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showing input from a heat source (boiler) on the
left and output to a heat sink (condenser) on the
right. Work is extracted, in this case by a series of
pistons

Thermodynamic system

A thermodynamic system is a body of matter and/or radiation,
confined in space by walls, with defined permeabilities, which
separate it from its surroundings.



The surroundings may include other thermodynamic systems, or
physical systems that are not thermodynamic systems.

A wall of a thermodynamic system may be purely notional, when
it is described as being 'permeable’ to all matter, all radiation,
and all forces.

Zeroth Law of Thermodynamics

The double arrow represents thermal equilibrium between
systems. If systems A and C are in equilibrium, and systems A
and B are in equilibrium, then systems B and C are in
equilibrium. The systems A, B, and C are at the same
temperature.

Adiabatic wall



Object #1
(Thermometer)

When two objects are separately in thermodynamic equilibrium
with a third object, they are in equilibium with each other.

Objects in themodynamic equilibrium have the same temperature.

Before we get into the first law of thermodynamics, we need to
understand the relation between heat and work and the concept
of internal energy. Just like mass, energy is always conserved
i.e., it can neither be created nor destroyed but it can be
transformed from one form to another. Internal energy is a
thermodynamic property of the system that refers to the energy
associated with the molecules of the system which includes
kinetic energy and potential energy.

Whenever a system goes through any change due to interaction
of heat, work and internal energy, it is followed by numerous
energy transfer and conversions. However, during these
transfers, there is no net change in the total energy.

Similarly, if we look at the first law of thermodynamics it affirms
that heat is a form of energy. What it means is that the
thermodynamic processes are governed by the principle of
conservation of energy. The first law of thermodynamics is also
sometimes referred to as the Law of Conservation of Energy.

A thermodynamic system in an equilibrium state possesses a
state variable known as the internal energy(E). Between two



systems the change in the internal energy is equal to the
difference of the heat transfer into the system and the work done
by the system.

The first law of thermodynamics states that the energy of the
universe remains the same. Though it may be exchanged between
the system and the surroundings, it can’t be created or
destroyed. The law basically relates to the changes in energy
states due to work and heat transfer. It redefines the
conservation of energy concept.

First Law of Thermodynamics

The First Law of Thermodynamics states that heat is a form of
energy, and thermodynamic processes are therefore subject to
the principle of conservation of energy. This means that heat
energy cannot be created or destroyed. It can, however, be
transferred from one location to another and converted to and
from other forms of energy.

Q
Heat Transfer
W
Work
State 1 E = Intemal Energy State 2
E,i~E; = Q=W
Any thermodynamic system in an equilibium state possesses a
state variable called the intemal energy (E). Between any two

equilibium states, the change in intemal energy is equal to the

difference of the heat transfer into the system and work done
by the system.




Second law of thermodynamics

The second law of thermodynamics put restrictions upon the
direction of heat transfer and achievable efficiencies of heat
engines. The first law of thermodynamics states that the energy
of the wuniverse remains constant, though energy can be
exchanged between system and surroundings, it can’t be created
or destroyed.

While the first law of thermodynamics gives information about
the quantity of energy transfer is a process, it fails to provide any
insights about the direction of energy transfer and the quality of
the energy. The first law cannot indicate whether a metallic bar of
uniform temperature can spontaneously become warmer at one
end and cooler at others. All that the law can state is that there
will always be energy balance if the process occurs.

It is the second law of thermodynamics that provides the criterion
for the feasibility of any process. A process cannot occur unless it
satisfies both the first and second laws of thermodynamics.

Second Law of Thermodynamics

The second law of thermodynamics states that any
spontaneously occurring process will always lead to an escalation
in the entropy (S) of the universe. In simple words, the law
explains that an isolated system’s entropy will never decrease
over time.

Nonetheless, in some cases where the system is in
thermodynamic equilibrium or going through a reversible
process, the total entropy of a system and its surroundings
remains constant. The second law is also known as the Law of
Increased Entropy.

Second Law Thermodynamics Statements
« Kelvin-Planck statement-

No process is possible whose sole result is the absorption of
heat from a reservoir and complete conversion of the heat into
work.

* Clausius statement



No process is possible whose sole result is the transfer of heat
from a colder object to a hotter object.
Different Statements of The Law
There are two statements on the second law of thermodynamics

which are;

1. Kelvin- Plank Statement
2. Clausius Statement

Kelvin-Planck Statement

It is impossible for a heat engine to produce a network in a
complete cycle if it exchanges heat only with bodies at a single
fixed temperature.

Exceptions:

If Q2=0 (i.e., Wnet = Q1, or efficiency=1.00), the heat engine
produces work in a complete cycle by exchanging heat with only
one reservoir, thus violating the Kelvin-Planck statement.

Clausius’s Statement

It is impossible to construct a device operating in a cycle that can
transfer heat from a colder body to warmer without consuming
any work.

In other words, unless the compressor is driven by an external
source, the refrigerator won’t be able to operate.

Heat pump and Refrigerator works on Clausius’s statement.




Both Clausius’s and Kelvin’s statements are equivalent i.e a
device violating Clausius’s statement will also violate Kelvin’s
statement and vice versa.
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In addition to these statements,a French physicist
named Nicolas Léonard Sadi Carnot also known as”father of
thermodynamics,” basically introduced the Second Law of
Thermodynamics. However, as per his statement, he emphasized
the use of caloric theory for the description of the law. Caloric
(self repellent fluid) relates to heat and Carnot observed that
some caloric was lost in the motion cycle.



DIFFERENCE BETWEEN ISOTHERMAL AND ADIABATIC PROCESS

ADIABATIC PnocEss

AN ISOTHERMAL PROCESS IS A CHANGE OF A AN ADIABATIC PROCESS IS ONE THAT OCCURS
SYSTEM, IN WHICH THE TEMPERATURE REMAINS WITHOUT TRANSFER OF HEAT OR MATTER
CONSTANT: AT =0. BETWEEN A THERMODY NAMIC SYSTEM AND

ITS SURROUNDINGS

Carnot cycle

The Carnot cycleis a  theoretical ideal thermodynamic
cycle proposed by French physicist Nicolas Léonard Sadi
Carnot in 1824 and expanded upon by others over the next few
decades. It provides an upper limit on the efficiency that any
classical thermodynamic engine can achieve during the
conversion of heat into work, or conversely, the efficiency of
a refrigeration system in creating a temperature difference by the
application of work to the system. It is not an actual
thermodynamic cycle but is a theoretical construct.

Every single thermodynamic system exists in a particular state.
When a system is taken through a series of different states and
finally returned to its initial state, a thermodynamic cycle is said
to have occurred. In the process of going through this cycle, the
system may perform work on its surroundings, for example by
moving a piston, thereby acting as a heat engine. A system
undergoing a Carnot cycle is called a Carnot heat engine,
although such a "perfect" engine is only a theoretical construct
and cannot be built in practice.However, a microscopic Carnot
heat engine has been designed and run.

Essentially, there are two "heat reservoirs" forming part of the
heat engine at temperatures Th and Tc (hot and cold respectively).



They have such large thermal capacity that their temperatures
are practically unaffected by a single cycle. Since the cycle is
theoretically reversible, there is no generation of entropy during
the cycle; entropy is conserved. During the cycle, an arbitrary
amount of entropy ASis extracted from the hot reservoir, and
deposited in the cold reservoir. Since there is no volume change
in either reservoir, they do no work, and during the cycle, an
amount of energy ThAS is extracted from the hot reservoir and a
smaller amount of energy TcAS is deposited in the cold reservoir.
The difference in the two energies (Tn-T¢)AS is equal to the work
done by the engine.

The Carnot cycle when acting as a heat engine consists of the
following steps:
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1. Isothermal Expansion. Heat is transferred reversibly from high
temperature reservoir at constant temperature Ty (isothermal
heat addition or absorption). During this step (1 to 2 on Figure 1,
A to B in Figure 2) the gas is allowed to expand, doing work on
the surroundings by pushing up the piston (stage 1 figure, right).
Although the pressure drops from points 1 to 2 (figure 1) the
temperature of the gas does not change during the process
because it is in thermal contact with the hot reservoir at T, and
thus the expansion is isothermal. Heat energy Q: is absorbed



from the high temperature reservoir resulting in an increase in
the entropy of the gas bythe amount .

2Isentropic (reversible adiabatic) expansion of the gas (isentropic
work output). For this step (2 to 3 on Figure 1, B to C in Figure 2)
the gas in the engine is thermally insulated from both the hot
and cold reservoirs. Thus they neither gain nor lose heat, an
'adiabatic' process. The gas continues to expand by reduction of
pressure, doing work on the surroundings (raising the piston;
stage 2 figure, right), and losing an amount of internal energy
equal to the work done. The gas expansion without heat input
causes it to cool to the "cold" temperature, T.. The entropy
remains unchanged.
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3.Isothermal Compression. Heat transferred reversibly to low

temperature reservoir at constant temperature Tc. (isothermal
heat rejection) (3 to 4 on Figure 1, C to D on Figure 2) Now the
gas in the engine is in thermal contact with the cold reservoir at
temperature Tc.. The surroundings do work on the gas, pushing
the piston down (stage 3 figure, right), causing an amount of heat
energy Q2 to leave the system to the low temperature reservoir
and the entropy of the system to decrease by the amount . (This
is the same amount of entropy absorbed in step 1, as can be seen
from the Clausius inequality.)



Qe - hea! relmased from sywie i cokd
resonr
Stage Three: . - Onal gas particie Tt & CoOMd.

Al Fus stage Te sUrTOUNGnGs 00 work ON the By whch Causes heat 50 be
() The withen e wysiern remars he same Thos,

BOtha el COMOIeRaON OCOUTE.

4.Adiabatic reversible compression. (4 to 1 on Figure 1, D to A

on Figure 2) Once again the gas in the engine is thermally
insulated from the hot and cold reservoirs, and the engine is
assumed to be frictionless, hence reversible. During this step, the
surroundings do work on the gas, pushing the piston down
further (stage 4 figure, right), increasing its internal energy,
compressing it, and causing its temperature to rise back
to Tn due solely to the work added to the system, but the entropy
remains unchanged. At this point the gas is in the same state as
at the start of step 1.
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The pressure-volume graph



When the Carnot cycle is plotted on a pressure-volume
diagram (Figure 1), the isothermal stages follow the
isotherm lines for the working fluid, the adiabatic stages
move between isotherms, and the area bounded by the
complete cycle path represents the total work that can be
done during one cycle. From point 1 to 2 and point 3 to 4
the temperature is constant. Heat transfer from point 4 to 1
and point 2 to 3 are equal to zero.

PJL

The behaviour of a Carnot engine or refrigerator is best
understood by wusing a temperature-entropy diagram (T-S
diagram), in which the thermodynamic state is specified by a
point on a graph with entropy (S) as the horizontal axis and
temperature (T) as the vertical axis (Figure 2). For a simple closed
system (control mass analysis), any point on the graph will
represent a particular state of the system. A thermodynamic
process will consist of a curve connecting an initial state (A) and
a final state (B). The area under the curve will be:

Q =ff Tds

which is the amount of thermal energy transferred in the
process. If the process moves to greater entropy, the area
under the curve will be the amount of heat absorbed by the
system in that process. If the process moves towards lesser



entropy, it will be the amount of heat removed. For any cyclic
process, there will be an upper portion of the cycle and a lower
portion. For a clockwise cycle, the area under the upper
portion will be the thermal energy absorbed during the cycle,
while the area under the lower portion will be the thermal
energy removed during the cycle. The area inside the cycle will
then be the difference between the two, but since the internal
energy of the system must have returned to its initial value,
this difference must be the amount of work done by the
system over the cycle. Referring to figure 1, mathematically,
for a reversible process we may write the amount of work done
over a cyclic process as:
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A Carnot cycle acting as a heat engine, illustrated on a
temperature-entropy diagram. The cycle takes place between a
hot reservoir at temperature TH and a cold reservoir at
temperature TC. The vertical axis is temperature, the horizontal
axis is entropy.

Since dU is an exact differential, its integral over any closed loop
is zero and it follows that the area inside the loop on a T-S
diagram is equal to the total work performed if the loop is
traversed in a clockwise direction, and is equal to the total work
done on the system as the loop is traversed in a counterclockwise
direction.

W=¢ Pdv=¢ Tds



Carnot's theorem

Carnot's theorem is a formal statement of this fact: No engine
operating between two heat reservoirs can be more efficient than a
Carnot engine operating between those same reservoirs. Thus,
Equation gives the maximum efficiency possible for any engine
using the corresponding temperatures. A corollary to Carnot's
theorem states that: All reversible engines operating between the
same heat reservoirs are equally efficient. Rearranging the right
side of the equation gives what may be a more easily understood
form of the equation, namely that the theoretical maximum
efficiency of a heat engine equals the difference in temperature
between the hot and cold reservoir divided by the absolute
temperature of the hot reservoir. Looking at this formula an
interesting fact becomes apparent: Lowering the temperature of
the cold reservoir will have more effect on the ceiling efficiency of
a heat engine than raising the temperature of the hot reservoir by
the same amount. In the real world, this may be difficult to
achieve since the cold reservoir is often an existing ambient
temperature.

In other words, maximum efficiency is achieved if and only if no
new entropy is created in the cycle, which would be the case if
e.g. friction leads to dissipation of work into heat. In that case,
the cycle is not reversible and the Clausius theorem becomes an
inequality rather than an equality. Otherwise, since entropy is
a state function, the required dumping of heat into the
environment to dispose of excess entropy leads to a (minimal)
reduction in efficiency. So Equation gives the efficiency of
any reversible heat engine.

In mesoscopic heat engines, work per cycle of operation in
general fluctuates due to thermal noise. If the cycle is performed
quasi-statically, the fluctuations vanish even on the
mesoscale.However, if the cycle is performed faster than the
relaxation time of the working medium, the fluctuations of work
are inevitable. Nevertheless, when work and heat fluctuations are
counted, there is exact equality that relates the exponential
average of work performed by any heat engine and the heat
transfer from the hotter heat bath.
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Third Law of Thermodynamics

The third law of thermodynamics states that the entropy of a
perfect crystal at a temperature of zero Kelvin (absolute zero) is
equal to zero.

Entropy, denoted by ‘S, is a measure of the
disorder/randomness in a closed system. It is directly related to
the number of microstates (a fixed microscopic state that can be
occupied by a system) accessible by the system, i.e. the greater
the number of microstates the closed system can occupy, the
greater its entropy. The microstate in which the energy of the
system is at its minimum is called the ground state of the
system.

At a temperature of zero Kelvin, the following phenomena can be
observed in a closed system:

o The system does not contain any heat.

o All the atoms and molecules in the system are at their
lowest energy points.



Therefore, a system at absolute zero has only one accessible
microstate - it’s ground state. As per the third law of
thermodynamics, the entropy of such a system is exactly zero.

Increasing
temperature

This law was developed by the German chemist Walther Nernst
between the years 1906 and 1912.

Alternate Statements - 3" Law of Thermodynamics

The Nernst statement of the third law of thermodynamics implies
that it is not possible for a process to bring the entropy of a given
system to zero in a finite number of operations.

The American physical chemists Merle Randall and Gilbert Lewis
stated this law differently: when the entropy of each and every
element (in their perfectly crystalline states) is taken as O at
absolute zero temperature, the entropy of every substance must
have a positive, finite value. However, the entropy at absolute
zero can be equal to zero, as is the case when a perfect crystal is
considered.

The Nernst-Simon statement of the 3rdlaw of thermodynamics
can be written as:for a condensed system undergoing
an isothermal process that is reversible in nature, the associated
entropy change approaches zero as the associated temperature
approaches zero.



Another implication of the third law of thermodynamics is: the
exchange of energy between two thermodynamic systems (whose
composite constitutes an isolated system) is bounded.

Impossible to Achieve a Temperature of Zero Kelvin

For an isentropic process that reduces the temperature of some
substance by modifying some parameter X to bring about a
change from X>’ to Xi’, an infinite number of steps must be
performed in order to cool the substance to zero Kelvin.

This is because the third law of thermodynamics states that the
entropy change at absolute zero temperatures is zero. The
entropy v/s temperature graph for any isentropic process
attempting to cool a substance to absolute zero is illustrated
below.

0 T

From the graph, it can be observed that - the lower the
temperature associated with the substance, the greater the
number of steps required to cool the substance further. As the
temperature approaches zero kelvin, the number of steps
required to cool the substance further approaches infinity.
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Qeulil  @Quissellied  (Thermodynamics) — 6T60TLIG| GIEULILILD, 15601
Geotemld, Qeulil  HYMHOVISGL LMD QPMOMEL  6MIq6UMISEMHL M6
QemLyy Gumem eIl Wmsenear Sujd @uwied. QuimLTwiedle 62 (b
Senend Glemmulmenr @&, QuIMLIIeL (emMemLd&aTleL, GleuliLiblenev,
S|(DSHLD, Hevierene gHweummied  gmu(pLd LOITMM IS 67601
&l6M61T6)| & 6m 61T 916 QFWISMGI.CLomLILG l6M61T6)| & 6M 61T
QUECHTEHG (macroscopic) Sliq LILIEMHL_UT6L HIH6&eredn GILOMTHS,
AuwssRIGmaTLD, LieTaflullied (pemm&enerll  LweiU(hHH Q&
16| CFWIHETDH. HETU6TIaTeUTSH, CleULILLD 6T6oTLS| LMMIhlemneouiey
2 66 QYMMEL QY GLD. 6Tea1Geu Gleulil @Quissaniedlss LNLNeTeTgi,
SLMHMEOl6HT QUISSHD UMMILILD, SeUUTMHMEL 6TeUUTM) QUISSHS MG
JOUESHADE  eTeiILG  UDOWD  Syle] QFUSH  YGLD.
Qs giemmenl QMG Sleralllicy sTeomd  SLOILHlL GO 6VMLD
sTeurE §levl] LflH&IEO]T Q&S 6HTM 6.

QBT &85 H6L A5 glenmuiTeng) Hrme 6T(€h&l6vMl60T LILLISHIM)
FHmemen (efficiency) CUEHGIUHDHSTSHGE 2 (HeUT&HE)
QUATTSHSLILIL L. Qi &y QeuLIL GLOME & e &S QeuLIL
Quissalled gL LweTur(h  @UFTLET  &606m6eUG6T  LDHMILD
@Quame  THTONMEIHET  Ul6) YIDUGHHD FLigSHSLILLL ).
gemuest  erflyallenssisener  QFweLLI(b&HGHIeuSIL  eT6vurlq CrmLIluleor
LUmiGler @uicvenl Geugluiiied GeuliLmeiluiluled gyuie| QFWLISMESI.

SI6MLOLIL]

Qe Quissalwiedled  YUIe&H&ETe  THEHS  CsmerTeniul L
SI600TL_ & G601 (b GO L LIGSl6m Si6mLOLIL| (System)
3LV G| (HTGS) 6TTHCHMD. SlemLlenLE &GO QHSGSLD 6J606TIL
SlMEHFHID  FOMILIOTGD  (FLP6ED)  (surrounding).  SIEMLOLILLD
GOMIULDUPD CafhE QHMGLLUSE UL LD (Universe) 6T6oTM)  GILILIT.
SlMOLIEDL  SIGH6TT  FHeTTeMDEMUIL CQUTMISSH CLOETM  QUMSHSATTSLI
Nl &&6e0MLD.

. Hohs SI6MLDLILITEIT S| (open  system)  [HlémmenUIU|LD
SLMMEMEVULD HESTEBI6NT CFLEL JMIDSEHSHS FalqUIGHTGLD.
2 GM6uuId: STOHMI (PSP (compressor), &LPEOI (turbine)

o COIQUl SlemLDLIL (closed system) 6T60TLI&I SLMMeMEL DL (HGLD
SIS GHGL.  Hemmenl  WILHSGHTEH. 2 FHJ6uILD:
(PGS FOLOWIMIEHEV6I (pressure cooker)
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QummBemer Geulild GHeneusbGeT (Thermo flask) UGG GLITH)
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FalqWIHTHCEUT @Q(HSSHEVMD. [HlémeLEnLDd (phase) 6T60TMIMEL  GILIT(IR6IT
WpeugInns Gy wréflwmer QuIOuid  SLLnOLILLD
Coudsseuemeu|d Q&Mag (HLUSTGW. 6 SienLoLiTed Cr (b
hemevemd WL B QEHHITL UGN  €2(hHLIG & FHT6sT(homogeneous)
SlMOLIL  eTIHCMMD. 2 FMPEUID:  (P(PUGID  HVESHE  Falqlll
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UNIT - III

Change of State & Liquefaction of Gases

Change of State- Andrew’s experiment on Carbon-di-
oxide - Derivation of Vander Waal’s equation - Critical
Constants: Definition, estimation - Joule Thomson effect -
Porous Plug Experiment — Liquefaction of Hydrogen- Helium-
Helium I and II - Electrolux Refrigerator - Vapour Absorption

machine.

Changes in the state of a system are produced by interactions
with the environment through heat and work, which are two
different modes of energy transfer. During these interactions,
equilibrium (a static or quasi-static process) is necessary for the
equations that relate system properties to one-another to be

valid.

Physical states

Solid

The molecules that
make up a solid are
arranged in regular,
repeating patterns.
They are held firmly
in place but can
vibrate within a
limited area.
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Gas Plasma

The malecules that
make up a liguid

flow easily around
one another. They
are kept from flying
apart by attractive
forces Detween them.
Liguids assume

the shapse of

their containers.,

The malecules that
make up a gas fly
in all directions at
great speeds. They
are s far apart that
the attractive forces
between them are
insignificant.

At the very high
temperatures of
stars, atoms lose
their electrons. The
mixture of electrons
and nuclei that
results is the plasma
state of matter.



Phase Changes

When temperature or pressure change of a system occurs, phase
changes occur. When the temperature or pressure increases, the
interaction between the molecules increases. Similarly, when the
temperature decreases, it is easier for molecules and atoms to
settle into a more rigid structure.

Changes Between Liquids and Solids

Freezing

Heat transfer occurs between the warmer tray and the colder air
in the freezer. The warm water loses heat to the cold air in the
freezer. This heat transfer occurs until no energy is available for
the particles to slide past each other. This forces them to remain
in fixed positions, locked in place by the force of attraction
between them. This way liquid water is changed into solid ice.
The process of liquid water changing to solid ice is termed as
freezing. The temperature at which it occurs is known as the
freezing point.

Melting

If you took out the ice cubes from the freezer and placed them in
a warm room, the ice would absorb energy from the warmer air
around them. This absorbed energy would facilitate them to
overcome the force of attraction holding them together, enabling
them to slip out of the fixed position that they held as ice. The
process in which a solids change to a liquid is called melting. The
melting point is the temperature at which a solids change to a
liquid.

Changes Between Liquids and Gases

If you fill a pot with cold tap water and heat it on a hot stovetop,
the water heats up. Heat energy travels from the stovetop to the
pot, and the water absorbs the energy from the pot.

Vaporization

If the water is hot enough, it starts to boil. Bubbles of water
vapor are formed in the boiling water. This happens as particles
of liquid water gain enough energy to completely overcome the
force of attraction between them and change to the gaseous state.



The bubbles rise through the water and escape from the pot as
steam. The process in which a liquid boils and changes to a gas
is called vaporization. The temperature at which a liquid boils is
its boiling point.

Condensation

Some hot water from the shower evaporates and when it comes in
contact with cooler surfaces such as the mirror, it cools and loses
energy. The cooler water particles no longer have the energy to
overcome the forces of attraction between them. They come
together and form droplets of liquid water. This process in which
a gas changes to liquid is known as condensation.

Changes Between Solids and Gases

Solids that change to gas passes through the liquid state first.
However, sometimes solids change directly to gases and skip the
liquid state. The reverse can also occur. Sometimes gases change
directly to solids.

Sublimation

The process in which solids directly change to gases is known as
sublimation. This occurs when solids absorb enough energy to
completely overcome the forces of attraction between them. Dry
ice is an example of solids that undergo sublimation.

Five Changes of State

Melting Freezing Evaporation Condensation Sublimation
The process The process The process The process b The transition
by whicha by which a by which a £hich ) Y of the solid
substance substance substance substance phase to the

changes changes changes from changes from gaseous

from the from the the liquid the gaseous phase without
solid phase liquid phase  phase to the g passing the
.. . phase to the . .
to the liquid to the solid gaseous o . intermediate
. : : liguid phase is .
phase is phase is phase is K MOLLN aS liguid phase
known as known as known as . is known as
condensation.

melting. freezing. evaporation. sublimation.



If you supply enough heat, everything on this planet can be made
to change its state. The thing is though not every substance has
to follow the solid-liquid-gas path. Some substances can
naturally change from their solid-state to their gaseous state
without entering the liquid state. This phenomenon is known
as Sublimation. Examples of sublimation are, the element lodine,
Dry ice (solid CO2) and high-quality coal which at high-
temperature burns and sublimates into vapour.

Continuity of state

Property of a transition between two states of matter, as between

gas and liquid, during which there are no abrupt changes in
physical properties.
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Andrews experiment on carbon dioxide

The classic experiment on the behaviour of gases was devised
by Andrews in 1863 and used carbon dioxide as the test gas.
Above this temperature carbon dioxide could not be liquefied by
pressure alone, while below this temperature an increase in
pressure would finally result in liquid carbon dioxide.

Each tube was in its own water bath, the control bath at room
temperature and the test bath at a temperature which could be
changed. Both capillary tubes were previously checked for
uniform diameter, and the volume of gas per mm length was
measured before installing the tubes in the casing.

With the test gas at constant temperature, the pressure was
increased in steps. At each step, the length of each gas column
was measured when steady. Hence the volume of each gas could
be determined. Since the control gas obeys Boyle's law its
pressure could be calculated from its volume (using pV= poVo, p
and V being the pressure and volume of the control gas at any
step, po and V, being the pressure and volume of the control gas
at atmospheric pressure). Because the test gas was at the same
pressure as the control gas at each step, then the pressure of the
test gas could be found.SoAndrews was able to obtain readings of
pressure and volume at different constant temperatures for a
fixed mass of test gas.
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Figure shows the results for CO2 as the test gas, with pressure
plotted on the vertical axis and volume on the horizontal axis.
Each curve is at different constant temperature. The curves are
referred to as isotherms of p against V. The state of the
CO2 depends on its pressure, volume and temperature. The liquid
state can only exist at or below the critical temperature.

The critical temperature T.is the temperature above which no
liquid can form, no matter how great the pressure of the gas is.
The critical isotherm is the isotherm at the critical temperature.
It is flat at one point only. Isotherms below the critical
temperature are flat over a range of volume corresponding to CO,
as saturated vapour and liquid. The point where the critical
isotherm is flat is the highest temperature where liquid is
present. This point is called the critical point.
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Consider the isotherm Ilabelled ABCD. At A, the CO2is an
unsaturated vapour since no liquid is present. If the volume is
now reduced, the pressure rises to point B. At B, the COz vapour
is just saturated. Further reduction of the volume causes the
saturated vapour to liquefy, the percentage of liquid increasing
from B to C. The saturated vapour pressure stays constant. At C,
the COa, is entirely liquid. Further reduction of volume is now
difficult to achieve because liquids are almost incompressible. So



the pressure rises sharply from C to D. All the other isotherms
below the critical isotherm are like ABCD in general, each with a
liquid-only section, a saturated vapour and liquid section, and an
unsaturated section. Above the critical isotherm, no liquid is
present so there are no flat parts on the curves.

Other gases give p against V curves with the same general shape
as the COz isotherms of Figure, but the critical temperature of
each gas differs, and so too does the pressure at the critical
point. Andrews' work on the liquefaction of gases led others to
design and operate machines capable of liquefying the so-called
permanent gases, nitrogen, oxygen and hydrogen etc. Very low
temperatures are achieved when these gases are liquefied.
Oxygen, for example, liquefies at 90 K at standard pressure. Its
critical temperature is 155 K. Helium-3 (i.e. 32He atoms) liquefies
at 3.2 K at standard pressure. The usual way of supplying oxygen
for industrial or medical use is now as liquid oxygen in high
pressure cylinders.

Van der Waals Equation Derivation

Van der Waals equation derivation is based on correcting the
pressure and volume of the ideal gases given by Kinetic Theory of
Gases. Another derivation is also used that is based on the
potentials of the particles. Nonetheless, both derivations help us
establish the same relationship.

Van der Waals Equation of State for Real Gases — Derivation

Kinetic theory of ideal gases assumes the gaseous particles as —

« Point masses without any volume,
« Independent having no interactions and
« Undergo perfectly elastic collisions.
In practice, Van der Waals assumed that, gaseous particles —

1. Are hard spheres.

2. Have definite volume and hence cannot be compressed
beyond a limit.

3. Two particles at close range interact and have an exclusive
spherical volume around them.



Volume Correction in Van der Waals Equation

As the particles have a definite volume, the volume available for
their movement is not the entire container volume but less.

Volume in the ideal gas is hence an over-estimation and has to
be reduced for real gases.

Volume of the real gas Vr = Volume of the container/ideal gas (Vi)
— Correction factor(b)

Vr = VI - Db.
If the particles are independent, then,

Total volume of the particle = number of particle x volume of one
particle = (n(4/3)nr3)

But, the particles are not independent, they do interact.

Van der Waal considered two hard-sphere particles can come as

close as to touch each other and they will not allow any other
particle to enter in that volume as shown in the diagram.

b
-

Excluded
volume .*

L L Y
‘‘‘‘‘

’

he two sphere model, has a total radius of 2r’ (r is the radius of
the sphere particle) and Volume of

(4/3)m2r3=8x4 /3 / tr3=8x% volume of single particle.

Then, each of the two particles has a sphere of influence of 4
times the volume of the particle.



Volume correction for each particle is not volume of the particle
but four times of it =b=4x4/3nrd

Volume correction for ‘n’ particles =nb=4nx4 /3mrd
Volume (V) of the real gas = Vi — nb
Pressure Correction in Van der Waals Equation

Gaseous particles do interact. For inside particles, the
interactions cancel each other. But, the particles on the surface
and near the walls of the container do not have particles above
the surface and on the walls. So, there will be net interactions or
pulling of the bulk molecules towards the bulk that is away from
the walls and surface. The molecules experiencing a net
interaction away from the walls will hit the walls with less force
and pressure. Hence, in real gases, the particles exhibit lower
pressure than shown by ideal gases.

The reduction in pressure a square of the particle density in the
bulk a (particle density/volume)?

aV?2/n2=aV2n2; where, a is the proportionality constant.
Pressure of the real gas, Pi=Pr+al?/n?

Substituting the pressure and volume correction in the ideal gas
equation, we get Van der Waals equation for real gases as;

Pr+aV?2/n?2(Vi-nb)=nRT or in general Pr+aV?/n2(V-nb)=nRT

Here, ‘@’ and b’ are Van der Waals constants and the
contain positive values. The constants are the characteristic of
the individual gas. When gas is ideal or that it behaves ideally
then both the constant will be zero. Generally, a constant help in
the correction of the intermolecular forces while the b constant
helps in making adjustments for the volume occupied by the gas
particles.

In thermodynamics, a critical point (or critical state) is the end
point of a phase equilibrium curve. The most prominent example
is the liquid—vapor critical point, the end point of the pressure-
temperature curve that designates conditions under which
a liquid and its vapor can coexist. At higher temperatures, the
gas cannot be liquefied by pressure alone. At the critical point,
defined by a critical temperature T. and a critical
pressure pc, phase boundaries vanish.



Joule Thomson porous plug experiment

The porous plug experiment was designed to measure
temperature changes when a fluid flows steadily through a
porous plug which is inserted in a thermally insulated, horizontal
pipe. The apparatus used by Joule and Thomson. A gas at
pressure and temperature flows continuously through a porous
plug in a tube and emerges into a space which is maintained at a
constant pressure. The device is thermally insulated and kept
horizontal. Consider the dotted portion as control volume.
Therefore, whenever a fluid expands from a region of high
pressure to a region of low pressure through a porous plug,
partially opened valve or some obstruction, without exchanging
any energy as heat and work with the surrounding (neglecting,
the changes in PE and KE), the enthalpy of the fluid remains
constant, and the fluid is said to have undergone a throttling
process. If the downstream pressure is held at several different
values successively and at each of these is measured, we shall
obtain a situation

Each plotted point represents a state for which the enthalpy is
equal to. If we join all these points we shall be able to obtain a
constant enthalpy line Such a plot of P versus yields may also be
called isenthalpic curve. The slope of the isenthalpic curve is
called the Joule-Thomson coefficient and The experiments are
conducted with different and in order to find out the isenthalpic
curves. A family of isenthalpic curves which is typical of all real
gases.

The point at which called the inversion point. The locus of all in
version points is the inversion curve. In the region left of the
inversion curve, . In the throttling process the down stream
pressure is always less than the upstream pressure. Therefore,
whenever a real gas is subjected to throttling, the temperature of
the gas decreases if the initial state lies in the region to the left of
the isenthalpic curve. This is explained by a process from, To the
right of the inversion curve. If the initial state of gas lies in the
region to right of the inversion curve, the temperature of the gas



increase upon throttling. For almost all the gases, at ordinary
range of pressures and temperature, and the maximum inversion
temperature is above the room temperature. The exceptions are
hydrogen, helium and neon. For hydrogen, the maximum
inversion temperature is 200 K and for helium the maximum
inversion temperature is 24 K. If hydrogen is throttled at room
temperature, the temperature of the gas increases. To produce
low temperature by throttling, the initial temperature of hydrogen
should be below 200 K. This is usually accomplished by cooling
with liquid nitrogen. Similarly, in the production of liquid helium
by throttling, the initial temperature of helium should be below
24 K. Hence it is cooled by liquid hydrogen prior to throttling.

Suppose an ideal gas is throttled. Since throttling process is
isenthalpic, and for an ideal gas enthalpy is a function of
temperature only, the temperature of an ideal gas does not
change during a throttling process. Hence for an ideal gas.
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Liquefaction of Hydrogen

7O Vacutim
108 T4, 300K F\_ Pume

——— LIQUD

f i
I %53_‘4 NITRGGEN

S = A
w3 3 sl 2 Al
' HEZ P 2 g L UAPOUR- s HEAT

= X
COMPRES S0P ] I. EXCHANGER -
1
Hy WA HEAT
EXCHANGER 85" K

-«

s uemo
EEd MITROGEN

] LIaLiD
— —A,-“J?— — WY DROGER
DELIVERY

. - > p ST
Ho= SEFPERATR:

The basic principle is based on the Joule’s Thomson effect
described above. Firstly pure Hydrogen gas is compressed to a
high pressure and obviously its temperature also rises. It is
important to use pure Hydrogen as impurities could solidify at
the later stages causing problems in the overall system. The hot
pressurized gas is then passed through two heat exchangers and
again combined to be passed through a tank containing liquid
nitrogen, finally to pass through another heat exchanger. Now we
have gaseous Hydrogen which is it a low temperature but high
pressure and it is perfect time to throttle it and receive it in the
receiver from where it can be delivered as per usage.



Liquefaction of Helium I and Helium II
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Helium is the only substance which means fluid at
temperatures below -259 degrees Celsius and its inversion point
is much lower than that of Hydrogen namely around -233
degrees Celsius. The boiling point of Helium is just around -267
degrees Celsius which is quite close to absolute zero on the
Kelvin scale. Just for historic reference Helium was discovered
more than a century later after discovery of Hydrogen, 129 years
to be precise.

The reason for more difficulty in liquefaction of Helium is that it
is a noble gas which in turn means that the inter-atomic forces
are quite weak and it has a low atomic mass, thereby bringing it
closer to the properties of an ideal gas vis-a-vis other gases. And
we know that Joule’s Thomson effect is less pronounced on gases
which are close to being ideal (though no gas is fully ideal).



Given below is the process diagram for production of liquid
Helium. The set up may seem bit similar to the arrangement of
producing liquid Hydrogen studied earlier but you will note the
substantial difference in the temperature and pressure readings
along various points of the process.

Electrolux refrigerator
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In Electrolux refrigeration system NH3 gas coming out from the
boiler is passed through the rectifier or water separator and then
to the condenser. The liquid of refrigerant gravitates to u-shape
trap filled with liquid NH3 to prevent the entry of H2 to the
condenser and then enters the evaporator. The whole plant is
charged to a pressure of about 14 kgf/cm2 and the evaporator
contains hydrogen at a pressure of 12 kgf/cm2. Therefore as
soon as NH3 enters the evaporator, its pressure falls to 2kgf/cm?2
and its temperature being about 18-degree centigrade. Due to
this low temperature, NH3 evaporator taking its latent heat from
the refrigerated space and produces a cooling effect. The dense
mixture of NH3 vapor and H2 then passes into the absorber



where it meets with H20 coming from boiler and NH3 is absorbed
in H20, while H2 rises and returns to evaporator. The strong
solution of NH3 then passed through the heat exchanger and
burner and supplied to the boiler at pressure head h.
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1. Evaporator

The evaporator function is to cools the water flowing through a
coil. The evaporator is maintained under vacuum of around 6
mmHg to which the refrigerant water boils at around 4 °C Water
as the refrigerant enters the evaporators at a very low pressure
and temperature. since very low pressure is maintained inside
the evaporator. This water refrigerant absorbed the heat from the
substance to be chilled and gets fully evaporated it then enters
the absorber.



2. Absorber

The absorber function is to maintain the pressure of the
evaporator in the vacuum by absorbing the refrigerant vapor
evaporated in the evaporator A concentrated solution of lithium
bromide is available in the absorber since water is highly soluble
in lithium bromide solution then converted in dilute LiBr formed.
This solution is pumped to the generator

Inmeant time you can High pressure side

1. Generator

The generator function is to enrich the LiBr solution to its
original concentration. As the lithium bromide solution is
depleted, the effect to absorb the refrigerant vapor reduces.
The dilute solution to LiBr absorbent flow to the generator to
regain its concentration. It is a vessel, where the diluted
solution of absorbent is heated by steam hot water or direct
gas. The diluted solution releases the refrigerant vapor and
becomes concentrated solution.The hot concentrated solution,
which had now regained its strong affinity for absorbing more
refrigerant returns back to the absorber.

2. Condenser

The condenser function is to refrigerant vapor that are
released from the generator are cooled and liquefied.The hot
refrigerant vapour leaving the regenerator flows through
eliminators or separator to the condenser the cooling water from
a cooling tower circulate through the condenser to moving the
heat from the refrigerant vapour. This vapour is condensed into
liquid refrigerant where it passed thorough pressure reducing
valve into evaporator, which operated under vacuum.
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Unit - I
Heat and Transmission

Heat capacity - Definition of Specific heat - Specific
heat of a gas - Jolly’s Differential Steam Calorimeter and
Regnault’s Method - Dulong and Petits law.

Conduction: Rectilinear flow of heat along a Bar by
Fourier Equation of heat flow - Forbe’s method-Lee’s Disc
Method - Wiedmann - Franz Law.

Convection - Applications of Convection - Central heating
system - Thermos Flask.

Heat capacity

Heat capacity or thermal capacity is a physical property of
matter, defined as the amount of heat to be supplied to a given
mass of a material to produce a unit change in its temperature.
The SI unit of heat capacity is joule per kelvin (J/K).

Specific heat capacity

It is the amount of energy that must be added, in the form
of heat, to one unit of mass of the substance in order to cause an
increase of one unit in temperature.

Jolly’s differential calorimeter to measure the Specific heat
of a gas

(a) Specific heat capacity at constant volume (cp)

The specific heat capacity of a gas at constant volume (cV), can
be measured using the differential steam calorimeter invented by
Joly in 1886 Two hollow copper spheres identical in size and
mass are suspended by wire from the two pans of a beam
balance. One of the spheres contains a mass of gas M at high
pressure (Joly used 22 atmospheres) and the other is evacuated.
The spheres are surrounded by a box through which steam is
passed.Steam will condense on the cool spheres, more steam



condensing on the one with the greater thermal capacity, that is,
the one filled with gas. After some time a mass m has to be
placed on pan B to counterbalance the extra mass of steam that

has condensed on sphere A.
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Figure 1

If cV is the specific heat capacity of the gas at constant volume
and 6o and gl the initial and final temperatures of the sphere,
then:

cV =mL/[M(01 -60)]

where L is the specific heat of vaporisation of water.The two wires
are heated to vaporise any liquid condensing on them, and baffles
are provided to prevent water dripping off the roof of the box on
to the spheres. A control experiment is performed to check the
amount of steam condensing on the spheres when both are
empty.



Regnault’s Method

LS L L

Dry, pure, compressed experimental gas is kept in container A
which is kept immersed in a constant temperatures bath B.
T1T2, T3 are thermometers provided for recording the
temperature of corresponding vessels. P1, P2, P3, P4 are taps to
regulate the flow of experimental gas. M1, M2 are two
manometers for recordingAn equivalent statement of the Dulong-
Petit law in modern terms is that, regardless of the nature of the
substance, the specific heat capacity ¢ of a solid element
(measured in joule per kelvin per kilogram) is equal to 3R/M,
where R is the gas constant (measured in joule per kelvin per
mole) and M is the molar mass (measured in kilogram per mole).
Thus, the heat capacity per mole of many elements is 3R.



Dulong-Petit law:
The initial form of the Dulong-Petit law was:
cM = K, where K is a constant which we know today is about 3R.

In modern terms the mass m of the sample divided by molar
mass M gives the number of moles n.m/M=n

Therefore, using uppercase C for the full heat capacity (in joule
per kelvin), we have:

C(M/m)=C/n=K=3R
C/n=3R

Therefore, the heat capacity of most solid crystalline substances
is 3R per mole of substance.Dulong and Petit did not state their
law in terms of the gas constant R (which was not then known).
Instead, they measured the values of heat capacities (per weight)
of substances and found them smaller for substances of greater
atomic weight as inferred by Dalton and other early atomists.
Dulong and Petit then found that when multiplied by these
atomic weights, the value for the heat capacity per mole was
nearly constant, and equal to a value which was later recognized
to be 3R.In other modern terminology, the dimensionless heat
capacity (C/NR) is equal to 3.

The law can also be written as a function of the total number of
atoms N in the sample:

C/N=3k_{rm {B},where kB is Boltzmann constant.
Conduction

Conduction is the process by which heat energy is transmitted
through collisions between neighboring atoms or molecules.
Conduction occurs more readily in solids and liquids, where the
particles are closer to together, than in gases, where particles are
further apart.



Rectilinear flow of Heat along a bar
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Let us consider a long metal bar of uniform cross —sectional area

A, heatedat one end .The bar lies along the x — axis whose origin
is at the hot end . Heat flowsalong this axis .Now consider a thin
slice with two parallel planes A and B perpendicular tothe length
of the bar at distances x and x +[x from the hot end . If 6 be the
temperature of the plane Aandd0/dx be the heat which leaves the
slice at B per second .Then

Q=-KAd9/ - (1)

Q-dQ =- K A d/dx( 6+d/0dx6x ) - (2) Where K is the thermal
conductivity of the bar . The negative sign indicates that the
temperature decreases with increases x . Then the heat gained by
the sliceis dQ =-K A d/ldx(-{- KAd/dx(0 +d/0dx.6x )},

= KA d2/dx2.6x . (3)

If dQ be the amount gained by the slice is used partly in raising
the temperature of the slice and partly in radiation from the
surface of the slice .

Let 8 be the density and s be the specific heat of the material of
the bar , then mass of the slice is = Adx p



Let E be the emissive power of the surface and 6be the average
excess temperature of the surface over the surrounding , then
according to Newton’s Law of Cooling , the heat radiated per
second from the surface is dQ2

= Epbx0 (5) Hence we have
KA d2 6/dx2 6x = Abdxpsd/0Odt + Epox0

This can be written as ,0/dt = h d2 6 /dx2 - u® , (6) Where h =
K/ps,u =E/Aps - (7). The constant h is known as the diffusivity of
material , which determines the rate at which the temperature
changes in a bar .Equation (6) is the standard Fourier equation
for linear flow of heat . If weneglect the heat lost by radiation , (6)
reduces to dO/dt=h d2 6/dx2-(8)

Steady state

The temperature remains constant in slice element , this state is
named as steady state . Hence d[1/dt = O and (4) reduces to d2 6
/dx2 =u/hll =m?2 0, (9)

where m2 =u/h6 =Ep/KA
Here the radiation is included .Then 60 = A + BO = A ex

But ex is not zero and hence A = 0 .Thus the finding solution will
be

0= 60 e-mx- (11).When bar is covered , so that the radiation loss
is neglected ,(9 ) becomes

d2 6 /dx2 =0 (12), 6= Ax + B (13)Where A and B are constants ,
which can be determined again from theboundary conditions. If 1
be the length of the bar , then 8 =060, at x=0,0 =061 at x =1

From (13) we get B = 00,A =6,0 - 61 / 1,And hence

0 =00 - (60 - 61 / 1) x Where 0 is the temperature at any point x .



Forbe’s method
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The principle of the method is that at the steady state, the
quantity of heat passing through any section of a bar will be
equal to the quantity of heat lost by radiation by the remaining
part of the bar. Let | be the length, A be the area of cross section,
p be the density, ¢ be the specific heat and K be the thermal
conductivity of the material of the bar. We consider a section of
the bar at a distance x = x1 from the hot end of the bar; then
according to the theory, the quantity of heat passing through the
section at x = x1 per second
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Lee’s disc method

Assuming that the heat losses to the from sides of the sample are
negligible, the steady state rate of heat transfer (H) by conduction
Ho s 0
is given by: x  Equation lwhere the k is the thermal
conductivity of the sample, A is the cross sectional area and T~ T
is the temperature difference across the sample thickness xAs
the sample is an insulator, lagging at the sides will not
significantly reduce the energy losses. Therefore to keep these
losses small the sample is a thin disk with a large cross sectional
nd’?
4

-]
area[ compared to the area exposed at the edge [a = me]

Keeping A large and x small produces a large rate of energy
transfer across the sample. Keeping x small also means that the
apparatus reaches a steady state (when temperatures T: and
T2 are constant) more quickly.

The thin sample is sandwiched between the brass disk and brass
base of the steam chest (see figure 2). The temperature of the
brass base (measured by thermometer T2) is very close to the
temperature of the top surface of the glass disk because the
thermal conductivity of brass is about one hundred times that of
glass.
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Similarly the temperature of the brass disk (measured by Ti) is
very close to the temperature of the lower glass surface. In this
way the temperature difference across such a thin sample can be
accurately measured.

Wiedmann-franzlaw

In physics, the Wiedemann-Franz law states that the ratio of the
electronic contribution of the thermal conductivity (k) to the
electrical conductivity (0) of a metal is proportional to the
temperature (7).

Koir or L= Wiedemann-Franz Law
o ol

K =thermal conductivity O = electrical conductivity
[, = Lorenz number

Convection

Convection is the transfer of heat due to the bulk movement of
molecules within fluids (gases and liquids), including molten rock
(rheid). Convection includes sub-mechanisms of advection
(directional bulk-flow transfer of heat), and diffusion.



Application of convection
Sea breeze

On a sunny day the land heats up more quickly than the sea
because land absorbs heat faster than water. Hence, air over the
land surface becomes more heated than air above the sea. So the
hot air over the land being lighter moves up and the cooler air
from the sea takes its place. Thus a cool and comforting breeze
blows from the sea to the land. Therefore, it is called sea breeze.

Land breeze

The situation during the night is opposite. The sun is not there to
heat and the cooling process has started. The land gives up heat
more quickly than water. Thus, the air above the sea remains
warmer and moves up while its place is filled up by the cool
breeze blowing from the land. Therefore, this breeze from land to
sea is called the land breeze.

Central heating system

The layout of a typical domestic wet central heating system.
Water is circulated through a boiler, which may be fuelled by gas,
oil or solid fuel (or even an electric heat pump). The heated water
flows through the radiators as well as through a heat exchanger
in a hot water storage cylinder, which holds the domestic hot
water used for washing, etc. The storage cylinder (if present)
should be well-insulated — most are now supplied with a sprayed
layer of foam insulation.

cold water ﬂ
maing supply central heating
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