Maxwell-Boltzmann distribution of molecule
velocities. Diffusion. Ideal gas law, particular gas
laws, phase diagram, phase equilibrium, Clausius-

Clapeyron equation. Air humidity.



e Maxwell-Boltzmann’s distribution

* Macroscopic phenomena based on
microscopic matter structure

 Diffusion, gas viscosity
* Non-1deal Van der Waals’ gas



Non-interacting system of molecules
Reality — 1nert or diluted gasses

Internal energy — only kinetic energy of
molecules

Kinetic theory of gasses

State equations — pressure, volume,
temperature, number of molecules



Molecules 1n an 1deal gas move by variable
velocities, their movement 1s straight and at
constant speed between collisions

Assumptions:
1. No prefered velocity orientation 1n space

2. Different velocity coordinates in 3D space
are independent



Velocity coordinate distribution

Velocity magnitude distribution

J.C.Maxwell, 1852



Molecules travel faster at higher temperatures — example for Oxygen
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Area below graph — oxygen at 300K
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* The most probable speed
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* The most probable speed

dp(v) _
* Average speed v
V= jvp(v)dv

0

* Root-mean-square speed

o0

v, = W = I v: p(v)dv

0



Gas molecules exhibit potential energy in gravity field

Density of molecules will differ as a function of

pOSition -

Barometric formula for the pressure/density
distribution in constant temperature medium




Probability density = function of potential energy of
particles




Molecules collide at the vessel walls

Change of impu!

Change of impu!

Ap =2m,v

D1
2] >
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A

se per 1s and 1m? is pressure

se per particle at elastic collision

ke zvyraznéné
sténé




Number of molecules colliding at the wall per A¢

AN = ];[ (Sv. AHAw(v, )  *

J
Aw(v,) = p(v,)Av, /
Exchanged impulse
AP = AN -2m,v_ —

v dt

Force on the wall
AP N 5
AF =—*=2m, — S(v_p(v )Av
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Force F=2m,""
V

S [vip(,)dv,
0

Root-mean-square speed
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Pressure on the vessel wall




Magnitude of velocity
ViV 4V =Y

2
Average
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(Gas pressure




Equation of state p} = nRT

Root-mean-square speed







Motion of single particle at root-mean-square speed
E, = lmov2 = 1movlg

2 2

Root-mean-square speed of molecules for an 1deal
gas 1s proportional to the temperature.

Boltzmann’s constant

R=1.38-10‘23JK‘1
A

ky=



Sum of all kinetic energies of molecules

U:nNAEk:nNA(;kBszinRT

Internal energy of an ideal gas depends only on the
temperature, not on volume, pressure etc.

Various nature of internal energy — translational,
rotational, vibration, ...



Universal gas constant
R=8.314Jmol-'K-!

Volume of 1 mole of gas at standard
temperature and pressure (STP)

po=101325 Pa, 7=273.15 K 1t 1s V_=22.4 liter



Boyle-Mariott’s law pV = konst.
v,
Work A=nRT an Heat O=A4
I
Internal energy PVt
AU=0




Charles’ law P

= = konst.
T
Work 4 =( Heat QO
Internal energy PT 1
AU=0Q= CynAT




Gay-Lussac’s law ~ = konst.
T
Work A= pAV Heat O=AU-pAV
Internal energy VT 1t

AU= CpnAT




pV" =konst.
+ 1deal gas law
. CP
Poisson’s constant K=
CV
-1
VT = konst.

Using other variables

p' *T" = konst.






Work

Internal energy
AU=-4

Adiabatic curve has higher

slope then 1sothermal one

» 1




First law of thermodynamics  dQ = dU + pdV

a’Q:(aU) dTl’ + p+(wj dV
oT ), i ov )|

ki Lo (2] ]2
ov ), \or )

Heat capacity at constant volume or pressure

6 ()
oT ),



For an ideal gas

)
ov ).

Difference 1n heat capacities for 1sovolumetric and
1sobaric process

K,-K, = p+(8U) (Wj = nR
ov ), \or ),



Unstable and random motion of tiny pollen
particles (1um) in liquid

Explanation - A.Einstein, M.Smoluchovski (1925-
1927)

Non-compensated impulse transfer at pollen
particles and water molecules

Experiments — J.B.Perrin (1910-15)
Avogadro’s constant measurement



oot-mean-square displacement (mean “walk”
during time ¢

... dynamic viscosity [Pa.s]



Transport of particles — concentration changes
* Homo-diffusion
» Hetero-diffusion

Transfer of fragrances, aerosols, fog, smoke etc. in
gasses, particles in colloidal suspensions etc.



* Concentration gradient
 Rate of diffusion — diffusion coetficient
First Fick’s law




Change 1n concentration 1n volume V' 1s equal
to the difference of diffusion ratio (in- and
out-coming)

X x+d
VAC =S[Jo(x+d)—J-(x)]
AT
S
AC  AJ.
Jo(x+d) AT Ax




Tabulka 6-1 Hodnoty difiznich souciniteld D nekterych smeési

Difundujici Diflzni D (mz s) Teplota
latka prostiedi ' T (°C)
H, N, 6,7 .107° 0
H, 0, 6,97.107° 0
H, vzduch 6,11.107° 0
0, N, 1,81.107° 0
NH, vzduch 1,98 .107° 0
NaCl voda 1,24 .107° 18
HCl voda 3,13.107° 20
C,H,OH voda 1,01 .107° 20
Au Cu 29.10°'¢ 550
Au Ge 50.107" 800
Au Si 30.107" 1 300
Pb Pb 21.107% 20
Pb Pb 58.107"® 165
Pb Pb 6,7.10°% 320




Independent from the density and pressure of an 1deal
gas

Reality — small dependence on pressure — e.g. CO,
10°Pa 7=14.9-10°Pa-s
300Pa n=14.7-10°Pa-s

Measurement of gas viscosity could give molecule
radius r



Mutual molecular interactions exist

Such effect must be taken into account — e.g.
impossible compression to the zero volume
etc.

Approximative equations of state
- Van der Waals’ equation

- Virial expansion



J.D.van der Waals, 1873

Molar volume V_=V/n

Constants a,b are characteristics of attractive and
repulsive forces among molecules — different for
different gasses



Michels 1937 — 1sothermal

curves for CO,
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Tabulka 7-2 Van der Waalsovy koeficienty a hodnoty kompresibilitniho

faktoru z
Van der Waalsovy koeficienty Kompresibilitni
Latka faktor
a(l.m®. mol"2) | b.10°(m’.mol™") 2
Ar 0,134 32,2 0,308
Cl, 0,650 56,2 0,229
He 0,003 4 23,6 0,307
N, 0,135 38,6 0,291
Ne 0,209 17,0 0,255
0, 0,136 31,7 0,294
CO 0,145 39,5 0,245
CO, - 0,365 7 42,84 0,275
H,0 0,552 30,4 0,226
CH, 0,229 42,75 0,286




Compressibility factor

Vinal coefficients B, C, D, ...
H.Kamerling-Onnes, 1901 — infinite expansion series

Van der Waals’s equation
B(T)=b—a/RT, C(T)=b’



* Phase transitions
* Phase diagram

* Calorimetry

* Air humidity



melting, boiling, sublimation, solidification, condensation

Pevné téleso ‘ Kapalina

—

Teplo dodané
Teplo dodané Vyparovani
Tani / { Var

Teplo
odvedené
Tuhnuti

Teplo dodané — Sublimace
Teplo odvedené — Desublimace



Heat delivered to the substance for the change
of phase

Graf ukazujici rist teploty s dodanym teplem

Konstantni teplota

pri zméné skupenstvi.
Skupenské teplo
se-vyuzije na-rozbiti

vazeb mezi molekulami.
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Heat taken from the substance for the change

Of phase Graf ukazujici pokles teploty pfi ochlazovani predmétu

Kondenzace
Kfivka chladnuti
Teplota ukazuje pokles te-
A ploty s c¢asem pro
volné ochlazované
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-----------------------
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Heat needed for the change of phase
Necessary for the change of matter structure

L =Im

Specific latent heat

=" kg
m






Simplification of the first law of

thermodynamics 1n case of negligible work
done (4<<Q)

Qi — Qout



me,(t,.,—t)+ml, +myec,'(t—t,,,)=mc (t —t)+ K(t, —1)

my, 1 Final temperature ,<t<t,

K, t
“whisky on the rocks”

1>t



Equilibrium between phases — coexistence

pressure

A

!

Critical point

Solid

Vapour
Tripple point

>

temperature



Change of phase transition temperature with pressure

>

pressure

[...specific latent heat

v,, vi=1/p; ... specific volumes remperature
of phases

T'... phase transition temperature

p...pressure




Water — 1ce melting point
AT _ (Vz —VI)T
Ap -

Specific latent heat /= 334000Jkg!, v=1/p,

p,=1000kgm water, p,=900kgm ice,
1=273K melting point

Change of melting point below ice-skate
(S=10-m?, G=1000N, AT=-0.09K)

—_9.10 SKPa!
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« Absolute = mass of water vapour per 1m? of air

<D=’;; [kgm™ ]
 Relative o o
= 0

B D

Optimum humidity for humans 65-70%



* Equilibrium between ratios of particles changing
phase from liquid to vapour and back

Maximum vapour content 1s limited in an air @,

Dew point (#;[°C]) — temperature of saturated vapour
at given vapour content, 1.€. temperature when
condensation starts

ts<0°C white frost, t>0°C dew



Tlak [10A5Pa]

Tlak a hustota nasycené vodni pary
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50% humidity at 20°C, 1.e.
8.7gm of water vapour

¢ . =8.7gm

Water vapour 1s saturated
at the temperature close to
9°C

Dew point 1s 9°C
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