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Fluent User Services Center

FLUENT D Knowledse Base |

¢ www.fluentusers.com The Right Answer in CFD (Customer Hu
[ ] [ ]
. | User Services Center [ seaech
e Please register today!
S . I 1 d Praduct Information » Frequently Asked Questions
[ Y% FLUENT B -
C 1CCS Includce FID&P B Set answers to frequently asked guestions regarding the Critical Patch for
. MIXSIMZ.0 installation and usage of Fluent software. GAMBIT 2.2

= Release Information POLYFLOW CFD Lteratire: search
GAMBIT . . | se
iy » Online Technical Support papers, order copies

n Download UpdatCS FFUENT/F'L-‘Q‘SM""TOR Search our solutions database, log and monitor the status of | Software Download
Allrpak . your technical support requests. Log on using your User cCenter: hew and

b FlowLa Services Center username and passwaord. e g

= Documentation | "
Services * Owerview and Demo of OTS Portal Web based training naw
e + Quick Referenc_e GL_lide srma it

| Supported Platforms S - Customer Testimonials
{RSolve) ELUE?T Us(eLrJ'DIZ'J:e)ﬁned

i » Trainin LearningCFD.com CaleiiE
= Defects/Workarounds i i “e 9 archive

R Explore aur collection of training materials including
Espyrces lectures, tutorials, application specific examples and
CPZ Literature web-based training courses.

Upcoming Events...

= Presentations

cent Users' Group Users' Group
SN Meetings ! . Meetings
[ | Tralnlng Partnerships at Fluent » Discussion Forums * Furena
. . / HERMLHitks Dizcuszs topics of mutual interest and exchange infarmation : i;?:dina”ia
] Onllne Technlcal Support Ratired Prodacts with the Fluent software user community.
. . FLUEMT 4
+ Quick Reference Guide
+ Overview and Demo
via web based training http://www.fluentusers.com/
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Online Technical Support

Customer Portal

¢ Access from USC

e Same Account as USC
e Services Include

= Find Solutions

= Log a Support Request

= Monitor Status

= Automatic Updates
e Web Based Training Module Available

Friday, 3/42005
Good evening, John

Worldwide User Cwvenview & Demo on using this
Meetings portal

Cuick Reference Guide on using
this portal

Customer Testimonials

Send Us Your
Comments/Suigigestions

o ftp files to/from support

e fip to ftp.fluent.com S

e log on as ftp and use email address for D Title Condiion | Status |  Date
check functionality )
password I D Aoeean® | si9r2001
e cd to incoming/xxx or outgoing/xxx and Title for test case |
fl in bina mode 262 created on the web Cpen Salving 411952001
put 11€8 Ty : test case - lewel 2
— : 141 ary product (Fluents) Open Solving 1242852000
= XXX = support engineer initials i
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Web Based Trainings

Web based training
courses available from
our LearningCFD.com
web site.

Some courses are free,
others have a nominal
charge.

Modules can be
downloaded to your
computer and viewed as
many times as you like

More modules are
planned and will be
available in the near
future

CFD Learning Center %

S FLUENT

NEW! Web Based Training

Take advantage of our web based traiving option! The courses are orgardzed into raanageable 30-60 rdnate modules
and include practical case studies and tutorials. You can download these courses and review them when your schedule
petroits and as mansy times as wou like. These comrses are stored as windows media player files and can be viewed in
either Windows hedia Plagrer version 7.0 or better or RealOnePlaver. If wou will need access to a free player, please
download the free version of BealOnePlasrer by selecting your operating systerm:

* Windows (look for the link to the free version)
& TIniwTinuy Mote: uniolivor users please insare that you have a sound card install as well.

The following courses are FREE to Fluent users:

# FLUENT .1 Update Training

o FANPBIT +2.1 Update Training

# Introduction to Paralle]l Processing

* zing Sizing Functions in GAMBIT +2.1

The following comrses are offered at just $100 USD for a livdted time:

* Tutbulence Primer

® Paralle] Procegzing with FLUUENT &

® Tlzing User Defined Functions with FLITENT =%

* Sobdng Wlultiphase Flow Problems with FLUENT &

* Sobdng Comwbustion Problems with FLUENT =%

* Sobing Fotating hlachinery Problems with FLUENT

http://learningcfd.com/login/online/index.htm
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User Group Meetings

¢ Attend the annual UGM and:

e meet with the users and staff of
Fluent

e attend short-courses

e learn of other Fluent applications
presented by users

e provide mput to future development
of software
¢ Worldwide User Group Meetings:
e USA (Dearborn, MI)
= typ. Early-June
e European Meetings
= typ. Mid-September through early October
e Asia-Pacific Meetings
= typ. Mid-October through early November
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FLUENT 6.2

¢ Fluent 6.2 applications:

e External/internal automotive
flows and in-cylinder flows

e High speed aerodynamics

e Rocket flows

Surface pressure

distribution in an
automotive engine
cooling jacket.

e Turbomachinery

e Reactor Vessels

e Cyclones

e Bubble Columns

e Mixing tanks

e Fluidized Beds

e Flow-induced noise prediction

Instantaneous solids concentration in a
riser indicating uniform distribution of

e Dynamic Mesh catalyst at the riser head.

e many more ...

-7- © Fluent Inc. 4/8/2005
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FIDAP

o FIDAP Applications:
. Example: Pulsatile flow in an artery
¢ POlymer processing: non- with a compliant vein graft.

Newtonian flow 1in extrusion dies
s

e Thin film coating flows

e Biomedical: oxygenators, blood
pumps, deforming arteries

e Semiconductor crystal growth

TIME
HISTORY PLOT

e Other metal, glass, and chemical defolfing artery

processing problems rigid artery

initial mesh
u=u(t),
sinusoidal
inlet velocity i i O
rigid compliant rigid . .
wall wal wall Time history plot of wall shear rate-

Deformations cannot be neglected!
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POLYFLOW

FEM sol for lam , Inverse Die Design:
2 SO1VCT 10T 1Iaminar, viSCoOus Determines die geometry

flows for complex rheologies and  based upon desired
free surface extruded shape.

e POLYFLOW Applications:

= EXxtrusion, coextrusion, die
design

= Blow molding, thermoforming Requested part shape and calculated die
lip shape for a rubber car door seal.

= Film casting, glass sheet
forming/stretching, fiber
drawing

= Chemical reactions, foaming
Blow molding simulation of a
gas tank using the membrane
element.

= Viscoelastic flows (“memory
effects™)

-9- © Fluent Inc. 4/8/2005
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lcePak

¢ lcePak is focused on electronics
cooling design:

Cooling airflow, heat
conduction, convection and

radiation heat transfer

¢ The user interface and automatic
meshing are tailored for
applications such as:

Cabinet design

Fan placement
Board-level design
Heat sink evaluation

Flow pathlines and temperature
distribution in a fan-cooled computer
cabinet.

© Fluent Inc. 4/8/2005
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Airpak

+ Simplifies the design and analysis of
ventilation systems

¢ Accurate, quick, and easy-to-use design tool
that empowers designers and professionals,
without extensive backgrounds in computer

applications, to utilize the powers of
advanced CFD tools

¢ Optimize your designs or pinpoint problems
based on accurate predictions of airflow
patterns, thermal conditions, comfort
conditions, and/or contamination control
effectiveness
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MixSim

+ MixSim is a specialized user interface that allows quick and easy set-up
of mixing tank simulations.

+ The tank size, bottom shape, baffle configuration, number and type of
impellers, etc. are specified directly.

¢ The mesh and complete problem definition are then automatically
created.

¢ Other features include:

e Impeller libraries from leading equipment
manufacturers

e Transient sliding mesh, steady-state multiple
reference frame models

e Non-Newtonian rheology

-12 - © Fluent Inc. 4/8/2005
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FloWizard

¢ Our first general purpose CFD
product for non-specialists driven by
FLUENT and Gambit .

¢ FloWizard’s focus is on ease of use
and automation:

e [t is a highly-automated, “first pass”
simulation tool for use in basic flow
and heat transfer calculations.

e A Wizard-based interface guides the
user through all the steps of a CFD
analysis, from problem set-up to post-
processing.

e The user is insulated from specialized
CFD parameters, such as
discretization and turbulence model
choices.

B muffler - FloWizard

Flle Edit Yiew Tools Help

D@ |- v
Wizatd Navigator | Model Explorer |
T/ Caleultion

@3 u Q-I-D I:Q O\ :O; @ &' @ @ ﬂ ﬁ Tlanspalency.’m

View Results on Boundaries

| Ih | p you can display _-,. sults on the boundaries of your geometry. You can also
Id a pictur fth dizplay in your f \ 1eport [to be generated at the
d llh F! ults phas ]

‘what do you want to display?

Pressure distribution
7 Velocity distribution

Specity which boundaries to display the results on.

Name Type

wall-group.1 Wl
otlet. Dlutlet
inlet.1 Inlet,

Include This Picture in Final Repart.... |

< Back, | Next >

Connected to session at abpc: 3018

-13 -
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Pre-processor: Gambit

$¢ GAMBIT _ Solver: FLUENT S (=]

¢ A single, integrated |W  w s el operatn
pre-processor for

CFD analysis. ||ASt e N | - EIWE -
L O

e Geometry Votme
creation ] | &
94 m|.i] ¢

e Mesh generation

Create Real Cylmder

Height. I 1[{
Radius 1
Radius Z Eg

e Mesh quality

examination
Coordinate Sys. IF _l
e Boundary zone Pois LOcaion  posiye 2
assignment R
| Apply I Reset I Close |
Global Control

active . FH| | ) Fll

Transcript & Description I = —l
Mesh generated for wolume wolume.l: mesh wolumes = TOS0. |j 3 -~ ,D/“ |
-l
/ v =
: — sl
Comimand: r | |
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Pre-processor: TGrid

¢ A pre-processor for
tet/hybrid mesh
generation.

¢ Useful when
starting with
triangular surface
mesh.

Introductory FLUENT Notes
FLUENT v6.2 Mar 2005

3¢ TGrid@bilbo. fluent.com [3D] [_ [3] x|
File Boundary Mesh Display Report Help |
2D me Modes... | Auto Mesh r /1
nodes Faces... Prisms...
facese=—— — .
no ce Modify... | Pyramids...
readi . id 7, type 5, ascii).
readi Refine... - Trifet “iid é, type é, asciil.
readl Separate...| SwapiSmonts,. | (id 9, type 3, ascii).
readi id 10, tuype 4, ascii).
readi Remesh... | Sort # | nodes (id 13, type 2, asciil.
gener
Str Periodic... | Zones...
25?F Zones... Domains...
51 4z=moororary ><lgrid@hilho.ﬂuenl.com [0] Copyright 1999 Fluent Inc
done . Clear
Done. Check
Warning message from graphics
¥11 driver: non-sguare pixels {
files mesh/
boundary s display
b
Jd
-15 - © Fluent Inc. 4/8/2005
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Documentation

+ Documentation for all products IFLUENT 6.2 Doc-umentatlgnh
available at www.fluentusers.com
HTML Adobe Acrobat PDF
¢ Separate CD for each product (e.g., + Release Notes o Release Notes
FLUENT 6, TGrid, etc.) containing * Quick Reference Card
* Getting Started Guide * CGethng Started Gude
all the manuals for that product. o User's Guide o Tser's Guide
+ Tutorial Cuide + Tutonal Gude
5 . + TUDF Marmal + TUDF Manual
* TWO formats avallable' * Text Command List * Text Command List
PY HTML + Contmuous Fiber Module + Contnuous Fiber Iodule
Ifanual Idanual
. . . + Fuel Cell Modules Manual * Fuel Cell Modules Manual
= for general VlerngD SearChlng9 + Magnetohydrodynarmcs (WHDY * Maonetohydrodynarmics (WMHDY
+ Validation Guide * Validation Guide
* AdObe AcrOba’t PDF + Errata (Updated Febrary 2005) ¢ Frrata (Updated Febmary 2005
m for high quality printing of one Mesh and Solution Files
or many pageS * Tutorial Mesh and Solution Files
* Validation Zolution Files

Fluent 6.2 Documentation Web Page at

www.fluentusers.com

-16 - © Fluent Inc. 4/8/2005
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Introduction to CFD Analysis
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What 1s CFD?

¢ Computational Fluid Dynamics (CFD) 1s the science of predicting
fluid flow, heat and mass transfer, chemical reactions, and related
phenomena by solving numerically the set of governing mathematical
equations.

e Conservation of mass, momentum, energy, species, ...
¢ The results of CFD analyses are relevant in:
e conceptual studies of new designs
e detailed product development
e troubleshooting
e redesign
¢ CFD analysis complements testing and experimentation.

e Reduces the total effort required in the experiment design and data
acquisition

-18 - © Fluent Inc. 4/8/2005
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How does CFD work?
o FLUENT solvers are based on the Fluid region of

finite volume method. .at."‘*

e Domain is discretized into a
finite set of control volumes

or cells.

\s“"og

control
volume

pipe flow is
discretized into a
finite set of
control volumes

(mesh).

e General conservation (transport) equation
for mass, momentum, energy, etc.: Eqn. ¢
continuity 1

0

— [ ptdV +§ pgV-dA =§TV$-dA+(S,dV X-mom. u
oty L v y-mom. v

Y Y Y Y
unsteady convection diffusion  generation energy h

Partial differential equations are discretized into a system of algebraic

equations.

e All algebraic equations are then solved numerically to render the solution field.

-19 -
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CFD Modeling Overview

Solver

Introductory FLUENT Notes
FLUENT v6.2 Mar 2005

Pre-Processing

Equations solved on mesh

/o Transport Equations

e ImasSs

= species mass fraction
= phasic volume fraction
e momentum
e energy

+ Equation of State

+ Solid + Mesh ]
Modeler Generator J
o Solver ]
Settings J

¢ Post-Processing

]
)

+ Supporting Physical Models

~

¢ Material Properties
+ Boundary Conditions
¢ Initial Conditions

/0 Physical Models \

Turbulence
Combustion
Radiation
Multiphase
Phase Change
Moving Zones
Moving Mesh

-20 -
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CFD Analysis: Basic Steps

¢ Problem Identification and Pre-Processing
1. Define your modeling goals.
2. Identify the domain you will model.
3. Design and create the grid.
+ Solver Execution
4. Set up the numerical model.
5. Compute and monitor the solution.
¢ Post-Processing
6. Examine the results.

7. Consider revisions to the model.

-21 - © Fluent Inc. 4/8/2005
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Define Your Modeling Goals

Problem Identification and Pre-Processing
1. Define your modeling goals.

2. Identify the domain you will model.

3. Design and create the grid.

¢ What results are you looking for, and how will they be used?
e What are your modeling options?
= What physical models will need to be included in your analysis?
= What simplifying assumptions do you zave to make?

What simplifying assumptions can you make?

Do you require a unique modeling capability?
+ User-defined functions (written in C) in FLUENT 6
+ User-defined subroutines (written in FORTRAN) in FLUENT 4.5

o What degree of accuracy 1s required?
¢ How quickly do you need the results?

-22 - © Fluent Inc. 4/8/2005
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Identify the Domain You Will Model

¢  Problem Identification and Pre-Processing Gas
1. Define your modeling goals.

2. Identify the domain you will model. Cyclone

3. Design and create the grid )
Riser

How will you isolate a piece of the
complete physical system?

Where will the computational domain begin
and end?

e Do you have boundary condition
information at these boundaries?

e Can the boundary condition types
accommodate that information?

e Can you extend the domain to a point where
reasonable data exists? L-valve

Can 1t be simplified or approximated as a
2D or axisymmetric problem? Gas Example: Cyclone Separator

-23 - © Fluent Inc. 4/8/2005
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Design and Create the Grid

+  Problem Identification and Pre-Processing
1. Define your modeling goals.
2. Identify the domain you will model.
3. Design and create the grid.

AN

triangle quadrilateral

tetrahedron hexahedron

A

pyramid prism/wedge

Can you benefit from Mixsim, Icepak, or Airpak?
Can you use a quad/hex grid or should you
use a tri/tet grid or hybrid grid?
e How complex is the geometry and flow?
e Will you need a non-conformal interface?
o What degree of grid resolution 1s required in
each region of the domain?
e Is the resolution sufficient for the geometry?
e Can you predict regions with high gradients?
e Will you use adaption to add resolution?
+ Do you have sufficient computer memory?
e How many cells are required?

e How many models will be used?

-24 - © Fluent Inc. 4/8/2005
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Tr1/Tet vs. Quad/Hex Meshes

¢ For simple geometries, quad/hex
meshes can provide higher-quality
solutions with fewer cells than a
comparable tri/tet mesh.

M

A
i
N
A
L
“‘ﬁ\\
fith

N
?,/m\

)
L

e Align the gridlines with the flow.

Y

ARG

AN § i

?mmmmg» 5@“@;&
NN

pi
e

A R RE A

. Sl )
S e,
i ) T4

e

¢ For complex geometries, quad/hex
meshes show no numerical
advantage, and you can save meshing
effort by using a tri/tet mesh.
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Hybrid Mesh Example

¢ Valve port grid

) ) tet mesh
e Specific regions can be
meshed with different \ \

cell types.

hex mesh

e Both efficiency and
accuracy are enhanced
relative to a hexahedral
or tetrahedral mesh
alone.

e Tools for hybrid mesh
generation are available
in Gambit and TGrid. wedge mesh

Hybrid mesh for an
IC engine valve port

-26 - © Fluent Inc. 4/8/2005
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Non-Conformal Mesh Example

¢+ Nonconformal mesh: mesh in which grid nodes do not match up along an
interface.

e Useful for ‘parts-swapping’ for design study, etc.
e Helpful for meshing complex geometries.

¢ Example:

e 3D Film Cooling Problem

= Coolant is injected into a duct
from a plenum

+  Plenum is meshed with
tetrahedral cells.

+  Duct 1s meshed with
hexahedral cells.

Plenum part can be replaced with new
geometry with reduced meshing effort.

-27 - © Fluent Inc. 4/8/2005
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Set Up the Numerical Model

'S Solver Execution

4. Set up the numerical model. ¢ For a given problem, you will need to:

5. Compute and monitor the solution.

e Select appropriate physical models.

= Turbulence, combustion, multiphase, etc.
e Define material properties.

= Fluid

= Solid

= Mixture
e Prescribe operating conditions.

e Prescribe boundary conditions at all
boundary zones.

Solving initially in 2D will
provide valuable experience

with the models and solver ) - ‘
settings for your problem in a e Provide an initial solution.

short amount of time. e Set up solver controls.
e Set up convergence monitors.

-28 - © Fluent Inc. 4/8/2005
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Compute the Solution

IS Solver Execution

o The discretized conservation equations are
4. Set up the numerical model. . .
5. Compute and monitor the solution. SOlVed iterat vely .

e A number of iterations are usually required to
reach a converged solution.

¢ Convergence is reached when:

e Changes 1n solution variables from one iteration
to the next are negligible.

= Residuals provide a mechanism to help

A converged and grid- monitor this trend.

independent solution on a e Overall property conservation is achieved.
well-posed problem will ¢ The accuracy of a converged solution is
provide useful engineering

vosulss! dependent upon:

e Appropriateness and accuracy of physical models.
e (rid resolution and independence
e Problem setup

-29 - © Fluent Inc. 4/8/2005
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Examine the Results

¢  Post-Processing

6. Examine the results. ¢ Examine the results to review solution and
7. Consider revisions to the model. extract useful data.

e Visualization Tools can be used to answer

such questions as:
= What is the overall flow pattern?
= [s there separation?
Where do shocks, shear layers, etc. form?

= Are key flow features being resolved?

Examine results to ensure e Numerical Reporting Tools can be used to

property conservation and calculate quantitative results:
correct physical behavior.

High residuals may be
attributable to only a few
cells of poor quality.

Forces and Moments
= Average heat transfer coefficients

Surface and Volume integrated quantities
= Flux Balances

-30 - © Fluent Inc. 4/8/2005
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Consider Revisions to the Model

+  Post-Processing ¢ Are physical models appropriate?

6. Examine the results. o Is ﬂ ow tu rbul e Ilt?

7. Consider revisions to the model.

e Is flow unsteady?

e Are there compressibility effects?
e Are there 3D effects?

¢ Are boundary conditions correct?
e Is the computational domain large enough?
e Are boundary conditions appropriate?

e Are boundary values reasonable?
¢ Is grid adequate?
e Can grid be adapted to improve results?

e Does solution change significantly with
adaption, or 1s the solution grid independent?

e Does boundary resolution need to be improved?
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FLUENT DEMO

¢ Startup Gambit (Pre-processing)
e load database
e define boundary zones
e export mesh

¢ Startup Fluent (Solver Execution)
e GUI
e Problem Setup
e Solve

¢ Post-Processing

¢ Online Documentation

-32- © Fluent Inc. 4/8/2005
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Navigating the PC at Fluent

Login as fluent; password: fluent
Directories

e Session will start in D:\users\fluent

e Change directory to and save work in D:\users\fluent\fluent
= Or in the following areas:
+ Fluent tutorial mesh files are in D:\users\fluent\fluent\tut
+ Gambit tutorial mesh files are in D:\users\fluent\fluent\gambit\tut

¢ To start Fluent 6 / Gambit2:

e From startup menu: Programs — fluent inc > f£luent
e From command prompt: £luent 2d or fluent 3d

¢ Your support engineer will save your work at the end of the week.

+ !Note: It 1s recommended that you restart £luent for each tutorial to
avoild mixing solver settings from different tutorials.
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Solver Basics
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Solver Execution

\\ FLUENT@cprl_fluent.com [axi. swirl. segregated. eulerian, ske. unsteady]

. SOlVer Execution: —> File Grid Define Solve Adapt Surface Display Plot Report Parallel ﬂelp-\
Read - Controls -
e Menu is laid out such that order of Write ~0N®  nitialize -
. Grid...
. . . Import = . Monitors - =
operation is generally left to right. Earort. 1 mimate - Contours..
= Import and scale mesh file. interpolate... [” ( Execute Commands... Jee o
. Hardcopy... ar : }teralb:f;;m ;article Tr;c.:ks
= Select thSICal models. :a\re Layout —%g%i’)c—dl (water] DR <-2;§§§>?‘zi¢ss.,,
. . (351 3
= Define material properties. it 20 Sweep Surface..
. . . = MOdEIS - Options...
= Prescribe operating conditions. bre. Materials... Scene.
. L. inti Phases... Animate...
= Prescribe boundary conditions. OB 5152 s o T
. ... . F1u Boundary Conditions... Lighis..
hell ' — L
= Provide an initial solution. pare. M Pertodic Condtions... SR
|- Grid Interfaces... Video Control... il
" Set SOlver ContrOIS' —I‘J— Dynamic Mesh - Mouse Buttons... !
= Set up convergence monitors. Mixing Planes... Annotate.

Hurhe Topaiogy..

=  Compute and monitor solution.

Injections...
Hay Tracing..

e Post-Processing

Custom Field Functions...
Profiles...

Units...

User-Defined -

s Feedback into Solver

= Engineering Analysis
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Inputs to the Solver

¢ GUI commands have a corresponding TUI command.
Advanced commands are only available through TUI.

}{'FLUENT@cplI.lIuent.com [axi. swirl. seqregated. eulenian, ske. unsteady]

File Grid Define Solve Adapt Surface Display Plot Report Parallel Help
fluid-5 (water) g
axis-2 (water)
wall-1 (water)
interior-32 (water)
pressure—-inlet—4 (water)

Fluid-5 (air)
axis—2 (air)
wall-1 (air)
interior-3 (air)
pressure—-inlet-4 (air)
pressure-inlet-4
interior-3
wall-1
axls—2
fluid-5

shell conduction zones,

Done .

adapt/ orids solves

displays parallels surface/

y cefine/ plot/ views

files report/ exlit

> ] ;

=~ =

‘Enter’ displays command set at current level.
‘q” moves up one level.

¢ Journal/Transcript write capability.
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Mouse Functionality

+ Mouse button functionality depends on solver and can be configured in

the solver.
Display — Mouse Buttons... ¢ Mouse Buttons
¢ Default Settings: LEft| mouiSerotate |;
i -
e 2D Solver Mlddle‘ mouse—dolly
= Left button translates (dolly) Right mﬂuse-zﬂﬂ:}n
. Mouse—probe
= Middle button zooms Probe | mouse-annotate |
= Right button selects/probes = =
0] 4 Cancel Help
e 3D Solver

= Left button rotates about 2-axes
= Middle button zooms
+  Middle click on point in screen centers point in window
= Right button selects/probes
+ Retrieve detailed flow field information at point with Probe enabled.
e Right click on grid display.
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Reading Mesh: Mesh Components

¢ Components are defined in
preprocessor

Cell = control volume into which domain 1s
broken up

= computational domain is defined by mesh
that represents the fluid and solid regions of
interest.

Face = boundary of a cell

Edge = boundary of a face

Node = grid point

Zone = grouping of nodes, faces, and/or cells
= Boundary data assigned to face zones.

= Material data and source terms assigned to
cell zones.

- 38 -

¢ node

cell _—

center

Simple 2D mesh

NAVAWAN
\\\\\

NAVAWAY

L]

Q\\\

face

cell

Simple 3D mesh

|~

edge

node
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Reading Mesh: Zones

\\ FLUEMNT @bilbo.fluent.com [3d. segregated, lam]
Orlﬁce File Grid Define Solve Adapt Surface Display Plot Report Parallel Help
< < » Reading "/homesjzs/projects/fluent/orifice.msh"...
(interior) 53370 nades
. 312 guadrilateral wall faces, zone 2.
Orlﬁce_plate and 563 guadrilateral pressure-inlet faces, zone 3.
1 563 guadrilateral pressure-outlet faces, zone 4.
. Out et 251 guadrilateral interior faces, zone 5.
Orlﬁce_plate—ShadOW 2184 guadrilateral wall faces, zone 6.
68720 guadrilateral interilor faces, zone &.
23646 hexahedral cells, zone 1.
Done.
Building. .. »¢ Boundary Conditions
grid,
materials, LT P _—
interface, (default—interior inlet-vent d
Z0nes, . . fluid intake—fan
default-interior . .
wall inlet interface
orifice orifice mass—flow-inlet
outlet orifice_plate outflow
;:51‘1:59 s orifice_plate—shadow |outlet—vent
Fluid —F outlet pressure—far-field
11 Warning: Thread 2 has 312 contiguous rggions pressure-inlet
wa creating orifice_plate-shadow pressure—outlet
IDDne . symmetry
lnlet velocity—inlet -
7 wall i
Fluid (cell zone) & 7 1
1D
G
+ Example: Face and cell zones Default-interior 1s
; . . Set... Copy...l Close | Help
associated with Pipe Flow zone of internal cell
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Scaling Mesh and Units

¢ All physical dimensions initially assumed to be in meters.

e Scale grid accordingly. > Scale Giid
.« . Scale Factors Units Conversion
¢ Other quantities can also be scaled e A
inde endent Of Other unltS used. I Change Length Unit|m
p Y| 0.0254 om
e Fluent defaults to SI units. z[0.0254
% Set Units Domain Extents C
Quantities Units Set All To Xmin (in) | 5 Xmax (in) | 15
52:':::&2;;""': default| Vmin (in)| -2 Vmax (in) 2
lre _si | Zmin (i) | -2 Zmax (in)| 2
pressure —
pressure—gradient Ml
resistance J ) Scale | UnScaIel Close | Help
specific—area Factor| 6894 .757
soot—formation-constant—unit
soot-limiting—nuclei-rate 0ﬁ53t| U
soot-linear-termination v
Mew... List | Closel Help
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Models 1n Fluent 6 (1)

¢ Fluid Flow and Heat Transfer
e Momentum, continuity, energy equations
e Radiation models
¢ Turbulence
e RANS-based models
including Spalart-Allmaras
k-¢g, k-m, and RSM

e LES and DES N
¢ Species Transport )
¢ Volumetric Reactions Pressure contours in near ground jﬁ%

e Arrhenius finite-rate chemistry

T —

e Turbulent fast chemistry

= Eddy Dissipation, non-Premixed, L—-—-
premixed, partially premixed

e Turbulent finite-rate chemistry
= EDC, laminar flamelet, composition
PDF transport :

¢ Surface Reactions

N al

Temperature contours for kiln burner retrofitting.
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Models in Fluent 6 (2)
Inlet Gas outlet
¢ Multiphase Flows / t

¢ Flows involving Moving Parts

¢ User-Defined Scalar Transport Equations

Discrete Phase Model (DPM)
Volume of Fluid (VOF) model for

immiscible fluids

Mixture Model Contours of oil volume fraction ~ Water outlet  Oil outlet
in three phase separator.

Eulerian-Eulerian and Eulerian-
Granular Models

Liquid/Solid and Cavitation Phase Change Models

Moving zones
= Single/Multiple Rotating Reference Frames
= Mixing Plane Model
= Sliding Mesh Model

Moving and Deforming (dynamic) Mesh

Pressure contours for squirrel cage blower.
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+ Physical models may require inclusion of additional materials and dictates which properties need

to

be defined.

¢ Material properties defined in Materials Panel:

Single-Phase, Single Species Flows
= Define fluid/solid properties
= Real gas model (NIST’s REFPROP 7.0 or
user-defined C-function library)

Multiple Species (Single Phase) Flows

M aterials

Name

Material Type

E
Order Materials By

Ide—mixture

Chemical Fo

Imlxture

rmula

Properties

/ droplet-particle

j % Name

| © Chemical Formula

Database... |

m  Mixture Material concept employed

+ Mixture properties (composition dependent)
defined separately from constituent’s properties

. Constituent properties must be defined
m  PDF Mixture Material concept
+ PDF lookup table used for mixture properties.

— Transport properties for mixture defined
separately

. Constituent properties extracted from database.
Multiphase Flows (Single Species)
= Define properties for all fluids and solids

- 43 -

Thermal Co

Mixtupe Species Inames

Density (kg/m3) Ipdf

Cp likg-K) Imixing—law

nductivity [w/m-k] Iconstant

|a.025

Change.-'Createl Delete

Close
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»¢ Dperating Conditions
Define — Materials... Pressure Gravity
. . _| Floating Operating Pressure || |7 Gravity
2 FOI’ p = ConStant, ll’lCOIl’lpI'GSSﬂ)le ﬂOW ﬁgperating Pressure (pascal) | | Gravitational Acceleration
e Select constant for density 20132 o (G2 ©
. . . . Reference Pressure Location V(misz)l o8
¢ For variable density, incompressible flows: x| 0
Boussinesq Parameters
L p — poperating/RT V(in)l 0 Operating Temperature (k)
= Use incompressible-ideal-gas for density 288.16
= Set P peraring €l0SE to the mean pressure in the problem ool [
. . 7 Specified Operating Density
¢ For compressible flow: Operating Density (kq/rd)
— 1.225
® p= pabsolute/ RT I
= use ideal-gas for density = == [

= For low-Mach-number flows, set p,qing Close to
mean pressure of the problem to avoid round-off errors

m Use Floating Operating Pressure for unsteady flows with
large, gradual changes in absolute pressure (segregated solver only).

¢ Density can also be defined as a function of temperature:
e polynomial or piecewise-polynomial
o Boussinesqg model to be discussed in heat transfer lecture
¢ For compressible liquids, density variation 1s specified by a user-defined
density function
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Custom Material Database

¢ Custom material database:

»¢ Materials x|
e (reate a new custom database of ‘Tt_z"'a' Type F Order Waterials By
air L] 4 Hame
material properties and reaction  cemea omua Fuent P Wateras - Chemical Formuta
mechanisms from materials in an L:;m
existing case file for re-use in _ Live
. perties _
different cases Density (<913) | constant E
e Custom databases can be created, =
. Cp (ifkg-k) | constant ‘j it
accessed and modified from the [
standard materials panel in Thermal Conductvity (win=k) | constant v e
|0,0242
FLUENT 6.2 R e g
Il,?894e—05 )
ChangefCreate | Delete Close Help
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Material A851gnment

Zone Name
¢ Materials are assigned to cell zone where | Fluid-9
assignment method depends upon models aterial Name| watce v Edi |

_| Source Terms
K ' Species Model

selected:

. . . Model Mixture Properties
e Single-Phase, Single Species Flows - off Mixture Material
. . . . ~ ; methane-air Ld View...l
= Assign material to fluid zone(s) in z"“':f Trf‘"j’g” _— b L
. g . o Non—-Fremixed L.ombus Number Of Volumetric Species | 5
Fluid Panel (within Define>B.C.) P

o Mu1tlp1€ Species (Slngle Phase) FlOWS ~ Partiatty¥ Premixed Combustion

/ ~ Composition PDF Transport
= Assign mixture material to fluid zones in =

Define—>Species Panel or in Pre-PDF. _I Volumetric
= All fluid zones consist of the ‘mixture’ 3¢ Phases

. . . Phase Type

e Multiphase (Single Species) Flows / TR

= Primary and secondary phases selected e s |[EESSSSsRAEtess

in Define >Phases Panel. cel|  Help |
= All fluid zones consist of the ‘mixture’ < Primary Ehaze

D Name
Interaction...l |2 phase-1
Set.. Clos Phase Material‘ water ‘j Edit...l

U OK | Cancell Help |
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Solver Execution: Other Lectures...

»¢ Boundary Conditions

Iteration

fone Type
internal-3 : : |M“"
Bl % Solution Controls

pressure—outlet—;

velocity—inlet-5 | Equations £ o Under-Relaxation Factors ‘

velocity-inlet-6 LA

wall-4 Turbufence Pressure | o PRI

y Erergy _ [~ Options __Storage
wall-8 Energ Density| 1 =P g
»¢ Solution Initialization i Iterations I 1000 ¢
Compute From 7 Plot
‘ Mormalization
Time Step Size (s I .05
I Normalize [T Scale g (s)
Phase Dis Number of Time Steps I 100 ‘:
. Initial Yalues Check Cc . .
‘ mixture Residual Monitor Convergence C | Time Stepping Method
Gauge Pressu A E
S Pi continuity _| _| I—E Fixed
e ® Vol ~ Adaptive
x—welocity r | I—E
¥ Vel Options
yvelocizy 1 . K [~ Data Sampling for Time Statistics|
Turbulence Kinetic Ener ata SampTing for Time Stanisties
0K Energy = 2 I_’

K = | F

Init Resetl

tax lterations per Time Stepl 20
oK | Plot | Renorm | E Reporting Intervall 1
UDF Profile Update Intewall 1

Iterate Apply | Close | Help |

Al A A

o Physical models discussed on Day 2.
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¢ Many post-processing tools are available.

+ Post-Processing functions typically operate on surfaces

e Surfaces are automatically created from zones

e Additional surfaces can be created by users

\\ FLUENT@durin_fluent.com [axi, swirl, segregated, eulerian, ske, unsteady]

File Grid Define Solve Adapt

water
air
interaction

zones,
fluid-5 (water)
wall-1 (water)
interior-3  (water)

fluid-5 (air)

wall-1 (air)
interior-3 (air}
pressure-inlet-4 (air
axis-2 (water)

axis-2 (air)
pressure-inlet—4
interior-3

wall-1

pressure-inlet-4 (wati

Surface Display Plot Report Parallel Help |
1 &

Zone... L2y
Partition... Summary...

Point... Fluxes...
Line/Rake... . XY Plot... Forces...

B Grid... Histogram...| #rojseted Areas...

Contours... ile...

Quadric o File Surface Integrals...
——— Vectors... Residuals... | Wolume Integrals...
Iso—Surface...| — 5 _ =

I cli Path Lines... Histogram...
s0—Clip... -
072 | Particle Tracks... Discrete Phase -
Transform... e N . —

= DIRM traphics.. Reference Values...
WU Sweep Surface...

i Options...
fluid-5
shell conduction zones, el
Done . ) ) ) Animate...
Egﬁg%ng | gunzip -c /nfs/bilbo/homes jzs pr Views...
Lights...
= Colormaps...

Video Control...

Mouse Buttons...

Annotate...

mphase/ jzs/bowl .dat.gz

L
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Post-Processing: Node Values

Fluent calculates field variable data Pe=m=E

Options Contours Of
at cell centers. mE— [ K

NOde ValueS Of the grld arce elther: !_N"de Values |Ve|ocm.r Magnitude

L Global Hang % fluent@dwalin_fluent.com [0] Copyright 1939 Fluent Inc

e calculated as the average of 7 Auto Range
neighboring cell data, or, S

_| Draw Profile

e defined explicitly (when available) [ -prawrid
with boundary condition data.

Node values on surfaces are
interpolated from grid node data.

data files store:
e data at cell centers i —

Levels Setup

EX o)

Surface Pattern
e B 3¢ Auenti@dwalin. fluent.com [0] Copyrigl ight 1999 Fluent Inc

e node value data for primitive
variables at boundary nodes.

Enable Node Values to interpolate
field data to nodes.

Corttours of Velocity Magnitude {m/s)
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Reports

»¢ Flux Reports

’ FluX Reports Options Boundaries 5 o Results
o Net flux is calculated. * Mass Flow Rate default-Interlor
~ Total Heat Transfer Rate 8.6620588
Py Total Heat Transfer Rate -~ Radiation Heat Transfer Rate -8.6620569
top
includes radiation. — e EF'
=}
exhaust-fan
¢ Surface Integrals an
inlet—vent B4 Surface Integrals
o slightly less accurate on Boundary . Compte - kv o
ass Flow Rate FEEEUEE, .,
user-generated surfaces due | Area EEaT E
. . — Int | nE 4
to interpolation error. i:r:f—;:veighted Average Surfaces =
ow Rate
Mass Flow Rat bottom
‘ VOlllme Integrals M—ghe Average wwmw_
Sum -
Facet Average
op

Facet Minimum
Facet Maximum
Vertex Average
Vertex Minimum
Yertex Maximum

[ saa =3 pilad

=1

fgbdA = Z¢E|A

i-—].

Mass Flow Rate (kqfs)
|8.04662?e—0?

f QSPV dA Z qﬁipi Computel Close | Help |

i=1

Examples:

-50 - © Fluent Inc. 4/8/2005



S%FLUENT

The Right Answer in CFD"

Fluent User Services Center

www.fluentusers.com

Introductory FLUENT Notes

FLUENT v6.2

¢ Grid adaption adds more cells where needed to
resolve the flow field without pre-processor.

+ Fluent adapts on cells listed in register.

Solver Enhancements: Grid Adaption

Registers can be defined based on:

s Qradients of flow or user-defined variables
m Iso-values of flow or user-defined variables

= All cells on a boundary
= All cells in a region
= Cell volumes or volume changes
= " in cells adjacent to walls
To assist adaption process, you can:

= Combine adaption registers

= Draw contours of adaption function

= Display cells marked for adaption

= Limit adaption based on cell size
and number of cells: Controls...|

-51 -

>¢ Gradient Adaption

Mar 2005

Options Gradients Of
|7 Refine ‘ Temperature... |j
7 Coarsen
‘ Static Temperature |j
Contour... | Min Max
Manage... | ‘ 0 ‘ 0.3054975
Controls...l Coarsen Threshold Refine Threshold
| 0 | 0.2
Adapt | | kark I Compute | Close Help

»{Manage Adaption Registers

Register Actions Registers FIE!

Register Info

|
Change Type radien

Cowmbing |
Delete |

Mark Actions

Exchange |

fryvsmrt
Limit |
Fill |

|gradient—r0
Reg ID: 0
Refn #: 23

Crsn#:0
Type: adapt

Options...l
Controls...l

Adaptl Displayl | Close I

Help |
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Adaption Example: 2D Planar Shell

¢ Adapt grid in regions of high pressure gradient to better resolve pressure
jump across the shock.

AN
AT

o

‘A LA 1\:-'1'-5"- '
SRR
“'&"ﬁnﬂh@g@

¢
o -
;mrﬁ,«

2D planar shell - initial grid 2D planar shell - contours of pressure
initial grid
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Adaption Example: Final Grid and Solution

Vi

APEK
L
g

oW : ™,
PN

el

7
RPN

b

y

roOMARAVAY: NE A '

A D ﬁg@?@%’éﬂﬁ?ﬁﬁ
! SO

i i

! = £, N

S e

N Y

7 gﬁe‘ﬁ <=

WA
N
A

2D planar shell - final grid 2D planar shell - contours of pressure
final grid
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Solver Enhancements: Parallel Solver

With 2 Or more processes, f-ve' Versions
Fluent Can be run On ProgramIFluent I;:[3)[())ublt=. Precision
. Versi0n|3d —-pnet -cl net I Parallel
multlple processors. Optionl -t4 —paths/usr/local
Can run on a dedicated, o Gt
. . Available Hosts = o Spawned Compute Nodes FIE Pathl/usr‘/lacal/Fluent/release
multiprocessor machine,  fem b s o]
ili pux fili jzs 1
or a network of machines. [Zews oot e 3 c il
b esses“
Mesh can be partitioned e F
manually or | o i
. Host En endor
aUtomatlcally . Ho:tna\t:e I Spawn Count Elzg:z(:kmnimgrt\f&gme)
Database... |
sername 1 A
Some models not yet Uoerene] £ 7 | comeatety
ported tO parallel SOlver. Add | Delete Save...l |Spawn| Kill | Closel Help |

e See release notes.

Partitioned grid for multi-element airfoil.
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Boundary Conditions
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Defining Boundary Conditions

¢ To define a problem that results in a unigue solution, you must specify
information on the dependent (flow) variables at the domain
boundaries

e Specifying fluxes of mass, momentum, energy, etc. into domain.

¢ Defining boundary conditions mnvolves:
e 1dentifying the location of the boundaries (e.g., inlets, walls, symmetry)
e supplying information at the boundaries

¢ The data required at a boundary depends upon the boundary condition
type and the physical models employed.

¢ You must be aware of the information that is required of the boundary
condition and locate the boundaries where the information on the flow
variables are known or can be reasonably approximated

e Poorly defined boundary conditions can have a significant impact on your
solution
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Locating Boundaries: Example

{ig Air

¢ Three possible approaches in
locating inlet boundaries:
e 1. Upstream of manifold
= Can use uniform profile
= Properly accounts for mixing

= Non-premixed reaction
models

= Requires more cells
e 2. Nozzle inlet plane

= Non-premixed reaction
models

= Requires accurate profile data
e 3. Nozzle outlet plane
= Premixed reaction model

= Requires accurate profile

www.fluentusers.com

@

Introductory FLUENT Notes
FLUENT v6.2 Mar 2005

Combustor Wall

@ /e

A
@ Nozzle
f Manlfoldf

Fuel b(‘_/
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General Guidelines

Upper pressure boundary modified to ensure that
flow always enters domaln

A /

¢ General guidelines:

e If possible, select boundary
location and shape such that flow
either goes 1n or out.

= Not necessary, but will typically
observe better convergence.

e Should not observe large
gradients in direction normal to

boundary.
= Indicates incorrect set-up. ) ——] Jfﬁ
e Minimize grid skewness near the _—:;g-a;ﬁ‘ . @ﬁ:‘b
boundary.
= Otherwise it would introduce @ @

error early in calculation.
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Available Boundary Condition Types

+ Boundary Condition Types of External

Faces:

General: Pressure inlet, pressure outlet

Incompressible: Velocity inlet, outflow interior

Compressible flows: Mass flow inlet,
pressure far-field, mass flow outlet

Special: Inlet vent, outlet vent, intake fan,
exhaust fan inlet

Other: Wall, symmetry, axis, periodic \iﬂ

+ Boundary Condition Types of cell zones:

Fluid, solid, porous media and heat exchanger orifice plate

models and orifice plite-shadow

+ Boundary Condition Types of double-sided

internal faces

Fan, interior, porous Jump, radiator, walls
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Changing Boundary Condition Types

¢ Zones and zone types are initially defined in ~ EAZEREFIERIER
Zone Type

pre_processor' default—interior inlet-vent i
. fluid intake—fan
¢ To change zone type for a particular zone: I
orifice mass—flow-inlet
Define — Boundary Conditions... orffice_plate outflow
orifice_plate—shadow |outlet—vent
e Choose the zone in Zone list. e pressure-far—field
weall pressure—inlet
= Can also select boundary zone using right pressure-outlet
. . . . symmetry
mouse button in Display Grid window.
. . wall ¥i
e Select new zone type in Type list. D
3
Set... Copy... Close Help
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¢ Boundary Conditions

Explicitly assign data in BC panels.
e To set boundary conditions for particular zone:
= Choose the zone in Zone list.
= Click Set...
e Boundary condition data can be copied from
one zone to another.
Boundary condition data can be stored and
retrieved from file.
e file —» write-bc and file — read-bc
Boundary conditions can also be defined by

UDFs and Profiles.
¢ Profiles can be generated by:

e Writing a profile from another CFD simulation

e Creating an appropriately formatted text file

with boundary condition data.

-61 -

Zone Type
default-interior inlet—vent A
fluid intake—fan
interface
orifice mass—flow-inlet
orifice_plate outflow
orifice_plate-shadow |outlet—vent
outlet pressure—far—field
wall pressure—inlet
pressure—outlet
symmetry
>¢ Write Profile wall ol
Options D
4 Define Mew P ‘ 3
~ Write Curren
Surfaces Set... | Copy... | Close | Help |

default-interior
inlet _______|
orifice

orifice_plate
orifice_plate—shadow
orifice_plate2

outlet

wall

z=0

N T T
Pressure Coefficient : J
Dynamic Pressure I
Total Pressure 1
Relative Total Pressure I
Density :
Density All !
elocity Magnitude f

XVelocity 1
Velocit |
z velocity __________§
Axial Velocity |
Radial Velocity I
Tangential Velocity 1
Relative Velocity Magnitude I
1

Write...
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Velocity Inlet

Specify Velocity by:
e Magnitude, Normal to Boundary
e Components
e Magnitude and Direction

Velocity profile 1s uniform by default

Intended for incompressible flows.

e Static pressure adjusts to accommodate
prescribed velocity distribution.

»¢ Velocity Inlet

Zone Mame

inlet

Velocity Specification Method‘ kagnitude, Normal to Boundary ‘j
Reference Frame‘ Absolute ‘m

Yelocity Magnitude (m!s)l 5 constant j
Turbulence Specification Method‘ Intensity and Hydraulic Diameter ‘j

Turbulence Intensity (%)I 2

Hydraulic Diameter (in)l 4

OK | Cancel Help

e Total (stagnation) properties of flow also varies.

e Using in compressible flows can lead to non-physical results.

Can be used as an outlet by specifying negative velocity.

e You must ensure that mass conservation i1s satisfied if multiple inlets are used.
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Pressure Inlet (1)
¢ Specity:

e Total Gauge Pressure

»{ Pressure Inlet

. Zone Name
= Defines energy to drive flow. [ |
- Doubles as baCk pressure (St&th gauge) GaugeTotaIPressure(pascal)l101325 ‘constant ‘j
for cases Whel'e baCk ﬂOW OCCUrs. Supersonicflnitial Gauge Pressure (pascaI)IQOOO }constant }j
. . . Total Temperature (k) | 300 constant L
+ Direction of back flow determined R | |
f . . 1 t Direction Specification Method‘ Normal to Boundary ﬂ
rom lnterlor sofution. Turbulence Specification Method| Intensity and Hydraulic Diameter |j
P Stath Gauge Pressure Turbulencelntensity(%)l:z
. . Hydraulic Diameter (in)
= Static pressure where flow is locally g et 4
supersonic; ignored if subsonic Ok | Cancel| Holp |
= Will be used if flow field is initialized :
£ his b d From 1-D Compressible flow
rom this boundary. relationship:
e Total Temperature , N Pl k-1 MY
= Used as static temperature for total abs " static.abs 2
incompressible flow. 7 (1 k—1 M)
. . + —
e Inlet Flow Direction orat = Lt 2
1
Incompressible flows: 7, = Puic T 5,0"
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Pressure Inlet (2)

¢ Note: Gauge pressure inputs are required.

e P absolute P gauge + P operating

e Operating pressure level sometimes may affect solution accuracy (when
pressure fluctuations are relatively small).

e Operating pressure input is set under: Define — Operating Conditions
¢ Suitable for compressible and incompressible flows.

e Pressure inlet boundary is treated as loss-free transition from stagnation to
inlet conditions.

e Fluent calculates static pressure and velocity at inlet

e Mass flux through boundary varies depending on interior solution and
specified flow direction.

¢ Can be used as a “free” boundary in an external or unconfined flow.
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Mass Flow Inlet

’ SpeCIfY° Zone Name
inlet
(a) Mass FIOW Rate Or (b) Mass FluX I Mass Flow Specification McthudIMaSS Flow Rate j
= (a) implies uniform mass flux Mese lowfate kale [
Supersonicflnitial Gauge Pressure [pascal) Ig Icnnstant j
| (b) can be deﬁned by pI'OﬁleS/UDF Direction Specification Mcthudl.l
. ¥-Component of Flow Direction constan -
o Static Gauge Pressure T e eonstan =
Y-Component of Flow Direction Ig Icunstant j
= Static pressure where flow 1s locally ok | cancel| | Helo |
supersonic; ignored if subsonic

= Will be used if flow field is initialized from this boundary
e Total Temperature

= Used as static temperature for incompressible flow
e Inlet Flow Direction

+ Intended for compressible; can be used for incompressible flows
e Total pressure adjusts to accommodate mass flow inputs

e More difficult to converge than with pressure inlet
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Pressure Outlet

+ Specify static gauge pressure D Pressure Outet x

e Interpreted as static pressure of metine
1 b . pressure-—outlet-
environment into which flow exhausts.

. e . Gauge Pressure (pascal)l 0 ‘ constant ‘j
e Radial equilibrium pressure
. . . . . Backflow Total Temperature (k)l 300 ‘ constant ‘j
distribution option available
. Backflow Direction Specification Methud‘ Hormal 10 Boundary |ﬂ
® Doubles as lnlet pressure (t (0] t al g a ug e) Turbulence Specification Methud‘ Intensity and Hydraulic Diameter |j

for cases where backflow occurs

Backflow Turbulence Intensity (%) I 10

’ Backﬂow Backflow Hydraulic Diameter (m) I 0,45
. . . 7 Target mass-flow rate
e Can occur at pressure outlet during iterations L |
Target mass—flowr (k.gfs)l 1 ‘ constant ‘ j

or as part of final solution.
e Backflow direction can be normal to the
boundary, set by direction vector or from neighboring cell .
e Backflow boundary data must be set for all transport variables.
e Convergence difficulties are reduced by providing realistic backflow quantities
+ Suitable for compressible and incompressible flows
e Specified pressure 1s ignored if flow is locally supersonic at the outlet
¢ Can be used as a “free” boundary in an external or unconfined flow

o For ideal gas (compressible) flow, non-reflecting outlet boundary conditions (NRBC) are
available

OK | cancer Help |
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Outflow

¢ No pressure or velocity information 1s required. [ Outflow

Fone Name

e Data at exit plane 1s extrapolated from interior.

outflow—4

e Mass balance correction is applied at boundary.

Flovr Rate Weighting | 1

¢ Flow exiting Outflow boundary exhibits zero
normal diffusive flux for all flow variables.

0K Cancel Heljp

e Appropriate where the exit flow 1s “fully-developed.”
¢ Intended for incompressible flows:

e Cannot be used with a Pressure-Inlet boundary: must use Velocity-Inlet BC at
the inlet.

= Combination does not uniquely set pressure gradient over whole domain.

e Cannot be used for unsteady flows with variable density.

¢ Poor rate of convergence when back flow occurs during iteration.

e Cannot be used 1f back flow is expected in final solution.
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Modeling Multiple Exits

+ Flows with multiple exits can be modeled using Pressure Outlet or
Outflow boundaries.

e Pressure Outlets

pressure-outlet
— (p s) 1

or  —
pressure-inlet (p,,T,)

velocity-inlet (v,T)

» pressure-outlet
(ps)2

e Outflow:
= Mass flow rate fraction determined from Flow Rate Weighting by:
+ m=FRW/XFRW, where 0 <FRW < 1.

FRW set to 1 by default

implying equal flow rates FRW,
= static pressure varies among velocity
exits to accommodate flow inlet
distribution. FRW,
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Other Inlet/Outlet Boundary Conditions

¢ Pressure Far Field
e Available when density 1s calculated from the i1deal gas law

e Used to model free-stream compressible flow at infinity, with free-stream
Mach number and static conditions specified.

¢ Target Mass Flow Rate (not available for the multiphase models) for Pressure
Outlet

o Specify mass flow rate for an outlet (constant or via UDF hook)
e Options to choose iteration method in TUI
¢ Exhaust Fan/Outlet Vent

e Model external exhaust fan/outlet vent with specified pressure jump/loss
coefficient and ambient (discharge) pressure and temperature.

¢ Inlet Vent/Intake Fan

e Model inlet vent/external intake fan with specified loss coefficient/ pressure
jump, flow direction, and ambient (inlet) pressure and temperature

¢ Inlet boundary conditions for large-eddy/detached-eddy simulations are covered in
the Turbulence Modeling lecture
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Wall Boundanes

Zone Mame
¢ Used to bound fluid and solid regions. L“;j:mm
¢ In viscous flows, no-slip condition s o
forced at Walls. ?::rmallI L%.)?-Zvj%.l Momentuml Spemesl Radlatlonl iﬁi}isl
en . ermal Conditions
) ) . Heat Flux (w!mz)lo— j
e Tangential fluid velocity equal  Tempersture memaEmssvey o7 vl
. ~ Convection
to wall velocity. - Wall Thickness (m)| 005
e Normal velocity component = 0 = o e
e Shear stress can also be specified. sumien || £
¢ Thermal boundary conditions:
e several types available Ok | Conerl| Heb |
e Wall material and thickness can be defined for 1-D or shell conduction heat transfer
calculations.

+ Wall roughness can be defined for turbulent flows.
e Wall shear stress and heat transfer based on local flow field.

+ Translational or rotational velocity can be assigned to wall boundaries.
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Symmetry and Axis Boundaries

¢ Symmetry Boundary symmetry Y
. . Zone Name
e Used to reduce computational effort in problem. fsynnetry
e No inputs required. 6K Cancel| Help |

e Flow field and geometry must be symmetric:
= Zero normal velocity at symmetry plane
= Zero normal gradients of all variables at symmetry plane

= Must take care to correctly define symmetry boundary e
locations. :

e Can be used to model slip walls in
viscous flow

¢ Axis Boundary

e Used at centerline for
axisymmetric problems.

e No user inputs required,

symmetry
planes L
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Periodic Boundaries

Used to reduce computational effort in Zone Name
Iperiudic
prOblem. Periodic Type

 Translational
" Ruotational

Flow field and geometry must be either
translationally or rotationally periodic.

For rotationally periodic boundaries: /:@
. —
e Ap = 0 across periodic planes. Rotationally <— e
e Axis of rotation must be defined in fluid periodic planes \’%g
zZone. i

For translationally periodic boundaries:

e Ap can be finite across periodic planes.
= Models fully developed conditions. oy 2

a

= Specify either mean Ap per period

“ Translationally
or net mass flow rate. :

periodic planes

m Periodic boundaries defined in
Gambit are translational. E——

2D tube heat exchanger

-72 - © Fluent Inc. 4/8/2005



QV# Fluent User Services Center Introductory FLUENT Notes
s FLUENT

FLUENT v6.2 Mar 2005
Thié Bight Answer 1. CFD" www.fluentusers.com

Cell Zones: Fluid

¢ A fluid cell zone 1s a group of cells

for which all active equations are pa.
SOIVGd Material Name| air ‘ﬂ Edit...l
¢ Fluid material selection 1s required P Sorres T

. . . I Fixed VYalues
e For multi-species or multiphase flows,

 Locat Coordingte Systom For Fixed Velocliies

the material is not shown, but fluid I Laminar Zone
. . _I Porous Zone
zone consists of the mixture = m -
mjl|o 0
or the phases T 7B
¢ Optional inputs allow setting z(m[o AP
Of Source tGMS: hotion Type| Stationary j
£
[Stationary ]
e mass, momentum, energy, etc. i partictpate
. . ~ |Moving Mesh
¢ Define fluid zone as laminar flow OK | Cancer] Help |

region 1f modeling transitional flow
¢ Can define zone as porous media
¢ Define axis of rotation for rotationally periodic flows
¢ Can define motion for fluid zone
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Porous Media Conditions

+ Porous zone modeled as special type of fluid zone.

e Enable Porous Zone option in Fluid panel.

e Pressure loss in flow determined via user inputs
of resistance coefficients to lumped parameter

model

¢ Used to model flow through porous media
and other “distributed” resistances, e.g.,

e Packed beds
e Filter papers
e Perforated plates

e Flow distributors
e Tube banks
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IFluid

hdaterial Name| air ﬂ Edit...l

| Source Terms

_| Fixed Values

_l Losal Coordingts Sysism For Piged Yelocities

| Laminar Zone

I Conical

Viscous Resistance

=

Inertial Resistance

Direction—1 (Hm2)| 0 Direction—1 (Hm]l 0
Direction-2 (Hm2)| 0 Direction-2 (1Im]| 0 J
Direction-3 (Hmz)l 0 Direction-3 (Hm)l o]

Power Law Model
|

1 |

Rotation-Axis Origin

Rotation—Axis Direction

X(m)IO x|o
V(m)IO v|o
Z(m)IO z|1
#
[7 Participates In Radiation
OK | Cancel| Help |
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Cell Zones: Solid

¢ “Solid” zone = group of cells for which only re=

heat conduction problem solved i
] NO ﬂOW equati()ns SOlVCd Material Name| aluminum |ﬂ Edit...l

_| Source Terms

e Material being treated as solid may actually

. . . . _| Fixed Values
be fluid, but 1t is assumed that no convection

Rotation-Axis Origin Rotation-Axis Direction
takes place. x(m)| 0 X[
¢ Only required input is the material name Ym0 'E
. . . Z(m) z
defined in the materials (solid) panel ° B
. . . kotion Type‘ Stationary ‘j
¢ Optional inputs allow you to set volumetric |
heat generation rate (heat source). ok | cancel| Help |

¢ Need to specify rotation axis if rotationally
periodic boundaries adjacent to solid zone.

¢ Can define motion for solid zone
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Internal Face Boundaries

¢ Defined on the cell faces only:
e Thickness of these internal faces 1s zero
e These internal faces provide means of introducing step changes in flow
properties.
¢ Used to implement various physical models including:
e Fans
e Radiators
e Porous-jump models
= Preferable over porous media for its better convergence behavior.

e Interior walls
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Summary

Zones are used to assign boundary conditions.

Wide range of boundary conditions permit flow to enter and exit the
solution domain.

Wall boundary conditions are used to bound fluid and solid regions.
Periodic boundaries are used to reduce computational effort.

Internal cell zones are used to specify fluid, solid, and porous regions
and heat-exchanger models.

+ Internal face boundaries provide way to introduce step-changes in flow
properties.
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Solver Settings
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Outline

¢ Using the Solver
e Setting Solver Parameters
e Convergence
= Definition
= Monitoring
= Stability
m Accelerating Convergence
e Accuracy
m Grid Independence
= Grid Adaption
e Unsteady Flows Modeling
= Unsteady-flow problem setup
= Non-iterative Transient Advancement (NITA) schemes
= Unsteady flow modeling options
e Summary

e Appendix
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Outline

¢ Using the Solver (solution procedure overview)
e Setting Solver Parameters
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Solution Procedure Overview

¢ Solution Parameters Set the solution parameters
e Choosing the Solver
e Discretization Schemes

A\ 4

Initialize the solution

¢ Initialization

v

¢ Convergence
e Monitoring Convergence
e Stability
= Setting Under-relaxation plgfigiiefzeislsrtzgd

= Setting Courant number . Y
Check for convergence

Enable the solution monitors of interest

A 4

Calculate a solution
\

e Accelerating Convergence

¢ Accuracy Yes @

e Grid Independence Check for accuracy
G S
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Choosing a Solver

¢ Choices are Coupled-Implicit, Coupled-Explicit, or Segregated (Implicit)

¢ The coupled solvers are recommended if a strong inter-dependence exists between density,
energy, momentum, and/or species

e ec.g., high speed compressible flow or finite-rate reaction flows
e In general, the coupled-implicit solver is recommended over the coupled-explicit solver
m Time required: Implicit solver runs roughly twice as fast

= Memory required: Implicit solver requires roughly twice as much memory as coupled-
explicit or segregated solvers!

= Improved pre-conditioning in Fluent v6.2 for the coupled-implicit solver enhances
accuracy and robustness for low-Mach number flows

e The coupled-explicit solver should only be used for unsteady flows when the characteristic
time scale of problem is on same order as that of the acoustics

= e.g., tracking transient shock wave
o The segregated (implicit) solver is preferred in all other cases.
e Lower memory requirements than coupled-implicit solver

e Segregated approach provides flexibility in solution procedure

-82 - © Fluent Inc. 4/8/2005



FLUENT v6.2 Mar 2005

QV# Fluent User Services Center Introductory FLUENT Notes
s FLUENT

The Right Answer in CFD" www.fluentusers.com

Discretization (Interpolation Methods)

+ Field variables (stored at cell centers) must be interpolated to the faces of the control volumes
in the FVM:

(p9)"" —(p@)'
At

AV+> pp VA =D T (VP), A +S,AV
faces faces
¢ Interpolation schemes for the convection term:
e First-Order Upwind Scheme
= casiest to converge, only first-order accurate
Power Law Scheme

= more accurate than first-order for flows when Re_,,< 5 (typ. low Re flows)

cell

Second-Order Upwind Scheme

= uses larger ‘stencils’ for 2nd order accuracy, essential with tri/tet mesh or when flow is
not aligned with grid; convergence may be slower

MUSCL
m Locally third-order convection discretization scheme for unstructured meshes

= Based on blending of CD and SOU. More accurate in predicting secondary flows,
vortices, forces, etc.

Quadratic Upwind Interpolation (QUICK)

= applies to quad/hex and hybrid meshes (not applied to tri mesh), useful for
rotating/swirling flows, 3rd-order accurate on uniform mesh
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Interpolation Methods for Face Pressure

+ Interpolation schemes for calculating cell-face pressures when using the segregated
solver in FLUENT are available as follows:

e Standard

= default scheme; reduced accuracy for flows exhibiting large surface-normal
pressure gradients near boundaries (but should not be used when steep pressure
changes are present in the flow - PRESTO! scheme should be used )

e Linear

= use when other options result in convergence difficulties or unphysical
behavior.

e Second-Order

= use for compressible flows; not to be used with porous media, jump, fans, etc.
or VOF/Mixture multiphase models.

e Body Force Weighted

= use when body forces are large, e.g., high Ra natural convection or highly
swirling flows.

e PRESTO!

= use for highly swirling flows, flows involving steep pressure gradients (porous
media, fan model, etc.), or in strongly curved domains.
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Pressure-Velocity Coupling

¢ Pressure-Velocity Coupling refers to the numerical algorithm which
uses a combination of continuity and momentum equations to derive
an equation for pressure (or pressure correction) when using the
segregated solver

¢ Three algorithms available in FLUENT:
e SIMPLE
= default scheme, robust
e SIMPLEC

= Allows faster convergence for simple problems (e.g., laminar flows with
no physical models employed).

e PISO

= useful for unsteady flow problems or for meshes containing cells with
higher than average skewness
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Initialization

¢ Iterative procedure requires that all solution variables be initialized before

calculating a solution.
Solve — Initialize — Initialize...

Introductory FLUENT Notes

FLUENT v6.2

e Realistic ‘guesses’ improves solution stability and accelerates convergence.
e In some cases, correct initial guess is required:
= Example: high temperature region to initiate chemical reaction.

“Patch” values for individual
variables in certain regions.
Solve — Initialize — Patch...

e Free jet flows
(patch high velocity for jet)

e Combustion problems
(patch high temperature
for 1gnition)
e Cell registers (created by marking
the cells in the Adaption panel) can
be used for “patching” different values
in cell zones

Reference Frame

“* Relative to Cell Zone
~ Absolute

Variable

Yalue (m/s)

Mar 2005

fZones To Paich FIE|

10

[_I| Use Field Function|

Pressure

Y Velocity

Temperature

Turbulent Kinetic Energy
Turbulent Dissipation Rat

Field Function

Registers To Patch = o

=l =

Patch Close Help
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Outline

Convergence
m Definition
= Monitoring
= Stability
= Accelerating Convergence
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Convergence

¢ At convergence:

e All discrete conservation equations (momentum, energy, etc.) are
obeyed in all cells to a specified tolerance.

e Solution no longer changes with more iterations.
e Overall mass, momentum, energy, and scalar balances are achieved.
¢ Monitoring convergence with residuals’ history:

e Generally, a decrease in residuals by 3 orders of magnitude indicates at
least qualitative convergence.

= Major flow features established.
e Scaled energy residual must decrease to 10-¢ for segregated solver.

e Scaled species residual may need to decrease to 10~ to achieve species
balance.

+ Monitoring quantitative convergence:

e Monitor other relevant key variables/physical quantities for a
confirmation.

e Ensure that property conservation is satisfied.
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Convergence Monitors: Residuals

¢ Residual plots show when the residual values have reached the
specified tolerance.

Solve — Monitors — Residual...

»¢ Residual Monitors |

Options Storage Plotting
Rasiduals 7 Print Iterationsl 1000 & Windowl 0o | A
—uooantinuity ¥ ¥
—;':;{ggig ladd - I~ Plot : i
| ! ] . Mormalization terations | 1000
A All equations converged. v
—onargy | fadz o _I| Normalize |7 Scale AXES... | Cunres___l
1a+00 1.\' Check Convergence
] k Residual kMonitor Convergence Criterion
la-02 M contimuity I - 1e-03
10°3 |
la-04 i x—wveloclty = I_ 0.001
10-6 —Tz==— ‘*\ y-velocity | i 0.001
18-08 7 EmeTEy o o 1e-06
i 10 a0 20 40 50 BO
lterations
¥l
OK Plot Renorm | Cancel Help |
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Convergence Monitors: Forces/Surfaces

% Force Monitors

¢ In addition to residuals, you can also monitor:

Options Wall Zones = o Force Vector Plot Window
. Foprint | | TR 3 -
e Lift, drag, or moment o || TR |Ax v
. 7 Write —Icuwes |
Solve — Monitors — Force... Coetlclent
o
e Pertinent variables or functions (e.g., surface (
tMoment | |~
Jfocl-history

integrals) at a boundary or any defined surface: |[E==-

Apply | Plot Clear Close Help

Solve — Monitors — Surface...

»{ Define Surface Monitor

Mame Report Of -2.008+00 ]
| monitor-1 ‘ Temperature... |ﬂ -4.008+00
Report Type ‘ Static Temperature |j 80l ]
A -B.008+00 -
ED internal-3 El -1.008:01

j pressure—outlet—7 -1.208+01

veloci |n|et 5
Plot Window ty S1.408+01

1 A e I 1
v m. -L.aimat
wall-8 1
-1.A0m+01
File Name 1} 1] i00 160 3200 360 aoo0 360 400 460 GOD
Iterations
I monltor-1.o0t
cl Rampra"L fi'12|1[|'a?':’1'|:k|:ﬁrII
ua lui
OK Curves... Axes... Cancel Help | Fluant [na.
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Checking for Property Conservation

¢ In addition to monitoring residual and variable histories, you should
also check for overall heat and mass balances.

e At a minimum, the net imbalance should be less than 1% of smallest flux
through domain boundary.

Report — Fluxes...

»( Flux Reports

Options

Boundaries g - Results

“ Mass Flow Rate bottom
default-interior
- Total Heat Transfer Rate 8.6620588
-~ Radiation Heat Transfer Rate —8.6620569
top
Boundary Types =5
i A
axis w
exhaust—fan
fan
inlet-vent ]
Boundary Mame Pattern
_ Match_ | kg's
1.9e-06
Compute Close | Help |
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Tightening the Convergence Tolerance

+ If your monitors indicate that the solution is converged, but the
solution is still changing or has a large mass/heat imbalance, this
clearly indicates the solution is not yet converged. You need to:

e Tighten the Convergence Criterion

»¢ Residual Monitors

or disable Check Convergence in Options _ Storage Plotting
. . I~ Print lterati IlOOO A Wind Io A
“residual monitors” panel e i Y Ty
. . . Mormalization lterations I 1000 :
e Then iterate until solution _ Normalize W Scale || Awes... | Curves..|
Converges Check Convergence Al
Residual Monitor Convergence Criterion
continuity _| _| I 1e-035
®—welocity _| _| I 0,001
y-velocity _| _| I0.00l
erergy - _| I 1le-06
V]
OK Plot Renorml | Cancel I Help |
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Convergence Difficulties

+ Numerical instabilities can arise with an ill-posed problem, poor
quality mesh, and/or inappropriate solver settings.

e Exhibited as increasing (diverging) or “stuck’ residuals.
e Diverging residuals imply increasing imbalance in conservation equations.
e Unconverged results are very misleading!

¢ Troubleshooting: Faruais
. el Continuity equation convergence
L f ¥ at -
o Ensure the problem is well posed. —E;‘;T::'“ i :: trouble affects convergence of
e Compute an initial solution with enaray i all equations.

la+l2 o
a first-order discretization scheme. . M
e Decrease under-relaxation for oo T T T T T e
equations having convergence 1a-01 - IW

trouble (segregated solver). et 5
e Reduce Courant number (coupled o WM“"W
solver). 1e-15 u .
e Re-mesh or refine cells with high fterations

aspect ratio or highly skewed cells.
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Modifying Under-relaxation Factors

¢ Under-relaxation factor, ¢, 1s ¢p = ¢p,0;d + aA¢p

included to stabilize the iterative ST

process for the Segregated SOIVGI' uations = o Under-Relaxation Factors : N

: Tubulence | Density | 1

¢ Use default under-relaxation factors satyForss [+ J >\_

to start a calculation e (O

Solve — Controls — Solution... Turbulence Kinetic Energy 0.5 |, _J
. . Discretization

¢ Decreasing under-relaxation for Pressure] Standard Bl

momentum often aids convergence. Pressure-Velosity Coupling| SIMPLE i J

Density‘ Second Order Upwind ‘ﬂ

e Default settings are aggressive but _
. - Momentum‘ Second Order Upwind ‘ﬂ
suitable for wide range of problems )

OK Default Cancel | Help

e ‘Appropriate’ settings best learned
from experience

¢ For coupled solvers, under-relaxation factors for equations outside coupled
set are modified as in segregated solver
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Modifying the Courant Number

¢ Courant number defines a ‘time

¢ Solution Controls

Step, SiZG for Steady_state prOblemS. Equations = 5 Under-Relaxation Factors -
) . ) Solid 1
e A transient term is included in the Turbulence Kinete Energy 0.6
coupled solver even for steady state Turbulence Dissipation Rate 0.3
problems vy | |
« e Solver Parameters Discretization
¢ For coupled-explicit solver: S——— ] scondoraeropind 3] [
PY Stablllty COIlStI'alIltS lmpOSG a N % J Turbulence Kinetic Energy‘ Second Qrder Upwind ‘j
maleum llmlt On Courant number_ \ Turbulence Dissipation Rate‘ Second Order Upwind ‘j
= Cannot be greater than 2 N L
. Default value is 1 o Jes | [ |
s Reduce Courant number when \
having difficulty convergin
o T POIHISHS o (CFL)AY
¢ For coupled-implicit solver: b= y

e Courant number 1s not limited by stability constraints.
= Defaultissetto 5
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Accelerating Convergence

+ Convergence can be accelerated by:
e Supplying good initial conditions
= Starting from a previous solution
e Increasing under-relaxation factors or Courant number
= Excessively high values can lead to instabilities
= Recommend saving case and data files before continuing iterations.
e Controlling multigrid solver settings

= Default settings define robust Multigrid solver and typically do not need
to be changed
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Starting from a Previous Solution

¢ Previous solution can be used as an initial condition when changes are made to
problem definition.

e Use File=>Interpolate to initialize a run (especially useful for starting the fine-mesh cases
when coarse-mesh solutions are available).

e Once initialized, additional iterations always use current data set as the starting point.

e Some suggestions on how to provide initial conditions for some actual problems:

Actual Problem Initial Condition
flow with heat transfer isothermal solution
natural convection lower Ra solution
combustion cold flow solution
turbulent flow Euler solution
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Multigrid Solver

o The Multigrid solver accelerates convergence by solving the discretized
equations on multiple levels of mesh densities so that the “low-frequency” errors
of the approximate solution can be efficiently eliminated

e Influence of boundaries and far-away points are more easily transmitted to
interior of coarse mesh than on fine mesh.

o Coarse mesh defined from original mesh fine (original) mesh

= Multiple coarse mesh ‘levels’ can be created.
+ Algebraic Multigrid (AMG): ‘coarse mesh’
. P IR N
emulated algebraically. ( )
+ Full Approx. Storage Multigrid (FAS): B —
‘cell coalescing’ defines new grid. ‘solution
— a coupled-explicit solver option transfer’

= Final solution is for original mesh
e Multigrid solver operates automatically in the background
¢ Consult FLUENT User’s Guide for additional options O
and technical details

coarse mesh
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Outline

Accuracy

Grid Independence
Grid Adaption
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Solution Accuracy

¢ A converged solution is not necessarily a correct one!

e Always inspect and evaluate the solution by using available data,
physical principles and so on.

e Use the second-order upwind discretization scheme for final results.
e Ensure that solution is grid-independent:

= Use adaption to modify the grid or create additional meshes for the
grid-independence study

+ If flow features do not seem reasonable:
e Reconsider physical models and boundary conditions
e Examine mesh quality and possibly re-mesh the problem

e Reconsider the choice of the boundaries’ location (or the domain):
inadequate choice of domain (especially the outlet boundary) can
significantly impact solution accuracy
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Mesh Quality and Solution Accuracy

+ Numerical errors are associated with calculation of cell gradients and cell
face interpolations.

+ Ways to contain the numerical errors:
e Use higher-order discretization schemes (second-order upwind, MUSCL)
e Attempt to align grid with the flow to minimize the “false diffusion”
e Refine the mesh

= Sufficient mesh density is necessary to resolve salient features of flow

¢

Interpolation errors decrease with decreasing cell size

= Minimize variations in cell size in non-uniform meshes

L4

¢

Truncation error is minimized in a uniform mesh
FLUENT provides capability to adapt mesh based on cell size variation

= Minimize cell skewness and aspect ratio

L4

In general, avoid aspect ratios higher than 5:1 (but higher ratios are allowed
in boundary layers)

Optimal quad/hex cells have bounded angles of 90 degrees
Optimal tri/tet cells are equilateral
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Determining Grid Independence

¢ When solution no longer changes with further grid refinement, you have a “grid-
independent” solution.

¢ Procedure:
e Obtain new grid:
= Adapt
+ Save original mesh before adaption.

— If you know where large gradients are expected, you need to have fine grids in the
original mesh for that region, e.g., boundary layers.

.+ Adapt grid.
— Data from original grid is automatically interpolated to finer grid.

- FLUENT offers dynamic mesh adaption which automatically changes the mesh
according to the criteria set by users

e Continue calculation till convergence.
e Compare results obtained w/different grids.
e Repeat the procedure if necessary

¢ Different meshes on a single problem: Use TUI commands /file/write-bc and /file/read-bc to
facilitate the set up of a new problem; better initialization can be obtained via
interpolation from existing case/data by using

o File — Interpolate...

-102 - © Fluent Inc. 4/8/2005



QV# Fluent User Services Center Introductory FLUENT Notes
s FLUENT

FLUENT v6.2 Mar 2005
Thié Bight Answer 1. CFD" www.fluentusers.com

Outline

Unsteady Flows Modeling
s Unsteady-flow problem setup
= Non-iterative Transient Advancement (NITA) schemes
= Unsteady flow modeling options
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Unsteady Flow Modeling

+ Transient solutions are available with both segregated and coupled solvers.

e Solver iterates to convergence within each time level,
then advances to the next (the Iterative Time Advancement PEEEIEEEIITETIIE
(ITA) scheme)

e Solution initialization defines initial condition
and i1t must be realistic

+ For segregated solver: _
e Time step size, At, 1s set in “Iterate” panel — - Tine

= At must be small enough to resolve time T Time Step Size ()] .02
dependent features; make sure the convergence Number of Time Steps[ 1000 |5
is reached within the “Max iterations per time step” Sl BRI oc

e Fesidits (T ] 10006
“* Fixed

| E—

= The time-step size’s order of magnitude

+ Adaptive

can be estimated as: Options

typlpal cell size _I Data Sampling for Time Statistics

At = :
characteristic flow speed lteration
i Iax Iterations per Time Step I 20 :
= Time-step size estimate can also be chosen so that the unsteady Reporting Interval [ 4
characteristics of the flow can be resolved (e.g., flow with a known UDF Profile Update Interval [+ &

period of fluctuations)

Iterate Apply Close | Help |

e To iterate without advancing time step, use ‘0’ time steps

o PISO scheme may aid in accelerating convergence for unsteady flows
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NITA Schemes for the Segregated Solver

Overall time-discretization error
for 2nd-order scheme: __ | Truncation error: + Splitting error (due to egn
o(AR) O(A) segregation): O(At")

¢ Non-iterative time advancement (NITA) schemes reduce the splitting error to O(At?)
by using sub-iterations (not the more expensive outer iterations to eliminate the
splitting errors used in ITA) per time step

¢ NITA runs about twice as fast as ITA scheme
¢ Two flavors of NITA schemes available in Fluent v6.2:
e PISO (NITA/PISO)
= Energy and turbulence equations are still loosely coupled
o Fractional-step method (NITA/FSM)
= About 20% cheaper than NITA/PISO on a per time-step basis

¢ NITA schemes have a wide range of applications for unsteady simulations: e.g.,
incompressible, compressible (subsonic, transonic), turbomachinery flows, etc.

+ NITA schemes are not available for multiphase (except VOF), reacting flows, porous
media, and fan models, etc. Consult Fluent User’s Guide for additional details.
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NITA Solution Control and Monitoring

¢ Sub-iterations are performed for discretized

. . . . — Solution Controls | | iJ
equations till the Correction Tolerance is qnations T Err—
met or the number of sub-iterations has flow Mo Comction Resitual obucaion )
reached the Max Corrections e rossare [0
¢ Algebraic multigrid (AMG) cycles are Momentum [ 4 fo.05  [o.000n [
performed for each sub-iteration. AMG rossure-veloaty Coupling Tubulence KineticEnergy |5 4 [o.08  [owo0or |4
cycles terminate if the default AMG piso |y | viseretization
criterion 1s met or the Residual Tolerance Mt‘ Presswe | standur o]
. . . B 2 ¥ Momentum i e
1s sastisfied for the last sub-iteration [ritorirtpmie | ]
. ) . Turbulence Kinetic Energy| First Order Upwind |ﬂ
¢ Relaxation Factor is used for solutions Tubnience Dissivton R it orgorpnd |
between each sub-iteration 06199 s oraw iona |
0K Deault | Cancel | Help |
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Unsteady Flow Modeling Options

¢ Adaptive Time Stepping

Time Adaptive Time Stepping

e Automatically adjusts time-step size based | mnesinsusd | T et I
on local truncation error analysis \ MNumber of Time Stepsliooo ¢ Ending Time {s)| 1000

Time Stepping Method Minimum Time Step Size (s)| 1e-05
e Customization possible via UDF

+ Fixed Maximum Time Step Size (s)| 1

* 4 Adaptive

¢ Time-averaged statistics may be acquired.——____ ovters

»ll_ Data Sampling for Time Statisticsl

Minimum Step Change Factor| 0.5

WW m

Maximum Step Change Factor | 5

e Particularly useful for LES turbulence reraion Number of Fed Time Steps [ 3
. . . User-Defined Time Ste Y|
modeling - o a—
o If desirable, animations should be set up before  Ainationseuences|=
iterating (for flow visualization) Active Name Every  When 1
- Isequence—i |5 ¢ Time Step j Dﬂw...l
¢ For the Coupled Solver, Courant number - 1A [rime sp | o Bei
d ﬁnes. Isequence—Z _}{-Amaliseenc ¥ efine.>
e ) . . - I Sequence Parameters Display Type
e the global time-step size for coupled 4 [ | StorageType IName . Grid
¢ . ~ Memory sequence-1
eXPIICIt SOlVer - I 2 Disk window | 0 ¢E| ~ Vectors
e the pseudo time-step size for coupled ok | Storage Directory .
impliCit SOIVGr I Monlior Type
. . . Hegidualy ﬂ
= Real time-step size must still be defined Properties.]
in the Iteration panel
OK | Cancell Help |
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Summary

¢ Solution procedure for the segregated and coupled solvers 1s the same:
e Calculate until you get a converged solution
e Obtain second-order solution (recommended)
e Refine grid and recalculate until grid-independent solution is obtained

¢ All solvers provide tools for judging and improving convergence and
ensuring stability

All solvers provide tools for checking and improving accuracy

Solution accuracy will depend on the appropriateness of the physical
models that you choose and the boundary conditions that you specify.
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Appendix

¢ Background
e Finite Volume Method
e Explicit vs. Implicit
e Segregated vs. Coupled
e Transient Solutions
e Flow Diagrams of NITA and ITA Schemes
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Background: Finite Volume Method - 1

o FLUENT solvers are based on the finite volume method.

e Domain is discretized into a finite set of control volumes or cells.

¢ General transport equation for mass, momentum, energy, etc. is
applied to each cell and discretized. For cell p,

%IPWV+§p¢V-dA=§FV¢'dA+J'S¢dV _

2
1N N J U J \A J \v Y J 1S v.&’o’o‘:“";
Y Y

unsteady convection diffusion  generation control
volume
Egn. ¢
continuity 1
X-mom. u Fluid region of pipe flow
y-mom. v discretized into finite set of
energy h control volumes (mesh).

¢ All equations are solved to render flow field.
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Background: Finite Volume Method - 2

¢ Each transport equation 1s discretized into algebraic form. For cell p,

face f
AV+ Y pp VA, =T (V) A +S,AV Ceﬂp/i” -

faces faces

(pg,)"™ = (pg,)
At

adjacent cells, nb

+ Discretized equations require information at cell centers and faces.
e Field data (material properties, velocities, etc.) are stored at cell centers.
e Face values are interpolated in terms of local and adjacent cell values.

e Discretization accuracy depends upon ‘stencil’ size.

o The discretized equation can be expressed simply as:

¢nb - bp

e Equation is written out for every control volume in domain resulting in an
equation set.
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Background: Linearization

¢ Equation sets are solved iteratively.

Coetticients a, and a,, are typically functions

Dy =D
of solution variables (nonlinear and coupled). -y

Coefficients are written to use values of solution variables from previous
iteration.

= Linearization: removing coefficients’ dependencies on ¢.

= De-coupling: removing coefficients’ dependencies on other solution
variables.

Coefficients are updated with each outer iteration.
= For a given inner iteration, coefficients are constant (frozen).

+ ¢, can either be solved explicitly or implicitly.
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Background: Explicit vs. Implicit

¢ Assumptions are made about the knowledge of ¢ ,:

e Explicit linearization - unknown value in each cell computed from relations
that include only existing values (¢,, assumed known from previous
iteration).

= ¢, solved explicitly using Runge-Kutta scheme.

e Implicit linearization - ¢, and ¢, are assumed unknown and are solved
using linear equation techniques.

= Equations that are implicitly linearized tend to have less restrictive stability
requirements.

= The equation set is solved simultaneously using a second iterative loop (e.g.,
point Gauss-Seidel).
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Background: Coupled vs. Segregated

¢ Segregated Solver

e If the only unknowns in a given equation are assumed to be for a single
variable, then the equation set can be solved without regard for the
solution of other variables.

= coefficients a, and a,, are scalars. .
b “'p

¢ Coupled Solver

e If more than one variable 1s unknown 1n each equation, and each
variable is defined by its own transport equation, then the equation set is
coupled together.

= coefficients a, and a@,, are N, x N, matrices

= ¢is a vector of the dependent variables, {p, u, v, w, T, Y}!
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Background: Segregated Solver

+ In the segregated solver, each equation is

solved separately. Update properties.

¢ The COHtiIlllity unati()n takes the form Solve momentum equations (u, v, w velocity).
of a pressure correction equation as part ‘ _ ‘
of SIMPLE algorithm. o inte prcosue, e mass flow e

¢ Under-relaxation factors are included in
the discretized equations.

Solve energy, species, turbulence, and other
scalar equations.

e Included to improve stability of iterative

Process. Converged?
e Under-relaxation factor, a, in effect, _‘ (X @

limits change in variable from one
iteration to next:

¢p — ¢p,old + aA¢p
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Background: Coupled Solver

¢ Continuity, momentum, energy, and
species are solved simultaneously 1n the
coupled solver.

+ Equations are modified to resolve
compressible and incompressible flow.

¢ Transient term is always included.

e Steady-state solution 1s formed as time
increases and transients tend to zero.

¢ For steady-state problem, ‘time step’ is
defined by Courant number.

e Stability issues limit maximum time step
size for explicit solver but not for
implicit solver.

(CFL)Ax

At =——  yhere
u

- 116 -

Update properties.

Solve continuity, momentum, energy,
and species equations simultaneously.

Solve turbulence and other scalar equations.

Converged?

D,
ton

CFL = Courant-Friedrichs-Lewy-number
u = appropriate velocity scale

Ax = grid spacing
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Background: Coupled/Transient Terms

¢ Coupled solver equations always contain a transient term.

+ Equations solved using the unsteady coupled solver may contain two transient terms:
e Pseudo-time term, Ar.
e Physical-time term, Az.
¢ Pseudo-time term is driven to near zero at each time step and for steady flows.
+ Flow chart indicates which time step size inputs are required.
e Courant number defines At
e Inputs to Iterate panel define Az.

¢ Solver
Coupled Solver Discretization of: ELE oo
+ Segregated ~ Implicit
2 Coupte— 1| | # Explicit
IIP I_IEII ___________ E’)Eph_c_lt _______________ <_: _p_S_Cl;lClO_ Ell;l'l_e Space ) Time
~ 213 « Steady
Steady Unsteady Steady Unsteady v Adsymmetrio “ Unsteady
< Fodwpmmetrie Budd
At At 3D
Velocity Formulation Unsteady Formulation
“ Absolute [ Explicit |
Implicit  Implicit Explicit <= physical-time < it - 1st-Order Implicit

~ 2nd-0rder Implicit

AT, At AT, At At
(global time step)

0K | Cancell Help |
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NITA versus ITA

1 3
Solve U, ¥, and W Equations Solve Momentmum Equations
- ves
L 1
Solva Pressure Correction Solve Pressure Correction Duter
no Tterations
i - Converged?
Correct Velocity Correct Velocity
Prassure Elux Prassurs Flux
A -
-~ L -
Solve Kandg |- ne Converged? r
gec! Solve Scalars (T,K, &, etc.y
' yeas l
Solve Othar Scalars
! yes
MNext Time Step -
n4= 1 Next Time Step
n+=1
NITA scheme ITA scheme
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What i1s Turbulence?

¢ Unsteady, irregular (aperiodic) motion in which transported quantities
(mass, momentum, scalar species) fluctuate in time and space

e Identifiable swirling patterns characterize turbulent eddies.

e Enhanced mixing (matter, momentum, energy, etc.) results
¢ Fluid properties and velocity exhibit random variations

e Statistical averaging results in accountable, turbulence related transport
mechanisms.

e This characteristic allows for Turbulence Modeling.
¢ Contains a wide range of turbulent eddy sizes (scales spectrum).
e The size/velocity of large eddies 1s on the order of mean flow.
= Large eddies derive energy from the mean flow
e Energy is transferred from larger eddies to smaller eddies

= In the smallest eddies, turbulent energy is converted to internal
energy by viscous dissipation.
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Is the Flow Turbulent?

External Flows UL
where  Re; = = P~
Re 25x10 : along a surface H
L=x,D,D,, etc.

Re, 220,000 around an obstacle
Other factors such as free-stream

turbulence, surface conditions, and
Internal Flows disturbances may cause earlier
ReDhZ 2300 transition to turbulent flow.

Natural Convection

ATL3
where Ra = 9)6
Ra > 10° Pr Qv

1s the Rayleigh number
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Two Examples of Turbulent Flow

Smaller Structures
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Overview of Computational Approaches

¢ Direct Numerical Simulation (DNS)

e Theoretically all turbulent flows can be simulated by numerically solving the
full Navier-Stokes equations.

e Resolves the whole spectrum of scales. No modeling 1s required.

e But the cost is too prohibitive! Not practical for industrial flows - DNS is not
available in Fluent.

¢ Large Eddy Simulation (LES)

e Solves the spatially averaged N-S equations. Large eddies are directly
resolved, but eddies smaller than the mesh sizes are modeled.

e Less expensive than DNS, but the amount of computational resources and
efforts are still too large for most practical applications.

+ Reynolds-Averaged Navier-Stokes (RANS) Equations Models
e Solve ensemble-averaged Navier-Stokes equations
e All turbulence scales are modeled in RANS.
e The most widely used approach for calculating industrial flows.

¢ There 1s not yet a single turbulence model that can reliably predict all
turbulent flows found in industrial applications with sufficient accuracy.
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Turbulence Scales and Prediction Methods

energy cascade
(Richardson, 1922)

Injection
of energy Dissipation of
energy
et o
Dissipating

Large—scale Flux of energy eddies
| eddies
L Resolved o= L/Re™
=]
DNS Apys
Resolved __}____1_1’_1 odeled .
LES Aves
_____________________ Modeled
RANS
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Turbulence Models in Fluent

. One-Equation Models
| Spalart-Allmaras
Two-Equation Models

Standard k-¢
RNG k-¢

Realizable k-¢
Standard k-0

__-RANS-based
models

Increase in
Computational

Cost

Per Iteration
Available

in FLUENT 6.2

. Reynolds-Stress Model !
Detached Eddy Slmulatlon

Large-Eddy Simulation
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Large Eddy Simulation (LES)

, - ouu. |
N-S equation o, 1 __1op n 0 (V ou,
o &y poy dn Filter; 4
u ' : S5z
U(X,I)Z U(X,t) + ll(X,t) - : =
resolved scale  subgrid scale 1 v B Sub-grid scale (SGS)

turbulent stress

Filtered N-§ 0%, O,  10p 0 ( 8%)_5% 7, = uu, — U,

=——— %
equation ot Ox, pox; Ox. | Ox;) |0Ox,

¢ Spectrum of turbulent eddies in the Navier-Stokes equations 1s filtered:
e The filter 1s a function of grid size

e Eddies smaller than the grid size are removed and modeled by a sub-grid
scale (SGS) model

e Larger eddies are directly solved numerically by the filtered transient N-S
equation
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LES in FLUENT

¢ LES has been most successful for high-end applications where the RANS models
fail to meet the needs. For example:

e Combustion
e Mixing
e External Aerodynamics (flows around bluff bodies)

¢ Implementations in FLUENT:
e Sub-grid scale (SGS) turbulent models:
= Smagorinsky-Lilly model
= WALE model
= Dynamic Smagorinsky-Lilly model
= Dynamic kinetic energy transport model
Detached eddy simulation (DES) model
¢ LES is applicable to all combustion models in FLUENT

¢ Basic statistical tools are available: Time averaged and root-mean-square (RMYS)
values of solution variables, built-in FFT

¢ Before running LES, one should consult guidelines in the “Best Practices For
LES” (containing advice for mesh, SGS models, numerics, BC’s, and more)
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Detached Eddy Simulation (DES)

¢ Motivation

e For high-Re wall bounded flows, LES becomes prohibitively expensive to
resolve the near-wall region

e Using RANS in near-wall regions would significantly mitigate the mesh
resolution requirement

¢ RANS/LES hybrid model based on the Spalart-Allmaras turbulence

model:
&=Cb1§‘7—cwlfw( j +1{a{(y+pi7)2v}+..}

>
d oy | Ox, X

d =min (d, CpA)

e One-equation SGS turbulence model
e In equilibrium, it reduces to an algebraic model.

¢ DES 1s a practical alternative to LES for high-Reynolds number flows in
external aerodynamic applications
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RANS Modeling: Ensemble-Averaging

+ Ensemble averaging may be used to extract the mean flow properties from the
instantaneous ones:

| | o U =1 Ul n=2
Ui(xat):]{,g}}oﬁnz:;ui (xat) MWM MWMWMW
t t
u; (x7 t) = Ui(x’ t) t u;\(x’ t) ul n=N U| Ensemble Average
/\/\/‘
Mean fluctuation WWMWWMWWW

t t
¢ The Reynolds-averaged momentum equations are as follows:

oU , oU , op 0 oU OR,
P +U, = — + u +
ot o0x, ox, Ox, ox Ox

l J

where R,-j = — ,Oul'u; is called the Reynolds stresses. The Reynolds stresses are
additional unknowns introduced by the averaging procedure, hence they must be
modeled (related to the averaged flow quantities) in order to close the equations.
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The Closure Problem

¢ The RANS models can be closed in one of the following ways:
(1) Eddy-Viscosity Models (EVM):

ou oU.| 2 oU 2
R.=—puu' Ly |—-= Ly —Y
y =P, :[ ox;  0x, J 3 ox, ' 37

Boussinesq hypothesis — Reynolds stresses are modeled using an eddy (or
turbulent) viscosity £ . (The hypothesis is reasonable for simple turbulent
shear flows: boundary layers, round jets, mixing layers, channel flows, etc.)

(2) Reynolds-Stress Models (RSM): solving transport equations for the
individual Reynolds stresses:

e Modeling is still required for many terms in the transport equations.

e RSM is more advantageous in complex 3-D turbulent flows with large
streamline curvature and swirl, but the model is more complex,
computationally intensive, more difficult to converge than eddy-
viscosity models.
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Calculating x4, for the Eddy-Viscosity Models

¢ Based on dimensional analysis, |1, can be determined from a turbulence

time scale (or velocity scale) and a length scale:
o k = uiu;/2 is the turbulent kinetic energy [L2/T2]

° £ = vou;/0x;(0u]/0z; + Ou;/Ox;) is the turbulence dissipation rate [L2/T3]

e w ~ ¢e/k isthe specific dissipation rate [1/T]

¢ U, 1s calculated differently under various turbulence models:

Spalart-Allmaras:

= This one-equation model solves only one transport
equation for a modified turbulent viscosity.
Standard k-¢, RNG k-¢, Realizable k-¢
= These two-equation models solve transport

equations for k and «.

Standard k-, SST k-®

= These two-equation models solve transport

equations for k£ and o.

1 pe = f (V)
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RANS Models - Spalart-Allmaras Model

A low-cost model solving an equation for the modified eddy viscosity v

Dv 1

— =G, +— 9 (1 + ”)E +C ﬁz Y, + S
Dt_ Y Op ij # v 31‘j b2p ij Y Y
¢ Eddy-viscosity is obtained from
vV /v)

=PV s fu=73
t 1 1 (v / 1/)3 +C)
o The variation of V very near the wall is easier to resolve than k and €.

¢ Mainly intended for aerodynamic/turbo-machinery applications with mild
separation, such as supersonic/transonic flows over airfoils, boundary-
layer flows, etc.
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RANS Models - Standard £-& (SKE) Model

¢ Transport equations for k and €:

D ok & y+ia—k+G — pE
k

FTAG | Chgg o

D o | U oc | & g’
—(pg)=—|| u+—|—|+C,—G, - pC,,—
Dr (,0 ) ox, EIU O'g]@xj ety Tk P A

where C, =0.09, C, =144, C,=192, 0,=10, o,=13
¢ The most widely-used engineering turbulence model for industrial
applications

¢ Robust and reasonably accurate; it has many sub-models for
compressibility, buoyancy, and combustion, etc.

+ Performs poorly for flows with strong separation, large streamline
curvature, and high pressure gradient.
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RANS Models - Realizable k- (RKE) Model

¢ Realizable k- (RKE) model ensures “realizability” of the k- model, 1.e.,
e Positivity of normal stresses
e Schwarz’ inequality for Reynolds shear-stresses

¢ Good performance for flows with axisymmetric jets.

RANS Models - RNG k- Model

+ Constants in the k-£ equations are derived using the Renormalization
Group method.

¢ RNG’s sub-models include:
e Differential viscosity model to account for low-Re effects
e Analytically derived algebraic formula for turbulent Prandtl/Schmidt number

e Swirl modification

¢ Performs better than SKE for more complex shear flows, and flows with
high strain rates, swirl, and separation.
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RANS Models - k-@ Models
« Kk : C e
U =0 p— specific dissipation rate: @
0]
Dk oU, " 0 .| Ok
pP——=1,; ’—pﬂfﬂ*ka)+— ,u+i — )
Dt Ox Ox o ) Ox;
g 1
D oU 5 5 S
w w i 2 H, W T
— =0T, — W +— + - |—
Dt k 7 ox, Ph 1y Ox Hﬂ O'wjﬁx]} J

+ Belongs to the general 2-equation EVM family. Fluent 6 supports the standard &-w
model by Wilcox (1998), and Menter’s SST k- model (1994).

¢ k-wmodels have gained popularity mainly because:
e Can be integrated to the wall without using any damping functions

e Accurate and robust for a wide range of boundary layer flows with pressure
gradient

¢ Most widely adopted in the aerospace and turbo-machinery communities.

+ Several sub-models/options of k- : compressibility effects, transitional flows and
shear-flow corrections.
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RANS-Models - Reynolds-Stress Model (RSM)

0
Ot

(pulu]) i(,L)Uku;u;) P+F,+D, +®, —

l]
8V Ve N
Turbulent diffusion \ Dissipation

: : Pressure strain
Rotation-production — _J
—~—

Modeling required for these terms

Stress-production

Attempts to address the deficiencies of the EVM.

RSM i1s the most ‘physically sound” model: anisotropy, history effects and transport of
Reynolds stresses are directly accounted for.

RSM requires substantially more modeling for the governing equations (the pressure-
strain 1s most critical and difficult one among them).

But RSM is more costly and difficult to converge than the 2-equation models.

Most suitable for complex 3-D flows with strong streamline curvature, swirl and
rotation.
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Near-Wall Treatments:
The Structure of Near-Wall Flows

¢ The structure of turbulent boundary layers in the near-wall region:

Yo Freestream

dd'—q__\_“

\ Edge of boundary layer

l ’j c-uter layer Myt
0 b g

fully- turbulent region 1‘

log- layer inner layer

sublayer + buffer layer Pt
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Wall Boundary Conditions

¢ Accurate near-wall modeling 1s important:

e Successful prediction of frictional drag, pressure drop, separation, etc., depends
on the fidelity of local wall shear predictions.

e Near-wall modeling 1s used to supply boundary conditions for turbulent flows.

¢ Most k-€ and RSM turbulence models are not valid in the near-wall region:

. . + +
o Special near-wall treatment is N Y
required to provide proper BC’s: | UlU; = 2.5In(Ugy/ v) +5.45

= Standard wall functions
= Non-Equilibrium wall functions

s Enhanced wall treatment

U/U,

outer |layer

fully turbulent regiox Upper limit

buffer layer depends on

or
o log-law region Reynolds no.

¢ S-A, k-0 models are capable

of resolving the steep

near-wall profiles - provided
the mesh 1s sufficiently fine.

blending
viscous sublayer region

- + .
yrEs yr=60 In U, yiv
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Near-Wall Modeling Options

In general, wall functions are a collection or set of laws that serve as boundary
conditions for momentum, energy, and species as well as for turbulence
quantities.

Wall Function Options

e The Standard and Non-equilibrium Wall Functions
(SWF and NWF) use the law of the wall to supply .

boundary conditions for turbulent flows. — buffer &
sublayer

= The near-wall mesh can be relatively coarse.
= For equilibrium boundary layers and full-developed flows where log-law is valid.

Enhanced Wall Treatment Option
e (Combines the use of blended law-of-the wall and a

two-layer zonal model.
= Suitable for low-Re flows or flows with complex

furbulent core

outer layer

|

-
s}
3
a
[ -
()

<
(€]

turbulent core

near-wall phenomena.
. . buffer &
= Turbulence models are modified for the inner layer. sublayer

= Generally requires a fine near-wall mesh capable of
resolving the viscous sub-layer (more than 10 cells within the inner layer)
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Placement of The First Grid Point

¢ For standard or non-equilibrium wall functions, each wall-adjacent cell’s
centroid should be located within the log-law layer:  y7 ~30-300

+ For the enhanced wall treatment (EWT), each wall-adjacent cell’s centroid
should be located within the viscous sublayer: y  ~1

e EWT can automatically accommodate cells placed in the log-law layer.

+ How to estimate the size of wall-adjacent cells before creating the grid:
* yi=yulv = y,=yviu o u =\r,/p=U,Jc /2

e The skin friction coefficient can be estimated from empirical correlations:

Flat Plate: % ~ 0.037 Hezuﬁ Duct: % ~ 0.039 HEBIH

¢ Use post-processing (e.g., xy-plot or contour plot) to double check the near-
wall grid placement after the flow pattern has been established.
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Near-Wall Modeling: Recommended Strategy

¢ Use SWF or NWF for most high Re applications (Re > 10°) for
which you cannot afford to resolve the viscous sub-layer.

e There is little gain from resolving the viscous sub-layer. The choice of
core turbulence model 1s more important.

e Use NWF for mildly separating, reattaching, or impinging flows.
¢ You may consider using EWT if:

e The characteristic Re is low or if near wall characteristics need to be
resolved.

e The same or similar cases which ran successfully previously with the
two-layer zonal model (in Fluent v5).

e The physics and near-wall mesh of the case is such that y* is likely to
vary significantly over a wide portion of the wall region.

o Try to make the mesh either coarse or fine enough to avoid placing
the wall-adjacent cells in the buffer layer (y* = 5 ~ 30).
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Boundary Conditions at Inlet and Outlet

¢ When turbulent flow enters a domain at inlets or outlets (backflow),
boundary conditions for k, & @ and/or u,u; must be specified, depending on
which turbulence model has been selected

¢ Four methods for directly or indirectly specifying turbulence parameters:

e FExplicitly input &, & o, or i
= This is the only method that allows for profile definition.
= See user’s guide for the correct scaling relationships among them.
e Turbulence intensity and length scale
= Length scale 1s related to size of large eddies that contain most of energy.

+ For boundary layer flows: /= 0.4
+ For flows downstream of grid: [/~ opening size

e Turbulence intensity and hydraulic diameter
= Ideally suited for internal (duct and pipe) flows
e Turbulence intensity and turbulent viscosity ratio
= For external flows: 1 <pu/u<10

¢ Turbulence intensity depends on upstream conditions: /U ~+2k/3/U <20%
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Stochastic Inlet Velocity Boundary Condition

¢ It 1s often important to specify realistic turbulent inflow velocity BC for
accurate prediction of the downstream flow:

u,(x,t)= Z@ + M

time—averaged  coherent+random

¢ The random-number based stochastic inlet BC in FLUENT v6.1 1s
superseded by two new methods in v6.2.

e Spectral synthesizer

= Able to synthesize anisotropic, inhomogeneous turbulence from RANS
results (k-&, k-w, and RSM fields)

e Vortex method

= Turbulence is mimicked using the velocity-field induced by many quasi-

random point-vortices on a plane. It uses turbulence data (e.g., intensity, k-¢,
k-m) as mputs

¢ Can be used for RANS/LES zonal hybrid approach
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GUI for Turbulence Models

Define — Models — Viscous...

Inviscid, Laminar,
or Turbulent

Turbulence Model Options

Near Wall Treatments

Additional Turbulence Options

<

{

isc
Model Model Constants
~ Inviscid Cmu i
-« Laminar 0.0845
~ Spalart-Allmaras (1 eqn) C1-Epsilon
“ k-epsilon (2 eqn) 1.42
~ k-omega (2 eqn) C2-Epsilon
~ Reynolds Stress (7 eqn) 1.68
+ Large Eddy Simulation Wall Prandil Number
k—epsilon Model 0.85
+ Standard =
4 RNG User-Defined Functions
~~ Realizable Turbulent Yiscosity
RNG Options ﬂ

||_ Differential Viscosity Model |

_1 Swirl Dominated Flow

Near-Wall Treatment

+ Standard Wall Functions
~ Non-Equilibrium Wall Functions

4 Enhanced Wall Treatment

Enhanced Wall Treatment Options

7 Pressure Gradient Effects

7 Thermal Effects

QOptions

Define — Boundary Conditions ...

¥elocity Inlet

Zone Name
Iuelocityfinletfs

x|

Velocity Specification ME“‘“dICnmponents

Reference Frame IAbSIﬂUtE

XVelocity (mis) .2
Y¥elocity (misifo

Temperature (K] [293

constant

Turbulence Specification Meth

‘ 7 Viscous Heating

0K | Cancell

Help

In the absence of available data,
use more familiar quantities to specify

boundary conditions at inlets and outlets
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Intensity and Hydraulic Diameter

Turbulence Intensity [%6] |5

Hydraulic Diameter [in] |32

K and Epsilon
Intensity and Length Scale
Intensity and Viscosity Ratio

Intensity and Hydraulic Diameter

0f

Cancel Help |
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Example (1): Turbulent Flow Over a Blunt Plate

y
Re_ = 21,600

Xr

recirculation zone

Air (Pr = 0.7) reattachment point
freestream . - / X

Uy f
I::>T . H ¢'=const (uniform heating)
!
leading edge Plate
Reynolds-Stress Standard k-¢
model (“exact”) model

The Standard k-& model is
known to give spuriously
large TKE on the font face
of the plate

Contour plots
of turbulent
Kinetic energy
(TKE)
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Example (1): Turbulent Flow over a Blunt Plate

SKkin Friction coefficient

Predicted separation bubble: 50
4.0 [ =
— T
- - A
A, - /’//
Standard k-¢ (ske) - S
- . cf*1000 0.0 ¥
el RN / .f
1 o ) ® Measured
S 20 AVA . ;,J//‘ Standard k-epsilon
—— ’ L — — -RNG k-epsilon
‘\ 1 / Sl e — -- Realizable k-epsilon
. 4.0
~ Realizable k-¢ (rke) _ /
t'\-\ ~ - _/] 5.0 . . VI . . : T
B 0 2 4 6 8 10 12 14

x/d

ske model severely underpredicts the size
of the separation bubble, while rke model Experimentally observed reattachment

predicts the size exactly. point is at x/d = 4.7
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Example (2): Turbulent Flow 1n a Cyclone

¢ 40,000 cell hexahedral mesh

+ High-order upwind scheme
was used.

¢ Computed using SKE, RNG,
RKE and RSM (second
moment closure) models
with the standard wall
functions

0.97 m

¢ Represents highly swirling
flows (W .= 1.8 U.,)

ax

0.2m
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Example (2): Turbulent Flow 1n a Cyclone

« Tangential velocity profile predictions at 0.41 m below the vortex finder

4.50e+01
4 00e+01 _ /,:::M“x
/._r/:..-a-' - .
3.50e+01 — e
i /__,- ..-li‘i‘\‘f
3.00e+01 i - = H‘h
- Y s
| o / e
2.508+01 7 - =
. ] o
Tangential : 1P 7
Velocity 2.00e+01 ! I
(m/s) 1 ./ y
1.50e+01 .' 7 ® Measured —
1/ ,;:; ) Standard k-epsilon
1.00e+01 f"“’} — — — RNG k-epsilon .
5 000400 1, J;’I ------Realizable k-epsilon
et ] :f,;-*' — - - Reynolds Stress model
0.00e+00 - - ; ! - | - !
Q 0.02 004 0.06 0.08 0.1 A

Position {m)

- 148 - © Fluent Inc. 4/8/2005



QV& Fluent User Services Center Introductory FLUENT Notes
S FLUENT

FLUENT v6.2 Mar 2005

The Right Answer in CFD" www.fluentusers.com

Example (3): LES of the Flow Past a Square Cylinder
(Rey =22,000)

Cp St
Dynamic Smag. 2.28 0.130
Dynamic TKE 2.22 0.134
Exp.(Lyn et al., 1992) 21-22 0.130

1.00e+00

1.00e-01 M
I )
Magnitude  1.00e-02 } A

LRI

I

neS

et

Iso-contours of instantaneous vorticity

magnitude Strouhal Number
C, spectrum
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Example (3): LES of the Flow Past a Square Cylinder
(Rey = 22,000)

. . . . . 0.5 — . —T .
1.0 s I
0.8 .
0.6/
S 04 o
= 0.4 _— 5
0.2 — Dynamic Smagorinsky (FLUENT V6.2) _ .
' --- Dynamic TKE (FLUENT V6.2) _
0.0 o Measured (Lyn et al., 1992) N
0.2r-% 3
1 | 1 | 1 | 1 | 1 L ] Il | L I 1 | Il
0 2.0 4.0 6.0 8.0 10.0 %o 2.0 4.0 6.0 8.0 10.0
x/H x/H
Streamwise mean velocity Streamwise normal stress
along the wake centerline along the wake centerline
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Summary: Turbulence Modeling Guidelines

¢ Successful turbulence modeling requires engineering judgment of:
e Flow physics
e Computer resources available
e Project requirements
= Accuracy
= Turnaround time
e Near-wall treatments

¢ Modeling Procedure
e Calculate characteristic Re and determine whether the flow 1s turbulent.
e Estimate wall-adjacent cell centroid y* before generating the mesh.

e Begin with SKE (standard £-¢) and change to RKE, RNG, SKO, SST or V2F
if needed. Check the tables in the appendix as a starting guide.

e Use RSM for highly swirling, 3-D, rotating flows.

e Use wall functions for wall boundary conditions except for the low-Re flows
and/or flows with complex near-wall physics.
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Appendix

¢ Summary of RANS Turbulence Models: Description, Model Behavior
and Usage

More Details on Near-wall Modeling

Turbulent Heat Transfer Modeling

Additional Information on Menter’s SST k- Model
V2F Turbulence Model

Initial Velocity Field for LES/DES

® 6 6 o o
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RANS Turbulence Model Descriptions

Model Description:

Spalart- A single transport equation model solving directly for a modified turbulent viscosity. Designed
specifically for aerospace applications involving wall-bounded flows on a fine, near-wall mesh.
Allmaras Fluent’s implementation allows use of coarser meshes. ®Option to include strain rate in &

production term improves predictions of vortical flows.

Standard k- The baseline two transport equation model solving for k£ and €. This is the default k-€ model.
Coefficients are empirically derived; valid for fully turbulent flows only. ®Options to account for
viscous heating, buoyancy, and compressibility are shared with other £-€ models.

RNG k-€ A variant of the standard k-& model. Equations and coefficients are analytically derived.
Significant changes in the € equation improves the ability to model highly strained flows.

* Additional options aid in predicting swirling and low Re flows.

Realizable k-¢ A variant of the standard k- model. Its ‘realizability’ stems from changes that allow certain
mathematical constraints to be obeyed which ultimately improves the performance of this model.

Standard k-® A two transport equation model solving for k£ and ®, the specific dissipation rate (¢/k) based on
Wilcox (1998). This is the default £ -0 model. Demonstrates superior performance for wall
bounded and low-Re flows. Shows potential for predicting transition. ®Options account for
transitional, free shear, and compressible flows.

SST k- A variant of the standard k-® model. Combines the original Wilcox model (1988) for use near
walls and standard £-€ model away from walls using a blending function. Also limits turbulent
viscosity to guarantee that T ~ k. ®The transition and shearing options borrowed from SKO. No
compressibility option.

RSM Reynolds stresses are solved directly with transport equations avoiding isotropic viscosity
assumption of other models. Use for highly swirling flows. ®Quadratic pressure-strain option
improves performance for many basic shear flows.
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RANS Turbulence Model Behavior and Usage

Model Behavior and Usage

Sp alart- Economical for large meshes. Performs poorly for 3D flows, free shear flows, flows with strong
separation. Suitable for mildly complex (quasi-2D) external/internal flows andb.l. flows under

Allmaras pressure gradient (e.g. airfoils, wings, airplane fuselage, missiles, ship hulls).

Standard k-¢ Robust. Widely used despite the known limitations of the model. Performs poorly for complex

flows involving severe Vp, separation, strong stream line curvature. Suitable for initial iterations,
initial screening of alternative designs, and parametric studies.

RNG k-€ Suita.b.le for complex shear flows ipvolving 1.rapid straiq, moderate swirl, Vorjcices, agd locally
transitional flows (e.g., b.1. separation, massive separation and vortex-shedding behind bluff
bodies, stall in wide-angle diffusers, room ventilation)

Realizable k-€ Offers largely the same benefits and has similar applications as RNG.
Possibly more accurate and easier to converge than RNG.

Standard k-® Superior performance for wall-bounded b.1., free shear, and low Re flows. Suitable for complex
boundary layer flows under adverse pressure gradient and separation (external aerodynamics and
turbomachinery). Can be used for transitional flows (though tends to predict early transition).
Separation is typically predicted to be excessive and early.

SST k-® Similar benefits as SKO. Dependency on wall distance makes this less suitable for free shear
flows.
RSM Physically the most sound RANS model. Avoids isotropic eddy viscosity assumption. More CPU

time and memory required. Tougher to converge due to close coupling of equations. Suitable for
complex 3D flows with strong streamline curvature, strong swirl/rotation (e.g. curved duct,
rotating flow passages, swirl combustors with very large inlet swirl, cyclones).
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Near-wall modeling (1):
Standard and Non-Equilibrium Wall Functions

¢ Standard Wall Function
e Momentum boundary condition based on Launder-Spaulding law-of-the-wall:

y < yv U, CV4p V2 C V412
for * « where U'=—f£—#«_"° Y= Pl Kp Vp
1 Ey > yv TW/IO y7;

e Similar ‘wall laws’ apply for energy and species.

e Additional formulas account for %, €, and piL;.
e Less reliable when flow departs from conditions assumed in their derivation.

= Severe Vp or highly non-equilibrium near-wall flows, high transpiration or
body forces, low Re or highly 3D flows

¢ Non-Equilibrium Wall Function
e SWF is modified to account for stronger Vp and non-equilibrium flows.
m Useful for mildly separating, reattaching, or impinging flows.
= Less reliable for high transpiration or body forces, low Re or highly 3D flows.

¢ The Standard and Non-Equilibrium Wall functions are options for the £~¢ and RSM
turbulence models.
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Near-wall modeling (2):
Enhanced Wall Treatment

¢ Enhanced Wall Treatment
e FEnhanced wall functions

= Momentum boundary condition based on blended Ly e /F
law-of-the-wall (Kader). 7 Pam U

= Similar blended ‘wall laws’ apply for energy, species, and .

= Kader’s form for blending allows for incorporation of additional physics.
Pressure gradient effects

+ Thermal (including compressibility) effects

o Two-layer zonal model

= A blended two-layer model is used to determine near-wall ¢ field.

Domain is divided into viscosity-affected (near-wall) region and turbulent core region.
— Based on ‘wall-distance’ turbulent Reynolds number: Re, = P\/%y /i
— Zoning is dynamic and solution adaptive.
+ High Re turbulence model used in outer layer.

‘Simple’ turbulence model used in inner layer.

= Solutions for ¢ and p, in each region are blended, e.g., A, (/Ut )outer + (1 — 4, ) (/Ut )inner

¢ The Enhanced Wall Treatment option is available for the k- and RSM turbulence
models ( EWT is the sole treatment for Spalart Allmaras and &-@ models).
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Near Wall Modeling(3):
Two-Layer Zones

+ The two regions are demarcated |

on a cell-by-cell basis:

° Rey > 200 Turbulent core region

= turbulent core region

e Re <200 @Visposity-affected
y region
= viscosity affected region

e Re = pkl2y/u Turbulent core region

e Yy is shortest distance to nearest
wall

e zoning 1s dynamic and solution
adaptive
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Turbulent Heat Transter

¢ The Reynolds averaging of the energy equation produces an additional

term
u, b’

e Analogous to the Reynolds stresses, this 1s the turbulent heat flux term. An
isotropic turbulent diffusivity is assumed:

. aT
Ut = ‘@a_%

e Turbulent diffusivity 1s usually related to eddy viscosity via a turbulent
Prandtl number (modifiable by the users):

Pr; = v;/vr = 0.85 — 0.9

+ Similar treatment is applicable to other turbulent scalar transport
equations.
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Menter’s SST k- Model Background

Many people, including Menter (1994), have noted that:

e k-wmodel has many good attributes and perform much better than
k-&£ models for boundary layer flows.

e Wilcox’ original &-@ model 1s overly sensitive to the freestream
value (BC) of @, while k-& model is not prone to such problem.

e Most two-equation models, including &-& models, over-predict
turbulent stresses in the wake (velocity-defect) region, which leads
to poor performance of the models for boundary layers under
adverse pressure gradient and separated flows.
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Menter’s SST k-w Model Main Components

¢ The SST k-w model consists of

e Zonal (blended) k- / k-¢ equations (to address item 1 and 2 in the
previous slide)

e Clipping of turbulent viscosity so that turbulent stress stay within what 1s
dictated by the structural similarity constant. (Bradshaw, 1967) - addresses
item 3 in the previous slide

Outer layer
(wake and
outward)

Inner layer
(sub-layer,
log-layer)

Modified Wilcox’ k- model

Wall
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Menter’s SST k- Model Blended k- Equations

¢ The resulting blended equations are:

Dk oU, 5 ) ok
—=17,——f kpo+— + L | —
i 7 Ox, Fkp 0x, K,u GkJ(?xj
Do 7y  0U, » 0 U, | ow
=7, —Bpo’+—|| u+-—|—
i v,  ox, pe 0x, K'H Gw]éx
+2P(I_E)Gw2i%a—a)
@ Ox; O,

p=F¢+(1-F)g, ¢=p.0,,0,.7

Wall
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V2F Turbulence Model

¢ A model developed by Paul Durbin’s group at Stanford:

e Durbin suggests that the wall-normal fluctuations 372 are responsible for
the near-wall damping of the eddy viscosity

o Requires two additional transport equations for ©'2 and a relaxation
function f to be solved together with k£ and ¢

o Eddy viscosity model is 1, ~ v"2 T instead of vy ~ kT

¢ Promising results for many 3-D low-Re boundary-layer flows. For
example, excellent predictions for heat transfer in jet impingement

and separated flows, where k-& models fail miserably.
+ But it 1s a member of the EVM---same limitations still apply.

¢ V2F 1s an embedded add-on functionality in Fluent 6.x which requires
a separate license from Cascade Technologies

( )
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Initial Velocity Field for LES/DES

+ Initial condition for velocity field does not affect statistically stationary
solutions

+ However, starting LES with a realistic turbulent velocity field can
substantially shorten the simulation time to get to statistically
stationary state

¢ The spectral synthesizer can be used to superimpose turbulent velocity
on top of the mean velocity field

e Uses steady-state RANS ( k-¢, k-0, RSM, etc.) solutions as inputs to the
spectral synthesizer

e Accessible via a TUI command:
/solve/initialize/init-instantaneous-vel
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Heat Transtfer Modeling

Headlamp modeled with
Discrete Ordinates
Radiation Model
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Outline

Introduction

Conjugate Heat Transfer
Natural Convection
Radiation

® 6 6 o o

Periodic Heat Transfer
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Introduction

¢ Energy transport equation:

9
ot

(pE)+v-(I7(pE+p))= v-[keﬂVT—Zthj +(T,, -17)}5,1

e Energy source due to chemical reaction is included for reacting flows.

e Energy source due to species diffusion included for multiple species flows.
= Always included in coupled solver; can be disabled in segregated solver.

e Energy source due to viscous heating:

= Describes thermal energy created by viscous shear in the flow.

+ Important when shear stress in fluid 1s large (e.g., lubrication) and/or in high-
velocity, compressible flows.

= Often negligible
+ not included by default for segregated solver; always included for coupled solver.

e In solid regions, simple conduction equation solved.
= Convective term can also be included for moving solids.
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Conjugate Heat Transfer

+ Ability to compute conduction of heat through solids, coupled with
convective heat transfer in fluid.

¢ Coupled Boundary Condition:

e available to wall zone that
separates two cell zones.

Zone Name

Iinternal—wall

Adjacent Cell Zone
| fluid

Shadow Face Zone

|internal—wall—shadow

Thermal l ] l Momentum l Specles l Fadigton I LG l

Thermal Conditions

« Heat Flux Wall Thickness (m)I 0
v Temperature Heat Generation Rate (w!ms)l 0
4 Coupled
1 Shell Conduction
tdaterial Mame
aluminan | v] Fa. Temperature contours

Example: Cooling flow over fuel rods

0K | |Cance|| Help
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Natural Convection - Introduction

1.45e-01

+ Natural convection occurs
when heat 1s added to fluid o
and fluid density varies 1ote-n1
with temperature. o15%6-02

1.30e-01

T.24e-02

¢ Flow is induced by force of
gravity acting on density pstecon
variation. 2900-02

S79e-02 .
- Kl

1.45e-02

o When gravity term is i
included, pressure gradient
and body force term in the
momentum equation are re-written as:

0.00e+00

Maturel Convection in a Power Bus Configuretion
Uelocite Dectors Colored By LDelocity Maanifude (mis)

_Op op
+pg = -2+ (p-p,)g
ox ox
* This format avoids potential roundoff error
where p' =p-p,gx when gravitational body force term is included.
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Natural Convection — the Boussinesq Model

¢ Boussinesq model assumes the fluid density is uniform

e FExcept for the body force term in the momentum equation along the
direction of gravity, we have:

(o= py)g=—p (T -T))g

e Valid when density variations are small (i.e., small variations in T).
¢ It provides faster convergence for many natural-convection flows than by
using fluid density as function of temperature.
e Constant density assumptions reduces non-linearity.
e Suitable when density variations are small.
e Cannot be used together with species transport or reacting flows.
+ Natural convection problems inside closed domains:
e For steady-state solver, Boussinesq model must be used.
= The constant density, p,, properly specifies the mass of the domain.

e For unsteady solver, Boussinesq model or ideal-gas law can be used.
= Initial conditions define mass in the domain.
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User Inputs for Natural Convection

1. Set gravitational acceleration.
Define — Operating Conditions...

2. Define density model.
e If using Boussinesq model:

= Select Boussinesq as the Density method

> Materials

Name

Material Type Order Materials By

Iair

Chemical Formula

|ﬂuid |ﬂ 4 Name
+~+ Chemical Formula

Fluid tMaterials

Properties

| air |ﬂ Database...|

and assign constant value, p,.
Define — Materials...

= Set Thermal Expansion Coefficient, .

= Set Operating Temperature, T,.

Density (kg/m3) | boussinesq ||H §Z{-<€E%.,,|

g-k) | constant |ﬂ %ﬁ-ﬁ-dé%.,,|
|1006.43
Thermal Conductivity (w/m-k) | SOTEHEND | ¥ cain.. |

|o

—T
|0.0242
Viscosity (kg/m-s) | constant |ﬂ gan| |7
|i.?894e—05
i
Change/Create | Delete | Close | Help |

e If using temperature dependent model,

(e.g., ideal gas or polynomial):

¢ Operating Conditions
Pressure Gravity
N perating Pressure (pascal) | | |7 Gravity

325

Referenc™Eressure Location ® (mf52)| o]

Gravitational Acceleration

X (im|o

= Specify Operating Density or,

= Allow Fluent to calculate p, from a cell
average (default, every iteration).

- 170 -

----~..---~ Y (in) | 0

Boussinesq Parameters

Operating Temperature (k)
|288.16

Variable-Density Parameters

‘ _| Specified Operating Density ‘

OK | Cancel| Help |
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Radiation

. 4 4 .
Radiation effects should be accounted for when Qw0 =0 (T —Thin) is of equal or
greater magnitude than that of convective and conductive heat transfer rates.
To account for radiation, radiative intensity transport equations (RTEs) are solved.
e Local absorption by fluid and at boundaries links RTEs with energy equation.

Radiation intensity, /(r,s), is directionally and spatially dependent.

Intensity, I(r,s), along any direction can be modified by:
e Local absorption

e Out-scattering (scattering away from the direction)

Absorption and
scattering loss

e In-scattering (scattering into the direction) i RS
Five radiation models are provided: P

o Discrete Ordinates Model (DOM) - |

o Discrete Transfer Radiation Model (DTRM) ~ fadiaton L eugian

e P-1 Radiation Model

e Rosseland Model

e Surface-to-Surface (S25)

e Local emission Cutgaoing radiation

_ o | Scattering
Gas ernission addition
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Discrete Ordinates Model

¢ The radiative transfer equation is solved for a discrete number of finite
solid angles, s::

8]” 2 GT4 GS i ! ! !
3 +(a+0s)1(r,s):an I[(F,S)@(S'S)dﬂ
X, T T
! N J N J
Y Y ~~ YT ~
¢ Advantages: absorption emission scattering

e Conservative method leads to heat balance for coarse discretization.
= Accuracy can be increased by using a finer discretization.
e Most comprehensive radiation model:

= Accounts for scattering, semi-transparent media, specular surfaces, and
wavelength-dependent transmission using banded-gray option.

+ Limitations:
e Solving a problem with a large number of ordinates 1s CPU-intensive.
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Discrete Transfer Radiation Model (DTRM)

¢ Main assumption: radiation leaving surface element in a specific range of solid
angles can be approximated by a single ray.

+ Uses ray-tracing technique to integrate radiant intensity along each ray:

dl acT?
—+al =
ds i

¢ Advantages:
e Relatively simple model.
e Can increase accuracy by increasing number of rays.
e Applies to wide range of optical thicknesses.
¢ Limitations:
e Assumes all surfaces are diffuse.
e Effect of scattering not included.
e Solving a problem with a large number of rays is CPU-intensive.

-173 - © Fluent Inc. 4/8/2005



§Vé FLUENT° Fluent User Services Center Introductory FLUENT Notes

FLUENT v6.2 Mar 2005
4/\v The Right Answer in CFD" www.fluentusers.com v ar

P-1 Model

¢ Main assumption: Directional dependence in RTE i1s integrated out,
resulting in a diffusion equation for incident radiation.
¢ Advantages:
e Radiative transfer equation easy to solve with little CPU demand.
e Includes effect of scattering.
= Effects of particles, droplets, and soot can be included.

e Works reasonably well for combustion applications where optical
thickness 1s large.

¢ Limitations:
e Assumes all surfaces are diffuse.

e May result in loss of accuracy, depending on complexity of geometry, 1f
optical thickness is small.

e Tends to overpredict radiative fluxes from localized heat sources or sinks.
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Surface-to-Surface Radiation Model

+ The S28S radiation model can be used for modeling enclosure radiative
transfer without participating media.

e ¢.g., spacecraft heat rejection system, solar collector systems, radiative space
heaters, and automotive underhood cooling

e View-factor based model
e Non-participating media is assumed.

¢ Limitations:
e The S2S model assumes that all surfaces are diffuse.
e The implementation assumes gray radiation.

e Storage and memory requirements increase very rapidly as the number of
surface faces increases.

= Memory requirements can be reduced by using clusters of surface faces.
+ Clustering does not work with sliding meshes or hanging nodes.

e Not to be used with periodic or symmetry boundary conditions.
e Cannot be used for models with multiple enclosures geometry.
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Solar Load Model

¢ Solar load model

& Specifications

Introductory FLUENT Notes
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¢ Solar Calculator x|
Ray tracing algorithm for solar radiant Global oston G Orentation
energy transport: Compatible with all dqreat e “"’“’IIL x[o “p g
. . Model Latitude (deg)| 13,65 vls vlo
radle.ltlon quels S R z||0 leo
Available with parallel solver (but ray - Rosseland o ——
tracing algorithm is not parallelized) v P Day or Ve i o Day  Theorstiat asimarn
- Discrete Transfer| (D Da |217A erlﬁil 4 Fair Weather Conditions
3D Only Surf; to Surf; { ” N v
v surface o surtafe MnnthIE. A MinuteIO 4 || options
- Discrete Ordinatgs ( ’ d|lp i ramr|17
Solar Load
Sun direction vector <M.,de. Y o | [coa] o |
N -
Solar intensity (direct, diffuse) s iy e * Y| :
. . . 7 Use Directi o from Solar Calculator
Solar calculator for calculating direction 00 rasiaton —
and direct intensity using theoretical Ksotr cacuator Drect St rcton (V) | ot o] s
maximum or “fair weather conditions” et Parametars
Time Steps Per ITA I 1423
T rans 1 e l’lt cases Solar Load Update Y || piffuse Solar Irradiation {(Wim2) | constant ﬂ %Eiééé,,,|
=  When direction vector is specified 200
with solar calculator, sun direction Spectral Faction Vi(v+IR) 0.5
vector will change accordingly in I
. . . oK Cancel Hel
transient simulation =
= Specify “time steps per solar load
update”
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Choosing a Radiation Model

¢ For certain problems, one radiation model may be more — POEEmIED

appropriate in general. Model
& Off

Define - Models — Radiation... - Rosseland

~ P1

e Computational effort: P-1 gives reasonable accuracy with
-~ Discrete Transfer (DTRM)

IGSS effort' ~ Surface to Surface (525)
e Accuracy: DTRM and DOM more accurate. > Diasts Qi
e Optical thickness: DTRM/DOM for optically thin media ok | [cancel] Help |

(optical thickness << 1); P-1 better for optically thick media.
e Scattering: P-1 and DOM account for scattering.

e Particulate effects: P-1 and DOM account for radiation exchange between gas
and particulates.

e Localized heat sources: DTRM/DOM with sufficiently large number of rays/
ordinates 1s more appropriate.
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Periodic Heat Transfer (1)

¢ Also known as streamwise-periodic or fully-developed flow.

¢ Used when flow and heat transfer patterns are repeated, e.g.,
e Compact heat exchangers
e Flow across tube banks

¢ Geometry and boundary conditions repeat in the streamwise direction.

symmetry plane

) Q* Q C
D
periodic periodic

_HAow : _—

Domaln inflow outflow
wall wall
““““ | (tube #1) (tube #2) |

symmetry plane

\HH\

~ = N o Qgtﬂow at one periodic boundary

1s inflow at the other
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Periodic Heat Transfer (2)

Temperature (and pressure) vary in the streamwise direction.

Scaled temperature (and periodic pressure) 1s same at periodic
boundaries.

¢ For fixed wall temperature problems, scaled temperature defined as:

9 — T_ Twall
TE) o Twall

T, = suitably defined bulk temperature
+ Can also model flows with specified wall heat flux.
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Periodic Heat Transfer (3)

¢ Periodic heat transfer is subject to the following constraints:

Either constant temperature or fixed flux bounds.
Conducting regions cannot straddle periodic plane.

Thermodynamic and transport properties cannot be functions of
temperature.

Viscous heating and volumetric heat sources cannot be used with constant
wall temperature boundary conditions.

Contours of Scaled Temperature
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Summary

¢ Heat transfer modeling 1s available in all Fluent solvers.
¢ After activating heat transfer, you must provide:

e Thermal conditions at walls and flow boundaries

e Fluid properties for energy equation

¢ Available heat transfer modeling options include:
e Species diffusion heat source
e Combustion heat source
e Conjugate heat transfer
e Natural convection
e Radiation
e Periodic heat transfer
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User Defined Functions

- 182 - © Fluent Inc. 4/8/2005



FLUENT v6.2 Mar 2005

QV# Fluent User Services Center Introductory FLUENT Notes
s FLUENT

The Right Answer in CFD" www.fluentusers.com

Introduction

¢ What i1s a User Defined Function?

e A UDF is a routine (programmed by the user) written in C which can be
dynamically linked with the solver.

= Standard C functions
+ e.g., trigonometric, exponential, control blocks, do-loops, file i/0, etc.

= Pre-Defined Macros
+ Allows access to field variable, material property, and cell geometry data.

¢ Why build UDF’s?
e Standard interface cannot be programmed to anticipate all needs.
= Customization of boundary conditions, source terms, reaction rates, material
properties, etc.
= Adjust functions (once per iteration)
= Execute on Demand functions
= Solution Initialization
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User Access to Fluent Solver

o FLUENT is designed to allow users to access the solver at some strategic

instances during the solution process:
Segregated Solver Coupled Solver

- User- |
Initialize IB_?)%IS defined Solve U-Momentum
ADJUST 1
Flow User / Solve ViMomentum |v|s°|ve vass&
. Defined omentum
Diagram Initialize |Source terms[~{~{Solve W-Momentum Energy Source terms
of I
FLUENT R
Solvers [Exit Lcrop| |Re?eat | 7
Solve Energy
Solve Species
Gheck | Solve Turbule’nce \
Convergence Kinetic Energy  [*~—~—__

ﬂ / Source terms
[Update Properties Solve Eddy

Dissipation
|User-Defined Propertiesl

User-Defined Boundary Conditions
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UDF Basics

¢ UDF’s assigns values (e.g., boundary data,
source terms) to individual cells and cell faces
in fluid and boundary zones.

e In a UDF, zones are referred to as threads.

e A looping macro is used to access individual
cells belonging to a thread.

¢ Velocity Inlet

Zone Name

I veloclty-inlet-5

= e.g., a face-loop macro visits 563 faces

Velocity Specification Method| Components |j

on face zone 3 (velocity-inlet). Reference Frame| Absolute K
o . . . X-Velocity (mfs)| O udflnlet_x_velomty

+ Position of each face is available | 1

¥Y-Velocity (mfs)| 0 ‘Constant
b4 )I udf inlet x velocit

ure (k)I 293 ‘

to calculate and assign spatially
varying properties.

urbulence Specification Method‘ Intensity and Hydrauli

Turbulence Intensity (%)I 5

= Thread and variable references are
automatically passed to UDF when
assigned to boundary in GUI.

Hydraulic Diameter(in)l 16

0K | Cancel Help

¢ Values returned to the solver by UDFs must be in SI units.
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Using UDFs 1n the Solvers

¢ The basic steps for using UDFs in FLUENT are as follows:

STEP 1:
STEP 2:
STEP 3:
STEP 4:
STEP 5:
STEP 6:

Create a file containing the UDF source code

Start the solver and read in your case/data files

Interpret or Compile the UDF

Assign the UDF to the appropriate variable and zone in BC panel.
Set the UDF update frequency in the lterate panel

Run the calculation
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Example: Non-Uniform Inlet Velocity

¢ A non-uniform inlet velocity is to be imposed on the 2D turbine vane
shown below. The x-velocity variation 1s to be specified as:

u(y) =20 [ 1 - (y/0.0745)?]
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Step 1: Source Code

¢ The perine_prorrrie macro allows [ 4i.c1ude "udf.he

the function inlet x velocity to
DEFINE PROFILE (inlet_x velocity, thread, nv)

be defined. (
e All UDFs begin with a DEFINE float x[3]; /* this will hold the position
- vector*/
macro. float y;
e inlet x velocity will be face_t f;

1dentifiable in solver GUI. begin £ loop (£, thread)

¢ thread and nv are dynamic t
. F_CENTROID (x, f, thread) ;
references: input to the UDF to y = x[1];
identify the zone and variable F_PROFILE(f, thread, nv) =
i ) 20.*(1.- y*y/(.0745*.0745));
being defined, respectively. }
end £ loop(f, thread)

¢ The macro begin_£ 100p lOOpS y

over all faces, £, on thread.
The r_cenTroip macro assigns cell position vector to x[1.

The r_prorire macro applies the velocity component to face ¢.
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Step 3: Interpreting the UDF

¢ The UDF is saved as velprof.c

¢ Define - User Defined Functions —
Interpreted...

»{ Interpreted UDFs

velocity profile:

thread (r0)

.local.pointer

.local.int

position (rl)

.local.end
save

.local.int £ (r6)

Source File Name 0
velprofl.c
CPP Command Mame 0
Cpp
Stack Size 1§
'
10000 =
7 Display Assembly Listing
_I Use Contributed CPP
Compile | Close Help .
.L1:
¢ Click Compile 132
. 1
¢ The assembly language code will scroll 132

past window. A snapshot is shown in the
right.

- 189 -
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Step 4: Activating the UDF

¢ Access the boundary condition

}{'Velncil}l Inlet

panel. Zone Name

Iinlet

+ Switch from constant to the UDF
function in the X-Velocity
dropdown list.

Velocity Specification kMethod| Components

Reference Frame| Absolute

Coordinate System| Cartesian (X, Y, Z)

X-Velocity (mfs)| O udfinlet_ x velocity

Z-Velocity (mfs)| O constant

i
hi
v
4
¥-Velocity (m/s) | 0 constant ﬂ
i
hi

Turbulence Specification kMethod| Intensity and Hydraulic Diameter

Turbulence Intensity (%) | 2

Hydraulic Diameter (in) | <

OK | Cancel Help
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Step 5 and 6: Run the Calculation

¢ You can change the UDF Profile
update Interval in the Iterate panel
(default value is 1).

¢ Run the calculation as usual.

lteration

Mumber of lterations| 100

Reporting Interval | 1

Al A A

UDF Profile Update Interval | 1

Iterate Apply Close Help
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Numerical Solution of the Example

... [=
¢ The figure at right shows velocity 7
field throughout turbine blade -
passage S
¢ The bottom figure shows the

{\

velocity vectors at the inlet. Notice
the imposed parabolic profile. I

2.09ex 0z

1.84e-02

1.35e+ 0z

1.10e-02
B.51e01
B.03e-01
4.58e+01
1.09e+01
I-].HQE'U
-3.Bbe+0:

Turbine \fare |]55] ce\l 2405 faces ngrode ]
Yelocily Yer olored By X ¥elocily [mfs) May 173, 1098
FLUENT &£.0 |2d. coupled exp)

il
i
1.89e- 02
i
i

'
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Macros

¢ Macros are pre-defined (Fluent) functions:
e DEFINE_ macros allows definitions of UDF functionality.

e Variable access macros allow access to field variables and cell
information.

e Utility macros provide looping capabilities, thread identification,
vector and numerous other functions.

¢ Macros are defined 1in header files.

e The udf.h header file must be included in your source code.
= #include “udf.h”

e The header files must be accessible in your path.
= Typically stored in Fluent.Inc/src/ directory.

¢ A list of often used macros 1s provided in the UDF User’s
Guide.

e Help —» More Documentation
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DEFINE Macros

¢ Any UDF you write must begin with a DEFINE macro:

e 18 ‘general purpose’ macros and 13 DPM and multiphase related macros (not listed):

DEFINE ADJUST (name,domain) ; general purpose UDF called every iteration

DEFINE INIT (name,domain); UDF used to initialize field variables

DEFINE ON DEMAND (name) ; defines an ‘execute-on-demand’ function

DEFINE RW FILE (name, fp); customize reads/writes to case/data files

DEFINE PROFILE (name, thread,index) ; defines boundary profiles

DEFINE SOURCE (name,cell, thread,dS,index) ; defines source terms

DEFINE HEAT FLUX (name, face,thread,c0,t0,cid,cir); defines heat flux

DEFINE PROPERTY (name,cell, thread) ; defines material properties

DEFINE DIFFUSIVITY (name,cell, thread,index) ; defines UDS and species diffusivities
DEFINE UDS FLUX (name, face, thread,index) ; defines UDS flux terms

DEFINE UDS UNSTEADY (name,cell, thread,index,apu,su); defines UDS transient terms
DEFINE SR RATE (name, face,thread,r,mw,yi,rr); defines surface reaction rates

DEFINE VR RATE (name,cell,thread,r,mw,yi,rr,rr t); defines vol. reaction rates
DEFINE SCAT PHASE FUNC (name,cell, face) ; defines scattering phase function for DOM

DEFINE DELTAT (name,domain) ; defines variable time step size for unsteady problems

DEFINE TURBULENT VISCOSITY (name,cell, thread); defines procedure for calculating turbulent viscosity
DEFINE TURB PREMIX SOURCE (name,cell, thread, turbflamespeed, source); defines turb. flame speed
DEFINE NOX RATE (name,cell, thread,nox); defines NOx production and destruction rates
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Some Thread and Looping Utility Macros

cell t c; definesacell A

face t £; defines a face . Specialized variable types
Thread *t; pointer to a thread used for referencing.
Domain *d; pointer to collection of all threads

thread loop c(t, d){} loop that steps through all cell threads in domain

thread loop f£(t, d){} loop that steps through all face threads in domain
begin c loop(c, t){} end c loop(c, t) loop thatsteps through all cells in a thread
begin £ loop(f, t){} end £ loop(f, t) loop thatsteps through all faces in a thread
c _face loop(c, t, n){} loop that steps through all faces of a cell

Thread *tf = Lookup Thread(domain, ID); returnthread pointer of integer ID of zone
THREAD ID(tf); returns zone integer ID of thread pointer

Code enclosed in {} 1s executed in loop.
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Geometry and Time Macros

C NNODES(c, t); returnsnodes/cell

C NFACES(c, t); returns faces/cell

F NNODES (£, t); returns nodes/face

C _CENTROID(x, c, t); returns coordinates of cell centroid in array x[]
F CENTROID(x, £, t); returns coordinates of face centroid in array x[]
F AREA(A, £, t); returnsarea vector in array A[]

C_VOLUME (c, t); returns cell volume

C VOLUME 2D(c, t); returns cell volume for axisymmetric domain

real flow time(); returns actual time

int time_step; returns time step number
RP_Get Real (“physical-time-step”); returns time step size
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Cell Field Variable Macros
C R(c,t); density C _DVDX(c,t); velocity derivative
C P(c,t); pressure C DVDY (c, t); velocity derivative
C U(c,t); u-velocity C DVDZ (c,t); velocity derivative
C V(c,t); v-velocity C DWDX (c,t); velocity derivative
C W(c,t); w-velocity C_DWDY (c, t) ; velocity derivative
C T(c,t); temperature C DWDZ (c, t); velocity derivative
C H(c,t); enthalpy
C K(c,t); turbulent KE C MU L(c,t); laminar viscosity
C D(c,t); turbulent dissipation rate C MU T(c,t); turbulent viscosity
C O(c,t); specific dissipation of tke C MU EFF (c,t); effective viscosity
C YI(c,t,i); species mass fraction C K L(c,t); laminar thermal conductivity
C UDSI(c,t,i); UDS scalars C K T(c,t); turbulentthermal conductivity
C _UDMI (c,t,i); UDM scalars C K EFF(c,t); effective thermal conductivity
C CP(c,t); specific heat
C DUDX (c,t); velocity derivative C _RGAS (c,t) ; gas constant
C DUDY (c,t) ; velocity derivative C DIFF L(c,t); laminar species diffusivity
C DUDZ (c,t); velocity derivative C DIFF EFF(c,t,i); effective species diffusivity
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Face Field Variable Macros

¢ Face field variables are only available when using the segregated
solver and generally, only at exterior boundaries.

F R(f,t); density

F P(f,t); pressure

F U(£,t); u-velocity

F V(f,t); v-velocity

F W(£f,t); w-velocity

F T(f,t); temperature

F H(f,t); enthalpy

F K(f,t); turbulent KE

F D(f,t); tkedissipation

F O(f,t); specific dissipation of tke
F YI(f,t,i); species mass fraction
F UDSI(f,t,i); UDS scalars

F UDMI (f,t,i); UDM scalars

F _FLUX(f,t); mass flux across face f, defined out of domain at boundaries.

- 198 - © Fluent Inc. 4/8/2005



FLUENT v6.2 Mar 2005

QV# Fluent User Services Center Introductory FLUENT Notes
s FLUENT

The Right Answer in CFD" www.fluentusers.com

Other UDF Applications

¢ In addition to defining boundary values, source terms, and material
properties, UDFs can be used for:

Read Case Function| none

m defines fluid-side diffusive and radiative wall
heat fluxes in terms of heat transfer coefficients

Write Case Function| none

Read Data Functi0n| none

_}{'User-Delined Function Hooks E

¢ Inltlahzatlon Initialization Function| none j
= Executes once per initialization. Adjust Function| none ki

Y Adjust Wall Heat Flux Function| none j
- EXCCUtCS every iteration. Yolume Reaction Rate Function| none j

Surface Reaction Rate Function| none ¥

e Wall Heat Flux j
¥

i

i1

4

= applies to all walls

Write Data Function| none

e User Defined Surface and Volumetric Reactions
e Read-Write to/from case and data files

= Read order and Write order must be same. {EsccutelUalbionand
e Execute-on-Demand capability runetion b

= Not accessible during solve /Jm Close | Help |
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Define — User-Defined —» Memory...
e Up to 500 field variables can be defined.

e Can be accessed by UDFs:

= C UDMI (cell, thread,index) ;
= F UDMI (face, thread, index);

e Can be accessed for post-processing./ 7 Auto Range

e Information is stored in data file.

- 200 -

User Defined Memory

>{ User-Defined Memory

Number of User-Defined Memory Locations| 1 ¢
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OK

Cancel Help |

»¢ Contours

Options Contours Of
™ Filled User Defined Memory... 4
I Node Values | [ 4 o j
alRange | haaus
I CHp e Bangs
Surfaces FIE!
_I Draw Profiles
: bottom
| Draw Grid default-interior
Levels  Set teft
evels etup Sl
A |:L A tos::-
Y ¥
Surface Pattern Surface Types FIE.
axis j
I clip—surf
exhaust—fan
katch | fan .
Display | Compute | Close | Help |
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User Detined Scalars

¢ FLUENT can solve (up to 50) generic transport
equations for User Defined Scalars, ¢,:

Mumber of User-Defined Scalarsl 2 ¢

Introductory FLUENT Notes
FLUENT v6.2 Mar 2005

»¢ User-Defined Scalars

8 8 6 Flux Function| mass flowrate | ¥
¢k + F;¢k _Fk ﬂ — S¢k k= ]’ cees Nscalars U dv Functi default J
t
at 8xi axz’ nsteady Function| defau 4
¢ User specifies: OK | cancel| Help |

Define — Models — User-Defined Scalars...
e Number of User-Defined Scalars

e Flux Function, F'
= DEFINE UDS FLUX (name, face, thread, index)

= DEFINE UDS UNSTEADY (name,cell, thread, index, apu, su)
= if statements needed to associate multiple flux and transient functions with each

UDS.
¢ Example

e Can be used to determine magnetic and/or electric field in a fluid zone.
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User Defined Scalars (2)

+ User must also specify:

Zone Mame
fluid-9

e Source terms, S¢
o Diftusivity, I';

hdaterial Hame| water ‘ﬂ Edit...l

7 Source Terms

- ; - o
= if statements needed to define Energy (wim3)| 0 constant I
User defined scalar-0 | 0] ‘ none ‘j

UDF diffusivities for each UDS.
o User defined scalar-1 |O none j J
e Boundary Conditions for each UDS. e i

udf inlet_x_wvelocity

_I Laminar Zone

= Specified Flux or Specified Value. —
¢ Define as constant or with UDF. \IW\\

Adjacent
‘Pluid—g

MName i Order Materials B
- Materialiiyge L4 Thermal l £33 l Momentum I Hpeoiey } Fadiaton I ups l
Ianﬂ |ﬂuid ‘ﬂ “ Name .
. User Defined Scalar Boundary Condition User Defined Scalar Boundary Value
Chemical Formula Fluid Materials ~ Chemical Formula A i
i Scalar—0| Specified Flux Y| Scalar—OI 6] ﬂ
I | ar ‘ﬂ Database... J
Properties Scalar—1| Specified Value |ﬂ ] Sealar—1 I 10 ﬂ
3 il
Cp (ifkg—k) | constant ‘ﬂ G|
|1006.43
Thermal Conductivity (wim—k) | SO ‘ j edit.. |
|0.0242
Viscosity (kg/m-s) | constant ‘j I8 z%i?,,,l
|1.?894e—05
UDS Diffusivity (m2/s) | 45 j Edit...
o ok | [Cancel] _telp
user—defined ¥

ChangefCreate Help |
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Interpreted vs. Compiled UDF’s

+ Functions can either be read in and inferpreted at run time (as in the

example) or compiled and grouped into a shared library that 1s linked
with the standard FLUENT executable.

¢ Interpreted vs. compiled code

e Interpreter -
= Interpreter is a large program that sits in the computer’s memory.
= Executes code on a “line by line” basis instantaneously
= Advantages - does not need a separate compiler
= Disadvantage - slow and takes up space in memory

e Compiler (refer to User’s Guide for instructions)-
= Code i1s translated “once” into machine language (object modules).
= Efficient way to run UDF’s. Uses Makefiles
= Creates “shared libraries” which are linked with the rest of the solver

= Overcomes interpreter limitations e.g. mixed mode arithmetic, structure
references etc.
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Supporting UDF’s

¢ Because UDF’s can be very complicated, Fluent Inc. does not assume
responsibility for the accuracy or stability of solutions obtained using
UDFs that are user-generated.

e Support will be limited to guidance related to communication between a
UDF and the FLUENT solver.

e Other aspects of the UDF development process that include conceptual
function design, implementation (writing C code), compilation and
debugging of C source code, execution of the UDF, and function design
verification will remain the responsibility of the UDF author.

= Consulting option
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Modeling Multiphase Flows
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Introduction

¢ A phase is a class of matter with a definable boundary and a
particular dynamic response to the surrounding
flow/potential field.

+ Phases are generally identified by solid, liquid or gaseous
states of matter but can also refer to other forms:
e Materials with different chemical properties but in the same
state or phase (i.e. liquid-liquid, such as, oil-water)
¢ The fluid system is defined by a primary and multiple
secondary phases. Bl

e One of the phases 1s considered continuous (primary)

o The others (secondary) are considered “ -
to be dispersed within the continuous phase.

e There may be several secondary phase denoting particles with
different sizes

Secondary Phase

ot

¢ In contrast, multi-component flow (species transport) refers  ppjy vy phase
to flow that can be characterized by a single velocity and
temperature field for all the species.
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Choosing a Multiphase Model

In order to select the appropriate model, users must know a priori the
characteristics of the flow in terms of the following:

e The flow regime
e Volume loading
e Turbulent or Laminar flow

e Stokes number
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Flow Regimes

¢ Multiphase Flow Regimes

liquid-solid

gas-liquid
liquidjl'@nd

ga}—\solid

/e

— o

Bubbly flow: Discrete gaseous bubbles in a
continuous fluid. E.g.: Absorbers, evaporators,
sparging devices.

Droplet flow: Discrete fluid droplets in a
continuous gas. E.g.: Atomizers, combustors.

Slug flow: Large bubbles in a continuous liquid.

Stratified/free-surface flow: Immiscible fluids
separated by a clearly-defined interface. E.g.:
Free surface flows.

Particle-laden flow: Discrete solid particles in a
continuous gas. E.g.: cyclone separators, air
classifiers, dust collectors, and dust-laden
environmental flows.

Fluidized Beds: fluidized bed reactors.

Slurry Flow: Particle flow in liquids, solids
suspension, sedimentation, and hydro-transport.
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bubbly, droplet, or
particle-laden flow

pheumatic transport,
hydrotransport, or slurry flow

fluldized bed
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Volume and Particulate loading
+ Volume loading: Dilute or Dense:

e Refers to the volume fraction of secondary phase(s)

Volume of the phase in a cell/domain
Volume of the cell/domain

m Volume fraction =

e For dilute loading (< 10%) average particle-particle distance 1s
about 2 times particle diameter so particle-particle interactions

can be neglected. Vprimary

v

secondary Vv
cell
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Turbulence modeling in Multiphase Flows

¢ Turbulence modeling with multiphase flows can be challenging.
Presently, single-phase models like k-& or RSM are used to model
turbulence in primary phase. Turbulence equations may contain
additional terms to account for turbulence modification by
secondary phase.

+ If phases are separated and their density ratio 1s of order 1 or 1f
particle volume fraction 1s low (<10%), then single phase model can
be used for “mixture” of phases

+ In other cases either single phase models are still used or “particle
presence modified” models are used
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Stokes Number

¢ For system with intermediate particulate loading, the Stokes number
provides a guidance for choosing the most appropriate model:

o Stokes Number, St , is the ratio of particle (the dispersed phase)
relaxation time (T4) to the problem’s characteristic time scale (t;):
m St=1,/1,

s Where t;,= puads/ / 18u.andt. =D/ U (D and U are
characteristic length and velocity scales of the problem)

e When St<<1
= particles will follow the flow closely (in equilibrium).

e When St>1
= Particles will move independently of the flow field.
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Phases as Mixtures of Species

¢ In all Fluent’s multiphase models any phase can be either single
material or a mixture of species

+ Material definition of phase mixtures is the same as in single-phase
flows

¢ It is possible to model heterogeneous reactions, 1.e., reactions where
reactants and products belong to different phases. This means that
heterogeneous reactions will lead to interfacial mass exchange
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Multiphase Models 1n Fluent

Define — Models — Multiphase...

Multiphase Model

COff 2
" Yolume of Fluid

.........................

" Eulerian

Mixture Parameters

v Slip Velocity

Body Force Formulation

[ Implicit Body Force

1] 4 | Can[:t:l‘

Help |

&3

Model Number of Phases

=

\ 4
4
4
¢

Discrete Phase Model (DPM)
Mixture Model

Eulerian Multiphase Flow Model
Volume of Fluid Model (VOF)

Define — Phases
Phases E|
Phase Type
vapor secondary-phase
ID
Interaction... | |2
Set... | Cluse| Help |
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Discrete Phase Model
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Discrete Phase Model (DPM)

o Trajectories of particles/droplets/bubbles are computed in a Lagrangian frame.
e Particles can exchange heat, mass, and momentum with the continuous gas phase.
e Each trajectory represents a group of particles of the same initial properties.
e Particle-Particle interaction is neglected.

e Turbulent dispersion can be modeled with stochastic tracking or a “particle cloud”
model.

+ Numerous sub-modeling capabilities:
e Heating/cooling of the discrete phase
o Vaporization and boiling of liquid droplets
o Volatile evolution and char combustion for combusting particles
o Droplet breakup and coalescence using Spray Models
o Erosion/Accretion
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Applicability of DPM

Flow regime: Bubbly flow, droplet flow, particle-laden flow.
Volume loading: Must be Dilute (volume fraction < 12%).
Particulate Loading: Low to moderate.

Turbulence modeling: Weak to strong coupling between phases.

® 6 &6 o o

Stokes Number: All ranges of stokes number.

Application examples: Cyclones, spray dryers, particle separation and
classification, aerosol dispersion, liquid fuel and coal
combustion. etc.
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Example: Spray Dryer Simulation

air and methane
inlets

¢ Spray drying involves the
transformation of a liquid
spray into dry powder in a
heated chamber. The flow,
heat and mass transfer are

simulated by DPM
capability in FLUENT.

« CFD .simulation plays a centerline for
very important role in e particle injections

optimizing the various
parameters for the spray
dryer.

—outlet

Path lines indicating
the gas flow field
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Spray Dryer Simulation (2)

> =
|
f ’ Sl -
| | |
\
'/’
2z ( =
Initial particle
Diameter: 2 mm 1.1 mm 0.2 mm Contours of the

. . , , o evaporated water
Stochastic particle for particles of different initial diameters
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The Eulerian Multiphase Model
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The Eulerian Multiphase Model

¢ Description
e The most sophisticated and general purpose multiphase model.
= Used to model multiple interpenetrating phases (gas, liquid, and/or solid).
e Solves continuity, momentum and energy equations for each phase.
= Volume fractions characterize equation set for each phase.
= Coupling among phases achieved through inter-phase exchange terms.
+ Several models available to define inter-phase exchange coefficients.

— Typically drag coefficient models described in terms of local
Reynolds number.

+ Strong coupling makes this model more difficult to use than Mixture
Model.

= Heat, mass transfer between phases including heterogeneous reactions is
possible

e Uses a single pressure field for all phases.
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The Granular option in the Eulerian Model

¢ For fluid-granular flows, each granular phase is treated as a distinct
interpenetrating granular ‘fluid’.

¢ In addition to primary fluid phase, secondary granular phase momentum
equations are solved.

e Solid-phase stresses and properties derived using analogy of thermal
motion of molecules.

= Intensity of particle velocity fluctuations determines the stresses,
viscosity, and pressure of the solid phase.

= Kinetic energy associated with the particle velocity fluctuations
represented by a “pseudo-thermal” or granular temperature.

= Inelasticity of the granular phase is taken into account
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Applicability of Eulerian model

+ Flow regime: Bubbly flow, droplet flow, slurry flow,
fluidized beds, particle-laden flow.

Volume loading: Dilute to dense.
Particulate Loading:  Low to high.

Turbulence modeling: Weak to strong coupling between phases.

* 6 o o

Stokes Number: All ranges of Stokes number.

Application examples: High particle loading flows, slurry flows,
sedimentation, hydro-transport, fluidized beds, risers, packed bed
reactors.
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Example: 3D Bubble Column

\am‘h ,a'?
i &1 \ Z=20 cm
%ﬂ:ﬁ@ 4 g
Wl
s’,
‘x A Z=15 cm
| 1 i i R
¥ .,q
"W .
L7 h, U Z=10 cm
. Z=5cm

-

Liquid Velocity Vectors

Gas
Volume Fraction =0.175
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Circulating Fluidized Bed

Contours of Solid Volume Fraction
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The Mixture Model

Courtesy of
Fuller Company
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The Mixture Model

¢ Description
e Mixture model is simplified Eulerian approach for modeling N-phase flows.

e The simplification is based on main assumption that Stokes number 1s small,
1.e., magnitude and direction of particle velocity vector is close to that of
primary fluid

e Solves the mixture momentum equation (for mass-averaged mixture velocity)
and prescribes relative velocities to describe the dispersed phases.

= Inter-phase exchange terms depend on relative (slip) velocities which are
algebraically determined based on main assumption that St<<l1. This
means that phase separation can me modeled with Mixture model.

= Turbulence and Energy equations are also solved for the mixture, if
required.

= Only one of the phases may be defined as compressible.
e Solves the transport equation of volume fraction for each secondary phase.
e Mass exchange is possible including heterogeneous reactions

e A submodel for cavitation is available, see the Appendix for more detail.
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Applicability of Mixture model

Flow regime: Bubbly flow, droplet flow, slurry flow.
Volume loading: Dilute to moderately dense.

Particulate Loading: Low to moderate.

Turbulence modeling: Weak coupling between phases.
Stokes Number: Stokes Number < < 1.

® 6 &6 o o

Application examples: Hydrocyclones, bubble column reactors, solid
suspensions, gas sparging.

-227 - © Fluent Inc. 4/8/2005



'QV& g Fluent User Services Center Introductory FLUENT Notes
ST | UENT

FLUENT v6.2 Mar 2005
The Right Answer in CFD" www.fluentusers.com

Example: Gas Sparging in Mixing Tanks

¢ The sparging of nitrogen | | S HEEeh S
gas into a stirred tank is : | B TS By I
simulated by the mixture
multiphase model. The
rotating impeller 1s
simulated by using

multiple-reference-frame
(MRF) model.

¢ FLUENT simulation

provided a good prediction
on the gas-holdup of the
agitation system.
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Contours of volume :
: Velocity vectors of water on
fraction of gas

(t=155) a center plane
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The Volume of Fluid Model (VOF)
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The Volume of Fluid Model (VOF)

¢ Description

e The VOF model 1s designed to track the position of the interface
between two or more immiscible fluids.

e A single momentum equation is solved and the resulting velocity
field 1s shared by all phases.

e Turbulence and energy equations are also shared by all phases, 1f
required.

e One of the phases may be defined as compressible.
e Surface tension and wall adhesion effects can be taken into account.

e Solves transport equation for volume fraction of each secondary
phase. Any phase can be a mixture of species. Heterogeneous
reactions are possible.
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Interface Interpolation Schemes

¢ The standard interpolation schemes used in Fluent are =
used to obtain the face fluxes whenever a cell 1s &
completely filled with one phase.

actual interface shape

¢ Four interpolation schemes available for evaluating /
face fluxes when interface is in cell.

e Geometric Reconstruction o
= Default scheme, must be used unsteady, most accurate

interface shape represented by
the geometric reconstruction
{plecewise-linear) scheme

A
e Donor-Acceptor RO

= Must be used unsteady, best scheme if mesh contains 7
highly skewed hex elements.

e Euler-Explicit s

= Must be used unsteady, use if skewed cells exist in a & T
. AL INterrace snape represen e
tet/ hYbrld me Sh. 0?}" the donor-acceptor scheme

e Implicit
= Can be used steady or unsteady.

{).

decreasing accuracy

<
<
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Applicability of VOF model

Flow regime: Slug flow, stratified/free-surface flow.
Volume loading: Dilute to dense.

Particulate Loading:  Low to high.

Turbulence modeling: Weak to moderate coupling between phases.

® 6 &6 o o

Stokes Number: All ranges of Stokes number.

Application examples:Large slug flows, filling, off-shore oil tank sloshing,
boiling, coating.
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Sloshing (free surface
movement) of liquid in an
automotive fuel tank under
various accelerating conditions
is simulated by the VOF model
in FLUENT.

+CSimulation shows the tank
with internal baffles (at bottom)
will keep the fuel intake orifice
to be fully submerged at all
times, while the intake orifice 1s
out of the fuel at certain times
for the tank without internal
baffles (top).

Fluent User Services Center

www.fluentusers.com

\\

t=1.05s
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Fuel tank without baffles

Fuel tank with baffles
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t=2.05s
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Example: Horizontal Film Boiling Simulation
by the VOF Model

Plots showing the rise of bubbles during the film boiling process
(the contours of vapor volume fraction are shown in red)
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Summary

¢ Choose an appropriate model for your application based on: Flow
regime, volume loading, particulate loading, turbulent or laminar, and
Stokes number.

e For free surface and stratified flows, choose VOF.
e For High particle loading flows use Eulerian-Granular Model.
o For Low-to-Moderate particle loadings consider Stokes number:
= For St > 1, Mixture model is not applicable.
+ Choose DPM or Eulerian.
= For St < 1, all models are applicable

+ Choose least CPU demanding model based on other
requirements.

+ Strong coupling among phase equations solve better with lowered
under-relaxation factors.

¢ Users should understand the limitations and applicability of each model.
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Appendix
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Discrete Phase Model (DPM) Setup

¢ Define > Models —»
Discrete Phase...

Discrete Phase Model

Particle Treatment

Interaction

v iInteraction with Continuous Phase [ Unsteady Particle Tracking

Number of Continuous Phase 1§ j‘

Iterations per DPM Reration

Tracking IF‘hysicaI Mudt:lsl UDF ] Numt:ricsl Parallel

Tracking Parameters Drag Parameters

Max. Number of Steps Drag Law

|5Eﬂ] i‘ |spht:rica|

I Specify Length Scale

Set Injection Properties &

Injection Name
|injection—[1

Injection Type Release From Surfacesﬂi
|surface j axis

default-interior

outlet

wall
plain-orifice-atomizer Laws
pressure-swirl-atomizer el ™ Custom

air-blast-atomizer
flat-fan-atomizer meter Distribution
effervescent-atomizer

file |"""“ j | J
| -l -l [

Point Properties lTurhuIcnt Dispersion ] Wet Combustion ] UDF ] Multiple Reactions ]

*Velocity [m/s]
a Particle Tracks

Options Style Color by

Y-Velocity [m/s]

Step Length Factor

0 ¥ Node Values |““'3

g =

Create

Copy

Diameter [m]

[e-06 =

[~ Scale Flow Rate by Face Ar

™
B (R Style Attributes ...

j |Partic|e Variables...

Ledlel

‘ |F'arlic|e Residence Time

I Draw Grid

I~ X¥ Plot Report Type
r & Off
Pulse Mode ‘" Summary

" Step by Ste|
" Continuous PRyay

0K | Injections... | Can Delete

;\ List

Injection Name Pattern

I— Match

St:t...| Clnse| Help |

gl
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* Single Report to I” Track Single Particle Stream
" File Skip Coarsen
0K « Console | él |[1 j‘ |1 =
Release from Injections HE|
injection-0
Display | Pulse | Track | | | Close | Help |

Display — Particle Tracks...
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DPM Boundary Conditions

+ Boundary Conditions for DPM
must be set. [wa11
Adjacent Cell Zone
Escape Fluia

Thermal DPM lMumentum] Species] Hadiatiun] ups ] Granular]
Discrete Phase Model Conditions

Boundary Cond. Type |,Ef|ec{

F
Discrete Phase Reflecti trap

e polynomial :;saff_'i'::
Trap |

Tangent |pulynumial j Edit...
|

0Ok | Cancel| Help|
Reflect Wall-jet
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Mixture Model Equations

¢ Solves one equation for continuity of the mixture

op .
~+V-(p,u, )=m
Ot (Pt
¢ Solves for the transport of volume fraction of each secondary phase
g(akpk) +V- (o, pu,) =-V-(a,pu, “drift velocity”
ot u, =u, —u
kK — %k m

¢ Solves one equation for the momentum of the mixture

%(pﬁm) +V- (pmﬁmﬁm ) ==Vp+V- [:um (Vu,, + Vﬁ;ﬂ"" Png+ F+V. (idkpkﬁiﬁéj
pa

¢ Where mixture properties are defined as:

<y
I

n —
n n
— o _ o . k=1 ak Iokuk
P M, KM m
k=1 k=1 P
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Mixture Model Setup (1)

¢ Define -» Models — Multiphase...

Secondary Phase

Name

Multiphase Model X] [vapor
Model Number of Phases Phase Matﬂ" Edit...
2 = 1

*off El Primary Phase P§| [ Granular

" Yolume of Fluid . F'Jth:mt:s

" Eulerian |lil:|uil:l Dlamt:tt:r (M) [constant j

o e —

Phase ‘water—liquid . TLE

Mixture Parameters

¥ Slip Velocity OK | cancel
Body Force Formulation

[ Implicit Body Force Hire btz

Drag lLift Ilisiunsl Slip ] Heat ] Mass ] Fleactiuns] Surface Tensiun] [
0K | Cancel | Help |

Drag Coeffigtent

/ =
¢ Define — Phases... y(" Liquid |schiller-naumann -
|

ID_— =l
Interaction... ?

Set...| Clnse| Help ‘
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Mixture Model Setup (2)

Zone Name Phease—_

fluid @

¥ Source Terms

Y Momentum [nfmJ] Iu Inune j

axis xhaust—fan ~
. . Turbul Kinetic E kq/s3-
defaultipterior | inletvent rowlenes Enetle neray Rl ml]o _ x|

fluid %}:kf:fm'ﬂ:"\ Turbulence Dissipation Rate [kg/s4-m] I_ .
wall mass-flow-inlet i Foerov hdm3 la IFluid w
Naytflow IXE
pressure-in
pressure-outlet

[ Porous Zone Mass [kg/m3-s] Iﬂ Inune j
- -

symmet \ | [ PO R T S ST ST
velocity-fnlet zl
wrall b Zone Name _Bhase—

Iuelucity—inlet @xtv z

Temperature [k] I3gn Icunstant j
Turbulence Specicat TR S =llp |
Turbulence Intensi Zone Name Bhaeg\
Iuelucity—inlet liquiy
Turbulence Length Sca

, Velacity Speciication N pp T — ]
¢ Volume fraction defined Reference Zone Name Phace

f d h Velocity Magnitude [m/ |[velocity-inlet Qapv
Oor secondary pnascs. Velocity Specification Method [\agnitude, Normal to Boundary

Reference FfamBIAhsulute

¢ To define initial phase location, R — |
Patch volume fractions after ) voune Fracion o2 [eonetan

solution initialization. ok | iCancei] Help |
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Cavitation Submodel

¢ Description
e The Cavitation model models the
formation of bubbles when liquid’s e
local pressure becomes less than the Cavitation Parameters

VapOI' pressure. Vaporization Pressure [pascal] cunstan—_|t -

|236?.8

Surface Tension Coefficient [n/m] TR -

|a.a?1?

Phase Interaction SJ

Drag ] Lift ] Cullisiuns] Slip ] Heat Mass ‘Fleactiuns] Surface Tensiun]

e The effect of non-condensable gases
is included.

e The mass conservation equation for NomCondensable Gas Mass Fraction [corcioc——
vapor bubble [T-5e-05

e phase includes vapor generation and
condensation terms which depend of
sign of difference between

local pressure and vapor saturation pressure corrected for non-condensable gas
presence

e Used with the Mixture model (but
incompatible with VOF).
e Tutorial is available for learning the in-depth

OK ‘ Cancel| Help|

setup procedures.
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Eulerian Multiphase Model Equations

* Contlnulty Volume fraction for the ¢” phase

0
—a,p, +V-la,p,i, )= me

¢ Momentum for g phase:

(e, i ( Jra,p,\F,+ Fyy + Fy)
E(thpquq)JrV-(aqpququ ) -a, Vp+a,p,g+V- T +ZR +m,u, |+a p \F, +F, +F,
1\ v J\. ~ J/ \ﬂ_l H_l \_Y_I \ ) H_l (& ~ J
transient convective  pressure  body shear interphase interphase external, lift, and
forces mass virtual mass forces

Solids pressure term is included

for granular model. exchange exchange

¢ The inter-phase exchange forces are expressed as: R

In general: ﬁpq —_ ﬁqp
fluid-fluid exchange

Energy equation for gt phase can be shown similarly.
¢ gy 4 P M coefficient
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Eulerian Multiphase Model Equations

e Multiphase species transport for species i belonging to mixture of g”
phase:

/7Mass fraction of species i in ¢” phase
0 . )

(05 ,Oqu)+V (05 Jo, quq) -V anq+aqRq+aqu+Z( —m,
8t g )y v J —— =
transient convective diffusion homogtefneous h N 7
reaction h heterogeneous
omogeneous don
production reac

¢ Homogeneous and heterogeneous reactions are setup the same as in single
phase

¢ The same species may belong to different phases without any relation
between themselves
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Eulerian Model Setup (1)

¢ Define — Phases...

¢ Define - Models — Viscous.

N

Primary Phase

%]

Phases E|

Phase ri?im:iu

liquid —— 1ig

vapaor Phaselbdaigrial rWalt:r liquid Edit...
\

Interaction...

Viscous Model

Model Constants

" Laminar Cmu

* kepsilon_[2 eqnf |l3.l39

" Reynolds Stress [5 eqn)

C1-Epsilon

k-epsilon |1 P

* Standard i

 BNG C2-Epsilon

" Realizable |1 -92
Near-Wall Treatment TKE Prandtl Number

* Standard ¥all Functions |1

" Non-Equilibrium Wall Functions

" Enhanced Wall Treatment peenllefinediunclions
Turbulent Yiscosity

k-e iphase Model

OK | Ccancel| Help \/

* Mixture
" Dispersed
" Per Phase

mixture |none

0K | Cancel‘ Help|

Phase Interaction

Secondary Phase

Name

X

|uapnr

[ Granular
Properties

B ——
Phase Materia ater—vapnl

-| Edit..

‘/D"a,metl:r?i..;5 j J
1e-085

I~

OK | Cancel| Help|

3

3
[ Wirtual Mass
Drag lLiﬂ ] Cullisiuns] Slip ] Heat ] Mass ] Flt:actiuns] Surface Tcnsiunl
Drag Coefficient
|uapur |liquid |schi|lt:r—naumann j
|
=
=235 -
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Eulerian-Granular Model Setup

defining the secondary phases.

Granular properties require definition.
Phase interaction models appropriate for

granular flows must be selected.

Phase Interaction
[ ¥irtual Mass
Drag lLiﬂ

Drag Coefficient

] Cullisinnsl Slip ] Heat ] Mass ] Fleaciinns] Surface Tensiunl

Granular option must be enabled when

—— =
|Sa"lj |11qu1d |schi|ler—naumann j
none N
wen-yu
gidaspow
syamlal-obrien hat
[
0] 4 | Cancel‘ Help ‘
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X

liquid
sand

ID
Interaction... |
-

| [Close] Help |

Secondary Phase

Name

3

|sand

Phase Material |air

:J Edit...
¥ Granular
I~ Packed Bed
Granular Temperature Model
* Phase Property
" Partial Differential Equation

Properties

Diameter [m] |constant

|1e—05

jgj

Granular Yiscosity (kg/m-s) |constant

(constant
syamlal-obrien
Granular Bulk Yiscosity [kgfm-s] gidaspm_-ur

5 o |

0K | Cancel| Help|
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VOF Model Setup

¢ Define - Models — Multiphase...

Multiphase Model 3 P — || Secondary Phase E|
Model Number of Phases —
' off 2 = Mame Nf!mﬂ
liquid lair
" Mixture
‘. Eulerian Phase Materi ‘aler—liquid - 2| Edit..| Al Phase Matel@ j Edit...
~——  —
YOF Parameters
- 0K | Cancel | Help OK | Cancel | Help |
" Implicit
" Euler Explicit
" Donor-Acceptor

* Geo-Reconstruct

Phase Interaction

nt Numbe

[ Wall Adhesion

. Drag l Li Cullisiuns] Slip l Heat ] Mass rface Tension }
Surfa
I~ Open Channel Flow

Body Force Formulation o

|air |1iquid ‘cunstanl j 4
[ Implicit Body Force | |
.87
V4

liquid /
sand /

/’ 0K | Cancel| Help‘

D7 ¢ Define —» Operating Conditions...

Interaction... {” « Operating Density should be set to that of
| Givse] Help | lightest phase with body forces enabled.
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Heterogeneous reaction setup

¢ Define »> Phases — Interaction...

Phase Interaction §| ETCIEL P§|

[~ Virtual Mass

Properties of mixture-gas
Drag l Lift l Cnllisiuns] Slip ] Heat ] ass Reactions ]Surf e Tcnsiunl Mixture Spcdeslnamcs e

Total Number of Heterogeneous Reactions |y i‘ |

X Regdction
Reaction Name het-reaction-1 1D |1 i‘ |

Number of Reactants ’1— j‘ Number of Products ’1— j‘

Ph Species Stoich. = Phase Species § J
Coefficient

|gas_large j |h2 j " |ﬂuid j |h2

ensity (kg/m3) |vu|ume*‘eighted—mixing-law j I
|

Cp (itkg-K) |mixing-|a\\\ jg
/ | =
Change | Close Help |

Reaction Rate Function m - /

0K | Canccl| Help| /

Mixture
1 Secondary Phase % [nixture-gas !
‘ Defl n e % P h ases "= Name Available Materials elected Species
|gas large methylene [ch2) h2

water-liquid [h20<I>) co
. water-vapor [h2o]

Phase Mate"a||mixtu[e—gas /j {Edit...}

™ Granular

Properties J
Diameter [m) ’W‘ m

[ o TR

ok | {Cancel| Help |

0K | Cancel| Help‘
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UDFs for Multiphase Applications

When a multiphase model is Domain 1D =(1)

enabled, s.torage ijI' prOpel”.tiGS and Mixture Domain Mixture thread |l <«
variables is set aside for mixture as 4
well as for individual phases.

e Additional thread and domain data
structures required.

In general the type of DEFINE Q) | pooel Q) prse2 | pomain
macro determines which thread or

domain (mixture or phase) gets
passed to your UDF

. : @ Interaction domain
e.g. C R(cell,thread) will ;

Phase thread -«

return the mixture density if =
thread is the mixture thread or the e
phase densities if it is the phase ﬁ':‘xi E Seeandaphase
iisEs

thread. Domain ID phase5
Numerous macros exist for data : D
retrieval nteracton. | | 4

set.. | Close|  Help |
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Reacting-Flow Models 1n
FLUENT
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Outline

¢ Aspects of Reaction Modeling and Fundamental Concepts
¢ Reaction Models in FLUENT

e Overview

e Fast Chemistry Models: eddy dissipation, premixed, partially premixed,
non-premixed

e Moderately non-equilibrium model: Laminar flamelet for non-premixed
flames

e Finite-rate Chemistry Models: Laminar finite-rate, eddy dissipation
concept (EDC), composition PDF

¢ ISAT Algorithm, DPM and Pollutant Formation Models
¢ Surface Reactions

¢ Examples and Case Studies
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Aspects of Reaction Modeling

Reaction Models

Discrete Phase Models

Infinitely Fast Chemistry
Finite Rate Chemistry

Droplet/particle dynamics
Heterogeneous reaction
Devolatilization
Evaporation

Combustion
Premixed, Partially premixed
and Non-premixed

Governing Transport
Equations

Mass
Momentum (turbulence)
Energy

Chemical Species

Surface Reactions

Pollutant Models Radiative Heat

Transfer Models
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Scale Analysis

¢ Reynolds number

Re = pUL )| inertial force
) viscous force

p, U, L, u are characteristic (e.g. inlet) density, velocity, length and
dynamic viscosity, respectively

Turbulent reacting flow models are valid at high Reynolds numbers

¢ Damkohler Number

characteristic flow time

Da =

characteristic chemical time

When chemical reaction rates are fast in comparison with fluid mixing
rates, Da >> 1. Conversely, when reaction rates are slow relative to
fluid mixing rates, Da << 1.
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Chemical Kinetics

¢ The k-th species mass fraction transport equation 1s:

19 %) 0 oY
a(ka) + g(puiYk) = g(pDk k] + R,

1

+ Nomenclature: chemical species, denoted S, react as:

N N

! "
ka S, = Zv S,
k=1 k=1

Example: CH, +20, —» CO, +2H,0
S,=CH, §,=0, S§,=CO, §,=H,0
v, =1 v,=2 v,=0 v,=0
v=0 Vv',=0 Vv, =1 V', =2
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Chemical Kinetics (cont’d)

¢ The calculated reaction rate is proportional to the products of the reactant
concentrations raised to the power of their respective stoichiometric
coefficients.

¢ K-th species reaction rate (for a single reaction):

E N
R, =M, (V" .=v",) [ATBeRTJ [Tc
j=1
A = pre-exponential factor
C; = molar concentration = p Y,/ M,
M, = molecular weight of species k
E = activation energy
R = universal gas constant = 8314 J / (kgmol K)

[ = temperature exponent

¢ Note that for global reactions, v', # v', , and may be non-integer
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Reynolds (Time) Averaged Species Equation

0 (—— 0 (—— < 0 0 oY, —
_(ka)+ _(puiYk) +_(pu"iY"k) = —|pD,—|+R,
ot OX ; \ OX T OX ; OX

{unsteady term} convection convection molecué< mean
(zero for by mean by turbulent diffusion chemical
steady flows) velocity velocity fluctuations source term

o Y., D, R, arethe k-th species mass fraction, diffusion coefficient and
chemical source term, respectively

¢ Turbulent flux term modeled by mean gradient diffusion as
pu" Y" = u/Sc,-0Y,/0x,, which is consistent in the k-& context

+ Gas-phase combustion modeling focuses on R,

e Arguably more difficult to model than the Reynolds stresses (in turbulence
modeling)
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Difficulties of Modeling Reactive Flows

+ Solving directly the species transport and the Arrhenius rate equations for
a reacting flow problem is difficult and impractical:
e Turbulence
= Most industrial flows are turbulent.

= DNS of non-reacting and reacting turbulent flows is not possible because of
the wide range of time and length scales.

e Chemistry

= Realistic chemical mechanisms cannot be described by a single reaction
equation.

+ Tens of species, hundreds of reactions
+  Known in detail for only a limited number of fuels

= Stiff kinetics (wide range of reacting time scales)
e Turbulence-Chemistry Interaction

= The sensitivity of reaction rates to local changes is complicated by enhanced
mixing of turbulent flows.
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Modeling Chemistry

+ Simplifications in the chemistry

e Resort to global chemical mechanisms

= Example: complex methane combustion mechanism

= Species: CH4 CH3 H 02 HO2 H2 O OH H20 CH20 HCO CO CO2 CH30 N2 H202 N

+ 46-step reactions can be approximated by 2-step global reactions:

...CH3+02=CH20+0OH, CH3+0=CH20+H,

CH3+OH=CH20+H2, HO2+CO=CO2+OH, CH4+02 =CO+H20
H2+02=20H, OH+H2=H20+H, H+02=0H+0O 2C0+02=2C02
O+H2=0OH+H...

e Assume infinitely fast chemistry

= Reaction rates are controlled by turbulent mixing rates (mixing limited)
which can be estimated from turbulence properties

= Avoid modeling complex reaction rates and assume chemical equilibrium
o Stiff chemistry
e Use very small time steps to solve problems (impractical).
e Use the stiff solver that enables larger time steps to be used.

= Still computationally expensive
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Turbulence-Chemistry Interaction

¢ Arrhenius reaction-rate terms are highly nonlinear
_ p Vi
Ri=ATP][C} exp(- E/RT)
]

+ Cannot neglect the effects of turbulence fluctuations on chemical
production rates:

Rk # Ri(T)
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Gas-Phase Reacting Flows: Configurations

¢ Non-Premixed combustion

Fuel and oxidizer enter the reaction zone in separate streams

Can be simplified to a mixing problem (under certain restrictions)

Turbulent eddies distort the laminar flame shape and enhance mixing

Examples: pulverized coal furnaces, diesel engine, pool fires, ...

¢ Premixed combustion

e Fuel and oxidizer are already mixed at the molecular level prior to ignition, a very thin
flame front propagates into the unburnt regions

e Rate of propagation (the laminar flame speed) depends on the internal flame structure
and turbulence eddies, hence it 1s much more difficult to model than the non-premixed
combustion

e Examples: lean-premixed gas turbine combustors, internal combustion engines, ...

¢ Partially premixed combustion
e Reacting systems with both non-premixed and premixed fuel/oxidizer streams

e Example: lean premixed combustors with diffusion pilot flames and/or cooling air jets,
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Outline

.
¢ Reaction Models in FLUENT

e Overview
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Reaction Models in Fluent
Flow config, Premixed Non-Premixed Partially
Combustion Combustion Premixed
Chemistry Combustion
Infinitely Fast Premixed Non-Premixed Partially
Chemistry Combustion Equilibrium Premixed Model
Model Model (Reaction Progress
(Reaction Progress | (Mixture Fraction + | Variable + Mixture
Variable)* PrePDF) Fraction)

Eddy Dissipation Model

Finite-Rate
Chemistry

Non-Premixed
Laminar Flamelet
Model

Laminar Finite-Rate Model

Eddy-Dissipation Concept (EDC) Model
Composition PDF transport Model

* Rate classification not truly applicable since species mass fraction is not determined.
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Homogeneous (Gas-Phase) Combustion Models

¢ Eddy-dissipation
e Use I or 2-step global (heat-release) reaction mechanisms
e The chemical reaction rate is the turbulent mixing rate
= Finite-Rate option is a switch for the premixed flames
¢ Non-premixed

e Use mixture fraction f and assumed PDF, instead of solving the equations of species
transport and reacting rates for equilibrium chemistry

e Laminar Flamelets for moderate non-equilibrium chemistry
¢ Premixed
e Reduce chemistry to reaction progress variable ¢
e Turbulent Flame Speed Closure: Zimont model
+ Partially premixed
e Combine non-premixed and premixed models
e Assumptions in both models apply
¢ Eddy-dissipation concept (EDC)
e A turbulence-chemistry interaction model for turbulent flames with detailed chemistry
¢ Composition PDF transport

e More rigorous treatment of turbulence-chemistry interaction than EDC model, but it is
substantially more expensive
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Outline

e Fast Chemistry Models: eddy dissipation, premixed, partially
premixed, non-premixed
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Eddy Dissipation Model (EDM)

A model for estimating the mean reaction rate (of species k), R,
¢ Reaction rate is defined using the eddy-breakup model:

e Assumes that chemical reactions occur much faster than turbulence can mix
reactants into the flame ( Da >> 1)

e Combustion is completely controlled by turbulent mixing rates which are
proportional to the large-eddy lifetime scale, k /¢

Chemical reaction is approximated by the global (1 or 2 step) mechanism

+ Reynolds (time) averaged species mass fraction equations for (N-1) species are
solved

+ Finite-Rate/Eddy Dissipation Option: the smaller of the Arrhenius and eddy-
dissipation rates 1s used as the reaction rate
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Eddy Dissipation Model (cont’d)

¢ Applicability:
Flow Regime: Turbulent flow (high Re)

Chemistry: Fast Chemistry (Da >> 1)
Flow configuration : Premixed, non-premixed, partially premixed

¢ Applications
e Widely used for chemical reacting flows at high Da and Re
e Example: BERL combustor, IFRF coal combustion
+ Limitations
¢ Unreliable when flow (mixing) and kinetic time scales are comparable (Da ~1)

¢ Does not predict kinetically-controlled intermediate species and dissociation
effects

+ Cannot realistically model phenomena which depend on detailed kinetics such
as ignition, extinction and low-Da flows
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Premixed Combustion Model

¢ In premixed system combustion within the domain occurs as a thin flame
front that propagates into the unburnt region of reactants

e Flame front propagates at a speed dictated by laminar flame speed and local
turbulence eddies

e A reaction progress variable c is solved to predict the position of the flame
front (Zimont model)

m c 1s defined such that ¢ = 0 for unburnt mixture and ¢ = 1 for burnt mixture.

= For non-adiabatic flows, temperature is determined from local enthalpy which
is calculated from enthalpy transport equation.

¢ Applicability:

e Flow regime: turbulent

e Chemistry: infinitely fast chemistry
¢ Application

e Lean-premixed gas turbine combustor
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Partially Premixed Combustion Model

¢ Reaction progress variable and mixture fraction approach are combined

e Solves transport equations for reaction progress variable ¢, mixture fraction f,
and its variance.

e The premixed reaction-progress variable, ¢, determines the position of the
flame front.

= Behind the flame front (c = 1), the mixture is burnt and the equilibrium or
laminar flamelet mixture fraction solution is used.

= Ahead of the flame front (c = 0), the species mass fractions, temperature, and
density are calculated from the mixed but unburnt mixture fraction.

= Within the flame (0 < ¢ <1), a linear combination of the unburnt and burnt
mixtures is used.

¢ Applicability of the Premixed combustion model
e Flow regime: turbulent
e Chemistry: Equilibrium or moderate non-equilibrium (Flamelet)
e Flow configuration : partially premixed
¢ Application
e Systems with both premixed and non-premixed streams
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Non-Premixed Equilibrium Model

¢ For infinitely fast chemistry in turbulent flows, reaction proceeds to chemical
equilibrium instantaneously when the fuel and oxidizer mix (mixing limited).

¢ The species and enthalpy transport equations collapse into a single conservation
equation for mixture fraction f, under the following assumptions
e Species diffusion coefficients are equal
e Lewis number (Le) =1
e Moderate Mach number
¢ Mixture fraction can be directly related to species mass fraction, mixture density,
and mixture temperature
e These relations are known for instantaneous (not time-averaged) data
+ A probability density function (PDF) 1s used to relate instantaneous data to time-
averaged data (turbulent reacting flow simulations predict time-averaged properties)
e PDF is assumed to be a beta function (which can describe a wide range of PDF shapes)
e Requires the variance of f which is based on local turbulence parameters
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Non-Premixed Equilibrium Model (cont’d)

¢ Transport equations for mixture fraction and mixture fraction variance are solved
(instead of the individual species equations), reaction 1s simplified as a mixing
problem
+ Applicability:
Flow regime: Turbulent flow
Chemistry: Fast chemistry (assuming equilibrium condition)
Flow configuration: Non-premixed
¢ Applications

¢ Model of choice if assumptions (see the previous slide) are valid for gas-phase
combustion problems

# Accurate tracking of intermediate species concentrations and dissociation effects
without requiring the knowledge of detailed chemical kinetic rates

¢ Turbulence-chemistry interactions are accounted for rigorously via PDFs
¢ Limitations
¢ Unreliable when mixing and kinetic time scales are comparable (Da ~1)

+ Cannot realistically model phenomena which depend on detailed kinetics such as
ignition, extinction and low-Da flows
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Outline

e Moderately non-equilibrium model: Laminar flamelet for non-
premixed flames
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Laminar Flamelet Model For
Non-premixed Flames

+ Extension of mixture fraction/PDF model to problems in where moderate chemical
non-equilibrium effects are important

¢ Turbulent diffusion flame 1s modeled as an ensemble of stretched laminar flamlets
(opposed flow diffusion flames)

o Temperature, density and species (for adiabatic) specified by two parameters, the
mixture fraction and scalar dissipation rate y (flame strain rate).

¢ Applicability:
Flow regime: Turbulent flow

Chemistry: Moderate non-equilibrium due to aerodynamic straining, not suitable
for slow chemistry

Flow configuration: Non-premixed
+ Applications

e Predictions of lift-off and blow-off phenomena in jet flames
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Outline

.
¢ Reaction Models in FLUENT

e Finite-rate Chemistry Models: Laminar finite-rate, eddy dissipation
concept (EDC), composition PDF
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Detailed Chemistry Models

o For reactions described by detailed kinetic mechanisms, the chemistry models are
numerically stiff : tens of species, hundreds of reactions with large spread in
reaction time scales

¢ CHEMKIN-format reaction mechanisms and thermal properties can be imported
directly
¢ Available Models:
e Laminar finite rate
e EDC Model
e PDF transport
e KINetics model
¢ Detailed kinetics are used to model:
e Flame ignition and extinction
e Pollutants (NOx, CO, UHCs)
e Slow (non-equilibrium) chemistry

¢ CPU intensive, ISAT (In-situ Adaptive Tabulation) algorithm can be used for
acceleration (Laminar, EDC, PDF transport models)
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[Laminar Finite-Rate Model

+ Stiff chemistry solver (available for both coupled and segregated
solver)
¢ Applicability of the finite-rate model
e Flow regime: Laminar flow
e Chemistry: Finite-rate chemistry

e Flow configuration : Premixed, non-premixed, partially premixed

¢ Deficiencies

e CPU intensive: ISAT (In-situ Adaptive Tabulation) algorithm for
acceleration

e Unsuitable for turbulent combustion problems

¢ Applications

e Laminar diffusion flame, laminar premixed flames in gas furnaces, etc.
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Eddy Dissipation Concept (EDC) Model

¢ EDC model is an extension of the eddy-dissipation model to account for
finite-rate chemistry and detailed mechanisms in turbulent flows.

¢ EDC is a turbulence-chemistry interaction model and species transport
equation is solved for each species

¢ Applicability of the EDC model

e Flow Regime: Turbulent flow

e Chemistry: Finite-rate chemistry

e Flow configuration : Premixed, non-premixed, partially premixed
¢ Deficiencies

e CPU intensive. ISAT (In-situ Adaptive Tabulation) algorithm can be used for
acceleration

¢ Applications

e Predictions of finite-rate phenomena in turbulent reacting flows, for example,
slow CO burnout or nitrogen oxides formation
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Composition PDF Transport model

¢ The PDF (probability density function) transport model is used to incorporate finite-rate
chemistry in turbulent flames (and is more rigorous than the EDC model)

¢ The PDF represents the fraction of time that the fluid spends at each state
¢ The mean reaction rate can be calculated from the PDF as:

_:ﬁ...jwkdeN---le dT

+ PDF transport equation has very high dimensionality and cannot be solved by finite-volume
method. Monte Carlo Method is used in solving the PDF transport equation.

¢ Applicability of the PDF transport model

e Flow Regime: Turbulent flow

e Chemistry: Finite-rate chemistry

e Flow configuration : Premixed, non-premixed, partially premixed
¢ Deficiency

e Very CPU intensive (ISAT algorithm can be employed to accelerate the computation)
+ Applications

e Predictions of finite-rate phenomena in turbulent reacting/combusting flows,

like CO, NOx
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Outline

o ISAT Algorithm, DPM and Pollutant Formation Models
&
&
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In-S1tu Adaptive Tabulation (ISAT) Algorithm
Motivations

e In EDC, Composition PDF, and laminar finite rate models, the stiff reaction system (a
set of ODE’s) is solved for each cell (or for each particle) in every iteration.

e Table look-up method is effective, but the traditional prior tabulation approach is not
feasible for a system with a large number of species; moreover, it is inefficient since
only a small part of the composition space is accessed during a simulation.

In-Situ Adaptive Tabulation

e Table is constructed in situ - as the reactive flow calculation 1s performed, so that only
the accessed region of the composition space is tabulated.

e Tabulation error is controlled adaptively by the user specified tolerance.
Advantage

e Avoid the repeating work in numerical integration, and reduce cpu time significantly.

= Initial iterations are slower as table is being built, but accelerate as more retrieval
operations take place.

Application
e ISAT can be used with PDF-transport, EDC, and laminar finite-rate models
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Discrete Phase Model (DPM)

¢ Description
e Trajectories of particles/droplets/bubbles are computed in a Lagrangian frame.
e Particles can exchange heat, mass, and momentum with continuous gas phase.
e Each trajectory represents a group of particles of the same initial properties.
e Particle-Particle interaction is neglected.
e Discrete phase volume fraction must < 10% (mass loading is not limited).

—

dup

dt

= fu i =11,)+ (P, — P)/ p, + F 1 p,

¢ Numerous sub-modeling capabilities:
e Heating/cooling of the discrete phase
e Vaporization and boiling of liquid droplets
o Volatile evolution and char combustion for combusting particles
e Droplet breakup and coalescence using Spray Models
e Erosion/Accretion

¢ Numerous Applications

e Particle separation and classification, spray drying, aerosol dispersion, bubble
sparging of liquids, liquid fuel and coal combustion.
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NOx Models

¢ NOx consists of mostly nitric oxide (NO) which is harmful to the environment.

¢ Three mechanisms included in FLUENT for NOy production:
e Thermal NOy - Zeldovich mechanism (oxidation of atmospheric N)
= Most significant at high temperatures
e Prompt NOy - empirical mechanisms by De Soete, Williams, etc.
= Contribution is in general small
= Significant at fuel rich zones
e Fuel NOy - Empirical mechanisms by De Soete, Williams, etc.

= Predominant in coal flames where fuel-bound nitrogen is high and temperature is
generally low.

¢ NOy reburn chemistry
e NO can be reduced in fuel rich zones by reaction with hydrocarbons.
¢ SNCR models (Ammonia injection)

¢ These models provide qualitative trends of NOx formation.
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Soot Formation Models

¢ Two soot formation models are available:
e One-step model (Khan and Greeves)

= Single transport equation for soot mass fraction
e Two-Step model (Tesner)

= Transport equations for radical nuclei and soot mass fraction
concentrations

¢ Soot formation modeled by empirical rate constants
D n _—FE/RT
Rformation = C pf(D €

where C, p, and @ are a model constant, fuel partial pressure and
equivalence ratio, respectively

Soot combustion (destruction) modeled by Magnussen model
Soot affects the radiation absorption

e Enable Soot-Radiation option in the Soot panel
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Outline

IS
¢ Surface Reactions
S
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Surface Reactions

¢ Molecules from the gaseous phase are first adsorbed onto the surface with
available “sites.” The surface-adsorbed molecules would then react with
some other surface species.

+ Site balance equation 1s solved for every surface-adsorbed (or “site”)
species.

¢ Detailed surface reaction mechanism can be considered (any number of
reaction steps and any number of gas-phases or/and site species).

¢ Surface chemistry mechanism in Surface CHEMKIN format can be
imported into Fluent

¢ The surface-adsorbed species are treated as distinct from the same species
in the gaseous phase.

¢ Surface reaction can occur at a wall or 1n porous media.

+ Different surface reaction mechanisms can be specified on different
surfaces.

¢ Applications
e Catalytic reactions, CVD, etc.
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Outline

o
&
+ Examples and Case Studies
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Examples and Case Studies

¢ Anderson Premixed Flame

e Laminar finite rate
e EDC
e PDF transport

¢ IFRF MMF5 flame

e Coal combustion
e Eddy dissipation model

¢ GE LM-1600 Gas Turbine Combustor
e Flamelet Model
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Case Study: Lean Premixed Flame

¢ Lean premixed pre-vaporized (LPP) propane/air flame
e Reduction of the emissions of combustion pollutants (CO and NOx)
e Measurement of CO and NOx emissions™
¢ Axisymmetric flame tube
e Geometry: d=10.25cm, L=42.92 cm
e Propane/air mixture: v=25m/s, T =800 K
e Flame holder: 51% open area

7056 quad elements

Propane/air

—- =

*Anderson, D. N., NASA Lewis Research Center, NASA-TM-X-71592, March 1975
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Lean Premixed Flame (cont’d)

¢ Weak turbulence-chemistry interaction
e Perfectly premixed
e Thin flame zone

e Chemical reactions occur right behind the flame front

¢ Propane detailed chemical mechanism
e Kundu mechanism with NO and N,O formation*
m 17 species and 23 step reactions

¢ Finite-rate chemistry combustion models
e Laminar finite-rate model
= Fully ignoring turbulence-chemistry interactions
e EDC model

= Might lead to under-prediction of NOx formation: The reaction occurs quickly
and NOXx has less time to accumulate.

e Composition PDF transport
= Accurately capturing the turbulence-chemistry interaction

*Kundu, K. P, et al., NASA Lewis Research Center, AIAA paper 98-3986, July 1998
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Lean Premixed Flame (cont’d) B
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Lean Premixed Flame (cont’d)

Mass fractions of CO and NO from the PDF transport model
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Lean Premixed Flame (cont’d)
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IFRF Swirling Pulverized Coal Flame

IFRF industrial scale furnace

Built on simulation by Peters and Weber (1997), Mathematical Modeling

of a 2.4 MW Swirling, Pulverized Coal Flame, Combustion Science and
Technology, 122, 131 [Ref. 1]

Exhaust

Coal flow rate = 263 kg/h, with transport air flow rate = 421 kg/h
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Grid

¢ 3D, one quarter geometry model due to periodicity

¢ Unstructured hexahedral mesh
e 70k cells before adaption
e 260k cells after region adaption near inlet
e Maximum equi-angle skew of 0.53
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Turbulence Modeling

¢ Standard k—¢ turbulence model, standard wall functions

e Not substantially sensitive to the turbulence model
73

I 66
58
51
44
m 36

29

22

P
7
¢ Mean velocity magnitude (m/s)
0
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Gas Phase Combustion Modeling

+ Eddy Dissipation (Magnussen) model [parameters from Ref. 1]
e Two step reaction
VOL + 2.460, —» 2.17CO + 0.633CO, + 2.118H,0 + 0.07IN,
CO+0.50, — CO,
e Model constants 4 = 0.6, B = 10°° (standard 4 = 4, B=0.5)
e Adjusted specific heat’s (SI units)

c,(T)=%¢-T'
Species ¢, c; C, C3 cy Cs Cs
N, 1.027e3  2.162e-2 1.486e-4 -4.484e-8
CH, 2.005e3  -6.814e-1 7.086e-3 -4.714e-6 8.513e-10
CO 1.047e3  -1.568e-1 5.399e-4 -3.011e-7 5.050e-11
H, 1.415¢4 1.737e-1 6.900e-4
CO, 5.354e2 1.279 -5.468e-4 -2.382e-7 1.892e-10
H,0 1.938¢3  -1.181 3.644e-3 -2.863e-6 7.596¢-10
0, 8.763e2  1.228e-1 5.583e-4 -1.202e-6 1.147e-9 -5.124e-13 8.566e-17
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Gas Phase Combustion Modeling
2222 ’»*
2034 ’
140
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343

¢ Mean temperatute (
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Gas Phase Combustion Modeling

27424

24682

21939
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16455

13712

10870

8227
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Discrete Phase Modeling

¢ Gottelborn hvBb coal
e Proximate (weight %, dry), volatiles 55.0, fixed carbon 36.7, ash 8.3
e Ultimate (weight %, daf) C 80.36, H 5.08, N 1.45, § 0.94, O 12.17
e Lower Calorific Value (LCV, MJ/kg daf) volatiles 32.3, char 32.9
¢ Rosin-Rammler size distribution
e Smallest /um, largest 300um, mean 45 um, spread 1.36
¢ Single rate devolatization model,
o A=2%]0P s, E=7.4*107 J/kmol
+ Kinetics/diffusion-limited surface (char) combustion

e O, diffusion rate const = 5*10-? kg/m’sPa, A=6.7 kg/m’sPa’?,
E=1.14*108 J/kmol

¢ Discrete Random Walk (DRW) model

e 21600 tracks per DPM iteration, 10 particle sizes
e 25 gas phase iterations per DPM iteration
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Discrete Phase Modeling

2127
I 1949
1770

1592

1413

1235

1057

878

700

I 521
343

o Tracks of 1 um particles, colored by particle temperature (K)
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Radiation Modeling

¢ P-I radiation model (optical thickness > 1)
e WSGGM for absorption co-efficient

2.22 //

2.00

[ =

1.78
1.55

1.33

0.89
0.67

0.45

Qﬂ

¢ Absorption co- efﬁc1ent (m!)

0.23

0.01
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NOx Modeling

¢ Thermal and fuel NOx

¢ [O] from partial equilibrium assumption

o Post-processed: assumed shape 3 pdf
o e
627
557
488
118
348
279
209
139

70

0

¢ Mean NO ppm, dry
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¢ Mean axial velocity (m/s)
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¢ Mean swirl velocity (m/s)
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Results Temperature/Species Field

¢ Mean temperature (K)
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¢ Mean O, (volume %, dry)
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Results Species Field

¢ Mean CO, (volume %, dry)

¢ Mean CO (ppm, dry)
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Results NOx Field

¢ Mean NO (ppm, dry)

1200

1200
1000 1000
4 » 4
300
X » 'y * |00 s ® " .-
i b s s * P » ] A
NO 800 NO 800
(pgm, : (ppm,
400 ——z-0.55m 400
* EXP z=085m ——z=0.25m
a00 4 20 #* EXPz=025m
0 . T . . . T , 5 . . . . .
0.0 0.1 0.2 0.3 0.4 05 0.8 0.7 00 o1 0z 0.3 04 05 08 07
radius (mj

radius (m)

- 305 - © Fluent Inc. 4/8/2005



QV# g Fluent User Services Center Introductory FLUENT Notes
Zis FLUENT

<
FLUENT v6.2 Mar 2005
4/\v The Right Answer in CFD" www.fluentusers.com v ar

GE LM-1600 Gas Turbine Combustor

Courtesy of Nova Research and Technology Corp., Calgary, Canada

Non-premixed, natural gas
12.8 MW, 19:1 pressure ratio (full load)

Annular combustion chamber, 18 nozzles

*® 6 o o

Swirl vanes
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Gnid

3D, 1/18th geometry model due to periodicity
Multi-block hexahedral mesh

e Maximum equi-angle skew of 0.84
e 286k cells
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Turbulence Modeling

¢ Standard k—¢ turbulence model

I2000 ,,7/\/\
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+ Path ribbons colored by temperature (K)
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Gas Phase Combustion Modeling

¢ Laminar Flamelet model
e 22 species, 104 reactions reduced GRI-MECH 1.22 mechanism
A. Kazakov and M. Frenklach, http://www.me.berkeley.edu/drm
e Flamelets solved in mixture fraction space
e Differential diffusion (Le effects) included

1.08e-03
I 9. 72e-04
8.64e-04
7.BEe—04
6.43e-04
5.40e-04
4.32a-04
3.24e-04

2.168-04

1.08e—04
Ig_mem ¢ Mean mass fraction of OH
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Gas Phase Combustion Modeling

¢ Dewviation from chemical equilibrium measured by Damkohler no.

turbulent time scale kg
-1
q

° a, is the laminar flamelet extinction strain rate = 11700 s/

Da =

chemical time scale a

2
I ¢ Damkohler number contour plot
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Gas Phase Combustion Modeling

2261

2083

1868 ,4//?

16659

1472

1274

1077

530 "’J;; /i/;; /*:'; ?/i

B53

I 485
288 ¢ Mean temperature (K) contour plot
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NOx Modeling

¢ Thermal and prompt NOx: d[NO]
e Zeldovich thermal NO dominant:

¢ Species and temperature from Laminar Flamelet model

= 2k[O][N,], k=dAe """

¢ Post-processed: assumed shape 3 pdf

270
I243
218
189
162
135
108

21

54

27
I ¢ Mean NO ppm, wet

0
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NOx Modeling
¢ Laminar Flamelet model + Equilibrium f model
2981 2332
IQOBS .2128
18686 1923
1888 1719
1472 1514
1274 1310
1077 1108
380 el
883 697
485 I493
I288 288
7.B3e—04 2.57e-04
6.87e-04 2.28e-04
B.11e-04 2.01e-04
5.3d4e-04 1.76e-04
4.58e-04 1.51e-04
382e-04 1.268e-04
3.05e-04 1.00e-04
229e-04 7.53e-0b
1.53e-04 5.02e-05
7 8305 3 251e-05 3
I [O] (kg/m’ ), wet Ia_m\%00 [O] (kg/m ), wet
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NOx Modeling

¢ Plot of NO flux exiting outlet vs. combustor load

NO
[

(ppm,
wet)

160
—+—Flamelet
——Eguilibrium
* Experiment
»
100
ED —
L
—_ = -
T
':I I ! 1
g 10 15
Load [MWW)
. XV -dA
NO exit flux =10° Ip —
[pV -dA
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Outline

Introduction and Overview of Modeling Approaches
Single-Reference Frame (SRF) Model

Multiple Zones and Multiple-Reference Frame Model (MRF)
Mixing Plane Model (MPM)

Sliding Mesh Model (SMM)

Dynamic Mesh (DM) Model

Summary

Appendix
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Introduction

¢ Many engineering problems involve flows through domains which
contain translating or rotating components
e Examples — Translational motion:
= Train moving in a tunnel, longitudinal sloshing of fluid in a tank, etc.
e Examples — Rotational motion:
= Flow though propellers, axial turbine blades, radial pump impellers, etc.

¢ There are two basic modeling approaches for moving domains:

e If the domain does not change shape as it moves (rigid motion), we can
solve the equations of fluid flow in a moving reference frame.

= Additional acceleration terms added to the momentum equations
= Solutions become steady with respect to the moving reference frame
= Can couple with stationary domains through interfaces

e If the domain changes shape (deforms) as it moves, we can solve the
equations using dynamic mesh (DM) techniques

= Domain position and shape are functions of time
= Solutions are inherently unsteady
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Moving Reference Frame versus
Dynamic Mesh

y

Moving Reference
Frame — Domain
moves with rotating
coordinate system

|
Domain — J

Dynamic Mesh —
\ Domain changes

shape as a function
— .
of time
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Overview of Modeling Approaches

+ Single Reference Frame (SRF)

e Entire computational domain is referred to a moving reference frame

¢ Multiple Reference Frame (MRF)
e Selected regions of the domain are referred to moving reference frames
e Interaction effects are ignored — steady-state

¢ Mixing Plane (MPM)

e Influence of neighboring regions accounted for through use of a mixing plane
model at rotating/stationary domain interfaces

e Circumferential non-uniformities in the flow are ignored — steady-state
¢ Sliding Mesh (SMM)

e Motion of specific regions accounted for by a mesh motion algorithm

e Flow variables interpolated across a sliding interface

e Unsteady problem - can capture all interaction effects with complete fidelity, but
more computationally expensive than SRF, MRF, or MPM

¢ Dynamic Mesh (DM)

e Like sliding mesh, except that domains are allowed to move and deform with time

e Mesh deformation accounted for using spring analogy, remeshing, and mesh
extrusion techniques
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Outline

Single-Reference Frame (SRF) Model
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Introduction to SRF Modeling

¢ SRF assumes a single fluid domain which rotates with a constant speed with
respect to a specified axis.
¢ Why use a rotating reference frame?

e Flow field which is unsteady when referred to a stationary frame becomes steady
in the rotating frame

e Steady-state problems are easier to solve...
= simpler BCs
= low computational cost
= easier to post-process and analyze
+ Boundaries zones must conform to the following requirements:
e Boundaries which move with the fluid domain may assume any shape

e Boundaries which are stationary (with respect to the fixed frame) must be
surfaces of revolution

¢ Can employ rotationally-periodic boundaries for efficiency (reduced domain
S1z¢)
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Stationary Walls in SRF Models

stationary wall baffle

Correct Wrong!

Wall with baffles not a surface
of revolution!
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N-S Equations: Rotating Reference Frames

+ Equations can be solved in absolute or rotating (relative) reference frame.
e Relative Velocity Formulation (RVF)

= Obtained by transforming the stationary frame N-S equations to a rotating
reference frame

= Uses the relative velocity and relative total internal energy as the dependent
variables

e Absolute Velocity Formulation (AVF) y

s Derived from the relative
velocity formulation

= Uses the absolute velocity
and absolute total internal
energy as the dependent

CFD domain

~
rotating

variables frame RN {\
. ~
e Rotational source terms appear stationary D
in momentum equations. . frame X axis of

rotation

e Refer to Appendix for a detailed listing of equations
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The Velocity Triangle

¢ The relationship between the absolute and relative velocities 1s given by
V=Ww+U
U=wxr
¢ In turbomachinery, this relationship can be illustrated using the laws of vector
addition. This 1s known as the Velocity Triangle

V = Absolute Velocity

—

W = Relative Velocity
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Comparison of Formulations

 Relative Velocity Formulation: x-momentum equation

P, +V - pWw, ——a—p+V
ot Ox

Coriolis acceleration  Centripetal acceleration

 Absolute Velocity Formulation: x-momentum equation

PV, +V- pWv, :—a—p+V-fvx— ;@
ot Ox

Coriolis + Centripetal accelerations
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SRF Set-up: Solver

¢ Same considerations for general flow field
modeling apply to SRF solver choice

e Segregated — Incompressible, low-speed /

compressible flows
e Coupled — High-speed compressible flows
¢ Velocity Formulation recommendations
o Use absolute velocity formulation (AVF)

when inflow comes from a stationary
domain \

e Use relative velocity formulation (RVF)
with closed domains (all surfaces are
moving) or if inflow comes from a rotating
domain

= NOTE: RVF is only available in the
segregated solver

e In many cases, either can be used
successfully
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> Solver
Solver Formulation
~ Segregated “* Implicit
» 4
“* Coupled -+ Explicit
Space Time
-~ 20 v steady

4 Axisymmetric
- Axisymmetric Swirl

~ 33

“ Unsteady

Velocity Formulation

Unsteady Formulation

~ 4 Absolute

~r Hetathsg

GGradient Option

o il
> 1st-Order Implicit
+ 2nd-0rder Implicit

Porous Formulation

4 Cell-Based

~ Mode-Based

“ Superficial Velocity

v Plapsical Veloolly

OK Cancel Help
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SRF Set-up: Fluid BCs

¢ Use fluid BC panel to define ETT—
rotational axis origin and Fluid-1
direction vector for rotating Material Name| air y| Edi.|
reference frame I Source Terms

_| Fixed Values

e Direction vectors should be
unit vectors but Fluent will
normalize them if they aren’t

siizgy | Porowus Jong l Haasiion ‘

Motion l Soiwn

¢ Select Moving Reference Frame as N T
the Motion Type for SRF —— i ©
¢ Enter Rotational Velocity — > Motion Type| Moving Reference Frame j
. . . \ Rotational Velocity Translational Yelocity
o Rptahon direction defined by \__‘ Speed (rom)| 2000 H xemis)|o ‘
right-hand rule =
e Negative speed implies OK | Cancel| Help |

rotation in opposite direction
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SRF Set-up: Inlet/Outlet Boundaries

¢ Velocity Inlets:
e Absolute or relative velocities may be defined regardless of formulation.
¢ Pressure Inlet:

e Definition of total pressure depends on velocity formulation:

| R
Piaps =P TP /4 incompressible, RVF
2

|
Pira =P7F 5 PV° incompressible, AVF

¢ Pressure Outlet:

e For axial flow problems with swirl at outlet, radial equilibrium assumption

option can be applied such that: op P2
— [
= Specified pressure 1s hub pressure OR =P —R

outlet

¢ Other BCs for SRF problems

e Non-reflecting BCs
e Target mass flow outlet
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Wall BCs

¢ For moving reference frames,
you can specify the wall motion

in either the absolute or relative —

frames

¢ Recommended specification of
wall BCs for all moving
reference frame problems...
e For stationary surfaces (in the

absolute frame) use zero
Rotational speed, Absolute

e For moving surfaces, use zero
Rotational speed, Relative to
Adjacent Cell Zone

Introductory FLUENT Notes
FLUENT v6.2 Mar 2005

—

Zone Name

I blades

Adjacent Cell Zone

|Fluid—rDtDP

'?%‘;ézrma%l PHTR TR \ ?%as'%égﬁ?%e;‘;‘ iﬁi}ﬁl {E?"amgéas"l
Wall i Motion
Stationa @“ Speed (rpm])

i ry <> Relative to Adjacent Cell Zone

A .

* Moving Wall < AbSolte I 0

Rotation-Axis Origin
-~ Translational K(“"]I o
“* Rotational
/ ~ Components V(m]l &

Shear Condition

“* No Slip
+ Specified Shear

v Marangoen Saess

~ Speouiavity Coetfigient

Wall Roughness

Roughness Height(m]l 8] constant ﬂ
Roughness Constantl 0.5 constant ﬂ
QK Cancel Help |
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Solution Strategies for SRF Problems

+ High degree of coupling between momentum equations when rotational terms are
large can make convergence difficult.

¢ Strategies

e Ensure that the mesh is sufficiently refined to resolve large gradients in pressure and swirl
velocity.

e Use reasonable values for initial conditions

= New in Fluent 6.2: FMG initialization — provides Euler solution as initial condition using
the coupled-explicit solver (good for rotating machinery problems)

e Begin the calculations using a low rotational speed, increasing the rotational speed
gradually in order to reach the final desired operating condition.

e Begin calculations using first order discretization and switch to second order.
e For the Segregated solver

= Use the PRESTO! Or Body-Force Weighted schemes which are well-suited for the steep
pressure gradients involved in rotating flows.

= Reduce the under-relaxation factors for the velocities, perhaps to 0.3-0.5.
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Outline

Multiple Zones and Multiple-Reference Frame Model (MRF)

® 6 6 O 6 ¢ o o

- 331 - © Fluent Inc. 4/8/2005



QV# g Fluent User Services Center Introductory FLUENT Notes
Zis FLUENT

<
FLUENT v6.2 Mar 2005
4/\v The Right Answer in CFD" www.fluentusers.com v ar

Multiple Zone Modeling

¢ Many rotating machinery problems involve stationary components which
cannot be described by surfaces of revolution (SRF not valid).

+ Systems like these can be solved by dividing the domain into multiple
fluid zones — some zones will be rotating, others stationary.

¢ For multiple zone models, we can apply one of the following
approaches:
e Multiple reference frame model (MRF)

= Simplified interface treatment - rotational interaction between reference
frames 1s not accounted for.

e Mixing plane model (MPM)

= Interaction between reference frames are approximated through
circumferential averaging at fluid zone interfaces (mixing planes).

e Sliding mesh model (SMM)

= Accurately models the relative motion between moving and stationary zones
at the expense of more CPU time (inherently unsteady).
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Introduction to the MRF Model

¢ The domain is subdivided into stationary and rotating fluid zones.

e More than one rotating zone 1s permitted.
e Zones can rotate at different speeds.

¢ Governing equations are solved in each fluid zone.
e SRF equations used in rotating zones.

e At the interfaces between the rotating and stationary zones, appropriate
transformations of the velocity vector and velocity gradients are performed
to compute fluxes of mass, momentum, energy, and other scalars.

e Flow 1s assumed to be steady in each zone (clearly an approximation).
¢ MREF ignores the relative motions of the zones with respect to each other.

e Does not account for fluid dynamic interaction between stationary and
rotating components.

e For this reason MRF is often referred to as the “frozen rotor” approach.
¢ Ideally, the flow at the MRF interfaces should be relatively uniform or “mixed
out.”
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+ Walls which are contained within the rotating fluid zone interfaces are
assumed to be moving with the fluid zones and may assume any shape.

The interface between a rotating zone and the adjacent stationary zone must

be a surface of revolution with respect to the axis of rotation of the rotating

Z01nc.

Consider a mixing
impeller inside a
rectangular vessel:

- Problem can be
described with two

i

stationary zone

reference frames or
zZones.

-

L

”~ ~
s ) N ’
7/ rotating Zgne M /
/ \ /
I \ I
\\ [' \
\
\ /
N / N
~ ~ -  d
Correct

-334.-

Wrong!

Interface is not a
surface
or revolution
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FLUENT v6.2

MRF Set-Up

¢ Generate mesh with appropriate stationary and rotating fluid zones

e Interfaces can be conformal or non-conformal

e Non-Conformal Interfaces

= Provides flexibility to switch to Sliding Mesh Model (SMM) easily.

= Requires a Grid Interface to be defined.
¢ For each rotating fluid zone

(Fluid BC), select Moving
Reference Frame as the Motion
Type and enter the rotational
speed.
e Identical to SRF except
multiple zones can be defined.
Set up for other BCs and

Solver settings same as SRF
model.

- 335 -

Zone Mame

fluid-1]

katerial Mame | air

| Edi..|

_| Source Terms
_I| Fixed Values
_| Porous Zone

_| Laminar Zone

Motion | Soures Yenng l Fhoed Yalues l Porous Song l Huaction l

[
V(m]l 0
kotion Type| Moving Reference Frame ‘j
Rotational Velocity Translational Yelocity
‘ Speed (rpm}| 2000 H K(m!s)l 0] ‘
£
OK | Cancel | Help |
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Outline

Mixing Plane Model (MPM)
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Introduction to Mixing Plane Model (MPM)

¢ The MPM was originally implemented to accommodate rotor/stator
and impeller/vane flows in axial and centrifugal turbomachines.

e Can also be applied to a more general class of problems.
¢ Typically, the domain 1s divided into rotating and stationary zones that
correspond to the rotors and stators.
e Multiple rotor/stator ‘stages’ are allowed.

+ Governing equations are solved in each domain.
e Flow is assumed steady in each domain.
e The interfaces between the domains are called the mixing planes.

e Circumferentially averaged profiles of flow variables are computed at the
mixing planes.

e The profiles are used as boundary conditions to the adjacent domains.

e As the solution converges, the mixing plane boundary conditions will
adjust to the prevailing flow conditions.

- 337 - © Fluent Inc. 4/8/2005



§V% FLUENT° Fluent User Services Center Introductory FLUENT Notes

FLUENT v6.2 Mar 2005
‘qu The Right Answer in CFD" www.fluentusers.com v ar

MPM for Turbomachinery Problems

o For multistage turbomachinery problems,

e The stage boundary conditions are often known
(e.g. nlet total pressure and temperature and
stage outlet static pressure) but not the inter-
stage conditions.

e Blade counts will generally not be the same
from one row to the next.

¢ MREF could be used only if we have equal
periodic angles for each row.

¢ The MPM requires only a single blade passage
per blade row regardless of the number of
blades.

e This 1s accomplished by mixing out (averaging)
the circumferential non-uniformities in the flow
at the inter-stage (mixing plane) interface.
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MPM Mixing Planes -

+ A mixing plane is an interface that consists
of the outlet of an upstream domain and the satr nlt

. ) ptocxayoclka
inlet to the adjacent downstream domain.  iving e
e The inlet/outlet boundaries must be assigned L:eiztp
BC types in one of the following / otor s
combinations: el )
- -- o Q

m Pressure-Inlet / Pressure-Outlet
= Velocity-Inlet / Pressure-Outlet
s Mass-Flow-Inlet / Pressure-Outlet

¢ The MPM has been implemented for both rotor "“ﬂeti
axial and radial turbomachinery blade rows.  —

e For axial machines, radial profiles are used. — d .

e For radial (centrifugal) machines, axial —
profiles are used. E&: {  statorinlet po, o0k &
X

radial machines
rotor stator

mixing plane interface

axial machines
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MPM Setup

Set fluid zones as Moving Reference

- -

Frames and deﬁne Zone VelOCItleS' Mixing Plane Upstream Zone Downstream Zone
Assign appropriate BC types tO inlet_ ‘statmﬂ—él—autlet::rota—4—.- ‘Statmﬂ—él—olutlet | ‘Potcnﬂ—él—llnlet

. stator-4-outlet:irotor-4-inlet JERE e STl — |rotor-2-inlet
Outlet boundary palrs' r(t)t:r—:is—outltklet;::fta:or—g—!n:e: saor——oue J roor——ne

rotor-2—outlet::stator-3-inlet rotor-3-outlet stator-2-inlet
Select upstream and downstream Z0onces stator-2-outlet::rotor-2-inlet | |turbine—outlet . |stator-3-inlet
Wthh Wlll Comprlse lelng plane palr, Ir;l:rpol;tlon Points h:f“:{j;:ne Geometry Global Parameters .
. - Under-Relaxation | 1
Set the number of points for profile N Apply| Defaut]
lnterpOIatlon' / Lreate | Delete | Es&l Help
> - \‘

e Should be about the same axial/radial
resolution as the mesh.

Mixing Plane Geometry determines ¢‘ (r) = j¢(,, 0)do

method of circumferential averaging.

p A6’
e Choose Radial for axial flow machines.
e Choose Axial for radial flow machines. ¢_ ‘ (z) = j ¢(z,0)do
Mixing plane controls ' 0, AB,

e Under-Relaxation - Profile changes are underrelaxed using factor between 0 and 1
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Outline

Sliding Mesh Model (SMM)
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Introduction to Sliding Mesh Model (SMM)

¢ The relative motion of stationary and rotating components in a turbo-
machine will give rise to unsteady interactions. These interactions are
generally classified as follows:

o Potential interactions Shock potential
(pressure wave interactions) Interaction interaction

e Wake interactions
e Shock interactions
+ Both MRF and MPM neglect

unsteady interaction entirely and
thus are limited to flows where
these effects are weak.

¢ If unsteady interaction can not be \\
neglected, we can employ the Sliding
Mesh Model to account for the relative motions of the stationary and
rotating components.

stator

wake interaction
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Implications of the SMM

¢ Like the MRF model, the domain is divided into moving and stationary
subdomains.

¢ Unlike MRF, the mesh in each subdomain moves relative to one another,
and thus the mathematical problem is inherently unsteady.

I moving mesh zone SN

cells at time t cells at time t+At

¢ The governing equations are solved in the inertial reference frame for
absolute quantities.

e For each time step, the meshes are moved and the fluxes at the sliding
interfaces are recomputed.

e Relative velocity formulation does not apply.
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Sliding Interfaces

+ Sliding interfaces must follow the same rules as MRF problems and
must be defined as non-conformal:
e The interface between a rotating subdomain and the adjacent

stationary/rotating subdomain must be a surface of revolution with
respect to the axis of rotation of the rotating subdomain.

= Many failures of sliding mesh models can be traced to interface
geometries which are not surfaces of revolution!

e Any translation of the interface cannot be normal to itself.

¢ Zones are exposed as a result of sliding mesh. 7 \

e Can either be: \
= Periodic ﬁ /
Elliptic interface
[ | WaHS %
| |

LY

is not a surface of
revolution.

e If periodic, boundary
zones must also be %/
periodic.
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SMM Setup

Enable unsteady solver.

Define overlapping zones as Interface

For moving zones, select Moving Mesh as

Motion Type in Fluid BC panel.

o By default, velocity of walls are zero relative

to the adjacent mesh's motion.

For each interface zone pair, create a non-

conformal interface

o Enable Periodic option if sliding/rotating
motion 1s periodic.

o Enable Coupled for conjugate heat transfer.

Other BCs are same as SRF, MRF models

Zone Name

fluid-rotor

Material Name| air j Edit...|

I Source Terms

_I Fixed Values
_ Lesal Doordingts Syatem Por Fieed Veloolties

Laminar Zone
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Motion Type| Moving Mesh

i

Rotational Velocity Translational Velocity

‘ Speed (rpm) | -37500 H X(mfs)| 0 ‘

¢ Grid Interfaces

Grid Interface Interface Zone 1

Interface Zone 2

(51 T—

Ismm—interFace | interface-left

interface-right

interface-right

interface-right

Interface Type Boundary Zone 1 Interface Wall Zone 1
_I Periodic | wall-10 |
I Coupled Boundary Zone 2 Interface Wall Zone 2
|wa11—11 |
Createl Delete | List Close | Help |
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Solving SMM Problems

¢ Choose appropriate Time Step Size and Max
lterations Per Time step to ensure good
convergence with each time step.

Time Step Size should be no larger than the time it
takes for a moving cell to advance past a stationary
point:

As As = average cell size

At =~ —
@R ®R = translational speed

¢ Advance the solution until the flow becomes

time-periodic (pressures, velocities, etc., oscillate|

with a repeating time variation).

Usually requires several revolutions of the
grid.

Good initial conditions can reduce the time
needed to achieve time-periodicity

- 346 -

|

Time

Time Step Size (5) . 0001

Mumber of Time Steps | 20 ‘e.

_| Adaptive Time Stepping

_| Data Sampling for Time Statistics

Iteration

Max Iterations per Time Step| 30

Reporting Interval| 2

UDF Profile Update Interval | 1 ‘!‘

Ak

(]

=5.00e+00 —
=5.10e+00 o
=5.20e+H10 o
= 35.30e+H10 o
=5 40eH10
—5.50eH10
=5.E0e+H00
=5.70e+00
=5.&0e+00
=5.90e+H10

=500+

|| |I

AR

0001 002 003 004 005 008 007 005 009 04 0
Tirme
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Outline

Dynamic Mesh (DM) Model

® 6 6 O 6 ¢ o o
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What 1s the Dynamic Mesh (DM) Model?

¢ A method by which the solver (FLUENT) can be instructed to move
boundaries and/or objects, and to adjust the mesh accordingly

1.70e+04
+ Examples: W
. . 1:198+04
e Automotive piston 1.020+04
8 50e+03
moving inside a [ 800103
. 3.40e+03
cylinder 1 700003
0.00e+00
o A flap moving on S
. . -5 10e+03
an airplane wing oones
o :1:022:04
e A valve opening 1004
. -1.36e+04
and closing s
¢ An artery Contours of Static Prassure (pascal) (Time=23100a-01) Nov 13, 2002
. FLUENT 6.1 (3d, dp, segregated, dynamesh, ske, unsteady)
expanding and
contracting

Volumetric fuel pump
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Dynamic Mesh (DM) Model: Features

+ Internal node positions are automatically calculated based on user specified
boundary/object motion, cell type, and meshing schemes
e Spring analogy (smoothing)
e Local remeshing
e Layering
e 25D
e User defined mesh motion
+ Boundaries/Objects motion can be moved based on:
e In-cylinder motion (RPM, stroke length, crank angle, ...)
e Prescribed motion via profiles or UDF

e Coupled motion based on hydrodynamic forces from the flow solution, via
FLUENT’s 6 DOF model.

¢ Different mesh motion schemes may be used for different zones. Connectivity
between adjacent zones may be non-conformal.
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Spring Analogy (Spring Smoothing)

¢ The nodes move as 1f connected via
springs, or as 1if they were part of a
sponge;

o Connectivity remains unchanged;

+ Limited to relatively small deformations
when used as a stand-alone meshing
scheme;

¢ Available for tr1 and tet meshes;

¢ May be used with quad, hex and wedge
mesh element types, but that requires a
special command;
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Local Remeshing

¢ As user-specified skewness and
size limits are exceeded, local

nodes and cells are added or
deleted;

¢ As cells are added or deleted,
connectivity changes;

¢ Available only for tr1 and tet
mesh elements;

¢ The animation also shows
smoothing (which one typically
uses together with remeshing).
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Layering

¢ Cells are added or deleted as the
zone grows and shrinks;

¢ As cells are added or deleted,
connectivity changes;

¢ Awvailable for quad, hex and
wedge mesh elements.
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Combination of Approaches

4.1'.1.'l:';'.g'r.._uuuuuﬂ'nrjr‘?j
gl T 4.'Fu.'Fu."'i'l;r.g'r"r‘r‘r‘rl‘-‘r‘y*“-r
i:;:-“‘“* i A TN AT A AT AT A

¢ Initial mesh needs
proper decomposition;
¢ Layering:
e Valve travel region;
e Lower cylinder
region.
¢ Remeshing:
e Upper cylinder
region.
¢ Non-conformal

interface between
zones.
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25D

¢ The 2.5D mesh essentially 1s a
2D triangular mesh which is
extruded along the normal axis of
the specific dynamic zone that
you are interested in modeling.

e Rigid body motion is applied to
the moving boundary zones

e Triangular extrusion surface is
assigned to a deforming zone
with remeshing and smoothing
enabled.

e The opposite side of the
triangular mesh is extruded and
assigned to be a deforming zone

as well, with only smoothing
enabled.
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User Detined Mesh Motion

¢ Mesh is defined by the
user through a udf

¢ No connectivity change is
allowed if using user
defined function to move
the mesh

¢ Useful applications
include:

e Vane pumps
e Gerotor pumps
e Bearing

e Rotary compressors
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6 DOF Coupled Motion

¢ Objects move as a result of aerodynamic forces and moments acting
together with other forces, such as the gravity force, thrust forces, or
ejector forces (i.€., forces used to initially push objects away from an
airplane or rocket, to avoid collisions)

+ In such cases, the motion and the flow field are thus coupled, and we call
this coupled motion

¢ Fluent provides a UDF (user-defined function) that computes the
trajectory of an object based on the acrodynamic forces/moments,
gravitational force, and ejector forces. This is often called a 6-DOF
(degree-of-freedom) solver , and we refer to it as the 6-DOF UDF;

¢ The 6-DOF UDF is fully parallelized.
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6 DOF Coupled Motion (cont’d)
¢ Store dropped from a 7_

delta wing (NACA
64A010) at Mach 1.2;

+ Ejector forces
dominate for a short
time;

¢ All-tet mesh;

¢ Smoothing;
remeshing with size
function;

¢ Fluent results agree
very well with wind

tunnel results! Wind Tunnel
Fluent
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Outline

® 6 o6 o o

.
¢ Summary
¢ Appendix
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Summary

+ Five different approaches may be used to model flows over moving
parts.

e Single (Rotating) Reference Frame Model
e Multiple Reference Frame Model
e Mixing Plane Model
e Sliding Mesh Model
e Dynamic Mesh Model
+ Enabling these models, involves in part, changing the stationary fluid
zones to either Moving Reference Frame or Moving Mesh.
e Moving Mesh models must use unsteady solver
¢ Lecture focused on rotating components, though, translational motion
can also be addressed.
e Restrictions on geometry of interface still applies.

e SMM can be used, for example, to study flow between two trains passing
each other.
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Appendix

+ Navier-Stokes equations for moving reference frames
e Relative Velocity Formulation
e Absolution Velocity Formulation

+ Navier-Stokes equations for sliding mesh problems
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N-S Equations: Rotating Reference Frame

¢ Two different formulations are used in Fluent

e Relative Velocity Formulation (RVF)
= Obtained by transforming the stationary frame N-S equations to a rotating reference
frame
= Uses the relative velocity as the dependent variable in the momentum equations
= Uses the relative total internal energy as the dependent variable in the energy
equation
e Absolute Velocity Formulation (AVF)
= Derived from the relative velocity formulation
= Uses the absolute velocity as the dependent variable in the momentum equations
= Uses the absolute total internal energy as the dependent variable in the energy
equation
e NOTE: RVF and AVF are equivalent forms of the N-S equations!

= Identical solutions should be obtained from either formulation with equivalent
boundary conditions
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Reference Frames

o 3!

frame

stationary
frame
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CFD domain

axis of
rotation

Note: R is perpendicular
to axis of rotation
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Assumptions and Definitions

¢ Assumptions
e No translation (@7, /dt =0)

e Steady rotation (@ = constant) about specified axis

= axis passes through origin of rotating frame

e Ignore body forces due to gravity and other effects (for the
equations shown)

e Ignore energy sources (for the equations shown)
¢ Definitions

o Absolute velocity () - Fluid velocity with respect to the stationary
(absolute) reference frame

o Relative velocity (#) - Fluid velocity with respect to the rotating
reference frame

¢ 3-D compressible, laminar forms of the equations presented in
the following slides (other forms are similar)
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Relative Velocity Formulation

(continuity)

op -
—+V-pW =0
Ot p
opw = op .
~+V-pWw =——+V-7_+B, (x momentum)
ot Ox
- o R
'[;Vy +V-pWw, = ——p+ Vet +B, (y momentum)
Y
opw - op .
~+V-pWw, =——+V-7 __+B, (z momentum)
ot Z
0 — - - - .
gjtr + V ) pW[eﬂ” + %j — V ) ( VVXWX + Tnywy + TVI”ZWZ o Q) (energy)
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Relative Velocity Formulation (2)

W = fo + wy]A' + wzlg (relative velocity vector)
e =e+ % (W2 _ a)sz) (relative total internal energy)
G=-xVT (Fourier's Law)
. oW 20 v
= ul =—+Vw —Z(V.-W

vrx lLl_ ax X 3 ( )’_
_ [ew 2 (0 \n
Toy = /U_E + wa — g (V ' W)J_ > (viscous terms)
. |ow 2 =\
T, =M —+Vw, ——(V-W)/(

K2 3 1)
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Relative Velocity Formulation (3)

¢ Acceleration terms due to rotating reference frame

B = Bi+B,j+Bk
= —p 2a)><W'44a)><a)><r_)

/N

Coriolis centripetal
acceleration acceleration
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Absolute Velocity Formulation

(continuity)

op =
—+V.-plV =0
Ot P
opv, v vax — _8_p+ V-7 _+B. (x momentum)
{ Ox
0 . 0 -
Py v v, =-L4v.7 +B, (y momentum)
Ot Y
opv. +V. ,OWVZ — _8_p+ V-T_+B, (z momentum)
Ot 0z
Yo,
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Absolute Velocity Formulation (2)

V= vxf + vyj' + vzlg (absolute velocity vector)
e =e+ l[ﬂ (total internal energy)
2
é’ —— VT (Fourier’'s Law)
- 7 )
oV 2 ~\x
VX lLl_ ax X 3 ( >_
K% 20 \a .
7 =yl Z—+Vyv —Z(V-V; > (viscous terms)
vy ’Ll_ ay Y 3 ( )]—
. Jer 2 (0 =\
T _ =M a—V+VvZ ——(V-V
Oz 3 |/
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Absolute Velocity Formulation (3)

¢ Acceleration term due to rotating reference frame

B

Bi+B}+Bé

= —pwa'

N\

Acceleration reduces to single term involving
rotational speed and absolute velocity
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Velocity Formulation Recommendations

¢ Use AVF when inflow comes from a stationary domain
e Absolute total pressure or absolute velocities are usually known in this case
e Example: Flow in a ducted fan system, where inlet is a stationary duct
¢ Use RVF with closed domains (all surfaces are moving) or if inflow comes
from a rotating domain
e Relative total pressure or relative velocities are usually known in this case
e Example: Swirling flow in a disk cavity
¢ Asnoted previously, RVF and AVF are equivalent, and therefore either can be
used successfully for most problems

e Discrepancies on the same mesh can occur if the magnitude of absolute velocity
gradients are very different than magnitude of the relative velocity gradients

e Differences between solutions should disappear with suitable mesh refinement
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N-S Equations: Moving Mesh Form

¢ The sliding mesh (aka moving mesh) formulation assumes that the
computational domain moves relative to the stationary frame

e No reference frame is attached to the computational domain

¢ The motion of any point in the domain is given by a time rate of
change of the position vector (7)

e 7 isalso known as the grid speed
e For rigid body rotation at constant speed

—

r=aoxr=U

¢ Equations will be presented in integral form
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Moving Mesh Illustration

Moving CFD domain

stationary
frame

axis of
rotation

-372 - © Fluent Inc. 4/8/2005



éVk' FLUENT" Fluent User Services Center Introductory FLUENT Notes
The Right Answer in CFD"

<
4A§ www.fluentusers.co m FLUENT vo.2 Mar 2005

N-S Equations: Moving Mesh (1)

ij odV + §p(ﬁ ~U)-=0 (continuity)

dt s, g

% [ pv,av +§[pl7 -0, + pi]-d5 = §7, aS (x momentum)
v s s

% [pv,av+§lplV O, + pi|-dS = §z, as (y momentum)
v s s

%jp\/de +§ p(ﬁ —U)VZ + p/g]z §fvz dS (z momentum)
v s s

—

%lpet - ip(ﬁ — lj{et + %j .dS i(fvxvx +7T,V, +T,V, - é) dS (energy)
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N-S Equations: Moving Mesh (2)

¢ In the foregoing equations, V and S are the volume and boundary
surface of the control volume, respectively

e V remains constant since the mesh 1s not deforming

o § =3§(¢)since the area vectors are changing orientation as control volume
moves

¢ The time derivative (¢ / dt) represents differentiation with respect to
time following the moving domain

The convecting velocity 1s again the relative velocity
All spatial derivatives computed relative to the stationary frame
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