Thermal Physics
Prof. Debamalya Banerjee
Department of Physics
Indian Institute of Technology - Kharagpur

Module No # 11
Lecture No # 52
Topic — 1st Order Phase Transition along Liquid-Vapour Equilibrium

Hello and welcome back to another lecture of this NPTEL lecture series on thermal physics.
Now in the last lecture we have introduced Clapeyron equation which defines the locus of the
phase boundary between any two phases during a phase transition process. And today we will be
discussing about the general properties of certain parameters or general properties of a system
across a phase transition or near to the phase transition point. But before that let us try to focus
on Clapeyron equation little more before we move on from here.
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So let us start from this Clapeyron equation which is dP dT is equal to L by T v 2 minus v 1
which is also called the first latent heat equation. We have seen in the last problem of the last
lecture that if we have a liquid vapour phase transition the specific volume of vapour phase is
typically much higher as compared to the specific volume of the liquid phase. And we can in
principle write and we can always have v vapour is much greater than v liquid there is a general

procedure general feature.



So, except there of course there are certain cases which we will explore little bit later that, under
certain circumstances we can have the volume the specific volume of 2 phases really close to
each other but in general this is the scenario. Now, if we rewrite under this approximation if we
rewrite the Clapeyron equation we can write dp dT is equal to L divided by T V v right. And

now it is in a form which is integrable right I mean okay in principle this one is also integrable.

But this is little more difficult to handle because we have to have incorporate the different
parameters I mean the temperature variation or pressure variation of v 2 and v 1 here we have
only one volume and also please remember that because it is the volume of the vapour phase and
if we assume of course it is an approximation that the vapour phase behaves like an ideal gas
okay.
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So then what we do we can write p V =R T and V vapour is equal to V divided by capital. So,
what is this p V = R T? In this case V is the molar volume right, now the conversion from molar
volume to the specific volume is v vapour is equal to V divided by m which is the molar mass in
kg into 10 to the power minus 3, which once again we can substitute for this V and write R T by

p times M into 10 to the power 3 right.

Now, in order to get to this point we have to make certain assumption, the first assumption of
course is v vapour is equal to v liquid which is justified in most of the cases. Also we have to

assume that the vapour behaves as an ideal gas and the latent heat is independent of temperature.



Which we will see that is not the case truly and we will have a second latent heat equation which

is where which will discuss the temperature variation of the latent heat.

But for now let us focus on the first latent heat equation assuming the latent heat is constant and
the vapour in question is behaves like an ideal gas we can write dp dT is equal to L by T p M
divided by R T into 10 to the power -3.
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Now rearranging and simplifying little bit further we get d p by p is equal to into m L by R into
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10 to the power minus 3 d T by T square right. Now what is this m L into 10 to the power -3 that
means m L divided by 1000 this is nothing but, L I mean the molar latent heat which we can
write as L superscript m. So L m divided by R d T by T square integrating we get In p is equal to

minus L m by R T plus B where B is some arbitrary integration constant.

Now this equation 3 is known as the Young's law for phase boundary and this equation provides
the locus of the vapour liquid equilibrium plane, an equilibrium line in the P T plane. Please
remember the pressure that we are talking about here is the saturated vapour pressure because, as
we are moving along the phase equilibrium line. So we are actually every time along the phase

equilibrium line the liquid is in equilibrium with its own vapour.

And that is why the pressure in question, the pressure in this particular equation is nothing but

the saturated vapour pressure. Now we can also get rid of this B and we can write if we perform



this integration between this known limits where between T 1 and T 2 temperature and
corresponding to p 1 and p 2 pressure we can simply right In p 2 by p 1 is equal to minus L m by
R times 1 minus T 2 minus 1 by 1 by T 2 minus 1 by T 1 right. So this is also another form of the

Young's Law of course here we do not have this indefinite the arbitrary constant B.

Now it turns out that this rule I mean this law is not so nice when it comes to you know for actual
experimental data it fits for a limited range of temperature and pressure. But in order to gain get
the variation over a wider range of temperature and pressure we need to consider the variation of
latent heat as a function of temperature as well.
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And typically it has been found that the latent varies in a linear manner. So we can model this as
L m is equal to a plus b T. So if rewrite put this one in and rewrite equation 2 where is equation 2
just a minute equation 2 which is dp dT is equal to L by T V v. So if we do that we get dp dT is
equal to a plus b T divided R T square times P, so basically not in equation 2 directly. But in

equation this equation here I have substituted for L is equal to a plus B T.

And after this integration then if we integrate we get In p is equal to k InT minus T by m plus B
which is called the Kirchhoff’s Law. So this generally has this particular functional form has a
better agreement with the experimental results. Anyway, so let us but we will focus primarily on

this Young's Law on this particular form which is rather simple to use and try to use this in order



to solve some simple problems. So let us move to classroom problems set so sorry this is the
steam table which we will come back.
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So this is the classroom problem set of week 11 in Problem 11. It says that in a sealed container
small amount of liquid is in equilibrium with its vapour. So we have in this container there is a
tiny bit of liquid present here which I tried to draw here and the rest is vapour. And we have a
movable piston which seals the container now and it is placed on a heat path at fixed temperature

T.

Now let us somehow by some external work we have moved this piston outside, so that the
volume has changed from V to 2 V. So what is the new pressure inside? So this is the first
question and the second question is at what temperature the vapour pressure will reach 15000
Pascal’s? So the initial pressure inside at this initial point the vapour pressure is 3000 Pascal’s at
300 Kelvin and the latent heat of vapourization is 50 kilo joules per mole.
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Now in order to solve this problem the first problem is we have V to 2 V the volume changes
from V to 2 V at fixed temperature that I also should mention here that the temperature is not
changing, what should be the new value of P? So the answer is the pressure will not change in
this particular system why? Because the pressure inside once again as I have mentioned already

is the saturated vapour pressure inside the cylinder.

So if we change the volume as long as there is a smallest amount of liquid left inside it will
evapourate completely to maintain the pressure at the saturated vapour pressure the temperature
is not changing please keep in mind. So that means the saturated vapour pressure will also not
change. Now if we keep expanding the cylinder at some point entire liquid will be evapourated

in to gas phase or vapour phase then it will start behaving differently.

Then with further expansion the pressure will drop and things will start happening, but as long as
there is even a tiny bit of liquid left inside this container the pressure will not change please keep
that in mind.
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For the second part we simply need to use Young's Law in its integral form which is this one
actually.
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we have T 1 which is 3000 Kelvin now the question is what is T 2? So we start from this
equation we simply right 1 over T 2 is equal to 1 over T 1 after rearrangement we write 1 over T
2isequalto 1 over T 1 minus L R by L m In P 2 by P 1 putting these values of p 1 and p 2 and R
and L m and T 1 gives you 1 over T 2 is equal to 3.033 into 10 to the power minus 3. So the unit
here should be Kelvin inverse which gives you it should be T2 =326 Kelvin.
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So this is problem number 4 for you next we have problem number 5, liquid Helium has a
boiling point of 4.2 Kelvin under 1 atmosphere pressure which is a standard cryogenic
temperature reference temperature that we all use in our low temperature labs. But under a
reduced pressure of 1 millimeter of mercury here please understand this unit this is given as 1
millimeter of mercury it boils at 1.2 Kelvin calculate the average latent heat in this particular
range. Now, how does this problem sound?
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The problem is basically this we have along this liquid vapour equilibrium line this side we have
liquid this side we have vapour along this liquid vapour equilibrium line and please remember

this line actually continues in does not terminate here. So it goes on we just 2 points the first



pointis p 1 T 1 and the second pointis p 2 T 2, T 1 = 4.2 Kelvin corresponding to it should be

drawing is wrong.

So it should be p 1 p2, T 1 T 2 right, so that means corresponding to 4.2 Kelvin we have 760
mm of course the slope is not very evident but it should be there should be good amount of slope
and at T 2 = 1.2 Kelvin we have 1 mm of pressure. Now 760 mm 1 atmosphere of in mercury
scale i1s 760 mm I hope you are familiar with this concept if not please go back and read your
school physics textbook where it is clearly mentioned.
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And then we can use the integrated form of this Clapeyron equation which is Young’s Law once
again assuming that and here we need to calculate the average latent heat. So that means what do
we d? We write In p 2 by p 1 is equal to minus L m by R 1 over T 2 minus 1 over T 1 we
rearrange and write L mis equal to R In p 2 by p 1 divided by 1 by T 2 minus 1 by T 1.
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Which is after arrangement R T 1 T 2 divided by T 1 —T 2 Inp 1 by p 2 and we do not need any
unit conversion, because p 1 and p 2 already there coming as a ratio. So whatever unit
conversion we do it will cancel nicely we do not need that actually and after putting values we
get 92.65 Joules per mole. So this is the average specific heat in the range between T 2 and T 1
that means 1.2 Kelvin to 4.2 Kelvin this is the latent heat of not the specific heat the latent heat of

liquid helium right.

Now the other problems which are there we will revisit those in the next lecture may be so
because before that we need some more discussion.
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So let us continue with system what happens to a system near its phase transition? Now, for solid
liquid or liquid vapour or solid vapour phase transition it is experimentally observed that the
specific volume and entropy the specific entropy that changed discontinuously at the phase
boundary. So let us take an example at water for, So I should write water at 100 degree

centigrade I will correct it here I should write water here it is already mentioned.

So if you look at the values of V the specific volume and specific entropy for water and steam at
100 degree centigrade. We see the specific volume is 00.0010044 if you remember the value at it
should be 0, 0 actually my mistake it should be this is fine because it is 0.00100 at 0 degree
centigrade not 100 degree centigrade my mistake. So this is fine and the same for steam is
1.6729 where as for the specific entropy for water liquid phase is 1.3 whereas that for the steam

is 7.3.

So there is a huge discontinuity and both are measured exactly the same temperature and same
pressure. So this is [ have not mentioned it but this is 100 degree centigrade and 1 atmosphere
pressure maybe I should mention that and nothing else, right.
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So this difference and for water particularly this such data at different phase of water has been
tabulated and recorded and tabulated in a table called the steam table which we shall use later.
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Safurated Steam: TEMPERATURE Tabla

So let us quickly have a look at a steam table, so this is the steam table.
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The first table itself is a saturated water temperature table this is the most useful table for us at
present. Of course there are other tables like the next table is saturated water at different

pressure.
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TABLE B.3 Saturated WatorSolid-Vapor

1 P i i, i, b, b ahe R O VR

C WMMP Wl wlg WAy KAy Wl Wk WA Wk WK WK Mgk
001 06113 10008 206158 33040 27087 20753 13040 26347 25013 L2200 103772 005
0 06108 10008 206315 33042 27087 20783 4042 26ME B0L3  -1211 103776 91565
-2 05177 10005 241663 33761 27102 23725  -3T61 28353 076 12360 104562 0210
-4 04376 10000 283700  -MLTR 27ILS 23608  -MMLTB 26057 040 -12526 105388 0260
=b 0.3650 10608 33130 501 27120 23670 <501 26362 4003 -12683 106165 MK
-8 03102 10664 304414 05002 2742 23642 35002 26366 4666  -12830 106082 04183
=10 02601 10801 466757 35400 27155 20614 35400 26070 4620 12005 107800 0.4815
-1 02176 10888 553500 -35804 27168 2387 =B84 2873 UM2 13150 108648 055
-4 0.1815 10684 658524 -36216 27160 23850 -J6216 28376 UTSS ~13306 100498 06102
=16 01510 10681  TRSO0T Q6614 2TIBZ 23831 36614 280 UTIR 13461 110350 06808
=18 01252 10878 040183  -370.10 27204 23503 <3000 26382 661 =13617 111233 07616
=20 010355 10674 126013 -DT400 M6 AUTE  -ITA00 26364 MG43  -LATT2 112120  08M8
=30 008535 10671 1357864 37783 ITAAT 34T -ITIO  OBMS6 24606  -13028 113020 9908
-U 007012 1.0668  1630.753 =36160 27237 2320 -36160 26837 24560 =1.4083  11.3035
=06 005741 10864 1066776 0564 aTUS 20002 ~J6560 2830 24532 =14230 114864
=08 00465 10661 2415201 06045 TSN 20064 36045 26300 4405 1404 115808
003810 10858 2045208 00023 26 23336  -JG023 26300 Q4458  -L4550 116765
003000 10854 3601623  -306O8 2778 23008 30608 26300 421 =14705  1.7738
0,024 10651 4416253 =40071 2767 23080 =-40071 2830 24364 =14860 118713
002016 10848 5430116  —d0440 27206 23052  —d0M40 28300  UMT 15014 110704
001618 1064 6707022  -40806 27305 23024 40806 26300 2410  -15168 120714
00128 10841 8366306  ~41L70 2TL3 23106 41170 26080 24272 15321 207

Lebbbs

And we have saturated water and solid vapour you know it is a solid vapour equilibrium data.
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And also we have super heated water data but we will be using and we will come to that maybe
later on. We will be primarily using the saturated water as a function of temperature table. So in
this left most side we have temperature in degree centigrade then we have pressure, we have
volume of the specific volume of the liquid phase, specific volume of the vapours phase, internal
energy of the liquid phase, internal energy of the vapour phase the difference of this to which is

also listed here.



Similarly enthalpy of these 2 phases and the difference entropy of these 2 phases and the
difference the latent heat is not given but as long as you know the entropy difference and the
temperature. You can easily compute the latent heat not the latent heat the specific heat, and the
latent heat is nothing but the enthalpy difference. So that is why because you know if you
remember in a constant pressure, constant temperature process the amount of heat that is

observed is equal to their change in entropy.

So delta Q is equal to delta H and in case of a phase transition Delta Q is nothing but the latent
heat L, so L is nothing but the specific enthalpy. So if you find in a question specific enthalpy is
given do not be confused. This specific enthalpy change which is given here this is nothing but
the latent heat. So from this table we can readily get the latent heat data and from this change in
specific heat we can very easily compute the C p data. This temperature table, so these are all

under 1 atmosphere pressure with temperature the pressure also changes my mistake.

But anyway for this given pressure and temperature you can very easily compute the specific
heat value from this table. So if we look at it, all this important data has been tabulated and we
can use this data over and over again in order to see whether our calculations are right. So we in
one of the previous lectures we have already computed the change in pressure. If you want to

you know, what you call if you want to increase the boiling point by 1 degree centigrade?

So let us around 100 degrees centigrade, so let us say if you want to go from 100 degree
centigrade. At 100 degrees centigrade the pressure is 0.10135 mega Pascal’s when it is on the left
shifted manner it is in kilo Pascal’s when it is right shifted it is in mega Pascal’s. So it is 100
degrees centigrade and 105 degrees centigrade, so that means a 5 degree temperature change

corresponds to a 0.12082 MPS.

So the difference between these 2 pressures will give you the actual pressure change that is
experimentally measured in order to change the boiling point of water from 100 degree
centigrade 105. So you can do one thing you can compute this and see and you can use you know
the Clapeyron equation in order to compute and you take delta T is equal to 5 and see if you get

the same pressure change from there.



We can actually it is a good practice to I mean it will be a good exercise to compare and see how
does it tally with the standard steam table. This steam table is given to you use it if you have any
questions if you do not understand how to use the steam table please ask in the forum we week's
lecture where we will be using the steam table and you will have a lot better idea on how to use

it?

So we will come back to steam table again, so all I am trying to tell you that volume and entropy
here it is listed for water but for any known material around the liquid vapour transition the
volume and entropy changes discontinuously.
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Now if that happens so it is obvious from here also you see this volume is given here so VL, V
V. At any given temperature, so liquid the vapour can exist all the way down to the triple point
of water which will come back later on what is triple point? What is the significance of this
temperature? But look at this column number 3 and 4 you can see there is always a discontinuity
similarly column I mean this Delta S value which is given in the last but one column you this is

never zero but you always get a good finite value here.

So that means there is a discontinuity at all this transition points. So that is for water and let me
tell you the same story goes for any other material,
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Now we recall that S is equal to minus d g d T p or del g del T p that means this is the

5
I L

temperature derivative of the Gibbs free energy at fixed pressure. Similarly volume is the
pressure derivative of Gibbs free energy at fixed temperature. So that means, the first derivative
of the Gibbs functions changes discontinuously across this transition. What is these transitions

crystallization melting or boiling condensation or sublimation condensation?

Crystallization is the opposite of melting if we heat up ice it will melt if we cool down liquid
water, it will crystalline into ice form it will freeze right. So I should actually say not
crystallization but freezing but I hope you understand so it should be freezing similarly we have
boiling and condensation this 2 opposite reaction similarly there is something called sublimation

and condensation which is probably something that you already know what is sublimation?

When a solid directly evapourates into vapour what happens for naphthalene or camphor these
are sublimation, will come back to that in the next lecture. So this is why these are called and
because this first derivative of the Gibbs energy changes discontinuously these are called the first
order phase transition. So that immediately tells you if there is a second order phase transition
that the second derivative of Gibbs energy should change discontinuously precisely that is the

case which we will visit towards the end of this week's discussion.

So the Gibbs function changes its slope, but it remains continuous Gibbs function definitely

changes its slope. Because if you recall what is dg is equal to del g Del I should write with small



gdgisequal todel gdel TP d T plus del G del T p dT. So if this should you be p T dp right, so
if this one is changing discontinuously I mean this one is changing definitely dg will change, but
surprisingly although these two changes discontinuously this one changes but in a continuous

manner.

So that actually tells you something that when this one changes in a positive way this one should
change in a negative way and vice versa, so that the combination is somehow continuous.
(Refer Slide Time: 27:07)
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Now next is specific heat what happens to specific heat? Specific heat is the first derivative of

[ 3

L

entropy. So T del S del T with some quantity X constant X could be pressure or volume or
anything, so X is a conserved quantity and del S del T. So now as this is the second derivative I
mean S is already discontinuous then what happens is? C actually diverges to infinity at the

transition temperature but remains finite in the individual phases.

So at the phase boundary where these 2 phases coexists the quantity like C x also the elastic
modulus like k T and alpha that it these are also the first derivative of Del | mean volume with
respective pressure or volume with respective temperature. Just because just like entropy volume
is also discontinuous, so the first derivative of volume at the phase boundary will diverge and go
to infinity so keeping all this in mind keeping these things in mind.
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If we try to plot the parameters important parameters like you know the Gibbs function the end
specific entropy, the specific volume, the elastic coefficient and the specific heat, the general
trend is as follows. The Gibbs function changes I mean it could be a change like this it could be a
change like this, whatever but it there will be a definite slope change at the boundary point. So if
the slope here is like this, the slope there will be like this. So there is a definite slope change at
the boundary similarly for v S and v 1.

If one goes like this if one increases the other decreases or vice versa. So I have given it could be
like this also it could be like this also depending on, but together they should not have the same
type of change. So if one changes you know in a positive manner the other should decrease. So
that, the total sums remains continuous in terms of the Gibbs function and the quantities like the

second derivative of Gibbs function.

So basically del S del T X is essentially the second derivative of this function similarly alpha and
K T these are also second derivative of a function. They will diverge to infinity so this will go to
infinity at the transition temperature phase transition temperature and then but it will remain
continuous in this 2 phases 1 and 2. Here we try to depict the phase transition phenomena of

phase transition as a function of temperature only because this is how we try to visualize.

We generally visualize the phase transition, that is where we stop today in the next lecture we

have 3 more lectures for this week there we will try to cover almost all the discussion regarding



phase transition and in tomorrow's lecturer or the next lecture with his upcoming we will

discussing about the second latent heat equation thank you.



