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PREFACE

Aim of Studying Physics

The discipline “Physics” is aimed at studying basic physical phenom-
ena and laws, mastering fundamental concepts and theories of classical
and modern physics, up-to-date research methods, and finally formation
of scientific outlook. Therefore, the tasks are the following:

» learning objective laws of the world and connections between

physical phenomena;

» mastering ways and methods of problem solving;

» acquaintance with experimental equipment, formation of practical

skills of experiment performance;

» formation of skill to see the concrete physical essence to be applied

in practice.
As a result of studying the discipline «Physics», students are sup-
posed to know:

» physical meaning and definition of every term and concept used;

> basic physical phenomena, laws, theories, and spheres of their

practical application in engineering;

» major methods of physical research;

» the system of units of physical magnitudes.

Students ought to get the following skills:

» to apply physical laws to solve practical problems;

» to use physical laws and research methods while studying engi-

neering and special disciplines;

> to carry out physical measurements;

» to estimate errors.

Physics is the basis for studying all other special technical disci-
plines in higher educational institutions. Physics explains and gives
comprehension of physical phenomena, familiarizes with concepts,
models and laws. The aim of studying physics as well as higher



mathematics is to give students a thorough grounding for further
mastering engineering subjects.

Foreword to Module M2
"Molecular Physics and Thermodynamics"

This manual represents the second module of the discipline “Physics”.
It helps master essential principles of molecular-kinetic theory of gases
and classical thermodynamics.

As a result of studying this module, students must know the defini-
tions of such concepts as pressure, temperature, work, heat, internal en-
ergy, efficiency of heat engine, entropy, basic laws of kinetic theory of
gases and the first, second and third laws of thermodynamics.

The part of physics that is devoted to studying physical properties of
substances conditioned by their molecular structure, character of mo-
tion of molecules and forces of interaction between them is called mo-
lecular physics. It is based on molecular-kinetic theory (MKT). Ac-
cording to this theory, all bodies are composed of a huge amount of
small particles — molecules and atoms. These particles interact be-
tween themselves and are in continuous chaotic motion that is
called thermal motion.

Two methods exist to study and analyze this interaction: thermody-
namic and molecular-kinetic (statistical) ones.

Thermodynamic method is a phenomenological (descriptive) method.
The structure of substance is not considered and exclusively macropara-
meters and characteristics are applied.

Molecular-kinetic or statistical method may be called the “microsco-
pic” one. Molecular structure and laws conditioned by it are taken into
account here. However, as all bodies are composed of a huge number of
chaotically moved particles it is impossible to write down and solve the
equations of motion for each separate particle. Therefore, mathematical
statistics and theory of probability are used here. They evaluate special
average characteristics that determine properties of the system of parti-
cles as a whole.

Thermodynamic and molecular-kinetic methods are intercommunicated
and supplement each other.

Students must get skills to apply research methods of molecular
physics and thermodynamics, plot different graphs, estimate errors of
physical measurements, and use theoretical knowledge for practical
problem solving.



It is necessary to understand, that molecular physics and thermody-
namics supplement each other, but differ in approaches to the phenomena
that are studied in this module. Besides that, students will familiarize
with many aspects that are necessary during electric and magnetic phe-
nomena study.

The differential and integral calculus is widely used in the module but
at the level for first year students.

Module “Molecular physics and thermodynamics” consists of the fol-
lowing study units (SU):

Preliminary SU — Brief physical data, Glossary;
SU 1 — Molecular-kinetic theory;

SU 2 — Transport phenomena;

SU 3 — Real gases;

SU 4 — First law of thermodynamics;

SU 5 — Second and third laws of thermodynamics;
SU 6 — Laboratory works;

SU 7 — Individual home tasks;

Supplementary SU — Key words, Help tables.

The Preliminary unit contains the basic concepts and laws of mechan-
ics that are necessary to study efficiently this module and the glossary
with explanations of terminology in mathematics and physics.

Study units 1 — 5 include theoretical material, test questions, sample
problems, as well as problems to solve in class. Study unit 6 has instruc-
tions to perform laboratory works. Study unit 7 contains problems to be
solved by students on their own. Supplementary units lighten the work
with the module.

The block diagram of the module is represented in Fig. 1.

For proper studying the module, we advise using self-check questions.
Each question is supplied with information where to find an answer in the
case of difficulty.

Concepts, which are studied in the module, are basic for all engineer-
ing specialties; they are used in engineering thermodynamics, aerody-
namics and so on.



Study Unit 1

MOLECULAR-KINETIC THEORY

I Having worked through the Study Unite, students will know the I
main statements and notions of molecular-kinetic theory, be able to
formulate, write, and analyze laws of molecular physics, Maxwell
and Boltzmann distributions and apply theoretical knowledge to
solve practical problems.

1.1. Some Basic Notions of Molecular Physics
and Thermodynamics

A set of bodies that can exchange energy or substance between them-
selves or with external bodies is called the thermodynamic system. Note
that a thermodynamic system may consist of one body also. If energy or
substance exchange between a system and external bodies is absent, the
thermodynamic system is called the isolated one.

Different quantities that characterize the state of a system are called
the parameters of state. Such parameters like pressure (P), temperature
(T), volume (V), density (p) are called the macroparameters as they are

connected with the system in total. Such quantities as mass of a molecule
(my), its different velocities, energy and so on are called the micro-
parameters, as they describe the structure elements of the system.

A system may be in an equilibrium pr in a nonequilibrium state. If all
the parameters of a system have definite values and do not change as
long as is desired (under unchanging external conditions), the state of a
system is called an equilibrium one. If at least one of the parameters
does not have a definite value, a state is called a nonequilibrium one.

If a system that is in a nonequilibrium state to isolate from surround-
ings, it will transit to an equilibrium state. The process of such transition
is called a process of relaxation (or simply relaxation). The time that is
needed to diminish the initial deviation of a parameter from its equilib-
rium value by e times (e =2.71828...) is called the time of relaxation.
Each parameter of a system has a time of relaxation. The greatest of these
times defines the relaxation time of the whole system.

A transition of a system from one state to another is called a thermo-
dynamic process. There are reversible and irreversible processes.



An equilibrium process is called a reversible one if being conducted
in the forward and opposite directions, a system passes through the same
states and no changes occur in the surroundings. If not, a process is called
an irreversible one. It is clear, that a nonequilibrium process is always ir-
reversible, but an equilibrium process is always reversible. Real proc-
esses may infinitely approach an equilibrium process if they occur suffi-
ciently slowly.

Let us take coordinate axes and lay off the values of two parameters
along them, for example, P and V (Fig. 1). Then an equilibrium state of a
system can be depicted by a point (see point 1 or 2), and a reversible
process — by a curve. A nonequilibrium state cannot be depicted at all
because its parameters have no definite values.
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A process in which a system returns to its initial state after a number
of changes is called a cyclic process or a cycle. Cycles may be both re-
versible and irreversible.

As we know, absolute masses of molecules and atoms are measured
in Sl in kilograms. However, in molecular physics the so-called relative
atomic mass A, and the relative molecular mass M, are also used.

The atomic mass unit (amu) is the unit of mass equal to 1/12 of the

mass of the carbon isotope *2C (m(“C)):

12
_ m( C) =1,66‘1O_27 kg
12

The relative molecular mass is determined by the equation
M, = e ®
M. —m(lZC)
12




where my is the absolute value of the mass of a molecule expressed in
kilograms.
Then the mass of a molecule is equal to the product m,=m_,,-M

amu re

The same way the mass of an atom is determined: m, =m,, - A (the

relative atomic masses A, are given in the periodic table of the elements).

To characterize a thermodynamic system, the amount of a substance
in this system must be known. In Sl, this amount of a substance is ex-
pressed in moles.

A mole (mol) is the amount of a substance containing a number of
particles (atoms, molecules, |ons etc.) equal to the number of atoms in
0.012 kg of the carbon isotope “C. Multiple and submultiple units are also
used: the kilomole (1 kmol = 103 mol); the millimole (1 mmol = 10> mol),
the micromole (1pumol = 10°® mol).

According to this definition, one mole of any substance contains the
same number of particles. This number was found experimentally and
called the Avogadro constant Na:

0,012 0012 10°

= = =6,02-10%mol .
m( C) 12. My My

N, =

(From this formula we have m__ - N, =10"°kg/mol ).

At the standard conditions (7= 273 K and P=1.01-10°Pa) one
mole of any substance has the same volume — 22.4 - 102 m*mol and
the same number N, of molecules.

The molar mass p is the mass of one mole of a substance. The molar
mass is equal to the product of the mass of a molecule m, of a given sub-
stance and the Avogadro constant Na:

u=m,-N,=m,-10°/m_ =10"-M, kg/mol = M, g/mol.  (2)

amu

Pay attention that the relative molecular mass M, is a dimensionless
guantity, but the molar mass p has a dimension and it is measured in
kg/mol (or g/mol). The molar mass expressed in grams numerically
equals the relative molecular mass.

The relative molecular mass is determined by the sum of the relative
masses of the atoms contamed in a molecule. For example, the molar
mass of CO, is 44 - 102 kg/mol, because its relative molecular mass is
M(COZ) MH(C) + M(0;) =12+ 2 - 16 = 44. Thus, the molar mass p of
CO in grams is 44 g/mol, and in kilograms is 44- 10°® kg/mol.

To find the number of moles v in a given substance, we have to di-
vide the mass of a substance by its molar mass:

10



m 3)
u

Then the total number of molecules N contained in a given substance is:

N=vN, ="N,. )
u

J

V=

The number of molecules per unit volume is called the concentration
of molecules:
_ ﬂ _MN, P
V. uw m
where p is the density of a substance.
To find the pressure of a mixture of gases, the DALTON LAW is ap-

plied: the pressure of a mixture of gases is equal to the sum of the
partial pressures of these gases

, (®)

2R (6)
The partial pressure is a pressure that each gas would have in case it
alone occupies the total volume where a mixture is contalned
In Sl a pressure unit is the pascal (Pa), 1 Pa=1 N/m?. Other units are
also used (but not in SI):
> the bar (bar) — 1 bar = 10° Pa;
> the standard (physical) atmosphere (atm) — 1atm ~ 1,013 - 10°Pa =
=1,013 bar;
> the technical atmosphere (at) — 1 at ~ 0,98 - 10° Pa = 0,98 bar;
» the millimeter of mercury (mm Hg) — 1 mm Hg = 133,3 Pa;
1 atm = 760 mm Hg.

P=

M::

N

1.2. Equation of State of an Ideal Gas

In molecular physics as well as in mechanics, definite models to study
the behavior of real systems are used. One of such models is an ideal
(perfect) gas.

An ideal gas model states:

» molecules of a gas are material points;

» the interaction between them is negligibly small;

» collisions between molecules themselves and vessel walls are per-

fectly elastic.

n



It is important to note that as there is no interaction between gas mole-
cules, a potential energy of interaction equals zero.

A real gas is close to an ideal one at low densities. It was found that such
gases as air, oxygen, nitrogen differ slightly from an ideal gas even in usual
conditions (at room temperature and atmospheric pressure). Especially close
in their properties to an ideal gas are helium and hydrogen.

Experiments showed that, at low enough densities, one mole of an
ideal gas obey the relation that is called Mendeleev—Clapeyron equation
or the equation of state of an ideal gas:

PV, =RT, (7

where V, is a volume of 1 mol of an ideal gas, R is the universal gas

constant. To find the universal gas constant, the standard conditions may
be used: 7=273 K, P=1.01 - 10° Paand V, =22.4 - 10> m*/mol. Then

R=PV, /T =8.31 J(mol'K).

For any mass of a gas m, that occupies a volume V =V, - m/u Equa-
tion (7) looks like the following:

7

pv ="Rr, (8)

L K
where 1 is the molar mass of a gas.

From Eq. (8), the density of an ideal gas may be determined:

p=" RrT=PRT,
uv M
that is
Pu
=—. 9
P=rr (9)
We may rewrite Eq. (8) introducing the concentration of molecules
n=N/V (the number of molecules per unit volume). For this, we multi-
ply and divide the right-hand side of this equation by the Avogadro con-
stant Na:
RT

N,

PV =ENAE:>P=ENA-£-
n \Y,

n N

12
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