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Numerical Heat Transfer

Chapter 13 Application examples of fluent for

flow and heat transfer problem

Instructor Chen, Li; Tao, Wen-Quan

CFD-NHT-EHT Center
Key Laboratory of Thermo-Fluid Science & Engineering

Xi’an Jiaotong University
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13. A3 Multiphase flow using VOF

X A RIE R 2 AR

Focus: In this example, first the background of
multiphase flow iIs introduced, and then Volume of
Fluid method is discussed in detalil.

3/76
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13. A3 Numerical simulation of multiphase flow using
volume of fraction(\VOF) method

B Problem description: The computational domain
IS a 2D channel. Air with velocity of 5 m/s flows into
the channel from the left inlet; and water with
velocity of u=0.1m/s enters the channel from a micro-

pore at the bottom.

air = 300

~—300—1 60 ~—

= 1500 -

"

water
Fig.1 Computational domain and geometry sizes (um)  3/76
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B Find: water dynamic behavior, pressure drop, and
saturation in the channel;

The boundary conditions are as follows:

R — '"%"
* o
alir — = 300
N
e | -
~—300—"{ 60 [~=— |
- % f 1500 -~
water
Fluid flow
Air inlet Velocity inlet
Water inlet Velocity inlet
Outlet Outflow
Bottom Wall, 14Q°
Up Wall, 60°
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1. Background of Multiphase flow

Multiphase fluid flows are widely encountered In natural,
scientific and engineering systems

A phase refers to gas, liquid or solid state of matter. A multiphase
flow is the flow of a mixture of phases, such as gas (bubbles) in a
liquid, or liquid (droplets) in a gas, and so on.

Same component (BAZH 4> AR

Liquid water and water vapor system

H,O
Multiple components (%4142 HHiik)
Liquid water and air system, H,O, N,, O,... Crown

6/76
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2. Fundamental definitions

Surface tension: refers to the tensile force exists at the
phase interface separating two fluids, due to a mutual
attraction between molecules near the interface
unit: N/m Typical value: water-air: 0.0725 N/m

Water striders stay on top of water

KT ERIKR) Lotus effect (FfrH38(AL) 7176
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Contact angle

measurement of the surface wettability. The angle of
the triple-phase line. Hydrophilic surface (3£7K) with
angle less than 90, liquid tends to spread. Hydrophobic
surface (Bi7K) with angle higher than 90, liquid tends
to form droplet. Neutral surface with angle as 90.

0>90 0=90 0<90
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Capillary pressure
pressure difference across a phase interface, related to

the surface tension force

ocosf

Pc=P —P, = "

Because of the capillary
pressure, a liquid can flow
In narrow spaces without
the assistance of, or even In
opposition to, external
forces like gravity.

CFD-NHT-EHT
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P1 P

2vcost
h= 1
pgr

8O Hg mercury

9/76
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2. Different methods for multiphase flow

Macroscopic

Volume of Fluid (VOF) ik }VOSET

Level Set (LS) 7K~P&RE by NHT group
Phase-field #5355 ¥

Front tracking B ¥ EREE B

Mesoscopic
Lattice Boltzmann Method, Smooth Particle Hydrodynamics

(¥&¥Boltzmann J5i%, YRI5 %)
Microscopic

Molecular dynamics (4Fzh71%) 10/76
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3. Volume of Fluid (VOF)
Proposed by Hirt and Nichols in 1981.

JOURNAL OF COMPUTATIONAL PHYSICS 39, 201-225 (1981)

Volume of Fluid (VOF) Method for the
‘Dynamics of Free Boundaries*

Volume of fluid (VOF) method for the dynamics of free boundaries

CW Hirt, BD MNichals - Journal of computational physics, 1981 - Elsevier

Several methods have been previously used to approximate free boundaries in finite-

difference numerical simulations. A simple, but powerful, method is described that is based

on the concept of a fractional volume of fluid (VOF). This method 1s shown to be more flexible ...

i 99 i@S|AMEr: 12539 #HAEEE RE 1T TEE

Several methods have been previously used to approximate free boundaries in finite-
difference numerical simulations. A simple, but powerful, method is described that is based on

In fact, VOF is one of the most popular methods for multiphase
flow. It has been successfully adopted for a wide range of
problems, and is till being improved and enhanced.

W)
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Volume of fraction (f&F243%%): the basic variable in VOF

The volume fraction of each fluid in a computational cell

V
C, =—m C =1
Vcell Z "

For two-phase flow: primary phase(3F#H) and secondary
phase (K)o

C, =1 Thecellis filled with the primary phase

C, =0  The cell is free of primary phase

C, €(0,1) The cell is partially filled with primary phalgﬁa76
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Schematic of 2D two-phase flow system
|
0.3 003 [ 0.0
|
[ Tl
' L

C.=1 The cellis filled with the primary phase

C, =0 Thecell is free of primary phase

C,€(0,1) Thecellis partially filled with primary phal:~:3e/76
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Governing equation of C

1. The change of C iIs due to the flow Infout of the
corresponding phase into a cell.

2. C 1s evolved according to local velocity obtained from
solving the N-S equations.

oC
~+u-VC_ =0
ot
Unsteady term Convection term

Convection-diffusion type equation
The two phases are not soluble (B%) , so there is no

diffusion term. When there iIs chemical reaction or
phase change, source term Is not zero. 14/76
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The governing equations for multiphase phase flow
using VOF

8éf)+v (pu) =0 [Surface tens%

ﬁ(g)tu) +V-(puu) =-Vp+V-[u(Vu+Vu' )]+ pg+F
oC %
u from NS equation ~+u-VC_ =0
A F =20k pVE
IOI +10g)

/O — Clpl +Cgpg ﬂ — Cllul +Cglug
CSF model

Two-way coupled with each other. 15/76
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Continuum surface force (CSF) model
The form of volumetric force is required in NS equation.

However, surface tension force i1s a kind of surface force,
rather than volumetric force.

CSF transfer the surface tension force to volumetric force

v" Smooth C
» VOF In fact iIs a sharp-interface

=)

model.

> The thickness of the interface Is
Zero.

» C issharply changed from 1 to 0
across the interface.

16/76
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In microscopic, however, the interface Is not sharp, it
has a finite thickness, for example, of a few nanometers.
Therefore, transition from phase 1 to phase 2 is smooth.

The purpose of smoothing C i1s to make C changes
gradually from 1 to 0.

A . / )
C Water

= o
2 = 9
J S N —
|
|
|
| |
| |
|
22 |
\\l
B
|
| \
| 1 1
|
1
|
|
|
3\4 e
|
I
L

Jro e - — i w————

C=0.5

i Gas
a b fy 17/76
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The following function is adopted to smooth C

~

A

CFD-NHT-EHT

Ci,j — Zcm,nK(‘ri,j o rm,n

m,n

£ Smoothed one

y €&

- @

Control the thickness of the interface! 3A

01"

‘ri,j _rm,n

Distance between two points (i,J) and (m,n)

K Smooth integration kernel

(40/77) (1 - 6(;1*/,3‘)2 + 6(r/.€)3) (r/e <1/2)
K(r,e)=1(80/77)(1-7/¢) (1/2<r/e<])
0 (r/e>1)

14
== \JI _I'D



/
/
/
/

CFD-NHT-EHT
CENTER

C i 4;1,
n=VC - P
‘ 71 i
interface mean curvature N N S
! '/ S m
1 vC 0.5f--——————f———----
k:—:V‘(—~I ) / ’
|VCI | 0.25] ey
7
pressure in the transition regionis ° pya b
P, =P, +0k(C,-C,) =P, +kC,
~ V(P —P )= _ VC
F~V(P,-P)=V(ck(C,-C,)) E— 25k Y™
=okVC (pl + pg)

Suppose local k Is constant.
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How to solve the VOF equation?
oC_

+u-VC_=0

ot
Conservation form < =

oC, +V(uC_)=0
ot

1. This is a convection-diffusion equation without diffusion term,
and can be solved using schemes (such as QUICK) introduced in
NHT.

However, because C Is not a continuous function. Such method
may result in false diffusion, leading to gradually increasing

thickness of the interface.
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2. Reconstruction method

Step 1. Interface reconstruction

For a value of C in a computational cell, the pattern of interface
should be determined first.

For example, for C=0.5, the interface may be as follows.

Then which one Is the right interface?
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There are totally 16 kinds of interface pattern,
depending on local C and normal direction (nx, ny)

1. nx>0, ny>0

=

‘2.nx>0,ny<0

rotate
‘3.nx<0,ny<0

translation
| 4. nx<0, ny>0

mirroring

uvh
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Normal direction of the interface

+2C'

i+1,j

+C.

i+1, -1

-C.

Il_;+1_

*=(C

i+1, j+1

2C ;- )/ Ox

Ilj]

m;=(C

i+1, j+1

+2C.

i,j+1

+C

i—1, j+1

-C

i+1, -1

_2C£,j—1 ~ f—l,_,f—l)/é‘y

Interface normal direction
= |Interface Is reconstructed!

Volume of fraction B

For example, for C=0.5, nx=0, ny=1

3
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Normal direction of the Iinterface

+2C

i+1,j

+C

i+1, -1

-C

Il_;+1_

251'—1 J

~ ~ ~ ~

+C, -C 2Cf, j-1 Cf—l, Jj-1 )/ oy

i—1, j+1 i+1,j-1

_(C

i+1, j+1

)/ Ox

.flj]

n = (Cpy 1 +2C,

i+1, j+1 i j+l

Interface normal direction
— |nterface Is reconstructed!

Volume of fraction

For example, for C=0.5, nx= 1/\/5 , ny= 1/\/5

3 4
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By the reconstruction scheme, the phase interface Is
determined in each computational cell.

Piecewise linear interface calculation (PLIC)

The smooth interface is approximately described by a

set of lines.

=

D.L. Youngs, Time-dependent
multi-material flow with large
fluid distortion, Numerical
methods for Fluid Dynamics, 1982,
24(2), 273-285
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Step 2. Interface advection in a given velocity field
Based on the reconstructed phase interface, calculate
the variation of C according to local velocity filed, and
then update the C for next time step.

Taking 1D interface as example.

« AX >
u
——
1+1
Cia=l © Cirg=0 26/76
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« AX ,I(1-C,)AX

ui+1/2
—>

-1 i i+1
The volume that flows from -1 to11s

I:'-1/2 — ui-llet

|
The volume that flows from 1 to 1+1 Is

0 u._,,At < (1-C,)AX
\ui+1/2At - (1_ Ci )AX ui+1/2At > (1_ Ci )AX

Fiio =9

Total volumeis  CF** =Ci+(F , —F. ) /AX
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CFL condition

Ci =Cf +(F_y, — Fu2) | AX

\ l
|

Courant number  yAt [/ AX
Because C should be smaller than 1, thus UAL / AX

also should be smaller than 1. This Is the CFL
condition.

Therefore, during the numerical simulation, the time
step should be sufficiently low that the CFL condition

IS satisfied, or the Courant number <1. 76
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The governing equations for multiphase phase flow

Ing VOF
usgg E 2ok pVC,
(/O)_I_v (,OU) O (pl_l_pg)
ot CSF model
a(g)tu) +V-(puu) ==Vp+V-[u(Vu+Vu')]+ pg4F
oC, _0
ot

/O — Clpl +Cgpg ﬂ — Cllul +Cglug

Two-way coupled with each other. 29/76
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2 Process of simulation

2.1 Launch ANSYS Fluent

E Fluent Launcher

Dizplay Ophions
Dizplay Mesh After Beading

Embed Graphics Windows
Wwarkbench Calar Scherme

[ Show More Dptions

- a _

Fluent Launcher

Options
Double Precizion

Processing Options

(@) Serial
() Parallel

LCancel Help -

CFD-NHT-EHT
CENTER

B Choose 2-Dimension
B Choose Display Options
B Choose Double Precision

B Choose Serial Processing

30/76


/
/
/
/

ol W CFD-NHT-EHT
ﬁ% ){ *Ei ){ % CENTER

2.2 Read the mesh
File - Read—Mesh

File [Mesh Define Solve Adapt Surface Display Report Paralle El.li].[lil'll_:l L.

Read H Mesh... ~[]~ mesh

Write > Case.. | materials,

Import H free I interface,

ER— y Case & Data... i domains,

Export to CFD-Post.. PDF... ity Zones,

Solution Files... S sl | water

nterpolate... LS L gd1

FEll Mapping y View Factors... WEI].]. .

d1lr-1n

Save Picture.., Profile... air-out

Data File Quantities... Scheme... :i_l'lt_'F]_l_I:i_l]

Batch Options... Journal... fluid

Exit 3d1-1 : Done.
;nl:uTLlntLi:::Initializati-:nn N - modelt P”'ts--- . .
Calculation Activities 3d1 - FI"E']-E“"ll'Ig mesh for dlEI]].-El_u =
Run Calculation Help 18.10.95 Done.

Results

Graphics and Animations

31/76
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2.3 Check the mesh

General—Mesh—Check

1: Mesh

Mesh Check

Domain Extents:
¥—-coordinate: min {m)
y—coordinate: min {m)

Uolume statistics:
minimum volume {(m3): 2.S00000e+01
maxXimum volume {(m33): 2.500000e+01

total volume {(m3): 4_500000e+05

Face area statistics:
minimum face area (m2): S.00000de+00
maximum face area (m2): S.00000d4e+40

DE:E?M“Q MESH. e 32/76

—-3.300080e+02, max (m) = 1.170000e+83
0.000000e+088, max (m) = 3.000000e+82
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2.4 Scale the domain size

General—Mesh—Scale

General & Scale Mesh 5
Mesh Domain Extents Scaling
Xmin {ITI::I |'U.DUU33 Xmax {ITI::I ‘D.D[Jll? D Conver t Units
Scale... Chedk Report Quality ecify Scalin
- ¥min (m) ([ ¥Ymax (M) (3 noo3
Display... :
S | ‘ <Select:
Salver View Length Unit In Scaling Factors
. m L ¥
Type Velocity Formulation |D.DI:||:||:||:|1
Pressure-Based (®) Absolute v
() Density-Based () Relative |U-UUUUU 1|
Time Scale Onscale
() Steady
(®) Transient Close | | Help

m Choose Specify Scaling Factor
m Write 0.000001 In the Scaling Factor box to convert

the unite from m to pm.
33/76
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2.5 Choose the solver

General—Solver

Solver m Choose Transient
elodty Formulation . -
%plfressure-ﬂaszd %Ab?nite ; The dynamIC behaviors of
Density-Base Relative

Time:

water is to be studied.

aent .
| Ororsee m Select Gravity

[ Gravity | Units. .
Gravnﬁhnn.al Acceleration ] Wr I te _9 . 8 I N th e
X (m/s2) ||EI : - -
ko | Gravitational
e ] F Acceleration box
P
of Y.

Density-based method cannot be used for VOF.  , _
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2.6 Choose the models

-
Solution Setu p—>MOd€|S veshng Models ==
Mesh Generation Models
Solution Setup - Volume of Fluid
. General =

Meshing Models B Multiphase Madel =

Mesh Generation Models r:::;':ls Madel Humber of Eulerian Phases
Solution Setup Multiphase - Volume of Fluid cell Fone Conditions ) Off | :

General Energy - Off Boundary Conditions (®) Volume of Fluid

Loz Mesh Interfaces () Miscture

Materials Radiation - Off Dynarnic Mesh (] !EII.Illerian

Phases EJ Viscaus Maodel e F'.ei-"erence Values Wet Steam

cell Zone Conditions 50'““"'7' Coupled Level Set + VOF

Boundary Conditions Model Solution Methods | T ‘

Mesh Interfaces DI iscid Solution Controls

s SR Monitors T —————— ) H oS

Dynamic Mesh | ®) Laminar | Solution Initialization

Reference Values (_) Spalart-Almaras {1 eqn) Calculation Activities Scheme [ 0pen Channel Flow
Solution D k-epsilon (2 egn) Fun Calculation [ (®) Explicit lI [] open channel Wave BC

colution Method D k-omega (2 eqn) Results i) Implict [[] zonal Discretization

oluaon Methods
i | () Transition k-4l-omega {3 eqn) Graphics and Animations
Solution Controls () Transition SST (4 eqn) Plots Volume Fraction Cutoff
Monitors
(_)Reynolds Stress (7 egn) Reports " 1e-08 |

Solution Initialization
Calculation Activities

() Scale-Adaptive Simulation (SAS)
() Detached Eddy Simulation (DES)

Courant Mumber

i 0.25
Run Calculation () Large Eddy Simulation {LES) " |
Results
Default
Graphics and Animations
Plots Ok Cancel Help i -
Reports [ Implicit Bedy Force —‘

QK Cancel Help

m Choose Volume of Fluid as Multiphase Model

m Coupled Level set +VOF?

35/76
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Coupled Level Set +VOF

Spatial gradient (interface curvature and surface tension

Mass conservation

Combining the advantages of LS and VOF

36/76


/
/
/
/

Model

) off

(@) Volume of Fluid
D Mixture

() Eulerian

Wet Steam

Coupled Level Set + VOF
[JLewvel set

Volume Fraction Parameters

Scheme

(_) Implicit

Volume Fraction Cutoff
| 1e-06

Courant Mumber
||:|. 25

Detault

Bodw Eorce Cormulation
Implicit Body Force

QK

Muymber of Eulerian Phases
“=|— =

Options
[Jopen channel Flow

[[] open Channel Wawve BC
[] Zzonal Discretization

Cancel Help

=

CFD-NHT-EHT
CENTER

Large body forces (for example,
gravity or surface tension forces)
are included.

Implicit body force is adopted to

Improves solution convergence by
accounting for the partial
equilibrium of the pressure
gradient and surface tension
forces.

37176
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Forces in Momentum eguation

Multiphase flow is controlled by a set of forces.

Inertial force Viscous force
\ \ Body force

{ \ { \

d(pu) +V-(puu)=-Vp+V - [u(Vu+Vu')]

ot
n |

Pressure gravity || Surface

tension

* Here surface tension force is converted to body force using CSF. force



/
/
/
/

2.7 Define the materials

Solution Setup— Materials—Create/Edit Material
B Create water-liquid

Meshing
Mesh Generation
Solution Setup
General

Phases

Cell Zone Conditions

Boundary Conditions

Mesh Interfaces

Dynamic Mesh

Reference Values
Solution

Solution Methods

Solution Contrals

Manitors

Solution Initialization

Calaulation Activities

Run Calauiation
Results

Graphics and Animations

Plots

Reports

I atena
Materials | &
Name

Materials o
Fluid ||V\E llalll

vater-iquid

:ra T Chemical Formula
Solid ||hlu >

aluminum

Material Type
fuid

Fluent Fluid Materials
water-iquid (h2o<|>)

none

CFD-NHT-EHT
CENTER

Order Materils by

v ®)Name
(O chemical Formula

& Fluent Database Materials

Help

Delete

Fluent Fuid Materials £ = Material Type
vinyl-siylidene (h2echsin) o | fuid v
vinyl-richloroslane (sid3ch2ch) Order Material by
g (® Name
— el (O chemical Formula
wood-volatiles (wood_vol) v
£ 2
Copy Materials from Case... | Delete
Properties
Density (ig/nd) constant v || View...
||998.2
Cp (Specifc eat) Gha-4) constant v | View...
Thermal Conductivity (w/m-) constant A view...
] constant v || View...

||0‘001003

New.. Edt..  Save -C\ose Help

1. Click Fluent Database
2. Choose water-liguid
3. Click Copy

39/76
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2.8 Define the phases

Solution Setup— Phases
B Choose air as Primary Phase

B Choose water-liquid as Secondary Phase

Meshin;.

Mesh Generation
Solution Setup
General
Models

W1 =Ty

=m zane Conditions
Boundary Conditions
Mesh Interfaces
Dyniamic Mesh
Reference Values

Solution

Solution Methods
Solution Controls
Manitors

Solution Initialization
Calculation Activities

Phases

Fhases
ase-1 - Primary Phase
phase-2 - Secondary Phase

) Primary Phase

Mame

“airl

——
Phase Materig

air

o Ed}...

QK Cancel Help

[P

computational domain.

Meshing
Mesh Generation
Solution Setup

General

Models

Materials

Cell Zone Conditions
Boundary Conditions
Mesh Interfaces
Dyrnamic Mesh
Reference Values

Solution

| Solution Methods

Solution Controls
Manitors

Solution Initizlization
Calculation Activities
Run Calculation

Phases L MESn
air - Primary Phase -

rase-2 - Secondary Phase
Mame
water

|
Phase Materlal waterJiquid ~ | | Edit...
Ok Cancel Help
Edit... Interaction... D3 |

Primary phase Is usually set as the one dominated in the
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2.8 Define the phases
Define surface tension force

1. Click Interaction

Meshing Phases
Mesh Genera tion Phases
Solution Setup air - Primary Phase

water - Secondary Phase

2. Click Surface Tension

CIIZ e Co dh

3. Select Surface Tension

Reference Values
Solution

Solution Methods -

Solution Controls I O rce M O e I n

Monitors

Solution Initial 1
Calculation Activities

Run Calculation Edit... Interaction... D4 -
sl L 4. Choose Continuum

B Phase Interaction

Drag | Lift | wall Lubrimt’onl Turbulent Dispersion | Turbulence Interacﬁonl Collisionsl Slip | Heat | Mass | Reaction Surface Tension | p creh'zah'onl I

] Surface Force and Wall

Model Adhesion Options

ontinuum Sur N
Continuum Surface Sir 255 | [ ump Adhesion

———— ,\ Adhesion.
||waher | ||air ‘ consmnt Edit...
0.J725
ﬁJ"— 5. Choose constant and

write 0.0725.

W
o] 41/76
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2.9 Define cell zone conditions

Solution Setup— Cell Zone Condition —QOperating Conditions

Meshing Cell Zone Conditions
Mesh Generation Zane
Solution Setup I—

Operating pressure

Mesh Interfaces "

Do i B In Fluent, operatin
Reference Values ]

Solution

Solution Methods
Solution Controls

pressure Is the same

Calculation Activities
Run Calculation Phase Type jin]

Cipresrmens | T as reference pressure.

Reports

| FParameters. .. Operating Conditions. ..
= Operating Conditions ey
Pressure Grawvity
Operating Pressure (pascal) Grawity -
[io1s2s " | | Gravitationst Acceteration B In put ocation an
Reference Pressure Location BHiER ||':' | B
X (m) ||-0.00c|33 | | Y (m/s2) "49_8 | -
FI
o] |||| coois _ value of operating

Z {m) |.:| - -
Variable-Density Parameters

Specified Operating Density

Operating Density (kg/m3) | p reSS u re "

" 1.225
[l

Ok Cancel Help

42/76
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2.9 Define cell zone conditions

Solution Setup— Cell Zone Condition —QOperating Conditions

Meshing Cell Zone Conditions

s e— - Specified operating density
Model
Material

SSSS

o Set the operating density to be the

Solution
Solution Methods

o density of the lightest phase.

Solution Initalization
Calculation Activities
Run Calculation Phase Type jin]

e e | E— Here input the density of the air.

Plots Edit... Copy... Profiles...
===

Reports

| FParameters. .. Operating Conditions. ..
= Operating Conditions ey
Pressure Grawvity = -
Operating Pressure e | == —, Variable-Density Parameters
" 101325 o Gravitational Acceleration ﬁ d 3 3
Reference Pressure Location ¥ (mfs2) ||EI | H SI:IED E Dperahng DEHEIL—F
X @ [[-0.00033 | 5 v /=) 55 | e Operating Density (kg/m3)
¥ {m) |||:|.|:n:n:|15 | ! z (m/s2) [ | 1.225
Z {m) |.:| ] - - P
i Variable-Density Parame ters
Specified Operating Density
Operating Density (kg/m3)
| 1.235
| :
ncel Help
Ok Cancel Help

43/76
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2.10 Define the boundary conditions

Solution Setup— Boundary Condition
Phase Type B For the left inlet, pure air

ID
mixture | | velodty-nlet - | [12 . .
| | | flows into the domain.

m \elocity inlet is adopted

|air -in |mix11.|re

Momentum lThermaI] F‘.adiaﬁnn] Spen:ies] DPM ] Mulﬁphase] uDs ] fo r the m iXtu re .

Velocity Spedification Method [Magnimde, Mormal to Boundary

wetererce o s B \olume fraction of each

Velodty Magnitude (m/s) |5 @
Supersanic/Initial Gauge Pressure (pascal) |III constant p h ase S h O u I d b e g I Ve n .

Moment..lm] Thermal] F‘.adiatiunl Spen:iesl DFM MU|ﬁPh35EI uDs ]

Phase Type ID

water 1r| |uelm:i1:y—inlet ~r| |1}1 Yolume Fraction E |constant v ‘
[ (0]4 ] [Cancel] [Help ]
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2.10 Define the boundary conditions

For the top and bottom surface, Define contact angle

Swai
eeeeeeeeeeeee
[odi [mixture . C h I I
e 00S€ Wall as Iype
|ﬂL.II
Momentum | Thermal | Radiation | Speces| DPM | Multiphase | ups | wall Fim
] |IIpUt value of the contact
(@) Stationary Wall Relative to Adjacent Cell Zone
(7 Moving Wall
Shear Condition
angle 140°
() Specified Shear
Specularity Coefficient
Marangoni Stress
|||||||||||||| []
— B The angle IS measured by
s ||constant
Wall Adhesion
nnnnnnnnnnn water here.
water |air |140 constant -

Wall Adhesion
Contact Angles (deq)

water air 140 constant -
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2.10 Define the boundary conditions

For the water inlet, define velocity inlet condition;
define the volume fraction of water as 1.

Phase Type ]{E Velocity Inl
’mixture v] ’uelndty—inlet v] Zome Name —
| Edt.. || Copy.. |[Profies... | |Water |""'i3’“1-'rE

[ Parameters... ] [Dperating Conditions. .. ]

Maomentum l'l'hermal] F'.adiaﬁnn] Spen:ies] DFM l Mulﬁphase] uDs l
Periodic Conditions. ..

Velocity Spedfication Method lMagnitude, Mormal to Boundary v]

Reference Frame [Absnlute ,]

Velodty Magnitude {m/s) |III. 1

[mnsmnt - ]

Supersonic/Initial Gauge Pressure (pascal) |,:, [mnsmnt ,]

Phase Type 1 B velocity Inl
[water v] [velm:ity—inlet v]

Zone Mame Fhase
[ Edit... ] [ Copy... ][Pruﬁles... ] |water |water

[ Parameters... ] [Dperating Conditions. .. ] ...............................

: Momentum | Thermal | Radiation | Species| DPM [ Multphase | ups |
Periodic Conditions. ..

Volume Fraction | 1

[mnsmnt v]

L i [ Ok ] [Cancel] [Help ] 46/76
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2.11 Choose the solution methods

Solution — Solution Methods
Solution Methods B Choose PISO (Scheme)

Mesh Generation Pressure-Velodty Coupling

Solution Setup

E— . M Choose Green-Gauss
- Cell Based (Gradient)

Vies 5 -
o ues | | ESteness tghoor Couping B Choose Body Force
JHion Spatial Discretization
olution Method Gradient -
Solution Control Green-Gauss Cell Based V We I g h ted (P reSS u re)
Monitors Pressur e
Snluti-:un.IniﬁaIiz_ tl Body Force Weighted -
lcul
s Calcdaton || Mementum B Choose Second Order
Results Second Order Upwind o
Graph d Animati Valume Fraction -
l e 1 Upwind (Momentum)
o coeconmy OWinN omentum
|
B Choose Geo-Reconstruct

First Order Implicit e
|:| Mon-Tterative Time Advancement

i e Ve cioentn [ (Volume Fraction)

Default

47/76
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The Pressure-Implicit with Splitting of Operators (P1SO)

The PISO also belongs to the family of SIMPLE.

There are one time of prediction step (Fif) and correction
step (B81E) in SIMPLEC.

Prediction step: determine u* and v* based on u® and v*

Correction step: solve pressure correction, obtain u and v that
satisfying the Mass Conservation Equation.

In PISO, two times of correction steps are conducted, thus
Improving the convergence.

PISO I1s recommended for transient problem.

48/ 10
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eshing
Mesh Generation
Solution Setup

Solution Methods

Pressure-vVelodty Coupling

Genera | I PIE0)
Models -
Materials Skewness Carrec tion
Fhases 1
Cell Zone Conditi -
Boundary Conditi Meighbor C t
Mesh Interfac 1
Dynamic Mesh - i
Reference Val Skewness-MNeighbor Coupling

1o Spatial Discretization

olution Method Gradient
Solution Control Green-Gauss Cell Based
Mornitors Pressur
Solution Initializat :
Calculation Activiti Body Force Weighted
Run Calculation Momentum

Results Second Order Upwind
Graphi d Animation Volume Fraction
Plots Geo-Reconstruct
Reports
Transient Formulation

First Order Implicit

|:| Mon-Tterative Time Advancement
Frozen Flux Formulation

[ 1High order Term Relaxation Options. ..

Default

2.11 Choose the solution methods

Solution — Solution Methods
]

CFD-NHT-EHT
CENTER

Choose PISO (Scheme)
Choose Green-Gauss
Node Based (Gradient)
Choose Body Force
Weighted (Pressure)
Choose Second Order
Upwind (Momentum)

Choose Geo-Reconstruct

(Volume Fraction)
49/76
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1.
2.
3.

Gradient calculation

Green-Gauss Cell-Based (#&#k- B B3t T AT HE:)
Green-Gauss Node-Based (#4k- B3T3 k)

CFD-NHT-EHT
CENTER

Least-Squares Cell Based T Bt/ 1)

/b ek

It Is the default scheme for gradient calculation.

The former two are based on Green-Gauss Theory

<V >= —jwdv_—jqﬁ nds =>g -

Ve Ve

The least-square cell based iIs based on

3 D ay +92 Ay 1+ 92
5_;{W(¢g —hy— { AX+8yAy'+8zAZ

‘NS

I
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eshing
Mesh Generation
Solution Setup

Solution Methods

Pressure-vVelodty Coupling

Genera | I PIE0)
Models -
Materials Skewness Carrec tion
Fhases 1
Cell Zone Conditi -
Boundary Conditi Meighbor C t
Mesh Interfac 1
Dynamic Mesh - i
Reference Val Skewness-MNeighbor Coupling

1o Spatial Discretization

olution Method Gradient
Solution Control Green-Gauss Cell Based
Mornitors Pressur
Solution Initializat :
Calculation Activiti Body Force Weighted
Run Calculation Momentum

Results Second Order Upwind
Graphi d Animation Volume Fraction
Plots Geo-Reconstruct
Reports
Transient Formulation

First Order Implicit

|:| Mon-Tterative Time Advancement
Frozen Flux Formulation

[ 1High order Term Relaxation Options. ..

Default

2.11 Choose the solution methods

Solution — Solution Methods
]
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Choose PISO (Scheme)
Choose Green-Gauss
Node Based (Gradient)
Choose Body Force
Weighted (Pressure)
Choose Second Order
Upwind (Momentum)

Choose Geo-Reconstruct

(Volume Fraction)
51/76
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Pressure calculation

1. Linear scheme
2. Standard scheme
3. Second Order

4. Body Force Weighted scheme
Calculate the pressure according to the body force.
v Multiphase flow such as VOF (Volume of Fluid, 4&

FReaEE) or LS (Level Set, 7K3FE4R): recommended.
v For porous media: not recommended!
5. PRESTO! (Pressure Staggering Option) scheme

For problem with high pressure gradient. 52/76
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Mesh Generation
Solution Setup

Solution Methods

Pressure-vVelodty Coupling

Genera | I PIE0)
Models -
Materials Skewness Carrec tion
Fhases 1
Cell Zone Conditi -
Boundary Conditi Meighbor C t
Mesh Interfac 1
Dynamic Mesh - i
Reference Val Skewness-MNeighbor Coupling

1o Spatial Discretization

olution Method Gradient
Solution Control Green-Gauss Cell Based
Mornitors Pressur
Solution Initializat :
Calculation Activiti Body Force Weighted
Run Calculation Momentum

Results Second Order Upwind
Graphi d Animation Volume Fraction
Plots Geo-Reconstruct
Reports
Transient Formulation

First Order Implicit

|:| Mon-Tterative Time Advancement
Frozen Flux Formulation

[ 1High order Term Relaxation Options. ..

Default

2.11 Choose the solution methods

Solution — Solution Methods
]

CFD-NHT-EHT
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Choose PISO (Scheme)
Choose Green-Gauss
Node Based (Gradient)
Choose Body Force
Weighted (Pressure)
Choose Second Order
Upwind (Momentum)

Choose Geo-Reconstruct

(Volume Fraction)
53/76
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Solving methods for VOF equation

The geometric reconstruction interpolation scheme is
recommended when time-accurate transient behaviors
of the multiphase are required. In other words, it can
accurately predict the sharp interface.

This scheme Is the most accurate and is applicable for
general unstructured meshes.

Modified HRIC, Compressive, and CICSAM schemes
are less computationally expensive than the Geo-
Reconstruct scheme, the interface between phases will
not be as sharp as the geometric reconstruction
Interpolation scheme. 54/76
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2.12 Define the monitors
Solution — Monitors
B Define the Residuals Monitor and write 0.0001 in
the Absolute Criteria box

Meshing Monitors
Mesh Generation Residuals, Statistic and Force Monitors
Solution Setup
General & Residual Monitars
Models
Materizls Options Equations
Phases 3 3 ! T
el oo Conditions Print to Consale emdeal. Monitor Check Convergende Absolute Criteria
Boundary Conditions Plot UL 0.0001
Mesh Interfaces Window 3
Dynamic Mesh 1 < w-velocity 0.0001
Curves... Axes...
Reference Values -
y-velodty = = 0.0001
Solution Iterations to Plot
. Fe
Sclution Methods 1000 - Residual values Convergence Criterion
SeferereEytrols
[ Mormalize Tterations absolute -
ializati 5 =
ou un. ke @a_ .nn Iterations to Store bl
Calculation Activities <
Run Calculation 1000 - Scale
Results [ ] compute Local Scale
Graphics and Animations
Plats QK Flot Renormalize Cancel Help
Rennrts
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2.12 Define the monitors

B Create the Surface

Monitor

CFD-NHT-EHT
CENTER

A 1: Mesh -
Meshing Monitors Meshing Monitors Br=h
Mesh Generation Mesh Generation Residuals, Statistic and Force Monitors
Solution Setup Solution Setup sidL
General General Statistic - Off
Models Models
Materials Materials
FPhases Phases
Cell Zone Conditions Cell Zone Conditions
Boundary Conditions Create «| | Edit... Delete Boundary Conditions Create = | | Edit... Delete
Mesh Interfaces 3 Mesh Interfaces
Surface Monitors
Dynamic Mesh Dynamic Mesh Surface Monitars
Reference Values Reference Values
Solution Solution
Solution Methods Solution Methods
Solution Controls Solution Controls
onitors oni < >
Solution Initialization Create... EHit... Delete Solution Initialization
Calculation Activities e —— Calculation Activities |Create... | |Edf... | |Delete |
= surface Monitor > Bin Caleulation
= surface Monitor >
lame Report Type
|pressure—in Area-Wweighted Average - Eis Report Ty
n N pressure-out Area-Weighted Average e
Field Variable
Field variable
Pressure... -
Print to Console Pressure... -
Plot b Presane . Print to Consaole
Static Pressure v
window ==
- ==
- Curves... AXES. .. -
- Curves... Axes...
Write
- | [ wurite I
File Marne
Filz Marne
surf-mon-1.out
|surF-mon-2.0ut
RELETS X Axis
M ation = Iteration e
ta Every Get Data Every
- X -
= Ibteration = [tteration o
Mew Surface « rE————
(=] 4 Cancel Help Ok Cancel Help

. Change the Name

. Choose the Report Type and Surface c6/76
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2.13 Initialize

Solution — Solution Initialization

Solution Initialization

Meshing
Mesh Generation
Solution Setup

General

Models

Materials

Phases

Cell Zone Conditions
Boundary Conditions
Mesh Interfaces
Drynamic Mesh
Reference Values

Solution

Solution Methods
Solution Contrals
Maonitors
L m = e
Run Calculation

Results

Graphics and Animations
Plots
Reports

Initialization Methods

{iHybrid Initialization

(®) Standard Initizlization

air-in I

Reference Frame

(@) Relative to Cell Zone
() Absolute

Initial Values

Gauge Pressure (pascal)

]

¥ Velodty (m/s)

IE

¥ Velodty (m/s)

]

water Volume Fraction

]

CFD-NHT-EHT
CENTER

B Choose Standard
Initialization

B Choose air-in

B Click Initialize

57176
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2.14 Run calculation

Solution — Run Calculation

Meshing
Mesh Generation
Solution Setup

General

Models

Materials

Phases

Cell Zone Conditions
Boundary Conditions
Mesh Interfaces
Dynamic Mesh
Reference Values

Solution

Solution Methods
Solution Controls
Monitors

Solution Initialization

. -
I tun Caloulation

Results

Graphics and Animations
Flots
Repaorts

Run Calculation

Check Case... Preview Mesh Motion...
Time Stepping Method Il'lme Step Size ()
Fixed v || 1e-07 b
Settings... Mumber of Time Steps
|| 500000 =
Options

[ ]Extrapolate variables
[ ]Data sampling for Time Statistics

1 F
| « | | Sampling Options...

—

ax Iterations/Time Step | Reporting Interval

20 Sl =

Frofile Update Interval

1 .

-

Data File Quantities... Acoustic Signals...

Calculate

CFD-NHT-EHT
CENTER

Write Number in Time
Step Size box

Write Number in Number
of Time Step box
according to situations
Write Number in Max
Iterations according to
situations

58/76
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2.14 Run calculation

B Time Step Size(s) sets the magnitude of the (physical)
time step At. Courant number < 1 should be satisfied.

B Number of Time Steps sets the number of time steps
to be performed.

B Max Iterations/Time Step sets the maximum number
of iterations to be performed per time step. If the
convergence criteria are met before this number of
Iterations Is performed, the solution will advance to

the next time step.
59/76
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summary

1.Read mesh

2.Check mesh

3.Scale domalin

4.Choose solver (transient, gravity)

5.Choose model (VOF, explicit, courant number, implicit

body force)

6.Define material (water-liquid)

7.Define phase (primary phase, secondary phase,
Interaction, surface tension, wall adhesion)

60/76
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8.Denfine operating condition (reference pressure location,
specified operating density)

9.Define boundary condition (volume fraction, contact
angle)

10.Choose solution method (P1SO, Green-Gauss cell based,
Body force weighted )

11.Define monitor (residuals monitor, surface monitor)
12.Initailize (standard initialization)

13.Run the simulation (time step size)

14.Post-process
61/76
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3 Results
N
T=8.868¢-4 T=5.7064¢-3
A o

T=8.5285¢-3 7=9.9285¢-3

Fig.2 water behavior 62/76
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3 Results

R O

T=1.1028e-2 T=1.0328¢-2
T=1.0529e-2 1=1.0729¢-2

Fig.2 water behavior 63/76
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Pressure drop Saturation

2100 3.0
1800 |- 25} ..r"'
.,r""
1500 b
E 21 .,r"'
— <
= »
81200 | >
e =
- 3 1.5 F
& £
é 900 | g
& S 10k
S 600 |-
!
05 |
300 -
.,.—o-o—o—r""-'~.~ r
0 p....—._-r.—r;"""rr ’ : . : q y . 0.0 . | . ! < 1 . 1 . 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 08 1.0
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Homework

Known: Porous medium is partially inserted into an 2D
channel to enhance the heat transfer. The fluid is
water and the porous region is aluminum metal foam.
The porous region is attached to the outer wall of the

channel.

qconstant

Porous region

Water flow

Ueonstant
Computational domain 66/73
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Paramete r H L P water 77water Cp water ﬂwater &
Value 0.06 3 008.2 098x10° 4182 0.597 09
(Unit) (m) (m) | (kg-m?3) | (kgmtst) | (I-kgtKD) | (W-miKY)

Assumptions:

constant physical properties, steady, laminar flow

Boundary
conditions

Boundary Condition
x=0 v,=U;,, T=300 K
x=L pP=0Pa, T ckfion=300 K
y=0 symmetry
y=H VX:vy:O q=500Wm"~

Porous region

Thermal-

equilibrium model

67/58
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Solve: Nu/ Nu

base case

) Ap/ Apbase case

Simulate the heat transfer and laminar flow based on above

PN

conditions. Analyze the Nu, pressure drop (AP) and PN at
different Re and permeabilities (every one in the same group
will run totally 16 cases). Thermal-equilibrium model is
adopted for porous medium region. KC equation Is adopted to
calculate the permeability.

2 3
ng

T 150(1—¢)?

Re — puinletH
7

68/73
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In each working day, cars
with two values of tall
number are not allowed on
road.

Monday: 1, 6
Tuesday: 2,7
Wednesday: 3,8
Thursday: 4,9
Friday: 5,0
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Homework

The homework Is divided Into 5 groups based on
different tail numbers of student ID.

XIAN JIAOTONG UNIVERSITY



/
/
/
/

CFD-NHT-EHT
CENTER

FHIALY

<\

Tail numbers of student ID: 1, 6

Group 1 Thickness of porous region H,
0.02 (m)
5 Re | Re=100 | Re=200 | Re=300 | Re=400
Y
0.0025 0.0025 0.0025 0.0025 0.0025
0.00079 0.00079 0.00079 0.00079 0.00079
0.00025 0.00025 0.00025 0.00025 0.00025
0.000079 | 0.000079 | 0.000079 | 0.000079 | 0.000079
Base case

D, Is the diameter of particles

71/58
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Tail numbers of student ID: 2, 7

Group 2 Thickness of porous region H,
0.03 (m)
5 Re | Re=100 | Re=200 | Re=300 | Re=400
p
0.0025 0.0025 0.0025 0.0025 0.0025
0.00079 0.00079 0.00079 0.00079 0.00079
0.00025 0.00025 0.00025 0.00025 0.00025
0.000079 | 0.000079 | 0.000079 | 0.000079 | 0.000079
Base case

D, Is the diameter of particles

CFD-NHT-EHT
CENTER
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Tail numbers of student ID: 3, 8

CFD-NHT-EHT
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Group 3 Thickness of porous region H,
0.04 (m)
o Re | Re=100 Re=200 Re=300 Re=400
p
0.0025 0.0025 0.0025 0.0025 0.0025
0.00079 0.00079 0.00079 0.00079 0.00079
0.00025 0.00025 0.00025 0.00025 0.00025
0.000079 | 0.000079 | 0.000079 | 0.000079 | 0.000079
Base case

D, is the diameter of particles
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Tail numbers of student ID: 4, 9

Group 4 Thickness of porous region H,
0.05 (m)
5 Re | Re=100 | Re=200 | Re=300 | Re=400
p
0.0025 0.0025 0.0025 0.0025 0.0025
0.00079 0.00079 0.00079 0.00079 0.00079
0.00025 0.00025 0.00025 0.00025 0.00025
0.000079 | 0.000079 | 0.000079 | 0.000079 | 0.000079
Base case

D, Is the diameter of particles
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Tail numbers of student ID: 5, 0

Group 1 Thickness of porous region H,
0.055 (m)
5 Re | Re=100 | Re=200 | Re=300 | Re=400
Y
0.0025 0.0025 0.0025 0.0025 0.0025
0.00079 0.00079 0.00079 0.00079 0.00079
0.00025 0.00025 0.00025 0.00025 0.00025
0.000079 | 0.000079 | 0.000079 | 0.000079 | 0.000079
Base case

D, Is the diameter of particles

75/58


/
/
/
/

4. A4S CFD-NHT-EHT
7 ;Ef" AALZ CENTER

R 5L 7] o7
KT P 2 i
Happy New Year

= [ AFEE R !

AN People in the same boat
help each other to cross
to the other bank,

B — NS
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People in the same
boat help each
other to cross to the

fﬁi’cher bank, where....
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