Thermodynamics
2"d Semester, 4t" Chapter

Mixtures
Dalton’s Law and Gibbs — Dalton Law
Volumetric Analysis of a Gas Mixture
Molecular Weight
Gas Constant and Specific Heat of Gas Mixture
Adiabatic Mixing of Gas Mixture

Dr. Mahmood Shaker
Department of Mechanical Engineering
Engineering College — University of Basrah

R




Introduction

A pure substance is defined as a substance having a constant and uniform
chemlcal composition, and this definition can be extended to include a
homogeneous mixture of gases when there is no chemical reaction taking place.
The thermodynamic properties of a mixture of gases can be determined in the
same way as for a single gas. The most common example of this is dry air,
,_:whlch is a mixture of oxygen, nitrogen, a small percentage of argon, and traces

of: other gases. The properties of air have been determlned and it is considered
~as a single. substance. -

The mixtures . to be consu:lered in this chapter are those composed of perfect
gases, and perfect gases and vapours. The properties of such mixtures are
1mportant in combustion calculations. Air and water vapour mixtures are
considered later in the chapter with reference to surface condensers, but for
moist atmospheric air there is a special nomenclature and this is cons1dered on
psychrometry and air-conditioning.

Dalton’s Law and Gibbs — Dalton Law

_.Con31der a closed vessel of volume V at temperature T: which contains a mixture
~of perfect gases at a known pressure. If some of the mixture were removed, then
the pressure would be less than the initial value. If the gas removed were the
full amount of one of the constituents then the reduction in pressure would be
equal to the contribution of that constituent to the initial total pressure. Each
constituent contributes to the total pressure by an amount which is known as
the partial pressure of the constituent. The relationship between the partial
pressures of the constltuents is expressed by Dalton’s law, as follows:

The pressure of a mixture of gases is equal to the sum of the partial pressure
of the constituents.




| " The partia'l 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.
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This 1s expressed diagrammatically in Fig. The gases A and B, originally

occupying volume V at temperature 7T, are mixed in the third vessel which is
of the same volume and is at the same temperature.
By the conservation of mass

By Dalton s law

P Pa + DPn




*Dalton s law is based on expenment and is found to be obeyed more accurately
‘by gas mixtures at low pressures. As shown in Fig.  each constituent occupies
the whole vessel. The example given in Flg and the relatlonshlps 1n equations

and refer to a mixture of two gases but the law can be extended to
'_:any number of gases |

M=y my+metete. or m= Zm

where m 1s the mass of a constltuent Similarly

P=pa+ps+pctetc. or p=Yp,

where p; is the partial pressure of a constituent.

Air is the most common mixture and since it will be referred to frequently,
its composition is as given in Table . The mean molar mass of air is
28.96 kg/kmol, and the specific gas constant R is 0.2871kJ /kg K. For
'apprommate calculations the air is said to be composed of oxygen and
‘atmospheric nitrogen’ (see Table ). Note: volumetric analysis is the analysis
by volume; gravimetric analysis is the analysis by mass.




Analysis of Air

Ahalysis Mol.ar mass

Chemical
Constituent symbol By volume (%) By mass (%) (kg/kmol)

Oxygen O, 20.95 23.14 31.999
Nitrogen N, 7809 7553 28.013
Argon Ar 093 108 36.948
‘Carbon dioxide CO, 0.03 005 44.010

Approximate Analysis for Air

| An.é.ilysis - Molar mass

Constituent By volume {%) By mass (%) (kg/kmol)

Oxygen 21.0 23.3 320
Nitrogen 79.0 76.7 28.0




Example 1

A vessel of volume 0.4 m?> contains 0.45kg of carbon monoxide and
"1 kg of air, at 15°C. Calculate the partlal pressure of each constituent and
“the total pressure in the vessel. The grawmetric analysis of air is to be taken
as 23.3% oxygen and 76.7% nitrogen. Take the molar masses of carbon
~monoxide, oxygen and nitrogen as 28, 32 and 28 kg/kmol.

Solution

Mass of oxygen present = 100 x 1 =0233kg

Mass of nitrogen present = 100 x 1=0.767 kg

_ universial gas constant _ R°
Gas Constsnt Rgas = Moulecolar mass - M
PV=mReT=mi T
- gas | = M
- mR°T
: MV

For a constituent




“The volume V'is 0.4 m and the temperature T1s (15 + 273) = 288 K. Therefore
‘we have for O,

0.233 x 8.3145 x 288

_ — 43.59 kN/m?
Po, 32 x 0.4 /
. 103
= 43.59 x 10 = (0.4359 bar
10°
0767 x 83145 x 288 | oo0 s
2 28 x 0.4
3
_163.99 x 107 _ ' ¢390 bar
10°
0.45 x 8.3145 x 288
_ > “%0  96.21 kKN /m?2
Pco 28 % 0.4 /m
96.21 x 103
— 1(;; — 0.9621 bar

The total pressure in the vessel is given by equation

p =Y p;=0.436 + 1.640 + 0.962 = 3.038 bar

Pressure in vessel = 3.038 bar




. Dalton’s law was reformulated by Gibbs to include a second statement on
the _properties . of mixtures. The combined  statement is known as the
Glbbs—Dalton law and is as follows:

- The znternal energy, enthalpy, and entrop ¥y, of a gaseous mixture are respectively
equal to the sums of the znternal energies, enthalpzes and entropies, of the

" constituents.
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.

This statement leads to the equations
MU = mau, + mglig + €tc.  or mu =) mu,

mh = myhy + mghg +etc. or mh=Y mh,
MS = My Ss + MySy + €tc. or ms =) ms,

Volumetric Analysis of Gas Mixture

‘The analysis of a mixture of gases is often quoted by volume as this is the most
'convenlent for practical determinations.

Cons1der a volume V of a gaseous mixture at a temperature 7, consisting of
three constituents A, B, and C as in F1g (a). Let each of the constituents be
compressed to a pressure p equal to the total pressure of the mixture, and let
the temperature remain constant. The partial volumes then occupied by the
constituents will be V,, 74, and V.. From equation pV = mRT, therefore,
referrlng to F1g (a)

PAV
RAT




mimA+mB+mC:Zmi VA I/i) VC

P=patpy+pc=)p m m |
n=ny+ng+nc=)n np np e

(a) (b)
Referring to the fig. b
_PVa
A TRAT

PVa _ PaV
RAT RaT

m

Pa

PVa=PaV or VA:p—V

In general

2Pi

2Vi= \Y
p

But XPi = P, thus
2Vi=V




Therefore the volume of a mixture of gases is equal to the sum of the volumes
of the individual constituents when each exists alone at the pressure and
temperature of the mixture. This is the statement of another empirical law, the
law of partial volumes (so_mezt_im_es called Amagat’s law or Leduc’s law).

The amount of substance is defined and is given by
equation as n = m/m. By Avogadro’s law, the amount of substance of any
gas is proportional to the volume of the gas at a given pressure and temperature.
Referring to Fig. (a), the volume ¥ contains an amount of substance n of
the mixture at p and T In Fig. (b), the gas A occuples a volume Va at p and_
7, and this volume contains an amount of substance n,. Slmﬂarly there are
amounts of substance ng of gas B in volume V;, and ne of gas C 111 volume Ve.
Now from equation . - S

ZVi =V or VA+VB+ Vc +.. V

Therefore the total amount of substance in the vessel must equal the sum of
the amounts of substance of the individual constituents,

nAa+ng+nc+.....=n or Xni=n

The Molar Mass and Specific Heat Gas Constant

For any gas in a gas mixture occupying a total volume of ¥ at a temperature
T, from equation pV = nRT, and the definition of partial pressure, we have

PiV=niRe T
X(PiV)=ZX(niR°T)




But XPi =P, and Xni=n thus
PV=nReT

The mixture therefore acts as a perfect gas, and this is the characteristic equation
for the mixture. A molar mass is defined by the equation, M= m/n, where m is
the mass of the mixture and n is the amount of substance of the mixture.
Similarly, a specific gas constant is defined by the equation R =R°/M. It can
be assumed that a mixture of perfect gases obeys all the perfect gas laws.

To find the specific gas constant for the mixture in terms of the specific gas
constants of the constituents, consider equation both for the mixture and
for a constituent,

PV=mRT and PiV=miRiT
XPiV=XmMiRT then VEPi=TXmMiRi
ButXPi =P, therefore PV =T X mi Ri
Then PV=mRT=TXmRi
MRT=TXEmRi , MR = XmiRi
R= IR

Where % is the mass fraction of constituent




Example 2

The gravimetric analysis of air is 23.14% oxygen; 75.53% nitrogen, 1.28%
argon, 0.05% carbon dioxide. Calculate the specific gas constant for air and
the molar mass. Take the molar masses from Table

Molar mass

Analysis
Chemical
__Constii_:_uent syr__nbol By volume (%%) By mass (%) (kg/kmol)
Oxygen = O, 20.95 - 23.14 31.999
Nitrogen = N, 78.09 ~ 75.53 28.013
Argon Ar 0.93 7 1.28 39.948
Carbon dioxide CcO, 0.03 0.05 44.010
Solution
: R°
From Equation R= M . therfore
8.3145
= = 0.2598 kJ/kg K
©2 7 31.999 /ke
8.3145
== = 0.2968 kJ/kg K
N2 T 28.013 ke
8.3145
= = 0.2081 kJ/kg K
A 39,948 /ke
8.3145

44.010




— (0.2314 x 0.2598) 4+ (0.7553 x 0.2968) + (0.0128 x 0.2081)
+ (0.0005 x 0.1889) = 0.2871 kJ/kg K
ie Spemﬁc gas constant for air = 02871 kJ/kg K

(o)

From Equation Mair = Ea'r , therefore

" Mair = (83145 = 28.960 kg/kmol
0.2871

ie.  Molar mass of air = 28.96 kg/kmol

':":When the approxxmate analysis for air is used (i.e. 23.3% O, and 76. 7% N2
by mass) it 1s usual practlce to take R as 0. 287 kJ/kg K and i as 29 kg/kmol.

From Equatlons PIV-anOT,and PV=nReT
PiV _nR°T
PV nR°T

Pi_ni

P n

Combined with equation Vi= % \Y




This is an important result which means that the molar analysis is identical
w1th the volumetric analysis, and both are equal to the ratio of the partial
pressure to the total pressure. |

Another method of determining the molar mass is as follows. Applying the
characteristic equatlon , to each constltuent and to the mixture we have
m; = p;,V/R; T, and m = pV/RT

From Equation m = Xmi , therefore

PV _y PiV
RT < RiT
P  Pi
R ~* &
From Equation R = M
MP o MiPi
R~ > R
PM=XPi Mi
_« Pi .
M=X P Mi
. Pi _ni_YVi i
From Equation P-n-V obtained




Example 3

The gravimetric analysis of air is 23.14% oxygen, 75.53% nitrogen, 1.28%
argon, and 0.05% carbon dioxide. Calculate the analysis by volume and the
partial pressure of each constituent when the total pressure is 1 bar.

Solution

From equation the analysis by volume, V;/V, is the same as the
fraction m;/n. Also from equation , n; = m;/M , therefore considering 1 kg
of mixture we have the tabular solutlon shown in Table

o _ Cm; RV P '”n;- = mi/MQ H ng/n=Vv,/V
Constituent (kg) (kg/kmol) (kmol) (%)
Oxygen 0.2314 31.999 - 0.00723 ——?—’ x 100 = 20.95
0.03452
.02
Nitrogen 0.7553 28.013 0.02696 M x 100 = 78.09
0.03452
0.00032
Argon 0.0128 39.948 0.00032 ———— x 100 = 0.93
0.03452
Carbon
00001
dioxide 0.0005 44.010 0.00001 9—90—~ x 100 = 0.03
0.03452

n=> n; = 0.03452




.'From equation ,Pi/p=V,/ V “--'nI / n, therefore p: = (n;/n)p, hence using
the volume fractlons from Table .

_for 0,  po,=02095 x 1 = 02095 bar
for N, pn, = 0.7809 x 1 = 0.7809 bar
for Ar  pa = 0.0093 x 1 = 0.0093 bar

for CO,  pco, = 0.0003 x 1 = 0.0003 bar

Example 4

A mixture of 1 kmol CO2 and 3.5 kmol 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:

(i) the masses of CO,, O,, and N,, and the total mass;

(ii) the percentage carbon content by mass;
(i11) the molar mass and the specific gas constant for the mixture;
(1v) the specific volume of the mixture.

Take the molar masses of carbon, oxygen and nitrogen as 12 kg/kmol,

_ 32 kg/kmol and 28 kg/kmol respectively. __




Solution

: (1) From equatlon , n; = (V;/ V)n we have

D n0=021x35—-0735kmol
and nn, = 0.79 x 3.5 = 2.765 kmol
From equation , m; = m;M;, therefore
mco, = 1 x 44 = 44 kg
- mgo, = 0735 x 32 = 23.55 kg
and  my, = 2.765 x 28 = 77.5 kg
Total mass, m = mqg, + my, + Mco,
= 23.55 + 77.5 + 44 = 145.05 kg

12 x 100
ie.  Percentage carbon in mixture = —1—4—.);—05-— = 8.27% by mass

" (iii) From equation (6.10), n = Y n;, then

R = nCO2 + noz -+ nN2 = ] + 0.735 + 2,765 = 4.5 kmOI
Then using equation (6.17),

2%




we have
- M= (—- X 44) (ﬁf X 32) (2765 X 28) = 32.2 kg/kmol
'- 4.5 4.5 4.5 T

| 1e - Molar mass of m1xture = 32 2 kg/kmol |

From equatlon (2 9), R RO/M, we have

8 3145
_ 0 2581 kJ / kg K

1e | 'Spcpl_ﬁc_ gas_ -_co_nstant for the.mxxture =0.2581kJ/kgK
~ (iv) From equation , pv = RT, therefore

RT 02 81 x 288 x 10°
= 8L x 288 X 1 _ 07435 m3/kg
- p 1 x 107
where T = 15 + 273 = 288 K.
i.e. specific volume of the mixture at 1 bar and 15°C is 0.7435 m?/kg.




Example 5

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 O, required and the volume of the
container, per kilogram of H,, if the pressure and temperature are 1 bar and
15°C respectively. Take the molar masses of hydrogen and oxygen as
2 kg/kmol and 32 kg/kmol.

Solution
Let the mass of O, per kilogram of H, be x.

From equation

, n; = m;/mM;, therefore

1
g, = — = 0.5 kmol and ng, = X kmol
2 > R A2 32
From equation , Vi/V = n;/n, therefore
Vi
Via, B and P2 =2 (given)
Vo, no, ©.
0.5 . 32 % 0.5
i.e. ——— = 2 therefore x == — > = 8 kg
x/32 2
i.e. Mass of oxygen per kilogr'éi'rh“of hjzdrogen = 8 kg

The total amount of substance in the vessel per kilogram of H, is

| 8
n = ny, + no, = 0.5 +;—2= 0.5 + == = 0.5 + 0.25 = 0.75 kmol

Then from equation '

pV = pRI’

therefore

0.75 8.

3145 =< 288 x 10°
1 x< 105 ':

— 17.96 m?




Example 6

A vessel contains a gaseous mixture of composition by Volume 80 /0 H,
and 20% CO. It is desired that the mixture should be made in the proportion
50% H, and 50% CO by removing some of the mixture and adding some
CO. Calculate per kilomole 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 durmg the procedure :

Take the molar mass of hydrogen and carbon monoxide as 2 kg/kmol
and 28 kg/kmol.

Solution

‘Since the pressure and temperature remain constant, then the amount of
substance in the vessel remains the same throughout. Therefore the amount of
substance of mixture removed is equal to the amount of substance of CO added.

Let x kg of mixture be removed and y kg of CO be added.
For the mixture, from equation

V
M=} ”I‘/EMi
therefore,

M= (0.8 x 2) + (0.2 x 28) — 7.2 kg/kmol

Then using equation >, 1 = m/™M, we have

. x
amount of substance of mixture removed = ﬁ kmol

amount of substance of CO added = 23)—8 kmol

and x/7.2 = y/28




From equation , Vi/V = n;/n, therefore

: : X X
_amount of substance of H, in the mixture removed = 0.8 x 239 kmol

and amount of substance of H, initially = 0.8 x 1 = 0.8 kmol
Hence amount of substance of H, remaining in vessel = (0.8 — g) kmol

But 1 kmol of the new mixture is 50% H, and 50% CO, therefore

08 — % =05
83

i.e. x =(08—0.5)x9 =27kg

ie. | Mass of mixture removed = 2.7 kg
Also since x/7.2 = y/28, therefore
28 28x27

oy =—xx=——=105k

ie.  Massof COadded = 105kg




Specmc Heat Capacmes of Gas Mixture

"It was shown 1n seetlon that as a consequence ‘of the Gibbs—Dalton law

‘the internal energy of a mixture of gases is glven by equatlon , mu =) mu,.
Also for a perfect gas from equation ,u=c, T Hence substltutmg we have

me, T =Y mic, T
therefore
me, = Y mc,
m.
or Cy =) —Cy

m

Similarly from equation , mh =) m;h;, and from equation (2.18), h = c, T,
therefore

therefore
mc, = Z m;c,
. m;
or. =) —

S —— : m cPf ' | |




From equations
GG = Z Z—"Cui =y (Cpf )
~ Using equation €y = Cy = R,, therefore

¢p— ¢ =), —R,
7 m

Also from equation , R = Z—@:Ri, therefore for the mixture
¢, — ¢, =R
The equations , can be applied to a mixture of gases,
| R R |
_ &; e, c, = R
. -.Cv. ’}’ T 1 L _'}’: R 1 S _
It should be noted that y must be determined from equation ; there is

no welghted mean expressmn as there i for R, c,,, and Cp




Example 7

The gas in an engine cylinder has a volumetric. analySIS of 12% COZ, 11.5%
O,,and 76.5% N,. The temperature at the beginmng of expansion is 1000 °C
and the gas mixture expands revers1b1y through a volume ratio of 7 to 1,
according to a law pv'-25 = constant. Calculate the work done and the heat
flow per unit mass of gas. The values of ¢, for the constituents averaged over

the temperature are as follows: ¢, for CO, == 1 271 kJ/kg K; ¢, for
-'02—1110kJ/kgK ¢, for N2—1196kJ/kgK S '
Solution
From equation m; = m;M;, therefore a converswn from volume fractlon to
mass fractlon is as given in Table . Then using e_quatlon and the mass
fractlons from Table |
m;
c,= ) —¢C
p Z m Pi

therefore |

¢, =(0.174 x 1.271) + (0.121 x 1.110) + (0.705 x 1.196)

= 1.199 kJ/kg K | |
n; M; m; = n;M;

Constituent (kmol) (kg/kmol) (kg) m;/m
Carbon dioxide 0.120 44 5.28 5.28/30.36 = 0.174
Oxygen 0.115 32 3.68 3.68/30.36 = 0.121
Nitrogen 0.765 28 21.40 21.40/30.36 =.0.705

m=> m; = 30.36




From eqgquation , R =Y (m;/m)R,;, and from equation ., R; = R°/™;,
therefore

e T (0 174 o s;ms) (0 121 8. 3;245) . (0."705 g 8.:;345)

— 0.274 kJ/kg K

Then from equation , ¢, — ¢, = R, we have

P
7 = 1.199 — 0.274 = 0925 kJ/kg K
The work done per kg of gas can be obtained from equation
R(1; — Ti)
n— 1

W:

T, can be found using equation

Tz_( )n—l ( )025.
,_T1. : Do

1273
T, = = 782.6. K
I 2_____7025_ 1.627 o
- Where T1 = 1000 + 273 = 1273 K. Therefore

_ 0.274(782.6 — 1273)

= —537.5kJ/kg

1.25 — 1
ie. Work done by the gas mixture — - 537.5 kJ/kg
Also from equation , for unit mass, u, — 1, = c,(7, — T;), therefore
ty — u, — 0.925(782.6 — 1273) = —453.6 kI /kg
Finally, from the non-flow energy equation , QO + W = (uy — tiq),
—— 1.C. O — 537.5 = —453.6 therefore Q = 83.9 kJ/kg ——

i.e. Heat supplied = 83.9 kJ/kg




Example 9

A producer gas has the following volumetric analysis: 29% CO, 12% H,,
3% CH,, 4% CO,, 52% N,. Calculate the values of &,, &,, ¢,, and ¢, for
the mixture. The values of &, for the constituents are as follows:
for CO, ¢, =29.27 kJ/kmol K; for H,, &, = 28.89 kJ/kmol K; for CH,,
¢, =35.80kJ/kmol K; -for CO,, ¢&,=3722kJ/kmol K; for N,, &,=
29.14 kJ /kmol K. : A ' o
The molar masses may be taken as follows: for H,, 2 kg/kmol; for CH,,

16 kg/kmol; for CO,, 44 kg/kmol; for N,, 28 kg/kmol.

Solution

From equation
~ n;
&p =2, ;Cp:

Therefore, -
&, = (0.29 x 29.27) + (0.12 x 23.89) + (0.03 x 35.80)
+ (0.04 x 37.22) + (0.52 x 29.14)

-i_.e. &, = 29.67_0’_7_ kJ/kmoI K
From equation | | |
¢, — &, = R°
therefore -
&, =&, —Ro= 29.6707 — 8.3145 = 21.3562 kJ/kmol K
ie. - é, = 21.3562 kJ/kmol K '
' 'The molar mass can 'b_e found 'ﬁ_‘om _eqt_iation , 1.e.

M= Z% M;

= (0.29 x 28) + (0.12 x 2) + (0.03 x 16) + (0.04 x 44)
26
' 4 (0.52 % 28) | | |




Cp e, <y C, M R

Gas (kJ/kg K) Y (kJ/kmol K) {kg/kmol) (kJ/kg K)
Diatomic . 3 S -

Carbon monoxide (CO) 1.0410 - 0.7442 1.399 29.158 20.845 28.010 0.2968
Hydrogen (H,) 14,3230 10.1987 1.404 28.875 20.561 2.016 4.1243
Nitrogen (N,) 1.0400 0.7432 1.399 29.134 20.819 28.013 0.2968
Oxygen (O5) 09182 0.6584 1.395 29.382 21.068 31.999 0.2598
Monatomic o '

Argon (Ar) 0.5203 0.3122 1.666 20.786 12472~ 39.950 0.2081
Helium (He) _ 5.1930 3.1159 1.666 20.788 12,473 4.003 20771
Triatomic _ ' : _ .
Carbon dioxide (CO,) 0.8457 - 0.6568 ~1.288 37.219 - 28.906 44.010 0.1889
Sulphur dioxide (SO,) -0.6448 - 0.5150 1 1.252 41.306 32.991 64.060 0.1298
Hydrocarbons B ' ' B S

Ethane (C,Hg) ©o1.7668 - 14903 1.186 53.128 44,813 30.070 0.2765
Methane (CH,) - 2.2316 1.7132 1.303 © 35795 - 27.480 16.040 0.5184

Propane (C3;Hg) 1.6915 1.5029 1.126 74.578 66.263 44,090 0.1886

ie. M= 25.16kg/kmol

Then from equation
and |
g, 2. 3562
c

Values of y, c,, ¢, Cpa vaM, _and R at 300 K for some of the more common
gases are shown in T able G




Adiabatic Mixing of Perfect Gases

Consider two gases A and B separated from each other in a closed vessel by a
thin diaphragm, as shown in Fig. (a). If the diaphragm is punctured or
removed, then the gases mix as in Fig,. (b), and each then occuples 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 therefore there will be an increase in entropy of the
system. t is shown that there is always an increase in entropy
of a thermally isolated system which undergoes an irreversible process.

Gf:,‘s A G;;S Gas mixture
. e p, T
A B V = VA + VB
V, v, n=n, + ny
(a) | -~ (b)
It is shown that in a free expansion process the internal
energy initially is equal to the internal energy finally. In this case, from

equation

U= nz‘\gwL Ty + ]/IB&-’UB Ty

and Uz = (nAEUA 4 nBEUB)T




Extending this result to any number of gases,
U=YneT and U,=T) ngé,
Then U1 = U2

ie.  Ymg,T=T)mnt,

. Y&, T,
1.€. T = chw
Example 10

A vessel of 1.5 m3 capacity contains be_gé’r’_i at 7 bar and 40°C. The vessel
is cdnnected to another vessel of 3 m?3 capaCity containing carbon monoxide
at 1'bar and 15°C. A connecting valve is opened and the gases mix
adiabatically. Calculate:

(1) the final temperature and pressure of the mixture;
(ii) _the change in entropy of the system.

For oxygen, &, = 21.07 kJ/kmol K ; for carbon monoxide, &, = "20.86 kJ/

kmo] K.
Solution B
- : 14
From equation »n=_—
KT
Therefore
7 x 10° x 1.5

e — noz jmamsd

= 04035 where Tp, =40 + 273 = 313K

8.3145 x 313 x 107



and
i 1x105%x3

= it s w103 = 1253 where Too = 15 4 273 = 288 K
. X y X

Rco
‘Before mixing
U, =) (n¢&, T = (04035 x 21.07 x 313) 4 (0.1253 x 20.86 x 288)
ie. U, =3413.8kJ
| After: mixing |
| Uy = T.Z_(”iav:) = T{(0.4035 x 21.07) + (0.1253 x 20.86)}
je. U,=11118 x T |

-For adiabatic mixing, U, = U,, therefore
34138 = 11.118 x T therefore T = M = 307 K
11.118
i.c. Temperature of mixture = 307 — 273 = 34 °C

From equation
P = T

Therefore

(0.4035 + 0.1253):>< 8.3145 x 307 x 103
p = = 3 bar
(1.5 + 3.0) < 7105 _

Pressure after mixing = 3 bar




(ii) The change of entrop§ of the system is equal to the change of entropy
of the oxygen plus the change of entropy of the carbon monox1dc thls follows
Afrom the Gibbs—Dalton law. . S S -

Rcferrmg to Fig.

.by replacing the process undergone by the oxygen by

to A and A to 2.
For an 1sothermal process from 1 to A, from equation

-5, =R ln(V VA)
V; 7

KA-) = (4035 x 83145 x ln(%) = 3686 kJ/K

V

, we have

) or SA-—Slmlen(

e S,-8 = nROln(

At constant volume from A to 2,

AdT T. T
SA“SZﬂCUJ mzcvln(i) or §,—35,=mc, ln( 1)
2 T I} T
T, 313
§,—8,=ni,In ( ) 0.4035 ><21 07 xln( ) 0.1683 kJ/K
T, 307

therefore T
S, — S, = 3.686 — 0.168 = 3.518 kI/K

, the change of entropy of the oxygen can be calculated

the two processes 1

el 4




Referring to Fig. , the change of entropy of the carbon monoxide can be
found in a similar way to the above,

l.e. S _SI *"-(SB"'"‘S )+(SZ_SB)

therefore A

S, mSl—nROIn( )-i—nc ln( ) -
Vi T 2

{0 1253 x 8. 314 X 111(435)}
o 0. 1253 X 20 86 >< ln(307)} T

j';{_therefore

s, S1 —0s0k/K

'-;Hence the change of entropy of the whole system is glven by
(82— S1)yysem = (82— St)o, + (52 = Si)eco

e, 1.C. Change of entropy of system = 3.518 + 0.590 = 4.108 kJ/K




Another form of mixing is that which occurs when streams of fluid meet
to form a common stream in steady flow. This i1s shown diagrammatically in
"lFlg 6.7. The steady flow energy. equatlon can be apphed to the mixing section,
__and changes in kmetzc and potentlal energy are usually negligible,

1e. - mAhA + mBhB + Q + W= mAhA2 + mphg,
For adlabatlc ﬂow Q = 0 and also W =01n thls case, therefore
-mA-hAl + mBhBil = Mpha, + Mighy,

Boundary

Mixing of two fluid streams

From equatlon , h = ¢, T hence

mAc TA + mpc, Iy =mpc,, T + mge, T




For any number of gases this becomes

- 2(me, T) = T Y (myc,,)
Z(mf Pi

le.
Y (inc,)

Also, since from equation , &, = mc,, and M= m/n from equation

then
nc = MC,
" né , T

Hence Tu- Z( B )

Equatlons represents one condition which must be satisfied

in an adiabatic mixing process of perfect gases in steady flow. In a particular
problem some other information must be known (e g. the final pressure or
specific volume) before a complete solution is possible. To find the change of
-entropy. in such a process the procedure is as described above for adiabatic
mixing by a free expansion. The entropy change of each gas is found and the
results added together. |




