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This preface is divided into the following sections:
1.The Contents of This Manual
2.The Contents of the FLUENT Manuals
3.Typographical Conventions
4. Mathematical Conventions
5.Technical Support

1.The Contents of This Manual

The ANSYS FLUENT Population Balance Model Manual tells you what you need to know to model pop-
ulation balance with ANSYS FLUENT. In this manual you will find background information pertaining to
the model, a theoretical discussion of the model used in ANSYS FLUENT, and a description of using the
model for your CFD simulations.

2.The Contents of the FLUENT Manuals

The manuals listed below form the FLUENT product documentation set. They include descriptions of
the procedures, commands, and theoretical details needed to use FLUENT products.

FLUENT Getting Started Guide contains general information about getting started with using
FLUENT.

FLUENT User's Guide contains detailed information about using FLUENT, including information
about the user interface, reading and writing files, defining boundary conditions, setting up
physical models, calculating a solution, and analyzing your results.

FLUENT in Workbench User's Guide contains information about getting started with and using
FLUENT within the Workbench environment.

FLUENT Theory Guide contains reference information for how the physical models are imple-
mented in FLUENT.

FLUENT UDF Manual contains information about writing and using user-defined functions
(UDFs).

FLUENT Tutorial Guide contains a number of example problems with detailed instructions,
commentary, and postprocessing of results.

FLUENT Text Command List contains a brief description of each of the commands in FLUENT's
text interface.

FLUENT Adjoint Solver Module Manual contains information about the background and usage
of FLUENT's Adjoint Solver Module that allows you to obtain detailed sensitivity data for the
performance of a fluid system.

FLUENT Battery Module Manual contains information about the background and usage of
FLUENT's Battery Module that allows you to analyze the behavior of electric batteries.

FLUENT Continuous Fiber Module Manual contains information about the background and usage
of FLUENT's Continuous Fiber Module that allows you to analyze the behavior of fiber flow,

fiber properties, and coupling between fibers and the surrounding fluid due to the strong inter-
action that exists between the fibers and the surrounding gas.

FLUENT Fuel Cell Modules Manual contains information about the background and the usage
of two separate add-on fuel cell models for FLUENT that allow you to model polymer electrolyte
membrane fuel cells (PEMFC), solid oxide fuel cells (SOFC), and electrolysis with FLUENT.

FLUENT Magnetohydrodynamics (MHD) Module Manual contains information about the back-
ground and usage of FLUENT's Magnetohydrodynamics (MHD) Module that allows you to analyze

Release 74.0 - © SAS IR Inc. Allrights reserved. - Contains proprietary and confidential information
of ANSYS, Inc.and its subsidiaries and affiliates.



Using This Manual

the behavior of electrically conducting fluid flow under the influence of constant (DC) or oscil-
lating (AC) electromagnetic fields.

FLUENT Migration Manual contains information about transitioning from the previous release
of FLUENT, including details about new features, solution changes, and text command list
changes.

FLUENT Population Balance Module Manual contains information about the background and
usage of FLUENT's Population Balance Module that allows you to analyze multiphase flows in-
volving size distributions where particle population (as well as momentum, mass, and energy)
require a balance equation.

Running FLUENT Under LSF contains information about the using FLUENT with Platform Com-
puting’s LSF software, a distributed computing resource management tool.

Running FLUENT Under PBS Professional contains information about the using FLUENT with
Altair PBS Professional, an open workload management tool for local and distributed environ-
ments.

Running FLUENT Under SGE contains information about the using FLUENT with Sun Grid Engine
(SGE) software, a distributed computing resource management tool.

3.Typographical Conventions

Several typographical conventions are used in this manual’s text to facilitate your learning process.

Different type styles are used to indicate graphical user interface menu items and text interface menu
items (for example, Iso-Surface dialog box, sur f ace/ i so- sur f ace command).

The text interface type style is also used when illustrating exactly what appears on the screen or exactly
what you need to type into a field in a dialog box. The information displayed on the screen is enclosed
in a large box to distinguish it from the narrative text, and user inputs are often enclosed in smaller
boxes.

A mini flow chart is used to guide you through the navigation pane, which leads you to a specific task
page or dialog box. For example,

‘“*Models - = Multiphase - Edit...

indicates that Models is selected in the navigation pane, which then opens the corresponding task
page. In the Models task page, Multiphase is selected from the list. Clicking the Edit... button
opens the Multiphase dialog box.

Also, a mini flow chart is used to indicate the menu selections that lead you to a specific command
or dialog box. For example,

Define - Injections...

indicates that the Injections... menu item can be selected from the Define pull-down menu, and
di spl ay - nesh

indicates that the mesh command is available in the di spl ay text menu.

In this manual, mini flow charts usually precede a description of a dialog box or command, or a
screen illustration showing how to use the dialog box or command. They allow you to look up in-
formation about a command or dialog box and quickly determine how to access it without having
to search the preceding material.

Vi
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Mathematical Conventions

+ The menu selections that will lead you to a particular dialog box or task page are also indicated (usually
within a paragraph) using a "/". For example, Define/Materials... tells you to choose the Materials...
menu item from the Define pull-down menu.

4. Mathematical Conventions

—

+  Where possible, vector quantities are displayed with a raised arrow (e.g., @, A). Boldfaced characters
are reserved for vectors and matrices as they apply to linear algebra (e.g., the identity matrix, /).

« The operator L], referred to as grad, nabla, or del, represents the partial derivative of a quantity with
respect to all directions in the chosen coordinate system. In Cartesian coordinates, [] is defined to be

i—f +i_’ +iz
ox oy’ oz (1)

[] appears in several ways:

- The gradient of a scalar quantity is the vector whose components are the partial derivatives; for
example,

op_. Op— Op—
np L7 +925,927
Zox' oy’ Toz @

- The gradient of a vector quantity is a second-order tensor; for example, in Cartesian coordinates,

. be_ o~ o0, - -
U(VF E’ﬂTxl-'-@J-'_O_zk%(Vxl-‘-vjj-‘-vzk) (3)

This tensor is usually written as

Uov, av, ov, U
0
0ox Oy 0z [
O 0
%avy dv, 0v, B @
i Ox 0dy 0z -
Davz ov, 0dv, 0
Ox 0y 0z ﬁ

- The divergence of a vector quantity, which is the inner product between [] and a vector; for example,
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ov, +6vy+avz
Ox Ody 0z

M=

(5)

- The operator [II] , which is usually written as D2 and is known as the Laplacian; for example,

T 9°T 9T
0*E —+—s+— (6)
ox“ 0y~ 0z

027 is different from the expression ( [ T)z, which is defined as
(0T) + al L org’ (7)
bxd " Hyg =0

+  An exception to the use of [ is found in the discussion of Reynolds stresses in "Modeling Turbulence"
in the User's Guide, where convention dictates the use of Cartesian tensor notation. In this chapter, you
will also find that some velocity vector components are written as #, v, and w instead of the conven-
tional v with directional subscripts.

5.Technical Support

If you encounter difficulties while using ANSYS FLUENT, please first refer to the section(s) of the
manual containing information on the commands you are trying to use or the type of problem you are
trying to solve. The product documentation is available from the online help, or from the ANSYS Cus-
tomer Portal (www.ansys.com/customerportal).

If you encounter an error, please write down the exact error message that appeared and note as much
information as you can about what you were doing in ANSYS FLUENT.

Technical Support for ANSYS, Inc. products is provided either by ANSYS, Inc. directly or by one of our
certified ANSYS Support Providers. Please check with the ANSYS Support Coordinator (ASC) at your
company to determine who provides support for your company, or go to www.ansys.com and select
About ANSYS> Contacts and Locations. The direct URL is: http://www1.ansys.com/customer/public/sup-
portlist.asp. Follow the on-screen instructions to obtain your support provider contact information. You
will need your customer number. If you don't know your customer number, contact the ASC at your
company.

If your support is provided by ANSYS, Inc. directly, Technical Support can be accessed quickly and effi-
ciently from the ANSYS Customer Portal, which is available from the ANSYS Website (www.ansys.com)
under Support> Technical Support where the Customer Portal is located. The direct URL is: ht-
tp://www.ansys.com/customerportal.

One of the many useful features of the Customer Portal is the Knowledge Resources Search, which can
be found on the Home page of the Customer Portal.
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Technical Support

Systems and installation Knowledge Resources are easily accessible via the Customer Portal by using
the following keywords in the search box: Syst ens/ | nst al | at i on. These Knowledge Resources
provide solutions and guidance on how to resolve installation and licensing issues quickly.

NORTH AMERICA
All ANSYS, Inc. Products

Web: Go to the ANSYS Customer Portal (http://www.ansys.com/customerportal) and select the appropriate
option.

Toll-Free Telephone: 1.800.711.7199
Fax: 1.724.514.5096
Support for University customers is provided only through the ANSYS Customer Portal.

GERMANY

ANSYS Mechanical Products
Telephone: +49 (0) 8092 7005-55
Email: support@cadfem.de

All ANSYS Products

Web: Go to the ANSYS Customer Portal (http://www.ansys.com/customerportal) and select the appropriate
option.

National Toll-Free Telephone:
German language: 0800 181 8499

English language: 0800 181 1565
International Telephone:

German language: +49 6151 3644 300

English language: +49 6151 3644 400

Email: support-germany@ansys.com

UNITED KINGDOM
All ANSYS, Inc. Products

Web: Go to the ANSYS Customer Portal (http://www.ansys.com/customerportal) and select the appropriate
option.

Telephone: +44 (0) 870 142 0300
Fax: +44 (0) 870 142 0302
Email: support-uk@ansys.com

Support for University customers is provided only through the ANSYS Customer Portal.

JAPAN

CFX, ICEM CFD and Mechanical Products
Telephone: +81-3-5324-8333

Fax: +81-3-5324-7308
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Email: CFX: japan-cfx-support@ansys.com; Mechanical: japan-ansys-support@ansys.com
FLUENT Products
Telephone: +81-3-5324-7305

Email: FLUENT: japan-fluent-support@ansys.com; POLYFLOW: japan-polyflow-support@ansys.com; FfC: japan-
ffc-support@ansys.com; FloWizard: japan-flowizard-support@ansys.com

Icepak

Telephone: +81-3-5324-7444

Email: japan-icepak-support@ansys.com
Licensing and Installation

Email: japan-license-support@ansys.com

INDIA
ANSYS Products (including FLUENT, CFX, ICEM-CFD)

Web: Go to the ANSYS Customer Portal (http://www.ansys.com/customerportal) and select the appropriate
option.

Telephone: +91 1 800 233 3475 (toll free) or +91 1 800 209 3475 (toll free)
Fax: +91 80 2529 1271

Email: FEA products: feasup-india@ansys.com; CFD products: cfdsup-india@ansys.com; Installation: installation-
india@ansys.com

FRANCE
All ANSYS, Inc. Products

Web: Go to the ANSYS Customer Portal (http://www.ansys.com/customerportal) and select the appropriate
option.

Toll-Free Telephone: +33 (0) 800 919 225
Email: support-france@ansys.com
Support for University customers is provided only through the ANSYS Customer Portal.

BELGIUM
All ANSYS Products

Web: Go to the ANSYS Customer Portal (http://www.ansys.com/customerportal) and select the appropriate
option.

Telephone: +32 (0) 1045 28 61
Email: support-belgium@ansys.com
Support for University customers is provided only through the ANSYS Customer Portal.

SWEDEN
All ANSYS Products

Web: Go to the ANSYS Customer Portal (http://www.ansys.com/customerportal) and select the appropriate
option.

Telephone: +44 (0) 870 142 0300
Email: support-sweden@ansys.com
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Support for University customers is provided only through the ANSYS Customer Portal.

SPAIN and PORTUGAL
All ANSYS Products

Web: Go to the ANSYS Customer Portal (http://www.ansys.com/customerportal) and select the appropriate
option.

Telephone: +33 13060 1563
Email: support-spain@ansys.com

Support for University customers is provided only through the ANSYS Customer Portal.

ITALY
All ANSYS Products

Web: Go to the ANSYS Customer Portal (http://www.ansys.com/customerportal) and select the appropriate
option.

Telephone: +39 02 89013378
Email: support-italy@ansys.com
Support for University customers is provided only through the ANSYS Customer Portal.
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Chapter 1:Introduction

In ANSYS FLUENT the population balance model is provided as an add-on module with the standard
ANSYS FLUENT licensed software.

Several industrial fluid flow applications involve a secondary phase with a size distribution. The size
distribution of particles, including solid particles, bubbles, or droplets, can evolve in conjunction with
transport and chemical reaction in a multiphase system. The evolutionary processes can be a combination
of different phenomena like nucleation, growth, dispersion, dissolution, aggregation, and breakage
producing the dispersion. Thus in multiphase flows involving a size distribution, a balance equation is
required to describe the changes in the particle population, in addition to momentum, mass, and energy
balances. This balance is generally referred to as the population balance. Cases in which a population
balance could apply include crystallization, precipitative reactions from a gas or liquid phase, bubble
columns, gas sparging, sprays, fluidized bed polymerization, granulation, liquid-liquid emulsion and
separation, and aerosol flows.

To make use of this modeling concept, a number density function is introduced to account for the
particle population. With the aid of particle properties (for example, particle size, porosity, composition,
and so on), different particles in the population can be distinguished and their behavior can be described.

ANSYS FLUENT offers three solution methods to the population balance equation: discretized population
balance, standard method of moments, and quadrature method of moments.

1.1.The Discrete Method

1.2.The Inhomogeneous Discrete Method

1.3.The Standard Method of Moments

1.4.The Quadrature Method of Moments

1.1.The Discrete Method

In the discrete method, the particle population is discretized into a finite number of size intervals. This
approach has the advantage of computing the particle size distribution (PSD) directly. This approach is
also particularly useful when the range of particle sizes is known a priori and does not span more than
two or three orders of magnitude. In this case, the population can be discretized with a relatively small
number of size intervals and the size distribution that is coupled with fluid dynamics can be computed.
The disadvantage of the discrete method is that it is computationally expensive if a large number of
intervals is needed.

1.2.The Inhomogeneous Discrete Method

One of the limitations of the existing homogeneous discrete method is that all bins are assigned to the
same secondary phase and are therefore advected with the same phase momentum. This is unsuitable

for modeling cases where large and small bin sizes are likely to segregate due to different momentum

fields. The inhomogeneous discrete method overcomes this limitation by allowing groups of bins to be
advected by different phase velocities. Thus when the inhomogeneous discrete model is activated, the

Population Balance model can be applied to more than one secondary phase.

The general transport equation for the discrete bin fraction f; can be written as
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0 .
5, (petp) + O (@paf))= Spi (1-1)

Since all bins belong to a single phase in the homogeneous discrete method, the net mass source for
the phase in case of breakage and agglomeration is zero and can be expressed as

M
> 8pi=0 (1-2)
Z,

This is shown schematically in Figure 1.1 (p. 3) where all bins are advected by the same phase velocity
up. In contrast, the inhomogeneous discrete method shown in Figure 1.2 (p. 3) allows bins to be assigned

to multiple phases. Here M bins per phase are distributed over N phases for a total of M XN bins.
Bins f] and f, are advected by phase velocity upl and so forth. The sum of bin sources in any given

phase is not necessarily equal to zero since bins in a given phase can migrate to another phase through
breakage or agglomeration, thus creating a net mass source for that phase.

The net mass source for a given phase can be expressed as the sum of the bin sources belonging to
that phase

M
Si = ,Zle,- (1-3)
i=

For breakage and coalescence the sum over all phase sources is zero

N
> 8:=0 (1-4)
Z

also similar to the homogeneous discrete model

M
zlfizl (1-5)
1 =

Important

The inhomogeneous discrete method is currently limited to breakage and coalescence only.
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The Standard Method of Moments

Figure 1.1 Homogeneous Discrete Method
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1.3.The Standard Method of Moments

The standard method of moments (SMM) is an efficient alternative to the discrete population balance
approach. In this approach, the population balance equation is transformed into a set of transport
equations for moments of the distribution. The ith moment is defined by integrating the number
density throughout the particle space weighted with the particle property raised to its ith power. It is
generally sufficient to solve only a few moment equations, typically three to six. This may provide a
significant reduction in the number of equations to be solved compared with the discretized approach.
Apart from the computational advantage, the SMM approach is useful when the entire distribution is
not needed and certain average and total quantities are sufficient to represent the particle distribution.
Typically, the zeroth moment represents the total number density, the second moment represents the
total surface area per unit volume, and the third moment represents the total mass density.
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In the SMM approach, no assumptions are made about the size distribution, and the moment equations
are formulated in a closed form involving only functions of the moments themselves. However, this
exact closure requirement poses a serious limitation, as aggregation (with the exception of the constant
aggregation kernel) and breakage phenomena cannot be written as functions of moments.

1.4.The Quadrature Method of Moments

The quadrature method of moments (QMOM) has a similar advantage as the SMM in terms of compu-
tational costs, but replaces the exact closure needed by SMM with an approximate closure. This allows
application of QMOM to a broad range of applications without any limitations.
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Chapter 2: Population Balance Model Theory

This chapter presents an overview of the theory and the governing equations for the methods used in
ANSYS FLUENT to predict particle growth and nucleation.

2.1.The Particle State Vector

2.2.The Population Balance Equation (PBE)

2.3.Solution Methods

2.4.Reconstructing the Particle Size Distribution from Moments

2.1.The Particle State Vector

The particle state vector is characterized by a set of “external coordinates” (X'), which denote the spatial
position of the particle, and “internal coordinates” (¢), which could include particle size, composition,

and temperature. From these coordinates, a number density function n ( X ,¢,¢) can be postulated
where ¢ L1Q, ¥ L1Q 5. Therefore, the average number of particles in the infinitesimal volume dV'zdVy

isn(X,0,t) dV}'dVgﬁ. In contrast, the continuous phase state vector is given by

Y= [Y(%,0),5(F,0) . T (%,0) ]

The total number of particles in the entire system is then

JQ[ ndVsdv, (2-1)
¢ ¥

X

The local average number density in physical space (that is, the total number of particles per unit
volume) is given by

N (X,t) =JndV¢ (2-2)
¢

The total volume fraction of all particles is given by

(% .1) :JnV(¢)dV¢ (2-3)
¢

where V' (¢) is the volume of a particle in state ¢.
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2.2.The Population Balance Equation (PBE)

Assuming that ¢ is the particle volume, the transport equation for the number density function is given
as

)
5 n(V. 1+ D [an (V. 1+ 00 [Gn (V.0 F (2-4)

Growth term

V
%‘!a(V—V',V’)n(V—V',t)n(V’,t)dV’

Birth due to Aggregation

00

—_!a(V,V')n(V,t)n(V',t)dV’

Death due to Aggregation

+Jpg(V')ﬁ(V| V'yn(V .0)dv

v

Birth due to Breakage

- g(M)n(V,1)
Death due to Breakage

The boundary and initial conditions are given by

n(V,t=0) =ny,; n(V =0,t)G,=n, (2-5)

- . . . 3
where 71 is the nucleation rate in particles / m —s.

2.2.1.Particle Growth and Dissolution

The growth rate based on particle volume, G, (m3/s) is defined as

_ar

G__
Y

(2-6)

The growth rate based on particle diameter (or length) is defined as
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oL

=5, (2-7)

The volume of a single particle J' is defined as KVL3, and therefore the relationship between G, and
Gis

G,=3K,L°G (2-8)

The surface area of a single particle, 4, is defined as KaLZ.Thus for a cube or a sphere, K, = 6K,

Important

Dissolution of particles can be represented as negative growth.

2.2.2. Particle Birth and Death Due to Breakage and Aggregation

The birth and death of particles occur due to breakage and aggregation processes. Examples of breakage
processes include crystal fracture in crystallizers and bubble breakage due to liquid turbulence in a
bubble column. Similarly, aggregation can occur due to particle agglomeration in crystallizers and

bubble coalescence in bubble column reactors.

2.2.2.1.Breakage
The breakage rate expression, or kernel [18] (p. 66), is expressed as

HUSVICAN S

where

g (V") = breakage frequency; that is, the fraction of particles of volume V' breaking per unit time
-3, -1
s )

L (V] V") = probability density function (PDF) of particles breaking from volume V' to a particle
of volume V'

(m

The birth rate of particles of volume V' due to breakage is given by

Bbr:Jpg<V')ﬁ<V|V'>n<V)dV (2-9)

v

where g (V')n (V") dV' particles of volume V' break per unit time, producing pg (V') n (V') dV’

particles, of which a fraction (V| V') dV represents particles of volume V. p is the number of child
particles produced per parent (for example, two particles for binary breakage).

The death rate of particles of volume J due to breakage is given by
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Dp,=g(V)n (V) (2-10)

The PDF B (V| V") is also known as the particle fragmentation distribution function, or daughter size
distribution. Several functional forms of the fragmentation distribution function have been proposed,
though the following physical constraints must be met: the normalized number of breaking particles
must sum to unity, the masses of the fragments must sum to the original particle mass, and the number
of fragments formed has to be correctly represented.

Mathematically, these constraints can be written as follows:
* For the normalization condition:
VI
‘[ﬁ(V|V')dV:1 (2-11)

. FOI' conservation Of mass
V'
p{m(V)/f(V|V')dem(V'> (2-12)

+  For binary breakage, f§ is symmetric about V/V' =0.5; that is,

PV =VIV)=p(V|V") (2-13)

The following is a list of models available in ANSYS FLUENT to calculate the breakage frequency:

+ constant value

*  Luo model

+ Lehr model

*  Ghadiri model

+ Laakkonen model

» user-defined model

ANSYS FLUENT provides the following models for calculating the breakage PDF:

+ parabolic PDF

+ Laakkonen PDF

+ generalized PDF for multiple breakage fragments
+ user-defined model

The breakage frequency models and the parabolic and generalized PDFs are described in detail in the
sections that follow.
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2.2.2.2, Luo and Lehr Breakage Kernels

The Luo and Lehr models are integrated kernels, encompassing both the breakage frequency and the
PDF of breaking particles. The general breakage rate per unit volume is usually written [75] (p. 65) as

Qp (V. V) =Qp (V') n (V| V') [1/m/sec] (2-14)

where the original particle has a volume V' and the daughter particle has a volume V. In the previous
expression, Qp (V') is the breakage frequency,and 7 (V| V') is the normalized daughter particle
distribution function. For binary breakage, the breakage kernel must be symmetrical with respect to

-0
V’

The general form is the integral over the size of eddies 4 hitting the particle with diameter d (and
volume V). The integral is taken over the dimensionless eddy size & =4 /d. The general form is

1
Qp (V. V) ZKJ (l—exp (=b&E™) dé (2-15)

n

+&)°
¢

gm in

where the parameters are as shown in the tables that follow:

Table 2.1 Luo Model Parameters

K [1/m3/sec] " b m
0.9238:13q0 =23, 11/3 12023+ (1-£)23 =110p " Le 234 51357 -11/3
Where =2.047. See Luo [18] (p. 66).

Table 2.2 Lehr Model Parameters

K [1/m3/sec] " b "
1.19¢ = 3q =gy ~1p 153 13/3 2Weop e _2/3d ‘5/3f -5 23

Where W e_,;; is input through the GUI. See Lehr[75] (p. 65).

2.2.2.3. Ghadiri Breakage Kernels
The Ghadiri model [7] (p. 65), [22] (p. 66), in contrast to the Luo and Lehr models, is used to model
only the breakage frequency of the solid particles. You will have to specify the PDF model to define

the daughter distribution.

The breakage frequency f is related to the material properties and impact conditions:
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PE% 2,573 2,573
f= 35/3 VLW =Kpv L (2-16)
r

where P is the particle density, £ is the elastic modulus of the granule, and I is the interface energy.

V is the impact velocity and L is the particle diameter prior to breaking. K, is the breakage constant
and is defined as

B pSE2/3

- (2-17)
b 33

2.2.2.4. Laakkonen Breakage Kernels

The Laakkonen breakage kernel is expressed as the product of a breakage frequency, g (7') and a
daughter PDF B (V, V") where

0 0
N _ 173 a H
g(V') =Coeerfe EL\/C3 273 373 +Cy 15/3d5/3 B (2-18)
0

Pr JPrPGe

where ¢ is the liquid phase eddy dissipation, & is the surface tension, Py is the liquid density, pg is the

gas density, d is the parent particle diameter and My is the liquid viscosity.

The constants C» =2.52,C3=0.04 and C4 =0.01

The daughter PDF is given by

2 2
30 OV V
Vo' = - (2-19)
i i

where V and V' are the daughter and parent particle volumes, respectively. This model is a useful al-
ternative to the widely used Luo model because it has a simple expression for the daughter PDF and
therefore requires significantly less computational effort.

2.2.2.5. Parabolic PDF

The breakage PDF function contains information on the probability of fragments formed by a breakage
event. It provides the number of particles and the possible size distribution from the breakage. The
parabolic form of the PDF implemented in ANSYS FLUENT enables you to define the breakage PDF such
that
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(2-20)

MO

BV VY =0. 5%/9 I_VC/z 524 %ﬁz—m @?ﬁ +6§

where V and V' are the daughter and parent particle volumes, respectively. Depending on the value
of the shape factor C, different behaviors will be observed in the shape of the particle breakage distri-
bution function. For example, if C =2, the particle breakage has a uniform distribution. If 0 <C <2, a
concave parabola is obtained, meaning that it is more likely to obtain unequally-sized fragments than
equally-sized fragments. The opposite of this is true for 2 <C <3.Values outside of the range of 0 to 3
are not allowed, because the PDF cannot have a negative value.

Note that the PDF defined in Equation 2-20 (p. 11) is symmetric about V' /V"' =0.5.

2.2.2.6. Generalized PDF

The generalized form of the PDF implemented in ANSYS FLUENT enables you to simulate multiple
breakage fragments (>2) and to specify the form of the daughter distribution (for example, uniform,
equisized, attrition, power law, parabolic, binary beta). The model itself can be applied to both the discrete
method and the QMOM.

Considering the self-similar formulation [25] (p. 66) where the similarity z is the ratio of daughter-to-

vV
parent size (thatis, z = 7), then the generalized PDF is given by

N _0(2)

pEVIVY) =— (2-21)
The k™ moment of 6 (z) (by) is

1

B, (V'
b = ‘!Zké?(z) dz :Lk) (2-22)
V!
where
V'

N — k ' -
Bk(V)—JO'Vp/f(VW)dV (2-23)
The conditions of number and mass conservation can then be expressed as
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1
by = ‘!e (z)dz =p (2-24)

1
b = ‘Eze (z)dz =1 (2-25)

The generalized form of 8 (z) [6] (p. 65) can be expressed as

rp—1

)) (2-26)

1 -z

qi’ri

2471
9(2):lel-pl. ,BE

where i can be 0 or 1, which represents 8 (z) as consisting of 1 or 2 terms, respectively. For each term,
w; is the weighting factor, D; is the averaged number of daughter particles, q; and r; are the exponents,

and (ql.,ri) is the beta function. The following constraints are imposed on the parameters in Equa-
tion 2-26 (p. 12) :

ZI w;=1 (2-27)
Zl WiP; =P (2-28)

Upa; B_
Zw,ﬁ—ﬁ-l (2-29)
l C]i+ri

In order to demonstrate how to transform the generalized PDF to represent an appropriate daughter
distribution, consider the expressions shown in the tables that follow:

Table 2.3 Daughter Distributions

Type 0(z)

Equalized [72]

1
pofE -1
Attrition [12] 5(z—(l—-¢)) +d(z —¢)
Power Law [29] (v+1) Zv_l

Parabolic -a [29]

(v+2) (v+1)z" 11 -2)
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Type

6(z)

Austin [2]

w,+1) 2% " (1 =w) (v, +1) 2% 7!

Binary Beta -a [17]

60z° (1 -z)°

Binary Beta -b [20]

—Z

R 1) \)\
Lad 7

V_I(I_Z)V_l

Uniform [29]

p

p=1) (1-z)?7?

Table 2.4 Daughter Distributions (cont.)

Type p Constraints
Equalized [12] p p=2
Attrition [12] 2 ek 1
Power Law [29] O<v<l
v+1
Parabolic -a [29] ' O<vg2
v+2
Austin [2]
0 10 Ov,-10
WHI+ +(1—W)H1+— v,v, >0;1 2wy, 2
; ] H " H D2 ! E"’z =7 H
Binary Beta -a [17] 2 N/A
Binary Beta -b [20] 2 v0
Uniform [29] p p22

In Table 2.3: Daughter Distributions (p. 12), 0 is the Dirac delta function, w is a weighting coefficient, and

&€, V,v;, and v, are user-defined parameters.

The generalized form can represent the daughter distributions in Table 2.3: Daughter Distributions (p. 12)
by using the values shown in Table 2.5: Values for Daughter Distributions in General Form (p. 13).

Table 2.5 Values for Daughter Distributions in General Form

Type w50 q0 |10 wl pl gl rl Constraints
Equal- 1 p oo [] oo [ N/A N/A N/A N/A p 2
ized
Attrition |0.5 2 e 1 0.5 2 1 e ekl
Power 1 1% 1 N/A N/A N/A N/A O<v<l
Law v+l
Parabol- |1 v+2 v 2 N/A N/A N/A NA  [0<v<?2
ic v
Austin w v, 1 1-w Vv, 1 v, v, >0;

v, +1 v, +1

v, v,
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Type w0 p0 40 r0 wl pl g1 rl Constraints
-1
lz2w2y, Hv =1 H
v, =V,
Binary 1 2 1% 1% N/A N/A N/A N/A v>0
Beta **
Uniform |1 p 1 p-1 N/A N/A N/A N/A p=22

(*)You can approximate o by using a very large number, such as 1e20.

(**)Binary Beta -a is a special case of Binary Beta -b when v =3,

Important

Note that for the ANSYS FLUENT implementation of the generalized form of the PDF, you
will only enter values for w, Dy 4y T and 4 and the remaining values (wy, Dy and 7;) will

be calculated automatically.
2.2.2.7. Aggregation

The aggregation kernel [78] (p. 66) is expressed as
a(V,V"

The aggregation kernel has units of mj/s, and is sometimes defined as a product of two quantities:

+ the frequency of collisions between particles of volume V" and particles of volume V'

+ the “efficiency of aggregation” (that is, the probability of particles of volume J" coalescing with particles
of volume V).

The birth rate of particles of volume V' due to aggregation is given by

,
Bag:%la(V—V',V')n(V—V')n(V')dV’ (2-30)

where particles of volume V' — V' aggregate with particles of volume V' to form particles of volume
V. The factor 1/2 is included to avoid accounting for each collision event twice.

The death rate of particles of volume V' due to aggregation is given by
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[ee)

Dag:JO’a(V,V')n(V)n(V')dV’ (2-31)

Important

The breakage and aggregation kernels depend on the nature of the physical application. For
example, in gas-liquid dispersion, the kernels are functions of the local liquid-phase turbulent
dissipation.

The following is a list of aggregation functions available in ANSYS FLUENT:
+ constant
*  Luo model
*  Free molecular model
*  Turbulent model
« user-defined model

The Luo, free molecular, and turbulent aggregation functions are described in detail in the sections that
follow.

2.2.2.8. Luo Aggregation Kernel

For the Luo model [17] (p. 65), the general aggregation kernel is defined as the rate of particle volume
formation as a result of binary collisions of particles with volumes V; and V;:

Qug (VinV}) = 0ag (V:.V)) Bug (V) [m/sec] (2-32)

where ;4 (Vl, Vj) [m’/sec] is the frequency of collision and Fe (Vl, Vj) is the probability that the
collision results in coalescence. The frequency is defined as follows:

U

w@O%W):%Gﬁ+dﬂnm,

ij (2-33)

where 171 ;; is the characteristic velocity of collision of two particles with diameters d; and dj and
number densities 1; and 7 ;.

(2-34)
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7,=1.43 (ed)) V° (2-35)

The expression for the probability of aggregation is

[] 12 []
- 75 (1+x3) (1+x7) B -
— y v) O 12
Fe=exp O-¢ 5 T—We;i " (2-36)
E (pz/pl +0.5) (1 "'xij) E

where ¢ is a constant of order unity, Xiji= di/dj, P and p, are the densities of the primary and secondary
phases, respectively, and the Weber number is defined as

2
Weyzpzdi(ﬁij) (2-37)

o

2.2.2.9. Free Molecular Aggregation Kernel

Real particles aggregate and break with frequencies (or kernels) characterized by complex dependencies
over particle internal coordinates [28] (p. 66). In particular, very small particles (say up to 1 um) aggregate

because of collisions due to Brownian motions. In this case, the frequency of collision is size-dependent
and usually the following kernel is implemented:

2
_2kgT (Li +Lj)
- 3/1 Lle

a(LiL /) (2-38)

where kp is the Boltzmann constant, 7" is the absolute temperature, 4 is the viscosity of the suspending
fluid. This kernel is also known as the Brownian kernel or the perikinetic kernel.

2.2.2.10. Turbulent Aggregation Kernel

During mixing processes, mechanical energy is supplied to the fluid. This energy creates turbulence
within the fluid. The turbulence creates eddies, which in turn help dissipate the energy. The energy is
transferred from the largest eddies to the smallest eddies in which it is dissipated through viscous in-
teractions. The size of the smallest eddies is the Kolmogorov microscale, 77, which is expressed as a

function of the kinematic viscosity and the turbulent energy dissipation rate:

1/4
0,°0
n= G0 (2-39)
0¢ 0

In the turbulent flow field, aggregation can occur by two mechanisms:

+ viscous subrange mechanism: this is applied when particles are smaller than the Kolmogorov microscale,
%
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+ inertial subrange mechanism: this is applied when particles are bigger than the Kolmogorov microscale.
In this case, particles assume independent velocities.

For the viscous subrange, particle collisions are influenced by the local shear within the eddy. Based
on work by Saffman and Turner [27] (p. 66), the collision rate is expressed as,

3
a (LiaLj) ZQT\/%?M (2-40)

8

where ¢ is a pre-factor that takes into account the capture efficiency coefficient of turbulent collision,

and j is the shear rate:

y=— (2-41)

For the inertial subrange, particles are bigger than the smallest eddy, therefore they are dragged by
velocity fluctuations in the flow field. In this case, the aggregation rate is expressed using Abrahamson’s
model [7] (p. 65),

2
a(L,-,Lj) :gszzﬁM (U?+Uf) (2-42)

4

where Ui2 is the mean squared velocity for particle 1.

The empirical capture efficiency coefficient of turbulent collision describes the hydrodynamic and at-
tractive interaction between colliding particles. Higashitani et al. [9] (p. 65) proposed the following re-
lationship:

05 D0.242
¢y=0.732 ] ; Np=25 (2-43)

i

where Ny is the ratio between the viscous force and the Van der Waals force,

_ 6mu (Li +Lj)3)'u

8H

(2-44)

Nr

Where H is the Hamaker constant, a function of the particle material, and J is the deformation rate,
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0.5
j= E“iﬁ (2-45)
Snv

2.2.3. Particle Birth by Nucleation

Depending on the application, spontaneous nucleation of particles can occur due to the transfer of
molecules from the primary phase. For example, in crystallization from solution, the first step is the
phase separation or “birth” of new crystals. In boiling applications, the creation of the first vapor bubbles
is a nucleation process referred to as nucleate boiling.

The nucleation rate is defined through a boundary condition as shown in Equation 2-5 (p. 6).

2.3.Solution Methods

As discussed in Introduction (p. 1), the population balance equation can be solved by the four different
methods in ANSYS FLUENT: the discrete method, the inhomogeneous discrete method, the standard
method of moments (SMM), and the quadrature method of moments (QMOM). For each method, the
ANSYS FLUENT implementation is limited to a single internal coordinate corresponding to particle size.
The following subsections describe the theoretical background of each method and list their advantages
and disadvantages.

2.3.1.The Discrete Method and the Inhomogeneous Discrete Method

2.3.2.The Standard Method of Moments (SMM)

2.3.3.The Quadrature Method of Moments (QMOM)

2.3.4.The Direct Quadrature Method of Moments (DQMOM)

2.3.1.The Discrete Method and the Inhomogeneous Discrete Method

The discrete method (also known as the classes or sectional method) was developed by Hounslow
[10] (p. 65), Litster [16] (p. 65), and Ramkrishna [25] (p. 66). It is based on representing the continuous
particle size distribution (PSD) in terms of a set of discrete size classes or bins, as illustrated in Figure
2.1 (p. 18). The advantages of this method are its robust numerics and that it gives the PSD directly.
The disadvantages are that the bins must be defined a priori and that a large number of classes may
be required.

The solution methods for the inhomogeneous discrete method are based on the discrete method and
therefore share many of the same fundamentals.

Figure 2.1 A Particle Size Distribution as Represented by the Discrete Method

n(V)

S~

i i+1 v
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Solution Methods

2.3.1.1. Numerical Method

In ANSYS FLUENT, the PBE is written in terms of volume fraction of particle size i:

0 Gwa;d

2 (o) + D ) & F4E-

pSVi (Bag,i _Dag i +Bbr i Dbr,i) +OlpSV0};10

where Py is the density of the secondary phase and a; is the volume fraction of particle size i, defined

as
a;=N;V; i=0,1,---,N -1 (2-47)
where
Vi
N; (1) = ln(V,t)dV (2-48)

i

and V; is the volume of the particle size i. In ANSYS FLUENT, a fraction of ¢, called fi’ is introduced as
the solution variable. This fraction is defined as

i
f:= . (2-49)

where a is the total volume fraction of the secondary phase.

The nucleation rate 71, appears in the discretized equation for the volume fraction of the smallest size

V). The notation 0 signifies that this particular term, in this case pSVOﬁO, appears in Equation 2-46 (p. 19)
only in the case of the smallest particle size.

The growth rate in is discretized as follows Equation 2-46 (p. 19) [10] (p. 65):

0 EGWOOCID DDG l—lN—ID |:lesz 0o

7B 7 B H e B G- =50

The volume coordinate is discretized as [10] (p.65) V; + 1/V; = 29 where ¢ =1,2, ... and is referred
to as the “ratio factor”.

The particle birth and death rates are defined as follows:
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N N
Bag,i = kzz IJZ laijkijkjékj (2-51)
N
Dag,i = Z la,-le-Nj (2-52)
J =
N
Boi = 3, gV (n1m) (2-53)
J =1
Dpri = g(V)N; (2-54)

H1 for V;<V,g<V;4, wherei <N —1
E.=0 (2-55)
& EO otherwise

Vag is the particle volume resulting from the aggregation of particles k and j, and is defined as
Vag = HeagVi + (1 _xkj) Viv1H (2-56)
where

xk.:Vag_V"” (2-57)

/ Vi=Visn

If Vag is greater than or equal to the largest particle size V', then the contribution to class N — Lis

_Vag
Xkj = ﬁ (2-58)

Important

Note that there is no breakage for the smallest particle class.
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2.3.1.2. Breakage Formulations for the Discrete Method

The default breakage formulation for the discrete method in ANSYS FLUENT is based on the Hagesather
method [74] (p. 65). In this method, the breakage sources are distributed to the respective size bins,
preserving mass and number density. For the case when the ratio between successive bin sizes can be

expressed as 2" where n = 1,2, ..., the source in bin7, (i =1, ... ,N) can be expressed as
N i

By(i)= > Qviv) * D x4k (vie1vg) (2-59)

k=i¥1,izN k =T.i#N

i—1
(1 ~xi k)& (Vi+ 195 (Visvy)

k=1,i#l
Here
Qp(vi,vi) =Ng (vie) B(v,vi) (2-60)

A more mathematically rigorous formulation is given by Ramkrishna[73] (p. 65), where the breakage
rate is expressed as

N
By (i) = Z”i,kg(vk)Nk (2-61)
l
where
Vi
”i,k:Jviﬂ—v”l_Vﬁ(Vk,V)dv + I Y iz lp(y,v)dy (2-62)
i Vit17V; vi_vi—vi—1

The Ramkrishna formulation can be slow due to the large number of integration points required.
However, for simple forms of S, the integrations can be performed relatively easily. The Hagesather

formulation requires fewer integration points and the difference in accuracy with the Ramkrishna for-
mulation can be corrected by a suitable choice of bin sizes.

Important

To keep the computing time reasonable, a volume averaged value is used for the turbulent
eddy dissipation when the Luo model is used in conjunction with the Ramkrishna formulation.

Note

The inhomogeneous discrete phase applies the Hagesather formulation.
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2.3.2.The Standard Method of Moments (SMM)

The SMM, proposed by Randolph and Larson [26] (p. 66) is an alternative method for solving the PBE.
Its advantages are that it reduces the dimensionality of the problem and that it is relatively simple to
solve transport equations for lower-order moments. The disadvantages are that exact closure of the
right-hand side is possible only in cases of constant aggregation and size-independent growth, and
that breakage modeling is not possible. The closure constraint is overcome, however, through QMOM
(see The Quadrature Method of Moments (QMOM) (p. 24)).

2.3.2.1. Numerical Method

The SMM approach is based on taking moments of the PBE with respect to the internal coordinate (in
this case, the particle size L).

Defining the kth moment as

[oe)

m (T 1) :‘!n(L; s.0 %L k=01, N -1 (2-63)

and assuming constant particle growth, its transport equation can be written as

d B _ _ _ _ .
E(psmk) +U - (pumyF pS(B ag,k D ag,/?" Bbr,k_ D br,k)+ 0k”O‘*' Growth (2-64)
where

_ 1 r . kA
Bogk = E‘En(l)‘!a(u,)h) (u,2) (i +2) " "n(u) duds (2-65)
Dy = ‘!Lkn (L) _ga (L) n (1) didL (2-66)
By = {Lk‘!g(ﬂh)ﬁ(L 2)n(A)didL (2-67)

k
Dpi = ‘!-Lkg(L)n (L) dL (2-68)

N is the specified number of moments and 7, is the nucleation rate. The growth term is defined as
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(0]

Growth = ‘[kLk “1G(Lyn(L,t)dL (2-69)

and for constant growth is represented as
kak -1 (2—70)

Equation 2-65 (p. 22) can be derived by using

2
== dL =u—2du
L

and reversing the order of integration. From these moments, the parameters describing the gross
properties of particle population can be derived as

Niotar = my (2-71)
Liptar = m (2-72)
Aotar = Kgm, (2-73)
Viotat = Kymy (2-74)
dy = % (2-75)

These properties are related to the total number, length, area, and volume of solid particles per unit

volume of mixture suspension. The Sauter mean diameter, d3,, is usually used as the mean particle
size.

To close Equation 2-64 (p. 22), the quantities represented in Equation 2-65 (p. 22) - Equation 2-68 (p. 22)
need to be expressed in terms of the moments being solved. To do this, one approach is to assume
size-independent kernels for breakage and aggregation, in addition to other simplifications such as the

k/3
Taylor series expansion of the term (u3 + /13) . Alternatively, a profile of the PSD could be assumed
so that Equation 2-65 (p. 22) — Equation 2-68 (p. 22) can be integrated and expressed in terms of the
moments being solved.

In ANSYS FLUENT, an exact closure is implemented by restricting the application of the SMM to cases
with size-independent growth and a constant aggregation kernel.
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2.3.3.The Quadrature Method of Moments (QMOM)

The quadrature method of moments (QMOM) was first proposed by McGraw [27] (p. 66) for modeling

aerosol evolution and coagulation problemes. Its applications by Marchisio et al. [79] (p. 66) have shown
that the method requires a relatively small number of scalar equations to track the moments of popu-
lation with small errors.

The QMOM provides an attractive alternative to the discrete method when aggregation quantities,

rather than an exact PSD, are desired. Its advantages are fewer variables (typically only six or eight
moments) and a dynamic calculation of the size bins. The disadvantages are that the number of abscissas
may not be adequate to describe the PSD and that solving the Product-Difference algorithm may be
time consuming.

2.3.3.1. Numerical Method

The quadrature approximation is based on determining a sequence of polynomials orthogonal to n (L)
(that is, the particle size distribution). If the abscissas of the quadrature approximation are the nodes
of the polynomial of order N, then the quadrature approximation

°° N
Jo'f (Lyn(LydL=Y f(L;)w;, (2-76)
i=1

is exact if f (L) is a polynomial of order N or smaller [5] (p. 65). In all other cases, the closer f (L)
is to a polynomial, the more accurate the approximation.

A direct way to calculate the quadrature approximation is by means of its definition through the mo-
ments:

my = Z wl-Lik. (2-77)

The quadrature approximation of order N is defined by its N weights w; and N abscissas L; and can
be calculated by its first 2N moments m,, ... ,myp — | by writing the recursive relationship for the
polynomials in terms of the moments my. Once this relationship is written in matrix form, it is easy to

show that the roots of the polynomials correspond to the eigenvalues of the Jacobi matrix [24] (p. 66).
This procedure is known as the Product-Difference algorithm [8] (p. 65). Once the weights and abscissas
are known, the source terms due to coalescence and breakage can be calculated and therefore the
transport equations for the moments can be solved.

Applying Equation 2-76 (p. 24) and Equation 2-77 (p. 24), the birth and death terms in Equa-
tion 2-64 (p. 22) can be rewritten as
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_ 1 ¥ X P %

Bugk = Ezlwizle(L, 1) Ca(LiL,) (2-78)
i= j=
N . N

Dy = izlLiwijzlea(Li,Lj) (2-79)
N (o]

Bpi = leiJO'Lkg(L,-)ﬁ(L|L,~>dL (2-80)
1=
< k

Dy = .leiLig(Li) (2-81)
i=

Theoretically, there is no limitation on the expression of breakage and aggregation kernels when using
QMOM.

The nucleation rate is defined in the same way as for the SMM. The growth rate for QMOM is defined
by Equation 2-69 (p. 23) and represented as

N
2wl "G (L) (2-82)
i =

to allow for a size-dependent growth rate.

2.3.4.The Direct Quadrature Method of Moments (DQMOM)

DQMOM equations are derived from the basic number density function equation via the moment
transfer method, in a similar way to QMOM. The difference is that DQMOM assumes that each Quadrature
point will occupy an independent velocity field, whereas QMOM assumes that all Quadrature points

are moving on the same velocity field. This difference enables DQMOM to predict particle segregation
due to particle interaction.

In this implementation of DQMOM, four phases must be specified: one primary phase and three secondary
phases that are DQMOM phases. Compared to QMOM, for a three Quadrature points system, the DQMOM
method only needs three extra equations to solve for the effective length of the particle, but there are
additional source terms for the volume fraction equation for each DQMOM phase. In ANSYS FLUENT,

three particle interactions are accounted for, growth, aggregation, and breakage. Nucleation is not
considered.

2.3.4.1. Numerical Method

The DQMOM equations, describing a poly-dispersed particle system undergoing aggregation, breakage,
and growth can be written as follows (the details of the DQMOM formulation can be found in [30] (p. 66)):
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dep _ 2 3

ats + O (7 gep)= 3kplLi (bt w,Gi)— 2kypLia; (2-83)
d¢;L;
Tlps"' e (ﬁsigiLipS): 4kvaLz3(bi+ w;Gi)- 3kvaLi4ai (2-84)

where ¢; and ¢;L; are the VOF and the effective length of the particle phase, respectively. w; is the

number of particles per unit volume and G is the growth rate at Quadrature point 7, while a; and b;
can be computed through a linear system resulting from the moment transformation of the particle

number density transport equation using N Quadrature points. The linear system can be written in
matrix form as

Ao =d (2-85)

Where the 2N X2N coefficient matrix 4 = [A1A4, ] is defined by

. 1 1 .
0 0 0 0
_ 2 2
;= E —Lj ~Ly E (2-86)
O : : : 0
U - -1 04
2(1-ML" Tt 2 -y Tl g
U l
O 0 0 l
0 1 1 B
4= 5 2L, Ly . (2-87)
0 : : O
U - -2 U
E(2N—1)L12N 2 . @N-1L 2@
The 2N vector of unknowns a. is defined by
7_ Ua O
a=[a .. ay b .. byl = Q5 B (2-88)

The right hand side of Equation 2-85 (p. 26) is the known source terms involving aggregation and
breakage phenomena only. The growth term is accounted for directly in Equation 2-83 (p. 26) and
Equation 2-84 (p. 26). At present, nucleation is not considered.
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T

N N U
s,V L5, (2-89)

= g5 1 F

The source term for the k" moment Sk(N) (k=0,...,2N —1) is defined as

00

SV (x,0) =‘!LkS(x,t)dL (2-90)

When the abscissas of the Quadrature points L; are distinct, the matrix A is well defined and a unique
solution of Equation 2-85 (p. 26) can be obtained. Otherwise, the matrix A is not full rank and cannot
be inverted to find a unique solution for a. The method adopted by ANSYS FLUENT to overcome this
problem is to employ a perturbation technique. For example, for the current three Quadrature points
system, the perturbation technique will add a small value to the abscissas to make sure the matrix A is
full rank. It is important to note that the perturbation technique is only used for the definition of matrix
A and no modifications are made to the source term vector of Equation 2-90 (p. 27). Therefore, both
the weights and overall source terms resulting from aggregation and breakage are not affected by the
perturbation method. The simulation tests have found that the perturbation method can stabilize the
solutions of Equation 2-85 (p. 26) and reduce the physically unrealistically large source terms for the
two phases whose abscissa are too close in value. However, the technique has little effect on the phase
whose abscissa L; is distinct from the other two.

2.4.Reconstructing the Particle Size Distribution from Moments

Given a set of moments, the most likely PSD can be obtained based on the “statistically most probable”
distribution for turbulent flames [23] (p. 66), which was adapted for crystallization problems by Baldyga
and Orciuch [3] (p. 65).

The number density function n (L) is expressed as
VS R
n(L) =exp ﬁz A,-Lﬁ (2-91)
i=0
The equation for the kth moment is now written as

P ol O
mk:‘!Lkexp @ZOA,LECIL k=01, N -1 (2-92)
1 =

Given N moments, the coefficients A ; can be found by a globally convergent Newton-Raphson method
to reconstruct the particle size distribution (for example, Figure 2.2 (p. 28)).
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Figure 2.2 Reconstruction of a Particle Size Distribution
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Chapter 3: Using the ANSYS FLUENT Population Balance Model

This chapter provides basic instructions to install the population balance model and solve population
balance problems in ANSYS FLUENT. It assumes that you are already familiar with standard ANSYS
FLUENT features, including the user-defined function procedures described in the ANSYS FLUENT UDF
Manual. This chapter describes the following:

3.1.Population Balance Module Installation

3.2.Loading the Population Balance Module

3.3.Population Balance Model Setup

3.1.Population Balance Module Installation

The population balance module is provided as an add-on module with the standard ANSYS FLUENT li-
censed software.

3.2.Loading the Population Balance Module

The population balance module is loaded into ANSYS FLUENT through the text user interface (TUI). The
module can only be loaded when a valid ANSYS FLUENT case file has been set or read. The text command
to load the module is

defi ne -~ nodel s - addon- nodul e.

A list of ANSYS FLUENT add-on modules is displayed:

> [ define/ nodel s/ addon- nodul e
FLUENT Addon Mbdul es:
0. None
MHD Model
Fi ber Model
Fuel Cell and El ectrolysis Mdel
SOFC Mbdel with Unresol ved El ectrol yte
Popul ati on Bal ance Mbdel
Adj oi nt Sol ver
. Battery Modul e
Enter Mbdul e Number: [0] 5

NoorwhE

Select the Popul ati on Bal ance Model by entering the module number 5. During the loading
process a scheme library containing the graphical and text user interface, and a UDF library containing
a set of user defined functions are loaded into ANSYS FLUENT. A message Addon Module: pop-
bal...loaded! is displayed at the end of the loading process.

The population balance module setup is saved with the ANSYS FLUENT case file. The module is loaded
automatically when the case file is subsequently read into ANSYS FLUENT. Note that in the saved case
file, the population balance module is saved with the absolute path. Therefore, if the locations of the
population balance module installation or the saved case file are changed, ANSYS FLUENT will not be
able to load the module when the case file is subsequently read.
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3.3. Population Balance Model Setup

Following the loading of the population balance module, enable either the mixture or Eulerian multiphase
model. This will enable you to activate the population balance model, where you will specify the appro-
priate parameters, and supply multiphase boundary conditions. These inputs are described in this

chapter. Using the double-precision version of ANSYS FLUENT when solving population balance problems
is highly recommended.

Important

A limitation of the population balance model is that it can be used only on one secondary
phase, even if your problem includes additional secondary phases. Note that a three-phase
gas-liquid-solid case can be modeled, where the population balance model is used for the
gas phase and the solid phase acts as a catalyst. However, if you are using the Inhomogen-
eous Discrete, more than one secondary phase can be used. Note that the properties of the
secondary phases selected for that method should be the same for consistency.

For more information, please see the following sections:
3.3.1.Enabling the Population Balance Model
3.3.2. Defining Population Balance Boundary Conditions
3.3.3. Specifying Population Balance Solution Controls
3.3.4.Coupling With Fluid Dynamics
3.3.5. Specifying Interphase Mass Transfer Due to Nucleation and Growth

3.3.1.Enabling the Population Balance Model

The procedure for setting up a population balance problem is described below. (Note that this procedure
includes only those steps necessary for the population balance model itself; you will need to set up
other models, boundary conditions, and so on, as usual. See the ANSYS FLUENT User's Guide for details.)

1. Start the double-precision version of ANSYS FLUENT.

2. To enable the population balance model, follow the instructions in Loading the Population Balance
Module (p. 29).
Remember to enable the mixture or Eulerian multiphase model.

3.  Open the Population Balance Model dialog box (Figure 3.1 (p. 31)).

“'Models - Population Balance -, Edit...
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Figure 3.1 The Population Balance Model Dialog Box
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4. Specify the population balance method under Method.
+ If you select Discrete, you will need to specify the following parameters:
Kv
specifies the value for the particle volume coefficient K, (as described in Particle Growth and
Dissolution (p. 6)). By default, this coefficient has a value of 7 /6.
Definition
can be specified as a Geometric Ratio or as a File. If Geometric Ratio is selected, then the

Ratio Exponent must be specified. If File is selected, you will click the Load File... button and
select the bin size file that you want loaded.

You can input the diameter through the text file, with each diameter listed on a separate
line, starting from the smallest to the largest diameter (one entry per line). Hence, you are
not limited by the choices specified in the dialog box.
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Bins
specifies the number of particle size bins used in the calculation.

Ratio Exponent
specifies the exponent g used in the discretization of the growth term volume coordinate (see

Numerical Method (p. 19)).
Min Diameter

specifies the minimum bin size L, = (V,/K,)) 13
Max Diameter

displays the maximum bin size, which is calculated internally.

To display a list of the bin sizes in the console window, click Print Bins. The bin sizes will be
listed in order of size, from the largest to the smallest. This option is only available when the
Geometric Ratio Definition is selected.

+ If you select Inhomogeneous Discrete under Method, you will specify the same parameters as
for the Discrete model. Additionally, you can include more than one secondary phase in the bin
definition. Enter the total number of Active Secondary Phases in your simulation.

Note

While reading bins through the Load File... option for the Inhomogeneous Discrete
model, the corresponding phase name must be included, for example (("ai r- 1"
(0.1 0.2 0.3))

« If you select Standard Moment under Method, you will specify the number of Moments under
Parameters.

+ If you selected Quadrature Moment under Method, you will set the number of moments to either
4,6 or 8 under Parameters.

« If you selected DQMOM under Method, you will select the DQMOM Phases from the list. You will
also specify the following Parameters:

Max Size
specifies the maximum size of the particle.

Min Size
specifies the minimum size of the particle.
Reference Length

is the reference particle size. Normally, the averaged size of the particle group should be suffi-
cient.

Min VOF
is the minimum VOF, where the total volume fraction of the particle phases (participating in
DQMOM computations) is below the minimum value; the source terms caused by the breakage
and coalescence are not computed in that cell for the DQMOM and VOF equations.

Max VOF Change/Time Step
is the maximum VOF change in percentage for each DQMOM phase per time step, in order to
smooth the convergence progress.

Generate DQMOM Values
enables you to generate DQMOM values from PDF, CDF, or Overall Moments files. Each of the
file formats and the way to generate the values are discussed in Generated DOMOM Values (p. 37).
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Note

The DQMOM method is restricted to a four-phase system, of which three secondary
phases are directly involved in the DQMOM computation. Unsteady simulations are
required to model breakage and coalescence and a well defined initial field is re-
commended, in which the abscissas are distinct. Only growth, breakage, and aggreg-
ation are the available phenomena. No nucleation is considered.

Select the secondary phase from the Phase drop-down list for which you want to apply the population
balance model parameters.

For all population balance methods, you can enable the following under Phenomena :
Nucleation Rate

enables you to specify the nucleation rate (particles / m’—s). You can select constant or user-
defined from the drop-down list. If you select constant, specify a value in the adjacent field. If
you have a user-defined function (UDF) that you want to use to model the nucleation rate, you
can choose the user-defined option and specify the appropriate UDF.

Note

This option is not available when using the Inhomogeneous Discrete method.

Growth Rate
enables you to specify the particle growth rate (m/s). You can select constant or user-defined
from the drop-down list. If you select constant, specify a value in the adjacent field. If you have a
user-defined function (UDF) that you want to use to model the growth rate, you can choose the
user-defined option and specify the appropriate UDF.

Note

This option is not available when using the Inhomogeneous Discrete method.

Aggregation Kernel

enables you to specify the aggregation kernel (m3/s).You can select constant, luo-model, free-
molecular-model, turbulent-model, or user-defined from the drop-down list:

+ If you select constant, specify a value in the adjacent field.

+ If you select luo-model, the Surface Tension for Population Balance dialog box will open
automatically to enable you to specify the surface tension (see Figure 3.2 (p. 34)). The aggreg-
ation rate for the model will then be calculated based on Luo’s aggregation kernel (as described
in Particle Birth and Death Due to Breakage and Aggregation (p. 7)).
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Figure 3.2 The Surface Tension for Population Balance Dialog Box
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Surface Tension | 0.07

[ Ik ] [Cancel] [Help ]

+ If you select free-molecular-model, then Equation 2-38 (p. 16) is applied.

+ If you select turbulent-model, the Hamaker Constant for Population Balance dialog box will
open automatically to enable you to specify the Hamaker constant (see Figure 3.3 (p. 34)). More
information about this model is available in Turbulent Aggregation Kernel (p. 16).

Figure 3.3 The Hamaker Constant for Population Balance Dialog Box

& Hamaker Constant for Pop... E|

Hamaker Constant | 2 Ae-2]

[ Ik ] [Cancel] [Help ]

« If you have a user-defined function (UDF) that you want to use to model the aggregation rate,
you can choose the user-defined option and specify the appropriate UDF.

Breakage Kernel

enables you to specify the particle breakage frequency (particles / m’—s). You can select constant,
luo-model, lehr-model, ghadiri-model, laakkonen-model or user-defined from the Frequency
drop-down list:

« If you select constant, specify a value in the adjacent field.

« If you select luo-model, the Surface Tension for Population Balance dialog box will open
automatically to enable you to specify the surface tension (see Figure 3.2 (p. 34)). The frequency
used in the breakage rate will then be calculated based on Luo’s breakage kernel (as described
in Particle Birth and Death Due to Breakage and Aggregation (p. 7)).

« If you select lehr-model, the Surface Tension and Weber Number dialog box will open
automatically to enable you to specify the surface tension and critical Weber number (see Figure
3.4 (p. 34)). The frequency used in the breakage rate will then be calculated based on Lehr’s
breakage kernel (as described in Particle Birth and Death Due to Breakage and Aggregation (p. 7)).

Figure 3.4 The Surface Tension and Weber Number Dialog Box

& Surface Tension and Weber N... El

Surface Tension | 0.07

Crhitical Weber Mumber | 0.1

[ (o] 4 ] [Cancel] [Help ]
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If you select ghadiri-model, the Ghadiri Breakage Constant for Population Balance dialog
box will open automatically to enable you to specify the breakage constant (see Figure

3.5 (p. 35)). The frequency will then be calculated based on Ghadiri's breakage kernel (as de-
scribed in Particle Birth and Death Due to Breakage and Aggregation (p. 7)).

Figure 3.5 The Ghadiri Breakage Constant for Population Balance Dialog Box

& Ghadiri Breakage Constant ... g]

Breakage Constant | Se+05

[ K ] [Cancel] [Help ]

If you select laakkonen-model, the Surface Tension for Population Balance dialog box will
open automatically to enable you to specify the Surface Tension and the constant C2
(Laakkonen Breakage Kernels (p. 10)). The frequency will then be calculated based on Laakkonen's
breakage kernel (as described in Laakkonen Breakage Kernels (p. 10)).

If you have a user-defined function (UDF) that you want to use to model the frequency for the
breakage rate, you can choose the user-defined option and specify the appropriate UDF.

If you selected constant, ghadiri-model, laakkonen-model, or user-defined for Frequency,
then you can specify the probability density function used to calculate the breakage rate by

making a selection in the PDF drop-down list. You can select parabolic, laakkonen, general-
ized, or user-defined :

If you select parabolic, the Shape Factor for Parabolic PDF dialog box will open automatically
to enable you to specify the shape factor C (see Figure 3.6 (p. 35)). The PDF used in the breakage
rate will then be calculated according to Equation 2-20 (p. 11) (as described in Particle Birth

and Death Due to Breakage and Aggregation (p. 7)).

Figure 3.6 The Shape Factor for Parabolic PDF Dialog Box

M Shape Factor fo... EI

C|1

[ ok | [Cancel] [Help ]

If you select generalized, the Generalized pdf for multiple breakage dialog box will open
automatically (Figure 3.7 (p. 36)).
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Figure 3.7 The Generalized pdf for multiple breakage Dialog Box
& Generalized pdf for multiple breakage g|
Options

Mumber of Daughters
one Term z
"EJ' Twio Tetm

Input Paramenters

will pill qid rif
| 0.5 | z | z | 1.5
gil

L

all Parameters

Index wi pi qi ti

o | | |
C | | |

[validate apply | [ Close ] [ Help ]

Perform the following steps in the Generalized pdf for multiple breakage dialog box:

a.

Select either One Term or Two Term from the Options list. Your selection will determine
whether 7 in Equation 2-26 (p. 12) is 0 or 1, respectively.

non-integers, such as 2.5), as long as it is not less than 2.

Define the parameter(s) for Equation 2-26 (p. 12) in the Input Parameters group box.
When One Term is selected from the Options list, you must enter a value for qi0. When
Two Term is selected from the Options list, you must enter values for wi0, pi0, qiO, rio,
and qi1. For information about appropriate values for these parameters to result in the
daughter distributions shown in Table 2.3: Daughter Distributions (p. 12), see

Table 2.4: Daughter Distributions (cont.) (p. 13).

Note

For equisized generalized pdf breakage distribution, the value for qi0 should
be set to 20.

Click the Validate/Apply button to save the settings. The text boxes in the All Parameters
group box will be updated, using the values you entered in the Input Parameters group
box, as well as values derived from the constraints shown in Equation 2-27 (p. 12) -
Equation 2-29 (p. 12).

clicking Close.

If you have a user-defined function (UDF) that you want to use to model the PDF for the

b

reakage rate, you can choose the user-defined option and specify the appropriate UDF. See

36
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UDFs for Population Balance Modeling (p. 53) for details about UDFs for the population balance
model.

Choose between the default Hagesather formulation and the Ramakrishna formulation.
Detailed information about these two methods can be found in Breakage Formulations for the
Discrete Method (p. 21).

7. Enable Include Expansion if you want to account for bubble expansion due to large changes in hy-
drostatic pressure.

Note
The secondary phase must be modeled as compressible. This option is currently available

for Discrete and QMOM only.

8. Specify the boundary conditions for the solution variables.

+*Boundary Conditions

See Defining Population Balance Boundary Conditions (p. 41) below.

9. Specify the initial guess for the solution variables.

+*Solution Initialization

10. Solve the problem and perform relevant postprocessing functions.

+*Run Calculation

See Postprocessing for the Population Balance Model (p. 49) for details about postprocessing.
3.3.1.1. Generated DQMOM Values

When using the DQMOM model, you have the option of generating DQMOM values from three different
file formats. To do so, select Overall Moments, PDF or CDF under Generate DQMOM Values and then
click the Load File... button. The Select File dialog box will open where you will select the appropriate
file. Clicking OK in the Select File dialog box will result in the file being read and calculations carried
out. The DQMOM values will be printed in the console.

Release 74.0 - © SAS IR Inc. Allrights reserved. - Contains proprietary and confidential information 7
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Figure 3.8 The Population Balance Model Dialog Box for the DQMOM Model

& pppulation Balance Model El
Method Parameters
Lol Max Size (i) | o1
{:} Discrete
() Inhomogeneous Discrete Min Size (m)
0,001
() Standard Moment: |
{1 Quadrature Moment Reference Length (m) [ 5 o1
(%) DOMOoM :
Min WOF
DOMOM Phases (B (=] in | Se-06
225 Max YOF Change/Time Step | .75
Generate DOMOM Values
O off
() overall Moments
(%) FOF
) CDF
Load File...
Fhemomena [ ]include Expansion
[JMucleation Rake {fm3/s) |
[ ]arowth Fake (myjs) |
Aggreqation Kernel (m3fs) lua-model 3
Breakage Kernel
Frequency (115} | | o-ruodel W
[ Ik ] [Cancel ] [ Help ]

DQMOM Values Produced From PDF, CDF Files, or Overall Moments for the Particles

Three quadrature points are assumed, namely QPO, QP1, and QP2 (see Figure 3.9 (p. 39)).

Lengt h, Vol ume Fracti on,and DQVOM m¥ values are given. The latter two can be used for
initial fields of VOF and DQMOM as well as boundary conditions.

For verification purposes, the first six moments are also given together with the total volume fraction
of all particles from the PDF or CDF file. It is your responsibility to make sure that these values are
correct, especially the total volume fraction.

The definition of the first six moments of the particles is length based for the overall moments,
described in The Quadrature Method of Moments (QMOM) (p. 24).

In PDF or CDF format, the resultant volume fraction is normally given as unity. If you want the real
particle volume fraction to be reflected in the mixture, the second column of the PDF or CDF data
file need to be multiplied by the value of the real volume fraction. Another way is to multiply the

38
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values of the generated DQMOM volume fraction and DQMOM-m4 using the real particle volume

fraction.

Figure 3.9 DQMOM Values Produced From a PDF File

First 6 Homents computed from PDF:

mA =
ml =
m2 =
m3 =
my =
ms =

1.7308757e+13
C.4h2254e+08
2.8823008e+084
1.98981%e+08
1.533388e-084
1.374813e-088

DOMOM values produced from PDF:

Length (m)

Uolume Fraction

DQMOM-m4 (m)

nera

1.05065808e-04
L.452821e-M1
L.728627e-05

PDF File Format

NP1

L.154987e- 05
4.433921e-81
2.285681e-05

{Total Volume Fraction is 9.999888e-081)

np2

1.282842e-05
1.138576e-02
1.450835 8e-087

+ The probability density function (PDF) is defined by the probability distribution of particles in terms
of the volume fraction over the particle length (namely the diameter of the particle).

+ The integration of PDF over all possible particle length (normally from 0 to the maximum diameter)
shall give a value of unity or the real value of the volume fraction of all participating particles.

+ The following file format is required (as shown below):

- An integer number specified in the first line, indicating the number of data pairs to follow

- The data in the 1st column specifying the length or diameter of particles in ascending order in
meters (m)

— The data in the 2nd column specifying the probability density function. Be aware that the in-
tegration of the PDF over the length shall result in a value of volume fraction for that particular
particle length range

37

5e-6 0.000058e6
10e-6 0.000271e6
15e-6 0. 000669e6
20e-6 0.001264e6
25e-6 0.002062e6
30e-6 0.003055e6
35e-6 0.004228e6
40e-6 0.005549e6
45e-6 0.006972e6
50e-6 0.008439e6
55e-6 0.00988e6
60e-6 0.011217e6
65e-6 0.012366e6
70e-6 0.013253e6
75e-6 0.013811e6
80e-6 0.013996e6
85e-6 0.013789e6
90e-6 0.013199e6
95e-6 0.012268e6
100e-6 0.011062e6
105e-6 0.009668e6
110e-6 0.00818e6
115e-6 0. 006694e6
120e-6 0. 00529e6
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125e-6
130e-6
135e-6
140e-6
145e-6
150e-6
155e-6
160e-6
170e-6
180e-6
190e-6
200e-6
210e-6

. 004033e6
. 002962e6
. 002093e6
. 00142e6

. 000925e6
. 000576e6
. 000344e6
. 000196e6
. 000055e6
. 000012e6
. 000002e6

0

CDF File Format

+ The cumulative density function (CDF) is defined as the integration of PDF over all possible particles

up

to the length L, resulting in a value of volume fraction for all particles less than length L.

+ The value of the CDF at the maximum particle length/diameter shall be unity, or the real value of
the volume fraction of all particles in the mixture.

« The following file format is required (as shown below):

37

5e-6 0
10e-6
15e-6
20e-6
25e-6
30e-6
35e-6
40e-6
44e-6
45e-6
50e-6
55e-6
60e-6
65e-6
70e-6
75e-6
80e-6
85e-6
90e-6
95e-6
100e-6
105e-6
110e-6
115e-6
120e-6
125e-6
130e-6
135e-6
140e-6
145e-6
150e-6
155e-6
160e-6
170e-6
180e-6

An integer number specified in the first line, indicating the number of data pairs to follow

The data in the 1st column specifying the length or diameter of particles in ascending order in
meters (m)

The data in the 2nd column specifying the cumulative density function in terms of the volume
fraction of particles

CDF <1 at the maximum particle length

.109e-2
.16e-2
175e-2
208e- 2
. 304e-2
.614e-2
.5e-2
3.e-2
3. 44e-2
6.573e-2
11.19e-2
17.11e-2
24, 17e-2
32.007e-2
40. 243e-2
48. 397e-2
56. 453e-2
63. 823e-2
70. 53e-2
76.073e-2
8le-2
85. 057e-2
88. 187e-2
90. 89e-2
92.897e-2
94. 437e-2
95. 543e-2
96. 523e-2
97.173e-2
97.717e-2
98. 007e-2
98. 363e-2
98. 88e-2
99. 16e-2

roooooOo
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190e-6 99. 327e-2
200e-6 100.e-2

Overall Moments File Format

+ The third option is to specify the first six moments for all particles as shown below.
« The following file format is required (as shown below):

- An integer number specified in the first line, indicating the number of data (moments) to follow.
By default, this shall be 6

- six moments from moment-0 to moment-5 are given in that order. The definition of the first
six moments is based on length as described in The Quadrature Method of Moments
(QMOM) (p. 24)

- As a check for moments, Moment —3 (m3) :l/(KV)(volumejraction). In the values given below,

volume fraction is assumed to be unity and K| Kv is assumed to be 7[/6

. 120556e+013
. 022475e+008
. 523370e+004
. 909857e+000
.611191e- 004
. 498663e- 008

RPRRPNMMRO

3.3.2. Defining Population Balance Boundary Conditions

To define boundary conditions specific to the population balance model, use the following procedure:

1. In the Boundary Conditions task page, select the secondary phase(s) in the Phase drop-down list
and then open the appropriate boundary condition dialog box (for example, Figure 3.10 (p. 42)).

*v'Boundary Conditions
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Figure 3.10 Specifying Inlet Boundary Conditions for the Population Balance Model

T Velocity Inlet E|
Zone Mame Phase
| velocity-inlet-4 | phase-2

Momentum | Thermal | Radistion | Species| DPM  Muliphase | ups |

Yaolumne Fraction | .02 conskant hd

Population Balance

Boundaty Conditian

Bin-0-Fraction | 5pecified valus w

Bin-1-Fraction Specified Value w

Boundary Yalue
in-0-Fraction | 0 canskant w

in-1-fraction | 0 constant v

[ Ik ] [Cancel] [Help ]

2. In the Multiphase tab, under Boundary Condition, select the type of boundary condition for each
bin (for the discrete method) or moment (for SMM and QMOM) as either Specified Value or Specified
Flux.

Note that the boundary condition variables (for example, Bin-0) are labeled according to the fol-
lowing:

bin/moment - ith bin/moment
where the ith bin/moment can range from 0 (the first bin or moment) to N — I, where N is the
number of bins/moments that you entered in the Population Balance Model dialog box.

3.  Under Population Balance Boundary Value, enter a value or a flux as appropriate.

+ If you selected Specified Value for the selected boundary variable, enter a value in the field adjacent
to the variable name. This value will correspond to the variable fl in Equation 2-49 (p. 19) (for the

discrete method) or my, in Equation 2-64 (p. 22) (for SMM or QMOM).

« If you selected Specified Flux for the selected boundary variable, enter a value in the field adjacent
to the variable name. This value will be the spatial particle volume flux dV /dx;.

3.3.3.Specifying Population Balance Solution Controls

In the Equations dialog box (Figure 3.11 (p. 43)), equations for each bin (for example, phase-2 Bin) will
appear in the Equations list.

+*Solution Controls — Equations...
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The default value under Under-Relaxation Factors (in the Solution Controls task page) for the popu-
lation balance equations is 0. 5, and the default Discretization scheme (in the Solution Methods task
page) is First Order Upwind.

Figure 3.11 The Equations Dialog Box

& Equations rg|
Equations @ E]

Flom
Yalurme Frackion

[ Ok ] [DeFauIt] [Cancel] [ Help ]

3.3.4. Coupling With Fluid Dynamics

To couple population balance modeling of the secondary phase(s) with the overall problem fluid dy-
namics, a Sauter mean diameter (d3, in Equation 2-71 (p. 23)) may be used to represent the particle

diameter of the secondary phase. The Sauter mean diameter is defined as the ratio of the third moment
to the second moment for the SMM and QMOM. For the discrete method, it is defined as

d32 ——.2 (3—1)

To specify the Sauter mean diameter as the secondary phase particle diameter, open the Secondary
Phase dialog box.

“'Phases — = Secondary Phase - Edit...

In the Secondary Phase dialog box (for example, Figure 3.12 (p. 44)), select sauter-mean from the
Diameter drop-down list under Properties. Note that a constant diameter or user-defined function
may also be used.
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Figure 3.12 The Secondary Phase Dialog box for Hydrodynamic Coupling

D& Secondary Phase

Marne

| crwskal

Phase Material

potassium-chloride W
[ ]aranular

[ ]Interfacial Area Concentration
Properties

Diameter (m)

sauker-rean

[ O, ] [Cancel] [Help ]

3.3.5.Specifying Interphase Mass Transfer Due to Nucleation and Growth

In applications that involve the creation, dissolution, or growth of particles (such as crystallization), the
total volume fraction equation for the particulate phase will have source terms due to these phenomena.
The momentum equation for the particulate phase will also have source terms due to the added mass.
In ANSYS FLUENT, the mass source term can be specified using the UDF hook DEFI NE_HET _RXN_RATE,
as described in Appendix A (p. 61), or using the Phase Interaction dialog box, described below.

As an example, in crystallization, particles are created by means of nucleation (7)), and a growth rate

(G) can also be specified. The mass transfer rate of formation (in kg / mj—s) of particles of all sizes is
then

o= 3pKv‘!L2Gn(L)dL
o0 (3-2)
= %pKa‘ELZGn (L) dL

For the discrete method, the mass transfer rate due to growth can be written as
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00

p‘!Gvn (L)dL

3
Il

(o]

p_!;GVn (V)dv (3-3)

leGv,iNi

If the nucleation rate is included in the total mass transfer, then the mass transfer becomes

i =pVyy+ 3 pGy N, (3-4)
l

Important

For the discrete method, the sources to the population balance equations must sum to the
total mass transfer rate. To access the sources, you can use the macro C_PB_DI SCI _PS
(cell, thread, i).

See UDFs for Population Balance Modeling (p. 53) for more information about macros for population
balance variables.

For the SMM, only a size-independent growth rate is available. Hence, the mass transfer rate can be
written as

1
m= EpKasz (3-5)

For the QMOM, the mass transfer rate can be written as

1 2
mZEpKaZLiwiG(Li) (3-6)
l

For both the SMM and QMOM, mass transfer due to nucleation is negligible, and is not taken into account.
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Important

Note that for crystallization, the primary phase is comprised of multiple components. At the
very least, there is a solute and a solvent. To define the multicomponent multiphase system,
you will need to activate Species Transport in the Species Model dialog box for the primary
phase after activating the multiphase model. The rest of the procedure for setting up a

species transport problem is identical to setting up species in single phase. The heterogeneous
reaction is defined as:

liquid (solvent) — crystal (solute)

When the population balance model is activated, mass transfer between phases for non-reacting species
(such as boiling) and heterogeneous reactions (such as crystallization) can be done automatically, in
lieu of hooking a UDF.

For simple unidirectional mass transfer between primary and secondary phases due to nucleation and
growth phenomena of non-reacting species, go to the Phases task page and click the Interaction...
button. This will open the Phase Interaction dialog box (Figure 3.13 (p. 47)). Click the Mass tab to
specify the Mass Transfer of species between the phases. Specify the Number of Mass Transfer
Mechanisms involved in your case. From the drop-down list under From Phase, select the phase that
you want to transfer mass from. In the To Phase drop-down list, select the phase that you want to
transfer mass to.

You have a choice of four mechanisms used to transfer mass. Under Mechanism select from the drop-
down list

none
if you do not want any mass transfer between the phases.

constant-rate
for a fixed, user-specified rate.

user-defined
if you hooked a UDF describing the mass transfer mechanism.

population-balance
for an automated method of mass transfer, not involving a UDF. The nucleation and the growth rates
calculated by the population balance kernels are used for mass transfer.

Click OK to save the settings.

Note

For the Inhomogeneous Discrete population balance model, where there is more than one
secondary phase, you can select population-balance as the mechanism of mass transfer
between the solvent phase (say for crystallization) and each of the solute phases defined
under the Inhomogeneous Discrete population balance model.

For heterogeneous reactions, the Species Transport model has to be activated for the primary phase.

In the Phases task page, click the Interaction... button. This will open the Phase Interaction dialog

box (Figure 3.14 (p. 47)). Click the Reactions tab to specify the stoichiometry for the reactant and the
product. At the bottom of the Phase Interaction dialog box, select population-balance as the Reaction

4 Release 74.0 - © SAS IR, Inc. Allrights reserved. - Contains proprietary and confidential information
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Rate Function. Click OK to save the settings. Either this method or the use of the UDF, described in
Appendix A (p. 61), will produce the same results.

For the Inhomogeneous Discrete population balance model involving nucleation and growth, you can
select population-balance as the Reaction Rate Function for each heterogeneous reaction you have
set up. To learn how to set up reactions, please go to Specifying Heterogeneous Reactions in the User's
Guide.

Figure 3.13 The Phase Interaction Dialog Box for Non-reacting Species

& Phase Interaction @

[ wirtual Mass
Drsg | LRt | Colisions | Sip | Hest Mass ]Reacticml Surface Tension | Discratization |

Nurber of Mass Transfer Mechanisms [ | I*I
| -
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1 gp_1 ||l ¥ | | population-balsnce W

Lok )| (concel] [Helo |

Figure 3.14 The Phase Interaction Dialog Box for a Heterogeneous Reaction
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Chapter 4: Postprocessing for the Population Balance Model

ANSYS FLUENT provides postprocessing options for displaying, plotting, and reporting various particle
quantities, which include the main solution variables and other auxiliary quantities.

4.1.Population Balance Solution Variables

4.2.Reporting Derived Population Balance Variables

4.1.Population Balance Solution Variables

Solution variables that can be reported for the population balance model are:

+ Bin-i fraction (discrete method only), where i is N-1 bins/moments.
+ Number density of Bin-i fraction (discrete method only)

« Diffusion Coef. of Bin-i fraction/Moment-i

+ Sources of Bin-i fraction/Moment-i

+  Moment-i (SMM and QMOM only)

+ Abscissa-i (QMOM method only)

+  Weight-i (QMOM method only)

Bin-i fraction is the fraction (fi) of the volume fraction for the ith size bin when using the discrete

method. Number density of Bin-i fraction is the number density (V;) in particles / m’ for the ith size

bin. Moment-i is the ith moment of the distribution when using the standard method of moments or
the quadrature method of moments.

Important

Though the diffusion coefficients of the population variables (for example, Diffusion Coef.
of Bin-i fraction/Moment-i) are available, they are set to zero because the diffusion term is
not present in the population balance equations.

4.2.Reporting Derived Population Balance Variables

Two options are available in the Report menu that allow you to report computed moments and number
density on selected surfaces or cell zones of the domain.

4.2.1.Computing Moments

4.2.2.Displaying a Number Density Function

4.2.1. Computing Moments

You can compute moments for the population balance model using the Population Balance Moments
dialog box (Figure 4.1 (p. 50)).

Report — Population Balance —. Moments...
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Figure 4.1 The Population Balance Moments Dialog Box

& pgpulation Balance Moments

Mumber of Mamerts || | []
[+]
Surfaces [E] E] Cell Zones E] E]
wall-1
outFlow-5
welociby-inlet-4
outFlow-3
[ Print: ] ['-.-'-.-'ril:e...] [Cluse ] [ Help ]

The steps for computing moments are as follows:

1. For the discrete method, specify the Number of Moments. For the SMM and QMOM, the number of
moments is set equal to the number of moments that were solved, and therefore cannot be changed.

For a surface average, select the surface(s) on which to calculate the moments in the Surfaces list.
For a volume average, select the volume(s) in which to calculate the moments in the Cell Zones list.

Click Print to display the moment values in the console window.

AT

To save the moment calculations to a file, click Write... and enter the appropriate information in the
resulting Select File dialog box. The file extension should be . pb.

4.2.2.Displaying a Number Density Function

You can display the number density function for the population balance model using the Number
Density Function dialog box (Figure 4.2 (p. 50)).

Report - Population Balance —. Number Density...

Figure 4.2 The Number Density Function Dialog Box

& Number Density Function

Repart Type Plat Type

G} Surface Average {:} Histogranm
(O volume Average ¥ Curve

Fields Cell Zones E] E]
Discrete Number Density
Length Mumber Density Function
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[F‘rint ] [ Plat ] ['-.-'-.-'rite] [Cll:use] [Help ]

The steps for displaying the number density function are as follows:
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N oo u s

Specify the Report Type as either a Surface Average or a Volume Average.
Under Plot Type, specify how you would like to display the number density function data.

Histogram
displays a histogram of the discrete number density (V;). The number of divisions in the histogram
is equal to the number of bins specified in the Population Balance Model dialog box. This option
is available only with the discrete method.

Curve
displays a smooth curve of the number density function.

In the Fields list, select the data to be plotted.

Discrete Number Density
(N;) is the number of particles per unit volume of physical space in the ith size bin plotted against

particle diameter size i. This option is available only with the discrete method.

Length Number Density Function
(n (L)) is the number of particles per unit volume of physical space per unit particle length
plotted against particle diameter.
Volume Number Density Function
(n (V7)) is the number of particles per unit volume of physical space per unit particle volume
plotted against particle volume.
Choose the cell zones on which to plot the number density function data in the Cell Zones list.
Click Plot... to display the data.
(optional) Click Print to display the number density function data in the console window.

Click Write to save the number density function data to a file. The Select File dialog box will open,
where you can specify a name and save a file containing the plot data. The file extension should be
. pbd.
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Chapter 5: UDFs for Population Balance Modeling

This chapter contains the following sections:
5.1.Population Balance Variables
5.2.Population Balance DEFINE Macros
5.3.Hooking a Population Balance UDF to ANSYS FLUENT

5.1.Population Balance Variables

The macros listed in Table 5.1: Macros for Population Balance Variables Defined insg_pb. h (p.53) can

be used to return r eal variables associated with the population balance model. The variables are
available in both the pressure-based and density-based solvers. The macros are defined in the sg_pb. h
header file, which is included in udf . h.

Table 5.1 Macros for Population Balance Variables Defined insg_pb. h

Macro Argument Types Returns
C PB DI SCl cell t ¢, Thread *t, . .
- - int i fraction (fi) of the total volume fraction for the
ith size bin
C PB_SWM cell t ¢, Thread *t, ith moment
int i
C_PB_QVOM _Cell_—t ¢, Thread *t, ith moment, wherei =0,1,2,3,4,5
int i
C_PB_QVOM _L _Cel ! _t e, Thread *t, abscissa L; wherei =0,1,2
int i
C PB_QVOM _W pel I __t c, Thread *t, weight w;, wherei =0,1,2
int i
C PB D SCI_PS |cell t c, Thread *t, net source term to ith size bin
int i
CPB SW PS |cell t c, Thread *t, net source term to ith moment
int i
CPB QVOM PS |cell _t c, Thread *t, net source term to ith moment
int i

5.2.Population Balance DEFI NE Macros

This section contains descriptions of DEFI NE macros for the population balance model. Definitions of
each DEFI NE macro are contained in the udf . h header file.

5.2.1. DEFINE_PB_BREAK_UP_RATE_FREQ

5.2.2. DEFINE_PB_BREAK_UP_RATE_PDF

5.2.3. DEFINE_PB_COALESCENCE_RATE

5.2.4. DEFINE_PB_NUCLEATION_RATE

5.2.5. DEFINE_PB_GROWTH_RATE
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5.2.1. DEFI NE_PB_BREAK_UP_RATE_FREQ

You can use the DEFI NE_PB_BREAK UP_RATE_FREQ macro if you want to define the breakage fre-
guency using a UDF. The function is executed at the beginning of every time step.

5.2.1.1.Usage

DEFI NE_PB_BREAK_UP_RATE_FREQ name, cell, thread, d_1)

Argument Type Description

char nane UDF name

cell _t cell Cell index

Thread *thread Pointer to the secondary phase thread associated with d_1
real d 1 Parent particle diameter or length

Function returns

r eal

There are four arguments to DEFI NE_PB_BREAK _UP_RATE_FREQ nane, cel | ,t hread,and d_1.
You will supply nane, the name of the UDF.cel | ,t hr ead, and d_1 are variables that are passed by
the ANSYS FLUENT solver to your UDF.

5.2.1.2. Example

Included below is an example of a UDF that defines a breakage frequency (see Particle Birth and Death
Due to Breakage and Aggregation (p. 7)) that is based on the work of Tavlarides [4] (p. 65), such that

13 O 2]
, € o(l+a)
g(V'") =G—————xrexp U-Co——x—=+ (5-1)
(1+a)d” " 0 7 pp?a® [

where C; and C, are constants, ¢ is the dissipation rate, d is the parent diameter, o is the surface tension,
o. is the volume fraction of the dispersed phase, and Py is the density of the primary phase.

/************************************************************************

UDF that conputes the particle breakage frequency

*************************************************************************/

#i ncl ude "udf.h"
#i ncl ude "sg_pb. h"
#i ncl ude "sg_nphase. h"

DEFI NE_PB_BREAK _UP_RATE FREQ break_up_freq_tav, cell, thread, d_1)

{
real epsi, alpha, f1, f2, rho_d;
real Cl = 0.00481, C2 = 0.08, sigma = 0.07
Thread *tm = THREAD SUPER THREAD(t hread);/*passed thread i s phase*/
epsi = C D(cell, tm;
al pha = C_VO~(cell, thread);
rho_d = C R(cell, thread)
fl1 = pow(epsi, 1./3.)/((1.+epsi)*powd_1, 2./3.));
f2 = -(C2*signma*(1. +al pha) *(1. +al pha))/ (rho_d*pow(epsi,2./3.)*powd_1, 5./3.));
return Cl*f 1*exp(f2)
}
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5.2.2. DEFI NE_PB_BREAK_UP_RATE_PDF

You can use the DEFI NE_PB_BREAK UP_RATE_PDF macro if you want to define the breakage PDF
using a UDF. The function is executed at the beginning of every time step.

5.2.2.1.Usage

DEFI NE_PB_BREAK_UP_RATE_PDF(nane, cell, thread, d_1, thread_ 2, d_2)

Argument Type Description

char nane UDF name

cell _t cell Cell index

Thread *thread Pointer to the secondary phase thread associated with d_1
real d 1 Parent particle diameter or length

Thread *thread_2 Pointer to the secondary phase thread associated with d_2
real d_2 Diameter of one of the daughter particles after breakage; the

second daughter particle diameter is calculated by conservation
of particle volume

Function returns

r eal

There are six arguments to DEFI NE_PB_BREAK UP_RATE PDF:nane,cel | ,thread,d_1,
t hread_2,and d_2. You will supply nane, the name of the UDF.cel | ,t hread,d_1,t hread_2,
and d_2 are variables that are passed by the ANSYS FLUENT solver to your UDF.

Note

t hread and t hr ead_2 are the same for the Discrete, QMOM and SMM models. They may
be the same or different depending on whether d_1 and d_2 belong to the same phase or
different phases for the Inhomogeneous model.

5.2.2.2. Example

Included below is an example of a UDF that defines a breakage PDF (see Particle Birth and Death Due
to Breakage and Aggregation (p. 7)) that is parabolic, as defined in Equation 2-20 (p. 11).

IEEEEAAEEEEEREEEEEEEEEEEREEEEEEREREEEEEEEEEEEREREEEEEEEEEEEEEEEE R EEEE L

UDF that conputes the particle breakage PDF

AR EEEEEEEEEREEEEEEREEEEEEEEEEEEEEEEEREEEEEEEEEREEEREREEEEEEEEEEEEERY

#i ncl ude "udf. h"
#i ncl ude "sg_pb. h"
#i ncl ude "sg_nphase. h"

DEFI NE_PB_BREAK_UP_RATE_PDF( br eak_up_pdf _par, cell, thread, d_1, thread_2, d_2)
{

real pdf;

real kv = M PI/6.

real C=1.0

real f_2, f_3, f_4
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real V_prime = kv*powmd_1,3.);
real V = kv*powmd_2,3.);

f_2 =24.*pow(V/V_prine, 2.);

f_3 =-24.*(VIV_prine);

f_4 =6.;

pdf = (CV_prinme) + ((1.-T2.)/V prime)*(f_2 + f_3 + f_4);

return 0.5*pdf;
}

5.2.3. DEFI NE_PB_COALESCENCE_RATE

You can use the DEFI NE_PB_COALESCENCE_RATE macro if you want to define your own particle
aggregation kernel. The function is executed at the beginning of every time step.

5.2.3.1.Usage

DEFI NE_PB_COALESCENCE_RATE(name, cell, thread, d_1, thread_2, d_2)

Argument Type Description

char nane UDF name

cell t cell Cell index

Thread *thread Pointer to the secondary phase thread associated with d_1
Thread *thread_2 Pointer to the secondary phase thread associated with d_2
real d_ 1, d_2 Diameters of the two colliding particles

Function returns

r eal

There are six arguments to DEFI NE_PB COALESCENCE RATE:nane,cel | ,thread,d _1,thread_2,
and d_2. You will supply nane, the name of the UDF.cel | ,t hread,d_1, and d_2 are variables that
are passed by the ANSYS FLUENT solver to your UDF. Your UDF will need to return ther eal value of

the aggregation rate.

Note

t hread and t hr ead_2 are the same for the Discrete, QMOM and SMM models. They may
be the same or different depending on whether d_1 and d_2 belong to the same phase or
different phases for the Inhomogeneous model.

5.2.3.2. Example

Included below is an example UDF for a Brownian aggregation kernel. In this example, the aggregation
rate is defined as

2
(L+4)
a(L,h)=a(V,V') =f~——"—
LA
— -17 3
where f =1 x10 m’/s.
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IEEEEAAEEEEEREE SRR EEEEEEREEEEEEREREEEEEEEEEE R EEEEEEEEEEEE R

UDF that conputes the particle aggregation rate

LA EEEEEEEEEEEEEEEEREEEEEEEEEEEEEEEEEEEEEEEEEEEREE R EEEEEEEEEEEE Ry

#i ncl ude "udf. h"
#i ncl ude "sg_pb. h"
#i ncl ude "sg_nphase. h"

DEFI NE_PB_CQOALESCENCE_RATE( aggr egati on_kernel ,cell,thread,d_1,thread_2,d_2)

{
real agg_kernel
real beta_ O = 1.0e-17 /* aggregation rate constant */
agg_kernel = beta_0*pow((d_1+d_2),2.0)/(d_1*d_2);
return agg_kernel

}

5.2.4. DEFI NE_PB_NUCLEATI ON_RATE

You can use the DEFI NE_PB_NUCLEATI ON_RATE macro if you want to define your own particle
nucleation rate. The function is executed at the beginning of every time step.

5.2.4.1.Usage

DEFI NE_PB_NUCLEATI ON_RATE( nane, cell, thread)

Argument Type Description

char nane UDF name

cell _t cell Cell index

Thread *thread Pointer to the secondary phase thread

Function returns

r eal

There are three arguments to DEFI NE_PB_NUCLEATI ON_RATE: nane, cel | ,and t hr ead. You will
supply nane, the name of the UDF.cel | and t hr ead are variables that are passed by the ANSYS
FLUENT solver to your UDF. Your UDF will need to return the r eal value of the nucleation rate.

5.2.4.2. Example

Potassium chloride can be crystallized from water by cooling. Its solubility decreases linearly with tem-
perature. Assuming power-law kinetics for the nucleation rate,

g =K, (S —1)"n

where K, =4 x 1010 particles / m’—s and N,, =2.77.

IR AR R EE R EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

UDF that conputes the particle nucleation rate

LA R R EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEY]

#i ncl ude "udf.h"

#i ncl ude "sg_pb. h"

#i ncl ude "sg_nphase. h"

DEFI NE_PB_NUCLEATI ON_RATE(nuc_rate, cell, thread)

{
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»

real J, S
real Kn = 4.0el1l0; /* nucleation rate constant */

real Nn = 2.77; /* nucleation | aw power index */

real T,solute_mass_frac, solvent_mass_frac, solute_nol_frac, solubility;
real solute_nol_wt, solvent_nol _wt;

Thread *tc = THREAD SUPER THREAD(t hread); /*obtain m xture thread */
Thread **pt = THREAD_SUB THREADS(tc); /* pointer to sub_threads */
Thread *tp = pt[ P_PHASE]; /* primary phase thread */

solute_mol _wt = 74.55; /* nol ecul ar wei ght of potassiumchloride */
solvent_nol _wt = 18.; /* nol ecul ar wei ght of water */
solute_mass_frac = C_Yl(cell,tp,0);

/* mass fraction of solute in prinmary phase (solvent) */

sol vent _mass_frac = 1.0 - solute_mass_frac;
solute_nol _frac = (solute_mass_frac/solute_mol _wt)/
((solute_mass_frac/solute_nmol _wt)+(sol vent _nass_frac/sol vent _nmol _wt));

T =CT(cell,tp); [* Tenperature of primary phase in Kelvin */

solubility = 0.0005*T-0.0794;
/* Solubility Law relating equilibriumsolute nole fraction to Tenperature*/

S = solute_nol _frac/solubility; /* Definition of Supersaturation */

if (S=1.)
{
J =0.;
}

el se
{
J = Kn*pow( (S-1), Nn);
}

return J;

}
Important

Note that the solubility and the chemistry could be defined in a separate routine and simply
called from the above function.

5.2.5. DEFI NE_PB_GROWTH_RATE

You can use the DEFI NE_PB_GROMH_RATE macro if you want to define your own particle growth
rate. The function is executed at the beginning of every time step.

5.2.5.1.Usage

DEFI NE_PB_GROWIH_RATE(nanme, cell, thread,d_i)

Argument Type Description

char nane UDF name

cell t cell Cell index

Thread *thread Pointer to the secondary phase thread
real d_i Particle diameter or length

Function returns
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r eal

There are four arguments to DEFI NE_PB_ GROAMTH_RATE: nane, cel | ,t hread, and d_i . You will
supply nane, the name of the UDF.cel | ,t hread, and d_i are variables that are passed by the ANSYS
FLUENT solver to your UDF. Your UDF will need to return ther eal value of the growth rate.

5.2.5.2. Example

Potassium chloride can be crystallized from water by cooling. Its solubility decreases linearly with tem-

perature. Assuming power-law kinetics for the growth rate,

G=Kg(S-1)"%

where K, =2.8 x 10 ~ % m/sand N, = 1

/************************************************************************

UDF that conputes the particle growh rate

*************************************************************************/

#i ncl ude "udf.h"

#i ncl ude "sg_pb. h"

#i ncl ude "sg_nphase. h"

DEFI NE_PB_GROMH_RATE(growt h_rate, cell, thread,d_1)

{

/* d_1 can be used if size-dependent growth is needed */

/* When using SMM only size-independent or linear growh is allowed */
real G S;

real Kg = 2.8e-8; /* growth constant */

real Ng = 1.; /* growth |aw power index */

real T,solute_mass_frac, solvent_mass_frac, solute_nol_frac,solubility;
real solute_nol_wt, solvent_nol _w;

Thread *tc = THREAD SUPER THREAD(t hread); /*obtain m xture thread */
Thread **pt = THREAD SUB THREADS(tc); /* pointer to sub_threads */
Thread *tp = pt[ P_PHASE]; /* primary phase thread */

solute_nmol _w = 74.55; /* nolecular weight of potassiumchloride */
solvent_nol _wt = 18.; /* nolecul ar wei ght of water */
solute_mass_frac = C Yl(cell,tp,0);

/* mass fraction of solute in prinmary phase (solvent) */

solvent _mass_frac = 1.0 - solute_mass_frac;
solute_mol _frac = (solute_mass_frac/solute_mol _wt)/
((solute_mass_frac/solute_nmol _wt)+(sol vent _nass_frac/sol vent _nmol _wt));

T = CT(cell,tp); /* Tenperature of primary phase in Kelvin */

solubility = 0.0005*T-0.0794,

/* Solubility Law relating equilibriumsolute nole fraction to Tenperature*/

S = solute_nol _frac/solubility; /* Definition of Supersaturation */

if (S=1.)
{
G=0.;
}
el se
{
} G = Kg*pow((S-1), Ng);
return G
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Important

Note that the solubility and the chemistry could be defined in a separate routine and simply
called from the above function.

5.3.Hooking a Population Balance UDF to ANSYS FLUENT

After the UDF that you have defined using DEFI NE_PB BREAK UP_RATE_ FREQ DEFI NE_PB_
BREAK _UP_RATE_PDF, DEFI NE_PB_COALESCENCE_RATE, DEFI NE_PB_NUCLEATI ON_RATE, or
DEFI NE_PB_GROWMH_RATE is interpreted or compiled, the name that you specified in the DEFI NE
macro argument (for example, agg_ker nel ) will become visible and selectable in the appropriate
drop-down list under Phenomena in the Population Balance Model dialog box (Figure 3.7 (p. 31)).
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This appendix discusses the DEFI NE_HET _RXN_RATE macro:
A.1.Description
A.2.Usage
A.3.Example
A.4.Hooking a Heterogeneous Reaction Rate UDF to ANSYS FLUENT

A.1.Description

You need to use DEFI NE_HET_RXN_RATE to specify reaction rates for heterogeneous reactions. A
heterogeneous reaction is one that involves reactants and products from more than one phase. Unlike
DEFI NE_VR_RATE, a DEFI NE_HET_RXN_RATE UDF can be specified differently for different hetero-
geneous reactions.

During ANSYS FLUENT execution, the DEFI NE_HET_ _RXN_RATE UDF for each heterogeneous reaction
that is defined is called in every fluid cell. ANSYS FLUENT will use the reaction rate specified by the UDF
to compute production/destruction of the species participating in the reaction, as well as heat and
momentum transfer across phases due to the reaction.

A heterogeneous reaction is typically used to define reactions involving species of different phases. The
bulk phase can participate in the reaction if the phase does not have any species (that is, the phase
has fluid material instead of mixture material). Heterogeneous reactions are defined in the Phase Inter-
action dialog box.

A.2.Usage

DEFI NE_HET RXN_RATE (name, c,t,r, mw, yi,rr,rr_t)

Argument Type Description

char nane UDF name.

cell _t c Cell index.

Thread *t Cell thread (mixture level) on which heterogeneous
reaction rate is to be applied.

Hetero_Reaction *r Pointer to data structure that represents the current
heterogeneous reaction (see sg_nphase. h).

real Matrix of species molecular weights.ma i ][] ] will

my MAX_PHASES] [ MAX_SPE_EQNS] give molecular weight of species with ID j in phase

with index i . For phase that has fluid material, the
molecular weight can be accessed as mn{ i ][ 0] .
r eal Matrix of species mass fractions.yi [i ][] ] will give
yi [ MAX_PHASES] [ MAX_SPE_EQNS] molecular weight of species with ID j in phase with

index i . For phase that has fluid material,
yi[1][0] will be 1.
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real *rr Pointer to laminar reaction rate.
real *rr_t Currently not used. Provided for future use.

Function returns
voi d

There are eight arguments to DEFI NE_HET_RXN_RATE: name,c,t,r,mwyi,rr,andrr _t.You
will supply namne, the name of the UDF.c,t,r,mw, yi,rr,and rr_t are variables that are passed by
the ANSYS FLUENT solver to your UDF. Your UDF will need to set the values referenced by ther eal

pointerrr.

A.3.Example
The following compiled UDF, named ar r h, defines an Arrhenius-type reaction rate. The rate exponents
are assumed to be same as the stoichiometric coefficients.
#i ncl ude "udf.h"
static const real Arrhenius = 1.el5;
static const real E Activation = 1.e6;

#define SMALL_S 1.e-29

DEFI NE_HET_RXN_RATE(arrh,c,t,hr,mwyi,rr,rr_t)

{
Domai n **domai n_reactant = hr-donai n_react ant;
real *stoich_reactant = hr-stoich_reactant;
int *reactant = hr-reactant;
int i;
int sp_id,
i nt di ndex;
Thread *t_reactant;
real ci;
real T = 1200.; /* should obtain fromcell */
/* instead of conpute rr directly, conpute log(rr) and then take exp */
*rr = 0;
for (i=0; i hr-n_reactants; i++)
{
sp_id = reactant[i]; /* species ID to access mv and yi */
if (sp_id == -1) sp_id = 0; /* if phase does not have speci es,
nw, etc. will be stored at index 0 */
di ndex = DOVAI N_| NDEX(domai n_reactant[i]);
/* domain index to access nw & yi */
t _reactant = THREAD SUB_THREAD( t, di ndex);
/* get conc. */
ci = vyi[dindex][sp_id]*C R(c,t_reactant)/ mM di ndex][sp_id];
ci = MAX(ci, SMALL_S);
*rr += stoich_reactant[i]*log(ci);
}
*rr += |l og(Arrhenius + SMALL_S) -
E_Activation/ (UNI VERSAL_GAS_CONSTANT*T) ;
/* 1.e-40 rr 1.e40 */
*rr = MAX(*rr, -40);
*rr = MN(*rr, 40);
*rr = exp(*rr);
}
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A.4.Hooking a Heterogeneous Reaction Rate UDF to ANSYS FLUENT

After the UDF that you have defined using DEFI NE_HET_RXN_RATE is interpreted or compiled (see
the ANSYS FLUENT UDF Manual for details), the name that you specified in the DEFI NE macro argument
(for example, ar r h) will become visible and selectable under Reaction Rate Function in the Reactions
tab of the Phase Interaction dialog box. (Note you will first need to specify the Total Number of Re-
actions greater than 0.)
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