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CHARACTERIZATION

@ Flow system in which two or more distinct phases flow simultaneously, having some level of phase
separation at a scale well above the molecular level;

@ Not to be confused with a multicomponent flow (mixture of chemical species, mixed at the molecular
level).
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CHARACTERIZATION

@ Flow system in which two or more distinct phases flow simultaneously, having some level of phase
separation at a scale well above the molecular level;

@ Not to be confused with a multicomponent flow (mixture of chemical species, mixed at the molecular
level).

CLASSIFICATION: COMBINATION OF PHASES

@ gas-solid flows (dense, dilute, very-dilute)
@ liquid-solid flows
@ gas-liquid flows — most complex (deformable interface)

@ immiscible-liquid mixture (not a real multiphase flow)

CLASSIFICATION: GEOMETRY OF THE INTERFACE

@ disperse flows — gas-solid / liquid-solid flows

@ separated flows <« interfaces

o fully separated
@ annular (partially separated)

@ transitional (mixed) flows
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GAS-LIQUID FLOW IN A VERTICAL PIPE

Taylor bubble

Flow
direction

Churn-turbulent Annular Disperse
Liquid slug
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GAS-LIQUID FLOW IN A HORIZONTAL PIPE

Bubbly Plug Stratified

Stratified wavy Semi-slug Slug

Annular Disperse
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FLOW PATTERN MAPS
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THREE-PHASE FLOWS

Two-phase flow

Small elengated air bubble anticipated
and followed by broad lower waves

Medium elengated air bubble anticipated
by a broad lower wave

Medium/large elengated air bubble antici-
pated by a lower wavy interface

Front part of a large elengated air bubble

Rear part of a large elengated air bubble

Flow direction

FIGURE: Effect of an increased air input fraction on a three-phase flow, J, = 0.46m/s and J,, = 0.32m/s. Photographies taken by the research
team of Prof. Sotgia (Politecnico di Milano).
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INTRODUCTION

@ A multiphase flow can be considered as a field subdivided into single-phase regions with moving
boundaries separating the constituent phases

@ Differential balances hold for each sub-region

DIFFICULTIES

@ Presence of interfacial surfaces (deformable, in movement)

@ movement is produced by both convection and inter-phase mass transfer
@ = coupling between field equations of each phase and interfacial conditions

@ Discontinuities of properties at interface
@ local jumps in space and time

@ Local instant fluctuations (time + space) of the variables (due to motion of interfaces + turbulence)

o
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INTRODUCTION

TWO STATEGIES

The fluctuation of the variables is space and time allows to follow two different strategies:

@ Local instant formulation

@ local instant variables (fluctuations)
@ DNS
@ E.g. evolution of a bubble

@ Averaging strategy

@ macroscopic phenomena

@ mean values of fluid motion + properties

@ the local instant description of each phases is replaced by a collective description of the phases

@ the macroscopic properties can be derived by the local instantaneous properties by means of
appropriate averaging procedures.
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INTRODUCTION

@ Time average
_ | -
¢ = lim — / ¢(x,y,z, t)dt P = ¢(x,y,z) (D
T—oo T
@ Space average
. 1
@)y = Jim_ o [ dxyznd (8)y = (@) 0 @
@ Ensemble average
N
) 1
(@) = JJim_~ Zl En(x,3,2,0)dt - (D)p = (¢) (1,5,2,1) 3)
" y
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NUMERICAL APPROACHES

APPROACHES

@ Two-fluid model — Each phase is considered separately:

@ two sets of averaged conservation equations
@ appropriate conditions at the interface

@ Mixture model — Mixture modeled as a single fluid with variable properties.

@ 3 conservation equations
@ 1 additional diffusion (continuity) equation («+— concentration changes)

4
EXAMPLES

@ Liquid-particle flows

@ Mixture model (ps =~ pr)
@ Gas-particle flows

@ Two-fluid model (often)
@ Disperse phase: Eulerian or Lagrangian strategy
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AVERAGING PROCEDURE

@ At microscopic level: in each subregion or phase, the governing equations are the classical balance
laws of continuum mechanics

@ In practice, only averaged values of microscopic properties are measured

@ Moreover, since the solution of the flow field at the microscale is complex

)

The system is not described at the micro-scale but a

Representative ) )
element of representative volume REV is chosen
volume (REV)
U
_\‘ Microscopic quantities are averaged on the REV
dVK: subvolume 4
occupied by the .
k-phase Local volume averaging
4
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TWO-FLUID MODEL: FOUNDAMENTALS
Basically, a phase indicator function is introduced in the constitutional equations, X
Xk 5 ) = { 1, ifxis i'n k-th phase at time 7, @
0, otherwise
vk = n¥s(x — x™ 1) )

v Xk is a generalized function® and behaves like a Dirac ¢ function.

= Vx* # 0 only at the interface

= x* is introduced for convenience, thus to handle some quantities appearing only at the interface.
Dxk  axk

M X .
Z X = 1 - +Utnl . VX
k=1 Dt ot

k_ o

%A generalized function allows to express in a mathematically-corrected form some idealized concepts, as the density of a
point or the intensity of an instantaneous source. This reflects the fact that, in reality, a physical quantity cannot be measured at
a point but only its mean values can be measured, over sufficiently small neighbourhoods of the given point.
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TWO-FLUID MODEL: FOUNDAMENTALS

Moreover, Xk is useful for defining

@ the volume dV* of the REV dV occupied by the k-phase:

avk = / sty
av
@ the integral of a function f over av*
/ favk = / Bl
avk av

The above properties are useful for defining two average operators:

@ volume average operator

1 k
f) = — fx"av
av Jav
@ mass average operator
k
- Jav efxtav 1 k
i= = / pfx"dv
Jay pxkav (pydv Jav

CHARACTERIZATION NUMERICAL MODELING GAS-PARTICLE FLOWS ANSYS CFX
000000 O000000@000000000OO000 O000000000O0O00000000 O000000

TWO-FLUID MODEL: CONSERVATION OF MASS

CONSERVATION OF MASS

Bpk
v Ut =0 ©)
ot

L - k R Bxk int k
By multiplying continuity eq. by x" + considering b + U™ . Vx* =0

Local instant formulation: U

a(x*ph) ‘
. 7 FPU) = o (U — U)ot ©)
t

Instantaneous averaged equation (volume or ensemble averaging):

k k
(P9DY (o kb = (ot (1~ ) - v
o (xt)

= L 1+ v (XM =(<pk (UF —ui") . Xk }

ot

®)

= T'¥ Interfacial Mass Source

Mass transfer towards the k phase at the interface

M
Srk=o
k=1
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TWO-FLUID MODEL: CONSERVATION OF MOMENTUM

CONSERVATION OF MOMENTUM

k
ou
pk - + pkUk . VUk _ —Vpk + V- Tk + Z Fk’ body forces ©
t
Instantaneous averaged equation:
k kyk
8<X W > k kyk K\
———L + v (e =
ot
k k
- v (x")
k_k
Vv <X T > (10)
k k, body forces
+ () (U F )
<pkUk (Uk — Uim) . ka> («> due to mass exchange)
<pk> <ka> — <‘rk . ka> (= Interface Force Density)
= OF Interfacial Momentum Source
M
Yook =F,
k=1
y
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TWO-FLUID MODEL: CONSERVATION OF ENERGY

CONSERVATION OF ENERGY

, o ek k apk k k, body forces <k %
pr— 4+ p U - VH = —— —V.q +) F7U .U an
ot ot
ok = v . (Uk. k)

Instantaneous averaged equation:

8<kaka>

ot

Viscous term

V. <kakUkH > =

> k _k
B ot _v.<Xq> 12)

+ <Xk> <Z Fk’ body forces Uk> <(1>;Ik>
8Xk

<pka (Uk _ Uint) . ka> + <quXk> + <pk> <§> <q>extra>

= H;\—l Interfacial Energy Source
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TwO-FLUID MODEL: CONSERVATION EQUATIONS

13)

SUMMARY: INSTANTANEOUS AVERAGED EQUATIONS

3< > k kek k
ot v < ! > :
k kyk
- <Xai ) +v - (Xt e ) V() + 7 () () (D e e o s
k kpk kk

P o (bt = < TXTD o () () (e (o) o
v
(16)

M
> rf=o0
k=1
M
Yok =, a7
k=1
Mo ,
Sy =¢=Fs 0" (18)
k=1
_4
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TwO-FLUID MODEL: CONSERVATION EQUATIONS

ocal istantaneous

The previous averaged conservation equations can not be solved yet:
r*

8 k k
8 e) ¢

ot
[nstantanuous average field
Equivalent to further averaging in time
Averages of products () = m g
—>
¢ = lim l/qs”dtzo
T—oco T

)

Products of averages

Mass-weighted average
()
(P*)

Before time-averaging, it is useful to introduce the Favre-averaging approach:
Phase-weighted average
W _ (X*) —< )=
(x*)
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TwO-FLUID MODEL: CONSERVATION EQUATIONS

TIME AVERAGING

Time averaging: <Xk ¢> _ <Xk> ) <Xk> !

By knowing that:

F =A@ A=

Now we are ready to write the volume and time averaged equations.

o
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TwO-FLUID MODEL: CONSERVATION EQUATIONS

TWO-FLUID MODEL: EFFECTIVE CONSERVATION EQUATIONS

Conservation of Mass: M
(xkok) = (xk) (oF)
<kakUk> _ <Xk> <pkUk> - <Xk> <pk> <Uk>

A new quantity can be introduced, that is the local volume fraction (or local concentration):

L. <kakUk> _rk

V
ak SR <Xk> Xk : phase indicator function (19)
Vv
By dropping bars and parentheses:
k k
o(ap") i
+ Vv - (akpkUk) — (20)
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TwoO-FLUID MODEL: EFFECTIVE CONSERVATION EQUATIONS
Vi
ok = Tk _ <Xk> K

: phase indicator function

Conservation of Mass:

k k
o(ap") ’
RSl VA (akpkUk) 1k
ot
Conservation of Momentum:
k kyk
o (ap"U"t) 1" /
+v- (akpkUk ®Uk) _ —akVpk —kaak +v- (aka) _v. (aka )_I_akz Fk’ b.f. +Q k
ot
Conservation of Energy:
k kpik k k
O (a” p"H") da op’ "
T + Vv - (akPkUka) :Pk7 + ak? =V o (aqu) -V (aqu;J )
t t t

. « 1
+ ak Z Fk’ body forces Uk + @Hk + HHk

Algebraic constraint on c:

[e2y)

(22)

(23)
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MIXTURE MODEL

The dynamic interaction of the phases in neglected, since the interfacial exchange term are omitted.

The mixture is modeled as a single fluid with variable properties

2 2 2
pm _ Z akpk, Mm _ Z akuk, A" — Z ozk)\k
k=1 k=1

k=1

m 2%21 akpkUk m Z%:l ockpka
Y2, akpk Y2_, akpk
Conservation of Mass:
ap™M
— + V- (p"U") =0
ot
Conservation of Momentum:
a(p"U™) Mmym m m m m 2 m m
T—I—V'(p U"®U") =—Vp+ V. |p (VU") + (VU )—;u v .-U"s
t

2

— v 4"+ Fo

2 t~ T,
_v. Z (akpkUzlr,k ®|Udr,k)
k=1 S ==

Drift velocity vk = gk — gm
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MIXTURE MODEL

MIXTURE MODEL

Conservation of Mass:

ap™M
7 +v.- " =0 (24)
t
Conservation of Momentum:
a(p"U™) My m m m m 2 m
T+V~(p U"®U") =—-Vp+ V. [p(VU") 4 (VU )_3” v -U's
t

17

2 t"~ —|
_v. Z (akpkUdr,k ®|Udr,k)
k=1 S=-
Drift velocity U4k = yk — ym
Conservation of Energy:

Turbulent fluxes

8(pmHm) My M m m m'! 2 k k ydr,k k
T+V~(pUH)=V~(>\ vr™) |V - dj sl v Y (ef e U EY) (26)
t k=1

Tension effects
Algebraic constraint on o:

2 k
Z a® =1 27)
k=1
4
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MIXTURE MODEL

HOMOGENEOUS MODEL

@ Simplification of the Mixture model valid when the phases move at the same velocity = Uik =0
@ It can be used for:
@ finely dispersed flows

o flows with separated phases (e.g., stratified or wavy flows, free surface flows)
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GENERIC FORM OF THE GOVERNING EQUATIONS

TWO-FLUID MODEL

bl ak k 1k ’ A
9 Pd) | v (T @) = V- [ Thu(vUY)] + 5t (28)

ot

a(p" ") o
my i m m
— 5 =tV (U@ ") =V [Lem(VU)] + Sy 29)
Diffusion coefficiant
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ANSYS CFX: AVAILABLE MODELS

EULERIAN - EULERIAN APPROACHES IN ANSYS CFX

MIXTURE MODEL : both phases treated as continuous

PARTICLE MODEL: two-fluids formulation

1 continuous phase, 1 dispersed phase
INHOMOGENEOUS E.g. -G bubbles inaL

- L droplets in G/L
- S particles in G/L

FREE SURFACE M.: only if the interface is not well defined somewhere

HOMOGENEOUS ———— Interphase momentum transfer is omitted
E.g. - Flows under gravity with completely stratified phases (e.g., free surf.)
- Dispersed flows with very small particles
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ANSYS CFX: HOMOGENEOUS VS INHOMOGENEOUS

GAS BUBBLES IN WATER

HOMOGENEOUS MODEL

O0000000000O0O0000000

ANSYS CFX

INHOMOGENEOUS MODEL

O000000

Basic Settings Fhad i\‘bdels Flusd Specific Madels Fluid Pair Models | 4 * Fluld Pasr B8 Fiuld Par =]
Mukiphase = Air | Water Lir | Wsber
[ Homogeneous Model
Free Surface Model =]
Option [eore v
Air | Water Air | Waber
Heat Tramsfer ] | Surface Tersion Cosfficent B2 [¥] Surface Tension Coafficient B
[[1 Homogeneous Madel . " . x
Surf, Tension Coeff. (0072 [Nm™-1] S, Tersion Coaff,  |0.072 [Nm~-1]
en {soéhemal bt Interphase Transfer B Interphasa Transfer B
Fid Temperabre 25 [C) Option v Optian [particie Mod
Turbulence 8 Mass Transfer a 1 Mo Valume Fraction For Area Density =
[] Homogeneous Model Ontion e 3 r Mamentum Transhes =E=
Option Fhid Dependent ¥ (] Orag Force
c Oglion Grace
Combustion =}
Walume Fraction Carrection Exponent =]
Oplion None v
. % B | Vake Z
Thermal Radiation =) Particls Model | .4 A
s e v T — /| rentontoces 5
/’ Lt Force e (&3]
| Electromagnstic Mo irtual Mass Force - Nors =
O el H
// wall Lubrication Force - Nons =
gx'/ | Turbulent Dispersion Force - Favre Averaged Drag Force 5]
r | Y- ———
Momentum transfer is caused by Ciprisnce Remste = B
forces acting on the interface Option [Sato Enhenced Eddy Viscosty
Mass Transfer =]
Qption |Mone
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EULERIAN VS LAGRANGIAN

TWO STRATEGIES

The continuous phase is always treated in an Eulerian manner.

The discrete particulate can be treated as both a continuous or a discrete phase. Therefore, two different

approaches exist:

EULERIAN - EULERIAN

@ Particles are regarded as a continuous phase

@ Two-fluid model

@ The reference frame is stationary

EULERIAN - LAGRANGIAN

@ The motion of individual particles (or of a cloud, parcel, of them) is tracked throughout the domain

@ The reference frame moves with the particles

@ Position and velocity of the particle is a function of time only

@ The time average is done by following a certain particle for a chosen time interval

@ Forces acting on particles are considered

@ Position and velocity of the particle are computed from Newton’s 2nd Law (force balance)

@ If the number of particles is large, a statistical approach is adopted.
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EULERIAN VS LAGRANGIAN

ANSYS CFX
O000000

GAS-PARTICLE FLOWS
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EULERIAN LAGRANGIAN
particle centroid
s g |
— === -] N
[ ) A SN e~ I o oonnd S — L - 3
.......... cv et | :
Particle i E P B e .\L .\'\
node 1 1 Particle e
: ! path line 7[R
N S— I \‘ =N
4—-""‘-.-.—'-- .5/ .
| e ey \
l' v
summation of particle l &

volumes in a CV to
compute volume fraction
associated with a node x;

CHARACTERIZATION
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PHASE COUPLING

cell-averaged particle characteristics centered at
the continuous-phase grid nodes

>~ PDEs for the dispersed phase

the continuous-phase properties must be
interpolated to the particle centroids

ODEs along the particle path

convenient to use the same grid for both

phases, thus to treat the interphase terms in the

same manner

Disperse phase

ONE-WAY COUPLING:
Continuous phase —

TWO-WAY COUPLING:
Continuous phase «—»

FOUR-WAY COUPLING:
Continuous phase «+—»
e

NUMERICAL MODELING GAS-PARTICLE FLOWS ANSYS CFX
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Tp : particle relaxation time
Tc : characteristics time of collisions
Tp/Tc 4 \\
Disperse phase \
i
iz Particles \
. enhance
Disperse phase turbulence |
Negligible
10°—  effect on
Disperse phase turbulence
Di r h Particles
sperse phase - decay
/ turbulence
p particle
1ot a‘ Ffo!urme
> 7 > fraction
1) Solve the gas phase 105 o
2) Solve the equation of | One-way | Two-wa Four-way
motion for the particles |«—| ¢coupling | couplin coupling
VERY DILUTE _ |
i 5 g «—— _ Dilute Dense suspension
Significant reduction in suspension

computational
resources

Sources or sinks must be
added in the balance
equations of the
continuous phase
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PHASE COUPLING AND NUMERICAL STRATEGY

@ Polidisperse one-way coupling
° : very efficient
@ EULER: computationally intensive («—— multiple Eulerian particle fields)
@ Two-way coupling
@ L AGR: can be one order of magnitude less efficient
° : numerically convenient (same grid for continuous and disperse phase =—> no
interpolation errors)
@ Four-way coupling

@ LAGR: more accurate
o EULER / LAGR(parcel): if the number of particles in the system is large (> 10°) and/or the
collision frequency is high, =—> more practical to capture only the mean effects

@ Wall interactions

° : accurately captured (the distance from the particle centroid to the wall is directly
computed)

@ EULER / LAGR(parcel): not efficient (the vast majority of the particles are many particle
diameters away from the wall)
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EULERIAN-LAGRANGIAN FRAMEWORK

TRAJECTORY EQUATION

DU’
pp v, ns — g (30)
N Dt N~
my > F

Forces acting on the particulate:
@ Drag force: induced by the surrounding fluid (pressure field + viscous stress);
@ Virtual or added mass force: difference in acceleration fluid/particulate;
Lift force
Body force due to gravity
Bouyancy force: difference in density between phases; almost always important.
Magnus force: rotating particulate in a non-rotating fluid

Pressure gradient force

Basset force: temporal delay in boundary layer development as the relative velocity changes with time
v
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EULERIAN-LAGRANGIAN FRAMEWORK

TRAJECTORY EQUATION (DILUTE REGIME)

o DUi']ns _
p = Syp
“—— Dt N
Mp >F
For dilute regimes o < 10~3: P
pu 1 1 o8
Pis _ Ltus o)+ (1-2) a
Dt - pP
Particle response time
1/
Ufm = U8 Hu'’¢ Instant velocity (32)

@ The Favre-averaged form of the transport equations for the continuous phase generally yields the mean
values

@ The key problem in many Lagrangian-tracking models is to adequately estimate the unknown
fluctuating component of the fluid velocity at every particulate location, as it travels in discrete time
steps through the computational domain.
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EULERIAN-LAGRANGIAN FRAMEWORK

TRAJECTORY EQUATION (DILUTE REGIME)
For ol < 10_3: pUP

g 1 o8
= — (U(zgns B UlFM) + (1 - 7) &
Dt Tp pP

¢ _ 8 z;

@ Omitting U"’¢ « ignoring the particulate dispersion due to turbulent velocity fluctuation

)

Particulates with same physical properties/initial conditions = identical trajectories
(Deterministic models)

@ On the contrary, turbulent fluctuations = different trajectories even for particulates with the same
physical properties/initial conditions (Stochastic models)

@ when the particulate enters an eddy, the eddy’s fluctuating velocity U ”g is added to U8
QU ”g is randomly sampled from a Probability Density Function:

U// §— ¢ \/?
@ at the end of each time step, a new fluctuating fluid velocity is sampled from a new PDF

@ With stochastic models the computational burden increases
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EULERIAN-LAGRANGIAN FRAMEWORK

ANSYS CFX
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GOVERNING EQUATIONS FOR THE CONTINUOUS PHASE (DILUTE REGIME)

For dilute regimes o < 107 :
Conservation of Mass
op
V(P =0 (33)
ot
Conservation of Momentum
optUs o o ou?
i T8 778 8 g i
+ — (U U;) = —— (1 +up) —— +Sys (34)
ot Ox; Ox; ( r) ox; Ui
g
op'® 0] ou;
Se = — e — e — (35)
o Ox; Ox; ( r) Ox; v
p’g is a modified averaged pressure. Particles’ influence on the gas phase
ol <1076 =8 =0
ONE WAY coupling
v
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EULERIAN-EULERIAN FRAMEWORK

GOVERNING EQUATIONS
@ dilute gas-particle applications

@ a set of continuum conservation equations, representing both the gas and particle species, is solved
On the basis of the wo-fluid model:

Conservation of Mass:

ap”P
ot

+V- (P =0

Conservation of Momentum:

Gravity Drag

apruPr

9 3 9 Particle-wall interaction
For dilute applications:

1%
pbp =d'p = Vppp o : local volume fraction

(36)

(37

(38)
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INTERFACE CAPTURING METHODS

Surface methods

Fluld 1 Fluid 1
: @ surface methods: track the interface explicitly:
e e Y ] g g 9
g b A @ mark the interface with marker points (particles)
'\“ o - @ attach the interface to a mesh surface, which is forced to
move = moving grid
@ volume methods: both fluids treated as single continuum. The
L . . . . .
g BRE  me e — ViaiE fluids on either s.1d.e of the interface are marked by either
t.Intarfara o a mesh surface particles of negligible mass or an indicator function

Volume methods

Fluid 1 l

fixed (Eulerian) grid
o
N - @ simple
@ can handle strong topological deformations
@ sometimes, significant increase in memory and time
@ under certain circumstances, fails to calculate accurately
Fluid 2 J g
Fluids are marked with Fluids are marked with the Surface tCIISlOIl fOI'CC at the lnterface
Tazsiesmarkers IRclcator.funstion @ e.g. volume-of-fluid and level-set approaches
o
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VOLUME METHODS: VOLUME OF FLUID

VOLUME OF FLUID

@ Fixed grid

@ One-fluid formulation (Mixture model)
@ Conservative
o

Can not resolve details of the interface < than the mesh size

@ The interface is tracked in an indirect way: the volume fraction of a phase is evolved in time

@ A scalar indicator function F (Colour function) is defined for one particular fluid (liquid),
corresponding to the volume fraction :

F:VE)mOOV///X(xy,zt)dV < > (39)

@ F=1:fluid1
@ F = 0: fluid 2
@ 0 < F < I: interface present




CHARACTERIZATION NUMERICAL MODELING GAS-PARTICLE FLOWS ANSYS CFX
000000 O0000000000OO00OO0O000 O0000000000e0000000 O000000

VOLUME METHODS: VOLUME OF FLUID

VOLUME OF FLUID

@ A one-fluid formulation is used:
p(F) = piF + pg(1 — F) (40)
p(F) = wF + pg(1 — F) D)

@ An advection equation for the volume fraction F need to be solved

aF—i—V-(FU)—O 42)
= —

@ The VOF algorithm consists of three major parts:

@ interface reconstruction method: explicit description of the interface in each cell, based on F at
the current time step;

@ advection algorithm: computation of the distribution of F at the next time step (Eq. (42)) by
using the reconstructed interface and the current velocity field;

@ surface tension model: to account for the surface tension effects at the interface.

The success of a VOF method is strongly connected to the numerical scheme used for the advection of the F. )
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VOLUME METHODS: VOLUME OF FLUID

INTERFACE RECONSTRUCTION

@ piecewise constant approximation: SLIC, Donor-acceptor (Hirt and Nichols)

@ piecewise linear approximation: PLIC (Young) FLAIR, LVIRA, FLVIRA

b )
(b) SLIC (%) (c) sLIC (y)
(a) Actual fluid 7 7
configuration _
(d) Hirt-Nichols (¢) Youngs
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VOLUME METHODS: VOLUME OF FLUID

5

/"
44

(b) SLIC (x) (c) sLIC (y)

o

INTERFACE RECONSTRUCTION

@ Sequence of line segments aligned with the grid

@ The interface can assume different configurations for each sweep direction (x and y)
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VOLUME METHODS: VOLUME OF FLUID

Donor Acceptor

1

? |

- 5 1

T 7 dy !

il |- i :

1

//’4@ | / / / A % I
(a) Actual fluid {d) Hirt-Nichols w\phase1 +phase2
configuration 5x transferred toA

DONOR-ACCEPTOR (HIRT AND NICHOLS)

@ Donor: C.V. providing the fluid
@ Acceptor: C.V. receiving the fluid

@ The amount of F' fluxed across the cell face in one time step:

O0FS8y = min [Fap |Ubt| 8y + CF, Fpdxdy] (43)
CF = max [(1 — Fap) |Udt| 6y — (1 — Fp)dxdy, 0] (44)
Fyp |U61| 8y + CF: amount of fluid transferred to the acceptor cell

Fpéxdy: amount of fluid available in the donor cell
(1 — Fap) |U&¢|: amount of void to be fluxed to A

(1 — Fp)dx8y: amount of void in the donor cell
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VOLUME METHODS: VOLUME OF FLUID

IfFAD = FAZ

0Fd0y = min [F4 |Udt| 8y + CF, Fpdxdy]
CF = max [(1 — F4) |Uét| 6y — (1 — Fp)dxdy, 0]

Fluid phase
v : V A fluid to be transfered from D to A
1
! - fluid leaving A, = F U5tdy
Sy :
: excess fluid to be transferred from D to A, = CF
Ut
X
Void phase
: - void leaving A, = (1-F,)Utdy
1
5 : maximum void present in D, = (1—FD)8x8y
y 1
: fluid
1
1 1
Uat
dx
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VOLUME METHODS: VOLUME OF FLUID

ANSYS CFX
O000000

ANSYs CFX
0000000

0FS8y = min [Fap |Udt| 8y + CF, Fpdxdy]
CF = max [(1 — Fap) |Udt| 6y — (1 — Fp)dxdy, 0]

The Donor-Acceptor VOF method uses first-order upwind and downwind fluxes combined
in such a way as to ensure stability of the numerical calculation and at the same time as to

minimize diffusion
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VOLUME METHODS: VOLUME OF FLUID

(a) Actual fluid (e) Youngs
configuration

PLIC (YOUNGS)

@ oblique lines: n*x + 'y = 8

1) compute 7
2) compute 3 thus to ensure the correct placement of the line

!

The fraction of the cell area cut by the linear
segment and occupied by the reference phase must
equal F.

@ interface is not required to be a continuous chain of segments

@ very robust and efficient, but only of first-order accuracy
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VOLUME METHODS: LEVEL-SET METHOD

LEVEL-SET METHOD)

@ The interface is defined by a level-set function ¢ = +d(x, r) (signed shortest distance of point x from
the interface at time ¢)

@ Transport equation for ¢

0¢ - _
5, tUVe=s (45)

@ The generic fluid property b(x, 1) is calculated by interpolating the values of the two phases, b; and b;:
b(x,1) = (1 — He(¢(x,1)))b1 + He (¢(x, 1)) b2 (46)

@ During the solution of Eq. (45), ¢ may not remain a signed distance function at later times:

@ interface smearing, numerical diffusion and difficulties in preserving the mass conservation
@ re-initialization techniques for ¢

@ For the interpolation of the advective term U" - V ¢:

@ a non-diffusive scheme must be adopted
@ if the mesh is not sufficiently fine = higher-order schemes = no smearing.
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| Outline | Domain: Defzult Domain |

GAS-PARTICLE FLOWS
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ANSYS CFX: DOMAIN — BASIC SETTINGS

Details of Default Domain in Flow Analysis 1

Basic Settings | Fluid Madels ” Fluid Specific Models || Fluid Pair Models ” Particle Injection Regions...

Location and Type

Lacatian ‘ B1.P3
Domain Type ‘F\uwd Domain
Coordinate Frame ‘Coord o

Fluid and Particle Definitions. ..

Sand fully coupled
Sand one way coupled
Water

Sand Fully coupled =]

Option |Mater|a| Library v ‘

Material | 5and Fully Coupled

Morphology =

Option ‘Partide Transport Solid v|

[ Particle Diameter Cistribution
[] Particle Shape Factars
[ Particle Diameter Change

Domain Models

Pressure =]
Reference Pressure | 1 [atm] |
Buoyancy Model =
Option |Nnn Buoyant v|
Domain Motion B
Option |Stat\onary v|
Mesh Deformation =]
Option |Nane v|
NUMERICAL MODELING

O000000000O0OO00OO0O000

ANSYS CFX: DOMAIN — FLUID MODELS

ANSYs CFX
®000000

Particle Transport Solid

Continuous Fluid
Dispersed Fluid
Dispersed Solid
Particle Transport Fluid

by Fl
Droplets {Phase Change)

Mormal in Diameter by Mass

Specified Diameter

Uniform in Diameter by Mumber
Unifarm in Diameter by Mass
Mormal in Diameter by Murber
Mormal in Diameter b

Rosin Rammler
Hukivama Tanasaws

Discrete Diareter Distribution

Mean Diametet

Std. Deviation

GAS-PARTICLE FLOWS

Minimum Diameter

Maximum Diameter

S0e-6 [m]
S00e-6 [m]

#50e-5 [m]

F0e-6 [m]

O000000000O0O00000000

| Outline | Damain: Defaulk Domain | 8

Details of Default Domain in Flow Analysis 1
Basic Settings Fluid Models | Fluid Specific Madels || Fluid Pair Madels ” Particle Injection Regions L4
Heat: Transfer =
Option ‘None v|
Turbulence =
Option ‘k—EpsiIon v| []
‘wall Funckion ‘Scalable v|

Advanced Turbulence Control

Combustion =
Option ‘None v|
Thermal Radiation =
Option ‘None v|
[] Electromagnetic Model

ANSYS CFX
O®00000
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ANSYS CFX: DOMAIN — FLUID SPECIFIC MODELS

‘ Eiasic Settings " Fluid Models

Fluid

Fluid Specific Models

NUMERICAL MODELING

O0000000000OO00OO0O000

Fluid Pair Models ” Particle Injection Regions. .. " In

»

=]

5and Fully coupled
Sand one way coupled

Sand Fully coupled
Erosion Model

Crption |None

Farticle Rough Wall Model

GAS-PARTICLE FLOWS

O0000000000O0O0000000

ANSYS CFX
O0®@0000

Finnie
Tahakoff

Option |None
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MNone

Sornmerfeld Frank
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ANSYS CFX: DOMAIN — FLUID PAIR MODELS

Deetails of Default Domain in Flow Analysis 1

Basic Settings || Fluid Models ” Fluid Specific Models

Fluid Pair Madels

Fluid Pair

Particle Injection Regions. .. ”ﬁ

=]

‘Water | Sand Fully coupled

Particle Coupling |

[ Surface Tension Caefficient
Momenturn Transfer
Drag Force

Option

>

ANSYS CFX
O00®@000

— |Fully Coupled F
One-way Coupling

[ Linearisation Blend Factar

Mon-drag Forces
Virtual Mass Force - Mone

Turbulent Dispersion Farce - Mone

Pressure Gradient Force - Mone

[] Particle Breakup

[ ] Particle Callision

=
I
]
. Schiller Maurnann
=] Ishii Zuber
Grace

Farticle-particle Interactions: allowalbile only for the Fully Coupled option

Partticle Transport Drag Coefficient
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ANSYS CFX: B.C. — PARTICLES’ INJECTION

| outine | Domain: Default Domain | Boundary: Inlst | [x]
Details of Inlet in Default Domain in Flow Analysis 1

| EBasic Settings " Bioundary Details | Fluid Values | Sources " Flot Options

Boundary Conditions =

Sand Fully coupled
Sand one way coupled

Sand fully coupled

RarTiEle Behaviour
Defing Particle Behaviour

Mass And Mamenturm =

Option |Cart. vel, Components v

Y |D [ms~-1]

u |D [ms~-1] |
|
|

W | Wprof

Particle Position =

Crption |Uniform Injeckion w |

[] Particle Locations
Mumnber OF Positions =

COption |Direct Specification w |

Mumber | 200 |

Particle Mass Flow =]

Mass Flow Rate |U.01 [kg s~-1] |

[ Particle Diameter Distribution
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ANSYS CFX: B.C. — WALL

| Outline " Domain: Default Darnain | Boundary: Wall | m

Dietails of Wall in Default Domain in Flow Analysis 1

| Basic Settings | Boundary Details | Fluid values | Sources || Plot Options

Eoundary Conditions =

Sand fully coupled
Sand one way coupled

Sand Fully coupled

‘Wall Interaction =
Dpkion |Equation Dependent R |
Welocity =

Option

Perpendicular Coeff, | 0.8 |

Parallel Coeff, | 1.0 |
[ Minimum Impact Angle
[ Erasion Model
[] Particle Rough Wwall Madel
[] Mass Flow Absorption
Particle Behaviour
[] Define Particle Behaviour
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AVAILABLE TUTORIALS IN ANSYS CFX

AVAILABLE TUTORIALS

n. Description Type
Free surface Eulerian-Eulerian, Homogeneous
11 Butterfly valve ~ Eulerian-Lagrangian
Particle Tracking
18 Airlift reactor Eulerian-Eulerian, Inhomogeneous
Bubble dispersion in water
v
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