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Abstract

Ferreira, Marcos de Oliveira Lage; Lopes, Hélio Cortes Vieira; Car-
valho, Marcio da Silveira. Simulation of flows with suspended
and floating particles. Rio de Janeiro, 2009. 94p. D.Sc. Thesis
— Departamento de Matematica, Pontificia Universidade Catdlica
do Rio de Janeiro.

Flows with particles in suspension is still a challenging task important in
many applications such as sedimentation, rheology and fluidized suspen-
sions. The coupling between the suspending liquid flow and the particles’
motion is the central point in the complete understanding of these pheno-
mena. Moreover, the study of the evolution of the configuration of particles
at an interface between two immisible fluid phases is also a very important
research area, since it occurs in many engineering and industrial processes
like slurries transport and drying processes of micro and nano suspension
coating. This work proposes a new fictitious domain formulation based on
Lagrange multipliers that solves the Navier-Stokes and rigid body equations
to perform the simulation of the flow and of the flotation of particles embed-
ded on one or more immiscible fluid phases that we numerically discretize
using a fully implicit and coupled finite element approach. The method is
validated using different test problems. The results obtained are compared

with previous works, and the agreement is excellent.

Keywords

Fluid Simulation; Capilarity Force; Finite Elements; Fictitious

Domain; Lagrange Multipliers;
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Resumo

Ferreira, Marcos de Oliveira Lage; Lopes, Hélio Cortes Vieira; Car-
valho, Marcio da Silveira. Simulacao de fluxos com particulas
suspensas e flutuantes.. Rio de Janeiro, 2009. 94p. Tese de Dou-
torado — Departamento de Matematica, Pontificia Universidade
Catélica do Rio de Janeiro.

Fluxos de particulas em suspensao ainda sao um desafio importante em
muitas aplicagoes, tais como sedimentacao, reologia e suspensoes em leitos
fluidizados. O acoplamento entre o fluxo da fase liquida e o0 movimento das
particulas é o ponto central para a compreensao completa deste fenomeno.
Além disso, o estudo da evolucao da disposicao das particulas na interface
entre duas fases de fluido imisciveis é também uma area de pesquisa muito
importante, pois tal fenomeno ocorre em engenharia em muitos processos
industriais, tais como transporte de pastas e a secagem de micro e nano
coberturas. Este trabalho propoe uma nova formulacao baseada em dominios
ficticios e multiplicadores de Lagrange que resolve as equacoes de Navier—
Stokes e de corpo rigido para realizar a simulagao do fluxo e da flutuacao
de particulas submersas em uma ou mais fases de fluidos imisciveis. Para
obtermos a solucao discreta das equacoes utilizamos o método dos elementos
finitos e uma abordagem totalmente implicita e acoplada. Esta formulagao
foi validada usando diferentes problemas de teste. Os resultados obtidos

foram comparados com trabalhos anteriores e a concordancia foi excelente.

Palavras—chave

Simulacao de Fluidos; Forga de Capilaridade; Elementos Finitos;

Dominio Ficticio; Multiplicadores de Lagrange;
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Sketch of a simulation scenario: two immiscible fluid phases €2,
and €2y, filling a 2d box {2 and one embedded particle covering the
region €2,,.

Sketch of the regions of a triangulation of the simulation domain.
Eulerian (left) and Lagrangian (right) control volumes.

Rigid body motion: a translation (left) and a rotation (right) of
a rigid bar. The material points describe parallel and concentric
trajectories.

Attraction (left) and repulsion (right) behaviors of the lateral
capillarity force between two particles on a liquid interface.

Sketch of the capillarity force acting on a floating particle and the
parameters related with the body force approach.

Lagrange basis for a piecewise linear space of functions defined over
the interval [0,1], discretized by 5 elements.

Mesh with quadrangles and triangles: we use elements that ensure
the solution’s continuity at the edges shared by triangles and quad-
rangles. The dark nodes are used for the pressure's approximation,
and the dark and light nodes are used to build the velocity's solution
space.

Lid—driven cavity flow setup: the cavity is a closed box with no—slip
boundary condition in the fixed walls and a moving lid with constant

horizontal velocity. In our test L = 1 ¢m and the lid velocity 1 <=,

ds
Lid—driven cavity flow validation: steady case with Reynolds number

10 and three different meshes with 225, 400 and 625 elements.
Lid—driven cavity flow validation: steady case with Reynolds number
100 and three meshes with 225, 400 and 625 elements.

Lid—driven cavity flow validation: Steady case with Reynolds num-
ber 1000 and three meshes with 225, 400 and 625 elements.
Lid—driven cavity flow validation: unsteady case with Reynolds
number 1000, mesh with 625 elements and time step 0.01. The
columns shows the simulation after 5, 15, 30 and 50 ds of simulated
time.

Lid—driven cavity flow validation: unsteady case with Reynolds
number 1000, mesh with 625 elements and time step 0.001. The
columns shows the simulation after 5, 15, 30 and 50 ds of simulated
time.

Lid—driven cavity flow validation: unsteady case with Reynolds
number 4000, mesh with 1600 elements and time step 0.01. The
columns shows the simulation after 5, 15, 30 and 50 ds of simulated
time.

Fictitious domain: a problem defined on a geometrically complex
domain (white region on the first two pictures), extended to a larger
and simpler fictitious domain (white region on the last image).
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Hydrostatic pressure profile obtained by our formulation, using the
gravity force on the @ momentum.

Gaussian quadrature: only Gaussian points lying inside the particles
p; are used to integrate over the domain €2,,,.

Gaussian quadrature: variation of the area of a particle during the
simulation time. The first graphs show the results obtained using an
area ration 0.014, and the last ones a ration 0.05. In each case, we
show the approximated area, the absolute error and the percentage
of the analytical area that is neglected by the approximation.

Graph of the capillarity force components in function of the im-
mersed height. The picture on left shows the vertical component of
the capillarity while the image on right shows its horizontal com-
ponent.

Error on the immersed height of the particles at the fluid phases’
interface. The neglected area (left) and the effect on the capillarity
force's absolute value (right)

Sketch of the interaction between two particles that are floating on
the fluid's surface at the left image, and the graph of the capillarity
force's horizontal component in function of the distance between
the particles.

Level 0 of ECHE. Only a soup of triangles and quadrangles is
represented (left). It is based on the concept of half edge (right).
A half-edge is the association of a face with one of its bounding
edges. In a given element the next and the previous half-edges are
obtained using integer arithmetic rules.

Level 1 of ECHE. Adds to level 0 the adjacency information of
each element (left). The adjacency is encoded using the container
of opposite half-edges. Two half-edges are opposites when they
have the same vertices, but with opposite orientation (right).
Third level of ECHE. Adds to the level 1 explicit representation of
edges and faces of the mesh (left). To perform topological queries
efficiently, the index of one incident half-edge is stored for each
vertex of the mesh, as the blue boundary half-edge in the example
(right).

Simple example of ECHE. The left image shows a mesh with its
half-edges while the right image shows the ECHE containers in
each level.

An overview of the relation between the most important classes in
our code. The code description in this section follows this scheme.
The local indexation and the local system of coordinates (&, 7)
adopted in the code are shown. The gray and white nodes are used
to build quadratic and biquadratic basis, while for bilinear and linear
finite elements spaces only the gray ones are used.
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Relationship between the local and global indexation. Given an
element and the index of a local degree of freedom, with Dof
Handler class we can discover its global identifier. In the example
of the image, supposing that we have one degree of freedom for
each node, the global index of the degree of freedom 1 inside the
element 7 is 15.

An overview of the relation between the most important classes
in our fictitious domain code. The differences from the previous
implementation are the Particle and Search classes.

Search algorithm: The particle is partially inside the light grey
elements and to update the search structure we only need to test
the neighbors elements, the dark grey ones in the left image. The
update result is shown on the right image.

Single particle sedimentation: a particle of density 1.5 embedded
on a incompressible fluid of viscosity 0.01 and density 1.0 falling
under the gravity force. Images (a)—(e) show the particle’s position
and the fluid's velocity at 0.6, 1.3, 2.5, 4 and 5.5 ds of simulated
time.

Evolution of the particle’s velocity in the sedimentation case using
different densities for the particle: In Figure (a) the particle’s density
is 1.5, in (b) p, = 1.6, in (c) p, = 1.7 and finally in (d) p, = 1.8.
Dimensionless velocity as function of the Reynolds number: the
magnitude of the velocity increases on flows with high Reynolds.
The Reynolds number axis is plot using a logarithmic scale.

Zoom in the Lagrange multipliers effect over the velocity field in
the particle sedimentation test. The Lagrange multipliers are non—
zero only inside the particle region as we can see in Figure (a). It
enforces the rigid body constraint inside the particle, as we observe
in Figure (b).

Single particle sedimentation: a particle not aligned with the vertical
line that divides the domain, with density 1.5 embedded on a
incompressible fluid of viscosity 0.001 and density 1.0 falling under
the gravity force.

Two particles sedimentation: two particle of density 1.5 embedded
on a incompressible fluid of viscosity 0.01 and density 1.0 falling
under the gravity force. We can observe the simulation reproduces
the particles iteration dynamics usually called drafting, kissing and
tumbling.

Two particles sedimentation: time history of the coordinate func-
tions of the position and velocity solution obtained from the draft-
ing, kissing and tumbling simulation illustrated on Figure 7.6.
Two particles sedimentation: time history of the first (left) and
second (right) coordinate functions of the position and its compar-
ison with the results of (43), which are shown in black.

Particle dragged by the fluid: when the particle is heavier than the
fluid (left column) the particle is dragged by the fluid on the bottom
wall, when the particle is lighter than the fluid (right column), it
moves upwards and floats in the upper side of the cavity.
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Particle dragged by the fluid: time history of the particle's position
and velocity when we change its density (left column), the lid's
velocity (middle column) and the cavity's width (right column). In
the lid test we set the particle’s density to be bigger than the fluid
while in the width testes its density was smaller that the fluid.
Single particle sedimentation: the equilibrium height of flotation
varies when we change the particle's density. From left to right, its
value was set to be p, = 0.3, p, = 0.5 and p, = 0.8.

Single particle sedimentation: velocity profiles obtained from the
simulations of Figure 7.11 (reading from left to right), measured
on a vertical line that passes trough (0.0, —0.6) (see first row) and
(0.0,0.6) (see second row). The blue lines are the profiles of the
first and the red ones the profiles of the second coordinate functions
of the velocity.

Single particle sedimentation: The flotation height varies when we
change the fluid's properties. From left to right, the upper fluid's
densities are set to 0.1, 0.025 and 0.01 and its viscosity 0.01, 0.0025
and 0.001.

Single particle sedimentation: The equilibrium height of flotation
varies when we change surface tension parameter when computing
the capillarity force. From left to right its value is set to 0.06, 0.09
and 0.12.

Two particles floating at the fluids interface: the particles are not
near enough in the left column so the horizontal component of
capillarity force doesn't exist and the particles are not attracted
to each other. On the other hand, on the right column when the
particles are close enough when they reach the interface they are
attracted to each other.

The left column shows the simulation of three particles, initially at
rest on the lower fluid. Observe that the left particle is attracted to
the wall while the two others attract each other. The right column
shows four particles which are initially at rest, falling from the upper
fluid phase and dropping in the lower fluid phase. As the influence
radius of the capillarity force is small the particles don't form a
cluster.

Floating particles clustering: five particles initially at rest on the
upper fluid phase that are falling down, drop in the lower fluid
phase (left column) and after floating at the two fluids interface,
form two clusters near the walls due to action of the horizontal
capillarity force (right column).
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“So sabemos com exatidao quando sabemos
pouco; a medida que vamos adquirindo conhe-
cimentos, instala-se a duvida.”

Johan Wolfgang Von Goethe, escritor alemao.


DBD
PUC-Rio - Certificação Digital Nº 0610743/CB




