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 1
U s e r ’ s  G u i d e  I n t r o d u c t i o n
This guide describes the Liquid & Gas Properties Module, an optional package 
that extends the COMSOL Multiphysics® modeling environment with 
functionality for specifying and analyzing properties of liquids and gases. The 
properties are tailored for transport problems such as the analysis of mass transfer, 
heat transfer, or fluid flow, but can be in used in any model that involves fluids.

The Liquid & Gas Properties Module User’s Guide is a consummate guide to 
using the add-on module Liquid & Gas Properties Module. Instructions how to 
use COMSOL in general are included with the COMSOL Multiphysics Reference 
Manual. The Introduction to the Liquid & Gas Properties Module contains a 
quick-start guide to help you get started using this module.
 5
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Abou t  t h e  L i q u i d  & Ga s  P r op e r t i e s  
Modu l e

In this section:

• The Scope of the Liquid & Gas Properties Module

• An Introduction to Using Physics Interfaces with the Liquid & Gas Properties 
Module

• The Liquids and Gases Material Database

• Where Do I Access the Documentation and Application Libraries?

The Scope of the Liquid & Gas Properties Module

The Liquid & Gas Properties Module provides tailor-made functionality for specifying 
properties of liquids and gases used in the modeling of fluid flow, energy transport, and 
mass transfer. The fluid properties provided are often dependent on temperature or 
temperature and pressure as well as on time and space. When modeling mixtures with 
multiple components, the impact of the chemical composition and changes therein can 
also be accounted for. The main components provided with module consist of a 
built-in properties database for chemical species, together with a thermodynamic 
properties calculator. When used together, these two make it possible to compute 
thermodynamic properties and transport properties for pure solutions and mixtures of 
chemical compounds in gas or liquid form. Examples of properties that can be 
computed are heat capacity, thermal conductivity, density, and diffusivity. The 
properties can furthermore often be computed using multiple models. Properties can 
be calculated for fluids consisting of a single gas phase or a single liquid phase and for 
liquid-liquid, gas-liquid, and gas-liquid-liquid systems. For multiphase systems, the 
equilibrium composition can also be calculated to, for example, to calculate the phase 
envelope for a liquid mixture at equilibrium with its gas phase (flash calculations).

All functionality provided with the Liquid & Gas Properties Module is available in the 
Thermodynamics node added to the Global Definitions branch of the Model Builder 
window. The natural way to start is to first define a Thermodynamic System including 
one or several compounds (chemical species) for which properties are to be defined. 
When the system is defined, a multitude of functions or constants describing physical 
properties can be created. This is accomplished using the thermodynamic features 
1 :  U S E R ’ S  G U I D E  I N T R O D U C T I O N



Species Property, Mixture Property or Equilibrium Calculation. You can, for example, 
create a Species Property function describing the density of a fluid, and use this function 
in a fluid-flow interface. With a Mixture Property you can define mixture functions — 
that is, functions that depend on the composition of a mixture, describing, for 
example, density, enthalpy, or heat capacity.

For a system with constant composition, the most convenient route to fluid properties 
is to create a material using the Generate Material Wizard. This automates the 
procedure of creating a Material node, which in turn uses functions or parameters from 
a thermodynamic system. The resulting material can contain common transport 
properties such as density, heat capacity, heat capacity ratio, thermal conductivity and 
viscosity.

For users of the Reaction Engineering, or Chemistry interface, it is straightforward to 
couple chemical species in these with corresponding species in an existing 
thermodynamic system. The property parameters and functions required in the 
interfaces are then automatically added under the corresponding thermodynamic 
system.

A more complete description of the options available for calculating physical properties 
is available the chapter Workflow for Thermodynamics Property Calculations.

An Introduction to Using Physics Interfaces with the Liquid & Gas 
Properties Module

The appropriate physics interface for modeling a system can be chosen from the Model 
Wizard. The interfaces available with the Liquid & Gas Properties Module correspond 
to the ones available in the base package of COMSOL Multiphysics. Physics interfaces 
are available under the following branches: AC/DC, Acoustics, Chemical Species 
Transport, Fluid Flow, Heat Transfer, Structural Mechanics, and Mathematics. More 
interfaces and additional functionality can be introduced by obtaining other add-on 
modules for specific physics areas.

A common setup is in terms of mass transfer is use a Transport of Diluted Species 
interface together with a Laminar Flow interface to study mass transport including 
convection and diffusion. In this case, the density of the solvent fluid, and the diffusion 
coefficients of the diluted species can be defined using the functionality in the Liquid 
& Gas Properties Module. If the system is dependent on a varying temperature, a Heat 
Transfer in Fluids interface can also be included. This requires further properties, 
A B O U T  T H E  L I Q U I D  &  G A S  P R O P E R T I E S  M O D U L E  |  7
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namely the heat capacity and the thermal conductivity of the fluid. These can also be 
calculated using the functionality in the current module.

When one or several physics interfaces are chosen from the Model Wizard (or if you 
open the Add Study window), you select an analysis type (stationary, dynamic, or 
parametric) and then the modeling interfaces are available as a nodes in the Model 

Builder along with all the other nodes required for modeling (Definitions, Geometry, 
and so forth).

By adding another physics interface, you can account for a phenomenon not previously 
described in a model. To do this, right-click a Component node in the Model Builder to 
open the Add Physics window. You can do this at any stage during the modeling 
process. This action still retains the existing geometry, equations, boundary 
conditions, and current solution, which you can build upon for further development 
of the model.

The steps involved when using physics interfaces are detailed in the COMSOL 
Multiphysics Reference Manual (see Where Do I Access the Documentation and 
Application Libraries?). Some of the most important steps are:

• Definitions of parameters and model variables.

• Creating, importing, and manipulating a geometry.

• Specifying the chemical and transport material properties. Which naturally is what 
the Liquid & Gas Properties Module is design for.

• Meshing a modeling domain with appropriate consideration given to the reaction 
system’s behavior.

• Solving the equations that describe a system for stationary or dynamic behavior, or 
as a parametric or optimization study.

• Analyzing results to present for further use.

Once a model is defined, you can go back and make changes to all the branches listed 
above, while maintaining consistency in the other definitions throughout. You can 

In the COMSOL Multiphysics Reference Manual:

• Creating a New Model

• Chemical Species Transport

• Fluid Flow

• Heat Transfer
1 :  U S E R ’ S  G U I D E  I N T R O D U C T I O N



restart the solver, for example, using the existing solution as an initial guess or even 
alter the geometry, while the equations and boundary conditions are kept consistent 
through the associative geometry feature. It is also useful to review the Introduction 
to the Liquid & Gas Properties Module included with the module’s documentation.

The Liquids and Gases Material Database

A part from the properties database used by the Thermodynamics node, the Liquid & 
Gas Properties Module extends the material library with a Liquids and Gases material 
database. This contains temperature-dependent fluid dynamic and thermal properties 
for a number of common fluids.

Where Do I Access the Documentation and Application Libraries?

A number of online resources have more information about COMSOL, including 
licensing and technical information. The electronic documentation, topic-based (or 
context-based) help, and the Application Libraries are all accessed through the 
COMSOL Desktop.

In the COMSOL Multiphysics Reference Manual:

• Studies and Solvers

• The Physics Interfaces

• For a list of all the core physics interfaces included with a COMSOL 
Multiphysics license, see Physics Interface Guide.

• Liquids and Gases Material Library

• Materials

If you are reading the documentation as a PDF file on your computer, 
the blue links do not work to open an application or content 
referenced in a different guide. However, if you are using the Help 
system in COMSOL Multiphysics, these links work to open other 
modules, application examples, and documentation sets.
A B O U T  T H E  L I Q U I D  &  G A S  P R O P E R T I E S  M O D U L E  |  9
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T H E  D O C U M E N T A T I O N  A N D  O N L I N E  H E L P

The COMSOL Multiphysics Reference Manual describes the core physics interfaces 
and functionality included with the COMSOL Multiphysics license. This book also has 
instructions on how to use COMSOL Multiphysics and how to access the electronic 
Documentation and Help content.

Opening Topic-Based Help
The Help window is useful as it is connected to the features in the COMSOL Desktop. 
To learn more about a node in the Model Builder, or a window on the Desktop, click 
to highlight a node or window, then press F1 to open the Help window, which then 
displays information about that feature (or click a node in the Model Builder followed 
by the Help button ( ). This is called topic-based (or context) help.

Opening the Documentation Window

T H E  A P P L I C A T I O N  L I B R A R I E S  W I N D O W

Each model or application includes documentation with the theoretical background 
and step-by-step instructions to create a model or application. The models and 
applications are available in COMSOL Multiphysics as MPH files that you can open 
for further investigation. You can use the step-by-step instructions and the actual 
models as templates for your own modeling. In most models, SI units are used to 

To open the Help window:

• In the Model Builder, Application Builder, or Physics Builder, click a node 
or window and then press F1.

• On any toolbar (for example, Home, Definitions, or Geometry), hover the 
mouse over a button (for example, Add Physics or Build All) and then 
press F1.

• From the File menu, click Help ( ).

• In the upper-right corner of the COMSOL Desktop, click the Help ( ) 
button.

To open the Documentation window:

• Press Ctrl+F1.

• From the File menu, select Help > Documentation ( ).
 1 :  U S E R ’ S  G U I D E  I N T R O D U C T I O N



describe the relevant properties, parameters, and dimensions, but other unit systems 
are available.

Once the Application Libraries window is opened, you can search by name or browse 
under a module folder name. Click to view a summary of the model or application and 
its properties, including options to open it or its associated PDF document.

Opening the Application Libraries Window
To open the Application Libraries window ( ):

C O N T A C T I N G  C O M S O L  B Y  E M A I L

For general product information, contact COMSOL at info@comsol.com.

C O M S O L  A C C E S S  A N D  T E C H N I C A L  S U P P O R T

To receive technical support from COMSOL for the COMSOL products, please 
contact your local COMSOL representative or send your questions to 
support@comsol.com. An automatic notification and a case number will be sent to you 
by email. You can also access technical support, software updates, license information, 
and other resources by registering for a COMSOL Access account.

The Application Libraries Window in the COMSOL Multiphysics 
Reference Manual.

From the File menu, select Application Libraries.

To include the latest versions of model examples, from the File > Help 
menu select ( ) Update COMSOL Application Libraries.

From the File or Windows menu, select Application Libraries.

To include the latest versions of model examples, from the Help menu 
select ( ) Update COMSOL Application Libraries.
A B O U T  T H E  L I Q U I D  &  G A S  P R O P E R T I E S  M O D U L E  |  11
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C O M S O L  O N L I N E  R E S O U R C E S

COMSOL website www.comsol.com

Contact COMSOL www.comsol.com/contact

COMSOL Access www.comsol.com/access

Support Center www.comsol.com/support

Product Download www.comsol.com/product-download

Product Updates www.comsol.com/product-update

COMSOL Blog www.comsol.com/blogs

Discussion Forum www.comsol.com/forum

Events www.comsol.com/events

COMSOL Application Gallery www.comsol.com/models

COMSOL Video Gallery www.comsol.com/videos

Learning Center www.comsol.com/support/learning-center

Support Knowledge Base www.comsol.com/support/knowledgebase
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 2
T h e r m o d y n a m i c s
This chapter describes how you can use the thermodynamics functionality to 
define thermo-physical and transport properties of liquids and gases. Those 
properties, in turn, can be used when simulating any type of transport model 
involving mass transfer, fluid flow, or heat transfer, or when modeling chemical 
reaction systems.

In this chapter:

• Using Thermodynamic Properties

• Thermodynamic Models and Theory
 13
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U s i n g  Th e rmodynam i c  P r op e r t i e s

In this section:

• Workflow for Thermodynamics Property Calculations

• Thermodynamics

• Thermodynamic System

• External Thermodynamic Packages

• External Thermodynamic System

• Predefined System

• Exporting and Importing Thermodynamic Systems

• Species Property

• Mixture Property

• Equilibrium Calculation

• Generate Chemistry

• Generate Material

• Coupling with the Reaction Engineering and the Chemistry Interfaces

• Evaluating a Property Function in a Physics Interface

• User-Defined Species

• References

Workflow for Thermodynamics Property Calculations

The thermodynamic properties database, together with the thermodynamic calculator, 
make it possible to evaluate physical properties of fluids such as heat capacity, thermal 
conductivity, density, and diffusivity, as well as equilibrium compositions of two phases 
at equilibrium. The properties can be calculated for pure fluids, mixtures, and for 
two-phase fluid systems consisting of pure species as well as mixtures.

Using the thermodynamics functionality involves the following main steps:
 2 :  T H E R M O D Y N A M I C S



1 Add the Thermodynamics node and create a thermodynamic system to add properties 
for a selected set of chemical compounds, referred to as chemical species in this 
manual. A thermodynamic system can be created in the following ways:

- A built-in Thermodynamic System uses the built-in, or user-defined, property 
database with native functionality for thermodynamic property calculations.

- An External Thermodynamic System uses properties from an installed external 
package provider. For more information on how to enable the use of external 
packages see the Installing External Thermodynamic Packages — An Example.

- A Predefined System uses the built-in database with native functionality to set up 
one of the following common systems: Dry air, Moist air, or Water-steam.

2 Once a thermodynamic system is set up, it can be used to define a multitude of 
property functions. The Generate Material option provides a fast route to defining 
the material properties most commonly required for fluid flow, heat transfer and 
mass transfer modeling. By specifying the composition and phase of the mixture, a 
Material node can automatically be set up. The material node can include properties 
such as density, heat capacity, heat capacity ratio, thermal conductivity and viscosity.

3 Users of the Reaction Engineering, or Chemistry interface can couple chemical 
species in these interfaces with the chemical species in the thermodynamic system. 
When Coupling with the Reaction Engineering and the Chemistry Interfaces the 
required property parameters and functions are automatically added and visualized 
as nodes under the corresponding thermodynamic system node.

4 As an alternative to the functions automatically set up when using Generate Material 
or coupling to, for example, Chemistry, functions or constants can be set up 
manually for any thermodynamic system. This is accomplished using the 
thermodynamic features Species Property, Mixture Property or Equilibrium 
Calculation. You can, for example, create a Species Property function describing the 
density of a fluid, and use this function in a fluid-flow interface. With Mixture 

Property you can define mixture functions, that is, functions that depend on the 
composition of a mixture, describing for example density, enthalpy, or heat capacity.

The functionalities described in Step 2– 4 generate functions and constants, defined by 
a thermodynamic system, that can be used in any physics interface in COMSOL 
Multiphysics. The functions are used to evaluate fluid properties that depend on 
variables such as temperature, pressure, and mixture composition. For more 
information, see Evaluating a Property Function in a Physics Interface.
U S I N G  T H E R M O D Y N A M I C  P R O P E R T I E S  |  15
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Thermodynamics

To access the functionality for thermodynamic calculations, right-click the Global 

Definitions node in the Model Builder tree and select Thermodynamics ( ). When the 
model includes a Component, Thermodynamics is also available in the Physics toolbar.

Using the Reaction Engineering or Chemistry interfaces, Thermodynamics is also available 
on the Reaction Engineering or Chemistry toolbar.

Figure 2-1: The Thermodynamics is always available under Global Definitions.

Thermodynamic properties given as parameters or functions are collected in a so called 
thermodynamic system. Each thermodynamic system includes a set of available species 
and phases, as well as different models used for the thermodynamic property 
calculations, for example an equation of state such as Peng–Robinson.

Select Thermodynamic System in the context menu to add a thermodynamic system 
that uses the built-in database included with COMSOL Multiphysics.

As an alternative, selecting External Thermodynamic System can make use of an 
installed thermodynamics software to make the corresponding calculations.

The option Predefined System, allows you to set up one of the following systems: Dry 
air, Moist air, or Water-steam.
 2 :  T H E R M O D Y N A M I C S



It is also possible to import previously created and stored thermodynamic systems by 
selecting Import Thermodynamic System (see Exporting and Importing 
Thermodynamic Systems).

In addition to creating thermodynamic systems, you can also define User-Defined 
Species in Thermodynamics. Use User-Defined Species to add new species that are not 
available in the COMSOL database. You can also edit available species in the database.

Figure 2-2: Adding Thermodynamic Systems to the Thermodynamics node. Note that 
external package providers have been installed.

When a thermodynamic system has been added, thermodynamic and transport 
properties are defined by functions. These can be used to describe properties for pure 
species, mixtures, and for gas–liquid (or liquid–liquid) systems at equilibrium.

Thermodynamic System

A thermodynamic system is used to describe properties of pure species and mixtures of 
chemical compounds for liquids, gases, liquid–vapor equilibria, and liquid–liquid 
equilibria. It specifies the available species and the phases (states of aggregation) that 
are present in the modeled system. It also defines and evaluates the functions for 
thermodynamic and transport properties of the chemical system, that is, the species 
and mixture properties for liquids, gases, and phase equilibria.
U S I N G  T H E R M O D Y N A M I C  P R O P E R T I E S  |  17
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To create a Thermodynamic System, start the Thermodynamic System Wizard in one of 
the following ways:

• Right-click the Global Definitions node, select Thermodynamics and choose 
Thermodynamic System.

• Using the Reaction Engineering interface, choose Thermodynamic System from the 
Thermodynamics section of the Reaction Engineering toolbar.

• Correspondingly, using the Chemistry interface, choose Thermodynamic System 
from the Thermodynamics section of the Chemistry toolbar.

The Thermodynamic System Wizard contains the following steps:

1 Select System

2 Select Species

3 Select Thermodynamic Model

S E L E C T  S Y S T E M

Use the Select System step in the wizard to define the phases in the modeled system. 
You can select Gas, Liquid, Vapor-liquid, Vapor-liquid-liquid, or Liquid-liquid. The names 
of the phases in the Selected system table can be changed by editing the element in the 
Name column. Click the Next button ( ) to proceed to the next step in the wizard.

Figure 2-3: Thermodynamic System Wizard: Select System.

S E L E C T  S P E C I E S

Use the Species Type filter text field to search among the available species in the COMSOL 
database or the User-Defined Species. Species can be searched for by typing the name, 
CAS number, or the chemical formula. Using a formula, all species whose chemical 
formula includes a combination of the given atoms are listed. For example, when 
searching for ammonia NH3 or H3N can be used.

Select one or more species in the list and click the Add Selected button ( ) to add 
species to the Selected species table. You can also press the Enter key to add either the 
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first species in the list, or the species that have been selected. To remove species from 
the Selected species table, use either the Remove Selected button ( ) or the Remove 
All button ( ), both located below the table. Click the Next button ( ) to proceed 
to the next step in the wizard.

Figure 2-4: Thermodynamic System Wizard: Select Species.

S E L E C T  T H E R M O D Y N A M I C  M O D E L

The Thermodynamic model controls the relations between the intensive 
thermodynamic properties of the system such as pressure, specific volume, and 
temperature. It also controls how extensive properties like enthalpy, entropy, or the 
heat capacity of the system are computed. Furthermore, the Thermodynamic model 
specifies the default models used to compute transport properties.

The following Thermodynamic Models are available for all phases:

• Peng–Robinson

• Peng–Robinson (Twu)

• Soave–Redlich–Kwong

• Soave–Redlich–Kwong (Graboski–Daubert)

For a system including only gas phase, or for liquid phase systems with thermodynamic 
models requiring an equation of state, the Ideal Gas Law is added to the available 
models in the Gas phase model list or Equation of state list.
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When the system includes one or more liquid phases, the following additional models 
are also available (in the Liquid phase model list):

• Chao–Seader (Grayson–Streed)

• Wilson

• NRTL

• UNIFAC VLE

• UNIQUAC

• Regular Solution

• Extended Regular Solution

• Ideal Solution

These models correspond to activity models.

To calculate properties of water and steam, use the Water (IAPWS) model. This is 
available for systems that include a single water species.

For recommendations regarding the appropriate thermodynamic model, based on the 
available phases and the system pressure level, see the section Selecting the Right 
Thermodynamic Model.

Select the Advanced options checkbox in order to manually control the models used for 
thermodynamic properties, transport properties, and surface tension. When this 
checkbox is selected, all available property models are shown in the property model 
table. The available property models are dependent on the phases available in the 
thermodynamic system.

When only a gas phase is present, models are available for the following properties:

• Gas diffusivity

• Gas thermal conductivity

• Gas viscosity

For a single-phase liquid, or for a two-phase liquid–liquid system, there are models for 
the following properties:

• Liquid diffusivity

• Liquid diffusivity at infinite dilution

• Liquid thermal conductivity
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• Liquid viscosity

• Liquid volume

For systems with both vapor and liquid phases, all of the above properties are available, 
as well as gas–liquid surface tension.

Figure 2-5: Thermodynamic System Wizard: Advanced thermodynamic model options 
available for a Vapor–liquid system.

Click the Finish button ( ) to exit the Thermodynamic System Wizard and add the 
corresponding system under the Thermodynamics node. Note that the default node 
label reflects the available phase in the system. For example, when creating a vapor–
liquid system, a node labeled Vapor–Liquid System is added. The name of the system 
can be changed using the Label text field in the Settings window for the system.

S E T T I N G S

Selecting a Thermodynamic System or Predefined System node shows its Settings 
window with a description of the package content and the available properties. Editing 
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the text in the Label text field changes the name of the system. Below follows a 
description of the thermodynamic system settings.

Figure 2-6: Thermodynamic System Settings.

Species
Lists the species included in the thermodynamic system. You can change the list of 
species by right-clicking the Thermodynamic System node and selecting Add or Remove 
Species.

Phases
Lists the phases included in the thermodynamic system. You can add or remove phases, 
such as gas, liquid, or liquid–vapor, by right-clicking the Thermodynamic System node 
and selecting Define System.

Species Property
Lists the parameters and functions that describe thermodynamics and transport 
properties for pure species. Such functions may describe density, heat capacity, thermal 
conductivity, or other thermodynamic and transport properties. For more 
information, see Species Property.
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Mixture Property
Lists the available mixture property functions. Note that you have to have a mixture 
model defined in order to use these functions. You can define a mixture property by 
right-clicking the Thermodynamic System node and selecting Mixture Property.

Thermodynamic Model
When a liquid is present, use the Liquid phase model list to select the thermodynamic 
model for this phase.

When a gas is present, use the Gas phase model list to select the thermodynamic model 
for this phase. If both gas and liquid phases are available, and the Liquid phase model is 
set to an equation of state, then the Gas phase model is set to the same model 
automatically.

Property Models
Displays the settings for the available individual property models. The property models 
can be changed by selecting different values from the combo box in the Model 
column. For example, for Gas thermal conductivity you can select Kinetic theory or Ideal 
from the corresponding combo box. You can also select the property model in the last 
step of the thermodynamic system wizard by selecting the Advanced option checkbox, 
see Select Thermodynamic Model.

Binary Interaction Parameters
This section can be used to inspect and edit binary interaction parameters. Select a pair 
of species (first and second column, Species 1 and Species 2) as shown in Figure 2-7 
to edit the corresponding binary interaction parameter currently in use. In cases that 
the thermodynamic model has more than one type of binary interaction parameter, 
each type of the interaction parameter will be shown in a column in the table.

Figure 2-7: Entering the Binary Interaction Parameters for the Soave–Redlich–Kwong 
model.

When a binary interaction parameter is not available in the database for a pair of 
species, the parameter value is set to zero (default value).
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M O D I F Y I N G  A N  E X I S T I N G  S Y S T E M

It is possible to modify an existing thermodynamic system, for example by changing 
the included species or phases. To do so, right-click the Thermodynamic System node 
and select Add or Remove Species, or Define System from the context menu. Both of 
these options are available for systems created using Thermodynamic System. For a 
Predefined System, the option Add or Remove Species is available for Dry Air and Moist 
Air. For a Water-steam system, neither of the two options are available.

When the properties of a User-Defined Species have been changed, select Update 
From Species for the changes to take effect in the thermodynamic system.

Figure 2-8: Modifying the species and phases of a thermodynamic system.

Add or Remove Species
Selecting Add or Remove Species takes you to the Select Species step in the 
Thermodynamic System Wizard. Use the Add Species button ( ) to add a species to the 
Selected Species list. To remove a species, select it in the list and use the Remove Species 
button ( ).

Make sure to click the Finish button ( ) in order for the changes to take effect.

Note that adding or removing species in a thermodynamic system that is currently 
coupled to a Reaction Engineering interface or a Chemistry interface breaks this 
coupling. See the Coupling with the Reaction Engineering and the Chemistry 
Interfaces for how to update this coupling.
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Define System
Selecting Define System takes you to the Select System step in the Thermodynamic 

System Wizard. You can select the desired system from the list.

Make sure to click the Finish button ( ) button in order for the changes to take 
effect.

Note that changing the phase(s) in a thermodynamic system that is currently coupled 
to a Reaction Engineering interface or a Chemistry interface breaks this coupling. See 
the Coupling with the Reaction Engineering and the Chemistry Interfaces section for 
how this coupling can be updated.

Update From Species
This option is available in a Thermodynamic System that includes a User-Defined 
Species. Use it to update the system following a change in the species properties.

W A R N I N G  I N F O R M A T I O N

A sanity check is always performed when a Thermodynamic System is created. If any 
problems are found, a Warning Information node listing the problems is added under 
the package. One example when this occurs is when a parameter required for the 
thermodynamic model, typically a binary interaction parameter, is not available in the 
database.

External Thermodynamic Packages

The thermodynamics functionality includes support for creating properties from 
external thermodynamic packages. In order to use external packages, the external 
software has to be CAPE-OPEN compliant. Thermodynamics in COMSOL 
Multiphysics supports the CAPE-OPEN Thermo 1.1 and the CAPE-OPEN Thermo 
1.0 standards.

CAPE-OPEN is an open interface standard for chemical process simulation software 
(Ref. 1). This standard defines rules and interfaces that allows linking between 
compliant software. Some examples of CAPE-OPEN compliant software are:

• COCO/TEA (Free of charge package provider; see Ref. 2).

• Multiflash™ (KBC Advanced Technologies plc).

• VMGThermo™ (Virtual Materials Group, Inc.).

• Simulis® Thermodynamics (ProsSim SA).
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• Aspen Properties, aspenONE® (Aspen Technology, Inc.).

• COMThermo® packages (comes with Aspen HYSYS®).

Accessing external thermodynamic systems allows species properties, mixture 
properties, as well as phases equilibrium calculations (gas–vapor, liquid–liquid) to be 
obtained from external software, such as the ones listed above.

I N S T A L L I N G  E X T E R N A L  T H E R M O D Y N A M I C  P A C K A G E S  —  A N  E X A M P L E

TEA is a thermodynamics thermodynamic system that handles the physical and 
thermodynamic property calculations for the simulation environment COCO. The 
property data bank contains more than 190 commonly used chemicals, and the 
package exhibits more than 100 property calculation routines with their analytical or 
numerical derivatives. COCO is maintained by AmsterCHEM and is free to download 
from the Internet (Ref. 2).

To use the external physical and thermodynamic property calculations from 
COCO/TEA in COMSOL Multiphysics models, you need to go through the 
following steps:

1 Download and install COCO, which includes the TEA thermodynamic system 
manager. The software is available from 
www.cocosimulator.org/index_download.html.

2 Create and configure a thermodynamic system template that handles physical and 
thermodynamics calculations needed for your model. If you have already created a 
package template earlier, or if an adequate thermodynamic system already exists in 
the installation, this step is not needed.

3 Create an External Thermodynamic System node as detailed in the next section. 
The installed packages are available in the Select Property Package step of the 
Thermodynamic System Wizard.

External Thermodynamic System

The following assumes that you have installed external thermodynamic packages from 
a CAPE-OPEN compliant software in the manner outlined in Installing External 
Thermodynamic Packages — An Example.

Locate the Thermodynamics node and right-click to add an External Thermodynamic 

System (Figure 2-2). Using a Reaction Engineering or Chemistry interface, you can also 
add an external package by choosing External Thermodynamic System from the 
Thermodynamics section of the Reaction Engineering or Chemistry toolbar.
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S E L E C T  P R O P E R T Y  P A C K A G E

All installed packages, from providers such as COCO/TEA, Aspen Properties, and so 
on, are available in the Thermodynamic System Wizard (Figure 2-9). Select one of the 
packages and click the Finish button ( ) in the upper right corner of the wizard in 
order to add the package as an External Thermodynamic System node under the 
Thermodynamics node.

When adding the package its default label reflects the included phases. For example, a 
node labeled Vapor–Liquid System (External) is created when adding an external 
package containing a vapor and a liquid phase. The name of the system can be changed 
using the Label text field in the Settings window for the system.

Figure 2-9: Available external thermodynamic systems. Use the Thermodynamic System 
Wizard to browse the contents of the installed external thermodynamic systems on your 
system. The example shows the packages shipped with the COCO provider.

S E T T I N G S

Selecting the External Thermodynamic System node shows the thermodynamic system 
settings with sections for available species, phases, species properties, and mixture 
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properties. Editing the text in the Label text field changes the name of the system. 
Below follows a description of the thermodynamic system settings.

Provider
Contains information about the external thermodynamic system provider such as 
version, CAPE-OPEN compliance, and a short description of the external software 
that provides the thermodynamic system.

Species
Lists the species included in the selected thermodynamic system.

Phases
Lists the phases included in the selected thermodynamic system for example gas, 
liquid, gas–vapor, or liquid–liquid.

Species Properties
Lists the parameter values or the functions that describe species properties, for example 
molar mass, and properties available for pure compounds, such as density as a function 
of temperature.
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Mixture Properties
Lists the available functions that describe mixture properties. One example is the 
density of a nonideal mixture as a function of composition.

Figure 2-10: Settings window for an External Thermodynamic System.

The thermodynamic functionality supports package persistence. This 
means that an MPH file for a model that uses a thermodynamic system 
stores that package definition in the file. You can use the MPH file to 
access a thermodynamic system defined in the corresponding model 
without having to store the thermodynamic system as a separate file.
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Predefined System

A Predefined System uses the built-in database with native functionality to set up one 
of the following common systems; dry air, moist air, or water and steam.

To create a Predefined System, start the Thermodynamic System Wizard in one of the 
following ways:

• Right-click the Global Definitions node, select Thermodynamics and choose Predefined 

System.

• Using the Reaction Engineering interface, choose Predefined System from the 
Thermodynamics section of the Reaction Engineering toolbar.

• Correspondingly, using the Chemistry interface, choose Predefined System from the 
Thermodynamics section of the Chemistry toolbar.

The Thermodynamic System Wizard that opens is identical to the wizard used to create 
a Thermodynamic System, but with the important difference that all settings have been 
entered for the chosen predefined system. The wizard contains the following steps:

1 Select System

2 Select Species

3 Select Thermodynamic Model

S E L E C T  S Y S T E M

In the Select System window, choose one of the predefined systems in the list. Choose 
among Dry air, Moist air, and Water-steam. Click the Next button ( ) to proceed to 
the next step in the wizard.

Figure 2-11: Thermodynamic System Wizard: Select Predefined System.

S E L E C T  S P E C I E S

If Dry or Moist air was chosen in the Select System step, the Selected species table is 
populated with the species relevant for the chosen system. For Dry air the species are: 
nitrogen, oxygen, argon, carbon dioxide, neon, and helium. For Moist air the list also 
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contains water. If instead Water-steam was chosen in the Select System step, the Next 
button in that step guides you directly to the Select Thermodynamic Model pane. No 
additions of species can be done in the wizard.

To add more species to the Dry air and Moist air systems, use the Species Type filter 

text field to search among the available species in the COMSOL database or the 
User-Defined Species. Species can be searched for by typing the name, CAS number, 
or the chemical formula. Select one or more species in the list and click the Add Selected 
button ( ) to add species to the Selected species table. To remove species from the 
Selected species table, use either the Remove Selected button ( ) or the Remove All 
button ( ), both located below the table. Click the Next button ( ) to proceed to 
the next step in the wizard.

Figure 2-12: Thermodynamic System Wizard: Select Species.

S E L E C T  T H E R M O D Y N A M I C  M O D E L

This last step of the Thermodynamic System Wizard allows you to choose what 
thermodynamic model to use. For the system Dry air and Moist air, the Ideal Gas law 
is chosen by default. For Water-steam, the model Water (IAPWS) is used. For more 
information about this step in the Thermodynamic System Wizard, see Select 
Thermodynamic Model for Thermodynamic System.
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Click the Finish button ( ) to exit the Thermodynamic System Wizard and add the 
corresponding Predefined System under the Thermodynamics node. Note that the 
default node label reflects the chosen predefined system.

S E T T I N G S

Selecting a Predefined System node shows its Settings window with a description of the 
package content and the available properties. For information about the content in the 
Settings window, see Settings for Thermodynamic System and Predefined System.

M O D I F Y I N G  A  P R E D E F I N E D  S Y S T E M

Please see Modifying an Existing System for information about how to modify an 
existing thermodynamic system.

Exporting and Importing Thermodynamic Systems

E X P O R T  T H E R M O D Y N A M I C  S Y S T E M

Right-click the thermodynamic system node for the thermodynamic system that you 
want to export (Figure 2-8) and select Export Thermodynamic System. Use the Select 
File window to store the thermodynamic system.

Note that only the thermodynamic system definition is exported, for example the 
underlying species data (from the database), the included phases, and the applied 
thermodynamic models. Property values and functions created using the 
thermodynamic system are not stored.

I M P O R T  T H E R M O D Y N A M I C  S Y S T E M

Right-click the Thermodynamics node and select Import Thermodynamic System 
(Figure 2-2). Use the Select File window to navigate to a thermodynamic system file 
and click Open.

It is possible to manually modify the species properties, such as parameters and 
temperature-dependent functions, in the created Thermodynamic System by using 
Export Thermodynamic System and Import Thermodynamic System. In the saved xml file 
from Export thermodynamic system, there are all parameters and 
temperature-dependent properties for species, which are saved inside a <Compound 
CompID="name"></Compound> block. For example, to edit the acentric factor of 
methane from 0.01141 to 0.2 perform the following steps

• Open the saved xml file for the thermodynamic system
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• Find the compound methane which starts with the line:

<Compound CompID="methane">
• Find the line with the acentric factor and change it to

<AcentricFactor >0.2</AcentricFactor>.

To use the system with the updated species, right-click the Thermodynamics node and 
select Import System.

For temperature-dependent functions, for example for the (saturated) liquid density, 
the database input is of the form:

<Density>
   <Phase>Liquid</Phase>
   <Coefficients>Tlb;a0;a1;a2;a3;Tub</Coefficients>
   <Data>Tlb;f(Tlb);Tub;f(Tub)</Data>
<Comment></Comment>
</Density>

Here Tlb and Tub defines the lower and upper bound for a temperature range, and a1 
to a4 are the corresponding coefficients for a cubic polynomial as f(T) = a0 + a1T+ 
a2T2+ a3T3 fitted for that range. Multiple sequential ranges can be added by 
appending temperature ranges and coefficient sets. The <Data></Data> block can be 
used to input data points directly.

The unit for temperature is K. The unit used for the temperature-dependent properties 
(fitted polynomials functions) are defined in the table below:

TABLE 2-1:  UNIT FOR TEMPERATURE-DEPENDENT PROPERTIES.

PROPERTY UNIT

Liquid density mol/m3

Ideal heat capacity J/mol/K

Ln vapor pressure 1

Heat of vaporization J/mol

Vapor viscosity Pa·s

Ln liquid viscosity 1

Vapor thermal conductivity W/m/K

Liquid thermal conductivity W/m/K

Surface tension N/m
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Species Property

A Species Property is used to define and compute a pure species property. The available 
properties consist of both parameters and functions. Some examples of available 
parameters are molar mass, Lennard Jones diameter, and dipole moment. Some 
examples of available functions are density, enthalpy, heat capacity, and viscosity. The 
property functions created are either dependent on temperature alone, or both on 
temperature and pressure. For all property functions, the first order derivative with 
respect to temperature and, when applicable, with respect to pressure are automatically 
defined. The second-order derivatives with respect to temperature and pressure are 
available for property functions of density and molar volume.

Right-click the relevant Thermodynamic System node (see Figure 2-8), Predefined 

System node, or the relevant External Thermodynamic System node, and select Species 

Property ( ) to start the Species Property Wizard.

The Species Property Wizard contains the following steps:

1 Select Properties

2 Select Phase

3 Select Species

4 Species Property Overview

S E L E C T  P R O P E R T I E S

First use the Amount base unit list to define the base unit. Select mol or kg.

Use the filter to search among the available properties. Select one or more properties 
in the list and click the Add Selected button ( ) to add them to the Selected properties 
list.
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Click the Next button ( ) to proceed to the next step, selecting the phase.

Figure 2-13: Species Property Wizard; Select Properties pane.

S E L E C T  P H A S E

Use the list to specify the phase for the species property. The available phases 
correspond to the ones defined for the thermodynamic system.

Figure 2-14: Species Property Wizard; Select Phase pane.

Note that for parameters (constants) this step is skipped.

Click the Next button ( ) to proceed to the next step, selecting the species.

S E L E C T  S P E C I E S

Select one or more of the species available in the thermodynamic system and use the 
Add Selected button ( ) to add them to the Selected species table. One property 
function is created for each of the selected species.
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Click the Next button ( ) to proceed to the Species Property Overview in the wizard.

Figure 2-15: Species Property Wizard; the Select Species step.

S P E C I E S  P R O P E R T Y  O V E R V I E W

The final step of the wizard presents an overview of the parameters and functions 
defined for the corresponding property. Click the Finish button ( ) to exit the wizard 
and add the species property to the current thermodynamic system.

T H E  S P E C I E S  N O D E  U N D E R  A  S Y S T E M

When creating a species properties, the resulting parameters and functions are 
collected under a node with the species name. You can create new functions from an 
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existing species node under the system. Right-click the species and select Species 

Property to start the Species Property Wizard.

Figure 2-16: Create a Species Property from an existing species node.
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S E T T I N G S

Selecting a Species Property node shows the settings for such property.

Figure 2-17: Species Property settings.

Definition:
Shows the definition of a property that is defined as a parameter or a function, for 
example the name of the parameter or function.

You can use the Parameter name or Function name fields to specify or change the name 
of a parameter or a function. The section also provides information about the property 
type and the species it is defined for.

For a parameter, this section also displays the numerical value.
 2 :  T H E R M O D Y N A M I C S



For a function, this section displays the arguments for the functions and the first-order 
derivatives with respect to these arguments.

Plot Parameters
Available for property functions in order to plot a selected function for a given set of 
argument values.

Apply a Lower limit and an Upper limit for each argument, and click the Plot button 
( ) to plot the function using the given argument range. You can also click the Create 

Plot button ( ) in order to create a plot group, under the Results node.

Properties Window
To see the reference for constant or temperature-dependent functions, right-click on 
the function and select Properties. This opens the Properties window.

Figure 2-18: Show constant and temperature-dependent properties references for species 
functions.
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The reference for the constant or temperature-dependent property is available in the 
Comments field in the Node Properties section.

Figure 2-19: Properties window for species function.

Mixture Property

A Mixture Property is used to compute a property function that depends on the 
concentration of the species in a thermodynamic system. Some examples of the 
available property functions are density, enthalpy, heat capacity, and surface tension.

Apart from the composition, the mixture property functions are also dependent on 
temperature and pressure. The first-order derivatives with respect to temperature and 
pressure are automatically defined. The second-order derivatives with respect to 
temperature and pressure are available for property functions of density and molar 
volume.

Right-click the relevant Thermodynamic System node (see Figure 2-8), Predefined 

System node, or the relevant External Thermodynamic System node, and select Mixture 

Property to start the Mixture Property Wizard.

The Mixture Property Wizard contains the following steps:

1 Select Properties

2 Select Phase
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3 Select Species

4 Mixture Property Overview

S E L E C T  P R O P E R T I E S

The settings in this step corresponds to those for Select Properties in the Species 

Property Wizard. Click the Next button ( ) to proceed to the next step.

S E L E C T  P H A S E

Use this list to specify the phase, among the ones available in the system, for the 
selected mixture property.

Some properties require that the system consists of two phases, for example surface 
tension. A two-phase system may consist of a combination of liquid–vapor or liquid–
liquid phases.

S E L E C T  S P E C I E S

First select the Species composition base unit to be used for function arguments. Select 
Mole fraction or Mass fraction.

Select the species to be included in the list. Use the Add All button ( ) to add all 
species in the thermodynamic system. It is also possible to select a subset of the 
available species. In that case use the Add Selected button ( ) to add species. The 
Selected species table is updated as you add species.

Click the Next button ( ) to proceed to the next step in the wizard.

M I X T U R E  P R O P E R T Y  O V E R V I E W

The final step of the wizard displays an overview of the functions that the wizard has 
added. Click the Finish button ( ) to exit the wizard and add the properties to the 
current thermodynamic system.

S E T T I N G S

Selecting a desired Mixture Property node to display its settings window.

T H E  M I X T U R E  N O D E  U N D E R  A  S Y S T E M

When creating mixture properties, the resulting functions are collected under the 
Mixture node. You can create new functions from an existing Mixture node. Right-click 
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the node and select Mixture Property from the context menu to start the Mixture 

Property Wizard.

Figure 2-20: Mixture properties can be created by right-clicking a Mixture node under a 
thermodynamic system.

Equilibrium Calculation

The Equilibrium Calculation functionality is used to compute the resulting equilibrium 
conditions for a mixture of a set of species and phases.

Equilibrium calculations are often used for processes with vapor–liquid equilibrium 
(VLE), so-called flash calculations. A typical process that requires flash calculations is 
a distillation process, where a multiphase feed stream is separated into a vapor and a 
liquid product, and where the concentrations of the species in each phase are required. 
Equilibrium calculations involve combining the VLE-equations with material balances 
for the chemical species, and in some cases with an energy balance. Flash calculations 
are typically used to obtain estimates of:

• Bubble point at given temperature.

• Bubble point at given pressure.

• Dew point at given temperature.

• Dew point at given pressure.

• Equilibrium conditions at given pressure and temperature.

• Equilibrium conditions at given pressure and enthalpy.

• Equilibrium conditions at given pressure and entropy.

• Equilibrium conditions at given internal energy and specific volume.

The last three examples are often considered more difficult, since they require energy 
balances and relations for computing enthalpy and entropy. Thermodynamics in 
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COMSOL Multiphysics can handle all of the above cases using the equilibrium 
calculation functionality. Phase envelopes, bubble point, and dew point can be 
calculated for any number of species.

Right-click the relevant Thermodynamic System node (see Figure 2-8), Predefined 

System node, or the relevant External Thermodynamic System node, and select 
Equilibrium Calculation to start the Equilibrium Calculation Wizard.

The Equilibrium Calculation Wizard consists of the following steps:

1 Select species

2 Equilibrium Specifications

3 Equilibrium Function Overview

The Equilibrium Calculation settings include three types of equilibrium functions.

• The first function type is used to detect whether a phase is present in the system and 
includes “exist” in its name.

• The amount function computes the total amount of material in each phase.

• The phase composition functions compute the mass or mole fraction of each species 
in each phase, depending on the selected base unit for the equilibrium calculation.

S E L E C T  S P E C I E S

Select one or more of the species available in the thermodynamic system and use the 
Add Selected button ( ) to add them to the Selected species table. Click the Next 
button ( ) to proceed to the next step in the wizard.

E Q U I L I B R I U M  S P E C I F I C A T I O N S

Use the Amount base unit list to use either kg or mol as base unit.

Select two Equilibrium conditions that define the current equilibrium, for example a 
given pressure and a temperature. These equilibrium conditions are used as arguments 
in the equilibrium functions, in addition to the composition (overall fractions of 
species).

The available equilibrium conditions are: Temperature, Pressure, Phase fraction, Energy 
(or Internal energy of formation), Enthalpy (or Enthalpy of formation), Specific volume, 
Density, and Entropy (or Entropy of formation). For chemical reactions, it is 
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recommended to use Enthalpy of formation, Entropy of formation, or Internal energy of 

formation, since they account for heat of reactions.

Figure 2-21: Equilibrium Calculation Wizard; Equilibrium Specifications pane.

Selecting Phase fraction as one of the equilibrium conditions activates the Solution type 
input field. This can be used to indicate the direction of the desired solution, which is 
of great use especially near critical points. The options Undefined, Normal, or Retrograde 
define different directions for the search of the solution to the equilibrium equations. 
Using Normal means that the derivative of the vapor phase fraction with respect to 
temperature (at constant pressure and composition) is kept positive and the derivative 
of the vapor phase fraction with respect to pressure (at constant temperature and 
composition) is kept negative. Using Retrograde means that the opposite sign of the 
previous mentioned derivatives are enforced.

For a single species, the critical point is the highest pressure and temperature at which 
two phases (liquid and vapor) are distinguishable. However, for some multispecies 
systems, the critical point is a point between the dew point and the bubble point. In 
this case, the critical point does not represent the maximum pressure or the maximum 
temperature of vapor–liquid coexistence. This phenomenon is known as retrograde 
condensation. This means that under isothermal conditions, when the pressure 
decreases, some of the vapor condenses into liquid instead of expanding or vaporizing. 
An example of such system is formation of liquid hydrocarbons in a gas reservoir as the 
pressure decreases below the dew point pressure. In this case, setting Solution type to 
Normal or Retrograde may not be sufficient to distinguish between the two solutions.
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Note that the Solution type setting is only available for a built-in thermodynamic 
systems. For external thermodynamic systems, the corresponding functionality needs 
to be supplied by the thermodynamic software provider. For instance, the 
COCO/TEA provider does not support the Normal or Retrograde options. In those 
cases, the Solution type should be Undefined.

Click the Next button ( ) to proceed to the next step.

E Q U I L I B R I U M  F U N C T I O N  O V E R V I E W

In this step, you can review all the functions including units and arguments. Click the 
Finish button ( ) to exit the wizard and add functions at equilibrium state to the 
current thermodynamic system.

T H E  E Q U I L I B R I U M  C A L C U L A T I O N  N O D E

When creating an Equilibrium Calculation, the resulting functions are collected under 
the Mixture node. You can create new functions from an existing Mixture node. 
Right-click it and select Equilibrium Calculation to start the Equilibrium Calculation 

Wizard (see Figure 2-20).

S E T T I N G S

Selecting an Equilibrium Calculation node displays the settings including the property 
functions, see Figure 2-22.
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Plot Parameters:
Can be used to evaluate and plot the equilibrium function for a range of argument 
values. First specify which of the included functions to plot. Then apply a Lower limit 
and Upper limit for each argument and click the Plot button ( ).

Figure 2-22: Settings window; Equilibrium Calculation.

Generate Chemistry

The Chemistry interface includes functionality to automatically define and use mixture 
properties by interfacing to a Thermodynamic System node. How to manually set this 
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coupling up is described in Coupling with the Reaction Engineering and the 
Chemistry Interfaces.

The Generate Chemistry Wizard can be used to directly create a Chemistry interface 
from an existing Thermodynamics System node. The resulting Chemistry interface is 
automatically populated with the selected species, and is set up to be fully coupled to 
the thermodynamics. This means for example that functions for mixture properties, 
like the density enthalpy, are automatically defined and used in the generated 
Chemistry interface.

Right-click the relevant Thermodynamic System node, Predefined System node, or 
External Thermodynamic System node, and select Generate Chemistry to start the 
Generate Chemistry Wizard.

The Generate Chemistry Wizard contains the following steps:

1 Select Species

2 Chemistry Settings

S E L E C T  S P E C I E S

Select the species to be included in the list. Use the Add All button ( ) to add all 
species in the thermodynamic system. It is also possible to select a subset of the 
available species. In that case use the Add Selected button ( ) to add species. The 
Selected species table is updated as you add species.

Click the Next button ( ) to proceed to the next step in the wizard.

C H E M I S T R Y  S E T T I N G S

The table at the top shows the selected species and their respective chemical formula. 
For each species, a corresponding Species feature will be added in the Chemistry 
interface. As an option, use the Name in Chemistry columns to specify another name of 
the species in Chemistry. This means that the species name could be different in 
Thermodynamics and Chemistry for a species. By default the chemical formula is used.

Component
Use the Component list to select the model component to which the Chemistry 
interface will be added. The already existing components are shown in the top of the 
list. A new component can be created by selecting the desired space dimension.

Mass Transfer
The Mass transfer list controls the intended mixture type for the Chemistry interface. 
Select Diluted species to model a mixture where the species are assumed diluted in a 
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high concentration solvent. For this choice, also select Solvent. Optionally, select 
Concentrated species to model a mixture where all species are assumed to contribute to 
the mixture properties. In the resulting Chemistry interface the Type setting in the 
Mixture Properties section is defined accordingly.

Phase
Select the Phase of the mixture from the Phase list. Included in the list are the phases 
available in the Thermodynamic System from which the Chemistry is generated.

Click the Finish button ( ) to create the desired Chemistry interface and exit the 
wizard.

Generate Material

Once a thermodynamic system is defined, it can be used to define a multitude of 
property functions. The Generate Material option provides a fast route to defining the 
material properties most commonly required for fluid flow, heat transfer and mass 
transfer. By specifying the composition and the phase of the mixture, a Material node 
can automatically be set up. The material node can include properties such as the 
density, heat capacity, heat capacity ratio, thermal conductivity, viscosity, and the 
diffusivity. Two types of property functions can be used, either functions from the 
underlying thermodynamics, or interpolation functions created from these. The 
interpolation functions are computationally more efficient since it is cheap in terms of 
CPU-time to evaluate polynomials, whereas the thermodynamics functions are more 
complex and potentially solve implicit systems iteratively. Interpolation functions are 
appropriate when the temperature and pressure is not expected to vary wildly, and a 
sensible number of nodes is needed to reproduce the behavior, then the cost is paid 
upfront during the creation of the material. The computational savings are typically 
most pronounced for larger space-dependent models of higher dimensions. To validate 
that the interpolation error is acceptable, create two materials, one with, and one 
without interpolation functions, and compare the material properties in the relevant 
region of (T, p)-space.

Right-click the relevant Thermodynamic System node (or an External Thermodynamic 

System node or Predefined System node), and select Generate Material to start the 
Generate Material Wizard.

The Generate Material Wizard contains the following steps:

1 Select Phase

2 Select Species
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3 Select Properties

4 Define Material

S E L E C T  P H A S E

Use this list to specify the phase of the material. Select among the ones available in the 
system. This step of the Generate Material Wizard is not available for the Predefined 

Systems Dry Air and Moist Air.

Click the Next button ( ) to proceed to the next step in the wizard.

S E L E C T  S P E C I E S

Select the species to be included in the list. Use the Add All button ( ) to add all 
species in the thermodynamic system. It is also possible to select a subset of the 
available species. In that case use the Add Selected button ( ) to add species. The 
Selected species table is updated as you add species.

Notice that when using Generate Material for the Predefined System Water-steam this 
step is not included in the wizard.

Material Composition
Specify the mixture composition in terms of the Mole fractions or Mass fractions of all 
species. The fractions should sum to one. This setting is only available for systems with 
more than one component, and for materials with more than one selected species.

Click the Next button ( ) to proceed to the next step in the wizard.

S E L E C T  P R O P E R T I E S

Use this step to select the material properties to be included.

For a liquid phase material the following properties are available:

• Density, (ρ)

• Diffusion coefficient at infinite dilution

• Heat capacity (Cp)

• Thermal conductivity (k)

• Viscosity (μ)

For a gas phase material, the Heat capacity ratio (γ = Cp/Cv) is also available.

To add a property to the Selected properties list click the Add Selected button ( ). 
To remove properties, use the Remove Selected button ( ) or the Remove All 
button ( )
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When adding the Diffusion coefficient at infinite dilution, also select which of the species 
is the solvent. The material will include one diffusion coefficient for each of the 
remaining (solute) species.

Figure 2-23: Generate Material Wizard; Select Properties pane with Diffusion coefficient 
at infinite dilution added.

Additional Properties
The additional properties below are defined from the selected properties and added to 
the output properties of the material.

For a liquid phase material the isobaric coefficient of thermal expansion is defined as

 (2-1)

For a gas phase material, the speed of sound c, and the isentropic compressibility χf are 
also defined as

 (2-2)

Click the Next button ( ) to proceed to the next step.

αiso
1
ρ
--- ∂ρ

∂T
-------–=

c γ∂p
∂ρ
------,= χf

1
γρ
------∂ρ

∂p
------=
 2 :  T H E R M O D Y N A M I C S



D E F I N E  M A T E R I A L

Component
Use the Component list to select where the Material will be added. The already existing 
components are shown in the top of the list. A new component can be created by 
selecting the desired space dimension. Select Global at the end of the list to add the 
material under Global Definitions. A global material can be utilized in any component, 
through the use of a Material Link. It can also be used to define phase specific 
properties when linked to a subnode of a Porous Material.

Figure 2-24: Generate Material Wizard; Define Material pane.

Function Type
The material can be set up to use functions defined under the thermodynamics system, 
or interpolation functions defined from these. The interpolation functions are 
significantly faster to evaluate, especially for space dependent models, but requires that 
the temperature range and the pressure range are specified.

Select Thermodynamics to base the material properties on functions in the current 
thermodynamic system. The required functions are created, if not already present, and 
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added to the system. When evaluating material properties, the underlying 
thermodynamics functions are called.

Select Interpolation to generate interpolation functions for the material properties. In 
this case the required functions are first created and added to the system. Next, the 
functions are evaluated in a number of sampling points over a given range, for both 
temperature and pressure, leading to a grid of (T, p) pairs. The result of the evaluation 
is stored and used to define interpolation functions for all material properties.

For the Interpolation points, select Same for all functions to use the same number of 
sampling points for all functions. By selecting Individual, the number of sampling 
points can be given per function. The latter can for example be used to increase the 
number of points for a function that is known to vary faster than the rest of the 
functions.

Select one of the preset levels for the Maximum number of interpolation points. This is 
used to provide a maximum size of the underlying data for the interpolation functions. 
The Number of points for temperature multiplied by the Number of points for pressure 
should not exceed the Maximum number of interpolation points. If the total number of 
sampling points for any function, varying temperature and pressure, is exceeded, a 
warning is shown.

There are two types (or forms) of input values for pressure, Pa and log10(Pa). The later 
is often used in cases where the pressure changes in a very large range, for example, for 
a system from atmosphere to a vacuum system. The log10(Pa) is expressed as 
log10(p/1[Pa]), here p is pressure ([Pa]).

When the selection from Pressure form changes, the corresponding input fields for 
pressure will also follow the change, for both Same for all functions and Individual, 
respectively.

Define the temperature range and pressure range for the temperature and pressure by 
providing the Low and High end values. To neglect the variation in either temperature 
or pressure, give the same value for the low and high end value. This can for example 
be used when the pressure variation is known to be negligible. For each range, also 
define the number of evaluation points in the Number of points field. The underlying 
functions are evaluated at uniformly distributed positions across the temperature and 
pressure (uniform logarithmic values for log10(Pa)) range.

When Individual has been selected for the Interpolation points, the Ranges and 

interpolation points can be specified per function to be created.

Click the Finish button ( ) to create the specified Material and exit the wizard.
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Coupling with the Reaction Engineering and the Chemistry 
Interfaces

Using the Reaction Engineering or Chemistry interfaces, all species property parameters 
and property functions required by these interfaces can be created automatically by 
coupling to an existing Thermodynamic System, Predefined System, or External 

Thermodynamic System under Thermodynamics. Examples of species properties that can 
be created automatically are molar mass, heat capacity, enthalpy, and entropy for each 
species. Parameters and functions for these properties are created by the 
thermodynamic system. The Reaction Engineering and Chemistry interfaces can also be 
used to define transport properties for the resulting mixture (all species in the 
interface). When coupled, the following mixture properties can be automatically 
created: heat capacity, density, thermal conductivity, and dynamic viscosity.

Note that using a thermodynamic system significantly increases the modeling 
capabilities in the Reaction Engineering and Chemistry interfaces. All ideal and nonideal 
thermodynamic models, for gases and liquids, are directly available and also 
automatically updated by editing the settings for the thermodynamic system in use. 
The Chemistry interface can furthermore be used to make the mixture properties 
readily available in space-dependent models for modeling of mass transport, heat 
transfer, or fluid flow.

R E A C T I O N  E N G I N E E R I N G

Mixture Properties
You can couple a Reaction Engineering interface with an existing thermodynamic 
system in the Reaction Engineering interface’s settings window.

You need to have at least one species defined in the Reaction Engineering interface in 
order to couple it to a thermodynamic system. You can make this coupling in the 
Settings window for the Reaction Engineering interface by selecting the Thermodynamics 
checkbox in the Mixture Properties section.

The Reaction Engineering interface and the Chemistry interface are only 
available in a limited set of add-on products. See 
www.comsol.com/products/specifications/ for more details on 
availability.
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Select a thermodynamic system from the Thermodynamic system list. Use the Phase list 
to select the phase to be used in the Reaction Engineering interface.

Figure 2-25: Coupling Reaction Engineering Interface with Thermodynamics.

Species Matching
The Species Matching section is activated when the Thermodynamics checkbox is selected 
in the Mixture Properties section; see above. The species in the Reaction Engineering 
interface can be matched to a species in the thermodynamic system. This step ensures 
that the arguments in the thermodynamic system functions are correctly defined.

Use the lists in the From Thermodynamics column to match each species in the interface 
to a species in the coupled thermodynamic system.

For each species matched, the required property parameters and functions are added 
under to the corresponding thermodynamic system.

When all species are matched, the interface is considered fully coupled and functions 
representing mixture properties, such as density, are also added automatically under 
the corresponding thermodynamic system.

Figure 2-26: Matching the species in Reaction Engineering to those in the corresponding 
thermodynamic system.

Calculate Transport Properties
When the interface is fully coupled to a thermodynamic system, property functions for 
the mixture transport properties are created automatically when the Calculate mixture 
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properties checkbox is selected. The properties calculated by the thermodynamic 
system display Thermodynamics in the corresponding list; see below.

Figure 2-27: Select the Calculate mixture properties checkbox when coupled to a 
thermodynamic system.

C H E M I S T R Y

Mixture Properties
You can couple a Chemistry interface with an existing thermodynamic system in the 
Chemistry interface’s settings window. You can make this coupling in the Settings 
window for the Chemistry interface by selecting the Thermodynamics checkbox in the 
Mixture Properties section. You need to have at least one species defined in the 
Chemistry interface in order to couple it to a thermodynamic system.

Select a thermodynamic system from the Thermodynamic system list. Use the Phase list 
to select the phase to be used in the Chemistry interface.

Species Matching
The Species Matching section is activated when the Thermodynamics checkbox is selected 
in the Mixture Properties section. Here you can match the variables for the 
concentrations, and by this calculate mixture properties (transport and thermodynamic 
properties). For information on how to specify the dependent variables to be used, see 
Species Matching in The Chemistry Interface documentation in the Chemical 
Reaction Engineering Module User’s Guide.

You can match the species in the Chemistry interface with those in the corresponding 
thermodynamic system in the Species matching section’s table. Use the lists in the 
column with the title From Thermodynamics to match each species in the Chemistry 
interface to a species in the corresponding thermodynamic system. This ensures that 
the composition function arguments in the thermodynamic system are correctly 
defined.
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For each species matched, the species property parameters and functions required by 
the Chemistry interface are automatically created and added under the corresponding 
thermodynamic system.

When all species are matched, the interface is fully coupled to Thermodynamics and 
functions representing mixture properties, such as the density, are added automatically 
under the thermodynamic system that the interface is coupled to.

Figure 2-28: Matching concentration variables in a Chemistry interface, as well as species 
in a coupled Thermodynamic System.

Calculate Transport Properties
When the interface is fully coupled to a thermodynamic system, property functions for 
the mixture transport properties are created automatically when the Calculate mixture 

properties checkbox is selected. The properties calculated by the thermodynamic 
system display Thermodynamics in the corresponding list; see Figure 2-27.

M I X T U R E  P R O P E R T Y  D E F I N I T I O N S  W H E N  C O U P L I N G  T O  

T H E R M O D Y N A M I C S

When all species in a physics interface (Reaction Engineering or Chemistry) are matched 
to the corresponding species in a thermodynamic system, the mixture properties are 
calculated based on the composition of the mixture. For example, consider Zmix(T, P, 
n1, …, nm), which denotes a generic extensive mixture property for a mixture of m 
number of species. The property function’s arguments are the temperature T, the 
pressure P, and the number of moles, n, for each species.

When the system is fully matched, the mixture property Zmix is defined as
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 (2-3)

where  is the partial molar of species i:

 (2-4)

The definition of partial molar properties can be rewritten using mole fraction 
derivatives as:

 (2-5)

When the system is partially coupled, which means that some but not all species have 
been coupled, the mixture property is instead calculated assuming ideal mixing:

 (2-6)

using the pure species properties Zi = Zmix(T, P, xi =1, 0, …, 0).

Evaluating a Property Function in a Physics Interface

The functions set up using a thermodynamic system in Thermodynamics can be used 
directly in any physics interfaces in COMSOL Multiphysics, in the same way as for 
standard functions. Simply type in the function name with the proper arguments in the 
appropriate field of the model to use the function. Figure 2-29 shows an example of 
this from the Reaction Engineering interface. In this example, the Species 

Thermodynamic Expressions section gets input for the molar entropy, the enthalpy and 
the heat capacity of toluene. These functions, generated using Species Property for a 
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thermodynamic system containing toluene, have been entered in the corresponding 
input fields using the appropriate arguments.

Figure 2-29: The enthalpy and heat capacity of toluene are evaluated using property 
calculations through a thermodynamics system. In this case, the functions are temperature 
and pressure dependent properties for a pure component.

User-Defined Species

Use this feature to specify the properties of a new species not available in the included 
COMSOL database. This feature can also be used to edit a database species, by using 
an existing species as a template, to create a new one. A User-Defined Species can be 
included in a Thermodynamic System feature, or Predefined System feature, together 
with predefined database species and other user-defined species.

The data needed for a user-defined species includes both material properties, such as 
the molar mass and the vapor pressure, and properties for specific thermodynamic 
models or transport models (see Thermodynamic Models and Theory). For instance, 
in order to use the UNIFAC thermodynamic model, you need to define UNIFAC 
groups for the new species.

Note that the thermodynamics calculator includes measures to handle missing species 
properties, sometimes by applying approximations. For instance, if the Wilson volume 
is not available, the liquid volume at normal boiling point is used instead. If data for 
this is also missing, it is estimated from the saturated liquid density correlation.

When creating a user-defined species it is recommended to add the following common 
material properties:

• Molecular mass

• Critical properties

• Acentric factor

• Absolute entropy

• Standard enthalpy of formation

• Ideal gas heat capacity
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• Vapor pressure

• Heat of vaporization

• Saturated liquid density

• Transport properties

E X A M P L E  M O D E L

For an example of using a User-Defined Species see this application example:

T H E  U S E R - D E F I N E D  S P E C I E S  W I Z A R D

To create a User-Defined Species, start the User-Defined Species Wizard in one of the 
following ways:

• Right-click the Global Definitions node, select Thermodynamics and choose 
User-Defined Species.

• If the model already includes the Thermodynamics node, right-click it and choose 
User-Defined Species.

• Using the Reaction Engineering or Chemistry interface, choose User-Defined Species 
from the Thermodynamics section of the Reaction Engineering or Chemistry toolbar.

The User-Defined Species Wizard contains the following steps:

1 Enter Name and Formula

2 Enter Parameters

3 Define Properties

Dissociation in a Tubular Reactor: Application Library path 
Chemical_Reaction_Engineering_Module/Thermodynamics/dissociation
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E N T E R  N A M E  A N D  F O R M U L A

Enter the Name, CAS number, and the Chemical formula for the new species.

Figure 2-30: User-Defined Species Wizard; Enter Name and Formula.

If you want to edit a species in the COMSOL database, select the Use species from 

database as template checkbox. Then locate the species to edit in the list. The filter text 
field can be used to search among the available species.

Figure 2-31: User-Defined Species Wizard; edit an available species by selecting 
Use species from database as template.

Click the Next button ( ) to proceed to the next step.

E N T E R  P A R A M E T E R S

Define the necessary parameter for the new species.
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Constants
Use this table to define material constants such as molar mass, critical temperature, and 
standard enthalpy of formation.

Figure 2-32: User-Defined Species Wizard; enter material constants.

Structure Information
If you want to use the UNIFAC model, specify the structure formula, the UNIFAC 
groups and their number occurrences.

Figure 2-33: User-Defined Species Wizard; specify the structure information in the Enter 
Parameters step.
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Model Parameters
Specify the parameters for the thermodynamic models and transport models in use.

Figure 2-34: User-Defined Species Wizard; specify model parameters.

Click the Next button ( ) to proceed to the next step.

D E F I N E  P R O P E R T I E S

The last step in the wizard is to add temperature-dependent properties for the new 
species. All temperature-dependent properties are defined using cubic polynomials on 
the form

 (2-7)

Each property can consist of an arbitrary number of temperature intervals, each using 
the above form. Click the Add button ( ) under the table for a specific property to 
add an interval.

The following temperature-dependent properties are necessary in order to compute 
the basic set of mixture properties when including the User-Defined Species in a 
thermodynamic system:

• Ideal gas heat capacity

• Liquid density

• Vapor pressure

• Heat of vaporization

f T( ) a0 a1T a2T2 a3T3
+ + +=
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Note that some thermodynamic properties, such as the enthalpy and entropy, of a 
species or mixture, are estimated from the ideal gas heat capacity and depends on the 
thermodynamic model applied for the system (see Thermodynamic Properties 
Definitions).

Click the Finish button ( ) in the top of the Settings window to finalize the species 
and add it to the User-Defined Species node under Thermodynamics.

Figure 2-35: User-Defined Species Wizard; specify temperature-dependent properties.

S E T T I N G S

Selecting a species node under User-Defined Species shows the Settings window 
including the definitions of all species properties. Properties are categorized into 
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sections as seen in Figure 2-36 below. All properties can be edited by expanding the 
corresponding section.

Figure 2-36: The Settings window for a User-Defined Species.

References

1. www.colan.org

2. Cape Open to Cape Open Simulation Environment, 
www.cocosimulator.org/index_download.html

When a species properties has been changed, any Thermodynamic System 
that includes the species needs to be updated for the changes to take effect 
(see Update From Species).
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Th e rmodynam i c  Mode l s  and Th eo r y

In this section:

• Introduction

• Thermodynamic Models

• Selecting the Right Thermodynamic Model

• Species Property References

• Thermodynamic Properties Definitions

• Standard Enthalpy of Formation and Absolute Entropy Terms

• Reference State

• Transport Properties

• Surface Tension

• References

Introduction

In this chapter, we review the theory behind the thermodynamic properties database 
and its functions. The thermodynamic models in the database are available for single 
phase, gas or liquid, and phase equilibrium systems for two or more phases such as 
vapor–liquid equilibrium (VLE), vapor-liquid–liquid equilibrium (VLLE) and liquid–
liquid equilibrium (LLE).

Thermodynamic Models

In the following sections, the available thermodynamic models are described:

• Equation of State Models

• Liquid Phase Models

E Q U A T I O N  O F  S T A T E  M O D E L S

An equation of state (EOS) model is an algebraic relation between the absolute 
pressure (P), the molar volume (V), and the absolute temperature (T). An equation of 
state that is at least cubic in volume and in the form of

 (2-8)Z PV
RT
--------≡ fv V T,( )=
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where Z is the compressibility factor and R the universal gas constant, can be used to 
describe both gases and liquids. The cubic equations of state are widely used to 
describe the gaseous and liquid volumetric behavior of pure fluids and also all other 
properties with extensions to mixtures. A comprehensive comparison of different cubic 
EOS models can be found in Ref. 2 and Ref. 3.

The equations of state models available in the thermodynamic properties database are:

• Ideal Gas Law

• Peng–Robinson

• Peng–Robinson (Twu)

• Soave–Redlich–Kwong

• Soave–Redlich–Kwong (Graboski–Daubert)

• Water (IAPWS)

Ideal Gas Law
The ideal gas law equation of state is

 (2-9)

As the name suggests, the ideal gas law is only applicable to gases. In fact, its use is 
limited to gases at low to moderate pressures.

Peng–Robinson
The classical Peng–Robinson (PR) equation of state Ref. 5 is given by

 (2-10)

where for species i,

 (2-11)

 (2-12)

 (2-13)

P RT
V
--------=

P RT
V b–
------------- aα

V2 2bV b2
–+

-------------------------------------–=

ai ΩA
R2Tc

2

Pc
--------------=

bi ΩB
RTc

Pc
-----------=

ΩA
1
3
--- 1

3
---ΩB 4 10ΩB+( )+=
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 (2-14)

 (2-15)

The alpha function, αi, is given by

 (2-16)

For mixtures

 (2-17)

 (2-18)

The binary interaction parameters (BIPs), kPR, are symmetric with zeros in the 
diagonal:

 (2-19)

 (2-20)

When binary interaction parameters are missing in the database for a set of species, the 
value is set to zero (a warning node is created). The values for critical temperature, Tc, 
critical pressure, Pc, and acentric factor, ωi must be specified for all species.

Peng–Robinson (Twu)
For the Twu modification (Ref. 6) of the Peng–Robinson model, the alpha function, 
αi, is replaced by

 (2-21)

The binary interaction parameters kPR, are used for the Twu modification. Acentric 
factor, ωi, is not used in this model but critical temperature and critical pressure must 
be specified for all species. The species specific fit parameters Li, Mi, Ni can be 
determined by fitting the pure species phase equilibrium to the vapor pressure curve.

ΩB β 63
1024β
-----------------– 0.03125– 

 =

β 351
32768
---------------- 27

2048
------------- 2+ 

 
1
3
---

=

αi 1 0.37464 +1.54226ωi 0.26992ωi
2–( ) 1 Tr i,–( )+[ ]

2
=

aα xixj 1 kPR,i,j–( ) aα( )i aα( )j

j


i
=

b xibi

i
=

kPR kPR,i,j=

kPR,i,j 0=

αi T R
Ni Mi 1–( )( )

Li 1 Tr i,
NiMi–( )( )exp+=
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Soave–Redlich–Kwong
The classical Soave–Redlich–Kwong equation of state Ref. 7 is given by

 (2-22)

with

 (2-23)

and for the pure species i,

 (2-24)

 (2-25)

 (2-26)

 (2-27)

For mixtures

 (2-28)

 (2-29)

The binary interaction parameters, kSRK, are symmetric with zero in the diagonal:

 (2-30)

 (2-31)

If a value is missing for kSRK,i,j in the database, it is set to zero (a warning node is 
created). The values for critical temperature, Tc, critical pressure, Pc, and acentric 
factor, ωi, must be specified for all species. The Soave–Redlich–Kwong equation of 

P RT
V b–
------------- aα

V V b+( )
-----------------------–=

α 1
T
--------=

ai ΩA
R2Tc

2.5

Pc
------------------=

bi ΩB
RTc
Pc
-----------=

ΩA
1
3
--- 1

3
---ΩB 3 3ΩB+( )+=

ΩB
1

27
------2

1
3
---
27

2
3
---

1
3
---–=

a xixj 1 kSRK,i,j–( ) aiaj

j


i
=

b xibi

i
=

k
SRK,i,j k

SRK,j,i=

k
SRK,i,j 0=
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state is a version of Equation 2-22 modified by Soave Ref. 8, where for pure species i, 
the alpha function is modified to

 (2-32)

Soave–Redlich–Kwong (Graboski–Daubert)
The Graboski and Daubert Ref. 9 modification of the Soave–Redlich–Kwong equation 
of state replaces alpha function by

 (2-33)

except for H2, where it is replaced by

 (2-34)

Water (IAPWS)
The International Association for the Properties of Water and Steam (IAPWS) 
provides a set of correlations to compute properties of water in different states. The 
correlations available in COMSOL correspond to the version named Industrial 
Formulation 1997 (IF-97) Ref. 10 - Ref. 12. The correlations are valid in the 
following ranges:

 (2-35)

 (2-36)

The following water and steam properties, available by creating a Species Property, are 
computed using the IAPWS correlations: density, volume, enthalpy, internal energy, 
Helmholtz energy, heat capacity at constant pressure, and heat capacity at constant 
volume. The amounts present in the vapor and liquid phase can be computed using an 
Equilibrium Calculation.

Other parameters and thermodynamic properties available for the system are provided 
from the COMSOL database.

L I Q U I D  P H A S E  M O D E L S

Activity Coefficient Models
Activity coefficient models are used to describe liquid mixtures at low to moderate 
pressures and temperatures where the equations of state are inadequate. When using 
activity coefficient models, the partial fugacity for species i in the liquid phase is defined 
as

αi 1 0.480 +1.574ωi 0.176ωi
2–( ) 1 Tr i,–( )+[ ]

2
=

αi 1 0.48508 +1.55174ωi 0.1561ωi
2–( ) 1 Tr i,–( )+[ ]

2
=

αH2
1.202 exp 0.30228Tr H2,–( )=

273.15 K T 1073.15 K                    p 100 MPa≤ ≤ ≤

1073.15 K T 2273.15 K                p 50 MPa≤ ≤ ≤
T H E R M O D Y N A M I C  M O D E L S  A N D  T H E O R Y  |  69



70 |  C H A P T E R
 (2-37)

which yields

 (2-38)

where the activity coefficient, γi, describes the nonideal liquid phase and  is 
the fugacity at the vapor–liquid phase boundary at equilibrium for the pure species i. 
The Poynting correction, Fi, describes the pure species fugacity deviation from the 
boiling curve and can be expressed as

 (2-39)

For an incompressible liquid, an approximation of the Poynting correction can be 
done according to

 (2-40)

The Poynting correction can often be ignored for moderate pressure. Hence, 
Equation 2-38 can be expressed as

 (2-41)

If the vapor phase is considered ideal, then  and the above equation reduces 
to

 (2-42)

This reduction can be selected explicitly in case the vapor phase is not ideal.

The logarithmic transformation of Equation 2-38 is:

 (2-43)

Ideal Solution
For an ideal solution the activity coefficient is equal to one, which gives:

 (2-44)

f̂i l, xiγiφi sat, Pi sat, Fi=

φ̂i l, γiφi sat,
Pi sat,

P
-------------Fi=

φ̂i sat, Pi sat,

Fi
Vi l,
RT
---------

Pi sat,

P

 dp
 
 
 

exp=

Fi
Vi l,
RT
--------- P Pi sat,–( ) 
 exp≈

φ̂i l, γiφi sat,
Pi sat,

P
-------------=

φi sat, 1=

φ̂i l, γi
Pi sat,

P
-------------=

φ̂ln i l, γln i φln i sat, Pi sat, P Filn+ln–ln+ +=

γiln 0=
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Regular Solution
The Scatchard–Hildebrand equation Ref. 14 for a nonpolar mixture is

 (2-45)

where Vi is species molar volume and δi is species solubility parameter, and δav is

 (2-46)

The volume parameter, Vi, is set equal the liquid volume, Vi,l,b at normal boiling point 
which must be specified for all species. The solubility parameter, δi must be specified 
for all species and can be estimated from the normal heat of vaporization, ΔHvap,i and 
the liquid volume at normal boiling point as

 (2-47)

Extended Regular Solution
The extended Scatchard–Hildebrand equation adds the Flory and Huggins correction 
to the regular solution model Ref. 16:

 (2-48)

where

 (2-49)

Wilson
Wilson Ref. 17 derived his activity coefficient model from a consideration of 
probabilities of neighboring molecules in a liquid

γln i
Vi δi δav–( )2

RT
--------------------------------=

δav

xiViδi( )
i


xiVi( )
i

----------------------------=

δi
ΔHvap i,
Vi l b, ,
-------------------≡

γln i
Vi δi δav–( )2

RT
-------------------------------- θi( ) 1 θi–+ln+=

θi
Vi

xiVi( )
i

-----------------------=
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 (2-50)

 (2-51)

where the Wilson volume parameter, Vw,i, is a species-specific parameter describing 
volume. If the volume parameter is not available, the liquid volume at normal boiling 
point is used. The Wilson binary interaction parameters λi,j are specified in terms of 
absolute temperature. The binary interaction parameter matrix is nonsymmetric and 
with zeros in its diagonal. All off-diagonal values must be specified

 (2-52)

 (2-53)

NRTL
Renon and Prausnitz (Ref. 18) formulated a three parameter activity coefficient model 
that is able to describe liquid–liquid equilibrium; the nonrandom two-liquid (NRTL) 
model:

 (2-54)

 (2-55)

 (2-56)

The three parameters are Ai,j, Aj,i, and αi,j. A more general form is implemented here:

 (2-57)

 (2-58)

γln i 1
xjΛj i,

xkΛj k,
k

------------------------

 
 
 
 
 
 

xjΛi j,
j
 
 
 

ln–

j
–=

Λi j,
Vw j,
Vw i,
-----------

λi j,
T
--------– 

 exp=

λi i, 0=

Λi i, 1=

γln i

xjτj i, Gj i,
j


xjGj i,
j

-------------------------------

xjGj i,

xkGk j,
k

------------------------- τi j,

xkτk j, Gk j,
k


xkGk j,
k


----------------------------------–

 
 
 
 
 
 
 

 
 
 
 
 
 
 

j
+=

τi j,
Ai j,
T
---------=

Gi j, αi j, τi j,–( )exp=

τi j,
Ai j,
T
--------- Bi j,+=

Gi j, βi j, αi j, τi j,–( )exp=
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The binary interaction parameters, Ai,j, are specified in terms of absolute temperature. 
The diagonal values are zero and the matrix is nonsymmetric. All off-diagonal values 
must be specified.

The binary interaction parameters, Bi,j, have values of zero on the diagonal and the 
matrix is nonsymmetric. For each pair of species, at least Ai,j or Bi,j should be specified.

The randomness parameters, αi,j, have values of zero on the diagonal and the matrix 
is symmetric. All off-diagonal values must be specified. Alternatively one can set the 
more generic form directly specifying parameter βi,j for which diagonal values are zero 
and the matrix is nonsymmetric. For each pair of species at least αi,j or βi,j should be 
specified.

If any value for these parameters is missing in the database, it is set to zero (warning 
node is created).

 (2-59)

 (2-60)

 (2-61)

 (2-62)

 (2-63)

 (2-64)

 (2-65)

UNIQUAC
Abrams and Prausnitz followed up with another two-liquid model known as Universal 
Quasi Chemical equation (UNIQUAC) (see Ref. 19), which is formulated in terms of 
two activity coefficients:

 (2-66)

The first term is the combinatorial part contributes to the Gibbs free energy 
originating from size and shape effects as

 (2-67)

Ai i, 0=

Bi i, 0=

αi i, 0=

αj i, αi j,=

τi i, 0=

Gi i, 1=

βi i, 0=

γiln γi comb, γi res,ln+ln=

γi comb,ln 1 φi– φi
z
2
---qi 1

φi

θi
----

φi
θi
---- 
 ln+ +

 
 
 

–ln+=
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and the second term is the residual part from chemical interactions between the 
molecules,

 (2-68)

where

 (2-69)

 (2-70)

 (2-71)

The coordination number is taken equal to z = 10. The binary interaction energy 
parameters, ΔEi,j, are specified in terms of absolute temperature (K). The diagonal 
values are zero and the matrix is nonsymmetric. All off-diagonal values must be 
specified.

 (2-72)

 (2-73)

The volume parameters, ri, and surface area parameters, qi, are model-specific 
parameters for each species. If the parameters are not specified, they can be derived 
from the van der Waals volume, VVDW,i, and area, AVDW,i, respectively

 (2-74)

 (2-75)

γi res,ln qi 1

xjqjτj i,
j


xjqj

j

--------------------------

 
 
 
 
 
 
 

xjqjτj i,

xjqjτk j,
k

---------------------------

j
–ln–

 
 
 
 
 
 
 

=

φi
ri

xjrj

j

-----------------=

θi
qi

xjqj

j

-----------------=

τi j,
Δ– Ei j,
T

----------------- 
 exp=

ΔEi i, 0=

τi i, 1=

ri
VVDW,i

0.01517 10 3–⋅
--------------------------------------=

qi
AVDW,i

2.5 10 5–⋅
------------------------=
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For all species ri or VVDW,i and qi or AVDW,i must be specified.

UNIFAC
The UNIQUAC Functional-group Activity Coefficients (UNIFAC; see Ref. 20) uses 
the same equations as UNIQUAC but the parameters are constructed from group 
contributions. The model can be used if UNIQUAC parameters are not available for 
all species. The activity coefficients are calculated from Equation 2-66. The 
combinatorial part follows from equation Equation 2-67, where

 (2-76)

 (2-77)

where rk and qk are the values for group k in species i, andνk,i is the number of 
occurrences of group k in molecule. The residual term in Equation 2-66 is calculated 
from a summation over functional groups:

 (2-78)

The values for ln(γk,res) are calculated from the mixture containing all species at a 
specified composition x. The values for ln(γi,k,res) are calculated for a mixture of group 
k considering only pure species i. Both are defined, for functional group k, by

 (2-79)

where xl and xm are the compositions of functional group l and m in the mixture

 (2-80)

For the calculation of a pure species’ i residual activity we get:

ri νk i, rk

k
=

qi νk i, qk

k
=

γi res,ln νk i, γk res, γi k res, ,ln–ln( )
k
=

γk res,ln qk 1

xlqlτl k,
l


xlql

l


---------------------------

 
 
 
 
 
 
 

xlqlτk l,

xlqlτm l,
m

-----------------------------

j
–ln–

 
 
 
 
 
 
 

=

xm

xiνm i,
i


xi νk i,
k
 

 
 

i

-----------------------------------=
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 (2-81)

The volume parameters rk and surface area parameters qk are model-specific 
parameters for each group. The binary interaction between groups k and m is

 (2-82)

The binary interaction parameters, Ak,m, are specified in terms of absolute 
temperature. The diagonal values are zero, the matrix is nonsymmetric. All 
off-diagonal values must be specified.

The default group and interaction parameters are those published by the UNIFAC 
consortium (Ref. 21 through Ref. 26), with added groups from Balslev and Abildskov 
(Ref. 27) but can be modified per package or database. The groups must be specified 
for all species. Note that the interaction parameter matrix is sparse, and a package can 
only be used if all interaction parameters for all used groups are specified.

Chao–Seader (Grayson–Streed)
The Chao–Seader model Ref. 13 correlates liquid phase partial coefficients for pure 
species, for use of hydrogen and hydrocarbon mixtures at elevated pressure and 
temperatures. It is expressed by

 (2-83)

The activity is based on the Scatchard–Hildebrand equation Ref. 14 and presented in 
Equation 2-45 to Equation 2-47. Chao–Seader specific values for liquid volume, Vi, 
and solubility parameter, δi, are used.

If Vi is unspecified, it can be estimated by

a molar volume at normal boiling point

b van der Waals volume

c from the Rackett model, Equation 2-80, at normal boiling point temperature.

If the Chao–Seader specific solubility parameter, δi, is not specified, the generic 
solubility parameter is used.

The fugacity coefficient for pure species i is correlated as

 (2-84)

xm
νm i,

νk i,
k

-----------------=

τk m,
Ak m,

T
-------------– 

 exp=

φi l,ln γi φi l 0, ,ln+ln=

φi l 0, ,log φi l 1, , ωi φi l 2, ,log+log=
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 (2-85)

 (2-86)

A Chao–Seader specific acentric factor ωi is used. If it is unknown, it can be set equal 
to the generic acentric factor. The parameter values are taken from the later publication 
of Grayson and Streed Ref. 15 and given in Table 2-2.

The corresponding vapor phase model is Redlich–Kwong equation of state. The 
Chao–Seader (Grayson–Streed) model is valid when

- 255 K < T < 533 K

- P < 6.89 MPa

- Pr < 0.8

- 0.5 < Tr,i < 1.3, for all hydrocarbons except CH4

- xCH4 < 0.3

- For systems that include CH4 or H2S:

TABLE 2-2:  CHAO–SEADER GRAYSON–STREED FUGACITY COEFFICIENT PARAMETERS.

H2 CH4 OTHER ALL

Ai,0 1.50709 1.36822 2.05135 Ai,10 -4.23893

Ai,1 2.74283 -1.54831 -2.10899 Ai,11 8.65808

Ai,2 -0.02110 Ai,12 -1.22060

Ai,3 0.00011 0.02889 -0.19396 Ai,13 -3.15224

Ai,4 -0.01076 0.02282 Ai,14 -0.02500

Ai,5 0.008585 0.10486 0.08852

Ai,6 -0.02529

Ai,7 -0.00872

Ai,8 -0.00353

Ai,9 0.00203

φi l 1, ,log Ai 0,
Ai 1,
Tr i,
---------- Ai 2, Tr i, Ai 3, Tr i,

2 Ai 4, Tr i,
3

+ Ai 7, Tr i,
2 Ai 6, Tr i, Ai 5,+ +( )Pr i, Ai 9, Tr i, Ai 8,+( )P2

r i, Pr i,log–+

+ + + +=

φi l 2, ,log Ai 10,
Ai 12,
Tr i,
------------- Ai 11, Tr i, Ai 13, Tr i,

3 Ai 14, Pr i, 0.6–( )+ + + +=

xiTr i, 0.93<
i

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The enthalpy, entropy, and Gibbs free energy can be calculated from Equation 2-109 
to Equation 2-118.

L I Q U I D  V O L U M E  M O D E L S

When an activity coefficient model or the Chao–Seader (Grayson–Streed) model is 
used, a liquid volume model must be explicitly selected. It is also possible to assign a 
liquid volume model when an equation of state is used.

For liquids the density is defined as the reciprocal of the liquid volume:

 (2-87)

Using a cubic equation of state, the solution has 1, 2, or 3 different roots for the 
volume. The liquid density is defined as the root producing the highest density, and 
the vapor density as the root producing the lowest density.

Equation of State
When an equation of state is selected as the liquid phase model, the liquid volume is 
by default set to be calculated using the same equation of state model. The other liquid 
volume models; Ideal Mixture, COSTALD, and Rackett are also available.

Note, the vapor phase model and the liquid volume cannot use different equation of 
state models. 

Ideal Mixture
For an ideal mixture the liquid volume is computed from the pure species densities 
(corresponding to the saturated liquid density):

 (2-88)

In this case the pure species densities corresponds to the saturated liquid density, which 
is available as a temperature-dependent correlation for all species in the built-in 
database.

COSTALD
Hankinson and Thomson Ref. 28 presented the Corresponding States Liquid Density 
(COSTALD) equation as

 (2-89)

ρl
1
Vl
------=

Vl m,
xi

ρi l,
--------

i
=

V
Vmix
------------- Vr ref, 1 ωVr δ,–( )=
 2 :  T H E R M O D Y N A M I C S



 (2-90)

 (2-91)

 (2-92)

 (2-93)

 (2-94)

 (2-95)

where the volume, Vi, and acentric factor, ωi for species i are model specific 
parameters. If the COSTALD volume parameter is unspecified, it is estimated from the 
van der Waals volume when VVDW,i > 0.3×10−3 m3/mol

 (2-96)

otherwise, it can be set equal to the critical volume as

 (2-97)

If the COSTALD acentric factor, ωi is not specified, it can be set equal to the generic 
acentric factor for species i. A critical temperature, Tc,i must be specified for all species.

The correlation parameter values are:

TABLE 2-3:  REDUCED VOLUME CORRELATION PARAMETERS IN COSTALD.

a -1.52816 e -0.296123

b 1.43907 f 0.386914

Vr ref, 1 a 1 Tr–( )1 3/ b 1 Tr–( )2 3/ c 1 Tr–( ) d 1 Tr–( )4 3/+ + + +=

Vr δ,
e fTr gTr

2 hTr
3+ + +

Tr 1.00001–
----------------------------------------------------=

Vmix
1
4
--- xiVi 3 xiVi

2 3/

i
 
 
 

xiVi
1 3/

i
 
 
 

+

i
 
 
 

=

Tc

xi Tc i, Vi

i
 
 
  2

Vmix
------------------------------------------=

Tr

T
Tc
------ T Tc<

1 T Tc≥





=

ω xiωi

i
=

Vi 5.385 VVDW i, 5.1022V2
VDW i,– 79.524V3

VDW i,
99.316V4

VDW i,– 100.88V5
VDW i, 1152.7V6

VDW i,–

+

+

=

Vi Vc i,=
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Rackett
The Rackett equation Ref. 29 computes the liquid density at the saturation point, and 
can be used to describe liquid density at any pressure using the assumption that the 
liquid is incompressible. The equation and its condition can be expressed as:

 (2-98)

 (2-99)

 (2-100)

Critical temperatures, Tc,i, critical pressures, Pc,i, and molecular weights, Mi, must be 
specified for all species. The model parameter, Zr,i, must be specified for all species. If 
the value is not available it can be set to the critical compressibility factor:

 (2-101)

Selecting the Right Thermodynamic Model

Which thermodynamic model is the most appropriate depends on a number of things, 
for example the nature of the properties to be used, the operational pressure and 
temperature, and not least the availability of the required model parameters. One 
general introduction to how to select thermodynamic models, as well as estimating 
missing parameters and validating properties can be found in Ref. 77.

c -0.81446 g -0.0427258

d 0.190454 h -0.0480645

TABLE 2-3:  REDUCED VOLUME CORRELATION PARAMETERS IN COSTALD.

Vl R xiTc i,
MW( )iPc i,
----------------------------

i
 

 
 

Zr i,
i
 
 
  1 1 T2

r–( )2 7⁄+( )

xi MW( )i
i
 
 
 

=

Tc xiTc i,
i
=

Tr

T
Tc
------ T Tc<

1 T Tc≥





=

Zr i, Zc i,=
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Below is a decision tree that can be used as a guide for choosing the thermodynamic 
model:

Figure 2-37: Decision tree to select thermodynamics model.

Species Property References

All references used for the included constants and temperature-dependent properties 
are available in the database file. The reference comments can be inspected in the 
settings window by right-clicking a species property node (under a Thermodynamic 

System) and selecting Properties.

Thermodynamic Properties Definitions

The thermodynamic properties provided are listed as species and mixture property in 
a Property package.
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Ideal Gas
The ideal gas law is independent of composition and determines V at given T and P. 
Density can be calculated from

 (2-102)

The partial fugacity coefficients

 (2-103)

The ideal gas enthalpy for mixture

 (2-104)

where Hi,ig,Tref relates the enthalpy of an ideal gas to the enthalpy at the selected 
reference state for species i.

The ideal gas entropy for species i

 (2-105)

where Si,ig,Tref is the entropy of an ideal gas to the entropy of species at the selected 
reference state.

The Gibbs free energy follows from

 (2-106)

Equation of State
The equation of state determines V at given x, T, and P. Density can be expressed as 
Equation 2-102. The partial fugacity coefficients are derived from

 (2-107)

where Vi is the partial molar volume. The enthalpy, entropy, and Gibbs free energy 
follow from the partial fugacity coefficients and the ideal gas contributions as:

ρ 1
V
----=

φ̂iln 0=

Hig xi Hi ig Tref,, CP i ig, , Td
Tref

T

+
 
 
 

i
=

Sig xi Si ig Tref,, R xi
CP i ig, ,

T
------------------ Td

Tref

T

+ln–
 
 
 

R P
Pref
--------- 
 ln–

i
=

Gig Hig TSig–=

φ̂iln 1
RT
-------- Vi

ˆ RT
P
--------– 

 
0

P

=
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 (2-108)

 (2-109)

 (2-110)

Heat Capacity

The heat capacity at constant pressure is calculated from

 (2-111)

It is available when the enthalpy is available. The heat capacity at constant volume is 
defined by

 (2-112)

The relationship between the heat capacity at constant pressure and constant volume 
can be expressed as

 (2-113)

were v is a function of T and P. A Taylor expansion of vat constant composition gives

 (2-114)

Rearranging equations above gives

 (2-115)

Cv is available if Cp and volume are available and fluid is compressible by means of 
volume is pressure dependent. For ideal gas Equation 2-113 express as

H Hig RT2 xi

∂ φ̂iln
∂T
-------------- 
 

i
–=

S Sig R xi φ̂iln T
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 

i
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G Gig RT xi φ̂iln
i
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-------- 
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-------- 
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ΔT ∂V
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ΔP+ 0= =
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 

P,x

2

∂V
∂P
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 

T,x

------------------------+=
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 (2-116)

Specific heat capacity ratio is defined as

 (2-117)

Activity Coefficient Models
The enthalpy, entropy, and Gibbs free energy follow from the activity coefficients and 
the ideal gas contributions in Equation 2-104 – Equation 2-106. The activity 
coefficients describe the deviation of chemical potentials from the ideal liquid phase, 
so heats of vaporization need to be accounted for

 (2-118)

 (2-119)

 (2-120)

Note that if the vapor phase is ideal, then the saturated fugacity, , contribution 
can be ignored.

Other Properties
Partial fugacity is calculated from

 (2-121)

Internal energy is calculated from
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 (2-122)

where Ui,ig,ref is the enthalpy of an ideal gas to the species enthalpy at the selected 
reference state.

Helmholtz energy is calculated from

 (2-123)

The K-values for phases p and q are taken from

 (2-124)

If only liquid phases are defined, the K-value calculation is reduced to

 (2-125)

 (2-126)

Standard Enthalpy of Formation and Absolute Entropy Terms

Formation terms are not included in the enthalpy, entropy, or internal energy. If the 
enthalpy of formation is specified for all species, EnthalpyF (HF) represent the enthalpy 
including the formation terms. If the absolute entropy of all species are specified then 
the EntropyF (SF) includes the absolute entropy.

At reference conditions, the heat of any reaction relates to the heat of formation as

 (2-127)

Note that for reacting flow or a heat balance in a reactor when the heat of reaction is 
explicitly taken into account, the enthalpy should not include the heat of formation.

The following enthalpy expression should be used:

 (2-128)

U H PV– xiUi ig ref,,
i
+=

A U TS– G PV–= =

Ki p q, ,
φ̂i q,
φ̂i p,
---------=

Ki p q, ,
γi q,
γi p,
---------=

Mmix xiMi

i
=

Hreac,refΔ νi Hf ref,Δ( )
i
=

HF H xi Hf i ref, ,Δ
i
+=
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Hf,i,ref is calculated such that it matches the reference state of the package, even if the 
species have a different reference state. Similarly, the absolute entropy of each species 
is taken into account according to

 (2-129)

The entropy balance over a process that includes reactions should include either the 
entropy of reaction and use S, or use SF without entropy of reaction.

In database, a set of parameters introduced to define Absolute entropy and Standard 
enthalpy of formation for ideal gas and different phases (Vapor, liquid, Solid, and 
Aqueous infinite dilution). One can use these parameters to calculate Gibbs free energy 
of reaction when different phases are available (See Electrode reaction).

S P E C I E S  G I B B S  F R E E  E N E R G Y  O F  F O R M A T I O N

As the COMSOL ThermoDB does not include entropy of formation of species, 
entropy Equation 2-129 and in consequence Gibbs free energy Equation 2-110 are 
estimated from absolute entropy’s value. Therefore, the absolute value of entropy of 
formation and Gibbs free energy of formation of the species are not correct. However, 
for our applications these absolute values are not required while the value of entropy 
and Gibbs free energy change of reaction (the difference value) are correct.

If user needs the absolute value of entropy of formation, it is possible to estimate it by:

 (2-130)

where the entropy of formation of species i is calculated from its elemental constituent 
j. For example, entropy of formation of ammonia at 298 K is

 (2-131)

 (2-132)

The values from RHS of Equation 2-132 can be extracted from 
COMSOLThermoDB. This value should be used in Equation 2-128 to estimate the 
absolute value of Gibbs free energy of species.

SF S xiSabs i,
i
+=

Si ΔSf i, νjSabsj

j
= =

N2 g( ) 3H2 g( ) 2NH3⇔+

ΔSf NH3, 2Sabs NH3, Sabs N2, 3Sabs H2,+( )–=
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Reference State

The reference temperature, pressure, and phase can be specified for each package and 
for species within a package. The reference phase can be a real phase or an ideal gas. If 
a reference temperature, pressure, or phase is unspecified for a particular species, the 
package reference temperature, pressure, or phase is used for that species.

The reference values for enthalpy, Hi,ref, entropy, Si,ref, and internal energy, Ui,ref, are 
calculated so that the pure species enthalpy, entropy, and internal energy are equal to 
zero at reference conditions.

The reference values for enthalpy, including formation terms, and entropy, including 
absolute terms, are calculated such that the corresponding property for pure species i 
has a value equal to the specified formation term at the species reference conditions.

Transport Properties

This section includes definitions of the models available in for thermal conductivity, 
viscosity, and diffusivity:

• Thermal Conductivity

• Viscosity

• Diffusivity

T H E R M A L  C O N D U C T I V I T Y

Vapor

Ideal

The thermal conductivity correlations is according to:

 (2-133)

The pressure correction Δλv,P is calculated from the method of Stiel and Thodos, see 
Ref. 30, which is applicable for ρr < 3, but is less accurate for H2, strongly polar gases, 
and gases with a high degree of hydrogen bonding, such as H2O and NH3

 (2-134)

λv xiλi v, λv P,Δ+

i
=

λv P,Δ
Pc

2 3/

MTc
1 6/ Zc

5
-----------------------------A Bρr( ) C+( )exp( )=
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 (2-135)

 (2-136)

The mixing rules are as suggested by Yorizane, see Ref. 31:

 (2-137)

 (2-138)

 (2-139)

 (2-140)

 (2-141)

 (2-142)

where the binary constants are

 (2-143)

 (2-144)

The Stiel and Thodos coefficients are

TABLE 2-4:  PRESSURE CORRECTION PARAMETERS.

A B C

ρr < 0.5 A1=2.702E8 B1=0.535 C1=-1

0.5 ≤ ρr < 2.0 A2=2.528E8 B2=0.670 C2=-1.069

ρr ≥ 2.0 A3=0.574E8 B3=1.155 C3= 2.016

ρr
ρ
ρc
-----=

ρc
1
Vc
------=

Vc xi xjVc i j, ,
j


i
=

Tc

xi xjVc i j, , Tc i j, ,
j


i


Vc
------------------------------------------------------=

ω xiωi

i
=

Zc 0.291 0.08ω–=

Pc
RTcZc

Vc
-----------------=

M xiMi

i
=

Vc i j, ,
1
8
--- Vc i,

1 3/ Vc j,
1 3/+( )3=

Tc i j, , Tc i, Tc j,=
 2 :  T H E R M O D Y N A M I C S



However, in order to ensure 0th-order continuity at ρr = 0.5 and ρr = 2.0, the 
following coefficients for 0.5 ≤ ρr < 2.0 are recalculated from

 (2-145)

 (2-146)

The vapor thermal conductivity correlation must be available for all species. Also 
critical volumes, Vc,i, critical temperatures, Tc,i, molecular weights Mi, and acentric 
factors ωi must be specified for all species.

Kinetic Theory

Lindsay and Bromley (see Ref. 32) provided an equation for the interaction parameters 
of the method of Wassiljewa (see Ref. 33) based on the kinetic theory, to provide 
mixture thermal conductivity from pure species values

 (2-147)

 (2-148)

where the pressure correction Δλv,P is calculated from Equation 2-134. Both vapor 
thermal conductivity correlation λi,v and the vapor viscosity correlation ηi,v must be 
available for all species. In addition, all normal boiling points Ti,b, molecular weights 
Mi, critical volumes Vc,i, critical temperatures Tc,i, and acentric factors ωi must be 
specified.

Water (IAPWS)

The International Association of the Properties of Water and Steam recommend an 
equation Ref. 34 which is valid in the following range:
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 (2-149)

 (2-150)

 (2-151)

Liquid
The following mixture models are available for liquid thermal conductivity

Ideal

To calculate the mixture liquid thermal conductivity, λl,m, the values of pure liquid 
thermal conductivity correlations are mixed ideally

 (2-152)

The pressure dependence is based on the work of Missenard (Ref. 51) where

 (2-153)

where Q is correlated as

 (2-154)

and the following mixing rules are used

 (2-155)

 (2-156)

 (2-157)

 (2-158)

 (2-159)

273.15 K T 773.15 K                 p 100 MPa≤ ≤ ≤

773.15 K T 923.15 K                 p 70 MPa≤ ≤ ≤

923.15 K T 1073.15 K                 p 40 MPa≤ ≤ ≤

λl m, xiλi l,
i
=

λl m P, ,
λl m,
----------------- 1 QPr

0.7+=

Q -0.013693477 0.057427673Tr 0.001617831 Tr( ) P1ln( )+ +=

Tr
T
Tc
------=

Pr
P
Pc
------=

Pc
RTcZc

Vc
-----------------=

Vc xiVc i,
i
=

Tc xiTc i,
i
=
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 (2-160)

All liquid thermal conductivity correlations must be specified. All values for critical 
temperatures, Tc,i, critical volumes, Pc,i and critical compressibility factors, Zc,i must 
be specified for all species i.

Power Law

The values of pure liquid vapor thermal conductivity correlations are mixed according 
to the following power law

 (2-161)

All liquid thermal conductivity correlations must be specified. The model is valid for 
pure compound thermal conductivity values that are no more apart than a factor of 2 
(Ref. 52 and Ref. 53). The pressure dependence is introduced using Equation 2-153 
through Equation 2-160. All values for critical temperatures, Tc,i, critical volumes, Pc,i 
and critical compressibility factors, Zc,i must be specified for all spices i.

Local Composition

The local composition model by Rowley (Ref. 53) uses an ideal and excess 
contribution

 (2-162)

The ideal part is based on mass fractions

 (2-163)

 (2-164)

The excess term is based on NRTL local concentrations

Zc xiZc i,
i
=

1
λl m,

2
-----------

xi
λl i,
--------

i
=

λl m, λl ideal, λl excess,+=

λl ideal, ωiλi l,
i
=

ωi
xiMi

xjMj

j

--------------------=
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 (2-165)

where Gj,i follows from Equation 2-58. The binary interaction terms follow from

 (2-166)

which is symmetric, and on the diagonal,

 (2-167)

and

 (2-168)

with ϖi is the composition in the binary mixture of species i and j and the local 
composition is equi-molar

 (2-169)

All liquid thermal conductivity correlations must be specified. The pressure 
dependence is introduced using Equation 2-153 – Equation 2-160. All values for 
critical temperatures Tc,i, critical volumes Pc,i, critical compressibility factors Zc,i, and 
molecular weights Mi must be specified for all compounds i. In addition, all NRTL 
binary interaction parameters Ai,j must be specified. Unspecified values for NRTL 
interaction parameters Bi,j are set to zero. The randomness parameters αi,j have values 
of zero on the diagonal and the matrix is symmetric. All off-diagonal values must be 
specified. NRTL model is presented in Equation 2-54 to Equation 2-65.

Local Composition (Modified)

Rowley (Ref. 52) adapted the local composition model by replacing the mixing rule in 
Equation 2-166 by the following

 (2-170)

λl excess,

ωiωjGj i, λj i, λi l,–( )
j


i


ωjGj i,
j


-------------------------------------------------------------------=
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ωiωi i, ωjωj j,+
--------------------------------------------------------= =

λi i, λi l,=

ωi i, ωi ωi ωjGj i,+( )=

ωi
Mi Gj i,

Mi Gj i, Mj Gi j,+
--------------------------------------------------=

λi j, λj i,
Mi ωiωi i,( )λi l, Mj ωjωj j,( )λj l,+

Mi ωiωi i,( ) Mj ωjωj j,( )+
----------------------------------------------------------------------------------= =
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which he found to produce better model predictions in most cases where both the 
Local Composition model and Power Law model have trouble. However, the model 
is not as generally applicable; for instance, systems containing H2O are not well 
described by this model due to the low molecular weight of H2O.

Water (IAPWS)

The International Association of the Properties of Water and Steam recommend an 
equation Ref. 34 which is valid in the following range:

 (2-171)

 (2-172)

 (2-173)

V I S C O S I T Y

Vapor

Wilke

Wilke, see Ref. 35, based his method for mixture viscosity of the vapor phase on kinetic 
theory:

 (2-174)

 (2-175)

The vapor viscosity correlation ηi,v must be available for all species. In addition, all 
molecular weights Mi must be specified.

Brokaw

Brokaw (see Ref. 36) uses the same basic equation as Wilke (Equation 2-174). 
However, Equation 2-175 is replaced by

273.15 K T 773.15 K                 p 100 MPa≤ ≤ ≤

773.15 K T 923.15 K                 p 70 MPa≤ ≤ ≤

923.15 K T 1073.15 K                 p 40 MPa≤ ≤ ≤
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----------------------
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 
 
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8 1
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 
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 (2-176)

and the interaction parameter is defined as

 (2-177)

where

,  (2-178)

The vapor viscosity correlation, ηi,v must be available for all species i. In addition, all 
molecular weights Mi must be specified. If Lennard–Jones energy εi (see Ref. 37) 
Stockmayer’s polar parameter δs,i (Ref. 38 and Ref. 39) are specified for both species 
i and j then

 (2-179)

Otherwise,

 (2-180)

Davidson

The Davidson method, see Ref. 40, requires fewer compound specific parameters than 
Brokaw, while reported accuracy is almost as good, and in the case of H2, even 
surpasses it. The Davidson model only requires molar masses and the viscosities of the 
pure gases. The model is based on fluidity, which is defined to be the reciprocal 
viscosity.

 (2-181)

The fluidity of the mixture is then calculated as
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f 1
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 (2-182)

where yi is the momentum fraction of species i; Ei,j is the momentum transfer 
coefficient of the species pair i, j; and A is an empirical species-independent parameter 
set to 1/3. The momentum fraction is given by

 (2-183)

and the momentum transfer coefficient is taken as

 (2-184)

High Pressure Modification

To account for the effect of pressure on vapor viscosity, a pressure correction can be 
applied. The pressure dependence is based on kinetic gas theory, which adds the 
following term to the vapor viscosity:

 (2-185)

where ξ is calculated from the correlation of Jossi (Ref. 41), which is applicable for 
ρr < 3.0. It is less accurate for H2, strongly polar gases and gases with a high degree of 
hydrogen bonding such as H2O and NH3.

The correction factor is due to using pressure, atm, and viscosity, cP, units in Jossi’s 
correlation. It is expressed as:

 (2-186)

 (2-187)
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 (2-188)

The following mixture rules are used

, ,  (2-189)

,  (2-190)

The values for critical volumes, Vc,i, critical temperatures, Tc,i, critical compressibility 
factors, Zc,i and molecular weights, Mi must be specified for all species i.

The high pressure correction is available for the Wilke, Brokaw, and Davidson mixture 
models. The vapor viscosity follows from

 (2-191)

where ηv,Wilke is calculated from Equation 2-174.

Pedersen Corresponding States Model

The corresponding states viscosity model of Pedersen (Ref. 42 and Ref. 43) applies to 
both vapor and liquid phases of hydrocarbon mixtures. The selected reference species 
is CH4.

The CH4 viscosity is calculated from Ref. 44, modified by Pedersen and Fredenslund 
(Ref. 45) to avoid issues below 91 K where CH4 becomes solid

 (2-192)

where

 (2-193)

 (2-194)

 (2-195)

 (2-196)

ρc
1
Vc
------=

Pc
RTcZc

Vc
-----------------= Vc xiVc i,

i
= Tc xiTc i,

i
=

Zc xiZc i,
i
= Mt xiMi

i
=

ηv ηv Wilke, ηv P,Δ+=

ηCH4
ηCH4 0, ρCH4

ηCH4 1, F1ηCH4 2, F2ηCH4 3,+ + +=

F1
H 1+

2
--------------=

F1
1 H–

2
--------------=

H TΔ( ) TΔ–( )exp–exp
TΔ( ) TΔ–( )exp+( )exp

-------------------------------------------------------------=

TΔ T 91 K T K∈( )–=
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Here, ρCH4 is used in g/cm3; for the mass-mole conversion of ρCH4, a molecular 
weight of MCH4 = 16.042568 g/mol is used.

The dilute gas part is given by

 (2-197)

The first density correction for the moderately dense gas is given by

 (2-198)

The remainder is given by the empirical correlation

 (2-199)

The correction term for solid CH4

 (2-200)

with the values of the parameters L1 through L25 are listed in Table 2-5 below:

TABLE 2-5:  METHANE VISCOSITY NUMERICAL COEFFICIENTS.

L1 2.090975·105 L10 1.696985927 L19 9.74602

L2 2.647269·105 L11 0.133372346 L20 44.6055

L3 1.472818·105 L12 188.73011594 L21 18.0834

L4 47167.40 L13 10.35060586 L22 4126.66

L5 9491.827 L14 17.571599671 L23 0.976544

L6 1219.979 L15 3019.3918656 L24 81.8134

L7 96.27993 L16 0.042903609488 L25 15649.9

ηCH4 0,
L1–

T
----------

L2

T2 3/
-----------

L3

T1 3/
-----------–

L4 L5– T1 3/ L6T2 3⁄ L7T L8T4 3⁄+– L9T5 3/–

+

+ +

=

ηCH4 1, L10 L11 1.4 T
168 K
----------------ln– 

  2
–=

ηCH4 2,
L12
T
--------- L13– 
  ρCH4

10( ) L14
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T3 2/
-----------– 

 
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ρc CH4,–

ρc CH4,
-------------------------------------
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 
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


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exp



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Here, ρCH4 is used in g/cm3; the critical density is given by ρc,CH4 = 0.16284 g/cm3. 
The following equation by McCarty (Ref. 46) is solved for the density of CH4

 (2-201)

where ρCH4 is used in mol/l.

With the viscosity and density of CH4 defined, the viscosity of any mixture, ηm, can be 
calculated from the corresponding states principle

L8 4.274152 L17 145.29023444

L9 0.08141531 L18 6127.6818706

TABLE 2-6:  COEFFICIENTS IN THE FUNCTIONAL FORM OF THE MCCARTY EOS.

N1 0.08205616 N13 2.8685285973 N25 1.6428375992·106

N2 0.018439486666 N14 0.11906973942·10-3 N26 0.21325387196

N3 1.0510162064 N15 0.0085315715699 N27 37.791273422

N4 16.057820303 N16 3.8365063841 N28 0.1185701681·10-4

N5 848.44027562 N17 0.24986828379·10-4 N29 31.630780767

N6 42738.409106 N18 0.57974531455·10-5 N30 0.4100678294·10-5

N7 0.76565285254·10-3 N19 0.0071648329297 N31 0.0014870043284

N8 0.48360724197 N20 0.12577853784·10-3 N32 3.151226153·10-9

N9 85.195473835 N21 0.0096 N33 0.2167077474·10-5

N10 16607.434721 N22 22240.102466 N34 0.2400055107·10-4

N11 0.37521074532·10-4 N23 1.4800512328·106

N12 0.028616309259 N24 50.498054887

TABLE 2-5:  METHANE VISCOSITY NUMERICAL COEFFICIENTS.
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 (2-202)

where the CH4 viscosity ρCH4,P0,T0 is calculated at temperature T0 and pressure P0:

 (2-203)

 (2-204)

The following mixing rules are used for the critical properties, see Ref. 47:

 (2-205)

 (2-206)

 (2-207)

The parameter α is

 (2-208)

 (2-209)

where

 (2-210)
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ρc CH4,
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 (2-211)

with ρc,CH4 = 0.16284 g/cm3. For CH4

 (2-212)

where Equation 2-209 is used. The mixture molecular weight is a function of the 
weight-averaged molecular weight and the number-averaged molecular weight

 (2-213)

 (2-214)

 (2-215)

where the power in Equation 2-213 is determined by fitting to experimental viscosity 
data.

Note that pure species vapor viscosity correlations ηi,v are not required. However, for 
each species i, molecular weight Mi, critical temperature, Tc,i, and critical pressure, Pc,i 
must be specified.

Water (IAPWS)

The International Association of the Properties of Water and Steam recommend an 
equation Ref. 48–Ref. 49 for industrial application which is valid in the following 
range:

 (2-216)

 (2-217)

 (2-218)

 (2-219)

 (2-220)

P0
Pc CH4,

Pc
----------------- 
 P=

αCH4
1 7.378 3–×10 ρr

1.847MCH4

0.5173
+=

Mm 1.304 4–×10 MW
2.303 MN

2.303
–( ) MN+=

MW

xiMi
2

i


MN
---------------------=

MN xiMi

i
=

273.16 K T 1173.15 K            0 p pt≤ ≤ ≤ ≤

Tm p( ) T 1173.15 K             pt p 300 MPa≤ ≤≤ ≤

Tm p( ) T 873.15 K             300 MPa p 350 MPa≤ ≤≤ ≤

Tm p( ) T 433.15 K             350 MPa p 500 MPa≤ ≤≤ ≤

Tm p( ) T 373.15 K             500 MPa p 1000 MPa≤ ≤≤ ≤
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where Tm is the pressure dependent melting temperature and pt is the triple-point 
pressure. In accordance with industrial application recommendations, critical region 
correction is not applied.

Liquid
The following mixture models are available for liquid viscosity.

Molar Logarithmic Mixing

The values of pure species log liquid viscosity, ln ηi,l are mixed ideally using mole 
fractions xi

 (2-221)

where ηm,l is the mixture viscosity of liquids.

Mass Logarithmic Mixing

The values of pure species log liquid viscosity correlation are mixed ideally using the 
weight fractions ωi

 (2-222)

Pedersen Corresponding States Model

The Pedersen Corresponding States Model described above for the gas phase viscosity 
also applies to the liquid phase. Pure species liquid viscosity correlations are not 
required. However, for each species i, molecular weight Mi, critical temperature Tc,i, 
and critical pressure Pc,i, must be specified.

Cubic mixing

The mixture viscosity is defined using the cubic root average in terms of the mole 
fractions xi

 (2-223)

The model is noted in Ref. 50 to provide reasonable results for hydrocarbon mixtures 
of similar components.

ηl m,ln xi ηi l,ln
i
=

ηl m,ln ωi ηi l,ln
i
=

ηl m, xiηi l,
1 3/

i
 
 
  3

=
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The model requires that the log liquid viscosity correlation is available for all species i.

Cubic mass mixing

The mass fraction equivalent of the previous model is

 (2-224)

The model requires that the log liquid viscosity correlation is available for all species i.

Water (IAPWS)

The International Association of the Properties of Water and Steam recommend an 
equation Ref. 48–Ref. 49 for industrial application which is valid in the following 
range:

 (2-225)

 (2-226)

 (2-227)

 (2-228)

 (2-229)

where Tm is the pressure dependent melting temperature and pt is the triple-point 
pressure. In accordance with industrial application recommendations, critical region 
correction is not applied.

D I F F U S I V I T Y

Two types of diffusion coefficients are supported. Diffusion coefficients in infinitely 
diluted systems, and Maxwell–Stefan diffusion coefficients.

For dilute systems, the binary diffusion coefficient D0
i,j represent the diffusivity of 

species i in a medium consisting of pure species j. This corresponds to the Fickian 
diffusion coefficient.

For any mixture, the binary Maxwell–Stefan diffusion coefficient , represents the 
inverse drag coefficient of species i moving past species j (Ref. 54–Ref. 57). This 

ηl m, ωiηi l,
1 3/

i
 
 
  3

=

273.16K T 1173.15K            0 p pt≤ ≤ ≤ ≤

Tm p( ) T 1173.15 K             pt p 300 MPa≤ ≤≤ ≤

Tm p( ) T 873.15 K             300 MPa p 350 MPa≤ ≤≤ ≤

Tm p( ) T 433.15 K             350 MPa p 500 MPa≤ ≤≤ ≤

Tm p( ) T 373.15 K             500 MPa p 1000 MPa≤ ≤≤ ≤

Di j,
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property is referred to as the Maxwell–Stefan diffusivity. The Maxwell–Stefan 
diffusivity is symmetric, , and the diagonal elements  are not used.

Gas Phase Diffusion Coefficient at Infinite Dilution
The following models are available for the diffusion coefficients at infinite dilution in 
the vapor phase:

• Fuller–Schettler–Giddings

• Wilke–Lee

Automatic When the Gas diffusivity property model is set to Automatic, the Fuller–
Schettler–Giddings model is used, provided that the Fuller diffusion volume is known 
for both species (i and j), otherwise the Wilke–Lee model is used.

Fuller–Schettler–Giddings

Fuller and others (Ref. 58) modified the Chapman–Enskog relation to correlate binary 
diffusion coefficient for species i and j in the vapor phase according to the Fuller–
Schettler–Giddings (FGS) model:

 (2-230)

where T denotes the temperature (K), Mi the molecular weight of species i (g/mol) 
and P is the pressure (Pa). vi are the atomic diffusion volumes (Fuller diffusion 
volume, cm3), which are estimated using group contribution for each species 
(Ref. 59):

TABLE 2-7:  ATOMIC AND STRUCTURAL DIFFUSION VOLUME INCREMENTS.

GROUP CONTRIBUTION

C 15.9

H 2.31

O 6.11

N 4.54

F 14.7

Cl 21

Br 21.9

Di j, Dj i,= Di i,

Di j,
0

1.01325 10 2– T1.75 1
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------- 1

Mj
-------+×

P v
i
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 

1
3
---

v
j
 
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 

1
3
---

+
 
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 

2
--------------------------------------------------------------------------------=
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For some simple molecules the values below, determined from regression, are used:

Wilke–Lee

Wilke and Lee (Ref. 60) also modified the Chapman–Enskog relation to correlate 
binary diffusion coefficient in vapor phase according to:

I 29.8

S 22.9

Aromatic Ring -18.3

Heterocyclic Ring -18.3

TABLE 2-8:  DIFFUSION VOLUMES OF ATOM AND SIMPLE MOLECULES.

SPECIES FULLER DIFFUSION 
VOLUME

He 2.67

Ne 5.98

Ar 16.2

Kr 24.5

Xe 32.7

H2 6.12

D2 6.84

N2 18.5

O2 16.3

CO 18

CO2 26.9

N2O 35.9

NH3 20.7

H2O 13.1

SF6 71.3

Cl2 38.4

Br2 69

SO2 41.8

Air 19.7

TABLE 2-7:  ATOMIC AND STRUCTURAL DIFFUSION VOLUME INCREMENTS.

GROUP CONTRIBUTION
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 (2-231)

where

 (2-232)

The length scale σi,j for the interaction is taken from the Lennard–Jones diameter 
parameters of species i and j:

 (2-233)

If  is not specified in the database, it is instead estimated from:

 (2-234)

where Vi,l,b is the molar volume of species at normal boiling point.

The collision integral ΩD is evaluated from (Ref. 61):

 (2-235)

with

 (2-236)

The energy scale εi,j for the interaction is taken from the Lennard–Jones energy 
parameters of species i and j:

 (2-237)

If  is not specified in the database, it is instead estimated from:

 (2-238)
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where k is the Boltzmann constant and Ti,l,b is the normal boiling point temperature.

Gas Phase Maxwell–Stefan Diffusivity
For gas phase diffusion the Maxwell–Stefan diffusivities are defined from the models 
for gas phase diffusivity at infinite dilution

 (2-239)

All models for gas phase diffusion at infinite dilution are symmetric, the diffusivity of 
species i in species j equals that of species j in species i. In addition, under the ideal gas 
assumption, the Maxwell–Stefan diffusion coefficient matches the Fick diffusion 
coefficient. This implies that the Maxwell–Stefan gas diffusivities provided are 
independent of composition.

Liquid Phase Diffusion Coefficients at Infinite Dilution
The following models are available for the diffusion coefficients at infinite dilution in 
liquid phase:

• Wilke–Chang

• Tyn–Calus

• Hayduk–Minhas

• Siddiqi–Lucas

• Erkey–Rodden–Akgerman

Automatic When the Liquid diffusivity at infinite dilution property model is set to 
Automatic, a selection for each solute i in solvent j will be made from the models 
according to the following rules. Except in the case of a temperature correlation and 
the Erkey–Rodden–Akgerman model, all of these rules require that the log liquid 
viscosity correlation, ln ηj is available in the database for species j and that the liquid 
volume at normal boiling point, Vi,l,b is available for the species i.

• If a temperature correlation is available for species i and j, it is used.

• If the solvent is water, the Siddiqi–Lucas correlation (for aqueous systems) is used.

• If the solute and solvent are both normal paraffins, the Hayduk–Minhas correlation 
(for normal paraffins) is used.

• If the solvent is a normal paraffin, and the liquid density correlation for the solvent 
is available, and the solute is hydrogen, carbon-monoxide or carbon-dioxide, the 
Erkey–Rodden–Akgerman correlation (for normal paraffins) is used.

Di j, Di j,
0 i j≠( )=
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• If parachors Pi and Pj are both available, and the liquid volume at normal boiling 
point, Vi,l,b is available for the solvent, the Tyn–Calus correlation is used.

• If parachors Pi and Pj are both available, the Hayduk–Minhas correlation is used.

• If the solute and solvent are both organic molecules and the liquid volume at normal 
boiling point, Vi,l,b is available for the solvent, the Siddiqi–Lucas method is used.

• If the molecular weight Mj is available for the solvent, the Wilke–Chang correlation 
is used.

• If the solvent is a normal paraffin, and the liquid density correlation for the solvent 
is available, and the solute is a normal paraffin, the Erkey–Rodden–Akgerman 
correlation (for normal paraffins) is used.

• If the solvent is a normal paraffin, and the liquid density correlation for the solvent 
is available, and the Lennard–Jones diameter for the solute is available, the Erkey–
Rodden–Akgerman correlation (for normal paraffins) is used.

For the Siddiqi–Lucas method, a molecule is considered organic if it has at least one C 
atom bound to anything other than O or C atoms. This is determined by the SMILES 
formula, if available. If, for any pair of species, the required input data for none of the 
above models is available, the entire property liquid diffusion coefficient at infinite 
dilution is not available.

Wilke–Chang

The correlation by Wilke and Chang (Ref. 62) for liquid phase diffusion coefficients at 
infinite dilution is:

 (2-240)

Molecular weight, Mj, and log liquid viscosity correlation, ln ηj, for species j and liquid 
molar volume at normal boiling point for species i, Vi,l,b, is required. The Wilke–
Chang association parameter φj, if unavailable, is set to:

TABLE 2-9:  ASSOCIATION PARAMETERS FOR SOLVENT.

SOLVENT ASSOCIATION 
PARAMETER

Water 2.26 (Ref. 63)

Methanol 1.9

Ethanol 1.5

Others 1

Di j,
0 1.858795959 10 18– T φjMj

ηjVi l b, ,
0.6

---------------------×=
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Species are identified by their CAS number or SMILES formula. The Wilke–Chang 
correlation is not suitable for diffusion of water. If water is the solute, the correction 
suggested by Kooijman (Ref. 64) is applied where liquid molar volume of water at 
normal boiling point, Vwater,l,b is multiplied by 4.5.

Tyn–Calus

The Correlation by Tyn and Calus (Ref. 65) for liquid diffusion coefficients at infinite 
dilution reads:

 (2-241)

The log liquid viscosity correlation ln ηj should be available for species j, The liquid 
volume at normal boiling point, Vi,l,b and parachor, Pi should be available for both 
species i and j.

If the solvent is nonpolar (dipole moment is zero), and the solvent is methanol, ethanol 
or1-butanol or if the solvent is a mono-hydroxy alcohol, both the liquid volume at 
normal boiling point, Vj,l,b and the parachor, Pj are corrected by a factor of 8 × 103ηj.

If the solute is water, both the liquid volume at normal boiling point, Vi,l,b and 
parachor, Pi for the solute are corrected by a factor 2. This factor also applies if it is 
detected from the SMILE formula that the species is an organic acid (a carboxyl group 
is found), except in the cases where the solvent is water, methanol, or n-butanol.

Hayduk–Minhas

Hayduk and Minhas (Ref. 66) suggested three different correlations for liquid 
diffusion coefficients at infinite dilution.

Aqueous Solutions: in case the solvent is water (derived from CAS number or SMILES 
formula), the correlation reads:

Di j,
0 8.93 10 16–

T Vi l b, ,

1
6
---

 
 
 

Pj
0.6

ηj Vj l b, ,
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Pi
0.6
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 (2-242)

Normal paraffin solutions: In case both the solute and solvent are normal paraffins 
(derived from SMILES formula), the correlation reads:

 (2-243)

For all other systems, the correlation is:

 (2-244)

If the solvent is nonpolar (dipole moment is zero), and the solvent is methanol, ethanol 
or1-butanol or if the solvent is a mono-hydroxy alcohol, both the liquid volume at 
normal boiling point, Vj,l,b and the parachor, Pj are corrected by a factor of 8 × 103ηj.

If the solute is water, both the liquid volume at normal boiling point, Vi,l,b and 
parachor, Pi for solute are corrected by a factor 2. This factor also applies if it is 
detected from the SMILES formula that the species is an organic acid (a carboxyl 
group is found), except in the cases where the solvent is water, methanol, or n-butanol.

Siddiqi–Lucas

Siddiqi and Lucas (Ref. 67) suggested correlations for liquid diffusion coefficients at 
infinite dilution for aqueous system (including gases) and for organic solutions. For 
normal paraffins systems, they recommended the Hayduk–Minhas model.

For aqueous solutions:

 (2-245)

For all other systems, the equation for organic solution is used as:

Di j,
0 1.25 10 12– T1.52 0.07244359601

Vi l b, ,
0.19

------------------------------------------ 0.292–
 
 
 

ηj 103×( )×

9.58 10 6–×
Vi l b, ,

---------------------------- 1.12– 
 

×=

Di j,
0 7.30889362 10 16–× T1.47 ηj 103×( )

10.2 10 6–×
Vi l b, ,

---------------------------- 0.791– 
 

Vi l b, ,
0.71

---------------------------------------------------------------------

 
 
 
 
 
 

=

Di j,
0 3.8934239 10 16– T1.29 Pj

ηj
0.92 Vj l b, ,

0.23( )Pi
0.42

----------------------------------------------×=

Di j,
0 1.295436901 10 17– T

ηj
1.026 Vi l b, ,

0.5473( )
---------------------------------------×=
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 (2-246)

Where T is the temperature, Vi,l,b is the liquid volume at normal boiling point and ηj 
is the viscosity of the solvent.

Erkey–Rodden–Akgerman

The correlation by Erkey and others (Ref. 68) for liquid diffusion coefficients at 
infinite dilution in normal paraffins is:

 (2-247)

where the reference volume is

 (2-248)

NAv is Avogadro’s number, and the deviation from closest packing volume is given by

 (2-249)

The correlation is fitted to normal paraffins, hydrogen, carbon monoxide and carbon 
dioxide diffusing in normal paraffins. The molecular weight Mi should be available for 
both solute and solvent. The Lennard–Jones diameter, σi is estimated from Bondi 
group contribution method (Ref. 69), and for some species are taken from Ref. 68 and 
Ref. 70 as:

To prevent the diffusion coefficients from becoming negative, the minimum difference 
of (V − Vj

ref) is considered to be 10−12 mol/m3.

TABLE 2-10:  MOLECULAR DIAMETERS FOR SPECIES.

SPECIES  (M)

H2 2.92

CO 3.72

CO2 3.97

n-CjH2j+2 (21.82+32.44*j)1/3

Di j,
0 1.459473761 10 15– T Vj l b, ,

0.265( )

ηj
0.907 Vi l b, ,

0.45( )
-----------------------------------×=

Di j,
0 94.5 10 9– T V Vj

ref
–( ) 6×10

Mi
0.239Mj

0.781 σiσj 10 20–×( )
1.134

------------------------------------------------------------------------------------×=

Vj
ref 1

2
-------bjNAvσj

3
=

bj 1.206 + 0.0632 
σi

σj
----- 
 =

σ 1010×
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Liquid Phase Maxwell–Stefan Diffusivity
The Maxwell–Stefan liquid diffusion coefficients are calculated from the liquid 
diffusion coefficients at infinite dilution. The diagonal values should be ignored and 
are set to zero. The Vignes (Ref. 71) model for diffusion in binary solutions can be 
extended to multicomponent systems (Ref. 72):

 (2-250)

where  denotes the Maxwell–Stefan liquid diffusion coefficient for species i 
and j in the limited of pure species k. If k = j, it represents a binary system of species i 
and j where i is infinitely diluted. In addition, at infinite dilution the thermodynamics 
factor (activity) (Ref. 57) becomes unity and the Maxwell–Stefan diffusivity equals to 
Fick diffusivity:

 (2-251)

Similarly,

 (2-252)

Models for the  for k ≠ i and k ≠ j remain to be defined in such a way that 
symmetry is ensured:

 (2-253)

and to ensure continuity if both species i and j vanish:

 (2-254)

For binary systems, Equation 2-250 reduces to the Vignes interpolation formula.

Wesselingh–Krishna

Wesselingh and Krishna (Ref. 72) proposed:

 (2-255)

leading to:

Di j, Di j xk 1→, ,( )xk

k 1=

n

∏=

Di j xk 1→, ,

Di j xj 1→, , Di j,
0 Di j,

0
= =

Di j xi 1→, , Dj i,
0 Dj i,

0
= =

Di j xk 1→, ,

Di j, Dj i,=

Di j xk 1→, ,xi 0→
lim Di j xk 1→, ,xj 0→

lim=

Di j xk 1→, , Di j,
0 Dj i,

0
=
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 (2-256)

Kooijman–Taylor

Kooijman and Taylor (Ref. 73) found on a limited number of systems that this 
provides better results:

 (2-257)

leading to:

 (2-258)

Wesselingh and Bollen (Ref. 74) asserted that this is a reasonable estimate.

Krishna–van Baten

Krishna and van Baten (Ref. 75), on the basis of data obtained from molecular 
dynamic simulations, proposed the following Vignes-based (Ref. 71) interpolation:

 (2-259)

The model reduces to the Kooijman–Taylor model for xi = xj. The value of  
is undefined in the limit of both xi → 0 and xj → 0. From a physical point of view this 
is inconsequential as the value cancels out in the expressions obtained for the fluxes 
using the Maxwell–Stefan equations. Nevertheless, in order to obtain well-defined 
values and composition derivatives of itself, the equation is modified to:

 (2-260)

where εx = 10−10 is taken as a small composition. The limiting case for both xi → 0 and 
xj → 0 also reduces to the Kooijman–Taylor model. This equation leads to:

Di j, Di j,
0( )

1 xj xi–+( ) 2⁄
Dj i,
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1 xi xj–+( ) 2⁄

=
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0 k i j,≠( )=
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0( )
xk
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∏=

Di j xk 1→, , Di k,
0( )
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xi xj+
--------------- 
 
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xj

xi xj+
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 

k i j,≠( )=

Di j xk 1→, ,

Di j xk 1→, ,

Di j xk 1→, , Di k,
0( )
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xi xj 2εx+ +
----------------------------- 
 

Dj k,
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----------------------------- 
 

k i j,≠( )=
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 (2-261)

Surface Tension

The available surface tension models are presented below.

G A S – L I Q U I D  S U R F A C E  T E N S I O N

Ideal
The gas–liquid surface tension is predicted by ideally mixing the pure species 
correlations. It is independent of pressure, vapor temperature or composition.

 (2-262)

where the vapor–liquid surface tension correlations, σi,vl, must be specified for all 
species i, and are evaluated at the temperature of the liquid phase.

Winterfeld
Following Winterfeld (Ref. 76), the vapor–liquid surface tension is predicted by 
mixing the pure species correlations according to

 (2-263)

It is independent of pressure, vapor temperature and composition. The vapor–liquid 
surface tension correlations and liquid density correlations must be specified for all 
species i, and are evaluated at the temperature of the liquid phase.
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