. In this case, the volume
of air delivered v, is represented by the line C,D.

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 7 is changed to isentropic index Yin the
previous results,

.. Work done on the air per cycle,

wetven| )7
s

=T—}’—Ixmn(rz—:r[)

We know that the ratio of specific heats,

c
;‘:=T;andcp—c"=k
or Rl Lot | g [ A2
r Y Ll

Now work done, W=?_T—Txm}?(?1~‘rl}

= :{-ir_lxm'""[l;_[_ J(TZ_TI} =mc, (T,~-T)
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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, to T, at a constant pressure.
Note : The work done on the air is minimum when the compression is isothermal (ie. when n = 1) and it is
maximum when the compression is isentropic (i.e. when n =y) because isothermal line has less slope than
isentropic line. It 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

1. . 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-siage 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 (W) per cycle
during isothermal, polytropic and isentropic compression. The power required to drive the compressor
may be obtained from the usual relation, '

w
P = — walts

60
If N is the speed of the compressor in r.p.m., then number of working strokes per minute,
N,=N ' .. . (For single acling compressor)
=2N . . . (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,
walls

" 1. lsothermal power

60
W (in isentropic compression) N,
2. Isentropic power = o @ = walts
W (in polytropic compression) N,
3. Indicated power = L s 60 e ) watts

The indicated power is also known as air power of the compressor.

Example 28.1. A single stage reciprocating air compressor is required to compress 1 kg of
air from | bar to 4 bar. The initial temperature is 27° C. Compare the work requirement in the
following cases : : ;

1. Isothermal compression ; 2. Compression with pv'? = constant ; and 3. Isentropic
compression.

Solution. Given:m=1kg;p, =1bar;p,=4bar;T, =27 C=27+213=300K;n=12
I. Work required for isothermal compression

We know that work required by the compressor,

W=23p v Iog[% ] =23mRT, Iog[%] ...(pp, =mRT)
! I

= 231 X 287 x 300 log [%]= 1192307 = 119.23 kI Ans.

...(" R for air = 287 Jkg K)
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2. Work required for pelytropic compression (i.e. pt’ 2 = constant)
We know that work required by the compressor,

w7

s 2] xzijzoo[[ii )_ﬁ_— 1] = 1343207

= 13432k] Ans.

3. Work required for isentropic compression
‘We know that work required by the compressor,

1=t
w=—'L><mRT,[[£’-] L —1]
=1 Py

14=1

14 i =T,
_M__lexzﬁ?x}m[[l) ——I]-1466301

= [46.63 kJ Ans.

Examiple 28.2. Deiermine the size of the cylinder for a double acting air compressor of 40
kW indicated power, in which air is drawn in at 1 bar and 15° C and compressed according to the
law p v"? = constant, to 6 bar. The compressor runs at 100 r.p.m. with average piston speed of 152.5
m/min. Negleci clearance. ;

Solution. Given: IP.=40kW=40x10°W;p,=1bar=1x10°Nm’;T,=15°C
= 15+273=288K;n=12;p,=6bar; N=100rp.m. ; Average piston speed = 152.5 m/min

Let D = Diameter of the cylinder in metres,and
L = Length of the stroke in metres.
We know that average piston speed,
2LN = 1525

L =152.5/2N = 152.5/2x 100 = 0.7625 m Ans.

Volume of air bef..e compression,
v = ;-KD’L = —;ExDlxﬂ.TGQS = 06D*m’

and workdone by the compressor,
12-1

n-1
n Eg n
w—n—_TKp,UI[[p‘] |]

1.2 1 E 1.2
l_2_l><1:<10’x0.6;ur [[1 ] —I]N-m

125310 D* 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 (IP.),

WxN, 125310 D% x 200
- 60
D* = 0096 0r D =03Im or 310 mm Ans.

Enmple 283. A single acting reciprocating air compressor has cylinder diameter and
stroke of 200 mm and 300 mm respectively. The compressor sucks air at I bar and 27° C and delivers
at 8 bar while running at 100 rp.m. Find ; . 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 Jkg K.

Solution. Given:D=200mm=02m;L=300mm=03m;p,= | bar=1x10° N/m’;
T,=21°C=27+2713=300K ;p, =8bar; N=100rpm.;n=125; R =287 kg K

We know that volume of air before compression,

0x10° = =4177x10°D?

!.l'l = z
|. Indicated power of the compressor

KDL = g(u‘z)'ﬂ 0.3 = 0.0094 m*

We know that workdone by the compressor for polytropic compression of air,

=

- 125 xixloﬁxom[(f] 12s

125~ "] Nl
= 4700 (1.516 - 1) = 2425 N-m

Since the compressor is single acting, therefore number of working strokes per minute,

Nw =N-=
- Indicated power of the compressor
WxN, _2425x 100
= = = = 4.042kW Ans,
60 0 4042 W 2kW Ans
2. Mass of air delivered by the compressor per minute
Let m = Mass of air delivered by the compressor per stroke.
We know that pv, =mRT,
_ P 1x10°%0.0094 _
m = RT, S 0.0109kg per stroke

and mass delivered minute mXN, = 00109x100 = 1.09 kg Ans,

3. Temperature of air delivered by the compressor

Let T, = Temperature of air delivered by the compressor.
n A=l 125-1
1% {8 = g02 _

chnowtha‘l T _(p,] -[I ] 8" = 1516

T, = 1516X7, = 1.516x300 = 4548K = I818"C Ans.
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28.8. Workdone by Reciprocating Air 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
{0 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 p, = Initial pressure of air (before compression),

v, = Initial volume of air (before compression),
T, = Initial temperature of air (before compression),
Pty Ty = Corresponding values for the final conditions (i.e. at the delivery
points),
r = Pressure ratio (i.e. py/p,),
v, = Clearance volume (i.e., volume at point 3),
v, = Stroke volume =v, -7, , and
n = Polytropic index for compression and expansion.

The p-v diagram of a single stage single acting reciprocating air compressor with clearance
volume (v) is shown in Fig. 283, We know that during retumn stroke, the air is compressed by its
major part i.e, compression stroke 1-2. This compression
continues, till the pressure p, in the cylinder is sufficient
to force open the delivery valve at 2. After that, no more
compression takes place with the inward movement of
the piston. Now during the remaining part of compres-
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 p,. After that air in the clearance

; ‘ er-—— ¥y ————
space will expand during some part of outward stroke of
the piston ie. expansion stroke 3-4. This expansion
continues till the pressure p, in the cylinder is sufficient l‘_ e M i}
to force open the inlet valve at 4. After that the air is ~—— Volume —e=
sucked from the atmosphere during the suction stoke 4-1
at pressure p,. Fig. 28.3. p-v diagram with clearance

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 wark done by the compressor per cycle,

W = Area |-2-3-4 = Area A-1-2-B — Area A -4-3-B

o8t
S
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2]

where (v, —v,) 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 required to compress the
clearance volume air is theoretically regained during its expansion from 3 to 4.

Note : The terms v, and (v, —v,) are known as expanded clearance volume and effective swept volume
respectively.

Example 284. A single stage, single acting reciprocating air compressor has a bore of 200
mm and a stroke of 300 mm. It receives air at | bar and 20° C and delivers it at 5.5 bar. If the
compression follows the law pv'? = C and clearance volume is 5 percent of the stroke volumne,

‘determine : |, the mean effective pressure ; and 2. the powerreqmmdtodnvz the compressor, if it
runs at 500 r.p.m.

Solution. Given: D=200mm=02m;L=300mm=03m;p, = | bar = 1 X 10° N/m?;
T|=20°C=2£]+273=293K;p1=5.5bar;n= I.3;vc=5%v,;N=5{I'Ir.p.m

We know that stroke volume,

v, ZxD xL = —(02)’03 = 000942m

.. Clearance volume,
v, = 5% v, = 0.05x0.00942 = 0.000 47 m®
and initial volume of air,v, = v_+v, = 0.00047+0.009 42 = 0.009 89 m’

We know that expanded clearance volume,
! I

" i3
v, =0 5 = 0.000 47 2 = 0001 74 m®
4 € Pl 1

AV py] = )
and effective swept volume,
v, =v, = 0.009 89~ 0.001 74 = 0.008 15 m’

We know that work done by the compressor per cycle,

ey

S xixlﬂsxomsls[[ ] - ]:l?ﬂZN—m

1.3-1

|. Mean effective pressure
We know that mean effective pressure,

_ _Workdone 1702
Pm = Strokevolume ~ 0.009 42

= 1.807bar Ans.

= 180 700 N/m?
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2. 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,
P= &

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 :

|. The size of the cylinder will be too large.

. 170::5’5509 = 14183 W = 14183 kW Ans.

9. 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, al 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 mentioned difficulties, two or more cylinders are provided in
series with intercooling arrangement between them. Such an arrangement is known as multistage
compression. )
38.10. Advantages of Multistage Compression

Following are the main advantages of multistage compression aver single stage compression :

|. 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. Itimproves the volumetric efficiency for the given pressure ratio.

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.

It reduces the leakage loss considerably.

e

4
5. It gives more uniform torque, and hence a smaller size flywheel is required.
6. It provides effective lubrication because of lower lemperalure 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 all, thg-{resh air is sucked from the atmosphere in the low pressure (L.P.ycylinder
during its suction stroke at intake pressure p, and temperature T,. The air, after compression in the

L.P. cylinder (i.e. first stage) from 1 t02, is delivered to the intercooler at pressure p, and lemperature
T, Now the air is cooled in the intercooler from 2 to 3 at constant pressure p, and from temperature
T,t0 T,. 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 10 4, is
delivered by the compressor at pressure p, and temperature T,

Intercooler
Codling water
—~— - AMW———
2 3
Py Tz Py Ty
]
L.P. Cylinder H.P. Cylinder
Q N
\ l———.__—_
Ist Stage R 2nd Stage
1 <
Py TI ; 4 Py T.
B aicin Air out

Fig.284. Two-stage reciprocaling air compressor with intercooler.

28.12. Assumptions in Two-stage Compression with Intercooler

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 intercooler.

3. The compression in both the cylinders (i.e. L.P.and HP.) is polytropic (i.e. pv"=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 :

1. Complete or perfect intercooling. 'Whenthe temperature of the air leaving the intercooler
(i.e. Ty) is equal to the original atmospheric air temperature (i.e. T,), then the intercooling is known

as complete.or perfect intercooling. In this case, the point 3 lies on the isothermal curve as shown in

Fig. 28.5 (a) and (). -
i Isenlropic
Py B

[ :
=
m
2
[«
"
Isothermal
Volume——e Entropy ————*
(a) p-v diagram. {h) T-5 diagram.

Fig. 28.5. Completc intcreooling of air
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2. Incomplete or imperfect intercooling. 'When the tcmperature of the air leaving the
intercooler (i.e. T,)is more than the original atmospheric air temperature (i.e. T)), then the intercooling

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).

’m 5.8
§,,,

pi

pW:G

\ Isentropic

Temperature — =

Isathermal

—\Volumg——a l?ﬁlrcpy

(a) p-v diagram. (h) T-s diagram

Fig. 28.6. Incomplete intercooling of 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 incompleté 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 = Pressure of air entering the L.P. cylinder,
v, = Volume of the L.P. cylinder,
p,= Pressure of air leaving the L.P. cyhnder or entering the H.P.
cylinder,
v, = Volume of H.P. cylinder,

Py = 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. -
|. When rhe"]'men'um‘_ﬁ‘ is incomplete

We know that work done per cycle in L.P, cylinder,

r n-1 T
__n - 4 IF :
wl_ﬂ_lxplﬂl [PIJ 1 .. ()
Similarly, work done per cycie in compressing air in H.P. cylinder,
r a=1 5
Py a
w, = =2 '
f ﬂ_IXPIUI (Pz] 1 «~ (i)
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.". Total work done per cycle,
W=W+W,

n=1
121D
[P_l] - l]+p2':)2

e
S R

n=1
BI% oo (i)
P,
2. When the intercooling is complete
In case of complete intercooling, p,v, = p,v,. Therefore substituting this value in equa-

tion (iii),
a-1 a-1
Bl AN - e
e xp'”‘[[?,} +(sz ]

2= i
Al L
L P P,

Example 28.5. Estimate the work done by a two stage rec:procarmg single acting air
.compressor to compress 2.8 m’ ofa:r per minat 1.05 bar and 10° C ro a final pressure of 35 bar. 71::
intermediate receiver cools the air to 30° C and 5.6 bar pressure. For air, taken=14.

Solution, Given: v, =2.8 mmin; p, = 1.05 bar=1.05x 10° N/m’ .T|-10°C-10+273
) =233K;p,=35har;TJ=3{]"C=30+273=303K;;'12=5.6bar=5.6><10’me’;n=1.4

Let v, = Volume of the high pressure cylinder,
nv v
Weknow that —=— = P27
Ty T

_ Ty _ 105 10°x 2.8 % 303
T, 5.6%10°x 283

or = 0.562 m*/min

.. Work done by the compressor,
H a-1
<= SO Py _
W—n l[p, I[PI] 1
L4-1
1.4 56\ 14
=i ][losno’xzs{(l's) -t}

+5ﬁx10’x0562x[[g‘2] —I],]

)

= 3.5(1.803 % 10° + 2.166 x 10°] = 139 10° N-m/min 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
required to drive the compressor may be obtained from the usual relation :

# WxN,
D watts
where N,, = Number of working strokes per minute.

Example 2856, . A Iwo- tage single acting reciprocating air compressor draws in air at a
pressure of | barand | ?" C c.id compresses it to a pressure of 60 bar. After compression in the L.P.
cylinder, the air is cooled at constant pressure of 8 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 pv' T-c [ind the power of the compressor, when it runs at 200 r.p.m. Take R = 287
Jkg K.

Solution. Given:p, =1bar=1x10°Nm?; T,=17°C=147+273=290K ; p, =60 bar ;
p,=8bar=8x10°N/m*; T,=37°C=37+273=310K; D = 150 mm = 0.15 m ; L = 200 mm
=02m;n=135;N=200rpm.; R=287JkgK

We know that volume of L.P. cylinder,

- —xD xL —-(0 15702 = 00035 m*

Let v, = Volume of H.P. cylinder.
Py Py

We know that T = T,

P Ty 1 x10° x0.0035 x 310
or = = = 000047 m’

p,Ty 8 % 10° x 290

. Workdone by the compressor per stroke,

i e » o
wW=——puv &FT—l-rv Blv_
=] ny P, 1] P,

1.35-1

a1

1.35-1

[rowomal(5 o

= 3.86 (250 +258) = 1961 N-m
Since the compressor is single acting, therefore number of working strokes per minute,
N, =N =200

We know that power of the compressor,

WxN
Pt JOIXA0 ot = 634N A,

60 60
* Since T, is more than T, lh:rcfnrcj acase of incomplete intercoaling.

42 -
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28.16. Minimum Work Required for a Two-stage Reciprocating Air Compressor

We have already discussed in An. 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 infercooling,

a-l a-1
__n Py w Pyl )
—__Hn—le'U‘[[m] +[p2] 2] o

If the intake pressure p, and the delivery pressure p, are fixed, then least value of the
intermediate or intercooler pressure p, may be obtained by differentiating the above equation with
. ‘spect to p,. It may be noted that value of p, thus obtained denotes the pressure of the intercooler at
which the work required to drive the compressor is minimum. Thus work required is minimum, when

W = 0
dp,

S22

Now substituting (L- ]as a (a constant) in the above equation,

LTl

ﬂpﬁﬁ[[;‘:] (a)(pl)“"+(P;]"(—a}(p;)""] =0

a(p) " (p) ' =a(p)(py "' =0
ﬂ(P1}_d(P1]u-l -1

(P! _ ey
77 sl T e

()" (p )" = (py)* (p))"
[Pg)h e [Pjpdu or F§ =Py

af P].]" ( P;)" o

r=Vpmp 6
: in
or in other words, [« P P )
Pl P: pl

- Py P, G g 15 ;

Now substituting the value of — =2 in equation (i), we have minimum work required for
Py Py

a two stage reciprocating air compressor,
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restoe (8] 27
woestpon{ (3]

2 x Work required for each stage

n

P

Now substituting A == in equation (iv),
PP

Ei
et s
W—-Zxrl_lxplvl{[pl] —I:l

Similarly, it can be proved that for a three stage compressor

11
Py Py Py [ ﬁ

/
and minimum work required for a three stage compressor,

azl
B Py
W-3xn__ixp,v|[ f’l] —-l}

n—1
= 3x~“—xmnr,[ Bw
n—1 P

Note: [n general, for a compressor having g number of stages,

; Wy
BD N, i P
LT T Py M

and minimum work required for compression,

[ |

— Pyar |on _
" qxn—-le,'n'{[ Pl] I]
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... (iv)

Example 28.7. Estimate the minimum work required to compress 1 kg of air from I bar
27° C 1o 16 bar in two stages, if the law of compression is pv'® = constant and the intercooling is -

perfect. Take R = 287 Jfkg K.

Solution. Given:m=1kg;p, =1bar=1x10°Nm?;T,=27°C=27+273=300K ;

py=16bar;n=125;R=287J/kgK

We know that for perfect intercooling, the intercooler pressure,

p1'= \-'plp3 =VIx16 = 4 bar
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Minimum work required to compress | kg of air,

a=l
W =zx—-'1ﬁxmar,[[gl] g -l]
n-1 P,
1.25-1

_ 1.25 4) 18
-Zx———l‘zs_lxlx%?xwﬂ[[l) l] N-m

= 861 000 % 0.3195 = 275 090 N-m Ans.
Example 28.8. A two stage compressor takes in 2.82 m’ of air per minute at a pressure of
1.05 bar and temperature of 22°C. It delivers the air at 8.44 bar. The compression is carried oul in

each cylinder according to the law pv'? = Constant. The air is cooled to its initial temperature in
intercooler. Neglecting clearance, find the minimur power required 1o drive the compressor.

Solution. v, =282m"/min;p,=1.05bar=1.05x 10° N/m’;7,=22°C =22+ 273 =295K;
‘py=8ddbar;n=12
Since the air is cooled to its initial temperature, therefore the intercooling is perfect. We know
that for perfect intercooling, the intercooler pressure,
p, = Yp, py = V1.05x844 = 2.977 bar

and minimum work required to drive the coinpressor,

a-1
e . 1 [
W-.zxn_lxp,v,[[’,l] 1]
12-1

= xt.osmﬁ’xz.sz[(z'—'”z) 2 —l]

12-1 1.05

= 35.5x% 107 (1.19 - 1) = 674 500 N-m/min
. Power required to drive the compressor

= %@ ~ 11242W = |1242kW Ams. ... ("1 Nemis = 1 W)

Example 28.9. A two Stage air compressor compresses air from | bar and 20° C 10 42 bar.
If the law of compression is p v'** = constant and the intercooling is complete to 20° C., find per kg
of air : 1. The work done is compressing ; and 2. The mass of waler necessary for abstracting the
heat in the intercooler, if the temperature rise of the cooling water is 2¥C

Take R = 287 Jkg K and c, = | kifkg K.

Solution. Given: p, = 1bar=1x 10°N/m?; T, =20°C=20+273=293 K p, =42 bar
= 42% 10°Nim?; n=1.35; T, =20° C =20+ 273 =293 K ;m = | kg ; Rise in temperature of cooling
waler=25°C; R = 287 Jﬂ-:gK:cP= 1 kikg K

We know that for complete intercooling, the intercooler pressure,

py =Np,py = VI x42 = 6.48 bar

and volume of air admitted for compression,

mRT| | x 287 x 293

P N 1% 10° =084 m’;‘kg of air ...{V pyp, = mRT))

=
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We know that work done in compresing the air,
n-1
s " -8
P

n=1

__n Pr| =

w_n lxplv][[ﬁ] .
1.35-1

135-1

_ 135 648) 135 (42 ) 13
|35_1x1x105x034[( ] +[6.48] z]mn

=324 % 10°(1.62+1.62-2) = 4017 x 10°N-m Ans.

2. Muss of water necessary for abstracting the heat in the intercooler
Let m,, = Mass of water necessary/kg of air, and

I. Wark done in compressing the air

T, = Temperature of the air entering the intercooler.

& n-1 1351
n 138
weksawg S=|2) |28 = 1622
T, Py 1

T, = T, %1622 = 293 x 1.622 = 4756K

We also know that heat gained by water

= Heat lost by air
- m, % c, X Rise in temperature
=mc,(T)-T)
m, x42x25 = 1x1 (475.6—-293) = 182.6
m, = 1.74 kg Ans.

Example 28.10. Find the pe. centage saving in work by compressing air in two stages from
I bar 10 7 bar instead of in one stage. Assume compression index I. 35 in both the cases and m
pressure and complete intercooling in two stage compressor.

Solution. Given :p, =1bar=1x10° Nfm*; p,=7bar= 7 10° Nim? ; =135

We know that workdone in compresing air in one stage,

*[[]‘]

1.35-
135 xlxwﬁn[{n E ]-2531{I}U,Nm )

]

and workdone in compressing air in two stages
P
W = 2:-( 1 xplvl[[pl}
15
o 135 [ o
=X 1351 x1x10y, | () *> ]N-m
= 221 300v, N-m : ()




656 A Text Book of Thermal Engiveering

253 100 v, —2213000,
253 100w,

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,

= Saving in work done = = 0.126 or 12.6% Aws.

- = R(T,-T)
e 1l o A DN
q, =1 x Work done Y= X -1
¢, (y-n)(T,-T))
< [V R=e (y=1))
and heat rejected in the intercooler per kg of air,
§h =6 (-1
.*. Total heat rejected per kg of air,
c,(y-n)(T,-T,)
) g=qtg =t (ﬂ_I; Si4c, (T,-T)

Note : For complete intercooling T, = T, Therefore substituting this value'in case of intercooling,

_% -m(h-T))
- n—1

. & i-n
- (T,—T,}['HTHP]

Example 28.11. A twa-stage single acting reciprocating compressor takes in air at the rate
0f 0.2 m'/s. The intake pressure and temperature of air are 0.1 MPa and 16° 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 intercooler, Take Cp =405
kifkg K and R = 287 J/kg K.

Solution. Given : v, =0.2m%s ; p, =0.1 MPa=0.1 X 10° Nim?; T, = 16° C = 16 + 273
=289 K ; p; = 0.7 MPa = 0.7 x 10° NIim® ; n = 1.25 ; N = 600 rp.m. ; ¢, = 1.005 klkg K ;
R = 287 JkgK :
V. [Intermediate pressure

We know that for perfect intercooling, the intermediate pressure (i.e. intercooler pressure),

p, = "||P| py = \'_0-! x0.7 = 0.2646 MPa Ans.

2. Total volume af each cylinder
Let v, = Volume of L.P. cylinder, and

vy = Volume of H.P. cylinder.

tc, (I,-T))

Since the compressor is a single acting, therefore number of working strokes/min,
N, = N = 600

P, = _——— =" (02 m® Ans.
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We know that PV = P2V

Py 0.1 3
=p x— = 002%x——— = 000756 m" Ans.
Uy X5, 02646 0007 56 m” An
m I
8
2
[
5
-
pi
Volume - Entrony >
Fig. 28.7
3, Power required to drive the compressor
We know that work required to compress the air,
n-l
n P2 | n
W=2Ix——- e -1
: n-lelvl[[ﬁ] ]
1.25-1

P I 02646 ) 15 _
_2xl_zs_txo.1x|0°xo.z[[ o1 ] l]ﬂs

— 42970V = 4297 /s
. Power required to drive the compressor,
P = 4297kW Ans. s (0 1 KW = 1kfs)
4. Rate of heat rejection in the intercooler ‘
Let m = Mass of air admitted for compression, and
T, = Temperature of the air entering the intercocler.

We know that pv, = mRT,

Y D1x 106%0.2

M=R—.ﬁ‘=—‘2—m=0.2ﬂkgf§
r "’_;—‘ 125 -1
2 P, 0.2646 | 12
that —=|"" ] e =
We also know T, [Pl ] [ 0l ] 1.215

T, = T,x1215 = 289x 1.215 = 3511 K
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We know that heat rejected in the intercooler
=mc, (T,-T))
= 0.241 % 1.005 (351.1-289) = |5 ki/s Ans. el Ty =T)
28.18. Ratio of Cylinder Diameters
Consider a single acting two stage reciprocating air compressor with complete intercooling,

compressing airinits L.P. and H.P. cylinders.
Let p, = Pressure of air entering the L.P, cylinder,

©, = Volume of the L.P. cylinder,
», = Pressure of air leaving the L.P. cylinder (or intercooler pressure),
v, = Volume of H.P. cylinder,
p; = Pressure of air leaving the H.P. cylinder,
D, = Diameter of L.P. cylinder,
D, = Diameter of H.P. cylinder, and
L = Length of the stroke of each cylinder.

We know that for complete intercooling,
PiU = Py

P Y, % (Dz}t I (DJ)
] 112
‘D, P, :
or ——m== ()

We also know that for two stage compression with complete intercooling,

2
&‘[.@
P P

\
Substituting the value of p,/p, in equation (i),

14
L
D, P

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 | 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
maximum. Assume the index of compression to be 1.3.

Solution. Given : p; =30 bar; p, = | bar, *=21"C;n=13

We know that for complete intercooling, the intercooler pressure,

Py = Vpypy = VIx30 = 5.48bar

*  Superfluous data
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. Ratio of cylinder diameters,

|12
= [S_I‘B] = 2.3 Ans.

Nole ¢ The ratio of cylinder diameters is also given by

(1]
D _(m) _(30) 23 ans
D} ™ 1

Example 28.13. A multi-stage air compressor is to be designed to elevate the pressure from
1 bar 1o 100 bar such that the stage pressure ratio will not exceed 4. Determine : I. Number of stages,
2. Exact stage pressure ratio, and 3. Intermediate pressure.

P,
Solution. Given:p, =1 w;p“|= 100 bar ; pgu x5
L)

| Number of stages

Let g = Number of stages.
P T 100
Weknowthat = |[=t| or 4=|—
P, P !
Taking log on both sides,

log4=élogl{)0 or 0.6021 =:;:<2

q = 2/0.6021 = 3.32say 4 Ans.
2. Exact stage pressure ratio
|fg 14
Weknowtha 2xxt = |fesr | (100} _ 3462 Ans.
p, P 1

3. Intermediate pressure

Let * p, = Intermediate pressure.
We know that & = 3.162
Py
W S . .
P = 3a6 = 362 - MO0
it Py b5 Py 31.62
larl 2===3 = — ==

Similarly e 3.162 or p, 3162 = 3162 10 bar Ans.

Example 28.14. A three stage compressor compresses air from 1 bar to 35 bar and delivers
it at the higher pressure to a receiver. The initial temperature is 17° C. The law of compression is
PU"” = 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 efc., may beneglected, find
the power required 1o deliver 14 m’/ min air, measured at the suction Conditions. Find also the
intermediate pressures,

¢ The intermediate pressure of an air compressor having four stages is p;.
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Solution. Given:p,=1bar=1Xx10°N/m?;p,=35bar:7,=17°C= 174273 = 290K :
= 14 m*/min
Power required
We know that minimum work required per min.,

p a—1
/]
W= o *Pﬂ’n[[p’ ] —I]
_3x125 35 ) Tein
X 5 3
i 8 ]xlxlﬂ xld[[ I ] I]N-mfmrn
= 5.65 x 10° N-m/min = 5650 kJ/min
- Powerrequired = % =942 kW Ans.
Intermediate pressures
Let p, and py = Intermediate pressures.

We know that for minimum work,

n
B [EJ = (39" = 327

P Py
or Py =p, %327 = 1 X3.27 = 327 bar Ans.
n
Similarly £ . [Ei] =327
: Py Py

Py = pJ)(:;.ZT = 3.27%327 = 10.7 bar Ans.

. Example 28.15. A three stage compressor delivers air at 70 bar from an atmospheric’
pressure of | bar and 30° C. Assuming the intercooling complete, estimate the amount of minimum
work required to deal with | kg of air. Also find the amount of heat rejected in each intercooler. The
index of compression is 1.2 throughout, Take ¢, for air = 1.005 kl/kg K.

Solution. Given:p,=70bar;p = 1bar;T, =30°C=30+273=303K;m=1kg;
=123 c,= 1.005 kl/kg K

Amount of minimum waork required
We know that amount of minimum work required,

s [A17]

1.2~

WL P x231x303[[7:3J""

(X

12-1 l]=4l'}'07{11

= 41707 k] Ans,
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Heat rejected in each intercooler
Let T, = Temperature of air at the end of first stage.

Since the air compressor is three stage, therefore

(o V" 1A
o < DY can
N 5 S I | 1

T AL 1.2-1
Weknowthat —=[=2| =@12) "* =1266
T, Py

T, = T, x1.266 = 303 % 1.266 = 3836 K

aw

Since the pressure ratio and index of com pression 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,(T,- Ty = 1.005 (383.6-303) = 81 kI Ans.

Example 28.16. A three stage single acting reciprocating compressor has perfect intercool-
ing. The pressure and temperature af the end of suction stroke in L.P. cylinder is 1.013 bar and 15°
C respectively. If 8.4 m’ of free air is delivered by the compressor at 70 bar per minute and the work
done is minimum, calculate :

1. LP. and L.P. delivery pressures ; 2. Ratio of cylinder volumes ; and 3. Total indicated power.

Neglect clearance and assume n = 1.2.
Solution. Given : p, = 1.013 bar = 1.013 X 10’ N/m® ; 7, = 15° C = 15+ 273 = 288 K ;
v, =84 m*/min ipg=70bar;n=12
1. LP. and LP. delivery pressures
Let p, = LP delivery pressure, and
py = 1P. deliverypressure.

We know that for minimum work,

13 i
BB w2 e
AP | 1013 '

or py = p x40 = 1.013x4.1 = 4.153 bar Ans.

Similarly, Py = pyx4l = 415341 17.03 bar Ans.

2. Ratio of cylinder volumes
Let U0y = Ratio of cylinder volumes.
We know that for minimum work,
PV = PV = P
U P 4153
1 i .
el SN L1 Y v lll)
v, p, 1013
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v, =4ly,

Also == w o ]

v, =41p, ()]
Now taking v, as 1 m’, we find that ratio of cylinder volumes,
Uypilyivy = 1681:4.1:1 Ans.
3. Total indicated power
We know that minimum work required,

1.2-1

_3x12 70 )xiz :
-..I’z_lxl.ﬂlalxlo”xs.é[[Lms] -I]Ja‘mm

= 4067 % 10° J/min = 4067 kJ/min

- Total indicated power,

= i%:%z = 67.8 kW Ans.

EXERCISES
1. A single stage reciprocating air compressor is required to compress 60 cubic metres of air from 1
bar to 8 bar at 22" C. Find work done by the compressor, if the compression of air is 1. isothermal, 2. isentropic
with isentropic index as 1.4 ; and 3. polytropic with polytropic index as 1.25. [Ans. 12.5MJ ;17 MJ; 15.5M)]
2. Find the power required to compress and deliver 2 kg of air per minute from 1 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 p v"* = constant. Neglec! clearance. Take R = 287 I/kg K. [Ans. 7.3 kW)
3. Determine the cylinder dimensions of a double acting, 11 kW indicated power, air compressor
which compresses air from | bar to 7-bar according to the law pv'? = constant. The average piston speed is 150
m/s. Assume stroke o diameter ratio of 1.5 and neglect clearance. [Ans. 156 mm ; 234 mm)]
4. A smallsingle acting compressor has a bore and stroke both of 100 mm and is driven at 400 r.p.m.
The clearance volume is 80 % 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

1. the volume of free airat 1.013 bar and 20" C dealt with per minute if the temperature at the start
of compression 15 307 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.
[Ams. 01426 mmin : 1.22 bar , 0.637 kW]
5. An air compressor takes in air at 0.98 bar and 20° C and compresses it according to the law pv' 2 =
C. Itis then delivered to a receiver at constant pressure of 9.8 bar, Determine : 1. 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 kg K and y= 1.4, [Ans, 150°C ;236 k) : 118kJ 1 123.7 kJ]
6. A two stage air compressor with perfect intercooling takes in air at | bar pressure and 27" C. The
law of compression in both the stages is pv' * = constant. The compressed air is delivered at 9 bar from the H.P.
cylinder to an air receiver. Calculate perkg of air 1. the minimum workdone, and 2. the heat rejected to intercooler.
|Ans. 215k) : 86.6 ki]
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7. A two stage air compressor takes in 22.5 kg of air per minute at 15°C and | bar and delivers it at
16.5 bar. At the intermediate pressute, it is cooled to initial temperature. Assuming an ideal diagram with no
clearance and compression according Lo pu'? = constant, determine the intermediale pressure that gives least
work. Also find the heat rejected in the intercooler per minute and minimum powerrequired to run the compressor.
Take ¢, =1 k)/kg K:and R =287 Jkg K [Ans. 4,06 bar ; 1701 k)/min ; 97.8 kW]

8. A single acting compressor is required lo deliver air at 70 bar from a suction pressure of | bar at
the rate of 2.3 mmin. 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 intermediate pressure and complete intercooling, The index of compression and expansion for both
stages is 1.25. Also calculate the heat rejected per minute (o the intercooler and the saving in power over single
stage compression. For air, ¢, = | ki/kg Kand ¢, = 0.718 kJ/kg K. Neglect clearance volume.

[Ans. 22 kW : 461 .2 kl/min ; 5.84 kW]

9. A two slage reciprocating air compressor delivers 40.5 kg/min at 9.8 bar. The intake pressure is 1
bar and the intake temperature is 15.5° C. The compression follows p ' = constant and the intercooler cools
the air back Lo the intake temperature. Neglecting clearance, calculate 1. the optimum intermediate pressure ; 2.
the power to be delivered to each cylinder ; and 3. the rate of heat transfer from the cyiinders and intercooler.

- [Ans. 3.13 bar ; 73.2 kW ; 3625 ki/min]
10. A three stage reciprocaling COMPpressor COMPICsses air from 1 bar and 26" C to 36 bar. The law of
compression is pu'* = constantand is same for all the three stages of compression. Assuming perfect intercooling

and neglecting clearance, find the minimum power required to compress 0.25 m’fs of free air. Also find the
intermediate pressures. [Ans. 103,12 kW ; 3.302 bar ; 10.903 bar]

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 2 single stage reciprocaling air compressor, without
clearance, Derive the expression for the workdene 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 rate 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 reciprocaling 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. In atwo stage air compressor, in which intercooling is perfect, prove that the work done
in compression is aminimum 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 volumé of air delivered by the compressor is called
(a) free air delivery (b) compressor capacily
(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 (d) 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
() compressor efficiency (d) mean effective pressure

4. Ina smgle stage, single acting reciprocating air compressor without clearance volume,
the workdone is minimum during

(a) isothermal compression (b) 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 10 (b) less than (c) more than

6. A3 m*min compressor means that il
(a) compresses 3 m¥min of standard air  (b) compresses 3 m*/min of free air
(c) delivers 3 m*/min of compressed air
(d) delivers 3 m*/min of compressed air al 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 (¢) 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 air during 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,) for minimum work required, for a two stage reciprocating
air compressor, is given by
(ﬂ}P2=P| Py (b) p;e:P}!p], (c) P1=W (d}P2=P], IP]

Intake pressure of air, and

n

where : P

"

Py = Delivery pressure of air.

10. The ratio of cylinder diameters for a single acting, two stage reciprocating air compressor
with complete intercooling, is given by

(a) D/D, = ¥p, p, (b) D\/D, = \I'plp‘p!
(e) DD, = \"Jpzl'pl (d) none of these
where D, = Diameter of L.P. cylinder, and

D, = Diameter of H.P. cylinder,

ANSWERS _
1. (b) 2.{(c) 3.4d) 4. (a) 5.(b)
6. (b) 7.(e) 8.(d) 9.(c) 10. (¢)



