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Chapter Flrst Law of
] Thermod

Content

¢ First Law of Thermodynamics

Learning Outcomes -

Candidates should be able to:

(a) define and use the concepts of specific heat capacity and specific latent heat.

(b) show an understanding that internal energy is determined by the state of the
system and that it can be expressed as the sum of a random distribution of
kinetic and potential energies associated with the molecules of a system.

(c) relate a rise in temperature of a body to an increase in its internal energy.

(d) recall and use the first law of thermodynamics expressed in terms of the

increase in internal energy, the heat supplied to the system and the work done
on the system.
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el Introduction
Energy transfer between two substances in thermal contact usually causes
temperature changes in both of them, though this is not guaranteed Heat capacity
and specific heat capacity allow for the calculation of temperature changes in such
interactions. Similarly, latent heat is used 1o calculate the energy required to
change the phase of a substance (e g. from solid to liquid, or from liquid to gas)

The first law of thermodynamics is central lo understanding thermodynamic
processes which involve heat and mechanical work. This law is an extension of the
conservation of energy used in mechanics as it considers energy exchange to a
system by means of both heat transfer and mechanical work The concept of
internal energy is introduced to make the link between the macroscopic concepts of
heat and mechanical work to the microscopic concept of temperature, which relates
to the mechanics of atoms and molecules in a substance

Nl Specific.Heat Capacity and Specific Latent Heat :

Heat The numerical value! of the heat capacity of a body is the quantity of heat required .
Capacity to raise the temperature of the body by one degree.

Mathematically, this definition can be expregsed as
C=—

AT

—

Where C = heat capacity
Q = quantity of heat
AT = change in temperature
S.1. unit: joule per kelvin (J K™)

The unit of heat capacity is not the joule and this is why, in the definition of heat
capacity, it is important to make reference to the numerical value.

m The numerical value'of the specific heat capacity of a substance is the quantity of
Heat heatrequired to raise the temperature of unit mass of the substance by one degree.

Capacit
Py Mathematically, this definition can be expressed as '
)
mAT

Where ¢ = specific heat capacity
Q = quantity of heat
m = mass of body
AT = change in temperature

S.1. unit: joule per kilogram per kelvin (J kg™ K™')

—————
Determination The main principles of determining specific heat capacity by electrical methods

) of Specific involve heating a material through a change in temperature AT and comparing it to
Heat Capacity  the electrical energy supplied.
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Solids For solids, the material under test is in the form of a solid cylinder of mass m, into

Gases or
Liquids

which two holes have been drilled to accommodate a heater and thermometer.

Experimental Set-up Measurements taken:

Low voltage d.c. power supply current /
— .
potential v
difference
thermometer _
time (
) mass m
_- Immersion heater
] 4 initial
insulation ~_ g temperature
I~ ] )
oy final
3 | Solid cylinder temperature Ty
% of mass m
Calculations

If c is the specific heat capacity of the metal, assuming negligible heat losses,
by the principle of conservation of energy,
electrical energy supplied by heater = heat received by block
IVit=mec(T,-T))
IVt
C=———
m(T, -T))

For gases or liquids, the continuous flow method is used.

In this method, a steady flow of the fluid (liquid or gas), is passed along a pipe
containing an electric heater, as in the following figure. Measurements are only
taken when the inlet and outlet temperatures have stabilised (i.e. the system has
reached steady state). As such, the heat capacity of the apparatus can be ignored.

Experimental Set-up Measurements taken:

insulation current 1
latinum .
rgs);istance) tuid fl°ws out  potential "
thermometer (v) difference
V) I ,
. [ Ny p time t
%"l'—r’ S E mass
‘ passing
T l|'|= @ (platinum through in v
fluid flowsin heating coil resistance) time t
thermometer il
Tin
temperature
outlet i

temperature
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Calculations

By the principle of conservation of energy,
electrical energy supplied = heat transferred + HEAT LOSS (to surroundings)
I'Vxt=mc(T,,-T,)+H

Heat loss H depends on the excess temperature of the apparatus and the duration
of the experiment.

Excess temperature of a body = temperature of body - temperature of surroundings
Since heat loss to surroundings is proportional to the average excess temperature
of the setup, the heat loss can be eliminated by repeating the experiment using the
same inlet and outlet temperature and the same duration.

This means that in order to eliminate H, the experiment has to be repeated with a
different flow rate and adjusting the power of the heating coil to such that the inlet

and outlet temperatures remain at the same values as that of the first experiment. .
Previous New
Measurements Measurements
current I I’
potential difference "4 v’
time ¢
mass of X passing ,
through in time ¢ i 2
inlet temperature Tin
outlet temperature Tout

Further Calcu{ations

new electrical energy supplied = new heat transferred + HEAT LOSS
I'Vxt=m'c(T,, -Tin) +H
Solving the simultaneous equations
IVE=I'V't=(m-m')e(To, ~T,)
(I V-I1'v ')t
(m i m‘)(Tout - Tm)
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In an electrical constant flow experiment to determine the specific heat capacity of a
liquid, heat is supplied to the liquid at a rate of 12 W. When the rate of flow is

0.060 kg min™', the temperalture rise along the flow is 2.0 K.
(a) Calculate the specific heat capacity of the liquid.
(b) If the true value of the specific heat capacity is 5400 Jkg™' K™', estimate the
percentage of heat loss in the apparatus.
’l) \‘3 rtlr'lr( of (C[_
lut\\ml!nr] IJT'r'“J "”1 E“”J ‘:, [w!n,l
Ft «me /\(
C)(es) = (s 'mj 1 )
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(i 3 . /
ey (0 b(r_,) (SYo8)( 2 o) 1M
N q17
y ! \ld \nll H :”

Example 1

Example 2 A student using a continuous flow method obtains the following results:

1. Using water, which enters at 18.0 °C and leaves at 22.0 °C, the rate of flow is
20 g min™', the current in the heating element is 2.3 A and the potential
difference across it is 3.3 V.

2. Using oil, which flows in and out at the same temperatures as the water, the
rate of flow is 70 g min™', the current is 2.7 A and the potential difference is
39V.

Taking the specific heat capacity of water to be 4200 J kg™ K™, calculate
(a) the rate of heat loss from the apparatus,

(b) the specific heat capacity of oil.
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Kinetic Model
of Matter

Matter is made up of many millions of molecules, which are particles whose
dimensions are about 3x107'°m. Evidence for the existence of molecules is given
by experiments demonstrating Brownian motion.

There are three states of matter: solid, liquid and gas.

Characteristics of the three states of matter:

Solid

Liquid

Gas

Packing
Armrangement of
Atoms/Molecules

Atoms/molecules are
closely packed in a
regular pattern called a
lattice structure (regular,
geometrical structure)

Atoms/molecules are
slightly further apart than
in solids

Atoms/molecules are very
far apart

" Hlustration

Interatomic
distance

" l
©0°
o
© 0@

Density

Volume/Shape

Crystal Lattice Structure Liquid atoms/ molecules Gas atoms/ molecules
~3x10" m ~3x10" m Very far apart
High High Low

Fixed volume and shape

Fixed volume but takes
the shape of the container

No fixed volume or shape
and fills up entire space/
container in which they
are placed in

Compression

Returns to their original
shape when stretched or
compressed (to a certain
extent)

almost incompressible

easily compressed

Movement of
Atoms/Molecules

Limited to vibrations of the
atoms/molecules about
their mean positions

Random motion
throughout the liquid

Random motion at high
speeds throughout the
space occupied

Inter-atomic/
molecular forces

Strong intermolecular
attractive and repulsive
forces

Attractive cohesive forces
(pulls back the molecules
near the surface of the
liquid, opposing their
escape)

No long range structure

Negligible
attractive/repulsive forces
between atoms/
molecules (because they
are very far apart)

Kinetic Energy

Vibrations of the atoms/molecules reflect their kinetic energy.

Effect of
Temperature

t Temperature = 1 vibration = 1 average kinetic energy




Change of

Phase

transition

intermolecular
interactions

af melting point or
boiling point

energy supplied

temperature

Boiling and
evaporation
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The amount of heat required to bring about a change of phase is called latent heat.
Latent heat of fusion (solid — liquid)

Latent heat of vaporisation (liquid — gas)

The transition from one phase to another is not instantaneous. During transition, the
two phases coexist until the transition is completed. The figure below shows the
heating curve of a substance and its phase or state at various points.

1 |
temperature/ °C fosolid i jquid | liquid + -
cliqud | M9 gas 19
boiling
fs condensing:
y o melting
m solidifying :
heat added -
What happens during a change in phase:
Melting Boiling
Solid to liquid Liquid to gas

All bonds between atoms/molecules

Lattice structure has to break. kiavaito hecompistels brolen:

« molecules have enough energy to + thermal energy supplied is used to

vibrate so violently that the attractive overcome the attractive forces
forces cannot hold them together between molecules

+ the lattice structure collapses * bonds are completely broken

+ change of state occurs + change of state occurs

Latent heat of fusion Latent heat of vaporisation

At melting point and boiling point, the temperature remains constant.
This indicates that thermal energy supplied to the body is used to break bonds

Both boiling and evaporation represent a change of phase from liquid to gas.
Evaporation can take place at any temperature whereas boiling takes place at a
fixed temperature. Evaporation takes place at the surface of the liquid whereas
boiling occurs in the body of the liquid.



Application

of Kinetic
Model
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Why does melting and boiling both take place without a change in
temperature?

At melting point the molecules vibrate so violently that the attractive forces
cannot hold them together, the lattice structure collapses and the solid
undergoes a phase change.

During this process, the energy supplied to the solid, called the /atent heat of
fusion, will not cause an increase in the temperature.

This is because the energy is used to overcome the attractive forces between
atoms and causes the lattice structure to break.

The temperature remains constant during boiling as the heat supplied to the

liquid is used to overcome the attractive forces between molecules and break
the bonds completely.

The energy required to change from the liquid state to the gaseous state is
known as the fatent heat of vaporisation.

2. Why is the specific latent heat of vaporisation higher than the specific

latent heat of fusion for the same substance?

For example, the specific latent heat of fusion of water is 3.40 x 10° J kg™ while the
specific latent heat of vaporisation of water is 2.52 x 10® J kg™".

The following accounts for the difference in the two values for the same substance:

To melt a solid, work must be done to separate some of the molecules against
their mutual attractions (i.e. some molecular bonds are broken), so that the
structure no longer has any rigidity. When a liquid vaporises, all the remaining
bonds must be broken. Since melting means the breaking of relatively fewer
bonds we expect the specific latent heat of melting to be less than that of
vaporisation.

The volume occupied in the gaseous state is much larger than that in the liquid
state. The gas needs to do work against the external or atmospheric pressure
(boiling must be done in an open container) to accomplish this. Energy is
required by the gas to do work during the expansion process.

3. Why does a cooling effect accompany evaporation?

Evaporation is the result of the exchange of energy between molecules.

The kinetic theory supposes that molecules of liquids are at continual motion
and make frequent collisicns with each other. During collisions, scme molecules
gain energy and others lose energy.

If a molecule near the surface of the liquid gains enough energy, it will be able
to escape from the attractive forces of the molecules behind it.

. . . - . e 3 .
This results in a decrease in the average kinetic energy of the remaining
molecules.

Since temperature is a measure of the average kinetic energy of a material, the
liquid will become cooler. That is, evaporation results in cooling.
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Since the more energetic molecules escape, the average kinetic energy of the
remaining molecules will be lower, which in turn results in a decrease in
temperature.

Consider 10 molecules in the liquid with an average kinetic energy of 1 J each.

Total kinetic energy = 10J

One energetic molecule of 2 J (remember that individual kinetic energy can vary)
escapes. '

New total kinetic energy = 8J

New average kinetic energy of the remaining molecules = | 0.889J |

~ The rate of evaporation can be increased by:

(i) increasing the area of the liquid surface;

(i) increasing the temperature of the liquid
(increasing average kinetic energy of all the molecules);

(iii) causing a draught to remove the vapour molecules before they have a chance
of returning to the liquid;

(iv) reducing the air pressure above the liquid
(decreasing probability of a vapour molecule rebounding off an air molecule).

Latent Heat

When a solid (or liquid) is heated, its temperature rises due to the increase of the
internal energy of the solid. However when the melting (or boiling) point is reached,
further heating makes the solid liquefy (or the liquid boil) without change of
temperature. This is because the energy supplied is used to rearrange the
molecules of the material. Once the change of state is completed, the temperature
continues to rise if more energy is supplied.

So to change a material from the solid to the liquid state or from the liquid to the
gaseous state, energy must be supplied to the material. Conversely, to change a
liquid to its solid state or a gas to its liquid state, energy must be removed from the
material. This amount of heat involved is called the /atent heat.

The numerical value of the specific latent heat of fusion is the quantity of heat
required to convert unit mass of solid to liquid without any change of temperature.

The numerical value of the specific latent heat of vaporisation is the quantity of
heat required to convert unit mass of liquid to gas without any change of
temperature.

Mathematically, this definition can be expressed as

Latent heat of fusion: l, =% S.1. unit is joule per kilogram ( J kg™")
e _Q — . -1
Latent heat of vaporisation: I, = = S.1. unit is joule per kilogram ( J kg™')
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Determination  The main principles of determining specific latent heat by electrical methods invelve

of Specific

i ' i ing i ical
Latent Heat by heating a material through a change in phase and comparing it to the electr

Electrical ©Nergy supplied.
Methods

Latent heat The solid in the funnel (in this case, ice) is heated electrically so that it melts at a
of fusion steady rate. The melted liquid is collected in the beaker below. A rheostat (variable
resistor) is used to ensure a steady heater current. Measurements are only taken

once the rate of melting becomes steady.

Experimental Set-up

low voltage d.c. power supply

(O
(V)

R
lce sample with control sample
electric heater (no heater)
7.

mass of melted mass of melted ice
ice due to heater
and surroundings m
V0

due to surroundings
i

Calculations
By the principle of conservation of energy

Electrical energy + Heatfrom _ Latent heat

from heater surroundings of fusion
IV xt+myl =myl,
WVt =(m, -m,)l,
vt

Measurements Taken:

current ]

potential v
difference

time f

mass of melted
ice due to
heater and m
surroundings in
time t

mass of melted
ice due to
surroundings in
timet

10
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Latent heat The liquid in the inner flask is heated electrically so that it boils at a steady rate. The

of vapour then passes through holes in the neck of the inner flask into the outer flask.

vaporization Condensation takes place on the outer wall and in the condenser. The condensed
vapour runs down the tube into a collecting flask.

Experimental Set-up e A rheostat is used to
low voltage d.c. ensure a steady heater
power supply current,
¢ Measurements are
taken once the rate of
vaporisation is steady.
holes for vapour ¢ This can be
to escape determined once the
rate of condensation of
liquid in the collecting
flask is steady.
Measurements Taken:

current I

heating Liqt‘;gé‘(’j be potential difference

coil time t
mass of liquid

collected in time ¢t

Calculations
By the principle of conservation of energy
relectrical energy supplied = amt of latént heat + HEAT LOSS)
IVxt=mi,+H
Heat loss H depends on the excess temperature of the boiling liquid and the heating
time. This means that in order to eliminate H, the experiment has to be repeated
with a different vaporisation rate by adjusting the heating power. In the repeat

experiment, the heat loss is the same since the boiling point of the liquid is the
same and the heating time is also the same as before.

Previous Measurements New Measurements
current l I
potential difference 4 v
time t
mass of liquid ,
collected in time ¢ m m

Further Calculations

New electrical energy supplied = new amt of latent heat + same HEAT LOSS
I'Vxt=m'l, +H
Solving for simultaneous equations
IVt-1'V't=(m-m')|,
_(qv-1'vit
(m=m)

v

11
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Example 3 An electric heater of 2.0 kW is used to heat 0.50 kg of water in a kettle of heat
capacity 400 J K™'. The initial water temperature is 20 °C. Neglecting heat losses,

(a) how long will it take to heat the water to its boiling point?
(b) starting from 20 °C, what mass of water is boiled away in 5.0 min?
(Specific heat capacity of water = 4200 J kg™ K™! and

specific latent heat of vaporization of water = 2.0 x 10° J kg™)
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Example 4 A 600 W electric heater is used to raise the temperature of a certain mass of water
from room temperature to 80 °C.

Alternatively, by passing steam from a boiler into the same initial mass of water at
the same initial temperature, the same temperature rise is obtained in the same
time. All the steam is produced at 100 °C and is totally condensed into water. 16 g
of water were being evaporated every minute in the boiler.

Assuming that there were no heat losses, determine the specific latent heat of
steam.

The specific heat capacity of water is 4200 J kg™ K-,
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e e e el
e ——————

Example 5 Ice at 0 °C is added to 200 g of water initially at 70 °C in a vacuum flask. When 50 g
of ice has been added and has all melted, the temperature of the flask and contents
is 40 °C. When a further 80 g of ice has been added and has all melted, the
temperature of the whole becomes 10 °C. Calculate the specific latent heat of
fusion of ice, neglecting any heat lost to the surroundings.

The specific heat capacity of water is 4200 J kg™ K.
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W4 Internal Energ

S ——
dUnternall The internal energy of a system is determined by the state of the system. It can be

Energy] expressed as the sum of the microscopic kinetic (translational, rotational and
L. vibrational) and potential energies of the molecules of the system.
Definition

Microscopic Molecules are in constant motion (translation, rotation and vibration) and hence

Kinetic have kinetic energy.
Energy

Temperature, which is a macroscopic concept, is actually a measure of the average
kinetic energy of the molecules of 2 system. The faster the molecules move, the
higher the temperature.

Microscopic There may be attractive and repulsive forces (intermolecular interactions) between
Potential molecules. Hence, the molecules also have potential “energy] due to the
Energy interactions between them.

Since energy is required to break the interatomic or intermolecular bonds in order
for phase changes from solids to liquids and liquids to gases, it can be deduced that
Usolids have the most negative potential’énergy, followed by liquids and then gases.

fl

Effectof A rise in temperature implies an increase in the average kinetic energy of the
Temperature molecules, which in turn implies an increase in the internal energy of the system.

The kinetic and potential energies of the molecules in the system that make up the
internal energy do not include those due to the bulk movement or position of the
whole system.
E.g. For a cylinder of liquefied oxygen in a train, the internal energy of the oxygen
does not include its kinetic energy due to the net translational motion of the train or
the gravitational potential energy of the train as it goes uphill.

|

Internal In an ideal gas, the assumption is that there are no intermolecular interactions (no

Enell’dgv lO(f;a" forces between the molecules). Hence an ideal gas has negligible potential energy.
eal Gas

The internal energy of an ideal gas is purely kinetic energy and is proportional to the
amount of gas (N or n) and temperature T only.

For one molecule: (£ >=-—1—m(02> 9 where m is the mass of one
L | - uiiie molecule

For N molecules: total E, =N x %m(cz) - %Nm(c’) - %Mgas (Cz)

total E, =N x-g—kT J[%NE |
4

Since the internal energy U of an ideal gas is purely kinetic,

W=total £} = gNkT

14
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From the ideal gas equation,
3 3 <
2 2 2"

As mentioned earlier, for a fixed amount of substance, U is determined by its state
(p, V, T). Hence any changes in state (and/or amount of substance) will result in a
change in internal energy AU .

3 3

3
AU =2NKAT =2 nRAT =2 A(pV
2 2" z2(pV)

e AU is solely dependent on thermodynamic temperature T

« Only a change in p or V which results in a change in T will result in a change in
AU

« This is why the last permutation of the formula for the change in internal energy

is AU =%A(PV)=%A[;O,V, -pY]

This is not the same as %(p, -p)(V, -V)!

The factor of -g- applies only toﬁfnmgngﬁ)mgases, i.e. gases of single atoms.
Such atoms perform translational motion only.

¢ For this reason, E;-kT is sometimes referred to as the mean translational kinetic

B e e e il

o The factor of % does not apply

o This is because the molecules now have microscopic potential energy
(due to the bonds between the atoms) as well as rotational and
vibrational motion, on top of the translational kinetic energy.

(See Appendix for a brief discussion).

Example 6 Assuming that air behaves as an ideal gas,
(a) Show that the kinetic energy of a molecule of air at a temperature of 25 °C is

6.17 x 107" J.
(b) Hence, calculate the internal energy of one mole of the air at a temperature of
25 °C,
0) B Lhygy of are moleeute Mg 1 il "‘”33 SR gl o W}
Z L‘(T 2 {“h\ \lﬁl\jhh’v‘ﬁkt )M'ﬂh-( {H\UJ
tl ot AR ot
UL (v ) TRE @ leokcde me. dfroleedy
AN g B EAULRIC NEIVERND)
e Nt T(aee) A X
e %L XY
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: The First Law of Thermodynamics states that increase in the internal energy of a
Definition | system is equal to the sum of the heat supplied to the system and the work done on
the system, and the internal energy of a system depends only on its state,

word e‘?“f;jg;’ INCREASE in heat SUPPLIED TO work done ON
" internal energy of the system the system the system
mathematical bU:bIM

equation form:

Sign Conventions
The First Law follows the convention as stated by its definition.

Hence if any of the quantities are calculated or defined as negative, it just means
the opposite of how it was defined in the First Law.

2 Positive (+) Negative (=)
4U | Increase in internal energy Decrease in internal energy
Heat absorbed by the
Q system Heat loss by the system

Work done on the system

Work done by the system

(Compression) (Expansion)

S
———aaaa—

Heat Q Heat is defined as the transfer of energy across the boundary of a system due to a
temperature difference between the system and its surroundings.

e ——
Work Done Consider a system of gas in a cylinder with a frictionless, movable piston of area A

W in contact with the gas. When the gas expands, a force F is applied on the piston
by the gas to move the piston against the external pressure p.

cylinder N dx
- |
R |
AN
AN =il
A" piston

The work done by this force Fin displacing the piston through a small distance dx

against the external pressure p is known as positive work done by the gas. This
results in a change in volume dV = Adx .

16
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Wik dene oi the gas dW = - F dx
= (pA)dx = -p(Adx)

=-pdV

Fw @ e change in volume from V;to V,, work done on the gas is simply the
alva Uinder the pressure-volume (p-V) graph.

[aw :-[:'pdv :>W:—J:pdv

the el law of thermodynamics may be expressed in terms of the equation

AN =-Qs+W .

(@ Identify each of the terms in this equation.

(&) Wome solids contract and some solids expand when they melt. Complete the
able with the symbols + or — to indicate the signs of the thermodynamic
svantities for each of the two types of solids when the solids melt at

vaEid

&
!
\

Cofslant pressure. ST

Quantity | Solid which contfécts on melting Hs;olid which expands on melting
' A 1 t 4 o

Q B 1 t

““ — — 1 _

AU o e cam<are vtk (aderesd bty of e f‘j!'lw
hed sopptid Fe ke eyrienm
Woovt e woek Seet oo \'kixiﬁcrf\

Pressure-
Volume
Graphs

ideal gas can be represented on a p-V-T surface as shown below.

All states of an

pV =nRT

pressire p

p‘l g— .‘:.Q? o
o
constantV 3 constant T
p b £ o\"at """ p=nRT .
g = a p g = —
V ..\efﬂa % 174
— Constant V
— Constant T |
= Conztant p
pV =nRT
constant p
R
v=L27
p

For the A-levels, we will concentrate only on graphical representations of the
relationship between pressure and volume (i.e. the p-V graph).
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Information P a For a process from state A to B,
from a p-V the p-V graph gives us the following
graph information:

(1) Pressure changes from p, to pg
(2) Volume changes from Vi to Vg

(3) This implies a temperature change
from Tato Tg

(4) Thus there is a change in internal
energy from U, to Us,
where the increase in internal
energy isAU=U, - U,

Internal Consider the following processes/paths moving from state 1 to state 2:
Energy U & Process A Process B Process C .

Work done
w P4

©
2

2
I
|

work done work done work done

L L a

<
<
<v

For a fixed mass of gas, internal energy U is determined by state (i.e. p, V, 7),
which translates to a coordinate or position on the p-V graph.

» For all three processes, the gas changes from state 1 to state 2.
- AU =U, - U, =the same for all three processes!
e Work done W = area under the p-V graph .
It is obvious from the areas shaded that |Wj| < |W,|<|W,|!

In summary,
* Internal energy U is dependent on state and independent of the path/process
taken.

+ Wodrk done W, on the other hand, is path dependent.

18
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e e e s
Special
Processes with a free moving piston.

(1) Isothermal Process (T is constant)

The following processes are special cases for a fixed amount of gas in a cylinder

If the change in the pressure and volume takes place without a change in
temperature, the process is known as an isothermal change.

e Since temperature T is constant,
AU=0

e Applying the ideal gas equation:

pV =nRT :>p=(nRT)-3—

At higher temperature T, (nRT)
increases, plot of p-V shifts upwards

e Hence, T,>7,>T,>T,

¢ Applying the first law of
thermodynamics

AU=Q+W
0=Q+W
Q=-W

[sothermal Expansion

Pa

Ps

# |
q \ 1

AN T

1 Y X 7

\.‘ ‘\ \\\\ \//

\ g s,

LRV S
- T
///\\“ 2

7 T

7 T4 a

0 14

Isothermal Compression

r 3
p

0

* Vincreases from V, to V,

-> Work is done by the system
-> Wdone ON the system is
negative
* Q@ has to be transferred TO the
system (positive) for this process to
occur

V decreases from V, to V,

-> Work is done on the system
-» Wdone ON the system is positive

Q has to be transferred OUT of the
system (negative) for this process to
occur
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(2) Isobaric Process (p is constant)

If the volume change occurs at constant pressure, the area under the p-V graph is
now a rectangle and the magnitude of the work done is thus pAV .

e Work done on a gas.Wi= —I:'"" pdV = —pj‘:""' dV ==pAVy

nial

Isobaric Expansion

infial

Isobaric Compression

Vincreases from V, to V;
> W=-pAV=-p(V,-V,)

Work done ON the system is

negative
Temperature increases

=> Increase in internal energy AU is
positive.

-2 Heat Q is transferred to the
system (positive).

V decreases from V, to V,

> W=-pAV=-p(V,-V,)

Work done ON the system is positive
Temperature decreases

=2 Increase in internal energy AU is

negative

- Heat Q is transferred out of the

system (negative).

(3) Isovolumetric/lsochoric Process (V is constant)

If the change in pressure occurs without a change in volume, the process is known
as an isovolumelric or isochoric change.

Since Vis constant, W =0.

Applying the first law of thermodynamics

AU=Q+W
AU=Q+0 =AU=Q
If p decreases (from p, to p,)

* Temperature will decrease

- The increase in internal
energy AU is negative

- Heat Q is transferred out of
the system (negative)
If p increases (from p, to p,)

= Temperature will increase
= The increase in
energy AUis positive

= Heat Q is transferred to the
system (positive)

internal

pt
.
Pal 71T
a \
Y
RN
VRO
\\ v \\ \\
Y e g )
---------- | "\“---.,_ 2
Ps :'\\5_\ T
; T4 .
0 4 v
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(4) Adiabatic Process (no heat transfer, Q=0)

When the change in pressure and volume occurs with no_heat supplied to or lost
from the system, the process is known as an adiabatic change. Such a change can
be achieved in the following cases:

(a)the system is insulated; or

(b) the change in pressure and volume occurs faster than the exchange of heat
with the surroundings

¢ No heattransfer means Q=0.

¢ Note that AU %0

e Applying the first law of thermodynamics
AU=Q+W
AU=0+W
AU =W

o A change in volume results in a change in temperature along with a
change in pressure
o Work is done at the expense'of the internal energy of the system.
e Applying the ideal gas equation
PaVa _ PsVe

V=nRT =Pala_Pss
EESUGE SPRpSsEe

2 3

= ALL values of p, V, T changes!

Adiabatic Expansion Adiabatic Compression

Va
* Vincreases from V, to V, * Vdecreases from V, to V,
- Work done ON the system is - Work done ON the system is
negative positive
= pdecreases from p, to p,
» Tdecreases from T, to T, " pincreases from p, to p,
- Increase in internal energy AU is * Tincreasesfrom T, to T,
negative - Increase in internal energy AU is
positive
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(5) Cyclic Process
A cyclic process is one by which the system goes through a series of processes
and ends back at its beginning state.
A cyclic process is shown on the right, pﬂ
where the system goes through a cycle
of processes and ends up at the same
initial state \
(i,e. fromA->B—->C—o>D—-E-A).
* The system starts and ends at A
= AU=0
. Total work done W # 0
- A B . isovolumetric process,
AV=0: W,=0
= B> C - D, expansion occurs — - -
" Weep (On  the system) is c T T,
negative 0
- D—E— A, compression occurs
S Wee, (on  the system) s
positive

> Since Wiy <|Wpey|, the net work done on the system (which is the area
enclosed by the cycle!) is positive. i.e. . W is positive

* Applying the first law of thermodynamics
AU=Q+W

0=Q+W =Q=-W

For this cycle of processes to occur, heat has to be transferred out of the
system. There is net heat lost from the system. '

Example 8

A system of gas with pressure p;, volume Vi, and temperature T, undergoes
process A by being heated at constant volume to pressure p,, volume V,, and

temperature T. It then undergoes an expansion by process B at constant pressure
to pressure p,, volume Vs, and temperature T

An identical system undergoes an isothermal expansion b
P3, volume V3, and temperature T;. It is then heated at con

D to pressure p,, volume V3, and temperature T;. So the two systems end up at the
same state, characterised by the same pressure, volume and temperature.

(a) Sketch the processes described on a p-V graph.
(b) State and explain which system has more internal energy at the end.

Y process C to pressure
stant volume by process

(@) p4 (b) Loy, tyems have th joume
IS YYTNS| Ll’\lr-jsl ok te .
e 1TAdorral UPIrYY, of s Pystem

1" u‘-ifreq-clzd or\,l? oty Hede
s ard N\Nr«} 2hge.

[

P

')

W tle ‘LF‘JS\UN fhent prym

th teme vaitiad 1Yade ard ol “
in the f ame 1l shu\{' Ne

have  tre sape tis) Teder pad
gy

<Y
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Example 9 A gas is taken through the cyclic process described in the graph below.

(a) Is there net work done on or by the  p /kPa;
gas and what is its value?

(b) What is the change in the internal 8
energy of the gas during one
complete cycle?

{c) What is the net heat transferred to
the gas during one complete cycle?

(d) If Q is negative for the process BC 4
and 4U is negative for the process
CA, using the First Law of 2 4
Thermodynamics, determine the
signs of Q, W, and AU associated
with each process. No calculations 4
are required.

Process Q w au

AtoB t - t

BtoC - ° =

CtoA & + -

Q) 'H‘Q/H— i5 o N)\ WP L‘l 'n"l ‘]“s'
WD by qqs @ wrRe under e j A flak it trdosed
il

L (\\-4)(9%,) X\o?

ok
\) g\hﬂu‘o pro ces (N,E.._ iabiad X oand ﬂqu)
AW: ©
C) IL[:P\1“'\} ”~Q l’\‘r-" \0.‘4 o] "}W J‘Y(‘-W\.IU

Du: QW
6:Q - ClLxio)

&#VL Ly
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e e

Example 10 A sample of an ideal gas goes through the processes shown in the figure below.
From A to B, the process is adiabatic; from B to C, it is isobaric with 100 kJ of
energy entering the system. From C to D, the process is isothermal; from D to A, it
is isobaric with 150 kJ of energy leaving the system.

(1 atm =1.013 x 10° Pa)

p/ atm
AN

3.0 1--

0.090 0.20 0.40

w]

e e e P 1 @)

4----4

N J,
<
Ry
3@

Complete the table usin

g the information given in the question and the first law of
thermodynamics.

Section of Cycle Q w AU
A5 B 0 Yioey kY 1004 4T
Bo>C 100.0 kJ 14 11 (09.%47
CsD 139§ 473 -133.5kJ o
Do A -150.0 kJ -3 LS I
kel - ikt [‘-,
AW = Wgy &% hy, - %Pn“m} L.
. _%[‘,mmf-o.q - 0.01-'1,4.0\’57\0;&
e ey

Re S [ W s -PQV
‘ T (o) [

¢« (-3.0) U_m‘n\ﬁ’)( 0-%0-0n4)

B WY 3
AU (-%L-](t.mxlo‘) [ M-ty oy
e gl n -(g.ol@xto’)(\.m-h-@)
i 1
-lovx kg
-10V.% k3
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Appendix Internal Energies Of Monatomic, Diatomic And &=~ *

Polyatomic Gases.

The internal energy of a gas is related to the number of atoms in its molecules.

A gas whose molecules consist of single atoms is said to be monatomic: for e.g.
chemically inert gases and metallic vapours, Hg, Na, He, Ne, A.

A gas with two atoms in the molecule is said to be diatomic: O, H,, Cl;, CO. And a
gas with more than two atoms in the molecule is said to be polyatomic: H,O, Os,
H.S, CO,, CH,. We may regard the molecules of a monatomic gas as points, but we
regard those of a diatomic gas as ‘dumb-bells’, and those of a polyatomic gas as
more complicated structures. A molecule which extends appreciably in space — a
diatomic or polyatomic molecule — has an appreciable moment of inertia. It will
therefore have rotational and vibrational kinetic energy, besides translational.

A monatomic molecule, however, must have a much smaller moment of inertia than

a diatomic or polyatomic. Its rotational kinetic energy can therefore be neglected
and thus a helium atom, for e.g. has only translational kinetic energy.

He e He—e H ‘ H/.\QH

monatomic He diatomic H; polyatomic H,O
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