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EX PE RI ME N T 8 7
TE M PE RA TU RE D E PE N DE NCE O F THE V I SC O SI T Y O F W A TE R
Purpose of the experiment:
To investigate how the viscosity of water varies with temperature.

Apparatus:
Glass jar open at both ends, capillary tube, thermometer, heater, stop watch, stand, clamps, rubber stopper, travelling microscope, meter rule.
𝑎
𝑑𝑟

Theory:

𝑟

The basic formula for the frictional force in liquids was first
suggested by Newton. He saw that the larger the area of the
ℓ
surface of liquid considered the greater was the frictional force.
He also stated that frictional force was directly proportional to
𝑎
the velocity gradient at the part of the liquid considered. This
𝑟 + 𝑑𝑟
is the case for most common liquids called Newtonian liquids.
𝑑𝑟
Viscosity, in general, it is a property which oppose the relative
𝑟
motion of adjacent layers of other liquid, and so it may be regarded as an internal friction. In other words is a measure of
the resistance that a fluid offers to an applied shearing force.
But there is an important difference between viscous and frictional forces. Viscous forces cannot exist when there is no
Fig (1)
flow, frictional forces can exist when there is a relative motion
between the two surfaces and when there is not. The reciprocal of the viscosity is frequently employed it is called the fluidity which is equal to 1/𝜂. The fluidity is a measure of the ease with
which a liquid can flow. When a liquid flows through a narrow tube in streamline motion under
the pressure difference Δ𝑝 between the two ends of the tube.
The volume 𝑉 of the liquid flowing out per second is related to (Δ𝑝), the radius (𝑎) of the tube its
length (ℓ) and coefficient of viscosity (𝜂). This relation is due to Poisseulle and is derived with the
following assumptions:
1. The streamlines of flow will be parallel to the axis of the tube and from Bernoulli’s theorem
since there is no radial flow the pressure over any cross-section remain constant.
2. The liquid in contact with the walls of the tube is at rest. This assumption has been proved to
be correct experimentally.
Now suppose a liquid flows through the tube and when a steady condition is reached the velocity
of the liquid at a distance (r) from the axis of the tube is (v). Then since the velocity gradient at
the layer is dv/dr, the viscous drag per unit area is – η dv/dr. The area over which this viscous drag
acts is 2πrℓ the area of the cylinder of liquid is counter acted by the force Δpπr2 acting on the
cross section of the liquid cylinder so we can write:
∆𝑝𝜋𝑟 2 = −𝜂
−𝑟𝑑𝑟 =

𝑑𝑣
2𝜋𝑟ℓ
𝑑𝑟
2𝜂ℓ
𝑑𝑣
∆𝑝

(1)
(2)

At the wall of the tube = 𝑎 , 𝑣 = 0, integrating from 𝑟 = 𝑎 to 𝑟 = 𝑟, we get:
𝑟2
2

𝑟

=
𝑎

2𝜂ℓ
𝑣
∆𝑝

𝑟
𝑜

(3)
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From which we have:
𝑣=

∆𝑝 2
𝑎 − 𝑟2
4𝜂ℓ

(4)

We note from this equation that the velocity is inversely related to the coefficient of viscosity.
But as the temperature increases the internal energy of the liquid increases and this leads to an
increase of the molecular speeds of the liquid. It is thus to be expected that the increase of temperature of the liquid results in a decrease in the viscosity. Equation (4) gives the velocity at any
distance from the axis of the tube. The volume 𝑑𝑉 of the liquid, which flows through the tube in
unit time between radii (𝑟) and (𝑟 + 𝑑𝑟) (fig 1) is given by:
𝑑𝑉 = 2𝜋𝑟𝑑𝑟 𝑣
∆𝑝 2
𝑎 − 𝑟2
4𝜂ℓ

(6)

∆𝑝 𝜋 2
𝑎 − 𝑟 2 𝑟𝑑𝑟
2𝜂ℓ

(7)

𝑑𝑉 = 2𝜋𝑟𝑑𝑟

𝑑𝑉 =

(5)

The total volume 𝑉 flowing through the tube in unit time is:
𝑎

𝑉=
0

∆𝑝 𝜋 2
𝑎 − 𝑟 2 𝑟𝑑𝑟
2𝜂ℓ

(8)

𝑉=

∆𝑝𝜋𝑎4
8𝜂ℓ

(9)

𝜂=

∆𝑝𝜋𝑎4
8𝑉ℓ

( 10 )

or

The falls of viscosity of a liquid with rise of temperature is attributed
to the formation of so called temporary bonds between molecules in
different layer of the liquid, as shown in fig (2). Such bonds would
have to be shared in order to preserve differences in velocity between the layers. As temperature rises the increasing thermal motion
may be expected to shorten the natural duration of such bonds so
there should be a fall in the tangential force necessary to maintain
relative motion of the layers.

Velocity

Fig (2)

Method:
1. Arrange the apparatus as shown in fig (3).
2. Fill the jar about two third of boiling water, stirrer the water continuously.
3. Measure the height of the water from the end of the capillary
tube to the upper level of the water from the beining and the end
of each measurement (h1 and h2 ).
4. Now calculate 20 cm3 of water for a given time each 10℃ read
the water temperature before and after the collection of water (θ1
and θ2 ).
5. Repeat the above step at least for six different readings.
6. Measure the length of the capillary tube and its diameter with the
help of travelling microscope.



Fig (3)
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7. Tabulate your results as follows.
𝜽𝟏

𝜽𝟐

𝜽=

𝜽𝟏 + 𝜽𝟐
𝟐

𝒉𝟏

𝒉𝟐

𝒉=

𝒉𝟏 + 𝒉𝟐
𝟐

𝚫𝒑 = 𝝆𝒉𝒈

𝒕

𝒗

𝜼

Calculation:
For each temperature 𝜃 find the velocity of the water flow (𝑣) from the equation:
𝑣=

20 𝑐𝑚3
𝑡 (𝑖𝑛 𝑠𝑒𝑐)

( 11 )

Find also the pressure difference Δ𝑝 at each temperature for the equation,
𝛥𝑝 = 𝜌𝑔

Where 𝜌 is the density of water 𝑔 is the acceleration de to gravity and 
is the mean value of 1 and 2 .
Then find the value of viscosity at each temperature from equation
(10). Now draw a graph between the values of 𝜂 on the 𝑦 − 𝑎𝑥𝑖𝑠 against
the corresponding values of temperature on the 𝑥 − 𝑎𝑥𝑖𝑠. (fig 4)
Discuss the result.

( 12 )
𝜂

Notes:
1. It is important to keep the water at uniform temperature. This
can be achieved by continuously stirring the water.
2. Units of viscosity can be derived from the equation:
𝜂=

𝐹𝑥
𝐴𝑣

𝐹
= 𝐴
𝑑𝑣
𝑑𝑥
=

𝑀𝐿𝑇 −2 𝐿−2
= 𝑀𝐿−1 𝑇 −1
𝐿𝑇 −1 𝐿−1

𝑡℃

Fig (4)
( 13 )

( 14 )

( 15 )

In CGS system the unit of coefficient of viscosity is called Poise (in honor of J.L.M
Poiseulle it is one dyne per square centimetre per unit velocity gradient.). Who derived
the fundamental equation of viscosity for streamline-non turbulent flow in 1804.
In SI system of units it is kg m−1 se−1 this is called pascal (Pa) or Nsm−2 .
3. In the derivation of equation (10) no account of the kinetic energy of the issuing fluid is
taken.
4. About 1840 the French physicist, Poiseulle carried out experiments on the flow of water
through tubes of very small diameter. He found that the volume of water flowing per unit
time through a horizontal capillary tube varied as the fourth power of the diameter of the
tube as the difference in pressure at the two ends, and inversely as the length of the tube.
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5. The contrast between the gas and the liquid shows very clearly in the variation of viscosity with temperature. The viscosity of a gas rises with increase of temperature. Because
momentum diffuses more rapidly from layer to layer of a moving gas when the average
molecular speed rises. In contrast the viscosity of a liquid falls with rise of temperature.

Questions:
1. Show that the coefficient of viscosity of a gas is directly proportional to the square root
of temperature?
2. What is Rejnold’s number what its significance?
3. What is critical velocity deduce an expression for it?
4. There are two main correction to Poiseulles formula what are they?
5. What is terminal velocity?
6. The liquid is much more difficult to treat theoretically than either the gaseous or the solid
state. Why? Explain?
7. Show that the viscosity of a gas varies with temperature according to the relation.
𝜂∝ 𝑇

( 16 )

8. Discuss the statement:
[Fluids have a zero coefficient of static friction].
9. Compare between Ohm's law and Poiseuille's equation, then show that the tube resistance is given by:
8𝜂ℓ
𝜋𝑟 4

( 17 )
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EX PE RI ME N T 8 8
AC TI VA TI O N E NE RG Y
Purpose of the experiment:
To determine the activation energy for a given liquid.

Apparatus:
Long tube with short inlet tube to ensure the axial descent of the spheres outer jacket for the
tube supplied with stirrer and thermometer a steel ball, callipers, stopwatch.

Theory:
Viscosity is a measure of the resistance that a fluid offers to an applied shearing force. In general,
it is the property, which opposes the relative motion of adjacent layers of the liquid, and so it may
be regarded as an internal friction.
Viscosity is the reason it takes effort to paddle a canoe through calm water, but it is also the reason the paddle works. Viscous effects are important in the flow of fluids in pipes, the flow of
blood, the lubrication of engine parts. Fluids that flow readily such as water or gasoline have
smaller viscosities than do thick liquids such as honey or motor oil.
The viscosities of most liquids decrease with increasing temperature. According to Hole theory
there are vacancies in a liquid and molecules are continually moving into these vacancies so that
the vacancies move around. This process permits flow but requires energy because there is an
activation energy that a molecule has to move into a vacancy. The activation energy is more readily available at higher temperatures and so the liquid can flow more easily at higher temperatures.
The variation of the coefficient of viscosity with temperature may be represented quite well by
the equation.
𝐸
1
= 𝐴 𝑒 −𝑅𝑇
𝜂

(1)

Where 𝐸 is the activation energy for fluidity 1/𝜂. Activation energy is the energy required to overcome the internal friction. This activation energy can be determined from the slope obtained by
the linear relation between ln 1/𝜂 and 1/𝑇 since:
𝑙𝑛

1
𝐸
= 𝑙𝑛 𝐴 −
𝜂
𝑅𝑇

(2)

is a gas constant equal to 8.3144 𝐽. 𝑘 −1 . 𝑚𝑙−1 . 𝜂 can be determined at a desired temperature form
Stoke method that is by falling sphere. According to Stokes law a small sphere of radius (𝑎) falling through a viscous medium of viscosity coefficient (𝜂) acquires a terminal velocity (𝑣) and calls
into play a viscous force (𝐹 ) where:
𝑅

𝐹 = 6𝜋𝜂𝑣𝑎

(3)

When a small sphere is falling through a viscous fluid it is acted upon by the following forces.
The weight (𝑚𝑔) acting vertically downwards and is equal to: (fig 1).
𝑚𝑔 =

4 3
𝜋𝑎 𝜌1 𝑔
3

(4)

Where 𝜌 is the density of the material of the body.
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𝑤=

4 3
𝜋𝑎 𝜌2 𝑔
3

𝑤

𝐹

The upward thrust of buoyancy 𝑤 equal to the weight of the displaced fluid
by the sphere and is equal to:
(5)

𝑚𝑔

Where 𝜌2 is the density of the fluid.
The upward force 𝐹 due to viscous resistance, which remains constant at a
terminal velocity. In the steady state we have:

Fig (1)

𝐹 = 𝑚𝑔 − 𝑤
6𝜋𝜂𝑣𝑎 =

(6)

4 3
4
𝜋𝑎 𝜌1 𝑔 − 𝜋𝑎3 𝜌2 𝑔
3
3

(7)

From which we can get:
𝑣=

2𝑔𝑎2 𝜌1 − 𝜌2
9
𝜂

(8)

Method:
1. Arrange the apparatus as shown in the fig (2).
2. The liquid under consideration is taken in along tube and kept vertically in which two marks A and B separated by a distance d are made.
3. Starting from the room temperature. Allow the metal sphere to fall
into the tube through the distance (d) in a given time.
4. Heat up the water bath and repeat the above step for at least eight
different temperatures.
5. Measure the diameter of the sphere carefully.
6. Find from the tables the values of ρ1 and ρ2 at worked temperatures.

𝐴
𝑑
𝐵
𝑤𝑎𝑡𝑒𝑟

Calculation:

Fig (2)

Find the velocity of a falling sphere from the relation.
𝑣=

𝑑
𝑡

(9)

Then for each values of the velocity (𝑣) determine the correspond values of the coefficient of viscosity 𝜂, from the equation:
𝜂=

2𝑎2 𝑔 𝜌1 − 𝜌2
9
𝑣

( 10 )

Now draw a graph between the values of 𝜂 on the 𝑦 − 𝑎𝑥𝑖𝑠 against the
corresponding values of temperature on the 𝑥 − 𝑎𝑥𝑖𝑠. (fig 3)
Draw another graph between the values of ln 1/𝜂 on the 𝑦 − 𝑎𝑥𝑖𝑠 against
the corresponding reciprocal values of the absolute temperature 𝑇 (fig 4).
From the graph we see that:
𝑠𝑙𝑜𝑝𝑒 = −

𝐴𝐵
𝐵𝐶

𝜂

( 11 )

Also

Fig (3)
𝑠𝑙𝑜𝑝𝑒 = −

𝐸
𝑅

𝑡℃

( 12 )
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𝐸 𝐴𝐵
=
𝑅 𝐵𝐶

or

𝐸=𝑅

𝐴𝐵
𝐵𝐶

From which 𝐸 can be determined.

Notes:

Applied Physics

ln
( 13 )

1
𝜂

𝐴

( 14 )
𝐵

𝐶
1 −1
°𝐾
𝑇

Fig (4)
Care should be taken so that the velocity of fall does not exceed 0.6η/ρ2 r.
The sphere should be thoroughly cleaned from of grease and dried before use.
The viscosity of a gas rises with increase of temperature as predicted by kinetic theory.
In this case the tube must be of large radius 20 times greater than the radius of the
sphere, if the error is not to exceed 10%.
5. There is another resisting force this is due to relative motion of the ball and the fluid. The
fluid is moving upwards relative to the ball and hitting its underside. There is therefore a
force on the fluid and by Newton’s third law a force on the body (ball). But this force is
very small it is of order of 10−6 𝑁.
1.
2.
3.
4.

Question:
1.
2.
3.
4.
5.
6.

Under what conditions equation (3) can be applied or valid?
Derive Stoke’s law. Mension one more application of Stoke’s law?
Define coefficient of viscosity of a liquid and find its dimensions?
Discuss Stokes equation and Poiseuille’s equation as far as viscosity is concern?
What will happen if a particular fluid has no viscosity?
Is there any relation between viscosity and blood flow in the human body? What is it?
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EX PE RI ME N T 8 9
S TE FA N’ S L A W O F RA DI A TI O N
Purpose of the experiment:
To verify Stefan’s law of radiation

Apparatus:
DC power supply, voltmeter 0 − 10 𝑉 , ammeter 0 − 2 amperes, 12 𝑉 , 24 watt lamp, rheostat
0 − 100Ω.

Theory:
The third means of energy transfer is radiation, convection and conduction require the presence
of a matter as a medium to carry the heat from the hotter to colder region. But a third type of
heat transfer occurs without any medium at all. All life on earth depends on the transfer of energy
from the sun and this energy is transferred to the earth over empty space. This form of energy
transfer is heat and is referred to as radiation. The warmth we receive from a fair is mainly radiant-energy radiation consists essentially of electromagnetic waves.
The rate at which an object radiates energy has been found to be proportional to fourth power of
the Kelvin temperature 𝑇, and to the area 𝐴 of the emitting object, so the rate at which energy
leaves the object is given by:
𝛥𝑄
= 𝑒𝜍𝐴𝑇 4
𝛥𝑡

)1(

The fact that black body radiations exert pressure similar to a gas helps in applying thermodynamics to heat radiations.
Let E be the energy density of radiations inside a uniform temperature enclosure at a temperature
T, P is the pressure and V is the volume. Applying the first law of thermodynamic,
𝑑𝑄 = 𝑑𝑈 + 𝑃𝑑𝑉

)2(

𝜕𝑄
𝜕𝑉

)3(

Using Maxwell's thermodynamic relation
𝑇

=𝑇

𝜕𝑈 + 𝑃𝑑𝑉
𝜕𝑉
𝜕𝑈
𝜕𝑉

𝑇

𝑇

=𝑇

𝜕𝑃
𝜕𝑇

𝑉

=𝑇

𝜕𝑃
𝜕𝑇

𝜕𝑃
𝜕𝑇

−𝑃

𝑉

𝑉

)4(

)5(

Now:

and

𝑈 = 𝑉𝐸

)6(

1
𝐸
3

)7(

𝑃=
𝜕𝑈
𝜕𝑉

𝐸

𝑇

=𝐸

)8(

is a function of temperature only.
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𝜕𝑃
𝜕𝑇

and

𝑉

=

1 𝜕𝐸
3 𝜕𝑇

𝑉

)9(

Substituting these values in to equation (5) we get:
𝐸=

1 𝜕𝐸
𝑇
3 𝜕𝑇

𝑉

1
− 𝐸
3

4𝐸 𝑇 𝜕𝐸
=
3
3 𝜕𝑇

or

𝑉

𝑑𝐸
𝑑𝑇
=4
𝐸
𝑇

) 10 (

) 11 (
) 12 (

Integrating we get:
𝑙𝑜𝑔 𝐸 = 4 𝑙𝑜𝑔 𝑇 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

) 13 (

𝐸 = 𝐵𝑇 4

) 14 (

But the total rate of emission per unit area (𝑝)of the black body is proportional to the energy density so that:
𝑝 ∝ 𝐸 ∝ 𝑇4

) 15 (

𝑝 = 𝜍𝑇 4

) 16 (

Where 𝜍 is Stefan’s constant. This is called the Stefan-Boltzmann equation or law and 𝜍 is a universal constant. Any object not only emits energy by radiation but also absorbs energy radiated by
other bodies (Prevost’s theorem). If the latter process did not occur an object would eventually
radiate all its energy and its temperature would reach absolute zero. If an object is at a temperature 𝑇 and its surroundings are at an average temperature 𝑇𝑜 , then the net rate of energy gained or
lost by the object as a result of radiation is:
𝛥𝑄
= 𝑒𝜍𝐴 𝑇 4 − 𝑇𝑜4
𝛥𝑡

) 17 (

The factor 𝑒 called emissivity is a number between 0 and 1 that is characteristic of the material
and depends somewhat on the temperature of the body.
When an object is in equilibrium with its surroundings it radiates and absorbs energy at the same
rate and its temperature remains constant. For the case of small temperature difference the rate
of cooling due to conduction, convection and radiation combined is proportional to the difference of temperature that is:
𝛥𝑄
= 𝑘 𝑇 − 𝑇𝑜
𝛥𝑡

) 18 (

This is Newton’s law of cooling.
Now the power (𝑝 = 𝒾𝑉 ) dissipated by the lamp is drawn against 𝑇 we would expect to obtain an
initial linear section where 𝑝 is proportional to the excess temperature followed by a rapidly rising
curve as 𝑝 becomes more nearly proportional to 𝑇 4 .
In order to obtain an estimate of the lamp filament temperature the variation of resistance 𝑅 of
the filament with temperature will be used which is:
𝑅𝜃 = 𝑅𝑜 1 + 𝛼𝜃

) 19 (

Where 𝑅𝜃 is the resistance of the filament at 𝜃 ℃, 𝑅𝑜 is the filament resistance at 0 ℃ and 𝛼 is the
average value of the temperature coefficient. Thus:
𝑅𝜃
−1
𝑅
𝜃= 𝑜
𝛼

) 20 (
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And
𝑇𝑘 = 𝜃℃ + 273

) 21 (

As normally 𝑇 4 ≫ 𝑇𝑜4 then the energy loss by convection can be neglected so that:
𝑝 = 𝑘𝑇 4

) 22 (

Thus a graph of log 𝑝 against log 𝑇 should be a straight line of slope equal to 4.

Method:
1. Connect the circuit as shown in fig (1).
2. Solder two wires to each of the body point of the bulb
use one to complete the current circuit and the others are
connected to the voltmeter.
3. Now adjust the current to a suitable value then read the
current through the filament (𝒾) and the potential difference across it.
4. Increase the value of current in steps (about 0.2 amperes), record in each case the value of current (𝒾) and
the potential difference.

𝑉
𝐴

bulb
Fig (1)

Calculation:
Calculate the values of the filament resistance in each case from ohm’s law that is:
𝑅𝜃 =

𝑉
𝒾

) 23 (

Using the value of 𝑅𝑜 as 0.5Ω and the value of 𝛼 as 0.005 𝑘 −1 the
equation (4) calculate the temperature of the filament in each case.
Now plot a graph of values of log 𝑝 against the corresponding values of log 𝑇 (fig 2). The points are unlikely to fall on a single
straight line, but we are interested particularly at high temperatures. Therefore, draw the best straight line for these points. The
slope of the graph at high temperatures is given by,
𝑠𝑙𝑜𝑝𝑒 =

𝐵𝐶
𝐴𝐵

) 24 (

log 𝑝
𝐶

𝐴
0

From equation (1) we have:
log 𝑝 = log 𝑘 + 4 log 𝑇

log 𝑘

Fig (2)

𝐵
log 𝑇

( 25 )

If Stefan’s law is valid then the value of 4 should be obtained from the slope.

Notes:
1. The radiation is the major source of energy loss at high temperature usually above 1000 k.
2. Probably about 500 k p is proportional to the excess temperature.
3. Very black surfaces such as charcoal have emissivity (𝑒) close to 1 whereas shiny surfaces
have emissivity close to zero. The value of emissivity depends somewhat on the temperature of the body. Not only shiny surfaces emit less radiation but also they absorb little of
the radiation that falls upon them.
4. A resting person naturally produces heat internally at a rate of 100 watt.
5. About 1350J of energy strikes the atmosphere of the Earth from the sun per second per
square meter of area at right angles to the sun’s rays. This number 1350 w/m2 is called the
solar constant. The atmosphere may absorb as much as 70 percent of this energy before it
reaches the ground depending on the cloud cover. On clear day about 1000 w/m2 reaches,
the Earth’s surface on object of emissivity with area A facing the sun absorbs heat at a
rate, in watts of about:
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𝛥𝑄
= 1000𝑤/𝑚2 𝑒𝐴 𝑐𝑜𝑠 𝜃
𝛥𝑡

6.
7.

8.

9.

10.
11.
12.

Applied Physics

) 26 (

Where 𝜃 is the angle between the sun’s rays and the line perpendicular to the area (fig 3).
(𝐴 cos 𝜃 is the effective area). The explanation for seasons and the polar ice caps and why the sun heats the
Earth more at midday than at sunrise or sunset are also
related to this cos 𝜃 factor (fig 4).
An ideal absorber is defined as an object that absorbs all
𝐴
𝜃
the energy incident on it and for such an object (e) = 1,
an object for which e = 1 is called black body.
John Tyndall (1820 − 1893) made measurements of the
Fig (3)
rate of emission of radiant energy from the surface of a
body. And on the basis of these measurements Josef
𝜃=0
Stefan (1835 − 1893) concluded that “the rate at which
𝑠𝑢𝑚𝑚𝑒𝑟
energy is radiated by a black body is proportional to the
area of the body and to the fourth power of its absolute
temperature”. Subsequently Boltzmann derived the
𝑠𝑢𝑛
same law from thermodynamics so the law is called
𝑟𝑎𝑦
Stefan Boltzmann law.
Prevost’s theorem of heat exchanges Pierre Prevost a
Swiss physicist announced in 1792 the law of exchange,
which is now well established. This law can be stated as
𝜃=0
𝜃 = 50 − 60
follows, all objects continually radiate heat to their sur𝑐𝑜𝑙𝑑
𝑤𝑖𝑛𝑡𝑒𝑟
roundings and receive heat from their surroundings, or;
Fig (4)
there is a constant stream of radiation from a cold to a
hot body.
If we assume that at low temperatures the graph (p vs T)
𝑝
is linear as a result of convection losses only, we can extrapolate this linear section to higher temperatures. The
difference between the curve and the straight line should
𝑝𝑜𝑤𝑒𝑟 𝑙𝑜𝑠𝑠
𝑏𝑦 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑛𝑔
then be predominately the power losses by radiation (fig
5).
The value of the Stefan-Boltzmann constant is 5.672 ×
10−5 cgs units and 5.672 × 10−8 in mks units.
The emissivity of tungsten is approximately is 0.35.
𝑇
We can derive Newton’s law of cooling from Stefan law
Fig
(5)
as follows:
Stefan’s law is applicable for all temperatures of a hot body but Newton’s law of cooling
is applicable when the difference of temperature between the hot body and the surrounding is small. According to Stefan’s law, we have:
𝑝 = 𝜍 𝑇14 − 𝑇24

) 27 (

= 𝜍 𝑇1 − 𝑇2 𝑇13 + 𝑇12 𝑇2 + 𝑇1 𝑇22 + 𝑇23

) 28 (

As (𝑇1 − 𝑇2 ) is small 𝑇1 can be taken approximately equal to 𝑇2 , thus:
𝑝 = 𝜍 𝑇1 − 𝑇2 𝑇23 + 𝑇23 + 𝑇23 + 𝑇23

) 29 (

= 4𝜍𝑇23 𝑇1 − 𝑇2

) 30 (

𝑝 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑇1 − 𝑇2

) 31 (

Taking 4𝜍𝑇23 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
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or
𝑝 ∝ 𝑇1 − 𝑇2

) 32 (

Which is the Newton’s law of cooling.
13. It is advised not to use socket in connecting the bulb in the circuit since it would involve
an extra load resistance while actually V is to be measured across the filament alone.
14. A human face emits 75% of its energy as thermal radiation in the microwave length range
0.05𝑚𝑚 to 0.20𝑚𝑚 .
15. The plants and soil radiate energy as waves in the far infra-red (microwave) region of the
spectrum. Glass is opaque to these waves and thus the green house acts as a sort of energy valve-a one way filter for radiation energy.

Questions:
1. How do you account for the effectiveness of glasshouses in keeping plants warm?
2. Explain what do we mean by Black body? What are the properties of a block body?
3. If all objects continuously emit radiation regardless of their temperature, why do not the
objects eventually cool down to absolute zero of temperature?
4. Heat flows both by conduction and by radiation. In what ways are they different? In what
ways are they similar?
5. The term absorptivity is sometimes used in place of the term emissivity. Can you justify
this practice?
6. If a house is to be designed for maximum comfort in both summer and winter, would
you prefer a light roof or a dark roof? Explain?
7. If you are interested in the number of kilocalories transferred by radiation in a unit of
time the Stefan-Boltzmann can be written in form of equation (1). Show that Stefan's
constant 𝜍 is equal to 1.35 × 10−11 𝑘𝑐𝑎𝑙/𝑚2 ∙ 𝑠 ∙ 𝐾 4 for this form of the law?
8. Which is a faster process conduction or convection? Give an illustration to justify your
conclusion?
9. Comment on the following equations?
 𝜆𝑚 ∙ 𝑇 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
 𝐸𝜆 𝑚 ∝ 𝑇 5
 𝐸 = 𝜍𝑇 4
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EX PE RI ME N T 9 0
S TE FA N’ S C O NS T A NT
Purpose of the experiment:
To determine Stefan’s constant.

Apparatus:
The apparatus consists of a hollow hemispherical metallic vessel (𝐴) about 25 𝑐𝑚 in diameter is
enclosed in a wooden box 𝑊 . The inner surface of 𝐴 is coated with lamp black and the wooden
box is lined with tin plates. The whole apparatus is placed on a wooden base having a small hole
at its centre. The vessel 𝐴 is heated by passing steam inside the box and 𝐴 acts as a black body
radiator. The thermometers 𝑇𝑇 record the temperature of 𝐴.
A small silver disc 𝐵 whose upper surface is coated with lamp black is placed at the centre of the
hole. The ebonite covering 𝐶 is used to cover and uncover the disc 𝐶 from the radiation of the
enclosure. It can be arranged from outside with the help of the handle 𝐻.
A thermocouple junction usually of copper and constant is soldered to bottom of the disc 𝐵 the
other junction being placed in a tube containing oil standing in a calorimeter 𝐸 containing water.
A sensitive galvanometer 𝐺 is used in the circuit. The leads connected to the terminals of the galvanometer are immersed in cotton wool in a box 𝐹 to avoid any electrical effect due to difference
of temperature at these junctions. A rheostat 𝑅 can be used in the circuit to obtain the deflection
within the range. The apparatus is shown in fig (1).

Theory:
The law that expresses the total energy of all wavelengths radiated from a black body at a given
temperature is called Stefan's law. Stefan in 1879 showed that the heat radiated from a hot body
at a temperature 𝑇 is proportional to the fourth power of the absolute temperature 𝑇. In 1884
Boltzmann gave a theoretical proof of Stefan's law on the basis of thermodynamics. Therefore,
this law is called Stefan-Boltzmann law. Dulong and Petit amongst others sought to find the relation between the temperature of an object and the heat radiated from it.
Stefan-Boltzmann's law can be derived from Planck's law of radiation as follows:
From Planck's law we have:
𝐸𝜈 𝑑𝜈 =
∞
0

∞

𝐸𝜈 𝑑𝜈 =

𝐸𝜈 =

So that:

8𝜋 𝑘𝑇
𝑐3


3

(1)

𝑑𝜈

𝜈

𝑒 𝑘𝑇 − 1

𝜈

0

𝑑𝜈

𝑒 𝑘𝑇 − 1

(2)

(3)

𝜈
𝑘𝑇

(4)


𝑑𝜈
𝑘𝑇

(5)

𝑥=

𝐸𝜈 =

𝜈3

𝜈3

∞

𝑑𝑥 =

𝑑𝜈

𝜈

𝑒 𝑘𝑇 − 1

8𝜋
𝑐3

0

8𝜋
𝑐3

let

𝜈3

8𝜋
𝑐3

∞
0

𝑥3
𝑘𝑇
𝑑𝑥
−1


𝑒𝑥

(6)
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8𝜋
𝑘𝑇
𝑐 3 3

4

𝑥3
𝑑𝑥
−1

∞

(7)

𝑒𝑥

0

Using the standard integration
∞
0

𝑥3
𝜋4
𝑑𝑥 =
𝑥
𝑒
15

(8)

8𝜋 5 𝑘 4
∙ 𝑇4
15𝑐 3 3

(9)

So that:
𝐸𝜈 =

The total energy emitted per unit area per unit time (𝑃) is (1/4𝑐 ) of the total energy density 𝐸𝜈
that is:
1
𝑃 = 𝑐 𝐸𝜈
4

( 10 )

So that equation (9) becomes:
𝑃=

2𝜋 5 𝑘 4
∙ 𝑇4
15𝑐 2 3

( 11 )

𝑃 = 𝜍 ∙ 𝑇4

or
as

𝜍=

( 12 )

2𝜋 5 𝑘 4
15𝑐 2 3

= 5.7 × 10−8

( 13 )

𝑊
∙ 𝐾4

𝑚2

Now according to Prevost's theorem of heat exchanges the net rate at which the body loses heat
by radiation is the difference between the rate at which it loses energy and the rate at which it
receives energy that is:
𝑃 = 𝜍 𝑇 4 − 𝑇𝑜4

Let at any instant the temperature of the enclosure and the
disc be 𝑇1 and 𝑇2 in degree Kelvin respectively. The disc will
absorb more heat from the surroundings and radiate less
heat to the surroundings. Its temperature will rise. From
Stefan’s law we have:
𝑅1 = 𝜍𝑇14

( 15 )

𝑅2 = 𝜍𝑇24

( 16 )

( 14 )

𝑇

𝑇
𝑆𝑡𝑒𝑎𝑚
𝑊
𝐴

So that:
𝑅1 − 𝑅2 = 𝜍 𝑇14 − 𝑇24

𝑅1 − 𝑅2 𝐴 = 𝑚𝑐

𝑑𝑇
𝑑𝑡

𝐶

( 17 )

Here 𝑅1 is the amount of heat radiation absorbed per unit
area per second by the disc and 𝑅2 is the amount of heat
radiation emitted per unit area per second by the disc and 𝜍
is the Stefan constant. Let the mass of the disc be 𝑚, specific heat 𝑐 rate of rise of temperature 𝑑𝑇/𝑑𝑡 and area of the
upper surface of the disc 𝐴. Then:
( 18 )

𝑆𝑡𝑒𝑎𝑚

𝐻

𝐵
𝐺

𝐸

Ω

𝑜𝑖𝑙
𝑤𝑎𝑡𝑒𝑟

𝐹

Fig (1)
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𝜍 𝑇14 − 𝑇24 𝐴 = 𝑚𝑐

𝑑𝑇
𝑑𝑡

( 19 )

Thus:
𝜍=

𝑚𝑐
𝑑𝑇
4 ∙
− 𝑇2 𝑑𝑡

( 20 )

𝑇14

𝐴

From the standardization of the thermocouple a graph is plotted between the difference of temperature of the hot junction and the room temperature along the 𝑦 − 𝑎𝑥𝑖𝑠 and galvanometer deflection (𝜃) along 𝑥 − 𝑎𝑥𝑖𝑠 as shown in fig (2). from the graph:
Δ𝑇

𝑑𝑇 𝐴𝐵
=
𝑑𝜃 𝐵𝐶

( 21 )

𝑑𝑇
= 𝑡𝑎𝑛 𝛼
𝑑𝜃

( 22 )

The disc is completely covered with 𝐶 and steam is passed into the
chamber. After some time the thermometers 𝑇𝑇 show constant
temperature, that is a steady state. The bath 𝐸 is kept at room
temperature with the help of the handle 𝐻 the cover 𝐶 is tilted so
that the upper surface of the disc 𝐵 receives the radiation from the
enclosure. The deflections in the galvanometer (𝜃) are noted after
equal intervals of time. Then a graph is plotted between time and
deflection from the graph we have (fig 3):
𝑑𝑡 𝐸𝐹
=
𝑑𝜃 𝐺𝐹

( 23 )

𝑑𝑡
= 𝑡𝑎𝑛 𝛽
𝑑𝜃

( 24 )

𝐵

𝛼
𝐶

𝐺𝑎𝑙𝑣𝑎. 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝜃

Fig (2)

𝑡𝑖𝑚𝑒
𝑡

𝐸
𝐷

0

Now

𝐴

𝛽
𝐹
𝐺
𝐺𝑎𝑙𝑣. 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝜃

Fig (3)

𝑑𝑇 𝑑𝑇 𝑑𝜃
=
∙
𝑑𝑡 𝑑𝜃 𝑑𝑡

( 25 )
𝑑𝑇 𝑡𝑎𝑛 𝛼
=
𝑑𝑡 𝑡𝑎𝑛 𝛽

( 26 )

From equations (20) and (26) we have
𝜍=

𝐴

𝑚𝑐 𝑡𝑎𝑛 𝛼
− 𝑇24 𝑡𝑎𝑛 𝛽

𝑇14

( 27 )

To find the temperature 𝑇2 the deflection in the galvanometer corresponding to the point 𝐷 on
the graph.

Method:
The experiment consists of two parts
A- Calibration of the thermocouple.
1. Place some cotton over the disc B and then put the cold reservoir over it. The disc B
serves as the cold junction in this part of the experiment and its temperature may be
taken to be the room temperature To . The galvanometer adjusted to read zero.
2. Heat the water in the calorimeter E to about 90℃ and allow it to cold. Put the thermometer in the oil bath which contains now the hot junction of the thermocouple.
3. Adjust the rheostat so that the deflection with the maximum temperature difference
between the junctions remains on the galvanometer scale.
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4. As the oil cools record, the temperature of the hot junction and the corresponding
deflection on the galvanometer continue the observations up to a temperature of the
hot junction which is about 5℃ above the cold junction.
5. Plot a graph between the differences of temperature of the two junctions of the
thermocouple T − To = ∆𝑇 against the deflections of the galvanometer 𝜃.
B- Determination of T1 , T2 and dT/dt.
1. Cover the disc completely with C and steam is passed into the chamber. After some
time the thermometers TT show constant temperature, steady state condition, record
these temperatures.
2. Remove the cover C from the disc, now the junction soldered to B acts as the hot
junction.
3. Change the water in the calorimeter so that the junction in the oil now stands at the
room temperature, if it is different from room temperature record its actual temperature let it be Tk .
4. At regular intervals of 10 or 15 seconds read the deflection of the galvanometer continues the observations for three or four minutes.
5. Plot a graph between the values of time (t) along the y − axis and the corresponding
values of deflection on the x − axis.
6. Measure the radius of the silver disc.

Calculations:
When the temperature of the two thermometers 𝑇𝑇 become steady take their mean then
(𝜃𝑜 ) add 273 to this mean we get the mean value of 𝑇1 o K. To obtain 𝑇2 note the deflection
of Galvanometer corresponding to point 𝐷 on the graph (3). For this deflection find the
temperature difference (𝜃) from graph (2). To this difference (𝜃), add room temperature
to find 𝑇2 in degree Kelvin that is:
𝑇2 = 𝑇𝑜 + 𝜃 o K

( 28 )

Now knowing the values of (𝐴), (𝑚) and (𝑐) 𝜍 can be calculated from Eq. (13):
𝑇1 = 273 + 𝜃𝑜 o K

( 29 )

Notes:
1. The hemisphere A, the wooden frame W at the bottom along with the silver disc B behaves as a black body enclosure.
2. In the calibration part of the experiment, the junction soldered to the disc B is the cold
junction. As such, the disc B should be maintained at the constant temperature of the
room, it must not receive radiation from any source. So it is desirable to cover it with cotton wool.
3. The leads from two junctions leading to the galvanometer are kept in a constant F packed
with cotton wool to prevent any disturbing effect due to difference of temperature in the
leads.
4. Care must be taken to see that the wires constituting the thermocouple are in contact
only at the junction and don not touch each other elsewhere.
5. Accepted value of Stefan's constant:
𝜍 = 5.67 × 10−8 𝑊 𝑚−2 𝐾 4 𝑖𝑛 𝑆𝐼 𝑢𝑛𝑖𝑡𝑠
𝜍 = 5.67 × 10−12 𝑊 𝑐𝑚2 𝐾 2 𝑖𝑛
𝜍 = 5.67 × 10−5 𝑒𝑟𝑔 𝑠𝑒𝑐 −1 𝑐𝑚−2 𝑑𝑒𝑔4 𝑖𝑛 𝐶𝐺𝑆 𝑢𝑛𝑖𝑡𝑠

6. The pressure exerted by radiation is about 3 × 10−5 𝑑𝑦𝑛𝑒 𝑝𝑒𝑟 𝑐𝑚2 .
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Questions:
1. Distinguish clearly between Planck's law of radiation and Stefan-Boltzmann laws?
2. What is meant by a black-body? What is the nearest approach to a black-body that we can
construct in the laboratory?
3. State Stefan's radiation law? Under what conditions is it applicable?
4. Discuss the factors which determine the rate of loss of heat by radiation from a body?
5. Prove Maxwell's thermodynamic relation?
6. Distinguish clearly between Planck's law of radiation and Stefan-Boltzmann's law?
7. A ladle of molten metal at 1600℃ is taken from a furnace. Which process of heat transfer
accounts for most of the heat loss?
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EX PE RI ME N T 91
T HE RM A L R A DI A TI O N
Purpose of the experiment:
To study the thermal radiation.

Apparatus:
1. Leslie’s cube, one face of the cube is coated
with lamp black, another with black enamel, a
third with white paper and the fourth with
polished tin, thermopile, galvanometer,
heater, large beaker or glass jar (fig 1).
2. Angstrom’s Pyroheliometer. It consists of
two identical strips A and B of blackened
platinum foil. They are mounted such that
one is exposed to the solar radiation falling
on it and the other is shielded by double
walled shield, to the back of each strip a copper-constant thermocouple is attached (fig 2).
3. Ritchie's apparatus, which is, consists of two
cylindrical vessels A and B connected to a
glass tube PQ one set of faces A and B is
blackened while the other set of faces is polished. C is another cylindrical vessel containing hot water and is fixed on the stand between A and B so that the three cylinders are
co-axial. One face of C is blackened while its
other face is polished. PQ serves as a differential air thermoscope (fig 3).

Fig (1)
A
𝐶

V

𝐵

Fig (2)
G
𝐴

𝐶

𝐴
𝐵
𝑄

𝑃

Fig (3)

Theory:
The term radiation refers to the continuous emission of energy from the surface of all bodies.
This energy is called radiant energy and is in the form of electromagnetic waves. These waves
travel with the velocity of light and are transmitted through a vacuum as well as through air. Of
course they are absorbed by air to some extent. When they fall on a body which is not transparent to them they are absorbed and their energy is converted to heat. The radiant energy emitted
by a surface per unit time per unit area depends on the nature of the surface and on its temperature. The rate of radiation is low at low temperatures and the radiant energy is chiefly of relatively
long wavelength, as the temperature increased the rate of radiation increases very rapidly in proportion to the fourth power of absolute temperature.
At a temperature of 300 ℃ practically all the radiant energy emitted by a body is carried by waves
longer than those corresponding to red light. Such waves are called infrared meaning beyond the
red. Radiant energy is also found beyond the violet and it is called ultraviolet radiation.
Ultraviolet radiation is absorbed by the human skin and causes sunburn. It stimulates the formation of vitamin 𝐷. It is strongly absorbed by glass. But infrared radiation is transmitted by quartz
and rock salt. But most of it is absorbed by glass. When infrared radiation falls on the skin it gives
the sensation of warmth.
It has been shown experimentally that the energy radiated by a body depends on several factors
such as: (𝑖) its own temperature (𝑖𝑖) the temperature of its surroundings (𝑖𝑖𝑖) the nature and the
area of the radiating surface and (𝑖𝑣) the time for which the radiant takes place. If (𝑅 ) be the total
radiation emitted by a surface of area (𝐴) for a time (𝑡), then we can write:
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𝑅 ∝ 𝐴 𝑇1 − 𝑇2

(1)

𝑅 = 𝑒𝐴 𝑇1 − 𝑇2

(2)

Where 𝑇1 is the temperature of the body and 𝑇2 is the temperature of its surroundings and (𝑒) is
the emissive power or emissivity of the body.
If (𝑏) be the breadth of the strip in the Angstrom’s Pyroheliometer, (𝑎) its absorption coefficient
and the incident radiation is 𝑄. Then the radiant energy absorbed per unit length (𝐸 ) of the strip is
𝑄𝑎𝑏. If 𝑅 is the resistance per unit length of the strip and (𝒾 ) is the required current, then the electric energy (𝑃) supplied is 𝒾2 𝑅 watts. That is:
𝐸 = 𝑄𝑎𝑏

(3)

𝑃 = 𝒾2 𝑅

(4)

𝑄𝑎𝑏 = 𝒾 2 𝑅

(5)

Equating the above two equations we get:

or

𝑄=

𝒾2 𝑅
𝑎𝑏

(6)

This gives the intensity of the incident radiation from which solar constant may be calculated. To
eliminate the effect of absorption due to the atmosphere the value of the solar constant (𝑆) is
found out for different elevations of the sun on the same day under constant sky conditions if 𝑆𝑜
and 𝑆 be respectively the true values of solar constant we get:
𝑆 = 𝑆𝑜 𝑎 𝑠𝑒𝑐 𝑧

(7)

where 𝑎 is the absorption coefficient of the atmosphere and 𝑧 is the zenith distance of the sun.
Taking logarithms we obtain:
𝑙𝑜𝑔 𝑆 = 𝑙𝑜𝑔 𝑆𝑜 + 𝑠𝑒𝑐 𝑧 𝑙𝑜𝑔 𝑎

(8)

A graph plotted taking log 𝑆 along the 𝑦 − 𝑎𝑥𝑖𝑠 and the corresponding values of sec 𝑧 along the
𝑥 − 𝑎𝑥𝑖𝑠. The intercept on the 𝑦 − 𝑎𝑥𝑖𝑠 gives log 𝑆𝑜 from which 𝑆𝑜 can be found.
The ratio of the emissive power to the absorptive power for the
log 𝑆
radiations of a particular wavelength and at a particular temperature is constant for all bodies. Moreover, this ratio is equal to the
emissive power of a perfectly black body.
Suppose 𝑒𝜆 and 𝑎𝜆 are the emissive and absorptive powers of a
body. Let 𝑄 be the quantity of heat radiations incident on the sur𝐴
face in one second, 𝑄1 is the quantity of heat absorbed by the surlog 𝑆𝑜
face and 𝑄2 is the quantity of heat reflected by it.
0
sec 𝑧
As the body radiates heat at all, temperatures the heat emitted by
Fig
(4)
it in one second is 𝑒𝜆 𝑑𝜆 now:
𝑇𝑜𝑡𝑎𝑙 𝑒𝑎𝑡 𝑓𝑎𝑙𝑙𝑖𝑛𝑔 𝑜𝑛 𝑡𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 𝑄

(9)

𝑇𝑜𝑡𝑎𝑙 𝑒𝑎𝑡 𝑔𝑖𝑣𝑒𝑛 𝑜𝑢𝑡 𝑏𝑦 𝑡𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 𝑄 − 𝑄1 + 𝑒𝜆 𝑑𝜆

( 10 )

For equilibrium (9) and (10) are equal so that:
𝑄 − 𝑄1 + 𝑒𝜆 𝑑𝜆 = 𝑄

( 11 )

But
𝑎𝜆 =

𝑄1
𝑄

( 12 )
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𝑄1 = 𝑎𝜆 𝑄

( 13 )

𝑄 − 𝑎𝜆 𝑄 + 𝑒𝜆 𝑑𝜆 = 𝑄

( 14 )

𝑒𝜆
𝑄
=
𝑎𝜆 𝑑𝜆

( 15 )

𝑒𝜆
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
𝑎𝜆

( 16 )

For a perfectly black body emissive power = 𝐸𝜆 and absorptive power 𝑎𝜆 = 1, so that:
𝐸𝜆
𝑄
=
1
𝑑𝜆

( 17 )

𝑒𝜆
= 𝐸𝜆 = 𝑐𝑜𝑛𝑠𝑡
𝑎𝜆

( 18 )

From equation (15) and (17) we have

Now if 𝑒𝜆 is large 𝑎𝜆 is also large but:
𝑄 − 𝑄1
𝑄

( 19 )

𝑟𝜆 = 1 − 𝑎𝜆

( 20 )

𝑟𝜆 =

Therefore 𝑟𝜆 which is the reflecting power of the surface
is small. It means good emitters are good absorbers but
bad reflectors. Highly polished surfaces are bad emitters
and bad absorbers but good reflectors. These results are
verified by Ritchie’s experiment.

Method:

𝑇
𝐿

𝐴

𝑥
𝑥

G

A- Leslie’s cube (Sir John Leslie 1804)
The same body even at the same temperature will
Fig (5)
radiate different quantities of heat depending on
the nature of its surface. To show this fact we use Leslies box or cube fig (5) as follows:
𝑅𝑎𝑦𝑠 𝑓𝑟𝑜𝑚
1. A cubical tin box L containing boiling water may be
𝑠𝑢𝑛
𝐴
taken as a source of radiant heat.
2. One face of the cube is coated with lampblack, another with black enamel a third with white paper
and the fourth with polished tin.
3. A thermopile T is connected with a galvanometer
G
and it is kept at equidistant from each face of the
𝐶
cube such that the cone would intersect the vertical
face of the cube.
𝐵
4. Turn the cube round so that each face in turn is
presented for an equal interval of time.
V
5. Record the steady deflection each time.
B- Angstrom’s Pyroheliometer.
1. Arrange the apparatus as shown in fig (6) including
the electrical circuits.
Fig (6)
2. Connect a thermocouple having a sensitive galvanometer with A as one junction and B as the other junction.

A
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3. When both the strips A and B are shielded from the sun their junctions are at the
same temperature, the galvanometer will show no deflection.
4. When the strip A is exposed to the sun and the strip B is shielded from the sun by a
cover C. The strip A receives heat radiations from the sun and its temperature rises
and the galvanometer shows deflection.
5. Current is now passed through the shielded strip B and adjusted until the galvanometer show no deflection. Record both the current 𝒾 and the potential difference (V).
6. Repeat the above steps for different elevations of the sun on the same day under constant sky conditions.
7. The experiment is repeated by exposing strip B and shielding the strip A and the mean
value of Q is obtained.
8. Find the value of absorption coefficient (a) and the value of z the zenith distance of
the sun from tables.
C- Ritchie’s Experiment.
1. Make the blackened face of C (fig 7) towards the polished face of A and the polish
face of C towards the blackened face of B. The level of the liquid in the limbs x and y
will be the same note this.
𝐴
𝐶
𝐵
2. Turn C so that the polished face of C is towards the polished face of A. In this case
x
y
the rise in temperature of air inside B is
higher than that in A. Consequently the
level of liquid in the limb y is lower than
Fig (7)
that in x.

Calculations:
A- The dull back surface produces the greatest deflection and the polished surface the least.
The roughened surface lies second and the white surface third. We therefore conclude
that the radiation from a body depends on the nature of its surface and on its temperature. It also depends on its area, the larger the area the greater is the radiation. For a given
temperature, a body radiates most heat when its surface is dull black and least when its
surface is highly polished.
B- Angstrom’s Pyroheliometer.
When the galvanometer shows no deflection (equilibrium state) this indicates that, the
temperature of the shielded strip has become equal to that of the exposed strip. This in
turn means that the electrical energy supplied to the shielded strip is then equal to the solar energy absorbed by the exposed strip.
Let 𝑄 calories of heat be incident on one centimetre square surface (𝐴) of the strip in one
minute. Then the amount of heat radiation absorbed in one minute by plate 𝐴 is equal to
𝑄𝐴𝑎 calories. The electrical energy produced in one minute in the strip 𝐵 is 𝑉𝒾 × 60/4.2.
At equilibrium with zero deflection of the galvanometer we can write:
𝑄𝐴𝑎 =

𝑉𝒾 × 60
4.2

( 21 )

Where 𝑉 volt is the potential difference across the strip 𝐵 and 𝒾 amperes is the current
flowing through it then:
𝑄=

𝑉𝒾 × 60
4.2 𝐴𝑎

( 22 )

From the definition of solar constant, which is the energy, which would, in the absence of
atmosphere, be received per minute by an area of square centimetre, placed at the mean
distance of the earth from the sun and at right angles to the incident radiation 𝑄 is obviously is a solar constant.
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To eliminate the effect of absorption due to the atmosphere the value of the solar constant is found out for different elevation of the sun on the same day under constant sky
conditions. Then the value of 𝑆𝑜 can be calculated from fig (4) since:
𝑂𝐴 = 𝑙𝑜𝑔 𝑆𝑜

C- Ritchie’s Experiment:
The quantity of heat emitted by the polished face of 𝐶 is very small, also the quantity of
heat absorbed by the polished face of 𝐴 is very small. Therefore the rise in temperature of
air inside 𝐴 is very small. On the other hand the quantity of heat emitted by the blackened
face of 𝐵 is large and also the quantity of heat absorbed by the blackened face of 𝐵 is
large. Therefore rise in temperature of air inside 𝐵 is higher than that in 𝐴. As a result of
which the level of liquid in the limb 𝑦 is lower than that in 𝑥.
Hence good absorbers are good emitters and bad absorbers are bad emitters. Now if the
emissive power of a blackened surface is 𝐸𝑏 and that of the other surface tested is 𝐸′,
while the absorptivities are 𝐴𝑏 and 𝐴′ respectively then we can write,

or

𝐸 ′ 𝐴𝑏 = 𝐸𝑏 𝐴′

( 23 )

𝐸 ′ 𝐸𝑏
=
𝐴′ 𝐴𝑏

( 24 )

Notes:
1. Pyroheliometer is an instrument, which is used to find the amount of incident heat radiations and the solar constant.
2. The value of solar constant is 1.94 cal per sq. cm per min or some of 0.135 watt per sq. cm.
3. The emissive power or emissivity of a surface is defined as the ratio of the amount of
heat radiation emitted in a given time to the amount emitted in the same time by an equal
area of a perfectly black surface at the same temperature.
4. Instruments for detecting and measuring thermal radiation
a. Ether thermoscope.
b. Differential air thermoscope.
c. Bolometer
d. Boy’s Radiomicrometer
e. Thermopile
5. Absorptive power,
The absorptive power or absorptivity of a surface is defined as the ratio of the amount of
radiation absorbed by the surface in a given time to the total amount of radiation incident
upon it in the same time.
6. Prevost’s theory of Exchange
In 1792 Prevosts applied the idea of dynamic equilibrium to radiation. He asserted that a
body radiates heat at a rate, which depends only on its surface and its temperature, and
that it absorbs heat at a rate depending on its surface and the temperature of its surroundings. When the temperature of a body is constant, the body is losing heat by radiation and
gaining it by absorption at equal rates.
7. In 1833 Ritchie showed by experiment that the ratio of the total emissive power of a surface to its total absorptive is a constant. In 1860 Kirchhoff showed that this constant was
the same for all surfaces.
8. Properties of thermal radiations
a. Heat radiations travel in straight line
b. Heat radiations travel with the velocity of light.
c. Heat radiations obey inverse square law.
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10.

11.

12.
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d. Heat radiations obey he laws of refraction, and exhibits interference and polarization.
e. Heat radiations get diffused when they are incident on a rough and unpolished
surface.
f. Heat radiations can travel through vacuum.
g. Heat radiations do not affect the medium through which they pass.
h. Exert pressure on the surfaces on which they falling.
Applications of heat radiations.
a. White clothes are preferred in summer and dark colored clothes in winter
(3 × 10−5 dyne per sq. cm).
b. Cooking utensils are blackened at the bottom and polished on the upper surface.
c. Hot water pipes and radiators used in rooms are painted black so that they can
radiate maximum amount of heat to the room.
d. The thermocouple junction exposed to heat is blackened to absorb maximum
quantity of heat.
e. Polished reflectors are used in electric heaters to reflect maximum heat in the
room.
Kirchhoff’s law of heat radiation.
The connection between absorptivity and the strength of radiation emitted at a given
temperature was realized by German physicist Gustov Kirchhoff in 1859 in a law bearing
his name which can be stated as follows:
The ratio of the emissivity, power to the absorptive power for the radiation of a particular
wavelength and at a particular temperature is con𝐵𝑖𝑠𝑚𝑢𝑡
stant for all bodies. This rate is equal to the emis𝐴𝑛𝑡𝑖𝑚𝑜𝑛𝑦
sive power of a perfectly black body.
Thermopile
The first important instrument in the field of ra𝐶𝑜𝑙𝑑
diation was thermopile invented by Nobili and
𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛
adapted to the measurement of radiation by another Italian Melloni who used it extensively round
𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑜𝑟
𝑇𝑜
about 1830. The modern thermopile is due to
𝑔𝑎𝑙𝑣𝑎𝑛𝑜𝑚.
Coblenz 1913. It consists of a number of bismuth
and antimony rods placed alternatively with their
ends joined as shown in fig (8). the left face form a
the hot junction and the right face forms a the cold
junction. The thermoelectric current flows across
the hot junction from bismuth to antimony. The
bars of antimony and bismuth are arranged in the
form of a cube. The junctions are soldered but the
Fig (8)
bars are insulated from each other with mica strips.
All the junctions on one side are coated with lampblack. Such a thermopile can detect
heat radiation from a candle at a distance of 100 meters.
Emission and absorption.
Good emitters of heat are also good absorbers of heat. We can investigate this by using
the apparatus shown in fig (9).
A and B are two air filled bulbs connected to U tube C which is partially filled with a light
oil. This is called a differential air thermometer. Because a temperature rise of one bulb
such as A causes the oil level 𝑥 on this side to drop owing to the expansion of the air. A is
painted matt black. B is painted glass white or a colour different from black. A small electric lamp L is placed exactly midway between A and B is switched on. It is then observed
that the oil level falls on the side of A. We therefore conclude that the blackened surface,
which is a good emitter as previously seen (Leslie box), is also a good absorber of radiaPage 377
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tion. Conversely, a white or highly polished surface is a
poor absorber as well as a poor emitter of radiation.
13. Human face emits 75% of its energy as thermal radiation
in the microwave region.

Questions:

Applied Physics

𝐴

𝐵
𝐿

1. The sun radiates heat to stars hotter than itself and abLight oil
sorbs radiant heat from stars colder than itself. Is this 𝑥
fact inconsistent with the statement that heat energy is
transferred from bodies at higher temperature to bodies
𝐶
at lower ones? Explain?
2. On what factors does the energy radiated by a body depend?
Fig (9)
3. What do we mean by a black body? How can such a
body be realised in practice?
4. State and explain Kirchhoff's laws of heat radiation, and discuss its importance?
5. Write an essay on the instruments for the detection and measurement of radial energy?
6. Define solar constant. Explain with necessary theory how it is determined. How is the
temperature of the sun estimated from the data of solar constant?
7. Two pieces of aluminium are exposed to direct sunlight. One piece is polished and the
other is painted black. Which piece will have the higher temperature? Why?
8. What is Prevost's theory of exchange? Describe some phenomenon of theoretical or
practical importance to which it applies?
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EX PE RI ME N T 9 2
M A XW E L L I A N VE L OCI TY DI S TRI BU TI O N
Purpose of the experiment:
To study the Maxwell distribution of velocities among molecules.

Apparatus:

Kinetic gas theory apparatus, receiver with recording chamber, power supply 0 − 12𝑉 𝑑𝑐, 6𝑉 ,
12𝑉 𝐴𝐶 . Digital stroboscope, stop watch digital, connecting cords, test tube 12 tubes.

Theory:
The molecules of a gas do not all move with the
𝑐𝑝
same speed, because of frequent collisions there is a 𝑓(𝑐)
𝑐
continual interchange of momentum between the
𝑐𝑟𝑚𝑠
molecules and hence there is a velocities will vary.
Figure (1860) shows one experimental scheme for
measuring the distribution of molecular speeds.
𝑀𝑎𝑥𝑤𝑒𝑙𝑙
In 1860 James clerk Maxwell (1831-1879) derived on
𝑡𝑎𝑖𝑙
the basis of kinetic theory that the speeds of molecules in a gas are distributed according to the graph
shown in fig (1). The speeds vary from zero up to
𝑐 𝑚𝑠 −1
many times the rms speed, but as can be seen from
the graph most molecules have speeds that are not
Fig (1)
far from the average. Less than one percent of the
molecules exceed four times rms speed. Experiments to determine the distribution in real gases
starting in the 1920s confirmed with considerable accuracy the Maxwell distribution and the direct proportion between average kinetic energy and absolute temperature.
Fig (2) shows the distribution for two different temperatures just as 𝑐𝑟𝑚𝑠 increases with temperature so the whole distribution curve shifts to the right at higher temperatures, corresponds to the
increase of molecular velocity. The flattening of the maximum indicates a wider distribution of
velocities. The essential point to note, however, is that there is a pronounced increase in the
number of molecules with speeds that are much higher than the average. The important result to
be noted is that there is always some molecules having very low and some with very high speeds
at any given temperature.
𝑓(𝑐)
The marked effect of temperature in increasing the pro𝑇2 > 𝑇1
𝑇1
portion of molecules having high velocities or high kinetic
𝑇2
energies is provided for by the presence of the exponential
exp −(𝑀𝑐 2 /2𝑅𝑇) in the Maxwell equations. The quantity
𝑀𝑐 2 /2 is equal the kinetic energy of one mole of molecules each of which has the same velocity 𝑐, this may be
𝑐 𝑚𝑠 −1
replaced by 𝐸 representing the kinetic energy of these
Fig (2)
molecules, so that the exponent factor frequent referred
to as the Boltzmann factor may be written as exp −(𝐸/𝑅𝑇). Because of the presence of the temperature 𝑇 in the denominator of the negative exponent this factor increases markedly with increasing temperature. The greater the value of 𝐸 the more rapid is the relative increase of the
Boltzmann factor. This result is of particular importance in connection with the theory of reaction rates. This factor, in fact, finds application in many aspects of physics.
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The molecules of an ideal gas possesses per definition only kinetic energy, which is defined by:
1
𝐸 = 𝑚𝑐 2
2

(1)

Where 𝐸 is the average kinetic energy, 𝑚 is the mass of the molecule and 𝑐 is the average velocity
of the molecule. Based on the kinetic theory the pressure of an ideal gas can be described by:
1
𝑝 = 𝜌 ∙ 𝑐2
3

(2)

Where 𝑝 is the pressure and 𝜌 is the density of the gas. from the equation of state for ideal gas,
we have:
𝑝∙𝑉 =𝑅∙𝑇

(3)

Where 𝑉 is the molecular volume, 𝑅 is gas constant and 𝑇 is the absolute temperature. Now from
equations (2) and (3) we get:
3𝑅𝑇
𝑐=
𝑀

or

3𝑘𝑇
𝑐=
𝑚

1
2

(4)

1
2

(5)

Where 𝜌𝑉 = 𝑀 and 𝑚 = 𝑀/𝑁 and 𝑘 is the Boltzmann constant.
This means that the average kinetic energy is directly proportional to the absolute temperature of the gas, which is the interpretation on the molecular level. The direct determination
of the velocity of a certain molecule is impossible because it
changes incessantly caused by collisions with other molecules.
For a great number of molecules one can derive a distribution
function for molecule velocities by means of statistical methods. This was done by Maxwell and Boltzmann with the following results:
𝑑𝑁
=
𝑁

or

2
𝑚
∙
𝜋 𝑘∙𝑇

3
2

1 𝑑𝑁
𝑀
= 4𝜋
𝑁 𝑑𝑐
2𝜋𝑅𝑇

𝑚𝑐2

∙ 𝑐 2 𝑒 − 2𝑘𝑇 ∙ 𝑑𝑐
3
2

𝑀𝑐 2

∙ 𝑐 2 ∙ 𝑒 − 2𝑅𝑇

𝑁𝑖
𝑁𝑖 𝛼

𝑠𝑚−1
1.5

1
0.5
0.5

1

1.5 2

𝐶/𝑚𝑠 −1

Fig (3)
(6)

(7)

Where 𝑀 is the molecular weight and 𝑅 is the gas constant.
This equation describes the probability that the velocity of a molecule is within the interval
(𝑐, 𝑐 + 𝑑𝑐). For the velocity at the maximum 𝑐𝑝 of the curve (velocity with highest probability), the
following relation can be derived.
1
2

2𝑘𝑇
𝑐𝑝 =
𝑚

(8)

Introducing of equation (6) into equation (5) leads to:
𝑑𝑁
4
1
=
∙ 2
𝑁
𝜋 𝑐𝑝

3
2

2

∙𝑐 𝑒

𝑐2
− 2
𝑐𝑝

∙ 𝑑𝑐

(9)

Note that 𝑐𝑝 ≠ 𝑐
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And
𝑐𝑝 ∶ 𝑐 ∶

𝑐2 = 2 ∶

8
∶
𝜋

= 1 ∶ 1.128 ∶ 1.224

3
( 10 )

Concerning the model experiment with glass balls the velocity of the balls can be determined by
means of the through distance 𝑆:
𝑐=𝑆∙

𝑔
2

1
2

=𝑘∙𝑆

( 11 )

Where 𝑔 is the acceleration at the earth surface and () is the hight difference between outlet and
receiver.

Method:
1. Set up the apparatus as shown in fig (4).
2. Determine the average weight of one glass ball by weighing out a known number ( 100) of
balls.
3. Fill the apparatus with 400 balls, then set the height of the upper piston to 6 cm and frequency of the oscillator to 50 sec −1 this is achieved by controlled voltage and the stroboscope.
4. Open the outlet for one minute and determine the number of pushed out balls by weighing.
5. Fill ten of the test tubes with the determined average number of loosed balls per minute.
6. Now set the height of the upper piston to 6 cm, the height difference between outlet and
receiver to 8 cm, the number of balls 400 and the frequency of the oscillator to 50 sec −1 .

Po w e r su

pply

Fig (4)
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7. When the frequency is stable open the outlet for 5 minutes. Every one minute fill up the
apparatus with the balls in a test tube to maintain the number of balls in the apparatus to
400 balls. That is to keep the density of balls in the apparatus constant. Afterwards the
test tubes are refilled.
8. This experiment is repeated four times.
9. The number of glass balls in each of the 24 compartments of the receiver is determined
by weighing, or by direct counting.

Calculation:
Let 𝑁𝑖 be the number of balls in the interval 𝑖 where 𝑖 = 1 to 23 compartments and ∆𝑐 be velocity
interval corresponding to ∆𝑆.
Then calculate:
1 𝑁𝑖
𝑁𝑖 ∆𝑐

But
𝑔
𝑐=𝑆∙
2∙
9.8
=𝑆∙
2 × 0.08

1
2

1
2

( 12 )

( 13 )

= 7.82 ∙ 𝑆

Thus: ∆𝑐 = 7.82 ∙ ∆𝑆
Now calculate for each value of ∆𝑆 the corresponding values for the quantity 1𝑁 ∙ 𝑁∆𝑐𝑖

𝑁𝑖
𝑁𝑖 ∆𝑐

𝑖

𝑁𝑖
Draw a graph of the values for 1𝑁 ∙ ∆𝑐
as ordinate against
𝑖
the corresponding values of 𝑐 as abscissa from the graph
calculate the most probable velocity (fig 5).

Fig (5)

Notes:

𝑐 𝑚𝑠 −1

1. Equation (1) can also be obtained using the relation, based on the degree of freedom.
1
3
𝑚𝑐 2 = 𝑘𝑇
2
2
𝑐=

3𝑘𝑇
𝑚

( 14 )
( 15 )

2. It is important that the apparatus must be set vertically.
3. Discuss the significance of Boltzmann factor. Give examples of its application in some
fields of physics and chemistry.
4. The mean velocity of a gas is concerned in gas phenomenon such as diffusion (effusion)
viscosity and conduction of heat.
5. The rms velocity determines the magnitudes of the pressure of a gas and its specific capacity.
6. Fig (1) illustrates how kinetic theory can be used to explain why many chemical reactions
including those in biological cells take place more rapidly as the temperature increases.
Most chemical reactions take place in liquid solutions and the molecules in a liquid have
distribution of speeds close to Maxwell distribution.
7. The actual curve will depend on the molecular weight of the gas and temperature, but the
general form is always the same.
8. James Clerk Maxwell, Scottish Theoretical physicist (1831-1879). Maxwell developed the
electromagnetic theory of light and the kinetic theory of gases and explained the nature of
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Saturn's rings and colour vision. Maxwell's successful interpretation of the electromagnetic field resulted in the field equations that bear his name. Formidable mathematical
ability combined with great insight enables him to lead the way in study of electromagnetism and kinetic theory. He died of cancer before he was 50. Einstein described Maxwell's
accomplishments as: [The most profound and the most fruitful that physics has experienced since the time of Newton].
9. The speed distribution curves for molecules in a liquid are similar to those for gases. We
can understand the phenomenon of evaporation of a liquid from this distribution of
speeds, using the fact that some molecules in the liquid are more energetic than others.
Some of the faster moving molecules in the liquid penetrate the surface and leave the liquid even at temperature well below the boiling point.
10. This explain also why lighter molecules such as H2 and He escape more readily from the
earth atmosphere than do heavier molecules such as N2 or O2.
11. Rain water and Havens (1946) also provided a convincing experimental check of the
Maxwell speed distribution law by using a gas of neutrons.

Questions:
1. The proportion of various gases in the earth's atmosphere changes somewhat with altitude. Would you expect the proportion of oxygen at high altitude to be greater or less
than at sea level compared to the proportion of nitrogen? Why?
2. Why does a diatomic gas have greater energy content per mole than a mono atomic gas at
the same temperature?
3. A vessel is filled with gas at some equilibrium pressure and temperature. Can all gas
molecules in the vessel have the same speed?
4. Derive equation (6). Then from it derive the following relations:
𝑐𝑟𝑚𝑠 =

3𝑘𝑇
𝑚

,

𝑐=

8𝑘𝑇
𝑚

and 𝑐𝑝 =

2𝑘𝑇
𝑚

5. Do half the molecules in a gas in thermal equilibrium have speeds greater than 𝑐𝑝 ? Than
𝑐 ? Than 𝑐𝑟𝑚𝑠 ?
6. Which speed 𝑐𝑝 , 𝑐 or 𝑐𝑟𝑚𝑠 corresponds to a molecule having average kinetic energy?
7. The end portion of the distribution is called Maxwell tail. What is the significance of the
portion of the distribution?
8. Zartman and Ko (1934) performed an experiment to verify Maxwell's distribution of
speeds. Explain this experiment?
9. Discuss why the Maxwell distribution of speeds is not a symmetrical curve?
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EX PE RI ME N T 9 3
TE M PE RA TU RE D E PE N DE N T OF SU RF A CE TE NSI O N
Purpose of the experiment:
To study the variation of surface Tension with temperature.

Apparatus:
Searle Torsion balance, liquid under consideration, weight, thermometer 0 − 100 ℃ in 0.1 ℃, micrometer, Vernier callipers, heater.

Theory:
A number of common observations suggest that the surface of a liquid acts as stretched membrane under tension. For example a drop of water on the end of a dropping faucet, an insect
called a pond skater can walk across the surface of water without falling in. further with case a dry needle can be floated on the surface of the water we can
see how surface tension arises by examining the process from the molecular
point of view. The molecules of a liquid exert attractive forces acting on a
molecule deep within the liquid and on the second molecule at the surface (fig
1). The molecule inside the liquid is in equilibrium due to the forces of other
molecules acting in all directions. The molecule at the surface is also normally
in equilibrium (the liquid at rest). This is true even though the forces on a
𝑤
molecule at the surface can be exerted only by molecules below it (or alongside
it). Hence, there is a net attractive force downward. which tends to compress
the surface layer slightly. This compression of the surface means that in essence
the liquid minimizes its surface area. This is way water tends to form spherical
droplets, for a sphere represents the minimum surface are for a given volume.
The surface tension of a liquid is the force per unit length on the surface that
opposes the expansion of the surface area so its unit is 𝑁𝑚−1 or 𝐽𝑚−2 .
The surface of a liquid decreases as the temperature rises and becomes very
small a few degrees below the critical temperature. It is zero at the critical temFig (1)
perature. The greater thermal agitation at the higher temperatures reduces the
attractive force pulling the molecule inward. For a small temperature range, the relation is linear
one and is given by:
𝛾 = 𝛾𝑜 1 − 𝛼𝑡

(1)

Where 𝛼 is the temperature coefficient of surface tension and 𝛾 is the surface tension at 𝑡℃ and 𝛾𝑜
the surface tension at 0℃.
At critical temperature as mentioned, before the surface tension vanishes at which the interface
between liquid and vapour disappears. The surface tension of a liquid may be measured by variety
of methods. The Searle’s torsion balance is one of these methods. This method is used for liquids
whose angle of contact is zero. For many situations including water against glass, the contact angle is zero.
The force of surface tension on the edge of the microscope slide is given by:
𝐹 = 2 ℓ + 𝑡 𝛾 𝑐𝑜𝑠 𝜃

(2)

Where (ℓ) and (𝑡) are the length and thickness of the frame respectively and 𝜃 the angle of contact. Now if 𝑚𝑔 the force that balance the force of surface tension then we can write:
2 ℓ + 𝑡 𝛾 𝑐𝑜𝑠 𝜃 = 𝑚𝑔

(3)
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But in this case 𝜃 = 0, so that:
𝛾=

𝑚𝑔
2 ℓ+𝑡

(4)

Method:
1. Suspend from the pointer a scale pan which in turn supports a holder in which is fixed a
clean microscope slide fig (2).
2. A clean beaker or vessel containing the experimental liquid is placed on adjustable table,
which can be raised or lowered as desired.
3. Now heat up the liquid to about 90℃ then raise the vessel so that the lower horizontal
edge of the slide is just dips a little into the liquid. The vessel is then lowered until the
lower edge of the slide makes a film along the line of contact with the liquid.
4. At this position pull, the slide down wards slightly ad carefully and note the position of
the pointer at the moment when the slide detach the surface of the liquid. Now weights
are placed on the pan so that the pointer comes back to the former displaced position.
5. Repeat steps (3 and 4) for the liquid temperatures of 80, 70, 60, 50, 40, 30, and 20℃.
6. Measure the length (ℓ) and thickness of the microscope slide.

Calculation:
Using equation (4) determine the surface tension at each temperature plot a graph with the values
of surface tension as ordinates against the corresponding values of temperature fig (3). Now from
equation (1) we get:
𝛾 = 𝛾𝑜 − 𝛾𝑜 𝛼𝑡

The slope of the graph is given by:
𝐵𝐶
𝐴𝐵

(5)

𝛾𝑜 𝛼 = 𝑠𝑙𝑜𝑝𝑒

(6)

𝑠𝑙𝑜𝑝𝑒 =

𝐵𝐶
𝐴𝐵

(7)

𝛾𝑜 = 𝑂𝐷

(8)

𝛾𝑜 𝛼 =

and

Fig (2)

𝛾 𝐷
𝐶

Critical
temp. 𝑡𝑐

So that:
𝛼=

𝐵𝐶
𝐴𝐵 × 𝑂𝐷

𝐵

(9)

Find from the graph critical temperature.

𝐴

0

Fig (3)

Notes:

𝑡℃

1. It is important that the glass slide and the vessel should be as clean as possible particularly
from oils and greases.
2. The dimensions of the slide should be measured as accurate as possible.
3. Some liquids like water wet the walls of a glass capillary tube and so the contact angles is
zero, others like mercury do not and so the contact angles is 180o .
4. At a liquid-solid-gas interface, there is a characteristic contact angle this angle is measured
in the liquid. The contact angle depends on the nature of the three phases.
5. We can use the capillary tube in this steady with the equation (fig 4).
𝛾=

1
1
𝜌𝑔𝑟 + 
2
3

( 10 )

Page 385

Volume 3: Heat and Thermodynamics

6.

7.
8.
9.
10.

Applied Physics

Where (𝜌) is the density of the liquid, (𝑔) acceleration due to
1
𝑟
3
gravity, (𝑟) the radius of the tube and () is the high or raise of
2𝑟
the liquid in the tube. But the use of capillary method is compli𝑜
𝑜
cated by the fact that 𝜃 is not usually 0 or 180 .

The air molecules above the surface exert a force but this is
small effect since the air molecules are so far a part. The surface
tension does depend on the material above the surface but the
effect is generally small if the later is a dilute gas. But because of
this small effect surface tension are specified for the boundary
between two materials. If the second material is not mentioned
it is assumed to be air at atmospheric pressure.
Fig (4)
Various formulae relating the surface tension to temperature
have been proposed but none has been found to be completely satisfactory.
There is one important difference between the behaviour of ordinary stretched elastic
membranes and that of a liquid film. For which the tension of the membrane increase
with the amount of stretching the tension of a liquid is independent of the stretching.
Detergents are chemicals, which are mixed with water to increase its cleaning power.
They lower the surface tension of water. This increases the wetting power of the water or
its ability to float small dirt practices a way from the articles being washed.
In 1886 R. von Eötvös proposed a relationship, which can be written as:
𝛾 𝑀𝑣

2
3

= 𝑘 𝑡𝑐 − 𝑡

( 11 )

Where 𝑀 is the molecular weight, 𝑣 is the specific volume of a liquid that is reciprocal of
the density 𝑡𝑐 is the critical temperature and 𝑘 is a constant later W. Ramsay and J. Shields
in 1893 found that the experimental results for a number of liquid could be better expressed by the relationships:
𝛾 𝑀𝑣

2
3

= 𝑘 𝑡𝑐 − 6 − 𝑡

( 12 )

+
+
+
+
+
+
+
+

This implies that the surface tension becomes zero at temperature 6℃ below the critical
point a fact which may be significant in connection with the observation. The constant
(𝑘) in the equation is the slope of the linear plot of 𝛾 𝑀𝑣 2/3 against the temperature 𝑡.
11. The surface tension of a polar liquid such as water can be viewed as a series of dipoles
(fig 5) strung together in the stable arrangement
in which the dipole moment vectors are parallel
to the surface and all point in the same direction.
12. The surface energy 𝐸 per unit area is defined by
Fig (5)
the equation:
𝐸 =𝛾−𝜃

𝑑𝛾
𝑑𝜃

( 13 )

must be in Kelvin.
Now calculate the surface tension (𝛾) at any given tempera- 𝐸,
𝐸
𝐿
ture (𝜃) than find out the value of (𝜃 𝑑𝛾/𝑑𝜃) at a given tem𝐿
Critical
perature, finally find out the corresponding value of (𝐸 ) at
temp.
that temperature. In this way we can find different values of
𝐸 at different temperature 𝜃. Fig (6) shows how 𝐸 varies
with temperature, together wit Latent heat of vaporization
(𝐿). Note that both vanish at critical temperature.
𝜃
Fig (6)
13. One of the consequences of surface tension is that the
pressure on the concave side of the surface is greater than that on the convex side. If
there were no excess pressure on the concave side a bubble could not exist for it would
collapse as a result of the force due to surface tension.
𝜃
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Questions:
1. What is the difference between the behaviour of ordinary stretched elastic membrane and
that of a liquid film?
2. Why the surface tension and latent heat of vaporization vanishes at critical temperature.
3. Explain surface tension from the point of view of molecular theory of matter?
4. Why it is necessary to introduce dust particles or charged particles into saturated vapour
for condensation?
5. What is surface energy? Explain?
6. Why large mercury drops, on a glass plates are flattened on top?
7. Distinguish clearly between surface energy and bond energy?
8. Compare between coefficient of surface tension and coefficient of viscosity?
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EX PE RI ME N T 9 4
D E NS I TY OF W A T E R
Purpose of the experiment:
To determine the density of water at different temperatures using Archimedes principle.

Apparatus:
Sensitive balance, beaker, sensitive thermometer 0 − 50℃ in 0.1℃, heater, a solid, (usually a solid
glass sphere).

Theory:

H

H

Water is exceptional in many of its properties and its anomalous expansion is very important in
nature and has atrated much study.
If we start with ice and heat it the ice expands in the normal way its expansion coefficient is linear. On reaching 0℃ it contracts attaining a minimum value at 4℃ at which temperature the density is correspondingly a maximum. The changes in density are seen to be vary slight but they are
of great importance in the phenomena occurring when a large mass of water is cooled.
The behavior of water at low temperatures is usually ascribed to the clustering or association of
the water molecules.
The exceptional expansion of water makes it possible for fish to survive in winter-time in Arctic
and other cold regions.
H +
The characteristic hexagonal pattern of an ice crystal arises from
the tetrahedral arrangement (fig 1) of the four hydrogen bonds,
each 𝐻2 𝑂 molecule can participate in. With only four nearest
neighbours around each molecule ice crystals have extremely
O
open structures which is the reason for the exceptionally low density of ice. Because the molecular clusters are smaller and less
+
stable in the liquid state water molecules on the average are +
packed more closely together than are in ice molecules and water
+
has higher density hence ice floats. The density of water increases
Fig (1)
from 0℃ to a maximum at 4℃ as large clusters of 𝐻2 𝑂 molecules
are broken up into smaller ones that occupy less space in the aggregate only past 4℃ does the
normal thermal expansion of a liquid manifest itself in a decreasing density with increasing temperature.
Water molecules are exceptionally prone to form hydrogen bonds because the four pairs of electrons around the 𝑂 atom occupy 𝑠𝑝3 hybrid orbital’s that project outward as though toward the
vertexes of a tetrahedron. Hydrogen atoms are at two of these vertexes which accordingly exhibit
localized positive charges while the other two vertexes exhibit some what more diffuse negative
charges. Each 𝐻2 𝑂 molecule can therefore form hydrogen bonds with four other 𝐻2 𝑂 molecules
in two of these bonds the central molecule provides the bridging protons, and in the other two
the attached molecules provide them. In the liquid state the hydrogen bonds between adjacent
𝐻2 𝑂 molecules are continually being broken and reformed owing to thermal agitation, but even so
at any instant the molecules are combined in definite clusters. In the solid state these clusters are
large and stable and constitute ice crystals.
In this experiment a solid of volume 𝑉 is totally immersed in a liquid of density 𝜌 will experience
an up thrust of 𝜌𝑉𝑔 and its apparent weight assessed by a spring balance or an ordinary physical
balance will be diminished by this amount. If 𝑤1 is the weight of the sinker in air and 𝑤2 its
weight in the liquid then the up thrust is given by:
H
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𝑤1 − 𝑤2 = 𝜌𝑉𝑔
𝜌=

or

)1(

𝑤1 − 𝑤2
𝑉𝑔

)2(

Where (𝑔) is the acceleration due to gravity.

Method:

𝑤2

1. Arrange the apparatus as shown in fig (2); the sinker
must be clean particularly from greases or any dirtiness.
2. Weight the sinker in air very carefully let it be w1 , suspend the sinker now in the ice mixture at 0℃ and reweight the sinker let it be in this case w2 .
3. Warm up the liquid very gently and slowly in 1℃ steps if
possible and in each case weight the sinker in the liquid
and record immediately the temperature of the liquid
starting from 0℃ up to 30℃.

𝑖𝑐𝑒
𝑚𝑖𝑥𝑡𝑢𝑟𝑒

𝑤1

Fig (2)

Calculation:

From equation (2) calculate the density (𝜌) for the liquid at corresponding temperature. Then
draw a graph with the values of density as ordinates against the corresponding values of the temperature 𝜃 as abscissa (fig 3). Then calculate the specific volume from the relation
𝑣=𝑘

1
𝜌

)3(

Where 𝑘 is a constant.
Then draw another graph between the values of specific volume on the vertical axis versus corresponding values of temperature on the horizontal axis (fig 4). Then discuss these two graphs.
𝑣
𝑚𝐿/𝑔𝑚

𝜌
𝑔𝑚/𝑚𝐿

2

4

6

8

2

4

6

8

0

𝜃℃

10

𝜃℃
𝑡𝑒𝑚𝑝.

𝑣
𝑚𝐿/𝑔𝑚

𝜌
𝑔𝑚/𝑚𝐿

Fig (3)

Fig (4)

Notes:
1. If we start with ice and heat if the ice expands in the normal way its expansion coefficient
(linear) being about 5 × 10−5 per ℃. On reaching 0℃ it contracts the specific volume or
volume per unit mass shrinking from about 1.091cc per gm to 1.00016cc per . Attaining a
minimum value of 1.000028cc per gm at 4.0℃.
2. The changes in density are seen to be very slight but they are of great importance.
3. It should be noted that at temperatures approaching 100 ℃ water has acquired a coefficient of expansion comparable with that of ordinary liquids.
4. The following table gives the densities of water at some temperatures in units of kgm−3 .
𝟎℃
999.84

𝟐℃
999.94

𝟒℃
999.97

𝟔℃
999.94

𝟖𝟎℃
971.8

𝟗𝟎℃
965.3

𝟏𝟎𝟎℃
958.4
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5. Density of ice at 0℃ = 920kgm−3
Density of steam at 100℃ = 0.60kgm−3
6. It is important the value of the acceleration due to gravity (𝑔) must be the value at the
place and temperature of the experiment.
7. The first successful attempt for measuring the maximum density of water was that of
Joule and Playfair in 1851. They found the temperature of maximum density of water to
be 3.95 ℃.
8. Hope devised in about 1805 an experiment to demonstrate the existence of the temperature of maximum density.
9. With the increase in pressure are over water the temperature of maximum density of water decreases according to the relation:
𝑡𝑚𝑎𝑥 = 3.98 − 0.0225 𝑝 − 1 ℃

(4)

Where 𝑝 is the atmospheric pressure.
10. Two of the hydrogen atom are at a distance of 10 𝑛𝑚, while the other two are at a distance 17 𝑛𝑚 from the oxygen atom.

Questions:
1. Is there another liquid similar to water in its expansion?
2. Discuss the important of anomalous of water in its thermal expansion in nature and in
our every day life.
3. Describe and explain in detail how you would show experimentally that water has a
maximum density at about 4℃.
4. Describe how you would investigate the expansion of water over the range 0℃ to 20℃.
5. Suppose that water is used in a thermometer instead of mercury. Explain what happens
to the level of the water in thermometer as temperature changes from ( 𝑖)5℃ to 4℃, (𝑖𝑖)
4℃ to 3℃ (𝑖𝑖𝑖 ) 2℃ to 3℃ (𝑖𝑣) if a water thermometer is at 4℃ and the temperature
changes, why cannot the thermometer indicate whether the temperature rising or falling?
6. If you heat the air inside a rigid sealed container until its Kelvin temperature doubles the
air pressure in the container will also double. Is the same thin true if you double the Celsius temperature of the air in the container?
7. Explain what will happen if there were no anomalous of water behaviour?
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E XPE RI ME NT 9 5
EF FE C T OF P RE S S U RE ON B OI L I NG P OI N T
Purpose of the experiment:
To study the boiling point of water at different pressures and then the variation of saturated vapour prssure with temperature (Dynamical Method).

Apparatus:
The apparatus used in this experiment which is due to Regnault shown in fig (2). It is consists of
a glass flask (𝐴) which is connected through Leibig condenser (𝐵) to large vessel (𝐶 2 𝑙𝑖𝑡) surrounded by a water bath (𝐸 ) and a manometer (𝑀), heater, thermometer 0 − 110℃ in 0.1℃.

Theory:
Observation shows that water boils at much lower temperature than
𝐴
𝑆. 𝑉. 𝑃
100℃ at the top of a mountain. It thus appears that reduced external
pressure on a liquid leads to a reduction in the boiling point.
This can be explained by supposing that when some water is heated in a
vessel (fig 1) and a bubble (𝐴) is formed in the liquid, the external pressure on the bubble is equal to the atmospheric pressure plus the pres𝑒𝑎𝑡𝑒𝑟
sure due to the small head of water above it (𝐴). Inside the bubble the
Fig (1)
pressure is equal to the saturation vapour pressure of water at the temperature of the liquid assuming there is only water-vapour inside (𝐴). And if the saturation vapour
pressure is less than the external pressure the bubble cannot grow. As the water is heated the
saturation vapour pressure which increases with temperature reaches a value when it just exceeds
the pressure outside the bubbles. The bubbles then grow and rise quickly to the surface of the
water where it bursts. Vapour is now given off and the liquid is said to be boiling. Thus boiling
occurs when the temperature of the liquid is such that its saturation vapour pressure is equal to
the external atmospheric pressure. If atmospheric pressure decreases the liquid boils at lower
temperature because the saturation vapour pressure necessary for boiling is now less. Similarly,
increased pressure raises the boiling point. The vapour pressure (𝑃) inside the bubble at a depth
() from surface of the liquid is given by:
𝑃 = 𝑃𝑜 + 𝜌𝑔 +

2𝛾
𝑟

)1(

Where 𝑃𝑜 is the atmospheric pressure and 𝑟 is the radius of the bubble and 𝛾 is surface tension of
the liquid.
Boiling differs from evaporation in that a liquid evaporates from its surface alone, but it boils
through its volume. If we ignore the small hydrostatic pressure of the liquid itself we may say that
the pressure through a vessel of
𝑡𝑜 𝑝𝑢𝑚𝑝
liquid is the atmospheric pressure.
𝐷

Method:
1. Before connecting the
glass flask (C) (fig 2) to the
air pump boil the water in
the small glass flask (A)
and obtain the boiling
temperature under atmospheric pressure. Record
the temperature.

𝐸

𝐵

𝐴

𝑐𝑜𝑙𝑑
𝑤𝑎𝑡𝑒𝑟
𝑤𝑎𝑡𝑒𝑟

𝐶



𝑀

Fig (2)
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2. Connect up the pump and reduce the pressure until there is a difference of 20 mm in the
levels in the manometer.
3. Lower the heater slightly until is just boiling but not very vigorously.
4. Close the clip (D) and record both the mercury levels of manometer and the new boiling
point temperature.
5. Open D and reduced the pressure further and continue to take readings until the boiling
temperature has been lowered to 40℃ or thereabouts.
6. Plot a graph with values of the saturation vapour pressure (mm Hg) as ordinates against
the corresponding values of the boiling temperature ℃ as abscissa (fig 3).

Calculation:
Find the barometric pressure 𝑃𝑜 in 𝑚𝑚 𝐻𝑔, then find the saturation vapour pressure (𝑃) from the
relation:
𝑃 = 𝑃𝑜 − ℓ

)2(

Where ℓ is the difference in the levels of mercury in the manometer. The way in which the boiling point of water varies with pressure is shown by the graph.

Notes:

𝑝
𝑚𝑚𝐻𝑔

760 𝑚𝑚𝐻𝑔

1. At 5000 meters water boils at 83℃, at 3000m it boils
𝑐
at 90℃ at 4000m it boils at 85℃.
2. In past mountainrs deduced the height they had ascended by finding the boiling point of water at this
100℃
height and then consulting tables showing the variation of boiling point with height.
3. The boiling point of the liquid influenced by impu0
𝑡℃
rities in it, as well as by external pressure. The boilFig
(3)
ing point of water increases when salt is added to it.
4. Distilled water and not tap water should be used.
5. Some pieces of broken procelain should be placed in the distilled water to prevent delayed boiling or bumping.
6. By substituting a compression pump or a football, pump for the air pump it would be
possible to take readings for boiling under increased pressure.
7. The function of the vessel or glass flask (C) is to smooth out any fluctuations of pressure
in the apparatus which may otherwise result on boiling the water in flask (A).
8. The function of the condenser (B) is to condense the vapour thereby returning the liquid
to (A) and preventing vapour and liquid getting into the manometer and the vessel (C).
9. As a safety precaution against possible implosion resulting when the pressure inside the
apparatus is considerably below the atmospheric pressure outside it is advised to stick
several lengths of Sellotape on to the outside of the vessel (C).
10. Water must be heated to about 120℃ to have saturation vapour pressure of about 2 atmospheres and to about 142℃ for 4 atmosphere.
11. It should be noted from fig (3) that the curve ends abruptly at (C) corresponding to the
critical conditions that is critical temperature θc and critical pressure Pc above this temperature there can be no liquid and no vapour pressure. The critical temperature and
pressure of water are respectively 374℃ and 218 atm.
12. There is no simple relation between the elevation of the boiling point of a liquid and the
impurities dissolved in it, but when the mass 𝑚 of impurity is small the elevation of the
boiling point is approximately proportional to 𝑚.

Page 392

Volume 3: Heat and Thermodynamics

Applied Physics

Questions:
1.
2.
3.
4.
5.
6.
7.
8.
9.

What do we mean by dynamical equilibrium?
Use the kinetic theory to explain the saturation?
Explain in detail why boiling takes place at constant temperature?
Explain in physical terms why you expect the boiling point of a liquid to increase with increased pressure?
Explain how the use of a pressure cooker reduces the time needed to cook foods?
A dish with a small amount of water is placed in a bell jar and the air inside the jar is
pumped away. At first bubbles appear in the water and then the water freezes. Explain?
What effect, if any, is produced on the boiling point of water by (𝑖) increasing the pressure on it (𝑖𝑖) adding salt to the water?
At how low a temperature can water be made to boil?
Explain the working of hypsometer?
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EX PE RI ME N T 9 6
T HE E NE RG Y G A P OF G E R M A NI U M ( I )
Purpose of the experiment:
To study the germanium semiconductor and then to determine its energy gap.

Apparatus:
p-n germanium junction diode, DC voltmeter, DC micrometer, DC variable power supply, thermometer, two beakers, connecting wires.

Theory:

Shearing electrons

e
e
e
e
Germanium (Ge) is a hard brittle substance with grey
e
e e
e e
e e
e
metallic luster. At room temperature it has a conduce
e
e
e
tivity which lies between those of metallic conductor
e
e
e
e
e
e e
e e
e e
e
(𝐺 = 10−4 to 10−6 𝑜𝑚−1 𝑐𝑚−1 ) and insulator (𝐺 = 10−11
Valence
e
e
e
e
to 10−17 𝑚−1 𝑐𝑚−1 ). It has therefore classified as a
e
e
e
e
electrons
semiconductor.
e
e e
e e
e e
e
e
e
e
e
Germanium has 4 valence electrons per atom (fig 1).
Consequently, it crystallizes in a crystal structure with
Covalent bond for Germanium
a diamond type cubic lattice (fig 2). The structure is
Fig (1)
linked together by covalent bonds. Since each germanium atoms has 4 nearest neighbors its 4 electrons are
all in the 4 covalent bonds so it has no free electrons at
normal temperature. As all the valence electrons in a
germanium crystal are fully engaged in covalent bonds
therefore the energy band occupied by the valence
electrons called the valence band are totally filled.
Above this band there is a forbidden energy region
Single crystal structure Ge
where no electrons are found and then there is another
Fig (2)
allowed band called conduction band which for germanium crystal is totally empty. The difference in energy denoted by 𝐸𝑔 between the highest level of the
𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑏𝑎𝑛𝑑
𝐸𝑛𝑒𝑟𝑔𝑦
𝑒𝑚𝑝𝑡𝑦
valence band and the lowest level of the unfilled conduction band is referred to as energy gap (fig 3). The
electrons of a completely filled band do not participate
in conductivity as the existence of an electric current
𝐸𝑛𝑒𝑟𝑔𝑦
depends on the acceleration of electrons by an external
𝑔𝑎𝑝
electric field, which increases their energy. An increase
in energy corresponds to the transition of electrons
upwards vie adjacent energy levels of the allowed
band. In a completely filled band since all energy levels
are occupied the electrons have no such mobility. In𝑉𝑎𝑙𝑒𝑛𝑐𝑒 𝑏𝑎𝑛𝑑
(𝑓𝑖𝑙𝑙𝑒𝑑)
deed germanium is an insulator at very low temperaFig (3)
ture. A semiconductor such as germanium will conduct
current only when its electrons receive energy equal to or greater than that represented by the
energy gap 𝐸𝑔 and are lifted thereby to the empty conduction band where they can move
smoothly up the allowed unfilled energy levels when acted upon by an electric field. Lifting an
electron to the conduction band corresponds physically to breaking it loose from its covalent
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band. The energy that is 𝐸𝑔 required to do this may be obtained by exposing the semiconductor
crystal to light or by increasing its temperature.
An electron breaking loose from a covalent bond leaves a hole behind. The hole is equivalent to a
positive charge and equal in magnitude to the charge of an electron. Semiconductors whose conductivity is due to the motion of holes and electrons formed as a result of the rupture of covalent
bonds are called intrinsic semiconductors. The electric conductivity of intrinsic semiconductors
can be vastly increased by doping with minute amount of impurities. Semiconductors doped with
impurities are called extrinsic semiconductor.
Those whose conductivity is due to negative electrons or positive holes are termed 𝑛 − 𝑡𝑦𝑝𝑒 and
𝑝 − 𝑡𝑦𝑝𝑒 semiconductors respectively. Under forward bias a positive voltage is applied to the
𝑝 − 𝑟𝑒𝑔𝑖𝑜𝑛 (fig 4). The effect of this in the energy structure is to lower the Fermi level and hence
both the conduction and the valence band of the 𝑝 − 𝑟𝑒𝑔𝑖𝑜𝑛 with respect to the 𝑛 − 𝑟𝑒𝑔𝑖𝑜𝑛 .
The external bias thus reduced the potential barrier between the 𝑛 and 𝑝 − 𝑟𝑒𝑔𝑖𝑜𝑛 at the junction
and allowed additional electrons from the 𝑛 − 𝑟𝑒𝑔𝑖𝑜𝑛 to move into the 𝑝 − 𝑟𝑒𝑔𝑖𝑜𝑛 and holes from
the 𝑝 − 𝑟𝑒𝑔𝑖𝑜𝑛 to move into the 𝑛 − 𝑟𝑒𝑔𝑖𝑜𝑛. Thus, the application of forward bias to 𝑝 −
𝑛 𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛 provides the facility for easy current flow.
P N

P N

Forward biased

N P

Unbiased

Reverse biased

Fig (4)
Reverse bias also provides for the flow of current but in this case the polarities are such that the
current cannot flow easily. The effect on the energy structure is such that to increase the difference between the energy bands of the two regions. Thus, the potential barrier is increased. And it
is now more difficult for electrons to move from 𝑛 − to 𝑝 − 𝑟𝑒𝑔𝑖𝑜𝑛 or holes to move from 𝑝 − to
𝑛 − 𝑟𝑒𝑔𝑖𝑜𝑛 . At first thought, this would lead one to believe that no current can be carried under
these conditions. However the 𝑝 − 𝑟𝑒𝑔𝑖𝑜𝑛 does contain some electrons and 𝑛 − 𝑟𝑒𝑔𝑖𝑜𝑛 some
holes. It is these minority carriers that conduct the current for reverse bias. The current, which
occurs when reverse bias is applied, is generally referred to as back current.
A typical current-versus-bias voltage characteristic curve of a 𝑝 − 𝑛 𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛 is given in fig (5). The
current flow 𝐼 at forward bias voltage 𝑉 when the junction is at a temperature 𝑇 Kelvin is given by
the equation:
𝑒𝑉

𝐼 = 𝐼𝑠 𝑒 −𝑘𝑇 − 1

(1)

Where 𝐼𝑠 is the reverse saturation current. It measures the flow of
only the minority carriers across the junction at the temperature 𝑇
Kelvin. 𝐼 must therefore be a function the energy gap 𝐸𝑔 and the
junction temperature. Approximately we can write the dependence
in the forms:
3

𝐸𝑔

𝐼𝑠 = 𝐴𝑇 2 𝑒 −𝑘𝑇

(2)

𝐼

𝐹𝑜𝑟𝑤𝑎𝑟𝑑
𝑏𝑖𝑎𝑠
𝐼𝑠

𝐵𝑎𝑐𝑘
𝑐𝑢𝑟𝑟𝑒𝑛𝑡

Where 𝐴, 𝐸𝑔 are constants for a particular semiconductor.
In this experiment to determine the energy gap of a germanium
semiconductor we shall investigate the variation of the reverse saturation current with change of temperature for a germanium junction diode.

𝑉

Fig (5)
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𝑇𝑒𝑟𝑚𝑜𝑚𝑒𝑡𝑒𝑟

Method:

A
1. Connect the circuit as shown in fig (6).
2. Place the germanium diode together with a thermometer in a
V
test tube containing transformer oil and put the whole ar𝑝. 𝑠
rangement in a beaker of water.
3. Increase the reverse bias voltage from 0 to 9 volts in steps of 1
𝑤𝑎𝑡𝑒𝑟
volt and note the reverse current at each step and also the
temperature.
4. Carry out the above procedure seven times for oil temperature 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟 𝑜𝑖𝑙
in the test tube ranging from room temperature to about 80℃ .
Fig (6)
5. Plot a graph to show the change in reverse bias characteristics
with change in temperature.
6. Plot a graph of values as ordinates 𝑙𝑛 𝐼𝑠3 against the corresponding values of 1/T as ab𝑇2

scissa (fig 7).

Calculation:
From equation (2) we have:
𝐼𝑠
3

𝐸𝑔

= 𝐴 𝑒 −𝑘𝑇

(3)

𝑇2
𝑙𝑛

𝐼𝑠
3
𝑇2

= 𝑙𝑛 𝐴 −

𝐸𝑔
𝑘𝑇

(4)

2

𝐴

𝐴𝐵
𝐵𝐶

(5)

𝑠𝑙𝑜𝑝𝑒 = −

𝐸𝑔
𝑘

(6)

𝐴𝐵
𝐵𝐶

𝐼𝑠
𝑇3

𝑠𝑙𝑜𝑝𝑒 = −

𝐸𝑔 = 𝑘

ln

𝐵

𝐶

(7)

Where 𝑘 is the Boltzmann constant. Calculate 𝐸𝑔 then discus the result.

Fig (7)

1 −1
𝐾
𝑇

Notes:
1. It is important to make sure that the diode is reversed biased.
2. Recent advances have reduced impurity level in the pure material to 1 part in 10 billion
that is 1: 10,000,000,000.
3. At room temperature there are approximately 2.5 × 1013 free carriers per cubic centimetre
in intrinsic Germanium and 1010 free carriers per cubic centimetre in intrinsic silicon, following is room temperature value of the resistivity of 𝐶𝑢, 𝐺𝑒 and 𝑆𝑖.
𝜌𝐶𝑢 = 10−6 Ω ∙ 𝑐𝑚, 𝜌𝐺𝑒 = 50 Ω ∙ 𝑐𝑚, 𝜌𝑆𝑖 = 5 × 103 Ω ∙ 𝑐𝑚 and 𝜌𝑚𝑖𝑐𝑎 = 1012 Ω ∙ 𝑐𝑚 .
4. An increase in temperature of semiconductor can result in substantial increase in number
of free carriers in the material and hence an increase in electrical conductivity.
5. On December 23, 1947. It was on the afternoon of this day that W.H. Brattain and J.
Bardeen demonstrated the amplifying action of the first transistor at the Bell Telephone
Laboratories. This was the starting point of the solid state devices and a new history for
electronics.
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Questions:
1. Draw the energy band diagrams for (a) insulator (b) a metallic conductor and with the
reference to these diagrams explain why they are so called.
2. Explain why conductivity of a semiconductor changes with temperature but not so for a
metallic conductor.
3. Would the energy gap of a semiconductor change when (a) it is doped with impurities
and (b) its temperature is varied.
4. Explain how the addition of impurities increases the conductivity of a semiconductor
substance.
5. Explain the significance of Fermi level in semiconductor.
6. Why Germanium has a negative temperature coefficient?
7. Give some important applications of diodes?
8. Distinguish clearly between, conductors, semiconductors, and insulators from the band
structure point of views?
9. There are several methods for removing electron from the surface of semiconductors can
holes be removed from the surface? Explain?
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EX PE RI ME N T 9 7
T HE E NE RG Y G A P OF G E R M A NI U M ( I I )
Purpose of the experiment:
To study semiconductor and then to determine its energy gap.

Apparatus:
Intrinsic conductor Germanium carrier board provided with current supply and heater built in,
DC power supply 12𝑉𝐷𝐶 , DC voltmeter, connecting wires, stand.

Theory:
There are a large number of materials which have resistances lying between those of an insulator
and conductor. These materials are known as semiconductors. The most common semiconducting materials are germanium, silicon and selenium. Beside electrical resistivity there are certain
other differences in the electrical properties of a semiconductor and conductor. When the temperature of a conductor increases its resistivity is also increases.
On the other hand the resistivity of a semiconductor decreases rapidly with the increase of temperature, thus semiconductors have negative temperature coefficient of resistance. Further the
charge carriers in a metallic conductor are only electrons while in semiconductor they are electrons and holes. Another distinctive feature of a semiconductor crystal is that its electrical conductivity is very much affected by even a very minute amount of impurity added to it.
The four valence electrons in germanium or silicon atom are so distributed that one electron is
shared with each of the four neighbouring atoms in the crystal. This condition is known as the
covalent bonding (fig 1). Through the two electrons
Valence
are shared by two atoms they are still revolving in the
Bond
electrons
Germanium atom
orbits and are not available as free electrons for the
purpose of conduction. However a very small
amount of energy is sufficient to break the covalent
bonds and make the electrons free. Pure germanium
or silicon is known as an intrinsic semiconductor. At
0𝑜 𝐾 no free electrons exist in germanium crystal,
since no covalent bond is broken. As an electron is
freed from a bond an electron vacancy or hole is created in the bond. Thus free electron and hole are
generated and are known as electron-hole pairs. Both
free electrons and holes are available as the free carriers of electric charge. In addition to the process of
generation of electron-hole pairs on absorption of
Fig (1)
thermal energy there is also an opposite process
which is known as recombination. When free electron move to and from inside the crystal it may
come across one of the broken covalent bonds and collide with it or by the process of collision
between them and as a result an electron-hole pairs will lost and will not be available for the conduction.
In equilibrium condition at constant temperature the rate of generation of electron-hole pairs on
absorption of energy should be equal to the rate of recombination. When equilibrium is reached
at any constant temperature, there is always a definite number of electron-hole pairs per unit volume of a particular semiconductor. At 300𝑜 𝐾 pure germanium crystal contains 2.5 × 1013 electronhole pairs per cubic centimetre.
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𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝜍

𝑒𝑛𝑒𝑟𝑔𝑦

Energy

An electron in an atom is assumed to occupy a quantum state
and is associated with a discrete value of energy. In crystalline
solids the atoms situated close to one another. Therefore the
discrete energy possessed by an electron in a single free atom
(fig 2) may not be possessed by the electron in the same atom
inside a crystal, but instead the valence electron is associated
with a band of energies fig (3) due to interatomic coupling the
width of the energy band possessed by electrons of an atom in
a crystal depend upon the coupling between the outer electrons
of the atom that is upon the atomic spacing or lattice constant.
The band is commonly known as the valence band. In this
Atomic separation
band the electrons are tightly bound to the atom and as such
Free-atom
they cannot easily act as the carriers of electric current.
Fig (2)
In order to enable the electrons to serve as free carriers
of current they should be set
: 𝐴𝑙𝑙𝑜𝑤𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑏𝑎𝑛𝑑𝑠
𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑏𝑎𝑛𝑑
free from the atom. In this
Free State the electrons are
𝐶. 𝐵
said to exist in the conduction
band. Electrons in the con𝐸𝑔
duction band can easily act as
carriers of electric current.
𝑉. 𝐵
Electrons in the valence band
𝑉𝑎𝑙𝑒𝑛𝑐𝑒 𝑏𝑎𝑛𝑑
require a certain definite
𝑎
𝑎𝑡𝑜𝑚𝑖𝑐 𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛
minimum amount of energy
Atoms in the crystal
to shift from the valence band
Fig (3)
to the conduction band. This
minimum amount of energy is
called the forbidden energy gap (𝐸𝑔 ) (fig 3).
As the temperature rises more electron-hole pairs are formed in a pure
semiconductor. The reason is that more electrons in the valence band
attain sufficient kinetic energy to jump from the valence band to the
conduction band. Hence the number of electron-hole pairs formed in
an intrinsic semiconductor at any temperature depends on the energy
gap of the semiconductor and its temperature. Fig (4) shows how the
conductivity of an intrinsic semiconductor varies with the reciprocal of
1 𝑜 −1
absolute temperature.
𝐾
𝑇
Temperature dependence of the conductivity 𝜍 in this case essentially
Fig (4)
described by an exponential function which can be represented as:
𝜍 = 𝜍𝑜 𝑒

𝐸𝑔
−
2𝑘 𝐵 𝑇

(1)

Where (𝐸𝑔 ) is the energy gap, (𝑘𝐵 ) is Boltzmann constant and 𝑇 is the absolute temperature. Taking the logarithm of the above equation we get:
ln 𝜍 = ln 𝜍𝑜 −

𝐸𝑔
2𝑘𝐵 𝑇

(2)

The specific conductivity 𝜍 can be found from the relation:
𝜍=

1
𝜌

(3)
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𝜍=

ℓ
𝒾
∙
𝐴
𝑉

(4)

Where 𝜌 is the specific resistance or resistivity, 𝐴 is the cross-section of the sample, ℓ is its length,
𝒾 the current through it and 𝑉 is the potential difference across it.

Method:

ln 𝜍

1. Connect the apparatus as shown in
fig (5).
pply
Power su
2. Set the current to a value of 5𝑚𝐴
this should be constant thought the
experiment.
3. Set the display in the temperature
mode.
4. Start the measurement by activating
the heating coil with the on/offFig (5)
knob on the back side of the board.
5. Let the temperature rise to about 170℃. Then turn the
heater off and allow the system to cool down record every
5℃ the temperature and the corresponding voltage on the
voltmeter down to about 50℃.

𝐴

Calculation:
Knowing that the dimensions of the germanium plate under consideration are 20 × 10 × 1 𝑚𝑚3 . Then calculate the conductivity at
each temperature from equation (4).
Draw a graph between ln 𝜍 on the 𝑦 − 𝑎𝑥𝑖𝑠 against the corresponding values of (1/𝑇) on the 𝑥 − 𝑎𝑥𝑖𝑠 as shown in fig (6).
From equation (2) it is clear that the slope of the graph is equal to:

or

𝐶
1
𝑇

𝑂

𝑜

𝐾 −1

Fig (6)

−𝐴𝐵
𝐵𝐶

(5)

𝐸𝑔
𝐴𝐵
=−
𝐵𝐶
2𝑘𝐵

(6)

𝑠𝑙𝑜𝑝𝑒 =
−

𝐵

𝐸𝑔 =

𝐴𝐵
× 2𝑘𝐵
𝐵𝐶

(7)

From which 𝐸𝑔 can be determined. Draw another graph between the values of the conductivity
(𝜍) on the 𝑦 − 𝑎𝑥𝑖𝑠 against the corresponding values of (1/𝑇) on the 𝑥 − 𝑎𝑥𝑖𝑠. Discuss the graph.

Notes:
1. The current in the germanium plate should be constant at the 5𝑚𝐴 through the measurement.
2. Temperature dependence of the energy gap of Germanium, Silicon and Gallium is as follows:
Temperature (𝒐𝑲)
300
400
500
600

Ge (𝒆𝑽)
0.66
0.62
0.58
0.54

Si (𝒆𝑽)
1.12
1.09
1.06
1.03

Ga (𝒆𝑽)
1.42
1.38
1.33
1.28
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3. At absolute zero degrees electrons are in the lowest energy state so that all states in the
lower band (the valence band) will be full and all states in the upper band (the conduction
band) will be empty.
4. The energy gap between the valence band and the conduction band in a semiconductor is
a measure of how tightly the electron bound to their individual atom.
5. The temperature used in this experiment must be measured in degree Kelvin.
6. Do not over heat the sample.

Questions:
1.
2.
3.
4.

What is direct band gap semiconductor?
Discuss the splitting of energy bands in silicon?
Discuss the concept of a hole?
List two elemental semiconductor materials and two compound semiconductor materials?
5. What is meant by quantized energy levels?
6. Discuss the graph shown in fig (7)?
7. Describe how the conductivity of Germanium varies with
temperature?

𝜍
𝐼
𝐼𝐼
𝐼𝐼𝐼

1/𝑇 ( 𝑜 𝐾 −1 )
Fig (7)
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EX PE RI ME N T 9 8
S E M I C ON DU CT O R THE RM OG E NE RA T O R
Purpose of the experiment:
To study thermoelectric effect and to determine Seebeck coefficient and the efficiency of a thermogenerator and direct energy conversion balance.

Apparatus:
Thermogenerator, Flow-through heat exchanger, Rheostat (33Ω, 3.1 A), Voltmeter (0.3 − 300𝑉 DC,
10 − 300𝑉 AC), Ammeter (1 − 5𝐴) DC, stop watch, immersion thermostat, bath for the thermostats, thermometers −10 − 100℃ , Rubber tubing, connecting cord, thermometer −10 − 50℃ , resistor 2Ω.

Theory:
Semiconductors are a class of materials come between the good conductor and the insulator,
Germanium and Silicon are examples of semiconductors. These materials were neglected as useful materials for long time, until transistor were invented in 1948. Since then these materials become of great technological importance. Due to their large atomic weights Silicon and Germanium have much lower resistivity's when compared to diamond, as all made by covalent bonds.
If the bond is sufficiently weak the thermal vibration of the atoms may occasionally by sufficient
to sever a bond even when the temperature is not very high. Breaking a bond does not affect the
atoms which it joins together-each still has three bonds to keep it in place. But breaking a bond
does entail releasing one of the electrons which form it. Thus at any temperature a small proportion of the large number of bonding electrons will be set free. Being no longer confined in the
bonds these electrons may wander freely though the lattice and conduct an electric current and
heat.
The number of free electrons is essentially fixed at a given temperature, although the process of
bond rupture by thermal agitation is continuous. The rate at which electrons are freed is exactly
balanced by the rate at which those already free are trapped by an empty bond and lose their
freedom. The freed electrons leave behind them gaps in the bonds called holes. These holes
move about in much the same random way and at the same velocity
𝑈𝑜
as electrons.
𝑣𝑜𝑙𝑡
If a temperature drop is created along a current-free branch of a
conductor made up of different semiconductor materials, heat
flows from the warmer region to the colder one. The charge carriers, which take part in this transfer of heat, are unevenly distributed
along the conductor. An internal field strength is set up which can
be shown to be the e.m.f 𝑈𝑜 at the open ends of the conductor
0
∆𝑇 °𝐾
(Seebeck effect).
Fig
(1)
The voltage level depends on the temperature difference on the
materials used. To a first approximation, the voltage may be written:
𝑈𝑜 = 𝛼 𝑇 − 𝑇𝑐
𝑈𝑜 = 𝛼 𝛥𝑇

(1)

Where 𝛼 is the Seebeck coefficient of the combination of material used. 𝑇 is the temperature of
the hot side and 𝑇𝑐 the temperature of the cold side.
Applying the expression:
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𝑈𝑜 = 𝑎 + 𝑏𝛥𝑇

(2)

From the fig (1) it is clear that:
𝑏 = 𝑠𝑙𝑜𝑝𝑒 𝑉/𝑘
= 𝑠𝑙𝑜𝑝𝑒 𝑜𝑓 𝑡𝑒 𝑔𝑟𝑎𝑝 𝑜𝑓 𝑡𝑒 𝑛𝑜 − 𝑙𝑜𝑎𝑑 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑎𝑠 𝑎 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑇𝑒𝑚𝑝. 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒

The thermogenerator consists of 142 elements connected in series.
The Seebeck coefficient of the semiconductor combination used is
therefore:
𝛼=

𝑠𝑙𝑜𝑝𝑒
𝑉/𝑘
142

(3)

𝐼𝑠
𝐴𝑚𝑝

(4)

As the short-circuit current also increases linearly with the temperature difference (fig 2), the internal resistance of the thermo
generator is constant in the temperature range considered.
Now applying the expression:

0

Fig (2)

∆𝑇 °𝐾

𝑈 = 𝑎 + 𝑏𝐼

(5)

The graph of the terminal voltage as a function of the current
strength of a constant temperature difference (fig 3).
We can write:

𝑈
𝑣𝑜𝑙𝑡

𝑏 = 𝑅𝑖 = 𝑠𝑙𝑜𝑝𝑒

At any temperature difference Δ𝑇 we can calculate the quantity of
heat 𝑄 flowing through the generator in unit time (𝑡), using the expression:
𝛥𝑇 = 𝑎 + 𝑏𝑡
𝑑Δ𝑇

(6)

of the graph of temperature difference as a function
of time (fig 4) and knowing that:
𝑏=

𝑑𝑡

0

= 𝑠𝑙𝑜𝑝𝑒

𝑑𝑄
𝑑𝛥𝑇
= 𝑃𝑡 = 𝑐
𝑑𝑡
𝑑𝑡

(7)

Fig (3)

𝐼
𝐴𝑚𝑝.

∆𝑇
°𝐾

where 𝑃𝑡 is the thermal power.
If 𝑚 is the mass of water and 𝑤 is its specific heat then
𝑐 =𝑚∙𝑤

(8)

𝑃𝑡 = 𝑚 ∙ 𝑤 𝑠𝑙𝑜𝑝𝑒 𝑜𝑓 𝑡𝑒 𝑔𝑟𝑎𝑝 𝐽/𝑠

(9)

Graph (5) shows the electrical power generated as a function of the
temperature difference. If the thermal power (𝑃𝑡 ) and Electrical
power (𝑃𝑒𝑙 ) is calculated at the same temperature the efficiency (𝜂)
of the generator can be determined from the equation:
𝜂=

𝑃𝑒𝑙
%
𝑃𝑡

𝑡 𝑠𝑒𝑐

Fig (4)
𝑃𝑒𝑙
𝑤𝑎𝑡𝑡

( 10 )

∆𝑇 °𝐾

Fig (5)
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𝐻𝑜𝑡
𝑇𝑒𝑟𝑚𝑜𝑚𝑒𝑡𝑒𝑟
𝐶𝑜𝑙𝑑
𝑇𝑒𝑟𝑚𝑜𝑚𝑒𝑡𝑒𝑟
𝑅𝑒𝑜𝑠𝑡𝑎𝑡

𝐶𝑜𝑙𝑑 𝑤𝑎𝑡𝑒𝑟
𝑖𝑛
𝑜𝑢𝑡

𝑉

𝐴

Fig (6)
The thermogenerator (based on the Seebeck effect) produces an electric voltage proportional to
the temperature difference between hot and cold junctions. The heat that enters or leaves a junction of a thermoelectric device has two sources (1) the presence of a temperature gradient at the
junction (2) the absorption or liberation of energy due to the Peltier effect.
A thermoelectric module generator basically consists of a thermocouple comprising a p-type and
n-type semiconductor connected electrically in series and thermally in parallel. The electrical connection allows adding the voltage obtained at each thermocouple due to Seebeck effect. Therefore the out put voltage of the thermoelectric generator is proportional to the number of thermocouples and to the temperature gradient between the cold and the hot side.

Method:
1. Arrange the apparatus as shown in fig (6).
2. Fill the cold side with tap water, let the water flowing at a constant rate through the experiment and set the temperature of the hot side on the thermostat.
3. Put the thermometers in their proper positions using the holes in the thermogenerator
provided for this purpose.
4. Measure the short-circuit current (Is ) and no-load voltage (Uo ) directly as a function of
temperature difference.
5. Connect the rheostat to the thermogenrator at a constant average temperature (40℃) difference. Measure the current and voltage at different settings of the rheostat and plot the
current and voltage as a function of temperature difference.
6. Switch off the thermostat and let the system to cool down. Measure the temperature of
the hot side Th = f t and of the cold side Tc = f t as a function of time. Measure the current and the voltage across an external resistance approximately the same value as the internal resistance.
7. Measure the mass of the water (m) in the cold side of the chamber or flow-through heat
exchanger.
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Calculations:
From step (4) find the short circuit resistance 𝑅 of the thermogenerator by plotting a current and voltage as a function of temperature difference. Find the slope of graph shown in fig (7),
𝑠𝑙𝑜𝑝𝑒1 =

𝐵𝐶
𝐴𝐵

𝑉/𝑘

1

0

𝑅=

𝐵𝐶
𝐴𝐵

1

∆𝑇 °𝐾

( 12 )

The short circuit resistance 𝑅 of the thermogenerator is then
given by:
𝐵𝐶
𝐴𝐵
𝑅=
𝑁𝑃
𝑀𝑁

𝐵

𝐴

𝐴/𝑘

2

𝐶

( 11 )

And the slope of the second graph shown in fig (8),
𝑁𝑃
𝑠𝑙𝑜𝑝𝑒2 =
𝑀𝑁

𝑈𝑜
𝑉

Fig (7)
𝐼𝑠
𝐴

𝑃
𝑎𝑡 𝑅

𝑠𝑙𝑜𝑝𝑒1
=
𝑠𝑙𝑜𝑝𝑒2

( 13 )

𝑀𝑁
𝑁𝑃

( 14 )

𝑁

𝑀

2

𝛺

0

∆𝑇 °𝐾

Fig (8)
The slope of the graph shown in fig (7) in fact is nothing but Seebeck coefficient or the thermoelectric power of the thermogenerator, which is, consists of 142 elements so the Seebeck coefficient (𝛼1,2 ) of the semiconductor therefore is given by:
𝛼1,2 =

𝑠𝑙𝑜𝑝𝑒1
142

( 15 )

𝑉/𝑘

From equation (5) we find that:
𝑎 = 𝐵𝑉 and 𝑏 = 𝑠𝑙𝑜𝑝𝑒 of the graph shown in fig (9) that is:
𝑏 =

𝑂𝐵
𝑂𝐶

𝑈
𝑉

𝐵

( 16 )

𝑏 = 𝑅𝑖 𝛺

( 17 )

𝑂𝐵

𝐶

And short circuit current 𝐼𝑠 is:
𝐼𝑠 =

𝐵
𝑅𝑖

𝐴

( 18 )

0

Fig (9)

𝐼 𝐴𝑚𝑝.

From the graph shown in fig (10) determine the slope of the curve at any particular constant
temperature difference.
∆𝑇
From equation (6) we find
°𝐾 𝐴
𝑏=

𝐴𝐵
𝑘/𝑠
𝐵𝐶

( 19 )

Now we can calculate the thermal power as follows:
𝑃𝑡 = 𝑐 ∙

𝑑𝛥𝑇
= 𝑐 ∙ 𝑠𝑙𝑜𝑝𝑒
𝑑𝑡

( 20 )

If 𝑚 is the mass of the water in the cold side chamber and 𝑤 is its
specific heat capacity then:
𝑐 = 𝑚 ∙ 𝑤 𝑎𝑛𝑑 𝑠𝑜:
𝑃𝑡 = 𝑚 ∙ 𝑤 ∙

𝐶

𝐵

𝐴𝐵
𝐵𝐶

0

𝐷

Fig (10)

𝑡 𝑠𝑒𝑐

( 21 )
( 22 )
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From the results of step (4) find the electrical power generator from the quantity of heat consumed using the equation:
𝑃𝑒𝑙 = 𝑈𝑜 × 𝐼𝑠

( 23 )

As a function of temperature difference as shown in fig (11).
Select any constant temperature difference on the graph shown in
fig (4) and (5) such as point (𝐷) find the thermal power and electrical power at this particular temperature difference. Then use the
following equation to find the efficiency of the thermogenerator,
𝑃𝑒𝑙
𝜂=
%
𝑃𝑡

𝑃𝑒𝑙
𝑤

𝑎𝑡 𝑅

𝐷

( 24 )

∆𝑇 °𝐾

Fig (11)

Note:
1. The internal resistance of the measuring equipment being disregarded.
2. The tap water must continuously flow at a constant rate through the experiment.
3. Although the electrons are moving through the network of bonds they are not strictly to
be regarded as travelling waves. Travelling
waves have a constant intensity at every point
while we see that in covalent bonds the electron
clouds are concentrated midway between the
atoms. The electron density is more like the distribution in set of standing waves with nodes at
the ion centres and antinodes between them as
shown in fig (12).
4. The bond strengths decrease as the atomic
weight increases.
5. The Seiko Thermionic watch meant a signifiFig (12)
cant milestone. It uses a thermoelectric generator to convert heat from wrist into electrical energy. It was the first watch to be powered
by the temperature gradient between the body and environment temperature. The thermoelectric generator produces a power of at least 1𝜇𝑤𝑎𝑡𝑡 when the temperature difference is in the range of 1℃ − 3℃.

Questions:
1. Why the sign of Seebeck coefficient in the p − type semiconductors is positive? Then
what is the sign of Seebeck coefficient in the n − type semiconductors?
2. What is the difference between Seebeck effect in metal and in semiconductor?
3. Is a Seebeck effect a reversible process?
4. Can we use one type of semiconductor that is a p-type or n-type only in this experiment?
5. What is the role of the used rheostat in this experiment?
6. What will happen if we use intrinsic semiconductor?
7. What are the applications of Seebeck effect?
8. Why are semiconductors materials preferable to metals in the thermoelectric refrigerator?
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EX PE RI ME N T 9 9
F E RMI ENE RG Y
Purpose of the experiment:
To study and determine the Fermi energy of a metal from thermoelectric power measurements.

Apparatus:
Immersion heater (300 𝑤𝑎𝑡𝑡 ), Digital thermometer, Temperature probe immersion type, Temperature probe surface type (2), Heat conductive rod, copper and aluminium, power controller,
calorimeter (2), voltmeter 0.3 − 300 𝑉 𝐷𝐶 , Measuring amplifier, connecting cords.

Theory:
The level or surface which divides the filled and the empty levels that is the boundary between
filled and empty levels or states or the highest filled level is known as the Fermi level or surface
and the energy corresponding to the Fermi level is called the Fermi energy, fig (1) denoted by 𝐸𝐹 .
The Fermi energy is very important quantity in the theory of metals and semiconductors. In
metal the Fermi level coincides with the top occupied level in partially filled band. It should be
emphasized, however, that the Fermi level need not always coincide
Fermi
with the top filled as for semiconductors.
level
From the above definition of the Fermi level we conclude that below
this level all states are occupied at absolute temperature. As the temperature rises some electron will move from energy levels below 𝐸𝐹 to
Fermi
levels above 𝐸𝐹 . The Fermi level now no longer separates filled and
energy
empty states but it is still a useful reference energy that is it acts as a ref𝐸𝐹
erence level against which electronic transition may be measured. It is
this definition which is more useful in describing semiconductor. For
intrinsic semiconductors at absolute zero we can place the Fermi level
Fig (1)
some where between the valence band (all states filled) and the conduction band (all states empty). A knowledge of Fermi energy is extremely
important in describing the physical properties of both intrinsic and extrinsic semiconductors.
A temperature difference between two points in a conductor or semiconductor results in a voltage difference between these two points, or a temperature gradient in a conductor or a semiconductor gives rise to a built-in electric field. This phenomenon is called the thermo-electric effect.
The thermoelectric voltage developed per unit temperature difference in a conductor is called
thermoelectric power. The thermoelectric power of a material represented by 𝑆 (or sometimes by
𝛼) depends on the materials temperature and crystal structure. Consider an aluminium rod that is
heated at one end and cooled at the other end as shown in fig (2).
The electrons in the hot region are more energetic and therefore have greater velocities than
those in the cold region. Consequently, there is a net diffusion of electrons from the hot end toward the cold end, which leaves behind expose positive metal ions in the hot junction or region
and accumulates electrons in the cold region. This situation prevails until the electric field developed between the positive ions in the hot region and the excess electrons in the cold region prevents further electron motion from the hot to cold end. A voltage is therefore developed between the hot and cold ends with the hot end at positive potential.
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𝐻𝑜𝑡

𝐸

𝐶𝑜𝑙𝑑

𝑇𝑒𝑚𝑝. ∆𝑇

𝐸

𝐸𝐹

𝐸𝐹
𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟

0

𝑓(𝐸)

𝑉𝑜𝑙𝑡𝑎𝑔𝑒 ∆𝑉
+
+
+
+
+

+

+
+

+

+

+
+
+

+
+

+

+

0

+

+

𝑓(𝐸)

−
−
−
−
−

Fig (2)
The potential difference ΔV across a piece of metal per unit temperature difference ΔT is called
the thermoelectric power 𝑆 is given by:
𝑆=

𝑑𝑉
𝑑𝑇

(1)

Although 𝑆 is widely referred to as the thermoelectric power even though this term is certainly
misleading as it refers to a voltage difference rather than power.
An alternative recent and more appropriate term is the Seebeck coefficient 𝑆 is a material property that depends on temperature 𝑆 = 𝑆(𝑇). The voltage difference between two points where
temperatures are 𝑇𝑜 and 𝑇 from equation (1) is given by:
𝑇

𝛥𝑉 =

𝑆 𝑑𝑇

(2)

𝑇𝑜

The average energy 𝐸𝑎𝑣 per electron in a metal in which the density of states 𝑔 𝐸 ∝ 𝐸1/2 is given
by:
𝐸𝑎𝑣

3
5𝜋 2 𝑘𝑇
𝑇 = 𝐸𝐹𝑜 1 +
5
12 𝐸𝐹𝑜

2

(3)

Where 𝐸𝐹𝑜 is the Fermi energy at 0 o K we should also note that the average energy per electron as
determined by equation (3) also depends on the
𝑇
𝑇 + 𝛿𝑇
material by virtue of 𝐸𝐹𝑜 .
𝛿𝑇
Suppose that a small temperature difference of 𝛿𝑇
results in a voltage difference 𝛿𝑉 between the accumulated electrons and exposed positive metal
ions as shown in fig (3). Suppose that one electron 𝐻𝑜𝑡
−𝑒
𝐶𝑜𝑙𝑑
manages to diffuse from the hot region to the cold
region. It has to do work against the potential difference 𝛿𝑉 which is −𝑒𝛿𝑇. This work done against
𝛿𝑉
𝛿𝑉 decrease the average energy of the electron by
+
−
Fig (3)
𝛿𝐸𝑎𝑣 from 𝐸𝑎𝑣 (𝑜𝑡) to 𝐸𝑎𝑣 (𝑐𝑜𝑙𝑑) is:
−𝑒𝛿𝑉 = 𝐸𝑎𝑣 𝑇 + 𝛿𝑇 − 𝐸𝑎𝑣 𝑇

(4)
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Substituting for 𝐸𝑎𝑣 𝑇 from equation (3) and expanding (𝑇 + 𝛿𝑇) and neglecting 𝛿𝑇 2 term we obtain:
−𝑒𝛿𝑉 =

𝜋 2 𝑘 2 𝑇𝛿𝑇
2𝐸𝐹𝑜

(5)

Since, 𝑆 = 𝛿𝑉/𝛿𝑇 the thermoelectric power or Seebeck coefficient is give by:
𝑆=−

𝜋2𝑘2 𝑇
2𝑒𝐸𝐹𝑜

(6)

In reality, however we have to consider the interactions of the conduction electrons with the
metal ions and the lattice vibrations and thus on how the conduction electrons are scattered. By
including the energy, dependence of the scattering processes Mott and Jones have derived the
following expression for the Seebeck coefficient:
𝑆=−

𝜋2𝑘2𝑇
∙𝑥
3𝑒𝐸𝐹𝑜

(7)

Where 𝑥 is a numerical constant that depends on the energy dependences of various charge
transport parameters. It should be emphasized that this equation does not apply to transition
metals, Ni, Pd and Pt.
𝐻𝑒𝑎𝑡𝑒𝑟

𝐶𝑎𝑙𝑜𝑟𝑖𝑚𝑒𝑡𝑒𝑟
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑡𝑒𝑟𝑚𝑜.
𝐴𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑟
𝐷𝐶 𝑉𝑜𝑙𝑡𝑚𝑒𝑡𝑒𝑟

𝐷𝑖𝑔𝑖𝑡𝑎𝑙
𝑡𝑒𝑟𝑚𝑜𝑚.

𝐶𝑜𝑝𝑝𝑒𝑟 𝑙𝑒𝑎𝑑𝑠
𝑓𝑜𝑟 𝑚𝑒𝑎𝑠𝑢𝑟𝑖𝑛𝑔 𝑒𝑚𝑓

###

#####

𝐶𝑎𝑙𝑜𝑟𝑖𝑚𝑒𝑡𝑒𝑟
𝑓𝑖𝑙𝑙𝑒𝑑 𝑤𝑖𝑡 𝑖𝑐𝑒 𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑎𝑡 0℃

Method:

Fig (4)

1. Set up the apparatus as shown in fig (4).
2. Make the temperature of both calorimeters at the same temperature.
3. Adjust the measuring amplifier to zero setting such that the voltmeter reads zero potential difference. Note also that both the surface thermometers reading zero temperature
difference.
4. Put ice crystal into the lower calorimeter, this should be keep at zero temperature
throughout the experiment.
5. Start to heat the upper calorimeter and at the same time read the temperature difference
and the electromotive force generated in the rod for the following temperature difference
∆T = 2, 4, 6, 8, 10, 12, 14, 16.
6. Draw a graph between the electromotive force generated on the 𝑦 − 𝑎𝑥𝑖𝑠 against the corresponding temperature difference on the 𝑥 − 𝑎𝑥𝑖𝑠 fig (5).
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Calculation:
The slope of the graph is:
𝐵𝐶
𝐴𝐵
𝑑 𝜇𝑉
𝑠𝑙𝑜𝑝𝑒 =
𝑑 ∆𝑇

(8)

𝑠𝑙𝑜𝑝𝑒 =

𝐵𝐶
=𝑆
𝐴𝐵
equations (7) and (10) we

(9)

∴

Now from

𝐸
𝜇𝑉

( 10 )

𝐶

obtain:

2 2

𝐵𝐶
𝜋 𝑘 𝑇
=−
∙𝑥
𝐴𝐵
3𝑒𝐸𝐹𝑜

or

𝐸𝐹𝑜 = −

𝜋 2 𝑘 2 𝑇 𝐴𝐵
∙𝑥
3𝑒
𝐵𝐶

From which 𝐸𝐹𝑜 can be calculated.
Knowing that 𝑥 = 2.78 for Al and −1.79 for Cu.

( 11 )

𝐵

𝐴
( 12 )

0

∆𝑇 ℃

Fig (5)

Notes:
1. It is important that the temperature of the lower calorimeter should be keep at 0℃
throughout the experiment.
2. It is necessary to note that the level of the water in the upper calorimeter should be such
that to cover always the heating element.
3. It is important that as the experiment started does not move any part of it particularly the
surface temperature probe.
4. When the temperature difference is zero the measuring amplifier should read zero potential difference.
5. If aluminium rod is used the EFo so that at T = 300 o K equation (6) should give −0.94 μV/
o
K.
6. Physicists have recently discovered that heating one side of a magnetized nickel-iron rod
causes electrons to rearrange themselves according to their spins. This so-called “spin
Seebeck effect” could lead to batteries that generate magnetic currents rather than electric
current. A source of magnetic currents could be especially useful for the development of
spintronics devices, which use magnetic currents in order to reduce overheating in computer chips, since unlike electric currents; magnetic currents do not generate heat. That is
Joule heating is zero.
Thermally insulated
Heater leads
7. It is interesting to note that there are
metals with positive Seebeck coefficient
such as copper, silver, and gold.
8. It is recommended to change the system
Leads for
devised to heat the upper end of the rod
Thermocouple
ℓ
measuring emf
by a resistive wire wond around the end
of the rod and to heat it electrically.
9. The value of numerical constant x in eq
Constant
(7) for Al, Cu, Ag, Au, are respectively as
temperature bath
follows: 2.78, −1.79, −1.14, −1.48, with
Fermi energy (eV) 11.6, 7.0, 5.5, 5.5.
Fig (6)
10. If the apparatus described is not available, it is possible to construct locally a device which is shown in fig (6) for the same purpose. It is consists of an Aluminium rod about 20cm long 2cm in diameter finely lagged,
powered at one end by an electrical heater, and provided by two identical thermocouples
for measuring temperature difference at a definite length (ℓ).
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Questions:
1. Is the classical free electron theory success to explain the sign of Seebeck coefficient in
metals?
2. Why the water at the lower end of the rod should be kept at 0℃ throughout the experiment?
3. The positive sign of the Seebeck coefficient in metals such as copper suggest that the
electrons migrate from cold to hot end of the copper bar. How do you explain this?
4. Show that:
𝐸𝑎𝑣 =

5.
6.
7.
8.
9.

3
𝐸
5 𝐹𝑜

( 13 )

Where 𝐸𝑎𝑣 is the average energy.
We can accurately let 𝐸𝐹 = 𝐸𝐹𝑜 for metals because the Fermi energy does not change much
with temperature for solid conductors. However it is not safe to assume that 𝐸𝐹 = 𝐸𝐹𝑜 for
semiconductors why? Explain?
Silicon and germanium become good insulators at very low temperatures and good conductors at very high temperatures? Explain?
Would you expect the Wiedmann-Franz law to apply to semiconductors?
Semiconductors are sometimes called ''non-Ohmic'' materials why?
Why is a semiconductor better than conductor for applications as a solar cell or photon
detector would an insulator be even better?
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EX PE RI ME N T 1 0 0
EN TR O PY ( I )

EN TR O PY CH A NG E I N T HE RM A L C ON D U C TI O N .
Purpose of the experiment:
To calculate the rate of change of entropy in thermal conduction process.

Apparatus:
Searle apparatus for measuring thermal conductivity of a good conductor, four identical thermometers, beaker, stopwatch meter rule, heater, steam generator, callipers.

Theory:
The zeroth law of thermodynamics involves the concept of temperature and the first law involves
the concept of internal energy. Temperature and internal energy are both state variables. Another
state variable, which is related to the second law of thermodynamics, is entropy.
Entropy was originally formulated by Clausius in 1865 as a useful concept in thermodynamics. Its
importance grew as the field of statistical mechanics developed because the analytical techniques
of statistical mechanics provide an alternative means of interpreting entropy and more global significance to the concept.
The original formulation of entropy in thermodynamics involves the transfer of energy by heat
during a reversible process. If 𝑑𝑄𝑟 is the amount of energy transferred by heat when the system
follows a reversible path between states, then the change in entropy 𝑑𝑆 is equal to this amount of
energy divided by the absolute temperature of the system that is:
𝑑𝑆 =

𝑑𝑄𝑟
𝑇

(1)

This equation defines not entropy but rather the change in entropy. The change in entropy during a process depends only on the end points and therefore is independent of the actual path followed.
In 1877, Boltzmann visualized a probabilistic way to measure the entropy of an ensemble of ideal
gas particles, in which he defined entropy to be proportional to the logarithm of the number of
microstates such as gas could occupy, that is:
𝑆 = 𝑘𝐵 ln 𝑤

(2)

Where 𝑘𝐵 is the Boltzmann constant and 𝑤 is the probability of distribution.
One of the main results of this treatment is that isolated systems tend toward disorder and that
entropy is a measure of disorder an alternative way of stating this is the entropy of the universe
increases in all real processes.
Consider a system consisting of a hot reservoir and a cold reservoir that are in thermal contact
with each other (fig 1) and isolated from the rest of the universe. A process occurs during which
energy 𝑄 is transferred by heat from the hot reservoir at a temperature 𝑇 to the cold reservoir at
a temperature 𝑇𝑐 . The process as described is irreversible and so we must find an equivalent reversible process. To do so let us assume that the objects are connected by a poor thermal conductor whose temperature spans the range from 𝑇𝑐 to 𝑇 . This conductor transfers energy slowly
and its state does not change during the process. Under this assumption the energy transfer to or
from each other is reversible and we may set 𝑄 = 𝑄𝑟
Because the cold reservoir absorb energy 𝑄 its entropy increases by 𝑄/𝑇𝑐 . At the same time the
hot reservoir loses energy 𝑄 and so its entropy change is – 𝑄/𝑇 . Because 𝑇 > 𝑇𝑐 the increase in
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entropy of the cold reservoir is greater than the decrease in entropy of the hot reservoir. Therefore the change in entropy of the system is greater than zero:
∆𝑆 =

𝑄 −𝑄
+
>0
𝑇𝑐
𝑇

)3(

But to find the rate of change of entropy we have:
𝑄
𝑇 − 𝑇𝑐
= 𝑘𝐴
𝑡
𝐿

)4(

is the thermal conductivity of the conductor, 𝐴 its cross-sectional area. Now the rate change of
entropy at the hot reservoir is:
𝑘

300℃

𝑄
∆𝑆 = 𝑡
𝑇

)5(

𝑇

And that for the reservoir at low temperature is:
𝐿

𝑄
∆𝑆𝑐 = 𝑡
𝑇𝑐

𝑄

)6(

So that the net rate of change in entropy in the process is:

𝑇𝑐

)7(

∆𝑆 = ∆𝑆𝑐 − ∆𝑆

30℃

Procedure:

Fig (1)
1. Arrange the apparatus as shown in fig (2).
2. Get up steam in the steam generator.
3. Allow a small rate of flow of water through the coiled tube keep this rate constant as
much as possible.
4. Pass steam until the thermometers indicate steady temperatures that is they reach thermal
equilibrium state.
5. Measure the rate of flow of water through the coiled tube by weighing the water passing
in a given time into a previously weighed beaker.
6. Record the temperatures of the four thermometers T1 , T2 , T3 , and T4 at steady state.
7. Measure the distance between the holes carrying the thermometers T1 and T2 also measure
the diameter of the rod.
θ1

Steam in

θ3

Cold water in

θ4

θ2
0−
50℃

0 − 100℃

Warm
water
out

Solid copper bar
ℓ

Metal tubing
Steam out

Fig (2)

Insulation
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Calculation:
The rate of flow of heat along the bar is also equal to the rate at which heat is removed by the
flow of water and this is equal to,
𝑄 𝑚𝑐 𝜃3 − 𝜃4
=
𝑡
𝑡

)8(

Where (𝑚) is the mass of water collected in a time (𝑡) and (𝑐) is the specific heat capacity of water.
From these informations, calculate the rate of heat flow.
Now using either equations (4) or (8) to calculate ∆𝑆 and ∆𝑆𝑐 and then ∆𝑆 from equation (7), noting that:
𝑇 = 𝜃1

)9(

𝑇𝑐 = 𝜃4

) 10 (

Using equation (8) to calculate the thermal conductivity of the rod as follows,
𝑘=

𝑚𝑐 𝜃3 − 𝜃4
𝑡
𝜃1 − 𝜃2
𝐴
ℓ

) 11 (

Where ℓ is the distance between thermometers 𝑇1 and 𝑇2 .

Notes:
1. Make sure that the steam generator is filled with water before the experiment is begun so
that the supply of steam does not give out before the thermometers indicate steady state
temperature.
2. It is important that the thermometer should be in good thermal conduct with the rod,
glycerin can be used to ensure this point.
3. It is important that the thermometers should come to thermal equilibrium before taking
their readings.
4. The rate of flow of water should be constant.
5. It is necessary that the rod well lagged.
6. Ludwig Boltzmann (1844 − 1906) Austrian physicist made many important contribution
to the development of kinetic theory of gases, electromagnetism and thermodynamics
and particularly Statistical Mechanic.

Questions:
1.
2.
3.
4.
5.
6.
7.
8.
9.

10.
11.

Is it possible to create entropy? Is it possible to destroy it?
Distinguish clearly between energy and entropy?
Prove that entropy is a state function?
Prove that it is impossible to transfer energy as heat from a cold body to a hot body
spontaneously?
During a heat transfer process the entropy of a system (always, sometimes, never) increase?
What are the three different mechanisms, which can cause the entropy of a control volume to change?
Discuss the energy generation in daily life?
Which way does the energy go?
Comment on the following statements?
Entropy is one of the most abstract notations in physics.
Entropy is a measure of disorder.
Entropy is a times, arrow.
Discuss three common examples of natural processes that involve an increase in entropy?
Discuss entropy change in melting?
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12. Explain why each of the following processes is an example of increasing disorder or randomness (𝒾) Mixing hot and cold water (𝒾𝒾) Free expansion of a gas (𝒾𝒾𝒾 ) Irreversible heat
flow (𝒾v) Developing heat by mechanical friction. Are entropy increases involved in all of
these? Why or why not?
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EX PE RI ME N T 1 01
EN TR O PY ( I I )

EN TR O PY CH A NG E I N CA L O RI ME T RI C P RO CE S S.
Purpose of the experiment:
To calculate the change of entropy in calorimetric process.

Apparatus:
Copper calorimeter with outer jacket of suitable lagging, copper stirrer, thermometer a piece of
copper, beaker, heater.

Theory:
Entropy is a macroscopic property of a system that is a measure of the microscopic disorder
within the system. There are two related definition of entropy, the thermodynamic definition and
statistical mechanics definition.
The thermodynamic definition was developed in the early 1850 by Rudolf Clausius and essentially
describes how to measure the entropy of an isolated system in thermodynamic equilibrium. Importantly it makes no reference to the microscopic nature of matter.
Thermodynamic entropy is non-conserved state function that is of great importance in the science of physics and chemistry. Historically the concept of entropy evolved in order to explain
why some processes are spontaneous and others are not. Systems tend to progress in the direction of increasing entropy. Entropy is as such a function of a system’s tendency towards spontaneous change. For isolated systems, entropy never decreases. This fact has several important consequences in science, first it prohibits perpetual motion machines and second, it suggests an arrow of time.
From a macroscopic perspective in classical thermodynamics, the entropy is interpreted as a state
function of thermodynamics system that is a property depending only on the current state of the
system independent of how that state came to be achieved. The state function has the important
property that when multiplied by a reference temperature it can be understood as a measure of
the amount of energy in a physical system that cannot be used to do thermodynamic work.
The statistical definition was developed by Ludwig Boltzmann in the 1870’s by analyzing the statistical behaviour of the microscopic components of the system. Boltzmann went on to show
that this definition of entropy was equivalent to the thermodynamic entropy to within a constant
number, which has since been known as Boltzmann’s constant. Thermodynamic definition of
entropy provides the experimental definition of entropy while the statistical definition of entropy
extends the concept providing an explanation and a deeper understanding of its nature.
In statistical mechanics, entropy is essentially a measure of the number of ways in which a system
may be arranged, often taken to be a measure of disorder the higher the entropy the higher the
disorder. Statistical mechanics demonstrates that entropy is governed by probability thus allowing
for a decrease in disorder even in a closed system. Although this is possible, such an event has
small probability of occurrence making it unlikely.
A substance of mass 𝑚1 , specific heat 𝑐1 and initial temperature 𝑇𝑐 is placed in thermal contact
with a second substance of mass 𝑚2 specific heat 𝑐2 and initial temperature 𝑇 (𝑇 > 𝑇𝑐 ). The two
substances are contained in a calorimeter so that no energy is lost to the surroundings. The system of the two substances is allowed to reach thermal equilibrium. To calculate the total entropy
change for the system we must first calculate the final equilibrium temperature 𝑇𝑓 using the principle of conservation of energy that is:
𝑄𝑐𝑜𝑙𝑑 = −𝑄𝑜𝑡

)1(
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And

𝑄 = 𝑚𝑐 ∆𝑇

)2(

Thus:

𝑚1 𝑐1 ∆𝑇𝑐 = 𝑚2 𝑐2 ∆𝑇

)3(

Or

𝑚1 𝑐1 𝑇𝑓 − 𝑇𝑐 = −𝑚2 𝑐2 𝑇𝑓 − 𝑇

)4(

Solving for 𝑇𝑓 we get,
𝑇𝑓 =

𝑚1 𝑐1 𝑇𝑐 + 𝑚2 𝑐2 𝑇
𝑚1 𝑐1 + 𝑚2 𝑐2

)5(

The process is irreversible because the system goes through a series of non-equilibrium states.
During such a transformation, the temperature of the system at any time is not well defined because different parts of the system have different temperatures. However, we can imagine that
the hot substance at the initial temperature 𝑇 is slowly cooled to the temperature 𝑇𝑓 as it comes
into contact with a series of reservoirs differing infinitesimally in temperature. The first reservoir
being at 𝑇 and the last being at 𝑇𝑓 . Such a series of very small changes in temperature would approximate a reversible process. We imagine doing the same thing for the cold substance, applying
the equation,
𝑓

∆𝑆 =

𝑓

𝑑𝑆 =
𝑖

𝑖

𝑑𝑄𝑟
𝑇

)6(

Knowing that:
)7(

𝑑𝑄 = 𝑚𝑐𝑑𝑇

Therefore, for an infinitesimal change we have:
𝑑𝑄𝑐
+
𝑇

∆𝑆 =
1

∆𝑆 = 𝑚1 𝑐1

𝑇𝑓
𝑇𝑐

2

𝑑𝑄
𝑇

𝑑𝑇
+ 𝑚2 𝑐2
𝑇

𝑇𝑓
𝑇

)8(
𝑑𝑇
𝑇

)9(

Where we assumed that specific heats remain constant, independent on temperature so that:
∆𝑆 = 𝑚1 𝑐1 ln

𝑇𝑓
𝑇𝑓
+ 𝑚2 𝑐2 ln
𝑇𝑐
𝑇

) 10 (

It is quite clear from eq. (10) that one of the terms is always positive and the other is always negative. The positive term is always greater than the negative term and this results in appositive value
for ∆𝑆.

Procedure:
1. Arrange the apparatus as shown in fig (1).
2. Weight the piece of copper under consideration, also weight the
calorimeter empty and with water (to about two third of the calorimeter).
3. Record the initial temperature of water let it be Tc .
4. Put the piece of copper in boiling water for at least quarter of an
hour.
5. Quickly transfer the heated copper into water in the calorimeter.
Stir continuously and note the temperature until the temperature
has reached its highest value Tf .

Fig (1)
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Calculation:
Since we are using water and calorimeter so equation (4) must be modified to take the form:

Or

𝑚1 𝑐1 𝑇𝑓 − 𝑇𝑐 + 𝑚𝑜 𝑐𝑜 𝑇𝑓 − 𝑇𝑐 = −𝑚2 𝑐2 𝑇𝑓 − 𝑇

) 11 (

𝑚1 𝑐1 + 𝑚𝑜 𝑐𝑜 𝑇𝑓 − 𝑇𝑐 = −𝑚2 𝑐2 𝑇𝑓 − 𝑇

) 12 (

Where 𝑇 is now the temperature of boiling water.
Where 𝑚1 , 𝑚2 , 𝑚𝑜 are respectively the masses of water, copper and calorimeter and 𝑐1 , 𝑐2 , 𝑐𝑜 are
their respective specific heats.
From step (5) it is clear that the equilibrium temperature is measured directly so there is no need
to use eq. (11) or (12) to calculate 𝑇𝑓 . But instead it can be used to determine the specific heat capacity (𝑐2 ) of copper as that for water is known or vice versa. Now use eq. (10) to determine the
total change in entropy of the system.

Note:
1. Equation (10) is valid only when no mixing of different substances occurs, because a further entropy increase is associated with the increase in disorder during the mixing. If the
substances are liquids or gases and mixing occurs the result applies only if the two fluids
are identical.
2. The copper must be transferred as quickly as possible.
3. As ∆S is positive in this process this means that the entropy of the universe increases in
this irreversible process.
4. The combination of thermal energy (or its equivalents) and entropy is already converted
energy. This is the reason why Rudolf Clausius in 1865 coined the term entropy based on
the Greek 𝜺𝝂𝝉𝝆𝝄𝝅𝜼 [entropy], (turn conversion).
5. In quantum statistical mechanics the concept of entropy was developed by John von
Neumann and is generally referred to as von Neumann entropy namely:
𝑆 = −𝑘 𝜏𝑟 𝜌 ln 𝜌
Where 𝜌 is the density matrix and 𝜏𝑟 is the trace operator.

Questions:
1. What is the relation between entropy and probability?
2. Give an example to illustrate the difference between a system in thermodynamic equilibrium and a system in steady state?
3. Is it possible for the temperature of a system to remain constant even though heat flow
into or out of it? If so, give examples?
4. Explain why the temperature of a gas increases when it adiabatically compressed?
5. Which do you think has the greater entropy 1 kg of a solid iron or 1 kg of liquid iron?
Why?
6. Give three examples of naturally occurring process in which order goes to disorder?
7. Distinguish clearly between microstate and macrostate?
8. Comment on the following statements:
9. Energy is the mistress of the universe and entropy is her shadow.
10. Entropy is a measure of unavailability of energy.
11. Heat death.
12. Is it possible for entropy to remain the same where? Explain?
13. The development of an individual from a single cell to a grown person is a process of increasing order. Do this violate the second law of thermodynamics?
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EX PE RI ME N T 1 0 2
EN TR O PY (I I I )

C HA NG E I N E N T R OPY I N M E L TI N G A N D TE M PE RA T U RE C HA NG E
Purpose of the experiment:
To determine change in entropy in melting and temperature change.

Apparatus:
A lagged calorimeter with stirrer, thermometer or thermocouple, ice, balance, heater, beaker,
stand.

Theory:
The concept of entropy was introduced by Clausius in 1854, the name entropy was introduced by
him considerably later in a paper of 1865. Entropy is a function only of state, it does not depend
on the path leading from the initial to the final state but it is the same for all possible processes
leading from initial state to final state. We simply invent a path connecting the given initial and
final states that does consist entirely of reversible equilibrium processes and compute the total
entropy change for that path. Internal energy also has this property although entropy and internal
energy are very different quantities. But as with internal energy, the above discussion does not tell
us how to calculate entropy itself but only the change entropy in any given process.
In phase, change such as the melting of a solid or the vaporization of a liquid at a constant pressure the complete transformation takes place at a constant temperature during the transformation
heat must be supplied (or removed) and this is the latent heat of melting or of vaporization, 𝐿,
the entropy change associated with the phase change is therefore:
∆𝑆 =

𝐿
𝑇

(1)

Where 𝑇 is the temperature of the phase change.
Boltzmann (1844 − 1906) was the first to succeed in interpreting entropy from a microscopic
point of view, he developed it and produced from it a most powerful method of studying the
thermodynamic properties of a large numbers of similar molecules. He was in fact the founder of
what we now call statistical mechanics. Boltzmann indeed arrived at the equation.
𝑆 = 𝑘 ln 𝜔

(2)

Where 𝑘 is the Boltzmann constant and 𝜔 is the probability of distribution.
This equation provides the basis for statistical interpretation of entropy it is in fact the heart of
statistical treatment of entropy. Thus, some people think of entropy as being measured by the
disorder of the system that high entropy means great disorder and a system with low entropy
means an order system. Guggenheim has suggested that entropy is to be thought of as spread for
example high entropy means that the elements of an assembly are spread over a wide range of
energy levels. In statistical approach to entropy, we note that there are many different contributions to the energy of molecules:
Translational, vibrational, rotational, electronic, magnetic and so on. In a similar way, we may
think of separate contributions to the entropy of an assembly of molecules. Insofar as these contributions to the energy of an assembly are independent of each other the corresponding contributions to the entropy of the assembly may be thought of separately. In this way, we are led to
talk about the vibrational entropy, the configuration entropy or entropy of mixing of an assembly. Thus, we may have the nuclear spin entropy or the entropy of the conduction electrons in a
metal and so on.
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Now the heat (𝑄) needed to melt 𝑚 𝑘𝑔 of ice is given by:
𝑄 = 𝑚𝐿𝑓

(3)

So that the change in entropy (∆𝑆1 ) in melting process is:
𝑄
𝑇

(4)

𝑚𝐿𝑓
𝑇

(5)

∆𝑆1 =

or

∆𝑆1 =

When we continue in heating the melted ice the temperature of the water increases up to the
boiling point of water, in this interval of temperature change that is from 0℃ up to 100℃ (or any
other temperature according to the elevation from the sea level). We can imagine that the temperature of the water is increased reversibly in a series of infinitesimal steps in each of which
temperature is raised by an infinitesimal amount 𝑑𝑇.
The entropy change (∆𝑆2 ) is then given by:
2

𝑑𝑄
𝑇

(6)

𝑑𝑄 = 𝑚𝑐𝑑𝑇

(7)

∆𝑆2 =

1

But in this case 𝑑𝑄 is given by:
Therefore, we have:
2

∆𝑆2 =

𝑚𝑐
1

∆𝑆2 = 𝑚𝑐 ln

𝑑𝑇
𝑇

(8)

𝑇2
𝑇1

(9)

Where 𝑇1 is the ice point (melting) temperature and 𝑇2 the boiling temperature and (𝑐) is the specific heat capacity of water. So that the total change in entropy ∆𝑆 is given by:
∆𝑆 = ∆𝑆1 + ∆𝑆2

( 10 )

Procedure:
1. Prepare a quantity of ice crystal, and weight it be 𝑚 𝑘𝑔.
2. Dray these ice crystals as you can as possible and put them
in the beaker, with a thermometer inserted in the middle
of the ice crystal.
3. Start to record the temperature of the ice crystals every
half of a minute until the ice crystals are completely
melted.
4. Put the beaker on the heater and continue to record the
temperature every minute.
00
5. Draw a graph of the values of temperatures on the
𝑦 − 𝑎𝑥𝑖𝑠 against the corresponding values of time on the
𝑥 − 𝑎𝑥𝑖𝑠, fig (2).

Calculations:
From the graph, find the melting point of ice and boiling point of
water. Then apply equation (5) to find ∆𝑆1 after knowing the latent
heat of fusion of water. Now apply equation (9) to calculate ∆𝑆2
after knowing the specific heat capacity and the mass of water.
Then the final change of entropy ∆𝑆 is given by equation (10).

0

Fig (1)
𝑇 (℃)

Boiling point
Melting
point

Fig (2)

Time
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The increase in entropy in the melting process corresponds to the increase in disorder when the
water molecules go from the highly ordered state of crystalline solid to the much more disordered
state of a liquid. In the second process that is when the water absorbs heat the entropy is positive.

Notes:
1. In this calculation we assumed that the specific heat capacity of water (𝑐) does not change
with temperature. This is a good approximation since (𝑐) for water increases by only 1%
between 0℃ and 100℃.
2. The first process, the melting, were took plate at a constant temperature that is isothermal
process. In any isothermal process the entropy
change, equals the heat transferred divided by the
absolute temperature.
3. Water molecules are arranged in a regular order
way in an ice crystal fig (3). When the ice melts, the
hydrogen bonds between molecules are broken, increasing the water’s disorder and its entropy.
4. In the second part of this experiment, that is in
raising the temperature of water we cannot use
equation (4). Because this equation is applicable,
only when the temperature remains constant that is
isothermal processes. Here the initial and final
temperature is not the same, the only correct way
to find the entropy change in a process with different initial and final temperatures is using equation
(6).
5. Entropy of a system can change in two distinct ways (𝑖) there may be a heat flow (in or
out) between the system and its surroundings (𝑖𝑖) it may under go an irreversible adiabatic
change.
6. (𝑖) The energy of the universe is constant. (𝑖𝑖) The entropy of the universe tends to a
maximum.
7. The thermal vibrations of the atoms and molecules in solids provide the most important
contributions to the entropy of solids.

Questions:
1.
2.
3.
4.

What is the central equation in thermodynamics why it is so named?
What is Joule-Thomson effect? Explain?
What is Trouton’s equation?
How can you explain the change in entropy in adiabatic process where there is no heat
enter, or leaves the system?
5. As the entropy is a thermodynamic variable which depends on the state of the system so
in any arbitrary process the entropy change depends only on the initial and final states, it
is no longer matters whether or not the process is reversible. How do you explain this?
6. Drive equation (2)?
7. Show by using the concept of entropy that the (volumetric) expansion coefficient is goes
to zero as temperature approaches zero?
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EX PE RI ME N T 1 0 3
C O ND U C TI V I TY O F E L E CT R OL Y T E
Purpose of the experiment:
To study the conductivity of electrolytic solution and its temperature and concentration dependence.

Apparatus:
Wheatstone bridge, AC power supply, ammeter, voltmeter, electrolytic cell or copper voltmeter
an electrolyte, such as copper sulphate, key, beaker, heater, thermometer, telephone earpiece.

Theory:
Solid and liquid substances which are able to conduct the electric current can be divided roughly
into two categories. There are the first the metallic conductors or electronic conductors in which
electricity is carried by electrons. Conducting material of the second type are known as electrolytic conductors or electrolytes in which the current is carried by ions and not by electrons. Ions
consist of atoms or groups of atoms which have lost or gained electrons thus acquiring positive
or negative charges respectively.
A conducting solution is called on electrolyte and the chemical changes which occur when a current passes through it are called electrolysis (lysis=decomposition), solutions in water of acids,
bases, and salts are electrolytes and so are their solutions in some other solvents such as alcohol.
The plates or wires which dip into the electrolyte to connect it to the circuit are called electrodes
the one by which the current enters the solution is called the anode and the one by which it
leaves is called the cathode. The whole arrangement is called a voltmeter.
The chemical effect of the electric current was first studied quantitatively by Faraday who introduced most of the technical terms which are now used in describing it.
The theory of electrolytic conduction is generally attributed to Arrhenius ( 1859-1927), although
Faraday had stated some of its essentials in 1834. Faraday suggested that the current through an
electrolyte was carried by charged particles which he called ions (Greek ion=go).
The splitting up of a compound into ions in solution is called ionization or ionic dissociation,
Faraday does not seem to have paid much attention to how it took place and the theory of it was
given by Arrhenius in 1887. Arrhenius suggested that an electrolyte ionized as soon as it was dissolved, that its ions were not produced by the current through it, but were present as such in the
solution before even the current was passed, as shown in fig (1).
We now consider that salts of strong bases and acids such as silver
nitrate, copper sulphate, and Sodium chloride ionize completely as
Polar water
molecule
soon as they are dissolved in water. That is to say a solution contains no molecules of these salts but only their ions. Such salts are
Cu++
So42 called strong electrolytes; as they are ionize completely when dissolved in water. Other salts such as sodium carbonate do not appear to ionize completely on solution in water. They are the salts
of weak acids and are called weak electrolytes as they are in completely ionized in water.
For example in sodium chloride a strong electrostatic attraction
holds the sodium and chlorine ions as a molecule of NaCl. In the
solid state the ions are arranged alternately positive and negative
the forces between them bind the whole into a rigid crystal.
Dissociation of CuSo4
When such a crystal is dropped into water it dissolves and ionizes.
Fig (1)
We can readily understand when we remember that water has a
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very high dielectric constant (81). It therefore reduces the forces between the ions 81 times and
the crystal falls apart into ions. In the same way we explain the ionization of other salts and bases
and acids.
It should be pointed out that the behaviour of a particular electrolyte is dependent upon the nature of both the solvent and solute. A particular substance which is a strong electrolyte in water
may become an intermediate or even weak electrolyte in a solvent of low dielectric constant.
The temperature coefficient of conductivity has approximately the same value for most aqueous
salt solutions. It decreases both as the temperature is raised and concentration is increased. The
influence of temperature on the conductivity of solutions depends on (1) the ionization and (2)
the frictional resistance of the liquid to the passage of the ions the reciprocal of which is called
the ionic fluidity.
The resistance of an electrolyte can be measured on a Wheatstone bridge preferably with an alternating current supply. A telephone earpiece is used as the doctor in place of the galvanometer
it gives minimum sound at the balance point. If 𝐴 is the cross-section of the tube then the specific resistance of the electrolyte 𝜌 is given by:
𝜌=𝑅

𝐴
ℓ

(1)

is the resistance of the length (ℓ) of the electrolyte which can be calculated from the equation at
balance point:
𝑅

𝑃 𝑆
=
𝑄 𝑅

or

(2)

𝑄
𝑃

𝑅=𝑆

(3)

The conductivity (𝜍) is defined as the reciprocal of its resistivity so that:
1
𝜌

(4)

ℓ
𝑅𝐴

(5)

𝜍=

𝜍=

Procedure:
1. Arrange the apparatus as shown in fig (2), clean the tube carefully and measure its diameter carefully.
2. Prepare a solution of the electrolyte with a known concentration.

k

Rubber
P

electrode

Q
T

S

ℓ

R
A
ℓ

Fig (2)

Fig (3)
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3. Pour the quantity of the solution into the electrolytic cell, then adjust the position of the
two copper electrodes to a known distance, as shown in fig (3) which is remain constant
through the experiment.
4. Put the system inside the water bath, at a given constant temperature, obtain the resistance of the electrolyte at balance point from equation (3) for a given length (ℓ).
5. Increase the temperature of the path and repeat step (4).
6. Keep the temperature of the electrolyte constant and change the concentration of the solution then find for each concentration the resistance at balance point.

Calculation:
After knowing the value of 𝑅 at each temperature calculate the resistivity from equation (1), at
each temperature, then find the corresponding conductivity from equation (4) or directly from
equation (5).
Now draw a graph between the conductivity on the 𝑦 − 𝑎𝑥𝑖𝑠 against the corresponding values of
the temperature on the 𝑥 − 𝑎𝑥𝑖𝑠. On the same graph draw also the resistivity as a function of
temperature.
Now from equation (3) determine the value of the resistance at each concentration then calculate
the corresponding values of the conductivity at that concentration. Draw a graph between the
values of conductivity on the 𝑦 − 𝑎𝑥𝑖𝑠 against the corresponding values of the concentrations on
the 𝑥 − 𝑎𝑥𝑖𝑠. Discuss these results.

Notes:
1. Using the circuit diagram shown in fig (4) we can study the validity or applicability of
ohm's law in this system. Now by keeping (ℓ) constant and varying the potential difference across the electrolyte cell and reading the corresponding values of ammeter and
voltmeter. Then drawing the relation between ammeter and voltmeter readings we can
conclude weather Ohm's law applied to this system or not.
2. If conductivity measuring apparatus is available it makes the performance of the experiment much easier, since it is possible to read the values of the conductivity directly on the
meter as a function of temperatures, in that case we can get rid of the bridge and the
equations.
3. It is advised in verifying Ohm's law to use very small currents otherwise the solution becomes non-uniform, it becomes stronger near the anode and weaker near the cathode.
4. In past the chemical effect of the current was used to define the ampere which was defined as the current which when flowing steadily would deposit 0.00118 𝑔 of silver per
second.
5. Pure water is a fairly good insulator at room temperature water conducts current poorly
0.055 𝜇𝑠 ∙ 𝑐𝑚−1 .
6. Strong acids such as sulphuric acid (H2SO4) and strong bases such as potassium hydroxide (KOH) and sodium hydroxide (NaOH) are frequently used as electrolytes.
7. Conductivity measurements are used routinely in many industrial and environmental applications as a fast in expensive and reliable way of measuring the ionic content in a solution.
8. The conductivity or specific conductance of an electrolyte solution is a measure of its
ability to conduct electricity. The SI unit of conductivity is Siemens per meter (S/m).
9. 50𝐻𝑧 mains give an uncomfortably low pitched note for listening and supply of frequency
400 to 1000𝐻𝑧 is more satisfactory. The dependence on the frequency is usually small.
10. The opposite parts of an electrolyte which work their way through the liquid under the
action of the electric forces were named by Faraday the ions the travellers.
11. Arrhenius also developed the concept of activation energy which is the minimum energy
necessary for a particular chemical reaction to transpire.
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Questions:
1. What is happens if we replace the two copper electrodes by platinum electrode, in the
electrolytic cell?
2. Explain Kohlrausch's laws?
3. What do we mean strong electrolyte and weak electrolyte?
4. Explain Faraday's laws of electrolysis?
5. Discuss the voltaic cells?
6. Distinguish between polarization and depolarization?
7. Describe the electrolytic processes which occur in a Daniell cell when its terminals are
joined through a small resistance.
8. Explain Electroplating?
9. Why pure water has a very low conductivity?
10. Explain the electrolytic capacitor and mention its uses?
11. Compare between conductivity in metals and in electrolyte?
12. Is it possible to use oscilloscope instead of Telephone earpiece?
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EX PE RI ME N T 1 0 4
TE M PE RA TU RE D E PE N DE N T OF A DI E L E CT RI C C ON S T A NT O F A
L I QU I D

Purpose of the experiment:
To study the dielectrics and then determine the temperature dependent of a dielectric constant
of a liquid.

Apparatus:
Temperature control water bath, thermometer, dielectric constant meter with its digital meter and
probes, beaker.

Theory:
A dielectric is a non-conducting material it can be solids, liquids or gases such as rubber, glass or
waxed paper, in addition a high vacuum can also be useful. When a dielectric is inserted between
plates of a capacitor the capacitance increases.
Let us consider a parallel plate capacitor that without a dielectric has a charge 𝑄𝑜 and a capacitance 𝐶𝑜 thus the potential difference across the capacitor is:
∆𝑉𝑜 =

𝑄𝑜
𝐶𝑜

(1)

If a dielectric is now inserted between the plates the voltage between the plates decrease to the
value ∆𝑉 such that:
∆𝑉𝑜
𝑘

∆𝑉 =

(2)

Because ∆𝑉𝑜 > ∆𝑉 we see that 𝑘 > 1
Because the charge 𝑄𝑜 on the capacitor does not change we see that the capacitance must charge
to the value:
𝐶=

𝑄𝑜
∆𝑉

𝐶=

𝑄𝑜
∆𝑉𝑜
𝑘

𝐶=𝑘

(6)

𝑄𝑜
∆𝑉𝑜

𝐶 = 𝑘 𝐶𝑜

(7)

That is the capacitance increase by the factor 𝑘 when the dielectric completely fills the region between the plates. For parallel plate capacitor we have:
𝐴
𝑑

(8)

ℇ𝑜 𝐴
𝑑

(9)

𝐶𝑜 = ℇ𝑜

Thus from equation (4) and (5) we can write:
𝐶=𝑘

Where 𝐴 is the area of plates and 𝑑 its separation ℇ𝑜 is the permittivity of free space. Equation (6)
can be written as:
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𝐴
𝑑

( 10 )

ℇ = 𝑘 ℇ𝑜

( 11 )

𝐶=ℇ

Where
ℇ is the

permittivity of the material.
𝐸=0
Let us now examine from microscopic point of view why the capacitance of a capacitor should increase when a dielectric material
(a)
is inserted between the plates.
Let us first consider a dielectric made up of polar molecules
placed in the electric field between the plates of a capacitor. The
dipoles are randomly oriented fig (1 − 𝑎) in the absence of an
Polar molecules
electric field. When an external field is applied a torque is exerted
𝐸𝑜
on the dipoles causing them to partially align with the field (fig
1 − 𝑏). We can now describe the dielectric as being polarized. The
(b)
degree of alignment of the molecules with the electric field depends on temperature and on the magnitude of the field. In general the alignment increase with decreasing the temperature and
𝐸≠0
with increasing electric field.
If the molecules of the dielectric are non polar then the electric
Non polar
field produces some charge separation (fig 1 − 𝑐) and an induced
dipole moment. These induced dipole moments tend to align with
the external field and the dielectric is polarized. Thus we can po(c)
larize a dielectric with an external field regardless the molecules
are polar or non polar.
The net effect in either case on the dielectric is the formation of
induced positive density and an equal negative surface charge
𝐸=0
density (fig 2). The induced surface charge gives rise to an induced electric field in the direction opposite to the external field
𝑖𝑛𝑑𝑢. 𝐸
(fig 1 − 𝑑). Therefore the net electric field is reduced, and this is in
turn give rise to the decrease in the potential difference between
(d)
the capacitance and hence the capacitance increases.
From the definition point of view a dielectric constant is the ratio
𝐸𝑜
of the permittivity of a substance to the permittivity of free space
(eq 11). It is an expression of the extent to which a material conThe result
centrates electric flux and is the electrical equivalent of relative
Fig (1)
magnetic permeability; it is a dimension less quantity. The dielectric constant is an essential piece of information when designing
capacitors; they are used in high power radio frequency transmitters. In a coaxial cable polyethylene can be used between the centre conductor and outside shield. It can also be placed inside
waveguides to form fibres. Optical fibres are examples of dielectric wave guides. The relative permittivity of a solvent is a relative
measure of its polarity.
This information is of great value when designing separation,
sample preparation and chromatography techniques in analytical
chemistry.
The dielectric properties of the various materials used in
Fig (2)
ductor fabrication and packaging play an important role in achieving the desired performance of integrated circuits. A basic understanding of dielectric properties
is therefore needed by most engineers working in the semiconductor industry.
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Procedure:
1. Arrange the apparatus as shown in
fig (3).
Water bath
Temperature
2. Adjust the temperature of the water bath to a constant suitable
temperature (say 10℃). At equilibDigital meter
rium record the dielectric constant
and the temperature.
Dielectric
3. Change the temperature of the
meter cell
water bath in steps of 20℃, 30℃,
40℃, 50℃, 60℃, 70℃, 80℃ and
90℃. At each temperature and at
equilibrium record both the diFig (3)
electric constant of the water and
temperature.
4. Draw a graph between the values of dielectric constant on the 𝑦 − 𝑎𝑥𝑖𝑠 against the corresponding temperature values of water on the 𝑥 − 𝑎𝑥𝑖𝑠.

Calculation:
After measuring the dielectric constant of water at any particular temperature, calculate the permittivity of water 1 from the equation:
ℇ𝑤 = ℇ𝑎𝑖𝑟 ∙ 𝑘

( 12 )

The permittivity of air is nearly equal to that of free space that is to ℇ𝑜 = 8.85 × 10 F/m
Now draw a graph between the values of the permittivity of water on the 𝑦 − 𝑎𝑥𝑖𝑠 against the corresponding values of temperature on the 𝑥 − 𝑎𝑥𝑖𝑠. Discuss and interpret the graph.
−12

Notes:

𝑘

1. Dielectric constant of water at some selected temperatures:
𝒕℃
0
5
10
15
20
25

𝒌
88.00
86
84.11
82.22
80.36
78.54

𝒕℃
30
35
40
45
50
60

𝒌
76.75
75.00
73.28
71.59
69.94
66.79

𝒕℃
70
80
90
100
200

𝒌
63.68
60.78
57.98
55.33
34.5

𝑡𝑒𝑚𝑝. ℃

Fig (4)

2. Generally substances with high dielectric constants break down more easily when subjected to intense electric fields then do materials with low dielectric constants.
3. When the wave enters the dielectric both its wavelength and its velocity reduce by the
factor (𝑘).
4. One important property of a dielectric material is its permittivity. Permittivity is a measure of the ability of a material to be polarized by an electric field.
5. Industrial coatings such as Parylene provide a dielectric barrier between the substrate and
its environment.
6. Mineral oil is used extensively inside electrical transformers as a fluid dielectric and to assist in cooling. Dielectric fluids with higher dielectric constants such as electrical grade
castor oil are often used in high voltage capacitors to help prevent corona discharge and
increase capacitance.
In addition to what have been said above, dielectrics have strange property of making
space seem bigger or smaller than it looks. The dielectric constant value tells you how
much smaller or bigger the space gets. It shows itself in two ways.
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First when you put some dielectric between two electric charges it reduces the force acting between them, just as if you moved them a part.
Secondly the dielectric constant of a material affects how electromagnetic signals (light,
radio waves, millimetre waves, etc.) move through the material.
A high value of dielectric constant makes the distance inside the material look bigger.
This means that light travels more slowly. It also scrunches up the waves to behave as if
the signal had a shorter wavelength. For electromagnetic waves just like the forces between charges, the dielectric warps the space to make it look a different size. When the
wave enters the dielectric bath its wavelength
and its velocity reduced by the factor 𝑘 as
shown in fig (5).
The capacitance of a capacitor depends on the
permittivity of the dielectric material as well as
the area of the capacitor and the separation between the two conductive plates.
Specially processed dielectrics called electrets
(also known as ferroelectrics) may retain excess
Dielectric medium
internal charge or ''frozen in'' polarization.
Fig (5)
Electrets have a semi permanent external electric field and are the electrostatic equivalent to
magnets. Electrets have numerous practical applications in the home and industry. Some
dielectrics can generate a potential difference when subjected to mechanical stress or
change physical shape if an external voltage is applied across the material. This property is
called piezoelectricity. Piezoelectric materials are another class of very useful dielectrics.
Some ionic crystals and polymer dielectrics exhibit a spontaneous dipole moment which
can be reversed by an externally applied electric field. This behaviour is called the ferroelectric effect. These materials are analogous to the way ferromagnetic materials behave
within an externally applied magnetic field. Ferroelectric materials often have very high
dielectric constants, making them quite useful for capacitors.
Capacitors have a tremendous number of practical applications in devices such as electronic flash units for photography, pulsed lasers, air bag sensors for cars, and radio and
television receivers and in alternating current circuits.
Physical capacitors have a specification called by a variety of names including working
voltage, breakdown voltage, and rated voltage. This parameter represents the largest voltage that can be applied to the capacitor without exceeding the dielectric strength of the
dielectric material in the capacitor.
One device in which capacitors have an important role is the defibrillator. Up to 360𝐽 is
stored in the electric field of a large capacitor in a defibrillator when it is fully charged.
The defibrillator can deliver all this energy to a patient in about 2𝑚𝑠𝑒𝑐 . A fast discharge of
energy through the heart can return the organ to its normal beat pattern.

Questions:
1. Discuss Gauss's law in a dielectric?
2. Dielectric serves three important functions what are they? Explain?
3. Water has a very large dielectric why do water is not commonly used as a dielectric in capacitors?
4. Liquid dielectrics that have polar molecules always have dielectric constants that decrease
with increasing temperature, why?
5. A conductor is an extreme case of a dielectric. What is the dielectric constant of a perfect
conductor? Is it 𝑘 = 0, 𝑘 → ∞ or something in between? Explain?
6. What are the types of a capacitors, explain Lejden jar?
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7. Explain the meaning of the terms (𝑖) fringing field. (𝑖𝑖) polarization, and (𝑖𝑖𝑖) dielectric
strength?
8. Explain in physical terms the difference between free charges and polarization charges?
9. We have seen that capacitor 𝐶 depends on the size, shape, and position of the two conductors, as well as on the dielectric constant 𝑘. What then did we mean when we said that
𝐶 is a constant, in the equation:
𝑄 = 𝐶𝑉

( 13 )

10. Explain why a dielectric increases the maximum operating voltage of a capacitor, although the physical size of the capacitor does not change?
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