THERMOMETRY

Thermometry is the study of the principles used in the measurement of temperature.

Temperature
v This the quantity that is proportional to the internal energy of the body.
v' Temperature is the measure of the degree of hotness or coldness of a body.

Heat

v Heat is the form of energy that is transferred from one object to another in thermal
contact due to temperature difference between the objects.

v When heat is supplied to a body, the thermal (heat) energy of the molecules of the
body increases and molecules vibrate with high speed hence their kinetic energy
increases resulting into increase in temperature of the body.

Thermal equilibrium %
Suppose that two bodies of internal energy (kinetic en@ 1 and U2 are in thermal

contact. \\
SRETINE Thermal
: : Body A : Contact
(/
v If the internal energy of bod Xreater than that of body A (i.e.U, 2 U, ), them the
molecules of body B a id to be more disordered than the molecules of body A.
The molecules of B ré have more kinetic energy and vibrate with greater

amplitudes (velocity) thah those of body A.

v The molecules of B thus collide with those of A and at every collision they transfer
energy to molecules of A.

v This collusion continues until a point of thermal equilibrium, when the internal
energy of both bodies are equal. l.e. the molecules of both bodies move with the
same speed and vibrate with the same amplitude hence both bodies are at the same
temperature.

v At this point the net rate of heat transfer is zero and the bodies are said to be in
thermal equilibrium.
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Temperature measurement and Scales
v Temperature is a quantity that is proportional to the internal energy of the body.
(T < KE)

v Temperature is measured using an instrument called a thermometer.

v’ Different thermometers use different substances/materials referred to as
thermometric substances

v These different thermometric substances have different properties that are used in
temperature measurement known as thermometric properties

Thermometric property

This is a physical property of a substance that varies linearly (or uniformly) and
continuously with changes in temperature.

Examples of thermometric properties

Thermometric property Type of therm&,ter (application)

Length or volume of a liquid in a capillary | Liquid ir* glas thermometer e.g. clinical

tube e.g. mercury thermo

Resistance of platinum wire Re% thermometer

The e.m.f of a thermocouple Thermoelectric thermometers
Pressure of a fixed mass of a gas at nstant volume gas thermometer
constant volume Vo

Volume of a gas at constant pressu»(v Constant pressure gas thermometer

Frequency or wavelength of ra i@ﬁrom Pyrometers
hot bodies AN

$)

This is a single temperature at which a physical event is always expected to occur.

Fixed points

E.g. the boiling point of pure water at standard atmospheric pressure of 76cmHg is
100°C

Types of fixed points

Lower fixed point: is the temperature at which pure ice can exist in equilibrium with
pure water at standard atmospheric pressure.

Lower fixed points is also referred to as the ice point and occurs at 0°C

Upper fixed point: is the temperature at which pure water can exist in equilibrium with
its vapor at standard atmospheric pressure.

Upper fixed points is also referred to as the steam point and occurs at 100°C
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Triple point of water: is the temperature at which pure ice, pure water and pure water
vapor can exist in equilibrium.
Triple point occurs at 273.16K

Types of temperature scales

The thermodynamic scale: This is a theoretical scale of temperature which is
independent of the property of any particular substance. It is also referred to as the
absolute scale

Steps in establishing the Thermodynamic scale
(i) Choose a thermometric property, say X
(i) Obtain the value of the property at triple point of water Xy
(i) Obtain the value of the property at unknown temperature T to be measured Xt

(iv) Express the temperature on the thermodynamlc S § —><273 16J
8

Example: The resistance of a platinum wire is foun Q at trlple point of water
and 2.2Q at unknown temperature of a body. FwS mperature of the body. (274.6K)

Absolute Zero @
v This is the temperature when the u es of the gas have zero kinetic energy and
is assumed to occupy zero vol
v' Absolute zero temperature @-\ ideal gas corresponds to its zero volume or zero
pressure it exerts on of the container in which it is trapped. This value

approximates to thektri nt of pure water i.e. -273°C or OK.

Molecular explanation for existence of absolute zero temperature

v When a gas is cooled, its molecules loose kinetic energy continuously since it
depends directly on temperature.

v As molecules loose kinetic energy they move closer to each other until when they
cease to have kinetic energy and their motion stops.

v" At this point the gas is said to occupy a negligible volume and its temperature at
this point is called the absolute zero temperature and the pressure the gas exerts on
the walls of the container occupied is negligible.
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Estimating absolute zero temperature
A given volume of a fixed mass of an ideal gas is trapped and cooled. During cooling,
the gas molecule slow down since their average kinetic energy entirely depends on their
thermal dynamic temperatures.

Molecules move closer until when their mean kinetic energy is zero i.e. molecules
cannot move any more. When a plot of gas volume “V" is plotted against its Celsius
temperature, the following plot is obtained.
Absolute zero temperature is determined by Yolume (1
extrapolating the graph until when it touches
the temperature axis and is found to be -273 C

or OK. DV R

Temperature [°C)

The Celsius scale
Celsius scale measures temperature in degrees CelsiusA°C) and is denoted by
@ = T - 273 where @ is the temperature in (°C) and T the erature in Kelvin.

Note: The S| unit of temperature is the Kelvin ( @\\ defined as (W] of the

temperature of the triple point of water as measu@ the thermodynamic scale.
Steps in establishing the Celsius scale @

(i) Choose a thermometric prop say X

(i) Obtain the value of the pr, { at ice point of water Xo

(ili) Obtain the value of hﬁ rty at steam point of water X100

(iv) Obtain the value perty at unknown temperature 6 to be measured X,

By comparison of slopes
X100
Slope of A ABE = slope of AACD
Xe
Thermometric E = 9
property (X) AB AC
Xo A B FC XH_XO — X100_Xo
| i -0 100-0
0 © 100 Temperature (°C) —~ 0 = [X X }IOOOC
X100 _Xo
. Xg -X 0
(v) On the Celsius scale, @ is calculated from 6 = % x100°C
100 Mo
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Examples

1. The resistance of a platinum wire is found to be 2.80Q and 3.40Q at the ice point
and steam point respectively. When the thermometer is in contact with a body,
its resistance is found to be 3.04Q).

R,-R
Solution R, =2.80Q, R, =340Q, R,=3.04Q =0 = (—R 2 )X1OO°C . 6=40°C
100 0
2. The length of mercury in a mercury in glass thermometer is found to be 15cm at
ice point and 75cm at steam point. When the bulb of the thermometer is
immersed in a cup of tea, the length is found to be 54cm. find the temperature of

the tea. (65°C)

3. The resistance of platinum thermometer is 2.04Q) at ice point and 3.02Q) at the
steam point. Find the resistance of the platinum wire when immersed in molten

salt at 735°C. (9.2430) 6
The liquid in glass thermometer \\0
v This is the most common type of thermome
v" Thermal expansion of the liquid in the t%vmeter as a result of temperature
increase causes the liquid thread in th @ to increase in length.
Mercury is used because: {

(i) Itis opaque and therefore e&o
(i) Mercury is a good cond@
changes in the envir

(iii) It expands almos i with increase in temperature.

f heat and therefore responds to temperature

(iv) It does not wet/stick%o glass

(v) Its temperature range is sufficient for normal use i.e. (—39°C to 357°C)

The liquid in glass thermometers however have relatively large heat capacities and this
limits their use in two ways;

(i) They cannot be used to measure rapidly changing temperatures

(i) They affect the temperature of the body whose temperature is to be measured.
The accuracy of a liquid in glass thermometer during use as a thermometer is affected
by the following

(i) Non uniformity of the bore

(i) The glass expands and contracts before heat is conducted to the liquid

(i) Parallax errors when reading the scale.
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Calibration of a liquid in glass thermometer

)

manometer

steam

(a)

To calibrate a thermometer, the following procedures ar@en

(0]

(i)

(iii)

O
The lower fixed point

The bulb of the thermometer is placed i @ ting ice in a funnel (fig a)
When the mercury level in the thermor:%is stable, its level is marked on the
stem

Measure this length [, from th%& 2

The Upper fixed point

The bulb of the the ter is placed in pure steam from pure boiling water at
standard atmosphéri essure (fig b)

When the mercury [ével in the thermometer is stable, its level is marked on the
stem

Measure this length [, from the bulb

Fundamental interval

The distance between the two levels marked on the stem of the thermometer is
then divided into 100 equal divisions.

To measure temperature §°C when the length of the mercury thread is [, is

given by 0 = [ bk Jx100°C

l100 _[o
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Advantages of liquid in glass thermometer
(i) Easily and quickly read (since temperature is read directly)
(i) Very portable
(i) Cheap to buy
(iv) Simple and suitable for normal use

Disadvantages of liquid in glass thermometer
(i) Less accurate
(i) Small/limited range of temperature measurements
(i) Can easily break
(iv) Cannot measure rapidly changing temperature because of the high heat capacity

The constant volume gas thermometer
Measurement of unknown temperature using the constant volyme gas thermometer

Capillary tube
—— Movable
L 4
h \\
v 4
hetcury

Bulb

v The bulb is placed in a me 'gfvhose temperature is to be measured and left for
some time to acquire the temperature of the medium

v The gas in the bulb expapds and pushes the mercury up in the flexible limb

v The flexible limb is adjusted to bring back the mercury level to the constant volume
mark M.

v' The difference in the mercury levels of h is measured

v The pressure of the gas P, is calculated from P, =P, +hpg where P,is the

atmospheric pressure.
v The bulb is then immersed in an ice — water mixture and the pressure P, calculated.

v The bulb is also immersed in steam from boiling water at standard atmospheric
pressure and the corresponding pressure P, , calculated.

P-P
v The unknown @ temperature is calculated from; 8 = LM}HOOOC

100 0
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Sources of errors

(i) The air in the capillary tube (called dead space) is not at the same temperature as
that in the bulb.

(i) Airis not an ideal gas

(iii) The gas bulb also expands or contracts before the gas expands or contracts

(iv) Non — uniformity of the bore of the capillary tube

Corrections

To improve on the accuracy of the constant volume gas thermometer, the following

should be done;

(i) The dead space should be narrowed

(i) The gas bulb must be made of hard glass

(iii) The gas bulb should be made from highly conducting material

Note: the constant volume gas thermometer is used to calibrate other thermometers

because it's very sensitive and accurate.

L 4
Advantages of constant volume gas thermometer\\0

(i) It is very sensitive
(i) It is very accurate 3
(iii) It can easily be constructed

(iv) It has a wide range of temperature m g’ments ie. (—270°C to 1,500°C)

(v) It is used for calibrating other th&eters

Disadvantages of a const lume gas thermometer

(i) Itis very difficult to d#4ime consuming

(i) It does not give direct teading

(iii) Itis cumbersome

(iv) It cannot measure rapidly changing temperature

(v) It cannot measure temperature at a point because of the wide base of the bulb

Platinum resistance thermometer
v The thermometric property used is the resistance of the coil of platinum wire.
v" Platinum wire is used in resistance thermometer because it has a high melting point
and high temperature coefficient of resistance
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|
1

S calibrateq
rheostat

v" The resistance R of the platinum coil is measured using a Wheatstone bridge circuit
in which P and Q are standard resistors.

v When the leads A and B are immersed in a medium whose temperature @ is to be
measured, the rheostat is varied until the galvanometer Ggives no deflection. l.e. at

balance state. . Q
v The resistance R, at unknown temperature 6 is o\ﬁ& from;

R, _ P .~.R3£$\}
S Q

v The leads are then immersed in an @— water mixture and the resistance R,

calculated.
v' The leads are also immerse@eam from pure boiling water at standard
atmospheric pressure and |

R —R
v' 'the unknown @ te réis calculated from; 8 = [H—OJMOOOC
R1oo _Ro

Note:
(i) The dummy leads are used to compensate for any change in the resistance in the

tance R, calculated.

leads to the platinum coil when the temperature changes.
(i) The dummy leads are made of the resistance as the copper leads

Advantages of platinum resistance thermometer
(i) Itis accurate since the resistance of platinum wire varies linearly with temperature.

(i) It gives wide range of temperature measurements i.e. (-180°C to 1,500°C)

(iii) It is most suitable for measuring constant temperatures
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Disadvantages of platinum resistance thermometer

() It cannot measure temperature at a point.

(i) It cannot measure rapidly changing temperatures

(iii) It is slow to respond since platinum has a high specific heat capacity

Example: A resistance thermometer has resistance of 9.97Q at ice point and 14.04Q) at
steam point. Find the temperature on the Celsius scale of this thermometer when its
resistance is 4.60Q). (-131.94°C)

Note: When resistance thermometer (s calibrated using a constant volume gas
thermometer, the resistance R, of platinum is found to vary with Celsius temperature 0

according to the equation R, = R, (1 + a0+ ,86?2) where Ro the resistance of platinum at

0°C is while o and B are constants.

Example:

The resistance R, of a platinum resistance thermometer @Isius temperature 6 as
*
measured by a constant volume gas thermometer is §i %
R, = 50.00 + 0.176 + 3.0
Calculate the temperature as measured on the sgale of the resistance thermometer
which corresponds to a temperature of 60° the gas thermometer
Approach &
R, = 50.00 + 0.176 + 3.00x104@
R, = 50.00 + 0.17x100 + 3. - x100° 6 = {%Jxmo"c
R, = 70.00Q 100 o
R, = 50.00 + 0.17x0 xJ07* x0? 0 = 61.28-50.00 x100°C
70.00-50.00
R, = 50.00Q o
B 5 6 =564°C
R, = 50.00 + 0.17x60 + 3.00x10™" x60
R, = 61.28Q

2. The value of property X of a given substance is given by
X, = X, - 0.5t + 20x107*¢

14

Where t, is the temperature in °C measured by the gas thermometer scale. What would
be the Celsius scale temperature in °C defined by the thermometer scale? (51.04°C)
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Thermoelectric thermometer
v A thermocouple consists of two wires of different metals @ ron

joined at two junctions. If the two junctions are kept at
different temperatures, a small e.m.f is set up.

v The magnitude of this e.m.f increases with the increase in
the difference between the two junctions.

Cold junction

v The emf generated can be measured using @ ot junction

millivoltmeter or a potentiometer

Measurement of temperature using thermocouple thermometer

Pure melting
ice

rfr]
Ll

5
NS

Hotj%
v" The cold junction is kept at a fixed referencep%n at pure melting ice.
v" The hot junction is placed in the body se temperature @ is to me measured and

the resulting em.f E, is recorded.
v" The junction is also inserted in K e # water mixture and the em.f £ recorded.
|

v The junction is also inser steam from pure boiling water at standard

atmospheric pressure e em.f E , recorded.

v/ The unknown temperdture is calculated from; 6 = (—EH _i? jx100°C
100 0

Advantages of a thermoelectric thermometer

(i) It can measure rapidly changing temperature. This is because the wires used are
thin and have low value of specific heat capacity.

(i) Thermocouples measure temperatures at a point such welded joints.

(iii) It is sensitive

(iv) It has wide range of temperature measurements i.e. (-250°C to 1,500°C)

(v) They are cheap and easy to use
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Disadvantages of thermocouple thermometers
(i) Thermocouples are less accurate
(i) E.m.f of a thermocouple does not vary linearly with temperature

Variation of e.m.f with temperature in thermocouples
The e.m.f of a thermocouple is found to approximate the equation E = a8 + S6°
Where a and f are constants dependent on the pair of metals used.

The above equation of parabolic and therefore there exists a temperature for
whichﬁzo.
do

This temperature @_is called neutral temperature.

% Gradient
1 l(dE/dH) = 0
E/\l T 6
2% s =t t--N 0
. ! T ’\\
| AL

n 02
Values of temperature measured by the t @couple near the neutral temperature are
not accurate because

() the variation of e.m.f witf\g&erature is small and the thermocouple is
insensitive

(i) the thermocouple z%ve similar readings of e.m.f corresponding to two
different temper eé@ the red dotted lines)

Neutral point of thermocduple is therefore the maximum temperature of thermo
couple just below which its e.m.f's vary fairly linearly.

Thus thermo couples are only used as thermometers at temperatures below its
neutral temperature.
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Pyrometers
Pyrometers use the quality of the wavelength of the radiation emitted by hot bodies as

their thermometric property.
These emitted radiations can either fall on the visible or the invisible part of the
electromagnetic spectrum, and for this reason, pyrometers are of two types, namely;
(i) Optical pyrometer: this responds to radiations only in the visible part of the E.M
spectrum
(i) Total Optical Pyrometer: this responds to radiations both in the visible and
invisible part of the E.M spectrum

Optical Pyrometer (Disappearing Filament Pyrometer)
In this type of pyrometer, the tungsten filament of an electric bulb is used as a radiator.
The intensity of radiation of filament is compared with the intensity of the radiation of
the hot surface. When both intensity match, the filament djsappears against the back
ground. d@

Objective lens Filament\@mp

Hot body

Observer

Eye piece

‘\
Ammeter @ OE - Low power microscope

Rheostat
Batte
Fi- —rﬁ

Determination of theNemperature of a hot body such as furnace, hot fire source

Calibrated in °C

v" The hot body is focused using the objective lens such that its image lies in the
same plane with that of the filament.

v" If the filament appears brighter on a dark background, then the filament is hotter
than the hot body.

v If the filament appears darker on a brighter background, then the hot body is
hotter than the filament.

v In either cases, the rheostat is adjusted until the appearance of the filament

disappears in the background.

At this point, both the filament and the hot body are at the same temperature.

v' The temperature is then read off from the ammeter which is calibrated in degrees

<\

Celsius directly.
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Total Optical Pyrometer

The total radiation pyrometer receives all the radiation from a particular are of hot body.
The term total radiation includes both the visible and invisible radiations. It consists of
radiation receiving element and a measuring device.

>>> Diagram
>>> Mode of operation

L 4
Sample questions \\0
1. The resistance of a substance at a temperatuer%l h is measured by mercury

R,
1+ at’
Where R, is the resistance at 0°C and « *& %107 °C. What is the reading of the
resistance thermometer when the r of the mercury thermometer is 100°C and
80°C? Comment on your answer K

thermometer is R, =

Solution R, = 0.66 = 0.7576R,
When the mercury ther eads 100°C, the temperature as recorded by the
resistance thermometer is 6 ><100°C = 0 =100°C

100 - o

When the mercury thermometer reads 80°C, the temperature as recorded by the

R. —R
resistance thermometer is 6 = (so—RO}JOOOC =0=727°C
100 ‘o

Comment: The readings of the two types of thermometer are the same for 100°C
because 100°C is the upper fixed point of the Celsius scale of temperature. All
thermometers agree at the fixed points.

The reading of the resistance thermometer is 72.7°C, differs from that of mercury
thermometer, 80°C, because the resistance of the substance and the expansion of
mercury do not vary in the same manner with increase in temperature.
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2. A thermometer is constructed with a liquid which expands according the relation

V. = V (1+at+ ft?
t 0( at+ Bt ) Vo Vi are the volumes at 0% and at % on the scale of
(@ =1000

Where and

a gas thermometer and given tha , what will the thermometer read when the

gas thermometer reads 50°c?

3. (a) What is meant by the following terms as applied to thermometry?
() Kelvin (i) Triple point

(b) The electrical resistance Rr of a certain thermometer varies with temperature T, in

Re =R, [1+5'0X1073 (T _TO)] Where Ro is the

resistance at To. Given that the resistance at the triple point of water is 101.6Q and
165.5Q at 600.5K, what is the temperature when the resistangé€’is 132.5Q7

D

(o) (i) What is meant by a thermometric prop
(ii) List four thermometric properties @ used in thermometry.
(i) The resistance of a thermistor over a limited range of temperature is given
C
by the equation; R = T _QUX@
Where, ¢, is a constant and T&

Calculate the temperature e centigrade scale of the thermistor at an

absolutetemperature§ K.

kelvin according to the equation

solute temperature.
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