
Thermal Physics
Prof. Debamalya Banerjee

Department of Physics
Indian Institute of Technology - Kharagpur

Module No # 11
Lecture No # 53

Phase Diagram and Triple Point

Hello and welcome back to another lecture of this NPTEL lecture series on thermal physics.

Now in the last lecture we talked about the applications of Clapeyron equation which is also

called the first latent heat equation. And at the end of the lecture I said we will be discussing a

second latent equation in the next lecture. But then I realized that, we have to have actually there

is a long way to go before we go to the second latent heat equation.

We first need to discuss what is a phase diagram? Then there is relevant discussion that has to be

covered before we can eventually go to the second latent heat equation. For today’s lecture, let us

start with the problem set the classroom problem set. 

(Refer Slide Time: 01:11)

We have finished up to problem number 5 completed up to problem number 5 in the last lecture

now we will complete problem number 6 and 7 today now 6 is a slightly conceptually more

challenging. 
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So, let us come to scroller number 7 which is basically the same thing the concept is more or less

the  same  but  we  will  start  with  problem  number  7.  That  says  assuming  latent  heat  of

vapourization  does  not  change  with temperature,  calculate  the  saturation  vapour  pressure of

water at 90 degree centigrade. So the situation is the following we have typically we know under

1 atmosphere pressure the water boils at around 100 degree centigrade exactly at 100 degree

centigrade this is the steam point. 

Now if we reduce the pressure on water then water should boil at a lower temperature. Now and

this is something that we have already read in our, you know school level physics books. That if

you go to a hills it cooking takes longer because water will boil at a lower temperature and other

things so this today we will get an example where this will be demonstrated mathematically.

So far we know that the boiling point decreases but how much to what extent it decreases what

the actual value is or rather this is a I mean slightly you know different way of looking at it. We

will  try  to  find out  the pressure at  which  it  will  the boiling point  will  reduce to  90 degree

centigrade that means a 10 degree reduction. 
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So let us start we will once again start from Young's law which is long p 2 minus p 2 by p 1 is

equal to minus m l 100 by r sorry m l divided by m l divided by 100 r times 1 by T 2 minus 1 by

T 1. So basically it is the integral form between the 2 limits T 1 and T 2 corresponding to 2

pressure p 1 and p 2.  Now in the question the problem statement itself it  has been said that

assume that latent heat does not change.  If latent heat does not change that means L remains

constant right.

So we take 2264.7 kilojoules per kg which is the value exactly at the 100 degree centigrade m is

equal to 18 that we know. T 1 is equal to 373 Kelvin that is the normal boiling point of water

under 1 atmosphere pressure and T 2 is 10 degrees lower that is 363 Kelvin p 1 is equal to 1

atmosphere what is the value of p 2? So simply we put p 2 by p1 we compute the right hand side

of this relation by putting the values of different parameters and we get l on p 2 by p 1 is equal to

minus 0.362 which if I just from there if we try to compute p 2 by p 1 then we get 0.6963.

So that means p 2 is 0.6960 atmospheres or almost 0.7 atmospheres. So if one atmosphere is our

normal pressure if we reduce the pressure by 30% then water will boil at a reduced temperature. I

mean  10  degrees  less  temperature.  So  in  terms  of  pascals  kilo  pascals  the  value  is  70.567

kilopascals right. So this is problem number 6 problem number 7 for you straight forward. Now

of course this is a huge reduction 70% less atmospheric pressure is typically that we do not

experience but 10 to 10 to 15% less pressure is not very abnormal at higher altitude.



So that means just by simple deduction may be with the boiling point of water will reduce by 5

degree centigrade even that is significant. So if we have you know cooking temperature instead

of  100  degree  Centigrade’s  if  we  have  somewhere  close  to  95  degree  centigrade  it  takes

significantly longer time. Now one way of encountering this  problem is by using a pressure

cooker what happens inside a pressure cooker?

So let us go back to problem number 6 here. So this is a sim the schematic construction of a

simple pressure cooker and we also use it when I mean for normal I mean household cooking as

well. Primarily because it saves lots of fuel lots of energy and thereby reducing the cost and also

it helps you know cook things like for example potato or meat for example it takes much lesser

time as compared to normal cooking.

Now what is the principle of pressure cooker? In pressure cooker what happens is we have a

vessel right. 

(Refer Slide Time: 06:39)

So let us go to the problem that we have solved then we will try to explain. So we have a vessel a

closed vessel we all know how a pressure cooker looks like. So we have some liquid inside this

liquid boils and this liquid for most of the time for household cooking at least it is water. Of

course  if  we  have  a  thing  similar  to  the  pressure  cooker  in  our  labs  also  that  is  called  an

autoclave. Now in an autoclave we sometimes we have different types of liquid present anyway.



So now we have this one this container this vessel and on top of that there is a nozzle we all

know there is a petcock. So which makes this hissing sound we call it whistle sometime so this is

actually in a technical term it is called a petcock now petcock is placed on a nozzle. So this is the

safety valve of a pressure cooker. So the idea is because it is a closed vessel as the temper I mean

the pressure inside will build up. 

So is essentially due to this phase equilibrium because the pressure is building up inside so the

water will start boiling at a much elevated temperature. Now if we keep it completely closed then

it will be like you know it will be like a super pressurized cell and if we keep putting energy

because we are you know putting it on the flame. So there is a flame here so we have some sort

of a flame here so that means we are continuously putting energy I mean heat delta A inside. 

And as this delta Q builds up it will you know it will make the internal I mean it will increase the

temperature  as  well  as  the  pressure.  So  if  there  is  no  release  mechanism the  pressure  will

eventually reach a point where it will be a super heated super saturated steam and then if the

whole thing might explode. Now to avoid such situation and to make this process a controlled

one we have this petcock placed here. 

Now what does the petcock do? Petcock has a given weight and this nozzle here it has a finite I

mean a given cross section area. Now that nozzle that means there is a finite pressure so this

weight of this pressure repeat is mg and the area of the nozzle is a. So the pressure inside is mg

plus mg divided by a of course there is an atmospheric pressure that is acting on this petcock. So

the total pressure is p atmosphere + m g + m g by a downwards which has to be equal to the

saturated vapour pressure p sat at a given temperature. And sorry that is where this balance is

achieved.

This will be the maximum temperature till which it will be allowed the water will be allowed to

go. Beyond that the saturation vapour pressure becomes more as compared to this combination

and this petcock will be pushed up and vapour will be released from here that is when we will we

hear the whistle. So this is the mechanism of a pressure cooker. Now the problem that has been

given to us it says the petcock mass is 140 milli 140 gram and the exhaust nozzle cross section is

4 millimeter square what is the boiling point of water inside?



And we will  see  that  only  this  two parameter  along  with  the  standard  parameters  of  water

determines the boiling point. So once again we come back to this relation that p atmosphere +m

g by a is equal to p sat. So m g by a is 140 into 10 to the power minus 3 into 9.8 divided by 4 into

10 to the power minus 6 Pascal’s which is 343000 Pascal’s. Now total so, p sat will be this plus

the atmospheric pressure which is one 1.0135 Pascal into 10 to the power 5 Pascal’s. So all;

together the saturated pressure the maximum saturated pressure that is allowed inside is 4.4435

into 10 to the power 5 Pascal’s.

(Refer Slide Time: 11:05)

Now once again we come back to young's law what which is once again simplification assuming

that the latent heat does not change with temperature. So we have relation loan of p sat by p

atmosphere so we need to have a reference point for this type of integration. And in this case the

reference point is the atmospheric pressure and 100 degree centigrade temperature right. So 373

we substitute 373 for the reference temperature p atmosphere for the reference pressure and this

is the temperature we would like to find out.

So this basically this is the temperature corresponding to 4.44 into 10 to the power 5 Pascal’s of

pressure for water vapour equilibrium.
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So we solve this solution ispretty straight forward and finally we get 420.25 Kelvin which is

147.25 degree centigrade. So inside a pressure cooker the water boils at a much elevated pressure

or elevated temperature and also at  a much elevated pressure. Now if you take this pressure

cooker to the mountains where the atmospheric pressure is reduced by let us say 15 10 to 15%

from the plane land as compared to the plane land. 

Then what modification we need to do we instead of adding the atmospheric pressure directly we

have to add maybe a 0.90% of this value to this. So similarly so, correspondingly the value of p

sat will be reduced. And instead of 147 we might get a pressure of I do not know just roughly

guessing maybe 130, 135. But that is also high much higher as compared to the normal boiling

point of water under one atmosphere condition.

So that is why it takes less I mean less energy to cook the food. Because the cooking has been

done at a much elevated temperature also it takes i mean it you know. It is easy to you know

soften hard materials like potato or some meat or some other for example tapioca these things

they it becomes easier for the pressure cooker I mean to cook in a pressure cooker now. So now

this  is  a  very rough crude calculation  where we have assumed that  the latent  heat  does not

change with temperature.



Now the values of the experimentally measured values have been tabulated in steam table as we

have said in the last class. So just out of curiosity let us have a look at the steam table so I have

just taken a screenshot of this the actual steam table which is here.

(Refer Slide Time: 13:53)

So let us say around 147 so basically I took a screenshot of this part so there is no data for 147

but there is a data for 145 there is a data for 150. And we see I have just taken it here so you see

the values are 0.41 so this means basically this is in mega Pascal’s so 415.4 kilo Pascal’s to

455.9 kilo Pascal’s. And what have we got? We got 4 so it will be 444 kilo Pascal’s right so this

is nothing but 444.35 kilo Pascal’s right.

So this is somewhere between these 2 numbers 415 and 475 so that means and the temperature is

also intermediate to one 145 and 150. So we will be somewhere here which is in agreement

general agreement with the steam table.
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Now just out of curiosity let us check what happens what we did in the last problem also. We

have  70.56  kilo  Pascal’s  pressure  corresponding  to  our  calculation  is  70.568  kilo  Pascal's

pressure compared to a temperature of 90 degree centigrade.

(Refer Slide Time: 15:26)

So let us check from the steam table for 90 degree Centigrades we have 70.139 kilo Pascal’s

whereas we have come calculated p 70.568 kilo Pascal’s. So once again this calculation also

what we have got by using Young's law which is once again a simplification assuming I mean

given that the latent. We do not consider the temperature dependence of latent heat but this is in

general in good agreement with the experimentally actual experimentally measured values.



So now that what does it tells you? That at least in the temperature range where we are dealing

with at within this range the latent heat does not vary. Latent heat of liquid water does not vary

much with temperature. So but of course there are some variations which are also significant that

we will see in future.

(Refer Slide Time: 16:30)

So now let us move on from here so let us discuss a concept called the phase diagram. Once

again we start  from the  Clapeyron equation  which has  been the master  equation  for  all  our

discussion d p d T is equal to L by T v 2 minus v 1 or l by T delta v. Now for all of this first

order phase transition that we have discussed so far delta v the mod I mean the magnitude of this

change has been greater than equal to 0.

I mean I am not saying whether it is reducing or increasing but at least there is a, what I am

going to say is there is a finite volume change across the phase transition because this is the

definition.  So across first order phase transition the volume the specific volume and specific

entropy does change discontinuously.
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So now let us focus on the 3 types of transitions that we have dealt with so far one is the solid

liquid transition which we can also call the melting or freezing transition. And let us write delta v

as delta v m corresponding to this transition. Similarly we have a liquid vapour transition and we

write this the volume change as delta v b, b is for boiling m is for melting. And similarly there is

a solid vapour transition where we write this as delta v s where s stands for sublimation.

Now what is sublimation? Sublimation is going from directly from solid phase to the vapour

phase that we experience for example with Naphtholene or camphor we will explain that why it

happens in some materials and for other materials it does not happen we will explain that now.

Now let us remember that the specific volume of the vapour phase is typically much higher for

as compared to the volume specific.

Volume of the liquid phase and the solid space and this is true for in general for all substances in

all temperatures not at all temperatures. But typically if we are you know within I mean along the

phase equilibrium line for most of the temperature and pressure regime this is generally true

what does it mean that means?
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That means so v v that means the specific volume is much greater than v l and v s and we can

also say that you see v l minus v v. When we have for right for boiling we have v l minus vv and

for sublimation we have v s minus v v. This 2 so delta v b and delta v s will be comparable and

both of them; will be much higher as compared to delta v m. So basically delta v m the change in

specific  volume in a melting  freezing transition will  be much less as compared to a boiling

transition or a sublimation transition that is what i am trying to establish here.

Now although the specific sorry the latent heat of these 3 transitions will be different. But this

difference will be overwhelming as compared to that; and we can very easily write that for dp dt

the slope that we have.
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So basically if the denominator is less then the value of dp dT will be more now as for melting

transition this will be much less compared to the 2 other transitions the slope dp dT for a melting

transition  will  be lot  higher  as  compared  to  the  boiling  freezing  or  boiling  condensation  or

sublimation condensation transition. So now mathematically dp dT melting is much greater than

dp dT sublimation which will be little bit higher in slope as compared to the boiling transition

but comparable not very much different. 

Now if we try to plot all these 3 phase equilibrium lines into one t p diagram we get something

called a phase diagram.
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So how does a phase diagram look like? A phase diagram so we see that the melting curve will

have a lot stiffer slope as compared to the boiling or the sublimation curve which will  have

comparable slope. But sublimation curve will have a slightly more slope there are reasons for

that and this also been experimentally verified. So if we plot I mean if we represent those in one

single diagram definitely this portion will be of solid will represent the solid phase.

This portion over here will represent the liquid phase this portion over here will represent the

vapour phase. So vapour will have equilibrium with solid through this line or with liquid through

this  line  similarly  solid  will  have  equilibrium with  liquid  through this  line.  Or with vapour

through this line andliquid have equilibrium with solid with through this line along this line or

through to with vapour along this line.

So there are 3 different lines of 2 of similar slope and one much steeper slope they consist i mean

they are when represented together this is called a phase diagram. Now this picture this diagram

what i have given you is by far being is complete. So we have to see what happens where does

this line to terminate? So we just have represented these 3 lines without knowing much about

what happens to the both ends in to these lines.

Now it so happens that see the solid phase must be continuous similarly the vapour phase and the

liquid phase must be continuous among itself. So from that continuity principle itself by just by

pure physical consideration we can conclude that all these 3 lines should meet in a single point.

And that point is called the triple point of a substance which is unique for every substance and

that is the point where all 3, phases solid, liquid and vapour can really coexist.

Now for the sublimation curve it has been found experimentally also and there are theories that

also tell you that as t test goes to 0 the vapour pressure goes to 0 vapour pressure on a solid

material goes to 0. So that means this curve will actually go towards origin now for the melting

freezing curve which is a solid liquid equilibrium curve for most of the substance it goes on

indefinitely. 

And there is no theoretical bound till what pressure and what temperature it can be extended. For

most  of  the  solids  or  most  of  the experimental  data  except  for  things  like  there  are  certain

examples exceptions which we will discuss later on this line goes on indefinitely. And for the



liquid vapour equilibrium curve it should actually terminate somewhere one side should be at the

triple point the other side should be terminated in a liquid in a critical point.

Now what is the critical point that we have already discussed if you remember the experiments

on carbon dioxide when we discussed real gas there was a concept of critical point. So that same

critical point comes into this phase diagram as well so this curve the boiling condensation curve

should terminate in a critical point.

(Refer Slide Time: 24:48)

So this is the final representation of a phase diagram for a typical substance once again where we

have solid in this portion the solid liquid solid vapour equilibrium that is the sublimation curve

that goes on to the 0 I mean towards the origin. The liquid vapour curve gets terminated at the

critical point for a temperature of T c and a pressure of p c. Now above this critical point we do

not have a defined vapour or liquid phase we can have super critical fluid

Or we can have super heated vapour that sometimes we have like ideal gas that we have already

seen. But the physics around and beyond critical point is not very simple so we cannot cover that

in  this  particular  course  there  will  be  I  mean  there  are  these  topics  a  lot  much  advanced.

Similarly the solid liquid curve it goes off goes and goes on indefinitely and most of the curves

for most of these substances solid melts to you know expand in volume. 



So that is why the slope is positive so that is why we have a positive slope and this one this one

looks like this. Of course for materials like water and there are few others example the slope will

be negative which will be coming back very soon? Now the triple point is uniquely defined and

this is given as T of t r and p of t r we will also there are some interesting properties of triple

point which will we will discuss in brief. 

Now typically what we can do is we can place this red line corresponds corresponding to red

vertical horizontal line corresponding to one atmosphere pressure on a phase diagram. Now what

is the significance of this means? If the one atmosphere line is above the triple point that means

under atmospheric pressure the substance in question will go from solid phase to liquid phase

and from liquid phase to vapour phase. 

So there will be 2, temperature corresponding to melting and boiling under atmospheric pressure.

Now if it so happens that this one atmosphere line is below the critical point that means let us say

it is somewhere here right let us say this one is the line in question so what happens? We can see

that solid can directly go into vapour phase and this is exactly what we know as sublimation. We

have seen that for certain material you know like camphor or Naphtholene these are the most

common example or solid carbon dioxide. 

Solid carbon dioxide directly evaporates it does not at least under atmospheric condition it does

not go to a liquid phase why? Because the dry eyes I am talking about. Because the critical the

triple point is lying the triple point pressure is above the normal atmospheric pressure so that is

why it  directly  sublimates  so reverse process is  also true.  If  the triple  point  is  less than the

atmospheric pressure so solid so the vapour phase can directly condense it into solid phase that if

the triple point is more than the atmospheric pressure the other way it is not true. 

So for water we have or for many of the solids we have liquid phase and vapour phase in under

atmospheric pressure only. But even for those substances if we reduce the pressure substantially

we can actually observe sublimation in any object any solid material. So and now let us focus on

this critical point what is the critical point? 
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This vapour liquid critical point the difference between the liquid and so; the vapour is actually

pure density. And the physics near as I have already mentioned the physics around this critical

point is very complicated cannot be dealt with very easily a certain order parameter and other

things has to be defined. Now one example we have already encountered that for carbon dioxide

T c is equal to 31.1 degree centigrade and p c is equal to 72 atmosphere I should write p c here

72 atmosphere for carbon dioxide.

(Refer Slide Time: 29:46)

So let us focus on the phase diagram of water and in water what happens is? As water reduces

the volume reduces on melting the solid liquid equilibrium line has a negative slope. So in this

particular right so let us focus on the phase diagram of water and in water what happens is as



water reduces the volume reduces on melting the solid liquid equilibrium line has a negative

slope. So in this particular scale because the pressure if you look at the pressure scale it is in logs

logarithm actually.

So it is starting from 1 Pascal this is one atmosphere and it goes all the way to 100 Giga Pascal’s

so it looks almost like a straight vertical line but actually there is a slight negative slope right.

Now this  solid  phase  of  ice  is  really  complicated  the  ice  we  know typically  these  are  the

hexagonal ice phase I H given by I H. But there are cubic phase orthorhombic phase and there

are altogether as far as I know 63 different forms of ice present.

But we do not see them normally it only appears under either very low temperature or extremely

high pressure or both. So that is why the water phase diagram is one of the most complicated

phase diagram for the known compounds known compounds or elements. So one critical point

so; the triple point is here which isat a temperature of 273.16 kelvin will come to that we have

the normal freezing point. 

So this red line is the one atmosphere line so if this is the 1 atmosphere line it corresponds to the

ice point and the steam point here the liquid vapour equilibrium curve that terminates at a critical

point here and also there is a second critical point. The liquid-liquid critical point that has been

theoretically  predicted  where also in  some experiment  there is  evidence  of existence  of  this

critical point which is around 225 Kelvin.

So there the 2 different types of liquid phases the low density liquid and the high density liquid

that phase line terminates. So once again let me tell you that water phase diagram is one of the

most complicated phase diagrams. And when we say that certain things are easy we say that this

is clear as water but let me tell you water is extremely complicated system to study. 
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So the triple point of water is at 0.01 degree Centigrade which is 273.16 kelvin and at a pressure

of 611.2 Pascal corresponding to 4.58 millimeters of marker. So the 1 atmosphere line is above

the triple point so we do not see sublimation at normal atmospheric pressure. Only if we bring

this pressure below this triple point pressure we can we will see water the ice directly goes into

the vapour phase.
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Now the statement here is actually true for any substance that at the triple point water can boil

freeze  and  sublimate  simultaneously.  It  is  sounds  very  counter  intuitive  but  this  is  actually

possible. And triple point is used as a calibration standard for many thermometers the standard



thermometers.  And  I  think  we  have  discussed  all  of  that  during  the  when  we  discussed

thermometer.

Now if you want to see how the triple point I mean water near triple point behaves there is a

beautiful  video that is  by one of the academic institution only I  do not remember the name

exactly the description is given in this link. Where you can actually see these phenomena where

water boils freezes and sublimate simultaneously at the triple point temperature and pressure. So

that is where we stop in today's lecture today so we have discussed about phase transition the

phase diagram.

We have discussed about triple point and other properties of the phase diagram. Now in the next

lecture  we  have  to  you  know  discuss  certain  some  more  thermodynamic  properties  or

thermodynamic  principle  that  occurs  around  the  triple  point  only  then  we  can  go  into  the

discussion of the second latent heat equation. So see you again in the next lecture bye.


