
rFlernIo(Iynamic Processes of Vapour

I. Introduction. 2. Thermodynamic Processes of Vapour. 3. Constant Voliune Process (or Isochoric
Process). 4. Constant Pressure Process (or Isobaric Process). 5. Constant Temperature Process (or
Isothermal Process). 6. Hyperbolic Process (or p V = C Process). 7 Reversible Adiabatic Process (or
Isentropic Process or Constant Entropy Process). 8. Polytropic Process (or p V , = C Process). 9.
Throttling Process (or Constant Enihalpy or Constant Total Heat Process).

9.1.	 Introduction
We have alredy discussed the thermodynamic processes of perfect gases in Chapter 3. These

processes are also applicable to vapours, but with different results. In each of these processes, some
property of the expanding vapour will remain constant, which enables us to determine the final
conditions of vapour after the process. The first and second laws of thermodynamics as applied to
gases is also applicable to vapours, for non-flow and flow processes.

We know that for a unit mass,

Sq = do + 5w = du + p dv 	 ... (For non-flow processes)

= do - V dp	 . . . (For flow processes)

= TdS	 . . . (For non-flow as well as flow processes)

It may be noted that the general gas equation p v = taRT and Joule's law etc. are not applicable
to vapours.

9.2. Thermodynamic Processes of Vapour
The following thermodynamic processes for heating or *cooling of vapour are important from

the subject point of view:
- Constant volume process (Or Isochoric process),

2.Constant pressure process (or Isobaric process),

3.Constant temperature process (or Isothermal process),

4.Hyperbolic process (orp V = C process),

5.Reversible Adiabatic process (or isentropic process or constant entropy process),

6.Polyiropic process (orp v = C process), and

7.Throttling process (or Constant enthalpy process or constant total heat process).

We shall now discuss these processes, in detail, in the following pages.

The cooling is regarded as negative heating
230
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9.3. Constant Volume Process (or isochoric Process)

The heating orcooling of the steam in a closed vessel is an example of constant volume process.
In this process, the volume (or mass) of the steam before and after the process is constatit. It may be
noted that, in this process, no work is done.

Now consider I kg of the wet steam being heated at constant volume from an initial state Ito
The final state 2.

Let	 p1	 Initial pressure of the wet steam in bar.

-	 v51 = Specific volume of the dry saturated steamin m 3/kg correspond-
ing to initial pressure p 1 (from steam tables).

= Initial dryness fraction of the wet steam, and

p,, v, and x 1 = Corresponding values for the final condition of the steam.
We know that initial volume of I kg of wet steam,

V 1 = x 1 V51

and final volume of I kg of wet steam,
V2 = X, Via

Since the steam is being heated at a constant volume, therefore initial volume of steam is equal
to final volume of steam, i.e.

V1 = v, or x 1 v5, 1 =

*	 .r1

X2 = Vs2

The following points may be noted:

(a)If the value of x2 is less than x 1 , then the Steam is being cooled at constant volume.

(b)If the final condition of the steam is dry saturated, then x 2 = I. In such a case,

V2 = V52 = V51

(c) If the final condition of the steam is superheated, then

= v,,, i.e. Specific volume of superheated steam

The final condition of superheated steam is specified by its temperature (i.e. T,,,). Since the super-

heated steam behaves like a perfect gas, therefore 7, may be obtained by using Charles' law, i.e.

V.111 - VSZ

l,,	 '2

'the value of x, may also be obtained as discussed below

We know that initial mass of the steam.
Total volume of steam in m3

pill - 
Specific volume of wet steam in m 3/kg x 1 t'

and final mass of the steam,	 in2 =
xi ':2

Since in 0 constant volume process, in 1 = in, and v = v,, therefore
xI V

V = X2 1' , Or ., =i-	 .	 v,2
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where	 T, = Absolute temperature of the superheated steam in K.

= Specific volume of dry steam in ,m3/kg, corresponding to pres-
sure p2 (from steam tables). and

= Saturation temperature corresponding to pressurep 2 (from steam
tables) in K.

Now let us derivc the following important relations for the constant volume process.

• Vorkdone du ing the prees's.c
We know th work&ne during the process.

WI-2 = Pressure x Change in volume

Since there is no change in volume, therefore

WI-2 = 0

2.Change in iflh,?uil tnerçv of.teo,n
We know that initial internal energy of steam,

u 1 = h 1 -100p 1 v 1 = h1—l00p1x1v1kJ/kg

and final internal energy of steam,

It 2 = h2 -100p2 v2 kJ/kg

= h2 — 100P2 x2 vg2 	. . (For wet steam)

h2 — 10Op2 v 2 	.. .(Fordry steam)

= h2 - 100 P2 v,.	 . . . (For superheated steam)

Change in internal energy of steam,

du = u2—u1

If du is - Ye, then it indicates that the steam is being cooled and there is a decrease in internal
energy.
Note The initial and final enthalpy of steam, i.e. h 1 and h2 may be obtained as discussed in Art. 7.4.

3.Heat absorbed 0/leaf transferred
According to the first law of thermodynamics, we know that heat absorbed or heat transferred.

q 1 _2 = du+w 1 _2 = (u2—ul)+wI_2

Since w2 =0, therefore

q 1 _2 = (u2 — u 1 ) kJ/kg

Thus we find that during a constant volume heating process, the heat absorbed or heat
transferred by steam is equal to the change in internal energy.

Note: If q_ 2 is—ye, then it indicates that the steam is being cooled and the heat is rejected from the steam.

Example 9.1. Steam at  pressure of4 bar and dryness 0.7 is allowed to expand at a constant
volume, until the pressure rises to 5.5 bar. Ford the final condition of steam and the heat absorbed
by 1 kg of steam,

Solution. Given : p 1 = 4 bar; x = 0.7 ; p2 = 5.5 bar
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The expansion of steam at constant volume is shown on p-v. T-s and h-s diagrams in Fig. 9.1.
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Let	 x2 = Final dryness fraction of steam.

From steam tables, corresponding to a pressure of 4 bar, we find that

In	
604.7 kJ/kg; h1 = 2132.9 U/kg; and	 = 0.462 m3/kg

and corresponding to a pressure of 5.5 bar, we find that

h
/2 

= 655.8 kJ/kg ; hf,2 = 2095.9 kJ/kg ; and v.2 = 0.342 m3/k

_L. =	 1iO45 An.We know that 	 x, =

	

vC2	
0.342

Hem ab.wt h, d h I :i o/ .h'a,,r

We know that initial internal energy of steam,

U
l 

= h 1 - WO p, v1

= hfi +x1 h1 , - 100p1 x

= 604.7#0.7x2132.9— 100x4x0.7x0.462

= 2097.7— 129.4 = 19683 kJ/kg

and final internal energy of steam,
= h2—I00p2v2

= Il+x2hjr,2I00p2x2v2

= 655.8 + 0.945x 2095.9— 100 x 5.5 x 0.945 x 0.342

= 2636.4 - 177.7 = 2458.7 kJ/kg

Change in internal energy,

A = u, — u = 2458.7-1968.3 = 490.4kJ/kg

We know that in constant volume process, heat absorbed by the steam,

q 1 _2 =	 = 490 4 }J/k Ans.

Notes I. The area under the T-s diagram (i.e. 1-2-2'-]')  represents the heat absorbed by the steam.
2. The. values of h 1 and h2 maybe read directly from the li-s diagram (Mother chart) corresponding to

a pressure p 1 = 4 bar, x 0.7 and p2 = 5.5 bar, 55 = 0.945.
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ExaAiple 9.2. A pressure cooker Contains 2 kg of steam at 5 bar and 0.9 dry. Calculate the

quantify of heat which must be rejected so as the quality of steam becomes 0.5 dry.
Solution. Given in = 2 k ;p 1 = 5 bar; x, = 0.9 ; x, = 0.5

From steam tables, corresponding to a pressure of 5 bar, we fund that

h = 640.1 kJ/kg; h 1 = 2107.4 kJ/kg; and vr l = 0.375 my/kg

Let	
VX2

= Final specific volume of dry steam.

Since the final dryness fraction of steam (x2 = 0.5)is less than the initial dryness friction of
steam (x 1 = 0.), therefore it is cooling process and the cooling in a pressure cooker is a constant
volume process. The constant volume cooling process on the p-u, T-s, and h-s diagrams is shown in
Fig. 9.2.
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We know that for constant volume process.
X	 09

X1 v1	 x2 v 2 or	 = — xv, 1 = - x0.375 =0.675m3/kg

From steam tables, corresponding to zi2 = 0.675 m3/kg, we fund that

p2 = 2.65 bar; hfl = 543.4 kJ/kg; and hf2 2175.4 kJ/kg

We know that initial uternal energy of steam,

Uu = h - 100 P 1 X1 Vi

= 
I'"

	 h11 - 100u X 1 11

= 640.1 +0.9x2107.4— 100x5x0.9x0.375

= 2536.8— 168.8 = 2368 kJ/kg

and final internal energy of steam,

u2 = h2— 10Op2x1v2

= hn+x2hj2_100p2x2v22
= 543.4 +0.5x2175.4 - 100x2.65x0,5x0.675

1631 —89.4 - 1541.6 kJ/kg
Chang" in internal energy,

A = u2 —u1 = 1541.6-2368 = —826.4kJ/kg
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We know that in a constant volume process, heat transferred per kg of steam

q1 _2 = u2 -u 1 = - 8264 kJ/kg

Total heat transferred = m  q 1 _2 = 2 x -826.4 = -1652.8 kJ Ans.

The -ye sign indicates that the heat is rejected from the steam.
Note The area under the T-s diagram (1-2-2'-1) represents the heat rejected from the steam.

Example 93. A closed vessel of 0.2 m 5 contains steam at a pressure of JO bar and a
temperature of 25(J' C. The vessel is cooled fill the pressure of steam in the vessel falls to 3.5 bar.
Find the final temperature, .final dryness fraction, change in internal energy, heat transferred and
change in entropy.

Solution. Given: ii, =0.2rn 3 ;p 1 =l0bar;7, = 250°C250+273=523K;p2=3.5bar

From steam tables, corresponding to a pressure of 10 bar, we find that

-	 T, = 179.9C = 179.9+273=452.9K; v. 	 0.1943m3/kg

and corresponding to a pressure of 3.5 bar, we find that

V,2 = 0.524 m3/kg ; hf, = 584.3 kJ/kg ; h12 = 2147.3 kJ/kg

SP 
= 1.727 kJ/kg K; st r2 = 5.212 Id/kg K

Final h IIfv'iV.!JUe a/the strain

Let	 T2 = Final temperature of the steam.

First of all, let us find the final volume (v 2) of steam at a pressure of 3.5 bar.

Since the initial condition of steam is superheated, therefore specific volume of superheated
steam (v,., ,) is given by

V-1 VII

i	 T1

T	 523t1v = v x-	 =0. 1943	 = 0.2244 m3/kg

We know that mass of steam in the vessel,

- Total volume of steam in the vessel -
-	 Specific volume of steam	 -

0.2
= 02244 = 0.89 kg

Final volume of the steam at a pressure of 3.5 bar,
in 	 = 0.89x0.524 = 0.466m3

Since the final volume of the steam (v2) is more than the initial volume of the steam
therefore the final condition of steam at 3.5 bar is wet. The final temperature must, therefore, be
the saturation temperature corresponding to a pressure of 3.5 bar. From steam tables, we find that

= 138.9°C Ans.
EM

*	 llc • ;e ot i',,, may he read directly from steam tables for superheated Steam corresponding to a pressure
IV, hat ami 250 C.

We na y a;o express in the I ica'ing way
Since final specific volume-of dry strain (u) at a pressure of 3.5 has is more than initial specific volume
'I aurhcated steam (v,,). therefore !i'r final cor.ditinn of the steam is

16-
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Fiiial drine.cs traction oJsleanz
Let	 x2 = Final dryness fraction of steam.

Since the vessel is a dosed one, therefore the cooling takes place at constant volume.
Initial specific volume of superheated steam

= Final specific volume of wet steam

== 0 2244
i.e.	 V, = x2 V2 or 2 	 0.524 = 0.43 Ans.

The constant volume cooling process on the p-v. T-s and h-s diagrams is shown in Fig.-9-3-
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Change in internal energy
From steam tables for superheated steam, corresponding to a pressure of 10 bar and 250° C,

We find that

h,,,,, = 2943 kJ/kg

We know that initial internal energy of superheated steam,

u = h,—l00p1v,,,

= 2943— 100  10x0.2244 = 271.8.6kJ/kg

and final internal energy of wet steam,

= h2 - 10op2 v2

= h+x2h12_100p2x2v2

= 584.3 + 0.43 x 2147.3— tOO x 3.5 x 0.43 x 0.524

= 1507.6-79 = 14286kilkg

Change in internal energy,
du = U2 — U 1 = 1428.6-2718.6 = - 1290 kJ/kg

and total change in internal energy
= in (u2 - u1 ) = 0.89x - 1290 = - 1148 kJ Ans.

The —ye sign indicates that there is a decrease in internal energy.

Ifeat transferred
We know thai in a constant volume process, total heat transferred,

= m(u2 —u 1 ) = - 1148kJ Ans.

The —ye sign indicates that the heat is rejected from the steam.
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Change in entropy
From steam tables for superheated steam, corresponding to a pressure of JO bar and 250° C,

we find that
Initial entropy of superheated steam,

= 6.926 kJ/kgK

We know that final entropy of wet steam,

=	 1.727+0.43x5.212	 3.97 IcJ/kgK

Change in entropy, ds = s2 - s = 3.97— 6.926 = - 2.956 Id/kg K

and total change in entropy 	 = in (2 - s) = 0.89 x - 2.956 = - 2.63 kJ/K Ans.

The —ye sign indicates that there is a decrease in entropy.
Example 9.4. A closed vessel of 1.2 capacity contains steam at 3 bar and 0.85 dryness.

Steam at 10 bar and 0.96 dryness is supplied to the vessel until the pressure in the vessel becomes 5
bar. Calculate the mass of steam supplied to the closed vessel and the final dryness fraction in the
vessel Neglect the volume of the moistures and the thermal capacity of the vessel.

Solution. Given: V = h.2n)3 ; p i = 3 bar; x1 0.85;p2 Io bar ;x096;p_sbar.

From steam tables, corresponding to a pressure of 3 bar, we find that

0.6055 m 3/kg; hfl = 561.4 kJ/kg; and hf, 1 = 2163.2 Id/kg

Corresponding to a pressure of 10 bar, we find that

= 0.1943m'/kg; lift = 762.6 kJ/kg ; and h1,2 = 2013.6kJ/kg

and corresponding to a pressure of 5 bar, we find that

V,3 = 0.3746 m3/kg h1.3 = 640.1 id/kg; and h1,3 = 2107.4 Id/kg

Mias of slean, cttppljed to the closed vessel
Let	 m2 = Mass of steam supplied to the closed vessel at a pressure of 10 bar.

Enthalpy of steam supplied.

h2 = m2(h+x2h1,2)

= m2 (762.6+0.96x2013.6) = 2696m 2 kj	 .. .(i)

We know that initial mass of steam in the vessel,

-

	

Total volume ofsteamjn the vessel 	 vm1 -
	 Specific volume of steam	 x1 o,

1.2
= 0.85 xO.6055 = 2.33 kg

Total initial internal energy of the steam at a pressure of 3 bar,
= m 1 (h 1 - lOOp 1 v1)

= m 1 (h,1 +x1 hhj - lOOp, x 1 7),1)

= 2.33 (561.4+0.85x2163.2— 100  3x0.85x0.6055)

= 2.33 (2400.1 - 154.4) 	 5232.5 kJ	 . . .
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Let	 m3 = Final mass of the steam after mixing = m, + m2 = (2.33 + m2).

= Final dryness fraction of the steam..

Since it is a closed vessel, therefore volume of steam is constant. We know that mass of steam
after mixing,

- .	 Total volume of steam
- Specific volume of steam after mixing

1.2	 1.2	 3.2
(2.33+m,)==

X3 V,3 x3 x0.3746	 x3

3.2	 (iii)
2.33+m2

We know that final internal energy of steam after mixing.

= m303—l00p3v3)

= ma(hp+ xa h,aa 100 P1 X3 1^1)
= (2.33+m2)L640.I +x3 x2107.4— 100x5xx3x0.37461

= (2.33+m2)(640.1+1920xt)

= (2.33 + m2) 640.1 + 1920x3.2
2.33+m,

	 [From equation (iiOl

= 640.1 m2+7632.4

Since the enthalpy of steam supplied is equal to the change in internal energy, therefore

h2=u3—u1

or	 2696 m2 = 640.1 m2 + 7632.4 —5232.5

2055.9 m2 = 2399.9 or m2 = 1.167 kg Ans.

Final dryness fraction of steam in the verse!

Substituting the value of rn2 in equation (iii), we have

X3 
= 2.33 

3.2
2.33+1.167 

= 0.917 Ans.

9.4. Constant Pressure Process (or Isobaric Process)

The generation of steam in steam boilers is an example of constant pressure process. In this
process, the pressure of steam before and after the process is constant. We have already discussed
that the heating of wet steam is done at constant pressure in order to convert it into dry saturated
steam. Since the wet steam can only exist at a particular temperature corresponding to the saturation
temperature (given in the steam tables) at a given pressure, therefore the heating of wet steam to
convert it into dry saturated steam at constant pressure is also a constant temperature process (or
isothermal process). We also know that the superheating is done at a constant pressures but its
temperature rises according to Charles' law. Ii, therefore, follows that once the steam is superheated.
it will no longer be an isothermal process.

Consider I kg of wet steam being heated at constant pressure from an initial state Ito a final

state 2.
Let	 P = Constant pressure,
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= Initial dryness fraction of steam, and

Final dryness fraction of steam.

Since the pressure (p) of steam is constant, therefore the specific volume of dry steam (v)
corresponding to the pressure (from the steam tables) will also remain constant, i.e. 	 =	 = p.

We know that initial volume of steam.

V 1 = X1 Its

and final volume of steam, v,	 .r, t

It may be noted that
((I) When the final condition of Steam IS dry saturated, then

A2 = I. and v, = V

(1) When the final condition of Steam is .superheated. then

=
Now let us derive the following relations for the constant pressure process.

I Wo,*,fo,u lifPi?lg 1/zr plmrs

We know that workdone during the process,

w 1 _, = Pressure x Change in volume

= 100p(v2 —v 1 ) kl/Içg	 (when p is in bar)

2.Cluiiur in internal energy
We know that initial internal energy of steam.

a 1 = h 1 - lOOpti, kJ/kg

and final internal energy of steam,

=	 - I OOji v, kJ/kg

Change in internal energy,

Sn = ("2—",) kJ/Kj

3.He4( aborbd or bee' rrn,,sji',rcd
According to the first law of thermodynajmcç, we know that heat absorbed or heat transferred,

= du-i-w1_2

= I(h2 — 100pv2 )—(h 1 - 100pv,)1+ 100p(v2—v,)

= (h2 - h 1 ) kJ/kg

Thus we find that during a Constant pressure heating process, the heat absorbed or heat
transferred by the steam is equal to the change in enthalpy (or total heat) of steam.

Example 93. One kg of steam at a pressure of 175 bar and dryness 0.95 is heated at a
constant pressure, until it is completely Sn'. Determine: 1. the increase in volume 2. the quantity
of/ieat supplied: and 3. the change in entropy.

Solution. Given p = 17.5 bar; x, = 0.95; x2 =
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The heating of steam at constant pressure is shown on p-v. T-s and h-s diagrams in Fig. 9.4.
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From steam tables, corresponding to a pressure of 17.5 bar, we find that

= h, = 878.2 kJ/kg; /ijgi = hjg2 = 1915.9 kJ/kg; 	 = 0.1134 m1lkg;

= s = 2.384 Id/kg K; and sf., = 2 = 4.001 kJ/kg K

1. Increase in volume

We know that initial volume of I kg of wet steam,

V 1 = X 1 Vg = 0.95 xO.1134 = 0.1077m3

Since the final condition of Steam IS completely dry, therefore final volume of I kg of dry
steam.

V2 =vg =0.1134m3

Increase in volume = v2 - v 1 = 0.1134 - 0.1077 = 0.0057 rn Ans.

2. Quantity of heat supplied

We know that initial enthalpy or total heat of wet steam,

h 1 = h +x 1 hjgg = 878.2+0.95 x 1915.9 = 2698.3 Id/kg

and final enthalpy or total heat of dry steam,

h2 = "tZ 	 = 878.2+1915.9 = 2794.1 kJ/kg

Since the steam is heated at constant pressure, therefore

Heat supplied	 = Change in enthalpyof steam

= h2 –h 1 = 2794.1 –2698.3 = 9 5 .8 kJ/ki

3. Change jig enlropv

We know that initial entropy of wet steam,

s l = s +x1 s1 = 2.384 + 0.95 x 4.001 = 6.185 kJ/kg K

and final entropy of dry steam,

fl 5fg2 = 2.384 + 4.001 = 6.385 kJ/kg K

Change in entropy,

ds = s2 — s 1 = 6.385-6.185 = 0.2kJIkK Ans.
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Example 9.6. Two boilers discharge equal amounts of steam into the same main. The steam
from one is at 18 bar and 380'C, and from the other at 18 bar and 0.95 quality. Determi ne : I. the
equilibrium condition after mixing, 2. the loss of entropy by the high temperature steam, 3. the gain
in entropy by the low temperature steam, and 4. net  increase or decrease of entropy.

Take c for superheated steam = 2.3 kJ/kg K.

Solution. Given p 1 = IS bar; T,,, =380°C380+ 273 =653 K ;p2 18 bar ;x2=0.95;

c1, 2.3 Id/kg K
From steam tables, corresponding to a pressure of 18 tinS, we find that

h11 = h = 884.8 kJ/kg

hjgi = hjg2 = 1910.3 kJ/kg

= 2795.1 kJ/kg

= T2 = 207°C = 207+273 = 480K

sp = 2.398 kJ/kg K; Sfg2 = 3.978 Id/kg K

From
boiler 1

- Main

boiler
From

 2

I i. 95

1.Eqiiili/niion -•,u/i1ilt 1J:ev Inixilig

Consider that each boiler discharge I kg of steam. Therefore
Mass of steam in the main, m = 2 kg
We know that enthalpy of steam discharged from boiler 1,

= t h , , = Alt, +hf51+c(T,,—T1)

= 884.8 + 1910.3+2.3(653-480) = 3193 Id/kg

and enthalpy of steam discharged from boiler 2,

h2 = hp +x2 hj2 = 884.8+0.95x 1910.3 = 2700 kJ/kg

Let
	 h = Enthalpy of the mixture in kJ/kg.

For equilibrium,	 = tnh

3193+2700 2 x h or Al = 2946.5 kJ/kg

Since the enthalpy of the mixture (h = 2946.5 kJ/kg) is more than the enthalpy of the dry
saturated steam at a pressure of 18 bar (h 1 = 2795.1 Id/kg); therefore the condition of the mixture
is superheated.

Let	 7',,, = Temperature of the superheated steam after mixing.

Enthalpy of the superheated mixture (h),

2946.5 = hi +c(T,,-T1 ) = 2795.1 +23(Tm'_480)

or	 T,,, = 545.8 K = 272.8'C Ans.

2.li,ss uf entrpv hi /11g12 IenI)e,a!lIle st cci,n
From steam tables for superheated steam, corresponding to a pressure of 18 bar and 380° C.

we find that
s1 = 7.Il3 kJ/kg K

*	 The value oiIt,.,, way he directly taken ft,,,n steam tables of superhealed sicaw, c,ncsp,nding U) 1 pr:SSttrc
of 18 bar and 38(r C.
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and corresponding to a pressure 0118 bar and 272.8°C, we find that

= 6.707 kJ/kg K

Loss of entropy by high temperature steam

= s —s,,, = 7.1I3-6.707	 0.406kJ/kgK Aiis.

3.Gain in entropy by the low temperature steam
We know that entropy of low temperature steam (i.e. wet steam from boiler 2),

= s+x2 s 2 = 2.398+0,95x3.978 = 6.I8 kJ/kg K

Gain in entropy by the low temperature steam

=	 6.707-6.18 = 0.527 kJ/kg K

4.Net increase or decrease of entropy
We know that net increase of entropy

= 0.527-0.41)6 = 0.121 Id/kg Ans.

95. Constant Temperature Process (Or Isothermal Process)

We have already discussed in the previous article that the wet steam has only one temperature
saturation temperature) corresponding to  given pressure. It is thus obvious, that the heating of wet

steam at a constant temperature till it becomes dry saturated is similar to that of heating at a constant
pressure. Thus for an isothermal process (which is limited to wet steam region only), the same
expressions for the workdone, change in internal energy and heat absorbed may be used as for Constant
pressure process.

Once the steam is superheated, it behaves like a perfect gas. In other words, the superheated
steam follows the law

pv 
= Constant or p v = Constant	 . . . (; Tis constant)

The superheating of steam at constant temperature may be regarded as hyperbolic. In other
words, it follows Boyle's law,

Example 9.7. Steam at a pressure of 5.4 bar and diyness fraction 0.8 expands iii a cylinder
reversibly and isothermally to a pressure of 1 bar. Find:/. Final condition of steam 2. Change in
internal energy; 3. Change of entropy ; 4. Heat transferred; and 5. Workdone per kg of steam.

Solut1on. Given p1 = 5.4 bar; x1 =0.8 
; P2 = I bar

t	 I C\. Superheat

! P1	
region

Wet

to	 U,

Iregion

V1	 v2

Volume

(it) J'-t' di.igiair..

Fig. 9.6

The isothermal expansion of steam on p-v, T-s and h-s diagram is shown in Fig. 9.6.
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From steam tables, corresponding to a pressure of 5.4 bar, we find that

T = 154.8°C = 154.8+273 = 427.8K; hfl 652.8 kJ/kg ; h151 = 209kJ/kg;

= 0.348 m3 /kg ; s,, = 1.89 Id/kg K; and s fg, = 4.903 Id/kg K

and corresponding to a pressure of 1 bar, we find that

= 417.5 Id/kg; hfr2 2258 Id/kg

1.Final ('OIIdhIiOfl ofsfeail
From steam tables, corresponding to a pressure of 5.4 bar, we find that the saturation

temperature.

T= 154.8°C

Thus, the final condition of steam at state 2 is superheated having T, = T= 154.8°C. Ans.

2.Change in internal energy
We know that initial internal energy.

a 1 = h 1 -100p 1 v 1 	h.,i+Xihigi_IOOP1X1Vg1

= 652.8 + 0.8 x 2098- 100 x 5.4 x 0.8 x 0.348 kJ/kg

= 2331.3-150.3 = 2181 Id/kg

and final internal energy, u2 = h - 100 p2 v2 
= * kill, - 100 P2 v,,,,

= 2785.8- 100  lx 1.96 2589.8 kJ/kg

Change in internal energy.

du = u2 -u 1 = 2589.8-2181 = 408.8 kJ/kg Ans.

3. ('lu,,ite in et;!rO/t
We know that initial entropy of wet steam.

SI = Sn +X I S = 1.89 + 0.8 x4.903 = 5.81 kJ/kg K

and final entropy of superheated steam from steam tables for superheated steam corresponding to I

bar and 154.8° C,

= 7.635 kJ/kg K

Fri, In Mcaln tnt-h. I . r sm; ueated steam. We shall find the values of !m, and to,cooesponding to a pressure

oil bar and 1 5,4.8" C. as discussed below

=	 at 150C+	 at 200'C	 at 150°C) 4.8/50

2776.3 + t2875.4 - 2776. 4.8 / 50 = 2776.3 + 93 = 2785.8 Id/kg

Similarly	 .,	 I5(YC t(t'	 at MY' C-I	 at 150°C)4,8/50

= l.936+(2.172- 1.9364.8I5() = 1.936+0.024 = 1.96 Oft

1 he value ol	 in:tj also he oht.nmncd as folk ws

V	 T
Wc know that	 =	 or t',,

	

1	 2

Proni steam tables. corresponding to a prcssuc oil bar, we find that
1.694 rn'/kg and f. = 99.63

154.8+273
= 1.694 X 99.63+273 = 1.96 m3/kg
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as = 52 —s 1 = 7635-5.81	 1.825 kJ/kgK Ans.

4. I-leaf transferred

We know that heat transferred,

	

q1 _2	Tds = 427.8 x 1.825	 781 kJ/kg Ans.

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

= du+w12)
= 78l-408.8 = 372.2 kJ/kg Ans.

9.6. Hyperbolic Process (orp v = C Process)
We have discussed above that superheated steam behaves like a perfect gas and the process

of superheating the steam at constant temperature (i.e. isothermal process in the superheat region) is
regarded as a *hyperbolic process (orp o = Cprocess). Now consider I kg of wet steam being heated
hyperbolically from an initial state I to the final slate 2.

Let	 p1 = Initial pressure of the steam in bar,

Z^ j = Specific volume of the dry Steam in m 3/kg corresponding
to pressur p 1 (from steam tables),

Initial dryness fraction of the Steam, and

P21 Vx2l x2 = Corresponding values for the final condition of the Steam.

We know that initial volume of I kg of steam,

01 = X1

and final volume of 1 kg of steam,

V2 = X2

Since the steam is heated hyperbolically (Le. pv = C), therefore
P, V I =P2 V2or p1 (x1 vii ) =

•	 _____

x2 = S-
P2082	

...

The value of x2 gives us an important information, about the final condition of the steam, e.g.
I. If the value of x2 is less than one, the final condition of steam is wet.
2. If the value of x.2 is equal to one, then the final condition of steam is thy saturated. In such

a case, v2 =
3. If the value of x2 is greater than one, then the final condition of steam is superheated. In

such a case, v2 =

In case of superheated steam, we shall find out its volume and temperature.
Let	 v,,, = Volume of superheated steam, and

Trn,, = Temperature of superheated steam in K.

The isothermal process in the wet region is not hyperbolic.
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We know that p 1 x v,, = p2 V,,,

p 1 xI V1
V

.fl,p	 p

Now T,, 1, may be found out by Charles' law, i.e.

T,,,,,	 T2

where	
T2 

= Saturation temperature corresponding to the pressure p2.

in K (from steam tables).

Now let us derive the following important relations for the hyperbolic process.

Workdone during the process

We know that workdone during the process.

= lOOps v1 lo[_ )= 2.3 xlOOp 1 v log	 )u&

(when p is in bar)

= 230p,V, log f_
2)

V2	 p1
p 1 	 p, or -= -

2.Change in internal energy of steam

We know that initial internal energy of steam,

a 1 = h 1 - lOOp1 v kJ/kg

and final internal energy of steam.
= h2 100PV2 Id/kg

Since in hyperbolic process, p 1 V1 = p2 V2 therefore

Change in internal energy
du = it2 - u 1 = h2 -h1 kJ/kg

Thus, we find that during hyperbolic process, the change in internal energy is equal to the
change in enthalpy.

3.Heat absorbed or heat transferred
According to the first law of thermodynamics, we know that heatabsorbed or heat transferred,

q 1 _2 = du+w 1 _2 = (U2 -u)+w 1 _2 Id/kg

Example 9.8. Steam at a pressure of 10 bar and 0.9 dry expands to atmospheric pressure
hyperbolically. Find: I. Work done, 2. Change in enthalpy, 3. Change in internal energy, and 4. Heat
absorbed Specific heat of steam at constant pressure = 2 kJ/kg K.

Solution. Given :p 1 lO bar ;x 1 =0.9 ;p2 =l.Ol3 bar ;c,,2kJ/kgK

The hyperbolic piocess on the p-V. T-s and h-s diagram is shown in Fig. 9.7.
From steam tables, corresponding to a pressure of 10 bar, we find that

= 762.6 kJ/kg; Ilfg , = 2013.6 Id/kg; v., = 0.1943 rn3/kg;

= 179.9°C = 179.9+273 = 452.9 K
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and corresponding to atmospheric pressure of 1.013 bar, we find that

P, .1 
Superheat

P2	 2jregion

hft = 419 kJ/kg; hi2 = 2257 kJ/kg; Vit, = 1.673 m3/kg;

T2 = 100°C= 100+273=73K

TI II /Wet \
region I

1

	

— Volume	 - Entropy

	

(a) p .v diagram	 (b) T.s diagram
Fig. 9.7

I. Workdop,e

SI	 S2

- Entropy
(e) h-s diagram

We know that workdonc during hyperbolic expansion,

w 1 _2 = 23Op 1 V 1 . log	 = 230p 1 x 1 v, 1 log	
J

	

... C. V1 =	 V 1 and v21v1 =p1/p2)

= 230x I0x0.9x0.1943 log ( -j_3 ) = 400kJ/kg Ans.

2. Change in enthalpy

First of all, let us find the final condition of Steam. We know that for hyperbolic expansion,

P1 VIP2'2 or P ) X 1 Vg1 =P2X2l)2

•	 - ?j_fLl - lOxO.9x0.1943 - 1.032x2 _	 -

P2 1,2	 l.0l3x1.673

Since the value of x2 is more than one, therefore the Steam after expansion is *superheated.
First of all, let us find out the volume of the superheated steam (v) after expansion We know that

P t Xi 
ott = P2

=

P t Xi Vi - 10x0.9x0.1943 = I.726m3/kg
P2	 -	 1.013

Now let us find out the temperature of the superheated steam (T,) by Charles' law. We know
that

= or T = T x	 =	 1.726
T=	 T2.	 2	 373x-j-	 = 385K

*	 We may also say as follows

We know that p 1 z'1 = P2 V2 or 02 
=	 =0 x 0 9 x 0. 1943= 026m'g

P2	 P2	 1,013
Since 02	 1.726 m'Ikg is more than u,,	 1.673 mfkg. therefore the team is superheated.
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We know that initial enthalpy of wet steam,

= h-IxlhfRl = 762.6+0.9X2013.6 = 2574.8kJIlg

and final enthalpy of superheated steam.
= h,,, = h+h152+C(T,—T2)

= 419+2257+2(385-373) = 2700kJ/kg

Change in enthalpy dh = ! i2 — h 1	 2700-2574.8 = 125.2 kJ/kg tins.

3.C'I,on,e in iii (((11(11 cneigv
We know that in hyperbolic process, change in internal energy is equal to the change in

enthalpy. Therefore change in internal energy,

A = 125.2 kJ/kg tins.

4.heat absorbed
We know that heat absorbed.

q 12 = du+w1.2 = 125.2+400 = 525.2 kJ/kg Avis.

9.7. Reversible Adiabatic Process (or Isentropic Process or Constant Entropy Process)

The adiabatic process may be reversible or irreversible. The reversible adiabatic process (i.e.

frictionless adiabatic process) is known as isentropic process or constant entropy process. But when

there is some friction involved in the process, it is then known as irreversible adiabatic process. We

have already discussed that irreversibility leads to increase in entropy. Thus in an irreversible
adiabatic process, the entropy *increases.

We know that in a reversible adiabatic or isentropic process:
I. there is no transfer of heat through the cylinder walls.

2.there is no change in entropy, i.e. entropy before and after the process is constant.

3.the work is done on the piston by the expanding steam.
Now consider I kg of wet steam being heated by reversible adiabatic process i.e. isentropicalty

from the initial state I to the final state 2.

Let	 p1	 Initial pressure of the wet steam in bar,

v = Specific volumeof the dry saturatedsteam in m3/kg,
'	 corresponding to initial pressure p 1 (from steam tables),

= Initial dryness fraction of the steam, and

p2. v 2, x2 = Corresponding values for the final condition of the steam.

We know that initial entropy of steam before expansion.

= 5,1+'	 =

and final entropy of steam after expansion.

=	 = S,2+X25;t2

*	 Sec Example 9.11.
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Since the entropy before expansion is equal to the entropy after expansion, therefore

!+L?fsi_5
I'	 P

or	 S1+x1	 =s,+x2s12

where sfi , h11 and T, represents entropy of water, latent hea, or enthalpy of evaporation and tem-
perature corresponding to pressure p1,

S12' h12 and T2 represents the corresponding values at pressure p2, and
and Sj92 represents entropy of evaporation.

From the abov equation, the value of x2 is obtained. The value of x2 gives us an important
information about the final condition of the steam, e.g.

I. If the value ofx2 is less than one, then the final condition of the steam is wet.
2. If the value of x2 is equal to one, then the final condition of the steam is dry saturated.
3.If the value of x2 is more than one, then the final condition of the steam is superheated.
In case of superheated steam, the absolute temperature of superheated steam (i.e. T,,,,) may

be obtained by using the Charles' law, i.e.

i,	 i

	where	 v,,,,, = Specific volume of superheated steam in m 3/kg, and

= Saturation temperature corresponding to pressure p2

(from steam tables) in K.
Now -let us derive the following important relations for a reversible adiabatic process or

isentropic process.

• Change in internal energy
We know that initial internal energy of the steam,

= h1 - lOOps
	where	 v, = Initial volume of steam = x 1 v I	 - . . (For wet steam)

and final internal energy of [hi steam,

U2 = h2 — 100 p2

	

where	 v2 = Final volume of steam

X2 v 2 	. . (For wet steam)
Vg2	 . . . (For dry saturated steam)

(For superheated steam)
Change in internal energy,

du = u2—u1

* The final condilirin of NteJlll 1 , inty be directl y obtained from the Msihlkr d!atrani by plotting the initialand final co:idi(iorts of steam, this has been explained it the prcs•isn chapter.



pv" = Constant

where	 n	 1.13
= 1.135
= 1.3

Then work done on the piston
- 100(p1v1-p1v5)

	

W 1-2	 (n 1)

• (For wet steam)
(For dry steam)

(For superheated steam)
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2 feat drosorbi,a or heat trsin.rfei red
Since no heat is added or subtracted during an adiabatic process (reversible or irreversible),

therefore

q12 = 0

3. Wodone du, ini the	 ' e.
According to first law of thermodynamics, the heat absorbed or heat transferred,

0I2 =

Since q,-2 
= 0, during a non-how reversible adiabatic or isentropic process, therefore

workdone during the process,

= -du = —U2

This shows that during a reversible adiabatic process or isentropic process, workdone is equal
to the change in internal energy.

If the process is steady flow reversible adiabatic or isentropic process, then according to steady
flow energy equation,

h 1 +q 1 _2 = h2+w12	 (Neglecting kinetic energy)

Since q12 = 0, therefore

WI-2 = h1-h2

This shows that during a steady flow reversible adiabatic process or isentropic process,
.brkdone ix equal to the change in enthalpy.

NoIc I. The adiabatic expansion of steam, as a rough approximation, is assumed to follow the general law

This method should not be used unless the value of n for the steam during the expansion is given.
The value for the work done on the piston given by

w, -, = -du = u1-u,

2. The dryness fraction of steam decreases during an adiabatic expansion. In other words, the steam
becomes wetter during an adiabatic process. Rut, in some cases such as expansion of steam in the nozzle of a
steam turbine, the steam remains in its state of dry saturated or superheated steam because it does not get enough
time for expansion.

Example 9.9. Steam ata pressure of JO bar and O.95dry expands isentropically to apressure
of 4 bar. Determine the final dryness fraction of steam, by!. Using steam tables, and 2. Using Molliir

chart.
SI:ition. Given p 1 = 10 bar ; x 1 = 0.95 p2 = 4 bar

Let	 x2 = Final dryness fraction of steam.

The isentropic process on p-v, T-s and h-s diagrams is shown in Fig 9.8.
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I. Using steam tables
From steam tables, corresponding to a pressure of 10 bar, we find that

= 2138kJIkgK; sf, , = 4.445 kJ/kg K

and corresponding to a pressure of 4 bar, we find that

= 1.776 kJ/kg K; sfg2 = 5.118 kilkg K

We know that for an isentropic process,

Sfi 
+Xl :I = 3+X2Sj2

2.138+0.95x4.445 = 1.776+x2x5.118

2.138+4.223 = 1.776+5.118x2 or x2 = 0.896Ans.

2. Using Mother chart
First of all, mark point I where the pressure line through p 1 (i.e. 10 bar) and dryness fraction

x1 (i.e. 0.95) meets, as shown in Fig. 9.8 (c). Since the steam expands isentropically, therefore draw

a vertical line through Ito meet the pressure line through p (i.e. 4 bar) at point 2.

The final dryness fraction of the steam, as read from the chart at point 2, is x2 = 0.896. Ans.

Example 9.10. Steam from an inilialprersureof7barand200* Cis expanded isentropjcally
to a pressure of I bar. Calculate : I. the final condition of the steam ; 2. change in internal energy;
3. workdone during the process ; 4. the value of n, if the expansion follows the law p  = Constant.

Solution. Given: p1=lbar;T=200°C=200+273=473K;p2=Ibar

The isentropic process on thep .v, T-s and h.s diagrams is shown in Fig. 9.9.

From steam tables of superheated steam, corresponding to a pressure of? bar and 20° C, we
find that

=,6.886 kJ/kg  K; h,,,, = 2844 kJ/kg; and v, = 0.3 m3/kg

and from steam tables for saturated steam, correspOn.Jing to a pressure of I bar, we find that

= l.3O3 kJ/kg K	 6.057 kJ/kg K ; h,. = 417.5 kJ/kg:

= 2258 kJ/kg; and V,2 = 1.694 m3lkg

1 . Final condition of steam
Let	 x2 = Final dryness fraction of steam.
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Since the iQitial condition of steam is superheated, therefore for isentropic process.

= s2 =

6.886 = 1.303+x2 x6.057 or X2 = 0.92 Ans.

1

P
2' r'

, p 2 g2
—Volume

(,, pr diaerarn

:/i L hf
tuIT4/4\\

5
- Entropy -

Pr
pal

200'C

'"•2 
3at. line

ST S2

Entropy

(d) i-s diagram.	 F) li-s diagram.

Fig. 9.9

(iIC The final condition of steam (i.e. x) may also be obtained by using Moltier diagram as shown in Fig.
9.9 (c). The vertical line drawn from point I of an initial condition of steam, i.e. pressure 7 bar and temperature
200' C, unto the pressure line of I bar. The dryness fraction of steam is read at the point of intersection (i.e. point
2) from which x2 = 0.92. Airs.

2.Change in internal energy
We know that initial internal energy of the.stcarn,

u1 =h 1 -1Wp 1 v 1 =h,..,-100p1v,,
= 2844– 100x.7x0.3 = 2634 kJ/kg

and final internal energy of the steam,

= h2 – 100p2 v2 = !+x2 h152 100p2x2v,2

= 4I7.5+0.92x2258– 100  I xO.92x 1.694

= 2495-156 = 2339 kJ/kg

Change in internal energy,

du a2 – a1 = 2339 –2634 = –295 kJ/kg Ans.

The –ye sign indicates that there is a decrease in internal energy.

3. ltoodo,is during the process
Since the heat transferred (q1 _2) during an isentropic process is zero, therefore workdone

during the process,

= –du	 (295)	 295 kJ/kg Arts. 	 ... (	 = du+w12)

4 %i!as u/n

Since the expansion follows the law  t/' = Constant, therefore

P i v = p2 v or p1 (t,)1 = p2 (X12)

Taking logarithm on both sides,
log p 1 +n log (v,) = log p2 +n log (x2vg2)

or	 n [log (v,,,,) - log (Jr2 v a)J = log p2 - log p1

117 -
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log p2 — log p1	 - jjjjo(7xl05)
log (v,,,) —log (x2 v 2) - log (0.3)— log (0.92 x 1.694)

( p 1 and p2 are taken in N/rn2)

—	 5-5.845	 - 
—0.845 - 118 Ans.

- —0.523-0.1927 —0.7157 -

Example 9.11. Steam ata pressure of20 bar and350° C expands adiabatically to apressure
of] bar till the steam is dry saturated at the end of expansion. Find: 1. Change of internal energy,
2. Workdone; and 3. Change of entropy during the process.

Solution. Given: p 1 = 20 bar; 1, = 350°C; p2 =  I bar; x2 =

The adiabatic process (irreversible) on the p-v. Ts and h-s diagrams is shown in Fig. 9.10.

From steam tables for superheated steam, corresponding to a pressure of 20 bar and 350° C,
we find that

= 3138.6kJ/kg;v = 0.1386m 3/kg; s,.,,=6.96kJ/kgK

and from steam tables for saturated steam, corresponding to a pressure of I bar, we Find that

= 417.5 kJ/kg; h1g2 = 2258 kJ/kg ; v2 = 1.694 m3/kg;

= 1303 kJ/kg K; 5fg2 = 6.057 kJ/kg K

OP2 ------

18

- Volume

(a) p-v diagram.

• Change in internal rnergv
We know that initial internal energy of superheated steam,

u1 = h 1 - loop, v 1 = h,,,— )00p 1 v,1,

3138.6— I00x20x0.1386 = 2861.4 kJ/kg

and final internal energy of dry saturated steam,

U2 = h2 -100p2 v2 = h+h,12_100p2v,2

417.5+2258— 100  lx 1.694 = 2506.1 kJ/kg

Change of internal energy,

du = u2 — u1 = 2506.1 —28l.4	 —355.3 kiIkg Ans.

The —ye sign indicates that there is a decrease in internal energy.

2. Work4o.ne
Since the heat transferred (q 1 _2) is zero during an adiabatic process, therefore workdone

w12 = — du = —(-355.3) = 355.3 kJ/kg Ans.
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3. CIw,te ol
We know that initial entropy of superheated steam,

= .c 1, = 6.96 kJ/kg K

and final entropy of dry saturated steam.
1	

32 = sF2 + Sfg2 = 1.303 + 6.057 = 7.36 kJ/kg K

Change in entropy	 = s— s = 7.36 - 6.96 = 04 k.1/kg K Ans.

Note: From above, we see that the entropy has increased. Thus the adiabatic process is irreversible.
9.8. Poly tropic Process (po' = C Process)

Consider I kg of wet steam being heated polytropicaily from an initial state I to a final
state 2.

Let	 p1 = Initial pressure of the steam in bar,

= Specific volume ofdrysteam, corresponding toapressurep1
(from steam tables),

= Initial dryness fraction of the steam,

p2. v 2 , x2 = Corresponding values for the final condition of the steam, and

n = Polytropic index.

We know that initial volume of I kg of steam,

Vt =XIVXI

and final volume of I kg of steam,

V2 = X2 V52

Since the steam is heated polytropically (i.e. pzf = C), therefore

"32 or

IM

X1 1 ,1	 Pt-
tl	 (P2

The value of x2 gives us an important information about the final condition of the steam, e.g.

If the value of .x2 is less than one, then the final condition of the steam is wet.

2. If the value of x2 is equal to one, then the final condition of the steam is dry saturated. In
such a case, v2 = v52.

3. If the value of x, is more than one, then the final condition of the steam is superheated.

In such a case, v 2 =

In case of superheated steam, we shall find out its volume and temperature as follows:

Letz^vl, = Volume of the superheated steam, and

= Absolute temperature of the superheated steam.

We know that p 1 (x1 v 1 Y = p2 (v,)5

( p1 j
V = xV 1 l -

IP2)
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Now T ,, may be found out by Charles' law, i.e.

or TT,,,,	 T2	''

where

	

	 T 
2 

= Saturation temperature corresponding to pressure p2

(from steam tables) in K.
Now let us derive the following important relations for the polytropic process

1. Vnrkd,ne din .',' th proces.c
We know that workdone during the polytropic process,

100 (p 1 v1 pi V2)
w1_2 =	 -	 Id/kg	 . . . (when pis in bar)

2 (hangt in mU/Ia-i! nerg
We know that initial internal energy of steam.

u 1 = h 1 - 100p 1 V 1 Id/kg

and final internal energy of steam,
u2 = h2 -100p2 v2 Id/kg

3. Ikat ab.iarbt'd or heat transferred
According to the first law of thermodynamics, we know that heat absorbed or heat transferred,

q _2 = du + w1 _2 (u2 - u 1 ) + w 1 _2 Id/kg

Example 9.12. One kg ofsteam ata pressure of] barand 0.8 dry is compressed ma cylinder
to a pressure of 2 bar. The lai' of compression ispv' 2 = Constant. Find: 1. the final condition of the
steam ; 2. change in internal energy; and 3. the heat that passes through the cylinder walls.

Soiitinii. Given p 1 =I bat; x1 =0.8; p2 = 2 bar; n = 1.2
From steam tables, corresponding to a pressure of I bar, we find that

h11 = 417.5 kJ/kg; h,, = 2258 kJ/lcg; and v 8 1 = 1.694m3/kg

and corresponding to a pressure of 2 bar, we find that

h = 504.7 Id/kg; hj 2 = 2201.6 kjlkg; and v,2 = 0.885m3/kg

i. Final	 non of the steam

Le	 = Final dryness fraction of the steam.

We know that 	 p 1 v = p2 v or p1 (x1 v 1) = p2 (12 Vt2)

A:22	 22 (, p2 )	 0.885	 I.2 )

2 Char e in i,:'r,.l encrgv
We know that initial internal energy of the steam,

u 1 = h 1 - too PI v = hfl +x hj i - 100p 1 X V

= 417.5i-0.8x2258— 100  I xO.8x 1.694kJlkg

2224— 135.5 = 2088.5 Id/kg
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and final internal energy of the steam,
= h2 -I OO l'2 v2 hJ2 + x2 h12 - 100 p2 x2 V

= 504.7+0.86x2201.6— 100x2x0.86X0.885 Id/kg

= 2398— 152.2 = 2245.8 kJ/kg

Change in internal energy,

	

du = u2 — u1 = 2245.8-2088.5	 157.3 kJ/kg Ans.

3. Ikal pasiflg thiough the cylinder walls
We know that workdone during the compression process,

- 100(p1 v 1 — p2 v2) -
it—I	 -	 n—I

= 100(Ix0.8X1.	 —2x0.86XQ	 = -83.5kJ/kg

The —ye sign indicates that the work is done on the steam.
We know that heat passing through the cylinder walls or heat transferred.

= du+w 1 _2 = 157.3-83.5 = 7384 kilkg Ans.

Example 9.13. Steaor of dryness fracnon 0.96 is expanded in a cylinder according to
= Constant. The pressure at the beginning of expansion is 20 bar, and is continued till the

'ressure reduces to 1 bar. Determine: 1. the final condition of the steam 2. the workdane during
expansion 3. the change in internal energy, and 4. the heal exchange that occurs between the steam
and cylinder walls per kg.

Solution. Given: x 1 = 0.96; n = 1.02 p1 = 20 bar; p2 = I bar

The polytropic process on p-v. Ts and h-s diagrams is shown in Fig. 9.11,

4	 I	 .	 t	 I	 i\ II
\vl02 = C	 T	

2
/X 

P2cI 	 /
Sa

a h2

I L1	 IreonI	 Wet region

- volume -	 - Entropy -P	 - Entropy -
i) pr' diairrrrt.	 b) T.s diagram.	 (e) h-r diagram.

Fig. 9J I

From steam tables, corresponding to a pressure of 20 bar, we find that

= 908.6 kJ/kg ; h 51 = 1888.7kJlkg; and v =0.0995m3/kg

and corresponding to a pressure of I bar, we find that

h = 417;5 kJ/kg; h 2 = 2258 kJ/kg ; v., = 1.694m 3/kg; and

= 99.6° C = 99.6+273 = 372.6 K

lilVJl C. i;,,IjtOII m'jthe Stmlnl

Let	 x2 = Final dryness fraction of the steam.

line
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We know that 	 p1 t'7 = p2 tl or p 1 (x1 v,,r = p2 (x2 v2Y'

Lii(i	 O.96xO.O995(2O'Th	
1.062

X2 -; v 2 (p2)	 1.694	 i )
	 -

Since the final dryness fraction of the steam in greater than one, therefore the final condition
of steam at the end of expansion is superheated.

Let	 v = Volume of the superheated steam in m3/kg, and

T = Temperature of the superheated steamin K.

We know that 	 p1 v = p, e. or p1 (x1 v i ) = p2

= x 
v [) 

= 0.9 x 0.0995 (
 Y = 1.8 m3/kg

Now let us find out the final condition of the superheated steam (i.e. T, ,) by Charles' law.
We know that

= -	 or 7, =	 = 372.6x	 = 1)6K Ans.
TI,	 T2	 Vs2	 1.694

2. Workdone during expansion

We know that workdone during expansion,

- 100 (p1 v1-p2 v2) - 100 (p1 x1 v -p2 V,,)
w -. 	-.I2	 n - I	 n-I

- 100(20x0.96x0.0995- lx 1.8) = 552 kJ/kg Ans.
-	 1.02-i

3. Change in internal energy
We know that initial internal energy of the wet steam,

-	 u1=h- loop, v1=h,1+x,h151l00px1v1

908.6+0.96x 1888.7- 100x20x0.96x0.0095

= 2721.8-191 = 2530.8 kJ/kg

and final internal energy of the superheated steam,

u2 = h2 -I00p2 v 	 *h -
2	 100p, V ,,

=	 Orrp -T2)]- l00p2v,.,,,

= [4I7.5+2258-i-2(396-372.6)J- lOOxI x 1.8

= 2722.3 - 180 = 2542.3 kJ/kg

(Faking c,, for superheated steam = 2 kJ/kg K)

Change in internal energy,

A u2 •- u1 = 2542.3 -2530.8 = 11.5 kJ/kg An.

*	 The value of !i,,,, may also b. read directly from steam sables !or superheated seam, cn 	 ecTCSpOdi to a
pressure of I bar and 123°C.
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4. F/eat exchange between the steam and cylinder walls

We know that heat exchange between the steam and cylinder walls or heat transferred,

q1 _2 = du+w 1 _1 = 11.5 +552 = 563.5 kJ/kg Ans.

9.9. Throttling Process (Constant Enthalpy or Constant 1.0111 Heat Process)

It is also known as wire drawing when the working substance is vapour. Steam is said to be
throttled when it passes through a restricted opening such as a narrow aperture or a slightly opened
valve. The leakage of a fluid through a crack in the vessel is an example of throttling.

During the throttling process, the fluid is forced Out by its
pressure through the restricted opening or aperture. The aperture
is so narrow that due to frictional resistance between the fluid and
the sides of the aperture, the velocity of the outcoming fluid is
almost reduced to zero. The kinetic energy is converted into heat
by friction. Hence, if the steam is initially wet, it will start drying
up as it expands. If throttled, the dry steam will become super-
heated.

It may be noted that during a throttling process:

00""y VZZIZIMIM."

Fig. 912. Throttling press.

I. No heat is supplied or rejected (i.e. q1_2=O).

2.No work is done by the expanding fluid (i.e. w 1 _2 = 0).

3.No change in the internal energy of fluid (i.e. du = 0).

4.The enthalpy or total heat of the fluid remains constant (i.e. h = 112).

Consider I kg of wet steam being throttled through a narrow aperture, from an initial state I
to the final state 2, as shown in Fig. 9.12. The throttling process is irreversible adiabatic process.

Applying *steady flow equation between sections 1-1 and 2-2, we have for a unit mSS of
fluid,

V2
	 0

h 1 +--+gz +q 12 =

Since the datum level is same, therefore z1 = z2. Also the velocities V1 and V2 are small,

therefore V12 / 2 and V /2 are negligible. Hence the above equation reduces to

= h2	 ... (';q12 =O and w12=O)

This shows that during throttling process, enthalpy remains constant.

Let	 p1 = Initial pressure of the steam in bar,

	

v	 Specific volume of dry steam in m1/kg corresponding
P	 to an initial pressure p 1 (from steam tables).

= Initial dryness fraction of the steam, and

	

p 1 , v 2, x2	 Corresponding values for the final condition of the steam.

We know that initial enthalpy or total heat of steam before expansion,

= fl11 +x1 h

*	 Itir &kt,iils. p7ca	 uclerch;tptcr 3. Art 3.18.
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and final enthalpy or total heat of steam after expansion.

h2 = hp+x2hj2
Since enthalpy remains constant during throttling process, therefore

h 1 = li-2 or hfl +x I hfKl = h+x2h

•
x2— hfh+xtI—hfl

fg2
The value of x2 gives us an important information, e.g.
I. If the value ofx2 is less than one, then the final condition of the steam is we:.
2. If the value ofx2 is equal to one, then the final condition of the steam is dry saturated.
3. If the value of x2 is greater than one, then the final condition of the steam is superheated.

Note	 The throttling process may be represented on Mollier chart by a horizontal line as discussed in the
previous chapter. The final condition of steam may also be read directly from the chart.

Example 9.14. One kg of steam at 14 bar pressure and dryness fraction 0,9 is throttled to
1.4 bar. Determine the final conditioA of the steam by using: I. Steam tables, and 2. Mother chart.

Solution. Given :p 1 = 14 bar ;x =0 -9 ; P2 = 1.4 bar

Let	 x, = Final dryness fraction of the steam.

I (J'inr' .rea,,r tables

From steam tables, corresponding to a pressure of 14 bar, we find that

= 830.1 kJ/kg; hf1 = 1957.7 kJ/kg

and corresponding to a pressure of 1.4 bar, we find that

= 458.4 kJ/kg; '2 = 2232 kJ/kg

We know that for a throttling process.

h11 -Ix 
I 

h11 = h1l+x2hf52

830.1 +0.9x 1957.7 = 458.4+x2x2232

x. = 0.96 Ans.

2. Using A1ol1ij !uiri	

.N

12
First of all, mark point I where the pressure p1

(i.e. 14 bar) and dryness fraction x 1 (i.e. 09) meet as
shown in Fig. 9.13. Since the steam is throttled, there- 	 - Entropy
fore draw a horizontal line through I to meet the pres-
sure line p2 (i.e. 1.4 bar) at point 2. 	 Fig.9.13

thc final dryness fraction of the steam, as read from the point 2 is =0.96. Ans.
Example 9.15. Steam at 10 bar and 0.9 dryness is throttled to a pressure of 2 bar. Using

steam tables only, evaluate Me final dryness fraction or degree of superheat. Estimate the change of
entropy diring this process.

SoTi,ion. Given :p1 =lobar  ;x1 =0.9 ;P2 =2 bar

Froin steam tables, corresponding to a pressure of 10 bar, we find that

Aft = 762.6 kJ/kg; hfgl = 2013.6 kJ/kg; yj, = 2.l3S kJ/kg K; and

= 4.445 kJ/kg K
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and corresponding to a pressure of 2 bar,we find that

= 504.7 kJ/kg; h 2 = 2201.6 kJ/kg	 = 1.53 kJ/kg K; and

= 5.597 kJ/kg K

Let	 x2 = Final dryness fraction of steam.

We know that for a throttling process,

hfl + x 1 h11 = hfl + x7 hjg2

762.6 + 0.9 x 2013.6 = 504.7 +x2 x 2201.6

= 0.94 Ans.

Change o/ etItropy
We know that entropy before expansion,

= S11 +X sfRI	 2.138 + 0.9 x4.445 = 6.14 Id/kg K

and entropy after expansion, s	 + x2 s1 = 1.53 + 0.94 x 5.597 = 6.79 Id/kg K

Change of entropy, s = s2 -s 1 = 6.79-6.14 = 05 kJ/ktz K Ans.

Note From above we see that the entropy increases during the throttling process. Hence, the throttling process
is irreversible.

Example 9.16. Steam at  pressure of 14 bar with 80K of superheat is throttled to a pressure
018.5 bar. Determine the temperature of steam after throttling. The specific heat ofsuperheated steam
may be assumed as 2.2 kJ/kg K.

Solution. Given :p 1 = 14 bar; T,, - T1 = 80K; P2  = 8.5 bar; c, = 2.2 kJ/kg K

Let	 T = Temperature of steam after throttling.
From steam tables, corresponding to a pressure of 14 bar, we find that

h51 = 2787.8 Id/kg

and corresponding to a pressure of 8.5 bar, we find that

h52 = 2769 Id/kg and T2	 172.9° C = 445.9 K

We know that initial enthalpy of superheated steam,

= h51 + c, (T, - T1) = 2787.8 + 2.2 x 80 = 2963.8 Id/kg .. . (i)

and final euthalpy of superheated steam,

h2 = h82+c(T_T2)

= 2769+2.2(T-445.9)	 1788+2.2T	 . . . (ii)
Equating equations (i) and (ii),

2963.8 = 1788 + 2.2 T or T = 534.4K = 26 1.4'
Example 9.17. Steam initially at a pressure of 15 bar and 0.95 dryness expands isentropi-

cally to 7.5 bar and then throttled until it is dry. Using steam tables only. Calculate: 1. change in
entropy, and 2. change in internal energy per kg ofsteam during the entire process. Show the process
in a h-s plane. Is the entire process reversible. Justify your statement.

Solution. Given: p, = IS bar ;x 1 0.95 ; p2 =7.5 x3 =
First of all, let us find the dryness fraction of steam (x 2 ) after isentropic expansion and pressure

(p3) at the end of throttling process.
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From steam tables, corresponding to a pressure of 15 bar, we find that

h = 844.6 kJ/kg; h1, = 1945.3	
1

v= 0.13I7m3/kg; s = 2.314kJ/kgK;

s = 4.I26kJ/kgK
IM

and corresponding to a pressure of 7.5 bar, we find that
/ip = 709.3 kJ/kg; hjg2	 2055.5 kJ/kg;

v 2 = 0.253 m3/kg; sf, = 2.019 Id/kg K;

3fg2 = 4.62 kilkg K

We know that entropy of wet Steam before isentropic e
pansion,	 -

Sat, line -, Pt

St =S2
Entropy

Fig. 9.14

S 1 	 +X1 3jg = 2.314 +0.95 x 4.126 =6.324 kJ/kg K

and entropy of wet steam after isentropic expansion,

S2 = 3.+x 1. 2 = 2.019 + x2 x 4.662 = 2,019+4.662x2

Since the entropy remains Constant during isentropic process, therefore

1

6.324 = 2.019+4.662x2 or x2 = 0.923

We know that enthalpy of wet steam before isentropic expansion,

h 1 = h1 +x1 hfRl = 844.6+0.95x 1945.3 = 2693 Id/kg

and enthalpy of wet steam after isentropic expansion or before throttling,

= hp +x2 h1g2 = 709.3+0.923x2055.5 = 2606kJ/kg

We know that enthalpy of steam after th,rottIing,

h3 = Enthalpy of steam before throttling (h2) = 2606 Id/kg

From steam tables, corresponding to the enthalpy of dry steam equal to 2606 kJ/kg, we find
that pressure after throttling.

P3 = 0.18 bar; vg = 8.445 rn3 /kg ; and 33 = 7.946 kJ/kg K

I. Change of entro/y

We know that change of entropy during the entire process,

=	 7.946-6.324 = I.622 kJ/kg K Ans.

2. Change in internal energy

We know that initial internal energy of the steam,

II I = h - 100p 1 v 1 = h l - 100p 1 x 1 v1

= 2693-100x15x0.95x0.1317 =2505k)/kg

and final internal energy of the steam,

u3 = h3 -100p3 v3 = h3_I0Op3x3ug3

= 2606— 100x0.18x I xS.445 = 2454 kJ/kg.

...('.' h =	 and x3 = I)
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Change in internal energy during the entift process

= u3 -u1 = 2454-2505 -51 kJ/kg Ans.

The -ye sign indicates that the internal energy has decreased.
The process on the h-s diagram is shown in Fig. 9.14. We know that for a reversible process,

the change in entropy is zero whereas for an irreversible process, the entropy indreases. Thus from
above, we see that the isentropic process 1-2 is reversible because s = s2 or (s2 -	 = 0 and
throttling process 2-3 is irreversible because s is greater thhn S2 or entropy increases.

EXERCISES
1. 'Steam at a pressure of 6 bar and dryness 0.8 is heated at a constant volume to a pressure of 7 bar.

Determine the lirtal dryness fraction and heat absocbçd by I kg of steam. 	 [Ans. 0.92; 234 kJ/1g]
2. A pressure cooker contains 1.5 kg of saturated steam at a pressure of 5 bar. Find the quantity of

heat which must be rejected so as to reduce the quality of steam to 60% dry. Determine the pressure and
temperature of the Steam at the new state. 	 (Ans. 1218.5 ki ; 2.9 bar; 132.4° C)

3. A closed vessel of 0.255 m 3 contains steam at a pressureof 18 bar and 0.75 dty.The vessel is cooled
till the pressure in the vessel falls to 12 bar. Find I. the final condition of steam; 2. the heat transferrcd and 3.
the change in entropy. 	 [Ans. 0507:1426k) (rcjecled):3 ti/K (decrease)]

4. A quantity of steam at 10 bar and 0.85 dryness occupies 0.15 m3 . The steam is heated at constant
pressure to raise its temperature upto 300° C. Determine: 1. the workdone, 2. the change in internal energy, and
3. the heat supplied,	 fAns. 84.4 Id 440.4 ki ; 524.8 ku

S. One kg of steam at Ii bar and 280° C undergoes a constant pressure process until the quality of
steam becomes 0.5 dry. Find the wockdonc, the heat transferred and the change in entrooy.

[Ans. - 142 kJ/kg -1142.8 kJ/kg--- 2.351 Id/kg KI
6. A cylinder Contains steam at a pressure of 7 baiand 0.95 dry. The steam is expanded isothermally

and reversibly to a pressure of 1.5 bar. Find: I. the final conditiori'of steam ; 2. the change in enthalpy ; 3. the
change in internal energy ; 4. the change in entropy; 5. the heat transferred; slid 6. the workdone per kg of steam.

[Ans. 165'C:143.5 kJ/kg ; 127 kJ/kg: 1.015 kJ/kg K ;445 kJ/kg :318 kJ/kg]
7. One kgof dry saturated steam at 230°C expands isothermally to a pressure of 4 bar. Find: I. change

in enthalpy ; 2. change in internal energy; 3. change in entropy; 4. heat transferred, and 5. worledone during the
process.	 [Ans. 121 kJ.4g ;93 kJ/kg ;l .0854 k)/kg K .546 kJ/kg :453 k)/kg]

8. One kg of steam at a pressure of 8 bar and dryness 0.8 is expanded hyperbolically in a cylinder to
a pressure of 0.5 bar. Determine the final condition of steam and the heat that passes through the cylinder walls
into the steam.	 [Ans. 0.95; 598.6 kJ/kg]

9. Dry saturated steam at a pressure of 7 bar is expanded hyperbolically to 0.36 bar. Find: 1. the final
condition of steam ;2. change of entropy and 3. heat exchange through the Cylinder walls per kg of steam.

[Ans. Superheated (143. 5" Q; 1354 kJ/kg K; 564 kJ/kgj
10. I m3 of steam at a pressure of 25 bar and dryness fraction 0.9 expands to 2.5 bar. If the steam expands

hyperbolically, find: I. final condition of the steam : 2. workdone ; and 3. heat transferred.
[Ans. Dry ;5755 ki ; 7142.2 Id)

II. 0.05 m3 of steam at a pressure of 1.5 bar and dryness 0.8 is contained is a cylinder. The steam is
compressed till its volume becomes one-fifth of the original volume. If the compression follows the 'law p v =
consra'nt, find: 1. the final pressure of steam ;2. the final dryness fraction of steam ;3. the change ijnternl
energy ; 4. the change in entropy ; and 5. the heat flow to or fromthe steam during the compression process.

(Ans. 75 bar :0.726; - 0.4; . kJ; - 00354 kJ/K ; -20.57 Id)
- 12. Steam at a pressureof 5 bar and a temperature of 200°C expands isentropically to a pressure 0.7

.tar. Find the final dryness of steam by using I. Steam tables, and 2. Mollier chart. 	 (Ans. 0.931
l3 Steam at a pressure of 22 bar and 380° C expands isentropically in a perfectly insulated cylinder

till the temperature falls to 90°C. Determine the quality of steam at the final state and the workdone if the process
is I. non-flow, and 2. steady flow. 	 [Ans. 0.925 ; 574 ki/kg :712 kJ/kgj
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14. Steam at a pressure of 120 bar and 400°C expands adiabatically to a pressure of 35 bar. If the final
condition of steam is dry saturated, find the workdone by the steam. State whether the process is reversible or
irreversible.	 [Ans. .(() tJ,kr Rcverihkj

IS. Thy saturated rteam at 7 bar is expanded isentropically to 4 bar after which it is condensed at a
constant volume to I bar. Determine the final dryness fraction of the steam. 	 I Ans. II

16. Steam having dtyress fraction 0.9 expands iseniropically in a cylinder from a pressure of 4 bar to
I bar. Determine the final condition of the steam and the work done on the piston.

Assuming the expansion to be according to  = constant, find the value of n.
I .n'.. 0.4 : 154 kJfIo'	 1.1 271

I?. Dry saturated steam at a pressure of II bar expands polytropically according t1)pv 13 = constant,
to a pressure of I bar, Determine I. the final condition of steam ; 2. the amount of heat transferred per kg of
steam; and 3. the change of entropy.	 [Ans. 0.574 :325.7 kJ/kg :0.075 kJAt K 

is. Steam at a pressure of 15 bar and 250° C expands according top u' 	 constant, to a pressure of
1.5 bar. Find], the final condition of steam 2. the worI-'one 3. the heat transferred; and 4. change in entropy.

ns.0,827 31(ski/kg :- 195 k.1/kg: - 0.487 kJ/kg K!
19. Steam is throttled from a pressure of 11.5 bar to a pressure 1.4 bar. If the steam is thy saturated at

the end of expansion, what is its dryness fraction at the beginning? By how much is the entropy of the steam
increased by throttling? 	 lAns. 0 054 :0.912 kJ/kg 1<1

20. Steam at a pressure of 10 bar and 200 C is throttled to a pressule of 3 bar and then expanded
isentropically ton pressure of 0.5 bar. By using Mother chart, find Out the change in entropy and enthalpy during
these two processes. Also find the quality of steam at the end of each process.

lAns. 1)5 .1 kJ/kg K. ) It. - 3(1) hi/kg: 184'C. 0.94

QUESTIONS

Show that the heat supplied is eqisI to- the change of internal energy, when steam is
expanded at a constant volume.

2. Is the expansion of superheated steam isothermal ? If not, state the reason.

3. Prove that during expansion of steam according topv = C, the change in internal energy
is equal to the change in total heat of steam.

4. What are the characteristics of adiabatic expansion?

5. Find the amount of heat absorbed or rejected through the cylinder walls when the steam
expands polytropically.

6. Explain throttling process of steam.

7. Show the throttling expansion of steam on a h-s plane.

OBJECTIVE TYPE QUESTIONS

I. In a constant volume process, heat transferred is equal to
(a) workdone	 (b) change in internal energy

(c) change in enthalpy 	 (d) none of these
2. The process in which heat transferred is equal to the change of enthalpy, is known as

(a) constant pressure process 	 (b) constant volume process

(c) constant temperature process 	 (d) constant entropy process

3. The heating of Wet steam at a constant temperature till it becomes dry saturated is similar
to that of heating at a

(a) constant volume
	 (b) constant pressure

(c) constant entropy
	 (d) none of these
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4. The superheating of steam at . .....may be regarded as hyperbolic.
(a) constant volume	 (b) Constant pressure
(c) constant entropy	 (d) constant temperature

S. In an isentropic process.
(a) workdone is zero	 (b) change in internal energy is zero

(c) change in entropy is zero 	 ( change in enthalpy is zero

4. The non-flow process, in which the workdoie is equal to the change in internal energy,
is known as

(a) isentropic process	 (b) isothermal process
(c) isobaric process	 (d) isochroic process

7. In a steady flow reversible adiabatic process, workdone is equal to
(a) change in internal energy	 (b) change in entropy
(c) Ghange in enthalpy 	 (d) heat transferred

8. The iscnlropic process on h-s diagram will be a
(a) vertical line	 (b) horizontal tine (c) curve

9. In a throttling process ...........remains constant.
(a) enthalpy	 (b) temperature	 (c) entropy

tO. The throttling process on h-s diagram will be a
(a) vertical line	 (b) horizontal line (c) curve

ANSWERS
1. (b)	 2.(a)	 3(b)	 4. (d)	 5.(c)
6.(a)	 7.(c)	 8.(a)	 9.(a)	 O(b)
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Thermodynamic Vapour Cycles

1. Introduction. 2. comb, Cycle with Steam as Working Substance. 3. Performance Criteria for
Thermodynamic Cycles. 4. Rankine Cycle. 5. Rankine Cycle with Incomplete Evaporation. 6. Rankine
Cycle with Superheated Steam. 7. Modified Rankine Cycle 8. Efficiency of Modified Rankine Cycle.

10.1. Introduction
We have already discussed the thermodynamic cycles of air in chapter 6. But in this chapter,

we shall discuss the thermodynamic cycles of vapour, in a vapour cycle, all the theory remains the
same, except the working substance, which is steam. The steam may be in any form i.e. wet, dry
saturated or superheated. Though there are many vapour cycles, yet the following are important from
the subject point of view
19.2. Car not &'cle with Steam as Working Substance

The schematic diagram pf a Carrot engine is shown in Fig. 10.1 and the Carnot cycle using
Steam as the working substanceis represented on p.v alid T-s diagrams as shown in Fig. 10.2 (a) and
(b) respectively.

Steam engine or Turbine

	

Baler	
Work output

	

-	 :-	
Cooling water

	

Hoatsupplied 1
	 condenser	 --. Heat rejected

4Compressor4

	

Fi	 1(1.1	 Sc lie mil: i diagrani w a ('rnul CfliIiC.

Consider I kg of saturated water at pressure Il l and absolute temperature T1 , as represented by

point I in Fig. 10.2 (a) and (b). The cycle is completed by the following four processes:
I. Ptoc ess 1 . 2. The saturated water at point I is isothermally converted into dry saturated

steam, in a boiler, and theteat-is absorbed at a Constant temperature T1 and pressure p 1 . The dry state

of steam is represented by point 2. It means that the temperature '2 (i.e. at point 2) and pressure p2

(i.e. at pOiñL2) is equal to temperature T1 and pressure p 1 respectively. This isothermal process is

represented by curve 1-2 on p.v and T:s diagrams in Fig. 10.2 (a) and (I,).
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We know that the heat absorbed by the saturated water during its conversion into dry steam
is its latent heat of evaporation (i.e h11 = h1g2) corresponding to a pressure p 1 orp2 (. Al = p2).

We also know that the area 1-2-b-a in the T-s diagram represents the heat absorbed to some
scale, during the isothermal process.

Heat absorbed during isothermal process (area 1-2-b-a),

q 1 _2 = Change in entropy x Absolute temperature

= (s2 —s 1 )T1 = (s2.-s1)T2	 ... (: T1	1)	 ...(i)

2. Process 2-3. The dry steam at point 2 now expands isentropically in a steam engine or
turbine. The pressure and temperature falls from p2 top3 and T2 to 7'3 respectively. Since no heat is

supplied or rejected during this process, therefore there is no change of entropy. The isentropic
expansion is represented by the curve 2-3 as shown in Fig. 10.2 (a) and (b).

—Volume	 -.-- Entropy

(a) p-v diagram.	 (b) Ts diagram.

Fig. 10.2 Carnotcyre.

3. Process 3-I The wet steam at point 3 is now isothermally condensed in a condenser and
the heat is rejected at a constant temperature T3 and pressure p3 . It means that the temperature T4 (Le.
at point 4) and pressure p4 (i.e. at point 4) is equal to the temperature 7'3 and pressurep3 respectively.

This isothermal process is represented by the curve 3-4 onp-v and T-s diagrams as shown in Fig. 10.2
(a) and (b).

We know that area 3-4-b-a in the Ts diagram represents the heat rejected to some scale during
The isothermal process.

Heat rejected during isothermal compression (area 34-b-a),

q3 = (2—l)'3 = (s2—s1)T4	 . (. - 1 = 7) ... (ii)

4, P.veces 4-I. The wet steam at point 4 is finally compressed isentropically in a compressor,
till it returns back to its original state( point 1). The pressure and temperature rises from p4 top1 and -

to T1 respectively. The isentropic compression is represented by the curve 4-I as shown in Fig.
10.2 (a) and (b). Since no heat is absorbed or rejected during this process, therefore entropy remains
constant: This completes the cycle.

We know that work done during the cycle

= Heat absorbed - Heat rejected

= (s2 -s1 )T—(s2 —s 1 )T3 = (s2—s1) (TI —TI)
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and efficiency of the Carnot cycle,

Work done
Heat absorbed

(s2—s1) (TI —T) - 	I;
-.	 (s2— 'td T	 T

where	
Highest temperature corresponding to the boiler pressure
A = p2 , and

= Lowest temperature corresponding to the condenser pressure

P3 p4.

-

Notes: I. Since the heat absorbed is at the highest temperature and rejected at the lowest temperature, the
Caino( cycle would give a maximum possible efficiency.

2. In the above theory, wehave taken temperature at points 1 • 2,3 and 4 as T 1 , 1'2, l and T4 respectively
in order to keep similarity between Camot cycle and other cycles. But some authors lake it T, (for points I and
2) and T (for points 3 and 4). In that case, they obtain the relation for efficiency as,

TI =
T1 -1	 T2

= I

3. It maybe noted that it is impossible to make a steam engine working on Carnot cycle. The simple
reason for the same is that the isothermal expansion 1-2 will have to be carried outextrensely slow to ensure that
the steam is always at temperature T 1 . Similarly, the isothermal compression 3-4 will have to be carried Out
extremely slow. But isentropic expansion 2-3 and isentropic compression 4-I should be Carried Out as quickly
as possible in order to approach ideal iscntropic conditions. We know that sudden changes in the speed of an
engine are not possible in actual practice. Moreover, it is impossible to completely eliminate friction between
tbc various moving parts of the engine, and also heat losses due to conduction, radiation etc. It is thus obvious,
that it is impossible to realise Carnot's engine in actual practice. However, such an imaginary engine is used as
die ultimate standard of comparison of all steam engines.

Example 10.1. A power plant it supplied with dry saturated steam at a pressure of 16 bar
and exhausts at 0.2 bar. Using steam tables, find the efficiency of the Canto: cycle.

Solution. Given: p1 = 16 bar; p2 = 0.2 bar
From steam tables, corresponding to a pressure of 16 bar, we find that

T1 = 201.4°C = 201.4 +273 = 474.4K
and corresponding to a pres.cure of 0.2 bar, we find that

= 60.1 0 .0 = 60.1+273 = 333.1K

We know that efficiency of the Carnot cycle,

= 474.4-333.1 = 0.298 or 29.8% Ans.

Example 10.2. Ina Canto: cycle, heat is supplied at 350°C and is (ejected at 25° C. The
Working fluid is water, which while receiving heat, evaporates from liquid at 350°C to steam at 350°
C.i Froon the steam tables, the entropy chwtge for this process is 1.438 kllkg K.

If the ?ycle operates on a stationaty mass of 1 kg of water, find the heat supplied, work done
nd heat rejected per cycle. What is the pressure of water during heat reception?

SoluUo. Given : T = 350° C = 350 + 273 = 623 K: 7' = 25 0 C = 25 273 = 298 K;
- s1 = 1.438 Id/kg K

Heat supplied per cycle
We know that the heat supplied per cycle.

= (s2 —s)T1	 1.438x623 = 895.87 KJ! Ans.
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WIAtiQne per cycle

We know that the work done per cycle,

=	 - s) (T 1 - T) = 1.438 (623 -. 298) = 4(7.35 kJ/kg Ans,

HeatYejc(ed per cycle

We know that the heat rejected per cycle

= (s2 - s 1 ) T3 = 1.438 x 298 = 42852 kJ/kp Ans.

Pvettuye ofwater during heat reception

The pressure of water during heat reception is the formation pressure of steam Corresponding
to 3500 C. From steam tables, corresponding to 350° C, the pressure is 165.35 bar. Ans.

10.3. Performance Criteria for Thermodynamic Vapour Cycles

Though, theoretically, the Cannot cycle is the most efficient cycle, yet it is not considered as
a standard of reference for the comparison of performance of thermodynamic vapour cycles.

The following ;erms, in addition to the efficiency, are commonly used for the comparison of
performance of thermodynamic vapour cycles.

LII itien,s ratio. It is also known as relative efficiency. It is defined as the ratio of thermal
efficiency (or actual cycle efficiency) to Rankine efficiency (or ideal cycle efficiency). Mathemati-
cally,

Thermal_efficieny_Efficiency ratio 	
*Rankine efficiency

Nate Thermal efficiency 	 = Heat uiva1ent to one kiIosvatt hour	 'tkWh)- _3600x P
Total heal supplied to the steam per kWh	 n (h2 - h,.5)

where	 in, = Mass of steam supplied in kg/h,and

P = Power developed in kW.

2.I I 	 ratio. It is defined as the ratio of net work output to the gross (engine or turbine)
output. Mathematically,

Work ratio = Net work ou!pt = Turbine work - C ompressor work
Gross output	 Turbine work

It may be noted that the Cannot cycle, despite of its high ideal thermal efficiency, has low work
ratio. It is one of the reason that Carnot cycle is not attempted. In order to have better performance
of the plant, both efficiency ratio and work ratio are the important criteria. It is desirable to have the
value of work ratio almost unity. The higher value of work ratio also means a smallersize of the plani.

3..5peczji.. 51 Cant COILS !F!l/fiOF7. It is also known as steam rate or specific rate of flow ofsteant
It is defined as the mass of steam that must be supplied to a steam engine or turbine in order to develop
a unit airount of work or power output. The amount of work or power output is usually expressed in
kilowatt hour (kWh). Mathematically

Specific steam consumption

- I kWh  =	 = -- kg/kWh	 ... (, l kWh =3&okJ)- w'	 w	 h2—h3

where	 w = Net workdone or power output = (h2 - h3)kJlkg

Note : In case of steam plants, the specific steam consumption is an indicator of the relative size of the plant.

Refer rO!. 11)4.

18.
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10.4. Rankine Cycle
The Rankine cycle is an ideal cycle for comparing the performance of steam plants. It is

modified form of Carnot cycle, in which the condensation process (3-4) is continued until the steam
is condensed into water. The schematic diagram of a steam engine or a turbine plant is shown in Fig.
10.3.	 Steam e91neor Turbine[ 	

Work output

3[ Cooling water

Heat SupplIe"f	
Comer	 _______ Heat rejected

Feed	 Hot well	 (;i) Extraction pump

Saturated water
ii. 10 . Scrnatic di grcn [il"a stcarn engine or i0rhinc jaut.

A Cannot cycle, using steam as a working substance, is represented on p-v and T-s diagrams
..as shown in Fig. 10.4 (a) and (h).

iso. eap.	 4
comomp

r4 ISO. p	 3 I
	Volume—.-	 - Entropy

(0) (.? di.gaIn.	 h	

.s 

1.,g:u
Fig	 (.4 R,inkiu.

Consider 1 kg of saturated water at pressure p 1 and absolute temperature T1 as represented by

point I in-Fig. 10.4 (a) and (b). The cycle is completed by the following four processes:

I Pioce..v 12 The saturated water at point I is isothermally converted into dry saturated
steam in a boiler, and the, heat is absorbed at a Constant temperature T1 and pressure p 1 . The dry state
of steam is represented by point 2. It means that the temperature T2 (i.e. at point 2) and pressure p2

(i.e. at pQint 2) is equal to temperature T1 and pressure p1 respectively. This isothermal process is

represented by curve 1-2 on p-v and Ts diagrams in Fig. 10.4 (a) and (t').
We know that the heat absorbed during isothermal process by water during its conversion into

dry steam is its latent heat of vaporisation (i.e. h151 = hjg2) corresponding to a pressure p1 or p2

2. Pyoce.yç 2-3. The dry saturated steam at point 2, now expands isentropically in an engine
or turbine. The pressure and temperature falls from p2 to P3 and T2 to 7'3 respectively with a dryness

fraction x 3 . Since no heat is supplied or rejected during this process, therefore there is no change of
entropy. The isentropic expansion is represented by the curve 2-3 as shown in Fig. 10.4 (a) and (b).
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3. P,veess 3-4. The wet steam at point 3 is now isothermally condensed in a condenser and
the heat is rejected at constant temperature T3 and pressure p3 until the whole steam is condensed into
water. It means that the temperature T4 and pressure p4 (i.e. at point 4) is equal to the temperature
T3 and pressure p3 respectively. The isothermal compression is represented by curve 3-4 on p-v and
T-s diagrams in Fig. 10.4 (a) and (b). The heat rejected by steam is its latent heat (equal to x3 hjg3)

4. Process 4-I. The water at point 4 is now warmed in a boiler at constant volume from
temperature 1'4 to T1 . Its pressure also rises from p4 top1 - This warming operation is represented by
the curve 4-I on p-v and T-s diagrams in Fig. 10.4 (a) and (b). The heat absorbed by water during
this operation is equal to the sensible heat or liquid heat corresponding to the pressurep 1 i.e. equal to
sensible heat at point I nunus sensible heat at point 4.

Let	 h = h = Sensible heat or enthalpy of water at point I corresponding
•	 to a pressure ofp1 orp2 ( p 1 =p2), and

=- = Sensible heat or enthalpy of water at point 4 orresporvjing
 to a pressure ofp4 or p3 ( p4 = p3).

Heat absorbed during warming operation 4-I

= h — h
fi =	 /1,3

and heat absorbed during the Complete cycle

= Heat absorbed during isothermal operation 1-2
4-Heat absorbed during warming operation 4-1

= h1,2 +(h—hl) = k+h12 —h13 = h2.h13

	

...(; Fordrysteam,h 2 = h+h12 )	 . ( i)
We know that heat rejected during the cycle

= h3 — h14 = 10 + x3 h11 — h14 = x, h	 . . (: h = lift)

Workdone during the cycle

= Heat absorbed — Heat rejected

= (h2—h,3)—x3h13

= h2 — (h +x3 h183) = h2 —	 .( h3 = h13 + hfrr)	 (ii)

and efficiency (also called Rankine efficiency),

Work done	 1i2—h3
— Heat absorbed — h2-1i

Notes I. The difference of enthalpies (h2 — h 3 ) is known as isentropic heat drop.

2. If the expansion of steam (2-3) is not isentropic and follows the general law pu" = constant, then
work done during the process will not be (h — h3). The work done in this case will be given by the relation:

W =	 n(p2v2—p3v3)

(n — I)	 33=

*	 S j j1. 111C %, orkdono h its' I'\I1jlCt5fl and bo i ler feed pumps in increasing the prcc.iirc of WIrIer from the
cojrUencr pressure (p = p. 1 U [he hailer pressure (1, 1 = p) is very sinai I. therefore it is ireuiec[cd
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Example 10.3. A steam power plant is supplied with dry saturated steam at a pressure of
12 bar and exhausts into a condenser at 0.1 bar. Calculate the Rankine efficiency by using 1. Steam
tables, and 2. Mollier chart.

Solution. Given: X2 = 1;p2 =12bar;p3 o0.1 bar

I. Using steam fables
From steam tables, corresponding to a pressure of 12 bar, we find that

= 798.4 kJ/kg; hjg = 1984.3 kJ/kg ; S2 = s 2 = 6.519 kJ/kg K

and corresponding to a pressure of 0.1 bar, we find that

= 191.8 Id/kg; hj3 = 2393 Id/kg; s, = 0.649 kJ/kg K; 5fg3 = 7.502 kJ/kg K

First of all, let us find the dryness fraction (X31 of steam after isentropic expansion. We know

that in isentropic expansion,
Entropy before expansion () = Entropy after expansion (s3)

6.519 = s11 +x3 s13 = 0.649+x3X7.502

x3 = 0.783

Now enthalpy or total heat of dry saturated steam before expansion,

h 2 = h52 = h+x2 h152 = 798.4± lx 1984.3 = 2782.7 kJ/kg

and enthalpy or total heat of wet steam after expansion,

h3 = h+x3 h 1 = 191.8+0.783X2393 2065.5 Id/kg

We know that Rankine efficiency,
h2 —h 1	 2782.7-2065.5 = 0.277 or 27.7 c Ans.

11R = h2 —h13 = 2782.7-191.8

2. 1./sing Mo//icr /;w,t

In Fig. 10.5, the initial condition of steam is marked at I
point 2 and final condition at point 3. From Mollier chart, we
find that	 .

h 2 = 2780 Id/kg; h3 = 2060 kJ/kg; and

= 191.8 kJ/kg	 . . . (From steam tables)

- Entropy

	

h 2 —h3	 2780-2060

	

fiR = h2 — h/3	
2780-191.8	

Fig. 0.5

= 0.278 or 27.8% Ans.

Example 10.4. A simple Rankine cycle steam power plant operates between the tempera-

tures of 260° C and 950 C. The steam is supplied to the turbine at a dry saturated condition. In the
turbine, it expands in an jsentropiC manner. Determine the efficiency of the Rankine cycle followed

by the turbine, and the efficiency of the Carnof cycle, operating between these two temperature limits.
Draw the turbine cycle on a h-s or on a T-s diagram.

Solu tion. Given: T1T22600C=260+273533K;T3T495C95

We know that the Rankine efficiency,
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From steam tables, we find that the pressure corresponding to the highest temperature of
260°C,

P2 = 46.94 bar

and the pressure corresponding to the lowest temperature of 95°C,

P3 = 0.845 bar

I =
Sal.	 2W*G

---------
f2e !1

- Entropy -	 —Entropy

(a) Ts diagram	 (h)	 diagram.
Fig. 10.6

The initial and final conditions of steam are shown in Fig. 10.6 (a) and (b). From Moliler chart
we find that

h2 = 2800kJ/kg and h3 = 2150kJ/kg

From steam tables, we find that the enthalpy of water at 95° C,
= 398 kJ/kg

Effii iencv of the Rankine cycle

We know that efficiency of the Rankine cycle,
h2–h3	 2800-2150

= h2 – h13 = 
2800-398 - 0.27 or 27% Ans.

Efjiciencs oflie Carnoi cycle

We know that efficienc y of ThCarnot cycle,
T 7'3	 533-368

=	 1',	 =	 533	
= 0.3096 or. 30.96% Ans.

Note: The value of h2 and h, may be determined by using steam tables, as discussed below:
From steam tables, corresponding to a temperature of 26Y' C, we find that

= h12 = 2796.4 Id/kg; S2 = S12 = 6.001klfkg K
and corresponding to a temperature of 95°C, we find that

398 kJ/kg ; h, = 2270.2 kJ/kg ;	 1.25 kJ/kg ; s, = 6.167 Id/kg K

First of all, let us find the dryness fraction of steam at point 3 (i.e. x 3). We know that for isentropic
expansion 2-3.

-

or	 6.001 = S.f) + x3 s.(A3 = 1.25+;x6.167

x3=0.77

We know that	 h3 h0 + x3 h113 398 + 0.77 x 2270.2 = 2146 Id/kg
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Example 10.5. The steam consumption of a steam engine is 20 tonnes per shift 018 hours
when developing 220 kW. Dry and saturated steam enters the engine at 10 bar pressure and leaves
it at 0.! bar pressure. Estimate the Rankine efficiency and the thermal efficiency of the engine.

Solution. Given :m=20/8=2.5t1h=2500kg/h;P=220 kW; x2 =1 ;p 1 = t'2 10 bar;

p3 = p4 =0.I bar

From steam tables, corresponding to a pressure of 10 bar, we find that

h2 = hg2 = 2776.2 Id/kg; s, = s = 6.583 Id/kg K

and corresponding to a pressure of 0.1 bar, we find that

h0 = 191.8 kJ/kg ; h183 = 2393 kJ/kg ; s13 = 0.649 kJ/kg K; s = 7.5O2 kJ/kg K
fo

Rankine efficiency
First of all, let us find the dryness fraction of steam at point 3 (i.e. x3). We know that for

isentropic expansion 2-3 (Refer Fig. 10.4),

Entropy before expansion (2) = Entropy after expansion (s3)

6.583 = Sfl + x3 s = 0.649 + x3 x 7.502

x3=O.791

We know that enthalpy or total heat of steam at point 3,

113 = h+x. h183 = 191.8+0.791x2393 = 2084.7kJ/kg

h2 -h3 - 2776.2— 2084.7
= 0.267 or 767% AnRankine efficiency,	 h2—h1	 2776.2— 191.8

Thomal efficienc y of the engine
We know that thermal efficiency of the engine

3600xP	 3600x220

= m(h 2 —h,) = 2500(2776.2-191.8)

= 0.1226 or 12.265 Arc,.

105. Rsinkine Cycic st Incomplete 2vaptraliGs

- Volume	 - Entropy

(a.) p-v d i.ia ff1.	 (1')	 di agrn In

Pig, 107. Raiikine cycle With incempkIc cvitporat on.

We have already discussed in the last article that in isothermal expansion of a Rankine cycle,
the water is converted into dry saturated steam at a constant temperature T1 and pressure p1.

Sometimes, the steam produced is not completely dry, but it is wet with dryness fraction equal to X2.

In such a case, the Rankine cycle may be represented on p-v and T-s diagrams as shown in Fig. 10.7

(a) and (b).
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It may be noted from the above figure, that 1-2-3A represents the Rankine cycle with
incomplete evaporation whereas 1-2'-3'-4 represc is the cycle with comp1te evaporatlurl. In ueh
case, heat absorbed during the isothermal expansion 1-2 is equal to x 2 h12.

1-Icat absorbed during the complete cycle

= X2 hjg2 +hpIf, = h2hj

For wet steam, h2 = hfl+x2h12)

Example 10.6. Dry saturated steam at 10 bar is supplied to a prime mover and the exhaust
takes place at 0.2 bar. Determine the Rankine efficiency, efficiency ratio and specific steam
consumption of the prime mover, if the indicated thermal efficiency is 20%.

Also find the percentage change in the Rankine efficiency, if the steam is initially 90% dry.

Solution. Given: p2 = 10 bar; p3 = 0.2 bar ; n, = 20% = 0.2

Ru,,ki,u' efficient 
The initial and final conditions of steam are shown in Fig. 10.8 (a) and (h). Fron Mollierchart,

we find that

= 2775 kJ/kg; and h = 2150 kJ/kg

From steam tables, we find that enthalpy of water at 0.2 bar,

251.5 kJ/kg

We know that Rankine efficiency,

h2 —h 3	2775-2150
= h2 —h = 2775-251.5 = 0.247 or 24.7% 

Ans

- Entropy -	 —Entropy

	

ja T-s d i1fll.	 (l,) h-.c dagrniii
li'. t)t

£jfraecyra,o
efficiency ratioWe know that	

thermal
	= 0.2 = 0.81 or SI % Ans.

=	 Rankineefflcicncy	 0.247

5peeijieswaft' C6lt.'U0I/'ll(.fl

We know that specific stei m coasuinption

= h2 —h,	
2775-2150 = 676I(IJeWl1
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Percentage change in the Rankine efficiency if the steam is initially 90% dry

The initial and final conditions of steam are shown in Fig. 10.9 (a) and (b). From Mollier chart,
we find that

/12 = 2580 kJ/kg; h = 2030 kJ/kg

	Entropy -	 - Entropy

	

(a) T-.s eliag,n.	 (b) h-s diagram.
Fig. lu')

We know that Rankine efficiency,

h2—h3 -2580-2030

	

11R. = 2
	 - 2580-251.5

= 0.236 or 23.6%

Percentage change in Rankine efficiency

- 24.7-23.6

	

24.7	
x 100 = 4.45% Ans.

- 

10.6. Rankine Cycle with Superheated Steam

We have already discussed, in the last article, the case of a Rankine cycle where the steam
produced is wet with dryness fraction x2 . But sometimes, the steam produced is superheated. In such

a case, the Rankine cycle may be shown on p-v and T-s diagrams as shown in Fig. 10.10 (a) and (b).

(a) p r' d mgra II).	 (I,) T-s diagram.

Fig. 10.10, Pankine cycle with stiperleaicd steam.

In niy be noted from the above figure, that 1-2-3-4 represents the Ranking cycle with
superheated steam, where as 1-2'-3'-4 represents the cycle C,vi l h complete evaporation. In such a case,
heat absorbed during isothermal expansion.

h2 = h, = h2+c(T,—T2)
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where	 h2 = Enthalpy of dry saturated steam corresponding to a pressure of
p 1 =p2 (from steam tables),

= Temperature of superheated steam in K,
T2 = Saturation temperature in K. corresponding to a pressure ofp 1 =

2 (from steam tables), and
ci,, = Specific heat of superheated steam.

Note The value of h, ,,,, can be read directly from steam tables for superheated steam or Mother chart
corresponding to a pressure of p2 and temperature T,,,,, in ° C.

The superheating of steam before entering for isentropic expansion has the following advan-
tages

I. The work done (equal to the area 2'-2-3-3' as shown in Fig. 10.10) increases.
2. The dryness fraction of steam at the end of isentropic expansion (i.e. leaving the steam

engine or turbine) increases.
3. The specific steam consumption decreases.
4. The net efficiency of the cycle increases with the increase in degree of superheat ( i.e

- T2). In other words, as the degree of superheat increases, the average temperature of heat
addition of the cycle also increases and thus the efficiency increases.

Example 10.7. A steam turbine receives steam at 15 bar and 3561' C, and exhausts to the
condenser at 0.06 bar. Determine the thermal efficiency of the ideal Rankine cycle operating between
these two limits.

Solution. Given :p 1 =p2 = 15 bar; T,,,=350°C;p3=p4=0.O6bar

From steam tables of superheated steam, corresponding to a pressure of 15 bar and 3500 C,
we find that

h2 = h,,,,,, = 3148.7 kJ/kg; and s2 = s, = 7.IO4 kJ/kg K

and corresponding to a pressure of 0.06 bar, we find that

= 151.5 kJ/kg = 2416 Id/kg s = 0.521 kJ/kg K ; and s13 = 7.81 Id/kg K

First of all, let us find out the dryness fraction of steam (x3) after expansion. We know that

Entropy before expansion () =' Entropyafter expansion (s)

or	 sw = SI3 + x3

7.104 = 0.521 +x3 x 7.81 or x	 0.843

Enthalpy of steam at point 3,

= h+x3 h 3 = 151.5+0,843x2416	 2188kJ/kg

We know that thermal efficiency of the ideal Rankine cycle,

11R

h2—h3 - 3148.7-2188	 0.32 or 32% Ans.
h2 —h,3 - 3148.7-151.5

Note The value of isentropic heat drop (h2 - h3) maybe obtained directly from the Mother chart.

Example 10,5. A steam turbine receives super/seated steam at a pressure of 17 bar and
having a degree of super/se a: of 1100 C. The exha ust pressure is 0.07 bar and the expansion of steam
takes place isen tropically. Calculate I. the heat supplie4 2. the heat rejected, 3. net  work4one, and
4. the thermal efficiency.	 .
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Solution. Given :p =1`2 17 bar; 7,_T2 = IfXJ°C;p3 =p4 =0.07 bar

The Rankine cycle with superheated steam is shown in Fig. 10.11.

From Steam tables, corresponding to a pies-
.sure of 17 bar, we find that saturation temperature,

T2 = 212.4°C

Temperature of superheated steam,

= 110+212.4 = 322.4°C

Now from steam tables for superheated steam,
corresponding to a pressure of 17 bar and 322.4°C,
we find that

h2 = h,, = 3083.4 kJ/kg; and
	 Entropy

S2 = .s, = 6.939 kJ/kg K
	

Fig. 10.11

and from steam tables for dry saturated steam,corresponding to  pressure of 0.07 bar, we find that

h = h14 = 163.4 ldikg ; h13 = 2409.2 kJ/kg ; sf3 = 0.559 kJ/kg K; and s = 7.718 kJ/kg K

First of all, let us find the dryness fraction of steam at point 3 (i.e. x3 ). We know, that for
isentropic expansion 2-3,

Entropy before expansion (2) = Entropy after expansion (53)

or	 ssj.+x3s3
6.939 = 0.559+x3 x7.7I	 or x3 	 0.827

We know that enthalpy of steam at point 3,

h3 h,3 +x.3 hft3 = 163.4+0.827x2409.2 = 2155.8 Id/kg

I . Heat supplied

We know that heat supplied

2. !le,it rcjectcl

We know that heat rejected

= h2 - h,.3 = 3083.4-163.4 = 2920 kJ/kg Arts.

=	 hfl = h+x3h13—h 	 X3 "fl	 ... (: h=h)

= 0.827x2409.2 =1992.4 kJ/kg Ans.
3. Net bIorkd,ne

We know that net workdone = Heat supplied - Heat rejected

= 2920-1992.4 = 927.6 kJ/kg Ans.
4. Thermal efjiciency

We know that thermal efficiency

Net workdonc927.6=	 =	 = 0.317 or 31.7% Ans.Heat supplied	 2920
Example 10.9. Steam at 50 bar, 400'C expands in 

it 
Rankine cycle to 0.34 bar. For amass

flow rate of 150 kg/s of steam, determine I the power developed, 2. the thermal efficiency, and 3
specific steam consumption
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Solution. Given; p 1 = p2= Sobar; T, ,, =4O0°C ;p3 =p4 O.34 bar; rn, = 150kg/s

From steam tables for superheated steam, corresponding to a pressure of 50 bar and 400° C,
we find that

h2 = h,,,,, = 3 98.3 kllkg; and s2 =s,.,,, = 6.65! kJ/kg K

and from Steam tables for dry saturated steam, corresponding to a pressure of 0.34 bar, we find that

= 301.5 kJ/kg: h,, = 2329 kJ/kg; s = 0.92 kJ/kgK: and s = 6.747 kJ/kg K

First of all, let u ilad the dryness fraction of steam at point 3 (i.e. x3 ). We know that for

isentropic expansion 2-3 (Refer Fig. I010),
Entropy before expansion (s2)

= Entropy after expansion (s)

or	 6.651 = Sfl 	 = 0.98+xx6.747 or x3 = 0.84

We know that enthaipy of steam at point 3,

= h1,+x.h,,3 .= 301.5+0.84x2329 = 2258 kJ/kg

I. Ppu'er dr'teioped
We know that workdone,

w h2 —h3 = 3198.3-2258 = 940.3 kJ/kg

and total workdone 	 = m, x w	 150x940.3 = 141045kJ/s

Power developed	 = 141 045 kW Ans. 	 ..(: I kJ/s= I kW)

2. 1/ie,ina! efficiency

We know that thermal efficiency,

= h2—h3 
=3198.3 - 2258 = 0.3246 of 32.46% Ans.11R	 h2_ hp	 3198.3-301.5

3. S1,e i/ic .cleani consumption

We know that specific steam consumption

=	 =	 ,=	 = 3.83 kg/kWh Ans.
"2 -	 w	 940.3

10.7. Modified Rankine Cycle
We have seen in the Rankine cycle, that the Steam is expanded to the extreme toe of the p-v

diagram (at point 3) as shown in Fig. 10.12(a). But in actual reciprocating steam engines, it is found
to be too uneconomical (due to larger size of the cylinder) to expand Steam to the full limit (i.e. upto
the point 3).

It may be noted that the diagram is very narrow at the toe, and the amount of work done
(represented by area 5-3-6) during this final portion of the expansion stroke is extremely small. In
fact, it is too small to overcome even the friction of the moving parts in the steam engine. The
expansion of steam, therefore, is carried on in the engine cylinder at a pressure higher than that of the
condenser pmessurcprexhaust pressure or back pressure. This higher pressure is known as release

pressure (Ps)
In order to overcome the above mentioned difficulty, the Rankine cycle i s slightly modified.

In a modified Rankine cycle, the expansion stroke of the piston is stopped at point 5 by cutting the
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toe of Rankine cycle, and the steam is exhausted from the cylinder at a constant volume. T1'. is
a sudden drop of pressure from p top6. The expansion of steam is, therefore, completed by a convint
volume line 5-6 as shown on p-v and T-s diagram in Fig. 10.12(a) and (b). By doing so, the size of
the cylinder and stroke length is considerably reduced.

—Volume -	 - Entropy --- -

(ii) p-i' di.rgrarn	 thj T. dagrarn.

Fig. I (I.! 2, Mcliiicd Rankine cycle

10.8. Efficiency of Mortified Rankine Cycle

Consider a modified Rankine cycle whose processes are shown in Fig. 10.13 (n) and (b).

I 4=•'5 1:!	 U/I
0	 6	 7

Volume -	 - Entropy—..

,n - dograni	 tI 'l-.s drzrain.
),I3

Let	 p, =	 Pressure of steam at point 2,

= Volume of steam at point 2,

h2 = Enthalpy or total heat of steam at point 2,

= Internal energy of steam at point 2,

P3' v3, /t3 , u3 = Corresponding values of steam at point 3.

p4 = Back pressure of steam at point 4, and

h14 = Sensible heat or enthaipyof water at point 4.

We know that work done during constant pressure process 1-2,

= Area 1-2-6-0 = 100 p2 v2
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We also know that work done during isentropic expansion 2-3

= Area 2-3-7-6 = Change in iiiemal energy

U2-U3	 ...(ii)

and work done during constant pressure process 4-5

	

Area 0-5-4-7	 100 p4 u4	. . ,(iii)

Work done during the cycle perkg of steam,

W = Area 1-2-3-4-5

= Area l-2-6-0 + Area 2-3-7-6 - Area 0-5-4-7

= 100 p2 v2 +(a2 —u)— lOOp4 v

= 10Op2 v2 + Rh2 — l0Op2 v2)—.(h3 — 100p3 v3)]— 100p4v4

= h2 —h1 + lO0(p3 — p4)v1 	...(: V3 v4)

We know that heat supplied per cycle

= h2 - h = h2 - h14	 . (: 1i = h)

Efficiency of the modified Rankine cycle,

Work done = (h2—h3)+100(p3—p4)V

	

';MR = Heat supplied	 h2 -

Example 10.10. A steam engine admits steam at a pressure of 5.6 bar and 0.9 thy. The cut
off occurs at one-ha If stroke, and pressure at release is 2.6 bar. The back pressure is I bar. Find the
modified Rankine efficiency of the engine, assuming the pressure drop at release to take place at 
constant volume. Neglect clearance volume.

Solution. Given :p2 = 5.6 bar ;x2 =0.9 ;v2 = v3 /2 ;p3 = 2.6 bar ;p4 = I bar

From steam tables, corresponding to a pressure of 5.6 bar, we find that

h = 658.8 kJ/kg; hfg2 20937kJ/kg; v2 = 0.3367 m3t1g;

= l.904kJ/kgK; 5f52 = 4.877kJ/kgK

Similarly, corresponding to a pressure of 2.6 bar, we find that

	

h13 540.9 kJ/kg; 	 = 2177.3 kJlkg; Vg3 = 0.6925 m3/kg;

S(3 = I.62I kJ/kg K; s = 5.4I8kJ/kgK

and corresponding to a pressure of I bar, we find that

Ii = 417.5 kJ/kg

We know that enthalpy or total heat of steam at point 2,

h2 = h +x2 h12 = 658.8 + 0.9 x 2093.7 = 2543 Id/kg

and volume at point 2, v2 = X1 V 2 = 0.9x0,3367 = 0.303m3/kg

Volume of stroke at point 3 (i.e. stroke volume),

V3 = 2xv2 = 2x0,303 = 0.606m3/kg	 ...(: v2 = v3/2)

Now first of all, let us find out the dryness fraction of steam at point 3 (i.e. x). We know that
for isentropic expansion 2-3 (Refer Fig. 10.13),
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Entropy before expansion (2)

= Entropy after expansion (53)

or	 Sfl+X25fg2=Sfl+X3SJ93

1.904+0.9x4.877 = 1.621 +x3 x5.418 or x	 0.86

Since the dryness fraction of steam at point 3 (i.e. x 1) less than one, therefore the condition
of steam at point 3 is wet.

Enthalpy or total heat of steam at point 3,

	

h1 = h +x3 h13 = 540.9 +0.86 x 2177.3	 2413.4 kJ/kg

We know that modified Rankine efficiency,

(h2 —h3)+ 100(p3—p4)v3
I1MR_	 h2_hf4

- (2543-24l3.4)+ 100(2.6— 1)0.606
2543-417.5

= 0.1066or 10, 66 % Ans.

Example 10.11. A steam engine is supplied dry saturated steam as 15 bar. The pressure at
release is 3 bar and the back pressure is I bar. Using steam tables or Mollier chart, determine the
fficiency, of the modified Rankine cycle.

Solution. Given: p2 = 15 bar ;p3 = 3 bar; p4 = I bar

First of all, mark a point 2, where pressure line through p 2 (i.e. 15 bar) meets the saturation
line. Since the steam expands isentropically, therefore draw a vertical line through the point 2 to meet
the pressure line through p3 (i.e. 3 bar) at point 3, as shown in Fig. 10.14.

Now from the Mollier diagram, we find that the
enthalpy of Steam at point 2.

h2 = 2790 kJ/kg

Similarly, enthalpy of steam at point 3,

h3=2510kJ/kg

and dryness fraction of steam at point 3,

x3=0.9

From steam tables, corresponding to a pressure of
3 bar, we find that specific volume of steam,

= 0.6055 m3/kg
	 Fig. 10.14

Volume of steam at point 3.

V3 = x3 vgi = 0.9 x 0.6055 = 0.545 m3/kg

Similarly, from steam tables, corresponding to a pressure of I bar, we find hat sensible heat
of water,

h4 = 417.5 kJ/kg
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We know that modified Rankine efficiency,

(h2 -113)+ I0O(p3—p4)V3

, ]MR -

- (2790 —2510) + 100(3— 1)0.545
-	 2790-417.5

= 0.164 or 16.4% Ans.

Example 10.12. A steam engine takes dry steam at 20 bar and exhausts at 1.2 bar. The
pressure at the release is 3 bar. Find; 1. the theoretical loss of work per kg of steam due to incomplete
expansion ; and 2. the loss in Rankine efficiency due to restricted expansion of steam.

Solufion.Given:x2 = I ;p 1 = p2 =20bar;p4 = p=1.2bar;p3=3bar

In the p-v and T-s diagram, as shown in Fig. 10.15 (a) and (b), 1-2-3-4-5-I represents the

modified Rankine cycle and I-2-3'-5-I represents the Rankine cycle.

f 2 I1	 2

Losofwork

E P33

P4r

- Volume

(a) p . v diagram.

.44

- Entropy,

(b) T-i diagram.

Fig. 1015

From steam tables, corresponding to a pressure of 20 bar, we find that

h2 = 1152 = 2797.2 kJ/kg; v = Vg2 = 0.0995 m3/kg;

s. = s 2 = 6.337 kJ/kg K

Similarly, corresponding to a pressure of 3 bar, we find that

= 561.4 Id/kg; h153 = 2163.2 Id/kg;	 = 0.6055 m3/kg;

= 1.672 kJ/kg K; s = 5.319 kJ/kg K

and corresponding to a pressure of 1.2 bar, we find that

= hfl	 439.4 kJlkg; hf53. = 2244.1 Id/kg;

5J3, = 1.361 Id/kg K; s.	 5.937 kJ/kg K

I. Theoretical loss of work per kg of steam due to incomplete expansion

First of all, let us find the dryness fraction of steam at points 3 and 3' (i.e. x3 and x3.). We know

that for isentroiic expansion 2-3 (for modified Rankine cycle),
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Entropy before expansion (2) = Entropy after expansion ( 5)

	6.337 = s+x3 s13 	 1.672+x3x,319

x3=0.877

Similarly, for isentropic expansion 2-3' (for Rankine cycle),

= 53.

6.337 = s13.+x3. s153. = 1.361 +x3.x 5.937

x3. = 0.838

We know that enthalpy or total heat of steam at point 3,

h3 = lip +x3 hf3 = 561.4 +0.877x 2163.2 = 2458.5 kJ/kg

and enthalpy or total heat Zif steam at point 3',

hY = )iD +x3.

= 439.4 + 0.838 x 2244.1 = 2320 kJ/kg

We also know that volume of steam at point 3,

V3 x3 v53 = 0.877x0.6055 = 0,531 m3/kg

We know that workdone during modified Rankine cycle,

w 1 = (h2—h3)+ItXJ(p3 —Pd v3

(2797.2— 2458.5) + 100(3— 1.2) 0.531 = 434.3 kJ/kg

and workdone during Rankine cycle

w2 = /1 2 - Ii,. = 2797.2-2320 = 477.2 kJ/kg

Theoretical loss of work due to incomplete expansion,

w = w2 —w 1 = 477.2-434.3 = 42.9 kJ/kg Ans.

2. Loss in Rankine eJ/icinev Jut to restricted e.p'In.cion ofstean:

Since the heat supplied in modified Rankine cycle (i.e. h, - h) is equal to the heat supplied
in Rankine cycle (i.e. h2 -	 because h14 = h0,, therefore

Percentage loss in Rankine efficiency

= Percentage loss of work

	

= --xl00 =	 x100 = 9%Ans.
W2

- Example 10.13. A Stearn engine receives steam at 8 bar superheated at 200' C, pressure at
release being 2.8 bar and at exhaust I bar. Assuming isentropjc expansion and constant volume
conditil)ns between release and commencement of exhaust, determine:

I. Workdone in N-mperkg of steam, and 2. Efficiency of the unit.

Also compare thqse values with those for Rankine cycle working between the same pressure
and temperature limits.

Solution. Given: p2 =8bar; T=200°C; p3 =2.8bar; p4lbar

The modified Rankine cycle with superheated steam is shown in Fig. 10.16.
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From steam tables of superheated steam, corresponding to a pressure of 8 bar and 2000 C, we
find that

= h,., ,, = 2838.6 kJ/kg; v2 =	 = 0.3 m3/kg; and s2 = s = 6.886 ki/kL K

I
- Volume -,-	 -S. Entropy -

Fig. TftI(,

From steam tables of thy saturated steam, corresponding to a pressure of 2.8 bar, we find that

hjj = 551.5kJlkg I h ,3 = 2170 kJ/kg ; 
V93 

= 0.646 m31kg ;s = 1.647 kJ/kg K; and

= 5.367 kJ/kg K

and corresponding to a pressure of I bar, we find that

= 417.5 kJ/kg

First of all, let us find the dryness fraction of steam at point 3 (i.e. .r3). We know that for
iscntropic expansion 2-3,

Entropy before expansion (s2)

= Entropy after expansion (s3)

or	 6.886 = SJ1 +X3 S g3 = 1.647-fx3x5.367

= 0,976

Since the dryness fraction of steam at point 3 (i.e. x3) is less than one, therefore the condition
of steam at point 3 is wet.

Enthalpy or total heat of Steam at point 3,

h3 = hp+xhi3 = 551.5 +0.976x2170 = 2669.4 kJ/kg

and volume at point 3, 	 v3 = x3 v, = 0.976 x 0.646 = 0.63 m1/kg

11'	 ) IStt'a#,
We know that workdone per kg of steam

= (h2—h3) +l00(p3—p4)v1

	

= (2838.6-2669.4)+ 100(2.8-1)0.63	 ...(.' h =

= 282.6 kJ/kg = 282.6 kN-mlkg = 22 t) N i,Vkg Ans.

-	 .	 (t flu' mit
We know that heat supplied

= h2 —h$ = 2838.6-417.5 = 2421.1 kJ/kg

19-
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Efficiency of the unit,

Work done	 282.6
MR =	 = -.---- = 

0.117 or I 1.7% Ans.
Heat	 2421.1

',Yorkdone for Rc'nkine cycle it -orkin I/dare/I i/ce caine piers/Ire and !dncperaiure limits

The Rankine cycle working between the same pressure and temperature' limits is shown in
Fig. 10.17.

Fig. 1017

From steam tables, corresponding to a pressure of I bar, we find that,

= 417.5 kJ/kg; h
fx3 

= 2258 kJ/kg ; sf., = 1.303 kJ/kg K; and S1c3 = 6.057 kJ/kg K

First of all, let us find the dryness fraction of steam at point 3 (i.e. x). We know that for

isentropic expansion 2-3,
Entropy before expansion ()

= Entropy after expansion 43)

or	 6.886 = sj1 + x3 s = 1.303 + x 6.057

5(3=0.92

We know that enthalpy or total heat of steam at point 3.

h3 =X3 hf̂
3 = 417.5+0.92x2258 = 2495k11kg

Workdone during the Rankine cycle

= h2 h 3 = 2838.6-2495 = 343.6 kJ/kg	 ...('.' h2 =

343.6 kN-m/kg = 343 MX) N-nc/kg Ans.

E//icieiac ()/ the Rankine cycle

We know that heat supplied

= h 2 —1 = 2838.6-417.5 = 2421.1 kJ/kg

Efficiency of the Rankine cycle,

TI	

Workdorie	 343.6
= Heat supplied =	

= 0.142 or I42	 An.
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Example 10.14. The cylinder of a steam engine is 300 mm in diameter and piston stroke is
580 mm. The steam at admission is at JO bar and 3000 C. It expands isentropically to 0.7 bar and
then reduced at constant volume to a condenser at 0.28 bar. Determine .• I. the modified Rankine
efficiency; 2. the new stroke if the same amount of steam from the original condition is expanded
isentropically to condenser pressure; 3 the new Rankine efficiency; and 4. the workdone by the
extraction and boiler feed pumps per kg of wate. returned to the boiler.

Solution. Given: D = 300 mm = 0.3 m ; L=580mm=O.5 in; p 1 =p2 = 10 bar
T 	 300°C; p3 =0.7 bar; p4 = p3. =p = 0.28 bar

From steam tables for superheated steam, corresponding to a pressure of 10 bar and 300° C,
we find that

h2 =	 = 3052.1 kJ/kg; s, = s, = 7.125kJ/kg K

to I V ̂ 2

vI ' = v5'	 V3 = V4 	 v3

- Volume

ii} 1, ; !igrIl11,	 (h) Ts diagram

Hg. lO.I

Similarly, from steam tables for dry saturated steam, corresponding to a pressure of 0.7 bar,
'we find that

hf, = 376.8 kJ/kg; hfR3 = 2283.3 kJ/kg; S,e'3 = 1.192 kJ/kg K;

5193 = 6.288 kJ/kg ; and VR3 = 2.365 m3/kg

and corresponding to a pressure of 0.28 bar, we find that

= 282.7 kJ/kg

- ModuleS Rankine eflheie,iey

First of all, let us find the dryness fraction of steam at point 3 (i.e. x3 ). We know that for
isentropic expansion 2-3, as shown in Fig. 10.18,

Entropy before expansion (53)

= Entropy after expansion ($)

7.125 = Sfl 	 = 1.192+x3X6288

= 0.943

We know that enthalpy or total heat of steam at point 3,

113 = hp+xhfR3 = 376.8+0.943x2283.3 = 2530kJ/kg

and volume of steam at point 3,

03 = x3 v 3 = 0.943 x 2.365 = 2.23 M3 /kg
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We know that modified Rankine efficiency,

- (h2—h)+100(p3—p4)V3
T1MR -

(3052.1 - 2530) + 100(0.7-0.28)2.23
3052.1 —282.7

0.2223 or 22.23% Ans.

2. New stroke

Let	 L' New stroke length.
Since the same amount of steam as at point 3 is expanded iseniropically from the original

condition (i.e. at 10 bar and 300° C) to the condenser pressure p3. = 0.28 bar, therefore let us find the

dryness fraction of steam at point 3' (i.e.x3.).

From steam tables, corresponding to a pressure of 0.28 bar, we find that

hfl. = 282.7 kJ/kg; hfR3. = 2340 kJ/kg; s. = 0.925 kJ/kg K

Sfg 3' = 6.868 Id/kg K; and v 3, = 5.578 m3/kg

We know that for isentropic expansion 2-3' as shown in Fig. 10.18.

= S3.

7.125 =	 = 0.925+x3,x6.868

= 0.903

We know that cylinder volume,

V = xDL = (0 . 3) 2 0 . 58 = 0.041 m3

Mass of steam at point 3,
0.041= - = --- = 0.0184 kg/stroke

and volume of steam at point 3',

V3 . = m 3 x.V 3. = 0.0184 x 0.903 x 5.578 = 0.0927 m3

We also know that new stroke volume at point 3',

=	 x D2 xl..' =	 (0 . 3)2 L' = 0.0707 L' 	 ... (ii)

From equations (I) and (ii).

I..' = 0.0927/0.0707 = 1.31 ni Ans.

3.New Rankine cflicieiuv
We know that enthalpy or total heat of steam at point 3',

h. = h. + x3 . h 3 .	 282.7 + 0.903 x 2340 = 2395.7 Id/kg

New Rankine efficiency,

- h2 —/i3.	 3052.1-2395.7 = 0.237 or 237% Ans.
11R - h2 - h11.	 3052.1 —282.7
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4. Work-done by the e.atiaCIj n and boiler feed jnstnpa

The work is done by the extraction and boiler feed pumps in raising the pressure of water from

condenser pressure (0.28 bar) to boiler pressure (10 bar). In Fig. 10.18, area 1-1'5'-5 represents the

required work done.
From steam tables, corresponding to a pressure of 0.28 bar, we find that

Volume of water, 	 05 = 0.001021 m3/kg

Workdone by the extraction and boiler feed pumps

= 100 (PI -p5)v5 = too (10-0.28)0.001021 kJ/kg

= 0.9924 kJ/kg Ans.

EXERCISES

1. A Carnot engine works between pressure limits of 35 bar and 0.7 bar. Find the amount of work
done per kg of steam and thermal efficiency of the engine. 	 (Ans. 518.2 kJ/kg ; 29.6%I

2. A simple Rankine cycle uses steam as the working medium and operates between 0.5 bar and 20
bar. If the steam entering the turbine is dry at 20 bar, determine the quality of steam as it leaves the turbine.

Entropy of water at 0.5 bar = 1.091 kJ/kg K ; Entropy of saturated steam at 20 bar = 6.34l.kJ/kg

K; and Entropy of saturated steam at 0.5 bar = 7.524 kJ/kg K.	 [Ans. 0.8161

3. Dry and saturated steam ata pressure of II bar is supplied to a turbine and is expanded isentropically
to a pressure of I bar. Calculate I. Heat supplied, 2. Heat rejected, and 3. Theoretical thermal efficiency.

[Ans. 2382.2 kJ/kg; 1955.5 kiflg :21.35%]

4. A boiler supplies dry saturated steam to a steam power plant at a pressure of 12.5 bar. The back
pressure is 0.2 bar. Find the efficiency of the plant, if it operates on Rankine cycle by using: I. Steam tables
only, and 2. Mollier chart. 	 (Ans. 25.3%)

5. Dry and saturated steam at IS bar is supplied to a steam engine. The exhaust takes place at 1.1 bar.
Calculate I. Rankine efficiency; 2. Mean effective pressure; 3. Steam consumption per I.P. hour, if the efficiency
ratio is 0.65; and 4. Carnot cycle efficiency for the given pressure limits using steam as the working fluid.

[Ans. 18.8%; 3,36 bar; 12.5 kg/kWh ; 20.4%]

6. In a Rankine cycle, the maximum pressure of steam supplied is 6 bar. The drytiess fraction is 0.9. The
exhaust pressure is 0.7 bar. Find the theoretical workdone and Rankine efficiency. 	 [Ans. 325.3 kJ/kg; 15%]

7. Compare the efficiencies ofCamotcycle and Rankine cycle if the maximum and minimum temperatures
are 40(J'C and 40° C. The steam in the case of Rankine cycle is supplied at 20 bar. 	 [Ans. 535%; 33.35%]

8. A steam engine is supplied with 90% dry steam at a pressure of 10 bar. The exhaust takes place at
1.1 bar. Determine : I. Rankine efficiency; 2. Percentage increase in efficiency if the steam has a temperature

of 250" C before entering the cylinder. 	 [Ans. 16.1% 2.4%]

9. Steam is supplied to a Rankine engine at2l bar with110, C  of superheaL The hack pressure is 0.20
bar. FinO: I. Rankine efficiency, and 2. Volume of steam entering the engine per hour if the steam supplied is
tOO kg per hour.	 [Ans. 29.1%;! 1.64 m3/h]

10. Steam is supplied to a steam turbine at a pressure of 20 bar and 230° C. It is then expanded
isentropically to a pressure of! tar. Determine I. Rankine efficiency, 2. Specific volume of steam at the end
of expansion, and 3. Carnot efficiency between the same temperature limits. 	 [Ans. 21%; 1.44 m31kg]

11. In an ideal Rankine cycle, the steam condition at turbine inlet is 20 bar and 350°C. The condenser
pressure is 0.08 bar. Determ

i ne the cycle efficiency. If the steam flow rate is 2000kg1h, what is the power output
in kW?	 [Ans. 32.4%; 533.5 kW]

12. Steam at a pressure of IS bar and at a temperature of 300° C is supplied to a steam turbine working
on the Rankine cycle. If the exhaust takes place MO. bar, evaluate the Rankine efficiency. Calculate the steam
consumption in kg/h to develop 750 kW, if efficiency ratio is 0.6. 	 [Ans. 28.3% 5653 kg/h]

13. A steam engine uses dry saturated steam at a pressure of 10 bar and the back pressure is 0.7 bar.
The pressure at release is 3.8 bar. Assuming the pressure drop to take place at a constant volume, find the
efficiency of the modified Rankine cycle. Neglect clearance. 	 [Ans. 13%]
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14. A steam engine receives steam at a pressure of 5.6 bar and 190° C. The pressure at release is 2.8
bar, and back pressure 1.0 bar. Determine: I. Work done in kJ/kg of steam and 2. Efficiency of the cycle.

(Ans. 246 kJ/kg : U). 15% 1
IS. Steam at 17 bar and 250'C is supplied to a steam engine where it is expanded isenlropically to a

release pressure of 3.5 bar. The steam is released from the engine at constant volume into the condenser where
it is condensed at a pressure ofo.5 bar and the condensate is pumped back to the boiler. The steam flow rate is
12() kg/h. Neglecting pump work, determine with the help of steam tables: I. the power output of the engine
in kW and 2. the efficiency of the cycle.	 lAns. 153.3 kW 787

QUESTIONS

I. Describe the Carrot vapour cycle and derive the expression for its efficiency.
2. Why the Carnot cycle cannot be considered as the theoretical Cycle for steam power plants

even though its efficiency is maximum ?
3. Show Rankine cycle on p-v and T-s diagrams and explain the processes involved. Also

draw the mechanical system to show different processes of the Rankine cycle.
4. Draw the Rankine cycle on T-s diagram using dry saturated steam and obtain an expression

for the Rankine cycle efficiency.
5. Describe briefly the Rankine cycle using superheated steam and show in what respect this

cycle differs from Carnot cycle between [lie same temperatures.
6. Prove that the efficiency of a Rankine cycle using superheated steam is greater than the

efficiency of a corresponding Rankine cycle using steam without superheat. Both the cycles operate
between the same boiler and condenser pressure limits.

7. State the reasons for modifying the Rankine cycle for operation of steam engines.
8. Explain with the help ofp-v and T-s diagrams, the sequence of operations in the modified

Rankine cycle.

OBJECTIVE TYPE QUESTIONS
1. The ideal cycle on which a steam engine works, is

(a) Carnot cycle	 (b) Rankine cycle (c) Otto cycle	 (d) Joule cycle
2. Rankine cycle comprises

(a) two isothermal and two iscntropics	 (b) two isobarics and two isothernials
(c) two isobarics and two isentropics	 (d) two isothermals and two isochorics

3. The Rankine cycle, as compared to Carnot cycle, has ...........'work ratio,
(a) high	 (b) low

4. In a Rankine cycle with superheated steam,
(a) the workdone increases
(b) the dryness fraction of steam after isentropic expansion increases
(c)the specific steam consumption decreases
(d)all of the above

S. In the operation of steam engines, the vapour cycle adopted is
(a) Carnot Cycle	 (b) Rankine cycle
(c) modified Rankine cycle	 (d) Regenerative cycle

ANSWERS

l.(b)	 2.(c)	 3.(a)	 4(d)	 5(c)
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1, Introduction. 2. Classification of Fuels. 3. Solid Fuels. 4. Liquid Fuels. 5. Merits and Demerits
of Liquid Fuels over Solid Fuels. 6, Gaseous Fuels. 7. Merits and Demerits of Gaseous Fuels. 8.
Requirements of a Good Fuel. 9. Calorific Value of Fuels. 10. Gross or Jii,çher Calorific Value. II. Net
or Lower Calorific Value. 12. Experimental Determination of higher Calorific Value. 13. Bomb
Calorimeter. 14. Boy's Gas Calorimeter.

11.1. introduction
A fuel, in general terms, may be defined as a substance (containing mostly carbon and

hydrogen) which, on burning with oxygen in the atmospheric air, produces a large amount of heat.
The amount of heat genertted is known as calorific value of the fuel.

As the principal constituents of a fuel are carbon and hydrogen, therefore, it is a'so known as
hydrocarbon fuel. Sometimes, a few traces of sulphur are also present in it.

11.2. Classification of Fuels
The fuels may be classified into the following three general forms:

I. Solid fuels,

2.Liquid fuels, and

3.Gaseous fuels.
Each of these fuels may be further subdivided into the following two typ.s:

(a)Natural fuels, and

(b)Prepared fuels.
11.3. Solid Fuels

'The natural solid fuels are wood, peat, lignite or brown coal, bituminous coal and anthracite
coal. The prepared solid fuels are wood charcoal, coke, briquetted coal and pulverised coal.

The following solid fuels are important from the subject point of view

I. Wood. At one time it was extensively used as a fuel. It consists of mainly carbon and
hydrogen. The wood is converted into coal when burnt in the absence of air. It is not considered as a
commercial fuel, except in industrie;, wh.re a large amount of waste wood is available. The calorific
value of wood varies with its kind aid moisture content. The average calorific value of the wood is

19 700 kJ/kg.
2. Peat. It is a spongy hLrnid substance found in boggy land. It may be regarded as the first

stage in the formation of coal. It has a large amount of water contents (upto 30%) and therefore has
to be dried before use. it has a characteristic odour at the time of burning, and has a smoky flame. Its
average calorific value is 23 000 Id/kg.
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3. Lignite or brown coal. It represents the next stage of peat in the coal formation and is an
intermediate variety between bituminous coal and peat. It contains nearly 40% moisture and 60% of
caubon. When dried it crumbles and hence does not store well. Due to its brioleness it is converted
into briquettes, which can be handled easily. us average calorific value is 25000 kJ/kg.

4. Bituminous coal. It represents the next stage of lignite in the coal formation and contains
very little moisture (4 to 6%) and 75 to 90% ofcarbon. It is weather-resistant and burns with a yellow
flame. The average calorific value of bituminous coal is 33500 kJ/kg. The bituminous coal is of thefollowing two types:

(a) Caking bituminous coal, and (b) Non-caking bituminous coal.
(a) Caking binwilnous coal It softens and swells on heating and its pieces adhere together

forming apasty mass which makes firing difficult. it burns with a fairly long flame. Its specific gravityis 1.26 to 1.36. The caking variety is very useful for manufacturing gas. It is also known as soft coal.
Its average calorific value is 35 000 kJ/kg.

(b)Non-caking bit uminouc coal: It burns with a shorter flame than the caking coal, and gives
off little or no smoke. Its specific gravity is 1.22 to 1.42. The non-caking variety is mostly used as
fuel for steam boilers, hence it is known as steam coal. Its average calorific value is 33 000 kJ/kg.Note: The bituminous coal is non-caking, if its carbon content is 78 to 81%. If the percentage of carbon is 81
to 82.5%, it is slightly caking. In medium caking bituminous coal, the carbon content is 82.5 to 84%. But if the
carbon content is 84 to 89%, it makes the coal strongly caking.

5. Anth,acite coal. It represents the final stage in the coal formation, and Contains 90% or more
carbon with a very little volatile matter. It is thus obvious, that the anthracite coal is comparatively
smokeless, and has very little flame. It possesses a high calorific value of about 36 000 kJ/kg and is
therefore, very valuable for steam raising and general power purposes.

6. Wood t harcoal. It is made by heating wood with a limited supply of air to a temperature
not less than 280° C. It is a good prepared solid fuel, and is used for various metallurgical processes.

7. ('eke. It is produced when coal is strongly heated continuously for 42 to 48 hours in the
absence of air in a closed vessel. This process is known as carbonisation of coal. Coke is dull blackin colour, porous and smokeless. It has a high carbon content (85 to 90%) and has a higher calorificvalue than coal.

If the carbonisation of coal is carried out at 500 to 700°C, the resulting coke is called lowertemperature coke or soft coke. It is used as a domestic fuel. The coke produced by carbonisation of
coal at 900 to 1100°C, is known as hard coke. The hard coke is mostly used as a blast furnace fuel
for extracting pig iron from iron ores, and to some extent as a fuel in cupola furnace for producing
cast iron.

. b'riqueiti'd coal. It is p:oduced from the finely ground coal by moulding under pressure with
or without a binding material. The binding materials usually used are pitch, coal tar, crude nil and
clay etc. The briquened coal has the advantage of having, practically, no loss of fuel through grate
openings and thus it increases the heating value of the fuel.

9. I'ulvensed coal. The low grade coal with a high ash content, is powdered to produce
pulverised coal. The coal is first dried and then crushed into a fine powder by pulverising machines.
The pulverised coal is widely used in the cement industry and also in metallurgical processes..
Note: Out of all the above mentioned type; o'solid fuels, anthracite coat is commonly used in all types of heat
engines,

11.4. Liquid Fuels

Almost all the commercial liquid fuels are derived from natural petroleum (or crude oil). The
crude oil is obtained from bore-holes in the earth's crust iii certain parts of the world. 'Fite liquid fuels
consist of hydrocarbons. The natural petroleum may he separated into petrol or gasoline, paraffin oil
or kerosene, fuel oils and lubricating oils by boiling the crude oil at different temperatures and
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subsequent fractional distillation* or by a process such as cracking.** The solid products like vaseline
and paraffin wax are recovered from the residue in the still.

The following liquid fuels are important from the subject point of view:
I. Petrol or gasoline. It is the lightest and most volatile liquid fuel, mainly used for light Petro]

engines. It is distilled at a temperature from 65° to 2200 C.
2.Kerosene or paraffin oil. It is heavier and less volatile fuel than the petrol, and is used as

heating and lighting fuel. It is distilled at a temperature from 2200 to 345°C.
3.Heavy fuel oils. The liquid fuels distilled after petrol and kerosene are known as heavy fuel

oils. These oils are used in diesel engines and in oil-fired boilers. These are distilled at a temperature
from 345° to 4700 C.

11.5. Merits and Demerits of Liquid Fuels over Solid Fuels

Following are the merits and demerits of liquid fuels over solid fuels:

Me, its

I. Higher calorific value.

2. Lower storage capacity required.

3. Better economy in handling.

4. Better control of consumption by using valves.

5. Better cleanliness and freedom from dust.

6. Practially no ashes.

7. Non-deterioration in storage.

8. Non-corrosion of boiler plates.

9. Higher efficiency.

Demerits

I. Higher cost.
2. Greater risk of fire.
3. Costly containers are required for storage and transport.

11.6. Gaseous Fuels

The natural gas is, usually, found in or near the petroleum fields, under thearth's surface. It,
essentially, Consists of marsh gas or methane (CH 4 ) together with small amounts of other gases such
as ethane (C1 H6), carbon dioxide (CO,) and carbon monoxide (CO).

The following prepared gases, which are used as fuels, are important from the subject point
of view:

I. Coal gas. It is also known as a town gas. It is obtained by the carbonisation of coal and
consists mainly of hydrogen, carbon monoxide and various hydrocarbons. The quality of coal gas
depends upon the quality of the coal used, temperature of the carbonisaiton and the type of plant. It
is very rich among combustible gases, and is largely used in towns for Street and dome-,tic lighting
and heating. It is also used in furnaces and for running gas engines. Its calorific value is about 21 000
to 25 000 kJ/m3.

*	 It is the distillation by stages, i.e. distillation carried out in such a way so that the liquid with the lowest
boiling point is first evaporated and rccondenscd. The liquid with the next higher boiling point is then
evaporated and recondensed, and so on until all the available liquid fuels are separately recovered in the
sequence of their boiling points.

** Cracking is a special process olhcating crude oil ba high temperature under a very high pressure (exceeding
50 atmospheres) to increase the yield of lighter distillates. particularly petrol. The residue left after
distillation by cracking is called cracked residue pressure tar and ;s used in road construction.
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2. Producer gas. It is obtained by the partial combustion of coal, coke, anthracite coal or
charcoal in a mixed air-steam blast. It is, mostly, used for furnaces particularly for glass melting and
also for power generation. Its manufacturing cost is low, and has a calorific value of about 5000 to
6700 kJlm3.

3. Water gas. It is a mixture of hydrogeri and carbon monoxide and is made by passing steam
over incandescent coke. As it burns with a blue flame, it is also known as blue water gas.

The water gas is usually converted into carburetted (enriched) water gas by passing it through
a carburetter into which a gas oil is sprayed. It is, usually, mixed with coal gas to form town gas. The
water gas is used in furnaces and for welding.

4. Mood gas. It is produced by passing air and a large amount of steam over waste coal at
about 6500 C. It is used for power generation and heating. It is also suitable for use in gas engines.
Its calorific value is about 5850 kIIm3.

5.Blasifuruace gas. It is a by-product in the production of pig iron in the blast furnace. This
gas serves as a fuel in steel works, for power generation in gas engines, for steam raising in boilers
and for preheating the blast for furnace. It is extensively used as fuel for metallurgical furnaces. The
gas, leaving the blast furnace, has a high dust content the proportion of which varies with the operation
of the furnace. It has a low heating value of about 3750 kJ/m3.

6. Coke oven gas. It is a by-product from coke oven, and is obtained by the carbonisation of
bituminous coal. Its calorific value vares from 14500 to 18 500 kJ/m 3 . It is used for industrial healing
and power generation.
11.7. Merits and Demerits of GaseoLLs Fuels

Following are the merits and demerits of the gaseous fuels:

Merits
I. The supply of fuel gas, and hence the temperature of furnace is easily and accurately

controlled.
2. The high temperature is obtained at a moderate cost by pre-heating gas and air with heat

of waste gases of combustion.
3. They are directly used in internal combustion engines.

4. They are free from solid and liquid impurities.
5. They do not produce ash or smoke.
6. They undergo complete combustion with minimum air supply.

Demerits

I. They are readily inflammable.
2. They require large storage capacity.

11.8. Requirements of a Cood Fuel
Though there are many requirements of a good fuel, yet the following are important from the

subject point of view
I. A good fuel should have a low ignition point.
2. It should have a high calorific value.
3. It should freely burn with a high efficiency, once it is ignited.
4. It should not produce harmful gases.
5. It should produce least quantity of smoke and gases.
6. It should be economical, easy to store and convenient for transportation.
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11.9. Calorific Value of Fuels
The calorific value (briefly written as C.V.) or heat value of a solid or liquid fuel may be

defined as the amount of heat given out by the complete combustion of 1 kg of fuel, It is expressed
in terms of kJ/kg of fuel. The calorific value of gaseous fuels is, however, expressed in terms of kJ/m3
at a specified temperature and prcssure.

Following are the two types of the calorific value of fuels:
I. Gross or higher calorific value, and 2. Net  or lower calorific value.
These calorific values are discussed, in detail, in the following articles.

11.10. Gross or Higher Calorific Value
All fuels, usually, contain some percentage of hydrogen. When a given quantity of a fuel is

burnt, some heat is produced. Moreover, some hot flue gases are also produced. The water, which
takes up some of the heat evolved, is converted into steam. If the heat, taken away by the hot flue
gases and the steam is taken into consideration, i.e. if the heat is recovered from flue gases and steam
is condensed back to water at room temperature (15° Q. then the amount of total heat produced per
kg is known as gross or higher calorific value offuel. In other words, the amount of heat obtained by
the complete combustion of I kg of a fuel, when the products of its combustion are cooled down to
the temperature of supplied air (usually taken as 15°C), is called the gross or higher calorific value
of fuel. It is briefly written as H.C.V.

If the chemical analysis of a fuel is available, then the higher calorific value of the fuel is
determined by the following formula, known as Dulong's formula:

H.C.V. = 33800 C+ 144 000 H2 + 9270 S Id/kg . . . (i)

where C. H, and S represent the mass of carbon, hydrogen and sulphur in I kg of fuel, and the.
numerical values indicate their respective calorific values.

If the fuel contains oxygen (02), then it is assumed that the whole amount is combined with
hydrogen having mass equal to 118th of that of oxygen. Therefore, while finding the calorific value
of fuel, this amount of hydrogen should be subtracted.

(	 "l
H.C.V. = 33800C+ 144 OOOH2_ 

°2T J+9270S kJ/kg	 ....(ii)

11.11. Net >r Lower Calorific Value

When the heat absorbed or carried away by theproducts of combustion is not recovered (which
is the case in actual practice), and the steam formed during combustion is not condensed, then the
amount of heat obtained per kg of the fuel is known as net or lower calorific value. It is briefly written
as L.C.V.

If the higher calorific value is known, then the lower calorific value may be obtained by
subtracting the amount of heat carried away by products of combustion (especially steam) from
H.C.V.

L.C.V. = H.C.V. - Heat of steam formed during combustion

Let	 in, = Mass of Steam formed in kg per kg of fuel = 9112

Since the amount of heat per kg of Steam is the latent heat of vaporisation of water
corresponding to a standard temperature of 15° C, is 2466 kJ/kg, therefore

L.C.V H.C.V. - m, X 2466 Id/kg

= H.C.V. — 9 H2 x 2466 kJ/kg	 ...(: m, 9112)
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Example 11.1. Afuel consists of 85% carbon; 12.5% hydrogen; 2.5% residual matter by
mass. Workingfromfitst principles, find the higher and lower calorific values per kg ofihefr:el.

Solution. Given C = 85% = 0.85 kg ; 1 12 = 12.5% = 0.125 kg * Residual matter 2.5%

= 0.025 kg

Higher ca/anIle value per kg offuel

We know that higher calorific value per kg of fuel,

H.C.V. = 33800C+ 144000112

= 33800 x 0.85 + 144 000 x 0.125 = 46730 kilkg Ans.

Lower calorific value per kg offuel

We know that lower calorific value pci kg of fuel,

L.C.V. = H.C.V. — (9112 x 2466)

= 46 730 — (9 x 0.125 x 2466) = 43956 kJ/kg Ans.

Example 11.2. ft sample of coal has the following composition by mass:

Carbon 75%; hydrogen 6%; oxygen 8%; nitrogen 2.5%; sulphur 1.5%: and ash 7%.
Calculate its higher and lower calorific values per kg of coal.

=0.025 kg; S 1.5% =0.015 kg; *Ash =7% =0,07 kg

Higher calorific value per kg o,fcoal

We know that higher calorific value per kg of coal,

02 "
H.C.V. = 33800C+ 144000 H2_)+9270S

= 33800x0.75+144000(0.06_0J+9270x0.015

= 25350 + 7200 + 139 = 32 689 kJ/kg Ans.

Loner calorific  value per kg of coal

We know that lower calorific value per kg of coal,

L.C.V. = H.C.V. —(9 112 x 2466)

= 32689-9 xO.06 x 2466 = 31358.3 kJ/kg Ans.

11.13. Experimental Determination of higher Calorific Value
The method of determining higher calorific value, as explained in Art. 11.10, gives approxi-

mate results only. The most satisfactory method of obtaihing the calorific value ofa fuel is by actual
experiment. In all these experimental methods, a known mass of fuel is burnt in a suitable calorimeter,
and the heat so evolved is found by measuring the rise in temperature of the surrounding water. The
calorimeters used for finding the calorific value of fuels are known as fuel calorimeters.

The following two fuel calorimeters are important from the subject point of view
1. Bomb calorimeter, and 2. Boy's gas calorimeter.
These calorimeters are discussed, in detail, in the following pages.

Superfluous data.



IL_
Oxygen

lease

Fuels	 295

11.14. Bomb Calorimeter
It is used for finding the higher calorific value of solid and liquid fuels. In this calorimeter, as

shown in Fig. 11.1, the fuel is burnt at a constant volume and under a high pressure in a closed vessel
called bomb.	 fl.Therriwneter

The bomb is made mainly of acid-resisting
stainless steel, machined from the solid metal, which
is capable of withstanding high pressure (upto 100 bar),
heat and corrosion. The cover or head of the bomb
carries the oxygen valve for admitting oxygen and a
release valve forexhaust gscs. A cradle or carrier ring,
carried by the ignition rods, supports the silicacrucible,
which in turn holds the sample of fuel under test. There
is an ignition wire of platinum or nichrome which dips
into the crucible. It is connected to a battery, kept
outside, and can be sufficiently heated by passing
current through it so as to ignite the fuel.

The bomb is completely immersed in a meas-
ured quantity of water. The heat, liberated by the
combustion of fuel, is absorbed by this water, the bomb
and copper vessel. The rise in the temperature of water
is measured by a precise thermometer, known as Beck-
mann thermometer which reads upto 0.01°C.

I
Procedure Fig. lit. Bomb calonmeter.

A carefully weighed sample of the fuel (usually one grain or so) is placed in the crucible. Pure
oxygen is then admitted through the oxygen valve, till pressure inside the bomb rises to 30 atmosphere.
The bomb is then completely submerged in a known quantity of water contained in a large copper
vessel. This vessel is placed -within a large insulated copper vessel (not shown in the figure) to reduce
loss of heat by radiation. When the bomb and its contents have reached steady temperature (this
temperature being noted), fuse wire is heated up electrically. The fuel ignites, and continues to bbrn
till whole of it is burnt. The heat released during combustion is absorbed by the surrounding water
and the apparatus itself. The rise in temperature of water is rioted.

Let	 m1 = Mass of fuel sample bunt in the bomb in kg,

H.C.V. = Higher calorific value of the fuel sample in kifkg,
mt,, = Mass of water filled in the calorimeter in kg,

= Water equivalent of apparatus in kg,

t j = Initial temperature of water and apparatus in °C, and

= Final temperature of water and apparatus in T.

We know that heat liberated by fuel
= ,n1xHEN.	 (i)

and heat absorbed by water and apparatus
= (rn+m)c,(t2—t1)
	

(ii)

Since the heat liberated is equal to the heat absorbed (neglecting losses), therefore equating
equations (i) and (ii),

m1 xH.C,V. = (m,,+m)ç(t2—t1)
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(ma, + m) c,,, (12—
H.C.V. =	 kr/kg

MV

Notes: 1. To compensate for the loss of heat by radiation (which cannot be totally eliminated), a cooling
correction is added to the observed temperature rise. This corrected temperature rise is used in the above
expression.

H.C.V.	
(m,, + m) C. 101 - + t}

m1
where	 1, = Cooling correction.

2. This calorimeter gives H.C.V. of the fuel because any steam formed is condensed (since it cannot
escape) and hence heat is recovered from it.

Example 113. Calculate the higher calorific  value of a coal specimen from the following
data:

Mass of coal burnt	 = 1 g

Quantity of wafer in calorimeter	 = 2.5 kg

Increase in temperature of water	 = 2.6° c

Water equivalent of apparatus	 = 390g

If the fuel used contains 6% of hydrogen, calculate its lower calorific value.

Solution. Given : m1 = I g =0.001 kg; m. = 2.5 kg; t2 — i t
 =2.6°C ;m= 390g=0.39kg;

Higher calorific  value

We know that higher calorific value,

H.C.V. =	 =
(m + m) c (12 — ) (2.5 + 0.39) 4.2 x 2.6 

id/kg
nsj	0.001

= 31560 kJ/kg Ans. 	 . ..(: ç = 4.2 kJ/kg K)

Lower ca/on/ic value

We know that lower calorific value

= H.C.V. -	 x 2466)

= 31560 — 9 x 0.06 x 2466 30228.3 kJ/kg Ans.

11.14. Boy's Gas Calorimeter

It is primarily used for gaseous fuels, though it can be modified for liquid fuels also. It gives
the higher calorific value only. But the lower calorific value may be calculated, since the amount of
water produced can be collected and measured.

It consists of a suitable gas burner at H, in which a known volume of gas at a known pressure
is burnt. The hot gases, produced by combustion, rise up in the copper chimney or combustion
chamber, which is surrounded by a double metal tubing through which a continuous flow of water
under a constant head is maintained. From the top of inner chamber, hot gases are deflected
downwards through the space containing the inner water tubes M. From here the gases are deflected
upwards through the space containing the outer water tubes N. Then the gases escape into the
atmosphere from the top and their temperature is recorded just before their exit. During this process
of playing up and down the water tubes, the gases give out, practically, whole of their heat so that
any steam formed during combustion is condensed back into water.
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The temperature of the circulating water is measured at inlet and outlet by thermometers

and T, respectively, as shown in Fig. 11.2. After an initial warming up period during which conditions
tire established, simultaneous readings are

-	 n

I. The volume of gas burnt in a cer-
tain time.

2. The quantity of water passing
through the tube during the same time, and

3.The rise in temperatur of water.
The volume of the ga consumed is

reduced to some standard conditions of
pressure and temperature (15° C and 760
mm of Hg), the normal temperature and
pressure being 00 C and 760 mm of Hg.

Let u = Volume of gas burnt
at standard tempera-
ture and pressure
(S.T.P.) in m3,
Mass of cooling
water used in kg,

HEN. = Higher calorific value
of the fuel in kJ/m3,

= Temperature of water
at inlet, in °C, and

-	 flu'2 	 IiT

Water exit
Exhaust gases

Air
Gas

Condensed steam

Fig. t t .2. Boy's gas calorimcicr.

Water
Intel

= Temperature of water at outlet in °C.
We know that heat produced by the combustion of fuel

= vxHEN.	 (i)
and heat absorbed by circulating water

= mç(t2 —t 1 )	 .. .(ii)

Since the heat produced by the combustion of fuel is equal to the heat absorbed by the
circulating water (neglecting losses), therefore equating equations (i) and (ii),

V X H.C.V. = my,, ç (2-1)

H.C.V. = 
mc(t2-13)

Notes: I. The tower calorific value may be calculated if the water produced during the combustion is drained
off from the bottom of the calorimeter, collected and weighed. If this mass is m, then

L.C.V. = H.C.V. nix 2466 kJ/kg
2. The modification of this gas calorimeter is known as Junker's calorimeter.
Example 11.4. The following data refers to a calorific value test of a fuel by means of a gas

calorimeter.
Volume of gas used = 0.7 m5 (reckoned at S.T.P.);mars of water heated= 25kg;rise in

temperature of water at inlet and outlet = 14" C; mass of steam condensed = 0.028 kg. Find the
higher and lower calorific values per m3 at S.T.P. Take the heat liberated in condensing water vapour
and cooling the condensate as 2475 kJ/kg.
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Solution. Given : v = 0.7 m3 ; in.= 25 kg ; t 2 — t	 14°C; in = 0.028kg; Heat liberated
= 2475 U/kg
Higher calorific ithte

We know that higher calorific value,

H.C.V. =
_____	

- 
25x4.2x14 2100 kJ/m' Ans.V 	 0.7

Lower calorific value
We know that lower calorific value,

L.C.V. = H.C.V. - Mass of steam condensed in kg/m' x Heat liberated

= 2l00- 8 x2475 = 2001 U/rn3 Ans.

Example 11.5. The following results were obtained when a sample of gas was tested in a
Junker's gas calorimeter:

Gas burnt	 =0.03m3
Pressure of the gas	 54.4 min of water
Barometer reading	 = 750 min of Hg
Temperature of gas	 = 27"C
Temperature of water at inlet	 = 29'C
Temperature of water at outlet	 = 40"C
Mass of wafer passing through the calorirneter= 10kg
Steam condensed during test 	 = 0.025kg
Determine the higher and lower calorific values of gas at 15° C and a standard barometer of

760 min of Hg.

Solution. Given = 0.03 M3; p 1 = 54.4 mm of water = + 750 = 754 mm of Hg;
T, r 27°C27+273=300K; z 1 =28°C; t2=40°C;m,,=10kg;m,=0.025kg;T2=15°C
= l5+273=288K;p2r760mmofFlg

First of all, let us find the volume of gas (p2) at temperature T2 and pressure p2.
We know that for a perfect gas,

PI V1	 P2 V2	 Pi V i T2 	 754x0.03x288
T - T2 or V2 = p2 T =	 760 x 300	

= 0.029 rn3

0.025Mass of seam condensed = -0.029 = 0.86 kg/m'

Flighir ca/orific ,alue of tilt' gas
We know that higher calorific value of the gas,

H.C.V. =
in' ç(t2 —t1) = l0x4.2(40	 = 11 380 kJ/m' Ans.0.029

Lower calorific  i'aliw of the gas
We know that lower calorific. value of the gas,

L.C.V = H.C.V. - Mass of steam condensed in kg/M3 x Heat liberated
= 17380-0.86x2466 = IS 259.3 k1/m1 Ans.
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EXERC(SES

I. A sample of fuel on analysis is found to Contain carbon 85%; hydrogen 10%; sulphur 2% and ash
3%. Find the higher calorific value of the fuel. 	 fAns. 43 315.4 kJ/kgl

2. The composition of sample of anthracite coal was found to be; C 91%, H 2 3%.01 2%, N2 0.8%,
S 0.8%, and the remainder is ash.

Calculate the higher and It ver calorific values of the fuel	 lAna. 34 792 kJ/kg; 34 126 kJ/kg]
3. The following data were icorded during an experiment to find the calorific value of a sample of

coal.
Mass of coal burnt	 = I g
Mass of water in the .alori meter 	 = 1020 g
Water equivalent i Ihe calorimeter = 170 g

-	 Initial tempen'ture of water 	 = 233 C
Final temperature of water 	 = 26.2° C
Determine the calorific value of the sample of the coal, 	 [Ans. 14 494 ki4cg]

4. A bomb calorimeter is used to determine the calorific value of a sample of coal and the following
results are obtained

Mass of coal burnt	 = I g
Mass of water in the calorimeter 	 = 2.5 kg
Water equivalent of the apparatus 	 = 0.75 kg
Initial temperature of water	 = 17.5°C
Maximum observed temperature of water 	 = 200 C

Cooling correction	 = + 0.015° C
If the fuel contains 4% of hydrogen, find the lower calorific value of the fuel. [Ans. 33442 ki/kgj

S. The following observations were made during a test on coal gas
Volume of gas used	 =0.06m3
Mass of cooling water circulated 	 = 9.8 kg
Mass of condensed steam collected 	 = 0.0)9 kg
Rise in temperature of cooling water	 = 6.3' C
Pressure of gas tested above atmosphere 	 = 45 mm of water
Temperature of gas tested 	 = 14°C
Barometric pressure	 = 750 mm of Hg
Calculate the higher and lower calorific values at N.T.P. 	 [Ans. 4581 kJ/m 3 ; 4189 kJIrn3J

QUESTIONS

I. What is meant by the term fuel ? What are its constituents?

2. List out the merits and demerits of liquid fuels over solid fuels.

3. What are the advantages of gaseous fuels?

4. Define the calorific value of a solid fuel and also that of a gaseous fuel.

5. Distinguish between higher and lower calorific value of a fuel.

6. Explain, briefly, the method used to determine the higher calorific value of the liquid fuel.

OBJECTIVE TYPE QUESTIONS

1. The principal Constituents of a fuel are

(a) carbon and hydrogen 	 (b) oxygen and hydrogen
(c) sulphur and oxygeo	 ( sulphur and hydrogen

20-
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2. The fuel mostly used in boilers is
(a) brown coal	 (b) peat

(c) caking bituminous coal	 (d) non-caking bituminous coal

3. Which of the following fuel has the highest calorific value?

(a) Peat	 (b) Coke

(c) Bituminous coal 	 (d) Anthracite coal

4. The fuel mostly used in blast furnace for extracting pig iron from iron ores is

(a) hard coke	 (b) soft coke

(c) pulverised coal 	 (d) bituminous coal

5. Steam coal is a
(a) pulverised coal	 (b) brown coal

(c) caking bituminous coal	 (d) non-caking bituminous coal

6. A process of healing crude oil to a high temperature under a very high pressure to increase
the yield of lighter distillates, is known as

(a) cracking	 (b) carbonisation

(c) tractional distillation	 (d) full distillation

7. Petrol is distilled at
(a) 650 to 2200 C	 (b) 2200 to 345° C (cl 345° to 470° C	 (d) 470° to 550° C

8. Which of the following gas has the highest calorific value?
(a) Producer gas 	 (b) Coal gas	 (c) Mond gas	 (d) Blast furnace gas

9. A bomb calorimeter is used for finding the 	 calorific value of solid and liquid fuels.

(a) higher	 (b) lower

10. Which of the following statement is incorrect?
(a)The liquid fuels Consist of hydrocarbons.
(b)The liquid fuels have higher calorific value than solid fuels.
(c)The solid fuels have higher efficiency than liquid fuels.

(d)A good fuel should have low ignition point.

ANSWERS

l.(a)	 2(d)	 3(c)	 4.(a)

6.(a)	 7(a)	 8.(b)	 9. (a)	 10. (c)
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Combustion of Fuels

I. Introduction. 2. Elements and Compounds. 3. Atoms and Molecules. 4. Atomic Mass 5.
Molecular Mars. 6. Symbols for Elements and Compounds. 7 Combustion Equations of Solid Fuels, 8.
Combustion Equations of Gaseous Fuels. 9. Theoretical or Minimum Mass of Air Required for Complete
Combustion. 10. Theoretical or Minimum Volume of Air Required for Complete Combustion. 11.
Conversion of Volumetric Analysis ino Mass Analysis or Gravimetric Analysis. 12. Conversion of Mass
Analysis into Volumetric Analysis. 13. Mass of Carbon in Flue Gases. 14. Mass of Flue Gases per kg
of Fuel Burnt, IS. Excess Air Supplied. 16. Moss of Excess Air Supplied. 17 Flue Gas Analysis by Orsat
Apparatus.

12.1. Introduction

The combustion of Fuels may be defined as a chemical combination of oxygen, in the
atmospheric air, and hydro-carbons. It is, usually, expressed both qualitatively and quantitatively by
equations known as chemical equations. A chemical equation shows, in a concise form, the complete
nature of the chemical 'action or reaction taking place.

12.2. Elements and Compounds

The elements are those substances which have so far not been resolved by any means into
other substances of simpler form. About 109 such elements are known so far. The examples are
hydrogen, oxygen, nitrogen, helium, iron, carbon, etc.

The compounds are formed by the combination of different elements in simple proportion.
The number of compounds, that can be formed, is almost infinite. The examples are water (combi-
nation of hydrogen and oxygen), carbon dioxide (combination of carbon and oxygen), methane gas
(combination of carbon and hydrogen), etc.

12.3. Atoms and Molecules

The elements are made up of minute and chemically indivisible particles known as atoms.
The smallest quantity of a substance, which can exist by itself, in a chemically recognizable

form, is known as molecule. A molecule may Consist of one atom, two atoms, three atoms or even
more. Such a molecule is known as monoatomic, diatomic, triatomic or polyatomic molecule
respectively.

12.4. Atomic Mass

Hydrogen is the lightest known substance. By taking the mass of hydrogen atom as unity, it
is possible to obtain relative masses of other atoms and molecules. it may be noted that actual masses
of these atoms are extremely small. The atomic mass of an element is the number of times, the atom
of that element is heavier than the hydrogen atom. For example, the atomic mass of oxygen is 16. It
means that the oxygen atom is 16 times heavier than the hydrogen atom.

301-
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12.5. Molecular Mass

The molecular mass of a substance is the number of times a molecule of that substance is
heavier than the hydrogen atom. For example, one molecule of oxygen Consists of two atoms of
oxygen, each of which is 16 times heavier than hydrogen atom. It is thus obvious, that a molecule of
oxygen is 2 x 16 = 32 times heavier than hydrogen atom. In other words, the molecular mass of

oxygen is 32.

12.6. Symbols for Elements and Compounds

The elements and compounds are, generally, represented by symbols. The symbol of an atom
is. usually, the Initial letter of the element in capital. The symbol for carbon atom, for examples is C;
for hydrogen atom H; foroxygen atom 0; and soon. A molecule is represented by a single expression.

For example, molecule of oxygen is written as 0 2 , where the suffix 2 represents the number of atoms

in one molecule of oxygen.

Similarly CO2 stands for one molecule of carbon dioxide gas, which consists of one atom of
carbon and two atoms of oxygen. The coefficients or prefix of an expression indicates the number of

molecules of a substance. e.g. 7 CO2 meanr 7 molecules of carbon dioxide, each of which consists

of one atom of carbon and two atoms of oxygen.
The symbols, atomic mass and molecular mass of the following substances are important from

the subject point of view:

Table 12.1. Symbols with atomic ma
ss and molecular mass.

-	 Substance	 Symbol	 Atomic Mass	 Molecular Mass

Hydrogen	 H2	 I	 2

Oxygen	 02	 16	 32

Nitrogen	 N2	 14	 28

Carbon	 C	 12	 -

Sulphur	 S	 32	 -

Carbon monoxide	 CO	 -	 28

Methane of Marsh gas	 Clii	 .	 16

Acetylene	 .	 C1-11	 -	 26

Ethylene	 C21{1	 -	 28

Ethane	 C21-16	 30

Carbon dioxide	 CO2	 44

Sulphur dioxide 	 SO2	 -	 64

Steam or water	 l40	 18	 -

Note: lithe atomic mass of a substance is known, then its molecular mass may be easily obtained, For example,

molecular mass of CO2 = 12 + (2 x 16) = 44

12.7. Combustion Equations of Solid Fuels

We have already discussed in Art. 12.1 that the combustion of a fuel is the chemical
combination of oxygen. Though there are many chemical equations for the chemical combination of
oxygen (representing combustion), yet the following equations are important from the subject point

of view:
When carbon burns in sufficient quantity of oxygen, carbon dioxide is produced along with

a release of large amount of heat. This is represented by the following chemical equation:
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C + 02 = CO 
	I mol,+ I mol. = I mol.	 . .(Byvolume

or	 I2kg+32kg = 44 kg	 ... (By mass)

i.e.	 lkg+ 8	
II

kg= -- kg

It means that I kg of carbon requires 813 kg of oxygen for its complete combustion, and
produces Il/i kg of carbon dioxide gas.

2.If sufficient oxygen is not available, then combustion of carbon is incomplete. It then produces
carbon monoxide instead of carbon dioxide. Ills represented by the following chemical equation:

2C+02=2C0

	

2 mol. + I mol. = 2 mol. 	 . . . (By volume)

or	 2x 12kg+2x 16kg = 2x28kg 	 .(By mass)
4	 7

i.e.	 I kg + 4 	 = - kg

It means that I kg of carbon requires 4/3 kg of oxygen, and produces 713 kg of carbon
monoxide.

3.If carbon monoxide is burnt further, it is converted into carbon dioxide. Thus

2C0 + = 2CO2

	

2 mol. + I mol. = 2 mol. 	 . . (By volume)

or	 2x28kg+2xI6kg= 2x44kg	 ...(Bmass)

i.e.	 I kg+ 4-j kg = II

It means that I kg of carbon monoxide requires 4/7 kg of oxygen, and produces 11/7 kg of
carbon dioxide.

4. When sulphur burns with oxygen, it produces sulphur dioxide. This is represented by the
following chemical equation

S+02 - SO2

	

I mol. + I niol. = I mol.	 . . (By volume)
or	 32kg+2x 16 kg = 64 kg	 ... (By mass)
i.e.	 I kg+ 1kg = 2 k

It means that I kg of sulphur requires I kg of oxygen for complete combustion and produces
2 kg of sulphur dioxide.
Note: We see from the above chemical equations that there is no loss of mass although changes in volume do
occur. Hence the total mass on both sides of a chemical equation is the same.
12.8. Cornbusii.,n Equations of Gaseous Fuels

The gaseous fuels are, generally measured by volume (in rn) than by mass (in kg). It is thus
obvious, that theircombuslion equations are usually stated quantitatively in volume form, though we
may use masses also. Following are the important equations for the chemical combination of oxygen
(representing combustion) from the subject point of view:

I.	 2C0+02=2CO2

12 Volumes + I Volume .= 2 Volumes 1or	
L	

2	 ]	
. . . (By volume)m3 + I m3 = 2 m3 
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2x28kg+ lX32kg = 2x44kg
i.e.

	

	

[	
kg + Is 	 kg	

j	

(By mass)

It means that, 2 volumes of carbons monoxide requite I volume of oxygen and produces 2
volumes of carbon dioxide.

Or in other words, I kg of carbon monoxide requires 4/7 kg of oxygen and produce 11/7 kg
of carbon dioxide.

2. 2F12+02 = 21-120

or	 [rn

	

2VoJ.+lVol. = 2Vol.
2 m 3 + I. 3 = 2 m3	. .. 

(By volume)

	

2x2kg+lx32kg=2x18kg1	 (By mass)
L	 lkg+8kg=9kg	 j

It means that, 2 volumes of hydrogen require I volume of oxygen and produce 2 volumes at
water or steam.

Or in other words, I kg of hydrogen requires 8 kg of oxygen and produces 9 k of water or steam.

3. CH4+202=CO2+2120

Ii Vol.+2Vol. = I VoL+2VoLl
or	 I	 3	 3	 I	 . . . (By volume)

L Imi-2m =Im+2m j

16 kg i-2x 32 kg = 44 kg +2X 18 kg
i.e.

	

	 II	 9	 •. (By mass)
I kg+4kg = --kg+kg

It means that, I volume of methane requires 2 volumes of oxygen and produces I volume of
carbon dioxide and 2 volumes of water or steam.

Or in other words, I kg of methane requires 4 kg of oxygen and produces 11/4 kg of carbon
dioxide and 9/4 kg of water or steam.

4. C2H4+302 = 2CO2+21-120

Ii Vol. +3 Vol. = 2 Vol. +2 Vol. 1
or	 I	 3	 3	

I... (By volume)
L I m +3m = 2m +2m

28kg+3x32kg=2X44kg+2X18kg
i.e.	 lkg+	 kg	 kg+ kg24	 22	 9	 .. . (By mass)

It means that. I. volume of ethyene requires 3 volumes of oxygen and produces 2 volumes of
carbon dioxide and 2 volumes of water or steam.

Or in other words, 1kg of ethyene requires 2411 kg of oxygen and produces 22)7 kg of carbon

dioxide and 917 kg of water or steam.

12.9. Theoretical or Minimum Mass of Air Required for Complete Combustion

We have seen in the previous articles that adequate supply of oxygen is very essential for the
complete combustion of a fuel, and hence for obtaining maximum amount of heat from a fuel.

The theoretical or minimum mass (or volume) of oxygen required for complete combustion
of I kg of fuel may be calculated from the chemical analysis of the fuel. The mass of oxygen, required
by each of ti le constituents of the fuel, may be calculated from the chemical equations in Art. 12.8.
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Now consider) kg of a fuel.

Let	 Mass of carbon C kg

Mass of hydrogen = 112 kg

Mass of sulphur = Skg
We know that I kg of carbon requires 8/3 kg of oxygen for its complete combustion. Similarly,

I kg of hydrogen requires 8 k of oxygen and I kg of sulphur requires I kg of oxygen for its complete
combustion.

Total oxygen required for complete combustion of I kg of fuel

= C+8H2+Skg

If some oxygen (say 02 kg) is already present in the fuel, then total oxygen for the complete
ombustion of 1 kg of fuel

= [c+8H2+s]_o2k8

It may be noted that theoxygen has to beobtained from atmospheric air, which mainly consists
of nitrogen and oxygen along with a sniaH amount of carbon dioxide and negligible amounts of rare
gases Pike argon, neon, and krypton etc. But for all calculations, the composition of air is taken as:

Nitrogen (N2) = 77%; Oxygen (02) = 23%	 . . .(By mass)

and

	

	 Nitrogen (N) = 79%; Oxygen (02) 21%	 . . . By volume)

It is thus obvious, that for obtaining 1 kg of oxygen, amount of air required

=100= 4.35 kg	 ... (By mass)

Theoretical or minimum air required for complete combustion of I kg of fuel

	

23	 3
= ... 0 [ ( ' C 18 11, 1 S )- 0, 1 kg'

Example 12.1. A fuel has the following composition by mass:
Carbon 86%, Hydrogen 11.75%, Oxygen 2.25%.
Calculate the theoretical air supply per kg offue4 and the mass ofproducts ofcombustion per

kg offueL
Solution. Given: C = 86%=0,86 kg; H 2 = 11.75% =0.1175kg; 02 = 2.25%= 0.0225 kg

Theoretical air supply per kg u/fuel
We know that theoretical air supply per kg of fuel

	

= 100178	 'I	 1
	i3 	 3

_[[xO86+8xO.Il75+OJ_OO225]k

	

23	 3

1396 kg Ans.

Mass of products of combo stion

The chemical equations of carbon and hydrogen with oxygen are
(i) C+02=W1

(ii) 2H2+0 2 = 2H2 0
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We know that I kg of carbon produces 1113 kg of carbon dioxide and I kg of hydrogen
produces 9 k of water.

Total mass of the products of combustion

= 1xC+9H2kg

= --x0.86+9x0.Il75 = 4.21 kg Ans.

12.10. Theoretical or Mlnhnpm Volume of Air Required for Complete Combustion

We have discussed in the last article, the minimum mass of air required for complete
combustion of a fuel. Similarly, the volume of oxygen required for complete combustion of I in 3 of
gaseous fuel may be calculated from the chemical analysis of the fuel. The volume of oxygen, required
by each of the constituents of the fuel, may be calculated from the chemical equations as discussed'
in Art. 12.8. Now consider I m 3 of a gaseous fuel.

Let volume of carbon monoxide 	 = CO m3
Volume of hydrogen	 = H2 m3

Volume of methane	 = CH, m3

Volume of ethylene 	 = CH, m3
We know that 2 volumes of carbon monoxide require I volume of oxygen. Or in other words,

I volume of carbon monoxide requires 0.5 volume of oxygen for its complete combustion. Similarly.
2 volumes of hydrogen require 1 volume of oxygen. Orin other words. I volume of hydrogen requires
0.5 volume ofoxygen for its complete combustion. Similarly, I volume of methane requires 2 volumes
of oxygen and I volume of ethylene requires.3volumes of oxygen for its complete combustion.

Total oxygen requiied for complete combustion of I m 3 of fuel

= 0.5 CO + 0.5 112 + 2CH4 + 3 C2 H4 m3

If some oxygen (say 02 in3) is already present in the fuel, then total oxygen required for
complete combustion of I m3 of fuel

= [0.5C0+0.5H2+2CH4+3C2H21-02m3

Since the oxygen present in the air is 21% by volume, therefore theoretical or minimum volume
of air required for complete combustion of 1 m 3 of fuel

= 0 [(05co+05 H242CH4+3C2H4)_O2]m3

Example 12.2. A producer , as, used as afuel, has the following volumetric composition:

112 28% ; C012%;d114 2%; CO2 16% and N242%.

Find the volume of air requiredfor complete combustion of! in3 of this gas. Air contains  21%

by volume of oxygen.

Solution. Given: H2 =28%,=0.28m3 ;C0 12%=0,12m3 CH4=2%=0.02m3;CO2=
16%=0.16m3;N2=42%=0.42m3

We know that theoretical air recpired

= '[(0.5C0+0.5 H2+2C1.34+3C2H4)_O2]m3

=2I(O.5x0.i2+0.5x0.28+2x0.02+0)-01m

= 1.143m3 Ans.
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12.11. Conversion of Volumetric Analysis into Mass Analysis or Gravimetric Analysis
When the volumetric composition of any fuel gas is known, it can be converted to gravimetric

composition by applying Avogadro's Law (Art. 2.9). Thus
I. Multiply the volume of each constituent by its own molecular mass. This gives the

proportional mass of the constituents.

2. Add up these masses and divide each mass by this total mass, and express it as a
percentage.

3. This gives percentage analysis by mass.
The conversion of volumetric analysis into mass analysis may be clearly understood by the

following example.
Example 123. The volumetric analysis of a gas is CO 2 14%, CO 1%, 02 5% and N2 80%.

Calculate the fuel gas composition by mass.
Solution. Given: CO2 = 14% = 0,14 M3; CO = 1% = 0.01 M3; 02 = 5% = 0.05 1113 ; N2 =

80%=0.8m
The volumetric analysis may be converted into mass analysis by completing the table as

follows

Constituent Volume in I m Molecular mass 	 Proportional Mass in kg per kg 	 %by mass
offlue gas	 mass	 offlue gas

(a)	 (b)	
(c)=(axb)	 =(d)xIoo

CO2	0.14	 44	 6.16	
6. 16 = 0.202	 20.2%

CO	 0.01	 28	 0.28	 = 0.009	 0.9%

0.05	 32	 1.60	 = 0.053	 5.3%

N2	0.80	 28	 22.40	 = 0.736	 73.6%

Total	 1.00	 Z(c)=30.44	 1.0000	 100.0

The fuel gas composition, by mass is given in the last column. i.e.
CO= 20.2%; CO = 0.9%; 02 = 5.3% and N 2 = 73.617, Ans.

12.12. Conversion of Mass Analysis into Volumetric Analysis
The conversion of mass analysis of a fuel gas into the volumetric analysis may be done by the

following steps
1. Divide the percentage mass of each constituent by its own molecular mass. This gives the

proportional volumes of the constituents.
2. Add these volumes and divide each volume by this total volume, and express it as a

percentage.
3. This gives percentage analysis by volume.

Example 12.4. Afuel gas has the following percentage composition by mass:

CO2 13.3 %: CO 0.95 %; 02 8.35% and N2 77.4% Convert this into volumetric ot)'sLc.

Solution. Given:CO2=13.3%;CO0.95%028.35%;N277.4%
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The mass analysis may be converted into volumetric analysis by completing the table as
follows

Constituent	 % Mass	 Molecular Proportional volume Volume in I m 3 ofjlue %Volwnetric
analysis	 mass	 gas	 analysis

(b)	 (r) — (b)	 E	 (d)x 100

CO2	13.3	 44	 13 . 3 = 0.302 0' 302 =0.090	 9.044	 3.357

co	 0.95	 28	 0 .95, = 0.034	 = 0.010	 1.028	 3.357

8.35	 32	 32 = 0.261	 0.261= 0.078-	 1.8

N2	77.4	 28 Y8—	3.357

	

= 236 2-76= 0.822	 82.2

Total	 100.0	 (c) = 3.357	 1.000	 100.0

The fuel gas composition by volume, is given in the last column, i.e.

CO2 =9%;CO= I %;02 =7.8% and N2=82.2%Ans.

12.13. Mass of Carbon in Flue Gases

The mass of carbon, contained in I kg of flue or exhaust gases, may be calcuIed from the
mass of carbon dioxide and carbon monoxide present in them.

We know that 1 kg ofcarbon produces I1/3kgofcarbondioxide.Hence I kg ofcarbon dioxide
will contain 3/I1 kg of carbon. Also I kg of carbon produces 7/3 kg of carbon monoxide, hence I kg
of carbon monoxide will contain 3/7 kg of carbon.

Mass of carbon per kg of flue gas

= .-CO2+Co
11	 7

where CO2 and CO represent the quantities of carbon dioxide and carbon monoxide present in 1 kg
of flue gases.

12.14. Mass of Flue Gases per kg of Fuel Burnt

The mass of dry flue gases may be obtained by comparing the mass of carbon present in
the flue gases with the mass of carbon in the fuel, since there is no loss of carbon during
combustion.

Mathematically, mass of flue gas per kg of fuel

Mass of carbon in 1kg of fuel
Mass of carbonin 1kg of flue gas

Example 12.5. The ultimate analysis of dry coal burnt in a boiler is C 84%, H2 '9% and
incombustibles 7% by mass Determine the mass ofdryflue gases per kg ofcoal burnt, if the volumetric
composition of the flue gas is: CO2 8.75 %, CO 2.25 %. 02 8% and N. 81 %.

Solution. Given C = 84% = 0.84kg; H2 = 9% = 0.09kg; Incombustibles 7% = 0.07kg;

CO2 =8.75%=0.0875m 3 ;CO2 =2.25%=0,0225m 3 ;02 ='8%=0.08m;N2 =81 %=0.81 m3
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First of all, let us convert the volumetric analysis of flue gas to mass analysis for the mass of
carbon present in I kg of flue gas as given in the following table:

Constituent	 Volume in I m3 of Molecular mass	 Proportional 	 Mass ofconstituent in kg

	

flue gas	 mass	 per kg offlue gas

(a)	 (b)	 (c) ax b	 d = (c)

CO 2 	0.0875	 44	 3.85	
3.8529.72 = 0.130

Co	 0.0225	 28	 0.63	 0.63= 0.02129.72

01	 0.08	 32	 2,56	 2.56 = 0.08629.72

N 2 	0.81	 28	 22.68	 228= 0.763
29.72

Total	 1.0000	 (c) = 29.72	 1.000

We know that mass of carbon in I kg of flue gas

= -0O 2 +40 = -jj-x0.l30 + x0.021 = 0.044kg
it	 7

Mass of dry flue gas per kg of coal burnt

Mass of carbon in I kgof coal0.84

	

=
	 in	

=—=19.lkgAns.
Massof carbon l kgfluegas	 0.044

Example 12.6. A blast furnace gas has the following volumetric composition:

CO2 = Il%;CO=27%,112 = 2%and N2 =60%.

Find the theoretical volume of air required for the complete combustion of! m3 of the gas.
Find the percentage composition of dry flue gases by volume. Assume that air contains 21 % of 02
and 79% of N2 by volume.

Solution. Given: CO2 = Il%=0.Il mCO=27%=0.21m;11 2 =2%0.02m3 ;N2=
60%=0,6m3

Theoretical volume of air required

We know that theoretical volume of air required

=

= -[0.5x0.27+0.5x0.021 = 0.69 m 3 Ans.

(; CUE , C 2 1-14 and 02 are equal to zero)

Percentage composition of lry flue
We know that I in 3 of CO produces I in of CO 2. therefore

Volume of CO2 obtained from the given 0.27 m3 CO

= 0.27 m3

and volume of CO2 already present in the fuel,

= 0.11 m3	...(Given)
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Total volume of CO2 in the flue gas

= 0.11+0.27 = 0.38m3
Now volume of N2 from the theoretical air supplied

79 
X '0.69 	 3= - 	 0.545 m

and volume of N2 already present in the fuel

= 0.6m3
	

(Given)
Total volume of N2 in the flue gas

= 0.6 + 0.545 = 1.145 m3

and total volume of the di'j flue gas

= Total volume of CO  + Total volume of N2

= 0.38 + 1.145 = 1.525 m3
Percentage of CO, in the dry flue gas

=	 x 100 = 24.92% Ans.

and percentage of N2 in the dry flue gas

1.145 
x 100 = 75.08% Ans.

12.15. Excess Air Supplied

In the last two articles, we have discussed the theoretical or minimum air required for complete
combustion. But in actual practice, to ensure complete and rapid combustion of a fuel, some quantity
of air, in excess of the theoret al or minimum air, is supplied. It is due to the fact, that the excess air
does not come in Contact with the fuel particles. Ifjust minimum amount of air is supplied, apart of
the fuel may not burn properly.

The amount of excess air supplied varies with the type of fuel and firing conditions. It may
approach to a value of 100 per cent, but the modern tendency is to use 25 to 50 per cent excess air.
12.16. Macs of Excess Air Supplied

The mass of excess air supplied maybe determined by the mass of unused oxygen, found in
the flue gases. We know that in order to supply one kg of oxygen, we need 100123 kg of air.

Similarly, mass of excess air supplied
100=	 x Mass of excess oxygen

Total mass of air supplied

Mass of necessary air + Mass of excess air
Notes 1. The mass of excess air supplied per kg of fuel may approximately be obtained from the following
foimula

'Excess air supplied per kg of fuel
l9xO1xC

- 21x33(CO2+CO)
where 02, CO2 and CO represents the percentages of oxygen, carbon dioxide and carbon monoxide respectively
in flue gases (by volume) in the percentage of carbon in fuel by mass.

4	 The excess air supplied per kg of fuel may also be obtained as discussed in Example 12.9 (Note 2).
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2. The amount of air actually required per kg of fuel may approximately be obtained from the following
formula:

Actual air required per kg of fuel
N2 XC

- 33(CO2+CO)

where N2 is percentage of nitrogen in the flue gases by volume.
3. The richness of air-fuel mixture supplied loan internal combustion engine is measured by the ratio

of the air to the fuel by mass.
Air-fuel ratio = Mass of air supplied per kg of fuel.

Example 12.7. A steam boiler uses pulverised cool in the furnace. The ultimate analysis of
coal (by mass) as received is:

C78%;H2 3%;02 3%;S1%: ash IO%; and moisture S%.
Excess air supplied is 30%. Calculate the mass of air to be supplied and mass of gaseous

product formed per kg of coal burnt.
Solution. Given:C=78%=0.78kg;023%=0.03kg;S1%0.OlkgAShl0%

= 0.1 kg; Moisture = 5% =0.05 kg;  Excess air supplied =30%

Ma.ss of air to he supplied per kg of coal burnt

We know that theoretical air required to burn 1kg of coal

1001(8	

)

	 1=

=.[(x0.78+8x0.03+0.01J_0.03]=10.1k
23	 3

Excess air supplied per kg of coal

= 30x 10.1 =3.03kg

and mass of air to be supplied per kg of coal burnt

= Theoretical air + Excess air

= 10.1+3.03 = 13.13 kg Ans.

Mass of gaseous produc rs formed per kg of coal

The gaseous products formed are carbon dioxide (CO2), water (H20), sulphur dioxide (SO2),
excess oxygen (02) and nitrogen (N2). We know that I kg of carbon produces 11/3 kg of carbon
dioxide, 1 kg of hydrogen produces 9 k of water and I kg of sulphur produces 2 k ofsulphur dioxide.

Mass of CO2 produced per kg of coal

=	 x0.78 = 2.86 kg	 . . (i)

Mass of H 20 produced per kg of coal

= 9x0.03 = 0.27 kg	 . ..(ii)

Mass of SO2 produced per kg of coal

= 2 x 0.01 = 0.02 kg	 . . . (iii)

Mass of excess 02 produced per kg of coal

23	 3= -	 x Excess air supplied =	 x 3.03 = 0.70 kg	 . . . . (iv)
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Mass of N2 per kg of coal

77	 .	 77
=	

x Actual mass of air supplied	 100x 13.13 = 10.1 kg ... (v)

Hence the mass of the gaseous products of combustion per kg of coal are CO, = 2.86kg.
1-1,0 = 0.27 kg, SO 2 = 0.02 kg. excess 0, = 0.70 kg and N, = I0.lkg. Ans.

Exple 12.8. A gas fuel has the following percentage composition by volume:

COi0%;112 50%; CH426%;023%:CO22%;andN29%.

Estimate the minimum volume of air required for complete combustion ofl m3 of the gas. If
50% excess air is supplied, give the volumes of each of the dry constituents of theflue gas. Air contain.c
21% by volume of oxygen

Solution. Given: CO=lO%=0.I m l ; H2 =50%=O.5ni' ,Cii4=26%=0.26m3;02=3%

= 0.03 M3 ;CO2 = 2% = 0.02 m3 N2 = 9% = 0.09 rn3 Excess air supplied 50%

Minimum voh1,,Ie of air required for complete combustion

We know that minimum volume of air required

= -too  [(0.5 CO + 0.5 H2 + 2C114) - 02 1 m3
21

=	 [(0.5 X 0.1 + 0.5 x 0.5 + 2 x 0.26) -0.03) = 376 n Ans.

Volume of dry  constituents of the/be gas

Since 50% excess air is supplied, therefore actual amount of air supplied

= 3.76x 1.5	 5.64 m3

Excess air supplied

= 5.64-3.76 = 1.88 m'

and excess oxygen supplied

1.88x-	 = 0.395m3

The dry constituents of the flue gas contain CO 2 from the combustion of fuel as well as from
the combustion of CO and CH4 , excess 02 and N2 from the combustion of the fuel as well as from
actual air supplied.

Now volume of CO2 contained in the fuel (as given)

= 0.02 m1	. . . (I)

We know that I m3 of CO produces I m of CO 2 . Therefore volume of CO 2 obtained from 0.1
in7 of CO

= 0.10m3

We also know that I m3 of CH4 produces I m3 of CO2. Therefore volume of CO 2 obtained
from 0.26 m 3 of CH4

=

= 0.26 m3	. . . (ííí)

Total volume of CO 2 obtained from the flue gas

= 0.02+0.10+0.26 = 0.38m3

Volume of excess 02 in flue gas

0.395m3	. ( As above)
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Volume of N2 in the fuel = 0.09 m3

Volume of N2 from the actual air supplied

79 X
= Volume of actual air = 

79
-x5.64 4.46m3

Total volume of N2 in the hue gas

= 0.09+4.46 = 4.55m3

Hence the volume of dry constituents of the flue gas are:

= 0.38 m, Excess 0 2 = 0.395 m 3 , and N, = 4.55 m 3 Ans.

Example 12.9. During a boiler trial, the dry flue gas analysis by volume was reported as

CO2 13%; CO 0.3%; 026%;N280.7%

The coal analysis by mass was reported as

C62.4% ; H2 4.2%; 02 4.5% 02 4.5% ; moisture 15%; ash 13.9%.

Calculate. I. Minimum air required to burn 1kg of coal, 2. Mass of air actually supplied per
kg of coal, 3. The amount of excess air supplied per kg of coal burnt.

Solution. Given: For dry flue gas (by volume): CO 2 =13% = 0.13 in ; CO = 0.3% = 0.003

n1 3 ; 0, = 6% = 0.06 m 3 ; N2 = 80.7% = 0.807 m 3 ; For coal (by mass) : C = 62.4% = 0.624 kg;

112 =4.2%=0.042 kg; 02 =4.5%r0.045 kg; Moisture 15%=0.ISkg;Ash 13.9%=0.139kg

1.Minimum air required to burn / kg of coal

We know that minimum air required to burn 1kg of coal.

'0'[('C'8112'S)--02 kg=

100(18
=

	

	 x0.624+8x0.042)_0.04] = 8.5kg Ans.
23
ION,

2. Macs of air actually supplied per kg of coal

First of all, let us convert the volumetric analysis of flue gas to mass analysis as given in the
following table

Constituent	 Volume in I m 1 of	 Molecular	 Proportional	 Mass ofConstituent in kg
flue gas	 mass	 mass in kg	 per kg offlue gas

=(a)	 .	 (/)	 (c) a > b	
(d)

EN

CO2	013	 44	 5.720	 '-
5.720

j-- = 0.189

084
CO	 0,003	 28	 0.084	 0.= 0.003

30.319

02	0.06	 32	 1.920	 1920
. 	

= 0.063
30.319

N 2	0.807	 28	 22.595	 = 0.745
30.319

Total	 1.000	 30 319	 1.000

It inay be noted that carbon dioxide and nitro gen do not require any oxvgclt.
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We know that mass of carbon in I kg of flue gas

CO2 + 1 C0 = jx0.l89+x0.0O3 = 0.053 kg

Total mass of flue gas per kg of fuel burnt

- Mass ofcacbon in I kgofcoal 	 0.624 -
11.77 kg

- Mass of carbon in I kgoffluegas - 0.053 -

and total mass of N2 present in 11.77 kg of flue gas

0.745x 11.77 = 8.77kg/kgofcoal

Since the given coal does not contain nitrogen, therefore the nitrogen is supplied by air only.
Mass of air actually supplied per kg of coal

= -x8.77 = 11.4 kg Ans.

3. Amount of excess air supplied per kg offuel
We know that the amount of excess air supplied per kg of fuel

= Mass of air actually supplied - Minimum air

= 11.4- 8.5	 2.9 kg Ans.

Noses: 1. The mass of air actually supplied and the amount of excess air supplied may also be obtained as
discussed below:

We know that mass of air actually supplied per kg of coal
N2 XC	 80.7 x 62.4

= 33 (CO2 + CO) = 33(13+0.3)	
11.47kg Ans.

and the amount of excess air supplied per kg of coal
79x02 xC	 79x6x62.4

= 21 x33(CO2 +CO) = 21 x33(13+O.3) = 3.2 kg Ans.

2. The arnountolexcess air supplied per kg ofcoal may also be obtained by the following two methods:
(a)The oxygen in the flue gas is unused oxygen.

Mass of unused 02 per kg of coal
= 0.O63x Total mass of flue gas = 0.063x 11.77 = 0.7415kg

and mass ofCO per kg of coal = 0.003 x 11.77 = 0.0353 kg
We know that I kg of CO requires 4/7 kg of oxygen and produces in kg of CO2. Therefore
Oxygen (02) required to bum CO

= 0.0353 x 1 = 0.0202 kg

Excess 02 = 0.7415-0.0202 = 0.7213 kg

and excess air	 = 0.7213x 1	= 3.136 kg Ans.

(b)We know that oxygen in the flue gas is 6% by volume.
Amount of N 2 associated with this oxygen

= 6x L9 = 22.57%

N2 already present in the flue gas
= 80.7%
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•	 22.57Excess air	 = -j---xMassof actual air supplied

= 22.57
 11.4 = 3.2 kg Ans.

Example 12.10. The percentage composition by mass of a sample of coal as found by
analysis is given as:

C90, H2 3.3, 02 3.0, N2 0.8, S0.9 and ash 2.0.
Calculate the minim um mass of air required for the complete combustion of! kg of this fuel.
11 50% excess air is supplied, find the total mass of dry flue gases per kg of fuel and the

percentage composition of the dry flue gases by volume.
Solution. Given: C=90%=0.9kg;l-42 =3.3%0.033 kg;02 =3%=0.03kg;N=0.8%

= 0.008 kg; S = 0.9% 0.009 kg; Ash = 2% = 0.02kg; Excess air supplied = 50%
Minimum ,,u:ss of air required for complete eom/,u.vuo,,

'We know that minimum mass of air required for complete combustion of I kg of fuel

=	 [(C+8H2+S]_02jk8

= 100
[(xo.9+8xO.O33+oM09)_0.03] = 115kg Ans.23	 3

Total muss of drt'jIue gases per kg offuel
Since 50% excess air is supplied, therefore actual amount of air supplied per kg of coal

= 11.5x1.5 = 17.25 kg

..Excess air supplied = 17.25— 11.5 = 5.75 kg
The products of combustion are represented by the following chemical equations:
(i) C+02 = CO2

(ii) 2H2+02 = 21-120
S + 0 = SO2

In addition to carbon dioxide, water and sulphur dioxide, the excess oxygen and nitrogen will
be avilabJe in the products of combustion. It may be noted that H 20 (water vapour) is a wet gas,
therefore the dry flue gases are only carbon dioxide, sulphur dioxide, excess oxygen and nitrogen.
Let us now find the mass of each of these flue gases per kg of fuel.

We know that 1kg of carbon produces 11/3 kg of carbon dioxide and 1kg of sulphur produces
2 k of sulphur dioxide.

Mass of CO2 contained in 0.9 kj of carbon per kg of fuel

=	 x 0.9 = 3.3 kg	 ... (i)

and mass of SO2 in 0.009 kg of sulphur per kg of fuel

= 2x0.009 = 0.018 kg	 . . (ii)
We also know that the mass of excess 02 per kg of fuel

=	 x Excess air supplied = -	 x 5.75 = 1.323 kg	 .. . (iii)
91
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and mass of nitrogen in the products of combustion per kg of fuel

77
=
-^-00 x Actual air supplied

	

=	 x 17.25 = 13 . 283 kg	 . . (iv)

Total mass of dry flue gases per kg of fuel

= 3.3 + 0.018 + 1.323 + 13.283 kg = 17 924 kg Ans.

Percentage ('onif)().i!iahi nJd iv flue iues hr i o!u,ne

First of alt, let us find out the percentage composition of the dry flue gases from the above
d ua by mass. We know that the composition of:

CO 
= 17.924 

= 0184 = 18.4%

	SO2 =	 = 0.001	 0.1 %

	

Excess 02 =	 = 0.074 = 7.4%

N2=2=0.741 =74.1%

Now let us convert this mass analysis of dry flue gases into volumetric analysis as given
below

Constituent	 % Mass	 Molecular	 Proportional volume Volume In I m of % Volumetric

	

analysis	 moss	 flue gas	 analysis
(a)	 (b)	 W (b)	 = (	 ( x 100

-CO2	18.4	 44	 18.4	 0.418

	

0.418	 = 0.1268	 12.68
44 -	 3.2966

SO2	0.1	 64	
0.1 

= 0.0016	
0.0016

= 0.0005	 0.05
64	 3.2966

Excess 02	7.4	 32	
-	 0,231

	

0.231	 - = 0.0701	 7.01
32 -	 3.2966

N2	74.1	 28	
74.1	 2.6462.646	 - = 0.8026	 80.26
28	 3.2966

TO(1	 100.0	 )(c) = 3.2966	 100.00

The percentage composition of dry flue gases (by volume) is given in last column, i.e.

CO,= 12.68%, S0 2 = 0.06%; Excess 02 =7.01% ;andN2 =80.25'2. Ans.

Example 12.11. A fuel oil /iasfolowiRg analysis by mass:

C 85 1Y., H2 12.5%, 02 2% and the residue 0.501..

The dry flue has the following composition by volume:

CO2 9%, CO 1 %, 02 7,77% and N2 82.23%.
Determine the air fuel ratio.
Solution. Given For fuel oil (by mass) C = 85% = 0.85 kg; H 2 = 12.5% = 0.125 kg ; 0,:

2% = 0.02kg: P.csi 	 = 0.5% = 0.005kg
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Fordry flue (by volume): CO, =9%=O.09r0 3 ;C0 I %=.0.01 m3;02=7.77%-1."777
ni'; N,=82.23%=0.8223 in3

We know that minimum air required per kg of fuel

= .{(C+8H2+SJo2]k

=	 {(x0.85.8x0.125J_0.021 = 14.1 kg	 ...(; S = 0)

First of all, let us convert the volumetric analysis of dry flue gas into mass analysis as given
in the following table.

Constituent Volume in I m 1 of Molecular	 Proportional	 Mass in 1kg per kg % Mws
the flue gas	 mass	 mass	 offlue gas	 analysis

=(x 100(a)	 -	 (b)	 (c)=(u)x(b)	 !c)

Co,	 0.09	 44	 3.96	 3 .96 = 0.133	 13.3

CO	 0.01	 28	 0.28	 0 .28 = 0.009 •	 0.9

02	0.0777	 32	 2.49	 2 .49 = 0.084	 8.4

N,	 0.8223	 28	 23.02 23 -02 = 0.774	 77.4

Total -	 1.0000	 1(c) = 29.75	 1.000 
J	

100.00

We know that I kg of CO 2 Contains 3/1I kg of carbon and I kg of CO contains 3/7 kg of
carbon. Therefore, mass of carbon per kg of flue gas

=	 CO2 +CO = -x0.l33+x0.009 = 0.04 kg

We also know that the mass of flue gas per kg of fuel

- Mass of carbon in I kg of fuel -0.85 - 21 25k
Mass of carbon in I kg of flue gas - 0.04	 g

Since I kg of CO requires 4/7 kg of oxygen, therefore mass of exct.ss oxygen per kg of flue
gas

= Oxygen already present in flue gas - CO

= 0.084 - x 0.009 = 0.079 kg

and mass of excess oxygen per kg of fuel

Mass of excess 02 per kg of the gas x Mass of flue gas per kg of fuel

= 0.079x21.25 = 1.679 kg
Mass of excess air per kg of fuel

100	 100=	 Mass of excess oxygen =	 x 1.679 = 7.3 kg
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Total air required per kg of fuel
= Minimum air + Excess air = 14.1 +7.3 = 21A kg

Air-fuel ratio	 21.4: I Ans.
Examplel2.12. Asamp1eofcoIwithC0.78;II2=0.0502=08002.1"'2=

0.02 and ash = 0.05 is burnt in afurnace with 50% excess air. The flue gases enter the chimney at
325° C and the atmospheric temperature is 15° C. Take cfor 02. N2 and air ='1.008 U/kg K and

for CO2 and 502 from the flue gas = 1.05 Uilcg K. Assume that the heat carried away per kg of
moisture in flue gases is 2940 U. Calculate the quantity of heat carried away by the flue gases in
kJ/kg of coal.

Solution. Given: SC = 0.78 kg ; 112 = 0.05 kg ; 02 = 0.08 kg ; S = 0.02 kg ; N2 = 0.02 kg

Ash =0.05kg; Excess air =50%; is 325°C; t,= 15°C ;c foi 02' N2 and air= 1.008 kJIkgK;

c1 for CO2 and SO2 1.05 kJ/kg K ; Heat carried away per kg of moisture = 2940 kJ

First of all, let us find the mass of the flue gases produced per kgofcoal.
We know that minimum air required to burn 1 kg of coal

-HO-0	 C + 8H 2 )-0223 ( 3

=	 [(x0.78+8x0.05+0.02)_0.08]	 10.52kg.
23	 3

Excess air supplied per kg of coal
50= .j. X 10.52 = 5.26 kg

and mass of air to be supplied per kg of coal burnt
= Minimum air +Excess air = 10.52+5.26 j 15.78 kg

The flue gases produced by the combustion of coal are CO 2. H20, SO2, excess 02 and N2.

We know that I kg of carbon produces 1113 kg of carbon dioxide (CO2); I kg of hydrogen
produces 9 kg of water (1-1 20) and I kg of sulphur produces 2 kg of sulphur dioxide (SO2).

Mass of CO2 produced by 0.78 kg of carbon per kg of coal

= 4- x 0.78 = 2.86 kg

Mass of 1120 produced by 0.05 kg of hydrogen per kg of coal
= 9x0.05 = 0.45 kg

Mass of SO 7 produced by 0.02 kg of sulphur per kg of coal
= 2 x 0.02 = 0.04 kg

Mass of excess 02 produced per kg of coal
23 x Ex•	 23=	 cess air supplied =	 x 5.26 = 1.21 kg
too	 100

and mass of N2 produced per kg of coal

= .	 x Actual mass of air supplied 	 x 15.78 = 12.15 kg
too	 100

A sample oil kg of coal is considered.
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We know that heat carried away by CO2

= Mass x Specific heat x Rise in temperature

= 2.86x 1.05(325-15) 931 kJ/kg

Heat carned away by SO2
= 0.04 x 1.05 x (325 — 15) = 13.02kJIkg

Heat carried away by excess 02
= 1.21 x 1.008 (325-15) = 378 Id/kg

Heat carried away byNJ2.15 x 1.008(325 - 15) 3197 Id/kg

Since the heat carried away by moisture is given as 2940 U/kg, therefore

Heat carried away by H20

= 0.45x2940 = 1323 kJ/kg

Total heat carried away by flue gases

931 + 13.02 + 378 + 3797 + 1323 6442.02 Id/kg of coal Ans.

1117. Flue Gas Analysis by Orsat Apparatus

To check the combustion efficiency of boilers, it is considered essential to determine the
constituents of the flue gases. Such an analysis is carried out with the help of Orsat apparatus as shown
in Fig. 12.1.

It consists of a graduated measuring glass tube (known as eudiometer tube) and three flasks
A. B and C. each containing different chemicals for absorbing carbon dioxide, carbon monoxide and
oxygen. An aspirator bottle containing water is connected to the bottom of the eudiometer tube by
means of a rubber tube. It can be moved up and down, at will, for producing a suction or pressure
effect on the sample of the flue gas.

StnJraInr	 -

Rubber tube
Fig. 12.t.	 sat apparatus.

The flak A contains caustic soda (NaOH) and is used for absorbing carbon dioxide in the
sample of the flue gas.

The flask B contains caustic soda (NaOH) and pyrogallic acid, which absorbs oxygen from
the sample of the flue gas.

The flak C contains a solution of cuprous chloride (Cu 2C12) in hydrochloric acid (HCI). It
absorbs carbon monoxide (CO) from the sample of the flue gas.

Each of the three flasks has stop cock 'a', 'b' and 'c' respectively and a three-way cock 'd
Which can be opened to either atmosphere or flue gas.
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The sample of the flue gas to be analysed is flist sucked in the eudiometer tube, and its volume
is noted. It can take usually 100 cm 3 of gas. By mainipulating the level of aspirator bottle, the flue
gas can, in Lu rn, be forced into either of the flasks A, B and C by opening the respective cocks a, b
and c. The flue gas is left there for sometime and then sucked back into eudiometer tube. The
chemicals, in the three flasks absorb carbon dioxide, and carbon monoxide and the resulting
contraction in volume enables the percentage of each gas present in the sample to be read on the
eudiometer tube.

Since the flue is. collected over water in the tube, therefore any steam present in it will be
condensed. Similarly, the sulphur dioxide present in it will also be absorbed. Hence the percentages
of dry flue gases are only obtained by Orsat apparatus.

EXERCISES
1. The perc4itage composition ofa sample of coal is found by analysis as: C 91%. 1123%, 02 = 2%,

N2 0.8%, S 0.8% and the remaining is ash.
Calculate the minimum mass of air for compIte combustion of I kg of coal. 	 lAn. I .5 kg]

2. A sample of coal was found on analysis to have following composition by mass:
Carbon 72.2%, hydrogen 3.2%, oxygen 18.5%, sulphur 2.4%, and the remainder being incombus-

tible matter.
Calculate the theoretical mass of air required for the complete combustion of 1kg of this coal.

(Ans. 8.51 k]
3. A coal contains by mass 81 %caibon, 6% hydrogen and the remainder ash. Find: I. minimum mass

of air required to bum I kg.of coal, and 2. the mass of produces of combustion.
[Ans. 11.48kg; CO = 2,97 kg. 11:0 = 054 kg]

4. The volumetric analysis ofa flue gas is CO2 15% ;CO 2.2%;02 1.6'4 and N 8l.2l. Convert this
volumetric analysis into percentage analysis by mass. 	 [Ans. CO 2 21,6%: CO 2.2 9 02 1.7% : N 2 74.5%l

S. The percentage composition of a certain fuel by mass is
C= 87.1 ; 11=4.4; 0=1.2 and ash 7.3.
The percentage volumetric composition of dry flue gase
CO2 = 15 ; CO = 2.2 ; 0 = 1.6; N2 = 81.2.
Estimate the mass of flue gases produced per kg of fuel burnt. 	 CAns. 12.85 kg]

6. A fuel has the following composition by mass:
C = 86; H = 12; 0 = I; S = 1.
Estimate the minimum volume of air required at N.T.P. for complete combustion. Deterisine also

the percentage composition by mass of the products of combustion. The constituents of air by mass is 77% N2
and 23% O. Air measures 0.773 m 3/kg at N.T.P.

[Ans. 10.93 m 3/kg of fuel CO2 22.42%. SO 2 0.142%, N 2 71.43%1
7. A certain fuel has the following composition by mass:

C80%,H2 10%, and S 10%.
The volumetric analysis of the fuel gas is: CO 2 10%, CO 1%, 02 10% and N2 79%. Find per kg of

coal: I. the minimum air required, 2. the actual air supplied, and 3. the excess air supplied.
[Ans. 13.2kg; 17.4 kg :4.2 kgl

8. The percentage composition (by mass) of a certain fuel is C 88%. H 2 3.6%,02 4.8% and ah 3.6%.
The percentage composition (by volume) of the flue gases are CO 2 10.9%, CO 1%, 02 7.1% and N2 81%.

Determine: I. the mass of air actually supplied per kg of coal ; and 2. the percentage excess air
supplied.	 [Ans. 18.15 kg. 38.3%]

9. The mass analysis of a fuel is carbon 15%, hydrogen 8%, oxygen 6% and remainder incombustible.
If 16 kg of air were supplied per kg of coal; find;

1.The percentage of excess air; and
2.The percentage (by mass) of CO 2 in the dry products of combustion. Take the percentage of

oxygen (by mass) in air as 23.1. 	 [Ans. 43.6%; 12.35%]
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10. A producer gas has the following percentage analysis by volume:

11 2 15, Cu4 2, CO 20, CO 2 6,02 3 and N 2 54. If 50% of excess air is suppli'd for the combustion,
determine:

I. the volume of air supplied per m 3 of the gas, and'
2. the volumetric analysis of the dry products of combustion.

(Ans. 1.322 m3 ; c02 143%, N 2 80.8%, 024.7%)
II. The ultimate analysis (by mass) of a fuel used in a boiler is: carbon= 75% ;hydrogen=  14% and.

the remaining being incombustible. The air supplied is 52% in excess of that required for complete combustion.
If 2.4% of carbon in the fuel is burnt only to CO and the rest to CO 2 . estimate the volumetric analysis of dry flue
gases. Air contains 23% by mass and 21% by volume ofO2.

[Ans. CO 2 8.93% CO 0.3%; 0 1 7.44 17.; N2 83.33%l
12.Calculate the stoichiometric air-fuel ratio for the combustion of a sample of dry coal of the following

by mass:
C 88%; H 2 = 4%; 02 = 2.5%; S = 0.5% and rest ash.
Also determine the volumetric compositir of the dry products of combustion if 20% excess air is

supplied. Assume that air contains 23.3% 01 and rest Nz by mass.
[Ans. 11.36; CO 2 15.84%, SO 2 0.03%; 01 3.56%; N 2 80.57%)

13. A water gas at 21°C and760 mm ofHg is burnt with dry* supplied at 21°C and760 mm ofHg.
The fuel gas composition is

CO 2 = 6%; N 2 = 5.5%; 11 2 = 48%; 02  = 0.5%; CH 4 = 2% and CO = 38%.
The Orsat analysis of the flue gas showed CO 2 = 15.5%; 02 = 4,76% and CO = 0.2%. Find the

percentage of excess air supplied for combustion and the volume of the flue gas at 232"C and 1.013 bar formed
per n13 of the fuel. 	 (Ans. 29.52%; 5.025 m3J

M. The coal supplied to boiler furnace has the following composition by mass:
Carbon = 82% ; Hydrogen = 5% ; Oxygen = 7% ; Nitrogen = 1% and rest ash. The volumetric

analysis of dry flue gas is found lobe as
CO2 = 10%; CO = t.3% ,,02 =7.5% and N2 = 812.
If the flue gas temperature is 200°C and the boiler room temperature is 50°C. calculate I. 'ercentage

of excess air supplied to the boiler furnace, and 2. heat carried away by the dry flue gas per kg of coal.
The specific heats at constant pressure for the gases are:
CO2 = 0.882 kJ/kg K; CO = 1.05 kJ/kg K; 02 = 1.05 kJ/kg K and N2 1.025 k.likg K.
Assume that air contains 23% 0 2 and 77% N2 by mass.	 [Ans. 53% ; 2750 kJ)

QUESTIONS

1. Define the following terms:
(a) element,	 (b) compound.	 (c) atom,	 (d) molecule,

(e) atomic mass, and (f) molecular mass

2. What do you understand by 'minimum air' and 'excess air' in context of combustion?

3. Fill in the following blanks:
(i) I kg of carbon requires ......kg of oxygen and produces ......kg of carbon dioxide.

(ii) I kg of carbon requires...,. kg of oxygen and produces..... kg of carbon monm}ide.

'iii) I kg of carbon mono tide requires....- kg of oxygen and produces ......kg of carbon
dioxide.

(iv) I kg of sulphur require; ......kg of oxygen and produces ......kg of sulphur dioxide.

(v) I kg of hydroget. requres .......kg of oxygen and produce .......kg of water.

(vi) ...... . m3 of hydrogen requires .......m3 of oxygen and produces ......m 3 of water.

evi ) I m3 of .......requires ....... m3 of oxygen and produces ....... m3 ofCO2 and .......m3
of H20.
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4. Give chemical reactions and numerical values for estimating the air requirement for
complete combustion of coal.

S. Lay down the procedure for determination of minimum air required for complete corn-
b'jstjon of coal.

6. Sketch and exptai the use of Orsat apparatus used in determining the percentage of flue
or exhaust gases. Does this h4p in controlling combustion?

OBJECTIVE TYPE QUESTIONS

I. The smallest quantity of a substance, which can exist by itself in a chemically recongniz-
able form is known as

(a) element	 (b) compound	 (c) atom	 (d) molecule
2. The molecular mass of oxygen is

(á)l2	 (b)14	 (c)16	 (d)32
3. The molecular mass of nitrogen is ..... . oxygen.	 -.

(a) equal to	 (b) less than	 (c) more than
4. Which of the following has minimum molecular mass?

(a) Oxygen	 (b) Nitrogen	 (c) Hydrogen	 (d) Water
5. One kg of carbon monoxide (CO) requires 4)7 kg of oxygen and produces

(a)11/3kgofCO2 (b)7I3kgofCO (c)1l/7 kgofCO2 (4)8/3kgofCO
6. One kg of carbon requires ..... . of oxygen and produces 7/3 kg of carbon monoxide.

(a) 4/3	 (b) 7/3	 (c) 8t3	 (d) 1113
7. One kg 6fethylene (CA) requires 2 k tfoxygen and produces 22/7 kg of carbon dioxide.

and

(a) 917 kg of water	 (b)ll/i kg of water
(c) 7/4 kg of water 	 ( 11/4 kg of water

8. The mass of carbon per kg of flue gas is given by

(a) - C04 . CO	 (b) CO2 + - CO

(c)CO2 +- j-CO 	 (d)jCOa+CO

9. ''hc mass-of flue gas per kg of fuel is the ratio of the
(a) mass of oxygen in 1 kg of flue gas to the mass of oxygen in I kg of fuel
(b)mass of oxygen in I kg of fuel to the mass of oxygen in 1 kg of flue gas
(c) mass of carbon in 1 kg of flue gas to the mass of carbon in I kg of fuel

mass of carbon in I kg of fuel to the mass of carbon in I kg of flue gas
10. The mass of excess air supplied is equal to

(a) -	 x Mass of excess carbon	 (b) -	 x Mass of excess oxygen
100	 100
100	 100(c)	 x Mass of excess carbon	 - (d)	 x Mass of excess oxygen
23	 23

ANSWERS

	1. (a)	 2.(d)	 3.(b)	 4.(c)	 5.(c)

	

6.(a)	 7.(a)	 8.(a)	 9.(c)	 10. (d)


