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Message from Author

The idea of this book was born in 2011 because of the necessity of a
proper “Thermodynamics” text book for the students in the Material Sci-
ences Faculty in Yokohama City University, Japan. This university is highly
internationalized and has a number of foreigner teachers that teach sciences
courses in English.

Japanese and foreigner exchange students follow classes, but since ma-
jority of them are Japanese we matured the idea of the necessity of an
appropriate text book in both languages. We contacted the Editor and the
reaction was enthusiastic.

The “Thermodynamics” course is given by one of the authors in the au-
tumn semester and lasts about 22 hours (15 classes of 90 minutes). It gives
the fundamental of thermodynamics, demonstrates from scratch the ideal
gas law, the kinetic theory and Boltzmann principles, teaches what is Brow-
nian motions, its central laws and implications, goes through phenomena like
thermal drift and thermal noise, explains key concepts like the thermody-
namics fundamental laws, thermodynamical machines and entropy and even
touches electrical phenomena and demonstrate the Ohm law.

The class finishes where quantum mechanics begins. At the end of the
course the last lectures introduce the limitations of thermodynamics, explain
and derive step by step the very first quantum mechanical equation: the
Planck “Black Body” radiation formula.

Thermodynamics can be a rather cold and sometimes boring subject. So
we focused to keep reader alert and motivated. In this book we never give

concepts from above, but incite students to understand the fundamental
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meaning of things in the real world. We try always to give reasons why
those concepts were developed and explain what practical problems a theory
solves.

For example, the ideal gas law, usually given as a starting proposition in
many textbooks, it is instead derived gradually here from basic concepts of
first-year physics. Or, as another example of our approach, after introducing
and deriving Boltzmann distribution, we apply it to a column of air and show
how it explains everyday life problems like diminished pressure with height
or the weaker concentration of oxygen at higher elevations.

At the end of this course students are satisfied from the feeling that they
really understood the physical meaning of each formula learned. Instead of
forcing students to just learn and memorize abstract things in order to pass
an exam, we focused on transmitting the essence of the meaning of things,
and give the students the ability of deriving their own physical model so
they feel they are really in control of physical concepts.

‘We hope this book will transmit the same feeling as our course. Yokohama
City University score each year in the top 10% as student satisfaction and
top 1% in students employment-ratio in Japan, surpassing several Japanese

world class universities.

Ruggero Micheletto, PhD in Physics
Yokohama, July 2015



EELPOSODA Yy E—T

WIARFEFIHETT2? EFEEHITIVHELL, L) R
DRIV R BN THA. LAV, FEiE, HHRRTHHARICALL, b
NG EFEORMIL RO LV I)WMBERLEINHFLMATVWET. Drod T
&, [7TEREEPEF RO, HLWIIEOF 2 EFE TR AT+
LRI LNIEA. HDHWIE, [FFRREEZTE, WO JEGHETH
CORBENELH)Z] EEIAN VLI LLEEA.

ZORIE, FAGEISADLDIEET L.

WHWAREWERTEL L), TRLELA #HIZIE, HoxR—JDH

HOLIARTEHmGE, BAFORIIZSTWEY. BANZE %o
T, AR OPYRTLHP LTV ET. EEIEF2 AN, HDIE4LHD
R=TVREFHATHIWTL L. EOXR=V2E, A=V EFEo572KFHL
WHEDBIERETEIrN TV E Y. EFESEF LR Lo TWwDE D, HAGET
NEZHFTEZDRS, Eo LW THHMTE L LEVET.

FroHi b b hiihld, FETARICHMLI DY IEA. L¥L L,
HFOWHRTIEmMEZ WIEIIR R 5 LEDNH 72012, HIRPH R, #HE L vk
RERHF VLN VRS TY. IR ERZT T, BEosihE i
L2 ELIITELDTY.

72720, HMOEFHEOHRFIIIHTI R, WhWwRREHER L &2
Vo 72b DAL TIRWITERA. BEFEOR—=VITIE, 2hoTHE
Po7z2hIT, M7 LRBEMICE 722 L2 MIETHHL F Lz HIC
WEEDOZ L7213 TIE %L, HOMBETHWONL LELDIZOVWTHHET
L7



i BENLED Ay —Y

BAOMRDIGE ST, brok LIHMHMEREALLTALIZHELL 2
WAZZ D LEIAVAEBEZLOIET, FILVWIHAS LT ET LI

20154 7 A
JEE Tk



Contents

Chapter 1 Basics for thermodynamics - --s--seeesseeeesseceisneceunns
1.1 TETOAUCHION  +orveerrreerrreeemmemmmeesrieineeiseesneeeaseessneessnessnaeeesneeesanes 2
1.2 First experiments with gases «-seeeeeeeessesersessseemseesinnicsienne,
1.3 The law of ideal Gases rws-wererreersessrsmesimieisistisietse e 10
1.4 Isothermal cOmpression/expansion «wseessssssssssssssssssisnnns 20
1.5 Adiabatic COMPression/exXpansion - swwessssssssisssssssisisnnn. 29
Chapter 2 A mathematical eXercise - ---wwreseeseemsemecusenens. 30
2.1 The physical meaning of differentials «--sseeeseeseresssmsenminsnninns 30
2.2 How to obtain the circumference of a circle? -:eeeeesseeeesseeeeennnee 34
2.3 The area of a Sphere - 96
Chapter 3 Laws of thermodynamics .............................................. 42
3.1 What is thermodynamics? — eeeeessesrsssmsmsmmsinsinnieseiae 42
3.2 First law: the heat engine - seerseersesmseseinmieiinieinieisieisiines 42
3.3 The second law: order and diSOrder -« -se-eeeeemrrmmmmemmremieinens 44
3.4 ENETOPY  creerereerersessessessssistssts e s 48
Chapter 4 DiStributions e 56
4.1 What is 2 “diStTiDULION”? ++eereeereesreesresriesriesieiiesiesiesieseeseens 56
4.2 The distribution density in an air colummn -:ee-eeseeeseeeeseeeeneeees 560
4.3 The BoILZIMAND Law eeereeereeereeresresresresnieseeiessesseesesseseeeens 66
4.4 The concept of distribution of a general potential ----:eeeeeeeeeeee 74



Vil Contents

Chapter 5 Various phenomena explained by thermodynamics - 86

5.1 Physical states: gas, hqu1d and SOlidSs «eeereererreereerentiiiiiiiiiaiae. 86
52 Speed distribution in an ideal QA  srerreeeseeessss 92
5.3 Brownian ImMoOtion  teeseeseesersertentetititiiiiiiiitiitiitiitiitiittittitaiaaiaaans 98
5.4 Thermal TIOISE ««+eseseeesssssssnnnnnmumnnmmmmuummmmuumnnnnunnnnininnnnnn———. 110
5.5 EvApPOration seeesesessesssemstntssninisitits 116
Chapter 6 Applcations -+ wevemsrmseiiieinini 130
6.1 Diffusion PIOCESS  srerreessernnsssetnnentttuuentttuintttuittttiittttiittttaitteaeens 130
6.2 The drift velocity sersseseserersmemstnnitnii 138
63 Electric reSiStanCe ...................................................................... 142
64 DiHuSiOH ..................................................................................... 148
6.5 Black body radiation sws-sesssessemmssmmmi 156



H X

1B BRI DIERE o 3
11 1L MDD weerrrrersreerineeeitieesite ettt ettt e et e et e et e e tr e e ar e e aae e eabe e et eae e 3
1.2 SRS T AT D HHIDIITE  ceoeeeeeerereeemreisesessssesssssssesessesanes 5
1.3 FAHGARDIRFE G RETN cevrverrremrremenenn s 11
1.4 SEEJEHE L SERGIE  corerrrerrerereieieieeeee s 21
1.5 WIBUTHE & WFBUGIE oottt 29

28 BFDITHH A X s 31
2.1 B OWPEII R EEIR L 1E 2 covveerrrreeerrii 21
2.9 FREIDE S DRI T] reerrerererererrrrereeesininieie s 25
2.3 EROFHFEDRIDTT  ceeeeeerrrriiiiiiiiiiii 7

B 3E B DTLEH] s 48
3.1 BB ELIIMAITEA D 2 e 43
3.2 B 1 FEHI cooeevn 43
3.3 BAIIEREE Q JEH  BEIE B HEREIE coeeeeereerereeneeneeeneeees 45
T T i N o B PPN 49

WA Sy TR 57
A1 AL IIATED D 2 covrererereresieesssss s 57
4.2 DRHOHDZZEDBEREEPAT  cveeerrerrrrrrerriiiie 57
4.3 R Y Y DRI cerverrreren e 67

4.4 — W RT VY X IVDGATIT DT OREAE coeeeeeeeereeeeseininiinnnnn 75



z H /e

OB BMHPENOEZDBREALTLIIG 87
5.1 SUMH - WA - A E VD) BIELEY 22 FHIZ OV T e 87
5.2 FHAHSARD B veveeeeeerersssesssssssssssnssssssssssssssssssssssssssssassans 93
5.3 7T VIEE e 99
5.4 BRHETE e 111
5.5 ZRIE ceeeeeernen 117

M6 ST BRI Bl o T ceeeeeeeeeeeeeeeesssssninnnnns 191
6.1 IEBHD T T A e 131
6.2 F U 7 FHHEE oo 139
6.3 FERHEPL ooeeerrerrrm 148
6.4 FIETH coeerrerrrennee 149
6.5  EARIHT ovvveverem 157

B
&=



This book is to learn a very important subjects in physics: Thermodynamics.
This apparently boring topic is instead taught here in a fun and thought-
provoking way.

Remember that Newton though that heat was a sort of liquid and that
Brown looking at what we call now Brownian motion thought that inert
particles were alive!

In this book you will learn how scientists discovered the fundamentals
of all physics and modern sciences: the nature of heat, the existence of
atoms, the properties of gas and molecules and up to the quantization of
energy.

You will learn these things in a graceful way, step-by-step here.

So please sit back and enjoy studying!



Chapter 1  Basics for thermodynamics
1.1 Introduction

Thermodynamics is a very important branch of physics, it deals with
the behavior of many particles and tries to use mathematics in order to
control and estimate the global behavior of a great number of independent
objects (molecules, particles, charges... you name it!). For example, if we
consider the movement of a single molecule in a gas, we can imagine that its
movement is chaotic, that the particle will act like a ball colliding randomly
with other molecules or other objects around it. Of course we know very
well the basic physics of such movements. A straight line, a collision and
another straight line again. This is easy Newtonian physics.

But, the problem is that it is clearly too complex to use standard physics
to describe an ensemble of a great number of molecules. If we wanted to do
so, we would need a number of equations equal to the number of molecules
involved. This means, for just a mole of gas, about 10** equations! Clearly
this is absurd. Then how can we explain collective molecular phenomena like
the temperature, the pressure of a gas, or other collective phenomena like
diffusion, Brownian motion or electric conduction? These are the problems
that thermodynamical approaches and solves with very good approxima-
tions in many cases.

In this book we try to explain the fundamentals of thermodynamics. Es-
pecially we want to make the student to understand how some solutions are
achieved. We want to give the method to reach a solution in order that
he can derive it again by him/herself without the need of the book. Or
better, we hope this book will give students a new “way of thinking” and to

develop his/her own ability to derive thermodynamical solutions for general
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4 1.2 First experiments with gases

and even new problems.

The book is based on the “Thermodynamics” course (named also “Mi-
cro phenomena”) in Yokohama City University. We accept both Japanese
and International students, so English vocabulary is simplified and we tried
to avoid complex phrases in order to be more easily understood by inter-
national readers. A full translation with rephrasing and comments about
English expressions is also provided on the opposite side of each page for

the Japanese student.
1.2 First experiments with gases

Since many years ago people studied the properties of gases. Even in
the late 1600, Mr. Boyle discovered that the product Pressure by Volume
PV*Y is always a constant, if the amount of gas and its temperature do not
change. The experimentalist at the time of Boyle (1650), could measure the
expansion with an apparatus that is represented in principle in the figure

1.1:

trapped
PV air
Vv

X
&
$
C)o

T Nt
Mercury

Fig. 1.1 A schematics of the apparatus used by Boyle in 1662. In the graph it is
represented the linear behaviour with temperature, however Boyle didn’t know that
PV = NKT at that time. He only knew that the product PV was a constant, if 7'
was constant, independently by gas composition or nature.

1) ROV — YRS ) v 7 (FoXT) THRILT A LA— M REY
RIS E2TTHMRIC L TA L D). Bk (Floses) #1449,
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0 1.2 First experiments with gases

A fixed amount of air was trapped inside this J shaped tube. Boyle
changed the amount of mercury in the tube in order to exert more or less
pressure on the air. With this simple system he could measure both the
air volume and the pressure exerted by the mercury on it. At constant
temperature, he was surprised to find the famous relation PV = constant.
More surprisingly he discovered that this was true for any kind of gas he put
inside his J shaped tube! There was a linear relation between the product2>
PV and the temperature T'. Boyle noticed that the inclination of the line
was approximately the same, for any gas, if he inserted about the same
number of molecules. And this was true for ANY gas they tried! Why this
was happening? This fact, now called “Boyle law”, it is amazing. Why it is
amazing? Because of its simplicity! This result is so simple that it is easy
to miss what is quite remarkable about it.

Gases come in many different forms. We might have a very light gas like
helium, the gas used to lift balloons, whose molecules are little spheres. Or
we might have a denser gas like the oxygen of the air, whose molecules are
dumbbell shaped. Or we might have a vaporized liquid, like water vapour,
whose molecules are shaped something like the letter “Y”. In every case,
the same law holds, even if the oxygen or water vapour are mixed up with
another gas like nitrogen in the air. Even though nothing in the law takes
note of all these differences, still this law works...!

Later in the 1700 century J. Charles and J.L. Gay-Lussac discovered
that there was some kind of linear dependence with temperature, now we
call these laws the Charles law (V/T = constant) and the Gay-Lussac law
(P/T = constant).

2) product I ZIFD Z &. H7RAIH : sum, 7 difference, T : quotient.
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Example 1.1

Suppose you are Boyle in 1662. You trap in the “J” shaped tube a

fixed amount of air. Changing the amount of mercury, you change the

amount of pressure that is exerted on the gas (air). You first measure

pressure and volume and you obtain these values:

Vi =1cm®(=10"°m?)

P, =0.1 MPa
Atmospheric Atmospheric
pressure pressure
= Hg added A

(1.1)

Fig. 1.2 A schematic of the apparatus used by Boyle in 1662. You change the
amount of mercury on the column to change the pressure on the gas (panel a
and b). Keep PV constant and calculate the new pressure using MKS units

Then you add more mercury in the column. The weight of the col-

umn is now the equivalent of 380 mm of mercury over the atmospheric

pressure, about 0.05 MPascal, so you have:

P, = 0.15 MPa

can you calculate the volume you expect in this case? Please use MKS

units® | Pascal is already in MKS units (1 Pa =1 Newton per one square

meter? ).

Answer:Vs =~ 6.67 x 1077 m?>
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1.2 FA WA 1662 FEICH W EEEEOHKXM. SRS 2DENEEZ T,
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P, = 0.15 MPa
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L MKS Hfi %25 2 & (Paldd TIZ MKS Hf7. 1Pa=1N/m?)
EZ: Vam6.67x107 " m?
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1.3 The law of ideal gases

To put together all these relations found by these researchers, we have
to understand one of the oldest mystery of science: what is the physical
meaning of temperature? We know that material can be hot or cold at
touch. But what does that means in physical terms? How do we determine
the real nature of the temperature?

Well, we consider a piston full of gas, like in figure 1.3. If we suppose
that inside this piston there are N particles, what is the force exerted on
the piston? Well, the answer is easy. By definition, if the piston has an area

A, the pressure on it is

(1.2)

where the symbolism < F' > means the average force F.

Now, for sure we can measure the average force on the piston < F' >, but

Fig. 1.3 A gas piston with gas molecules in it.

3) MKS units: MKS Hfisk. A — bt (m), ¥027 54 (kg), B (s) ZIAHL LT 5
BAROZ &, BT MKS AR 2 9 05—,
4) square: 2 gD L. T T TlE m? &) EK.



