Thermodynamics

Chapter 1
Kinetic Molecular Theory of

ases

Dr. Sajid Hussein Alabbasi
Department of Petroleum Engineering
Engineering College - University of Basrah



Introduction

In 1859, after reading a paper on the diffusion of molecules by Rudolf Clausius, Scottish
physicist James Clerk Maxwell formulated the Maxwell distribution of molecular velocities,
which gave the proportion of molecules having a certain velocity Kinetic Molecular Theory
states that gas particles are in constant motion and exhibit perfectly elastic collisions. they
obey Newton's laws of motion. This means that the molecules move in straight lines until they
collide with each other or with the walls of the container. Kinetic Molecular Theory can be
used to explain both Charles' and Boyle's Laws. The average kinetic energy of a collection of
gas particles is directly proportional to absolute temperature only.in a specific range.

The basics of the Kinetic Molecular Theory of Gases (KMT) should be understood. A model
ed to describe the behavior of gases. More specifically, it is used to explain macroscopic
operties of a gas, such as pressure and temperature, in terms of its microscopic
components, such as atoms. Like the ideal gas law, this theory was developed in reference to
ideal gases, although it can be applied reasonably well to real gases. In order to apply the
kinetic model of gases, The simplest kinetic model is based on four assumptions that :

Gases consist of large numbers of tiny particles that are far apart relative to their size.

Collision between gas particles and between particles and container walls are elastic collisions
(no energy loss) with each other and with the wall of container .

Gas particles are in continuous, random, constant and linear motion.

There are no forces of attraction between gas particles.
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Pressure :

The macroscopic phenomena of pressure can be explained in terms of the kinetic
molecular theory of gases. Assume the case in which a gas molecule (represented by a
sphere) is in a box, length L (Figure 1). Through using the assumptions laid out before, and
considering the sphere is only moving in the x-direction, we can examine the instance of the
sphere colliding elastically with one of the walls of the box.

Figure 1

wall of container

"
\
=
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The momentum of collision of one molecule is given by ;
M =mu

since we are only considering the x dimension.
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The total momentum change for this collision on the wall is then given by
AM=mU-m(-U)=2mu

Given that the amount of time it fakes between collisions of the molecule with the wall is
L
t= =
U

we can give the frequency of collisions of the molecule against a given wall of the box per

unit time as
= 2L
Y
Solving for change of momentum per unit of time gives the force exerted by a molecule
wall of container, according to the Newton'slawsF=ma=mu/t=AM /1

_A_M—zm U_mU2
x=F T <4MU.or =

F

With the expression that F=mu?/L one can now solve for the pressure exerted by the
molecular collision, where area is given as the area of one wall of the box,

A =12
Any surface in contact with the gas is constantly bombarded by the molecules, it easy to see
how a gas should exert a pressure on the walls of a container. Pressure arises from the force due
to the acceleration of molecules as they bound off a container's walls, the pressure is ;

F, _ Fy _

p = Fx = mu? 1
x= AT I?

T
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Where V is a volume

The expression can now be written in term of the pressure associated with collision of one

molecule in x direction :

P =m_U2

x 'V
The expression can now be written in terms of the total pressure associated with collisions
from N number of molecules in x direction :

Then

Then

The expression can now be written in terms of the pressure associated with collisions in the y
and z directions by

p = M Nv2
y Vv
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2
P = m N w4, .

Z
The average pressure in the container

_ (Px,Py+Pz,

Pc:ve - 3
Then
P - m N( l"2cwe +V2cwe - w2clve )
ave ~ 3V
But
Czcve = U2c::ve T Vzave + wzqve
The
_ m N c:zclve
Pc:ve - 3V

Finally , the expression can now be written in terms of the pressure associated with collisions in
all directions by
m N C2
3V
Above equation represent the Pressure of gases in a box by the kinetic Molecular Theory(KMT)

P=
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Relation between molecular kinetic energy of gas and temperature

The kinetic energy of a gas is a measure of its temperature. The kinetic energy of a gas patrticle is
directly proportional to the temperature. An increase in temperature increases the speed in which
the gas molecules move. All gases at a given temperature have the same kinetic energy.

1

K.E.= img(:2
Where mgy is the mass of gas = m N, Then we can write
P=3LV : %mg(:2
PV = % K. E

K.E. = = PV

2
From the ideal gas law, and for one mole of gas (n=1)

PV, ,=nR T=R,T

Where R, is universal gas constant = 8.3145 J/mol K, then

3
K.E= 5 RT
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http://hyperphysics.phy-astr.gsu.edu/hbase/Kinetic/idegas.html#c1

Relation between Speed of gas molecules and pressure :
From

P = 1 mNC?2

-3 \'

Then

P= l%g

3 \
V 3P
C>?=3P_——="—
my, ,

is the density of gas (kmgg )

p

For one mole of gas we can write

P = m NAvo C2

Relation between Speed of gas molecules and tempeature :

1
37V

mol

Where N._,, is Avogadro's number = 6.0221 x 1022 /mol

avo
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From the ideal gas law, and for one mole of gas (n=1)

PV, ,=nR T=R,T

Where R, is universal gas constant = 8.3145 J/mol K

avo

PVm°,=% m N,,,C2

R°T=%mNaV°C2
3T R
2 = Y
“=m N,
_3kT
C=AT

Where k is Boltzmann constant = N—R°— = 1.38066 x 1023 J/K

avo

If divided k by m ( mass of one molecule )

k- _Ry
= =

And Molecular weight of gas M=mN,_,,


http://hyperphysics.phy-astr.gsu.edu/hbase/Kinetic/idegas.html#c1
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R
2 = —0
C 3T N‘\’
Gas constant R is R= %\Q
Obtained
C2= 3TR
C= \/ 3T R

The kinetic molecular theory can be used to explain each of the experimentally
determined gas laws.

THe Link Between P and n

The pressure of a gas results from collisions between the gas particles and the walls of the
container. Each time a gas particle hits the wall, it exerts a force on the wall. An increase in
the number of gas parficles in the container increases the frequency of collisions with the
walls and therefore the pressure of the gas.

Avogadro's Hypothesis (V o N )

As the number of gas particles increases, the frequency of collisions with the walls of the
container must increase. This, in turn, leads to an increase in the pressure of the gas. Flexible
containers, such as a balloon, will expand until the pressure of the gas inside the balloon once
again balances the pressure of the gas outside. Thus, the volume of the gas is proportional to
the number of gas partficles.
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At constant temperature
PV = Constant

Dalton's Law of Partial Pressures
(Pt=P1+P2+P3+..)

Imagine what would happen if six ball bearings of a different size were added to the molecular
dynamics simulator. The total pressure would increase because there would be more collisions with the
walls of the container. But the pressure due to the collisions between the original ball bearings and the
walls of the container would remain the same. There is so much empty space in the container that each
type of ball bearing hits the walls of the container as often in the mixture as it did when there was only one
kind of ball bearing on the glass plate. The total number of collisions with the wall in this mixture is therefore
equal to the sum of the collisions that would occur when each size of ball bearing is present by itself. In
other'words, the total pressure of a mixture of gases is equal to the sum of the partial pressures of the
individual gases.

auge Pressure
A gauge is often used to measure the pressure difference between a system and the
surrounding atmosphere. Gauge pressure is the pressure relative to atmospheric pressure.
Therefore, it is positive for pressures above atmospheric pressure, and negative for pressures
below it. This pressure is the gauge pressure and can be expressed as:

pg = Ps = Paim
Where:

pg = gauge pressure

p, = system pressure (absolute pressure )

Patm = OfmMospheric pressure



Atmospheric Pressure

Standard sea-level pressure, by definition, equals 760 mm (29.92 inches) of mercury, 14.70
pounds per square inch, 1,013.25 x 103 dynes per square centimetre, 1.01325 x 10° Newtons
per square metre, 1,013.25 millibars, one standard atmosphere, or 101.325 kilopascals.
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Expansion of Material

Linear Expansion of Solids

It is a well-known fact that most materials expand when heated. This expansion is called
thermal expansion. If a long thin rod of length L,, at an initial temperature T, is heated to a
final temperature T;, then the rod expands by a small length AL, as shown in figure 1

| 1 | |
e RS T

SRR 1111171 1
SR B

( Fig. 1) Linear Expansion
t is found by experiment that the change in length AL depends on the temperature
ange, AT = T; — T, the initial length of the rod L,;, and a constant that is characteristic of the
material being heated. The experimentally observed linearity between AL and L At can be
represented by the equation

AL = al AT (1)
We call the constant a the coefficient of
linear expansion. The change in length is
rather small, but it is, nonetheless, very
significant.
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Example 1

Expansion of a railroad frack. A steel railroad track was 30.0 m long when it was initially laid
at a temperature of —6.70 °C. What is the change in length of the track when the temperature
rises to 35.0 °C¢ If the coefficient of linear expansion for steel g = 1.20 x 1073/°C.
Solution
The change in length becomes

AL = aL AT
AL = (1.20 x 1075/°C)(30.0 m)(35.0 °C - (=6.70 °C)
AL=0.0150 m =1.50 cm
Even though the change in length is relatively small, 1.50 cm in a distance of 30.0 m, it is
easily measurable. The new length of the track becomes
L=1,+ AL
L=30.0m +0.0150 m =30.0150 m

As you can see the new length is essentially the same as the old length. Why then is this
thermal expansion so significant? Associated with this small change in length is a very large
force. We can determine the force associated with this expansion by computing the force
that is necessary to compress the rail back to its former length. The amount that a body is

stretched or compressed is given by Hooke's law as

F_ o Al
ATY T,

We can solve this equation for the force that is associated with a compression. Taking the
compression of the rail as 0.0150 m, Young's modulus Y for steel as 2.10 x 10" N/m?, and
assuming that the cross-sectional area of the rail is 130 cm?, the force necessary to
compress the rail is

Dr. Sajid Alabbasi



Dr. Sajid Alabbasi

F=Avf—L
0

F=(0.013 m?) 2.10 x 10 N/m? (0.0150 m/30.0 m )
F=137x10°N

This force of 1.37 x 10° N that is necessary to compress the rail by 1.50 cm, is also the force that is necessary
to prevent the rail from expanding. It is obviously an extremely large force. It is this large force associated with
the thermal expansion that makes thermal expansion so important. It is no wonder that we see and hear of cases
where rails and roads have buckled during periods of very high temperatures.

The expansion of the solid can be explained by looking at the molecular structure of the solid. The molecules
of the substance are in a lattice structure. Any one molecule is in equilibrium with its neighbors, but vibrates
t that equilibrium position. As the temperature of the solid is increased, the vibration of the molecule
inCreases. However, the vibration is not symmetrical about the original equilibrium position. As the temperature
Increases the equilibrium position is displaced from the original equilibrium position. Hence, the mean
displacement of the molecule from the original equilibrium position also increases, thereby spacing all the
molecules farther apart than they were at the lower temperature. The fact that all the molecules are farther apart
manifests itself as an increase in length of the material. Hence, linear expansion can be explained as a molecular
phenomenon. The large force associated with the expansion comes from the large molecular forces between the
molecules. A more sophisticated approach to linear expansion can be found by writing equation 12.1 in the
calculus form

dL = aldT

which can be written as

L qar 2)



and then integrated as

I%= Ja DT

The rod has the length L, when it is at the temperature t,, and these values become the
lower limits of integration, while the rod has the length L when it is at the temperature t, and
these values become the upper limits of the integratfion. Assuming that the coefficient of
thermal expansion a is a constant it can be taken outside of the integral to yield

I%= afdT

Upon integrating we obtain
InL [t =at|Ty

InL-Inly=a (T-T,)
L
In(E)=a(T-T,)
0
L:eG(T-TO)

0
and the final length of the rod after the expansion becomes

L =Loea(T—To) (3)
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Example 2

The new length of the railroad track. Find the new length of the steel railroad frack of t,
when it expands from the initial femperature of — 6.70 °C to the final temperature of 35.0 °C2
The original length of the tfrack was 30.0 m long. If the coefficient of linear expansion for steel is
A oo = 1.20 x 107°/°C.

Solution
The new length of the frack, found from equation 3, is
L = |_0 e a(T—To)
L = (30.0 m)exp[(1.20¥10-5/ °C)(35.0 °C — (- 6.70 °C))]
L=30.0150 m
which is the same length we obtained in the simpler version in example 1.

Aréa Expansion of Solids

For the long thin rod, only the length change was significant and that was all that we
considered. But solids expand in all directions. If a rectangle of thin material of length L, and
width L,, at an initial temperature of t, is heated to a new temperature f;, the rectangle of
material expands, as shown in figure 2

( Fig. 2 ) Area Expansion




original area of the rectangle is given by
A = LiL (4)
The change in area of the rectangle caused by a change in temperature of the material is

found by differentiating equation 4 with respect to the temperature T. That is
dA _, dL dL:
ar “bar tlar
Let us now divide both sides of this equation by equation 4 to get
1 dA _ L sz+ L. dL
A dT Ll dT Ll dT

which yields
1 dA _1 dL:, 1 dL

A dr Ldr 'L dr
found before
goldl
L dT
Thus
1 dL _ 1 dL:
Ldr 9 andp-q
Hence
1 dA

A gr ~ata=2a
The change in area dA of a material, caused by a change in temperature df, is
dA = 2aAdT (5)
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Equation 5 gives us the area expansion dA of a material of original area A when subjected
to a temperature change dT. Note that the coefficient of area expansion is twice the
coefficient of linear expansion. Although we have derived this result for a rectangle it is
perfectly general and applies to any area. For example, if the material was circular in shape,
the original area A, would be computed from the area of a circle of radius r, as

A, = 1iry?
We would then find the change in area from equation 5.
AA = 2aA,AT
The new area can be found by adding the change in area AA to the original area A, as
A=A, +AA (6)

or using the same calculus approach we used with equation 2 that culminated with equation
3 we would obtain for the final area of the material.

A=A062°(T_T0) (7)

Example 3
The change in area. An aluminum sheet 2.50 m long and 3.24 m wide is connected to some
posts when it was at a tfemperature of —10.5 °C. What is the change in area of the aluminum
sheet when the temperature rises to 65.0 °C?2 If the coefficient of linear expansion for
aluminum, is a, = 2.4 x 1075/9C.,
Solution
The original area of the sheet, found from equation 4, is
A, =LL,
A, =(2.50 m)(3.24 m) = 8.10 m?
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The change in areq, found from equation 5, is
AA = 2aA AT
AA =2(2.4 x 1072/9C)(8.10 m?)(65.0 °C - (-10.5 °C)
AA = 0.0294 m? = 294 cm?
The new area of the sheet becomes
A=A +AA
AA = 8.10 m2+ 0.0294 m?
AA = 8.13 m?

Again notice that the new area is essenfially the same as the old area, and the
significance of this small change in area is the very large force that is associated with this
thermal expansion.
| parts of a material expand at the same rate. For example, if there was a circular hole in
material, the empty hole would expand at the same rate as if material were actually
resent in the hole. We can see this in figure 3. The solid line represents the original material,
whereas the dotted lines represent the expanded material.

Many students feel that the material should expand into the
hole, thereby causing the hole to shrink. The best way to show
that the hole does indeed expand is to fill the hole with a plug
made of the same material. As the material expands, so does
the plug. At the end of the expansion remove the plug, leaving
the hole. Since the plug expanded, the hole must also have
grown. Thus, the hole expands as though it contained material.
This result has many practical applications.

( Fig. 3)



Example 4

Fitting a small wheel on alarge shaft. We want to place a steel wheel on a steel shaft
with a good tight fit. The shaft has a diameter of 10.010 cm. The wheel has a hole in the
middle, with a diameter of 10.000 cm, and is at a temperature of 20 °C. If the wheel is
heated to a temperature of 132 9C, will the wheel fit over the shaft 2 The coefficient of
inear expansion for steelis found asa=1.20 x 107°/°C.
Solution

The present area of the hole in the wheel is not large enough to fit over the area of the
shaft. We want to heat the wheel so that the new expanded area of the heated hole in the
wheel will be large enough to fit over the area of the shaft. With the present dimensions the
wheel can not fit over the shaft. If we place the wheel in an oven at 132 °C, the wheel
expands. We can solve this problem by looking at the area of the hole and the shaft, but it
can also be analyzed by looking at the diameter of the hole and the diameter of the shaft.
hen the wheel is heated, the diameter of the hole increases by

AL, = al AT
ALy = (1.20 x 1075/9C)(10.000 cm)(132°9C - 20°C) =1.34 x 1072cm
The new hole in the wheel has the diometer
L=1L1,+AL
L=10.000cm+0.013cm=10.013 cm

Because the diameter of the hole in the wheel is now greater than the diameter of the shaft,
the wheel now fits over the shaft. When the combined wheel and shaft is allowed to cool
back to the original femperature of 20 °C, the hole in the wheel fries to contract to its original
size, but is not able to do so, because of the presence of the shaft. Therefore, the enormous
forces associated with the thermal compression when the wheel is cooled, are exerted on the
shaft bv the wheel holdina the wheel poermanently on the shaft.
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Volume Expansion of Solids and Liquids

All materials have three dimensions, length, width, and height. When a body is heated, all three dimensions
should expand and hence its volume should increase. Let us consider a solid box of length L,, width L,, and
height L, at an initial temperature t;. If the material is heated to a new temperature t;, then each side of the box
undergoes an expansion dL. The volume of the solid box is given by

V=L, (8)

The change in volume of the box caused by a change in temperature of the material is found
by differentiating equation 8 with respect to the temperature 1. That is

dVv dL1 sz d|.3
dT |-2 I-3 I.l |.3 I.l I.z

us now divide both sides of this equo’rlon by equo’rlon 8 to ge’r

1 dV - |-2 I-s d|.1 I-l I-s d|.2 |-1 |-2 d|.3
V dr "LLL df " LLL df | LLL; df

which yields

1 dv_1dL_ 1dL 1dL

V dr L dr ' Ldr Ldr

But found before
1 dL

dT

1dl_ 1dL_ ngLdl_
Dr. Sajid Alabbasi |.1 dT =L / |.2 dT = e |.2 dT = e

a=

|—|

Thus




Hence

1 dV _ i
V—T-a+a+a—3a

The change in area dV of a material, caused by a change in temperature dft, is
dV = 3aVvdT (9)

Equation 9 gives us the volume expansion dV of a material of original volume V when
subjected to a temperature change dtf. Note that the coefficient of volume expansion is
three times the coefficient of linear expansion. Although we have derived this result for a solid
box it is perfectly general and applies to any volume. We now define a new coefficient,
called the coefficient of volume expansion B, for solids as
B=3a (10)

The efore the change in volume of a substance when subjected to a change in temperature

dV = pVvdT (11)
Equation 11 gives the differential change in volume dV, caused by a differential change
in temperature dt. When dealing with finite quantities, equation 11 is written in the finite form
AV = BVAT (12)

Although we derived equation 11 for a solid box, it is perfectly general and applies to any
volume of a solid and even for any volume of a liquid. However, since a has no meaning for a
liquid, we must determine B experimentally for the liquid. Just as a hole in a surface area
expands with the surface area, a hole in a volume also expands with the volume of the solid.
Hence, when a hollow glass tube expands, the empty volume inside the tube expands as
though there were solid glass present. The new volume can be found by using the same
calculus approach we used to obtain the final length of the material that culminated with
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equation 3. Using this same approach we obtain

V =V, eall-10) (13)

for the final volume of the material. The final volume can also be found by adding the
change in volume AV to the original volume V, as

V=V,+AV (14)

Example 5

An aluminum box 0.750 m long, 0.250 m wide, and 0.450 m high is at a temperature of
—15.6 9C. What is the change in volume of the aluminum box when the temperature rises to
120 9C?2 If the coefficient of linear expansion for aluminum is a,, = 2.4 x 107°/°C.

Solution

iginal volume of the box, found from equation 8, is

Vo =LiLl;
Vo = (0.750 m)(0.250 m)(0.450 m)
V,=0.0844 m3
The change in volume, found from equation 12, is
AV = 3aV AT

AV = 3(2.4 x 1075/°C)(0.0844 m3) (120 °C - (-15.6 °C)
AV =0.00082 m3=8.24 cm?
The new volume of the box becomes
V=V,+AV
V =0.0844 m3 +0.00082 m3
V =0.0852 m3
Again nofice that the new volume is very close to the original volume.
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Example 6

An open glass tube is filled to the top with 25.0 cm3 of mercury at an initial temperature of
20.0 O°C. If the mercury and the tube are heated to 100 °C, how much mercury will overflow
from the fube? If B, = 1.80 x 1074 /°C and B, = 0.27 x 1074 /°C

Solution

The change in volume of the mercury, found from equation 12 is
AVyg = BugVoAT
AVyg = (1.80 x 1074/°C)(25.0 cm?)(100 °C - 20 °C)
AVyg = 0.360 cm?

If the glass tube did not expand, this would be the amount of mercury that overflows. But
the glass tube does expand and is therefore capable of holding a larger volume. The
increased volume of the glass tfube is found from equation 12 but this fime with glass

AVg = Bg VAT
AVgq = (0.27 x 1074 /°C)(25.0 cm?) (100 °C - 20.0 °C)
AV = 0.054 cm?

That is, the tube is now capable of holding an addifional 0.054 cm?3 of mercury. The amount of

mercury that overflows is equal to the difference in the two volume expansions. That is,
Overflow = AV, = AV

Overflow = 0.360 cm3 - 0.054 cm?3

Overflow = 0.306 cm3
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Example 7

The height of the mercury in a barometer is 76.0 cm at an inifial temperature of 20.0 °C. If
the actual atmospheric pressure does not change, but the temperature of the air, and hence
the temperature of the mercury and the tube, rises to 35.0 °C, what will the barometer
indicate erroneously for the atmospheric pressure? If B, = 1.80 x 107 /°C and By = 0.27 x 107
/°C
Solution

The change in volume of the mercury, found from equation 12 is
AVyg = BugVoAT
But the volume of the mercury in the tube is equal to the cross sectional area A of the tube
times the height h of the mercury in the tube. Hence the volume of the mercury is given by V
and the change in volume of the mercury can be written as AV = A Ah. Hence the
chiange in volume of the mercury, equation 12 can now be written as
A(Ah)yug = Bug (Ah )(T; - T)
Canceling the cross-sectional area A term from each side of the equation yields the
equation for the change in height of the mercury in the tube caused by the thermal
expansion of the mercury in the tube.
AhHg = ﬁHg ho(Tf B Ti)
Ahyg = (1.80 x 1074/°C)(76.0 cm)(35.0 °C - 20 °C)
Ahyg = 0.205 cm
If the glass tube did not expand, this would be the change in height of the mercury in the
tube and the new height of the mercury in the tube would be
h = hy + Ah4
h=76.0cm+0.206 cm =76.205 cm
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But the glass tube does expand and is therefore capable of holding a larger volume of
mercury. The increased volume of the glass tube will cause the mercury not to expand as
high and the change in height is found from equation 12 but this time with glass as

AhgI n Bgl ho(Tf - Ti)
Ahg = (0.27 x 1074/°C)(76.0 cm)(35.0 °C - 20 °C)
Ahg = 0.0308 cm

That is, the tube is now capable of holding an additional height of 0.0308 cm of mercury.
The actual height h of the mercury is equal to the original height h, of the mercury plus the
increase in height Ah,, caused by the expansion of the mercury minus the decrease in height
Ahgy caused by the expansion of the glass. Hence, the reading of the barometer is

h = hy + Ahyg = Ahy
h=(76.0cm) + (0.2052 cm) — (0.0308 cm)
h=76.174 cm

In a weather station the process is actually reversed. The barometer would be read
directly as 76.174 cm of Hg. Then the correction for the thermal expansion of the mercury and
the thermal expansion of the glass would then yield for the actual atmospheric pressure
p=76.174 cm — (0.2052 cm) + (0.0308 cm) = 76.0 cm of HQ.
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Volume Expansion of Gases: Charles’ Law

Consider a gas placed in a tank, as shown in figure 4 The weight of the piston exerts a
constant pressure on the gas. When the tank is heated, the pressure of the gas first increases.
But the increased pressure in the tank pushes against the freely moving piston, and the piston
moves until the pressure inside the tank is the same as the pressure exerted by the weight of
the piston. Therefore the pressure in the tank remains a constant throughout the entire heating
process. The volume of the gas increases during the heating process, as we can see by the
new volume occupied by the gas in the top cylinder. In fact, we find the increased volume
by multiplying the area of the cylinder by the distance the piston moves in the cylinder.

If the volume of the gas is plotted against the temperature 1
of the gas, in Celsius degrees, we obtain the straight line graph | ' Frmaty moving
in figure 5.
If the equation for this straight line is written in the point-slope
orm, we get

apiislig

sl blrepens "‘\' :'-ly'..,;\
SRR

i ) ‘

el \ I | l'
il " .\ _— j\‘s‘é

V-Vy=m’'(T-T,)

where V is the volume of the gas at the temperature T, V,isthe = =

volume of the gas at T, = 0 °C, and m is the slope of the line. We

can also write this equation in the form i
AV =m’ AT ( 15 ) r.:."',‘,_' e " :
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Note that equation 15, which shows the change in volume prsas
of a gas, looks like the volume expansion formula 12, forthe
change in volume of solids and liquids, that is,

AV = BVo AT (12)

Let us assume, therefore, that the form of the equation for
volume expansion is the same for gases as it is for solids and
liquids. If we use this assumption, then

BVO =m’
Hence the coefficient of volume expansion for the gas is
found experimentally as

B:

here mis the measured slope of the line. If we repeat this experiment many fimes for many
different gases we find that

Bo 1 - 366x107%
2739C °C

For all noncondensing gases at constant pressure. This result was first found by the French
physicist, J. Charles (1746-1823). This is a rather interesting result, since the value of B is different
for different solids and liquids, and yet it is a constant for all gases. Equation 12 can now be
rewritten as

V = Vo=BVo(T - To)
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For all noncondensing gases at constant pressure. This result was first found by the French
physicist, J. Charles (1746-1823). This is a rather interesting result, since the value of B is different
for different solids and liquids, and yet it is a constant for all gases. Equation 12 can now be
rewritten as

V - Vo = BV(T - Tp)

Because To = 0 °C, we can simplify this to

V-=-V,= BVo T
and
V=V,+ BVo T
or
V=V, (1+pT) (16)
ote that if the temperature T=-273 °C, then

-273
V=Ve[1+ (553 )1=V (1-1)=0

That is, the plot of V versus t intersects the T-axis at =273 °C, as shown in figure 5. Also
observe that there is a linear relation between the volume of a gas and its temperature in
degrees Celsius. Since B = 1/273 °C, equation 16 can be simplified further into

273 +T
V= V°[1+(273)] Vo + [( 273 )]
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It was the form of this equation that led to the definition of the Kelvin or absolute
temperature scale in the form
T«=T0C + 273 (17)
With this definition of temperature, the volume of the gas is directly proportional to the

absolute temperature of the gas, that is,

OV,
V=5 T (18)

Changing the temperature scale is equivalent to moving the vertical coordinate of the
graph, the volume, from the 0 OC mark in figure 5, to the —273 0C mark, and this is shown in
figure 6. Thus, the volume of a gas at constant pressure is directly proportional to the absolute
temperature of the gas. This result is known as Charles’ law.

In general, if the state of the gas is considered at two different temperatures, we have

_ Ve _ Vo . - mil
V.= 273 T« ,and V.= 273 Tk ( Fig. 6 ) :;::é-
Hence, =
Vo _Vi_V.
273 T« T
Therefore, at p = constant
V1 _ V2
T~ Tz (19)

which is another form of Charles’ law. Figures 6 and eq. 19
are slightly misleading in that they show the variation of the
volume V with the temperature T of a gas down to =273 °C or 0 K.
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However, the gas will have condensed to a liquid and
eventudlly to a solid way before this point is reached.
A plot of V versus T for all real gases is shown in
figure 7. Note that when each line is extrapolated, gi T
they all intersect at =273 °C or 0 K. Although they allhave |
different slopes m, the coefficient of volume expansion S
(B =m/V,) is the same for all the gases

( Fig.7)

T et
Charles' Law (V o T) i | W
The average kinetic energy of the particles in a gas is proportional to the temperature of
the gas. Because the mass of these particles is constant, the particles must move faster as the
s becomes warmer. If they move faster, the particles will exert a greater force on the
container each time they hit the walls, which leads to an increase in the pressure of the gas. If
the walls of the container are flexible, it will expand until the pressure of the gas once more
balances the pressure of the atmosphere. The volume of the gas therefore becomes larger as
the temperature of the gas increases.
For an ideal gas, the law,

PV=mRT or PV=nR,T
At constant Pressure

V_ mR V_ nR,
T T P

=5 = Constant  or = Constant

¥ = Constant


https://chem.libretexts.org/Textbook_Maps/General_Chemistry/Book:_Concept_Development_Studies_in_Chemistry_(Hutchinson)/11:__The_Ideal_Gas_Law

Gay-Lussac’s Law

Consider a gas contained in a tank, as shown in figure 8. The tank is made of steel and
there is a negligible change in the volume of the tank, and hence the gas, as it is heated. A
pressure gauge attached directly to the tank, is calibrated to read the absolute pressure of
the gas in the tank. A thermometer reads the temperature of the gas in degrees Celsius. The
tank is heated, thereby increasing the temperature and the pressure of the gas, which are
then recorded. If we plot the pressure of the gas versus the temperature, we obtain the graph
of figure 9. The equation of the resulting straight line is

P~ Po=m(t-t)

i
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where p is the pressure of the gas at the temperature T, P, is the pressure at the temperature
T,, and m’ is the slope of the line. The prime is placed on the slope to distinguish it from the
slope determined before.

P-P,=m’(T-T,)
Because T, = 0 0C, this simplifies to

P-P,=m’T
or
p=m'T+P, (20)
It is found experimentally that the slope is
m' =P,
where P, is the absolute pressure of the gas and B is the coefficient of volume expansion for a

/Therefore equation 20 becomes
Pp=P,BT+P,

p="P, (BT +1) (21)

Thus, the pressure of the gas is a linear function of the temperature, as in the case of Charles’
law. Since B = 1/273 °C this can be written as

T
P=Po(573+1)

T+273
P=Po(—573~)
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But the absolute or Kelvin scale has already been defined as T« =T°C + 273, therefore,
equation becomes,

T«
P=Po(573)

Which shows that the absolute pressure of a gas at constant volume is directly proportional
to the absolute temperature of the gas, a result known as Gay-Lussac’s law, in honor of the
French chemist Joseph Gay-Lussac (1778-1850). For a gas in different states at two different

temperatures, we have

TK1 TK2
P1=Po(m) , and P2=Po(m)

Then
P P P
(773)=(52)=(52)

r,at V =constant
P, P

T. = T_.<22 (22)
Equation 22 is another form of Gay-Lussac’s law. (Sometimes this law is also called Charles’
law, since Charles and Gay-Lussac developed these laws independently of each other.)

Gay-Lussac’s Law or called Amonton’s Law (P o T)

The last postulate of the kinetic molecular theory states that the average kinetic energy of
a gas particle depends only on the temperature of the gas. Thus, the average kinetic energy
of the gas particles increases as the gas becomes warmer. Because the mass of these
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particles is constant, their kinetic energy can only increase if the average velocity of the
particles increases. The faster these particles are moving when they hit the wall, the greater
the force they exert on the wall. Since the force per collision becomes larger as the
temperature increases, the pressure of the gas must increase as well.

For an ideal gas, the law,

PV=mRT or PV=nR,T

At constant Volume

vV - Constant or TSV - Constant

—i| =0

P

T = Constant
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Boyle’s Law (P o 1/v)

Consider a gas contained in a cylinder at a constant temperature, as shown in figure 10. By
pushing the piston down into the cylinder, we increase the pressure of the gas and decrease
the volume of the gas. If the pressure is increased in small increments, the gas remains in
thermal equilibrium with the temperature reservoir, and the temperature of the gas remains a
constant. We measure the volume of the gas for each increase in pressure and then plot the
pressure of the gas as a function of the reciprocal of the volume of the gas. The result is shown
in figure 11. Notice that the pressure is inversely proportional to the volume of the gas at
constant temperature. We can write this as
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That is, the product of the pressure and volume of a gas at constant temperature is equal
to a constant, a result known as Boyle's law, in honor of the British physicist and chemist Robert
Boyle (1627-1691). For a gas in two different equilibrium states at the same temperature, we
write this as

PV = constant
Then
P,V,=constant and P,V, = constant

Therefore, at T = constant

P,V,=P,V, (24)
tion 24 is an another form of Boyle's law

Gases can be compressed because most of the volume of a gas is empty space. If we
compress a gas without changing its temperature, the average kinetic energy of the gas
particles stays the same. There is no change in the speed with which the parficles move, but
the container is smaller. Thus, the particles travel from one end of the container to the other in
a shorter period of time. This means that they hit the walls more often. Any increase in the
frequency of collisions with the walls must lead to an increase in the pressure of the gas. Thus,
the pressure of a gas becomes larger as the volume of the gas becomes smaller.

For an ideal gas, the law, At constant Temperature

PV=mRT= Constant or PV=nR,T= Constant

PV = Constant
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Conclusion

The Ideal Gas Law ( The three gas laws )

1.

At P = constant

V. _ &
TK1 B TKZ
At V = constant
P,_ P
TK1 TK2
At T = constant
P,V,=P,V,

an be combined into one equation, namely,

P.V: _ PV,
Te  Ta

(19)

(22)

(24)

(25)



Equation 25 is a special case of a relation known as the ideal gas law. Hence, we see that
the three previous laws, which were developed experimentally, are special cases of this ideal
gas law, when either the pressure, volume, or temperature is held constant. The ideal gas law
IS a more general equation in that none of the variables must be held constant. EQuation 27
expresses the relation between the pressure, volume, and temperature of the gas at one
time, with the pressure, volume, and temperature at any other time. For this equality to hold
for any time, it is necessary that

¥ = constant (26)

This constant must depend on the quantity or mass of the gas. A convenient unit to describe
the amount of the gas is the mole. One mole of any gas is that amount of the gas that has a
mass in grams equal to the atomic or molecular mass (M) of the gas. The terms atomic mass
molecular mass are often erroneously called atomic weight and molecular weight in
chiemistry. As an example of the use of the mole, consider the gas oxygen. One molecule of
Xygen gas consists of two atoms of oxygen, and is denoted by O2. The atomic mass of
oxygen is 16.00. The molecular mass of one mole of oxygen gas is therefore

Mo, =2 (16) =32 g/mole

Thus, one mole of oxygen has a mass of 32 g. The mole is a convenient quantity to express
the mass of a gas because one mole of any gas at a temperature of 0 0C and a pressure of 1
atmosphere, has a volume of 22.4 liters. Also Avogadro’s law states that every mole of a gas
contains the same number of molecules. This number is called Avogadro’s number NA and is
equal to 6.022 x 1023 molecules/mole.

The mass of any gas will now be represented in terms of the number of moles, n. We can
write the constant in equation 28 as n times a new constant, which shall be called R, that s,

PV =nR,T (27)
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To determine this constant R, let us evaluate it for 1 mole of gas at a pressure of 1 atm and a
temperature of 0 °C, or 273 K, and a volume of 22.4 L. That is,
PV=nTR,
(1 atm)(22.4 L) = (1 mole)(273 K) R,
Ro =0.08205 atm L / mole K
Converted to Sl units, this constant is
R, = 0.08205 x ( 1.013x10° N/m2 ) (103 m3) / mole K
Rp=8314 J/ moleK

We call the constant R, the universal gas constant, and it is the same for all gases. We can

now write equation 27 as
PV=nR,T (27)

afion 27 is called the ideal gas equation. An ideal gas is one that is described by the
ideal gas equation. Real gases can be described by the ideal gas equation as long as their
ensity is low and the temperature is well above the condensation point (boiling point) of the
gas. Remember that the temperature T must always be expressed in Kelvin units, and

m

Ry=RsM, | =Ro and n=Wg

gMg

Then
m
PV=n R0T=W9(R9MQ)T
Equation 27 can now be rewritten as
PV=mR,T (28)

Let us now look at some examples of the use of the ideal gas equation.
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Example 8

Find the temperature of the gas. The pressure of an ideal gas is kept constant while 3.00 m3
of the gas, at an initial temperature of 50.0 °C, is expanded to 6.00 m3. What is the final
temperature of the gas?

Solution

The temperature must be expressed in Kelvin units. Hence the initial temperature becomes
T(=TOC +273 =50.0+273=323K

We find the final temperature of the gas by using the ideal gas equation in the form of

equation 25, namely,
P‘|V'I — P2V2

TK1 TK2

However, since the pressure is kept constant, P, = P,, and cancels out of the equation.
Therefore, obtained equation (19 )

(25)

V1 _ V2
T = Ta (19)
and the final temperature of the gas becomes
Vi
TK2 — v, T«
6.00 m3
To=300m (323K)
Teo = 646 K

T,= 646 K - 273 = 373 0C
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Example 9

Find the volume of the gas. A balloon is filled with helium at a pressure of 2.03 x 10° N/m?,
a temperature of 35.0 °C, and occupies a volume of 3.00 m3. The balloon rises in the
atmosphere. When it reaches a height where the pressure is 5.07 x 104 N/m?2, and the
temperature is —20.0 °C, what is its volume?

Solution
First we convert the two temperatures to absolute temperature units as

T¢; =35.0°C + 273 = 308 K
and
T, =-20.0°C + 273 = 253 K
use the ideal gas law in the form ( equation 25 )

P,V: _ PV,

T - Ta (25)
Solving for V, gives, for the final volume,
P T
V.= =1 K2 Vi
(52)(72)
_, 2.03x105 N/m? , , 253 K 3
V2= (507 x104N/mz2) ( 308 /(300 M)

V, =9.87m3
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Example 10

What is the pressure produced by 2.00 moles of a gas at 35.0 °C contained in a volume of
500 x 103 m32
Solution

We convert the temperature of 35.0 °C to Kelvin by
T=35.00C + 273 =308 K
We use the ideal gas law in the form

PV=nR,T (27)
Solving for P,
P= ﬂQ_T
Vv
_ (2.00 moles)(8.314 J /mole K) (308 K)
5.00 x 103 m3

P=1.02 x 10® N/ m?
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Example 11
Compute the number of molecules in a gas contained in a volume of 10.0 cm3 at
a pressure of 1.013 x 10° N/m?, and a temperature of 300 K.

Solution

The number of molecules in a mole of a gas is given by Avogadro’s number N, (6.022x1023 )
and hence the total number of molecules N in the gas is given by

N =nN,

Therefore we first need to determine the number of moles of gas that are present. From the
ideal gas law,
PV=nR,T (27)

PV
R, T

_ [(1.013x105 N/m?){10.0 cm3 x 1076) ]
B [ (8374 J/mole K)(300 K] ]

n=4.06 x 1074 moles
The number of molecules is now found as
N =nN, = (4.06 x 104 mole) 6.022x10%

N = 2.45 x 1020 molecules
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Example 12

An automobile tire has a volume of 81,900 cm3 and contains air at a gauge pressure of
2.07 x 10° N/m? when the temperature is 0.00 °C. What is the gauge pressure when the
temperature rises to 30.0 °C?

Solution

When a gauge is used fo measure pressure, it reads zero when it is under normal
atmospheric pressure of 1.013 x 10° N/mZ2. The pressure used in the ideal gas equation must be
the absolute pressure ( system pressure ), that is, the total pressure, which is the pressure read
by the gauge plus atmospheric pressure. Therefore,

P =P + P

absolute gauge atm

Thuys, the initial pressure of the gas is
P,=P + P

gauge atm

P, =207 x 105 N/m2+1.01 x 105 N/m?
P,=3.08 x 105 N/m?

The inifial volume of the tire is V, = 81,900 cm?3 and the change in that volume is small enough
to be neglected, so V, = 81,9200 cm3. The initial temperature and the final temperature are

T,=0.00°C +273=273K and T,=30.0°C + 273 = 303 K

We use the ideal gas law in the form ( equation 25 )
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P.V: _ PV,
TK1 TK2

(25)
Solving the ideal gas equation for the final pressure,, we get
Vi, Tk
P,=( v, ) ( Te ) P,

81,900 cm3, , 303 K

P,= (57000 em?) (573 ) (3.08x10° N/m?) = 3.42 x 105 N/m?
Or , we can write at constant volume
TKz
P, = (ﬂ ) P,

303 K
P2=(m)(308><105 N/m2)=342 x 105 N/m?2

P, = 3.42 x 105 N/m?

Where P, is absolute pressure, expressing this pressure in terms of gauge pressure we get
P290uge = P2<:bso|ute a Pq'rm

Pagauge = 3:42 X 105 N/m?2 = 1.01 x 105 N/m?
Psgauge = 241 X 105 N/m?
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