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Chapterl0

The Kinetic Theory of Gases

We come to observations on heat phenomena, such as the temperature of a gas system,
the pressure exerted by the gas on the walls of the container, the heat transformation and the
work done by a gas system, which we will discuss in detail in this course.

Unlike in mechanics, the object in this part is an intrinsically complex system of a vast
number of particles, rather than the simple system of a few particles or objects. There are two
distinct methods to study heat phenomena. The first, called the macroscopic method or classi-
cal thermodynamics, is established on the basis of macroscopic variables measured as pres-
sure, volume and temperature, deals with the properties of bulk matter, takes no account of
the fact that all matter is made up of atoms and molecules.

The second, called microscopic method or kinetic theory, is based on atomic model of
matter. The basic assumption of kinetic theory is that the measurable properties of matter like
temperature, pressure and volume of a gas system reflect the combined actions of countless
numbers atoms and molecules. Kinetic theory attempts to relate the microscopic properties of
atoms or molecules which are not directly measurable, such as the mass, velocity, momentum
and kinetic energy of a molecule, to the measurable macroscopic parameters of the system by
means of the statistic method—investigating the average behavior of the microscopic parame-
ters that characterizes the individual molecule. We shall focus our attention on this method in

this chapter.

10.1 The Zeroth Law of Thermodynamics

10. 1.1 The thermal equilibrium

Temperature is a central concept in thermodynamics. In order to define it strictly not de-
pending on our subjective sense of touch in which objects feel hot or cold, we must understand
the concept about thermal equilibrium first. When we put object A and object B together in an
isolate system without any disturber from environment (refer to section 3-6), and let them in
thermal contact so that the thermal energy exchanges from one to another. The experimental
facts show that the two objects will eventually reach a stable state at which the thermal energy
exchange stops. Then the two objects are defined to be in thermal equilibrium.

Furthermore, if we want to determine whether or not system A and system B are in ther-

mal equilibrium but without being contact with each other, usually we can employ a third sys-
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tem C. Suppose that system A and system C are in thermal equilibrium; while system B and
system C are in thermal equilibrium respectively, experiments indicate that system A and sys-
tem B are in thermal equilibrium too. Even if we let them in thermal contact there would be no

thermal energy exchange between them at all.
10. 1.2 The zeroth law of thermodynamics, Definition of temperature

The experimental facts mentioned above are summed up in the zeroth law of thermody-
namics: If system A and system B are each in thermal equilibrium with a third system T, then
they are in thermal equilibrium with each other . It is called thermal equilibrium law also. Ac-
cording to this law, the objects in thermal equilibrium have a common property so that we de-
fine this property as temperature. When two objects are in thermal equilibrium, their temper-
atures are equal and vice versa.

The zeroth law of thermodynamics allows us to make use of a thermometer, say, to em-
ploy the third system T mentioned above to measure the temperature of other system, the on-

ly thing we need to do is to calibrate it.

10. 2 State Parameters, Equilibrium State,and Ideal Gas Law

10. 2.1 State parameters of gas

In mechanics, to describe the states of a mechanical system, the position and velocity
were needed. In thermodynamics, the states of a thermodynamic system are described by
pressure p, volume V, and temperature T. The p, V, T are called state parameters of the
system.

Because molecules are constantly in random motion, the container is filled with gases at
any time, so, the volume of gas actually is the volume of the container and in SI unit, its unit
is m’. The pressure p is the force exerted by a gas on per unit area of the wall of the contain-
er, and it must surely be related to the steady drumbeat of molecules on the walls of the con-
tainer. The SI unit of pressure is pascal (Pa), 1 Pa= 1 N/m?. Meanwhile, the following
units are often used

1 emHg = 10 mmHg = 1. 333X 10° Pa
1 atm = 76 cmHg = 1. 013 X10° Pa
1 kgf/cm?= 9.8 X10* Pa

We have made definition of temperature in the last section, based on thermal equilibrium,
or the zeroth law of thermodynamics. The unit of temperature is Kelvin called the thermody-
namic scale or absolute temperature, labeled as K, defined as the ratio of the temperature of
triple-point of water to 273. 15. It is that the temperature of triple-point of water, 273. 15 K is
defined as a constant temperature in the system of thermodynamic scale. The Celsius tempera-
ture scale is also often used, labeled as ‘C, and it employs a degree of the same magnitude as

that of the Kelvin scale but its zero point is shifted by 273. 15 degrees. Thus if ¢ denotes the



4 Part Three Thermodynamics

Celsius temperature, and T denotes the Kelvin temperature (i. e. absolute temperature) , we
have
T/K=t/C + 273.15
The pressure, volume and temperature of a given system, all can be determined by meas-

urements, so that we call them as macroscopic properties of that system.
10. 2.2 Equilibrium state and equilibrium process

When the temperature and pressure are the same at all points in a system, the system is
said to be in an equilibrium state. Hence if heat is added at some point to a system in an equi-
librium state, we must wait until the process of heat transfer within the system has brought
about a new uniform temperature before the system is again in equilibrium state,

oh @V T) An equilibrium state of a thermodynamic

a system can be described by its pressure p, vol-
ume V' and temperature T; for example, (p,,

V., T,, ) describes state a, (py, Vi, Ty) de-

®, V, T,) scribes state &, An equilibrium state can be re-

b presented by a dot on the pressure-volume dia-

0 v gram (briefly as p -V diagram) shown in
Fig. 10-1.

The operation of changing the system

Fig. 10-1 The thermal equilibrium states and process

are represented on the p-V diagram
from its initial state to its final state is called a

thermodynamic process. During such processes,energy may be transferred into (or out of) the
system from the environment. We assume that such transfers are carried out very slowly, so
that the system remains approximately in thermodynamic equilibrium at all stages. This
process is called thermal equilibrium process. A thermal equilibrium process is represented by
a smooth curve on the p-V diagram. In Fig. 10-1, curve ab shows an equilibrium process from

state a to state b.
10.2.3 The ideal gas law

Experiments show that there is a simple relationship among the macroscopic parameters
that characterize a gas in equilibrium state. If we take one mole samples of various gases (oxy-
gen, hydrogen, nitrogen or any others), confine them in containers of identical volume, and
hold them at the same temperature, we find that their measured pressure are nearly—though
not exactly—the same, If we repeat the measurements at lower gas densities, we find that

these small differences in the measurements tend to disappear. Further experiments indicate

that, at low enough densities, all real gases tend to obey the relation .
%V = constant (10-1

Eq. (10-1) holds when the sum mass of the system remains unchanged. At normal tem-

perature and pressure, real gases obey this law quite well; but if a real gas is compressed to an
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bt

excessively high density, then its behavior will deviate from this law. An ideal gas is a gas
that obeys Eq. (10-1) exactly. Although there is no such thing in nature as a truly ideal gas,
all gasses approach the ideal state at low enough density, that is, under conditions in which
molecules are far enough apart. Thus, ideal gas is an ideal model that allows us to gain useful
insights into the limiting behavior of real gas.

Suppose po» Vi and T, are the parameters of a gas under the standard condition, Eq. (10-1) can
be rewritten as

v _ Do Vo
T T,

where p,=1. 013X 10°Pa, T, =273. 15 K. If M is the sum mass of the system, and y is its

mass per mole, the number of mole is then M/yu. Because the volume of one mole is identical
for all gases, 1. e. s Vo= 22. 4X10°m?®/mol, the volume of a gas of mass M is therefore V,
= V@ (M/ ). Substituting those into Eq. (10-1), we have

L‘/ - MPO Vmol
T lu To

Because po Vo /T is a constant for all gases, called mole gas constant, labeled as R, so that,

the equation becomes

PV = %”RT (10-2)

which is called ideal gas law or state equation of ideal gas, and it holds for equilibrium states.
The numerical value of R depends on the units in which p, V, M and T are expressed:

(1) In SI system, the unit of pressure is Pa, 1 Pa=1 N/m?, the unit of volume is m®,
and the temperature is in K, the value of R is therefore

_ £V _ 1.013 X 10° N/m? X 22. 4 X 10~°m’*/mol _ .
R = B ERTE 8.31 J/(mol « K)

(2) Note that heat has the same unit as energy, sometimes we use cal as the unit of ener-

gy, 1 J=0. 24cal, so that
R = 8.31]J/Cmol « K) X0. 24 cal/] = 2 cal/(mol « K)
(3) If volume is commonly expressed in liters (L), pressure in atmospheres and tempera-
ture in K, thus

_ latm X 22.4 L/mol __ . .
R = 573. 15 K = 0.082 atm « L./ (mol « K)

Example 10-1 The volume of an oxygen tank is 50 L. As oxygen is withdrawn from the

tank, the reading of a pressure gauge drops from 2. 17X10°Pa to 7. 9X10°Pa and the tempera-
ture of the gas remaining in the tank drops from 30C to 10C.

(1) How many kilograms of oxygen were withdrawn?

(2) How many kilograms of oxygen were in the tank originally?

(3) What volume would be occupied by the oxygen withdrawn from the tank at a pressure
of latm and a temperature of 20'C?

Solution (1) Let us express volume in cubic meters, and temperature in Kelvins. Thus
50 L=0. 05 m*, 30 L=0.3 m?, 30C=303 K, and 10'C=283 K. According to Eq. (10-2) the
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initial number of moles is

_pV _ 2.17X10° Pax0.05 m®
RT;, 8.31]/(mol « K) X303 K

The original mass is therefore
m; =43. 1 mol X32 g/mol=1379 g=1. 379 kg
(2) The number of moles remaining in the tank is

7\ 7.9 %X 10° Pa X 0. 05 m®
? 7 RT, 8.31]/(mol « K) X283 K

And the mass remaining is
my;=16. 8 mol X32 g/mol=538 g=0. 538 kg
The mass withdrawn is, therefore
Am= m; —m;=1. 379 kg—0. 538 kg=0. 841 kg
(3) The number of moles withdrawn is
An=43. 1 mol—16. 8 mol=26. 3 mol
And the volume occupied by the oxygen withdrawn would be

_ nRT _ 26.3mol X8 31]«mol/KX293K _ 3
V=", 1. 01 X 10° Pa O %35 50

= 43. 1 mol

m

= 16. 8 mol

10. 3 Essential Concepts of the Kinetic Theory of Gases

The hypothesis supported by thousands of physical and chemical observations is that all
matter is composed of tiny particles called molecules. The following essential concepts of ki-

netic theory of gases are given on the basis of the experimental observations.
10.3.1 All matters consist of a very large number of molecules, molecules are separated

Experimental evidence for assuming that the gas contains many molecules is related to the
determination of Avogadro’s number:

A mole of any pure substance contains a definite number of identical molecules. The num-
ber of molecules in a mole is called Avogadro’s constant, denoted by N,

Ny =6.022X10%*mol !
The enormously large value of the Avogadro’s constant suggests how tiny and how numerous
atoms must be in a mole of air. Yet, if these molecules were spread uniformly over the surface
of the earth, there would be about 120 000 of them in every square centimeter.

The fact that all matter is compressible indicates that there are separations between mole-
cules. For instance, air can be pumped into the tire of the bicycle or car; the gas enclosed in a
cylinder can be compressed and its volume can be decreased to a small part, say, one seventh
of the original volume, etc. The fact that a drop of red ink diffuses into the water until uni-
formly mixture is also an evidence that the molecules are separated.

In other parts of physics and chemistry it is important to consider the structure of the
molecule, but it is not necessary at this point. The smallest molecules are of the order of

107 m in size; the largest is at least 10 000 times of this order.



Chapter10 The Kinetic Theory of Gases (A

10. 3.2 Molecules are constantly in random motion

Experimental evidence for the random motion of molecules is based on the observation of
what we call Brownian motion. In 1827, the English botanist Robert Brown used a microscope
to observe the motion of pollen grains suspended in water, The pollen appeared to dance about

in an erratic fashion. At first, Brown thought that the pol- .

len was alive and that its motion was some sort of dance!
Subsequent studies of liquid suspensions of various inani-
mate particles convinced observers that the liquid itself was
responsible for the erratic motion. Fig. 10-2 shows an ex-
ample of such Brownian motion.

Eventually, the irregular motion of the suspended par-
ticles was explained in detail by assuming that the liquid
was composed of molecules in random motion. The suspen- Fig. 102 "Thie teace of the Browsian
ded particles are continuously bombarded on all sides by the motion of a pollen grain
molecules of the fluid. The numbers of molecules striking
opposite sides of the particle in any short time interval, being determined by chance, will not be
exactly equal. Because of these fluctuations, a randomly directed unbalanced force will act on
the suspended particle, accounting for its “Brownian dance”.

It is evident from experiments that the “random motion” is related to the temperature: as
temperature increases, molecule motion becomes more vigorous. So, the random motion of

molecules is also called heat motion.
10. 3.3 There is interaction between molecules

One essential characteristic of a molecule is the force that exists between it and a neigh-
boring molecule. There is, of course, a force of gravitational attraction between every pair of
molecules, but it turns out that this is negligible in comparison with the forces to be consid-
ered now. The forces that hold the molecules of a liquid (or solid) together are chiefly of elec-
trical origin and do not follow a simple inverse-square law.

f The interaction force is related to the separation between
molecules. When the separation of the molecules is large, as
in a gas, the force is extremely small and attractive. The at-
tractive force increases as the gas is compressed and its mole-

cules are brought closer together. But since a tremendous

r“ . . . . -
o - pressure is needed to compress a liquid (i. e., to force its mole-
\/ cules closer together than their normal spacing in the liquid

state) , we conclude that at separations only slightly less than

Fig. 10-3 The interaction force

between molecules varies with  the dimension of a molecule the force is repulsive and relative-

the distance between them ly large. Thus the force must vary with separation in some-

what the fashion as shown in Fig. 10-3. At large separations
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the force is small and attractive. As the molecules are brought closer together, the force of at-
traction becomes larger, passes through a maximum, and then decreases to zero at a separa-
tion r,. When the distance between the molecules is less than r,, the force becomes repulsive.
The order of the distance r, is about 107 m, and when the distance between molecules is lar-
ger than 10 °m, the interaction force becomes so small that it can actually be neglected, so,
the force between molecules is short-range force. Note that in Fig. 10-3, the attractive force is

represented as negative while the repulsive force as positive.

10. 4 The Representation of Pressure for Ideal Gas

The first kinetic theory problem here is to find the connection between the macroscopicpa-
rameter of a gas—pressure and the microscopic parameter, the speed of the molecules of the
gas. We shall use the statistical method by considering the average motion of the vast number

of molecules in the system.
10.4.1 The microscopic model of an ideal gas

In order to derive the pressure equation, we must introduce a microscopic model of an ide-
al gas, including the following assumptions:

(1) The size of molecules may be thought of as so small that it can be considered negli-
gible in comparison with their average distance.

(2) Molecules exert no force to each others except for the instantaneous impulsive force during
the collisions with the wall of the container holding the gas and the collisions with each others.

(3) Molecules are in constantly random motion, they collide with one another and also
with the walls of the container frequently, and these collisions are perfectly elastic.

(4) The motion of an individual molecule obeys Newton’s laws of motion.

We can make a conclusion about this microscopic model that the molecule of an ideal gas
is like infinitesimal elastic particle having no interaction with the others.

It is necessary to introduce a statistical assumption for the great number of molecules in
random motion: Under equilibrium state, molecules have equal possibilities (opportunities) to
move in all different possible directions. There is no any preference of direction of motion to
the others, that is, the numbers of molecules moving in all different directions are equal; oth-
erwise, the molecules would be concentrated at a certain part of the container, this is opposite
to the assumption for the system in equilibrium state. When a gas is in equilibrium state, its
density is all the same everywhere in the container. The statistical meaning of this assumption
is that, as a consequence of the random motion, the average values of the squares of the mole-
cule’s velocity components are equal, that is

B sl e
Uy = Uy =

S

(10-3)
10. 4.2 Derivation of pressure equation of ideal gas

Now, we are ready to discuss the pressure of a gas against the walls of its container,

which is due to the impacts of the molecules on the walls during the collision. Suppose there



