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EX PE RI ME N T 1
D E TE R M I NA TI O N OF A T HE RM A L CO N DU CTI V I TY O F C O PPE R
BY S E A RL E 'S M E T H OD ( I )
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Fig (1)

Purpose of the experiment:
To determine the thermal conductivity of copper by Searle’s method.

Apparatus:
Standard form of Searle’s apparatus for use with steam generator. The apparatus, as shown in
figure (1), consists of a cylindrical copper bar with one end fastened into steam chest. The other
end of the bar has a narrow copper tube coiled round it through which cold water from a constant-head device passes. Two thermometer 𝑇1 and 𝑇2 (0 − 100℃) in 0.5℃ are inserted in holes
drilled in the bar. Two thermometers 𝑇4 and 𝑇3 0 − 50℃ in 0.2℃ takes the temperatures of the water before entering and after leaving the coiled tube. The bar and its fittings are thorough by
lagged by a thick layer of a badly thermally conducting material, also required beaker, stop-clock
calipers, constant-level water flow arrangement and balance.

Theory:
Heat transfer by conduction is usually significant only for substances in the solid phase. Conduction is the transfer of energy through a substance without any macroscopic (visible) motion of
the object or its parts.
When two parts of a material are maintained at different temperatures, the energy is transferred
by the random thermal atomic motion that constitutes the internal energy of the substance from
one region to an other by atom-atom collisions. No long-range displacements of the individual
atoms occur during this process.
This process of conduction is also aided by the motion of free electrons within the substance.
These electrons have become disassociated from their parent atoms and are free to move about
when stimulated either thermally or electrically. Most metals are good conductor, of heat because
they have a number of free electrons, which can contribute heat in addition to that propagated by
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atomic agitation. In general, a good conductor of electricity is also a good conductor of heat. The
fundamental law of heat conduction is a generalization of experimental results concerning the
flow of heat through a slab of material. Thermal conductivities of metals generally decrease
slightly with temperature.
In this method, it is assumed that all the heat that enters one end of the bar is conducted along
the bar to be extracted at the other end, thus giving rise to a uniform temperature gradient. It follows that when the steady state has been attained the temperature gradient is given by (𝜃1 − 𝜃2 )/ℓ.
The quantity of heat (𝑄) conducted per second across any normal section of the bar is proportional to the cross-section area (𝐴) of the section, the temperature gradient at the section (𝑑𝜃/𝑑𝑥)

or

𝑄∝𝐴

𝑑𝜃
𝑑𝑥

(1)

𝑄 = 𝜆𝐴

𝑑𝜃
𝑑𝑥

(2)

Where 𝜆 is the coefficient of thermal conductivity of the bar.
Now the time rate at which heat (𝑄) is removed by the flow of water is given by:
𝑄 = 𝑚𝑐(𝜃3 − 𝜃4 ) per second

(3)

At steady state, the rate of flow of heat along the bar is equal to the rate at which heat is removed
by the flow of water. Therefore
𝑚𝑐 𝜃3 − 𝜃4 = 𝜆𝐴

𝜃1 − 𝜃2
ℓ

(4)

Where (𝑚) is the rate mass of water emerge from the copper coil per second, (𝑐 ) is the specific
heat of water. (ℓ) is the distance between the thermometers 𝑇1 and 𝑇2 , 𝐷 is the diameter of the
copper bar 𝜃1 , 𝜃2 , 𝜃3 , 𝜃4 are the readings of the thermometers 𝑇1 , 𝑇2 , 𝑇3 and 𝑇4 respectively.

Method:
1. Set up the apparatus as shown in figure (1).
2. Pass a steady current of steam from the steam-generator through the steam chest to heat the
end of the copper bar.
3. Allow a steady small current of water from a constant level arrangement to pass through the
coiled copper tube surrounding the copper bar at the other end.
4. Wait until the steady state is reached that is when all the temperature have become steady.
5. In the steady state take the reading of the four thermometers 𝑇1 , 𝑇2 , 𝑇3 and 𝑇4 let there being
𝜃1 , 𝜃2 , 𝜃3 and 𝜃4 respectively.
6. While the thermometers are becoming steady, measure the rate of flow of water through the
coiled tube by collecting a known volume of water passing in a given time (𝑡) in a graduated
beaker.
7. Measure the distance (ℓ) between the thermometer, 𝑇1 and 𝑇2 on the bar, then measure the
diameter (𝐷) of the copper bar.

Calculation:
To determine the rate of flow of water find the mass of water ( 𝑀) collected in the graduated
beaker, since we also know the time for which the collection is made, the rate of flow is determined that is 𝑚 = 𝑀/𝑡. Having thus determined all factors occurring in the equation (4). Use the
following equation to calculate 𝜆
𝜆=

4𝑀𝑐ℓ (𝜃3 − 𝜃4 )
𝜋𝐷 2 𝜃1 − 𝜃2 𝑡

(5)
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Notes:
1. The fact that the bar has attained the steady state is confirmed by recording the temperatures
of the four thermometers every five minutes and observing that there is no variation or
change in their respective values.
2. In determining the rate of follow, it is worth to repeat it a number of times and their mean
value should be taken.
3. In measuring the diameter of the bar, it is better to take the measurement at a difference
places on the bar then take the average value.
4. In order to obtain a measurable difference of temperature between the incoming and out going water through the coiled copper tube adjust the rate of flow of water to be low that is a
tricle of water should come out of the tube, but continuous.
5. As the temperature difference (𝜃3 − 𝜃4 ) involved is small use the thermometers reading to
0.1℃ of a degree, whereas to record the temperatures 𝜃1 and 𝜃2 on the bar use the thermometers reading to 0.2℃ of a degree.
6. Care should be taken to have the steady flow of water from a constant level device or arrangement.
7. The thermometers should be in good thermal contact with the bar.
8. The experiment should be repeated by altering the rate of flow of water.
9. To eliminate any errors due defects in the thermometers, the thermometers in each pair are
interchanged and the readings repeated.
10.Care should be taken 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
temperature.
11.This apparatus was devised by G.F.C. Searle of Cambridge University. It is suitable only for
materials which are good conductors of heat and can be made available in the form of bar or
a cylinder.

Questions:
1.
2.
3.
4.

Define the coefficient of thermal conductivity?
Distinguish between temperature, heat and internal energy?
Is it possible for heat to flow even if the internal energies of the two objects are the same?
When a hot object worms a cooler object, does temperature flow between them? Are the
temperature changes of the two objects equal?
5. Why does iron seem colder to the touch than wood in winter weather?
6. What are the ways in which heat may be transferred from one place to another, which one is
important in this experiment?
7. Is a good conductor of heat current is necessary to be a good conductor of electron current?
8. What is wrong with the following statements [given any two objects the one with the higher
temperature contains more heat]?
9. If water is a poor thermal conductor, why can its temperature be raised quickly when it is
placed over a flame?
10. Why do heavy draperies over the windows help keep a home cool in the summer as well as
warm in the winter?
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EX PE RI ME N T 2
D E TE R M I NA TI O N OF A T HE RM A L C O N DU C TI V I TY O F C O P PE R
BY S E A RL E ’S M E T H OD ( I I )
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Fig (1)

Purpose of the experiment:
To determine the thermal conductivity of copper by Searle’s method electrically.

Apparatus:
Electrically heated models of Searle’s apparatus are available, by which it is possible to take observation at the hot end of the bar. The apparatus is the same as described in earlier experiment,
except that a heating coil through which an electric current passes replaces the steam chest. Two
thermometers 𝑇1 and 𝑇2 0 − 100℃ in 0.5℃ are inserted in holes drilled in the copper bar. Two
thermometers 𝑇4 and 𝑇3 0 − 50℃ in 0.2℃ to record the temperature of water before entering and
after leaving the coil tube. The bar and its fittings are completely lagged by a thick layer of a badly
conducting material. Also required are stopwatch, caliper, constant-level water flow arrangement
graduated beaker, and balance.

Theory:
Thermal conduction is the process of energy transfer by heat. In this process, the transfer can be
represented on an atomic scale as an exchange of kinetic energy between microscopic particles
molecules, atoms, and free electrons- in which less energetic particles gain energy in collisions
with more energetic particles.
Initially before the bar is heated, the microscopic particles are vibrating about their equilibrium
positions. The particles near the heated end begin to vibrate with greater and greater amplitudes.
These particles in turn collide with their neighbours and transfer some of their energy in the collisions. Slowly the amplitudes of vibration of metal atoms and electrons further and further from
the heated end increases until eventually those in metal near the other end are affected. This increased vibration is detected by an increase in the temperature of the metal.
The rate of thermal conduction depends on the properties of the substance being heated. In general, metals are good thermal conductors, because they contain a large numbers of electrons that
are relatively free to move through the metal and so can transport energy over larger distances.
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Thus in good conductor such as copper conduction takes place by means of both the vibration
of atoms and the motion of free electrons. Conduction occurs only if there is a difference in
temperature between two parts of the conducting medium. Substances that are good thermal
conductors have large thermal conductivity value. Whereas good thermal insulators have low
thermal conductivity value.
If a current of (𝒾) amperes supplied to the heater under a potential difference of (𝑉 ) volt. The rate
of energy generated electrically is 𝒾𝑉 . This amount of energy should equal, at steady state, the
amount of energy extracted per second at the cool end of the bar produces a temperature gradient of (𝜃1 − 𝜃2 )/ℓ, where (ℓ) is the distance between the thermometers 𝑇1 and 𝑇2 , and 𝜃1 and 𝜃2
are the temperatures of the thermometers 𝑇1 and 𝑇2 respectively at the steady state.
𝒾𝑉 = 𝜆1 𝐴

𝜃1 − 𝜃2
ℓ

(1)

Where 𝜆1 is the thermal conductivity of the material under consideration and (𝐴) is its crosssectional are perpendicular to the current flow. Therefore:
𝜆1 =

𝒾𝑉ℓ
𝐴(𝜃1 − 𝜃2 )

(2)

At the other end were the cooling process takes place the quantity of energy gained by the water
per second is given by:
𝑄 = 𝑚𝑐 (𝜃3 − 𝜃4 )

(3)

Applying the general equation of heat conduction to this end of the bar at the steady state condition we find,
𝑚𝑐 𝜃3 − 𝜃4 = 𝜆2 𝐴

𝑑𝜃
𝑑𝑥

(4)

Where (𝑚) is the rate of mass of water collected in (𝑡) time, 𝑐 is the specific heat capacity of water.
Readings from the hot end of the bar will give a value of 𝜆 which is too large while readings taken
at the cool end will give 𝜆 too small. Consequently, a mean of the two results obtained.

Method:
1. Set up the apparatus and the electrical heating circuit as shown in the fig (1).
2. Adjust the constant-level water arrangement so that a steady small current of water passes
through the cold end of the copper bar.
3. Set the potential difference a cross the electrical heater to between 10 to 12 volts. Then record the values for the current (𝒾) and the potential difference (𝑉 ). These values should be
kept constant throughout the experiment.
4. If the bar is accessible measure its diameter (𝐷) and the distance (ℓ) between the two thermometer holes along the bar.
5. After the bar have reached a steady state the readings of the four thermometers are recorded
let these being 𝜃1 , 𝜃2 , 𝜃3 and 𝜃4 respectively.
6. Determine, at steady state, the time (𝑡) taken to collect a known volume of following water in
a graduated beaker.

Calculation:
The use of cooling water actually allows a second determination of 𝜆 to be made. Two independent values of 𝑑𝑄/𝑑𝑡 can be measured (I) the energy supplied to the electrical heater at one end of
the bar and (II) the energy absorbed by the water at the other end of the bar. Energy losses from
the sides of the bar can also be determined from the differences in the two values of 𝑑𝑄/𝑑𝑡. Regarding the first part (measured electrically) equation (2) can be written as:
𝜆1 =

4𝒾𝑉. ℓ
− 𝜃2 )

𝜋𝐷2 (𝜃1

(5)
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From which 𝜆1 can be determined, considering the second part (measured thermally), equation
(4) can be written as:
𝑚𝑐 𝜃3 − 𝜃4 = 𝜆2 . 𝐴.

or

𝜆2 =

𝜃1 − 𝜃2
ℓ

(6)

4𝑀𝑐ℓ(𝜃3 − 𝜃4 )
𝜋𝐷2 𝜃1 − 𝜃2 . 𝑡

(7)

Where = 𝑀/𝑡 . From which 𝜆2 can be determined using these two results of 𝜆 calculate the mean
value of 𝜆.

Notes:
1. This method would be unsuitable for a poor conductor (𝜆 ≈ 1 𝑤 𝑚−1 𝐾 −1 ). The bar would
have to be extremely short for equilibrium to be established in a reasonable time, the distance (ℓ) between the thermometers would be small and therefore it could not be measured
accurately. Finally, the energy losses from the sides would be significant.
2. The adjustment of the flow rate of water is critical. If it is too fast the temperature difference
(𝜃3 − 𝜃4 ) will be too small for accurate measurement. If the rate of flow is too slow, the temperature gradient along the bar will be too low. A rate of flow of a bout 100 𝑚𝑙 a minute
should make a good starting point.
3. The temperature readings of the four thermometers and the flow rate of water all should be
taken at a steady state.
4. It is important to keep the current at a constant value throughout the experiment.
5. Although the bar is lagged, some heat will be lost laterally from the bar.
6. Temperature difference measurements occur twice in the conductivity equation and the errors involved are likely greatly to exceed the errors in the measurement of the rate of flow of
water or of the dimensions 𝐷 and ℓ.
𝑇𝑒𝑚𝑝.
𝜃

𝑇𝑒𝑚𝑝.
𝜃

𝑈𝑛𝑙𝑜𝑔𝑔𝑒𝑑
𝑏𝑎𝑟

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒

Fig (2)

Fig (3)

7. The best value for the current should be between 3 − 5 amps.
8. Figures (2) and (3) shows the effect of lagging on the measurements of thermal conductivity.
𝑇𝑒𝑟𝑚𝑜𝑚𝑒𝑡𝑒𝑟
water
in

𝑒𝑎𝑡𝑒𝑟

water
out

𝐿𝑎𝑔𝑔𝑖𝑛𝑔

Fig (4)
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9. Figure (4) shows another version of the apparatus.
10. It is possible not to take care about the measuring of electric power supplied you just measure the rate of flow of water for a given mass and time then use the following equation to
calculate the thermal conductivity of a given material.
𝑘=

𝑟𝑎𝑡𝑒 𝑜𝑓 𝑓𝑙𝑜𝑤 𝑜𝑓 𝑒𝑎𝑡
𝑎𝑟𝑒𝑎 × 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡

(8)

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟/𝑡 𝜃3 − 𝜃4
𝐴 × 𝜃1 − 𝜃2 /ℓ

(9)

𝑘=

Questions:
1.
2.

Calculate the rate of energy losses from the surface of the bar.
Which experiment gives the better value of 𝜆 a thermally heated bar or electrically heated
bar? Explain.
3. What is the difference between lagged and unlagged bar?
4. Why the thermometer readings should be taken at a steady state?
5. Can we apply this method in determining the thermal conductivity of a bad or poor conductor? Explain
6. When is the conduction of heat a reversible process? When an irreversible process?
7. Discuss the mechanism of heat conduction in a metal?
8. Why is it more comfortable to hold a cup of hot tea by the handle rather than by wrapping
your hands around the cup itself?
9. Is it possible to convert internal energy to mechanical energy? Explain with examples?
10. A piece of paper is wrapped around a rod made half of wood and half of copper. When
held over a flam the paper in contact with the wood burns but the half in contact with the
metal does not. Explain?
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EX PE RI ME N T 3
D E TE R M I NA TI O N OF T HE T HE RM A L C ON DU CTI V I T Y O F A M E TA L
USI NG F O R BE S’ M E TH O D
Purpose of the experiment:
To determine a thermal conductivity of a metal using Forbes’ method.

Apparatus:
A convenient arrangement of apparatus for Forbes’ experiment is shown in fig (1). It consists of
a cylindrical copper bar about one meter long; steam heated at one end, and is drilled with suitable intervals for reception of a thermometers (or thermo couples). The bar is protected from
radiation from the heating apparatus by means of wooden screen and from draughts by means of
the trough, also required are a stop watch. Four thermometers, steam generator.

Theory:
The phenomenon of conduction of heat can be understood by considering the metal rod (poker).
Each of its molecules oscillates about a particular mean or “anchored” position. When one end
of the rod is placed, in a fire, thermal energy is passed to it and the molecules at this end become
more energetic. The amplitudes of the oscillations then increase. The vibrating molecules now
jostle or disturb the vibrating molecules in the next section more than before and give them additional energy. The increased amplitude of oscillation then affects molecules in the neighbouring
section and so on. Thus thermal energy in transferred from one section of the metal to the next
until the other end of the rod is reached. It should be noted that the average position of the
molecules or atoms remains unchanged, while the transfer of energy takes place. Pure metals,
which are solid in the normal state such as copper, aluminium and iron which contains free electron, heat also conducted by these free electrons. In fact at normal temperatures heat is conducted mainly by those free electrons. In insulating solids, however, heat is conducted mainly by
vibrations of atoms or molecules.
Let us consider a rod of uniform area of cross-section heated at one end. After the steady state
has been reached the amount of heat passing per second a cross, the cross section at the point 𝑝
is:
𝑝=𝜆𝐴

𝑑𝜃
𝑑𝑥

(1)

𝑝

Where 𝜆 is the coefficient of thermal conductivity of the material under consideration and 𝐴 its
cross-sectional area. Here 𝑑𝜃/𝑑𝑥 𝑝 is the temperature gradient at 𝑝.
The amount of heat lost by radiation from the point 𝑝 up to the end 𝐿 is:
𝐿

=

𝜌𝐴𝑑𝑥 𝑐
𝑝

𝑑𝜃
𝑑𝑡

(2)

Thus at stead state, we can write:
𝜆𝐴

𝑑𝜃
𝑑𝑥

𝐿
𝑝

𝜆=

=

𝜌𝐴𝑑𝑥 𝑐
𝑝

𝜌𝑐

𝑑𝜃
𝑑𝑡

𝑑𝜃
𝑑𝑥
𝑑𝑡
𝑑𝜃
𝑑𝑥 𝑝

𝐿
𝑝

(3)

(4)

Where 𝜌 is the density of the material and 𝑐 its specific heat capacity.
To determine 𝑝𝐿 𝑑𝜃/𝑑𝑡 𝑑𝑥 and 𝑑𝜃/𝑑𝑥 𝑝 the experiment is divided into two parts:
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𝜃℃
𝑠𝑡𝑒𝑎𝑚 𝑖𝑛

𝑝′

𝜃𝑝

A

𝜃𝑅
𝑝

𝐿

𝑃

Fig (1)

𝑆𝑒𝑐𝑡𝑖𝑜𝑛
𝑠𝑡𝑒𝑎𝑚 𝑜𝑢𝑡

𝛼

𝑥

Fig (2)

(A)Static experiment
The rod about one meter in length is taken and is heated for about 3 hours. After the steady state
is reached, the thermometers fixed in the rod at varying positions are recorded. Then a graph is
plotted between temperature (𝜃) and the distance (𝑥) from the hot end. The graph thus obtained
is exponential in nature as shown in fig (2). The position of the point 𝑝 is marked on the graph
and a tangent is drawn to the curve corresponding to the point 𝑝, here:
𝑑𝜃
𝑑𝑥

𝑝

= tan 𝛼

(5)

(B) Dynamic experiment:
The original bar or small bar of the same material having the
same area is heated to the temperature of steam. The bar is exposed to the atmosphere and a thermometer is fixed at its middle point as shown in fig (3). The temperature of the bar is noted
after regular intervals of time (say one minute). Then a graph is
plotted between time (𝑡) and temperature (𝜃) as shown in fig (4).
From the graph, 𝑑𝜃/𝑑𝑥 is determined for various values of 𝜃.
This is done by drawing tangents to the curve at various points
on the curve.
From the graphs shown in figures (2) and (4) the values of 𝑑𝜃/𝑑𝑡
corresponding to (𝑥) and (𝑡) are determined. A third graph is
now plotted between 𝑑𝜃/𝑑𝑡 and 𝑥. The graph is produced to
meet the 𝑥 − 𝑎𝑥𝑖𝑠 fig (5). Corresponding to the point 𝑝 a point is
located on the graph. The area of the shaded portion is given by:
𝐿

=
𝑝

𝑑𝜃
𝑑𝑥
𝑑𝑡

(6)

This area is measured directly from the graph. Therefore
𝜆=

𝜌𝑐

𝑑𝜃
𝑑𝑥
𝑑𝑡
𝑑𝜃
𝑑𝑥 𝑝

𝐿
𝑝

Thermometer

Fig (3)
𝜃℃

𝑡𝑖𝑚𝑒 (𝑡)

Fig (4)
𝑑𝜃
𝑑𝑡

(7)

Where 𝜌 is the density of the material and 𝑐 is its specific heat.

𝑝

𝑑𝑥

𝑥

Fig (5)
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Method:

𝑠𝑡𝑒𝑎𝑚 𝑖𝑛
𝐴

𝐵
𝑃
𝑠𝑡𝑒𝑎𝑚 𝑜𝑢𝑡

Fig (6)
1. Set up the apparatus as shown in fig (6).
2. The bar is now heated by passing steam through the jacket (𝐴).
3. After the steady state is reached record the temperature of the thermometers fixed at different position of the bar.
4. Draw a graph between temperature (𝜃) and the distance (𝑥) from the hot end. The position
of the point 𝑝 is marked on the graph; as shown in fig (2).
5. Draw a tangent to the curve at point 𝑝′ corresponding to point 𝑝.
6. Remove the thermometers from the bar, the bar is then heated to the temperature of
steam, this is done by passing steam through the jacket (𝐵).
7. Fix a thermometer in the middle point of the bar, and then expose the bar to the atmosphere, as indicated in fig (3).
8. Take the temperature of the bar in regular time intervals, then plot a graph between the
values of time (𝑡) against the corresponding values of (𝜃) as abscissa as shown in fig (4).

Calculation:
if the gradient is taken at point 𝑀 fig (7), (corresponding to
a bar temperature 𝜃𝑝 ) the rate of cooling 𝑑𝜃/𝑑𝑡 can obtained for the point 𝑝 on the bar when in its steady state
condition at 𝜃𝑝 . This can be done for other points on the
bar. Thus data obtained for plotting the graph in fig (5)
that is the rate of cooling against position on the bar.
The integral in equation gives the shaded area indicated in
fig (5) (this area can be measured directly from the graph)
together with equation (5) we can calculate 𝜆 since:
𝜆=

𝜃℃
𝜃𝑝

𝑀

𝜃𝑅

Area of the shaded portion in fig 5 × 𝜌𝑐
tan 𝛼

𝑡

Fig (7)
(8)

and 𝑐 can be obtained from texts, 𝛼 can be measured directly from fig (2) thus 𝜆 can be determined.
𝜌

Notes:
1. This is one of the earliest methods used for determining the absolute conductivity of metal.
2. It is worth to use thermocouples rather than thermometers.
3. This method is not only tedius because of the long time required for the static part and the
data to be gathered by drawing three graphs but also fails to give accurate results due to
several sources of error such as:
a. The specific heat (𝑐) does not remain constant at all temperatures.
b. Distribution of heat is not the same along the bar in the two parts of the experiment.
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4. But the advantage of the experiment is that absolute conductivity of the material of the rod
can be determined.
5. In the static part of the experiment, the steady state should be achieved before taking the
temperature of the bar at point.
6. In the dynamic part of the experiment, it is necessary heat the rod until the steam temperature is reached.
7. If thermometers are used to measure the temperatures, they must be quite identical.
8. Forbes heated the rod for about six hours.

Questions:
1. What are the advantages and disadvantages of this method?
2. What do we mean by absolute value of conductivity?
3. Explain why a moisted finger may freeze quickly to a piece of metal on a cold day but not
to a piece of wood?
4. Can this method be used for measuring the conductivity of glass rod?
5. Write down the expression for the quantity of heat per second flowing through a substance
in a steady state?
6. Show that 𝑊 𝑚−1 𝑘 −1 is the unit of thermal conductivity?
7. What are the advantages of lagging bar?
8. Discuss the suitability of air as a material for thermal insulation?
9. State the factors, which affect the rate of rise of temperature of one end of metal bar,
which is heated at the other end?
10.Can this method be used for measuring the conductivity of a semiconductor material? Give
reasons to your answer?
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EX PE RI ME N T 4
D E TE R M I NA TI O N OF T HE T HE RM A L C ON DU CTI V I T Y O F A M E TA L
USI NG I NG E N -H AUSZ ME T H O D
Purpose of the experiment:
To compare the thermal conductivities of metal rods.

Apparatus:
Water bath, metal rods (copper, brass and aluminium) the thermal
conductivities for which to be compared, meter rule, wax.
Fig (1)

Theory:

Thermal conductivity of a substance is a measure of its ability to conduct heat.
Heat transfer by conduction is usually significant only for substances in the solid phase. Thermal
conductivity is one of the physical thermal properties of a substance; it is depend on the type of
the material so it is different for different substances. In fact, there are large differences in the
thermal conductivities of various materials.
The speed with which melting proceeds along a given
𝜃
rod is not dependent on the conductivity alone, it depends also on the thermal capacitance per unit length of
rod. Therefore, measurements should be made only
𝜃𝑚
when the melted lengths reach their steady values. This
is the principle of an old-established method of comparing the thermal conductivities of metal rods due to J.
𝜃𝑅
Ingen-Hausz (1789). Rods of different metals but of the
same length and cross-section (exactly the same size and
ℓ1
𝐷𝑖𝑠𝑡.
ℓ2
shape) electroplated and polished similarly are fitted into
holes on the side of a vessel (water bath) as shown in the
fig (1).
Small metal balls
The portions of the rods projecting outside the vessel
Fig (2)
are coated uniformly with wax. The vessel is filled with
hot water or oil. When steady state is reached it is found
that the wax has melted to different lengths on the different rods.
Let ℓ1 , ℓ2 , ℓ3 … denote the length up to which the wax has melted on different rods, let also 𝜃𝑜 be
the excess of temperature of the hot bath above room temperature (𝜃𝑅 ) and 𝜃𝑚 be the excess of
temperature of the melting point of wax above the temperature (fig 2).
At steady state for a rectilinear flow of heat along a bar we have:
𝜃 = 𝜃𝑜 𝑒

𝐸𝑝
∙𝑥
𝜆𝐴

(1)

Where 𝐸 is the emissive power of the surface, 𝑝 is the perimeter, 𝐴 is the cross-sectional area and
𝜆 is the thermal conductivity of the material under consideration. Applying eq (1) to the first rod
we get:
𝜃𝑚 = 𝜃𝑜 𝑒

𝐸𝑝
∙ℓ
𝜆1𝐴 1

(2)

𝐸𝑝
∙ℓ
𝜆2𝐴 2

(3)

For the second rod:
𝜃𝑚 = 𝜃𝑜 𝑒
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For the third rod:
𝜃𝑚 = 𝜃𝑜 𝑒

𝐸𝑝
∙ℓ
𝜆3𝐴 3

(4)

and so on. Therefore:
𝜃 = 𝜃𝑜 𝑒

𝐸𝑝
∙ℓ
𝜆1𝐴 1

= 𝜃𝑜 𝑒

𝐸𝑝
∙ℓ
𝜆2𝐴 2

= 𝜃𝑜 𝑒

𝐸𝑝
∙ℓ
𝜆3𝐴 3

(5)

As 𝐸 , 𝑝 and 𝐴 are the same for all rods, thus:
𝐸𝑝
∙ ℓ1 =
𝜆1 𝐴

𝐸𝑝
∙ ℓ2 =
𝜆2 𝐴

𝐸𝑝
∙ ℓ3
𝜆3 𝐴

(6)

𝜆1 𝜆2 𝜆3
=
=
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
ℓ12 ℓ22 ℓ23

or

(7)

Thus the thermal conductivity of the material of the rod is proportional to the square of the
length up to which wax, melts on the rod. If the conductivity of one of the rods is known the
thermal conductivity of the other can be determined.

Method:
1. The rods under consideration must be exactly of the same size and shape. They must also
be as clean as possible. Coat these rods uniformly with wax, as shown in fig (3).
2. Insert the rods under consideration in to the holes in the water bath, which is in turn filled
with hot water, or oil.
3. Wait until the steady state is attained; now the wax has melted to different lengths on different rods.
4. Measure these length up to which the wax has
𝑤𝑎𝑡𝑒𝑟 𝑏𝑎𝑡
melted, let these be ℓ1 , ℓ2 , ℓ3 …

Calculation:
From equation (7) we have:
𝜆1 ℓ12
=
𝜆2 ℓ22

(8)

Knowing ℓ1 and ℓ2 the ration 𝜆1 /𝜆2 can be determined,
and if 𝜆1 is known 𝜆2 can be calculated.

ℓ1

ℓ2

ℓ3

Fig (3)

Notes:
1. This experiment is not performed for finding the thermal conductivity because the results
are not accurate. It is useful for demonstration purposes.
2. It is essential that the rods must be exactly of the same size and shape.
3. In some versions of this experiment, small metal balls or beads are stuck to the lower sides
of the waxed rods and these fall off as the wax melts.
4. The speed with which melting proceeds along a given rod is not dependent on the conductivity alone, it depends also on the thermal capacitance per unit length of rod. Therefore,
measurements should be made only when the melted lengths reach their steady state values.
5. An ingenious modern application of this method has been developed (R.W. Powell 1951)
to measure the thermal conductivity of the material gallium, which has a very low melting
point (29.8℃).
6. A modernized version of the experiment can be made with one of the temperature sensitive paints (Thermindex-paints), these changes colour or attaining a given temperature and
the line of demarcation can be picked out.
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7. The temperature of the water bath must be homogeneous and uniform.
8. Discuss the analogy between the flow of heat through a perfectly lagged conductor of uniform cross-sectional area and the flow of electricity through a uniform wire.

Questions:
1. When is the conduction of heat a reversible process? When an irreversible process?
2. Give an example of a process in which no heat is transferred to or from the system but the
temperature of the system changes.
3. What is the interpretation of temperature on the kinetic theory of gases?
4. Why is it so necessary that the rods in this experiment should be of the same size and shape?
5. Derive equation (1)?
6. Why must concrete city sidewalks be interrupted by a series of gaps every few meters?
7. Why are the handles of metal pots and pans made of wood or plastic?
8. What determine the direction of heat flow?
9. Heat flows both by conduction and by radiation. In what ways are they different?. In what
ways are they similar?
10.Distinguish between thermal conductivity and specific heat as they relate to heat transfer?
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EX PE RI ME N T 5
D E T E R M I N A TI O N O F T HE T HE R M A L C O N D U C T I V I T Y O F A M E T A L R O D

Fig (1)

Purpose of the experiment
To determine thermal conductivity of a metal rod.

Apparatus:
Metal rod about 50 𝑐𝑚 long, two calorimeters, heater, caliper, three temperatures probe immersion type, two surface temperatures probe, digital temperature meter, ice, balance, stopwatch digital, bench lamp, support rod, beaker.

Theory:
Metals and metallic alloys contain electrons some of which are free to move at random (at a
speed of about 106 𝑚𝑠 −1 ) within the ionic lattice. If one end of a bar is heated the electrons (and
the ions) at that end gain energy. The electron inevitably move away from that end and their
places are taken by slower electrons from the far end this is simply a diffusion process, such occurring all the time whether or not there are electrons of different speeds at the two ends.
Another mechanism allows non-metals to conduct. This can involve only the atoms since in nonmetals there are no free electrons. At the heated end the atoms gain vibrational energy and this is
passed on to the neighbouring atoms by elastic waves like sound waves these do therefore have
the speed of sound in the material, (about 5000𝑚𝑠 −1 ), but the frequency in much higher (typically
1013 𝐻𝑧). The atoms can absorb and emit energy only in quanta of siz 𝑓, these quanta are called
POHNONS. The energy carried by the phonons does not reach the far end as fast as their high
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speed suggest since they are readily absorbed by the atoms and re-emitted because they inevitably
have similar frequencies to the atoms. So the phonons diffuse through the material and the randomness of this process means that even fast particles can take along time to cover a short distance. Electrons in metals have frequencies much higher than those of the atoms on so are
weakly scattered their diffusion rate is much higher and so metals are generally better thermal
conductors than non metals.
But although the best conductors are metals there are many-non metals which conduct almost as
well, particularly crystalline materials which have light atoms and strong bonds so that the speed
of their phonons is high. The phonons do not succeed in transferring much energy in metals because the free electrons scatter them.
The thermal conductivity of copper is determined in a constant temperature gradient from the
calorimetrically measured heat flow.
Whenever a temperature difference occurs between different positions of body heat conduction
take place. In the present experiment, there is a one-dimensional temperature gradient along a
rod. The quantity of heat 𝑄 transported at a time (𝑡) is given by:
𝑄 = 𝜆𝐴

𝑑𝜃
𝑑𝑥

(1)

where 𝜆 is the thermal conductivity of the substance, 𝐴 is the cross-sectional area of the rod,
𝑑𝜃/𝑑𝑥 is the temperature gradient perpendicular to the surface of the rod. But the rate of heat
energy supplied to the lower calorimeter can be calculated as follows:
𝑄
= 𝑚𝑐 + 𝑚𝑜 𝑐𝑜 (𝜃 − 𝜃𝑜 )
𝑡

(2)

where (𝑚) is the mass of water in lower calorimeter, (𝑐) is its specific heat, (𝑚𝑜 ) is the mass of the
lower calorimeter and (𝑐𝑜 ) is its specific heat capacity. 𝜃 is the temperature of the lower calorimeter at time (𝑡) and 𝜃𝑜 is the temperature at time 𝑡 = 0.
From these two equation (𝜆) can be calculated.

Method:
1. Set the apparatus as shown in fig (1).
2. Weight the empty lower calorimeter then put some water in the calorimeter keep the water in the lower calorimeter at 0℃ with the help of ice.
3. The surface temperature probe must be positioned as close to the ends as possible.
4. Using immersion heater brings the water in the upper calorimeter to a boiling point and
keeps it at this temperature throughout of the experiment.
5. Wait until steady state is reached that is when a constant temperature gradient has become established between the upper and lower surface probe. Record the temperature
difference.
6. At the onset of temperature that is when constant temperature gradient has established
and been recorded, remove all the ice from the lower calorimeter then record the temperature of the water.
7. With the help of the immersing thermometer measure the temperature of the lower calorimeter every two minutes up to 15 minutes. Then weight the calorimeter and its content.
8. Measure the temperature of the water in the lower calorimeter every two minute up to 15
minutes.
9. Measure the distance between the two surface temperature probes and its diameter. Arrange your results in the table as shown below.
10. Find from the texts the value of the specific heat capacity of the material of the lower
calorimeter.
11. Plot a graph with values of 𝑄 (𝑘𝐽) as ordinates against the corresponding values of 𝑡 (𝑠𝑒𝑐 )
as abscissas, as shown in the fig (2).
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12. Measure the distance between the two surface temperature probes. Arrange your results
as shown below.
𝒕 (𝒎𝒊𝒏)

𝑻 (℃)

𝑻 − 𝑻𝒐

𝚫𝑻 (𝑲)

𝑸 (𝑱)

Calculation:
Calculate the temperature gradient 𝑑𝜃/𝑑𝑥 by taking the average values of ∆𝜃 dividing by ∆𝑥 .
From the graph (2) we find that
𝑠𝑙𝑜𝑝𝑒 =

∆𝑄
∆𝑡

(3)

𝑘𝐽
𝑄

Now from the equations (1), (2) and (3) we find that
𝜆𝐴

𝑑𝜃
= 𝑠𝑙𝑜𝑝𝑒
𝑑𝑥

(4)

𝑠𝑙𝑜𝑝𝑒
𝑑𝜃
𝐴
𝑑𝑥

(5)

𝜆=

or

From which 𝜆 can be calculated.

Notes:

𝑡𝑖𝑚𝑒 (min)

Fig (2)

1. It is important that the temperature of the lower calorimeter should always be at 0℃. Until the equilibrium is reached.
2. It is important that the surface temperature probe should be in a good thermal contact
with the rod under consideration. Use heat conduction paste.
3. Ensure that the upper calorimeter is well filled with water to avoid a drop in temperature
due to contingent refilling with water.
4. It is quit necessary to wait until steady state is obtained before any measurement is taken.
5. We can repeat the experiment for different values of temperature gradient.
6. The worst electrical conductors however are about 1024 times worse than the best since
the only method of change conduction is by free electrons. The worst thermal conductors
are only 103 times worse than the best since there are other mechanisms available.
7. Drude explained that thermal and electrical conductivities are due to free electrons in
metals. He derived the expression:
𝜆
3𝑅2
= 2 2 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑚𝑒𝑡𝑎𝑙𝑠
𝜍𝑇 𝐽𝑁 𝑒

)6(

Where 𝑅 is the universal gas constant, 𝑁 is the number of molecules in one gram molecule 𝐽 is the Joule’s mechanical equivalent of heat and 𝑒 is the charge of the electron.
8. In 1852 Wiedemann and Franz based on experimental results obtained the above relations.
9. It is advisable to prepare hot water to refill the upper calorimeter when the level of the
water drops down due to boiling.

Questions:
1.
2.
3.
4.
5.

Why should we wait until the steady state attained before taking any measurement?
Why the temperature of the lower calorimeter should be kept at 0℃?
Is there any heat reservoir in this experiment if any what are they?
Indicate the most important source of error in this experiment?
Can this procedure be used to determine the thermal conductivity for poor or bad conductor? Why?
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6. Can we use mercury thermometers to measure the temperatures instead of surface probe
temperature?
7. Define thermal conductivity then use dimensional analysis to obtain its unit.
8. What do you learnt about this experiment?
9. Explain why good electrical conductors are also good thermal conductors?
10. Explain what do we mean by external conductivity?
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EX PE RI ME N T 6
D E TE R M I NA TI O N OF T HE T HE RM A L C ON DU CTI V I T Y O F BA D
CO N DUC T O R BY ME T HO D O F LE E S A N D C HA RL TO N (I )
Purpose of experiment:
To determine the thermal conductivity of poor or bad conductor.

Apparatus:
The apparatus is consists of three identical copper discs each with a hole to take a thermocouple
or thermometer bulb, a flat heating coil and thin disc of the specimen under consideration, ammeter, voltmeter, power supply, micrometer, calipers.

Theory:
Substances that do not conduct heat well are called insulators. Among the common insulators are
wood, cork, air, glass and many others.
In industry on every day life, both conductors and insulators are used to help control the transfer
of heat. Conductors are used when it is desired to aid heat in travelling from one place to another. On the other hand insulators are used when it is desired to prevent or retard the movement of heat.
In the case of bad conductors it is necessary to obtain an appreciable quantity of heat flowing per
second through the specimen in a steady state to have (𝑎) a high temperature gradient across the
specimen must be setup and (𝑏) a large area of cross-section must be used. This means in practice
that a thin specimen of large cross-section area must be used in the experiment. Further, the heat
lost per second in the steady state from the sides of the specimen must be very small in which
case the fundamental equation (𝑄/𝑡 = 𝑘𝐴 temperature gradient) can be used for the flow of heat
through the specimen.
C.H. Lees devised several arrangements for measuring
A
thermal conductivities of poor or bad conductors the
one used in this experiment is the best known of
those. Let exposed surface area of the various parts be
B
denoted by 𝑆𝐴 , 𝑆𝐵 , 𝑆𝐶 , and 𝑆𝑥 , and the corresponding
𝑥
temperatures are 𝜃𝐴 , 𝜃𝐵 , 𝜃𝐶 (fig 1), the high conductivC
ity of copper will ensure virtual uniformity of temperature of the copper plates, and the mean temperaFig (1)
ture of the exposed surfaces of the edge of the specimen 𝑥 is taken to be equal to the mean 𝜃𝐵 + 𝜃𝐶 /2.
Let () be the heat-transfer coefficient of the external surfaces that is to say the rate of loss of
heat per unit area per unit degree excess in temperature above the surroundings. The heat loss is
assumed to be proportional to this excess. Then the rate of production of heat in a coil is 𝑊 (𝒾𝑉)
is all accounted for by losses from the various exposed surface so:
𝑊 =  𝜃𝐴 𝑆𝐴 + 𝜃𝐵 𝑆𝐵 +

1
𝜃 + 𝜃𝐶 𝑆𝑥 + 𝜃𝐶 𝑆𝐶
2 𝐵

)1(

Now if (𝑑) is the thickness of the specimen the temperature gradient in it is 𝜃𝐵 − 𝜃𝐶 /𝑑 so that
the flux of heat 𝑄 through it is given by:
𝑄 = 𝜆𝐴

𝜃𝐵 − 𝜃𝐶
𝑑

(2)
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Where (𝐴) is the cross-sectional area and 𝜆 is the thermal conductivity of the material, and all this
heat is lost from the exposed faces of the lower part of the assembly including one-half the area
of (𝑥) in this exposed area so that:
𝜆𝐴(𝜃𝐵 − 𝜃𝐶 )
1
1
=
𝜃𝐵 + 𝜃𝐶 ∙ 𝑆𝑥 + 𝜃𝐶 𝑆𝐶
𝑑
2
2

(3)

Since () can be calculated from equation (1) 𝜆 can be evaluated.

Method
1. Arrange the apparatus as shown in fig (2).
2. Measure the thickness and the diameter of the sample.
3. Insert the sample which is in the form of uniform of
plane sheet under consideration between copper discs
𝐵 and 𝐶 .
4. Connect the heater coil; adjust the current to a suitable value.
5. Wait until the steady state is attained, that is no
changes in the thermometers readings are observed.
Then record the current (𝒾) voltage (𝑉 ) and also record the readings of the three thermometers let be
𝜃𝐴 , 𝜃𝐵 , and 𝜃𝐶 .

A

B

C

Fig (2)

Calculation:
Calculate the area of the copper discs 𝑆𝐴 , 𝑆𝐵 and 𝑆𝐶 and also that of the sample 𝑆𝑥 . Use these values together with the recorded 𝜃𝐴 , 𝜃𝐵 , 𝜃𝐶 and 𝜃𝑥 to evaluate() from the equation:
=

𝒾𝑉
1
𝜃𝐴 𝑆𝐴 + 𝜃𝐵 𝑆𝐵 + 𝜃𝐵 + 𝜃𝐶 𝑆𝑥 + 𝜃𝐶 𝑆𝐶
2

(4)

Now use the value of () so obtained in the equation:
𝜆=

𝑑
1
1
∙
𝜃𝐵 − 𝜃𝑐 ∙ 𝑆𝑥 + 𝜃𝐶 𝑆𝐶
𝐴 𝜃𝐵 − 𝜃𝐶
2
2

(5)

From which (𝜆) to be calculated.

Notes:
1. The thermometer should be in good thermal contact with the copper discs.
2. If it is possible use, calibrated thermo couples instead of thermometers.
3. The samples could be rubber, paper, wood, glass, asbestos, insulation panels or even
rock, of about 10 𝑐𝑚 diameter and a few millimeters thick.
4. It is possible to repeat the experiment with different values of power 𝒾𝑉 starting from low
power and proceed to higher values in steps.
5. Ensure that disc 𝐴 is suspended well away from the table surface.
6. The three thermometers must be identical.

Questions:
1. Can we use this method for finding thermal conductivity of a good conductor? Why? Explain?
2. What is the most important source of error in this experiment?
3. Is it possible to make the disc from other metal rather than copper?
4. It is better to varnish the whole of the apparatus why?
5. What is the temperature dependence of lattice thermal conductivity of solids? Explain?
6. What is phonon? What is its rule in thermal conductivity of solids?
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7. Several properties of solids are due only to anharmonicity in lattice vibration. What is the
effect of this on the thermal conductivity of solids? If any?
8. Is thermal conductivity depend on the direction?
9. Define thermal conductivity; describe the mechanism responsible for the conduction of
heat in a non-solid?
10. What is possible reason for the fact that metals generally have a higher thermal conductivity than non-metals?
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EX PE RI ME N T 7
D E TE R M I NA TI O N OF T HE T HE RM A L C ON DU CTI V I T Y O F BA D
CO N DUC T O R BY M E T HO D O F LE E S A N D C HA RL TO N D I S C (I I )
Purpose of the experiment:
To determine the thermal conductivity of a bad conductor using the Lees and Chorlton disc.

Apparatus:
The apparatus consists of a heavy retort
stand with a clamp and a metal ring from
which is suspended a cylindrical slab 𝐸 of
brass or copper of diameter about 12𝑐𝑚 by
means of threads so that its top surface is
horizontal on this rests the steam chamber 𝑆
the bottom of which is a thick brass or copper block 𝐵 in which a hole is bored for inserting a thermometer 𝑇1 . The tests substance 𝑀 in the form of circular disc is
sandwiched between the block 𝐵 and the
block 𝐶 the later carrying the second thermometer 𝑇2 as shown in fig (1). One thermometer, 0 − 50℃ in 0.2℃ and an other
0 − 100℃ in 0.5℃, stop-watch, micrometer,
and a callipers.

𝑆𝑡𝑒𝑎𝑚
𝑜𝑢𝑡

𝑠𝑎𝑚𝑝𝑙𝑒

𝑆𝑡𝑒𝑎𝑚 𝑐𝑎𝑚𝑏𝑒𝑟

𝑆

𝑆𝑡𝑒𝑎𝑚 𝑖𝑛

𝐵

𝑇1
𝑀

𝐸

𝑇2

𝐿𝑜𝑤𝑒𝑟 𝑑𝑖𝑠𝑐
𝑠𝑡𝑎𝑡𝑖𝑐 𝑒𝑥𝑝.

Fig (1)

Theory:
Most measurements of thermal conductivity are made with the specimen of some simple shape
so that the lines of flow of heat can be predicted and the calculation rendered simple. The heat
flow may take place along a bar through a flat plate or through the walls of a tube. Most measurements are made in the steady state condition with one portion of the specimen kept hot by
electrical or steam heating and an other part cooled usually by stream of water.
The method adopted for a particular specimen is chosen considering the sort of value that the
conductivity may have. Thus for a poor or bad conductor the sample is used in the form of a thin
plate because the flow which could be maintained through a massive specimen across which a
reasonable temperature drop was applied would be too small for accurate assessment.
Let (𝐴) denote the area of cross-section of the tested material (𝑀) and (𝑑) its thickness and let the
thermometers 𝑇1 and 𝑇2 record temperatures 𝜃1 and 𝜃2 in the steady state condition then the heat
transmitted through the slab per second is:
𝑄 = 𝜆𝐴 ∙

𝜃1 − 𝜃2
𝑑

(1)

Where 𝜆 is its thermal conductivity, of the material under the test neglecting the heat by radiation.
In the steady state this rate of flow of heat ( 𝑄) is equal to the rate at which heat is radiated from
the lower surface and the sides of the disc 𝐸 . If (𝑚) is the mass of the disc 𝐸 and 𝑐 is its specific
heat the heat lost per second by the disc 𝐸 by radiation when at a temperature 𝜃2 is:
𝑄 = 𝑚𝑐

𝑑𝜃
𝑑𝑡

𝜃2

(2)
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Where (𝑑𝜃/𝑑𝑡) is the rate of cooling (fig 2) obtained from the cooling curve. Therefore at steady
state:
𝑚𝑐

𝑑𝜃
𝑑𝑡

𝜃2

= 𝜆𝐴 ∙

𝜃1 − 𝜃2
𝑑

(3)

From which 𝜆 can be determined.

𝑀

Method:

𝐸

Get up steam in the steam generator, mean while weigh
the lower brass disc 𝐸 and measure the diameter (𝐷) and
the thickness (𝑑) of the bad conductor. This experiment
is divided in to two parts as follows:

𝑇2

𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑒𝑥𝑝.

Fig (2)

I. The static experiment.
1. Arrange the apparatus as shown in fig (1), the sample under the test is sandwiched between 𝐵 and 𝐸 with the flat surfaces of the discs horizontal.
2. Pass steam into the chamber (𝑆), ensure that the steam generator is filled with water.
3. Wait until the steady state is reached, record the temperatures 𝜃1 and 𝜃2 as indicated by
the thermometers 𝑇1 and 𝑇2 , interchange the thermometer 𝑇1 and 𝑇2 and their temperatures again recorded, when steady.
II. The dynamical experiment:
1. Remove the upper half (𝑆) of the apparatus and also remove the sample 𝑀.
2. Place the steam chamber directly upon the lower disc 𝐸 until
the temperature of the lower disc is raised 10℃ above the re- 𝜃𝐶
𝜃2 𝑆𝑡𝑒𝑎𝑑𝑦 𝑠𝑡𝑎𝑡𝑒
corded steady state temperature (𝑇2 ).
𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
𝑑𝜃
∆𝜃
3. Remove the steam chamber and place back the sample, that
=
𝑑𝑡
∆𝑡
is the bad conductor slab, over the top of lower disc 𝐸 .
𝜃2
2
4. Let the system cool down and record the temperature of
∆𝜃
the thermometer 𝑇2 every one-minute interval until it cool
∆𝑡
down to 10℃ below the steady state record temperature.
5. Plot a cooling curve with values of temperature as ordinates
𝑡 (mint)
and corresponding values of times as abscissa, as shown in
Fig (3)
fig (3).

Calculation:
Equation (3) can be written as:
𝑑𝜃
𝑑𝑡 𝜃2
𝜃1 − 𝜃2
𝑑

4𝑚𝑐
𝜆=

𝜋𝐷2

(4)

Obtain the specific heat capacity (𝑐) of the lower disc (𝐸 ) from tables, then calculate (𝑑𝜃/𝑑𝑡) from
the cooling curve as follows:
𝑑𝜃 Δ𝜃 1
=
×
in ℃/sec
𝑑𝑡
Δt 60

(5)

As all other parameters in equation (4) is known 𝜆 can be determined.

Notes:
1. Ensure that the steam generator is filled with water before starting the static experiment.
2. Dip the bulbs of the thermometers in glycerinee to ensure good thermal contacts.
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3. The fact that a steady state has been reached should be judged by recording the temperatures 𝜃1 and 𝜃2 at regular intervals of time and then noting that these temperatures do not
change with time.
4. The thermometers used must be sensitive up to at least 0.2℃ and identical.
5. A thin disc of the specimen should be employed in this method, because in the derivation
of the related equation it has been assumed that no heat is lost from curved surface of the
specimen.
6. If the sample 𝑀 is not placed over the disc E and the disc E is allowed to cool then the
exposed surface is increased. The equation under such circumstances becomes:
𝜆𝐴

𝜃1 − 𝜃2
𝑑𝜃
= 𝑚𝑐
𝑑
𝑑𝑡

𝜃2

×

𝑟 + 2ℓ
2𝑟 + 2ℓ

(6)

Where r and ℓ refer to radius and the length of the cylindrical disc.
7. Since by Newton’s law of cooling the rate of loss of heat is proportional to the excess
temperature of a body over that of its surroundings, equation (3) can be written as:
𝜆∙

𝜋𝐷2 𝜃1 − 𝜃2
= 𝑐𝑜𝑛𝑠𝑡 𝜃2 − 𝜃𝑜
4
𝑑

(7)

where 𝜃𝑜 is the air temperature.
Hence if for a specimen of another material of thermal conductivity 𝜆′ and thickness 𝑑′
the steady state temperatures are 𝜃1′ and 𝜃2′ a comparison of the thermal conductivities of
the two samples can be determined without the necessity of performing the second part
(cooling curve) of the experiment.
Thus:
𝜆
𝑑 𝜃2 − 𝜃𝑜 𝜃1′ − 𝜃2′
= ′ ′
′
𝜆
𝑑 𝜃2 − 𝜃𝑜 𝜃1 − 𝜃2

(8)

8. To ensure good thermal contact between the discs and the sample smear the faces of the
sample with a very thin layer of petroleum Jelly. Even an air gap as small as 0.01𝑚𝑚 can
cause an error of 25% in the value of .
9. This apparatus can also be used to measure the thermal conductivity of liquids. The disc
sample is replaced by an annulus with thin walls. The liquid is contained in the annulus. It
is important to heat the liquid from the above to reduce the effect of energy transfer
through the liquid by convection.
10. This method would be unsuitable for poor conductor for which 𝜆 ≈ 1𝑊𝑚−1 𝑘 −1 .

Questions:
1. Does any relation exist between thermal and electrical conductivities of metals?
2. What is meant by temperature gradient why does it take some time for the two thermometers to attain steady temperature?
3. What is the difference between lagged and unlagged bars?
4. What is the difference between natural convection and forced convection?
5. What are the processes of transmission of heat?
6. Why do you take a material in the form of a thin disc?
7. Why is the assembly of plates varnished in this apparatus?
8. What do we mean by thermal transmittance in what unit does it measured?
9. Why is steel wool a worse conductor than the steel from which it made?
10. Why does a cube cool quicker than a sphere of the same mass and material under identical conditions?
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EX PE RI ME N T 8
D E TE R M I NA TI O N OF T HE T HE RM A L C ON DU CTI V I T Y O F A S HE E T
O F MA TE RI A L

Purpose of experiment
To determine the thermal conductivity of a poor conductor for material in sheet form.

Apparatus:
Four copper thin discs or sheets, sample under consideration of material in sheet form, Heater,
thermocouple, ammeter, voltmeter, power supply, micrometer, calibrated galvanometer and calipers.

Theory:
The process of conduction of heat involves basically the flow of heat from places of high temperature to those of lower temperature. The actual amount of flow depends jointly on the material of the conductor and on the temperature distribution. The property of the body which determines the heat flow in a standard set of conditions is the thermal conductivity.
Thermal conductivity of bad conductor, in general, may be as low as 1000 times that of good
conductors. So the length of the specimen must be small and its cross-sectional area as large as is
convenient to ensure that energy flow through the specimen at a reasonable rate without having
to provide a large temperature difference. The specimen is therefore of a thin disc (probably circular).
The original form of this apparatus was designed by Lees. Two identical discs are made and a
heater is sandwiched between them (fig 1). Other copper (or brass) are fitted on the outer faces
of the specimens. A thermocouple junction is placed across the sample so that average difference
Δ𝜃 across the specimen can be determined.
The potential difference (𝑉 ) across the heater and the current (𝒾) is adjusted (around 50 𝑊 ) the
rate of supply of energy is then (𝒾𝑉). From the symmetry of the apparatus we can say that half of
this energy passes through each specimen to the outer brass plate to the surrounding air, thus
1
𝑑𝑄/𝑑𝑡 in thermal conductivity equation is 𝑉𝒾 .
2
Using the general experimental equation of conduction:
𝑑𝑄
𝑑𝑇
= −𝜆𝐴
𝑑𝑡
𝑑𝑥

(1)

For our case we can write this equation in the form:
−

𝑑𝑇
1 𝑑𝑄
=
𝑑𝑥 𝜆𝐴 𝑑𝑇

(2)

1 𝑑𝑄
∙
𝜆𝐴 𝑑𝑡

(3)

Integrating this equation we get:
∆𝑇 =

𝑥 − 𝑥𝑜

But ∆𝑇 = 𝑇𝐴 − 𝑇𝐵 and 𝑥 − 𝑥𝑜 = 𝑑 so that in the steady state the rate of heat conducted through one
side equals half the rate of heat developed that is:
𝑑𝑄 1
= 𝒾𝑉
𝑑𝑡 2

(4)

Therefore equation (3) becomes:
𝑇𝐴 − 𝑇𝐵 =

1 1
∙ 𝒾𝑉 𝑑
𝜆𝐴 2

(5)

From which 𝜆 can be calculated.
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Method:
1. Arrange the apparatus as shown in fig (1), where the sample placed in two parts symmetrically about a heater coil.
2. Connect the electrical circuit for heating the coil. Let a current (𝒾) through the coil, record
this current and the voltage across the coil (𝑉 ), which should be constant throughout the
experiment.
3. Wait until the steady stated is reached, read the steady state value of the temperature difference 𝑇𝐴 − 𝑇𝐵 .
4. Measure the thickness of the sample and its diameter.

Calculation:

Thin copper plates

From measured diameter calculate the
cross-section of the sample (𝐴).
Now equation (5) can be written as:

Sample

𝜆=

𝒾𝑉
∙𝑑
2 𝑇𝐴 − 𝑇𝐵 𝐴

From which 𝜆 can be calculated.

Notes:

Thermocouple
B
∆𝜃
A

Heater
(6)

∆𝜃

Fig (1)

1. It is better to start with low 𝒾𝑉 value and proceeds to higher values.
2. Ensure good thermal contact of thermocouple junctions.
3. This method can be used to measure the thermal conductivity of the poor or bad conductors when it is in powder form like (saw, dust, clay chalk, cool dust corks etc...).
4. If another thermocouple measures 𝑇𝐴′ − 𝑇𝐵′ then the left hand side of equation (5) may be
made 𝑇𝐴 − 𝑇𝐵 + 𝑇𝐴′ + 𝑇𝐵′ and the factor (1/2) dropped from the right hand side of the
equation.
5. Care must be taken when measuring the thickness of the sample.
6. This experiment can be adopted for liquids and gases. Arrangements to contain them are
need in which the sides of the container do not conduct heat appreciably or such contribution can be accounted for.
7. The thermal conductivity of a material may be a function of temperature. There it may be
useful to mention the mean temperature 𝑇𝑚 across the test slab. 𝑇𝑚 can be changed by
changing the power (𝒾𝑉) and we may then plot 𝜆 versus 𝑇𝑚 to show the variation if any.
8. It is assume that the faces of the specimen attain the same temperatures as those of the
metal surface with which they are in contact. If the inner faces of the heating and cooling
plate are made in thick copper each may be drilled for insertion of the bulb of a thermometer instead of thermocouple (fig 2).
9. For measurements on building materials this may be
made on a large scale for example the samples may be
complete brick walls the plates all being vertical.
10. Lagging surrounds the edges of the apparatus but not
Fig (2)
over the outer brass plates is advisable.

Questions:
1. Compare the laws governing the conduction of heat and of electricity. Pointing out the
corresponding quantities in each case.
2. Outline an experiment to prove the heat flow corresponding to Ohm’s law in electricity.
3. Define thermal conductivity 𝜆 of a solid and describe an accurate method of measuring 𝜆
for an extremely poor conductor such as expanded polythene.
4. Why is it that most cellular materials such as cotton, wool, felt all have approximately the
same thermal conductivity?
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5. Account as for as you can for the processes involved in the conduction of heat through
solids.
6. Explain why the thermal conductivity of a good solid conductors is usually found using
the material in the form of bar whilst that of bad solid conductors is found using a disc?
7. Give some practical applications of conduction of heat?
8. Explain what is Davy’s safety lamp?
9. In cold countries the windows are provided with double doors. In hot countries also
double door windows are used. Explain?
10. Explain why we can never extract all the internal energy contained in a body.
11. The following is another version of electrically heated Lee's disc apparatus for measuring
air
𝑇1

Insulating side

heaters
Guard rings prevent
heat flow sideways

𝑇1
𝑇2

Specimen

Brass plate

Fig (3)
Thermal conductivity of a bad conductor. Temperatures measured by thermocouples.
The upper disc and guard rings are maintained at the same temperature by separate electrical heaters. The same equation (6) can be used in this version.
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EX PE RI ME N T 9

C O M PARI N G T H E T H E RM AL C O N D U C T I V I T I ES O F T WO
PO O R C O ND U C TO RS
Purpose of the experiment:
To compare the thermal conductivities of two sheets of poor conductors.

Apparatus:
Five copper sheets or thin discs, sheets of
poor conductors to be studied. They must be
identical, an arbitrary thick insulating material,
ammeter, voltmeter, power supply, micrometer, Calipers, two thermocouples, and calibrated galvanometer.

Theory:

Fig (1)

Insulation

E
D

Heater

A

Thermocouple

Sample 1

B

Sample 2

C

The most direct way of measuring or comparing the conductivity of a poor conductor is to employ the specimen in the form of a thin plate as
the filling of a sandwich arrangement between heaters. The rate of flow of heat through each
sample is equal to 𝜆𝐴 times the temperature gradient in the specimen, 𝜆 being the thermal conductivity and 𝐴 being the area of the specimen across which flow takes place.
One of the difficulties in the methods of measuring thermal conductivity of poor conductors lies
in the assessment of the true temperatures of the surfaces of the specimen. To obtain measurable
rates of flow of heat through a poor conductor the temperature gradient has to be rather large
and burying the bulb of a thermometer in a hole in the specimen is in appropriate, because the
temperature is bound to vary appreciably over the region concerned. Two electrical methods of
measuring temperature appropriate to this problem. The one is the thermistor a small bead of
electrically semiconducting material with resistance which varies rapidly with temperature and the
other is the thermocouple which is the junction between wires of two different metals.
In the sandwich method, another trouble arises from the fact that the heat flow is irregular near
the edges of the specimen. Lines of flow of heat are sketched for two examples ( 𝑖) when there is
an appreciable leakage of heat to places outside the system and (𝑖𝑖) when the specimen is nearly as
good an insulator as the lagging. The basic formula 𝜆𝐴 𝜃1 − 𝜃2 /𝑑 for the heat flow is only strictly
valid when the heat flow takes place in straight lines directly through the specimen.
Whatever heat passes through the first sample also passes through the second sample. If 𝑑1 and
𝑑2 are their respective thicknesses then we can write as:
𝑑𝑄
𝑑𝑇
= −𝜆1 𝐴1
𝑑𝑡
𝑑𝑥

Thus:

𝜆1 𝐴1

1

= −𝜆2 𝐴1

𝑑𝑇
𝑑𝑥

Δ𝑇1
Δ𝑇2
= 𝜆2 𝐴 2
d1
d2

2

(1)

(2)

If the samples have the same area 𝐴1 = 𝐴2 then:
𝜆1 Δ𝑇2 𝑑1
=
∙
𝜆2 Δ𝑇1 𝑑2

(3)

If we make the samples of equal thickness then 𝑑1 = 𝑑2 so that:
𝜆1 Δ𝑇2
=
𝜆2 Δ𝑇1

(4)
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Method:
1. Arrange the apparatus as shown in fig (1), place the two given sample sheets of the same
thickness as shown in the figure, place also any arbitrary thick insulating sheet on the
other side.
2. Place the two thermocouples, as shown in fig (1), to read the temperature differences
across the sample (1) and sample (2), that is to read 𝛥𝑇1 and 𝛥𝑇2 as 𝛥𝑇1 = 𝑇𝐴 − 𝑇𝐵 and
𝛥𝑇2 = 𝑇𝐵 − 𝑇𝐶 .
3. Switch the power on in the heather, then wait until steady state is attained that is when
𝛥𝑇1 and 𝛥𝑇2 have reached a steady values record them both.

Calculation:
As the samples are of equal area and equal thickness then use equation ( 4) to compare the conductivities of the two samples, that is:
𝜆1 Δ𝑇2
=
𝜆2 Δ𝑇1

(5)

Notes:
1. This technique neglects the radiation loss from the sides, if one sample is a standard one
(known λ) then the conductivity of the second sample can be calculated.
2. It is worth to repeat the experiment with changing the position of samples that is interchanged.
3. As we can see here there is no need for the power measurement in this case, so it is possible to replace the heater with a current of steam, thus the temperature of sheet 𝐴 becomes fixed at the steam generator and one needs to measure only two temperatures
those of sheet 𝐵 and sheet 𝐶 , so it is possible in this case to use mercury thermometer instead the thermocouples.
4. It is supposed that the faces of specimen attain the same temperatures as those of the
metal surface, with which they are in contact. If the inner faces of the heating and cooling
plates are made in thick copper each may be drilled for the insertion of the bulb of a
thermometer.
5. Most non-metals have appreciably lower thermal conductivities but a notably exception is
carbon which both as diamond and as graphite may attain 0.4 in 𝐶. 𝐺. 𝑆 units in pure
specimen better than most metals.

Questions:
1. Explain the ways be which heat transfer take place, then outline which of these process is
important in this experiment?
2. Write short notes on the equations that are concerned with heat energy?
3. Describe in detail a method of determining the thermal conductivity of cork in the form
of thin sheet?
4. Describe in detail how you would find the thermal conductivity of a piece of card board
in the form of a thin disc. Give reasons for the choice of shape of the specimen used in
the experiment?
5. Describe how you would measure the thermal conductivity of a poor conductor?
6. Describe an apparatus by which the thermal conductivities of different materials can be
compared?
7. Comment on the statement [Not all materials conduct heat equally well]?
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EX PE RI ME N T 1 0
D E TE R M I NA TI O N OF T HE T HE RM A L C ON DU CTI V I T Y O F A BA D
CO N DU C T O R M A TE RI A L I N A P OW DE R F O RM

Purpose of the experiment:
To determine the thermal conductivity of a bad conductor material in a powder form.

Apparatus:

𝐴

The apparatus used in this experiment consists of two
spherical copper shells 𝐴 and 𝐵 of a diameters 15𝑐𝑚
and 5𝑐𝑚 respectively (fig 1), these shells are such that
each can be separated in to two hemispheres and fitted back, an electric heater is placed in side 𝐵, conducting material under consideration, ammeter, voltmeter, power supply, calibrated galvanometer.

𝐵

𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟
𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
𝐶𝑜𝑝𝑝𝑒𝑟
𝑠𝑒𝑙𝑙

𝐻𝑒𝑎𝑡𝑒𝑟

Fig (1)

Theory:

𝐴
A good conductor can, generally, exist either in a solid form like a
metal bars or rods or in powder form. But a bad conductor can
𝐵
exist in a more variety forms, it exists in solid form like a glass,
𝑟1
ebonite and in a powder form like polymers and as wool or cotton 𝜃2
𝜃1
and even a liquid and gases.
𝑟
𝑟2
So this type of method can be adopted to meet a wide variety of
conditions. Radial flow of heat is well suited for determining 𝜆 for
Fig (2)
𝑟 + 𝑑𝑟
substances, which are available in powder form such as sand, as𝜃 + 𝑑𝜃
bestos, clay, cork and charcoal.
Consider two thin spherical shells 𝐴 and 𝐵 of radii 𝑟1 and 𝑟2 respectively. The sample is contained
between the two shells 𝐴 and 𝐵. A heating element is placed at the centere of the shells and heat
is conducted through the specimen from inner to the outer shell, let the temperature of the inner
and outer shells be 𝜃1 and 𝜃2 respectively after the steady state has been reached consider an
imaginary shell of radius 𝑟 and thickness 𝑑𝑟 having temperature 𝜃 and 𝜃 + 𝑑𝜃 on its inner and
outer surfaces respectively (fig 2). The quantity of heat (𝑄𝑜 ) conducted per second through this
shell is given by:
𝑄 = −𝜆𝐴

𝑑𝜃
𝑑𝑟

(1)

𝐴 = 4𝜋𝑟 2
𝑄 = −𝜆 4𝜋𝑟 2

(2)
𝑑𝜃
𝑑𝑟

𝑑𝑟
4𝜋𝜆
=−
𝑑𝜃
𝑟2
𝑄

or

(3)
(4)

Integrating we get:
𝑟2

𝑟1

𝑑𝑟
4𝜋𝜆
=−
2
𝑟
𝑄𝑜

𝜃2

𝑑𝜃

(5)

𝜃1

Page 108

Volume 3: Heat and Thermodynamics

Applied Physics

1 1
4𝜋𝜆 𝜃1 − 𝜃2
−
=
𝑟1 𝑟2
𝑄𝑜

(6)

1 𝑑𝑄
∙
4𝜋𝜆 𝑑𝑡

(7)

This can be written as:
𝜃1 − 𝜃2 =

as

𝑄𝑜 =

1 1
−
𝑟1 𝑟2

𝑑𝑄
𝑑𝑡

(8)

Method:
1. Arrange the experiment as shown in fig (1) pack the given material between shells 𝐴 and
𝐵 , set several thermo junctions at different radial distance from the center including two
on the copper spheres 𝐴 and 𝐵.
2. Switch the power on in the heater. Adjust the current (𝒾) through the heater coil to a suitable value. This should be constant throughout the experiment. Wait until steady state is
established in this case the thermo junctions show steady readings. Record them and deduce the corresponding temperatures. Let 𝜃𝑟 be the temperature at radial distance 𝑟.
∆𝜃𝑟
3. At the steady state record the current (𝒾) through the heater
coil and the voltage (𝑉 ) across it.
4. Plot a graph of values 𝜃𝑟 against the corresponding values
of 1/𝑟 would give a straight line whose slope gives 𝒾V/4πλ
(fig 3).

Calculation:
In a steady state all the power (𝒾𝑉 ) generated by the heater is conducted through the specimen so that:
𝑑𝑄
= 𝒾𝑉
𝑑𝑡

Fig (3)

1/𝑟
(9)

And from equation (7) we see that:
𝜃𝑟 =

1
∙ 𝒾𝑉
4𝜋𝜆

1
𝑟

( 10 )

The slope of the graph gives (𝒾𝑉/4𝜋𝜆) so that:
𝑠𝑙𝑜𝑝𝑒 =

𝒾𝑉
4𝜋𝜆

( 11 )

From which 𝜆 can be calculated.

Notes:
1. Ensure a good thermal contact particular with copper shells.
2. The current through the heater should be constant throughout the experiment.
3. It is possible to use only the temperatures of 𝐴 and 𝐵 to draw a graph and deduce the
value of 𝜆.
4. Repeat the experiment with another value for the power 𝒾𝑉 .
5. Repeat also with the packing dismantled and refilled to see if the manner of packing
makes a substantial difference.
6. This method involves no corrections due to radiations.
7. Packing of the sample is part of the sample specifications for which 𝜆 is being determined
cotton-wool is typical case to examine the effect of packing Hence note (5) is important.
8. This is an example of radial flow of heat.
9. A modification of this arrangement has been used extensively for measurements on gases.
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Questions:
1. Which type of heat conductor is important in every day life a good conductor of heat or a
bad conductor of heat?
2. Why thick brick walls are used in the construction of a cold storage?
3. Woolen clothes have fine pores filled with air. Explain?
4. When a stopper fitted tightly to the bottle is to be removed the neck is gently heated,
then the stopper can be removed easily. Explain?
5. Compare between radial flow of heat and cylindrical flow of heat?
6. Discuss the heat flow through a compound wall?
7. What would be the thermal conductivity of a perfect heat conductor?
8. Discuss the analogy between thermal and electrical conduction?
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EX PE RI ME N T 1 1
D E TE R M I NA T I O N OF T HE T HE RM A L C ON DU CTI V I T Y O F A BA D
CO N DUC T O R BY LE E ’S DI SC ME T H O D ( I )
Purpose of the experiment:
To determine the thermal conductivity of a bad conductor material using Lee’s disc method.

Apparatus:
The apparatus used in the original experiment is shown in fig ( 1). It consists of four identical
copper discs 𝐶1 , 𝐶2 , 𝐶3 and 𝐶4 of about 3𝑐𝑚 thick and 10𝑐𝑚 in diameter. A heater is placed between copper discs 𝐶1 and 𝐶3 . The material under test is taken in the form of two thin discs 𝐷1
and 𝐷2 about 2𝑚𝑚 thick and 10𝑐𝑚 in diameter. Each of them is passed between two copper discs,
𝐷1 between 𝐶1 and 𝐶2 and 𝐷2 between 𝐶3 and 𝐶4 .
The copper discs being a good conductor helps to
𝐶2
𝜃2
have flow normal and it is also serve to measure
𝑇1
𝐷1
conveniently the temperature of he faces of the
𝜃1
experimental disc. The heater coil is arranged at
𝐶1
Thermocouple
the center between the copper discs 𝐶1 and 𝐶3 . The
thermocouples 𝑇1 and 𝑇2 are used to measure the
temperature differences of the two faces of each
𝐶3
of the discs 𝐷1 and 𝐷2 one junction of each, ther𝜃3
mocouple being inserted in a small hole drilled in
𝐷2
𝑇2
the edge of the respective copper disc. The whole
𝜃4
𝐶4
apparatus is kept suspended in a constant temperature enclosure. Ammeter, voltmeter, callipers, miFig (1)
crometer, thermocoupler and power supply.

Theory:
When two parts or portions of a material (bad conductor) are maintained at different temperature
energy is transferred by molecular or atomic collisions from higher to lower temperature. This is
the only mechanism responsible for heat transfer. At the heated end, the atoms gain vibrational
energy and this is passed on to the neighbouring atom by elastic waves. This process of conduction is prominent in the case of solids. Conduction is distinguished from other processes of heat
transfer by the fact that it does not involve the movement of masses of the substance heated. The
phenomenon of heat conduction also shows clearly that the concept of heat and temperature although related are distinctly different. The flow of heat through a rod is not the same thing as the
temperature difference between its ends. Different rods having the same temperature difference
may transfer entirely different quantities of heat in the same time.
The quantity of heat supplied by the heater coil per second is equal to the quantity of heat passing though 𝐷1 and 𝐷2 in the same time and when the steady state is reached this amount of heat is
radiated away almost from the surfaces of the copper discs 𝐶3 and 𝐶4 because radiation from the
edges of 𝐶1 , 𝐶3 , 𝐷1 , and 𝐷2 is almost negligible, using the general experimental equation:
𝑄 = 𝜆𝐴

𝜃1 − 𝜃2
𝑑

(1)

Heat conducted per second through 𝐷1 is:
𝑄𝐷1 = 𝜆𝐴

𝜃1 − 𝜃3
𝑑1

(2)
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And heat conducted per second through 𝐷2 is:
𝑄𝐷2 = 𝜆𝐴

𝜃3 − 𝜃4
𝑑2

(3)

Where (𝑑1 ) and (𝑑2 ) are the thicknesses of 𝐷1 and 𝐷2 respectively and (𝐴) is the area of each of the
discs 𝐷1 and 𝐷2 .
But the quantity of heat supplied by heater coil per second, that is rate of heat is given by:
𝑄 = 𝒾𝑉

(4)

𝜃1 − 𝜃2 𝜃3 − 𝜃4
+
𝑑1
𝑑2

(5)

From equations (2) (3) and (4) we can write.
𝒾𝑉 = 𝜆𝐴

From which 𝜆 can be calculated.

Method:
1. Arrange the apparatus as shown in fig (1), measure the diameter and the thicknesses of
the two identical samples, 𝐷1 and 𝐷2 .
2. Place the two identical samples of the material under consideration between the copper
discs 𝐶1 and 𝐶2 , 𝐶3 and 𝐶4 , ensure a good thermal contacts between the samples and copper discs.
3. Insert the junctions of the thermocouples 𝑇1 and 𝑇2 into their respective holes in the copper discs, ensure a good thermal contact between the junctions and copper discs.
4. Connect the circuit and adjust the current to a suitable value.
5. Wait until the steady state is attained this is indicated by a constant readings of the thermocouples, 𝑇1 and 𝑇2 .
6. As a steady state is reached the values of current (𝒾) through the heater coil and the potential difference (𝑉 ) across it, as well as the temperature difference 𝛥𝜃1 = 𝜃1 − 𝜃2 and
𝛥𝜃2 = 𝜃3 − 𝜃4 as indicated by the thermocouples 𝑇1 and 𝑇2 are recorded.
7. Measure the cross-sectional area (𝐴) of the sample and its thickness 𝑑.

Calculation:
Now as 𝜃1 − 𝜃2 = Δ𝜃1 and 𝜃3 − 𝜃4 = Δ𝜃2 , then equation (5) can be written as:
𝒾𝑉 = 𝜆𝐴
𝜆=

or

Δ𝜃1 Δ𝜃2
+
𝑑1
𝑑2

(6)

𝒾𝑉
𝐴

Δ𝜃1 Δ𝜃2
+
𝑑1
𝑑2

(7)

As all the parameters in the above equation are known 𝜆 can be determined.

Notes:
1. There must be a good thermal contact between copper discs and material samples for this
purpose a thin layer of glycerine is applied to the surfaces in contact as well as for thermocouple junctions.
2. The purpose of sandwiching the sample between two copper discs is to ensure the flow
of heat normal to the faces in the disc. Which being a bad conductor can support an irregular distribution of heat without a big flow of heat in the direction normal to the faces.
3. The bad conductor material could be rubber, glass, ebonite, wood, cork etc.
4. It is possible to use the thermometers in the holes located for thermocouples as far as the
specimen attain the same temperatures as those of metal surfaces with which they are in
contact.
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5. A thin layer of air about 0.01𝑚𝑚 in thickness between the sample and the copper discs
produces a great error in the value of 𝜆 as the thermal conductivity of air is 0.03 𝑊𝑚−1 𝑘 −1 .

Questions:
1. What thickness of copper is required to have the same insulating value as 5 cm of corboard?
2. Explain the uses of a bad heat conductor in our every day life?
3. Why a steady state condition must be satisfied before any measurement is taken?
4. What do we mean by thermal resistance?
5. In measuring the thermal conductivity of a bad conductor, the sample must be in a thin
disc of large cross-sectional area? Why?
6. Is Wiedemann-Franz law apply to non-conductors? Why?
7. What are the main sources of error in this experiment?
8. What do we mean by thermal conductance in what units is measured?
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EX PE RI ME N T 1 2
D E TE R M I NA TI O N OF T HE T HE RM A L C ON DU CTI V I T Y O F A BA D
CO N DU C T O R BY LE E ’S DI SC ME T H O D (I I )
Purpose of the experiment:
To determine the thermal conductivity of a bad conductor by Lee's disc method.

Apparatus:
Hollow metal plate to serve as a cooling plate through which flows a constant current of water,
heater which is consists of a copper case in which a flat element of wire or metal strip wound on
mica like element and is insulated from the case, two 0 − 50℃ thermometers and two 0 − 100℃
thermometers, ammeter, voltmeter, power supply, micrometer, callipers.

Theory:
The following example shows what a great effect a thin layer of a bad conductor may have on
thermal conduction 0.1 𝑚𝑚 of dirt causes as great a temperature fall as 10 𝑐𝑚 of copper. Let us
write the general equation of conductivity as follows:
Heat flow per 𝑚2 per second = conductivity × temperature gradient

This equation shows that if the heat flow is uniform the temperature gradient is inversely proportional to the conductivity. If the conductivity of dirt is 1/1000 that of copper the temperature
gradient in it is 1000 times that in copper, thus 1 𝑚𝑚 of dirt sets up the same temperature fall as
1 𝑚 of copper. In general, terms we express this result by saying that the dirt prevents a good
thermal contact or that it provides a bad one.
The flow of heat can in fact be treated mathematically in this same way as the flow of electricity
we may say that a dirt layer has high thermal resistance and hence causes a great temperature
drop. It is for these reasons that for measuring of the thermal conductivity of a bad conductor
the specimen should be thin and of large cross-sectional area.
The most direct way of measuring the conductivity of a poor conductor is to employ the specimen in the form of thin flat plate as the filling of a sandwich arrangement between a heater and a
cooling plate. At a steady state, the rate of flow of heat is equal to 𝜆𝐴 times temperature gradient
in the specimen, 𝜆 being the required conductivity and 𝐴 being the area of the specimen across
which flow takes place, so:
𝑑𝑄
𝑑𝜃
= 𝜆𝐴
𝑑𝑡
𝑑𝑥

(1)

𝑑𝑄
= 𝑚𝑐Δ𝜃
𝑑𝑡

(2)

𝑚𝑐 𝜃3 − 𝜃4
𝜃1 − 𝜃2
= 𝜆𝐴
𝑡
𝑑

(3)

But:
From equations (1) and (2) we can write:

or

𝜆=

4𝑚𝑐 𝜃3 − 𝜃4 𝑑
𝜋𝐷 2 𝜃1 − 𝜃2 𝑡

(4)

Where 𝑚 is the mass of water collected in (𝑡) time, (𝑐) its specific heat capacity, 𝑑 is the thickness
of the sample, 𝐷 is its diameter, 𝜆 is the thermal conductivity of the material of the sample.
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𝐶𝑜𝑝𝑝𝑒𝑟 𝑝𝑙𝑎𝑡𝑒

𝑆𝑝𝑒𝑐𝑖𝑚𝑒𝑛𝑡

𝜃1

𝑑

𝜃2
𝜃4

𝜃3
𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑝𝑙𝑎𝑡𝑒
𝑊𝑎𝑡𝑒𝑟 𝑜𝑢𝑡

𝑊𝑎𝑡𝑒𝑟 𝑖𝑛

Fig (1)

Method:
1. Arrange the apparatus as shown in fig (1); ensure that the thermometers and the sample are
in good thermal contact.
2. Measure the thickness (𝑑) and the diameter (𝐷) of the sample accurately.
3. Put the sample between heater plates and the cooling plates, ensuring a good thermal contact.
4. Pass a current (𝒾) of a suitable value through the heating coil and note the voltage across it.
5. Let water flow in a constant small rate.
6. Wait until steady state is reached this is indicated by the constant values of the thermometers.
7. At the steady state record the temperature of the thermometer let 𝜃1 , 𝜃2 , 𝜃3 , and 𝜃4 be these
temperatures. Record also the current (𝒾) and the potential difference (𝑉 ).
8. Collect known volumes of water outcome at given time, find the mass of the collected water, repeat this step twice, then find the average of them.

Calculation:
Find the value of specific heat capacity of water from the tables, thus all the parameters in equation (4) are known then 𝜆 can be determined.

Notes:
1. It is important to keep the water flow at a constant rate, and all temperature measurements
should be taken at a steady state.
2. It is possible to use thermocouples instead of thermometers.
3. The sample thickness should be taken very accurately.
4. To ensure a good contact the surfaces of the metal plates and the sample which are to be in
contact are smeared with liquid or with heat conductive paste.
5. Determine the power supplied by the heater from the current (𝒾) and the potential difference (𝑉 ) (𝒾𝑉), compare this value of heat and that given by equation (2), what you conclude.
6. Calculate the thermal conductivity of the sample from the equation:
𝜆=

1
∙ 𝒾𝑉 𝑑
Δ𝜃𝐴

(5)

As 𝛥𝜃 = 𝜃1 − 𝜃2 , compare the value of 𝜆 given by this equation and that given by equation
(4) discuss the result.
7. The chief experimental difficulty is to determine the true drop in temperature between the
faces of the specimen in order to evaluate the temperature gradient. In accurate work, this
is met by the use of electrical thermometers.
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Questions:
1. What is a thermometer, what are the various types of thermometers and their ranges?
2. What is absolute scale of temperature, what other scales of temperature do you know?
3. Describe briefly the mechanism responsible for the conduction of heat in non-metallic
solid?
4. Draw graphs showing the distribution of heat energy (temperature gradient) in a good and
bad conductors?
5. Why boiler plates are made of steel not copper, although copper is about eight times as
good a conductor of heat?
6. In measuring the thermal conductivity of solids two conditions must usually, satisfied what
are they?
7. What do we mean by thermal resistance in what units is measured?
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EX PE RI ME N T 1 3
D E TE R M I NA T I O N OF T HE R M A L C ON D U C TI V I T Y OF A BA D CO NDU CT O R I N T U BU L A R FO R M

Purpose of the experiment:
To determine the thermal conductivity of a glass in form of a tube.
𝜃

Apparatus:
Length of glass tubing about 50𝑐𝑚 long and internal diameter
1𝑐𝑚 surrounded by a jacket through which steam is passed from
a steam generator. A slow stream of cold water from a constant
head device passes along the tube which is tilted slightly to
eliminate air pockets the ends of the tube curries thermometers
in 0.2℃, beaker, stop-clock, meter rule, callipers.

𝑑𝑟
𝜃 + 𝑑𝜃
𝑟
𝑟1

𝑟2

Theory:
The heat flow through the windows of a warm room is practically linear flow, uniform, or laminar flow. Radial heat flow ocFig (1)
curs through metal pipes, which carry hot water as in a domestic
heating system, or through lagging round circular tanks.
Materials such as glass and rubber, which can readily be obtained in tubular form, can be used in
a variety of experiments. The surface temperatures of the glass of the tube are assumed to be (𝑖)
that of the steam and (𝑖𝑖) the mean of the temperatures of the water at entry and at exit and
herein lies one of the weaknesses of the method. The following treatment applies to the thick
tubes. If the wall thickness is small compared with the mean radius of the tube, the tube then can
be considered a thin tube. In that case, the final form of the equation is different.
Consider the heat flow a cross a thin section of length ℓ and bounded by a surfaces of radii 𝑟 and
𝑟 + 𝑑𝑟 if the temperatures at these are 𝜃 and (𝜃 +𝑑𝜃 ) respectively (fig 1) the inward flow of heat
(𝑄) in (𝑡) second is given by:
𝑄 =𝜆∙𝐴∙

𝑑𝜃
∙𝑡
𝑑𝑟

(1)

Where 𝐴 is the surface area = 2𝜋𝑟ℓ
or

𝑑𝑟
= 2𝜋𝜆 ℓ𝑡𝑑𝜃
𝑟

𝑄

(2)

Integrating the above equation between, the limits 𝑟1 and 𝑟2 (internal and external radii of a tube)
for and 𝜃 and 𝜃𝑜 (steam temperature and inside temperature respectively) for 𝜃 we get:
𝑄

𝑟2

(3)

𝑟2
= 2𝜋𝜆ℓ ∙ 𝑡 𝜃 − 𝜃𝑜
𝑟1

(4)

𝑄
𝑟2
∙ log e
2𝜋ℓ ∙ 𝑡 𝜃 − 𝜃𝑜
𝑟1

(5)

𝑄 log e
𝜆=

𝜃

𝑑𝜃

𝑟1

or

𝑑𝑟
= 2𝜋𝜆ℓ ∙ 𝑡
𝑟

𝜃𝑜

Now if a mass (𝑚) of water enters at a temperature of 𝜃1 and emerges at 𝜃2 in (𝑡) seconds then:
𝑄 = 𝑚𝑐 𝜃2 − 𝜃1

(6)
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Therefore we can write:
𝜆=

𝑚𝑐 𝜃2 − 𝜃1
𝑟2
∙ log e
2𝜋ℓ ∙ 𝑡 𝜃 − 𝜃𝑜
𝑟1

(7)

𝜃1 + 𝜃2
2

(8)

Where 𝜃𝑜 obviously is given by (fig 2):
𝜃𝑜 =

Were (𝑐) is the specific heat capacity of water.

𝑟1

Method:

𝑟2

𝜃1 + 𝜃2

2
1. Set up the apparatus as shown in fig (3), and pass a
steady current of steam from the steam generator into
𝜃𝑜
the steam Jacket to heat the outer surface of glass. Keep
Radial flow
the glass tube inclined so that the exist end is at higher
of heat
level than the inlet end.
𝜃
2. Allow a steady stream of water to flow past the tube spi100 ℃
rally, adjust the flow to give an appreciably difference of
Fig (2)
temperature between the thermometers 𝑇1 and 𝑇2 , in the
steady state.
3. Wait until the steady state is reached that is when the temperature difference becomes
constant. Record the temperature of the thermometers 𝑇1 and 𝑇2 let these be 𝜃1 and 𝜃2 respectively.
4. In a steady state collect in a graduated beaker a quantity of water in a given time (𝑡).
5. Measure the length of the tube (ℓ) exposed to steam, measure also the external and internal diameter of the tube in a number of places.

Water out
𝑆𝑡𝑒𝑎𝑚

in

Glass tube

A

L

Jacket

𝑇2

𝑇1

Steam out
water
in
Fig (3)
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Calculation:
Determine the rate of flow of water by weighing the quantity of water (𝑚) emerging in measured
time (𝑡), obtain the temperature of steam (𝜃) from the tables by knowing the barometric high or
by direct measurement.
Then apply equation (7) to determine 𝜆.

Notes:
1. There are two reasons for making the tube inclined, firstly the tube will not be empty at
any time and secondly any air evolved from the water owing to its rise in temperature is
easily swept out.
2. It is worth to interchange the thermometers 𝑇1 and 𝑇2 in a steady state and any difference
should be noted.
3. The water should traverse the tube spirally to achieve this piece of thick twisted wide is
often placed along the tube to mix the water flowing though it.
4. To determine the mean interval radius 𝑟1 , fit a cork tightly at one end of the tube and
clam it vertically. From the burette fill a known volume of water into the tube let this
volume be 𝑉 . Measure the height of water column in the tube, let it be  , then
𝜋𝑟12  = 𝑉

(9)

𝑉
𝜋

( 10 )

𝑟1 =

5. The rate of flow of water should be low but continuous so as to get a measurable difference of temperature.
6. Water should be made to flow from a constant level arrangement and not directly from
the tap.
7. The length of the tube exposed to steam should be measured and used in calculation.
8. For thin tube expression (7) reduce to:
𝜆𝜋 𝑟1 + 𝑟2 ℓ

or

𝜆=

𝜃 − 𝜃𝑜
= 𝑚𝑐 𝜃2 − 𝜃1
𝑟2 − 𝑟1

𝑚𝑐 𝜃2 − 𝜃1 𝑟2 − 𝑟1
𝜋 𝑟1 + 𝑟2 ℓ 𝜃 − 𝜃𝑜

) 11 (

) 12 (

Questions:
1.
2.
3.
4.

Why the cooling water should be taken from a constant level arrangement?
Why should water be made to traverse the tube spirally?
Why should the rate of flow of water be low?
When is steady state achieved? How would you verify that the steady state has been attained?
5. How do you determine the mean internal radius?
6. What length of the tube should be measured for the calculation of 𝜆 and why?
7. Can this method be employed for determining 𝜆 of rubber in the form of a tube?
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EX PE RI ME N T 1 4
D E TE R M I NA TI O N OF T HE R M A L C ON D U C TI V I T Y OF RU BBE R

Purpose of the experiment:
To determine the thermal conductivity of rubber tubing.

Apparatus:
Rubber tubing a bout 40𝑐𝑚 long, thermometer 0 − 50℃ in 0.1℃, steam generator, calorimeter of
large capacity, stop-watch, balance, weight box, ice, beaker, drilled wooden cover with insulation,
callipers.

Theory:
When the water and calorimeter are at the same temperature as the
room (𝜃𝑜 ) no heat is gained or lost by them from or to the surroundings.
Thus the quantity of heat flowing per second (𝑄/𝑡 ) through the rubber
tube when immersed in the water is equal to the heat per second gained
by the water and calorimeter at the temperature (𝜃𝑜 ).
Let a length (ℓ) of rubber tubing of uniform wall thickness be immersed
in a weighed amount of water contained in calorimeter, and let a steady
stream of steam be allowed to pass through the rubber tubing for a time
(𝑡). If 𝜃1 and 𝜃2 are temperatures of the inside and outside surfaces of
the rubber tubing (fig 1). The amount of heat (𝑄) passed on to the calorimeter and its contents from the inside of the tube is given by:
𝑄=𝜆

2𝜋ℓ 𝜃1 − 𝜃2 𝑡
𝑟
log e 2
𝑟1

𝜃2
𝜃1

Fig (1)

(1)

Where 𝑟1 and 𝑟1 are internal and external radii of the rubber tubing and 𝜆 its thermal conductivity
of the rubber. If 𝜃3 and 𝜃4 are the initial and final temperatures of the calorimeter and its contents, the amount of heat absorbed by them is given by:
𝑄 = 𝑚𝑜 𝑐𝑜 + 𝑚𝑐 𝜃4 − 𝜃3

(2)

Where (𝑚𝑜 ) is the mass of calorimeter and (𝑐𝑜 ) its specific heat capacity and (𝑚) is the mass of
water and (𝑐) its specific heat capacity. Hence from the above two equations we get:
𝑚𝑜 𝑐𝑜 + 𝑚𝑐 𝜃4 − 𝜃3 = 𝜆 ∙
𝜃1

2𝜋ℓ 𝜃1 − 𝜃2 𝑡
𝑟
log e 2
𝑟1

(3)

is equal to the temperature of steam and 𝜃2 may given by:
𝜃2 =

𝜃3 + 𝜃4
2

(4)

From equation (3) 𝜆 can be determined.
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Method:

𝑟𝑢𝑏𝑒𝑟

𝑡𝑒𝑟𝑚𝑜.

1. Set up the apparatus as shown in fig (2), then
𝑡𝑢𝑏𝑖𝑛𝑔
weigh the calorimeter empty let be 𝑚𝑜 .
𝑆𝑡𝑒𝑎𝑚
𝑆𝑡𝑒𝑎𝑚
2. Fill the calorimeter to about two-thirds of it with
𝑤𝑜𝑜𝑑
water and add sufficient ice to cool the water
some 10℃ below the room temperature, and then
reweigh the calorimeter with water.
𝐶𝑎𝑙𝑜𝑟𝑖𝑚.
3. Coil a large length of rubber tubing and immerse
into the water contained in the calorimeter. Tie
𝑤𝑎𝑡𝑒𝑟
two cotton threads round the rubber tubing on
where it enters the water and the other where it
leaves the water in the calorimeter.
Fig (2)
4. Remove all ice if any from the calorimeter record
the initial temperature of water; next connect one
𝜃℃
end of the rubber tubing to the steam generator.
𝑃
5. Pass steam through the rubber tube immersed in
the water, and take the temperature of the water
𝜃𝑜
every half minutes, stirring well until its temperature rises about 10℃ above room temperature.
Record the final temperature of the water.
𝑀
𝑁
6. Measure the length of rubber tubing between the
cotton loops and determine the internal and ex0
𝑡𝑖𝑚𝑒
ternal diameters of the tubing with callipers.
𝑖𝑛 𝑚𝑖𝑛𝑢𝑡𝑒
7. Plot a graph of the values of temperature of the
Fig (3)
water against the corresponding values of time.
Draw a tangent to the curve at room temperature 𝜃𝑜 (fig 3).

Calculation:
Rewriting equation (3) as:
2𝜋ℓ 𝜃1 −
𝜆∙

log e

𝜃3 + 𝜃4
2
𝑟2
𝑟1

= 𝑚𝑜 𝑐𝑜 + 𝑚𝑐 ∙

𝑑𝜃
𝑑𝑡

(5)

= 𝑚𝑜 𝑐𝑜 + 𝑚𝑐 ∙

𝑠𝑙𝑜𝑝𝑒
60

(6)

But 𝑑𝜃/𝑑𝑡 is the slope of the curve so that:
2𝜋ℓ 𝜃1 −
𝜆∙

log e

𝜆=

or

𝜃3 + 𝜃4
2
𝑟2
𝑟1

𝑚𝑜 𝑐𝑜 + 𝑚𝑐 ∙ 𝑠𝑙𝑜𝑝𝑒 ∙ log e
2𝜋ℓ × 60 × 𝜃1 −

𝜃3 + 𝜃4
2

𝑟2
𝑟1

(7)

From which 𝜆 can be calculated.

Notes:
1. It necessary that the temperature of the water in the calorimeter should be at least 10℃ below the room temperature at the starting point this avoids us from the error due to cooling.
2. The calorimeter should be of large capacity so that a large length of the rubber tubing may
be placed in it.
3. The rubber tubing should be of uniform thickness.
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4. The steam should be passed through the tubing for such a time as to raise the temperature
of water by at least 15℃ above room temperature.
5. The internal and external diameters of the rubber tubing should be measured carefully and
very accurately with callipers.
6. The cotton loops tied round the tubing should be kept touching the free surface of water
in the calorimeter.
7. When the tube is thin so that 𝑟1 and 𝑟2 are only slightly different we have as a first approximation:
log

𝑟2
𝑟2 − 𝑟1
=2
𝑟1
𝑟1 + 𝑟2

(8)

Questions:
1. Why the calorimeter should be of large capacity?
2. What happens if the rubber tubing is not of uniform thickness?
3. Why should the initial temperature of water be 10℃ below room temperature and the final
temperature should be 10℃ above room temperature?
4. Is there any other method for determining the thermal conductivity of rubber tubing?
5. What precaution do you take in this experiment?
6. What is the mechanism responsible for heat conduction in the rubber?
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EX PE RI ME N T 1 5
T HE RM A L C ON D U C TI V I TY OF A G L A S S
Purpose of the experiment:
To determine the thermal conductivity of glass by a simple method.

Apparatus:
Test tube with stopper, large vessel, thermometer, stirrer, ice, water, heater, beaker, Vernier Calliper.
𝑇𝑒𝑟𝑚𝑜𝑚𝑒𝑡𝑒𝑟

Theory:
Heat is one of the most common forms of energy. Every object that
we see or feel possesses heat energy; we are often concerned with
heat and its flow. Some times we want to get it from one place to another. In other cases we want to prevent the flow of heat. In the first
problem we are confronted with the fact that there is no perfect conductor of heat. In the second problem that of heat storage is complicated by the fact that there is no perfect heat insulators. In order to
utilize heat to best advantages it is necessary to know the laws that
concern heat transfer. The amount of heat flows (𝑄) through any
body by conduction depends upon the time (𝑡) of flow, the area
through which it flows (𝐴) the temperature gradient (∆𝑇/∆𝐿) and the
kind of material. Stated as an equation we have:
𝑄 = 𝜆𝐴𝑡

∆𝑇
∆𝐿

𝑎𝑏𝑜𝑢𝑡
1 𝑐𝑚.

Stirrer
Warm water
Stirrer

𝒊𝒄𝒆𝒅
𝒘𝒂𝒕𝒆𝒓

Fig (1)
(1)

Where 𝜆 is the thermal conductivity of the material under consideration.
Quantities of heat can be transferred from point to point in three different ways. They are conduction, convection and radiation. If an iron rod is heated at one end, the other end soon becomes warm although there is no movement of iron particles from one end of the rod to the
other. The heat is passed from one point in the rod to the next at lower temperature and it is said
to be transferred by conduction. This process occurs in matter in any of its three states. The
amount of heat transferred through a liquid or gas by conduction is much smaller than the
amount transferred by convection.
Conduction is distinguished from convection by the fact that it does not involve the movement
of masses of the substance heated.
Lattice vibration
The actual amount of flow depends jointly on the material and
on the temperature distribution. The property of the body
which determines the heat flow in a standard set of conditions
is thermal conductivity. From the kinetic theory of view at the
hot end, the molecules become more energetic. The amplitudes
of the oscillations then increase (fig 2). The vibrating molecules
in the next section more than before and give them additional
Heat flow
energy. The increased amplitude of oscillation then affects
molecules in the neighbouring section and so on. Thus thermal
Fig (2)
energy is transferred from one section of the metal to the next
until the other end is reached.
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In this experiment the test tube the material of which is under consideration is contain hot water,
surrounded by ice mixture, therefore the temperature of the water is falls down with time, the
equation relating temperature (𝜃) and time (𝑡) is given by:
𝑙𝑜𝑔10

𝜃𝑜
𝜆𝑡
=
𝜃
𝐵𝑟𝑥

)2(

Where 𝜃 and 𝜃𝑜 are respectively the temperature at time (𝑡) and starting temperature in ℃, 𝜆 is the
thermal conductivity of the glass, 𝑟 is the inner radius of the tube, 𝑥 is the thickness of the glass,
and 𝐵 is a constant equal to
𝐵 = 4.64 × 106 𝐽𝑚−3 𝑘 −1

Thus from a graph of log

𝜃𝑜
𝜃

against time (𝑡), the value of 𝜆 can be determined from equation (1).

Method:
1. Arrange the apparatus as shown in fig (1). Measure the temperature θ1 of the iced water
in the large vessel.
2. Pour warm water into the test tube until the level inside log 𝜃𝑜
𝜃
the tube is about 1cm below the level of the iced water.
3. When the temperature of the warm water reaches 20℃
𝐶
start reading temperature and time, keeping the liquids
well stirred through.
4. Continue taking readings until the temperature falls to
about 3℃.
𝐴
𝐵
5. Plot a graph of the values of log(θo /θ) as ordinates
0
𝑡
against the corresponding values of time (t) as abscissa,
Fig (3)
then find the slope of this graph.
6. Measure the inner and outer diameters of the test tube to find (r) and (x).

Calculation:
The graph of log

𝜃𝑜
𝜃

against the time (𝑡) should be a straight line fig (3) whose slope is given by:
𝑆𝑙𝑜𝑝𝑒 =

𝑆𝑙𝑜𝑝𝑒 =

𝐵𝐶
𝐴𝐵
𝑙𝑜𝑔
𝑡

)3(
𝜃𝑜
𝜃

)4(

Then from equation (2) we have
𝐵𝐶
𝜆
=
𝐴𝐵
𝐵𝑟𝑥

)5(

From which
𝜆=

𝐵𝐶
𝐵𝑟𝑥
𝐴𝐵

)6(

From which 𝜆 can be determined.

Notes:
1. At ordinary temperatures metals as a class have the highest conductivities, the best being
Silver with value of 418 wm−1 k −1 Copper 380 wm−1 k −1 gold and Aluminium 210 wm−1 k −1 ,
Iron is appreciably poorer 73 wm−1 k −1 , Bismuth is one of the poorest of metals.
2. Most non-metals have appreciably lower conductivities but a notable exception is carbon
which both as diamond and as graphite may attain 130 wm−1 k −1 in pure specimens, better
than most metals. Various forms of glass have values from 0.001 to 0.0025. Porous, fiPage 124
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brous and granular materials have values ranging down almost to that of air which is
0.00006, for example granulated cork may have a value as low as 0.0001.
Liquids commonly fall in the range 0.0003 − 0.0006, but water is appreciably higher 0.0015
but mercury still higher 0.015.
Thermal conductivities usually vary only slowly with moderate changes in temperature
mostly falling as the temperature rises for solids and liquids but the conductivity of gas
rises with increasing temperature. The best value for any gas at room temperature is that
for hydrogen (0.0004) and helium (0.0003).
The foundation of the subject of conduction was laid early in the nineteenth century by
the French mathematician and physicist Jean Baptiste Joseph Fourier (1768 − 1830) who
by experiment and reasoning hit upon the idea of thermal conductivity and invented a
most powerful mathematical method of solving problems published in 1822.
His work was not only important for its own sake but it also inspired the German George
Simon ohm to apply a similar ideas to the flow of electricity and hence to the discovery of
Ohm’s law.
It is quite important to stir the water continuously during the experiment.

Questions:
1. Comment on the following equations:
𝑑𝑄
𝑇𝐻 − 𝑇𝐶
= 𝜆𝐴
𝑑𝑡
𝐿

(7)

𝐻 = 𝐴𝑒𝜍𝑇 4

(8)

𝐻 = 𝐴𝑒𝜍 𝑇 4 − 𝑇𝑠4

(9)

𝐻=

2. In which process the heat transfer is greater? Explain?
A
A

TH

TC

L

TH

A

A

TC

2L

3. A student asserts that a suitable unit for specific heat capacity is 1𝑚2 /𝑠 2 ∙ ℃. Is he/she
correct? Why or why not?
4. A cold block of metal feels colder than a block of wood at the same temperature? Why?
5. A hot block of metal feels hotter than a block of wood at the same temperature? Again
why? Is there any temperature at which the two blocks feel equally hot or cold? What
temperature is this?
6. Is this statement correct or not? Explain?
[The temperature of a body measures how much heat the body contains]
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E XPE RI ME NT 1 6
T HE RM A L C ON D U CTI V I TY OF A L I QU I D
Purpose of the experiment:
To determine the thermal conductivity of a liquid.

Apparatus:
The apparatus used in this experiment is shown in the figure; it is due to Lee’s. It is consists of
four uniform copper discs of the same thickness and diameter 𝐴, 𝐵, 𝐶 and 𝐷 setup horizontally
with a heating coil between 𝐴 and 𝐵 a glass slab 𝐺 between 𝐵 and 𝐶 and the liquid 𝐿 is in an ebonite ring 𝐸 between 𝐶 and 𝐷. Four thermometers (or thermocouples) are inserted between plates 𝐵,
𝐸 and 𝐷 as shown in the fig (1), Vernier callipers, liquid under consideration, power supply, micrometer.

Theory:
The conduction processes in liquids (fluids) somewhat different from those of metals, because
the molecules are more mobile. If one part of a liquid is heated the molecules acquire higher average velocities and as they move outwards into the cooler parts of the medium they carry with
them a higher average amount of energy. By collisions, the excess energy becomes transferred to
other molecules and as there may move off in other directions and some may even travel back
wards the heated region the diffusion of thermal energy in this way from hot to cold places is not
so very rapid. This is one reason that liquids are not as good thermal conductors as metals. Usually the best way of measuring the thermal conductivity of a poor conductor is to use the specimen in the form of a thin flat plate as filling of sandwich arrangement between a heater and a
cooling plate. Because the flow which could be maintained through a massive sample across
which a reasonable temperature gradient was applied would be too small for accurate measurement.
A part from mercury, liquids are usually bad conductors of heat. In determining the thermal conductivity of a liquid the main precaution is to ensure
𝐴
that no convection can take place as this would spoil the
𝐻
𝐶𝑢
experiment as a whole.
𝐵
To overcome this difficulty heat should flow from the 𝑇1
upper surface to the lower surface of the liquid Lees 𝑇2
𝐺
designed an apparatus for the determining the thermal
𝐶
𝑇3
conductivity of a liquid which is shown in fig (1). The
𝐶𝑢
E 𝐿
E
molecules of a liquid are mobile. They move about and 𝑇4
𝐷
constantly exchange neighbours, at the same time they
𝑟1
𝑙𝑖𝑞𝑢𝑖𝑑
vibrate. If we could freeze the movement of the mole𝑟
cules at an instant their average distance apart would be
2
about the same as that of solids. When the liquid is
heated their amplitude of vibration increases and move
through a greater distances. Neighbouring molecules are
𝑑1
therefore jostled more than before and thus they acquire
more energy. This goes on all the way through the liq𝑒𝑏𝑜𝑛𝑖𝑡𝑒 𝑟𝑖𝑛𝑔.
uid. Consequently energy or heat is transferred.
Suppose a steady current of 𝐼 amperes is passed through
the heater coil after the steady state is reached the temFig (1)
perature shown by the thermometers are noted, let
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those temperature respectively be 𝜃1 , 𝜃2 , 𝜃3 and 𝜃4 . Now heat (𝑄) flowing per second through the
glass plate is given by:
𝑄=

𝜆𝐴 𝜃1 − 𝜃2
𝑑

)1(

The heat (𝑄1 ) flowing per second through the liquid and the ebonite ring is given by:
𝑄1 =

𝜆1 𝐴1 𝜃3 − 𝜃4
𝜆2 𝐴2 𝜃3 − 𝜃4
+
𝑑1
𝑑1

)2(

If no heat is lost then we can write:
𝜆𝐴 𝜃1 − 𝜃2
𝜆1 𝐴1 𝜃3 − 𝜃4
𝜆2 𝐴2 𝜃3 − 𝜃4
=
+
𝑑
𝑑1
𝑑1

)3(

Where 𝐴, 𝑑 and 𝜆 are respectively the cross-sectional areas, thickness and thermal conductivities
of glass plate, liquid and ebonite. Knowing the thermal conductivity of ebonite (𝜆2 ) and glass (𝜆)
the thermal conductivity of a liquid (𝜆1 ) can be determined.

Method:
1. Arrange the apparatus as shown in fig (1). Measure the diameter of the glass plate, and ebonite ring in order to calculate the area of glass plate A, ebonite A2 and the liquid A1 also measure the thickness of the glass plate d, ebonite and liquid d1 .
2. Pass a current of about 2 or 3 amperes through the heater. Wait until the steady state is
reached this indicated by constant values of the thermometers. Record these values (θ1 , θ2 ,
θ3 and θ4 ).
3. Remove the liquid from the ebonite ring, dry and clean the ring.
4. Repeat step (2) and record the new values of the thermometers at the steady state let these
temperature be θ1′ , θ′2 , θ′3 and θ′4 .
5. Obtain from the tables the thermal conductivity of the glass plate.

Calculation:
Determine first the thermal conductivity of the ebonite ring from the equation.
𝜆𝐴 𝜃1′ − 𝜃2′
𝜆2 𝐴2 𝜃3′ − 𝜃4′
=
𝑑
𝑑1

)4(

From which 𝜆2 can be calculated. Using this value of 𝜆2 with equation (3) we can determine the
thermal conductivity (𝜆1 ) for the given liquid.

Notes:
1. There is a small error in 𝜆 due to the heat loss by the sides of the discs A, B, C and D.
2. The area of the ebonite ring can be calculated from the relation.
A2 = π r12 − r22

)5(

Where r1 and r2 are the inner and outer radii of the ring.
3. Thermal conductivity of water at 10℃ and 80℃ respectively are 0.62 wm−1 k −1 and
0.67 wm−1 k −1 and for ebonite is 0.17 wm−1 k −1 .
4. This method can be used for other liquids than the water such as Alcohol, Glycerine, Olive
oil, Paraffin oil.
5. Great care should be taken to exclude air bubbles from the liquid.
6. It is possible to heat up the liquid by means of steam chamber rather than by electric current.
7. Thermocouple should be used instead of thermometer or thermistor.
8. In this experiment there is a problem arises from the fact that the heat flow is irregular near
the edges of the specimen. Since the basic formula for the heat flow (eq. 1) is only strictly
valid when the heat flow takes place in a straight lines directly through the specimen.
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Questions:
1. Describe a method of comparing the thermal conductivity of two metals?
2. Discuss the analogy between the flow of heat through a perfectly lagged conductor of uniform cross-sectional area and the flow of electricity through a uniform wire.
3. Outline the basic principles of the methods used to find the thermal conductivity of solids.
4. Why should we take the measurement in thermal conductivity measurements only at the
steady state?
5. State precisely what you understand by the thermal conductivity of a substance. Discuss the
difficulties involved in measuring the thermal conductivity of a liquid and indicate how they
overcome?
6. Explain the common feature which results in wool, fur and feathers being poor conductors
of heat?
7. Describe with the aid of a diagram an experiment which you could perform to determine
which of the metals was the better conductor of heat?
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EX PE RI ME N T 1 7
D E TE R M I NA TI O N OF T HE R M A L C ON D U C TI V I TI E S O F G A S E S

Purpose of the experiment:

S

To determine the thermal conductivity of air.

Apparatus:
The apparatus, as shown in fig (1), consists of three polished plates 𝐷, 𝐵, 𝐶 which made of copper and silver plated
and is cooled by a stream of water so that its temperature
remain constant, 𝐵 is heated electrically by a coil inside it
and is surrounded by a ring 𝐺 similarly heated, 𝐷 is also
heated electrically and has an insulator 𝑆 above it. The temperatures of 𝐵 and 𝐶 are recorded by means of thermocouple properly mounted. Ammeter, voltmeter, power supply,
thermocouples or temperature probe.

Theory:

D

G
gas

B
C

Water

G
ℓ

Fig (1)

The most effective way of passing energy through a liquid or gas is by convection, therefore gases
are very poor conductors of heat, for example the thermal conductivity of air is about
0.03 𝑊 𝑚−1 𝐾 −1 on this account the film of gases on the under side of boiler reduces considerably
the temperature immediately underneath the boiler. It is a common practice to smear some convenient liquid over any surfaces that should be in good contact; particularly in measurements of
conductivity were air films should be avoided. The liquid replaces air in minute crevices of the
surface. Even although the liquids which it is convenient to use are not very good conductors
they are preferable to air.
Gases transfer heat by direct collisions between molecules and as would be expected their thermal conductivity is low compared to most solids since they are dilute media. Since planes 𝐵 and 𝐷
are at the same temperature there is no convection between them. Further as 𝐵 is at a higher
temperature than 𝐶 there is no convection between 𝐵 and 𝐶 . There is no radiation between 𝐵 and
𝐷 since they are at the same temperature and the radiation between 𝐵 and 𝐶 is small since the
plates are silver-plated. No conduction takes place between 𝐷, 𝐵 and 𝐺 , 𝐵 since they are at the
same temperature, and the heat flows downward from 𝐵 to 𝐶 the guard ring 𝐺 ensuring that the
flow of heat is perpendicular to 𝐵 and 𝐶 . The rate of heat supplied to 𝐵 and the temperatures of 𝐵
and 𝐶 are known and since the rate of heat is:
𝑄
𝜃1 − 𝜃2
= 𝜆𝐴
𝑡
ℓ

(1)

Where (ℓ) is the distance between plates 𝐵 and 𝐶 and (𝐴) is the area of 𝐵. The rate of heat supplied to 𝐵 can be calculated from the current (𝒾) through its coil and the potential difference (𝑉 )
across it so that:
𝑑𝑄
= 𝒾𝑉
𝑑𝑡

(2)

At the steady state we can write,
𝒾𝑉 = 𝜆𝐴

𝜃1 − 𝜃2
ℓ

(3)
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𝜆=

𝒾𝑉 × ℓ
𝐴∆𝜃

(4)

Where ∆𝜃 = 𝜃1 − 𝜃2 .

Method:
1. Arrange the apparatus as shown in fig (1) fixe thermocouples or temperature probes to the
plates C, D, G and B in order to measure their temperatures.
2. Measure the area (A) of the plate B, and the distance (ℓ) between plates B and C.
3. Adjust the water strum to a steady state.
4. Let the currents 𝒾1 , 𝒾2 and 𝒾3 to flow through the coils in plates D, G and B. Adjust the values
of these currents in order to keep the temperatures of these plates constant and equal.
5. Wait until the steady state is attained then record the value of current in the coil in plate B
and the potential difference across it. Also record the temperatures of plate B and plate C.

Calculation:
After knowing the values of all variables in equation (4) we can determine the value of the thermal conductivity of the gas under consideration at that temperature.

Notes:
1. The thermal conductivity of a gas rises with increasing temperature. The best value for any
gas at room temperature is that for hydrogen (0.0004) and helium (0.0003) in C.G.S units.
2. Glycerinee, which is normally, is used to avoid air films in measurements of conductivity of
its adhesion and viscosity (so that it does not readily run out) and low volatility has conductivity about twelve times that of air.
3. This is basically the arrangement of Hercus and Luby for measuring the conductivity of air.
4. It is advisable to make the resistance of the coils in plates D, G and B equal. In that case the
control of temperatures in these plates easy through the control of the currents.
5. It is important to adjust the flow of water at constant rate throught the experiment.
6. It is significance to control the currents in the coils to a steady state throught the experiment.
7. Thermal conductivity of gases can also be represented by the equation:
25𝜋𝐶𝑉 𝑘𝑇
𝜆=
32𝑁𝐴 𝜋𝑚

1
2

1
𝜋𝑑 2

(5)

Where NA is Avogadro's number, CV is the constant volume molar-heat capacity of the gas m
is the mass of the gas molecule and d is the molecular diameter.
8. Light gases such as hydrogen and helium typically have high thermal conductivity. Dense
gases such as xenon and difluoromethan have low thermal conductivity. An exception sulphur hexafluoride a dense gas has a relatively high thermal conductivity due to its high heat
capacity. Argon a gas denser than air is often used in insulated glazing (double pared windows) to improve their insulation characteristics.

Questions:
1.
2.
3.
4.

How the conduction through the convection and radiation are eliminated in this experiment?
What is the mechanism responsible for heat conduction in gases?
Why thermal conductivity of gases increase with increasing the temperature?
What difficulties arise in experimental methods of measuring thermal conductivity of a gas?
Then state how these difficulties are overcome?
5. Explain the guard-ring method for calculating thermal conductivity. For what material this
method is useful?
6. Is this method can be used for a mixture of gases?
7. What do mean by heat transfer coefficient, in what units does it measured?
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EX PE RI ME N T 1 8
TE M PE RA TU RE D E PE N DE NCE O F THE T HE R M A L C ON D U C TI V I T Y
OF ME T ALS

Purpose of the experiment:
To study the temperature dependence of thermal conductivity of metals.

Apparatus:
Metal under consideration (Aluminium for example) in the form of a rod about 20𝑐𝑚 length 2𝑐𝑚
in diameter, powered electrically at one end, two identical digital thermocouples, copper leads,
power supply DC ammeter, DC voltmeter and stand.

Theory:
Metals are good conductors of heat and electricity. The reason is that metals possess free electrons inside it. At absolute zero these electrons are bound to individual atoms in the outer shell,
when the metal is supplied with energy to raise its temperature above absolute zero the outer
electrons of each atom break free as the atoms vibrates. Therefore any metal above absolute zero
contains, a large number of free electrons moving about inside the metal in random manner. Free
electrons collide with one another and with the atoms of the metal as they move about. When a
metal is heated at one end the atoms in the heated part vibrate more. Free electrons colliding with
these atoms gain kinetic energy so the free electrons in the heated part move about faster. These
high-speed free electrons collide with other free electrons from the colder part causing transfer of
kinetic energy to other electrons. This other electron rebounds with extra kinetic energy and in
turn may only travel a short distance before colliding and giving some of its kinetic energy to a
slower electron. In this way energy transmitted through the metal by movement by free electrons.
Apart from energy transmitted by free electrons another
Insulation
part of thermal energy is also transmitted by the vibra𝐿
tions of the atomic lattice (called phonons). As the atoms in the heated part vibrate more this make the
neighbouring atoms vibrate more which in turn make
𝜃2
other atoms further away vibrate more.
𝜃1
In this way energy passes to other parts of the material.
Therefore in metals heat energy transmit from the hot
𝜃1 > 𝜃2
end to the cooler one by free electrons and by atomic
Heat flow
or lattice vibration. It should be emphasized that energy
transfer due to electrons is much greater than that due
Fig (1)
to atomic vibrations. In fact in pure metals the elec𝜃
tronic contribution is dominant at all temperatures.
𝜃1
In the perfectly lagged, (that is well insulated) rod, the
heat energy per second reaching the cold end is equal to
the heat energy per second from the hot end (fig 1). In
other words the heat energy per second passing any position along the rod is the same (fig 2). It is found experimentally that the heat flow along an insulated uniform rod depends on:
i.
The temperature gradient along the rod that is
𝜃2
𝜃1 − 𝜃2 /𝐿.
𝑥
0
𝐿
ii.
The area of cross-section of the rod 𝐴.
Fig
(2)
iii.
The material of the rod.
Page 131

Volume 3: Heat and Thermodynamics

Applied Physics

It is also found that rate of heat flow (𝑄/𝑡) is directly proportional to the above parameters.
Therefore we can write:
𝑄
𝜃1 − 𝜃2
= −𝜆𝐴
𝑡
𝐿

(1)

Where 𝑄 is the heat energy conducted in time 𝑡. 𝜃1 − 𝜃2 is the temperature difference between
the ends of the rod (𝜃1 > 𝜃2 ), 𝐴 is the cross-sectional area of the rod, 𝐿 its length and 𝜆 is the coefficient of thermal conductivity of the material of the rod. Equation (1) can be written as:
𝜆=

𝑄/𝑡
𝐴 𝜃1 − 𝜃2 /𝐿

(2)

In this experiment the rate of flow of heat (𝑄/𝑡) is given by (𝐼𝑉 ) the electrical power supplied to
the heater, so that equation (2) can be expressed as:
𝜆=

𝐼𝑉
Δ𝑇

𝐿
A

(3)

Where (𝐼) is the current in amperes in the heater wire and (𝑉 ) is the potential difference in volts
across it. From the kinetic theory of gases the following expression was deriven for a thermal
conductivity:
1
𝜆= 𝑐𝑣ℓ
3

(4)

Where 𝑐 is the heat capacity per unit volume, 𝑣 is the average particle velocity and ℓ is the mean
free path of a particle between collisions.
𝜆 (𝑊 𝑐𝑚−1 𝑜 𝐾 −1 )
Consequently the electronic contribution to the thermal
conductivity (𝜆𝑒𝑙 ) can be obtained from equation (4) the
𝐴𝑙
result is:
𝜋 2 𝑛𝑘𝐵2 𝑇
𝜆𝑒𝑙 =
∙
∙ℓ
3 𝑚𝑣𝐹

50

(5)

Where (𝑛) is electronic concentration (𝑘𝐵 ) Boltzmann
constant (𝑚) mass of the electron and (𝑣𝐹 ) its Fermi velocity. Debye showed that the result (4) is also good for a
gas of phonons provided that (𝑐) is heat capacity of phonons, (𝑣) phonon velocity and (ℓ) the phonon mean free
path. So that the total thermal conductivity is given by:
𝜆 = 𝜆𝐿 + 𝜆𝑒𝑙

40
30
20

𝐶𝑢

10
0

Method:
1. Arrange the apparatus as shown in fig (4) with
electrical connections.
2. Set the power supply to a suitable value, wait until
the equilibrium state is reached, this indicated by a
constant readings of the thermocouples (𝑇1 ) and
(𝑇2 ). Record, both the thermocouple readings and
current and voltage across the heater.

100

150 (𝑇 𝑜 𝐾)

Fig (3)

(6)

Debye and Peierls has considerd the problem in great detail. They both show that (ℓ) is proportional to (1/𝑇) at
high temperature (𝑇 > 𝜃𝐷 ) so that: 𝜆 ∝ 1/𝑇.
At low temperatures (𝑇 < 𝜃𝐷 ); 𝜆 ∝ 𝑇/𝜃𝐷 3 , in agreement
with experimental results. Fig (3) shows thermal conductivity of Aluminium and Copper as a function of temperature.

50

Sample

𝑇1

Insulation
ℓ
𝑇2

Heater
A

Fig (4)

∆𝑉
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3. Increase the potential difference in steps then repeat step (2) in each case.
4. Measure the length (ℓ) between (𝑇1 ) and (𝑇2 ) and also measure the diameter of the rod.
5. Tabulate your data in a table as shown below.
𝑰

𝑽

𝑸

𝚫𝑻

𝑻

𝝀

Calculation:
Calculate, in each step, the power (𝐼𝑉 ) which is equal to the rate of flow of heat (𝑄/𝑡 ). That is:
𝑄
= 𝐼𝑉
𝑡

(7)

Then find the corresponding temperature difference 𝛥𝑇 from the relation.
𝛥𝑇 = 𝑇2 − 𝑇1

(8)

𝑇1 + 𝑇2
2

(9)

Find also the average temperature 𝑇.
From the expression:
𝑇=

Finally find the value of thermal conductivity (𝜆) from (3). Arrange these results in the table
shown before. Then draw a graph between the values of (𝜆) on the 𝑦 − 𝑎𝑥𝑖𝑠 against the corresponding values of (𝑇) on the 𝑥 − 𝑎𝑥𝑖𝑠. Discuss this graph.

Notes:
1. Thermal conductivity of solids ranges at most over some fine orders of magnitude ranging at room temperature from about 4 𝑊 𝑐𝑚−1 𝐾 −1 for copper or silver to 10−4 𝑊 𝑐𝑚−1 𝐾 −1
such as plastic foams.
2. In impure metals or disorder alloys the phonon contribution may be comparable with
electronic contribution.
3. It is quite important that the readings should be taken at equilibrium state or condition.
4. Power the heater quite gently.
5. At low temperatures the thermal conductivity is strongly influenced by the presence of
impurities.
6. The thermocouples must be quite sensitive. Record the temperature exactly as it is.
7. Magnon contributions in thermal conductivity have been found experimentally in materials like ferromagnetic Eus.

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

How can we justify that the electrons carry most of the heat energy?
What are the difference processes by which heat can be transferred?
What do we mean by lagged rod? Then redraw the figs (1) and (2) for the un-lagged rod?
Derive equation (5) from first principles?
Why thick rod is used for finding thermal conductivity for metals?
Does thermal conductivity depend on material dimensions?
Is equation (6) applies to a semiconductor, or to insulators? Why?
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EX PE RI ME N T 1 9
WI E DE M A N N A N D FRA NZ L A W
Purpose of the experiment:
To study the Wiedemann and Franz's law and then to verify it experimentally.

Apparatus:
Metal rod about 50𝑐𝑚 long and around 2.5𝑐𝑚 in diameter, two calorimeters, three temperature
probes, one immersing type and the other two surface probe type, digital temperature meter, ice,
balance, stop watch, bench clamp, support rod, beaker, power supply rheostat, heater immersing
type, amplifier, DC ammeter, DC voltmeter and connecting wires.

Theory:
Electrical conductivity (𝝈):
In the simplest microscopic model of conduction in a metal, each
atom in the metallic crystal gives up one or more of its outer electrons. These electrons are then free to move through the crystal
colliding at intervals with the stationary positive ions (fig 1). The
motion of the electrons is analogous to the motion of molecules of
a gas moving through a porous bed of sand and they are often referred to as an electron gas.
If there is no electric field the electrons move in a straight lines between collisions the directions of their velocities are randomness
and on average they never get any where. But if an electric field is
present the paths curve (fig 2) slightly because of the acceleration
caused by electric field forces. The current density (𝐽) from this
model is given by:
𝐽 = 𝑛 𝑒 𝑣𝑑

Free electrons Ions

+

+

+

+

+

+

+

+

Metal crystal
Fig (1)
Electron
Lattice
sites

(1)

Where (𝑛) is the number of electrons per unit volume (𝑒) is the
charge of electron and 𝑣𝑑 is their average drift velocity. The field
exerts a force given by:
𝐹 = 𝑒𝐸

𝑛𝑜 𝑓𝑖𝑒𝑙𝑑

(2)

According to Newton's second law we can write:
𝑚𝑎 = 𝑒𝐸

(3)

From these equations we can obtain:

𝑤𝑖𝑡 𝑓𝑖𝑒𝑙𝑑

Fig (2)

𝑒𝜏𝐹
∙𝐸
𝑚

(4)

𝑛𝑒𝜏𝐹
∙𝐸
𝑚

(5)

𝑣𝑑 =

From equations (1) and (4) we can get:
𝐽=
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Where 𝜏𝐹 is the relaxation time of the electron at the Fermi surface and (𝑚) is its mass. But we
know also that.
𝐽 =𝜍∙𝐸

(6)

Comparing equations (5) and (6) we get:
𝜍=

𝑛𝑒 2 𝜏𝐹
𝑚

(7)

Electrons gain energy between collisions through the work done on them by the electric field.
During collisions they transfer some of this energy to the atoms of the material of the conductor.
This leads to an increase in the materials internal energy and temperature that is why wires carrying current get warm.
Practically the electrical conductivity is determined from the resistance (𝑅 ) of the conductor and
its geometrical factor. Since:
𝑅=

𝜌ℓ
𝐴

(8)

Where (𝜌) is the resistivity of the material of the rod (ℓ) its length and (𝐴) its cross-sectional area.
But we also know that:

Therefore:

𝜍=

1
𝜌

(9)

𝜍=

ℓ
𝐴𝑅

( 10 )

Thermal conductivity (𝝀):
Heat conduction in many materials can be visualized as the result of atomic or molecular collisions (lattice vibrations). As one end of the object is heated the atoms there move faster and
faster. As they collide with their slower-moving neighbours they transfer some of their energy to
those atoms whose speeds thus increase (fig 3). These in turn transfer some of their energy by
collision with atoms still further along the object. Thus energy of thermal motion is transferred
by atomic collisions along the object. In other words this
Lattice vibration
mechanism of transferring thermal energy can be viewed also as
a motion in the form of propagating lattice waves which in
quantum limit are quantized as phonons, these are elastic waves
they have speed of sound in the material but the frequency is
much higher (typically 1013 𝐻𝑧).
The energy carried by the phonons does not reach the far end
as fast as their high speed would suggest since they are readily
Heat flow
absorbed by the atoms and re-emitted (scattered) because they
inevitably have similar frequencies to the atoms. So phonons
diffuse through the material and the randomness of this process
Fig (3)
means that even fast particles can take long time to cover a
short distance.
The theory of thermal conductivity developed by Drude and Lorentz on the basis of the classical
Maxwell-Boltzmann statistics according to which.
𝜆=

1
𝐶 ℓ𝑣
3 𝑉

( 11 )

Where (𝐶𝑉 ) is the lattice heat capacity, (𝑣) is the average phonon velocity and (ℓ) is the phonon
mean free path between collisions.
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Equation (11) can be expressed as
𝜆=

1
𝐶 𝑣2𝜏
3 𝑉

( 12 )

𝐶𝑉 =

𝜋2
𝑇
𝑛𝑘
2
𝑇𝐹

( 13 )

Knowing that:

Where (𝑘) is the Boltzmann constant and 𝑇𝐹 is the Fermi temperature, and:
𝑣2 =

2𝑘𝑇𝐹
𝑚

( 14 )

Now from equations (12), (13) and (14) we can get:
𝜆=

𝜋 2 𝑘 2 𝑒 2 𝑛𝑇𝜏
3
𝑚

( 15 )

In metal free electrons that carry charge in electrical conduction also provide the principal
mechanism for heat conduction.
But as electrons in metals have frequencies much higher than those of atoms and so are weakly
scattered their diffusion rate is much higher so metals are generally better thermal conductors
than non-metals.
Various experimental methods are available for measuring the thermal conductivity of metals one
of such methods or techniques is consists of a metal rod heated at one end and at equilibrium the
rate of flow of heat is collected at the other end, knowing the steady state temperature gradient
and cross-sectional area of the rod and the rate of heat flow, thermal conductivity of the given
rod can be determined. Since the quantity of heat at the lower calorimeter (see fig 5) and its content can be calculated from the equation as a function of time.
𝑄 = 𝑚𝑐 + 𝑚𝑜 𝑐𝑜 𝜃 − 𝜃𝑜 /𝑠𝑒𝑐

( 16 )

Where (𝑚) is the mass of water in lower calorimeter (𝑐) is its specific heat capacity, (𝑚𝑜 ) is the
mass of the calorimeter (𝑐𝑜 ) is its specific heat capacity, (𝜃) is the temperature of the lower calorimeter and its content at a time (𝑡) and (𝜃𝑜 ) is the temperature at 𝑡 = 0.
From the definition of thermal conductivity we can write:
𝜆𝐴

Δθ
𝑄
=
Δℓ
𝑡

( 17 )

From which (𝜆) can be calculated.
Wiedemann-Franz law:
It is not surprising that a good electrical conductors are also good thermal conductors, since it is
the free electrons in metals which provide both conduction mechanisms, so we should expect a
correlation between electrical and thermal conductivity, and this correspondence is not only
qualitatively true, but is was discovered experimentally in 1853 by Gustave Wiedemann and Rudolph Franz, which is now known as the Wiedemann-Franz law. They reported that 𝜆/𝜍 has approximately the same value for different metals at the same temperatures. The proportionality
constant of 𝜆/𝜍 with temperature was discovered by Ludvig Lorenz in 1872. So that:
𝜆
= 𝐿𝑇
𝜍

( 18 )

Where 𝐿 is known as Lorenz number and is equal to 2.44 × 10−8 𝑊Ω𝑘 −2 .
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Theoretically the proportionality constant (𝐿) can be obtained from equations (7) and (15) as follows:
𝜋 2 𝑘 2 𝑛𝜏
∙
𝜆
= 3 2𝑚
𝑛𝑒 𝜏
𝜍
𝑚

or

𝜆 𝜋2 𝑘
=
𝜍
3 𝑒

( 19 )

2

∙𝑇

( 20 )

So that:
𝜆
=𝐿
𝜍𝑇

( 21 )

Method:

Rheostat

Electrical conductivity measurements:
1. Set up the apparatus as shown in fig (4). The points of electrical contacts should be clean
and tied.
2. Make sure that the voltmeter reads zero when
Amplifier
the DC power supply is disconnected.
3. Set the rheostat at a suitable value then record
the readings of both the ammeter and voltmeter, note also the level of the amplifications,
usually it is seted at 10−5 .
V
4. Change the value of the rheostat in steps and
take a set of measurement hot less than eight
2
1
different readings.
5. Measure the length (ℓ) of the rod between the
ℓ
voltmeter probes that is 1 and 2, also measure
A
the diameter of the rod.
6. Plot a graph between the values of the voltage
in volts on the y − axis against the correspondDC power supply
ing values of the current in amperes on the
x − axis.
Fig (4)
Thermal conductivity measurements:
1. Set the apparatus as shown in fig (5), make sure to use the same rod that has been used in
electrical measurements.
2. Weight the lower calorimeter when empty, put some water and ice in it such that to keep
the water at 0℃ during the experiment.
3. The surface temperature probe must be adjusted so that to make good thermal contact
with the rod.
4. Put some water in the upper calorimeter such that to cover the immersing heater inside it
completely. Keep the water boiling throught the experiment.
5. Wait until steady state is reached this is indicated by constant reading of both surface
temperatures. Record this temperature difference and let be ∆θ.
6. As soon as constant temperature gradient has been established and been recorded, remove all the ice from the lower calorimeter as fast as possible then immediately record
the temperature of the water this gives (θo ).
7. Now measure the temperature of the water every minute up to 15 minutes, by means of
the immersing thermometer. Then weight the calorimeter and its content.
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Fig (5)
8. Measure the distance between the two surface temperature probes, and the diameter of
the rod.
9. Find from the texts the value of the specific heat capacity of the material of the lower
calorimeter.
𝑉 × 10−5
10. Record the temperature of the surrounding (T).

Calculation:

𝐶

Electrical conductivity:
From fig (6) we find that:
𝑠𝑙𝑜𝑝𝑒 =

𝐵𝐶
𝐴𝐵

This gives the resistance of the rod (𝑅 ), so that:
𝑅=

𝐵𝐶
𝐴𝐵

𝐵

0

𝐼 (𝐴𝑚𝑝)

Fig (6)

( 23 )

The conductivity is then calculated from the relation:
ℓ
𝜍=
𝐴𝑅

𝐴

( 22 )

𝑄
( 24 )
𝑂

From which (𝜍) can be determined.
Thermal conductivity:
Calculate the quantity of heat (𝑄) absorbed by the lower calorimeter and its content every minute from equation (16).
Now draw a graph between the values of (𝑄) so calculated on
the 𝑦 − 𝑎𝑥𝑖𝑠 against the corresponding values of time on the
𝑥 − 𝑎𝑥𝑖𝑠 as shown in fig (7). The slope of the graph gives the
rate of heat flow that is (𝑄/𝑡), thus:

𝑀

0

𝑁
𝑡𝑖𝑚𝑒 𝑚𝑖𝑛𝑢𝑡𝑒𝑠
× 60

Fig (7)
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𝑠𝑙𝑜𝑝𝑒 =
𝑠𝑙𝑜𝑝𝑒 =

𝑁𝑂
𝑀𝑁

( 25 )

𝑄
𝑡

( 26 )

Calculate the temperature gradient from the relation:
𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 =

∆𝜃
∆ℓ

( 27 )

Now equation (17) can be written as follows:
𝜆=

𝑠𝑙𝑜𝑝𝑒
∆𝜃
𝐴
∆ℓ

( 28 )

From which 𝜆 can be determined.
Knowing the temperature of the surrounding (𝑇). Now apply equation (21) to obtain the Lorenz
number (𝐿), discuss the result.

Notes:
1. Wiedemann-Franz law holds good for a large number of metals between +100℃ to
−100℃. At low temperature the ratio 𝜆/𝜍 decreases and the value tends to be zero at absolute zero.
2. The tables below the values of (𝜆/𝜍𝑇) × 108 𝑊Ω𝑘 −2
Metal

−𝟏𝟎𝟎 ℃

−𝟓𝟎 ℃

𝟎℃

𝟏𝟖 ℃

Al

1.81

1.98

2.09

2.13

Cu

2.17

2.26

2.23

2.32

Fe

2.98

2.93

2.97

2.99

Pb

2.54

2.52

2.53

2.51

2.56

Ag

2.29

2.36

2.33

2.33

2.37

Zn

2.39

2.40

2.31

2.43

2.33

𝟏𝟎𝟎 ℃

2.33

3. The thermal conductivity increases with the average particle velocity since that increases
the forward transport of energy. However the electrical conductivity decreases with particle velocity increases because the collisions divert the electron from forward transport of
charge. This means that the ratio of thermal to electrical conductivity depends upon the
average velocity squared which is proportional to the kinetic temperature.
4. Rosenberg notes that the Wiedemann Franz law is generally valid for high temperatures
and for low (few Kelvin) temperatures but may not hold at intermediate temperatures.
5. The phonons do not succeed in transferring much energy in metals because the free electrons scatter them.
6. Do not disturb or touch the surface temperature probe during the experiment at all.
7. The water in the upper calorimeter should be kept boiling all the time to the end of the
experiment and always refill it with hot water.
8. The amplifier before being used should be reset to zero, this can be indicated by noting
the voltmeter should zero when the power supply is not connected.
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Questions:
1. Define electrical conductivity and summarize the general characteristic of electronic conduction in metals?
2. Describe Sommerfeld theory of electrical conductivity of metals?
3. Explain why electrons carry a net energy but not a net current in the case of thermal conduction?
4. How do you explain the fact that the high temperature mobility in a metal due to electron
scattering by acoustic phonons varies as 𝑇 −2 ?
5. Give some applications of heat conduction?
6. Give a few examples of materials that are good conductor of heat and others that are bad
conductor of heat?
7. Why Wiedemann-Franz law holds only at high temperatures?
8. Is Wiedemann-Franz law holds in semiconductors?
9. Which would you expect to change more for a given temperature change, the resistance
of a pure metal or the resistance of a semiconductor? Explain?
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EX PE RI ME N T 2 0
NE W T ON ’S L A W O F C O OL I NG
Purpose of the experiment:
To verify the Newton’s law of cooling

Apparatus:
Small calorimeter with fitting lid bored with two holes to take a stirrer and a thermometer
0 − 100℃ in 0.2℃. Another thermometer held stand and clamp, watch or clock with seconds
hand, beaker.

Theory:
When a heated body is placed in an enclosure maintained at a temperature lower than that of the
body, the body gradually cools till its temperature becomes equal to that of the enclosure the
modes of transference of heat being, conduction, convection and radiation.
Newton (1642 − 1727) had available the means of measuring temperatures with reasonable precision. Newton seems to have had a conviction that heat was a manifestation of energy of motion
of small particles of bodies in agreement with modern ideas. His study of the cooling of a hot
object in a draught gave us Newton’s law of cooling. This law can be stated as follows:
The rate of loss of heat of a body by cooling is directly proportional to the excess of temperature
of the body over that of the surroundings provided other conditions remain constant.
Later experiments have shown that this law is an approximate one when the cooling body is surrounded by still air, but it holds at all temperatures when a draught is set up near the cooling
body that is under conditions of forced convection of the air.
In the case of still air, Newton’s law is fairly true for excess temperature over the surroundings of
not more than about 30℃, a condition usually obtained in the method of mixtures.
Newton’s law of cooling can be represented mathematically as follows:
𝑑𝑄
= −𝑘𝜃
𝑑𝑡

(1)

where (𝜃) is the temperature excess over the surroundings and 𝑘 is a constant.
Thus if 𝑚 is the mass of the cooling body and 𝑐 its specific heat capacity then:
𝑚𝑐

𝑑𝜃
= −𝑘𝜃
𝑑𝑡

(2)

Integrating
𝜃

𝑑𝜃
𝑘
=−
𝑚𝑐
𝜃𝑜 𝜃

𝑡

𝑑𝑡
0

(3)

where 𝜃𝑜 is the excess temperature over the surroundings, at 𝑡 = 0
𝑙𝑜𝑔𝑒

or

𝜃
𝑘
=−
∙𝑡
𝜃𝑜
𝑚𝑐
𝑘𝑡

𝜃 = 𝜃𝑜 𝑒 −𝑚𝑐

(4)
(5)

Thus the temperature excess over the surroundings diminishes exponentially with time for a
given body.
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Method:
1. Heat up the liquid in a beaker to 90℃, fill the calorimeter with the
heated liquid to about two-thirds of the calorimeter.
2. Put the lid, thermometer and stirrer in position (fig 1).
3. Stand the second thermometer near the calorimeter and record the
temperature of surroundings.
4. Keep the cooling liquid well stirred all the time record the temperature
at minute intervals down to 30℃.
5. At the end of the experiment, again record the temperature of the surroundings as given by the second thermometer.
6. Plot a graph of 𝑙𝑜𝑔𝑒 (𝜃−𝜃𝑜 ) against the time.

Fig (1)

Calculation:
Equation (4) can be written as:
𝑑𝜃
𝑘
=− ∙𝑡
𝜃 − 𝜃𝑜
𝑤

(6)

where 𝑤 is water equivalent of the calorimeter and content, and 𝜃𝑜 is the temperature of the surroundings.
𝑙𝑜𝑔𝑒 𝜃 − 𝜃𝑜 = −

𝑘
∙ 𝑡 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
𝑤

(7)

or
𝑙𝑜𝑔10 𝜃 − 𝜃𝑜 = 𝐴 𝑡 + 𝐵

(8)

Where 𝐴 and 𝐵 are constants.
Thus the graph of log(𝜃 − 𝜃𝑜 ) against the time (𝑡) is a straight line
if Newton’s law is correct (fig 2).
There is another way of dealing with the results, which is as follows:
Draw the cooling curve (fig 3), then select any point on
the cooling curve and let the coordinate of the point be ( 𝜃).
Draw a tangent to the curve at 𝑃, find the slope of the tangent
which represent the rate of fall of temperature at this point. The
temperature difference between the body and its surroundings
was 𝑃𝐷 = 𝜃 − 𝜃𝑜 . Do the same at about six other points on the
curve.
Draw a graph between the slope (𝐿𝑀/𝑀𝑁) as ordinate
against the corresponding values of (𝜃 − 𝜃𝑜 ), as abscissa. This
graph should be a straight line if Newton’s law of cooling is correct (fig 4).

log10

𝜃 − 𝜃𝑜

𝑡𝑖𝑚𝑒
Fig(2)
𝑇𝑒𝑚𝑝.
𝐿

𝜃𝑜

𝑀

𝐷

𝑁

𝑡(𝑚𝑖𝑛)
Fig (3)

Notes:
1. The calorimeter should stand on corks and may be
placed near a fan or an open window.
2. Any liquid may be used and aniline is preferable, to water
since it cools more quickly.
3. This experiment is best performed with a lidded but unjacketed calorimeter.
4. Cooling by forced convection is of great importance in
industry and a great deal of information is available in the
form of graphs and tables covering the arrangements of

𝑃

𝜃

𝑆𝑙𝑜𝑝𝑒

(𝜃 − 𝜃𝑜 )
Fig (4)
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pipes and so forth, which arise in industrial practice.
5. At low excess temperatures, however, less than
𝜃℃
1℃, G.T.P. Tarrant has pointed out that radiation, not convection is the major contributing
80
factor to the rate of cooling of an object.
6. In still air when natural convection takes place,
𝑟𝑎𝑡𝑒 𝑜𝑓 𝑐𝑜𝑜𝑙𝑖𝑛𝑔
60
∝𝜃
Dulong and Petit found that the rate of loss of
40
heat of a body in a constant temperature enclosure was proportional to 𝜃 5/4 , (fig 5) where 𝜃 is
20
𝑟𝑎𝑡𝑒 𝑜𝑓 𝑐𝑜𝑜𝑙𝑖𝑛𝑔
the excess temperature over the surroundings.
∝ 𝜃 5/4
This is sometimes known as the “five-fourths”
power law of cooling. Dulong and Petit’s law
0
2 4
6
8
has been verified experimentally for the tem𝑡𝑖𝑚𝑒 (min)
perature excesses of several hundred degrees
Fig (5)
down to about one degree. Lorentz has deduced
the law mathematically.
The rate is proportional to the excess temperature 𝜃 above the surroundings for forced
convection (a steady draught).

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

Obtain Newton’s law of cooling from Stefan’s law?
Is this law applies to cooling by conduction?
Distinguish between Natural convection and forced convection?
Is there any application of this law?
Explain some applications of Natural convection in every day life?
What do we mean by identical conditions?
How do you keep the cooling conditions similar?
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EX PE RI ME N T 21
NE W T ON ’S L A W O F C O OL I NG BY A N E L E CT RI C A L M E T H O D ( I )
Purpose of the experiment
To verify the Newton’s law of cooling by an electrical method.

Apparatus:
Copper calorimeter with heating coil and stirrer, two identical thermometers, dc power supply,
ammeter 0 − 5𝐴 dc, voltmeter 0 − 12𝑉 dc, switch, rheostat.

Theory:
The mass of the body is proportional to its volume. The rate of heat
loss, however, is proportional to the surface area of the body. The
rate of fall of temperature is therefore proportional to the ratio of
𝑉
surface to volume of the body. For bodies of similar shape the ratio 𝐴
of surface to volume is inversely proportional to any linear dimension. If the bodies have surfaces of similar nature therefore the rate
of fall of temperature is inversely proportional to the linear dimension, a small body cools faster than a large one. This is a fact of daily
experience. In calorimetry by the method of mixtures the fact that a
small body cools faster than a large one means that the larger the
specimen, the less serious is the heat loss in transferring it from its
heating place to the calorimeter. It also means that the larger the
scale of the whole apparatus the less serious are the errors due to
loss of heat from the calorimeter.
Fig (1)
In all calorimetric experiments it is necessary to minimize the effect
of energy losses or energy gain, at low temperatures. These losses usually results in too high a
value for a thermal property such as the specific capacity or specific latent heat of vaporisation.
At temperatures normally used in calorimeter (20 to 100℃) the energy loss is mainly by convection of the surrounding air. It is expected that the rate at which energy is lost from a surface will
depend on the temperature 𝜃 of the body above the surroundings the surface area exposed and
the rates of the surface characterized by an emissivity 𝜀 . The precise relationship between the rate
of energy loss and 𝜃 depends on the convection conditions.
The rate of energy loss 𝑑𝑄/𝑑𝑡 is proportional to the excess temperature 𝜃. This is an empirical
relationship and it is usually called Newton’s law of cooling, thus:
𝑑𝑄
= −𝜀𝐴𝜃
𝑑𝑡

)1(

The minus sign just indicate that 𝑄 is decreasing as (𝑡) increases.
Equation (1) can be written as:
𝑑𝑄
= 𝑘𝜃
𝑑𝑡

)2(

Where 𝑘 is a constant depending on the exposed surface area and the emissivity of the surface.
This simple law then enables a correction to be applied to 𝑄 or more usefully to 𝜃 during a heating experiment for convection losses.
In this experiment, we are converting electrical energy to heat energy through the resistance of
the coil. This heat will be absorbed by the water contained in the calorimeter as a medium. At a
steady state we can write
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𝑑𝑄
= 𝒾𝑉
𝑑𝑡

)3(

Where (𝒾) is the current passing through the resistance of the coil and (𝑉 ) is its potential difference. In order that the above relation to hold the rate of cooling should directly proportional to
the excess temperature 𝜃 as given by equation (2) therefore:
𝒾𝑉 = 𝑘 𝜃𝑏 − 𝜃𝑜

)4(

Where 𝜃𝑏 is the temperature of the body and 𝜃𝑜 is the temperature of the surroundings.
It is an every day observation that a hot and cold objects cool down or warm up to the temperature of their surroundings.

Method:
1. Setup the apparatus and circuit diagram as shown in fig (1). Fill the calorimeter with sufficient water to cover the heating coil, thermometer and stirrer. Then record the temperature
of the surroundings θo .
2. Close the circuit and pass about 0.5 ampere through the circuit and wait until the thermometer reads a constant temperature. Record this temperature and also at the same time
the current 𝒾 and the potential difference (V).
3. Increase the current by 0.25 amperes, wait again until the steady state reaches, at which record the temperature, the current and the potential difference.
4. Repeat the above step not less than six different readings.

Calculation:
Find the power in each case from the relation:
𝑝 = 𝒾𝑉

)5(

Then subtract the value of the surrounding temperature from the
measured temperature of the body. Now draw a graph with the values
of (𝑝) as ordinates against the corresponding values of (𝜃) as abscissa.
The graph should be a straight line, (fig 2) indicating the truth of Newton’s law of cooling. The value of 𝑘 is given by the slope of the graph
that is:
𝑘 = 𝑠𝑙𝑜𝑝𝑒
=

𝐶𝐵
𝐴𝐵

𝑝

)6(

𝐶

𝐴

𝐵

)7(

If we know the surface area of the material, we can determine its emissivity.

𝜃
Fig (2)

Notes:
1. It is important that reading should be taken only at the steady
state and that the value of the current should be constant.
log 𝑠
2. The water acts only as a medium absorbing heat developed in
the resistance of the coil and gives it to the surroundings.
3. The water must continually be stirred.
4. The experiment should be performed in the best draught
available.
5. The law can be used to predict heat losses of a body at various
temperatures so that we can design suitable heating systems or
make corrections for any losses which may occur during heat
measurements.

𝐶

𝐴

𝐵
log 𝜃

Fig (3)
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6. Assuming that the rate of energy loss is proportional to θn . The slope of the cooling curve
(dθ/dt) should be proportional to θn . The slope of the cooling curve can be determined by
drawing a tangent to the curve. Select four temperatures on the cooling curve draw tangents to the curve at these points and determine their slopes ( s) (ignor the negative sign).
Make up a table of θ and s. Now draw a plot of logarithm of the slop (s) against the logarithm of the (θ), (fig 3) when a fair straight line of the slope gives the value of (n).
𝑠𝑙𝑜𝑝𝑒 =

∴

𝐵𝐶
𝐴𝐵

)8(

𝑠𝑙𝑜𝑝𝑒 = 𝑛

)9(

𝐵𝐶
𝐴𝐵

) 10 (

𝑛=

Questions:
1. Is this statement true:
[Small body cools faster than large one].
2. On what factors does 𝑘 (in eq 2) depend? What are its dimensions? If at some instant the
temperature difference is 1 show that:
∆𝑇 = ∆𝑇𝑜 𝑒 −𝑘𝑡

( 11 )

3. A mercury in glass thermometer is placed in boiling water for a few minutes and then removed, tabulate the temperature reading at various times after removal. Then plot 𝑘 as a
function of time. Discuss the result? How constant is the constant 𝑘.
4. State Newton's law of cooling and describe how to obtain observations and how to use
them in order to test the validity of the law?
5. For thermal insulation in buildings engineers use the concept of thermal resistance, what
does that mean? Explain?
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EX PE RI ME N T 2 2
NE W T ON ’S L A W O F C O OL I NG BY A N E L E CT RI C A L M E TH O D ( I I )
Purpose of the experiment:
To verify Newton’s law of cooling by an electrical method

Apparatus:
An aluminium block calorimeter, sensitive thermometer 0 − 100℃ in 0.2℃, heater, power supply,
insulating stand, stop-watch.

Theory:
As the result of experiments, Newton stated that the rate of loss of heat of a body by cooling is
proportional to its excess temperature over the temperature of the surroundings.
Theoretically the rate of fall of temperature (𝑑𝜃/𝑑𝑡 ) is proportional to the excess temperature
(𝜃 − 𝜃𝑜 ) where 𝜃𝑜 is the room temperature that is:
𝑑𝜃
= −𝑘 𝜃 − 𝜃𝑜
𝑑𝑡

(1)

Where 𝑘 is the constant of proportionality it depends on the
mass of the calorimeter, the exposed surface area of the surface, the nature of the surface and specific heat capacity of the
block calorimeter. A further examination of the theoretical
equation gives an alternative way of verifying Newton’s law of
cooling. Now integrating equation (1) we get:
𝜃 − 𝜃𝑜 = 𝜃1 − 𝜃𝑜 𝑒 −𝑘𝑡

(3)

Newton’s law of cooling can be verified as follows:
Plot a cooling curve with the values of temperature (𝜃) as the
ordinate against corresponding values of time (𝑡) as the abscissa
as shown in fig (1). Draw a horizontal line at 𝜃𝑜 , 𝜃𝑜 represent the
surrounding temperature. In order to find the rate of cooling at
various temperatures at a number of points such as 𝑃, 𝑃1 , 𝑃2 , 𝑃3
are taken on the curve and tangents to the curve at all these
points are drawn these tangents meet the line 𝜃𝑜 at 𝑄, 𝑄1 , 𝑄2 .
The normal 𝑃𝑁 , 𝑃1 𝑁1 , 𝑃2 𝑁2 are also drawn, let us consider the
point 𝑃. As the ordinate for 𝑃 gives 𝜃 the length of 𝑃𝑁 represents the temperature excess (𝜃 − 𝜃𝑜 ). The rate of fall of temperature at 𝑃 is given by the slope of the tangent at 𝑃 which is
equal to 𝑃𝑁/𝑁𝑄. Now if Newton’s law of cooling is correct the
rate of fall in temperature is proportional to the excess temperature that is for the point 𝑃 we:

𝑃
𝑃1
𝑃2

(2)

Where 𝜃1 is the initial temperature at 𝑡 = 0.
Taking logarithms to the base (𝑒) of both sides of the equation
(2) gives:
log e 𝜃 − 𝜃𝑜 = −𝑘 ∙ 𝑡 + log e 𝜃1 − 𝜃𝑜

𝜃℃

𝜃𝑜

𝑃3

𝑁3

𝑁 𝑁1 𝑁2 𝑄 𝑄1 𝑄2 𝑄3

0

𝑡 (𝑚𝑖𝑛𝑢𝑡𝑒𝑠)

Fig (1)

Insulating
stand

Fig (2)
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𝑃𝑁
∝ 𝑃𝑁
𝑁𝑄
𝑃𝑁
= 𝑘 𝑃𝑁
𝑁𝑄

𝑁𝑄 =

(4)

1
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
𝑘

This gives a graphical method of testing the truth of the law.

Method:
1. Arrange the apparatus as shown in the fig (2), placing the block calorimeter on an insulating stand.
2. Stand the second thermometer near by the calorimeter and record the temperature of the
surrounding (𝜃𝑜 ).
3. Switch on the circuit wait until the temperature of the aluminium block calorimeter was
heated electrically to about 80℃, then switch off the circuit.
4. Record the temperature of the block calorimeter at regular interval time say every minute
until the temperature become about 35℃.
5. Record again the temperature of the surrounding at the end of the experiment.
6. Plot a graph of (𝜃) against (𝑡)(fig 3). Determine the rate of cooling at five temperatures 75,
65, 55, 45, and 40℃ , by drawing the tangents to the cooling curve at these temperatures.

Calculation:
If Newton’s law of cooling is valid a graph
of (𝑑𝜃/𝑑𝑡) against (𝜃 − 𝜃𝑜 ), (eq. 1) should be
a straight line of slope – 𝑘 (fig 4).
Another graph is drawn between the values
of log e 𝜃 − 𝜃𝑜 against the corresponding
values of time (𝑡)(fig 5)(eq.3) to verify this
relationship. Determine the second value
of 𝑘. In the third stage, the length of the
intercept 𝑁𝑄 , 𝑁1 𝑄1 , 𝑁2 𝑄2 are measured and
it is found that:

𝜃

𝑑𝜃
𝑑𝑡

𝑡 (𝑚𝑖𝑛. )

Fig (3)

𝑁𝑄 = 𝑁1 𝑄1 = 𝑁2 𝑄2

And thus the law is varied, graphically.

(𝜃 − 𝜃𝑜 )

Fig (4)
log 𝜃 − 𝜃𝑜

Notes:
1. Compare between the values of k obtained in the two
cases, deduce its unit.
2. Since the, as mentioned before Newton’s law, was
found to be valid for small temperature difference
say 30℃ to 40℃ elaborate experiment were carried
out by Dulong and Petit to extend the result to large
variations of temperature and their conclusions embodied in the equation:
−

𝑑 𝜃 − 𝜃𝑜
= 𝑘 𝛼 𝜃 − 𝛼 𝜃𝑜
𝑑𝑡

𝑡 (𝑚𝑖𝑛. )

Fig (5)

(5)

Where 𝛼 is a constant and 𝑘 is a factor depending on the nature of the surface radiating
heat to the enclosure later on Stefan gave a simple relation which expresses the amount
of radiation emitted by a body varies as the fourth power of its absolute temperature. The
relation leads to:
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𝑑𝑡
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(6)

Where 𝑎 is a universal constant, and 𝑇1 , 𝑇𝑜 are the absolute temperature of the body and
its surroundings. It has been proved to be valid for block bodies over a very wide range
of temperatures. Newton’s law of cooling is included in Stefan’s law.
3. The law is an approximation which only applies when the temperature excess is small and
when the body is not allowed to surround itself with a warmed layer of till air that is provided there is forced draught over the object.
4. Newton was the first person to investigate the heat lost by a body in air.

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

State Newton’s law of cooling and explain how you would test it experimentally?
What is the effect of temperature on specific heat?
Explain the natural convection?
What are the applications of the forced convection?
Discuss the nature of heat energy?
How can Newton’s law of cooling can be used to estimate the heat lost in an experiment
on the method of mixture?
7. A ladel 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 2 3
D E TE R M I NA TI O N OF S PE CI FI C H E A T CA PA CI TY O F A S OL I D BY
ME T HO D O F MI X TU RE

Purpose of the experiment:
To determine the specific heat capacity of a solid by the method of mixture.

Apparatus:
One of many diverse forms of calorimeter one is shown in the figure consists of a copper calorimeter with outer jacket, stirrer made from copper, temperature probe, digital temperature meter, ice, steam chamber or heater, solid of about 100𝑔𝑚 mass, insularity jacket, balance, weights,
beaker, stop watch.

Theory:
If we supply 1 𝑐𝑎𝑙 of heat to a 1 𝑘𝑔 sample of water the temperature of the water will increase by
1℃ 𝑑𝑒𝑔. But if we supply the same amount of heat to a 1 𝑘𝑔 sample of iron we find that the temperature of the iron increases by 8.4℃ 𝑑𝑒𝑔. How can we account for such a discrepancy in the
temperature increase in two samples of matter with the same mass? Clearly, there must be some
property of a material that relates to the quantity of heat absorbed or released during a change in
temperature. This property is called heat capacity. Therefore, heat capacity is a property of the
object. To make it a property of the material we include the mass of the object. In such a case, we
call it specific heat capacity. Once the specific heat of the material is established, the thermal energy released or absorbed in many experiments can be determined. The high value of the specific
heat capacity of such a common substance as water has
many consequences in every day life.
If a solid is relatively small, its heat capacity and specific
heat capacity of its material can be found by a method of
mixture. In this case, the solid under consideration is heated
in boiling water or steam chamber and then quickly transferred to cold water inside a metal calorimeter. The final
water temperature is the observed.
Suppose 𝑚, 𝑐 are the respective mass and specific heat caFig (1)
pacity of the solid. 𝑚𝑜 , 𝑐𝑜 the corresponding quantities for
water and 𝑚1 𝑐1 for the calorimeter, 𝜃 is the initial temperature of the hot solid and 𝜃1 , 𝜃2 are the
initial and final temperatures of the calorimeter and its contents, assuming no heat is lost in the
process then:
𝑒𝑎𝑡 𝑙𝑜𝑠𝑡 𝑏𝑦 𝑠𝑜𝑙𝑖𝑑 = 𝑒𝑎𝑡 𝑔𝑎𝑖𝑛 𝑏𝑦 𝑤𝑎𝑡𝑒𝑟 𝑎𝑛𝑑 𝑐𝑎𝑙𝑜𝑟𝑖𝑚𝑒𝑡𝑒𝑟

(1)

𝑒𝑎𝑡 𝑙𝑜𝑠𝑡 𝑏𝑦 𝑠𝑜𝑙𝑖𝑑 = 𝑚𝑐 𝜃 − 𝜃2

(2)

𝑒𝑎𝑡 𝑔𝑎𝑖𝑛𝑒𝑑 𝑏𝑦 𝑤𝑎𝑡𝑒𝑟 𝑎𝑛𝑑 𝑐𝑎𝑙𝑜𝑟𝑖𝑚𝑒𝑡𝑒𝑟 = 𝑚𝑜 𝑐𝑜 𝜃2 − 𝜃1 + 𝑚1 𝑐1 𝜃2 − 𝜃1

(3)

Therefore, we can write
𝑚𝑐 𝜃 − 𝜃2 = 𝑚𝑜 𝑐𝑜 𝜃2 − 𝜃1 + 𝑚1 𝑐1 𝜃2 − 𝜃1

(4)

From which (𝑐) can be calculated.
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Method:
1. Fill the steam chamber with some water place the solid under consideration inside it and
boil the water, wait until the steam has been issuing from the outlet for about ten minutes.
2. Weigh the calorimeter and stirrer (𝑀𝑜 ) fill it about one-half with cold water and weigh (𝑀).
3. Take the initial temperature of water inside the calorimeter.
4. Take the temperature of the boiling water, and then quickly transfer the solid to the water
inside the calorimeter.
5. Observe the temperature of the system for some time until it reaches the maximum and
then drops several degrees below the maximum reached.

Calculation:
Heat gained by calorimeter and contents
𝑄𝑎 =

𝑀 − 𝑀𝑜 𝑐𝑜 + 𝑀𝑜 𝑐1 𝜃2 − 𝜃1

(5)

Heat lost by the solid
𝑄𝐿 = 𝑚𝑐 𝜃 − 𝜃2

(6)

Therefore according to equation (1) we can write:
𝑚𝑐 𝜃 − 𝜃2 =
𝑐=

𝑀 − 𝑀𝑜 𝑐𝑜 + 𝑀𝑜 𝑐1 𝜃2 − 𝜃1

𝑀 − 𝑀𝑜 𝑐𝑜 + 𝑀𝑜 𝑐1 𝜃2 − 𝜃1
𝑚 𝜃 − 𝜃2

(7)
(8)

From which (𝑐) can be determined.

Notes:
1. The solid mentioned in this experiment cold be a good conductor like metals or a bad conductor like wood, rubber, cork.
2. It is important to allow the solid plenty of time to assume the temperature of the steam.
3. If temperature probe is not accessible use mercury thermometer 0 − 100℃ in 0.2℃.
4. In order to reduce the cooling correction to a minimum the final temperature 𝜃2 attained
by the water in the calorimeter after the introduction of the hot solid, should be approximately as much above the room temperature as its initial temperature 𝜃1 is below.
5. In the transference of the hot body (the solid) from the hot water to the calorimeter should
be done as fast as possible.
6. The cooling correction may be obtained by a graphical method an alternative method is as
follows: suppose it took 𝑥 second for the calorimeter and contents when the hot body was
dropped in then approximately the cooling correction is the temperature drop from the
maximum temperature in a time 𝑥/2.
7. Use as large scale apparatus as possible.
8. According to Kopp’s rule, the molar heat capacity of a solid compound is the sum of its
atomic specific heats.

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

Why we should use a large-scale apparatus to perform this experiment.
Distinguish between heat capacity and specific heat capacity?
Determine the heat capacity of the solid under consideration?
Distinguish between rate of cooling and rate loss of heat of a body?
On what factors does the loss of heat from a body depend?
What are the essentials of a good calorimeter?
What are the sources of error in this experiment?
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EX PE RI ME N T 2 4
D E TE R M I NA TI O N OF S PE CI FI C H E A T CA PA CI TY O F OI L BY T HE
ME T HO D O F MI X TU RE

Purpose of the experiment:
To determine the specific heat capacity of oil by the method of mixture.

Apparatus:
Large copper calorimeter with copper stirrer, large mass of metal of known specific heat capacity,
beaker, steam chamber or heater, balance, weight, insulating jacket, oil specific heat capacity for
which to be determined, temperature probe, digital temperature meter.

Theory:
When energy is added to a system and there is no change in the kinetic or potential energy of the
system and if there is no change of state, the temperature of the system usually rises. If the system consists of a sample of a substance, we find that the quantity of energy required to raise the
temperature of a given mass of the substance by some amount varies from one substance to another. For example the quantity of energy (heat) required to raise the temperature of 1 𝑘𝑔 of water by 1 ℃ is 4186 𝐽 but the quantity of energy required to raise the temperature of 1 𝑘𝑔 of copper
by 1 ℃ is only 387 𝐽. To account for this difference we assigned to the substance a property called
heat capacity which is defined as the amount of energy needed to raise the temperature of that
sample by 1 ℃, mathematically this can be expressed as follows:
𝐶=

𝑄
∆𝑇

)1(

The specific heat capacity (𝑐 ) of a substance is the heat capacity per unit mass so that:
𝑐=

𝑄
𝑚 ∆𝑇

)2(

The experimental procedure outline before is readily adapted to cover examples other than the
determination of the specific heat of a solid, in compact or granular form insoluble in water. For
example, the liquid may be non-volatile oil or other organic liquid chosen so as to be inert with
respect to the solid. If the specific heat of one solid (that is no chemical action occurs) is known
that of various liquids may be found. In this case, the specific heat capacity of the solid is known
and the liquid is used in place of water inside the calorimeter.
Thermometer

Sample

Stirrer
Insulation

Water

Oil

Heater

Fig (1)
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It will be obvious that the experimental procedure is exactly the same except that in order to cool
the liquid down to an initial temperature of 4℃ or 5℃, ice is not added directly to the liquid but
must be cooled externally by surrounding a beaker of the liquid with ice.
Let 𝑚, 𝑐 be the mass and specific heat capacity of the solid respectively, 𝑚𝑜 , 𝑐𝑜 the corresponding
quantity of the liquid and 𝑚1 , 𝑐1 for the calorimeter; 𝜃 is the initial temperature of the hot solid
and 𝜃1 , 𝜃2 are the initial and its temperatures of the calorimeter and its contents. Assuming no
heat lost then:
𝑒𝑎𝑡 𝑙𝑜𝑠𝑡 𝑏𝑦 𝑡𝑒 𝑠𝑜𝑙𝑖𝑑 = 𝑒𝑎𝑡 𝑔𝑎𝑖𝑛𝑒𝑑 𝑏𝑦 𝑐𝑎𝑙𝑜𝑟𝑖𝑚𝑒𝑡𝑒𝑟 𝑎𝑛𝑑 𝑖𝑡𝑠 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑠
𝑚𝑐 𝜃 − 𝜃2 = 𝑚𝑜 𝑐𝑜 𝜃2 − 𝜃1 + 𝑚1 𝑐1 𝜃2 − 𝜃1

(3)
(4)

From (𝑐) can be calculated.

Method:
1. Add some water to the steam-chamber; place the solid of known specific heat capacity inside it, as shown in fig (1).
2. Heat the water in the steam-chamber until it boils and wait until steam has been issuing
from the outlet for about ten minutes.
3. Weigh the calorimeter empty with stirrer (𝑀𝑜 ), then fill it about one-half with oil under
consideration and weigh again (𝑀).
4. Record the initial temperature of the oil inside the calorimeter.
5. Record the temperature of the boiling water in steam-chamber. Now, transfer the hot solid
as quickly as possible to oil inside the calorimeter, and the time taken for the oil temperature to reach a maximum and then find the temperature drop in half this time.

Calculation:
Heat gained by calorimeter and contents =

𝑀 − 𝑀𝑜 𝑐𝑜 + 𝑀𝑜 𝑐1 𝜃2 − 𝜃1

Heat lost by hot solid = 𝑚𝑐 𝜃 − 𝜃2

(5)
(6)

If no heat lost in the process then:
𝑀 − 𝑀𝑜 𝑐𝑜 + 𝑀𝑜 𝑐1 𝜃2 − 𝜃1 = 𝑚𝑐 𝜃 − 𝜃2

or

𝑐𝑜 =

𝑚𝑐 𝜃 − 𝜃2 − 𝑀𝑜 𝑐1 𝜃2 − 𝜃1
𝑀 − 𝑀𝑜 𝜃2 − 𝜃1

(7)
(8)

From which 𝑐𝑜 can be determined.

Notes:
1.
2.
3.
4.
5.

It is worth that solid which been used in this experiment to be metals.
If temperature probe is not available mercury thermometer 0 − 100℃ in 0.2℃ may be used.
If steam chamber is not attainable, beaker and a heater may be used.
It is important to allow the solid enough time to assume the temperature of the steam.
The cooling correction, approximately is temperature drop from the maximum temperature
(𝑥) in a time 𝑥/2.
6. It is essential to transfer the solid from the steam-chamber to the oil in calorimeters as fast
as possible; otherwise, the temperature will drop down a few degrees below the steam temperature.

Questions:
1. What is the purpose of stirring the system continuously?
2. What is the name for a device, which provides a thermally isolated environment in which
substance exchange heat?
3. What is meant by water equivalent?
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4. What are the advantages and disadvantages of this method?
5. Distinguish clearly between specific heat, thermal capacity and water equivalent.
6. What is the experimental evidence for considering heat to be a form of energy? To what
general principle does this lead?
7. Explain how the high specific heat of water may help to stabilize the climate in a lake region?
8. Can we apply this procedure for any kind of oil?
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EX PE RI ME N T 2 5
D E TE R M I NA T I O N OF S PE CI FI C H E A T CA PA CI TY O F A L I Q U I D BY
A N E L E CT RI CA L ME T HO D

Purpose of the experiment:
To determine the specific heat capacity of a liquid by an electrical method.

Apparatus:
Copper calorimeter with outer jacket stirrer made from copper, thermometer probe, digital temperature meter, power supply, ammeter, voltmeter, stop watch small heating coil joined to thick
copper leads passing though the cork fitting into the top of the calorimeter. Holes bored in the
cork to take the thermometer probe and the stirrer sensitive balance, weights.

Theory:
In the electrical method of heat capacity measurements, the supply of heat to the system is from
an electrical source. The energy received from the source in a given interval of time a part of it
may be used in raising the temperature of the system and the remainder is lost to the surrounding
at a low temperature.
When a current (𝒾) passes between two points of a conductor between which there is a potential
difference (𝑉 ) the electrical energy converted to heat energy (𝑄) absorbed by the system that is
calorimeter and its contents, is given by:
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑒𝑎𝑡 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 = 𝒾𝑉𝑡

𝐽𝑜𝑢𝑙𝑒

(1)

(𝑡) is the time for which the current passed the coil. Assuming that the specific heat capacity of
copper and the given liquid be 𝑐𝑜 and 𝑐 respectively. Neglecting the heat gained by the coil and
the leads, heat (𝑄) gained by calorimeter and content is given by:
𝑄=

𝑚𝑜 𝑐𝑜 + 𝑚1 − 𝑚𝑜 𝑐

𝜃2 + 𝑥 − 𝜃1

(2)

where (𝜃1 ) and (𝜃2 ) are the initial and the final temperatures of the calorimeter and its content
respectively and (𝑚𝑜 ) is the mass of calorimeter and stirrer, (𝑚1 ) is the mass of calorimeter, stirrer
and the liquid, and (𝑥) is the cooling correction, to be added to 𝜃2 obtained from the graph. Now
assuming no heat is lost during the process and steady state is attained then:
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 = 𝑒𝑎𝑡 𝑔𝑎𝑖𝑛𝑒𝑑 𝑏𝑦 𝑐𝑎𝑙𝑜𝑟𝑖𝑚𝑒𝑡𝑒𝑟 𝑎𝑛𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡
𝒾𝑉𝑡 =

𝑚𝑜 𝑐𝑜 + 𝑚1 − 𝑚𝑜 𝑐

𝜃2 + 𝑥 − 𝜃1

(3)
(4)

From which (𝑐) may be calculated.

Method:
1. Weigh the calorimeter and stirrer (𝑚𝑜 ), add sufficient liquid to cover the coil througly and
weigh again (𝑚1 ).
2. Arrange the apparatus and connect the electrical circuit as shown in fig ( 1). Immerse the coil
in the calorimeter with thermometer and stirrer and place the calorimeter on heat insulating
support inside the large calorimeter.
3. Switch on the current for just sufficient time to allow the adjustment of the rheostat or
power supply to give a current of 2𝐴 with both ammeter and voltmeter registering convenient readings. Now switch off stir and wait a few minutes for the temperature of the liquid to
become steady at the room temperature. Read the temperature 𝜃1 accurately.
4. Now switch on the current at the same instant as a stopwatch. Stirring continuously and
keeping the ammeter reading constant value.
Page 155

Volume 3: Heat and Thermodynamics

Applied Physics

5. Record the temperature and also the voltmeter reading every half-minute after the temperature has risen about 5℃ note the time (𝑡) and switch off the current, but not the stop watch
and continue to stir and record the temperature every half-minutes for a further time 𝑡.
6. Plot a graph of values of temperature as ordinate against corresponding values of time as abscissa as shown in fig (2).
A

Calculation:

V

From the graph in fig (2) find:
The initial temperature of the liquid 𝜃1 .
The highest temperature (𝜃2 ) reached by the liquid.
The value of 𝑥 as indicated by the graph.
From equation (4) we can write:
𝑐=

𝒾𝑉𝑡 − 𝑚𝑜 𝑐𝑜 𝜃2 + 𝑥 − 𝜃1
𝑚1 − 𝑚𝑜 𝜃2 + 𝑥 − 𝜃1

(5)

From which 𝑐 can be calculated.

Notes:
1. Do not switch on the current until the heating coil is immersed completely in the liquid.
2. If the thermometer probe is not available use mercury thermometer
Fig (1)
0 − 50℃ in 0.2℃.
3. Use high-resistance voltmeter. If high resistance is not available, the
resistance of heating coil can be determined and the electrical energy dissipated is then calculated from (𝒾2 . 𝑅. 𝑡 ). It should be noted that the resistance obtained in this way is the “cold”
resistance of the coil and thus will be less than its actual resistance under the conditions of
the experiment.
4. It is important that the current should be constant
𝜃℃
through out the experiment.
5. The ammeter should read to about 2 − 3 Amperes and
𝜃2
voltmeter reads to about 5 volts.
𝑥
6. It is advised to make the coil resistance from 24 −gauge
manganin wire, or Euraka wire of resistance 2 − 3 ohms.
7. The liquid under consideration may be water, glycerine
or paraffin oil or even methylated spirits.
𝜃1
½𝑡
𝑡
8. Use a short focus convex lens to enable more sensitive
readings on the thermometers.
0
𝑡 /𝑠𝑒𝑐
Fig (2)

Questions:
1.
2.
3.
4.

What are the most important sources of error in this experiment?
Explain a method by which we can avoid from the cooling correction?
What is the main advantages of the method of electrical heating over the method of mixture?
Discuss the reasons for preferring electrical methods to the method of mixture in finding an
accurate value of a specific heat capacity?
5. Explain how the high specific of water may help to stabilize the climate in a lake region?
6. The unit of heat used to be the caloric it is now the joule. Why has this change been made?
7. Discuss the advantages and disadvantages of this method compared with the method of
mixture?
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EX PE RI ME N T 2 6
D E TE R M I NA TI O N OF S PE CI FI C H E A T CA PA CI TY O F I NFL A M M A BL E
L I QU I DS

Purpose of the experiment:
To determine the specific heat capacity for inflammable liquids.

Apparatus:
Copper calorimeter with stirrer and outer jacket of suitable lagging, fitting cork stopper to take,
temperature probe and stirrer, insulating jacket, sensitive balance, weights, digital temperature
meter, ice, beaker.

Theory:
Specific heat is essentially a measure of how thermally insensitive a substance is to the addition of
energy. The greater a material’s specific heat the more energy must be added to a given mass of
the material to cause a particular temperature change. From this definition, we can relate the energy 𝑄 transferred between a sample of mass 𝑚 of a material and its surroundings to a temperature change ∆𝑇 as:
)1(

𝑄 = 𝑚𝑐∆𝑇

We have seen that the specific heat capacity of a liquid can be found, successfully by method of
mixture. A method, which is particularly useful for inflammable liquids, is one in which ice
dropped into the liquid and the final temperature is observed after melting.
Suppose (𝑚) is the mass of the liquid under consideration (𝑐) its specific heat capacity 𝑚𝑜 , 𝑐𝑜 are
the mass and specific heat capacity of the calorimeter (with stirrer) respectively. 𝜃1 and 𝜃 the initial and final temperatures of the liquid and calorimeter.
Heat (𝑄) lost by calorimeter and content is given by:
𝑄 = 𝑚𝑐 + 𝑚𝑜 𝑐𝑜 𝜃1 − 𝜃

(2)

If the mass of ice used is 𝑚1 the heat required to change the ice to water at (𝜃 ℃) is:
= 𝑚1 ℓ + 𝑚1 𝑐1 𝜃 − 0

(3)

Where (ℓ) is the specific latent heat of fusion of ice, and (𝑐1 ) is the specific heat capacity of water.
Thus assuming no heat is lost in the process we can write:
mc + mo co θ1 − θ = m1 ℓ + m1 c1 θ − 0

(4)

From which (𝑐) can be calculated.

Method:
1. Arrange the apparatus as shown in fig (1), then weigh
the calorimeter empty with stirrer (𝑚𝑜 ).
2. Weigh the calorimeter half filled with a liquid (plus the
stirrer) (𝑚1 ).
3. Record the initial temperature of the liquid inside the
calorimeter (𝜃1 ).
4. Drop a suitable quantity of ice in to the liquid inside
the calorimeter, wait until the whole ice is melted,
then record at once the final temperature (𝜃)
5. Weigh the calorimeter and its content to find the mass
of added ice (𝑚3 ).

Fig (1)
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Calculation:
The weigh of liquid is 𝑚 = 𝑚2 − 𝑚𝑜 weigh of added ice is 𝑚1 = 𝑚3 − 𝑚2 so that equation (4) can
be written as:
𝑐=

𝑚3 − 𝑚2 ℓ + 𝑚3 − 𝑚2 𝑐1 𝜃 − 0 − 𝑚𝑜 𝑐𝑜 𝜃1 − 𝜃
𝑚2 − 𝑚𝑜 𝜃1 − 𝜃

(5)

Knowing the value of (ℓ), (𝑐 ) can be calculated.

Notes:
1. The outer jacket should be double-walled and should contain insulator.
2. It is important that the ice should be as dry as possible.
3. The final temperature should not be taken unless the ice is completely melted, in that instant the final temperature should be recorded.
4. The weighting process should be as accurate as possible.
5. It is possible to use a piece of colded metal of known initial temperature instead of ice,
provided that it does not act chemically with the liquid.
6. In this experiment, the heat gained by the thermometer was neglected. In an actual experiment, the portion of the thermometer inside the calorimeter would absorb about the
same amount of heat as an extra 0.5 𝑔 of water. This quantity is called the water equivalent of the thermometer.

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

Explain Bunsen’s ice calorimeter?
Rewrite equation (4) when a colded metal piece is used instead of ice?
Discuss the nature of heat energy?
Distinguish between specific heat capacity and specific latent heat?
Distinguished clearly between internal energy, thermal energy and bond energy?
Explain clearly what do we mean by thermal contact and thermal equilibrium?
What is a major problem that arises in measuring specific heats if a sample with a temperature above 100℃ is placed in water?
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EX PE RI ME N T 2 7
D E TE R M I NA TI O N OF S PE CI FI C H E A T CA PA CI TY O F OI L U S I NG I CE
Purpose of the experiment
To determine the specific heat capacity of oil using ice.

Apparatus:
Copper calorimeter and insulating jacket, stirrer, and temperature prop, digital temperature meter,
beaker, oil, sensitive balance, oil (paraffin), fitting cork, stopper.

Theory:
As far as definition is concern, the specific heat of a substance is defined as the amount of heat
per unit of mass that must be added to the substance to raise its temperature by one Celsius degree. To give a complete definition of specific heat it is also necessary to indicate the experimental conditions under which the heating process is carried out. The two most common methods
involve heating at constant volume or at constant pressure. For liquids and solids, it is usually
much easier to make the necessary measurements at constant pressure (usually atmospheric pressure). The differences in the two types of measurement are slight owing to smallness of the volume expansion coefficients for liquids and solids. Thus, what we measure is normally the specific
heat capacity at constant pressure.
When two objects of different temperature are placed in thermal contact with each other, they
exchange thermal energy until they are in thermal equilibrium at same temperature. Thus when
oil mixed with ice as they are at different temperatures they exchange energy until they are in
thermal equilibrium at the same temperature.
If 𝑚, 𝑐 are the mass and specific heat capacity of the oil respectively, 𝑚𝑜 , 𝑐𝑜 that of calorimeter
with stirrer, and if 𝑚1 , 𝑐1 are the mass of melted ice and specific heat capacity of water respectively, 𝜃 and 𝜃1 are initial and final temperature of the calorimeter and its content.
Then the quantity of heat 𝑄𝑎 of the calorimeter and its content is given by:
𝑄𝑎 = 𝑚𝑐 + 𝑚𝑜 𝑐𝑜 𝜃1 − 𝜃

(1)

The quantity of heat 𝑄𝐿 gained by the ice is given by:
𝑄𝐿 = 𝑚1 ℓ + 𝑚1 𝜃1 − 𝜃

(2)

Assuming no heat is lost during the process we can write:
𝑒𝑎𝑡 𝑙𝑜𝑠𝑡 𝑏𝑦 𝑜𝑖𝑙 𝑎𝑛𝑑 𝑐𝑎𝑙𝑜𝑟𝑖𝑚𝑒𝑡𝑒𝑟 = 𝑒𝑎𝑡 𝑔𝑎𝑖𝑛𝑒𝑑 𝑏𝑦 𝑖𝑐𝑒 𝑖𝑛 𝑚𝑒𝑙𝑡𝑖𝑛𝑔 𝑡𝑜 𝑤𝑎𝑡𝑒𝑟

(3)

𝑚𝑐 + 𝑚𝑜 𝑐𝑜 𝜃1 − 𝜃 = 𝑚1 ℓ + 𝑚1 𝜃1 − 𝜃

(4)

Therefore:
From which (𝑐) can be determined.

Method:
1. Arrange the apparatus as shown in fig (1), weigh the calorimeter empty with stirrer let it be (𝑚𝑜 ).
2. Warm some oil in a beaker until it is some degrees above
Ice crystal
the temperature of surrounding.
3. Weigh the calorimeter while containing the worm oil to
about one-third of its volume (𝑚2 ).
4. Record the temperature of calorimeter and its content
(𝜃), when it is about 6℃ above the room temperature.

Stirrer
Insulation
Oil

Fig (1)
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5. Add some pieces of dray ice to the calorimeter until the temperature is the same number of
degrees below the room temperature, stirring until all the ice is melted completely. Record
the temperature of the mixture as quickly as you can.
6. Reweigh the calorimeter and its contents (𝑚3 ).

Calculation:
Mass of calorimeter
Mass of oil
Mass of ice
Then equation (4) becomes:

= 𝑚𝑜
= 𝑚2 − 𝑚𝑜
= 𝑚3 − 𝑚2

𝑚2 − 𝑚𝑜 𝑐 + 𝑚𝑜 𝑐𝑜 𝜃1 − 𝜃 = 𝑚3 − 𝑚2 ℓ + 𝑚3 − 𝑚2 𝜃 − 0

or

𝑐=

𝑚3 − 𝑚2 ℓ + 𝑚3 − 𝑚2 𝜃 − 𝜊 − 𝑚𝑜 𝑐𝑜 𝜃1 − 𝜃
𝑚2 − 𝑚𝑜 𝜃1 − 𝜃

(5)
(6)

Knowing (ℓ) we can calculate (𝑐)

Notes:
1. The added ice should be as dry as possible.
2. The quantity of ice added to the warm oil should be such that to lower the temperature of
the warm oil below the room temperature by the same degree as the warm oil above it.
3. If the ice melts before it is placed in the calorimeter the result for (𝑐) will be high.
4. In the procedure, the effect of cooling has been eliminated.
5. Because food is the source of man’s energy food values are commonly expressed in kilocalories which is the heat required to warm 1 kilogram of water through 1 𝑑𝑒𝑔 ℃. A man
needs about 3000 kilocalories per day.
6. Black and Wilcke studied independently what we now call specific heats the name is due to
Wilcke, in his experiment Wilcke dropped various hot bodies into cold water and measured
the temperature rises, which they caused. In this way, he showed that a given mass of glass
gave out only one-fifth as much heat as an equal mass of water in cooling through the same
temperature range. He therefore said that the specific heat of glass was 0.2.
7. Heat losses can be made very small by using Dewar flask as the calorimeter.

Questions:
1. The most important of the true thermal units is the caloric. This seems as simple enough
quantity, that heat required to raise the temperature of 1 gm of water by 1℃ degree. But this
definition is really rather vague, why?
2. What do we mean by relative specific heat?
3. Distinguish between thermal capacitance and water equivalent of the object?
4. What is calorimetry?
5. Discuss the reasons for preferring electrical methods to the method of mixtures in finding
an accurate value of a specific heat capacity?
6. Two pieces of aluminium are exposed to direct sunlight. One pieces is polished and the
other is painted black. Which piece will have the higher temperature? Why?
7. What are the essentials of a good calorimeter?
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EX PE RI ME N T 2 8
D E TE R M I NA TI O N OF S PE CI FI C H E A T CA PA CI TY O F A M E TA L
BL O CK BY A N E L E CT RI CA L ME T H O D

Purpose of the experiment:
To determine the specific heat capacity of a metal block by an electrical method

Apparatus:
Metal block, calorimeter, temperature prop, digital temperature meter, electric heater, insulating
Jacket, stop clock.

Theory:
The heat capacity of a substance is an indication to degree
of the substance response to a definite quantity of heat
supplied to it. It was found that the measured values of
specific heats depend on the conditions of the experiment.
In general, measurements made in a constant pressure
process are different from those made in constant-volume
𝐼𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑛𝑔
process. For solids and liquids, the difference between the
𝑗𝑎𝑐𝑘𝑒𝑡
two values is usually no greater than a few percent and it is
often neglected. Most measured values are taken at atmospheric pressure and room temperature. Electrical methods
𝑀𝑒𝑡𝑎𝑙 𝑏𝑙𝑜𝑐𝑘
of measuring specific heat capacity are straightforward and
capable of providing accurate results. Fig (1) shows the basic principle of measuring the specific heat capacity of a
metal. A polished metal block mass 1 𝑘𝑔 is placed in an inFig (1)
sulating Jacket and an electric heater and a thermometer are
placed inside holes drilled in the block.
After a knowing time the final maximum temperature rise is observed. Let ( 𝑚) be the mass of the
block calorimeter and (𝑐) its specific heat capacity. The quantity of energy (𝑄) is supplied electrically for a time (𝑡) that is:
𝑄 = 𝒾𝑉𝑡

(1)

Where 𝒾 is the current flowing and 𝑉 is the potential difference across the heater.
This quantity of heat was absorbed by the block calorimeter to rise its temperature by 𝜃℃ so that:
𝑄 = 𝑚𝑐𝜃

(2)

where (𝑐) is the specific heat capacity of the material of the block. From equations (1) and (2) assuming no heat lost, we can get:
𝒾𝑉 ∙ 𝑡 = 𝑚𝑐 𝜃1 − 𝜃𝑜

(3)

As 𝜃 = 𝜃1 − 𝜃𝑜 , where 𝜃𝑜 is the initial temperature of the block.

Method:
1. Weigh the metal block let be (𝑚) place the block inside the insulating Jacket.
2. Put the heater as well as the thermometer probe inside the holes drilled in calorimeter.
3. Measure the initial temperature of the block (𝜃𝑜 ). This temperature should be subtracted
from all subsequent measurements to give the excess temperature 𝛥𝜃.
4. Switch on the electrical circuit. Record the temperature of the block at 2 minute intervals.
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5. Continue heating until the temperature rise is about 40℃. Open the switch and continue
to record the temperature every minute up to 𝑡/2 (about 10 minutes).
6. Plot a graph of the excess temperature (𝜃) as ordinate against corresponding values of
time (𝑡) as abscissa.

Calculation:
The cooling correction can be obtained from the graph in fig (2). Thus, the temperature fall from
𝜃𝑀𝑎𝑥 in a time 𝑡/2 will give a value of the cooling correction Δ𝜃 . Thus equation (3) becomes:
𝒾𝑉 ∙ 𝑡 = 𝑚𝑐 𝜃1 + ∆𝜃 − 𝜃𝑜

or

𝑐=

𝒾𝑉 ∙ 𝑡
𝑚 𝜃1 + ∆𝜃 − 𝜃𝑜

(4)
(5)

Notes:
1. If the temperature probe is not accessible use the
mercury thermometer 0 − 100℃ in 0.5℃.
𝜃
2. If a compact heater is not attainable, you can make
∆𝜃
a heater from some sort of resistive wire (man𝜃𝑚𝑎𝑥
ganine, Euruka) with insulating mica, and using an
𝜃1
∆𝜃
ammeter 0 − 5 𝐴 𝑑𝑐 , voltmeter 0 − 10 𝑉 𝑑𝑐, power
supply 0 − 12 𝑉 𝑑𝑐, rheostat 0 − 10 𝛺 (5 𝐴 maximum), switch.
𝑡
3. Material block may be a copper, aluminium brass or
2
𝑡
any other metals.
4. A few drops of glycerol may be used in the thermometer hole to improve thermal contact.
𝑡𝑖𝑚𝑒
Fig (2)
5. You may use the results of 𝜃 − 𝑡 cooling curve to
assess the validity of Newton’s law of cooling.
6. We can also calculate the average rate of energy loss from the block during heating. It is
approximately equal to half the value of the rate of energy loss during the initial cooling
period 𝑐(𝑑𝜃/𝑑𝑡)𝜃 𝑀𝑎𝑥 , (𝑑𝜃/𝑑𝑡) is the slope of the 𝜃 − 𝑡 cooling curve at 𝜃 = 𝜃𝑀𝑎𝑥 . Since the
graph is nearly linear, you can estimate this slope and hence calculate the average rate of
energy loss, what fraction of the total energy supplied to the block does this represent.
7. In the above treatment, it was considered that 𝑐 does not change between initial and final
temperature.
8. Let 𝑑𝑄 be the quantity of heat drawn from the electrical source in time 𝑑𝑡 and 𝑑𝑄1 is the
amount of heat retained by the system to raise its temperature by 𝑑𝜃 and 𝑑𝑄2 is the
amount of heat lost to the surroundings then:
𝑑𝑄 = 𝑑𝑄1 + 𝑑𝑄2

(6)

𝑑𝑄1 = 1 × 𝑐𝑝 × 𝑑𝜃

(7)

This is for one 𝑘𝑔 mass of the substance, and 𝑐𝑝 is the specific heat of a substance at constant pressure. If the potential difference across the heater wire is 𝑉 volts and the current
flowing is (𝒾) amperes then:
𝑑𝑄 = 𝒾𝑉𝑑𝑡

(8)

𝑑𝑄1 = 𝑑𝑄 − 𝑑𝑄2

(9)

𝑐𝑝 𝑑𝜃 = 𝒾𝑉𝑑𝑡 − 𝑑𝑄2

( 10 )

If the system does not lose heat to the surroundings then:
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𝑑𝑄2 = 0

( 11 )

𝑐𝑝 𝑑𝜃 = 𝒾𝑉𝑑𝑡

( 12 )

𝒾𝑉 = 𝑐𝑝

𝑑𝜃
𝑑𝑡

( 13 )

To find 𝑑𝜃/𝑑𝑡 that is the rate of rise of temperature of the system with time a graph is
drawn between temperature (𝜃) and time (𝑡). From the graph 𝑑𝜃/𝑑𝑡 is found for the temperature at which 𝑐𝑝 is to be determined. In this way, the specific heat capacity can be determined as a function of temperature.

Questions:
1. What is the correct expression for the specific heat capacity when c is varies with temperature.
2. Which one is taken to specify the thermal property of a substance its specific heat or
thermal conductivity? Why?
3. On a winter day, the snow is observed to melt from the concrete sidewalk before it melts
from the road. Which has the higher heat capacity?
4. If two objects have the same heat capacity are they necessarily constructed of the same
material? What if they have the same specific heat capacities?
5. Is there more than one definition of specific heat? What are they?
6. Why is necessary in accurate work to define the temperature at which specific heats are
measured?
7. Why on the coast does the wind often blow towards the shore in the day time and towards the sea at night?
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EX PE RI ME N T 2 9
D E TE R M I NA TI O N OF S PE CI FI C H E A T CA PA CI TY BY M E C HA NI CA L
ME T HO D

Purpose of the experiment:
To determine the specific heat capacity of a material by mechanical method.

Apparatus:
The apparatus consists of a solid copper cylindrical drum of known mass. A silk friction band
encircles the copper calorimeter its upper end being attached to a spring balance and its lower
end hanging a large weight. The calorimeter is rotated either manually or by electric motor and
the number of revolution is counted by a revolution indicator attached to the apparatus. A hole
bored through the axis of revolution of drum into which fits a 0 − 35℃ in 0.1℃ thermometer, callipers, stop watch.

Theory:
When a substance absorbs a given amount of heat the speed of its molecules usually increases
and its temperature rises. Depending on the specific heat of the substance. The rise in temperature is directly proportional to the quantity of heat supplied and inversely proportional to the
mass of the substance.
In this experiment, the mechanical energy supplied to a solid copper cylinder is converted
through the friction in the silk in to heat that is work done against the friction of the silk. This
amount of heat is absorbed by the copper cylinder, which raises its temperature. If 𝑇1 and 𝑇2 are
the upward and downward tensions respectively in kg, in the spring the force of friction would be
𝑇2 − 𝑇1 𝑔 𝑁𝑒𝑤𝑡𝑜𝑛 , and if (𝑟) is the radius of the copper cylinder and 𝑔 is the acceleration of gravity, the frictional couple is 𝑇2 − 𝑇1 𝑔𝑟 N.m. So that for (𝑛) revolution the total work (𝑊 ) done
would be:
𝑊 = 𝑇2 − 𝑇1 𝑔𝑟2𝜋𝑛

(1)

Now if respectively (𝜃1 ) and (𝜃2 ) are the initial and final temperatures of the copper calorimeter of
mass (𝑚) and specific heat (𝑐 ), then heat (𝑄) developed is given by:
𝑄 = 𝑚𝑐 𝜃2 − 𝜃1

(2)

𝑇𝑒 𝑤𝑜𝑟𝑘𝑑𝑜𝑛𝑒 = 𝐻𝑒𝑎𝑡 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑

(3)

𝑇2 − 𝑇1 𝑔𝑟2𝜋𝑛 = 𝑚𝑐 𝜃2 − 𝜃1

(4)

If no heat is lost then.

From which (𝑐) can be calculated.

Method:
1. Wind the slik band round the copper drum, attaching the upper end to the spring balance
(𝑆). Load the lower end of the band with mass (𝑀)(fig 1).
2. Insert the thermometer bulb into the hole in the copper cylinder, gently.
3. Set the copper drum rotating at moderate speed and increase or decrease the mass (𝑀)
suspended until it is just lifted clear of the bench on which it originally rests.
4. After this adjustment has been made stop the rotation of the drum and allow the
apparatus to come to thermal equilibrium with its surroundings, when the thermometer
indicates a steady temperature record it (𝜃1 ).
5. Measure the diameter in two perpendicular directions by means of callipers. Record the
mass of the drum (𝑚𝑜 ), and the counter reading.
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6. Now set the drum rotating at moderate speed at
the same time as starting the stop watch and record the reading of the spring balance, until the
thermometer shows a rise of temperature of
3 − 5℃, stop the rotation and the stop watch but
continue to observe the readings of the thermometer. Record the maximum temperature reached.
7. Record the counter reading at the same time when
you stopped the rotation of the drum.

Calculation:
Mass of the calorimeter = 𝑚𝑜 𝑘𝑔
Mass of the hanging weight (𝑇2 )= 𝑚 𝑘𝑔
Initial temperature of the drum = 𝜃1
Final temperature = 𝜃2
Mean diameter of the drum = 𝑑 𝑚
Number of revolution = 𝑛 spring balance reading (average) (𝑇1 ) = 𝑆 𝑘𝑔
Now equation (4) can be written as:
𝑚𝑐 𝜃2 − 𝜃1 = 𝑚 − 𝑠 𝜋𝑑𝑛𝑔

or

𝑐=

𝑚 − 𝑠 𝜋𝑑𝑛𝑔
𝑚𝑜 𝜃2 − 𝜃1

Fig (1)

(5)
(6)

From which (𝑐) can be calculated.

Notes:
1. The drum may be made of copper, aluminium or brass.
2. Not all the heat generated by friction is received by the copper and an indeterminate
amount is lost to the surrounding air from the outer surface of the friction band.
3. To ensure a good thermal contact of the thermometer with the drum dip the thermometer bulb in glycerinee.
4. The error in the temperature rise will be the most important.
5. If the upward tension that is spring balance reading varies during the experiment, readings should be taken every say (100) revolutions and the mean value is taken.
6. It would be possible to continue the experiment beyond the attainment of the maximum
temperature for a time equal to half the time taken to attain the maximum temperature.
The temperature fall 𝑥 during this further time is the correction to add to the observed final maximum temperature, but the general accuracy of this experiment hardly warrants
this correction.

Questions:
1.
2.
3.
4.

Comment on the statement [The atomic heats of all solid elements are the same]?
Comment on the statement [The denser substances have the smaller specific heats]?
If the specific heat capacity of a substance changes on melting? Explain?
Both water and mercury have minima in their curves of specific heat against temperature
why this is so?
5. Draw a free-body diagram of the experiment?
6. Which one contains more energy a storage radiator or water radiator? Why?
7. Why we do not use heat capacity rather than specific heat capacity when calculating quantity of heat in a system?
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EXPERIMENT 30
DETERMINATION OF SPECIFIC HEAT CAPACITY OF A LIQUID
USING CALLENDER'S APPARATUS
Purpose of the experiment:
To determine the specific heat capacity of a liquid using Callender's apparatus.

Apparatus:
Callender’s apparatus, it consists, in this case of a hollow metal cylinder drum capable of being
rotated either manually or by an electric motor, a divided silk friction band fits over the metal
drum the single end being attached to spring balance and the divided end to a hanging weight,
revolution counter is attached to the apparatus, balance, weights, thermometer 0 − 35℃ in 0.1℃,
stop watch and callipers, pipette, spring balance.

Theory:
The heat lost or gained by an object is not related in a simple
way to the molecular energies of the objects. Whenever thermal energy is supplied to an object, it can absorb the energy in
many different ways. The concept of specific heat is needed to
measure the abilities of different materials to utilize thermal
energy to increase their temperatures. The same amount of applied thermal energy does not result in the same temperature
increase for all materials. We interpret this fact in terms of heat
capacity of the substance. We say that different materials have
different heat capacities.
In this experiment the mechanical energy that is the work done
against the friction of the silk brake band is converted into
heat, which absorbed by the metal calorimeter and the liquid
Fig (1)
inside it and thereby raises the temperature of the metal calorimeter and the liquid contained.
If 𝑇1 and 𝑇2 are the upward and downward tensions respectively in kg in the spring the force of
friction is 𝑇2 − 𝑇1 𝑔 Newtons and if (𝑟) is the radius of the metal cylinder the frictional couple is
𝑇2 − 𝑇1 𝑔𝑟 N.m. So that for (𝑛) revolution the work done is given by:
𝑊 = 𝑇2 − 𝑇1 𝑔𝑟2𝜋𝑛

(1)

Where (𝑔) is the acceleration of gravity.
If (𝜃1 ) and (𝜃2 ) are the initial and final temperatures of the metal calorimeter and its contents, respectively, and if (𝑚𝑜 ), (𝑐𝑜 ), (𝑚) and (𝑐) are the masses and specific heat capacities of the metal
cylinder and the liquid under consideration respectively then the quantity of heat (𝑄) generated is
given by:
𝑄 = 𝑚𝑜 𝑐𝑜 + 𝑚𝑐 𝜃2 − 𝜃1

(2)

If no heat is lost in the process then,
Work done against friction=heat generated in the metal cylinder
or:

𝑚𝑜 𝑐𝑜 + 𝑚𝑐 𝜃2 − 𝜃1 = 𝑇2 − 𝑇1 𝑔𝑟2𝜋𝑛

(3)
(4)

From which (𝑐) can be calculated.
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Method:
1. Adjust the position of the spring balance until the upward tension is just sufficient to
float the attached load when the calorimeter is rotated at the steady rate.
2. Allow the apparatus to come to thermal equilibrium with its surroundings.
3. Place a known volume of the liquid the specific for which to be determined inside the
metal cylinder by means of the pipette, the volume should be sufficient to cover the bulb
of the thermometer.
4. Insert the thermometer into the hole drilled in the metal cylinder.
5. After some sufficient time for the system come to thermal equilibrium that is the thermometer reading a steady temperature record this temperature (𝜃𝑜 ) as the initial temperature for the system.
6. Take the initial reading of the revolution counter (𝑛1 ) then rotate the metal cylinder steadily so that the reading on the spring balance is fairly steady, until reasonable temperature
rise such as 4 − 5℃ has occurred. Then take the final reading of the thermometer (𝜃) and
the revolution counter (𝑛2 ).
7. Remove the metal cylinder, dry it and weight (if possible) or write down the mass
stamped on it by the manufacturers (𝑚𝑜 ).
8. Find the mass (𝑚) of an equal volume of the liquid which has been placed inside the
metal cylinder then measure the diameter of the metal cylinder (𝑑).

Calculations:
Mass of the liquid is = 𝑚 𝑘𝑔
Mass of the metal cylinder is = 𝑚𝑜 𝑘𝑔
Mass of hanging load (𝑇2 ) = 𝑚1 𝑘𝑔
Average reading of spring balance (𝑇1 ) 𝑆 = 𝑘𝑔
Specific heat capacity of the metal cylinder = 𝑐𝑜
Initial temperature of calorimeter and liquid = 𝜃𝑜 ℃
Final temperature of calorimeter and liquid = 𝜃 ℃
Initial reading of revolution = 𝑛1 revolution
Final reading of revolution = 𝑛2 revolution
Mean diameter of metal cylinder = 𝑑 𝑚
Now from equation (4) we have:
𝑚𝑜 𝑐𝑜 + 𝑚𝑐 𝜃2 − 𝜃1 = 𝑚1 − 𝑆 𝑔𝑑𝜋 𝑛2 − 𝑛1

or

𝑐=

𝑚1 − 𝑆 𝑔𝑑𝜋 𝑛2 − 𝑛1 − 𝑚𝑜 𝑐𝑜 𝜃2 − 𝜃1
𝑚 𝜃2 − 𝜃1

(5)
(6)

From which (𝑐) can be determined.

Notes:
1. It is important to note that the quantity of a liquid inside the cylinder must be such that
to cover the thermometer bulb completely.
2. It is quite important to note that there is no air bulb at all in the liquid contained in the
metal cylinder.
3. This version of Calendar, apparatus has been designed specially for measuring the specific
heat capacity of liquids particularly those liquids for which the method of mixture cannot
be applied. The metal cylinder is usually made from copper, aluminium or brass, the specific heat for which is already known.
4. The temperatures should be read carefully and accurately as it is the most important
source of error.
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5. If the apparatus is designed such that the metal cylinder can be removed from the apparatus, in this case the metal cylinder must be weighted first clean and dry then filled with
the liquid and the reweighted to find the weight of the liquid.
6. Be careful that the liquid does not leak from the metal cylinder.
7. It is absolutely important to note that the given liquid does not act chemically with the
metal cylinder.

Questions:
Write short notes on the following
1. Widemann-Franz law
2. Convection coefficient
3. Newton’s law of cooling
4. Prevost theory of heat exchange
5. Kirchoff’s law of heat radiation
6. Stefan-Boltzmann law
7. Wien’s energy distribute
8. Wien’s displacement law
9. Raleigh-Jean’s law
10. Planck’s quantum theory of radiation
11. Solar constant
12. Pyroheliometer
13. Black body
14. Thermopile
15. Boy’s Radiomicrometer
16. Bolometer
17. Differential air thermoscope
18. Ether thermoscope
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EX PE RI ME N T 31
D E TE R M I NA T I O N OF T HE S PE C I F I C HE A T CA P A CI T Y O F W A TE R
B Y C O NTI NU OU S FL O W CA L O RI M E TE R

Purpose of the experiment:
To determine the specific heat capacity of water by continuous flow calorimeter.

Apparatus:
The figure represents the apparatus of Callendar and Barnes used for the determination of the
specific heat capacity of water. It consists from central narrow tube contains a heating wire and
along this tube is fed a constant flow of
𝑣𝑎𝑐𝑢𝑢𝑚 𝑒𝑎𝑡𝑒𝑟
𝑤𝑎𝑡𝑒𝑟
water, entering at temperature 𝜃1 ℃ and
𝐽𝑎𝑐𝑘𝑒𝑡 𝑙𝑒𝑎𝑑𝑠
𝑜𝑢𝑡
leaving at 𝜃2 ℃, power supply ammeter
𝑡𝑒𝑟𝑚𝑜𝑚𝑒𝑡𝑒𝑟
up to 2 ampere, key, voltmeter of fairly
high resistance reading up to 10 volts,
two 0.1℃ thermometers, constant-heat
device, stop-watch, beaker.
𝑤𝑎𝑡𝑒𝑟 𝑖𝑛

Fig (1)
Water has the highest specific heat capacity of common materials. This high specific heat is responsible, in part, for the moderate temperatures found near large bodies of water.
The liquid or gaseous substance flows past a heater continuously the substance rises in temperature as it does so. The various parts of the apparatus, however reach different steady temperatures and so none of the energy is being absorbed by the apparatus, its heat capacity is therefore
irrelevant.
In most calorimetric measurements, an essential feature has been a rise of temperature in which a
containing vessel has participated. There has therefore been a thermal capacitance to be assessed
and this is not always easy to determine accurately. In this method this and other errors have be
eliminated.
This is an accurate method because the observations are taken under steady state. The thermal
capacity of the apparatus does not occur in the calculations. Moreover, the errors due to loss of
heat by conduction, convection and radiation have been practically eliminated.
The liquid (water) whose specific heat capacity is required flows steadily through the central glass
tube. During its passage, it is heated electrically by a coil of resistive wire placed along the length
of the tube. After a sufficient time, the inlet and outlet temperatures of the water become constant and under these steady conditions, the difference in temperature is measured by the thermometers.
Suppose (𝒾) is the current in amperes in this wire 𝑉 is the potential difference in volts across the
wire, (𝑚) is the mass of water flowing steadily along the tube per second and (𝜃) is the steady difference in temperature of the water at both ends. At a steady state all the heat produced by the
electric current is then used in heating the water.
Now the electrical energy expended per second is (𝒾𝑉 ). If  is the small amount of heat lost per
second by radiation then we can write:

Theory:

𝒾𝑉 = 𝑚𝑐𝜃 + 

(1)

Where (𝑐) is the specific heat capacity of water. To eliminate () the steady flow of water is now
decreased to a new value, at the same time the current is also diminished until the same water
temperatures are obtained between the tube ends. In this condition, the heat lost by radiation is
then the same.
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If 𝒾1 , 𝑉1 , 𝑚1 denotes the new magnitudes of current, potential difference and mass of the liquid
per second respectively then we have:
𝒾1 𝑉1 = 𝑚1 𝑐𝜃 + 

(2)

Now from equations (1) and (2) we get at steady state.
𝒾𝑉 − 𝒾1 𝑉1 = 𝑚 − 𝑚1 𝑐𝜃

or

𝑐=

𝒾𝑉 − 𝒾1 𝑉1
𝑚 − 𝑚1 𝜃

(3)
(4)

From which (𝑐) can be calculated.

Method:
1. Arrange the apparatus connecting the circuit as shown in fig (1).
2. Adjust the flow of water through the apparatus from the constant-head device to a suitable
steady rate by means of screw clip on the connecting rubber tubing.
3. Switch on the circuit and adjust the power supply or the rheostat to give a suitable current.
4. Wait until steady state is reached that is when the thermometers show no changes; now record both thermometers, as well as the current and potential difference.
5. Determine the rate of flow of water collecting the outer flow of water in a beaker for a given
time. Determine the mass of collected water.
6. Repeat the experiment with another current, and adjusting the rate of flow so that the mean
temperature of the out flowing and inflowing water is the same as in the first experiment.

Calculation:
Let 𝑚1 and 𝑚2 be the rates of flow of water in kg per second.
𝜃1 and 𝜃2 be the temperatures of the inflowing water in ℃.
𝜃3 and 𝜃4 be the temperatures of the out flowing water in ℃.
𝒾1 and 𝒾2 be the respective currents in amperes.
𝑉1 and 𝑉2 be the respective potential difference across the heating coil.
when the steady has been attained.
Heat generated in heating coil equal the heat absorbed by water and heat radiated to surroundings. So that equation (4) becomes:
𝑐=

𝒾1 𝑉1 − 𝒾2 𝑉2
𝑚1 𝜃3 − 𝜃1 − 𝑚2 𝜃4 − 𝜃2

(5)

From which (𝑐) can be determined.

Notes:
1. Care must be taken to release and expel all entrapped air from the apparatus.
2. It is important to keep the current in both cases constant throughout the experiment.
3. It is important adjust the rate of flow so that the mean temperature of out flowing and inflowing water is the same in both experiment.
4. It is necessary that both the thermometers to be identical.
5. The central wire was stranded to ensure turbulent flow of water, and hence through mixing.
6. This experiment can be used to determine the mechanical equivalent of heat.
7. It is possible to reduce the heat lost to the surroundings by shrouded the essential part of the
apparatus by a vacuum Jaket.
8. The cooling correction is negligible.
9. The heat capacity of the calorimeter a doubtful quantity does not need to be considered.
10. The difference in temperature between the two ends of the tube can be measured very accurately.
11. This method can be used for investigating the variation of the specific heat capacity as a
function of temperature. Here the difference in temperature is made small for example temPage 170
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perature of inlet water may be 32℃ and that for outlet 34℃ in which case the specific heat
capacity is determined at the average temperature 33℃. The electrical method has been used
to determine the variation of the specific heat capacity of water with temperature.
Temp℃
5
15
25
40
70
100
𝑐
1.0047
1.0000
0.9980
0.9973
1.0000
1.0052
12. When starting the experiment the water should be allowed flow through the calorimeter before the current is started.
13. Heating coil should have a resistance of about 10 𝛺.

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

Why the capacity of the apparatus does not inter to the calculation?
How the effects due to conduction, convection and radiation are eliminated?
How can this apparatus be used to determine the mechanical equivalent of heat?
What are advantages of this method?
How do you determine 𝑐𝑝 of a gas using this method?
What is the effect of cooling correction in this experiment?
If this method can be used for other liquids apart from water?

Page 171

Volume 3: Heat and Thermodynamics

Applied Physics

EXPERIMENT 32
DETERMINATION OF THE SPECIFIC HEAT CAPACITY OF A LIQUID
BY METHOD OF COOLING

Purpose of the experiment
To determine the specific heat capacity of a liquid by method of cooling

Apparatus:
Two identical calorimeters, (made of the same material) a
double walled chamber with lid containing two holes to
carry two rubber corks, two identical thermometers,
stop-watch, weight, balance and a liquid under consideration, beaker corks, or some insulating material.

Theory:
The theory assumes that the rate of loss of heat is the
same in two cases under conditions apparently similar.
The rate of loss of heat by a body depends upon, the exFig (1)
cess of temperature of the body over the enclosure at the
instant considered, the nature and the area of the exposed surface of the body.
If 𝑑𝑄 is the loss of heat from a body in time 𝑑𝑡 at any instant 𝑡 when the excess of its temperature
above that of the enclosure is (𝜃) then we have,
𝑑𝑄 = 𝑎 ∙ 𝑓 𝜃 𝑑𝑡

(1)

where (𝑎) is a constant depending upon nature of the surface of the body and its area exposed
and 𝑓 𝜃 is an unknown function of (𝜃) and only of (𝜃).
Now let two calorimeters of masses 𝑚 (of equal mass and same material) and of specific heat 𝑐 be
filled one with mass 𝑚1 of the liquid under consideration of specific heat 𝑐1 and the other with
mass 𝑚2 of a liquid of known specific heat 𝑐2 both at the same temperature and let them be cool
down and let the times taken by the first and second calorimeters and their contents to cool
down from 𝜃1 to 𝜃2 be 𝑡1 and 𝑡2 respectively. Then if 𝑑𝜃 is the fall of temperature of the first calorimeter and its contents in time 𝑑𝑡 we have,
𝑚𝑐 + 𝑚1 𝑐1 𝑑𝜃 = 𝑑𝑄 = 𝑎1 𝑓 𝜃 𝑑𝑡

or

𝑚𝑐 + 𝑚1 𝑐1 ∙

𝑑𝜃
= 𝑎1 ∙ 𝑑𝑡
𝑓 𝜃

(2)
(3)

Integrating from 𝜃1 to 𝜃2 we get
𝑚𝑐 + 𝑚1 𝑐1

𝜃2
𝜃1

𝑑𝜃
= 𝑎1 ∙ 𝑡1
𝑓 𝜃

(4)

Similarly for the second calorimeter and its contents we can write:
𝑚𝑐 + 𝑚2 𝑐2

𝜃2
𝜃1

𝑑𝜃
= 𝑎2 ∙ 𝑡2
𝑓 𝜃

(5)

Now if the two calorimeters have identical surfaces and are filled with equal volumes of the two
liquids that is area exposed for loss of heat is the some then 𝑎1 = 𝑎2 in that case from equations
(4) and (5) we can write:
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𝑚𝑐 + 𝑚1 𝑐1 𝑡1
=
𝑚𝑐 + 𝑚2 𝑐2 𝑡2

(6)

𝑚𝑐 + 𝑚1 𝑐1 𝑚𝑐 + 𝑚2 𝑐2
=
𝑡1
𝑡2

(7)

From which (𝑐2 ) can be determined if (𝑐1 ) is known.

Method:
1.
2.
3.
4.
5.

Weigh the two calorimeters empty, then arrange the apparatus as shown in fig (1).
Heat separately the given liquid and water to the same high temperature (70℃). Put into
one of the calorimeters a given liquid and into the second an equal volume of water.
Replace the thermometers, lid, and put the whole back into the cooling chamber.
Record the temperatures of the two liquids at minute intervals down to 40℃.
Weigh the calorimeters after the servation to determine the masses of the water and that
of the liquid.
Plot the cooling curves for the two liquids on
𝑇𝑒𝑚𝑝.
Liquid
the same graph paper with values of temperature as ordinates against the corresponding values of time as abscissa (fig 2).
𝜃1

Calculation:
From the two graphs obtain the times 𝑡1 and 𝑡2 in seconds taken by the liquid and the water respectively to
cool down through the same temperature range say from
𝜃1 to 𝜃2 , knowing the specific heat of the calorimeter and
water, the specific heat capacity of the liquid can be determined from the equation:
𝑐1 =

𝑚𝑐 + 𝑚2 𝑐2
𝑚1

𝑡1
𝑚
−
𝑐
𝑡2
𝑚1

𝜃2
𝑤𝑎𝑡𝑒𝑟

𝑡1

𝑡2

𝑡𝑖𝑚𝑒

Fig (2)

(8)

Notes:
1.
2.
3.
4.
5.
6.
7.
8.

9.

This method is due to Tobias Mayer (1796).
Include the lid and the stirrer in all the weighing.
It is important that the same volume of a liquid and of water must be used.
The calorimeter lid prevents loss of heat by evaporation.
It is worth to heat the liquid and water first in beaker, and then transferred into the calorimeters.
The calorimeters must be made of a good conductor of heat.
This method does not assume the truth of Newton’s law of cooling or of any particular
law of cooling.
This method is a very convenient and accurate for determination of specific heat capacity of liquids. There is no mixing of two substances in this method and hence no heat
due to chemical action is evolved or absorbed and so the method is superior to the
method of mixture in this respect.
There are various ways of treating the results. The simplest and probably the best is the
one given before in the calculation. It is possible to simplify the situation by assuming
that 𝑤1 and 𝑤2 are the respective thermal capacitances, the quantities of heat is thus
equal to 𝑤1 (𝜃1 − 𝜃2 ) and 𝑤2 (𝜃1 − 𝜃2 ) respectively. But the total heat lost in cooling
through this range in the two cases is therefore in the ratio of the times that is as 𝑡1 to 𝑡2 .
Therefore:
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𝑤1 𝑡1
=
𝑤2 𝑡2

(9)

Now the thermal capacitance involved in each case includes a contribution 𝑤 ′ say from
the calorimeter and accessories and a term of form 𝑀𝑐 whose 𝑀 is the mass of liquid of
specific heat 𝑐, so equation (9) can be written as:
𝑤1′ + 𝑀1 𝑐1 𝑡1
=
𝑤2′ + 𝑀2 𝑐2 𝑡2

( 10 )

If the calorimeters are the same or identical then:
𝑤1′ = 𝑤2′

( 11 )

𝑐1 𝑀2 𝑡1
=
∙
𝑐2 𝑀1 𝑡2

( 12 )

Thus equation (9) reduces to:

Knowing (𝑐1 ), (𝑐2 ) can be calculated.
10. Another method of reducing the results involves
drawing tangents to the two curves. These rates
of fall of temperature are then plotted against
temperature-excess (𝜃 − 𝜃𝑜 ), giving a pair of
curves shown in fig (3).
At any given temperature-excess, the rates of
loss of heat should be the same, so each rate of
fall of temperature when multiplied by the
thermal capacitance 𝑤 must be the same. Thus
the ratio of ordinates is:
𝐴𝐷 𝑤2
=
𝐵𝐷 𝑤1

(−

𝑑𝜃
)
𝑑𝑡

(1)

𝑟𝑎𝑡𝑒 𝑜𝑓
𝑓𝑢𝑙𝑙 𝑜𝑓
𝑡𝑒𝑚𝑝.

(2)

𝐴

𝐵
𝐷
𝑡𝑒𝑚𝑝. 𝐸𝑥𝑐𝑒𝑠𝑠

( 13 )

Fig (3)

Thus the specific heats may be deduced from the above equation.
11. There is a further way to treat the results of this
𝐿𝑖𝑞𝑢𝑖𝑑
experiment, which is as follows:
𝑇𝑒𝑚𝑝.
Select a temperature such as 𝜃3 (fig 4) somewhere
𝑤𝑎𝑡𝑒𝑟
℃
in the middle of the cooling curves and draw tan𝐴
gents to the two curves at this temperature. The
rates of cooling of the calorimeter and contents
𝐾
must be the same in both cases hence.
𝜃3
𝑚𝑐 + 𝑚1 𝑐1

𝑑𝜃
𝑑𝑡

1

= 𝑚𝑐 + 𝑚2 𝑐2

𝑑𝜃
𝑑𝑡

𝜃𝑜
2

𝐶

𝐿

( 14 )

Fig (4)

or
𝑚𝑐 + 𝑚1 𝑐1

𝐵

𝐾𝐿
= 𝑚𝑐 + 𝑚2 𝑐2
𝐿𝑀

𝐴𝐵
𝐵𝐶

𝑀
𝑡(min)

( 15 )

From which (𝑐2 ) can be calculated.
12. This method enables the specific heat capacity to be determined at a particular temperature, whereas the specific heat capacity obtained in the treatment given in calculation is
the average value for the range 𝜃1 to 𝜃2 .
13. Newton’s law may be verified from these results by obtaining a cooling curve for a calorimeter containing water placed near an open window.
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14. It is possible to compare the specific heats of liquids by a method based on the fact that
the rate of loss of heat from a given object in the same surrounding depends on its temperature excess above those surroundings. By using water as one of the liquids, the specific heats of the others then become known.

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

Verify Newton’s law of cooling from these results?
Why the cooling curve is called logarithmic curve?
For the determination of specific heat capacity by method of cooling which do you
equate the rates of cooling of the two liquids or the rate of loss of heat from the two
liquids?
Why should we take equal volumes of the liquids not equal masses?
The space between the two calorimeters is to be filled with cold water or insulating material why?
The calorimeters must be made of a good conductor of heat? Why?
Is this method can be used for determining the heat capacity of any liquid? Why?
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EX PE RI ME N T 3 3
D E TE R M I NA TI O N OF T HE S PE CI F I C HE A T CA P A CI T Y O F A G A S
AT C O NS TAN T V O L UME (I )
Purpose of the experiment:
To determine the specific heat capacity of a gas at constant volume using Joly’s differential steam
calorimeter.

Apparatus:
The calorimeter consists of two identical copper spheres 𝐴 and 𝐵. They hang from the beam of a
balance and are surrounded by a chest 𝐶 into which steam can be admitted at 𝐷. the sphere 𝐵 is
evacuated and 𝐴 is filled with the gas under consideration. By filling 𝐴 to high pressure the mass
of gas can be made great enough to be accurately measurable on the balance. 𝑆, 𝑆 are two shields
to prevent drops of moisture condensed on the roof of the chest from falling on to the spheres,
𝑃1 , 𝑃2 are pans to catch any drops which having condensed on 𝐴 or 𝐵 might fall off. 𝑊 , 𝑊 are
platinum wires heated by an electric current which prevent drops forming in the holes through
which the suspension wires pass out of the chest.

Theory:
When two objects of different temperatures are placed in thermal contact with each other, they
exchange thermal energy until they are in thermal equilibrium at the same temperature. This exchanged thermal energy is known as heat. The factors affecting the amount of temperature
change that each object experiences are the mass of each object and the specific heat of each substance. It is thus seen that the specific heat capacity plays an important role in such a process. It
is in fact a quantity which is a measure of this property of matter.
Joly (1890) designed a calorimeter for measuring directly the specific heat capacity of a gas at a
constant volume. Two identical copper spheres 𝐴 and 𝐵 are suspended in a chamber from the
scale pans of a balance, 𝐴 is filled with the gas whose specific heat is required the other 𝐵 is completely evacuated. Steam is passed into the chamber and after a time, when conditions are steady
more steam is absorbed to have condensed on 𝐴 than on 𝐵. The balance is then restored and the
extra mass of steam (𝑚) is measured.
Suppose the temperature of the chamber be (𝜃) which is that of the steam. The two spheres 𝐴
and 𝐵 and the gas in 𝐴 have thus been raised to a temperature (𝜃) from initial temperature (𝜃1 ).
Now since 𝐴 and 𝐵 are identical spheres and 𝐴 contains a gas while 𝐵 contains vacuum. Therefore
more heat is required to raise the temperature of 𝐴 and its content to (𝜃) than to raise the temperature of 𝐵 to 𝜃.
The difference is the heat required to raise the temperature of a mass (𝑚𝑜 ) of the gas at constant
volume from 𝜃1 to 𝜃. But this is the heat given out by a mass (𝑚) of steam at (𝜃) when it condenses to water at the same temperature. Therefore the heat (𝑄1 ) is absorbed by the mass (𝑚𝑜 ) of
the gas is given by:
𝑄1 = 𝑚𝑜 𝐶𝑉 𝜃 − 𝜃1

(1)

And the heat (𝑄2 ) given by mass (𝑚) of the steam is given by:
𝑄2 = 𝑚𝑙

(2)

Where (𝑙) is the specific latent heat of steam. Neglecting the heat losses we can write:
𝑚𝑜 𝐶𝑉 𝜃 − 𝜃1 = 𝑚𝑙

(3)

From which 𝐶𝑉 can be calculated.
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Method:
1. Arrange the apparatus as shown in fig (1). The two spheres are initially evacuated and by
placing them in pans 𝑃1 and 𝑃2 the balance is counterpoised.
2. Admit the gas whose specific heat to be determined at a pressure of about 10 atmospheres into the sphere 𝐴 and the balance is again counterpoised. The extra mass is kept of
the pan 𝑃2 for counterpoising the mass of the gas in sphere 𝐴.
3. Record the initial temperature (𝜃) of the system.
4. Now steam is admitted to the chest or the chamber and passed continuously into the
chamber until a constant temperature is reached, (temperature of steam), and a reasonable
quantity of steam has been condensed on both spheres.
5. The balance tilts and an extra mass is kept in the pan 𝑃2 to balance it again. The extra
mass corresponds to the extra mass of steam condensed on the pan 𝑃1 .
6. The final temperature of the system is the temperature of the steady state that is the temperature of steam (𝜃1 ).
7. Find the temperature of the surroundings.
8. Find from the tables latent heat of vaporization.

𝑊

𝑊
𝑆

𝑠𝑡𝑒𝑎𝑚

A

𝐷

𝑃1

𝐶

𝑆
𝑃2

B

Fig (1)

Calculation:

From step (2) find the mass (𝑚𝑜 ) of gas, and from step (5) find the mass (𝑚) of the condensed
steam. Knowing the temperature of the steam (𝜃) and the initial temperature of the system (𝜃1 ),
then 𝐶𝑉 can be calculated using the equation:
𝐶𝑉 =

𝑚𝑙
𝑚𝑜 𝜃 − 𝜃1

(4)

Notes:
1. The initial temperature of the system is that of the surroundings.
2. The heating coils (𝑊 ) are used to heat the suspension wires to a temperature higher than the steam temperatures and therefore no steam condenses on the wire.
3. The gas under consideration is kept in a cylinder at high pressure
equipped with a gauge from which can be admitted into the sphere at a
desired pressure (fig 2).
4. In the second part of the experiment the gas is enclosed in the sphere 𝐵
of pan 𝑃2 and the sphere 𝐴 of pan 𝑃1 is kept empty, 𝐶𝑉 is then calculated
again. The mean of these two values given the average specific heat of the
gas under the test.

𝐺𝑎𝑠 𝑎𝑡
𝑖𝑔
𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒

Fig (2)
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5. The two spheres must be absolutely identical.
6. The name differential steam calorimeter comes from the fact that the difference in the
masses of the steam condensed on the two spheres.
7. The word (capacity) may be misleading because it suggests the essentially meaningless
statement “the amount of heat a body can hold” whereas what is meant is simply the heat
added per unit temperature rise.

Questions:
1. Is the temperature of a system undergoing adiabatic free expansion decrease? Why?
2. Can heat be added to a substance without causing the temperature of the substance to
rise?
3. Give an example of a process in which no heat is transferred to or from the system but
the temperature of the system changes?
4. Does a gas do any work when it expands adiabatically? If so what is the source of the energy needed to do this work?
5. When a hot body warms a cool one, are their temperature changes equal in magnitude?
Can one then say that temperature passes from one to the other?
6. What requirements for thermal conductivity specific heat capacity and coefficient of expansion would you want a material to be used as a cooking utensil to satisfy?
7. Comment on the statement:
[water is often used as a heat storage medium.].
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EX PE RI ME N T 3 4
D E TE R M I NA TI O N OF T HE S PE C I F I C HE A T CA P A C I T Y O F A G A S
AT C O NS TAN T V O L UME (I I )
Purpose of the experiment:
To determine the specific heat capacity of a gas at constant volume

Apparatus:
Precision manometer, Digital counters four decades, two digital multimeters, Aspirator bottle
clear glass, glass stopcocks 1-way, straight 3-way cock, rubber stopper, 3-holes, rubber stopper 1hole, rubber tubing, Nickel electrode 𝑑 = 3𝑚𝑚, Nickel electrode 76 × 40 𝑚𝑚2 push-button switch,
two-way switch connecting cord nine picess, Chrome-nickel wire.

Theory:
If a sample of gas is heated while it is confined in a container of constant volume all the thermal
energy supplied must go to increase the energies of the molecules for as there is no expansion
there can be no work done against external forces nor against the internal attractions of the
molecules. If however the same sample is heated while it is free to expand external work will be
done by the gas and the energy of this work will have to come from the supply of heat in addition to the energy needed to increase the energies of thermal agitation of the molecules. Hence
more heat is required to raise the temperature of the sample by a given amount so the specific
heat is greater. It is thus evidence that the specific heat defined as the heat needed to raise by 1℃
the temperature of unit mass of the gas is not unique. As we can see we can measure the specific
heat capacity under constant pressure or constant volume or under any other conditions which
we choose to specify and the values are significantly different, through 𝑐𝑝 and 𝑐𝑉 are the only values ever quoted and they are called principal specific heats.
From the first law of thermodynamics we have:
𝑑𝑄 = 𝑑𝑈 + 𝑃𝑑𝑉

(1)

Where 𝑑𝑈 is the change in internal energy, 𝑑𝑄 is the heat-exchange with the surroundings and the
constant pressure change.
The molar heat capacity of a substance is given by:
𝐶𝑉 =

1 𝑑𝑄
∙
𝑛 𝑑𝑇

(2)

Where (𝑛) is the number of moles, according to equations (1) and (2), and under isochoric conditions (𝑉 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, 𝑑𝑉 = 0) we can write:
𝐶𝑉 =

1 𝑑𝑈
∙
𝑛 𝑑𝑇

𝑉

(3)

Under isochoric conditions the temperature increases ∆𝑇 produces a pressure increases ∆𝑃. The
pressure measurement results in a minute alteration of the volume which must be taken into account in the calculation:
From the equation of state for ideal gasses we have:
𝑃𝑉 = 𝑛𝑅𝑇

(4)

𝑃
𝑉
∆𝑉 +
∆𝑃
𝑛𝑅
𝑛𝑅

(5)

So that:
∆𝑇 =
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or
∆𝑇 =

𝑇
𝑃∆𝑉 + 𝑉∆𝑃
𝑃𝑉

(6)

1 ∆𝑄 − 𝑃∆𝑉
∙
𝑛
∆𝑇

(7)

It follows from equations (1) and (3)
𝐶𝑉 =

The energy Δ𝑄 is supplied to the gas by the electrical heater is given by:
∆𝑄 = 𝐼 ∙ 𝑢 ∙ ∆𝑡

(8)

Where (𝐼) and (𝑢) are respectively the current flowed through the heater wires and potential difference across it. Δ𝑡 is the period of time in which current flowed through the heater. Now from
equations (6) and (8) we can write:
𝐶𝑉 =

𝑃 ∙ 𝑉 𝑢 ∙ 𝐼∆𝑡 − 𝑃∆𝑉
∙
𝑛 ∙ 𝑇 𝑃∆𝑉 + 𝑉∆𝑃

(9)

The indicator tube in the manometer has a radius of 𝑟 = 2𝑚𝑚. A pressure change of 𝑃 =
0.147 𝑝𝑎 cause an alteration of 𝑙 in length the corresponding change in volume is given by:
∆𝑉 = 𝑎 ∙ 𝑃

( 10 )

Where:
𝑎 = 𝜋𝑟 2 ∙

1
𝑐𝑚
𝑐𝑚3
∙
= 0.855
0.147 𝑝𝑎
𝑝𝑎

( 11 )

𝑃𝑉𝑢 ∙ 𝐼∆𝑡 − 𝑎𝑃 ∙ ∆𝑃
𝑛𝑇 ∙ (𝑎𝑃 + 𝑉) ∙ ∆𝑃

( 12 )

Thus:
𝐶𝑉 =

The molar volume of a gas at standard pressure 𝑃𝑜 (= 1013 𝑝𝑎) and 𝑇𝑜 (= 273.2𝑘 𝑜 ) is:
𝑉𝑜 = 22.414 𝑙𝑖𝑡𝑡𝑒𝑟𝑠

The molar volume is:
𝑉𝑚𝑜𝑙 =

𝑃𝑜 𝑉𝑜 𝑇
∙
𝑇𝑜 𝑃

( 13 )

The number of moles in volume 𝑉 is then given by:
𝑛=

𝑉
𝑉𝑚𝑜𝑙

( 14 )

Now from equations (12), (13) and (14) we can get:
𝐶𝑉 =

𝑃𝑜 𝑉𝑜
𝑇𝑜

𝑢 ∙ 𝐼 ∆𝑡
𝑎𝑃
−
𝑎𝑃 + 𝑉 ∙ ∆𝑃 𝑎𝑃 + 𝑉

( 15 )

From which 𝐶𝑉 can be calculated.

Method:
1. Set up the apparatus as shown in fig (1) the manometer must be set exactly horizontally,
adjust the level of the oil in the manometer to zero.
2. Start by activating the push button switch the measuring time should be as short as possible (less than one second).
3. Record the current, which flows during the measurement and the voltage separately at the
end of the measuring series as well as the increase in pressure (𝛥𝑃).

Page 180

Volume 3: Heat and Thermodynamics

Rubber stopper
1 hole

Applied Physics
Three-way cock

Aspirator bottle

Precession manometer

Universal counter

Nickel
electrode
Rubber stopper
3 holes

Two way
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Digital multimeter

Fig (1)
4. Take at least 10 measurements, after each measurement perform a pressure equalization
with the ambient atmospheric pressure by opening the three-way cook.
5. Draw a graph of the pressure change 𝛥𝑃 as a function of the heating up time 𝛥𝑡(fig 2).

Calculation:

𝑝 − 𝑝𝑜
𝑝𝑜

We have:

𝑃𝑜 = 1013 𝑝𝑎
𝑇𝑜 = 273.2 𝑘 𝑜
𝑉𝑜 = 22.414 /𝑚𝑜𝑙𝑒
𝑎 = 0.855

𝐴

𝑐𝑚 3
𝑝𝑎

𝑉 = 10 𝑙𝑖𝑡𝑡𝑒𝑟𝑠
∆𝑃
𝑠𝑙𝑜𝑝𝑒 =
∆𝑡

𝐵

Now using equations (15) and (16), knowing the values of
current and potential difference 𝐶𝑉 can be calculated that
is:
𝐶𝑉 =

𝑃𝑜 𝑉𝑜
𝑇𝑜

𝑢. 𝐼
𝑎𝑃 + 𝑉

1
𝑎𝑃
−
𝑠𝑙𝑜𝑝𝑒
𝑎𝑃 + 𝑉

𝐶

Fig (2)

𝑡 − 𝑡𝑜 𝑠

( 16 )

Notes:
1. It is important that the air must be dry and free of moisture for this purpose fill the supply tube to the oscillator cotton to trap any moisture could be present with the air.
2. It is quite important that the manometer to be exactly horizontal.
3. If other gases are used for the experiment then these can be taken directly from the steel
cylinder and passed via three ways cock.
4. The volume of the gas, which is equal to the volume of the aspirator bottle by filling the
bottle with water of knowing density up to the stopper then empting the water in to a
graduated measuring cylinder.
5. It is important not to heat the nickel electrodes.
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6. Variation of molar heat capacity with temperature provides important in formation on
the energy of the particles that constitute matter.

Questions:
1. The molar specific heat of a gas is measured at constant volume and found to be 4R/2.
The gas is most likely to be (a) monatomic, (b) diatomic, (c) polyatomic.
2. Why does a diatomic gas have greater energy content per mole than a monatomic gas at
the same temperature?
3. Inspection the magnitudes of cV and cp for the diatomic and polyatomic gases we find
that the values increase with increasing molecular mass. Give a qualitative explanation of
this observation.
4. Point out the difference between the two principal specific heats of a gas and show that
for an ideal gas:
cp − cV = R

5. Describe how the specific heat of a gas at a constant volume is determined accurately?
6. Distinguish clearly between the specific heat of a gas at a constant pressure and at a constant volume?
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EX PE RI ME N T 3 5
D E TE R M I NA TI O N OF T HE S PE C I F I C HE A T CA P A C I T Y O F A G A S
A T C O NS TA N T PR E SSU RE (I )
Purpose of the experiment:
To determine the specific heat capacity of a gas at constant pressure (𝐶𝑃 )

Apparatus:
Digital counter, 4 decade, Digital multimeter 2 Aspirator bottle (10 𝐿𝑖), Gas syring 100𝑚𝑙 2 stopcock one way, stopcock three-way, Rubber stopper 3 holes, Rubber stopper, one hole rubber
tubing 2, Nickel electrode, 𝑑 = 3𝑚𝑚 Nickel electrode 76 × 40𝑚𝑚2 , chrome-nickel wire, push button switch, two way switch, connecting cord 10, tripod base, retort stand 2 universal clamp 2,
right angle clamp 2 Nickel electrode, digital barometer.

Theory:
If a gas is heated at a constant pressure, it will expand, doing positive work on external bodies.
Consequently, more heat will be needed to raise the temperature of the gas by one 𝑑𝑒𝑔 centigrade, in this case than when heating it at constant volume. Part of the heat will be used by the
gas to do work. Hence the heat capacity at constant pressure is greater than that at constant volume. It can be shown that the work done by a mole of an ideal gas when its temperature is raised
by one 𝑑𝑒𝑔 centigrade at constant pressure equals the molar gas constant.
The first law of thermodynamics can be illustrated particularly well with an ideal gas. This law
describes the relationship between the change in internal energy ΔU the heat exchange with surrounding Δ𝑄 and the constant pressure change 𝑃𝑑𝑉 so that:
𝑑𝑄 = 𝑑𝑈 + 𝑃𝑑𝑉

(1)

The molar heat capacity of a substance is given by:
𝐶=

1 𝑑𝑄
𝑛 𝑑𝑇

(2)

Where (𝑛) is the number of moles.
According to equations (1) and (2) and under isobaric condition (𝑃 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑑𝑃 = 0) we get:
𝐶𝑃 =

1 𝑑𝑈
𝑑𝑉
+𝑃
𝑛 𝑑𝑇
𝑑𝑇

(3)

Taking the equation of state for an ideal gasses into consideration:
𝑃𝑉 = 𝑛𝑅𝑇

(4)

The energy Δ𝑄 is supplied to the gas by the electrical heater is given by:
∆𝑄 = 𝑢. 𝐼. ∆𝑡

(5)

Where 𝑢 is the voltage which is supplied to the heater wires, 𝐼 is the current which flows through
the heater wires and Δt is the period of time in which current flowed through the wires.
At constant pressure the temperature increases ΔT induces a volume increase Δ𝑉 . From equation
(4) it follows that:
∆𝑉 =

𝑛𝑅
𝑉
∆𝑇 = ∆𝑇
𝑃
𝑇

(𝑃 = 𝑐𝑜𝑛𝑠𝑡. )

(6)

Then from equations (2), (5) and (6) we can write:
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𝐶𝑃 =

1 𝑢 ∙ 𝐼 ∆𝑡 ∙ 𝑉
∙
𝑛
∆𝑉 ∙ 𝑇

(7)

The molar volume of a gas at standard pressure 𝑃𝑜 (= 1013 𝑝𝑎) and 𝑇𝑜 (= 273.2𝑘 𝑜 ) is 𝑉𝑜 (=
22.414 /𝑚𝑜𝑙𝑒). The molar volume 𝑉𝑚𝑜𝑙 is then given by:
𝑉𝑚𝑜𝑙 =

𝑃𝑜 𝑉𝑜 𝑇
∙
𝑇𝑜 𝑃

(8)

So that the number of moles in a volume 𝑉 is given by:
𝑛=

𝑉
𝑉𝑚𝑜𝑙

(9)

From equations (7), (8) and (9) we can calculate 𝐶𝑃 as follows:
𝐶𝑃 =

𝑃𝑜 𝑉𝑜 𝑢𝐼 ∆𝑡
∙ ∙
𝑇𝑜 𝑃 ∆𝑉

( 10 )

The pressure 𝑃 used in the above equation is calculated from the atmospheric pressure minus the
pressure reduction due to the weight of the syringes plunger.

Method:
1. Set up the apparatus as shown in fig (1) including the electrical circuits. Care must be taking that one of the gas syringes is mounted horizontally and the other positioned vertically with its plunger oriented downwards.
2. Adjust the three-way cock so that it only connect the vertical syringe with the bottle.
3. To increase the plunger’s mass a nickel sheet metal electrode is attached to it with twosided tape.
4. Rotate the plunger before the measurement so that it rotates throughout measurement
this is to reduce the static friction between the plunger and the body of the syringe.
5. With the aid of digital barometer, determine the air pressure, which is required. For calculations use a value which lies 14 𝑝𝑎 lower as the atmospheric pressure for the pressure in
the gas container.
Gas syringes
Three-way cock

Universal counter

Digital multimeter

Fig (1)
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6. Start by activating the push button switch, the measuring time should be as short as possible (less than one second).
7. Record the current, which flows during the measurement and the applied voltage, as well
as the increase in volume (𝛥𝑉 ).
𝑉 − 𝑉𝑜
8. Take at least 10 measurements. After each
measurement remove air from the system until
𝑚3
the vertical syringe again exhibits the initial
volume determined in the first measurement.
𝐴
To do this turn the three-way cock in such a
manner that both syringes and the bottle are
connected with each other.
𝐵
9. Measure the atmospheric pressure(𝑝𝑎 ).
𝐶
10. Draw a graph of volume changes as a function
of heat-up time; find the slope of the graph.
Fig (2)

Calculation:

𝑡 − 𝑡𝑜 𝑠

The pressure 𝑃 used in equation (10) is calculated from the atmospheric pressure (𝑃𝑎 ) minus the
pressure reduction 𝑃𝑟 which is calculated as follows:
𝑃𝑟 =

𝑚𝑔
𝐴

( 11 )

Where (𝑚) is the mass of the planger (𝐴) its area and (𝑔) is the acceleration of gravity so that:
𝑃𝑟 =

0.1139 𝑘𝑔 9.8 𝑚. 𝑠𝑒𝑐 −2
7.55 × 10−4 𝑚2

( 12 )

= 1480 𝑘𝑔 𝑚−1 𝑠 −1
= 14.8 𝑝𝑎
𝑃 = 𝑃𝑎 − 𝑃𝑟

( 13 )

Where () stands for hundred.
Knowing (𝑃𝑎 ), 𝑃 can be determined.
Now:
𝑃𝑜 = 1013 𝑝𝑎
𝑇𝑜 = 273.2 𝑘 𝑜
𝑉𝑜 = 22.414 𝑙𝑖𝑡𝑡𝑒𝑟/𝑚𝑜𝑙𝑒
And as 𝑢, 𝐼 are known,

then from the graph (fig 2), we see that:
𝐴𝐵
𝐵𝐶

( 14 )

∆𝑡
1
=
∆𝑉 𝑠𝑙𝑜𝑝𝑒

( 15 )

𝑠𝑙𝑜𝑝𝑒 =

Therefore 𝐶𝑃 can be determined from equation (10).

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

The atmospheric pressure (𝑝𝑎 ) must be measured very accurately.
The gas syringes must be mounted exactly horizontal and the other vertically.
The nickel electrode must not be over heated.
The mass of the plunges as well as its cross-section must be determined very accurately.
The current must be stable through the experiment.
According to Kopp’s rule, the molar heat capacity of a solid compound is the sum of its
atomic specific heats.
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Questions:
1. What is reversible change?
2. Explain why the value of the specific heat capacity of a gas depends on conditions under
which the gas heated.
3. Describe an experiment to determine the specific heat capacity of a gas at constant pressure.
4. Explain why it is necessary to specify the condition of constant pressure or constant volume when dealing with specific heat capacity of a gas.
5. Point out the difference between the two principal specific heats of a gas.
6. Is specific heat capacity of a gas depend on temperature? How?
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EX PE RI ME N T 3 6
D E TE R M I NA TI O N OF T HE S PE C I F I C HE A T CA P A C I T Y O F A G A S
A T C O NS TA N T PR E SSU RE (I I )
Purpose of the experiment
To determine the specific heat capacity of a gas at constant pressure using Regnault’s method.

Apparatus:
The apparatus consists of a reservoir (𝑅 ) containing the gas at high pressure and at a constant
temperature with manometer 𝑀, the valve (𝐴) allows the gas to flow at constant pressure through
the spiral tubing immersed in the oil bath (B) at high temperature and the calorimeter (C) containing water at surrounding temperature, heater, three identical thermometers, thermal insulator.

Theory:
When a piece of hot iron is dropped into a mass of cool oil, it is found that all the heat lost by
the iron in getting cooler is gained by the oil. It is necessary to know how to measure the heat
gained or lost, this leads to the idea of specific heat. The value of specific heat of substances vary
with temperature it is also depends on whether it is measured at constant pressure or constant
volume these values are written as 𝐶𝑝 and 𝐶𝑉 respectively. For solids and liquids it is always 𝐶𝑝
which is measured and quoted since it will be very hard to increase the pressure enough to keep a
constant volume. However, we have much freedom with gases we can measure their specific heat
capacities under constant pressure or constant volume. 𝐶𝑝 is always greater than 𝐶𝑉 for two reasons when a substance expands at constant pressure:
(𝑖) It does external work in pushing back the atmosphere, and
(𝑖𝑖) Work is done internally because the molecules are further apart and have more intermolecular
potential energy. The energy needed to do this work has to be supplied to the substance in addition to the energy needed to raise the temperature of the substance.
Before the development of modern continuous-flow calorimeter with electrical heater the most
accurate values for the specific heat at constant pressure were those found by Regnault (1862).
Regnault was one of the greatest experimenters of the nineteenth century. The gas allowed to
pass through the bath (𝐵) which is at high temperature where is absorbs a quantity of heat, then
allow to pass through the calorimeter which is at surrounding temperature it give heat to the calorimeter and its contents.
Now suppose that the initial pressure of the gas at any instant in the reservoir is 𝑃1 its temperature is (𝜃) and volume is 𝑉 . The temperatures of the bath and calorimeter are respectively 𝜃1 and
𝜃2 . Gas allowed to flow for about half an hour, the gas after passing the oil bath gets heated to
temperature 𝜃1 and after passing through the calorimeter gets cooled and gives heat to the calorimeter and its content.
Suppose that the final pressure of the gas in the reservoir is 𝑃2 volume is 𝑉 and the temperature
of the calorimeter is 𝜃3 . The quantity of heat (𝑄1 ) absorbed by the gas is given by:
𝑄1 = 𝑀𝐶𝑃 𝜃1 −

𝜃2 + 𝜃3
2

(1)

The quantity of heat (𝑄2 ) gained by calorimeter and its content is:
𝑄2 = 𝑚 + 𝑊 𝜃3 − 𝜃2

(2)

Where 𝑀 is the mass of the gas flown 𝐶𝑃 its specific heat capacity, 𝑚 is the mass of water in calorimeter and 𝑊 is the water equivalent of the calorimeter assuming no heat lost then:
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𝐻𝑒𝑎𝑡 𝑔𝑎𝑖𝑛𝑒𝑑 = 𝐻𝑒𝑎𝑡 𝑙𝑜𝑠𝑡

Therefore:

𝑚 + 𝑊 𝜃3 − 𝜃2 = 𝑀𝐶𝑃 𝜃1 −

(3)
𝜃2 + 𝜃3
2

(4)

From which (𝐶𝑃 ) can be determined.

Method:
1.
2.
3.
4.
5.
6.
7.

Set up the apparatus as shown in the fig (1), ensure that there is no leakage of the gas
from the valves, then find the mass of water in calorimeter (𝐶 ).
Record the initial temperatures of the calorimeter and its contents 𝜃2 . Heat the bath to
temperature 𝜃1 , record this temperature record also the gas pressure (𝑃1 ) and the difference in mercury levels in the monometer.
Allow the gas to pass through at a pressure (𝑃2 ) for about half an hour, then record the
final temperature of the calorimeter as well as the pressure (𝑃2 ) and the difference in the
mercury level in the manometer.
Find the volume of the cylinder it is represents the volume of the gas flowed at pressure
(𝑃2 − 𝑃1 ).
Find from the tables the density of the gas at NTP.
Find from texts the heat capacity of the calorimeter and measure its mass.
Record the final temperature of the gas 𝜃3 .

Calculation:
The mass (𝑀) of the gas in 𝑘𝑔 passes through the apparatus during the experiment is determined
as follows.
Suppose the density of the gas at standard temperature and pressure is 𝜌. In the experiment 𝑉 𝑚3
of the gas at pressure (𝑃1 − 𝑃2 ) and temperature 𝑇 𝐾 has flown through the apparatus. Reducing
the volume of the gas to standard condition (NTP) then:
𝑃1 − 𝑃2 𝑉 0.76𝑉𝑜
=
𝑇
273
𝑉𝑜 =

Mass

𝑃1 − 𝑃2 𝑉 × 273
0.76 × 𝑇

𝑀 = 𝑉𝑜 × 𝜌 =

𝑃1 − 𝑃2 𝑉 × 273 × 𝜌
0.76 × 𝑇

(5)
(6)
(7)

Thus knowing the value of 𝑀, 𝐶𝑃 can be calculated.
The pressure of the gas flowing through the spiral tubing is shown by the manometer. Then:
𝐶-𝑃 =

𝑚 + 𝑊 𝜃3 − 𝜃2
𝜃 + 𝜃3
𝑀 𝜃1 − 2
2

(8)

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

The valve (𝐴) helps in keeping the level of the liquid in the manometer limbs constants.
The gas pressure should remain constant during the experiment.
It is important to insulate thermally the bath from the calorimeter.
Stir the water in the calorimeter all the time.
This is a method of mixture to calculate specific heat capacity of a gas.
The gauge 𝐺 records the pressure in the reservoir, while the manometer indicating the
pressure of emerging gas.
7. The specific heat is usually higher in the liquid state.
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Thermal insulation

G

𝐴
𝑇1

𝑇2

𝑇

𝑅

𝑀

C

B
Boil Bath

Water Calorimeter

Fig (1)

Questions:

1. In any case 𝐶𝑝 and 𝐶𝑉 have very similar values for a particular solid or liquid. Why this is
so?
2. Why 𝐶𝑝 is greater for a gas than 𝐶𝑉 ?
3. Can we measure the specific heat capacity for a gas other than in constant volume or
constant pressure?
4. Explain why when quoting the specific capacity of a gas it is necessary to specify the condition under which the change of temperature occurs.
5. Why do only gases have two specific heats?
6. Distinguish clearly between water equivalent and heat capacity?
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