Chapter One

Mixtures of ideal gases




*1. Introduction

Any equation that relates
v"  The pressure P
v"  The temperature T, and

v"  The specific volume v of a substance is called an equation of state

An ideal or perfect gas is one which strictly obeys all the gas laws
under given conditions of temperature and pressure.

.1 The characteristic gas equation

The physical properties of a gas is governed by
v"  The pressure P exerted by the gas

v"  The volume v occupied by the gas, and

v The temperature T
The behavior of an ideal gas undergoing any change in the above
conditions is governed by such laws as:

1. Boyles law, and

2. Charles law



v
Cont...
Boyles law states that:

» The volume of a given mass of a gas varies inversely as its absolute pressure provided
that the temperature remains constant. Thatis when T is constant

OR
» The pressure of the gas 1s mmversely proportional to the volume

Charles law which states that:

» The volume of a given mass of a gas varies directly as its absolute temperature
provided the pressure is kept constant. i.e. when P is constant
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However, 1n engineering practice, volume, pressure and temperature of a system all vary
simultaneously.

Thus, by combining these two laws (1.e. Boles and Charles law) a more general equation for a
mass of gas undergoing changes in volume, pressure & temperature Can be obtained.

When both temperature T & pressure P varies, the volume of a gas varies directly with
temperature & inversely with pressure. 1.e.



*Cont...

*Introducing the proportionality constant R equation (1.3)
can be written as:

» The constant of proportionality R is called the characteristic gas constant
or simply the gas constant

Equation 1.4 can be written as:

Where - P is the absolute pressure of gas in N/m?
- T is the absolute temperature of gas in K
- v is the specific volume in m3/kg

*Note that: Equation (1.5) is called the characteristics gas equation or the
ideal gas equation of state or simply the ideal gas relation and a gas that
obeys this relation is called an ideal gas.
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*For a given mass m of a particular gas equation (1.5) can
also be written as:

SAVAECI ¢ 1] 23 [ .(1.6)
How?

1.2 The universal gas constant, Ru

* The product of the gas constant R and the molecular weight M (also called the
molar mass) of the gas is constant known as the universal gas constant. i.e

I L R (1.7)

Thus, Ru is the same for all substances & its value is 8.314kJ/kmol*K

* Thus, the gas constant R for any gas can therefore be determined from
equation (1.7)

R = RU/Moreeoeeeeoeeeeseereee e .(1.8)

* Note that: The gas constant is d/t for each gas



*1,3 Avogadro’s Law

* Avogadro’s law states that equal volume of all gases contain the
same number of moles at the same pressure and temperature.

» From this it follows that proportions by number of moles are also proportional by
volume. How?

* Consider two gases A and B with Pa = Pb = P and Ta = Tb = T from the characteristic
gas equation (1.6)

PV, = m_R,T and PV, = m R, T
If V, =V, =V, then
PV=mRT & PV = m,R,T , combining them
R = MR .covecreiirainrinnicsacssaissassanssarnssnsssnssast U .(a)
But from the number of moles relation, i.e.
n, = m,/M,
m, = N,M, simitary Mp= MMy .(b)
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*Thus, substituting equation (b) in to (a), we obtain
NMR, = NMR, oo .(C)
But MR, = M,R, = R,
Thus equation (c) becomes
n,R, = N,R,

Ny = Ny
Hence, n,/n, =v,/v, How? Assignment
*Therefore, we can say that, if there are twice the number of
moles present for gas A as there are for gas B, then gas A will
have twice the volume of gas B at the same pressure and

temperature



*1,4 Gravimetric analysis

1.4.1 Composition of a gas mixture: Mass & mole
fraction
*To determine the properties of a mixture, we need to know
*The composition of a mixture as well as
*The properties of the individual components
*There are two ways to describe the composition of a mixture:

* Either by specifying the number of moles of each component, called
molar analysis or

* By specifying the mass of each component, called gravimetric analysis or
mass analysis

* Gravimetric analysis & (epsilon) of a mixture of gas gives the percentage or fraction
by mass of each constituent in the mixture.

*The gravimetric or mass analysis of a mixture of gases A, B & C, with masses m,, m,
& m,, respectively are given by:

&, =ma/(m, + m, + m)=m,/m_

E,wb - mb/(ma i my, i mc) = rnb/mm

E.=mJ(m,+my+m)=mJm_ ..................... (1.9)
Where m_, is the mass of the mixture = m, +m, + m,



*Cont....

*In a more general form, Consider a gas mixture composed of k components The
mass of the mixture m_ is the sum of the masses of the individual components, and
the mole number of the mixture N, is the sum of the mole numbers of the individual

components (Figs. 1 and 2). That is,

m, = Z m, and ‘l,‘ = 2:1'.” ................ (1 .10a and b)

Hl 'Dz HE + DE

6 kg 32 kg 38 kg

FIGURE 1: The mass of a mixture is equal to the sum of the masses of its
components.

Hl D} HE + DE

3 kmol I kmol 4 kmol

FIGURE 2: The number of moles of a non reacting mixture is equal to the sum
of the number of moles of its components.

Where the subscript m denotes the gas mixture and the subscript i denotes
any single component of the mixture. °
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*The ratio of the mass of a component to the mass of the mixture is
called

* the mass fraction mf, and
*The ratio of the mole number of a component to the mole number of
the mixture is called
i m; - N,

*Thrte e can cav that tha eom of the mass fractions or mole fractions

A

for Ei:ﬂ:'! =1 and Dy, =1 €. How?

- Just dividing equation (1.10a) by m_, or equation (1.10b) by N_, would give us
unity
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* The mass of a substance can be expressed in terms of
* The mole number N and
* The molar mass M of the substance as:
= NI ORI DR PR | .. (1.12)

* Then the apparent (or average) molar mass and the gas constant of a mixture can be
expressed as

My E”-’;‘ B Z-"'*:.-Ma' _ : _ _ kK,
M, = NN N i_=|;i.,_1,f!. and R, = T (1.13a, b)
Y = My My I _ I
S S R I ™Y 1.14
N, Zm”MJ m; [ (m,M;) 1”1_[] (1.14)
T =M g
1; N. M, M,
mf, = —+ = T T Vi e (1.15)
g M e M are related by
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3
1.5 P-V-T behavior of gas mixtures; ideal and real

*The predlctlon of the P-v-T behavior of gas mixtures iIs usually based on two mgggé

* Dalton’s law of additive pressures, and
* Amagat’s law of additive volumes.
* Amagat’s leduc law states that:

*The volume of a gas mixture is equal to the sum of the volumes each gas would
occupy if it existed alone at the mixture temperature and pressure (as shown in
figure 3).

Gas A Gas B Gas mixture
P T 4 PT | _ A+ B
- P, T
Vs Vg Va+ Vg

FIGURE 3: Amagat’s law of additive volumes for a mixture of two ideal

. ases
*Dalton’s law of additive pressures: states that =

* The pressure of a gas mixture is equal to the sum of the pressures each gas would
exert if it existed alone at the mixture temperature and volume (Fig. 4).
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Gas A Gas B Tas
W, T W T mixture
- = A+B
W T
P_'J_' FB P..-l + Pﬂ-

FIGURE 4: Dalton’s law of additive pressures for a mixture of two
ideal gases

* Dalton’s and Amagat’s laws hold exactly for ideal-gas mixtures, but only
approximately for real-gas mixtures.

*This is due to intermolecular forces that may be significant for real gases at high

densities.
* B 3 R . - . . Py
I¢ Yo Jepnare — \ | . '
Dalton’s law. P, :%'i Pi{T V exact for ideal gases, 116
) _ :__1.].-:']:']-{_-'}:]]-[-_ :’.1.':'3 oooooooooooooooooooo . a,
PR L | for real gases b
Amagat’s law. Vg = :l Vil Ty P J

In these relations:
P. is called the component pressure and
V. is called the component volume (5ee figure 5 below).
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0, + N, N

100 kPa 100 kPa
400 K 400 K
1 m? 0.7 m?

FIGURE 5: The volume a component would occupy if it existed alone at the mixture T
and P is called the component volume (for ideal gases, it is equal to the partial volume y; V,.)).

*In addition, the ratio P,/P,, is called the pressure fraction and
the ratio V;/V,, is called the volume fraction of component I.

“For ideal gases P; & V, can be related to y, by using the ideal-gas relation for both the
components and the ga. P,(7,,, V,,)  NRT,/V, N,

— — 'll_" |.

.Fm 'lllldej_;rll 1|.J"II;_ J;I|||Ilrrll1
U;: |: T"" 3 P-"H:I ‘HI"'rE'Ru Tr.ﬂ_n': P il .""rri

M‘“ - ‘h'.rﬂ'JR b T:u:-'"rP m B P"-'rr.ﬂ -

.I'D i I..,.r':. A

]EI“_: N I"'"I o 1I'|-| . [ 000 C -(1.17)

*Therefore
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*Equation 1.17 is strictly valid for ideal-gas mixtures since it is derived by assuming
Ideal-gas behavior for the gas mixture and each of its components.

*The quantity y;*P,, Is called the partial pressure (identical to the component
pressure for ideal gases), and

“the quantity y,*V__ is called the partial volume (identical to the component volume
for ideal gases).

Note that for an ideal-gas mixture, the mole fraction, the pressure fraction, and the
volume fraction of a component are identical.

15
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Examples

1. Somebody claims that the mass and mole fractions for a mixture of CO, and N,O

gases are identical. Is this true? Why?
Solution
*Yes, because both CO2 and N20 has the same molar mass, M = 44 kg/kmol.

2. Consider a mixture of two gases A and B. Show that when the mass fractions mf, and

mfg are known, the mole fractions can be determined from

M
-.L.ﬂ = . - mld :llllH = l — :Il'l..ﬂ-l
M_A{I;I'I'lfd— ]}‘I’Mﬂ

where M, and M are the molar masses of A and B.

Solutions 16
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Analysis The mass fractions of 4 and B are expressed as

m N M M . M
mf, = A4 4 Vy = and miyz =g 5
m,, N, M, M, M

Where m is mass, M is the molar mass, N is the humber ot moles, and y is the
mole fraction. The apparent molar mass of the mixture is

m

1 N M, +NgM,

™ y
.L;.Ir'j.rm — — — T_i.ﬂ-ff-A + TE..'."VIB
N N o ‘
“'m “'m
C(Jllluullllg LIIE LWU €udLlIVIl auuve dilu HULIE UldL Y 4 T Yp =1 8IVED UIE

following convenient relations for converting mass fractions to mole fractions,

B Mg
M, (1/mf; -1)+ Mg

which are the desired relations. 17

V4 and yvp=1-v,
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3. A gas mixture consists of 5 kg of O,, 8 kg of N,, and 10 kg of CO,. Determine (a) the

mass fraction of each component, (b) the mole fraction of each component, and (c)

the average molar mass and gas constant of the mixture.

Solution

*The molar masses of 0,, N,, and CO, are 32.0, 28.0 and 44.0 kg/kmol,
respectively (Table A-1)

(a) The total mass of the mixture is
My, =Mg, +Miy, +Mco, =5kg+8kg+10kg=23kg

i

Then the mass fraction of each component becomes

Mg, Ske
mfy =—2 =——= =0217
> m, 23kg 5ke O
5kg O
my,  8kg 8 ke N,
mfy, =——=—"=0.348 -
M m,  23kg 10 kg CO,
Mco, 10kg
mfcq, = W2 — =0.435

m, 23 kg

™
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(b) To find the mole fractions, we need to determine the mole numbers of
each component first,

Mg, 5ke )
Ny, = O _ = =0.156 kmol
° Mg, 32kg/kmol
My, gk
Ny, = N2 _ 2 ~0.286kmol
0 My, 28kg/kmol
Mo, 10kg
Neo. = D _ ———=0.227 kmol

% Meo.  44kg/kmol

TI"\I 1~

N, , =Ng, + Ny, +Nco, =0.156 kmol+0.286 kmol +0.227 kmol = 0.669 kmol

No, ~ 0.156kmol

Vo, = = =0.233
* N,  0.699kmol
e Ny, 0.286kmol 0.428
TR N, 0.669kmol
Nco,  0.227 kmol
Voo, == = 0.339

N,, ~ 0.669 kmol 19
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(c) The average molar mass and gas constant of the mixture are determined
from their definitions:

Y _m,  23kg
"N 0.669 kmol

m

= 34.4 kg/kmol

and
R, 8.314kl/kmol-K
34.4 kg/kmol

R =

=0.242kJ/ke- K
"M s

m

4. Determine the mole fractions of a gas mixture that consists of 75 percent CH4 and 25

percent CO2 by mass. Also, determine the gas constant of the mixture.

Solutions

*The molar masses of CH4, and CO2 are 16.0 and 44.0 kg/kmol, respectively
(Table A-1)

* Analysis For convenience, consider 100 kg of the mixture. Then the number
of moles of each component and the tgtal number of moles are
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m 75k
Meg, =715kg —— Ny, = o : g 4688 kmol
' Mcy, 16kgkmol
Mco, 25 kg
Meg, =25kg —> Nego, = €0, _ —— =0.568 kmol
: * Mco, 44 kg/kmol
N, =N

m

cu, T NVco, =4.688 kmol+0.568 kmol =5.256 kmol

*The molar mass and the gas constant of the mixture are determined from
their definitions,

21
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5. A gas mixture consists of 8 kmol of H, and 2 kmol of N,. Determine the

mass of each gas and the apparent gas constant of the mixture.

Solutions
Answers: 16 kg, bo kg, 1.15b kl/kg - K

22
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Example 2 .A gas mixture at 300 K and 200 kPa consists of 1 kg of
CO2 and 3 kg of CH4 Determine the partial pressure of each gas
and the apparent molar mass of the gas mixture.

* Assumptions Under specified conditions both CO2 and CH4
can be treated as ideal gases, and the mixture as an ideal gas
mixture.

*Properties The molar masses of CO2 and CH4
are 44.0 and 16.0 kg/kmol, respectively (Table A-1)

*Analysis The mole numbers of the constituents are

23



Meo, .. 1kg

m =¥k ——> Neo. = = =0.0227 kmol
00, & 0 MCO: 44 kg/kmol 1 kg CO,
3 kg CH,
m 3k
g, S0k — Ny, = g —0.1875 kmol
! ' Mgy, 16kg/kmol 300K
200 kPa
N,, = Neo. + Ny, = 0.0227 kmol +0.1875 kmol = 0.2102 kmol
2 3
Nco,  0.0227 kmol
Yoo, = = LWl 0.108
* N,  0.2102 kmol
N, 0.1875 kmol
i S 2 0.892
4

N,  0.2102 kmol

*Cont..
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Then the partial pressures become
Peo, = Vco, P =(0.108)200 kPa) = 21.6 kPa

Pey, = Yeu, Py =(0.892)200 kPa)=178.4 kPa

The apparent molar mass of the mixture 1s

o= Y€ 1903 ke /kmol

"N 0.2102 kmol

m
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