Non-Reacting Gas Mixtures

Reading Problems
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Introduction

e homogeneous gas mixtures are frequently treated as a single compound

e the individual properties of inert gases tend to behave as a single pure substance

Definitions

m - total mass of a mixture
m; - mass of the i’th component of the mixture

total number of moles of a mixture
number of moles of the i’th component of the mixture
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- mass fraction of the i’th component of the mixture
mole fraction of the i’th component of the mixture
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- molecular weight of the mixture (molar mass)
- molecular weight of the i’th component of the mixture
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universal gas constant = 8.3145 kJ/kmole - K
- gas constant for a particular gas
gas constant of the i’th component of the mixture

- mixture pressure
- partial pressure of the i’th component of the mixture
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- mixture volume
partial volume of the i’th component of the mixture
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specific internal energy of the mixture

- specific internal energy of the 1’th component of the mixture

- specific internal energy of the mixture per mole of the mixture
(same as for h, s, c, and c,)
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Formulations

o the total mass of a mixture, m is the sum of the masses of its components

J
m:m1+m2+...+mj:Zm,-
=1

e the relative amounts of the components present in the mixture can be specified in terms of
mass fractions

e the total number of moles in a mixture, n is the sum of the number of moles of each of the
components

J
n:n1—|—n2—|—...—|—nj:Zni
i=1

e the relative amounts of the components present in the mixture can be specified in terms of
mole fractions

e m; and n; are related by the molecular weight J\;Ii

Therefore the total mass is
J -
i=1

e the mixture molecular weight can be calculated as a mole fraction average of the component
molecular weights

J -
ZniMi
==L =YYM,

n =1

~ m
M= —
n



e X, and Y; are also related by the molecular weights

= ) = () () = () (45

Therefore
X; M, M,
= — - X, =Y, | ————
Y; M J -
> Y M;
=1

P-V-T Relationships for Ideal Gas Mixtures

Amagat Model (law of additive volumes)

The volume of the gas mixture is equal to the sum of the volumes each gas would occupy if it existed
at the mixture temperature and pressure.

Dalton Model (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'T and V.

By combining the results of the Amagat and Dalton models i.e. (1) and (2), we obtain for
ideal gas mixtures

Therefore, Amagat’s law and Dalton’s law are equivalent to each other if the gases and the mixture
are ideal gases.



Ideal Gas Law for a Mixture

The gas constant can be expressed as

J
R=> X,R;

i=1

The mixture molecular weight can be written as

- J -
M = Y Y:M,
i=1
and
X; M,
Y, M

M, R
M M

The relative mass fractions and mole fractions can be related in terms of the gas constant as

Mixture Properties

Extensive properties such as U, H, ¢,, ¢, and S can be found by adding the contribution of each
component at the condition at which the component exists in the mixture.

U:ZUi = Zmiui szXiui = mu

where w is the specific internal energy of the mixture per mole of the mixture.
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u = > X, u,
h = Y X, h;
c, = > Xy
cp = LXicp,

s = ZXzs,

Changes in internal energy and enthalpy of mixtures

T:
U — U1 = ZXZ(U2 — ul)i = /TZCv dT = Cv(T2 — Tl)

1
Ts
hy—hy = 3 Xi(hy — hy); = /T ¢y dT = c,(Ty — T1)

T: P.
Sog — 81 = ZXi(S2_Sl)i = Cplnfl"j —Rll’l-Pj

These relationships can also be expressed on a per mole basis.

Entropy Change Due to Mixing of Ideal Gases
e when ideal gases are mixed, a change in entropy occurs as a result of the increase in disorder
in the systems
o if the initial temperature of all constituents are the same and the mixing process is adiabatic

— temperature does not change

— but entropy does

Py Pg
AS = — mARAln?+mBRBln?+"'

J P,
= —) miR;In—
> miR;In—

=1

J
= —’RZni InY;

=1



Psychrometrics

e studies involving mixtures of dry air and water vapour
o forT < 50°C (Pset < 13kPa) = h = h(T)

— water vapour can be treated as an ideal gas

T

50°C

Definitions

Moist Air

e a mixture of dry air and water vapour where dry air is treated as if it were a pure component

. L mRT
e the overall mixture is given as = P = T

Total Pressure

P = P,+ P,

mgoR,T

P, = ——
%

My Ry, T

P, = ——
174

where P, is the partial pressure of air and P, is the partial pressure of water vapour. Typically
My << Myg.

Relative Humidity - ¢

P,(T) _ vapour pressure at the prevailing T

¢_

- P..+(T) ~ saturation pressure at the prevailing T
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If P,, = Psq:(T) the mixture is said to be saturated.

Specific Humidity (Humidity ratio) - w

My, mass of water vapour

My mass or air

Myn, _ M,(P,V/RT)
Myn,  M,(P,V/RT)

- () ()
e (3

In addition w can be written as

Pw Pw ¢Psat
w=20.622 | —| =0622 (| ——— ) =0.622 (| ———
Pa P — Pw P — ¢P3at

which can be rearranged in terms of relative humidity

Pw Pw

¢= Mw) " Pooi(w + 0.622)

Psat ((—d +

a

Dry Bulb Temperature - the temperature measured by a thermometer placed in a mixture of air
and water vapour

Wet Bulb Temperature

e thermometer surrounded by a saturated wick

e if air/water vapour mixture is not saturated, some water in the wick evaporates and diffuses
into the air — cooling the water in the wick

e as the temperature of the water drops, heat is transferred to the water from both the air and
the thermometer



Dry Bulb Wet Bulb

Air Flow

Water Reservoir

e the steady state temperature is the wet-bulb temperature

Sling Psychrometer - a rotating set of thermometers one of which measures wet bulb temperature
and the other dry bulb temperature. T'pp and Ty, g are sufficient to fix the state of the mixture.

The Psychrometric Chart

Barometric Pressure $=100%
P=1 atm

where the dry bulb temperature is the temperature measured by a thermometer place in the mixture
and the wet bulb temperature is the adiabatic saturation temperature.



An Adiabatic Saturator

How can we measure humidity?

Ty, P, saturated
@ [ Va ‘ ® air/water mixture
air/water Py/ Pygt=1
mixture |:> I:> b= R Poa =
T3 = adiabatic saturation
(|) = el temperature
r; long pool @ T3 = wet-bulb temperature

ﬁ saturated

@ make up water

To=Ts
Conservation of Mass
’I’;’La’l = ma,g air (]_)
mw,l + mw,Q = mw,g water (2)

Conservation of Energy

(mh)a1 + (Mh)ys + (11h)y2 = (1h)as + (1) w3

By definition
My,
o= (2) @
me /4

w= (@), @

From (2) and (1)

<mw,2> M3 (mw’;l) " "
: = | = — | = = w3 —w
Mg, Ma,1 mMe.1

——

’

Ma,3

(3)
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Dividing (3) by 77,1 and noting mg,, = mg,, and = w3 — Wy

Mg,
hoi 4+ w1 b1+ (w3 — wi) hywe = has + ws By s (6)

_ (h'a,3 - ha,l) + W3 (hw,3 - hw,Z)
(hw,l - hw,2)

w1

T

Too =T1 |

Tas hf/é)
po ffffffffff

Y

If we assume:

i) airisanideal gas and (hq,3 — ha,1) = cp, (T35 — T1)
i) (hws = hw2) = hg — hy = hygy(T3)

ili) Py = hg(Th)

V) hy2 = he(Tz) = hy(T3)

then we can write w; as a function of 73 and T3 only

Cpo (T3 — T1) + w3 hyy(T3)
he(T1) — hy(Ts)

Wi =
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| PROBLEM STATEMENT: |

Outdoor air at T} = 10 °C and ¢ = 30% is first to be heated to T, = 22 °C' and then

humidified to T3 = 25 °C and ¢p3 = 60% at atmospheric pressure. The volumetric flow rate is
V = 45 m3/min.

1)  find the heating requirement, Q
ii)  find the mass flow rate of steam, 1M s¢eqm required to complete the process.
iii) what would you expect if liquid water was sprayed instead of steam?

/ /

, /
T,=10°C @ @ © 0
T, =25°C
> K ’

¢, = 30%
V =45 m’/min <

WX N

. _»n0 steam or liquid
Q T,=22"C | water
heating section humidifier section
(1)1 = (1)2 (1)3 > (DQ

| PROBLEM STATEMENT: |

A mixture of 5 kg carbon dioxide and 10 kg nitrogen is at 27 °C' and 101.325 kPa. Determine:

a) the volumetric analysis [% by volume] of this mixture
b) the specific heat of the mixture, ¢,,, ¢, [kJ/kg - K] and ¢,, ¢, [kJ/kmol - K]
c) the heat transfer [kJ] to reduce the temperature to 0 °C,
if the mixture is confined in a rigid tank
d) the increase in availability [kJ] of the mixture during this cooling process
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