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 1
I n t r o d u c t i o n
This user’s guide describes the Granular Flow Module, an optional add-on 
package for COMSOL Multiphysics® designed to compute grain trajectories. The 
grains can interact with each other and with boundaries, and their motion can be 
affected by external fields, which can be user defined or solved for by other physics 
interfaces.

The Granular Flow Module User’s Guide introduces the modeling stages in 
COMSOL Multiphysics® and this module and serves as a reference for more 
advanced modeling techniques and details about the physics interfaces.

In this chapter:

• About the Granular Flow Module

• Overview of the User’s Guide
 5
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Abou t  t h e  G r anu l a r  F l ow Modu l e

In this section:

• The Granular Flow Module Physics Interface Guide

• Common Physics Interface and Feature Settings and Nodes

• Where Do I Access the Documentation and Application Libraries?

The Granular Flow Module Physics Interface Guide

The Granular Flow Module extends the functionality of the physics interfaces of the 
base package for COMSOL Multiphysics. The details of the physics interfaces and 
study types for the Granular Flow Module are listed in the table. The functionality of 
the COMSOL Multiphysics base package is given in the COMSOL Multiphysics 
Reference Manual.

Common Physics Interface and Feature Settings and Nodes

There are several common settings and sections available for the physics interfaces and 
feature nodes. Some of these sections also have similar settings or are implemented in 
the same way no matter the physics interface or feature being used. There are also some 
physics feature nodes that display in COMSOL Multiphysics.

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.
1 :  I N T R O D U C T I O N



In each module’s documentation, only unique or extra information is included; 
standard information and procedures are centralized in the COMSOL Multiphysics 
Reference Manual.

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.

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 

In the COMSOL Multiphysics Reference Manual see Table 2-4 for 
links to common sections and Table 2-5 to common feature nodes. 
You can also search for information: press F1 to open the Help 
window or Ctrl+F1 to open the Documentation window. 

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  G R A N U L A R  F L O W  M O D U L E  |  7



8 |  C H A P T E R  
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

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 Help window:

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

• In the main toolbar, click the Help ( ) button.

• From the main menu, select Help > Help.

To open the Documentation window:

• Press Ctrl+F1.

• From the File menu, select Help > Documentation ( ).

To open the Documentation window:

• Press Ctrl+F1.

• In the main toolbar, click the Documentation ( ) button.

• From the main menu, select Help > Documentation.
1 :  I N T R O D U C T I O N



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 
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 

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  G R A N U L A R  F L O W  M O D U L E  |  9



10 |  C H A P T E R
by email. You can also access technical support, software updates, license information, 
and other resources by registering for a COMSOL Access account.

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
 1 :  I N T R O D U C T I O N
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Ove r v i ew o f  t h e  U s e r ’ s  Gu i d e

The Granular Flow Module User’s Guide gets you started with modeling granular 
flow using COMSOL Multiphysics. The information in this guide is specific to this 
module. Instructions how to use COMSOL in general are included with the 
COMSOL Multiphysics Reference Manual.

M O D E L I N G  G R A N U L A R  F L O W

The Modeling Granular Flow chapter provides an overview of the physics interface and 
features available for modeling granular flow.

T H E  G R A N U L A R  F L O W  I N T E R F A C E

The Granular Flow Interface chapter describes the Granular Flow interface found 
under the Fluid Flow branch ( ) when adding a physics interface. It also includes 
some theory for granular flow.

As detailed in the section Where Do I Access the Documentation and 
Application Libraries? this information can also be searched from the 
COMSOL Multiphysics software Help menu. 
O V E R V I E W  O F  T H E  U S E R ’ S  G U I D E  |  11
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 2
M o d e l i n g  G r a n u l a r  F l o w
This chapter gives an overview of the physics interface and features available for 
modeling granular flow in COMSOL Multiphysics®. 

In this chapter: 

• Introduction to Granular Flow Modeling

• General Tools for Granular Flow Modeling
 |  13
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I n t r o du c t i o n  t o  G r anu l a r  F l ow 
Mode l i n g

Granular flow provides a Lagrangian description of a problem by solving ordinary 
differential equations using Newton’s law of motion. Granular flow implements the 
discrete element method (DEM), which is a particle-based method that takes into 
account the translational and rotational degrees of freedom of the particles, which are 
referred to as grains in granular flow. DEM tracks the motion of individual grains by 
taking into account the forces on the grains due to external fields such as gravity and 
contact with other grains and walls to predict the bulk motion.

The trajectories of individual grains are always solved for in the time domain. The 
algorithms in the Granular Flow Module treats the grains as soft particles that can 
undergo elastic deformation during contact. The grain shape is spherical in 3D and is 
cylindrical in 2D. At each time step taken by the solver, the forces acting on each grain 
are queried from the external fields at the current grain position. The grain–grain and 
grain–wall collisions are detected, and contact force models are used to evaluate the 
forces due to contacts that are added to the total force on the grains. The grain degrees 
of freedom are then updated, and the process repeats until the specified end time for 
the simulation is reached.

Various contact force models are available in the Granular Flow Module, including 
both linear and nonlinear viscoelastic models. Additionally, noncontact force such as 
van der Waals force can also be included to take into account the long-range 
interactions on the grains. These models can also take into account the resistance to 
the rotational motion of the grains that resist rolling and twisting motion during 
contact.

Heat transfer effects on the grains can also be included by tracking the temperature of 
each grain. A grain’s temperature can change due to an external heat source, 
convective heat transfer with the surroundings, and conductive heat transfer due to 
grain–grain and grain–wall contacts.
 2 :  M O D E L I N G  G R A N U L A R  F L O W



Gene r a l  T o o l s  f o r  G r anu l a r  F l ow 
Mode l i n g

In this section:

• Special Variables

• Nonlocal Couplings

• Sampling from Random Number Distributions

• Study Setup

• The Grain Dataset

Special Variables

The Granular Flow interface defines a number of special variables, some of which can 
only be used during results processing. These variables can be found in the Grain 

statistics section of variables when you click Insert Expression or Replace Expression 
during results processing.

All of the variables described in this section are preceded by the physics interface 
identifier, typically gran. If multiple instances of the physics interface exist, the 
additional instances are followed by a number, for example, gran and gran2.

The following variables are defined:

• Grain index, pidx: Each grain is assigned a unique index starting from 1 up to the 
total number of grains. This expression can be passed into a function, which can 
create, for example, random forces that are unique for each grain. Suppose a random 
function has already been defined with name rn1, which takes 2 input arguments. 
Then a random force can be constructed with the expression rn1(pidx,t).

• Grain release feature, grf: If there are multiple release features in a model, it is useful 
to be able to visualize how the grains mix together based on their initial release 
position. The Grain release feature variable takes a numeric value, starting at 1, which 
is unique to each release feature.

See Mixing Grains in a Ribbon Mixer: Application Library path 
Granular_Flow_Module/Mixing_and_Separation/ribbon_mixer.
G E N E R A L  T O O L S  F O R  G R A N U L A R  F L O W  M O D E L I N G  |  15



16 |  C H A P T E R
• Release time, rti: Since grains can be released at arbitrary points in time, it is often 
useful to visualize at what time a specific grain was released.

• Stop time, st: The time at which a grain disappears at a boundary.

• Final status, fs: The final status of the grain. This indicates the status of a grain at a 
given point in time. When used during results processing, the value always indicates 
the status of the grain at the last time step. The value is an integer, which has one of 
the following values:

- 0 for unreleased grains

- 1 for grains that are still in the modeling domain

- 4 for grains that have disappeared

• Number of grains in contact, Ng: The number of grains each grain is in contact with. 

• Number of wall elements in contact, Nw: The number of wall elements each grain is 
in contact with. Contact is defined as any interaction that can induce a normal force 
on the grain and can therefore include interactions where the grain is not in physical 
contact with another grain or a wall element.

• The status of the grain: particlestatus (with no scope). This indicates the 
current status of each grain. The value is an integer with the same meaning as the 
final status of the grain. The variable particlestatus exists while computing grain 
trajectories, so it can be used in weak expressions defined on the grains but cannot 
be used during results processing.

The following variables are found in the Grain statistics section of variables when you 
click Insert Expression or Replace Expression during results processing:

• Total number of grains released by feature, <tag>.Ntf, where <tag> is the tag of a 
grain release feature, such as the Release, Inlet, Release from Grid, or Release from 
Data File feature. This global variable is uniquely defined for each release feature, 
and gives the total number of grains that are successfully released by that feature.

Nonlocal Couplings

The purpose of a model is often to compute the sum, average, maximum value, or 
minimum value of a quantity over a group of grains, such as the average kinetic energy 

The following variables are global and can therefore be evaluated using 
the Global Evaluation node under Derived Values. They do not have unique 
values for each grain.
 2 :  M O D E L I N G  G R A N U L A R  F L O W



or the maximum residence time. A Granular Flow interface with the name <phys> 
(usually gran) creates the following operators:

• <phys>.sum(expr) evaluates the sum of the expression expr over the grains. The 
sum includes all grains that are active. It excludes grains that have not yet been 
released and those that have disappeared.

• <phys>.sum_all(expr) evaluates the sum of the expression expr over all grains, 
including grains that are not yet released or have disappeared. Since the coordinates 
of unreleased and disappeared grains are not-a-number (NaN), the sum may return 
NaN if the model includes unreleased or disappeared grains. An expression such as 
pt.sum_all(isnan(qx)) can be used to compute the total number of unreleased 
and disappeared grains.

• <phys>.ave(expr) evaluates the average of the expression expr over the active 
grains. Unreleased and disappeared grains contribute to neither the numerator nor 
the denominator of the arithmetic mean.

• <phys>.ave_all(expr) evaluates the average of the expression expr over all 
grains. It is likely to return NaN if the model includes unreleased or disappeared 
grains.

• <phys>.max(expr) evaluates the maximum value of the expression expr over all 
active grains.

• <phys>.max_all(expr) evaluates the maximum value of the expression expr over 
all grains.

The treatment of NaN values in nonlocal maximum couplings can be platform-
dependent, so use caution when evaluating the maximum over all grains including 
disappeared and unreleased grains.

• <phys>.min(expr) evaluates the minimum value of the expression expr over the 
active grains.

• <phys>.min_all(expr) evaluates the minimum value of the expression expr over 
all grains.

The treatment of NaN values in nonlocal minimum couplings can be platform-
dependent, so use caution when evaluating the minimum over all grains including 
disappeared and unreleased grains.

• <phys>.max(expr, evalExpr) evaluates the expression evalExpr for the grain 
that has the maximum value of the expression expr out of all active grains. For 
example, in a model that uses the Granular Flow interface with the name gran, the 
expression gran.max(gran.V, qx) would evaluate the x-coordinate qx of the 
grain with the greatest velocity magnitude gran.V.
G E N E R A L  T O O L S  F O R  G R A N U L A R  F L O W  M O D E L I N G  |  17
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• <phys>.max_all(expr, evalExpr) evaluates the expression evalExpr for the 
grain that has the maximum value of the expression expr for all grains, including 
disappeared and unreleased grains.

• <phys>.min(expr, evalExpr) evaluates the expression evalExpr for the grain 
that has the minimum value of the expression expr out of all active grains. For 
example, in a model that uses the Granular Flow interface with name gran, the 
expression gran.min(gran.V, qx) would evaluate the x-coordinate qx of the 
grain with the smallest velocity magnitude gran.V.

• <phys>.min_all(expr, evalExpr) evaluates the expression evalExpr for the 
grain that has the minimum value of the expression expr for all grains, including 
disappeared and unreleased grains.

An instance of the Granular Flow interface with the default name gran defines the 
built-in nonlocal couplings shown in Table 2-1.

Sampling from Random Number Distributions

Certain physics features in the Granular Flow interface such as the grain features utilize 
internal random number generators to sample the grain positions, release times, 
distributions of grain types, and initial values of auxiliary dependent variables. To be 
more specific, most of the time the above features depend on pseudorandom number 
generation (PRNG) rather than truly random number generation (RNG). The key 

TABLE 2-1:  BUILT-IN NONLOCAL COUPLINGS FOR THE GRANULAR FLOW INTERFACE.

COUPLING NAME DESCRIPTION

gran.sum(a) Sum over grains

gran.sum_all(a) Sum over all grains

gran.ave(a) Average over grains

gran.ave_all(a) Average over all grains

gran.max(a) Maximum over grains

gran.max_all(a) Maximum over all grains

gran.min(a) Minimum over grains

gran.min_all(a) Minimum over all grains

gran.max(a,b) At maximum over grains

gran.max_all(a,b) At maximum over all grains

gran.min(a,b) At minimum over grains

gran.min_all(a,b) At minimum over all grains
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difference is that RNG is based on a real source of entropy, such as radioactive decay, 
whereas in PRNG the numbers are obtained according to an algorithm.

P S E U D O R A N D O M  N U M B E R  G E N E R A T I O N

Even though pseudorandomly generated numbers are not truly random, in the sense 
that an observer with a perfect knowledge of the algorithm could predict the next 
number in a sequence given the previous numbers, from a practical standpoint PRNG 
is usually sufficient.

The pseudorandom numbers used in the Granular Flow Module are generally obtained 
from an internal implementation of a PRNG that is instantiated using a seed value. 
Controlling this seed can directly influence the behavior of the PRNG and hence the 
reproducibility of the model. This seed can be controlled by the Seeds for random 

number generation list in the physics interface Advanced Settings section.

The following options are available:

• Unique is the default option. When this option is selected, the seed is set to a 
predetermined value internally.

• When Random is selected, the seed is itself randomly generated every time the study 
is run. This will ensure that the solution is not reproducible when running a study 
multiple times.

• When User defined is selected, additional text fields appear in the settings windows 
for all nodes that use random numbers. The seed value can be provided directly by 
the user. A set of distinct solutions can be obtained by running a Parametric Sweep 
over several values of this argument.

For simple models, the Unique and User defined options may make the solution 
reproducible when rerunning the study multiple times. Reproducibility is somewhat 
easier to achieve when using a manual time step size. However, the results may not be 
100% reproducible because even the slightest change in the time step size, down to 
machine precision, will cause different pseudorandom numbers to be generated. This 
can have a snowballing effect where the different solution values cause subsequent time 
steps to take on different sizes, leading to different pseudorandom numbers in all 
ensuing time steps. The Random option is never expected to make the solution 
reproducible across multiple runs of the study.
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Study Setup

For the Granular Flow interface, the grain trajectories must be computed using a Time-

Dependent Solver. When modeling granular flow, it is common to utilize the results 
from one study step as the initial conditions for a subsequent study step with different 
physics features. For example, it is common to release grains and let them settle into a 
container before letting them flow or mix due to wall movements. This can be achieved 
by selecting the appropriate options in the Values of Dependent Variables section.

S O L V E R  C O N F I G U R A T I O N S

The Granular Flow interface only supports explicit time solver methods. The default 
time-stepping method is the second-order Classical Runge–Kutta method. 

The default time step provided should be considered as a suggestion and you should 
carefully select the appropriate time step based on your model.

The Grain Dataset

A special Grain dataset, selected from the More Datasets submenu, provides the 
possibility to visualize grain positions computed by a Granular Flow interface. The 
Grain dataset is automatically created when solving a model containing a Granular 
Flow interface, if the Generate default plots option is selected in the Study. Selections 
can be added to the grain dataset, which makes it possible to compute, for example, 
the number or fraction of grains in a given domain or on a given boundary during 
results processing. You can visualize the grains using a plot of the grain positions in the 
original dimension, as a Poincaré map, or as a 2D phase portrait.

See Powder Spreading Using a Moving Roller, Application Library path 
Granular_Flow_Module/Transport/powder_spreading.
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T h e  G r a n u l a r  F l o w  I n t e r f a c e
This chapter describes the Granular Flow (gran) ( ) interface found under the 
Fluid Flow branch ( ) when adding a physics interface.

In this chapter:

• The Granular Flow Interface

• Theory for the Granular Flow Interface
 |  21
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Th e  G r anu l a r  F l ow I n t e r f a c e

The Granular Flow (gran) interface ( ), found under the Fluid Flow branch ( ) when 
adding a physics interface, computes the contact forces in between grains and between 
grains and geometry walls. The grain motion is usually driven by external fields and is 
determined by Newton’s second law.

When this physics interface is added, the following default nodes are also added to the 
Model Builder: Grain Properties, Wall, Contact Between Grains, Contact with Walls, 
and Gravity. From the Physics toolbar, you can add other nodes that implement, for 
example, grain release features and additional external forces or torques. You can also 
right-click the Granular Flow to select physics features from the context menu.

The Label is the physics interface name. The default is Granular Flow.

The Name is used primarily as a scope prefix for variables defined by the physics 
interface. Refer to such physics interface variables in expressions using the pattern 
<name>.<variable_name>. In order to distinguish between variables belonging to 
different physics interfaces, the name string must be unique. Only letters, numbers, and 
underscores (_) are permitted in the Name field. The first character must be a letter.

The default Name (for the first physics interface in the model) is gran.

F O R C E

The Granular Flow interface uses contact force models to evaluate the contact forces 
as a function of displacement and velocity.

Contact Force Model
Select an option from the Contact force model list: Linear elastic, Hertz–MD (the default) 
or Hertz–MD with adhesion.

• The Linear elastic model is a linear viscoelastic model that includes an elastic force 
that depends linearly on the overlap, and a viscous force. Spring constants can be 
specified in the Settings window for Contact Between Grains and Contact with 
Walls nodes.

• The Hertz–MD model is a nonlinear viscoelastic model that includes a more realistic 
nonlinear force–displacement relationship.

• The Hertz–MD with adhesion model is an extension of the Hertz–MD model that is 
used to model adhesive forces during grain–grain and grain–wall interactions. These 
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adhesive forces are tensile forces that arise due to surface adhesion and can cause a 
prolonged contact after collision.

Compute van der Waals Force
When Hertz–MD or Hertz–MD with adhesion model is selected, the Compute van der 

Waals force checkbox appears. This checkbox is not selected by default. Selecting this 
checkbox will add a van der Waals force to the grains, in addition to the forces 
computed by the Contact force model.

R O T A T I O N A L  R E S I S T A N C E

Select an option from the Rotational resistance model list: Constant torque model, 
Varying torque model (the default), or None. Friction coefficients can be specified using 
the Settings window for Contact Between Grains and Contact with Walls nodes.

• The Constant torque model applies a constant rotational resistant torque 
proportional to the normal contact force on colliding grains.

• The Varying torque model applies a continuous rotational resistant torque that 
depends on the angular velocity of grain and is limited to the maximum of constant 
resistant torque discussed for the Constant torque model.

• No rotational resistance torque is applied when None is selected.

A D D I T I O N A L  V A R I A B L E S

Use the settings in this section to add additional variables to the model that can affect 
the solution and provide additional information about the grains.

Compute Grain Temperature
Select the Compute grain temperature checkbox to compute grain temperatures. This 
checkbox is not selected by default. When this option is selected, the temperature of 

For theory see:

• Contact Force: Linear Elastic Model

• Contact Force: Hertz–MD (Mindlin and Deresiewicz) Model

• Contact Force: Hertz–MD with Adhesion Model 

• Contact Force: van der Waals Force

Rotational Resistance Theory
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the grain is computed by solving an additional ordinary differential equation per grain, 
which accounts for various heat sources including conduction, convection, and 
external heat sources. Thermal properties for the grains can be specified in the Settings 
window for the Grain Properties node. Initial value of grain temperature can be 
specified using the Settings window for any grain release features used.

Compute Conductive Heat Transfer
When the Compute grain temperature checkbox is selected, the Compute conductive heat 

transfer checkbox is available when the contact force model is either Hertz–MD or 
Hertz–MD with adhesion. This checkbox is not selected by default. Selecting this 
checkbox includes the conductive heat source in the grain–grain and grain–wall heat 
transfer calculations. Thermal properties for the walls can be specified in the Settings 
window for the Wall node.

Compute Coordination Numbers
The Compute coordination numbers checkbox is not selected by default. When selected, 
two variables are added to each grain to compute their coordination numbers. The two 
variables that are added are:

• The number of grains each grain is in contact with (variable name <name>.Ng).

• The number of wall elements each grain is in contact with (variable name 
<name>.Nw).

Contact is defined as any interaction that can induce a normal force on the grain, and 
it can therefore include interactions where the grain is not in physical contact with 
another grain or a wall element.

Out-of-Plane Grain Thickness
The Out-of-plane grain thickness is only available in 2D components. Enter a value for 
the Out-of-plane grain thickness (SI unit: m). The default is 1 m. In The Granular Flow 
Interface, 2D components are treated as a planar representation of a 3D component 

Computing Grain Temperature
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with cylindrical grains and planar walls in the out-of-plane direction. The Out-of-plane 

grain thickness denotes the extent of the 3D component in that direction.

A D V A N C E D  S E T T I N G S

This section is only shown when Advanced Physics Options are enabled (click the Show 

More Options button ( ) on the Model Builder toolbar, and select Advanced Physics 

Options in the Show More Options dialog).

Seeds for Random Number Generation
Select an option from the Seeds for random number generation list: Unique (the default), 
Random, or User defined.

Many release features in the The Granular Flow Interface utilize pseudorandom 
number generators (PRNGs) to sample the grain positions, release times, distribution 
of grain properties and initial values of auxiliary dependent variables. The seed for these 
internal PRNGs are controlled by this setting.

• When Unique is selected, the seeds are set automatically to a unique value.

• When Random is selected, the seeds are set automatically to a random value that 
depends on machine time. This will ensure that the solution is not reproducible 
when running a study multiple times.

• When User defined is selected, additional text fields appear in the settings windows 
for all nodes that use random numbers. This number is used as the seed value. A set 
of distinct solutions can be obtained by running a Parametric Sweep over several 
values of this argument.

Note that these PRNGs produce pseudorandom numbers and not truly random 
numbers derived from a natural entropy source. For simple models, the Unique and 
User defined options may make the solution reproducible when rerunning the study 
multiple times. Reproducibility is somewhat easier to achieve when using a manual 
time step size. However, the results may not be 100% reproducible because even the 

Depending on the various combinations of the Contact force model, 
Rotational resistance model, Compute grain temperature, and Compute 

conductive heat transfer checkboxes that are selected, different settings 
can appear in the Settings windows of some of the default nodes: Grain 
Properties, Wall, Contact Between Grains, Contact with Walls, and nodes 
used for releasing the grains. The available options for the different 
selections are explained in the respective features.
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slightest change in the time step size, down to machine precision, will cause different 
pseudorandom numbers to be generated. This can have a snowballing effect where the 
different solution values cause subsequent time steps to take on different sizes, leading 
to different pseudorandom numbers in all ensuing time steps. The Random option is 
never expected to make the solution reproducible across multiple runs of the study.

Maximum Number of Cells per Direction
The broad search step in the Contact Search Theory algorithm for detecting grain–
grain contact includes the construction of a grid across the modeling domains. The 
default size of the grid cells is controlled by the contact search radius, which can 
sometimes lead to large memory requirements, especially when the ratio of grain 
diameters to the geometry dimensions are very small. This can be mitigated by 
controlling the maximum number of grid cells in each direction.

Enter the values of the Maximum number of cells per direction to control the size of the 
grid in each direction (x, y in 2D and x, y, z in 3D) independently. The default values 
for each direction is 1000.

D E P E N D E N T  V A R I A B L E S

The dependent variables (field variables) are the Grain center position, Grain center 

position components, Grain velocity, and Grain velocity components.

List of Granular Flow Interface Physics Features

The Granular Flow interface has the following nodes and subnodes (listed in 
alphabetical order) available from the Physics ribbon toolbar (Windows users), Physics 
context menu (macOS or Linux users), or right-click to access the context menu (all 
users).

Theory for the Granular Flow Interface

In general, to add a node, go to the Physics toolbar, no matter what 
operating system you are using. Subnodes are available by clicking the 
parent node and selecting it from the Attributes menu.
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Grain Properties

Use the Grain Properties node to specify the grain material properties and grain size.

G R A N U L A R  M A T E R I A L  P R O P E R T I E S

You can either type values or expressions directly or take them from a Material node, 
which could either be a user-defined Blank Material or a material from one of the 
material libraries.

The default value in the Granular material list is None. If you want to use data from a 
Blank Material or from the material libraries, first add the material to the model (right-
click Materials either under the model component or under Global Definitions, and then 
select it from the list).

For the Density ρg (SI unit: kg/m3), by default this is taken From material. If User 

defined is selected, the default is 2200 kg/m3.

When a Hertz–MD or Hertz–MD with adhesion model is selected in the Contact force 

model list in the physics interface Force section, the Specify list appears with the options

• Young’s modulus and Poisson’s Ratio (the default)

• Young’s modulus and shear modulus

When Young’s modulus and Poisson’s ratio is selected, Young’s modulus and Poisson’s 

ratio fields appear; and when Young’s modulus and shear modulus is selected, Young’s 

• Accumulator (Boundary)

• Accumulator (Domain)

• Auxiliary Dependent Variable

• Bounding Box

• Contact Between Grains

• Contact with Walls

• Convective Heat Transfer

• Force

• Force Accumulator

• Grain Counter

• Grain Properties

• Gravity

• Heat Source

• Inlet

• Outlet

• Periodic Condition

• Release

• Release from Data File

• Release from Grid

• Torque

• Wall
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modulus and Shear modulus fields appear. These properties can be assigned to grains as 
follows:

• Young’s modulus Eg (SI unit: Pa). By default this is taken From material. If User 

defined is selected, the default is 100 GPa.

• Shear modulus Gg (SI unit: Pa). By default this is taken From material. If User defined 
is selected, the default is 45.45 GPa.

• Poisson’s ratio νg. By default this is taken From material. If User defined is selected, 
the default is 0.1.

The other material properties that can be assigned to grains are as follows:

• Specific heat capacity Cp,g (SI unit: J/(kg.K)). By default this is taken From material. 
If User defined is selected, the default is 2000 J/(kg.K). This field is only available 
when Compute grain temperature checkbox is selected in the Grain Temperature 
section in the physics interface.

• Thermal conductivity kg (SI unit: W/(m.K)). By default this is taken From material. 
If User defined is selected, the default is 0.2 W/(m.K). This field is only available 
when the Compute conductive heat transfer checkbox is selected in the Grain 

Temperature section in the physics interface.

S I Z E

Enter value or expression for the Grain diameter dg (SI unit: m). The default value is 
1 mm.

Enter value or expression for the Contact search expansion ratio β. β is defined as the 
ratio of the contact search diameter to the grain diameter. The default value is 1 which 
means the contact search diameter equals the grain diameter. This value must always 
be greater than or equal to 1 and can be used to extend the search radius used during 
contact detection. Typical use cases include enlarging the search radius to account for 
noncontact forces in force models such as Hertz–MD with adhesion or van der Waals.

A D H E S I O N  P R O P E R T I E S

Enter value or expression for the Surface energy density γ (SI unit: J/m2). The default 
value is 0.05. This field is only available when the Compute van der Waals force 
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checkbox is selected and/or when the Hertz–MD with adhesion is selected in the Contact 

force model list in the physics interface Force section.

Wall

Use a Wall node to specify a wall’s material properties and movement. The 
Accumulator (Boundary) and Force Accumulator subnodes are available from the 
context menu (right-click the parent node) or from the Physics toolbar, Attributes 
menu.

W A L L  M A T E R I A L  P R O P E R T I E S

When Hertz–MD or Hertz–MD with adhesion model is selected in the Contact Force 
Model list in the physics interface Force section, the Specify list is available with the 
options

• Young’s modulus and Poisson’s ratio (the default)

• Young’s modulus and shear modulus

Young’s modulus and Poisson’s ratio fields appear when Young’s modulus and Poisson’s 

ratio is selected. Young’s modulus and Shear modulus fields appear when Young’s modulus 

and shear modulus is selected. These properties can be assigned to grains as follows:

• Young’s modulus Eg (SI unit: Pa). By default this is taken From material. If User 

defined is selected, the default is 100 GPa.

• Shear modulus Gg (SI unit: Pa). By default this is taken From material. If User defined 
is selected, the default is 45.45 GPa.

• Poisson’s ratio νg. By default this is taken From material. If User defined is selected, 
the default is 0.1.

The Grain Properties node is a default feature and cannot be deleted or 
disabled, and it is not possible to paste or duplicate this node in the model 
builder. 

However, it is possible to add more than one instance of this Grain 

Properties node to the same model. When you do so, each instance 
corresponds to a different species of grain. Unlike the default Grain 

Properties node, these nondefault nodes can be deleted, disabled, 
duplicated, or pasted in the Model Builder.
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B O U N D A R Y  C O N D I T I O N

This section is only available when Compute conductive heat transfer checkbox is 
selected in the physics interface Grain Temperature section. Select a Specify boundary 
condition:

• Specified temperature (default) — enter a value or expression for the Temperature T 
(SI unit: K) which defines the temperature of selected walls. The default value is 
293.15 K. If another physics interface is present which computes the temperature 
of the walls then this can be selected from the list.

• Insulated — select this when you want to impose insulated boundary condition on 
the walls.

A D H E S I O N  P R O P E R T I E S

This section is only available when the Compute van der Waals force checkbox is selected 
and/or when the Hertz–MD with adhesion is selected in the Contact force model list in 
the physics interface Force section. Enter a value or expression for the Surface energy 

density γ (SI unit: J/m2). The default value is 0.05.

W A L L  M O V E M E N T

This section controls the rigid-body motion of the selected walls. Select an option from 
the Wall motion list.

• Fixed (default) — select this when you want the selected walls to be stationary.

• Translation — select this when you want to impose any arbitrary prescribed 
displacement to the walls. This is commonly used to specify translational motion of 
the wall but can also be used to prescribe any arbitrary displacement.

• Rotation — select this when you want to impose a rotational displacement to the 
walls.

• Translation and rotation — select this when you want to impose a mixture of 
translational and rotational motion to the walls.

It is not recommended to use the Moving Mesh interface with the 
Granular Flow interface to describe any kind of wall movement. Use of 
the Moving Mesh interface with the Granular Flow interface is not fully 
supported and may result in unphysical grain dynamics.
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When either Translation or Translation and rotation is selected, enter the values of the 
components of the Prescribed displacement dx (SI unit: m). The default value for each 
component is 0 m.

When either Rotation or Translation and rotation is selected, select an option from the 
Rotation type list.

• Choose Constant angular velocity (the default) to specify an angular velocity ω in the 
Angular velocity field (SI unit: rad/s) using only numbers and model parameters. 
The default value is 0. Specify an initial angle α0 in the Initial angle field (SI unit: 
rad). The default value is 0. This effectively sets the rotation angle to α = α0 + ωt.

• Choose General angular velocity to specify a general angular velocity ω using an 
expression in the Angular velocity field (SI unit: rad/s) with an initial angle α0 
specified in the Initial angle field (SI unit: rad). The rotation angle is computed by 
solving an ODE for α, which is therefore a state variable and part of the solution.

• Choose User defined to add a user-defined expression for the rotation angle α in the 
Rotation angle field. The default value is 0.

Enter the base point rbp components in the Rotation axis base point fields (SI unit: m). 
The default value for each component is 0.

For 3D components, enter the rotation axis eax in the Rotation axis fields. The default 
values are 0, 0, 1. In 2D, no rotation axis is specified; it is assumed to point out of the 
plane, toward the observer.

Contact Between Grains

Use the Contact Between Grains node to define the contact pair properties between 
different species of grains.

When Translation and rotation is selected, the translational motion of the 
rbp components is automatically accounted for and should not be 
explicitly included in the expressions.

If you specify a General angular velocity, the Wall feature uses an ODE to 
integrate the rotation angle in time. This can in some situations negatively 
affect solver behavior. Therefore, when the rotational velocity is constant, 
make sure to select Constant angular velocity.
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G R A I N S  P A I R  S E L E C T I O N

Select All pairs (default) or Manual option from the Selection list.

• When All pairs is selected, the contact properties defined applies to all possible pairs 
between different species of grains.

• When Manual is selected, a table is available with two columns Specify properties for 

first grain type and Specify properties for second grain type. You can specify any pairs 
of grain species to have pair properties defined by this node. This table also has 
options to move rows up or down, add a new row, delete selected rows, and clear 
the entire table.

The Selection list is disabled in the default Contact Between Grains node. 
The default node always specifies contact pair properties for all possible 
pairs between grains. If you want to specify different contact pair 
properties for different grains pairs, you can add Contact Between Grains 
nodes. Then select Manual from the Selection list and edit the table with 
desired pairs between different species of grains.

For example, if you set up a model with two Grain Properties nodes to 
define two species of grains with labels Grain Properties 1 and Grain 

Properties 2, there are three possible pairs between different grain species:

• Grain Properties 1 and Grain Properties 1

• Grain Properties 1 and Grain Properties 2

• Grain Properties 2 and Grain Properties 2

Assume that the first two pairs in the above list have the same contact pair 
properties but the third pair has a different set of contact pair properties. 
The default Contact Between Grains node specifies properties for all three 
pairs. Now, if you add one more Contact Between Grains node and select 
Manual from the Selection list in the Grains Pair Selection section, then you 
can specify Grain Properties 2 in Specify properties for first grain type and 
again Grain Properties 2 in Specify properties for second grain type. Now, all 
the values entered in this node will only apply to this selected pair and the 
previous values assigned for this specific pair by the default node get 
overridden.
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C O N T A C T  P R O P E R T I E S

Enter values or expressions for the following quantities:

• Normal coefficient of restitution en. The default value is 1. This is the value of 
coefficient of restitution in normal direction or direction along the line connecting 
centers of two grains in contact. It determines the amount of energy loss in the 
normal direction when the grains come in contact.

• Tangential coefficient of restitution et. The default value is 1. This is the value of the 
coefficient of restitution in the tangential direction or direction perpendicular to the 
line connecting centers of two grains in contact. It determines the amount of energy 
loss in the tangential direction when the grains come in contact.

• Normal spring constant kn (SI unit: N/m). The default value is 10 MN/m. This 
setting is only available when Linear elastic is selected from the Contact force model 
list in the physics interface node’s Force section. The normal spring constant for 
other contact force models is automatically calculated based on the material 
properties and overlapping distance between two grains in contact.

• Tangential spring constant kt (SI unit: N/m). The default value is 10 MN/m. This 
setting is only available when Linear elastic is selected from the Contact force model 
list in the physics interface Force section. The tangential spring constant for other 
contact force models is automatically calculated based on the material properties and 
overlapping distance between two grains in contact.

• Static friction coefficient μn. The default value is 0.09.

• Rolling friction coefficient μr. The default value is 0.1. This setting is only available 
when the selected Rotational resistance model is either Constant torque model or 
Varying torque model in the physics interface node’s Rotational Resistance section.

• Twisting friction coefficient μtw. The default value is 0.1. This setting is only available 
in 3D when the selected Rotational resistance model is either Constant torque model 
or Varying torque model in the physics interface node’s Rotational Resistance section.

For theory see:

• Contact Force: Linear Elastic Model

• Contact Force: Hertz–MD (Mindlin and Deresiewicz) Model

• Contact Force: Coulomb’s Criterion

• Rotational Resistance Theory
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A D H E S I O N  P R O P E R T I E S

This section is only available when

• the Compute van der Waals force checkbox is selected and/or

• Hertz–MD with adhesion is selected from the Contact force model list

in the physics interface node’s Force section. Enter values or expressions for the 
following quantities:

• Interface energy density γij. The default value is 0.

• Cutoff distance for van der Waals force Dmax (SI unit: m), only available when the 
Compute van der Waals force checkbox is selected in the physics interface node’s 
Force section. The default value is 1 μm.

• Minimal distance for van der Waals force Dmin (SI unit: m), only available when the 
Compute van der Waals force checkbox is selected in the physics interface node’s 
Force section. The default value is 1.65 angstrom.

T E M P E R A T U R E  C O R R E C T I O N  F A C T O R

This section is only available when the Compute conductive heat transfer checkbox is 
selected in the physics interface node’s Additional Variables section.

Enter a value or expression for Temperature correction factor for contact radius Cr. The 
default is 1. This correction factor can be used to account for the large contact radius 
that often results from utilizing artificially low values of Young’s modulus.

Contact with Walls

Use the Contact with Walls node to define the contact pair properties between grains 
and walls.

For theory see:

• Contact Force: Hertz–MD with Adhesion Model

• Contact Force: van der Waals Force

Contact Heat Transfer
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G R A I N – W A L L  P A I R  S E L E C T I O N

Select All pairs (default), Pair between all walls and selected grain types, Pair between all 

grains and selected wall types, or Manual from the Selection list.

• When All pairs is selected, the contact properties defined applies to all possible pairs 
between grains and walls.

• When Pair between all walls and selected grain types is selected, a table is available 
with one column titled Specify properties of grain where you can add any species of 
grains. You can specify contact pair properties between selected grain species and all 
types of walls defined by different Wall nodes.

• When Pair between all walls and selected wall types is selected, a table is available with 
one column titled Specify properties of wall where you can add any types of walls. 
You can specify contact pair properties between selected type of wall and all species 
of grains defined by different Grain Properties nodes.

• When Manual is selected, a table is available with two columns: Specify properties for 

wall and Specify properties for grain. You can specify any pairs of grain species and 
wall types to have pair properties defined by this node.

All the tables mentioned above have options to move rows up or down, add a new row, 
delete selected rows, and clear the entire table.

The Selection list is disabled in the default Contact with Walls node. The 
default node always specifies contact pair properties for all possible pairs 
between grains and walls. If you want to specify different contact pair 
properties for different grain–wall pairs, you can add Contact with Walls 
nodes. Then select an appropriate option from the Selection list and edit 
the table with desired pairs between walls and grains.
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C O N T A C T  P R O P E R T I E S

Enter a value or expressions for the following:

• Normal coefficient of restitution en. The default value is 1. This is the value of the 
coefficient of restitution in the normal direction or direction along the line 
connecting center of the grain and the point of contact at wall. It determines the 
amount of energy loss in the normal direction when the grain and wall come in 
contact.

• Tangential coefficient of restitution et. The default value is 1. This is the value of the 
coefficient of restitution in the tangential direction or direction perpendicular to the 
line connecting center of the grain and the point of contact at wall. It determines 

For example, if you set up a model with two Grain Properties nodes to 
define two species of grains with labels Grain Properties 1 and Grain 

Properties 2, and one Wall node labeled Wall 1 to define a type of wall, 
then there are two possible pairs between grain and wall:

• Wall 1 and Grain Properties 1

• Wall 1 and Grain Properties 2

Assume that each pair has a different set of contact pair properties. The 
default Contact with Walls node specifies properties for both pairs. Now, if 
you want to specify different pair properties for the second pair in the 
above list, you can add a new Contact with Walls node and then specify the 
pair using one of the following two ways:

• Select the Pair between all walls and selected grain type option from the 
Selection list in the Grain–Wall Pair Selection section. Choose Grain 

Properties 2 for the Specify properties for grain column in the table.

• Select the Manual option from the Selection list in the Grain–Wall Pair 

Selection section. Choose Wall 1 for the Specify properties for wall 
column and Grain Properties 2 for the Specify properties for grain 
column in the table.

Now all the values entered in this node will only apply to this selected pair, 
and the previous values assigned for this specific pair by the default node 
get overridden.
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the amount of energy loss in the tangential direction when the grains come in 
contact.

• Normal spring constant kn (SI unit: N/m). The default value is 10 MN/m. This 
setting is only available when Linear elastic is selected from the Contact force model 
list in the physics interface node’s Force section. The normal spring constant for 
other contact force models is automatically calculated based on the material 
properties and overlapping distance between grain and wall in contact.

• Tangential spring constant kt (SI unit: N/m). The default value is 10 MN/m. This 
setting is only available when Linear elastic is selected from the Contact force model 
list in the physics interface node’s Force section. The tangential spring constant for 
other contact force models is automatically calculated based on the material 
properties and overlapping distance between grain and wall in contact.

• Static friction coefficient μn. The default value is 0.09.

• Rolling friction coefficient μr. The default value is 0.1. This setting is only available 
when the option selected in Rotational resistance model is either Constant torque 

model or Varying torque model in the physics interface node’s Rotational Resistance 
section

• Twisting friction coefficient μtw. The default value is 0.1. This setting is only available 
in 3D when the option selected in Rotational resistance model is either Constant 

torque model or Varying torque model in the physics interface node’s Rotational 

Resistance section.

A D H E S I O N  P R O P E R T I E S

This section is only available when

• the Compute van der Waals force checkbox is selected and/or

• Hertz–MD with adhesion is selected from the Contact force model list

For theory see:

• Contact Force: Linear Elastic Model

• Contact Force: Hertz–MD (Mindlin and Deresiewicz) Model

• Contact Force: Coulomb’s Criterion

• Rotational Resistance Theory
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in the physics interface node’s Force section. Enter the value or expression for the 
following:

• Interface energy density γij. The default value is 0.

• Cutoff distance Dmax (SI unit: m), only available when the Compute van der Waals 

force checkbox is selected in the physics interface node’s Force section. The default 
value is 1 μm.

• Minimal distance Dmin (SI unit: m), only available when the Compute van der Waals 

force checkbox is selected in the physics interface node’s Force section. The default 
value is 1.65 angstrom.

T E M P E R A T U R E  C O R R E C T I O N  F A C T O R

This section is only available when the Compute grain temperature and Compute 

conductive heat transfer checkboxes are selected in the physics interface node’s 
Additional Variables section.

Enter the value or expression for the Temperature correction factor for contact radius 
Cr. The default is 1. This correction factor can be used to account for the large contact 
radius that often results from utilizing artificially low values of Young’s modulus.

Gravity

The Gravity node is a default node and can be used to exert a gravitational force on 
grains. The gravity vector can point in any direction with any magnitude, although the 
default is for grains to move downward using the acceleration due to gravity at Earth’s 
surface. This feature can only be added once to the model and it applies to all grains 
throughout the model.

For theory see:

• Contact Force: Hertz–MD with Adhesion Model

• Contact Force: van der Waals Force

Contact Heat Transfer
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A C C E L E R A T I O N  O F  G R A V I T Y

Enter coordinates based on space dimension for the Acceleration of gravity g 
(SI unit: m/s2). The default magnitude for the gravity vector is g_const, which is a 
built-in physical constant equal to g = 9.80665 m/s2 corresponding to the standard 
acceleration due to gravity on Earth. The default direction is the negative y direction 
in a 2D geometry or the negative z direction for a 3D geometry.

Release

Use the Release node to release grains into the model from a selected set of domains. 
The release times, initial values of the grains’ degrees of freedom such as positions, 
velocities and temperature, and initial value of any auxiliary dependent variables can be 
specified.

The grains are released sequentially at each release time. For each grain, a release 
position and radius are first determined based on the options provided in the Initial 

Position and the Released Grain Properties sections. An attempt is made to release the 
grain at this position, and the attempt is considered successful only if the new grain 
does not overlap with any existing grains or wall elements. Alternatively, a maximum 
amount of allowed overlap can also be specified.

If the attempt is deemed successful, the grain is released at the release position. 
Alternatively, an unsuccessful attempt can be followed by a number of attempts at 
nearby release positions. Once the maximum number of attempts is reached, the grain 
is discarded, and the next grain is attempted.

R E L E A S E  T I M E S

Select a Distribution function: List of values (default), Uniform, Normal, or Lognormal.

List of Values
Enter Release times (SI unit: s), or click the Range button ( ) to select and define a 
range of specific times. At each release time, grains are released with initial position and 
velocity as defined in the following sections.

Uniform
Enter the Number of values, along with the First time value (SI unit: s) and the Last time 

value (SI unit: s). In addition, select whether the Sampling from distribution should be 
Deterministic or Random. When Deterministic is selected, an array of length Number of 

values of uniformly spaced release times is generated. This array starts with the First 
time value and ends with the Last time value exactly. The release times are reproducible 
each time the solution is computed.
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When Random is selected, an array of random numbers of length Number of values, with 
a minimum lower limit of the First time value and maximum upper limit of the Last 
time value is generated. In this case, a release time of exactly the first and last time 
values is extremely unlikely.

Normal and Lognormal
Enter the Number of values along with the Mean (SI unit: s) and the Standard deviation 
(SI unit: s). In addition, select whether the Sampling from distribution should be 
Deterministic or Random. When Deterministic is selected, an ordered array of length 
Number of values of normally distributed release times is generated. The release times 
are more closely spaced around the value entered for the Mean and the spacing of the 
release time drops off according to the value of the Standard deviation. The release 
times are reproducible each time the solution is computed.

When Random is selected, the normal or lognormal distribution is generated by 
pseudorandom sampling, so there may be some statistical error.

I N I T I A L  V A L U E S

Position
Select a Position from the list: Random (the default) or Density.

Random

For Random the grains are released at random positions within the selected entities. If 
grains are released at multiple release times, the initial positions are uniquely generated 
for each release time. By contrast, for Density the grains positions are the same at each 
release time.

The grain positions are determined in the following way. First a random mesh element 
is selected for each grain with a probability proportional to the element size, so that 
grains are more likely to be released from larger mesh elements than smaller elements. 
After the mesh element is selected, random local coordinates are chosen within the 
element, then converted to global coordinates. A grain is then attempted to be placed 
at this location.

Density

For Density the grains are positioned in the selected domains by sampling from a user-
defined spatial distribution. Enter a value or expression for the Density proportional to 
ρ (dimensionless). The default is 1.
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The Density proportional to field is an expression; the resulting grain distribution 
approximately has a density that is proportional to this expression. The resulting 
distribution looks a bit random, and it depends on the underlying mesh.

Select a Release distribution accuracy order between 1 and 5 (the default is 5), which 
determines the integration order that is used when computing the number of grains to 
release within each mesh element. The higher the accuracy order, the more accurately 
grains will be distributed among the mesh elements.

The Position refinement factor (default 0) must be a nonnegative integer. When the 
refinement factor is 0, each grain is always assigned a unique position, but the density 
is taken as a uniform value over each mesh element. If the refinement factor is a positive 
integer, the distribution of grains within each mesh element is weighted according to 
the density. Further increasing the Position refinement factor increases the number of 
evaluation points within each mesh element.

Velocity
Enter values or expressions for the components of the initial grain velocity v0 
(SI unit: m/s) based on space dimension. The defaults are 0 m/s.

Temperature
This section is only shown when the Compute grain temperature checkbox is selected 
in the physics interface Grain Temperature section. Enter a value or expression for the 
initial grain temperature Tg,0 (SI unit: K). The default value is 293.15 K.

Angular Velocity in body-fixed frame
Enter values or expressions for the components of the initial angular velocity in the 
body-fixed frame ω0 (SI unit: rad/s).

R E L E A S E D  G R A I N  P R O P E R T I E S

This section is used to specify the total number of grains and the distribution of the 
grain properties to be released per release time. Select a Distribution of released grain 

properties: Number of grains (default), Number fraction, Mass fraction, or Volume 

fraction.

• When Number of grains is selected, enter the number of grains to be released for each 
grain type corresponding to a Grain Properties node. The default value for the first 
row in the table is 1, and it is 0 for all other rows.

• When one of the Number fraction, Mass fraction, or Volume fraction options is 
selected, enter the Number of grains per release (default 1). Then enter the values of 
the corresponding fractions of the distribution for each grain type. The default value 
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for the first row in the table is 1, and it is 0 for all other rows. The fractional values 
are normalized internally so that their sum is 1 even if the provided values do not 
add up to 1.

The values of the distribution can be numerical values or parameters defined in the 
Parameters node.

I N I T I A L  V A L U E  O F  A U X I L I A R Y  D E P E N D E N T  V A R I A B L E S

This section is available if an Auxiliary Dependent Variable has been added to the 
model. For each of the Auxiliary Dependent Variables (rp) added to the model, enter an 
initial value (rp0). The default value is 0.

A D V A N C E D  S E T T I N G S

Enter a nonnegative value or expression for the Maximum allowed normal overlap 
(SI unit: m/s). The default is 0 m. This value is used to control the amount of overlap 
that is acceptable between a grain being considered for release and existing grains or 
wall elements.

The grains are released sequentially, and each grain is associated with a 
Grain Properties node with a probability dictated by the user-specified 
distributions.

Further, the grains are only released if the overlap with existing grains and 
wall elements is acceptable. Therefore, the total number of grains being 
released (and the distribution of their properties) at release time should 
be viewed as maximum values (ideal distributions), and may not always 
exactly match the user-specified values. The number of grains being 
released and their distributions may therefore also be different for each 
release time specified in the Release Times section.

The user should therefore test the released grain populations to ensure an 
appropriate population is attained. Furthermore, for performance 
reasons, it is advised to ensure that the Number of grains per release is set 
as close to the actual number of grains being released as possible.

The algorithms used for the contact detection are described in Contact 
Force: Linear Elastic Model section in the Theory for the Granular Flow 
Interface.
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Enter a value or expression for the Number of release attempts per grain (default 10). 
This value controls the number of release positions that are attempted for each grain. 

If User Defined is selected from the Seeds for random number generator list in the physics 
interface Advanced Settings section, the Seed for random number generator text field is 
available. Enter the seed value of the pseudorandom number generator (PRNG) used 
by this feature. The default value is 1. The PRNG is used to generate random numbers 
for sampling grain release times, positions, grain properties, and initial values of 
auxiliary dependent variables.

Inlet

Use the Inlet node to release grains into the modeling domain from selected 
boundaries. The released grains are positioned such that their centers lie on the 
selected boundaries. The selected boundaries are not included in the grain–wall 
interactions.

See Release for information about the following sections: Release Times, Released Grain 

Properties, Initial Value of Auxiliary Dependent Variables, and Advanced Settings.

I N I T I A L  V A L U E S

See the Release node for information about Velocity, Angular velocity in body-fixed frame 
and Temperature.

Position
Select an option from the Position list: Random (the default), Density, or Uniform 

distribution (2D components), or Projected plane grid (3D components). Density, and 
Random have the same settings as described for the Release node.

• For 2D components, if Uniform distribution is selected, the union of the selected 
edges is divided into N segments of approximately equal length, and a grain is placed 
in the middle of each segment. Here, N refers to the total number of grains being 
attempted per release time.

• For 3D components, if Projected plane grid is selected, the grains are distributed on 
a plane grid in planes that are approximately tangential to the selected boundaries.

Release from Grid

Use the Release from Grid node to release grains from a grid of initial positions with 
user-defined coordinates.
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See Release for information about the following sections: Release Times and Initial Value 

of Auxiliary Dependent Variables.

I N I T I A L  V A L U E S

See the Release node for information about Velocity, Angular velocity in body-fixed 

frame, and Temperature.

Position
Select an option from the Position grid type list: All combinations (the default) or 
Specified combinations.

Linear, Rectangular, and Arbitrary Grids
For All combinations and Specified combinations, enter Initial coordinates based on space 
dimension (qx,0, qy,0, and qz,0 for 3D components) for the grain positions, or click the 
Range button ( ) to select and define a range of specific coordinates.

If Specified combinations is selected, the number of initial coordinates entered for each 
space dimension must be equal, and the total number of grains released is equal to the 
length of one of the lists of initial coordinates. If All combinations is selected, the total 
number of grains released is equal to the product of the lengths of each list of initial 
coordinates.

For example, suppose a 2D model component includes a Release from Grid node with 
the following initial coordinates:

• qx,0 = range(0,1,3)

• qy,0 = range(2,2,8)

If All combinations is selected, a total of 16 grains will be released, including every 
possible combination of the initial x- and y-coordinates. If Specified combinations is 
selected, 4 grains will be released with initial positions (0,2), (1,4), (2,6), and (3,8).

The position for any grains with initial coordinates outside the geometry are set to not-
a-number (NaN), so the grains do not appear when plotted during results processing.

Previewing Grid Points
In the Initial Coordinates section, click the Preview Initial Coordinates  and Preview 

Initial Extents  buttons to visualize the initial grain positions. Clicking Preview 

Initial Coordinates causes a point to appear in the Graphics window for every release 
position. Clicking Preview Initial Extents causes a bounding box to appear, indicating 
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the spatial extents of the released grains. Examples are shown in Figure 3-1 and 
Figure 3-2.

Figure 3-1: Graphics window after clicking the Preview Initial Coordinates button.

Figure 3-2: Graphics window after clicking the Preview Initial Extents button.

R E L E A S E D  G R A I N  P R O P E R T I E S

Choose the desired set of grain properties described in one of the Grain Properties 
nodes from Released grain properties list. The default is the first Grain Properties node 
in the node tree.
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A D V A N C E D  S E T T I N G S

By default, grains will be released at the initial positions only if they do not interact 
with any existing grains or with the walls. This can be controlled by the Reject 

overlapping grains checkbox which is selected by default. When enabled, enter a 
nonnegative value or expression for the Maximum allowed normal overlap (SI unit: m). 
The default is 0 m. This value is used to control the amount of acceptable overlap. 
When the checkbox is not selected, grains are always released at the specified 
coordinates irrespective of the overlap with other grains and wall elements.

If User Defined is selected from the Seeds for random number generator list in the physics 
interface Advanced Settings section, the Seed for random number generator field is 
available. Enter the seed value of the pseudorandom number generator (PRNG) used 
by this feature. The default value is 1. The PRNG is used to generate random numbers 
for sampling grain release times, positions, grain properties, and initial values of 
auxiliary dependent variables.

Release from Data File

Use a Release from Data File node to release grains by specifying the initial position, 
velocity, and values of auxiliary dependent variables using data from a text file.

See Release for information about the following sections: Release Times and Initial Value 

of Auxiliary Dependent Variables.

See Release from Grid for information about the following sections: Released Grain 

Properties and Advanced Settings.

Formatting Guidelines for Files Containing Grain Data
The imported data file should be a text file (*.txt) arranged in a spreadsheet format; 
that is, each row corresponds to a distinct grain and should have the same number of 
columns as all other rows. Columns can be separated by spaces, tabs, or a combination 
of the two. Begin a line with the percent (“%”) character to include comments or 
empty lines in the data file.

For example, a data file containing the following text would insert grains at the 
positions (0.1, 0.2, 0.6) and (0.2, 0.4, 0.8) in a three-dimensional geometry:

% Initial grain positions
% qx0 qy0 qz0
0.1 0.2 0.6
0.2 0.4 0.8
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I N I T I A L  V A L U E S

See the Release node for information about Angular velocity in body-fixed frame and 
Temperature.

Filename
Browse your computer’s file system to select a text file, then click Import to import the 
data. To remove the imported data, click Discard. Enter the Index of first column 

containing position data i to indicate which column represents the first coordinate of 
the grain position vectors. The default value 0 indicates the first column.

Velocity
Select an option from the Initial velocity list: From file, or User defined (the default).

• For From file, enter the Index of first column containing velocity data i. The default 
is 3 in 3D and 2 in 2D. The columns are zero-indexed; that is, an index of 0 
corresponds to the first column. Select the Rotate velocity vectors checkbox to rotate 
the velocity vectors using the specified Euler angles (Z-X-Z) in 3D or Rotation angle 
in 2D. The checkbox is cleared by default.

• For User defined, enter values or expressions for the Initial grain velocity v0 
(SI unit: m/s) based on space dimension. The defaults are 0 m/s.

T R A N S F O R M A T I O N S

The distribution of loaded grain positions can be scaled, rotated, and translated before 
the grains are released.

To scale the distribution of release positions, enter a value or expression for the Scale 
factor R (dimensionless). The default is 1. This scale factor can be used to correct unit 
discrepancies between the data file and the model geometry. For example, if the 
geometry length unit is in meters but the data file lists coordinates in millimeters, enter 
a scale factor of 0.001.

To rotate the distribution, enter the Euler angles (Z-X-Z) α, β, and γ (in 3D) or the 
Rotation angle α (in 2D). The default values are all 0.

In 3D, α is the rotation angle about the space-fixed z-axis, then β is the rotation angle 
about the transformed x-axis (or x'-axis), and finally γ is the rotation angle about the 
transformed z-axis (or z''-axis). Positive values indicate counterclockwise rotations.

Enter values or expressions for the components of the Displacement vector Δq 
(SI unit: m). The default is not to apply any translation.
T H E  G R A N U L A R  F L O W  I N T E R F A C E  |  47



48 |  C H A P T E R
If a translation and another type of transformation (scaling or rotation) are applied, 
then the translation is always applied after the other transformations.

Outlet

Use the Outlet node to determine what happens to the grains when passing through 
the selected boundaries. The Accumulator (Boundary) subnode is available from the 
context menu (right-click the parent node) or from the Attributes menu on the Physics 
toolbar.

O U T L E T

Select a Wall condition: Disappear or Pass through (the default).

• When Disappear is selected, the grains passing through the boundaries are removed 
from the modeling domain.

• By default, any common boundary between two adjacent domains are treated as 
rigid walls. Use the Pass through condition to allow the grains to pass from one 
domain to the other.

Force

Use the Force node to exert user-defined external forces on grains to influence their 
motion. All forces defined in the model are added together to compute the total force 
on the grains.

F O R C E

Enter values or expressions for the components of Force F (SI unit: N) based on space 
dimension. The defaults are 0 N.

Torque

Use the Torque node to exert user-defined torque on grains. All torque defined in the 
model are added together to compute the total torque on the grains.

The Granular Flow interface also provides the Bounding Box feature to 
remove grains. For performance reasons, it is recommended to use the 
Bounding Box instead of the Disappear option when possible.
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T O R Q U E

Enter values or expressions for the Torque in body-fixed frame τ (SI unit: Nm) in 3D. 
The default values are 0 Nm.

In 2D, enter values or expressions for the Grain Torque τ (SI unit: Nm). The default 
value is 0 Nm.

Auxiliary Dependent Variable

Use the Auxiliary Dependent Variable node to add additional degrees of freedom for 
each grain. These can be used to solve for the path length, residence time, number of 
wall collisions, spin, and so forth.

A U X I L I A R Y  D E P E N D E N T  V A R I A B L E

Enter a Field variable name. The default is rp and can be changed to anything provided 
it does not conflict with the name of the variables for the position or momentum 
degrees of freedom. The name should not conflict with other auxiliary dependent 
variables.

Enter a Source R. The unit of the source depends on the settings in the Units section.

Under Integrate choose whether to integrate the equation you have defined With 

respect to time (the default) or Along grain trajectory. For example, to compute the 
residence time of a group of grains in a given system, set the Source to 1 and set 
Integrate to With respect to time. To compute the length of the grain trajectory, set the 
Source to 1 and set Integrate to Along grain trajectories.

U N I T S

Select a Dependent variable quantity from the list; the default is Dimensionless [1]. To 
enter a unit, select None from the list and in the Unit field enter a value (for example, 
K, m/s, or mol/m^3).

Auxiliary Dependent Variables Theory
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Periodic Condition

Use the Periodic Condition node to apply periodic boundary conditions along one of 
the x, y, or z directions. The Periodic Condition feature requires the selection of two sets 
of planar boundaries: source and destination.

Grains close to the source (destination) boundaries can interact with the periodic 
images of the grains near the destination (source) boundaries. Further, a grain crossing 
the source (destination) boundaries will automatically be placed at the corresponding 
locations on the destination (source) boundaries.

B O U N D A R Y  S E L E C T I O N

The selection of the boundaries is important and needs to satisfy the following criteria 
for the periodic boundary conditions to work correctly.

• The source and the destination boundaries need to be planar. Curved boundaries 
are not supported. Further, the normals of the selected boundaries must align with 
one of the x-, y-, or z-axes.

• If a Periodic Condition is applied along one axis, then all the boundaries in the 
geometry whose normals lie along that axis must be selected. Periodic boundary 
conditions cannot be selectively applied on a part of the geometry along a chosen 
direction.

• The source and destination boundaries must also be the exterior boundaries of the 
geometry along the chosen direction.

D E S T I N A T I O N  S E L E C T I O N

This section is available for specifying the destination boundaries, if needed, when the 
Manual Destination Selection (right-click the parent node) option is selected in the 
context menu for the Periodic Condition node. You can only select destination 
boundaries from the union of all source and destination boundaries.

The software usually automatically identifies the boundaries as either 
source boundaries or destination boundaries, as indicated in the selection 
list. This works fine for cases like opposing parallel boundaries. In other 
cases, right-click Periodic Condition and select Manual Destination Selection 
to control the destination. By default it contains the selection that 
COMSOL Multiphysics identifies.
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Grain Counter

Use the Grain Counter feature to compute information about grains that are located in 
a set of selected domains. The counter can include all grains or may be restricted to 
grains corresponding to a specific release feature or a Grain Properties node. Computed 
variables are the number of grains transmitted, the number of grains transmitted at the 
final time, the transmission probability, and a logical expression which can be used to 
filter the rendered grains during results processing.

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

Select an option from the Grain selection list to specify whether the Grain Counter 
collects information based on Release feature (the default) or Grain properties.

If Release feature is selected, select an option from the Release feature list. If All (the 
default) is selected, the Grain Counter collects information about all grains in the 
selected domains, regardless of how they were released. Alternatively, select a grain 
release feature from the list, and then only the grains produced by that release feature 
are counted.

If Grain properties is selected from the Grain selection list, select an option from the 
Released grain properties list. If All (the default) is selected, the Grain Counter collects 
information about all grains in the selected domains, regardless of their grain 
properties. Alternatively, select a grain properties feature from the list, and then only 
the grains associated with the selected Grain Properties node are counted.

Bounding Box

Use the Bounding Box feature to add a virtual rectangular box that bounds the 
modeling domains. Any grains that cross the bounds of this box are removed from the 
simulation. This feature can be used to discard the grains that move away from the 
region of interest since these grains may otherwise have an adverse effect on the 
performance of the simulation. Only one Bounding Box node can be added to the 
model.

S E T T I N G S

Select an option from the Specify bounding box list: From geometry or User defined 
(default).

• If From geometry is selected, a grain is immediately removed if it reaches the surface 
of the bounding box of the geometry, defined as the smallest rectangle or 
rectangular prism with edges parallel to the axes of the global coordinate system that 
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encloses all of the geometric entities. This bounding box is extended by 5% in each 
direction so that the grains can still interact with boundaries that coincide with the 
perimeter of the bounding box.

• If User defined is selected, enter the values of the x minimum, x maximum, y minimum, 
and y maximum. In 3D components, also enter the values of z minimum and z 
maximum. A grain is immediately terminated if it reaches the surface of a box of user-
specified dimensions.

Heat Source

The Heat source node is available when the Compute grain temperature checkbox is 
selected in the physics interface node’s Additional Variables section. Use this node to 
apply a user-defined source or sink term that affects the grain temperature.

H E A T  S O U R C E

Enter a Heat source Q (SI unit: W). The default value is 0.

Convective Heat Transfer

The Convective Heat Transfer node is available when the Compute grain temperature 
checkbox is selected in the physics interface node’s Additional Variables section. Use the 
Convective Heat Transfer node to model the heating or cooling of a grain due to 
convective heat exchange with the surrounding fluid, assuming surrounding fluid has 
no effect on the motion of grains.

The temperature within the grain is assumed to be uniform; that is, heat transfer by 
conduction within the grain takes place on a much shorter time scale than heat transfer 
by convection at the surface. This is equivalent to the assumption that the grain Biot 
number is much smaller than unity, and allows each grain’s temperature to be stored 
as a single number instead of a temperature distribution.

M O D E L  I N P U T

The model input for the Temperature T (SI unit: K) is always shown in the settings 
window for this feature, even if there are no material properties that depend on it.

C O N V E C T I V E  H E A T  T R A N S F E R

Choose an option from the Heat source definition list: Specify heat transfer coefficient or 
Specify Nusselt number (the default).
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If Specify heat transfer coefficient is selected, enter a value or expression for the Heat 

transfer coefficient h (SI unit: W/(m2·K)). The default is 10 W/(m2·K).

If Specify Nusselt number is selected, then by default the Thermal conductivity k 
(SI unit: W/(m·K)) is taken From material. Select User defined from the list to enter a 
value or expression. The default is 0.025 W/(m·K). For this purpose, the conductivity 
is always assumed isotropic. Also enter a value or expression for the dimensionless Grain 

Nusselt number Nu. The default value, 2, is the theoretical limit for a sphere in a fluid 
with zero relative velocity.

Accumulator (Boundary)

The Accumulator subnode is available from the context menu (right-click the Wall 
node) or from the Physics toolbar, Attributes menu. Each Accumulator subnode defines 
a variable, called the accumulated variable, on each boundary element in the selection 
of the parent node. Whenever a grain hits a boundary element, the value of the 
accumulated variable in that element is incremented based on the value of the user-
defined Source term R for the incident grain. The accumulated variable can be 
influenced by all grains or be restricted to grains corresponding to a specific release 
feature or a Grain Properties node.

A C C U M U L A T O R  S E T T I N G S

Select an option from the Accumulator type list: Density (default) or Count.

• For Density the accumulated variable is divided by the surface area (in 3D) or length 
(in 2D) of the boundary element where it is defined.

• For Count the accumulated variable is the sum of the source terms of all grains that 
hit the boundary element and is unaffected by the boundary element size.

Enter the Accumulated variable name. The default is rpb. The accumulated variable is 
defined as <scope>.<name>, where <scope> includes the name of the physics 
interface node, parent boundary condition, and the Accumulator node; and <name> is 
the accumulated variable name.

For example, if the Accumulator subnode is added to a Wall node in an instance of the 
Granular Flow interface using the default variable name rpb, the accumulated variable 
name might be gran.wp.bacc1.rpb.

 Convective Heat Transfer in the theory section.
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Enter a Source R. The unit of the source term depends on the settings in the Units 
section. Whenever a grain comes in contact with a boundary element in the selection 
of the parent node, the accumulated variable in that element is incremented by the 
source term. If the Accumulator type is set to Density, the source term is divided by the 
area of the boundary element (in 3D) or the length of the boundary element (in 2D).

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

Select an option from the Grain selection list to specify whether the accumulated 
variable collects information from the grains based on a Release feature (the default) or 
a Grain properties node.

If Release feature is selected, select an option from the Release feature list. If All (the 
default) is selected, the accumulated variable collects information about all grains in 
the selected domains or boundaries, regardless of how they were released. 
Alternatively, select a grain release feature from the list, and then only the grains 
released by that release feature are included.

If Grain properties is selected from the Grain selection list, select an option from the 
Released grain properties list. If All (the default) is selected, the accumulated variable 
collects information about all grains in the selected domains or boundaries, regardless 
of their grain properties. Alternatively, select a grain properties feature from the list, 
and then only the grains associated with the selected Grain Properties node are 
included.

U N I T S

Select a Dependent variable quantity from the list; the default is Dimensionless [1]. To 
enter a unit, select None from the list and in the Unit field enter a value, for example, K, 
m/s, or mol/m^3.

S M O O T H I N G

The accumulated variables are computed using discontinuous shape functions. Select 
the Compute smoothed accumulated variable checkbox to compute a smoothed 
accumulated variable by computing the average value of the variable within a sphere of 
a user-defined radius. Then enter a Smoothing radius r (SI unit: m). The default 
is 0.1 m.

Accumulator Theory: Boundaries
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Force Accumulator

The Force Accumulator subnode is available from the context menu (right-click the Wall 
node) or from the Physics toolbar, Attributes menu. Each Force Accumulator subnode 
is a special type of boundary accumulator that accumulates normal contact force on the 
wall element during the contact between the grain and the wall.

A C C U M U L A T O R  S E T T I N G S

Enter the Accumulated variable name. The default is wf. The accumulated variable is 
defined as <scope>.<name>, where <scope> includes the name of the physics 
interface node, parent boundary condition, and the Force Accumulator node; and 
<name> is the accumulated variable name.

For example, if the Force Accumulator subnode is added to a Wall node in an instance 
of the Granular Flow interface using the default variable name wf, the accumulated 
variable name might be gran.wp.facc1.wf.

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

See Accumulator (Boundary) for settings related to Grain Selection.

Accumulator (Domain)

Use the Accumulator node to define additional degrees of freedom on a domain. Each 
Accumulator defines a variable, called the accumulated variable, on each domain 
element in the set of selected domains. The values of the accumulated variables are 
determined by the properties of grains in each domain element. The accumulated 
variable may be influenced by all grains or may be restricted to grains corresponding 
to a specific release feature or a Grain Properties node.

A C C U M U L A T O R  S E T T I N G S

Select an option from the Accumulator type list: Density (default) or Count.

• For Density, the accumulated variable is divided by the volume of the mesh element 
where it is defined.

• For Count, the accumulated variable is unaffected by the element size.

Force Accumulator Theory
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Select an option from the Accumulate over list: Elements (default) or Elements and time.

• For Elements, the value of the accumulated variable in an element is the sum of the 
source terms of all grains in that element. If the Accumulator type is set to Density, 
this sum is divided by the mesh element volume. At a later time, a grain has no effect 
on the value of the accumulated variable in an element it passed through previously.

• For Elements and time, the time derivative of the accumulated variable in an element 
is the sum of the source terms of all grains in that element. If the Accumulator type 
is set to Density, this sum is divided by the mesh element volume. As each grain 
moves through a series of mesh elements, it leaves behind a contribution to the 
accumulated variable that remains even after the grain has moved on.

Enter the Accumulated variable name. The default name is rpd. The accumulated 
variable is defined as <name>.<varname>, where <name> is the physics interface name 
and <varname> is the accumulated variable name. For example, in an instance of the 
Granular Flow interface with default name gran and default accumulated variable 
name rpd, the variable would be named gran.rpd.

Enter a Source R. The unit of the source depends on the settings in the Units section. 
The source term is used to calculate the accumulated variable in a manner specified by 
the Accumulate over and Accumulator type settings.

If Elements and time is selected from the Accumulate over list, select an option from the 
Source interpolation list: Constant, Linear (the default), Quadratic, or Exponential. The 
Source interpolation determines what functional form the Source is assumed to follow 
during each time step taken by the solver. This information is used to compute the 
accumulated variable in mesh elements that the grains pass through during each time 
step.

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

See Accumulator (Boundary) for settings related to Grain Selection.

U N I T S

Select a Dependent variable quantity from the list; the default is Dimensionless [1]. To 
enter a unit, select None from the list and in the Unit field enter a value, for example, K, 
m/s, or mol/m^3.

Accumulator Theory: Domains
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Th eo r y  f o r  t h e  G r anu l a r  F l ow 
I n t e r f a c e

The Granular Flow Interface theory is described in this section:

• Kinematics of Grains

• Contact Force: Linear Elastic Model

• Contact Force: Hertz–MD (Mindlin and Deresiewicz) Model

• Contact Force: Hertz–MD with Adhesion Model

• Contact Force: van der Waals Force

• Contact Force: Coulomb’s Criterion

• Rotational Resistance Theory

• Computing Grain Temperature

• Contact Search Theory

• Initial Conditions

• Boundary Conditions

• Auxiliary Dependent Variables Theory

• Accumulator Theory: Domains

• Accumulator Theory: Boundaries

• Force Accumulator Theory

• Time Step Size

• References

Kinematics of Grains

A grain has two types of motion: translational and rotational motion. These motions 
of individual grains are determined by the equations of the motion given by

 (3-1)

 (3-2)

mi
dvi

dt
--------- Fn ij, Ft ij,+( )

j
 Fext i,+=

Ii
dωi
dt
--------- Ri Ft ij,× Mrot ij,+( )

j
=
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where

• m, I, v, and ω are the mass, moment of inertia, translational velocity, and rotational 
velocity of the grain, respectively.

• Fn and Ft are the normal and the tangential forces during contact between grains i 
and j; for example, Contact Force: Hertz–MD (Mindlin and Deresiewicz) Model.

• Ri = Rinij is the vector between the center of the grain and the contact point where 
the force Ft is applied, with Ri the radius and nij the unit normal vector along the 
line joining the center and point of contact.

• Fext are all other external forces applied to the grain such as gravitational force.

• Mrot is the torque due to rotational friction and resists the rotation of grain; see 
Rotational Resistance Theory for more details.

For the orientation of grain, a quaternion Q which is a vector in 4D space is used 
(Ref. 1). Assuming φ, θ, and ψ to be the Euler angles defined in the body-fixed frame, 
then the components of quaternions are related to Euler’s angles as

 (3-3)

The angular velocity in the body-fixed frame can be then evaluated as

 (3-4)

Newton’s second law of motion (Equation 3-1) is expressed as a set of coupled first-
order ordinary differential equations with F as the total force:

Q

q0

q1

q2

q3

θ
2
--- φ ψ+

2
-------------coscos

θ
2
---sin φ ψ–

2
-------------cos

θ
2
---sin φ ψ–

2
-------------sin

θ
2
--- φ ψ+

2
-------------sincos

= =

Q·

q0
·

q1
·

q2
·

q3
·

1
2
---

q– 1ω1 q2ω2– q3ω3–

q0ω1 q2ω3 q3ω2–+

q0ω2 q1ω3– q3ω1+

q0ω3 q1ω2 q2ω1–+

= =

mv· F=

v q·=
 3 :  T H E  G R A N U L A R  F L O W  I N T E R F A C E



Similarly, the rotational motion is given as with Γ as the total torque

and ω is calculated using Equation 3-4 in 3D, while in 2D it is calculated as the 
derivative of the orientation θ of grain:

Contact Force: Linear Elastic Model

Select the Linear elastic from the Contact Force Model list in the physics interface Force 
section to compute the contact forces using the linear elastic model. The two 
components of forces are discussed individually (Ref. 1).

N O R M A L  F O R C E

The following diagram (left) shows two grains in contact with radii R1 and R2. As this 
is a soft-sphere model, there is a finite overlap between the grains in contact, although 
for illustrative purposes this overlap region has been greatly exaggerated.

Taking a closer look at the overlap region (right figure), define unit vectors in the 
tangential direction t and normal direction n. In 3D, there would be two orthogonal 
tangential directions t1 and t2. Let the normal displacement δn (SI unit: m) be the 
thickness of this overlap region. For intersecting spheres, the radius of the contact area 
is denoted a (SI unit: m). For two grains in contact with positions qi and qj (SI unit: 
m), the normal direction is

 (3-5)

and the normal overlap is

 (3-6)

Iω· Γ=

ω θ·=

nij
qj qi–

qj qi–
--------------------=

δn ij, Rj Ri qj qi––+=
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When the grains are in contact with each other, the normal component of the contact 
force is given by

 (3-7)

where kn is the normal elastic stiffness coefficient and cn is the normal damping 
coefficient. In this model, these two coefficients are known and constant. Nc is the 
number of neighboring grains, and vr is the relative velocity between colliding grains 
at the contact point and is given by

where ω is the rotational velocity of the grain. The normal damping coefficient cn is 
calculated as

where the effective mass is given by

and en is the coefficient of restitution in normal direction.

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

The tangential component of the contact force is given by

 (3-8)

where kt is the tangential elastic stiffness coefficient and ct is the tangential damping 
coefficient. Similar to normal force, these two are known and constant. The tangential 
damping constant is calculated as

et is the coefficient of restitution in tangential direction.

The tangential direction is given by

Fn ij, kn ij, δn ij, cn ij, vr ij, nij⋅+( )nij–=

vr ij, vi vj– Riωi Rjωj+( ) nij×+=

cn ij, en
4meffkn ij,

π2 enlog( )2
+

-----------------------------------log–=

meff
1

mi
------- 1

mj
-------+ 

  1–
=

Ft ij, ktδt ij, ctvr ij, tij⋅+( )tij–=

ct ij, et
4meffkt ij,

π2 etlog( )2
+

----------------------------------log–=
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where vt is the tangential component of vr, which is obtained by subtracting normal 
component vn from vr:

Thus, Equation 3-7 and Equation 3-8 can be rewritten as

 (3-9)

 (3-10)

The calculation of the tangential displacement, δt, is dependent on time history of the 
physical contact between two grains. When a new physical contact happens at time t0 
between two grains, δt is zero and is calculated as

The two steps in the calculation ensure that δt is in the contact plane. At the end of 
contact δt, is set to zero.

C O N T A C T  F O R C E  B E T W E E N  G R A I N  A N D  W A L L

The contact force between grain and wall is same as the contact force between grains. 
The expressions that are different are discussed in this section. The normal overlap is 
given by

 (3-11)

where qw is the contact point between grain and wall.

tij
vt ij,
vt ij,
--------------=

vt vr vn–=

vn vr n⋅( )n=

Fn ij, knδn ij, cnvn ij,+( )

j 1=

Nc

–=

Ft ij, ktδt ij, ctvt ij,+( )

j 1=

Nc

–=

δt ij,
′ vt ij, td

t0

t

=

δt ij, δt ij,
′ δt ij,

′ nij⋅( )nij–=

δn iw, Ri qw qi––=
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The normal direction becomes

Similarly, the relative velocity for grain becomes

and the effective mass becomes

Substituting all of the above equations in Equation 3-9 and Equation 3-10, the 
normal and tangential components of the contact force between grain and wall are 
calculated.

Contact Force: Hertz–MD (Mindlin and Deresiewicz) Model

Select the Hertz–MD from the Contact Force Model list in the physics interface Force 
section to compute the contact forces using the Hertz–MD model. The equations for 
the forces in Contact Force: Linear Elastic Model used the linear equations where the 
stiffness coefficients, kn and kt, and damping coefficients, cn and ct are known and 
constant. For the case where these coefficients are not known, a nonlinear method is 
used where the coefficients depend on the material properties and normal overlap 
between grains δn (Ref. 1).

N O R M A L  F O R C E

The equation of normal force remains same as Equation 3-9; however, the spring and 
damping coefficients are not constant and depend on the material properties of grains 
i and j in contact:

 (3-12)

niw
qw qi–

qw qi–
----------------------=

vr iw, vi Riωi niw×+=

meff mi=

kn ij,
4
3
---Eeq Rijδn ij,=
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5meffkn ij,
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Eeq
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2
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---------------
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–
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---------------+
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=
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 (3-13)

where

• kn is the normal spring stiffness

• cn is the normal damping

• en is the coefficient of restitution in normal direction

• E is the Young’s modulus

• ν is the Poisson’s ratio

• m and R are the mass and radius of grain respectively

• Eeq is the equivalent Young’s modulus for grains in contact

• Req is the equivalent radius for grains in contact

• meff is the effective mass for grains in contact

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

The equation of normal force remains same as Equation 3-10; however, the spring and 
damping coefficients are defined as

 (3-14)

where

• kt is the tangential spring stiffness

• ct is the tangential damping

• et is the coefficient of restitution in tangential direction

• G is the shear modulus

• Geq is the equivalent shear modulus for grains in contact
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C O N T A C T  F O R C E  B E T W E E N  G R A I N  A N D  W A L L

The contact force between grain and wall is the same as the contact force between 
grains. The expressions that are different are discussed in this section. For the contact 
between grain i and wall w,

 (3-15)

 (3-16)

 (3-17)

Contact Force: Hertz–MD with Adhesion Model

Select the Hertz–MD with Adhesion from the Contact Force Model list in the physics 
interface Force section to compute the contact forces using the Hertz–MD with 
adhesion model. A widely used adhesive contact force model used in DEM is the 
Johnson–Kendall–Roberts (JKR) contact model, which is an extension of the Hertz–
MD contact force model and allows for tensile force to develop due to surface 
adhesion, γ, which is calculated here as (Ref. 2)

where i and j are indices for the grains in contact and γij is the interface energy density.

N O R M A L  F O R C E

The normal contact force is given by (Ref. 3)

 (3-18)

where a is the radius of the circular contact patch area. For the definition of other 
parameters used, see Contact Force: Hertz–MD (Mindlin and Deresiewicz) Model 
and Contact Force: Linear Elastic Model.
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An analytical solution to calculate a for given δn is given in Ref. 4. The contact force 
between grains (or between grain and wall) starts when there is a physical contact and 
the contact force remains active as the gap between the neighboring grains is less than 
or equal to the cutoff distance, δc, which is given by (Ref. 3),

where a0 is the equilibrium contact patch radius when |Fn|=0 and no other external 
forces are acting and is given by

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

The tangential force is exactly the same as that of Contact Force: Hertz–MD (Mindlin 
and Deresiewicz) Model except the definition of kt, which is given by

Contact Force: van der Waals Force

Select the Compute van der Waals Force checkbox in the physics interface’s Force 
section to compute the van der Waals force between grains and between grains and 
walls. The Compute van der Waals force checkbox is only available when Hertz–MD or 
Hertz–MD with adhesion is selected in the Contact force model list in the physics interface 
Force section. Generally when the grain sizes are less than 10 microns, contribution of 
van der Waals force becomes nonnegligible. In such cases, the van der Waals force is 
added to the normal component of contact force and is given by (Ref. 4)
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where

• γ is surface energy per unit area

• Dmax is the cutoff distance for the van der Waals force

• Dmin is a parameter to avoid the singularity

• δn is normal overlapping distance and is defined using Equation 3-6 and 
Equation 3-11 between grains and between grain and wall, respectively

• Req is the equivalent radius between grains in contact (Equation 3-13) or between 
grain and wall (Equation 3-17)

The van der Waals force is calculated as an addition to the normal force, Equation 3-
7, as follows:

The effect on the tangential force component is not considered in the current 
formulation of the van der Waals force.

Contact Force: Coulomb’s Criterion

Coulomb’s criterion is used to prevent the unphysical sliding between grains or 
between grain and wall. The gross-sliding occurs when Coulomb’s criterion is violated 
or achieved; the criterion is (Ref. 1)

 (3-19)

where μs is the coefficient of sliding friction. Hence, to not violate Coulomb’s 
criterion, the following form of the tangential force is used:

 (3-20)

When Coulomb’s criterion is satisfied, the tangential displacement is limited as

 (3-21)

Equation 3-19 to Equation 3-21 are true when the contact force model is either linear 
elastic or Hertz–MD. However, for the Contact Force: Hertz–MD with Adhesion 
Model these equations need to be slightly modified to account for the cohesive effects. 

Fn ij, kn ij, δn ij, Fvw– cn ij, vr ij, nij⋅+( )nij–=

Ft μs Fn≥

Ft min kt δt μs Fn,⋅( )
δt
δt
-------–=

δt
μs Fn

kt
----------------

δt
δt
-------←
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A separation force, Fc is needed to separate two grains in equilibrium with no external 
force present and is given by

 (3-22)

So, now Coulomb’s criterion becomes

Accordingly, the tangential force needs to be updated by the relation

And the tangential displacement is limited as

Rotational Resistance Theory

The rotational resistance torque arises from the unevenness of the contact pressure 
distribution in the contact area between rotating grains, or between a single rotating 
grain and a wall.

For example, for a stationary spherical grain sitting on a tabletop, the pressure 
distribution (normal contact force per unit area) in the soft-sphere model might look 
like the figure shown on the left. The pressure distribution is symmetric. However, 
when the grain is rolling as shown on the right, the pressure distribution becomes 
asymmetric, creating a net torque that opposes the rotation.

The rolling resistance is Mrot in Equation 3-2 and is implemented based on Ref. 5.

C O N S T A N T  T O R Q U E  M O D E L

Select the Constant torque model from the Rotational resistance model list in the physics 
interface’s Rotational Resistance section to apply the rotational resistance torque using 

Fc 3πγReq=

Ft μs Fn 2Fc+( )≥

Ft min kt δt μs Fn 2Fc+( ),⋅( )
δt
δt
-------–=

δt
μs Fn 2Fc+( )

kt
-------------------------------------

δt
δt
-------←
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the constant torque model. The rotational resistance torque in 2D is simply rolling 
resistance torque and is defined as

where

• μr is the coefficient of rolling friction

• τ = Req|Fn|

• = (ωi − ωj)/ |ωi − ωj | is the unit vector of the relative angular velocity of the grains

• Req = RiRj /(Ri + Rj) for contact between the grains, Req = Ri for contact with the 
walls

• Δt is the time step size

In 3D, the rotational resistance torque has two components rolling resistance torque 
and twisting resistance torque and is defined as

where

 (3-23)

and n is given by Equation 3-5.

For Contact Force: Hertz–MD with Adhesion Model,

where Fc is given by Equation 3-22.

V A R Y I N G  T O R Q U E  M O D E L

Select the Varying torque model from the Rotational resistance model list in the physics 
interface’s Rotational Resistance section to apply the rotational resistance torque using 
the varying torque model. The rotational resistance moment in 2D is just the rolling 
resistance torque and is defined in an incremental way as

Mrot min μrτ I ω
Δt
-------, 

  ω̂–=

ω̂

Mrot min μrτ I
ωr
Δt
---------, 

  ω̂r min μtwτ I
ωtw
Δt
-------------, 

  ω̂tw––=

ωtw ωij n⋅( )n=

ωr ωij ωtw–=

ωij ωi ωj–=

τ Req Fn 2Fc+( )=

Mrot t Δt+, Mr t, ΔMr+=
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The incremental torque is calculated from the incremental relative rotation between 
two grains and the rolling stiffness kr

Here, kr relates to tangential spring coefficient kt and Req as

 (3-24)

This choice sets the nominal rotational natural frequency due to rolling stiffness equal 
to the nominal rotational natural frequency due to the tangential or shear stiffness, 
leading to a well-behaved and well-damped rolling resistance mechanism without the 
need for any additional damping parameters.

The magnitude of the updated rolling resistance cannot be greater than the torque 
given by constant torque model

 (3-25)

where

In 3D, the rotational resistance can be decomposed into two component, rolling 
resistance and twisting resistance

ΔMr krot ωi ωj–( )Δt–=

krot ktReq
2

=

Mr

Mr if Mr Mrm<

Mrm
Mr
Mr
----------- otherwise







=

Mrm μrτ=

τ Req Fn=

Mrot t Δt+, Mr t, ΔMr Mtw t, ΔMtw+ + +=

ΔMr krotωrΔt–=

ΔMtw krotωtwΔt–=

Mtw

Mtw if Mtw Mtwm<

Mtwm
Mtw
Mtw
-------------- otherwise







=

Mtwm μtwτ=
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where krot is given by Equation 3-24, ωr, ωtw are given by Equation 3-23, and Mr is 
given by Equation 3-25.

For Contact Force: Hertz–MD with Adhesion Model, 

where Fc is given by Equation 3-22.

Computing Grain Temperature

Select the Compute Grain Temperature checkbox in the physics interface’s Grain 

Temperature section to define an auxiliary dependent variable for the grain 
temperature. The grain temperature Tg (SI unit: K) is then computed along each grain 
trajectory by integrating the first-order equation

 (3-26)

where

• mg (SI unit: kg) is the grain mass,

• Cp,g (SI unit: J/(kg·K)) is the grain specific heat capacity,

• t (SI unit: s) is the time, and

• Qt (SI unit: W) is the sum of all heat sources and sinks affecting the grain.

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

The grain temperature is treated as a single value for each grain, not as a temperature 
distribution throughout the grain’s volume. Therefore, the temperature computation 
is only valid when the temperature throughout the grain can be considered uniform; 
that is, the heat transfer resistance within the grain is negligibly small compared to the 
heat transfer resistance at the surface of the grain. This is typically true for small grains 
with high thermal conductivity.

The Biot number Bi (dimensionless) can be used to determine whether the grain 
temperature can be treated as a uniform value. The Biot number is defined as

where LC (SI unit: m) is a characteristic length, typically the ratio of grain volume to 
grain surface area, and kg (SI unit: W/(m·K)) is the grain thermal conductivity. If the 

τ Req Fn 2Fc+( )=

mgCp g,
dTg
dt
---------- Qt=

Bi
hLC
kg
-----------=
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Biot number is very small, much less than unity, then the conductive heat transfer 
within the grain takes place on a much shorter time scale than convective heat transfer 
at the surface of the grain, so the grain temperature can be treated as a uniform value.

C O N T A C T  H E A T  T R A N S F E R

Use the Compute conductive heat transfer checkbox in the physics interface Additional 
Variables section to apply the heat flux across the boundary between grains in contact 
and between grains and walls. Compute conductive heat transfer checkbox is only 
available when

• the Hertz–MD or the Hertz–MD with adhesion is selected from the Contact force model 
list in the physics interface Force section and

• the Compute grain temperature checkbox is selected in the physics interface 
Additional Variables section.

This heat flux contribution is added to total heat source Qt in Equation 3-26 and is 
defined as (Ref. 6)

 (3-27)

where the contact radius is calculated as

 (3-28)

• Fn is the normal component of the contact force; see Contact Force: Hertz–MD 
(Mindlin and Deresiewicz) Model, Contact Force: Hertz–MD with Adhesion 
Model, or Contact Force: van der Waals Force for more details.

• Req is calculated using Equation 3-13.

• Eeq is given by Equation 3-12.

• Cr is the temperature correction factor for contact radius.

The temperature correction factor, Cr equals to 1 when no correction is needed. It is 
a common practice in granular flow to use smaller value of Young’s modulus, E, 
compared to the actual value, E0, to simulate the bulk flow behavior. The main 
advantage is to be able to use larger time step without compromising the accuracy in 
bulk behavior of a granular system. However, taking smaller value of E might result in 
overestimation of heat flux as the contact patch between grains or between grain and 

Qij 4rc
kg i, kg j,

kg i, kg j,+
-------------------------- Tg j, Tg i,–( )–=

rc Cr
3 Fn Req

4Eeq
------------------------ 
 

1
3
---

=
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surface increases. To fix this, usually a correction factor with following expression is 
used:

where Eeq,0 is the equivalent Young’s modulus calculated using real values of the 
Young’s modulus of grains and walls.

Conductive heat transfer between grain and wall is calculated assuming the wall to have 
infinite radius and conductivity. Consequently, Equation 3-27 and Equation 3-28 
become

 (3-29)

 (3-30)

where Eeq is given by Equation 3-15.

C O N V E C T I V E  H E A T  T R A N S F E R

Use the Convective Heat Transfer feature to apply convective heat transfer at the 
surface of the grains. This feature adds the following contribution to the total heat 
source Qt in Equation 3-26:

where

• h (SI unit: W/(m2·K)) is the heat transfer coefficient,

• Ag (SI unit: m2) is the grain surface area, and

• T (SI unit: K) is the temperature of the surrounding fluid at the grain’s position.

Strictly speaking, T is the temperature that the surrounding fluid would have at the 
grain’s position, if the grain were not there; the fluid very close to the surface of a 
warmer or cooler grain will show a temperature gradient. Assuming that the fluid 
temperature stays relatively constant over length scales comparable to the grain 
diameter, we can think of T as the ambient or free-stream temperature at a large 

Cr
Eeq

Eeq 0,
-------------- 
 

1
3
---

=

Qiw 4rckg i, Tw j, Tg i,–( )

j 1=

Nw

–=

rc Cr
3 Fn R
4Eeq
------------------ 
 

1
3
---

=

Q hAg T Tg–( )=
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distance from the grain surface. The Granular Flow interface does not support the 
effect of fluid flow on a grain’s motion, so the Convective Heat Transfer feature should 
be used assuming there is fluid in the system, and that the fluid has zero effect on grain 
dynamics.

The heat transfer coefficient h can be specified directly or by entering the Nusselt 
number Nu (dimensionless),

where k (SI unit: W/(m·K)) is the thermal conductivity of the fluid (assumed to be 
isotropic) and dg (SI unit: m) is the grain diameter.

Contact Search Theory

DEM simulations often involve a large number of grains where, at any given time, each 
grain is in contact with a very small number of grains and wall elements. Therefore, an 
efficient contact search algorithm is required to determine the contact pairs. The 
Granular Flow Interface uses the no binary search (NBS) algorithm for detecting 
grain–grain contact pairs and the tree-based search algorithms for determining grain–
wall contacts. The two algorithms are briefly described below. More details can be 
found in Ref. 1.

G R A I N – G R A I N  C O N T A C T  S E A R C H

The NBS algorithm consists of two steps: broad search and fine search. The broad 
search first organizes the grains into the grid cells based on their position. The fine 
search step then checks for potential contacts by surveying the grains in the adjacent 
cells.

Broad Search
The broad search begins by constructing a uniform rectangular grid across the entire 
geometry. The length of the grid cell in each direction is constrained to be larger than 
the maximum contact search radius. The contact search radius for each grain is equal 
to or greater than the grain radius depending on the Contact search expansion ratio β 
specified in the Grain Properties feature. Subsequently, if the total number of grid cells 
in each direction exceeds the Maximum number of cells per direction (specified in the 
physics interface settings), the grid cell length is adjusted to ensure that these limits are 
satisfied. Once the grid is constructed, each grain is indexed into a grid cell based on 
its position.

Nu
dgh

k
----------=
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Fine Search
Once all the grains have been assigned a cell index, the fine search step goes through 
each grain and checks for contact with every grain in its own cell and the neighboring 
cells. Note that the choice of the minimum length of the grid cell ensures that this step 
can be restricted to just the adjacent cells.

To avoid double counting the grain contacts, the fine search is restricted to a subset of 
neighboring cells. In 2D, if the own cell has the index (0, 0), then the neighboring cells 
that are searched for are indexed as

Similarly in 3D, if the own cell has the index (0, 0, 0), then the neighboring cells that 
are searched for are indexed as

Once a contact pair has been identified, the contact information is updated for both 
grains in the pair.

When a Periodic Condition feature is active in and the target cells are the are near the 
boundaries of the geometry, the neighboring cell list is modified to ensure that the 
contacts are detected with the periodic images of the grains from across the periodic 
boundaries.

When releasing grains, it is often necessary to ensure that the grain being considered 
for release has an acceptable overlap with preexisting grains. In such situations, every 
single neighboring cell is scanned (along with the own cell) for potential contacts.

G R A I N – W A L L  C O N T A C T  S E A R C H

Tree based algorithms are used to detect grain–wall contacts. The wall elements are 
initially used to build a quadtree in 2D, or an octree in 3D, which are hierarchical data 
structures. The root node represents the entire space that is recursively divided into 
four quadrants in 2D or eight octants in 3D. Each wall element is inserted into the 
appropriate nodes based on their spatial location.

Once the tree is constructed, the search for a grain–wall contact consists of two stages. 
In the first stage, the tree is traversed beginning at the root node to identify the nodes 
of the tree associated with the spatial locations in the vicinity of the grain position. This 
step restricts the list of potential wall elements that need to be searched for contact. 

1– 0,( ) 1– 1–,( ) 0 1–,( ) 1 1–,( ), , ,

0 0 1–, ,( ) 1– 0 1–, ,( ) 1– 0 0, ,( ) 1– 0 1, ,( ) 0 1– 1–, ,( ) 0 1– 0, ,( ) 0 1– 1, ,( ), , , , , ,

1– 1– 1–, ,( ) 1– 1– 0, ,( ) 1– 1– 1, ,( ) 1 1– 1–, ,( ) 1 1– 0, ,( ) 1 1– 1, ,( ), , , , ,
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The second stage then searches for contact between the grain and each of the 
previously identified wall elements.

Initial Conditions

It is possible to release grains at user defined positions using the Release from Grid and 
Release from Data File features, or at arbitrary positions in the domains or on the 
boundaries using the Release and Inlet features, respectively.

When using the Release from Grid or Release from Data File features, the grains being 
released by a node must have the same material properties. These features are best 
suited for situations when the initial conditions of the grains to be released are 
predetermined.

The Release or Inlet features on the other hand allow for more flexibility both in terms 
of the initial positions and the material properties of the grains being released. The 
Release feature allows the initial positions to be either random or based on an analytic 
expression. The Inlet feature additionally supports a uniform distribution of the initial 
positions along the boundaries. Both the features support releasing multiple types of 
grains using a single node. The distribution of the grain types can be directly specified, 
or in terms of the number fraction, mass fraction, or volume fractions.

When grains are released using any of the four release features, the grains are released 
sequentially. If the grains are released using the Release or Inlet features, the species 
index of the grain is selected randomly according to the specified distribution. The 
grain is released at the release position only if the overlap with any grain or wall element 
is within acceptable limits. The contact search algorithm used to check for the overlap 
is described in Contact Search Theory. It is possible to override the contact search 
when using the Release from Grid or Release from Data File features.

Apart from the initial positions of the grains, other parameters such as the initial 
velocities and angular velocities also need to be specified using expressions. 
Additionally, if the Compute grain temperature checkbox is enabled, the initial 
temperature of the grains also need to be specified.

Boundary Conditions

The boundary conditions supported by the Granular Flow interface are controlled by 
the Wall, Inlet, Outlet, and Periodic Condition features.
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W A L L

The boundaries selected by the Wall feature are treated as rigid walls that can exert 
contact forces on the grains when they come into contact. The contact force models 
selected in the settings window of The Granular Flow Interface interface are used to 
model the grain–wall interactions. The corresponding contact parameters are specified 
in the Contact with Walls feature. Additionally, if the Compute Grain Temperature and 
the Compute Conductive Heat Transfer checkboxes are enabled, the boundary 
conditions for the wall temperature also need to be specified.

Many applications benefit from moving walls, and the motion of the walls is also 
controlled by the Wall Movement settings of this feature. The boundaries are treated 
as rigid walls, and no deformation is allowed. The allowed rigid body movements 
include translation, rotation, and a combination of the two.

I N L E T

The Inlet feature is used to release grains along the boundary such that the grain 
centers lie on the boundary at release time. This feature overrides any Wall features that 
are located above it in the Model Builder window, and therefore the selected boundaries 
are not considered for grain–wall interactions.

O U T L E T

The Outlet feature allows the grains to pass through different adjoining domains or to 
remove the grains passing through it from the simulation domain. This feature 
naturally overrides the Wall features that are located above it in the Model Builder 
window, and therefore the selected boundaries are not considered for grain–wall 
interactions. This feature can be combined with the Inlet feature to affect the behavior 
of the grains passing through the boundaries selected in the Inlet feature.

P E R I O D I C  C O N D I T I O N

The Periodic Condition feature is used to apply periodic boundary conditions in one 
of the x, y, or z directions. Grains near the periodic boundaries can interact with the 
periodic images of the grains and wall elements, and grains passing through the source 
boundaries will be replaced by their periodic images at the destination boundary.

This feature naturally overrides the Wall features that are located above it in the Model 

Builder window, and therefore the selected boundaries are not considered for grain–
wall interactions. Additionally, this feature also overrides the Outlet feature but can be 
used along with the Inlet feature to release grains along the periodic boundaries.
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Auxiliary Dependent Variables Theory

In certain cases, it is desirable to add degrees of freedom to the grains. You can do so 
by using the Auxiliary Dependent Variable feature. The additional degrees of freedom 
are solved for each grain. For each degree of freedom, w, the following ODE is solved 
for each grain:

where R is a user-defined source term. When the Integrate option is set to Along grain 

trajectory, the following ODE is solved for each grain instead:

where s (SI unit: m) is the direction tangential to the motion of the grain.

Accumulator Theory: Domains

The Accumulator (Domain) node is used to transfer information from grains to the 
domains they occupy or pass through. Each Accumulator defines a variable, called the 
accumulated variable, in the selected domains. The accumulated variable is discretized 
using constant shape functions, so its value is uniform over every mesh element and 
can be discontinuous between adjacent mesh elements.

The name of the accumulated variable is specified in the Accumulated variable name 
field in the Accumulator Settings section of the settings window. The default variable 
name, rpd, will be used in the remainder of this section when referring to the 
accumulated variable.

A C C U M U L A T O R  T Y P E

The options in the Accumulator type list are Density and Count. If Density is selected, the 
source term is divided by the area or volume of the mesh element when calculating 
each grain’s contribution to the accumulated variable. If Count is selected, no division 
by the area or volume of the mesh element occurs.

The equations in the following section are valid for the Density type. The 
corresponding value of the accumulated variable for the Count type is

where V is the mesh element volume (in 3D) or area (in 2D).

dw
dt
-------- R=

dw
ds
-------- R=

rpdcount rpddensity V×=
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A C C U M U L A T I O N  O V E R  E L E M E N T S

When Elements is selected from the Accumulate over list, the value of the accumulated 
variable in a mesh element is the sum of the source terms Ri evaluated for all grains in 
that mesh element:

where N is the total number of grains in the element and V is the area (2D) or volume 
(3D) of the mesh element. In other words, the contribution of each grain to the 
accumulated variable is distributed uniformly over the mesh element the grain is in, 
regardless of the grain’s exact position within the element.

If Elements and time is selected from the Accumulate over list, then the sum of the 
source terms for the grains in the mesh element is used to define the time derivative of 
the accumulated variable, rather than its instantaneous value:

Thus, the value of the accumulated variable depends on the time history of the grains 
in the mesh element, instead of the instantaneous positions of the grains. As each grain 
propagates, it will leave behind a trail based on its contributions to the accumulated 
variables in the mesh elements it has traversed. The algorithm for accumulating over 
time takes into account the fraction of a time step taken by the solver that the grain 
spends in each mesh element, even if it crosses between elements during the time step.

Accumulator Theory: Boundaries

The Accumulator (Boundary) feature transfers information from grains to the 
boundaries they hit. Each Accumulator defines a variable, called the accumulated 
variable, on the selected boundaries. The accumulated variable is discretized using 
constant shape functions, so its value is uniform over every mesh element and may be 
discontinuous between adjacent mesh elements.

The name of the accumulated variable is specified in the Accumulated variable name 
field in the Accumulator Settings section of the settings window. The default variable 
name, rpb, will be used in the remainder of this section when referring to the 
accumulated variable.

rpd 1
V
---- Ri

i 1=

N

=

d rpd( )
dt

------------------ 1
V
---- Ri

i 1=

N

=
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The options in the Accumulator type list are Density and Count. If Density is selected, the 
source term is divided by the surface area or length of the boundary mesh element 
when calculating each grain’s contribution to the accumulated variable. If Count is 
selected, no division by the surface area or length of the boundary element occurs.

The equations in the following section are valid for the Density type. The 
corresponding value of the accumulated variable for the Count type is

where V is the boundary element surface area (in 3D) or length (in 2D).

The accumulated variable in a boundary element gets incremented by the source term 
R whenever a grain hits the boundary:

where division by the mesh element area or length occurs because the accumulator is 
assumed to be of type Density. Thus the source term evaluated for an incident grain is 
uniformly distributed over the boundary element. It is possible for the same grain to 
increment the accumulated variable in many different boundary elements or even in 
the same element multiple times.

B U I L T - I N  G L O B A L  V A R I A B L E S

By default, the boundary Accumulator defines the following global variables:

Here, <scope> includes the physics interface name and <name> the Accumulator and 
parent feature. For example, the average of the accumulated variable over a boundary 
may be called gran.wp1.bacc1.rpb_ave, where gran is the name of the Granular 
Flow interface, wp1 is the name of the parent Wall node, bacc1 is the name of the 
Accumulator node, and rpb is the accumulated variable name. These variables are all 

TABLE 3-1:  BUILT-IN GLOBAL VARIABLES FOR BOUNDARY ACCUMULATORS.

NAME DESCRIPTION

<scope>.<name>_int Integral of accumulated variable

<scope>.<name>_ave Average of accumulated variable

<scope>.<name>_max Maximum of accumulated variable

<scope>.<name>_min Minimum of accumulated variable

<scope>.<name>_sum Sum of accumulated variable over elements

rpbcount rpbdensity V×=

rpbnew rpb R
V
----+=
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available in the Insert Expression and Replace Expression menus during results 
evaluation.

These global variables are computed by defining a set of nonlocal couplings on the 
selection of the parent physics feature, such as the Wall feature to which the 
Accumulator is added. The following expressions for the global variables are used.

Here, <wscope> is the scope of the parent boundary feature; for example, gran.wp1.

Force Accumulator Theory

The Force Accumulator feature stores the normal component of contact force on the 
wall when a grain hits the wall. Each Force Accumulator feature defines a variable, called 
the accumulated variable, on the selected boundaries. The accumulated variable is 
discretized using constant shape functions, so its value is uniform over every mesh 
element and can be discontinuous between adjacent mesh elements.

The name of the accumulated variable is specified in the Accumulated variable name 
field in the Accumulator Settings section of the settings window. The default variable 
name, wf, will be used in the remainder of this section when referring to the 
accumulated variable. The accumulated variable in a boundary element gets 
incremented according to

where Fn is the normal contact force. For the theory on contact forces, see Contact 
Force: Linear Elastic Model, Contact Force: Hertz–MD (Mindlin and Deresiewicz) 
Model, and Contact Force: Hertz–MD with Adhesion Model. It is possible for the 
same grain to increment the accumulated variable in many different boundary 
elements, or even in the same element multiple times.

TABLE 3-2:  BUILT-IN GLOBAL VARIABLE DEFINITIONS FOR BOUNDARY ACCUMULATORS.

NAME EXPRESSION

<scope>.<name>_ave <wscope>.ave(<scope>.<name>)

<scope>.<name>_int <wscope>.sum(<scope>.<name>)

<scope>.<name>_max <wscope>.max(<scope>.<name>)

<scope>.<name>_min <wscope>.min(<scope>.<name>)

<scope>.<name>_sum <wscope>.sum(<scope>.<name>/<scope>.meshVol)

wfnew wf Fn+=
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Similar to the Accumulator (Boundary) feature, the Force Accumulator feature also 
defines global variables; for details, see the Built-in Global Variables subsection under 
Accumulator Theory: Boundaries and replace rpb with wf.

Unlike the Accumulator (Boundary) feature, the Settings window for the Force 

Accumulator feature does not include an Accumulator type list; the Force Accumulator 
feature is an Accumulator boundary feature of Count type. To calculate the accumulated 
force on a boundary element divided by the boundary element surface area (equivalent 
to the Density type of the Accumulator boundary feature), use the expression 
<scope>.<name>/meshvol, for example gran.wp1.facc1.wf/meshvol, in the 
results processing. See Accumulator Theory: Boundaries to learn more about the 
accumulator types Count and Density.

Time Step Size

The Granular Flow interface suggests a time step for the model set up and stores it in 
a variable, <scope>.ts (for example, gran.ts). This variable is automatically used in 
the solver for the time step used. It should be noted that it is just a suggestion, and 
users are encouraged to verify the time step size and change the value or expression as 
needed. The expressions for the suggested time step depends on the contact force 
model used. When the Linear elastic model is selected in the Contact force model list in 
the physics interface node’s Force section, the suggested time step is calculated as:

 (3-31)

where,

• mg is the mass of the grain

• kn is the normal spring coefficients

If model other than Linear elastic is selected, then the suggested time step is calculated 
based on the Rayleigh time step criteria (Ref. 7):

 (3-32)

• rg is the radius of the smallest grain

• ρg is the value of the least dense grain

ts 0.2
mg
kn
--------=

ts 0.2

πrg
ρg
Gg
-------

0.1631νg 0.8766+
-------------------------------------------------=
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• Gg is the maximum value of shear modulus

• νg is the maximum value of Poisson’s ratio

Equation 3-32 is calculated for each grain species, and the smallest value is stored in 
the variable <scope>.ts.

The coefficient 0.2 in both Equation 3-31 and Equation 3-32 is used to make the time 
step less restrictive so that the simulation, in most cases, does not become unstable due 
to large time step issue.

It is to be noted that the variable <scope>.ts is a global variable as it needs to be 
accessible to the solver, so it can only be computed using the properties of grains that 
are global variables as well. The properties of walls cannot be used directly as the 
variables are defined on the boundaries. Users are suggested to manually calculate the 
suggested time step based on the above equations if wall material properties are to be 
used.
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