B-1 Thermal enerqy transfers —

Anmed Gomaa - 1B DP Physics St F HL (no extra HL content) ~ simple,

Step by step - original worked examples
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Pen colours: blue = objects and particles, red = laws, energy flows and key

steps, green = answers and results, pencil = construction lines. Boxes: Why?

= the reasoning, Mistake = what students get wrong, yellow note = exam

tip.
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I one line: everything is made of moving particles; temperature

tells us how fast they move on average, and thermal energy

always Hlows from hot to cold.
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HOT body thermal energy @ (heat) COLD body

higher T

lower. T
until both have the same temperature

(thermal equilibriam)

conduction: by contact convection: a fluid moves radiation: EM waves

Thermal energy flows from the hotter body to the colder body until both reach the

same temperature.

es

forces_between_particles:_strong_-._weaker_—._almost_zero.
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SOLID CIQUID GAS

fixed places, vibrate close, slide past each other far apart, fast, random

The same particles in three phases. What changes is how far apart they are, how

strongly they pull on each other and how they move.
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Solid

qu‘d

Gas

Arrangement regular, close irreqular, close far apart (about 10
together together times the spacing in a
solid)
Motion vibrate about  move around and move fast and
fixed slide past each randomly in straight
positions other lines between
collisions
Forces between  strong weaker, but keep almost zero Conly
particles the particles close  aaring collisions)
Shape and fixed shape takes the shape of  fills the whole
volume and volume the container; container; easy to
fixed volume compress
=
Densityr—p=m [ V wiit kg m™
Solids—andliguids have similar densities Ciron: 7.9 x 10> kg m™* solid, 7.0
x 102 ko v~ ligid) A gas is about 1000 times less dense (Cair = 12 kg
-3 3
)
III\’II'MD)
v OoOTuOvr7ITGy
_J

X Mictake

“A big block of copper has a bigger density than a small one.” Density is

mass per unit volume: it depends on the material (and its temperature),

not on the size of the block.
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T ° .
[Em <
Celsius Kelvin
water boils ———— — 100 °C — 373 K
T(K) = 8(°C) + 273
a change of | K
ice melts ——— — 0 °C — 273 K ="a~change~ofI°C
absolute zero —— — —273°C — 07K
(I HS (I ‘\

— N

The Celsius and Kelvim scales use the same Size of degree; only the zero 1S different.

T (K) =8 (°C) + 273

A change of temperature is the same number on both scales: AT in K

= AB in °C.
_ y.
r h
Learnit word for word.
. : . .. L

the Celsius temperature does not
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Worked example 1
The temperature of a cup of tea falls from 318 K to 295 K. (a) Give

both temperatures in °C. (b) State the temperature drop in °C.
l. (a) 318 — 273 = 4§ °C; 295 — 273 = 22 °C.
2. (b) Drop = 313 — 295 = 23 K, and a change in kelvin equals the
change in °C: 23 °C. (Check: 45 — 22 = 23.)

o L e ] R R R

_____________________________________________________________

Worked example 2

Find the average kinetic energy of the molecules of a gas at 27 °C.

What is it at 327 °C? Helium and neon are at the same temperature:

compare their average kinetic energies.

). Kelvin first: T = 27 + 273 = 300 K.
2. Ek = (3/2) kB T=1S5x138x10%x 300 = 621 x107% J.

3. 327 °C = 600 K: the kelvin temperature doubles, so E; doubles: 1.29

x10~° 71

faster on avemge

P

oy _ . « . N
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Internal enerqy

I\ potential energy E,

very close: repel

solid - liguid — gas:

the particles move apart,
0 } so E, increases

\ separation r (becomes less negative)

gas-E--0

\ /fwtloer -apart:-attract

minimum: normal separation in a solid

The potential energy of two molecules against their separation. Moving them apart

Cmelting, boiling) increases the potential energy.

Particles have two kinds of energy. They move randomly, so they have

random kinetic energy. They pull on each other (like tiny springs between

them), so they have intermolecular potential energy. In a solid this potential

energy is negative; it rises towards zero as the particles move apart. For an

ideal gas it is zero.

Learn it word for word.

Internal energy of a system: the total intermolecular potential

energy arising from the forces between the molecules plus the total

random kinetic energy of the molecules arising from their random

motion.

Exam tip

Always say whose energy it is: the energy of the molecules (or
atoms, or particles). Then write total (not average), random
kinetic energy and intermolecular potential energy. “Kinetic
energy plus potential energy”, with no molecules, atoms or

particles, scores 0.
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Word Uhat it ic Unit

particle °C

, : T — L T —

althe partictes

Thermal energy energy transferred because of a temperature J/
(heat) difference
X Mictatke

“Ahot body has wore internal energy than a cold body. —Not always: a

bath of warm water nas far more internal energy than a hot spark,

because it as many more particles Temperature is about the average per

particler internal energy is the total.

Thcrmal enerqy and thermal equilibe:

Put a hot body Inm contact with a cold one. Energy is transterred from the

not body to the cold body, mever the other way, until they reach the same

temperatare. T hen there 1S mo more net transter: the bodies are in thermal

—___equilibriawm.
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Learn it word for word.

Thermal energy (heat) is the energy transferred from one body to

another because of a temperature difference. The temperature

difference decides the direction of the net transfer: from higher to

lower temperature.

\\

The energy given out by the hot body equals the enerqy taken in by the

cold body (F none is lost to the surroundings). This is the idea behind

every ~mixing~ calculation: energy lost = enerqy gaived.

X Mictake

“Heat is stored in a hot body.” A body has internal energy; heat is

energy on the move between bodies. The word “capacity” in specific heat

capacity does not mean the body holds heat like a bottle holds water.

&/ 7 A &
A N> [V ]
S ) Aacriy
( 2 )
tearn it word for word-

of 1&g of a substance by 1K

Q =mc AT - QinJ, minkg AT in K (or °C), ¢ in J kg™ K™

Water: 4200 - ice: 2100 - aluminium: 900 - iron: 440 - copper: 38S -

lead: 130 7 kg™' K™

\

A large ¢ means the substance needs a lot of energy to warm up, and it

gives out a lot of energy as it cools. Water has a very large c: this is why

the sea warms and cools slowly, and why water is used to carry energy in

radiators.
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39~ S6°C.

W

. Same enerqy, same Wass, but water changes temperature about 4.7

times 1essTits ¢ is 4.7 times bigger.

P el

4

VVIUCI"T vore mass X C.

Method for every mixing problem
. Write “energy lost = energy gained”. 2. For each body write

mcAT with AT as Chigher — lower), so every term is positive. 3.
Solve for the unknown. 4. Check the answer lies between the

starting temperatures.
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container if it is not negligible.

A° /°C
70 4 ligaid “warms

604 melting: 6 constant /

07 solid warmk solid + /iquia’

404

30

20 4

L) L) L) L)
0 100 200 300 400 500 600+ /¢

Worked example S: the heating curve of a 1S0 g sample heated by a heater of

constant power.
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Reading a heating curve

Flat part - phase change: use @ = mL with @ = P x (length
of the flat part). Sloping part —. one phase warming: use @ =
mcAT with @ = P x time. The gradient of a sloping part is AT/
At = P/(mc): the steeper the line, the smaller c. Here the liguid
line (10 K in SO s) is less steep than the solid line (40 K in 100
s), so the liguid has the larger c.

—— e Em Em Em Em Em Em Em EE Em Em E Em Em M Em M Em M MM Em Em Em EE MmN Em M M Em MmN Em E Em Em Em Em R Em Em Em Em Em Em Em oy,

Worked example 6

A 20 W heater runs for 4.0 minutes in 0.30 kg of a liguid held in a

0.10 kg copper cup (¢ = 385 J kg™ K™'). The temperature of both rises

by 6.0 K. Find the specific heat capacity of the liguid. Is the true value

larger or smaller than your answer?

l. Energy supplied: ® = Pt = 20 x 240 = 4800 J.

2. Energy taken by the cup: 0.10 x 385 x 6.0 = 23] J. The rest goes

to the liguid: 4800 — 231 = 4569 J.

3. ¢ =4569/(0.30 x 6.0) = 2.5 x 10> T kg™ K.

4. Some energy escapes to the room, so less than 4569 J really went

into the liguid: the true c is smaller than calculated.

FERRI SN R R R DR SR I R R DR S

Z The method of mixtvres

thermometer stirrer
thread
————f-———-——=—=——-—}-——=
T
I I
| : energy lost
move fast | I by the metal
metal % | : )
; i =-energy-gained
i : by water + cup
1
! — |
I
L | @ I
T

boiling water . !
insulated calorimeter + cold water

The method of mixtures. The metal must be moved quickly so it loses little energy

on the way.
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Heat a metal sample in boiling water (so its temperature is known), move it

guickly into an insulated calorimeter of cold water, stir, and record the

highest temperature reached. Then use energy lost = energy gained.

Worked example 7

A 0.50 kg metal block at 95 °C is put into a 0.12 kg aluminium

calorimeter holding 0.60 kg of water at 18 °C. The final temperature is

24 °C. Find c for the metal, and say how energy losses affect the

answer.

l. Energy gained by the cup and the water (both warm by é K): 0.12

2. Energy lost by the metal (cools by 95 — 24 = 7] K): 0.50 x ¢ x 7l
= 35.5¢.

3.355¢=15768 - ¢ =499 kg™' K™,

4. The block cools a little in the air on the way, so it really entered

the water below 95 °C. Its true temperature drop is smaller, so the

true ¢ is larger than calculated.

i X 900 x 6 + 0.60 x 4200 x 6 = 648 + 1S 120 = 1S 7638 1.
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Changec of phace

Change From — to Energy
metting sotid—tiquid takerin
freezing liguid - solid given out
(solidifying)

boiling liguid - gas, throughout the liguid,  taken in
(vaporisation) at the boiling point

i b nraid .
evaporation liguid - gas, only at the surtace, at  taken in (the
any temperature liguid cools)

-

Learn it word for word.

A phase change happens at constant temperature. The energy

supplied changes the intermolecular potential energy (the particles

move further apart, bonds are broken), not the average random kinetic

energy. So the temperature stays the same, but the internal energy

Increases.

7

M/Ay doe¢ f'reezing give energy out?

When a liguid freezes, bonds between the molecules form. Forming bonds

releases energy: the intermolecular potential energy decreases and this

energy is transferred to the surroundings. The average kinetic energy does

not change, so the temperature stays at the freezing point.
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Why doecevaperation cool a /iquid?

Only the fastest molecules near the surface have enough energy to

escape. They take a lot of kinetic energy with them, so the average

kinetic energy of the molecules left behind falls, and so does the

temperature. Evaporation Is faster at a higher temperature, With a larger

surface area, and whewn alr blows the escaped molecules away.

freezing, t, (vaporisation) 15 for boiling or condensing.

Q=wml L in T kg™ - water: Lp= 334 kI kg™, L, = 2260 kJ
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Worked example &

To measure Ly of ice: 20 g of ice at 0 °C is dropped into a 200 g

aluminium cup holding 250 g of water at 26 °C. The lowest

temperature reached is 19 °C. Find L.

Q. Tips: the ice must pve at 0 °C (take Tt from a mixture of ice and

1
1
E water) and dried before it goes in; find its mass by weighing the
. cup agam at the end.

1

energy taken in by the ice (@ + @ + @) = energy given out by the water
m-L(F)

@ ice melts at 0 °C

mc(ice) A\T———————————wm(water)
ice warms @ melted ice warms

>

? 25 0/°C

water cools: gives out m-c(water)-AT

Worked example 9 on one temperature line: the ice takes in energy in three stages;

the water gives out energy as it cools.
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Worked example 7

(a) An ice cube of mass 30 g at =12 °C is dropped into 250 ¢ of

water at 25 °C. Find the final temperature. (b) The same is done with

120 g of ice at —12 °C. Find the final temperature and the mass of ice

that melts. lgnore the container. cj.o = 2100, ¢\ yprer = 4200 T kg™ K7/,

Ly = 336 kJ kg™

l. Masses in kg. Ice: 0.030 kg. Water: 0.250 kg. Call the final

temperature 6.

2. Evergy taken in by the ice, stage by stage.

(D) ice warms from =12 °C to 0 °C: 0.030 x 2100 x 12 = 756 7

(2) ice melts at 0 °C: 0.030 x 334 000 = 10 020 J

@ the melted ice (now water) warms from 0 °C to 8: 0.030 x

4200 x § = 1260

3. Check that all the ice melts. To get to @ the ice needs 756 +

10 020 = 10 776 J. Cooling the water all the way to 0 °C would give

0.250 x 4200 x 25 = 26 250 J. 26 250 > 10 776, so yes: all the

ice melts and 8 is above 0 °C.

4. Energy given out by the water as it cools from 25 °C to §: 0.250
x 4200 x (28 = 8) = 26 250 — 10500.

S. Energy lost = energy gaived. 26 250 — 10500 = 756 + 10 020 +

1268.

6. Solve. Numbers on one side, B on the other: 26 250 — 10 776 =

10500 + 1260 - 1S 474 = 11760 — 0 = 13 °C. Check: between 0 °C

and 2S5 °C v.

7. (b) Do the check again with 120 g: warming the ice needs 0120 x

2100 x 12 = 3024 J, and melting all of it needs 0.120 x 334 000 =

40 080 J: 43 104 J in total. The water can give only 26 250 J (by

cooling to 0 °C). Not all the ice melts.

8. So the final temperature is 0 °C (ice and water together). Energy

left for melting after warming the ice: 26 250 — 3024 = 23 226
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& tage 55,'aattoh—€herj‘y—m—{ay)—' :

D) ice warms to0-°C Mize Cice (0= Uica) 75677

@ ice melts Mice Lr 10 020 J
—@—me#ed—%e—mww—to—e—www@—-—é)—%%i

water cools to 0 Myater Cwater Owater — 8) 26 250 — 10500

Always ds the check firct

If the water cannot give enough energy to melt all the ice, the
answer is 0 °C and some ice is left. Using the full equation

anyway gives a negative 8, which is impossible for melted ice.

_____________________________________________________________

Worked example 10
Steam at 100 °C is bubbled into 0.50 kg of water at 20 °C until the

water reaches 60 °C. What mass of steam condenses? Why is a burn

from steam worse than one from boiling water?

. The steam condenses (gives out mlL,), then the condensed water

cools from 100 to 60 °C (gives out m x 4200 x 40).

2. The water qains 0.50 x 4200 x 40 = 849 000 J.

3. m(2.26 x 105 + 4200 x 40) = 84 000 — m = 34 000/2 428 000
= 0.035 kg = 35 4.

4. Steam on the skin first condenses, qiving out its large latent heat

(3S g gives about 79 ki) before it even starts to cool. Boiling water

only gives out mcAT.
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X Mictake
1 Forgetting a step in a phase problem. Ice at —|2 °C needs three terms

it melts.

Conduction

with no movement of the material itself.

Learn it word for word.

Conduction: the particles at the hot end have a higher average kinetic

energy. They pass kinetic energy to their neighbours in collisions (and

through vibrating bonds), so energy is transferred from the hot side to

the cold side. In metals, free electrons move through the metal and

carry energy quickly, so metals are good conductors.

120 °C T=7 20 °C
AQ/At A
> k Gk
/ >
P s cold face same rate through both rods
= same=A-and-L:

thickness Ax

Left: the quantities in the conduction equation. Right: two rods in series (Worked

example 11b).
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AQ/At = k A AT/Ax
AQ/At: rate of energy transfer (W) - k: thermal conductivity (W m™

K™') - A: cross-sectional area - AT/Ax: temperature gradient

(temperature difference <+ thickness)
Double the area — double the rate - double the thickness - half the

rate « copper k = 400, glass ~ 0.8, air # 0.025 W m™ K™!

—————————————————————————————————————————————————————————————

Worked example 11
(a) A wall of area 1S m? and thickness 0.25 m has k = 0.80 W m™'

K™ Inside is 2] °C, outside —4 °C. Find the rate of energy loss. (b)

Two rods of the same length and area, with conductivities k and 4k,

are joined end to end. The free ends are kept at 120 °C and 20 °C.

Find the temperature at the joint.

l. (a) AT = 21 — (-4) = 25 K. AQ/At = 0.830 x IS x 25/0.25 = 1200
W. A heater of 1.2 kW keeps the room warm.

2. (b) In the steady state the same rate flows through both rods
(energy does not pile up at the joint): kA(120 — T)/L = GkA(T —
20)/L.

3.120-T=4T - 80 - ST =200 -~ T = 40 °C.

4. The better conductor needs a smaller temperature difference (20 K)

to carry the same rate as the poorer one (80 K).

Why does o tiled floor feel colder than a carpet at the came

temperature?

Both are at room temperature, but tile is a much better conductor. It

!_carries energy away from your foot guickly, so your skin cools faster. Your

skin senses the rate of energy loss, not the temperature of the floor.
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/N s
convecilion

- T T T TN T T T T = warm water: expands,

e ~ .
1% N | Jless.dense,.rises
! \
1 |
y ); | cool_water:_denser,

N 7 . .
~~__ et sinks to take its place
-—— <---

) ) ) ) )

heat from the stove

A _convection carrent in a pan of water.

Learn it word for word.

Convection happens in fluids (liguids and gases). The fluid near the

heater warms, expands and becomes less dense, so it rises. Cooler,

denser fluid sinks to take its place. This sets up a convection current:

the moving fluid carries the energy.

Exam tip
Convection is due to density differences. Say “expands, less
dense, rises” for the warm fluid and “denser, sinks” for the cool

. « . « . . . .
fluid. “Heat rises” scores nothing: it is the warm fluid that rises.
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Every body above 0 K emits electromagnetic waves, mostly infrared at

everyday temperatures. Radiation needs no material: this is how energy from

the Sun crosses empty space to reach the Earth.

- )
Learn it word for word.

A black body is a perfect absorber: it absorbs all the radiation that

falls on it, reflecting and transmitting none. It is also the best possible

emitter at any temperature.
L _/

-
Stefan—Boltzmann law (black body): L = o A T?

L: power emitted (luminosity, W) - A: surface area - T: surface

temperature in kelvin - ¢ = $.67 x 1078 W m™2 K™*

Double T _, 24 = 16 times the power - double A — twice the power
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T A
Fhe-block—body-cpectromondiffien-efaw

Aspectml-intensitg

/T%000_«

hotter: peak higher and
/ \ at a SHORTER \

/ \ Mmax T = 2.9 x 1072 m K
area'una’er'a‘curve'=

/ L \ power per m? = oT*
4 $5000+k

_ 2 V4

. 3> > e ) N - n - — AN PN —
Wien's displacement law: A,y 1 2T XU mK

Amax the wavelength at the peak of the spectrum - T in kelvin

Double T — the peak moves to half the wavelength

\

A

black body emits a continuous range of wavelengths. As it gets hotter,

the curve gets higher everywhere (more power) and the peak moves to

shorter wavelengths. A heated piece of iron goes from dull red to orange to

yellow-white. Blue stars are hotter than red stars.

The area under the curve is the power emitted per square metre of surface,

oT4. If the same body has a bigger area at the same temperature, it emits

m

ore power, but each square metre still gives the same curve: the graph of

power per m? does not change.
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Worked example 13
Find the peak wavelength for (a) human skin at 33 °C, (b) a star

with surface temperature 9700 K, (c) a lamp filament at 2900 K.

Name the part of the spectrum each time.

). (a) T = 306 K: Ay, = 2.9 x 107%/306 = 9.5 x 1076 m. infrared

{uminosity and apparent brightnecs

—

Learn it word for word.

Luminosity L: the total power radiated by a star (W). For a star
modelled as a black body, L = cAT* = o4GTR?*T*,
Apparent brightness b: the power received per unit area at the

observer (W m™2).

b b-=-l—/-C47d?)

power received per m?

\
\ \
\ \
A\ \
m Hﬂd rLIZd twice as far - area 4x
N e .
I I
]
/

—~ b is Vi as big

star, luminosity_L ]

unit: W m™?

) . .
The star's power cprpndc out over h/g)gpy and hl{’)gpr clphpnoc) sa the apparent

brightness falls as 1/d>.
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h =) / /CITI 2 A dictance from the <tar

L4 L= 4 A\ LAE AN - Y 4 Ty T oOCOTTC T 1T T OV Cric ooorT

| enaatinpncity ie a nvoporty of the ctar Annavewnt briahtness also depends
CUurriirTivore T U ,le CT e T CVIC JCOUT 'l’l,fvvr\—vrv wvravrvvr oot ATy

y—we—are—Lmminesity—can—also be g,ivey) - units of the

TCW UL AS A, AU A AL LA

Worked example 19

(a) A star 23 Iy away has an apparent brightness of 2.0 X 109 W m %

Find its Tuminosity (I Ty = 9.98 x 105 m). (b) Another star has L =

33 x 107 Wand b =1.2 x107° W m° Find its distance.

). (a) d = 25 x 9.46 x 105 = 2.37 x 10”7 m.

2. L = 4mdh = g x (2.37 x 107)? x 2.0 x 107 = 1.4 x 107 W,

3. (b) d = LL/(4Ttb)) = 3.8 x 107/(47t x 1.2 x 1079)) = 5.0 x 107

Worked example 15

(a) Star A has 2.5 times the radius and 1.5 times the surface

temperature of star B. Find L;/Lg. (b) The two Stars have the same

apparent brightness. Find dy/dg. (c) A star has 0.6 times the Sun’s

surface temperature and 250 times its luminosity. Find its radius in

solar radii.

). (a) L « RT* La/lg = 2.5 x 1.5 = 6,25 x 5.06 = 32,

2 . - — —

cg .
> 1’ i
1
2 /) 2¢cn
o (C7 2zoU = 3 = = 3 = 3 3 =S :
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Ratio probleme
Write L o« R?T* and b o« L/d? then put in the ratios. The

constants o and 4Tt cancel, so you never need them.

WWriting the explanations

‘Define infernal enerqy” (2 marks)

v the total random kinetic energy of the molecules (atoms /
particles)

v plus the total intermolecular potential energy of the
molecules (from the forces between them,)

The answer must mention molecules, atoms or particles: “KE +

PE” on jts own scores 0. Also not “average”

‘Explain why the temperature ctaye conctant while a
substance melts (or boilc)” (2-3 marke)

v the energy supplied increases the intermolecular potential
energy / breaks the bonds between the molecules / the
molecules move further apart

v the average (random) kinetic energy of the molecules does
not change

v’ temperature measures the average kinetic energy, so the
temperature is constant (the internal energy still increases)
For freezing.: bonds form, potential energy decreases and energy

/s released; the kinetic energy does not change.
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‘Explain, in terms of molecvles, why evaporation cools a

ligquid” (2 marke)

v the fastest (most energetic) molecules escape from the
surface

v so the average kinetic energy of the remaining molecules
decreases, and temperature is a measure of the average kinetic
energy

Use “average linetic energy”, not “the liguid loses heat”

‘Explain how thermal energy is transferred through a
metal by conduction” (2 marke)

v particles at the hot end have a higher average kinetic
energy

v they pass energy to neighbouring particles in collisions; free
electrons carry energy quickly through the metal

Energy flows from high to low temperature; the material itself

adves not move.

‘Explain why there ic a temperature difference acrose a
layer that energy is conducted throvgh” (2 marke)

v energy is conducted through the layer at a rate AQ/At =
kANT/Ax

v a temperature gradient (AT/Ax) is needed for energy to
flow; the faster the energy flows (or the poorer the conductor),
the bigger the temperature difference

In the steady state the rate is the same through every lager in

ser/es.
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‘Deccribe how convection trancfere energy” (2-3 marke)

v the fluid near the heat source warms, expands, becomes less
dense and rises

v cooler, denser fluid sinks to replace it, forming a convection
current

Always mention density. Only Auids show convection.

“Determine the curface temperatore of a star from ite
cpectrum” (2 marke)

v read the peak wavelength 1, from the graph (check the

unit: nm or pm,)
v use Wien’s law: T = 2.9 x 10-*/\,py, With M,y in metres;

the answer is in kelvin

Peak wavelength, not the wavelength where the curve ends,
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Common mistakes
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Practice next

You have read the notes. Now practise, in this order:

|. Levelled practice: first a % at Level 2 in every topic (the
goal), then Levels 3 and 4 for a 6 or 7. Hints and worked
answers help you as you go.

2. 1B-format practice (Paper 1A - Paper 2): timed, one
attempt, and your report goes to your teacher. Do these

when the practice goal is reached.
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