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Lecture — 12
Thermodynamic Tables

Hello and welcome back. The previous lectures we looked at using ideal gas equation of
state for calculating various changes in properties across a process, then we have used
thermodynamic diagrams to be able to calculate these changes. In today’s lecture we are
going to look at what are known as Thermodynamic Tables and following it up we will
talk about using a cubic equation of state or other equations of state, for non ideal gases
and how we can use these approaches to calculate the property changes. To begin with let

us quickly summarize what we have done so far.
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We define a variety of thermodynamic properties enthalpy, Helmholtz free energy, Gibbs
free energy. How these changes are dependent on one another and the derivatives or
partial derivatives for these variables in terms of other thermodynamic quantities and
then we derive some very important relations known as Maxwell’s relations that relate

things that we can measure to things that we cannot directly measure laboratory setting.
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These type of equations will help us extract information we need from the information

we can measure in the lab.
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Then we looked at how we can use these equations for recruits in terms of the isothermal

compressibility and volume expensivity beta and kappa.
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And finally, we looked at thermodynamic diagrams and how these diagrams have a
wealth of information in them including entropy, molar volume or specific volume

density the 2 phase region below the dome represented in this region etcetera.
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What we will do today is look at what are known as thermodynamic tables first. The
information that is stored in thermodynamic tables is similar to what is given in form of
thermodynamic diagrams. One of the more popular thermodynamic tables is what are

known as a steam tables are. This is of course for water, right there are 2 types of steam



tables 1 corresponding to what is known as the saturated steam indicating that, we have
both liquid and vapor phases coexisting with 1 another at equilibrium. And then
thermodynamic properties such as internal energy, enthalpy, entropy density or volume
etcetera are listed for saturated steam. Because it is saturated there are 2 phases 1
component. So, there is only 1 degree of freedom which indicates I just need to pick 1
property be it enthalpy, be it entropy or pressure or temperature whatever it is I pick 1

property and the state of the system is going to be fixed.

So, for example, if I say that I have saturated steam with an internal energy of the vapor
phase being 2455.9 which corresponds to this quantity here 2455.9 then there is only 1
condition at which that happens, the corresponding temperature is going to be 60 degree
centigrade, the pressure at this condition is going to be 0.199 bar which also means that
the vapor pressure at 60 is 0.199 bar. The densities of the liquid and vapor phases are
given for the liquid phase it is 983.2 meter cube per kg, for the vapor phase it is 0.13

meter cube per kg, the entropy of the liquid and vapor are given etcetera.

So, because this is saturated steam table, at each condition we are going to have there are
2 phases which means all thermodynamic properties in these 2 or most of the
thermodynamic properties will come back to that later, most of the thermodynamic
properties in these 2 phases are different. It has different internal energy, it has different

enthalpy, it has different entropy etcetera.

If there happens to be a condition which falls in between the 2 values listed in this table
for example, if I need something at 81 degree centigrade that falls between 80 and 82, we
can simply interpolate suitably between the 2 conditions do an interpolation and then get
the quantities we need. So, these tables in that sense usually are closely spaced, and if
there is a requirement for information in between the 2 data points in this table, we can

always interpolate and get what we need.

So, again saturated steam table there is one for the liquid phase; one property listed for
the liquid phase and one property listed for the vapor of the gaseous phase. So, internal
energy there is liquid internal energy and vapor internal energy liquid enthalpy and vapor
enthalpy and incidentally, this difference between the liquid and vapor enthalpy is

corresponds to the heat of vaporization at that condition. So, for example, at 70 degree or



let us 100 degree centigrade that is more popular one, at 100 degree centigrade right the

pressure is 1.014 bar.

So, the vapor pressure at 100 degree centigrade is 1.014 bar, the temperature of course,
was 100 degree centigrade. The enthalpy of the vapor is 2675.6 the units are kilo joule
per kg and the enthalpy of the liquid or the enthalpy of the vapor we are using a subscript
g for a gaseous state and for the fluid we are using I in this table so let us stick with that.
These are the specific values and the enthalpy of the liquid is 419.1 kilo joule per kg. The
difference between these quantities is going to be the enthalpy of vaporization at 100
degree centigrade or 1.014 bar whatever it is you want to express it as there is going to

be 2615.7 minus 419.1 which is 52 and 2, 2256.5 kilo joule per kg.

So, 2256.5 kilo joule per kg is the enthalpy of vaporization and this condition, similarly I
can calculate the internal energy of vaporization or entropy change due to a vaporization
etcetera at the same condition. So, this is how we can use the saturated steam table
similar to the thermodynamic diagram, I do not have to read it off the plot, I can use the

table directly and get the values I want right.
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And then we have what are known as superheated steam tables, this corresponds to the

superheated condition right.



So, there is only 1 phase. So, the degrees of freedom is 1 component 1 phase plus 2. So,
that is going to be 2 degrees of freedom. So, I need to fix 2 variables, let us say at 8 bar
and I fix the temperature to be 400 degree centigrade, then other values are given to me
V U H and S and similarly at 8 bar and 800 degree centigrade the values are given to me
etcetera right. As the temperature increases of course, the entropy is going to increase,
the enthalpy is increases the pressure is same, but the temperature goes from 400 to 800

U H S etcetera increase right.

So, I need now 2 variables to fix the state of the system unlike in the saturated case
where I just needed 1 variable. Once these 2 variables are fixed I can read other
quantities off the table and we usually have a long list or a lengthy table a different
closely spaced pressure say at 8 bar, then at 10 bar then a 12 bar etcetera and then the

temperatures being 200 250 300 400 etcetera.

And again as in the previous class if I need something in between, I need to do an
interpolation. If I need it at 9 bar, then I take the table at 8 bar and I take the table at 10
bar and then if I need it at 9 bar and 250 degree centigrade I take these 2 tables and then
interpolate between these 2 pressures at 250 and I am home free. Otherwise if I need it at
9 bar and say 225 degree centigrade, then I first need to do an interpolation for 9 bar and
200 degree centigrade and then I do an interpolation between the tables at 8 bar and 10
bar, again for 9 bar at 250 degree centigrade right.

So, first I do this for 9 bar 200 then I do this for 9 bar 250 and then I take these 2
quantities and interpolate again for 9 bar and 225 degree centigrade. We call this as
double interpolation, the first time for 200 the second time for 250 and then we

interpolate again for 225 degree centigrade that is how we get the value at 225.

So, we can suitably use these tables interpolate and get to the point we want depending

on how closely these values are spaced, the accuracy is going to increase of course.
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So, that is how we are going to use these tables what we will do next is quickly solve 1
problem based on these tables. I have steam at 10 bar and 300 degree centigrade it
undergoes isentropic expansion to 1 bar. The question is what is the change in its
enthalpy during this process right. So, we have steam that 100 was an expansion, the

expansion is said to be isentropic and we want to know the change in enthalpy right.

So, what I have is a process right steam is entering at 10 bar and the temperature is 300
degree centigrade and it comes out, I do not know at what condition or at what
temperature what I do not know is it comes out at 1 bar and what [ again know is that the
entropy is same as 2 is S 1 because the process is isentropic. Similar to isobaric process
where the pressure is same, isentropic process indicates the entropy is same and if that be

the case then S 2 is going to be equal to S 1 [ know P 1 and T 1 I know P 2.

Now, we want to find out what the change in enthalpy is or delta H for this process
which is H 2 minus H 1 is we want to find this quantity, let us see how we can do it using
the steam tables this is steam right. So, because I know 2 conditions P 1 and T 1 I can go
back to the steam table and look at the values for entropy and enthalpy at these
conditions. So, I am going to read these 2 numbers off the table directly and it turns out
that at 10 bar and 300 degree centigrade the entropy is 7.1251 kilo joule per kg Kelvin
and H 1 is 3052.1 kilo joule per kg.



So, we are going to read it off superheated steam table as we have done earlier right
coming out. So, I know what it is at the initial condition. Now the process is isentropic
right, which means S 2 is going to be equal to S 1 or S 2 is 7.1251 kilo joule per kg
Kelvin. We are coming out at 1 bar so, the first question to ask is am I going to be near 2
phase region or am I going to be in a single phase region at 1 bar because I do not know
the temperature, I cannot answer the question right away, but if I look at the entropy

maybe I can.

So, what I will do is, I will take 1 bar right and go to a saturated steam table. P 2 is 1 bar
from the saturated steam table, let me look at the entropy values for the liquid it is
1.3027; obviously, this value S 2 is much higher than that of the liquid. So, it cannot be
only liquid and for the vapor it is 7.3598 kilo joule per kg Kelvin. So, from the saturated
steam table when I look at the entropy at 1 bar it turns out that the liquid entropy is lower
than S 2, the final total entropy of whatever is coming out which in itself is lower than
the vapor entropy. What this tells me is that whatever is coming out cannot be liquid,
cannot be vapor the only way this can happen is if it is in between or if it is a mixture of

both liquid and vapor right.

So, whatever comes out is going to be a mixture of both liquid and vapor, let x be the
fraction of vapor. Then S 2 is going to be the fraction of vapor multiplied the multiplied
with the vapor entropy plus the fraction of liquid which is 1 minus x multiplied with the
liquid entropy. So, then depending on the value of x which is; obviously, going to be
between 0 and 1 we can always end up with the value of S 2, that is in between these 2
numbers which is as liquid and as vapor which is what we have S 2 is 7.1251 which is in

between s liquid which is 1.3027 and S vapor which is 7.3598.

So, my situation is I am going to have a 2 phase mixture coming out and the fraction of
the vapor in this 2 phase mixture is going to be x and we usually call this x as the quality
of the steam, it is the vapor fraction in the steam. So, now, since I know S 2 I know s
vapor I know S liquid S 2 is right here S liquid is here S vapor is here. So, once I know
these 3 quantities I can always go back and calculate x right. So, let me see x is going to

be S 2 minus S liquid over S vapor minus S liquid.

So, that is going to be 7.1251 minus 1.3027 over S vapor is going to be 7.3598 minus S
liquid is 1.3027. And if I solve for this number it turns out to be 0.9613. So, the fraction



of vapor at the outlet is 0.9613. Once I have this number I can always go back and
calculate the entropy it sorry in this case enthalpy at the outlet which is x times H for the
liquid no or sorry because I have excess the vapor fraction it is x times H for the vapor

plus 1 minus x times H for the liquid.

At 1 bar I am going to go back to saturated steam write down the values of H for liquid
and H for vapor, the numbers I have are 417.51 and 2675.4. Once I put these 2 numbers
back in here for calculating H 2 what I get is 2588 kilojoules per kg. I already know x all
right, I already know x from here I am going to put that value here and then the 2 values
of H liquid and H vapor from the saturated steam tables here. Once I do that I can

calculate H 2 to be 2588 kilo joules per kg.

And finally, delta H is going to be H 2 minus H 1, I already know H 1 2588 minus
3052.1 that will be delta H which is going to be minus 464.1 kilo joule per kg. So, the
value for change in enthalpy is negative 464 kilo joule per kg. So, to solve this problem
all we have done is simply use the steam table and the condition that the entropy change
for the process is 0, its an isentropic process. The moment we have the steam tables it is

pretty straightforward to solve this particular problem.

Now, so far what we have looked at is using thermodynamic tables and thermodynamic
diagrams or the ideal gas scenarios for calculating the property changes in a process. But
then in a chemical process industry we have millions of compounds, it is not possible to
tabulate the properties for all these compounds or you know draw diagrams for
properties of all these compounds. In addition we are going to make several more
millions of mixtures when we combine these chemical species which is what it is in a

chemical process industry most of them occur as mixtures.

So, its going to be challenging to be able to use these diagrams or tables in most cases.
For special cases like water or refrigerant which where we looked at the diagram r 134 m
its fine, but in a chemical process industry its not going to be very easy to use such
diagrams or tables right away. So, we need to come up with a way where we can handle
chemical species or millions of chemical species and their mixtures. We have looked at
how to do that if it is an ideal gas like scenario, but for other cases we still have to find a

way to do it. So, the way we handle these property changes in case of non ideal gases is,



introducing what are known as residual properties, in some books you may see the usage

of the word departure functions.
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So, either one essentially means, the difference between what it is in a non ideal scenario
to what it is in an ideal scenario at the same temperature and pressure conditions. We will

come back to that in a minute, but before we go there let us quickly introduce an idea.
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Now, if we have a homogeneous fluid of constant composition, then we have written

several relations for thermodynamic properties. One of the more important ones for a



chemical process industry as, I have talked about earlier isd G is V. d P minus S d T. This
is important because the change in Gibbs free energy is related to the changes in

temperature and pressure on the right hand side which can be directly measured.

So, this in that sense is a special case which we like for our calculations. Now I am going
to take this and try to rewrite it a little bit let us see if I write d of G over R T, then it is
going to be d G by RT minus G by RT square d T. I am just opening these parentheses
and writing it as d G and dT right. Now d G itself is V. d P minus S d T. So, it is going to
be V. d P minus S dT over RT minus G by RT square dT right. And again I am going to
replace that G with H minus TS here I have replaced d G with V d P minus S dT and then
do a little bit of simplification. So, that in the end what I end up with is going to be V by
RT d P minus H by RT square dT this is going to be d of G by RT.

So, d of G by RT is going to be V by RT d P minus H by RT square dT right. And
remember how we have taken the partial derivatives, if I say what would be the partial
derivative of G over RT with respect to P at constant temperature its going to be
straightforward, its going to be simply V over RT and similarly the partial derivative of
G over RT with respect to the temperature at constant pressure is going to be its constant
pressure. So, the first term drops out and we are taking the derivative of this and from the

second term that derivative is going to be negative H over RT square right.

So, if I have g over RT as a function of temperature and pressure, then I can take the
derivative with respect to pressure at constant temperature I can get V, I can take its
derivative with respect to temperature at constant pressure I can get negative H and then
once I have V and H I can calculate S because S is simply H minus G by T. So, it is
going to be H by RT minus G by RT this is going to be S over R and U because I know H
I can calculate U, U or RT is going to be H over RT minus P V over RT and so on. So,
once I know g over RT as a function of temperature and pressure then I can calculate all
the thermodynamic properties. In fact, you can derive a relation for the Helmholtz free

energy also I can calculate V H S U everything.

So, in that sense we are using G as a generating function for all the thermodynamic
properties, we generate or calculate all the thermodynamic properties using G. So, it is

called as the generating function.
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Now, let us introduce the concept of residual properties keeping this in mind; residual
properties and like I said at the beginning of this section, by residual property all we
mean is the difference between the property and that in its ideal gas state at the same
temperature and pressure right. Some properties such as enthalpy might not be dependent
on pressure, some like volume will be dependent on pressure for an ideal gas, but we
want to take and calculate them at the same temperatures and pressures to calculate the

residual property.

So, we are going to use the superscript r to denote the residual property, it can be for any
thermodynamic property M, M R is going to be M minus M i1 g where 1 g stands for the
ideal gas condition. So, for example, the volume or the residual volume V R is going to
be V the actual volume minus the ideal gas volume. So, the gas itself is behaves as an
ideal gas then; obviously, V also will be i g and V R or the residual volume will be 0 if it
is a non-ideal gas or a real gas then of course, there will be a non-zero value for the
residual volume similarly enthalpy H R is going to be H minus H i g. And dropping the
condition that all of them they have all of them have to be at the same temperature and
pressure, it is implied in that equation when I write H R is H minus H 1 g etcetera U R is
going to be U minus U i g G R or the residual Gibbs free energy is going to be G minus
G 1G S Ris going to be S minus S i g and so on right.



Now, are these residual properties related to one another is H R related to U R for
example, let us see H I know is definitely U plus P V and if I write it for an ideal gas H 1
g is going to be U i g plus PV i g where V i g is a volume of the ideal of gas enthalpy and
internal energy are also for the ideal gases. So, that equation also holds and if I subtract 1
from the other H minus H i g will be H R on the right hand side it will be U minus U i g
which is; obviously, U R plus PV R the original equation was H as U plus PV for the
total property, for the residual property H R will be U R plus PV R exact similar equation
I am replacing everything with residual properties and similarly other equations follow
for example, G R G is H minus T S. So, G R is going to be H R minus T S R and so on
right.

So, this is the definition of residual property and how residual properties are related to
the other thermodynamic properties. Now there is a very important idea which we are
going to introduce here about the residual properties, what would be various
thermodynamic residual properties at the limit of 0 pressure. Limit of 0 pressure is an
important limit because as we know most gases tend to become ideal gases as we

approach the 0 pressure limit.
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So, let us see what happens for each of the thermodynamic properties at this limit of P
going to 0 U R residual internal energy, what would be this value by definition U R is U

minus Ui g.



So, its going to be P going to 0 U minus limit of P going to 0 U 1 g. As we approach the 0
pressure limit the volume goes to infinity and as the volume goes to infinity the
molecules are pulled apart. So, far apart that there is a decrease in their intermolecular
forces when they are pulled apart and eventually there are no intermolecular forces at
very very large molar volumes or as V goes to infinity. And when that happens, the
internal energy which is a result of the molecular level kinetic potential and other forms
of energies because the intermolecular forces go to 0 they exactly behave as if they are
an ideal gas and U will tend to go to U 1 g at this limit and so, this U R is going to go to 0

right the temperature is same.

So, other types of intra molecular level energies are going to be same for ideal gas as
well as for a real gas only thing as you approach the 0 pressure limit, the real gas in the
real gas the intermolecular forces go to 0 and then the total internal energy will be same
as that of an ideal gas and so, the residual internal energy is going to go to 0 as we
approach the 0 pressure limit. Now on the other hand let us see what happens to molar
volume, limit of P going to 0, what is the value of the residual volume V R. This will be

limit of P going to 0, V minus limit P going to 0 V1 g right V minus Vi g.

So, this is limit of P going to 0, V in terms of compressibility factor is z RT over P z is
the compressibility factor the ideal gas compressibility factor is 1. So, it is simply RT by
P or this will be limit of P going to 0, z minus 1 RT by P. Now if you observe as P goes to
0 the gases behave as an ideal gas. So, z will go to 1. So, you have a numerator which is

0 and a denominator which is 0, z minus 1 goes to 0, P goes to 0.

So, both the numerator and the denominator go to 0. So, that limit is indeterminate and
the only way we can determine at its going to be taking a derivative by the LHopital’s
rule which will give us derivative of z with respect to P at constant temperature. So, this
limit as P goes to 0 for residual volume is going to be determined by the slope of z versus
P curve at constant temperature as we approach the 0 pressure. So, it is finite, but then it

does not have to be 0.
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Now, what happens for H R? H R is; obviously, U R plus PV R ok. So, what happens to
the residual enthalpy H R as we go to 0 pressure limit? Then it P going to 0 H R is going
to be limit P going to 0 U R plus limit P going to 0 PV R V R is finite. So, PV R also will
go to 0. So, H R in that sense will go to 0 what happens to G R? Derivative of G R over

RT with respect to T at constant pressure we said is minus H R by RT square.

So and H R is 0 so, this derivative is 0 at the limit of O pressure limit P going to 0
derivative of G R over RT with respect to temperature at constant pressure is 0, which
implies G R over RT is a constant independent of temperature right. At the limit of 0
pressure G R over RT is a constant independent of temperature, because the derivative

with respect to t goes to 0 and so on.
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So, what we have done is looked at the limits at the 0 pressure, limit P going to 0 U R the
residual internal energy and the residual enthalpies are 0 limit of P going to 0 the residual
volume is derivative or rather it is RT dou z over dou P at constant temperature and limit

of P going to 0, G R is some constant independent of temperature.

Now, how does this information help me? So, for example, we want to calculate the
residual enthalpy at some condition, how do I do this using this information? So, now, I
have some idea about what happens to various residual properties at the 0 pressure limit
let us see how I can use this information and calculate residual properties at other
conditions. We start with G R over RT as the generating function, remember we have

used generating function idea earlier.

So, we are going to use G R over RT as the generating function and try to derive all the
thermodynamic properties based on this idea. So, first let me write what d G R by RT is.
It is VR by RT d P minus H R by RT square dT right, at constant temperature this
equation simply reduces to d G R over RT V R by RT d p. So, let me take the equation at
constant temperature and let us see what happens if I integrate this equation integral
going from 0 pressure to pressure P, d of G R over RT is going to be equal to integral

going from 0 to PV R by RT d P right.

Now, I am going to make a few notes on the other side, V is in terms of compressibility

factor it is z RT over P, Vi g is RT over p. So, V R is z minus 1 RT over P or V R over



RT is z minus 1 by P right. So, then this equation becomes integral 0 to P, z minus 1 by P
d P or in other words G R by RT at any given temperature and pressure at a temperature
T and pressure P is going to be some constant J plus integral 0 to P z minus 1 by Pd P
noting that this constant J needs to be independent of temperature, that is what we said at

the 0 pressure limit it is independent of temperature.

So, J this constant J is independent of temperature and G R by RT is J plus integral 0 to P
z minus 1 by P d P. So, I have how G R by RT changes with both temperature and
pressure. So, I can take this information, take the derivative with respect to temperature

get enthalpy etcetera because I am going to use it as the generating function.
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So, for example, H R by RT square is the derivative of G R by RT with respect to
temperature at constant pressure. So, it will be derivative of J plus integral 0 to P z minus
1 by P d P with respect to temperature at constant pressure, remember J is a constant
independent of temperature so, that first derivative will go to 0 so, that this becomes
integral 0 to P dou z over dou T at constant P d P over P that will be negative H R by RT

square right.

Remember earlier [ have G R by RT or some constant J plus integral 0 to P z minus 1 by
P dP,Ihave HR V R by RT is anyway simply z minus 1 by P we are away RT is simply
z minus 1 by p. So, it has this quantity right here, if I divide everything with RT S R over
RT is going to be H R let us not do that, let us just write them as they are then S R is



going to be negative RT integral O to P derivative of z with respect to t P d P by P minus J
R minus R times integral 0 to P z minus 1 by P.d P.

So, I can write S R also in terms of the compressibility factor and finally, in most cases
what I am interested in is not the absolute value, it is the change in the thermodynamic
properties delta H delta G delta V delta S etcetera and in such cases specially for delta G
and delta S and for such cases it is really material what this value of J is going to be
irrespective of what of what value I take, it is going to get cancelled when I take the
difference because it is independent of temperature and because of that reason it is
convenient to choose J to be 0 and completely drop this term because it does not appear

in the differences.

And that being the case we are completely off that constant and all the thermodynamic
quantities can be expressed only in terms or the residual properties of thermodynamic
quantities can be expressed only in terms of the compressibility factors and how they

change with temperature and pressure their integrals derivatives etcetera.

We know how to calculate the residual property, but for process calculations the total
property we are interested in how do we transfer this information of residual property

into the total property, well that is pretty straightforward.
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Since we know H is H i1 g plus H R, the change in property delta H is going to be delta H
1 g plus delta H R. So, delta H 1 g is very simple its it simply is integral C p i g dT, I can
express it as an integral of the specific heat capacity or with respect to temperature plus
delta H R; and H R is something which we have written earlier, it is minus RT square

integral 0 to P dou z by dou T at constant P d P.

So, I can calculate use this equation calculate H R at condition 1, calculate H R at
condition 2 take the difference that will give me delta H R and then I can calculate the
total delta H. So, to be able to do this calculation then all I need is the specific heat
capacity in an ideal gas like k C p 1 g and how the compressibility factor which can be
calculated from P V T relationship changes with respect to temperature or the derivative

of that, once I have these 2 pieces of information I can calculate H straightaway right.

Similarly, if I want to calculate delta S the change in entropy, delta S it is simply delta s
for the ideal gas like case plus delta S of the residual properties. So, delta S R is S R at
condition 1 or condition 2 minus S R at condition 1 right and we have said that S R we
are going to write it as minus T integral 0 to P derivative of z with respect to t d P by P
minus integral 0 to P z minus 1 d P by P. We write S R like this and S 1 g is simply
integral T1toT2Cpigby TdT minus RInP2by P 1.

So, again all I need to calculate delta S is this information for C p i g and how these
derivatives change or how z changes as a function of temperature and pressure. Once |
have that pieces of information with me I can calculate delta S for any process. Similarly
other properties such as delta U and delta G delta a etcetera can also be calculated. So,
once | have H R, G R and V R if I want to calculate S R its pretty straightforward S R is
going to be H R minus G R over T right since G is H minus T S, S is H minus G by T.



