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Develop rules for determining nonreacting gas mixture properties from
knowledge of mixture composition and the properties of the individual
components.

Define the quantities used to describe the composition of a mixture,
such as mass fraction, mole fraction, and volume fraction.

Apply the rules for determining mixture properties to idealgas
mixtures and real-gas mixtures.

Predict the P-v-T behavior of gas mixtures based on Dalton's law of
additive pressures and Amagat's law of additive volumes.

Develop the concept of chemical potential and determine the separation
work of mixtures...




COMPOSITION OF A GAS MIXTURE: MASS AND MOLE FRACTIONS

To determine the properties of a mixture, we need to know the composition of the 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.
k k
H, O, H, + O, m, = Z m; V¢ N, = 2 N,
i=1 fun]
6 kg 32 kg 38 kg

The mass of a mixture is equal to the

sum of the masses of its components.

the ratio of the mole number of a
component to the mole number of the
mixture is called the mole fraction y

H, + O,

4 kmol

The number of moles of a nonreacting

mixture is equal to the sum of the
number of moles of its components.

The ratio of the mass of a component to
the mass of the mixture is called the
mass fraction m;

m,

mf; =
m,,




the apparent (or average) molar mass

the sum of the mass fractions or mole
fractions for a mixture is equal to 1 cr

m = NM
R,
J'nlfirm

gas constant R, =

The molar mass of a mixture can also be
expressed as

m m |

m

" ]
M = = —
" Nm E”’I,‘/Mj Ean/(nquf)

L, mf;

k

Mass and mole fractions of a mixture

m; 17\[ i M ; M i
— =k

= ¥
N!'HMHF MfH

mf, =

m,,
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The sum of the mole fractions of a
mixture is equal to 1.



Example 13-1

Consider a gas mixture that consists of 3 kg of O2, 5 kg of N2, and 12 kg 3keg O,
of CH4. Determine; 5kg N,
(a) the mass fraction of each component, 12 kg CH,

(b) the mole fraction of each component, and
(c) the average molar mass and gas constant of the mixture.

(a) the mass fraction of each component, ¢ Mg, 3 kg i
mfy = - = (.15
m, = Mg, + my, + Mcy, =3 +35 + 12 = 20 kg 02 m,  20kg
my, Sk
mfy, = A - 0.25
* m, 20kg
m 12 k
(b) To find the mole fractions, we need to determine the mfcy, = i = = 0.60
mole numbers of each component first: L 20 kg
Mg, 3 ke
Ny = —= = S = (.094 kmol
> My, 32 kg/kmol
iy, 5K
Ny = —2 = &  — 0.179 kmol
* My, 28 kg/kmol
v el T o)
T Mey,  16kg/kmol 0T




N, = No, + Ny, + Ncg, = 0.094 + 0.179 + 0.750 = 1.023 kmol
No,  0.094 kmol

e = 0.092
Yo: =N T 1,023 kmol

N Ny, 0.179 kmol AT
N N 1.023kmol

Ncu,  0.750 kmol 0.733
1_:' —t — — e s T
SCR N 1.023 kmol

(c) The average molar mass and gas constant of the mixture are determined from their
definitions,

m,, 20 kg
N,  1.023 kmol
M, = E}"f M; = J""n::rgﬂ‘”fr::-2 i .'}""1~~Igﬂ*ff1~~12 + }"cmMcm
= (0.092)(32) + (0.175)(28) + (0.733)(16)
= 19.6 kg/kmol

R, 8314kJ/(kmol-K)
R, = = : = 0.424 kJ/kg- K
M, 19.6 kg/kmol

M, = = 19.6 kg/kmol




P-v-T BEHAVIOR OF GAS MIXTURES: IDEAL AND REAL GASES

The prediction of the P-v-T behavior of gas mixtures is usually based on two models:

Dalton’s law of additive pressures: 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.

Amagat’s law of additive volumes: 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.

(Gas A Gas B 1335 Gas A Gas B Gas mixture
V. T VA i mixture
i P T PT |_ A+ B
+ = A+B + —
U T g, I
Fﬂ PE PA + Pﬂ UA UB UA+ uﬂ

Dalton’s law of additive pressures for a Amagat’s law of additive volumes for a
mixture of two ideal gases. mixture of two ideal gases.




Dalton’s law:

Amagat’s law:

k
Vn; - E V.r(Tn." Pn:)J

3

P = E! Pi(Tw Vi) exact for ideal gases,

’ approximate

for real gases

P,- component pressure

P./P.. pressure fraction

V; component volume

V; /V,, volume fraction

;

O, + N,
100 kPa
400 K
1 m?

o laws are identical

O,
100 kPa
400 K
0.3 m?

Ny
100 kPa
400 K
0.7 m?

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, ).




Ideal-Gas Mixtures

I r‘(an U;r:) N :'R:;.Tm/ Vm N i
— —— == A7
P m P"’FmRuTm um N m B N
/ ﬁ PJ:LL/::\"I:T
VF(Tm' P m) N :‘RuTm/ m 'Nlr' ‘F }_,_;; uf.?.‘ *"I\"r.f.?.‘ -
— — i AL
Vm N mRuTm/ F m N m o

This equation 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.

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

Compressibility factor PV = ZNR,T

The compressibility-factor approach, in

general, gives more accurate results when
the Z’s in below equation are evaluated by
using Amagat’s law instead of Dalton’s law.

One way of predicting the P-v-T behavior of a
real-gas mixture is to use compressibility factors.




Another approach for predicting the P-v-T behavior of a gas mixture is to treat the gas
mixture as a pseudo pure substance.

One such method, proposed by W. B. Kay in 1936 and called Kay’s rule, involves the use of
a pseudo critical pressure and pseudo critical temperature for the mixture, defined in
terms of the critical pressures and temperatures of the mixture components as

Kay’s Rule Pseudopure substance
k k :
. Pom= E y; P,
) ! e . D . f — : cr.m=— 4 Bl
f er,m E ) r'}-:r. [ and T-:r. m Z ) ETL;'L I i=1
=1 =1 k
The compressibility factor of the mixture Z_ is then Teem= 2] Yi Tor, i
easily determined by using these pseudo critical e
properties.

The result obtained by using Kay’s rule is accurate to
within about 10 % over a wide range of
temperatures and pressures, which is acceptable for
most engineering purposes.




Example 13-2 2 kmol N,
Arigid tank contains 2 kmol of N, and 6 kmol of CO, gases at 300 K 6 kmol CO,
and 15 MPa. Estimate the volume of the tank on the basis of 300 K
(a) The ideal-gas equation of state, 15 MPa
(b) Kay's rule, V=1

(c) Compressibility factors and Amagat’s law, and
(d) Compressibility factors and Dalton’s law.

(a) The ideal-gas equation of state,.

N,R,T, (8 kmol)(8.314 kPa-m’/kmol - K) (300 K)

i — 3
Vi P = 15000 kPa = 1.330 m

N,, = Ny, + Ngo, = 2 + 6 = 8 kmol

(b) Kay’s rule

. Ny,  2kmol L Neo, 6 kmol
N n & kmol - CO, N, S baal

I w = E}"me,f = VN, LN, T Yco, Li.co,
= (0.25)(126.2K) + (0.75)(304.2K) = 259.7K
F o= E}":'Pk_r,i = VN, Pkr,Ng o .‘r"t::«:argJ"j'm-,@oE

= (0.25)(3.39 MPa) + (0.75)(7.39 MPa) = 6.39 MPa

0.25 ve

= 0.75




™

= T :_3001{ = 1.16
.. 239K
’ v 7w = 049
p, - B _ _15 MPa o
B o 6.39 MPa )
= Z’”N;f”T’” =Z,V. = (049)(1.330 m*) = 0.652 m’
(c) Compressibility factors and 1, 300 K i
Amagat’s law, N, Ien, = T = 1262 K = 2.38 |
P,  15MPa N[t
Prve = T 330MPa
T 300 K i
CO,: Txeo, = Toco, = Y
o Pn _ B5MPL [ Lo, = 00
S8 P, 139 MPa )

’ - Ln = E}-}-Z,- = YN, 2n, T Yeo,Zco,

= (0.25)(1.02) + (0.75)(0.30) = 0.48

ZHPNIHRH Tm 1
= =Z,\V. = (048)(1.330 m?) = 0.638 m’

m m ¥ miikemmel
PFIF




(d) Compressibility factors and Dalton’s law

UNE VH‘F/NNE
VRN, = 5 = —
i RI{TkJ',Ng/PCI',Ng RuTkr_.Ng;/Ph;Ng

_ (1.33 m?)/(2 kmol) L
(8.314 kPa - m*/kmol - K) (126.2 K)/(3390 kPa)
(1.33m%)/ (6 kmol) i
VRCO: = g 314 kPa - m*/kmol - K) (304.2 K)/ (7390 kPa) 0

Zn = YnZn, + Yoo, Zco, = (0.25)(0.99) + (0.75)(0.56) = 0.67

Zm Vm R Tm 5
= ot =7, V. = (0.67)(1.330 m%) = 0.891 m> V,, = 0.648 m"

i P m Y miikemmel
m

Discussion Notice that the results obtained in parts (b), (c), and (d ) are very close. But
they are very different from the values obtained from the ideal-gas relation. Therefore,

treating a mixture of gases as an ideal gas may yield unacceptable errors at high
pressures.




PROPERTIES OF GAS MIXTURES: IDEAL AND REAL GASES

extensive properties

k k k
= > U =D mu =D Ni (k1)
i=1 i=1 i=1
k k k
2 kmol A
6 kmol B
Uy=1000 KkJ
Up=1800klJ

'

U,,=2800 kJ

Je k
= AU, = m, Au, = > N.Au, k]
.-2 : 2 ' ; 2 : : ( ) The extensive properties of a

i=1

mixture are determined by

ﬁHm 2 _\.H 2 m, A,’? _ EN; ;U_:-'I- (k]) simply adding the properties

o oz of the components

- E AS; = E;m As; = EN:- A, (kJ/K)
i=1 f=1 j=1




intensive properties of a gas mixture

(kI/kg)  ve

R
Sy = E mf;s; (kl/kg-K) ve
i=1

k k

u, = > mfu; (kI/kg) ve U, = > vii; (kI/kmol)
i=1 =1

— ]r\- -

hy = > vh; (kl/kmol)
i=1

k
Suw= 25 (kI/kmol-K)
i=1

.—3—k-me]—B

2 kmol A

it,=500 kJ/kmol

=600 kJ/kmol

}

k
Cym = D mf;c,; (kI/kg-K) e
i=1

k
(L;?.H.' o 2 lnf.r"::.'l.: (I\‘]fal\g > K) ve
=1

k

Cvm = 21‘: Cy,i
k

(dl.'l.m 2 Yi '1‘].'1.#
i=1

(kJ/kmol - K)

(kJ/kmol - K)

i, =560 kJ/kmol

The intensive
properties of a mixture

are determined by
weighted averaging

Notice that properties per unit mass involve mass fractions (m,) and properties

per unit mole involve mole fractions (y,).

The relations given above are exact for ideal-gas mixtures, and approximate

for real-gas mixtures.
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Ideal-Gas Mixtures

Gibbs—Dalton’s Law: Under the ideal-gas approximation,
the properties of a gas are not influenced by the presence
of other gases, and each gas component in the mixture
behaves as if it exists alone at the mixture temperature T,
and mixture volume V_.

Also, the h, u, ¢, and o of an ideal gas depend on
temperature only and are independent of the pressure or
the volume of the ideal-gas mixture.

Partial pressure
of component {
at state 2

Partial pressure
of component i
at state 1

P g T }"f,zP m2 V€ P . .’F’f,lP

mi, 1

Partial pressures (not the
mixture pressure) are used in
the evaluation of entropy
changes of ideal-gas mixtures.




Example 13-3 o, N
An insulated rigid tank is divided into two compartments by a Tks 4 kg
partition. One compartment contains 7 kg of oxygen gas at 40°C 40°C 20°C
and 100 kPa, and the other compartment contains 4 kg of nitrogen 100 kPa | 150 kPa
gas at 20°C and 150 kPa. Now the partition is removed, and the two [ aeingn

gases are allowed to mix. Determine (a) the mixture temperature and
(b) the mixture pressure after equilibrium has been established.

| (a) the mixture temperature |
EB o Eg: = "ﬁ‘Esistem

0= AU = AUy, + AU,
[”IMU(Tm o Tl)]Ng + [mEU(Tm - TI)]D; =
(4 kg) (0.743 kI /kg - K) (T, — 20°C) + (7 ke)(0.658 kI/kg - K)(T,, — 40°C) = 0
T .= 322"

m

(b) The final pressure of the mixture is determined from the ideal-gas relation

e e R L e

PYU. =NRT. 0 — Mo, =3 e =02 mo
my, 4 k

Ny, = — = S _ 0.143 kol

My, 28 kg/kmol




N

)

n = No, + Ny, = 0.219 + 0.143 = 0.362 kmol

NR,T, (0.219 kmol) (8.314 kPa- m*/kmol - K) (313 K) :

Vo, = = = 5.70 m"
: P o 100 kPa

NR,T, (0.143 kmol) (8.314 kPa- m’/kmol - K) (293 K) .

W, = = =232m
o 150 kPa

V, = Vo, + W, =570 + 232 =8.02m’

N,R,T, (0.362 kmol)(8.314 kPa - m*/kmol - K)(305.2 K) )
— = o = 114.5 kPa
A 8.02 m

Discussion We could also determine the mixture pressure by using P,.V.=m_R,_T,

m 'm -m’

where R, is the apparent gas constant of the mixture. This would require a knowledge
of mixture composition in terms of mass or mole fractions.




Example 13-4

An insulated rigid tank is divided into two compartments by a partition. One compartment
contains 3 kmol of O,, and the other compartment contains 5 kmol of CO,. Both gases
are initially at 25°C and 200 kPa. Now the partition is removed, and the two gases are
allowed to mix. Assuming the surroundings are at 25°C and both gases behave as ideal
gases, determine the entropy change and exergy destruction associated with this
process.

0, Co,
jReg 25°C
200 kPa | 200 kPa

Pn2=P;1=200 kPa

T Py
AS, - S AN - SHNA - ZN(EPJ m?’?’(—] R, In— )

i1




Ny =No, + Neo, = (3 + 5) kmol = 8 kmol

No, 3 kmol Nco, 5 kmol
- = 0375 Yoo, = —2 = -
L N, 8 kmol

Yo = N 7 g kmol

0.625

aS, = _RH(NOE In Yo, T NCDE In }’cog)
= —(8.314 kJ/kmol - K)[ (3 kmol) (In 0.375) + (5 kmol)(In 0.625)] = 44.0KkJ/K

The exergy destruction associated with this mixing process is determined from

X,

yok olan

iiretim

= (298 K)(44.0 kI/K) = 13.1 M]

sistem




Gercek Gaz Karisimlari

dhm = Tm d‘gm + Vin dp m

Gergek gaz | Gergek gaz
A B

35°(C .
0.4 m? 0.6 m?
100 kPa 100 kPa

d(sz,-hf) =T, d(E l’Ilf,-SE-) + (Emf,- uf-) G, ‘

> mf (dh, — T ds,~ v, dP,) =0

dh; = T,ds; + v;dP,,

f

Gergek gaz karisimi
A+ B
250
1 m?
102 kPa ?

Gergek gaz karisimlarinin davranislarini
belirlemek zordur, ¢linkl birbirinden

farkli molekullerin karsilikl etkilerini goz
onune almak gerekir.




dh; = T, ds; + v,dP,,

Denklem entalpi ve entropi icin genellestirilmis bagintilari ve diyagramlari gelistirmenin
baslangic noktasidir. Ayrica gercek gazlar icin gelistirilen genellestirilmis 6zelik bagintilarinin
ve diyagramlarinin, gercek gaz karisimini olusturan gazlar icin de kullanilabilecegini
belirtmektedir.

Fakat her karisim icin indirgenmis sicaklik, T, ve indirgenmis basing P, karigim sicakhg T, ,
ve karisim basinci P,,'de hesaplanmalidir.

Karisim basinci ve sicakligl yerine karisim hacim ve sicakligi verilirse izlenecek olan yol,
Dalton'un toplanan basinglar yasasini kullanarak yaklasik bir karisim basinci belirlemektir.

Gergek bir gaz karisiminin 6zeliklerini belirlemenin bir baska yolu da, karisimi sanki-kritik
ozelikleri olan, sanki-saf bir madde gibi ele almaktir. Burada sanki-kritik 6zelikler,
karisanlarin kritik 6zeliklerinden Kay kuralini kullanarak belirlenir.




Ornek 13-5

Hava genellikle N, ve O,'den olusan bir karigpbm olarak ele alinir. Bu karisimda N, ve 0,'nin mol
oranlari sirasiyla % 79 ve % 21'dir. Surekli akigl bir agik sistemde, hava 10 MPa sabit basingta, 220
K'den 160 K sicakliga sogutulmaktadir. Havadan ¢evreye olan isi gegisini, (a) mukemmel gaz
yaklasimiyla, (b) Kay kuralini kullanarak, (c) Amagat yasasini kullanarak hesaplayin..

‘ﬁesistem =0 — € = € m— hl = hz o @g - Femmm—— ==

g E] = hz = }:Ng(hl — hz)NE + }:Gz(h] — hz)oz P,=10MPal %210,

%79 N,

o e el

El — Ez = El,l’ﬂ“k — jrf"-z,mull: — Ruﬁ;r(zm - th)

(a) N,, O, karisiminin miikemmel gaz oldugu kabul edilirse

T; = 220 K — hy gy, = 6391 kJ/kmol
hy mux0, = 6404 kJ/kmol

T, = 160 K — hy mu y, = 4648 kJ/kmol
iy mak 0, = 4657 kI/kmol

}'!NE(EI - Ez)mz i }’DE(EI - hz)Dg
(0.79) (6391 — 4648) kJ/kmol + (0.21) (6404 — 4657) kJ/kmol
1744 kJ/kmol
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(b) Kay kuralina gore, sanki-saf bir madde gibi davranan bir gaz karisiminin kritik sicakhgi
ve basinci;

Tim — E}"z‘ﬂr,f = YNJken, T Yo, i,
= (0.79)(126.2K) + (0.21)(154.8 K) = 132.2K

P;{"'m - Z}?’.Pkl's" = }'!Nszl'sNz + }'!Ongr,'Dz
= (0.79)(3.39 MPa) + (0.21)(5.08 MPa) = 3.74 MPa

?;n,l 220 K o
Ty = = = 1.66
= r. 1302 K
. 10 MPa
PR — == = 26?} Zfrl,m =10
£ 3.74 MPa

T _?;n,z_ 1601{_121}2 _20
e 1322K ‘ Azt




Eml,muk = }"'rxlﬁl,nmk,rxl2 T .‘r"oﬁl,muk 0,
= (0.79) (6391 kJ/kmol) + (0.21)(6404 kJ/kmol)
= 6394 kJ/kmol

E _

my,mik }"Nghz,muk Ny T ."r"ogh:z,mm;,02

= (0.79) (4648 kJ/kmol) + (0.21)(4657 kJ/kmol)

= 4650 kJ/kmol
(Emj mik ~ My, muk) . Ru?[u-(znl - th)m
[(6394 — 4650) kl/kmol ] — (8.314 kl/kmol-K)(132.2K)(1.0 — 2.6)
3503 kJ/kmol




