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9.5. SPECIFIC HEATS OF A GAS MIXTURE
— As per Gibbs-Dalton law, the internal energy of a mixture of gases is given by

mu =Xmu, .E) [from eqn. (9.5)]
Also u=cT ..(#f} [from perfect gas equation]
Now from (i} and {ii), we have
me, T =X mge, T .
me, = z mgc,;
or €, = Z% Cyi ..(9.19)
Similarly from equations, mh =Z mph;
and h=c,T, we get

mcpT =Z mlcpiT

mcp =Z micpi
n;
or = Dt oy .(9.20)

From egns. (9.18) and (3.19),

m. m. .
== Z_l ci_z_l Coi = 2@‘ (e, ~ ¢y
f o m b m m P

Also Cp = €y = R, therefore,
™™ g

6= i

P m

Also from eqn. (9.12), R = Z% R,, therefore for the mixture

c,~¢c =R
P v
The following equations can be applied to a mixture of gases
¢ R R
y= 2, o= ——; ¢ = 1=

6 YTyr Ty

c
It should be borne in mind that y must be determined from the eqn. Y= —(-:E ; there is no weighted
(4
mean expression as there is for R, ¢, and €.

— In problems on mixtures it is often convenient to work in moles and the specific heats can
be expresged in terms of the mole. These are known as molar heats, and are denoted by C‘D

and C,.

Molar heats are defined as follows :

Cp = Mcp and C,=Mc, ..(9.21)
But c,—¢, = R
o CP—CU=Mcp—-Mcv=M(cp—cv)=MR
But MR =R,
- Cp -C, =R, ..{9.22)
Also U=meT= M

M
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iLe.,

and

Again, % =n and M, =C,
U= nCUT
Similarly, H= nCpT
By the Gibbe-Dalton law,
U=1U, and H=IH,

nCT=2nC,T and nCpT =X niCpiT

Cu = z% Cvi

¢, = 2% Coi

9.6. ADIABATIC MIXING OF PERFECT GASES

— Fig. 9.3 shows two gases A and B separated from each other in a closed vessel by a thin
diaphragm. If the diaphragm is removed or punctured then the gases mix and each
then occupies the total volume, behaving as if the other gas were not present. This
process is equivalent to a free expansion of each gas, and is irreversible. The process can
be simplified by the assumption that it is adiabatic ; this means that the vessel is
perfectly thermally insulated and there will therefore be an increase in entropy of the

and

ie.,

e,

system.
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Closed vessel

Fig. 9.3
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..(8.23)
(9.24)

..(9.25)

...(9.26)

Mixture of
gas Aand gas B

In = free expansion process, the internal energy initially is equal to the internal energy finally.
In this case, from eqn. (9.23),

Uy =n4Cop Ty + ngCopTy
Uy=@n,C , + ngC )T

If this result is extended to any number of gases, we have
Uy=ZnC.T and U,=TZnC,

[N ' )

Then U, =U,
InC,T,=TInC,
T= b n!'CmTi

% ntc‘ui

.{(9.27)

— When two streams of fluid meet to form a common stream in steady flow, they give an-

other form of mixing (Fig. 9.4).
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Fig. 9.4

Applying steady-flow energy equation to the mixing section (neglecting changes in kinetic
and potential energy), we get

myha+ phy + Q = Mghy + mghg + W
In case of adiabatic flow : @ = 0, and also W = 0 in this case
mphy+mphp = mphy,+ mphp,
Also h = ¢,T, hence,
MycpaTy +mpe,pTy = myc, T + mge gl
For any number of gases this becomes
L e, Ty =T E myey,

v pi
ie. 7= ZMnli .(9.28)
’ Emcy,
Also, C’.u = Mcp and M=m/n
. nCP = me,
z n,Cm-T,-
Hence, T= inC,, ..(9.29)

Eqns. (9.28) and (9.29) represent one condition which must be satisfied in an adiabatic mixing
process of perfect gas in steady flow. In a particular problem some other information must be known
(e.g., specific volume or the final pressure) before a complete solution is possible.

9.7. GAS AND VAPOUR MIXTURES

Fig. 9.5 (i) shows a vessel of fixed volume which is maintained at a constant temperature. The
vessel is evacuated and the absolute pressure is therefore zero.

p=0 p pgatT

|
g x kg
Vessel H Vapour
(evocuated) : :
(1-x)kg
water

(i) (ix) (zi)
Fig. 9.5
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In Fig. 9.5 (ii) a small quantity of water is introduced into the vessel and it evaporated to
occupy the whole volume. For a small quantity of water introduced, the pressure in the vessel will
be less than the saturation pressure corresponding to the temperature of the vessel. At this
condition of pressure and temperature the vessel will be occupied by superheated vapour. As more
water is introduced the pressure increases and the water continues to evaporate until such a
condition is reached that the volume can hold no water. Any additional water introduced into the
vessel after this will not evaporate but will exist as water, the condition being as in Fig. 9.5 (iif),
which shows the vapour in contact with its liquid per kg of water introduced, the vessel can be
thought of as containing either (1 —x) kg of water plug x kg of dry saturated vapour, or as contain-
ing 1 kg of wet steam of dryness fraction x.

The temperature remains constant during the whole process of evaporation. If the tem-
perature is now raised by the addition of heat, then more vapour will evaporate and the pressure
in the vessel will increase. Eventually the vessel will contain a superheated vapour as before, but
at a higher pressure and temperature.

In Fig. 9.5 the vessel is considered to be initially evacuated, but the water would evaporate
in exactly the same way, if the vessel contains a gas or a mixture of gases. As stated in the Gibbs-
Dalton law, each constituent behaves as if it occupies the whole vessel at the temperature of the
vessel. When a little water is sprayed into a vessel containing a gas mixture, then the vapour
forced will exert the saturation pressure corresponding to the temperature of the vessel, and this is
the partial pressure of the vapour in the mixture.

In case there is a saturated vapour in a mixture, then the partial pressure of the vapour can
be found from tables at the temperature of the mixture. This means that a saturated vapour obeys
the Gibbs-Dalton law ; this is only a good approximation ot low values of the total pressure.

Mixtures of air and water vapour have been considered in this chapter ; in chapter 9 moist
atmospheric air (i.e., a mixture of dry air and water vapour) has been considered as a separate
topic-Psychrometrics.

Example 9.1. A vessel of 0.35 m® capacity contains 0.4 kg of carbon monoxide (molecular
weight = 28) and 1 kg of air at 20°C. Calculate :

(i) The partial pressure of each constituent,

(ii) The total pressure in the vessel, and

The gravimetric analysis of air is to be taken as 23.3% oxygen (molecular weight = 32) and
76.7% nitrogen (molecular weight = 28).

Solution. Capacity of the vessel, V. =0.35m?

Mase of carbon monoxide =04 kg
Mass of air =1kg
Temperature, T =20°C or 293 K
Mass of oxygen present in 1 kg of air = %%g" x1=0233kg

. . . 76.7
Mass of nitrogen present in 1 kg of air = 00 x 1 =0.767 kg
But, characteristic gas constant,

R
= ﬂﬁ ()

where, R, = Universal gas constant (= 8.314 kJ/kg K), and
M = Molecular weight.
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Also, the characteristic gas equation is given by

pV = mRT
mR,T
V=2
P M
. mRoT
Le., p=
MV
Hence, for a constituent,
p.= m‘Rofr
iT MV
Substituting the values, we get the partial pressures as follows :
(i) Partial pressures :
0.233 x (8314 x10*) x 293
For O,, = = 0.5068 bar. (Ans.
2 02 32 x 035 x 10° ar. (Ans.)
0.767 x (8314 x 10%) x 293
ForN, Py, = -0/ X(8314x107)x298 _ ) 9065 bar. (Ans.)
28x 0.35x10
0.40 x (8.314 x 10%) x 293
ForCO,  pgo= S2QX(B3L4x101)x293 _ 9043 bar. (Ans.)
28 x 0.35 x 10

(ii) Total pressure in the vessel, p :

p=Lp;=Po, + PN, + Pco
= (0.5068 + 1.9065 + 0.9943 = 3.4076 bar.

Example 8.2. The gravimetric analysis of air and other data are as follows :

Constituent Percentage Molecular weight
Oxygen 23.14 32
Nitrogen 75.53 28
Argon 1.28 40
Carbon dioxide 0.05 44

Calculate : (i) Gas constant for air ;
(ii) Apparent molecular weight.

Solution. Using the relation, R = Ry

M
Ro, = % = 0.2598 kJ/kg K
14
Ry, = % = 0.2969 kJ/kg K
Ry = % = 0.2078 kd/kg K
Reo, = 8314 _ 0.1889 kd/kg K

44

{Ans.)

421

(i)

..(TiE)

i)

L)

.(2)



422 ENGINEERING THERMODYNAMICS

(i) Gas constant for air :
Now using the equation,

m.
R= Z;le-, we have (D)
R =02314 x 0.2598 + 0.7553 x 0.2989 + (.0128 x 0.2078 + 0.0005 x 0.1889
= 0.0601 + 0.2242 + 0.00266 + 0.00009 = 0.2871 kd/kg K

Hence gas constant for air = 0.2871 kJ/kg K. (Ans.)
(ii) Apparent molecular weight :

8.314
0.2871

Hence apparent molecular weight = 28.96. (Ans.)
Example 9.3. Following is the gravimetric analysis of air :

= 28.96

Now from eqn. (i), we have M=

Constituent Percentage
Oxygen 23.14
Nitrogen 75.53
Argon 1.28
Carbon dioxide 0.05

Calculate the analysis by volume and the partial pressure of each constituent when the total
pressure is 1 bar.

Solution. We know that the analysis by volume V,/V, is the same as the mole fraction
n/n. Also n; = m/M, ; therefore considering 1 kg of mixture and using a tabular method, we have

. : V;
Constituent m, M n = % 100% = i x 100%. (Ans.)
i i (] Mi n v
0.00723 x 100
Oxygen 0.2314 32 0.00723 003453 = 20.94%. (Ans.}
0.02697 x 100
Nitro, . 28 0.02697 ——— = 78,10%. (Ans.
itrogen 0.7553 003453 ( )
0.00032 x 100
. . 2 ——— - = 0,98%.
Argon 0.0128 40 0.0003 003453 0.93 (Ans.)
_— 0.00001 x 100
Carbon dioxide 0.0005 44 0.00001 003453 = 0.03%. (Ans.)
n =X n, = 003453
P _Vi_m
Also, P~V n
p; = e p hence
n
For O,, Fp, =0.2094 x 1 = 0.2094 bar. (Ans.)
For N,, . Py,=0.7810 x 1 = 0.7810 bar. (Ans.)
For Ar, Py, =0.0093 x 1 = 0.0098 bar. (Ans.)

For CO,, Pgp, =0.0003 x 1= 0.0003 bar. (Ans.)
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**Example 9.4. A vessel contains at 1 bar and 20°C a mixture of 1 mole of CO, and 4 moles of
air. Calculate for the mixture :

(i) The masses of CO,, O, and N, and the total mass ;
(éi) The percentage carbon content by mass ;
(iii) The apparent molecular weight and the gas constant for the mixture ;
(iv) The specific volume of the mixture.
The volumetric analysis of air can be taken as 21% oxygen and 79% nitrogen.
Solution. The pressure in the vessel, p = 1 bar

Temperature in the vessel, 7=20 + 273 =293 K
No. of moles of CO,

= 1 mole
No. of moles of air =4 mole
From equation, n, = (%] n, we have

no, =0.21 x4 =0.84
ny, =0.79 x4 =3.16
(i) From equation, m; = nM,, we have

mco, = 1x44=44kg. (Ans)

mo, =0.84 x 32 = 26.88 kg. (Ans.)

and my, =3.16 x 28 = 8848 kg, (Ans.)

The total mass, m = mgo, +mo, +my,

=44 + 26.88 + 88.48 = 159.36 kg. (Ans.)

(i) Since the molecular weight of carbon is 12, therefore, there are 12 kg of carbon present for
every mole of CQO,,

12 x 160

ie., Percentage carbon in mixture = 15936 7.53% by mass. (Ans.)

(iii) From equation n = E n,, we have

n = nco, +n02 +nN2

=1+084+316=5.0

Now using the equation M = Z % M, we have
M= Lxqqs 088, 59,316, o5
5 5 5

= 8.8 + 5.376 + 17.696 = 31.872
i.e., Apparent molecular weight = 31.872. (Ans.)

From equation, R = &, we have

8314
= —— =0.2608 kd/kg K
31872
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i.e, Gas constant for the mixture = 0.2608 kJ/kg K. (Ans.)
(iv) To find specific volume of the mixture, v using the relation :
pv =RT
3
po BT 02608x10°x298 ) one
p 1x10
i, Specific volume of the mixture = 0.7641 m®*kg. (Ans.)
Example 9.5. A mixture of hydrogen (Hy) and oxygen (O,) is to be made so that the ratio of H,
to O, is 2 : 1 by volume. If the pressure and temperature are 1 bar and 25°C respectively, calculate :

(¢) The mass of O, required ; (ii) The volume of the container.
Solution. Pressure, p = 1 bar
Temperature, T=25+273=298K
Ratio of H, to O, =2 : 1 by volume.
(i) The mass of O, required :
Let the mass of O, per kg of Hy = x kg
m.
N = —&
ow, n, M,
1
n'H2 = E =05
x
d ng, = —
an ©: = 32
From equation, K*- = , we have
\% n
Vu, nnm, Vi
—2 = —%  and 2 = 2 (given)
Vo, 7o, Vo,
05 32x 05
= 2 . = =
/32 r=p =8

i.e., Massof O, perkg of Hy=8kg. (Ans)
(i} The volume of the container, V:
The total number of moles in the vessel per kg of H, is

x 8
n=ny, TRy, =05+ ?3—5 =05+ 39 =0.75
Now using the relation,
pV =nR,T
nR,T  075x(8314x10°
yo 2l 075x(B314x107) 298 = 18.58 m?
p 1x10

i.e., The volume of the container = 18.58 m3. (Ans.)

Example 9.8. A gaseous mixture of composition by volume, 78% H, and 22% CO is con-
tained in a vessel. It is desired that the mixture should be made in proportion 52% H, and 48% CO
by removing some of the mixture and adding some CO. Calculate per mole of mixture the mass of
mixture to be removed, and mass of CO to be added.

Assume that the pressure and temperature in the vessel remain constant during the
procedure.
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Solution. Composition of mixture by volume : H, = 78%, CO = 22%
Final composition desired : H, = 52%, CO = 48%
Since the pressure and temperature remain constant, then the number of moles in the
vessel remain the same throughout,

Moles of mixture removed = Moles of CO added.
Let x kg of mixture be removed and y kg of CO be added.

For the mixture, M= Z%Mﬁ
M=078x2+022x28="772

. m
Also from equation, n = — , we have
M

Moles of mixture removed = ;_‘;% = moles of CO added = é%

. V, n;
From equation, “}L = —, we have
n

Moles of H, in the mixture removed

X
= 0_7 — =
8 x 779 0.101 x

and Moles of H, initially = 0.78 x 1 = 0.78
Hence, Moles of H, remaining in vessel = 0.78 ~ 0.101 x
But 1 mole of the new mixture is 52% H, and 48% CO, therefore
0.78 - 0.101 x = 0.52
0101 x=0.26 or =x=2.57
ie, Mass of mixture removed = 2.57 kg. (Ans,)

Algo si T
80 S1nce 779 = 28
28 28
Y= mos xx= oo x 2.57=9.32kg

te, Mass of CO added = 9.32 kg. (Ans).

=Example 9.7. In an engine cylinder a gas has a volumetric analysis of 13% CO,, 12.5%
Oy, and 74.6% N, The temperature at the beginning of expansion is 950°C and the gas mixture
expands reversibly through a volume ratio of 8 : 1, according to the law pv!? = constant. Calcu-
late per kg of gas :

(i) The workdone ;

(i1} The heat flow ;

(iif) Change of entropy per kg of mixture.

The values of ¢, for the constituents CO,, O, and N, are 1.235 kJ/kg K, 1.088 kJ/kg K and
1.172 kJ/kg K respectively.

Solution. From equation m, = n,M,, the conversion from volume fraction to mass fraction
is as follows :
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Consider 1 mole of the mixture.

Constituent n, M, m,=nM, % _ Fraction by mass
m

572

CO 0.13 44 5.72 212 0187
2 3058

0, 0.125 32 4.00 A0 o131
30,58

N, 0.745 28 20.86 2086 _ 62
3058

Im, =30.58

Now using the equation ¢, = 2% €y
¢, = 0.187 x 1.235 + 0.131 x 1.088 + 0.682 x 1.172
= 0.231 + 0.1425 + 0.799 = 1.1725 kJ/kg K

. m; Ry
From equations, R= E;‘ R, and R;= EI—;’ we have
R =0.187 x 8314 +0.131 x :8;;’_2]4_ + 0.682 x %
= 0.0353 + 0.0340 + 0.2025 = 0.2718 kJ/kg K
From equation, €= €, = R, we have

e, = 1.1725 — 0.2718 = 0.9 kJ/kg K
(i) The workdone, W :
R(T -T5)
n-1 °~

W=
T, can be found by using the equation

-1 12-1
T2 %1 " (1 )
= == =|= = 0.659
L [1’2 J 8

T, = (950 + 273) x 0.659 = 805.9 K

0.2718(1223 - 805.9)
W= 12-1 = 566.8 kJ/kg. (Ans.)
(ii) The heat flow, Q :
Also from equation,
u, — 4y = (T, -T)) ... for 1 kg
= 0.9(805.9 — 1223) = — 375.39 kJ/kg
Now from the non-flow energy equation,
Q = (uy— u)) + W=—375.39 + 566.8 = 191.41 kd/kg

i.e., Heat supplied = 191,41 kJ/kg. (Ans.)

(iii) Change of entropy per kg of mixture :

Refer Fig. 9.6. The change of entropy between state 1 and state 2 can be found by imagining
the process replaced by two other processes 1 to A and A to 2.
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For isothermal process 1-A

s~ =R log‘e
v v, v
= 0.2718 log, 8 = 0.565 kJ/kg K y 2

For constant volume process A-2 : ¥ A

AdT
S4-8;=¢, , T =G log, — T

»
>
po)
o
o
o

1223 2 T

1
091, 2059 /  Clo8 T
Le., 84— 8, = 0375 kd/kg K A/_ 2

)
-

Then by subtraction, >3
$,— 8, = 0.565 — 0.375 = 0.19 kd/kg K
i.e., Change of eniropy per kg of mixture
= 0,19 kd/kg K. (Ans.)
Example 9.8. The following is the volumetric analysis of a producer gas : CO = 28%, H, =

13%, CH, = 4%, CO, = 4%, N, = 51%. The values of C‘D for the constituents CO, H, CH, CO, and
N, are 29 27 kJ/mole K, 28 89 kJ/mole K 35.8 kg/mole K, 37.22 kdfmole K, 29 14 kJ/mole K

Fig. 9.6

respectwely Calculate the values of C » ¢, and c, for the mixture.
Solution. Using the relation
n.
Co = Z;l Ci
R Cp = 0.28 x 29.27 + 0.13 x 28.89 + 0.04 x 35.8 + 0.04 x 37.22 + 0.51 x 29.14
i.e., Cp = 29,733 kJ/mole K. (Ans.)

Also CCR

C, = C, - R, = 29.733 - 8.314 = 21.419 kJd/mole K. (Ans.)
To find the molecular weight, using the equation :

M= Z;M

=028x28 +0.13 x 2 + 0.04 x 16 + 0.04 x 44 + 0.51 x 28 = 24.78

C 29733 ’
= _E~ = = - 1] *
Now %= " 2478 1.199 kJ/’kg K. (Ans.)
d & - 21419 0.864 kJ/kg K. (Ans
an = M 2a18 ~ g K. (Ans)

Example 9.9. The analysis by weight of a perfect gas mixture at 20°C and 1.3 bar is 10%
0, 70% N, 15% CO, and 5% CO. For a reference state of 0°C and 1 bar determine :

(&) Partial pressures of the constituents ; (ii) Gas constant of mixture.

1
Solution. Using the relation, M = -
=f
.
where, M = Molecular weight of the mixture ;

m; = Mass fraction of a constituent, ;
M; = Molecular weight of a constituent.
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1 1

M = -
(mpdo, Omply,  Umpleo, | (mpleg — 01, 07 015 005
Mo, 32 28 44 28

Mo, My, Mco,
1
= =30 k 1
G033z - 0 ke/kg mole
Considering 1 kg of the mixture
m 1
= — = — = 0033
n= 4 3
Now mole fraction x; = S MM I M;
Zn; n n
(01/32) (0.7/28)
= — =0.094 ; XN, = ——— = 0.757
% = 79033 o N = 5033 "0
(015/44) (0.05/28)
x = """ =0103: = ——= =0.054
€% = 0033 > %60 = 5033

(i) Partial pressures of the constituents :
Py, = Xo,x p = 0.094 x 1.3 = 0.132 bar. (Ans.)

Py, = %N, x p = 0.757 x 1.3 = 0.984 bar. (Ans))
PCO, = x002 Xp= 0.103 x 1.3 = 0.1334 bar. (Ans.)
PCO = Xgo xp= 0.054 x 1.3 = 0.0702 bar. (Ans.)

(i) Gas constant of mixture, R, :
R, 8314
R, = > w0 o 277 kd/kg K. (Ans.)

ssExample 9.10. A mixture of ideal gases consists of 4 kg of nitrogen and 6 kg of carbon
dioxide at a pressure of 4 bar and a temperature of 20°C. Find :

(i) The mole fraction of each constituent,

(ii) The equivalent molecular weight of the mixture,

(iii) The equivalent gas constant of the mixture,

(iv) The partial pressures and partial volumes,

(v} The velume and density of the mixture, and

(vi) The ¢, and c, of the mixture.

If the mixture is heated at constant volume to 50°C, find the changes in internal energy,
enthalpy and entropy of the mixture. Find the changes in internal energy, enthalpy and entropy

of the mixture if the heating is done at constant pressure.
Take v : for CO, = 1.286 and for N, = 1.4.
Solution. (i) The mole fraction of each constituent :

"

I

In;

(4

Since mole fraction, x; =

4

28 01428 01428

xy = —28 _ o -
N. =L 8 T 01428+01364 © 02792
28 * 44

= 0-511- (AIIS-)
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6
34 01364
oo, = 7 , 6~ 01428+ 01364 - 0.488. (Ans.)
28 44
(i) The equivalent molecular weight of the mixture, M :
M = 0.511 x 28 + 0.488 x 44 = 35.78 kg/kg mole. (Ans.)
(iii) The equivalent gas constant of the mixture, R, .
Total mass, m=my, + Moo, =4+ 6=10kg
P Ry, +meo, Reo,
mix m
8314 8314
x| ——|+6x|=—
_ x[ 28 J+ X( 44 ] [ R=£g]
- 10 M

= 0.232 kd/kg K. (Ans.)
{iv) The partial pressures and partial volumes :

Py, = %N, x p = 0511 x 4 = 2.044 bar. (Ans.)
Peo, = %co, x p = 0.488 x 4 = 1.952 bar. (Ans.)
. Ry, T 4% on® 203 x10°
Vy, = —eNem - = 0.87 m% (Ans.)
P 4x10
8314 K]
p 6x33 90310
Voo, = meo, feo, T

= = = 0.83 m3. (Ans.)
P 4 %10

{(v) The volume and density of the mixture :

Total volume of the mixture,

v mBT _ mx, Ry, T _ Mo, Reo, T

p PN, Pco,
3
v 10x0232x 2;93 x10" _ 1699 m%. (Ans.)
4 x10
Density of the mixture,
10 3
Prix = PN, + Pco, V 1699 5.88 ke/m®.  (Aos)

(vi) <, and ¢, of the mixture :

Cong — cuNg = RNg

Ry, 8314
“wy = 20 = TEaa-T) - M2 MK

and Cpny = 1.4 x 0.742 = 1.039 kd/kg K
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Reg 8314
c = 2 _ -
Now v, = 31 T 44(1286 - 1) [+ y for CO, = 1.286]
- 0.661 kl/kg K
and Cpeo, = 1.286 x 0.661 = 0.85 kJ/kg K

For the mixture :

N, Cpy, + Mg, Cpco,

c =
P my, +Mgo,
4 x1.039 + 6 x 0.85

= 416 = 0,925 kd/kg K. (Ans.)

my, chz + mco, cvcoz
mN2 +i’.'l"l,co2
4 x 0742 +6 x 0661
- (4+6)
When the mixture is heated at constant volume :
Change in internal energy,
U,- U, = me,(T, - T)) = 10 x 0.693(50 — 20) = 207.9 kJ. (Ans.)
Change in entropy,
H,-H,
Change in entropy,

c, =

= 0.693 kJ/kg K. (Ans.)

H

me,(Ty ~ T;) = 10 x 0.925(50 — 20) = 277.6 kJ. (Ans.)

Ty Vs
8, - 8, = mc, log, T, + mR log, v,

= me log 22- (. Vl =V2)
v e Tl

273 + 50

273 + 20

When the mixture is heated at constant pressure :

If the mixture is heated at constant pressure AU/ and AH will remain the same.

The change in entropy will be

10 x 0.693 x log, [ J = 0.675 kJ/kg K. (Ans.)

T2 B&
S, - 8, = me, log, ?1 — mR log, )

T =
=rJ".|.t',’_D loge Fl (- P1—p2)

293

Example 9.11. A vessel of 1.8 m® capacity contains oxygen at 8 bar and 50°C. The vessel is

connected to another vessel of 3.6 m3 capacity contatning carbon monoxide at 1 bar and 20°C. A
connecting valve is opened and the gases mix adiabatically. Calculate :

i) The final temperature and pressure of the mixture ;
(i) The change of entropy of the system.

Take : For oxygen C, = 21.07 kd/mole K.

For carbon monoxide C, = 20.86 kJ/mole K.

=10 x 0.925 log, [323} = 0.902 kJ/kg K. (Ans.)
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Solution. Using the relation, n = PV
. 3 - R T
8x10° x 18
= = 0.536 (where Tp, =50+ 273 = K
"0 = (5314 x10°) x 323 (where o, =350+ 323 K)
1x10% x 3.6
and Nog = = 0.1478 (wh Too =20 + 273 = 293 K).
€0 = (8314 x10°) x 203 (where Teo )
(i) Final temperature (T) and pressure (p) of the mixture :
Before mixing :

Uy = ZnC,T, = 0.536 x 21.07 x 323 + 0.1478 x 20.86 x 293
ie., U, = 4551.15 kJ
After mixing :
U,=TEZnC, = T(0.536 x 21.07 + 0.1478 x 20.86)
ie., U,=1437 T
For adiabatic mixing,
U =0,
4551.15=1437 T
455115
= 1437 =316.7 K
Temperature of the mixture = 316.7 — 273 = 43.7°C. (Ans.)
Now p= —n%[

p = (0536+01478) x 8314 x 10° x 3167

3 = 3.33 bar
(L8+36)x10
i.e., Pressure after mixing = 3.33 bar. (Ams.)

(i) Change of entropy of the system :

Change of entropy of the system = change of entropy of the O, + change of entropy of CO

...... Gibbs-Dalton law
Referring to Fig. 9.7, the change of entropy of O, can be calculated by replacing the process
undergone by the oxygen by the two processes 1 to A and A to 2.

T T
F'y 'y
1/ Isothermal / 2
A P
[
v, V2 & Vi Fllogev‘?— T
Hloge—\;—f Vz T 1 v2 /CVIOQeT;Z“
i Colog, T | 1 B/ /|
2 T, 1
7 2 /) : 3 A7
»S hd il by — »S
Fig. 9.7
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For an isothermal process 1-A :

\%
S,- 8, =mR log, A
Vi
\%
or S,— 8, =nR;log, vA
1

= 0.536 x 8.314 x log, % = 4.896 kJ/K

For constant volume process A-2 :

AdT £y
8, — 8, =mc, . T = me, log, T,

ie., 8,-8,=nC, log, % = 0.536 x 21.07 x log, % = 0222 kI/K
Sy =8, =(8,-5)- (8, -8,y
= 4.896 — 0.222 = 4.674 kJ/K
Referring to Fig. 9.8, the change of entropy of CO can be found in a similar way to the above,

ie., 5,8, =(Sy~8) + (S, Sp

v, T,
S, - 8, = nR, log, -‘f + nC, log, Fj

5.4 3167
= 0.1478 x 8.314 x log, 36 + 0.1478 x 20.86 log, 993

= 0.498 + 0.239 = 0.737 LJ/K
Hence the change of entropy of the whole system is given by

(83— S etem = S2—=Svdo, + (83~ Si)eo

system
i.e., Change of entropy of system = 4.674 + 0.737 = 5.411 kJ/K. (Ans.)
ssExample 9.12. Two vessels, A and B, both containing nitrogen, are connected by a

valve which is opened to allow the contents to mix and achieve an equilibrium temperature of
30°C. Before mixing the following information is known about the gases in the two vessels.

Vessel Pressure (p) Tem. (t) Contents
A 16 bar 55°C 0.6 kg mole
B 6.4bar 25°C 3.6kg

(a) Calculate : (i) The final equilibrium pressure ;
{ii) The amount of heat transferred to the surroundings ;
(b) If the vessel had been perfectly insulated, calculate :
(i) The final temperature ;
(i) The final pressure.

Assume 7= 1.4.
Solution. Refer Fig. 9.9.
Vessel A :

PV = n BTy {(where V, = volume of vessel A)
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= 3
16 x 105 x V, = 0.6 x 8.314 x 103 x (55 + 273) Vossel A Vessel B
: V, = 1.022 m? k- 4
The mass of gas in vessel A p=16bar p=64 bar
my=n,M, =06 x28 =168 kg t=55C < t=25°C
Characteristic gas constant R of nitrogen 0.6 kg mole s 3.0 kg mole
N N
=331 _ 0997 kikg K 2 valve 2
28 iz 9.9
Vessel B : Fig.9.
pgVp = mpRTy
_ 6.4 x 10° x Vg =38.0x0.297 x 10% x (25 + 273)
Vg = 0.415 m?

or
i.e.,

iL.e.,

Total volume of A and B
V=V, + Vy=1022 + 0415 = 1.437 m?
Total mass of gas
m=m,+mg=168 +3 =198 kg
Final temperature after mixing
T=30+273=303K
{a} (i) Final equilibrium pressure, p :
pV = mRT
p x 1.437 = 19.8 x 0.297 x 303 x 103 = 12.4 x 10° N/m?
p = 124 bar. (Ans.)
Also ¢, = m = m = 0.743 kJ/kg K.
(if) Amount of heat transferred, Q :
As there is no work transfer, the amount of heat transfer,
@ = change of internal energy
=U,- U,

Measuring the internal energy above the datum of absolute zero (at T = 0 K, u = 0 kJ/kg).

Internal energy I/, (before mixing)
= myue Ty + mpe, Ty
= 16.8 x 0.743 x 328 + 3.0 x 0.743 x 298 = 4758.5 k.J
Final internal energy U, (after mixing)
= me,T = 19.8 x 0.743 x 303 = 4457.5 kJ
. Q=U,- U, =44575 - 47585 = — 301 kJ. (Ans.)
(b) If the vessel were insulated :
(i) Final temperature, t, :
If the vessel were insulated
Q=U,-U;=0
U=U,
mue, Ty + mpe Ty = me, T

T mACUTA + chUTB mATA + mBTB

me, m
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16.8 x 328 + 3.0 x 298
= 98 =3235K
ie., t = 323.5 - 273 = 50.5°C. (Ans.)
(ii) Final pressure, p :
pV = mRT
o p= mgT _ 198x 0.291':1'4; ;03 X8285 _ 1204 105 N/m?
ie., P = 13.24 bar. (Ans.)

Example 9.13. Calculate the increase in entropy when 3 kg of O, at 50°C are mixed with
9 kg of N, at the same temperature. The initial pressure of each constituent is 11 bar and is the
same as that of the mixture.
Solution. Xp, = Po, . __ 3732 0.225
D 3/32+9/28
Pn, 9/28

p  3/32+9/28 =0.774

IN2 =
Increase of entropy due to diffusion

PN,

Po
AS = — mo, R, log, —pz— — my, Ry, log,

8314 B314
=-3x ( 33 ] log, 0.225 - 9 x ( 28 ] x log, 0.774

= 1.1626 + 0.6846 = 1.8472 kJ/kg K.

Example 9.14. 2.5 kg of N, at 15 bar and 40°C is contained a rigid vessel. Adequate
quantity of O, is added to increase the pressure to 20 bar while the temperature remains con-
stant at 40°C.

Calculate the mass of O, added.
Solution. MmN, = 2.5 kg, Mn, = 28

Initial pressure, Pn, = 15 bar

Final pressure, py. (=Pn,+ Po,) = 20 bar

Temperature = 40°C
In this process, the number of nitrogen moles remains constant at

After the oxygen is added, Pn, = 15 bar, since the volume remains unchanged

PO, = Dytar — PN, =20 — 15 = 5 bar
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ny, R
Now Py, = __1_\_13‘_;__0_7:_ {8}
ng, R
and Po, = OET”T i)

Dividing (i) by (i), we get

Py, N,

Po,%nN,  5x10° x 0.0893
= = 0.0297
Py, 15 x 10°

"o,

Mass of O, added,
mg, = no, x Mo,

= 0.0297 x 32 = 0.9504 kg. (Ans.)

Example 9.15. Given that air consists of 21% oxygen and 79% nitrogen by volume. De-
termine :

(i) The moles of nitrogen per mole of oxygen ;
(ii) The partial pressure of oxygen and nitrogen if the total pressure is atmosphere ;
(iii) The kg of nitrogen per kg of mixture.

Solution. Let 1o, = 1.0 and V = volume of air
go that Vo, =021V; Vy, = 0.79V

Let V contain n = 7o, + N, moles of air at p and T.

(i) Moles of N, per mole of O, :

Now PVOZ = no, BT LA2)
and p¥n, = nN, R,T (i)
Dividing (i) by (i), we get
Yo, _ 1o,
VN, 7,
no, *xVy,  1x079V
nNy, = = = 3. les. (Ans.
N, Vo, 021V 3.76 moles. ( )

(i) Po, and PN, :

n P
Now x()z = -—% = ;)2 (n = nO, +n’N2)
(where p = total pressure = 1 atm.)
noﬂ 1
Po, = —L xp= 7—7= x1=021 atm. (Ans.)

n (1+8.76)
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N Pn
i Xy, = —% = —2%
Again, N, " p
nn, 376
PN, = n XP= 17376 X 1=10.79 atm. (Ans,)

{iii) The kg of nitrogen per kg of mixture :

mNz nNz M N,

my,+mg, — an, My, +ng, Mo,
3.76 x 28
" 376x28+1x32
Example 9.16. Air (N, = 77%, O, = 23% by weight) at 25°C and 12 bar is contained in a

vessel of capacity 0.6 m% Some quantity of CO, is forced into the vessel so that the temperature
remains at 25°C but the pressure rises to 18 bar.

Find the masses of O, N, and CO, in the cylinder.
Solution. Volume of the vessel, V = 0.6 m3
Temperature (constant), T = 25 + 273 = 298 K
Initial pressure = 12 bar

Final pressure = 18 bar

= 0.77 kg Ny/kg mix. (Ans,)

Now pV =nRT
pV 12x10° x 0.6
= = = 0.29
o "= RT T 8314x10° x 298
mo, . M, | Ry
L= |2y —2 |20 =
Also R, [ Mo, My, J - (m=nxM)

Considering 100 kg of air
mo, =23 kg, MmN, = 77 kg

23 7 .
Ry = [—+—7) « 3314 _ 288 kd/kg K

32 28 100
R, 8314
M, = R = 0288 - 28.87
Now pV = mRT
pv 12x10° x 0.6

My AA - 8.39 kg of ai
™= RT = o288x298x10° o B Ar

Mass of O,, M, = 0.23 x 839 = 1.93 kg. {(Ans.)

Mass of N, My, = 0.77 x 8.39 = 6.46 kg. (Ans.)
After adding CO, in the vessel :

DN, + Po, = 12 bar ... before adding CO,

Pco, + (PN, + Po,) =18 bar .. after adding CO,,
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or Peo, +12=18
Pco, = 6 bar
Mmeo., Beo, T
Now Pco, = 760, THCO, 1CO,
Vv
P 6x10° x 0.6
oo, = B = TE3ia = 6.39 ke
0z “ €0, (——Jx298x103
44
ie., Mass of CO, = 6.39 kg. (Ans.)

Example 9.17. A vessel of 6 m? capacity conlains two gases A and B in proportion of
45 per cent and 55 per cent respectively at 30°C. If the value of R for the gases is 0.288 kJ/kg K
and 0.295 kJikg K and if the total weight of the mixture is 2 kg, calculate :

(i) The partial pressure ; (ii) The total pressure ;
(iit) The mean value of R for the mixture.
Solution. Capacity of the vessel, V = 6 m?
Y%age content of gas A = 46%
%age content of gas B = 55%
R for gas A, R, = 0.288 kd/kg K
R for gas B, Ry = 0.295 kd/kg K
Total weight of the mixture =2 kg
Temperature, T=230+273 =303 K.
(i) The partial pressures, p,, pg *
m, =2 x 0.45 = 0.9 kg
mg=2x055=11kg

Now, pV=m,R, T,
T 0.9 x 0.288 x 303 x 10°
p= T4 ?IA 4 o S~ 013 bar. (Ans)
mp Rp T 11 x 0.295 x 303 x 10°
d = B-B-B = = 0-164 b . Al‘ls.
an Ps v 6x10° ar. (Ans)

(ii) The total pressure, p :
p=p,+pg=013 + 0.164 = 0.294 bar. (Ans.)

(iif) The mean value of R for the mixture, R_

mi R, +mpR
R ALVYA B 'B

m my +mpg
B 0.9 x 0.288 + L1 x 0.295
(09+11)
i.e., Mean value of R for the mixture = 0.292 kJ/kg K. (Ans.)

Example 9.18. The pressure and temperature of mixture of 4 kg of O, and 6 kg of N, are
4 bar and 27°C respectively. For the mixture determine the following :

(i) The mole fraction of each component ; (i) The average molecular weight ;
(111} The specific gas constant ; (iv) The volume and density ;
(v) The partial pressures and partial volumes.

= 0.292 kJ/kg K



438 ENGINEERING THERMODYNAMICS

Solution. Mass of oxygen, mo, =4 kg
Mass of nitrogen, my, =6 kg

Pressure, p = 4 bar
Temperature, T' = 27 + 273 = 300 K.
(i) The mole fraction of each component :

no
=M
no, = & _0125 and ny, = O - 0214
02 = g =%1%0 and 7N, = 9g=0.
0.125
N X9, = —————_ . 0.3687. (Ans.
ow 0: = 512540014 - 03687 (Ans)
0.214
and XN, = m = 0.6313. (Ans.)

(i) The average molecular weight, M :

no, Mo, +ny, XMy, 0125x32 + 0214 x 28
no, +ny, 0125 + 0214

i.e., Average molecular weight = 29.475. (Ans.)
(iii} The specific gas constant, R :

Ry 8314

R 2 = —— = B kdJ, N
M - 29475 0.282 kJ/kg K. (Ans,)

(iv) The volume and density :
pV = mRT for mixture

mRT (4+6)x0282x103 x 300
P 4x10°

Density, p = Po, + PN,

M=

= 20475

V= = 2.115 m% (Ans.)

_Mo, 4 _ 3
Po, v 2115 ~ 1.891 kg/m
SN, _ 6 3
PN, v 2115 = 2.837 kg/m'

p = 1.891 + 2.837 = 4.728 kg/m3. (Ans.)
(v) The partial pressures and partial volumes :

Po,V = no ReT
Po, . Mo, fol’ _ 0125x8314x10°x300 _ L1474 bar.
T Ty 2115x 10° ar. (Ans)
and PN, =4 - 1.474 = 2,526 bar. (Ans.)

VO‘ = %o,V = 0.3687 x 2.115 = 0.779 m%, (Ans.)

VN, = #N, V = 0.6313 x 2.115 = 1.385 m®. (Ans.)
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ssExample 9.19. 4 kg of carbon dioxide at 40°C and 1.4 bar are mixed with 8 kg of

nitrogen at 160°C and 1.0 bar to form a mixture at a final pressure of 0.7 bar. The process occurs
adiabatically in a steady flow apparatus. Calculate :

(i) The final temperature of the mixture ; (i) The change in entropy.

Take value of c,, : for CO, = 0.85 kJlkg K and N, = 1.04 kJ/kg K.
Solution. Refer Fig. 9.10.

Fig.9.10

(i) Final temperature, T, :

In this process, W=0,@=0

The steady flow equation may be written as
H =H,

ie., (mhylco, + (mhn, = (Mhy) e = (Mh2doo, + (Mhgy,
or [m(hl —hz)h02 + [m,(hl “hz)]Na =0
or [rrwp(Tl —T2)h02 + [mcp(Tl "TZ)}NZ, =0
or 4 x 08540 — T,) + 8 x 1.04(160 - T,) = 0
or 136 - 3.47, + 1331.2 - 8327, = 0
or 1467.2 - 11.72T, = 0

T, =125.2°C = 398.2 K. (Ans.)
(i7) Change in entropy :

Now Rco, = 4 = 0.0909

44
8
— = 0.2857

28

n = Agg, ty, = 0.0909 + 0.2857 = 0.3766

Again, Pic0y)y = Xco, [p, = pressure of the mixture]
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Beo,), =07 x ggggg = 0.17 bar
Similarly, Py, =07 % g%g—g—g = 0.53 bar

. Change in entropy, AS

T P2 Ty Py
= |me, log, =2 —mR log, —L +[mc log, == —mR log, —*
|: A 1 ‘m o, ? n ‘ p N,
3982 8314
- iog,
313 44 433 28 L0
= 4(0.2046 + 0.3984) + 8(- 0.0871 + 0.1885) = 3.2232 kJ/K
i.e., Change in eniropy = 3.2232 kJ/K. (Ans.)

wExample 9.20. Ar insulated vessel containing 1 mole of oxygen at a pressure of 2.5 bar

and a temperature of 293 K is connected through a valve to a second insulated rigid vessel
containing 2 mole nitrogen at a pressure of 1.5 bar and a temperature of 301 K. The valve is
opened and adiabatic mixing takes place. Assuming that oxygen and nitrogen are perfect gases
calculate the entropy change in the mixing process.

Assume the following specific heats at constant volume :

Cogy, = 0.39 kellkg K

3982 8314 0.53]

=4 [0.85 log, log, i{f] +8 [104 log,

Co, = 0.446 kJlkg K.
Solution. Consider the system within the boundary of Fig. 9.11.

Boundary

i
]
Stage 11
i
]

¥ 1
1 1
1 1
' |
Stage 2| Ny + 0, = Ny + 0 i
: !
1 1

Fig.0.11
In the process : @ = 0, W = 0, hence by the first law for a non-flow process AL/ = (. Let T,
be the final temperature of the mixture.
[n102 Cog, T02 +tmy, g TNz] = [moz Cug,, TN, c”(Nz'J] T,
or [(1x 32) x 0.39 x 293 + (2 x 28) x 0.446 x 301] = (1 x 32 x 0.39 + (2 x 28) x 0.446] T,

32 x 0.39 x 293 + 56 x 0.446 x 301 111744
32 x 0.39 + 56 x 0.446 T 3745

=2984 K

or g =
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Now entropy change in the mixing process is given by

AS = my, As(ﬂg) tmy, As(Nz)
T V.
where A =c¢ log. =2 + R log, —2
& v gﬂ TI ge Vl
Now to find initial and final volumes of O, and N, using the relation,
ReT
V= gl
D
3
The initial volume of O, = 1x8314x 29? x10 =974 m®
25 %10
2 x 8314 x 301 x 10°
and Initial volume of N, = X a 5 a = 33.4 m®
15x10

Final volume of the mixture = 9.74 + 33.4 = 43.14 m®

2084 8314, 4314
- | x32){039x1 + B3 38
Thus AS = [( X ){ xloge ~pa * Tgs 108 5ot H
2984 8314 4314
2 x 28)40.446 x 1 + 1
* [( * ){ “8 301 T 28 % 334 H

= 12.60 + 4.04 = 16.64 kJ
Entropy change in the mixing process = 16.64 kJ. (Ans.)
wExample 9.21. A tank of capacity 0.45 m? is insulated and is divided into two sections

through a partition. One section initially contains H, at 3 bar and 130°C and has a volume of
0.3 m? and the other section initially holds N, at 6 bar and 30°C. The gases are then allowed to

mix after removing the adiabatic partition. Determine :
(i) The temperature of the equilibrium mixture ;

(ii) The pressure of the mixture ;
(iif) The change in entropy for each component and total value.

Assume : Cuy, = 0744 kdkg K, Gy, = 10.352 kJlkg K

ie.,

Comy) = 1.041 kd/kg K, Cpyy, = 14.476 kJlkg K.
Solution. Total capacity of the tank, V = 0.45 m®

Vu, =03 m?; Ty, =130 + 273 = 403 K
PH, =3 bar; VN, =015 m? {i.e., 0.45 — 0.3 = 0.15 m?)
PN, =6 bar; Ty, =30+273 =303 K.
(i) Temperature of equilibrium mixture, T, :
Now Pu, VH2 = my, Ry, Ty,
3x10°x03  _oon ke [ R % ]

m; =
s (&214] x 403 x 10°
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and pn, VN, = my, By, Ty,
10°
my, = 8:1: X018 o
(_-2-;3—) x 308 x 10
According to the first law for a closed system
AU =0
ie, Uinitial = Uginal
or MH, Comy, T(th +my, Cuipy) TENz h = TH, Cuyyy, T(Hz ) TN, Cony) T(Nz Ja
or mH2 c"(Hg) [T'(Hz )2 - T‘{Hz )1] + mN2 c”(Nz) [T|(N2 )2 - T'(Nz}ll = 0
or 0.0537 x 10.352 [Tim,), —403] + 1.0 x 0.744 [Tix,,, ~308] = 0
Ty,), =Tiny, =T
or 0.556(T,, — 403) + 0.744(T,, — 303) = 0
or 0.556T, — 224 + 0.744T, — 225.4 = 0
T, = 345.7 K
i.e., Temperature of the mixture = 345.7 K. (Ans.)
(ii) Pressure of the mixture, p, :
Now Pm,), V= my, Ry, T,
0.0537 x (8‘314) x 3457 x 103
D = = 1.71 bar
(Ha)e 045 x 10°
10 x (8“;;4) 3457 x 10°
Similarly Pm,), = = 2.28 bar

045 x10°
Py = Puy, t Py, = 1.71 + 2.28 = 3.99 bar. (Ans.)

(iii) Change in entropy :

Now (AS)y, =m (CP log, T—z”Rk’ge f_z_}
Tl 141 H,

403 g B3
= 0.00626 kJ/K. (Ans.)

= 0.0537 [14.476 log, 2457 _ 8314 }ﬂ}

T P
(AS)y, =m (c log, =2 - R log ~g~]
’ A 11 * n

3457 8314 2.28]

10 {10411 1
[ %303 28 B¢ g

Ik

= 0.424 kJ/K. (Ans,)
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AS = (AS)y, +(AS)y, = 0.00626 + 0.424 = 0.43026 kJ/K

i.e., Total change in eniropy = 0.43026 kJ/K. (Ans.)

Example 9.22. A perfect gas mixture consists of 4 kg of N, and 6 kg of CO, at a pressure
of 4 bar and a temperature of 25°C. Calculate ¢, and c,, of the mixture.

If the mixture is heated at constant volume to 50°C, find the change in internal energy,
enthalpy and entropy of the mixture.

Take : Cyy,, = 0.745 kJ/kg K, Cucny; = 0.653 kdlkg K
Cpw, = 1.041 kJikg K, Cpicoy; = 0.842 kJlkg K.
Solution. My, =4 l-tg, meo, =6kg, P =4 bar
T, =25+ 273 = 208 K, T,=50+273 = 323K

9 =
Cyimix) * ** Cpimin) = *
Using the relation,

(my, + Mo, Yeurminy = MN, GuiN,) + M0, Cu(C0,)
4 +6) Cyimix) = 4 % 0.745 + 6 x 0.653
4 x 0.745 + 6 x 0.653

- 0.6898 kJ/kg K. (Ans.)

Cymix) = 4+6
4x1.041+6x0.842
Similarly, Cp(mix) = 176 = 0.9216 kJ/kg K. {(Ans.)

Change in internal energy, AU :
U = [me,(Ty — Tl
= (4 + 6) x 0.6898(323 — 298} = 172.45 kJ. (Ans.)

Change in enthalpy, AH
AH = [me (T, = Tl
= (4 + 6) x 0.9216(323 - 298) = 230.4 kJ. (Ans.)
Change in entropy, AS :

T )
(As) = [cv log, ?2- +Rlog, f)

(c log, ] (" vy =11)

(AS)N2 = [c log, TIJ

[cv log, %)
co,

T, Ty
Hence, AS = |mc, log, == + | me, log, —=
T v T,

AP 1/co,

and {As)co,
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323 323
=4 x 0745 log. 23 4 6 x 0.653 log, 22
X % 298 T U 8. 598

= 0.5557 kJ/K. (Ans.)
Note. AS may also be found out as follows :

)Y

A8 = (my, +mco) Cimix) 108, 77
1

323
= (4 + 6) x 0.6898 log, ‘2“@ =0.5557 kJ/K.

HIGHLIGHTS

1.

According to Dalton’s law :
(i} The pressure of a mixture of gases is equal to the sum of the partial pressures of the constituents.
(ii) The partial pressure of each constituent is that pressure which the gas would exert if it occupied
alone that volume occupied by the mixture at the same temperature.
According to Gibbs-Dalton law :
(i} The internal energy, enthalpy and entropy of a gaseous mixture are respectively equal to the sum of
the internal energies, enthalpies and entropies of the constituents.
(ii} Each constituent has that internal energy, enthalpy and entropy, which it would have if it occupied
alone that volume occupied by the mixture at the temperature of the mixture.

The characteristic equation for mixture is given as :
pV=nRT
where n = Number of moles of mixture, and
R, = Universal gas constant.
Molecular weight (M) may be found out by using the following relations :

1

m
2,

M= "L M, and M=

where m,= —L = mass fraction of a constituent.
m

The following condition must be satisfied in an adiabatic mixing process of perfect gas in steady flow :
Lmy; Cchi _ In; Cpi T;

Emi Cpi Eni Cpi

OBJECTIVE TYPE QUESTIONS

Choose the Correct Answer :

In an ideal gas the partial pressure of a component is

(e} inversely proportional to the square of the mole fraction

(b} directly proportional to the mole fraction

(¢) inversely proportional to the mole fraction

(d) equal to the mole fraction.

The value of the universal gas constant is

(a) 8.314J/kgK (b) 83.14 kJ/kg K
(c) 848 kd/kg K (d) 8.314 kJ/kg K.
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3

1

R

In a mixture of gases, the partial pressure p, of any constituent gas can be found by
(a) p,=nRT/V (b) p, =mRTIV,
(¢} p,=nRTIV, (d)p,=nRTIV

where, R = Characteristic gas constant,
R, = Universal gas constant,
V = Volume of the mixture,
V, = Volume of the ith constituent, and
T = Temperature of the mixture.

Mole fraction of a component of gas mixture is equal to
(a) 1 & r2
erf d fip

where, f= Volume fraction, and
p = Pressure of the mixture.

In a gasecus mixture the specific volume of each component is given by
(a) Vim (&) Vim,
(¢} Vim, (d) none of the above.

where, V = Volume of the mixture,
V. = Volume of the ith component,
m = Mass of mixture, and
m, = Mass of the ith component.

Answers

b 2 3 @ 4 (o) 5. (o)

THEORETICAL QUESTIONS

Define the following terms :
(i) Partial pressure (i) Mole fraction

(iii) Volume fraction of a gas constituent in a mixture.

Explain briefly Dalton’s law and Gibbs-Dalton law.

State and explain Amagat’s law or Leduc’s law.

Prove that the molar analysis is identical with the volumetric analysis, and both are equal to the ratio of
the partial pressure to the total pressure.

Prove the following relation

En,-Mi 1
ToIn M
M;

where, M = Molecular weight of the mixture,
n, = Number of moles of an any constituent,
m, = Maes fraction of the constituent, and
M, = Molecular weight of the constituent.

UNSOLVED EXAMPLES

0.45 kg of earbon monoxide (28) and 1 kg of air at 15°C are contained in a vessel of volume 0.4 m®,
Calculate the partial pressure of each constituent and the total pressure in the vessel. The gravimetric
analysis of air is to be taken as 23.3% oxygen (32) and 76.7% nitrogen (28).

[Ans. po, =0.4359 bar; pN, =1.64 bar, p,, = 0.962 bar]
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10.

11.

12,

13.
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A mixture of CO and O, is to be prepared in the proportion of 7 kg to 4 kg in a vessel of 0.3 m?® capacity.
If the temperature of the mixture is 15°C, determine the pressure to which the vessel is subjected. If the
temperature is raised to 40°C, what will then be the pressure in the vessel ?  [Ans. 29.9 bar, 32.5 bar]
Assuming that air may be treated as a mixture of ideal gases which has a mass composition 23.2% oxygen
and 76.8% nitrogen, find the gas constant and apparent molecular weight of air.

[Ans. 0.288 kJ/kg K, 28.86]

A mixture of 1 mole CO, and 3.5 moles of air is contained in a vessel at 1 bar and 15°C. The volumetric
analysis of air can be taken as 21% oxygen and 79% nitrogen. Calculate for the mixture : () The masses
of CO,, O, and N, and the total mass. (i) The percentage carbon content by mass. (iii) The apparent
molecular weight and the gas constant for the mixture. (iv) The specific volume of the mixture.
[Ans. (i) 44 kg, 23.55 kg, 77.5 kg ; (i) 8.27% ; (i} 32.2, 0.2581 kd/kg K ; (iv) 0.7435 m*/kg]
A mixture of H, and O, is to be made so that the ratio of H, to O, is 2 to 1 by volume. Calculate the mass
of 0, required and the volume of the container, per kg of H,, if the pressure and temperature are 1 bar
and 15°C respectively. [Ans. 8 kg, 17.96 m3]
A vessel contains a gaseous mixture of composition by volume, 80% H, and 20% CO. [t is desired that the
mixture should be made in proportion 50% H, and 50% CO by removing some of the mixture and adding
some CO. Calculate per mole of mixture the mass of mixture to be removed, and the mass of CO to be
added. The pressure and temperature in the vessel remain constant during the procedure.
[Ans. 2.7 kg, 10.5 kg]

The gas in an engine cylinder has a volumetric analysis of 12% of CO,, 11.5% O, and 76.5% N,. The
temperature at the beginning of expansion is 1000°C and the gas mixture expands reversibly through a
volume ratio of 7 : 1, according to a }aw pv-%5 = constant. Calculate the work done and the heat flow per
kg of gas. The values ofc_ for the constituents are as follows :¢, for CO, = 1.235 kd/kg K ;¢ for O, =1.088
kl/kgK;e, for N, = 1172 kd/kg K. [Ans. 536.3 kJ/kg ; 96 kd/kg (ﬁeat supplied)]
A producer gas has the following volumetric analysis : 29% CO, 12% H,, 3% CH,, 4% CQ,, 52% N,.
Calculate the values of C, C, ¢, and ¢, for the mixture. The values of Cp for the constituents are as
follows : for COC_= 29.27p'1g1/m0fe K;forH, C"u =28.89 kJ/mole K ; for CH, Cp =35.8 kd/mole K ; for CO,
C, = 37.22 kl/mole K ; for N, C, = 29.14 k/mole K.

[Ans. 29.676 kdJ/mole K, 21,362 kd/mole K ; 1.178 kJ/kg K ; 0.8476 kd/kg K]

An exhaust gas is analysed and is found to contain, by volume, 78% N,, 12% CO, and 10% O,. What is the
corresponding gravimetric analysis ? Calculate the mass of mixture per mole, and the denasity if the
temperature is 550°C and the total pressure is 1 bar. ' '
[Ans. 72% N,, 17.3% CO,, 10.6% O, ; 30.28 kg/mole ; 0.442 kg/m?]
A vessel of 3 m® capacity contains a mixture of nitrogen and carbon dioxide, the analysis by volume
showing equal quantities of each. The temperature is 156°C and the total pressure ig 3.5 bar. Determine
the mass of each constituent. [Ans.6.14 kg N, ; 9.65 kg CO,]
A mixture is made up of 25% N, 35% O,, 20% CO, and 20% CO by volume. Calculate : (i} The molecular
weight of the mixture. (i) C, and C, for the mixture. (ii7) v for the mixture. (iv) The partial pressure of
each constituent when the total pressure is 1.5 bar. (v} The density of the mixture at 1.5 bar and 15°C.
[Ans. () 32.6 ; (i1} 30.9, 22.53 kJ/mole K ; (iii) 1.87 ; (iv) 0.375, 0.525, 0.3, 0.3 bar ; (v) 2.04 kg/m®)
A mixture of ideal gases consists of 3 kg of nitrogen and 5 kg of carbon dioxide at a pressure of 3 bar and
a temperature of 20°C. Find (i) the mole fraction of each constituent, (ii) the equivalent molecular weight
of the mixture, (iii) the equivalent gas constant of the mixture, (i) the partial pressures and partial
volumes, (v) the volume and density uof the mixture, and (vi) the e, and ¢, of the mixture.
If the mixture is heated at constant velume to 40°C, find the changes in internal energy, enthalpy and
entropy of the mixture. Find the changes in internal energy, enthalpy and entropy of the mixture if the
heating is done at constant pressure,
Take y: for CO, = 1.286 and N, = 1.4.
[Ans. (£) 0.485, 0.515 ; (if) 36.25 kg'/kg mole ; (i) 0.229 kJ/kg K ;
(iv) 1.455 bar, 1.545 bar ; 0.87 m?, 0.923 m?; (v) 1.79 m3, 4.46 kg/m3 ;
(vi) 0.92 kd/kg K, 0.69 kJ/kg K ; 110.4 kJ, 147.2 kJ, 0.368 kJ/kg K ; 0.49 kJ/kg K]

A veszel of 1.5 m? capacity contains oxygen at 7 bar and 40°C. The vessel i3 connected to another vessel
of 3 m® capacity containing carbon monoxide at 1 bar and 15°C. A connecting valve i8 opened and the
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14,

15.

18.

17.

18,

19.

20.

21.

gases mix adiabatically. Calculate : (i) The final temperature and pressure of the mixture. {ii) The change
in entropy of the system,

Assume : For oxygen C, = 21.07 kJ/mole K

For carben monoxide C, = 20.86 kJ/mole K. {Ans. (i} 34°C, 3 bar ; (ii) 4.108 kJ/K]
Two vessels both containing nitrogen, are connected by a valve which is opened to allow the contents to
mix and achieve an equilibrium temperature of 27°C. Before mixing the following information is knewn
about the gases in the two vessels.

Vessel A Vessel B
p =15bar p==6har
t =50°C t =20°C
Contents = 0.5 kg mole Contents = 2.5 kg

Calculate the final equilibrium pressure and amount of heat transferred to the surroundings. If the
vessel had been perfectly insulated, caleulate the final temperature and pressure which would have been
reached.
Takev=14. [Ans. 11,68 bar, — 226.2 k.J, 45.5°C, 12.4 bar]
Find the increase in entropy when 2 kg of oxygen at 60°C are mixed with 8 kg of nitrogen at the same
temperature. The initial pressure of each constituent is 10.3 bar and is the same as that of the mixture.
[Ans. 1.2314 kJ/kg K]
A gas mixture contains hydrogen, nitrogen and carbon monoxide in equal molar proportions. Treating
the components of the mixture as perfect gases, determine the gas constant and the ratio of specific heats
for the mixture. Calculate the work required to compress 1 kg of the mixture in reversible adiabatic flow
through a pressure ratio of 2 from an initial temperature of 15°C when kinetic and potential energy
changes are negligible. [Ans. 0.43 kJ/’kg K, 1.4, - 82.76 kJ]
2 kg of nitrogen at 20 bar and 38°C is contained in a rigid vessel. A sufficient quantity of oxygen is added
to increase the pressure to 26.66 bar while the temperature remaina constant at 38°C.
Calculate the mass of oxygen added. {Ans. 0.761 kg]
Air (N, = 77%, O, = 23% by weight) at 20°C and 10 bar is contained in a vessel of capacity of 0.5 m* Some
quantity of carbon dioxide is forced into the vessel so that the temperature remains at 20°C but the
pressure rises to 15 bar. Find the masses of oxygen, nitrogen and carbon dioxide in the cylinder. The
universal gas constant is 8.3143 kd/kg K. [Ans. 1.35 kg, 4.54 kg, 4.51 kgl
A vessel of 5 m® capacity contains a mixture of two gases in proportion of 40 per cent and 60 per cent at
20°C, If the value of R for the gases is 0.287 kd/kg K and 0.294 kJ/kg K and if the total weight of the
mixture is 1.5 kg, calculate :
(i) The partial pressure ; {ii) Total pressure ;

{iii) Mean value of R for the mixture. [Ans. (.1 bar ; 0.155 bar ; 0.291 kJ/kg K]
A mixture consisting of 6 kg of O, and 9 kg of N, has a pressure of 3 bar and temperature of 20°C. For the
mixture determine the following :

(i) The mole fraction of each component ; (ii) The average molecular weight ;
(iit) The specific gas constant ; (iv) The volume and density ;

(v) The partial pressures and partial volumes.

{Ans. (i} 0.3684, 0.6315 ; (ii) 29.475 ; (iii) 0.282 kJ/kg K ;
(iv) 4.13 m?3, 3.629 kg/m? ; (v) 1.1 bar, 1.894 bar ; 1.52 m?, 2.61 m?]

A closed vessel of 0.1 m?® capacity contained air at 1 bar pressure and 27°C. Hydrogen was added and the
total pressure in the vessel was raised to 1.2 bar at the same temperature. Find the weight of oxygen,
nitrogen and hydrogen finally in the vessel and their respective partial pressures.

Air contains 77% N, by weight. Take the value of universal gas constant as 8.3143 kd/kg K and molecular

weight of air as 29. [Ans. mg, =0.0267kg, my, =0.0893 kg, my, = 0.001603 kg]

A vessel of capacity 0.3 m® is insulated and divided into two sections by a partition. One seetion is 0.2 m*
in volume and initially contains H, at 2 bar and 127°C. The remaining section initially holds N, at 4 bar and
27°C. The adiabatic partition is then removed, and the gases are allowed to mix. Determine :
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(i) The temperature of the equilibrium mixture,
(ii) The pressure of the mixture, and
(iif) The change in entropy for each component and total value.

Coey) = 0.744 kd/kg K, Cong, = 10.352 kl/kg K
Cppgy = 1.041 kd/hg K, Cpuy = 14.476 kI/kg K.

[Ans. (i) 342.6 K ; (ii) 2.661 bar ; (iii) (AS)y, =0.00235 kd/K ;

(88)x, =0.1908 kJ/K ; AS = 0.19315 kJ/K]

23. 3 kg of N, and 5 kg of CO, at a pressure of 3 bar and a temperature of 20°C comprise a perfect gas
mixture. Calculate c, and ¢, of the mixture.
If the mixture is heated at constant volume to 40°C, find the change in internal energy, enthalpy and
entropy of the mixture.

Take : Co, =0.7448 and Cpyy,, = 1.0416 kd/kg K

Coicop = 0.6529 and Cpg,, = 0.8418 k/kg K.
[Ans. 0.6873 kJ/kg K, 0.9167 kJ/kg K ; 109.96 kJ, 146.67 kJ, 0.363 kJ/K]



