Focus 1: Properties of gases
Perfect gas
Kinetic model

Real gases



Kinetic-molecular theory (KMT)

- A microscopic explanation of gas behavior
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Kinetic-molecular theory (KMT)

1. The gas consists of molecules of mass m in ceaseless ran-
dom motion obeying the laws of classical mechanics.

2. The size of the molecules is negligible, in the sense that
their diameters are much smaller than the average dis-
tance travelled between collisions; they are ‘point-like’.

3. The molecules interact only through brief elastic collisions.



Relation between pressure and volume: PV=1/3 nMV,,. 2

- Connects microscopic properties of a gas with macroscopic properties

pV =1inMv.



Relation between pressure and volume: PV=1/3 nMV,,. 2

Molar mass
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pV =1inMv.

l

No of moles
Root-mean-square speed
v+l +vi+---+02_[3RT 12 Comes from the KMT and relates the macroscopic
Urms = n - = M temperature (T') of a gas to the microscopic average

speed of its molecules
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Relation between pressure and volume: PV=1/3 nMV,,. 2

Molar mass
— 1 2
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No of moles
Root-mean-square speed
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speed of its molecules
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Relation between pressure and volume: PV=1/3 nMV,,. 2

Molar mass
— 1 2
_PV - 3 HMUrmS Temperature dependence?
No of moles PV = constant (at constant T)
Root-mean-square speed
ol +oit-+02_ [ 3RT 172 Comes from the KMT and relates the macroscopic
Urms = n - = M temperature (T') of a gas to the microscopic average

speed of its molecules
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Maxwell-Boltzmann distribution of speeds
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Maxwell-Boltzmann distribution of speeds

Molar mass

I

M 3/2
- 2
distribution of speeds f(z)) — 47[;[ SR ) vze Mv”/2RT

l

Gas constant

temperature
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Maxwell-Boltzmann distribution of speeds

Molar mass

I

distribution of speeds f(U) = 47(3[

2TTRT \

3/2
M ) 2 —Muv*/2RT

(2N~

/

l

Gas constant

|

Boltzmann factor exp (-E/kgT) indicates
how likely a system is to occupy a state
with energy E.

temperature
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Maxwell-Boltzmann distribution of speeds

distribution of speeds

R

8.314 47 ] K mol™

8.205 74 x 107 dm’ atm K™ mol™
8.314 47 x 107 dm’ bar K™ ' mol™
8.314 47 Pam’K 'mol”
62.364 dm’ Torr K" mol™
1.987 21 cal K™ ' mol™

Molar mass

I

M

3/2
—Muv?/2RT

. 2
f(v)=4n >—RT | Ve

l

Gas constant

\ /
|

Boltzmann factor exp (-E/kgT) indicates

how likely a system is to occupy a state
with energy E.

temperature
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Maxwell-Boltzmann distribution

Molar mass

I

M
@)= 3y

3/2

2 —Muv?/2RT
U €

temperature

Distribution of speeds of particles in a gas at different
temperatures or for different molecular masses

Distributiion function, flv)

Low temperature
_ :
or high molecular mass
| Intermediate temperature or
/ X/_\ molecular mass
-
¥ f””
/ \ \ High temperature or
low molecular mass

N

—
-

17



Maxwell-Boltzmann distribution

Molar mass

I

M
@)= 3y

3/2

2 —Muv?/2RT
U €

temperature

Distributiion function, flv)

Most probable speed?

Low temperature
//or high molecular mass
| Intermediate temperature or
/ &/_\ molecular mass
-
¥ f””
/ / \ High temperature or
q low molecular mass
,_.-"'ﬂ-r-d__ _%%-H'“‘“ﬂ-.._hx /
|~ .
B / \ ~_ o
_,--"'-f -""‘“—\—._._‘_

Speed, v

18



Maxwell-Boltzmann distribution

Effect of

Temperature

Effect of Molecular

Mass

Low Temperature (blue

curve)

High Temperature (yellow

curve)

Low Molecular Mass

(vellow curve)

High Molecular Mass (blue

curve)

- Curve is narrower and peaks at a lower speed.

- Particles move more slowly on average due to

lower kinetic energy.

- Curve flattens and shifts to the right, indicating
higher speeds.

- Particles gain more kinetic energy, increasing

average speed and range.

- Particles have higher average speeds and a broader

distribution.

- Distribution is similar to high temperature for

lighter molecules.

- Particles have lower average speeds and a narrower

distribution.

- Heavier particles move more slowly at the same

temperature.

Distributiion function, flv)

Most probable speed?

Low t
—" or hig

T

emperatureg

h molecular mass

Intermediate temper

ture or

7

e

molecular mass

¥

High tempe
low molecular mass

zrature or

)
)(’”f
=
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Maxwell-Boltzmann distribution

Effect of

Temperature

Effect of Molecular

Mass

Low Temperature (blue

curve)

High Temperature (yellow

curve)

Low Molecular Mass

(vellow curve)

High Molecular Mass (blue

curve)

- Curve is narrower and peaks at a lower speed.

- Particles move more slowly on average due to

lower kinetic energy.

- Curve flattens and shifts to the right, indicating
higher speeds.

- Particles gain more kinetic energy, increasing

average speed and range.

- Particles have higher average speeds and a broader

distribution.

- Distribution is similar to high temperature for

lighter molecules.

- Particles have lower average speeds and a narrower

distribution.

- Heavier particles move more slowly at the same

temperature.

molecules with speeds in the range v, to v,

EF(v,,v,)= J.:E f(v)dv

Distribution of speeds of particles in a gas at different
temperatures or for different molecular masses

Distributiion function, flv)

Low t
— or hig

h molecula

Intermedis

emperature

r mass

te temper

ture or

molecular

mass

High temperature or
low-molecular mass_.
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Mean speed

molecules with speeds in the range v, tov, F (vl avz) = sz f(v)dv

The average value of 7" (V")= L V" f(v)dv

The formula is derived from the Maxwell-Boltzmann distribution of speeds and

is used in statistical mechanics to calculate averages of different powers of
speed.

Each possible speed raised to the nth power by its probability density (f(v)) and
integrating over all speeds from 0 to oo,

If n = 1, it gives the average speed ((v)).

if n = 2, it gives the mean square speed ({(v?)).

If n = 3, it gives the average of v*, and so on.
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Mean speed

Vs
molecules with speeds in the range v, tov, F (1}1 avz) = J. f(v)dv

The average value of 7" (V") = L V" f(v)dv

The mean speed Uean =J.mvf(v)dv
0
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Mean speed

molecules with speeds in the range v, tov, F (1}1 avz) = sz f(v)dv

The average value of 7" (V") = L V" f(v)dv

co M 3/2 i
The mean Speed U, ean =J.0 Uf(l/’)dl/ f(l/)= 47{ 27|;RT] 2e M I2RT
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Mean speed

molecules with speeds in the range v, tov, F (1}1 avz) = sz f(v)dv

The average value of 7" (V") = L V" f(v)dv

co M 3/2 i
The mean Speed U, ean =J.0 Uf(l/’)dl/ f(l/)= 47{ 27|;RT] 2e M I2RT
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Mean speed

molecules with speeds in the range v, tov, F (1»'1 avz) = sz f(v)dv

The average value of 7" (V")= L V" f(v)dv

oo M 3/2 i
The mean speed Vpen= [, f )0 S =47 g | v

I
I
a
e
S
= =
'-.i
S~
N|r—

(i 2RT Y _(8RT .
M | | M
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Mean speed

molecules with speeds in the range v, tov, F (1»'1 avz) = sz f(v)dv

The average value of 7" (V")= L V" f(v)dv

oo M 3/2 i
The mean speed Vpen= [, f )0 S =47 g | v

I
I
a
e
S
= =
'-.i
S~
N|r—

(i 2RT Y _(8RT .
M | | M

— From slide 11

3RT 1/2
2\
vrms_(U) _( M ]
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Mean speed

Vs
molecules with speeds in the range v, tov, F (1}1 avz) = J. f(v)dv

The average value of 7" (V") = L V" f(v)dv

oo M 3/2 i
The mean speed Vpen= [, f )0 S =47 g | v

I
I
a
e
S
= =
'-.i
S~
N|r—

L 1f 2RT > (8RT\"”
, M ) | ™
— From slide 11

y =<U2>”2= 3RT " , = 8RT 1;2_ i mv
rms M mean TCM - 31t rms
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Mean speed of N, at 15 OC?

Calculate V.., of N, at 15 °C

mean
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Mean speed of N, at 15 OC?

Calculate V.., of N, at 15 °C

mean

- 8RT 1/2 - i 1/2
vmean - TEM — 31 I)Irms
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Mean speed of N, at 15 OC?

Calculate V.., of N, at 15 °C

mean

SRT 1/2
Umean = [nM]

v —

mean

8% (8.3145JK ™' mol " )x 288 K
1x(0.028 02kgmol )

1/2
] = 462 ms!

Apprx. 1033 mph.
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Mean speed of N, at 15 OC?

Calculate V.., of N, at 15 °C

mean

- SRT 1/2 - i 1/2
vmean - TCM — 31 I')Irms

v —

mean

8% (8.3145JK ™' mol " )x 288 K
1x(0.028 02kgmol )

1/2
] = 462 ms!
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Most probable speed

2RT 1/2
"mp:(w)

32



Most probable speed

2RT 1/2
"mp:(w)

| |
|

Maxwell-Boltzmann Distribution Function:

3/2
m

df(v) _ n
Set T ==



Most probable speed

- ZRT 1;"2_ g
Ym T\ "M ) T\ 3

| |
|

Maxwell-Boltzmann Distribution Function:

) =4

df (v)

M
2nRT

Set “dv — U:

1/2
) I”rms

3/2
¥
) v2e—Mv?/2RT
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Vmp, Vmean, and Vrms

A summary of the conclusions that can be deduced from the Maxwell distribution for molecules of
molar mass M at a temperature T

-
\
v, = (2RTIM)"
v_. = (8RTIxM)"?
P v, = (3RTIM)"?

f(v)/4r(M/2nRT)*?

1""'?4!,“]”2 (3/2)"2 vI(2RTIM) 2
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Relative speed of a molecule w.r.t. another

The relative speed between two molecules is the speed of one
A molecule as observed from the frame of reference of the other
molecule.
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Relative speed of a molecule w.r.t. another

1’4
1’4

"4
A
"4
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Relative speed of a molecule w.r.t. another

velocities are equally likely to point in any direction

1’4
A
"4 1’4
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Relative speed of a molecule w.r.t. another

"4

mean relative speed, v =2""v

° vV
‘ 0
"4
212y,
"4

"4
A
"4

mean



Collision frequency
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Collision frequency

Miss
v At

|
‘QF

Area, o
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Collision frequency

Miss °
v Al
|
Q@
AN

Area, o

number of stationary molecules

"<

Nov,, At

number density N=N/V.
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Collision frequency

Miss o
vrelf_\.t

|
‘QF

Area, o

number of stationary molecules

The collision frequency z

"<

Nov._, At

rel

Z2=0U_ N
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Collision frequency

Miss o
vrelf_\.t

|
‘QF

Area, o

number of stationary molecules WGUIE]

The collision frequency z Z = (}'Urelﬂ’v

I

collision cross-section

At

o/nm’
C.H, 0.88
CO, 0.52
He 0.21
N 0.43

2

* More values are given in the Resource section.
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Collision frequency

Miss

|
‘QF

Area, o

At number density N=N/V.

number of stationary molecules W()'Urel

N nN, nN, pN, p

The collision frequency z Z = Gyrdj\[ N = v = v — I’IRT/p =RT = *T
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Collision frequency

Miss

|
‘QF

Area, o

number of stationary molecules Nov,, At number density N=N/V.
The collision frequency z — Gvrdw N = I‘j — ”1‘\;& — n;l;{?p — p}i\’}ﬁ — kI;"'
7= O-UI'EIP
kT 46




Collision frequency

o/nm’
_ C.H, 0.88
Miss
v_At Co, 0.52
He 0.21
N 0.43

* More values are given in the Resource section.

|
‘QF

Area. o ,e (0.45x10™" m”)x(671ms ™" )x(1.01x10° Pa)

(1.381x107* JK )% (298K)

=7.4x10"s™"
number of stationary molecules f}\f()'vrel At
The collision frequency z Z = Gyrdj\f
7 = JUIE[P
kT 47




Mean free path
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Mean free path
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Mean free path
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Mean free path

L '::)-I”'lr:-:lj“‘;;|
kT

V.o = 671ms (for N, molecules at 25 °C)

z=74%10"s™"

671ms"
A=—1"10  —91x10"m
74x10°s
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