8. ldeal GasL aw

More than 300 years ago experimenters found that gases obeyed the

following ssmple empirical laws.

@ Pa % or PV =constant, at fixed temperature

() PaT or $= constant, for afixed mass of gas at

constant volume.

(@) and (b) are known as Boyl€e's law and Gay-Lussac’s law

respectively.
8.1 Ideal gaslaw
At low densities all real gases are observed to obey

PV = nRT ideal gaslaw

Pispressurein Pa, Visvolumein m3, n is number of moles of gas



Riscalled the gas constant; R=8.31 J(mol)‘lK‘1 ‘joules per

mole-kelvin' for all gases.
Boltzmann’s constant
Notice that the gas constant R is given in terms of moles. 1 mole of a

substance contains Avogadro’s number N, of particles (gas atoms,

gas molecules, metal atoms, etc.) by definition.

Np = 6.023x10°° particles per mole

Boltzmann’s constant is the gas constant divided by Avogadro’'s

number:;

kg =
Na
-1, -1
oo S8Mmol KT g aexi02 KL

~ 6.023x1023mol 1

Using R=kgN, and n= N/N, we have nR= Nkg and can write

[!! N isthe number of gas molecules or atoms!!]



PV = NKT ideal gaslaw

[From now on we will drop the subscript ‘5" from Boltzmann's

constant and just write k.]

Thus we can write the ideal gas law in two useful forms:

PV =nRT| or PV = NKT

8.3 I sothermal Processes

ideal gaslaw

When agasis compressed or expanded at constant temperature the

processis said to be isothermal.

We have

PV=nRT or P= nRT.%

for an isothermal
process, T is constant,
NRT is a constant

S0 that



P= (con:st.)xi oo Pa 1
\Y V

Thecurvesof P a % are called isother ms and are rectangular

hyperbolas.

|sotherms P « i
V

The work done by an ideal gasin an isother mal expansion is

found as follows.

Let’s select one representative isothermal process:



VINITIAL
VEINAL
V
We know that
VF
W = f dwW = f PdV
Vi

and using P = nRT/V, substitute for P,

VF
W= g ﬂdV
Vi \

/

integrate between initial (V)
and final (Vi) volumes




VF
W=nRde—V
\

Vi

= nRT[InV}F

INVE - InV,
y = In(VE/V)
= nRTIn—F
Vi
for an isothermal process the work doneis
W = nRTIn(Vg/V, )
Recall the values of Inx (natural 1ogs): ifx>1 Inxis+ve

ifx<1 Inxis—ve

For an isothermal compression, Ve <V, so W is negative, the work

done by the gasis negative.



For an isothermal expansion, Vg >V, so W is positive, the work

done by the gas is positive.
8.2 Kinetic Theory
We can derive the gas laws beginning with the mechanics of asingle

molecule and putting in some statistics to take care of the v. large

number of moleculesinvolved: thisis kinetic theory.

Wall 1




Choose a ‘representative’ molecule with velocity v and x-component
of velocity v.

Molecule collides with Wall 1 and rebounds elastically.
=> molecule' s x-momentum change is

Apy = (=MVy) = (Mvy ) = -2y
= momentum imparted to Wall 1is

APy wall = 2Mvy

Molecule travels at velocity v,. It will collide with Wall 1 again
after atime At = 2L/v, (the time for a ‘round trip’ to the opposite
wall).

The rate at which momentum is transferred to Wall 1 isthe force on
r
wall 1 (F = d|5/dt, Newton's 2™ law) and is



ADywall 21TV, mv)z( force on Wall 1 due

Py = At 2L /Vx L to asingle molecule

Now, consider all molecules from 1 up to N with x-velocities

V1, Vx21--VxN-

Recalling that P = F/A= F/L? (where A= L? thewall area),

We have
2 2 2
p_ Fe MV + MVyo + . MV SRPLLLYY
== 2 X =
/ L L L
pressure=force/area
my 2
- (13) (Vo +-) )

Now n= N/Nj so N =nN,. Thismeansthereisatotal of N =nNp

terms in the second bracket and we can write

mg) (Vxl + Vx2 +. VxN) ( n;) nNA(Vx)av

(
\



We have set (v)z(l + v)z(z + ...V)Z(N) =nN A(v)z()av and averaged over all

mol ecules with x-components of velocity:

(v)z()a\, IS the average value of the x-components of all the molecular
Speeds.

Equation (*) aboveisthen

nmN
A ( x)av

If we note further that

MmN = mass of one mole of gas = M
and
1°=V
we have

nM

P V (Vx)av

For any of these moleculeswe have  v* = vy +Vy +V;



Now the gas contains~N, = 1023 molecules, avery large number,

moving at random. We can therefore set

We further note that

2
V(VT) v = Vims

where v, IS the root-mean-square molecular speed, so that

_1nMv; e

= Kinetic theory
3 V

8.4 Temperature and kinetic theory

Using the kinetic theory resultP = %% and putting nM = Nm,

we have,

PV = = NMV2e

1
3
Theideal gaslaw is

PV = NKT.



Combining these,

1 2
and
m
7= g Ve ©)

A single molecule or atom of gas has an average (trandlational — it

could also rotate or vibrate) kinetic energy

1 -

KEq = émvrms
s0 that we can write
2
T= &KEa\,

or

The connection between

KE,, = §kT absolute temperature _T
2 and the average kinetic

energy of amolecule

When we measure the temperature of a gas we are measuring the
average trangdlational kinetic energy of any particle (atom, molecule)

of the gas!



8.5 Root-mean-squar e (rms) molecular speed

Using the expression T = 3—n;vr2ms {egn (*) from above} we can see

that

v 3kT  root-mean-square speed
LRI of gas molcules.

This can also be written in useful alternative forms:

Recalling that k = R/N,, we have

v '3RT

™ MmN,
We also had previously

M =mNp4

TN

[ molar mass| [mass of on {Avogadro’?r

< 1.e.massof » | molecule number

one mole
\ J



and we can write

3RT rms molecular speed in
— _ terms of the mass of one

™A M mole of gas

What istherms speed of gas moleculesin theair?

L et’s consider the oxygen, molecular mass M = 32x1073 kgmol -1
and take the air temperature to be 27°C = 300K.

3RT _ 3(8.31Jmol 'K ~1)(300K)

Vi = | o = = 483ms!
™2V M 32x103kg

We find values of the same order for N,, CO, and water vapour.

For the lighter gases, Vg He = 1370ms ™ and Vrms,Hy = 1920ms ™t

both at 300K.



