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A complicated scientific application. ..

Our motivation is turbulent dispersed and reactive flow modelling

1. Wednesday May 7: 14 pm to 17 pm

™ Introductory seminar. Fundamentals on Stokes flow around a sphere.

2. Wednesday May 14: 14 pm to 17 pm

%} Forces acting on a sphere. Steady and transient forces

%} Heat and Mass transfer from a sphere.

%} Introduction to DNS of Turbulent Flow.
3. Wednesday May 21: 14 pm to 17 pm

| Particles Interaction with Vortices;

%} Characterization of a Vortex;

%} Vortex Dynamics in Boundary Layers

%} Particle dispersion in synthetic turbulence. Project description

4. Wednesday May 28: 14 pm to 17 pm
Special topic on PDF approaches: Dr Abdel Dehbi, PSI.
5. Wednesday June 4: 14 pmto 17 pm
NOT COVERED (JRT Course).
6. Wednesday June 11: 14 pmto 17 pm
Particle/Turbulence Interactions: Deposition & Entrainment in Boundary Layers.
Are particles a compressible flow? Indicators for particles segregation
Questions and Updates on the project
7. Wednesday June 18: 14 pm to 17 pm
Particle dispersion in synthetic turbulence. Project Advancement/Discussion
8. Wednesday June: 25:14 pm to 17 pm
Project Discussion.
9. Wednesday July: 2: 14 pmto 17 pm
To be confirmed. Final Remarks



Summary

What we know from previous lectures:

Forces acting on a sphere: We know EVERYTHING!
Unsteady and Turbulent Flows: We know something

Vortex Dynamics and Flow Structures in Boundary Layers and Shear Flows: We Know something

What we will learn in today lecture:

Modelling/Simulation approaches (We will refresh some of the early concepts)

If we know the flow field at discrete points (Simulations), which fluid velocity will we use?
How Flow Structures in Boundary Layers control Deposition/Entrainment?

Measuring Particle Segregation/Dispersion

Updates on the Homeworks and Project

??? Perhaps a Seminar on Bubbly Turbulent Flow (or next Wednesday)
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Refreshing the memory. ..
same concepts folded and unfolded differently...

What we will learn in today lecture:

Modelling/Simulation approaches (We will refresh some of the early concepts)

If we know the flow field at discrete points (Simulations), which fluid velocity will we use?
How Flow Structures in Boundary Layers control Deposition/Entrainment?

Measuring Particle Segregation/Dispersion

Update on Homeworks and Project.

. Modelling the dispersed phase >>(pointwise approximation);
. Forces acting on particles;

. 1Way/2Way/4Way coupling;

. Interpolation methods.



Lagrangian or Eulerian Modelling
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Lagrangian Approach: Focus on particle tracks

Eulerian Approach Focus on control volume



One-way/Two-way,... coupling

Interparticle Spacing (IS): L/D;

More complex
coupling

One-way Two-way
coupling coupling




One-way/Two-way)/... coupling




Two-Way Coupling:

The fluid Feels particle Momentum Exchange

TWO-WAY EFFECT (point—force approximation)

g

Fluid equations
Vv=10
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Drag force on particle
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Two-way coupling:
PSI-CELL model (Crowe et al., 1977)




Two-way coupling:
PSI-CELL model (Crowe et al., 1977)




PSIT-CELL model
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Forces Acting on a Particle
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Drayg Force acting on a Particle
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Lift Force acting on a Particle

Fh.ﬁ = me(v—vp)x(n

High velocity E
Low pressure lift

SIS

Low velocity
High pressure




Sign of the [ift force
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Other Forces Acting on a Particle

Fgmv =
B Dv
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Other Forces Acting on a Particle
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I'mportance of the Forces

Fargg — O(Sf_l) Fprgr — O(S_p)

P
For heavy particles: Fogam — O (p_
only drag and gravity
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Hope the memory is now refreshed....



Memory refreshed

What we will learn in today lecture:

1 Modelling/Simulation approaches (We will refresh some of the early concepts)

2 If we know the flow field at discrete points (Simulations), which fluid velocity will we use?
3 How Flow Structures in Boundary Layers control Deposition/Entrainment?
4 Measuring Particle Segregation/Dispersion

5 Update on Homeworks and Project.

1 Interpolation methods...

* Caveat: I will not explain them (!) I will just list some of the
most employed in this business... eventually, you will know
what to read/use



Interpolation Methods

Momentum Equation for particle: dX(t)
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particle d 2
eu(X(t),t) = particle velocity [
}3+1 Ax
i / (Xp¥j2i)
L & L - L |
) | i P(X,y,Z,t)
X : —
.................................... - '
* . Pi * *
2 .
- . l | L & [Trvvewnnnn | || T
Yia I L
(%_1-¥j-1-Zk-1)

X 3 X, X X vl X2



Linear Interpolation
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Lagrange Interpolation
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Lagrange Interpolation
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Shape Functions Method
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Shape Functions Method

( 0 X< X | M\\‘\
A (3-2A _<x< x |
H,- (x) — 1( : 1) X SX< X, — .l b 1(X)
(1-A)"(1+2A4,) X, <x< X, Q
O x> xl-+1 “l \\

0 x< X_
Ax(A, _1)/]12 Xiop SX< X
Ax(1-A,)° A, X, <x< X,

0 x> Xy

G,(x) =+

-
T

\




Comparison

Inte_rpolation Computational Cost Truncation Error B
Linear/Lagr. ord. 2 24M E L O(Ax)2
Shape Function 96 M E 00(Ax)*

Lagrangian order 1 2[(3[4° (M) E 00(Ax)*

Lagrangian order 20(316° M) E 0O0(Ax)°



Example of influence of interpolation
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Gravily + buoyancy
Pressure graden

Lil
Added mass
- Bassel
40
: 1 1 1 1 1 1 F4
740 760 760 3|:u:|\r 320 340 360 x
v 400 EOO % BOO
20000 - 2000 -
100k
10000} T 1o T S0
£ ® =
= ) O c or
) 0 w8 [
i = = -moof
i%) E-1000F =
210000 g - 1000F
ook
A500f
-0 10 ] ] 0 1o 0 ] 0 1o 0 ]



Just in case books would not
be sufficient to you:

P —————

Simple and accurate scheme for fluid velocity interpolation
for Eulerian-Lagrangian computation of dispersed flows
in 3D curvilinear grids

Cristian Marchioli **, Vincenzo Armenio ®, Alfredo Soldati ™"

Fowever, f e physical probiem s such o requre non-
iform and non-Cartesian gridsfor discretation of
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Refreshing the memory. ..
same concepts folded and unfolded differently...

What we will learn in today lecture:

1 Modelling/Simulation approaches (We will refresh some of the early concepts)

2 If we know the flow field at discrete points (Simulations), which fluid velocity will we use?
3 How Flow Structures in Boundary Layers control Deposition/Entrainment?

4 Measuring Particle Segregation/Dispersion

5 Update on Homeworks and Project.

o1 Interactions of Inertial Particles and Coherent Structures;
>> From Microscale Interaction to Macroscale Effects.



Examples of Particle/Structure Interaction

1. Turbulent Boundary Layer
>> Particle Trapping in the wall region.

2. Confined Jet

>> Selective Mechanisms for particle radial dispersion



Just to remind you a motivation. ..
Status of Experimental Data on Particle Wall Deposition....
Uncertainty -> Orders of magnitude...
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1. Turbulent Boundary Layer:
From microscale phenomena to Macroscale Effects
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Accumulation at the wall
is turbulence induced
and non uniform.
Phenomenon will persist
from a qualitative
viewpoint until gravity
will dominate (large
particles)

iy
o

Number Concentratio

Observation -

In Bounded flows
particles
accumulate at the
wall at different
rates depending on
their inertia
(forces:drag and

inertia)

o
o =
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T,t=5
'l'p"' =1
T, =
0.2



r.

Turbulent Boundary Laye
From microscale phenomena to Macroscale Effects

1.

Look Closer: Particle
in the Channel,

T." =25 once at the wall,
segregate into low-
speed regions
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1. Turbulent Boundary Layer:
From microscale phenomena to Macroscale Effects

Red: Low-Speed
Streamwise Streaks




1. Turbulent Boundary Layer:
From microscale phenomena to Macroscale Effects

Observation — The same thing that generates the Low-Speed
Streaks controls particle Transfer and segregation
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Purple Particles:

To the wall
Blue Particles: i

off the wall Y



1. Turbulent Boundary Layer:
From microscale phenomena to Macroscale Effects

Green:
CounterCLKWS
Rotating Quasi Strmws

Vortex (W, ) | 150

Blue:
CLKWS
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Red:
Particles Approaching
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1. Turbulent Boundary Layer:
From microscale phenomena to Macroscale Effects
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1. Turbulent Boundary Layer:
From microscale phenomena to Macroscale Effects

Back = to the wall Blue = off the wall Circles = Neglig. Vel.
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2. Bounded Jet:
From microscale phenomena to Macroscale Effects
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2. Bounded Jet:
From microscale phenomena to Macroscale Effects




2. Bounded Jet: From microscale phenomena to Macroscale Effects
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2. Bounded Jet:
From microscale phenomena to Macroscale Effects
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Refreshing the memory. ..
same concepts folded and unfolded differently...

What we will learn in today lecture:

1 Modelling/Simulation approaches (We will refresh some of the early concepts)

2 If we know the flow field at discrete points (Simulations), which fluid velocity will we use?
3 How Flow Structures in Boundary Layers control Deposition/Entrainment?
4 Measuring Particle Segregation/Dispersion

5 Update on Homeworks and Project.

1 Measurements of particle preferential distribution;
>> Examples in Archetypal Flows



Particle clustering

1. Measure non homogeneity in particle
distribution

2. Understand non homogeneity in particle
distribution

— Identify parameters to control particle
distribution...



Small-scale particle clustering (Bec et al.,2004)

Observation

Particle
distribution in 2-
D turbulent flow

is NOT

homogeneous

How much?




Measuring clustering: 1. Correlation dimension

Ref: Grassberger & Procaccia, Physica D, 1984

The number of
particles in a sphere
of radius r identifies
the

Fractal dimension of
the sub-space where
particles cluster

N(r)or

v=lim dN(r)/dr
r—-0

v = correlation dimension



v=lim dN(r)/dr

r—0
log| - -1
...... St =107
- -2
-------- St =10
i St =10

N(r)







Example of particle clustering: JICF

D,=10 pm

L =1.47
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Correlation dimension: JICF

1ot 10 100 100 10°
St* =1,/ Tgp.
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T, circulation of shear layer vortices

T ol-up formation of shear layer vortices



Particle clustering: 3. Flow topology characterization

Stable focus- Q Unstable focus-
stretching compressing

0>0=Q.Q.>§.5, eou QI

Q I, QII = Vortical Flow Regions /

Q III a<o Q1IV
Q II1I, QIV = Convergence Regions

Stable node- Unstable node-
saddle-saddle saddle-saddle
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Particles and Flow Topology.4.

and are non zero (z+=0)
W, {l, X N
dv’/dz<0 )
du’/dz>0
v,y
du'/dz<odv'/dz>0

1ean Flow

vzt




A possibility to control wall particle distribution
1s to control instantaneous wall shear stress.

component along the
line A-A

-0.5

"T /\ A R Behavior of the
ar A-A spanwise strain rate
PR \/

Instantaneous St=25

particle distribution in

the viscous sublayer,
z+5.

< MEAN FLOW

The mean flow is
directed top down.

. o
.
%
. .,
L
L
| 2 .
5 s .
i o S S
7y i o8 Sall u &
SR & ; . D
~ - e
. 3 m
3 2\ SR )
2 T & e e
) 3
- M8 -y !
; ¥ o2,
s BIRE
f A :
- B
. 3
o 3 H o)
¢ o 0
. >
5 ; o
5’ - 3
4 - ¥
)’\ ¥ J “.
% : . . .
o o T S S
P 'S .
o >
CDT _IT



is there an optimum for particle non-uniform distribution?
To characterize their non-uniformity...
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REGULAR Poisson distribution -------- RANDOM Poisson distribution -------- CLUSTERED Poisson distribution --------
DISPERSION DISPERSION DISPERSION

PDF (n)
PDF (n)
PDF (n)

D = (0-0,)/A, with A = average number of particle per cel

o = standard deviation of the PDF



Dmax

. Particles are non-uniformly distributed and they have an optimum.

Wall region (z* < 5)

The optimum is for
St= 25, which
scales with the time

0-1 _'I L] LI lllllll L] T lllllll ]

1 10 100
St

0.001 4 Ll e aox vogpul

10 100

Kd = Deposition coefficient St
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Deviation from random distribution
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Computational Fluid
Dynamics database

Free CFD database, kindly
hosted by Cineca
supercomputing center
(Bologna, Italy).

Over than 1 Tbyte DNS fluid-
dynamics data available on
line at:




