Figure 3.1 Can we keep
cutting the cheese for ever?

@ hydrogen atom
Q gold atom

Figure 3.2 Gold is made of
gold atoms and hydrogen is
made of hydrogen atoms.

Thermal physiCS

8.2 Thermal energy transfer

Understandings, applications, and skills:

Conduction, convection, and thermal radiation
o Discussion of conduction and convection will be qualitative only

proportions. This is qui ;
" 1; (}rue complicated but we can consider a simplified i
.3. An atom of A joins with an atom of B to form mol VerISIOAn &
ecule AB.

Guidance
o Discussion of conduction is limited to intermolecular and electron collisions.

|

|
o Discussion of convection is limited to simple gas or liquid transfer via density difference. 3 We first try by mixing the same masses of Aand Bb

e . | | W T e e ;llt gmd that when the reaction

The role of the physicist1s t0 observe our physical surroundings, take measurementsand | ad too many atoms of B. If we
think of ways to explain what we see. Up to this point in the course we have been dealing |
with the motion of bodies. We can describe bodies in terms of their mass and volume,
and if we know their speed and the forces that act on them, we can calculate where they
will be at any given time. We even know what happens if two bodies hit each other.
However, this is not enough to describe all the differences between objects. For example,

by simply holding different objects, we can feel that some are hot and some are cold.

igure 3.4. € can therefore conc ll(]e lla e h
F 4. W 1 that g
t - - e th mass Of an A atom is lar er than an

mass ofatom A _ total mass A
mass ofatom B~ total mass B *

In this chapter we will develop a model t0 explain these differences, but first of all we
need to know what is inside matter.

The particle model of matter

Ancient Greek philosophers spenta lot of time thinking about what would happen if
they took a piece of cheese and kept cutting it in half.

@@@@ Doee

They didn’t think it was possible to keep halving it for ever, so they suggested that there
must exist a smallest part— this they called the ator.

equal masses of A and B

! y. .. 3 : equal number of atoms of A and B
e ratio of masses in m i
any differ i
e oo e y ent reactions the atomi
cm
e — rezi:h o.t};ler was measured. Originally everything was coass iy
A Ofinz w1(tf1 so many other atoms. Later, when physicists s‘zn paiied
ividual atoms the standard atom was changed t i)rte B
o carbon-12.

: Ofthe mass f C i i y
TS t al to Or a car bOIl 12 atom, Wthh 1S appr()Ximatel the

Atoms are too small to see (about 10-19m in diameter) but we can think of them as
very small perfectly elastic balls. This means that when they collide, both momentum -

and kinetic energy are conserved.

‘Avogadro’s hypothesis

The simplified version of chemi i
o ! he .1stry given here does not give the i :
3 " thz (ri;)trilot S}Vﬁ?‘: join in pairs. Maybe one A joir%s with til/lcl)l gf&?fﬁiﬁtone
oo ilslanydatoms of B join with one atom of A we can’t calcul
e ividual atoms. Amedeo Avogadro solved thi b '
qual volumes of all gases at the same temperature and plrsei;(j lerr'lllljy
re wi

contain the s

b ame number of mol ;

of olecules. So

give one molecule AB then the if one atom of A and one atom of B join to

Elements and compounds
We might ask: ‘If everything is rmade of atoms, why isn't everything the same? The
answer is that there are many different types of atom.

There are 117 different types of atom, and a material made of just one type of atom 18 v
called an element. There are, however, many more than 117 different types of material:

reduce the amoun :
M b; of B;luntll all the A reacts with all the B to form AB we ki
en the same number of atoms of A as there were of Be U;IJW ki
as shown in

IhlS 1S take]l t h 9 ’
O na a
ve an atomic mass Of exacd 12 uIllﬁed mass units (u) the S1ze 01 l u

Figure 3.3 Atoms join to
make a molecule.

This is a good example
of how models are used
in physics. Here we are
modelling something that
we can't see, the atom,
using a familiar object, a
perfectly elastic ball.

Figure 3.4 To combine
completely there must be
] equal numbers of atoms.

The volume of 1 mole
of any gas at normal
atmospheric pressure
(101.3kPa) and a
temperature of 0°C is
224 litres (L).

Figure 3.5 Equal volumes
| of gases contain the same
| number of molecules.

mber of molecules of AB is
The other types of matter ar¢ made of atoms that have joined together to form €qual to the number of
molecules. Materials made from molecules that contain more than one type of atos OfA or B and the volumatorfns @ @ -
. AB = 1 eo ™
are called compounds. ‘2.(A B i one atoim + . @{&
e]OlnS with two atoms of @ i
How do we know atoms have different masses? . 1“ thﬁ volume of B atoms B
: “SViCe t
The answer to that question is thanks originally to the chemists, John Daltonin A atoms : ‘(;Olume of the @ @
particular. Chemists make compounds from clements by mixing them in very preds th’e\? 1 the volume of e®
olume of A. This i " ®
__#ated in Figure 3.5 b @ ® = AP
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calculation of

ra grain of sand is
ed to volume of
seals that there are
mately 6 x 102
dro's constant)
>fsand in the
desert.

35 of different compounds
have different masses.

ie careful with the
Inits. Do all calculations

ising m>.

The mole and Avogadro’s constant
It can be shown that 12g of carbon-12 contain
material is called a mole; this number 0
(named after him but not ¢

substance that has molecul
have relative molecular mass of 48.6.0

5 6.02 x 102> atoms. This amount of
f atoms is called Avogadro’s constant (Na)

alculated by him). If we take 6.02 x 103 molecules ofa
es that are four times the mass of carbon-12 atoms it would
2 x 102> molecules of this substance would

ur times the mass of the same number of carbon-12 atoms,

£ 2 mole of any substance we simply express its relative
givesusa convenient way of measuring the amount of
er of molecules rather than its mass.

therefore have a mass fo
48g. 50, to calculate the mass 0
molecular mass in grams. This
substance in terms of the numb

Worked example

arbon has a mass of 12, how many atoms of carbon are there in 2g?

Ifamoleofc

Solution

2 x 10?3 atoms.
2 x 1023 atoms = 1.004 = 1023 atoms

One mole contains 6.02

2gis ¢ of amole so contains ¢ * 6.02

Worked example
The density of iron i 7874kg
the volume of 1 mole of iron?

- and the mass of a mole of iron is 55.85 g What is

Solution

density = yofume

..
volume = density

0.05585
volume of 1 mole = —7g724— m’

=7.093 % 10°m’
=7.093cm’

~ Youmga
y have felt thi i
elt this as the water pushed against your ears. The increase in pressure

Exercises :

1 The mass of 1 mole of copper is 63.54 g and its density 8920 kgm™3

(a) What is the volume of one mole of copper?
(b) How many atoms does one mole of copper contain?
(c) How much volume does one atom of copper occupy?

2 If the de Sityo aluminium is 2700 and the volume o ole 0 3 i
ki i
I ; i : g vol le is C , what is the mass of one

The three states of matter
Solid

A solid has a fixed shape and volume so the molecules must have a fixed position

This means that if we try to pull the molecules apart there wi i
2?:}1: et(r)fce);her.l This force is called the intermoleculir force. Thisli(l)lrjce;isf(zifee ti)ull;nriﬂz?l
o OnTa;l cflsdcaﬂled d.u?rge which will be dealt with properly in Chapter 6. Thif forZe
- y h t. e~pa1 t1c1§s together but also stops the particles getting too close
. orce that is responsible for the tension in a string: as the molecules ar :

apart they pull back, and the normal reaction — when the surf: e
the molecules push back. b i

attractive forces

between molecules (
pulled apart

repulsive forces
between molecules
pushed together

Molecules of a solid are not free to move about but they can vibrate

Liquid

Aliquid does not have a fixed shape but does

have a fixed volume so the molecules are able to
move about but still have an intermolecular force
between then. This force is quite large when you
tr.y to push the molecules together (a liquid is ver
difficult to compress) but not so strong when ’
pulling molecules apart (if you throw a bucket of
Water in the air it doesn’t stay together).

ZV:en a liqui.d is put into a container it presses
% lns.t the sides of the container. This is because
:n(tihtf;l 1enzerm(?lecular forces between the liquid
e COnltauner. At the bottom of the container
S aE es are f.orced tog.ether by the weight
o OV}T. T.hIS results in a bigger force per
! demonsrtlrt1 te dsfez o.f t.he container; this can
o ; 4 r11¥1ng holes in the side of the container and watching the water
own in Figure 3.9. The pressure under a solid block also depends on the

ight Of( € (S} y wnw (] our ld not outwar dS
: : p . € on acts dO nwar dS on th gl‘

Figure 3.8 Molecules in a liquid.

orce i g T i W y \Y% vV \Y%
per unit ar ea, Or p)‘essu e, mcreases ith depth. If ou ha € ever been di i
ll‘lg

Pth is also the reason why submerged objects experience a buoyant force

i
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Figure 3.6 Molecules in a
solid.

Figure 3.7 Intermolecular
force.

The molecules of a liquid
are often drawn further
apart than molecules of a
solid but this isn't always
the case; water is an
example of the opposite.
When ice turns to water
it contracts which is why
water is more dense

than ice and ice floats on
water.

A

&

Figure 3.9 Higher pressure at
: the bottom of the container
1| forces the water out further.
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Figure 3.10 The force at
the bottom is greater than
at the top resultingin a
buoyant force.
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Figure 3.12 The density of
air molecules is greater at the
bottom of the atmosphere.

Figure 3.13 Smoke particles
jiggle about.

If you consider the submerged cube shown in Figur
than the top so experiences a greater force, resulting in

¢ 3.10, the bottom surface is deeper
a resultant upward force. Note

that this is only the case if the water is in a gravitational field e.g. on the Earth, as it
relies on the weight of the water pushing down on the water below.

Gas

A gas does not have fixed shape or volume, it
simply fills whatever container it is put into. The
molecules of a gas are completely free to move
about without any forces between the molecules
except when they are colliding.

Since the molecules of a gas are moving they
collide with the wall of the container. The

change in momentum experienced by the gas
molecules means that they must be subjected to
an unbalanced force resulting in an equal and
opposite force on the container. This results in
gas pressure. If the gas is on the Earth then the
effect of gravity will cause the gas nearest the
ground to be compressed by the gas above. This
increases the density of the gas s there are more

o ©

0

O
O

Figure 3.11 Molecules of a gas.

collisions between the gas molecules and the container, resulting in a higher pressure.
The difference between the pressure at the top of an object and the pressure at the
bottom results in a buoyant force is illustrated in Figure 3.12.

A car moving through air will collide with the air molecules. As the car hits the air
molecules it increases their momentum SO they must experience a force. The car
experiences an equal and opposite force which we call air resistance OF drag.

Brownian motion

The explanation of the states of matter supports the theory that matter is made of
particles but it isn’t completely convincing. More solid evidence was found by Robert
Brown when, in 1827, he was observing a drop of water containing pollen grains
under a microscope. He noticed that the pollen grain
The particles moved around in an erratic zigzag pattern similar to Figure 3.13. The
explanation for this is that they are being hit by the invisible molecules of water that
surround the particles. The reason we don't see this random motion in larger objects 18

because they are being bombarded from all sides so the effect cancels out.
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s had an unusual movement.

Internal energy

In Chapter 2 we considered a car moving along the road at constant velocity.

constant velocity

drag force

motor force
| g

5

The force of the motor is applied via the friction between the tyres and the road. I

this exe'tmple we calculated the energy transferred from the petrol to the car so ti1:
m9t9r is doing work but since the car is not getting any faster or going up a hill it i
gaining any kinetic or potential energy. If we consider the air to be made up of parii?lzz

we can answer the question of what is ha i
ppening to the energy and thus gai
understanding of drag force. & B

?si the car moves through the air it collides with the molecules of air as in Figure
15. When a collision is made the car exerts a force on the molecules so according to

N ns lhlld laW the car must eXpeI 1ence an equal aIld ()I)I)()Slte 1()1Ce. IlllS the
ewto 1S

T i b :
he car moves forward hitting the air molecules it gives them kinetic energy; this is

where all the energy is going. We call this inter
: ernal energy, and since
no forces between them this energy is all KE. v ambli e

An.oth.er example we could consider is a block sliding down a slope at a constant speed
asin Figure 3.16. As it slides down the slope it is losing PE but where is the ener o
going? This time it is the friction between the block and the slope that rovidesgti]l
answer. As the surfaces rub against each other energy is transferred to ]fhe molec (13

of the block and slope; the rougher the surfaces the more the molecules get bumu ZS
about. The effect of all this bumping is to increase the KE of the moleculegs but S(I:l'ed
m().lecu1e§ can’t fly about; they can only vibrate and as they do this they m’ove a a;t
This moving apart requires energy because the molecules have a force holdin fh :
together; the result is an increase in both kinetic and potential energy. e

Figure 3.14 Forces on a car
moving with constant velocity.

Figure 3.15 The front of the
car collides with air molecules.

Figure 3.16 A block slides
down a slope at constant
speed.
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This thermogram of a car
<hows how the wheels have
become hot owing to friction
between the road and the
tyres, and the brake‘s ?ads

orked example S 3 Ablock of metal, mass 10kg, is dropped from a
4k block slides down the slope at a constant speed of 1 ms " as in Figure il height of 40m. -
g W .
; e against friction? (a) How much energy does the block have before it
What is the work done ag is dropped? A
Solution = = (&) :acl’rv]v\;’;;ih[thsii flfee}%odr? Debete
................................................................................... . ?
The loss of PE = mgh = 4 % 10 x 3=120]. % 4 |Ifthe car in the second Worked example on page
100 was travelling at 60ms™', how much heat energy B
This energy has not been converted to would the brakes receive?
KE since the speed of the block has not 5 A 75kg free fall parachutist falls at a constant speed of
i -1, Calculate the amount of energy given to the
LDy _The energy has been given to 50ms gy g
mCI.eased F{h i i}; R Slok surroundings per second.
the internal ene gY_ friction (friction 6 A block, starting at rest, slides down the slope as
The work done against rl.c 2 : ; il shown in Figure 3.18. Calculate the amount of work
force x distance travelled in direction of the done against friction and the size of the friction force.
force) is therefore 120]. The block is losing Figure 3.18.

energy so this should be negative.

Friction x 5= ~120] Internal energy and the three states of matter

Internal energy is the sum of the energy of the molecules of a body. In solids and
liquids there are forces between the molecules so to move them around requires work
to be done (like stretching a spring). The total internal energy of solids and liquids is
therefore made up of kinetic + potential energy. There is no force between molecules

So friction = —24N

Figure 3.17 A block slides down a slope.

Worked example

A car of mass 1000kg is travelling at 30ms-
heat energy is transferred to the brakes?

energy of a gas is therefore only kinetic energy.

Temperature (7)

If we rub our hands together we are doing work since there is movement in the
direction of the applied force. If work is done then energy must be transferred but we
are not increasing the kinetic or potential energy of our hands; we are increasing their
internal energy. As we do this we notice that our hands get hot. This is a sensation that
we perceive through our senses and it seems from this simple experiment to be related
to energy. The harder we rub the hotter our hands become. Before we can go further
we need to define a quantity we can use to measure how hot or cold a body is.

Salttion: o7 st i i ameol A AGOREIN I GEL0] et

When the car is moving it has kinetic energy. This must be
when the car stops.
KE = ymv?

=2x1000 x 302)
=450k]

1 ferred to the brakes = 450 k] Temperature is a measure of how hot or cold a body is.
So thermal energy transterre

When we defined a scale for length we simply took a known length and compared

other lengths to it. With temperature it is not so easy. First we must find some directly
measurable physical quantity that varies with temperature. One possibility is the length
of a metal rod. As the internal energy of a solid temperature increases, the molecules
move faster causing them to move apart. The problem is that the length doesn’t change
very much so it isn't easy to measure. A better alternative is to use the change in volume
ofaliquid. This also isn’t very much but if the liquid is placed into a container with a thin
tube attached as in Figure 3.19 then the change can be quite noticeable.

\;Vllell acar Sl()’WS d()WIl usin 1ts l)[akes ]{E Wlll be C()“Ve”ed to1 terna ene y m the
g ) nter ]. g

brake pads and discs.

Todefine a scale we need two fixed points. In measuring length we use the two

ends of a ruler; in this case we will measure the length of the liquid at two known
®mperatures, the boiling and freezing points of pure water. But how do we know

that these events always take place at the same temperatures before we have made our
termometer? What we can do is place a tube of liquid in many containers of freezing
and boiling water to see if the liquid always has the same lengths. If it does, then we

- @ndeduce that the freezing and boiling temperatures of water are always the same.

of a gas so changing their position does not require work to be done. The total internal

We perceive how hot
or cold something is
with our senses but to
quantify this we need a
measurement.

small change in
volume causes big
change in length

Figure 3.19 Asimple
thermometer.
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Thermal physics

be at the is 0.01°C. If we make this 273.16 in our new scale then a change of 1 unit will be the

Having defined our fixed points we can make the scale by marking the tu
same as 1°C. This scale is called the kelvin scale.

highest and lowest points and dividing the range into 100 equal units.
NATURE O ﬂ ﬂ ; m Because the size of the unit is the same, to convert from Celsius to kelvin we simply
Itis important to add 273. So
use pulre water Z;t - T 10°C = 283K
normal atmospheric S
pressure. Otherwise the L NG R
temperatures will not be : 100 A change from 10°C to 50°C is 50 — 10 = 40°C
quite right. Ly . g
A change from 283K to 323K is 323 — 282 = 40K, so A°C = AK.
L Temperature and molecular speed
. Now we have a temperature scale 5 This is the average KE
Figure 3.20 Calibrating a that begins at absolute zero we can = A O_f the molecules. The
thermometer. ® say that, for an ideal gas, the average 3 u different molecules of
boiling water unknown temperature KE of the molecules is dir g a gas travel at different
. dnectly u velocities, some fast
. ; b3 ) e
) . o proportional to its temperature in o i comasl :
So if we place the thermometer into water at an unknown temperature resulting in W Theconstinrat =Ry g fe slower. The
. length Ly, then the temperature can be found from: . el oportionality E [)ange of velocities can
is 9k where k is the Boltzmann constant, = Bepresehied bytne
T= Li—Lo « 100 1.38 x 108 m2kgs 2K, % velocﬁy distribution
; Lyoo—Lo : 5 curve in Figure 3.22.
. Thisis how the Celsius scale is defined. Figure 3.22 shows the distribution g Because the curve is not
F of molecular velocities for different \Slzmzﬂittr;c,t;he .mheanf
) e right o
temperatures —t i i
The lowest temperature Temperature and KE molzcular e edk(lf ]:t’h.l;’ line de;Crlbles centre.
_ g e ) ) . ) eed distribution of mole
is ~273.15°C, but for The reason that a liquid expands when it gets hot is because its molecules vibrate more R atabout 0°C and thered 6 cu'les 5 l > ,
faster molecules so the temperature is about 100°C ’ A il | Figure 3.22 Molecular
¢ molecular speed/ms™ velocity distribution for a gas.

and move apart. Higher temperature implies
directly related to the KE of the molecules. However, since the KE of the particles is not

zero when ice freezes the KE is not directly proportional to the temperature in °C. The
lowest possible temperature is the point at which the KE of molecules becomes zero.

This happens at —=273°C.

conversion purposes
we usually find it more
convenient to use
=273°C,

Exercises

7 The length of a column of liquid is 30 i H
e q cm at 100°C and 10cm at 0°C. At what temperature will its

8 The average molar mass of air is 29 gmol™". Calculate:

(a) the average KE of air molecules at 20°C.
(b) the average mass of one molecule of air.
(c) the average speed of air molecules at 20°C.

Kelvin scale

An alternative way to define a temperature scale would be to use the pressure of 2
constant volume of gas. As temperature increases, the KE of the molecules increases
so they move faster. The faster moving molecules hit the walls of the container harder
and more often, resulting in an increased pressure. As the temperature gets lower

e molecules slow down until at some point they stop moving completely.
o. If we use this as the zero in

Not all countries use the
same units of temperature
when describing the
weather but the agreed-
upon Sl unit is the kelvin.

Heat

XZ 1;1;):: }Eha;{t Ethef temperature of a body is related to the average KE of its molecules

o buet . 0 th? molecules can be increased by doing work, for example against

b h : e internal energy of a body can also be increased by putting it in contact
a hotter body. Energy transferred in this way is called heat.

and lower th
This is the lowest temperature possible or absolute zer

our temperature scale then the KE is directly proportional to temperature. In defining
this scale we then only need

: 1\ é 1‘ one fixed point, the other
PrR el e e is absolute zero. This poi.nt
could be the freezing point

of water but the triple point
is more precisely defined.
This is the temperature

Figure 3.21 Pressure vs |
temperature in Celsius and |
kelvin. £

o L Figure 3.23 Heat travel

o | . - o ; ravels

4 e 21008C 50°C o0R(E from hot to cold until thermal
; equilibrium is established.

B

L

ot 1 »  atwhich water can be no heat flow since not heat flow frc; s
. i m i
_973°C 0°C T/°C 0K 273K TIK  solid, liquid, and gas in in thermal contact hot to cold trf]]zrrrf:ltef!qouvi\;iglrme
ium

gradient in each graph is the same s0 size of unit is equal equilibrium which in Celsiu$
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Figure 3.24 Energy passed
from fast molecules to slow.

Figure 3.25 Electrons pass

energy freely. |
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weight of hot air

Figure 3.26 Hot air expands.

Although the first ever
engine was probably a
steam turbine, cylinders
of expanding gas are the
basis of most engines.

When bodies are in thermal contact heat will always flow from a high to alow
temperature until the bodies are at the same temperature. Then we say they are in

thermal equilibrium.

Heat transfer
There are three ways that heat can be transferred from one body to another; these are

called conduction, convection, and radiation.

Conduction

Conduction takes place when bodies are in contact with each other. The vibrating
molecules of one body collide with the molecules of the other. The fast-moving hot
molecules lose energy and the slow-moving cold ones gain it.

Metals are particularly good conductors of heat because not only are their atoms well
connected but metals contain some free particles (electrons) that are able to move

freely about, helping to pass on the energy.

9 °
(W) ()

Gases are not very good conductors of heat because their molecules are far apart.
However, heat is often transferred to a gas by conduction. This is how heat would pass

from a room heater into the air of a room, for example.

Convection

This is the way that heat is transferred through fluids by fast-moving molecules moving
from one place to another. When heat is given to air the molecules move around faster.
This causes an increase in pressure in the hot air which enables it to expand, pushing
aside the colder surrounding air. The hot air has now displaced more than its own
weight of surrounding air so experiences an unbalanced upward force resulting in

motion in that direction.

As the hot air rises it will cool and then come back down (this is also the way that a hot
air balloon works). The circular motion of air is called a convection current and this is the
way that heat is transferred around a room.

Radiation

At this stage of the course we haven't really done enough to explain what radiation is
but it is the way that heat can pass directly between two bodies without heating the
material in between. In fact there doesn’t even have to be a material between since
radiation can pass through a vacuum. The name of this radiation is infrared and itisd
part of the electromagnetic spectrum. The amount of radiation emitted and absorbed
by a body depends on its colour. Dark, dull bodies both emit and absorb radiation bette!

than light shiny ones. When you stand in front of a fire and feel the heat, you ar¢
feeling radiated heat.

Preventing heat loss

In everyday life, as well as in the
physics lab, we often concern
ourselves with minimizing
heat loss. Insulating materials
are often made out of fibrous
matter that traps pockets of
air. The air is a poor conductor
and when it is trapped it can’t
convect. Covering something
with silver-coloured paper will
reduce radiation.

Thermal capacity (C)

If heat is added to a body, its tem i
; perature rises, but the actual increase in temper
depends on the body. Pature

The thermal capacity (C) of a body is the amount of heat needed to raise its
temperature by 1°C. Unit: J°C or JK™".

If the temperature of a body increases by an amount AT when quantity of heat Qs
added, then the thermal capacity is given by the equation:

_Q
C=3T

Worked example

If tht‘f th.ermal capacity of a quantity of water is 5000 JK™!, how much heat is required
to raise its temperature from 20°C to 100°C?

Solution
Thermal capacity = % From definition
S

0 Q=CAT Rearranging
Therefore Q =5000 x (100-20) ]
So the heat required Q =400k]

Worked example

How much heat is lost from a bl
ock of metal of thermal capacity 800JK! i
cools down from 60°C to 20°C? Sl i

Solution
T d
hermal capacity (G % From definition
So
i Q=CAT Rearranging
erefore Q =800 x (60—20) ]

Sothe heat lost Q=32k

In cold countries houses
are insulated to prevent
heat from escaping. Are
houses in hot countries
insulated to stop heat
entering?

Roof insulation in a house.

This applies not only
when things are given
heat, but also when

1 they lose heat.

It is possible to buy a
special shower head that
uses less water. In some
countries this is used to
save energy; in others to
save water.

10/




_

9 The thermal capacity of a 60kg human is 210k K. How much heat is lost from a body if its
temperature drops by 2C0
10 The temperature of a room is 10°C. In Thour the room is heated to 20°C by a 1kW electric heater.
(a) How much heatis delivered to the room?

(b) Whatis the thermal capacity of the room?
(c) Does all this heat go to heat the room?

Remember, power is

ensieyiper NS / Specific heat capacity (C)

The thermal capacity depends on the size of the object and what it is
made of. The specific heat capacity depends only on the material. Raising
the temperature of 1kg of water requires more heat than raising the
temperature of 1kg of steel by the same amount, SO the specific heat

capacity of water is higher than that of steel.

The specific heat capacity of a material is the amount of heat required
to raise the temperature of 1kg of the material by 1°C. Unit:] kg Re?
or Jkg 1K™

If a quantity of heat Q is required to raise the temperature of amassm
of material by AT then the specific heat capacity (c) of that material is
given by the following equation:

¢~ mAT

Worked example
The specific heat capacity of water is 4200 kg™ K~'. How much heat will be required
to heat 300g of water from 20°C to 60°C?

The specific heat capacity of
water is quite high, so it takes
a lot of energy to heat up the

water for a shower.

Solution
lt takeS 4200J Of energy .Q .............................................................................................................
to raise the temperature Specific heat capacity T From definition
o : mAT
of water by 1°C. This :
is equivalent to lifting So Q=cmAT Rearranging
420kg a height of Tm.
e Therefore Q =4200 % 0.3 x40 Note: Convert g to kg

This makes water a good
medium for transferring
energy but also makes

it expensive to take a
shower. Oil would be
cheaper to heat but not
so good to wash in.

Q = 50.4k]

Worked example
A metal block of mass 1.5kg loses 20 kJ of heat. As this happens, its temperature

drops from 60°C to 45°C. What is the specific heat capacity of the metal?
Solution
Specific heat capacity c= mQAT From definition
. 20000 e
0 C=15(60-45) earranging
=888.9]kg 'K’

Use the data in Table 3.1 to solve the problems:

11 How much heat is required to raise the Substance

temperature of 250g of copper from 20°C to

Specific heat capacity

(Jkg 'K

160°C?
12 The density of water is 1000 kgm>. it 4200
E;)) LVhat is the mass of 14 IiFre of water? Copper 380
ow much energy will it take to raise the
temperature of 1litre of water from 20°C to Aluminium 900
100°C?
(c) A water heater has a power rating of TkW. Steel 440
How many seconds will this heater take to
boil 1 litre of water? Table 3.1

13 A 500g piece of aluminium is heated with a 500W heater for 10 minutes
E;)) :??r\]N much energy will be given to the aluminium in this time?
e temperature of the aluminium 5 iniing ill i
s was 20°C at the beginning, what will its temperature be after
14 A car of mass 1500kg travelling at 20ms™' brakes suddenly and comes to a sto
(a) How much KE does the car lose? -

(b) If 75% of the energy is given to the front brakes, how much energy will they receive?

(C) he brakes are ade out of steel and ha Y
e f i
. ve a total mass of 10 kg By how much will their

15 The w.
ater comes out of a showerhead at a temperature of 50°C at a rate of 8 litres per minute

g;)) :EZ;)U take a shower lasting 10 minutes, how many kg of water have you used?
e water must be heated from 10°C, how much energy is needed to heat tI-'we water?

Phase change

melting

freezing

vaporization

condensation

Wh . L]
the teen water boils, this is called a change of state (or change of phase). As this happens
mperature of the water doesn’t change — it stays at 100°C. In fact, we find the;t

whenev i
9 er -th_e state of a material changes, the temperature stays the same. We can
plain this in terms of the particle model. .

Figure 3.27 When matter
changes from liquid to
gas, or solid to liquid, it is
changing state.

An iceberg melts as it floats
into warmer water.

AN—7




Thermal physics

Specific latent heat (L)

Figure 3.28 Molecules gain @ @ <@ .\4——.
PE when the state changes. | energy added ./Y\.v\. % Th '
~@> @ @ e ‘ & . lke Zl}etc}llfic latent helat of a material is the amount of heat required to change the state of
@ ~© @ i ;
g aterial without change of temperature. Solid — liquid
Solid molecules have KE Liquid molecules are now free to move Unit: Jkg™ Specific latent heat of
fusion
Liquid — gas

about but have the same KE as before. Latent me hidd i
ans hidden. This name is used because when matter changes state, the heat

since they are vibrating.
added does not cause the temperature to rise, but seems to disappear.

Specific latent heat of

y is needed to enable the molecules to move
vaporization

When matter changes state, the energ
der the example below.

more freely. To understand this, consi ol
| of energy Q to change th
e state of a mass m of a subst
ance, then

the specific latent heat of that substance is given by the equation:

Figure 3.29 A ball-in-a-box
model of change of state. | energy energy L= Q
added <@ added “m
Worked example

The specific latent heat of fusion of water is 3.35 x 10°Jkg™". How much energy i
A yis

Ball has KE as it is Ball now has Ball now has same KE as ;
moving in the box. KE + PE. before but also has PE and required to change 500g of ice into water?
is free to move around. Solution
Boiling and evaporation o fencheat ot fusion L= % From definition 1
These are two different processes by which liquids can change to gases. 5 Q=mL Redriansing ,
Boiling takes place throughout the liquid and always at the same temperature. Therefore Q=0.5x3.35x10%]
f the liquid and can happen at all So the heat required Q=1.675%10°

Evaporation takes place only at the surface 0
temperatures.
Worked example
The
- a@oEnt of h.eat released when 100g of steam turns to water is 2.27 x 10°]
at is the specific latent heat of vaporization of water? .

Some fast-moving molecules leave

the surface of the liquid.
This equation

(L=2) can also be used
to calculate the heat
lost when a substance

__Z
N

Liqu}id tur?s to gas f .\ 1 X § Solution
at the surface. changes from
The specific latent he i iqui o
atof v i uQ I iqui i
% aporization L=-S From Jebtition iquid, or liquid to solid.

Liquid cools as average KE decreases. Therefore

L=2.27x10°/0.1]kg™ Before the invention of

the refrigerator, people

would collect ice in the
winter, and store it in
well-insulated rooms so
that it could be used to
make ice cream in the
summer. The reason it

So the specific latent heat of vaporization L =2.27 x 10°Jkg™

Figure 3.30 A microscopic
model of evaporation.

«_ ¥

When a liquid evaporates, the fastest-moving particle

Exercises

s leave the surface. This means i
e the data about water in Table 3.2 to solve the

that the average kinetic energy of the remaining particles is lower, resulting in a drop i1 e oo
problems.
temperature. 16 | : LY NG 2.27 x 10%)kg™
: : n:thehmass of water in a cloud is million kg, how  IREIECE LI kg takes 50 long tomeltis
The rate of evaporation can be increased by: fr;r; vf:tef gty Wlll?be released if the cloud turns because to melt 1 kg of
er to ice? Latent he _ ice requires 3.3 x 10°
CLCI 3.35 x 10°Jkg™ energ?/; in avx}elliilguljagd

fusion
room this could take

many months.

7 -
T Awater boiler has a power rating of 800 W. How

long will it
take to turn 400g of boili i
steam? 2 oibelinewale it Table 3.2 Latent heats of water.

People sweat to increase
the surface,

the rate at which they
lose heat. When you get
hot, sweat comes out of
your skin onto the surface
of your body. When the
sweat evaporates, it cools
you down. In a sauna
there is so much water
vapour in the air that the
sweat doesn't evaporate.

« increasing the surface area; this increases the number of molecules near

giving more of them a chance to escape.

« blowing across the surface. After molecules have left
‘vapour cloud’ above the liquid. If this is blown away,
Jeave the surface more easily.

+ raising the temperature; this increases t
enabling more to escape.

18 The ;
3 '(fhe ice covering a 1000 m? lake is 2cm thick
a) If the density of ice is 9 '
20kgm™3, whati i
s is gm™, what is the mass of the
1 {c)) :—fi?f\:v r;”nuch energy is required to melt the ice? e
S e Sun melts the ice in 5 hours, what i i
. s, what is the power del
- (d) How much power does the Sun deliver per mzp? Bl

the surface they form a small
it allows further molecules t©

he kinetic energy of the liquid molecules,

41NN



Thermal physics

Graphical representation of heating

In this example, we are
ignoring the heat given
to the kettle and the heat
lost.

p ' temperature rise _ AT
The gradient of the graph = o AL
We know from the definition of specific heat capacity that

temperature “
p/OC heat added = mcAT

i " ; _ mcAT
The rate of adding heat =P ="t~
: P = mc x gradient

So
i 240
time/s . g e
The gradient of this line =""529 Cs1=0.167°Cs

Figure 3.31 Temperature-
time graph for 1kg of
water being heated in an
electric kettle.

So  thepower delivered =

f we continue to heat this water it will begin to boil.

100

temperature
°C

20

430
timels

240

Power of the heater = 700 W
Time of boiling = 480

Figure 3.32 A graphof |
temperature vs time for boiling
water. When the wateris £
boiling, the temperature does f
not increase any more. |

Energy supplied = powe

From this we can calculate how much

The amount of heat
loss is proportional to
the difference between
the temperature of

the kettle and its
surroundings. For this
reason, a graph of
temperature against

336 x 10°

bt oS e

Mass changed to steam = 5577705

100
time is actually a curve,
as shown in Figure 3.33.
The fact that the tempirature 60
gradient decreases tells 1°C
us that the amount of
heat given to the water o

gets less with time. This
is because as it gets

hotter, more and more
of the heat is lost to the
room.

240 480

time/s

Figure 3.33 Heal loss.

The increase of the temperature of abody can b.e represer.xt
graph. Observing this graph can give us a lot of informatio
From this graph we can calculate the amount of heat

_________________ given to the water per unit time (power).

ed by a temperature-time

4200 x 0.167 W =700W

If we assume that the heater is giving heat to the water at
the same rate, then we can calculate how muc
given to the water whilst it was boiling.

5
¢ x time = 700 x 480] = 3.36 x 10°]
water must have turned to steam.

Heat added to change state = mass * latent heat of vaporization,

6 ~1
where latent heat of vaporization of water = 2.27 x 109] kg™

=0.15kg

n about the heating process.

h heat was

Measuring thermal quantities by the method of mixtures

The method of mixtures can be used to measure the specific heat capacity and specific
latent heat of substances.

®

Specific heat capacity of a metal

A metal sample is first heated to a known temperature. The most convenient way of
doing this is to place it in boiling water for a few minutes; after this time it will be at
100°C. The hot metal is then quickly moved to an insulated cup containing a known
mass of cold water. The hot metal will cause the temperature of the cold water to rise;

the rise in temperature is measured with a thermometer. Some example temperatures
and masses are given in Figure 3.34.

As the specific heat capacity of water is 4180 kg™ K™', we can calculate the
specific heat capacity of the metal.
AT for the metal = 100 - 15 = 85°C
AT for the water =15 -10 = 5°C
Applying the formula Q = mcAT we get
(MCAT) et = 0.1 x ¢ x 85 = 8.5¢
(MCAT)arer = 0.4 x 4180 x 5 = 8360
If no heat is lost, then the heat transferred from the metal = heat transferred to the water
8.5¢ = 8360
Coetal = 983 kg 1K

0.4kg

and

Latent heat of vaporization of water

To measure the latent heat of vaporization, steam is passed into cold water. Some of the steam
condenses in the water, causing the water temperature to rise.

The heat from the steam = the heat to the water.

steam

0.413kg

10°C

30/86
In Figure 3.35, 13 g of steam have condensed in the water, raising its temperature by 20°C. The
steam condenses then cools down from 100°C to 30°C.

Heat from steam = Mlgeam + MCAT aier
0.013x L +0.013x4.18 x 10> x 70 = 0.013L + 3803.8
Heat transferred to cold water = mcAT, e = 0.4 x 4.18 x 10% x 20
=33440)

Since heat from steam = heat to water
0.013L + 3803.8 = 33440
So e 33440 - 3803.8
0.013
15=2.28 x 105 Jkg'!
* Heat |oss

= Et’}:ﬁl of these.experiments, some of the heat coming from the hot source can be lost
E . th:rrounfhngs. To reduce heat loss, the temperatures can be adjusted, so you co.uld
ol eXpemmen.t below room temperature and end the same amount above (e.g. if
’ Mperature is 20°C, then you can start at 10°C and end at 30°C).

0.1kg

100°C

10°C 15°C

Figure 3.34 Measuring the
specific heat capacity of a
metal.

¢ Measurement of the

! specific heat capacity of

: a metal by the method
of mixtures

A worksheet with full details
of how to carry out this
experiment is available in
your eBook.

Figure 3.35 By measuring
the rise in temperature, the
specific latent heat can be
calculated.

When melting sugar to
make confectionary be
very careful: liquid sugar
takes much longer to cool
down than you might
think. This is because as
it changes from liquid
to solid it is giving out
heat but doesn't change
temperature. You should
wait a long time before
trying to pick up any of
your treats with your
fingers.

To learn more about
thermal concepts, go to
the hotlinks site, search
for the title or ISBN and
click on Chapter 3.




