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Course contents 

The current course is divided into the 

following categories: 

 

Basic definitions, concepts, and relationships 

pvT relationships  

Thermodynamic property relationships for 

pure components and mixture of components 
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Relevant books 

Koretsky, M.D. 2013. Engineering and chemical 

thermodynamics. 2nd ed. John Wiley & Sons, Inc. 

Smith, J. M. Introduction to Chemical Engineering 

Thermodynamics. 6th ed., McGraw-Hill, Inc. 

Ó Connell, J.P.; Haile, J.M. 2005. Thermodynamics: 

Fundamentals for Applications.  Cambridge 

University Press. 
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8314.34 m3 Pa kmol K 

8.31434 m3 Pa mol K 

0.00831434 m3 kPa mol K 

83.1434 cm3 bar mol K 

0.0000831434 m3 bar mol K 

10.731 ft3 psia lbmol °R 

8.31434 J mol K 

0.00831434 kJ mol K 

1.9872 BTU lbmol °R 

Values of gas constant in various units 
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Basic definitions 

  

 

  

  

System, surroundings, system boundary, universe, closed system, open 

system, isolated system, adiabatic process, isothermal process, isochoric or 

isometric process, isentropic process, isenthalpic process, isobaric or 

isopiestic process, point function or state function or property, path function 

or path variable, extensive property, intensive property, specific property, 

pressure, temperature, specific volume, state, process, phase, thermodynamic 

equilibrium, mechanical equilibrium, thermal equilibrium, chemical 

equilibrium, chemical reaction equilibrium, phase equilibrium, qausi-

equilibrium state, reversible process, internally reversible process, externally 

reversible process, first law of thermodynamics, second law of 

thermodynamics, third law of thermodynamics, partial molar property, 

chemical potential, fugacity, fugacity coefficient, molar property, equation of 

state, rate, dynamic equilibrium, state postulate, independent variable, 

dependent variable, corresponding states principle, internal energy, enthalpy, 

entropy, free energy (Gibbs and Helmholtz), triple point, critical point, work, 

heat, kinetic energy, potential energy, saturation pressure, saturation 

temperature, vapor pressure, bubble point, dew point, quality or dryness 

fraction, wetness fraction, saturated liquid, saturated vapor, saturated wet 

vapor, superheated vapor, subcooled or compressed liquid, ideal gas, kinetic 

theory of gases, working fluid, etc. 
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A few basic definitions [1] 
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A few basic definitions [1] 
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A few basic definitions [1] 

For the others, see class notes. 
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Energy balance for closed system 
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Energy balance for an 0pen system 

Develop mechanical energy balance from the total 

energy balance equation given above.  
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Basic relationships 

For derivations  and the other relationships, see class 

notes. 
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Write down the total energy balance (First Law of Thermodynamics) for 

each unit and neglect the terms having negligible contribution towards 

energy balance equation. Here, each of the devices is as an open system 

and not a closed system. 

Rankine cycle, ideal [2] 
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Closed gas turbine (Brayton) cycle, ideal [2] 

Using energy balance, the definition of specific heat 

capacity and ideal gas relationships, workout the various 

applicable relationships. 
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Using energy balance, the definition of 

specific heat capacity, and ideal gas 

relationships, workout the various 

applicable relationships.  

Otto cycle, ideal [2] 
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What are the four processes of ideal Diesel cycle? How 

are these different from ideal Otto cycle? Draw T-s 

diagram of ideal Diesel cycle.  

 
Using energy balance, the 

definition of specific heat 

capacity and ideal gas 

relationships, workout the 

various applicable relationships. 

Diesel cycle, ideal [2] 
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Vapor-compression refrigeration cycle, ideal [2] 
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Write down the total energy balance (First Law of 

Thermodynamics) for each unit and neglect the terms having 

negligible contribution towards energy balance equation. Here, each 

of the devices is as an open system and not a closed system.  

Vapor-compression refrigeration cycle, ideal [2] 
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Phase behavior of a pure component [1] 



19 

 

Phase behavior of a pure component [1] 
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Phase behavior of a pure water [2] 

H2O 

Please go through steam table and see the other 

values of saturated pressures (vapor pressures) 

against saturated temperatures (boiling points).  
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Phase behavior of a pure component [2] 
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Critical isotherm  

T = 304.19 K 

p-v diagram of a pure component  

Experimental p-v diagram 
of CO2 [p.396, 3] 
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Phase behavior of a pure component [1] 
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P-h diagram of NH3 [11] 



25 

 

p-T diagram of a pure 
component [1, 2] 

For water like substances if we increase 

pressure, the solid melts to liquid. So, for 

water, ice melts to liquid water and is 

helpful for skating.   
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Phase behavior of a pure water 

http://www1.lsbu.ac.uk/water/images/water_phase_diagram_2.gif 
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Contracts on freezing 

Expands on freezing 

pvT surface of a pure component [2] 



28 

 

pvT surface of an ideal gas [4] 
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Phase behavior of a mixture of 
components 

For pure component 

For mixture of 

components 
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For pure component 

pv diagram of mixture of components [5] 
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p-T diagram of a mixture of components for a fixed 
composition [5] 

Cricondenbar 

Cricondentherm 
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p-T diagram of an ethane-heptane 

mixture [6] 

p-T diagram of a binary  
mixture at various 

composition [6] 

p-T diagram of a mixture of components 
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p-T diagram of a typical natural gas 

http://www.jmcampbell.com/tip-of-the-month/wp-content/uploads/2011/03/26.png 
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The condensables in a natural gas may condense 

during natural gas production due to retrograde 

phenomena. To avoid the gas may be injected to 

increase the pressure in the lines. 

Retrograde region in a mixture of components [5] 
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T-x-y diagram of a near ideal binary mixture [1] 
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p-x-y diagram of a near ideal binary mixture [1] 
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T-x, p-x, and x-y diagrams of various types [18] 
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T-x, p-x, and x-y diagrams of various types [18] 
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(a) Tetrahydrofuran (1)-

carbon tetrachloride (2) 

at 303.15 K 

(c) Furan (1)-carbon 

tetrachloride (2) at 

303.15 K 

(d) Ethanol (1)-toluene 

(2) at 338.15 K 

(b) Chloroform (1)-

tetrahydrofuran (2) at 

303.15 K 

p-x-y diagrams of various binary mixtures [6] 
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(a) Tetrahydrofuran (1)-

carbon tetrachloride (2) 

at 1 atm 

(b) Chloroform (1)-

tetrahydrofuran (2) at 

1 atm 

(c) Furan (1)-carbon 

tetrachloride (2) at 1 

atm 

(d) Ethanol (1)-

toluene (2) at 1 atm 

T-x-y diagrams of various binary mixtures [6] 
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x-y diagrams of various binary mixtures [6] 
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x-y diagrams of various binary mixtures at 1 atm [18] 
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P-x-y and T-x-y diagrams of a binary near ideal 
system [6] 

No two-phase region beyond critical point. 
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p-T-x-y diagram of a binary near ideal solution [3] 
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Simple liquid-liquid equilibrium cells 

https://www.researchgate.net/profile/Xuenong_Gao/publicati

on/244343478/figure/fig1/AS:298489847271424@14481769

33158/Fig-1-Liquid-liquid-equilibrium-cell.png 

http://chemtech.aalto.fi/en/midcom-serveattachmentguid-

1e4082b533635c8082b11e481ccdb51c8f8081e081e/big_lle_

analytical_method.JPG 

http://www.scielo.br/pdf/bjce/v23n3/10.pdf 
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T-x diagram of a liquid-liquid system [7] 
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Liquid-liquid equilibria for n-C6H14+CH3OH system [3] 
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T-x diagram of a liquid-liquid system [7] 
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Azeotropic points with 

increasing pressure 

T-x diagram of a vapor-liquid-liquid system [7] 
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Straight lines show 

negligible miscibility of 

phases with increase in 

pressure 

T-x and p-x diagrams of a liquid-liquid system [7] 
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Ternary diagram for liquid-liquid extraction 
system 
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Common ternary phase diagrams for liquid-liquid 
extraction systems [8] 

 
Type I: One immiscible pair Type II: Two immiscible pairs 
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Ternary diagrams for liquid-liquid extraction system [7] 

 

“Filled circles locate consolute points. Numeral 3 inside a triangle 

identifies three-phase LLLE; the compositions of the three phases are 

given by the vertices of the triangles. These six diagrams are arranged 

by the number of two-phase regions: (a) and (b) each have one, (c) has 

two, and (d)-(f) each have three.” [7]  
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Effect of temperature on miscibility of the 
multicomponent mixtures [7, 8, 18] 

 

n-hexane (H)/methylcyclopentane (M)/aniline (A) 



55 

 Right-angled 

triangular 

x-x diagram 
xA 

Other ternary component diagrams [8] 
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The horizontal line showing solutrope gives the same composition 

of pyridine in water and benzene phases.  

The concept of solutrope [7] 

If some tie lines slope 

upwards some downwards 

there is always a horizontal 

line called solutrope.  
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Adsorption equilibria [18] 
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The following methods can be used to determine the pvT 

properties of pure and mixture of components: 

o Experimental determination in the laboratory (most 

often tedious, needs availability of equipment and 

chemicals, and requires extra amount of money)  

o Search experimental values through handbooks, 

research journals, and databases such as Dortmund data 

bank and DIPPR  

o Use of generalized compressibility factor charts 

o Use of analytical equations of state such as ideal gas law 

and van der Waals equations of state 

Process simulators such as Aspen Hysys can be used to 

find pure component and mixture properties (using 

databases and various equations of state) 

pvT properties of pure components and mixture of 
components 
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Accurate experimental data is always 

preferred over theory. 

http://www.anton-paar.com/corp-en/products/details/density-meter-for-the-petroleum-industry-dma-4200-m/ 

Vibrating tube densitometer Pycnometer 

pvT properties of pure components and mixture of 
components 

http://www.apexchemicals.co.th/addons/default/modules/other_product/uploads/category_sub/img_zoom

_1418115695.jpg 
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A modification may be made in ideal gas law to be used 

for real gas or liquid systems by introducing the 

compressibility factor as follows: 

 

 

 

 

 

Density can be calculated by: 

 

 

ZnRTpV 

ZRT

pM


)1(           nZRTpv

Generalized compressibility factor method 
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The pvT properties of a component are expressed in terms 

of compressibility factor (Z) and Z can be related to p, T, 

and v (or V) as below: 

 

 

 

 

 

For ideal gas:  Z = 1.0 

For liquids:   Z = 0.01 to 0.2 [9] 

Z at the critical point is usually in the range of 0.27 to 

0.29. For most substances, Zc is 0.27.  

nRT

pV
Z  )1(           n

RT

pv
Z

Compressibility factor 
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Two-parameter corresponding states principle:  

For the same reduced temperature and reduced pressure, 

the compressibility factor is the same. 

  

 

Three-parameter corresponding states principle:  

For the same reduced temperature and reduced pressure 

and the same third parameter such as critical 

compressibility factor, acentric factor, or Riedel alpha the 

value of the compressibility factor is the same.  

Corresponding states principles 



63 

  

 

  

  

Experimental Z values [9] 
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Two-parameter corresponding states method describes that 

for the same reduced temperature and pressure 

compressibility factor (Z) is the same. The two-parameter 

method (based on Tr and pr) is less accurate compared to 

three- or four-parameters methods. In a three-parameter 

method, critical compressibility factor (Zc) and Pitzer 

acentric factor (ω) are commonly used. Riedel alpha as 

the third parameter is not common. Lydersen et al. 

(Lydersen method) uses critical compressibility factor 

method while Pitzer et al. (Pitzer method) applies acentric 

factor (ω). Lee-Kesler method is a modification of Pitzer 

method.  

Corresponding states method 
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Lydersen and coworkers used critical compressibility 

factor as the third parameter. Critical compressibility 

factor can be calculated using pc, Tc, and vc data.   

 

 

Z at the critical point, i.e., Zc is usually in the range of 

0.27 to 0.29. For most substances, it is 0.27.  

 

 

Lydersen method 
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We need Tr = ratio of temperature of interest to critical 

temperature of substance and pr = ratio of pressure of interest 

to critical pressure of substance to locate Z for a constant value 

of Zc. 

 

  
 

 

If two charts at, say, Zc = 0.27 and Zc = 0.29 are given, then 

two Z values using Tr and pr can be viewed from each of these 

charts. If the Zc value for the component or mixture of 

components lies between the above two Zc values, then the 

required Z can be calculated using two-point interpolation 

(between two Zcs and two Zs). 

c
r

T

T
T 

c
r

p

p
p 

Lydersen method 
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(Zc = 0.27) 

Lydersen method [10] 

Low pressure region  

High pressure region  
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Zc = 0.27 

Low pressure region  

Lydersen method [11] 

High pressure region  
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(Zc = 0.29) 

Lydersen method [10] 
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100 moles of ethylene at 50°C and 40 atm is 

present in a container. Compute the volume of the 

container using the Lydersen method. Use Tc = 283 

K, pc = 50.5 atm, and Zc = 0.276. 

 

Hint: 

Tr = (50+273.15)/283 = 1.142 

 pr = 40/50.5 = 0.792 

For Zc = 0.27, Z = 0.81 

For Zc = 0.29, Z = 0.80 

Now interpolate 

Use of Lydersen method 
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Lydersen method: Alternate approach [11] 
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Lydersen method: Alternate approach [11] 
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Determine the compressibility factor of water at 

700°C and 25 MPa pressure by using the Lydersen 

generalized technique. Compare your answer with 

the value of Z = 0.97 derived from experimental 

data. Use Tc = 647.3 K, pc = 22.12 MPa, and Zc = 

0.234. 

 

 

Use of Lydersen (alternate) method [11] 
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In the Pitzer method, acentric factor is used as a third 

parameter and Z is written as a sum of two parts as shown 

below:  

 

 

 

 

The first part on the right side indicates compressibility 

factor for spherically symmetric molecules (ω = 0) while 

the second part accommodates the nonsphericity of the 

molecule. Values of Z(0) and Z(1) are plotted or tabulated as 

function of Tr and pr.  

)1()0( ZZZ 

Pitzer Method 
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Acentric factor is a measure of deviation in spherically 

symmetric molecules such as argon, krypton, and xenon 

(acentric factor  equal to zero). In other words, it gives the 

information about the nonsphericity of a molecule.  

 

 

 

 

 

 

Acentric factor for CO2 is 0.225, n-butane 0.200; benzene  

0.210, n-hexane 0.300, and hydrogen has ‒0.217. 

Pitzer acentric factor 
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Lee-Kesler charts [12]  

The charts to be used in 

Pitzer method are modified 

by Lee and Kesler.  

The Lee-Kesler charts 

shown here are available in 

tabulated form and analytical 

form to be used with 

computers. See Ref. 1. 
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Lee-Kesler analytical equation 
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Lee-Kesler analytical equation 
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Estimate the specific volume for CO2 (in cm3/g) at: 

a) 310 K and 8 bar, b) 310 K and 75 bar. The 

experimental values at these conditions are 70.58 

cm3/g and 3.90 cm3/g, respectively. Use Pitzer 

method (Lee-Kesler method). 

 

 

Use of Pitzer (Lee-Kesler method) method 
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 iip y   icipc ZyZ ,

Mixing rules for generalized charts for 
compressibility factor [12] 
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Mixing rules for generalized charts for 
compressibility factor [13] 
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A gaseous mixture at 25°C (298K) and 120 atm 

(12,162 kPa) contains 3.0% He, 40.0%Ar, and 57.0% 

C2H4 on a mole basis. Compute the volume of the 

mixture per mole using the following: a) generalized 

compressibility factor method (Lydersen method), b) 

generalized compressibility factor method (Pitzer 

method using Lee-Kesler charts).  

 

 

Activity 
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Estimate the specific volume for CO2 (in cm3/g) at: a) 

310 K and 8 bar, b) 310 K and 75 bar. The experimental 

values at these conditions are 70.58 cm3/g and 3.90 cm3/g, 

respectively. Use the Lydersen method and analytical Lee-

Kesler equation. 

Estimate the specific volume for CH4 (in cm3/g) at: a) 

310 K and 8 bar, b) 310 K and 75 bar. Use both Lydersen 

and Pitzer methods. 

Calculate the density of a natural gas that contains 60% 

CH4, 20% C2H6, 10% N2, and 10% CO2 at 40 bar and 

80°C using both Lydersen and Pitzer methods. 

Homework Problems 
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The expression given below is the ideal gas law. 

 

 

 

A useful form of the ideal gas law is: 

 

 

 

 
 

Gas density can be calculated by: 

nRTpV 



































2

1

2

1

2

1

2

1

T

T

n

n

V

V

p

p

RT

pM


)1(  n          RTpv

Simplest pvT relationship valid only for gases 
(but at low pressures): ideal gas law 
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Steam as ideal gas [2] 
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Engineers have developed two types of empirical 

analytical equations of state.  

 

Truncated virial type equation  

van der Waals type (cubic equation of state) equation 

 

The virial equation can be written as: 

 

  

 

 

Or  

Other analytical equations of state 
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Upto 15 bar B-truncated (upto second virial coefficient) 

virial equation is better: 

 

 

 

 

 

From 15 to 50 bar, C-truncated (upto third virial 

coefficient) is better:  

 

 

Truncated virial equations 

Virial equation 

does not apply to 

liquids. 
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Principle of corresponding states is normally applied to a 

truncated virial equation. For B-truncated virial equation: 

 

 

 

 

 

 

 

Abbot proposed that  

  

 

 

Truncated virial equations [12] 
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Other virial type equations: 
Beattie-Bridgeman EoS 



90 

  

 

  

  

Requires the values of 8 coefficients, however, good to 

correlate data of both liquid and gas, and pvT properties 

near critical point.  

Other virial type equations: 

 Benedict-Webb-Rubin (BWR) EoS 
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  Zc comes out be 0.375.  

van der Waals type equations:  
van der Waals equation 

The solution of a cubic equation may result in three volumes. 

The largest volume is meant for gas and the lowest volume is 

meant for liquid while the middle root or volume has no 

significance. Above critical point there will be only one 

positive root which will give volume of the supercritical fluid.  

The best values of a 

and b can be obtained 

by fitting experimental 

pvT data. 
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Dotted lines 

for vdW EoS 

van der Waals type equations:  
van der Waals equation [13] 
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Comparison of some equations of states with 
experimental values of N2 [2] 
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Zc comes out be 0.333.  

van der Waals type equations: Redlich-Kwong 
(RK)EoS (Two-parameter equation) 

The equation depart significantly from measured values near 

the critical point. 
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Zc comes out be 0.333.  

van der Waals type equations: Soave-Redlich-
Kwong (SRK)EoS (Three-parameter equation) 
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Zc comes out be 0.307.  

van der Waals type equations: Peng-Robinson 
(PR) EoS (Three-parameter equation) 
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Mixing rules for analytical equations of state: 
binary system [12] 
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For RK 

type 

equations 

For PR 

and SRK 

type 

equations 

Mixing rules for analytical equations of state: 
multicomponent system [12] 
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Please write here for 

three components 

Mixing rules for analytical equations of state: 
example for three-component system 
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For a mixture of components, measure 

aα(T) for each component and then use 

the mixing rule.  
 

 

 

 

van der Waals type equations: Peng-Robinson 
(PR) EoS (Three-parameter equation) 
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Calculate the pressure exerted by a mixture of 20 mol 

propane and 30 mol ethane present in a 0.1 m3 vessel at 

373 K. Use Redlich-Kwong (RK) equation for the 

purpose. Use simple mixing rules.  

Problem 
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1. Calculate the density of a natural gas mixture 

containing 32.1% methane, 41.2% ethane, 17.5% 

propane, and 9.2% nitrogen (mole basis) at 3550 

kPa and 394 K. Use Lydersen method as well as 

Pitzer method.  
 

2. A gaseous mixture at 298 K and 120 atm 

contains 3% He, 40% Ar, and 57% C2H4 on a mole 

basis. Calculate the volume of the mixture per 

mole using the following: 

a) Ideal gas law, b) Pitzer method, and c) Lydersen 

method. 

Homework probelms [10] 
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A few equations have been explicitly applicable to 

liquid phase only, one such equation is Rackett 

equation. Rackett equation is used to find the density 

of saturated liquid, i.e., when component is at its 

bubble point. As density of a liquid is only marginally 

influenced by pressure, so the equation can be used 

for density of a subcooled (compressed) liquid as 

well. 

 

 

 

 

Rackett equation for liquid density 
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Using Aspen Hysys 

  

 

  

  

Use of Aspen Hysys for property 
measurements 
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Estimate the specific volume in cm3/g for carbon dioxide at (a) 

310 K and 8 bar (b) 310 K and 75 bar by the following 

methods and compare to the experimental values of 70.58 at 

310 K and 8 bar and of 3.90 cm3/g at 310 K and 75 bar , 

respectively. Use Tc = 304.2 K, pc = 73.82 bar, and ω = 0.228. 

1. Ideal gas law 

2. B-truncated virial equation 
3. van der Waals equation 

4. Redlich-Kwong equation 

5. Peng-Robinson equation 

6. Peng-Robinson equation in Aspen HYSYS 

7. Soave-Redlich-Kwong equation 

8. Soave-Redlich-Kwong equation in Aspen HYSYS 

9. Lydersen method 

10. Pitzer method (Lee-Kesler charts) 

Homework problem 
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Calculate the molar volume of 40%N2 and 60%NH3 

mixture at 200 bar and 250 ºC. Use simple mixing rules 

and apply: 

 

1. Ideal gas law 

2. van der Waals equation 

3. Redlich-Kwong equation 

4. Soave-Redlich-Kwong equation 

5. Peng-Robinson equation 

6. Peng-Robinson equation in Aspen HYSYS 

7. Lydersen method 

8. Pitzer Method (Lee-Kesler charts) 

  

Homework problem 
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Estimate the specific volume of NH3 in mol/L at  

a) 1 bar and 300, 400, 500, and 600 K 

b) 10 bar and 400, 500, and 600 K 

c) 100 bar and 400, 500, and 600 K, using each of the following 

methods and compare the results with the data given in the next slide. 

Work in excel, write in word as table, print, and submit as hard copy.  

1. Ideal gas law 

2. B-truncated virial equation 

3. van der Waals equation 

4. Redlich-Kwong equation 

5. Peng-Robinson equation 

6. Peng-Robinson equation in Aspen HYSYS 

7. Soave-Redlich-Kwong equation 

8. Soave-Redlich-Kwong equation in Aspen HYSYS 

9. Lydersen method 

10. Pitzer method (Lee-Kesler charts) 

11. Pitzer method (Lee-Kesler equation) 

Problem 
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Data for NH3 

From Perry’s 

Chemical Engineers’ 

Handbook, 2008, 8th 

ed, p. 2-218.  
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Thermodynamic property 
relationships 

  

 

  

  

Objective 

  

To develop mathematical expressions by which various 

thermodynamic properties can be related and non-

measurable properties such as change in entropy, internal 

energy, etc., can be expressed in terms of measurable 

properties. We can have measured thermodynamic data in 

terms of pressure (p), temperature (T), molar volume (v), 

constant volume specific heat capacity (cv), constant 

pressure specific heat capacity (cp), isothermal 

compressibility (), and isobaric volume expansivity (β).  



110 

Types of thermodynamic properties 

  

 

  

  

 

 

o Measured thermodynamic properties 

 

o Fundamental thermodynamic properties 

 

o Derived thermodynamic properties 
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Measured thermodynamic 
properties 

  

 

  

  

 

o Pressure 

o Temperature 

o Volume 

  

Experimentally measurable in a laboratory 

are measured properties. As p, v, and T are 

measurable properties so equations of state 

are commonly known as pvT relationships.  
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Fundamental thermodynamic 
properties 

  

 

  

  

Those appear from fundamental laws of 

thermodynamics. 

  

o Internal energy  

o Entropy 

  

These are not measurable and required for 

mathematical formulations and 

understanding of thermodynamic laws.  



113 

Derived thermodynamic properties 

  

 

  

  

o Enthalpy 

o Helmholtz free energy  

o Gibbs free energy 

  

Merely derived from other properties and defined 

for convenience such as enthalpy is a combination 

of internal energy and pv work. Enthalpy is 

important in closed systems for constant pressure 

processes and includes flow work so that one does 

not separately measure flow work in 

thermodynamic calculations. 
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Fundamental property 
relationships 
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Thermodynamic property 
relationships 

  

 

  

  

These equations are called as fundamental 

property relationships. Though these are 

derived for reversible process but they are 

applicable for both reversible and irreversible 

processes as they are defined in terms of only 

state functions. 

 

For derivation of these equations see 

class notes.  
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Thermodynamic property 
relationships 
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State postulate 
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Fundamental property 
relationships 
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Thermodynamic property 
relationships 

  

 

  

  

Say, for the first two derivatives (2nd row of 

the table in the previous slide)! Are there any 

other properties apart from s and v that can 

define the partial derivatives in terms of a 

state function? of course not! This suggests 

us to define the set containing u, s, and v as a 

fundamental set of properties [9]. Similarly 

one can obtain other fundamental groupings. 
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Maxwell relationships 
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Maxwell relationships 
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Thermodynamic property 
relationships 

  

 

  

  

These equations are called as Maxwell 

relationships. It is observed that in the last 

two Maxwell equations, the right-hand side 

is composed of only measured properties 

[12]. 

 

For derivation of these equations see 

class notes.  
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Other partial derivatives 

  

 

  

  

Some other common thermodynamic 

properties in the form of which experimental 

thermodynamic data is usually reported are:  

 

o Thermal expansion coefficient or isobaric   

volume expansivity (β) 

o  Isothermal compressibility () 

o  Constant volume molar heat capacity (cv) 

o  Constant pressure molar heat capacity (cp) 
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Other partial derivatives 

  

 

  

  

Why negative sign in the second equation? 
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Other partial derivatives 

  

 

  

  

How can we measure β using experimental 

data of v and T? Below is example in Excel.  
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Values of molar volume, expansion coefficient 
and compressibilty for various substances [12] 
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Example 4.11 [12] 

  

 

  

  

Determine the molar volume of copper at 

500 oC using expansion coefficient of copper. 

Volume of copper at 20 oC is given as 7.11 

cm3/mol. Assume expansion coefficient is 

constant in this range.  
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Other partial derivatives 
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Other partial derivatives 
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Relationships of ds, du, and dh 

  

 

  

  

Bring to mind steam table and other 

thermodynamic tables that contain the data 

of six thermodynamic properties including 

the data of s, h, and u. How are these tables 

developed where only p, T, and v are 

measurable? We need equations for ds, du, 

and dh in many of our thermodynamic 

calculations. 
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Relationship of ds in terms of T and v 
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Relationship of ds in terms of T and v 

  

 

  

  

The second term in the equation on the previous 

slide can be solved by knowing experimental p and 

T values at constant v and thereby taking 

derivative of the fitted function. Moreover, a 

suitable pressure explicit equation of state that well 

describes the component in hand can be used after 

taking derivative with respect to T at constant v.  

 

How can be this equation simplified for an 

ideal gas law? 
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Relationship of ds in terms of T and p 
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Relationship of ds in terms of T and v 

  

 

  

  

The second term in the equation on the previous 

slide can be solved by knowing experimental v and 

T values at constant p and thereby taking 

derivative of the fitted function. Moreover, a 

suitable volume explicit equation of state that well 

describes the component in hand can be used after 

taking derivative with respect to T at constant p.  

 

How can be this equation simplified for an 

ideal gas law? 
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Homework problem 

  

 

  

  

 

 

 

Find relationships of ds in terms of p and v. 
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Relationship of du in terms of T and v 
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Relationship of dh in terms of T and p 
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Class activity 

  

 

  

  

 

 

 

Find relationships of dh in terms of T and v. 
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Example 5.2 [12] 

  

 

  

  

One mole of propane gas is to be expanded from 

0.001 m3 to 0.040 m3 while in contact with a 

heating bath that keeps the temperature constant at 

100oC. The expansion is not reversible. The heat 

extracted from the bath is 10.4 kJ. Using the van 

der Waals equation of state, determine the work for 

the expansion.   

van der Waals EoS 
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Cyclic rule 
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Class activity 

  

 

  

  

 

 

 

Prove cyclic rule for ideal gas law. 
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Example 5.4 [12] 

  

 

  

  

The first step in manufacturing isobutane from 

isomerization of n-butane is to compress the feed 

stream of n-butane. It is fed into the compressor at 

9.47 bar and 80 oC and optimally exists at 18.9 bar 

and 120 oC, so that it can be fed into the 

isomerization reactor. The work supplied to the 

compressor is 2100 J/mol. Calculate the heat that 

needs to be supplied into the unit per mole of n-

butane that passes through. Use Redlich-Kwong 

equation of state. 
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Class activity: Problem 5.60 [12] 
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Homework: Problem 5.32 [12] 
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Alternate method for changes in enthalpy, 
entropy, and internal energy 

  

 

  

  
Changes in enthalpy, entropy, and 

internal energy, etc., in terms of β and . 
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Alternate method for changes in enthalpy, 
entropy, and internal energy 
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Relationship between isobaric volume 
expansivity and isothermal compressibilty 
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Relationship between isobaric volume 
expansivity and isothermal compressibilty 
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Relationship between isobaric volume 
expansivity and isothermal compressibilty 
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Alternate method for changes in enthalpy, 
entropy, and internal energy 
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Isobaric volume expansivity and isothermal 
compressibilty for an ideal gas 
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Alternate method for changes in enthalpy, 
entropy, and internal energy for an ideal gas 

  

 

  

  

Class activity 

 

Changes in enthalpy, entropy, and 

internal energy in terms of β and  for an 

ideal gas. 
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cp ‒ cv = ? 
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cp ‒ cv = ? 

  

 

  

  



155 

Joule-Thomson coefficient 
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Use any suitable 

volume explicit EoS, if 

experimental pvT data 

is not available. You 

may use Virial EoS. 
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Homework: Modified example 5.9 [12] 

  

 

  

  

Develop an expression for the Joule-Thomson 

coefficient using the pressure-based expansion of the 

virial equation of state truncated to the second virial 

coefficient. What is a pressure-explicit equation such as 

van der Waals equation of state is appropriate.  
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Departure functions 

  

 

  

  

The departure function of any thermodynamic property 

is the difference between the real, physical state in 

which it exists and that of a hypothetical ideal gas at the 

same T and p. For example, the enthalpy departure is 

given by:  
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Enthalpy departure function 

  

 

  

  

The enthalpy departure is given by:  

 

 

 

 

 

 

 

 

 

(As enthalpy of an ideal gas is independent of p) 
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Enthalpy departure function 

  

 

  

  

Develop expression for enthalpy departure function in 

terms of 

 

 

 

 

 

 

   

zRTpv 
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Enthalpy departure function [12] 
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Enthalpy departure function [12] 
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Entropy departure function 

  

 

  

  

Entropy departure is given by:  

 

 

 

 

 

(As entropy of an ideal gas is not independent of p) 
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Entropy departure function 

  

 

  

  

Develop expression for entropy departure function in 

terms of 

 

 

 

 

 

 

   

zRTpv 
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Entropy departure function [12] 



165 

Entropy departure function [12] 
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Other departure functions 
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Homework problems 

  

 

  

  

oDevelop expression for enthalpy departure function 

for a gas that obeys van der Waals equation of state.    

 

oDevelop expression for entropy departure function for 

a gas that obeys van der Waals equation of state. 

 

oDetermine enthalpy and entropy departure functions 

for n-heptane at 500 K and 2.0 bar. Assume van der 

Waals equation is applicable in this region. 

   

o Example 5.7 [12] 
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Practice problems 

  

 

  

  

 

Text Book  

Koretsky, M.D. 2013. Engineering and chemical 

thermodynamics. 2nd ed. John Wiley & Sons, Inc.  

 

 

Problems  

5.20, 5.26, 5.32, 5.34, 5.45, 5.46, 5.48, 5.49, 5.50, and 

5.51.  
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Thermodynamics of mixtures 
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Thermodynamics of mixtures [14] 
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Thermodynamics of mixtures 
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Thermodynamics of mixtures [12] 

  

 

  

  

Where has the other 3.0 mL gone? 

 

 

 

 

 

 
 

 

“When a species becomes part of a mixture, it losses its identity; 

yet it still contributes to the properties of the mixture, since the 

total solution properties of the mixture depend on the amount 

present of each species and its resultant interactions.” 



173 

Thermodynamics of mixtures [15] 
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Partial molar properties 

  

 

  

  

A partial molar property, say,      is equal to the change 

in the extensive property K of the solution with change 

(infinitesimal) in number of moles of species i when 

temperature, pressure, and number of moles of all the 

other species are held constant. It is itself an intensive 

property. 

iK
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Partial molar properties 

  

 

  

  

A partial molar property is a measure of the contribution 

of a component towards that extensive property of the 

solution.  

 

Examples are partial molar volume and partial molar 

enthalpy. Similarly, other partial molar properties can be 

defined.   



176 

Partial molar properties [16] 
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Partial molar properties 

  

 

  

  

For a total change in property, K, of a mixture: 
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Partial molar properties 

  

 

  

  

For a total change in property, K, of a mixture at 

constant T and p: 

 

 

 

Upon integration,  

k is intensive property 
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Measurement of partial molar properties [17] 

  

 

  

  

If an analytical equation is available between an 

extensive property such as V of solution and moles of 

component i at constant T , p, and nj, then partial molar 

volume can be obtained by taking the following 

derivative at any required number of moles.  

 

 

 

 

 

 

The same can be obtained by plotting V and ni and 

taking slope at required number of moles.  
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Measurement of partial molar properties [15] 
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Measurement of partial molar properties [17] 

  

 

  

  

Alternately, tangent-slope method can be applied as 

shown below: 

 

 

 

 

 

 
V2 

V1 
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Partial molar properties using EoS 

  

 

  

  

 

 

 

 

 

Use virial equation of state to workout the expression 

for partial molar volume.  
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Excess properties 

  

 

  

  

For liquid solutions, excess properties such as excess 

volume can be defined, where excess volume (VE) is the 

difference between the actual volume (V) of the mixture 

at a fixed T, p, and composition (Xi) and the ideal 

solution volume (ViD) at the same conditions. 
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Excess properties 

  

 

  

  

Excess molar volumes of methylcyclohexane (1) + 

toluene binary system at various temperatures. The solid 

curves are based on Redlich-Kister fitting. 
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