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Abstract

On the assessment of Immersed Boundary Methods for Fluid-Structure

Interaction modelling: application to waste water pumps design and the

inherent clogging issues

By

Mathieu Specklin

The meshing stage of a Computation Fluid Dynamics (CFD) problem is of crucial
importance. In realistic engineering applications, issues arise when dealing with complex,
sharp and moving boundaries, removing the possibility of automatic creation of a high
quality structured mesh for instance. For Fluid-Structure Interaction (FSI) problems,
the standard body-fitted meshing approaches are also limited to low structure deformation
and to simple geometries. In light of these limitations, Immersed Boundary Methods
(IBMs) have shown to be good alternatives for a broad range of problems.

The present work sets out to build a set of numerical methods based on IBMs to
simulate both the motion of rigid bodies and the transport of thin flexible solids. This
research focuses on the specific area of waste water pumps. Firstly, IBMs are used to
provide estimates of the hydrodynamic performances of centrifugal pumps. Secondly,
this type of method is used to give a first answer regarding the characterization of the
physical mechanism that leads to clogging in such pumps.

The numerical tool is coupled to two different solvers for the fluid equations: (i)
Navier-Stokes (NS) and (ii) Lattice-Boltzmann (LB). In the NS context, a sharp IBM
based on a penalization method is developed and implemented in the open source library
OpenFOAM® in order to model the flow around rigid bodies. The complete model
includes correction of the boundary conditions at the fluid-solid interface to improve the
accuracy of the solution and coupling with turbulence models. To model the transport
and the deformation of flexible structures, a diffuse penalty based IBM coupled to a solid
model based on the variational derivative of the deformation energy is considered. In the
LB context, the diffuse IBM available in the open source library Palabos® is assessed
for one-way coupling problems with rigid bodies. The latter is extended and coupled to
the same solid model as above in order to study flexible structures.

The capabilities and the accuracy of the two IBMs are assessed and compared with
several test cases dealing with rigid bodies. For the sharp NS-IBM, numerical results of
academic cases highlight the benefits brought by the corrections of the interface boundary
conditions. In engineering cases, the method leads to results in good agreement with
experimental data and numerical data from standard body-fitted simulations. Finally,
for the IBMs aimed at modelling the flexible structures, both physical approaches
compare well with previous numerical models in literature, and are giving promising
results regarding the clogging mechanism.
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Chapter 1

Introduction

1.1 Background

Waste Water Treatment Plants (WWTP) accounted for approximately 1% of the worlds

total energy consumption in 2006, with increases predicted to exceed 20% by 2020 [139].

Since pump and blower motors can consume more than 80% of a WWTPs energy needs,

there are still to this day important gains to be made by improving hydraulic efficiency

and research and development continues to play a significant role in pump design. A

typical design process for waste water pumps is based on a recursive loop (as illustrated

in Figure 1.1). The process covers four separate design objectives: flow performances,

machining constraints, mechanical constraints and solids handling. Given that a small

change in any one of the stages can severely impact the three others, the general cost

and time of such a design process is substantial.

Pump clogging although not directly linked to hydraulic efficiency has become an

equally important aspect of sewage pump design due to the increased occurrence of

certain resilient waste products. In the city of Sydney alone, 500 tonnes of wet wipes

are removed from the sewers each year [127] (see Figure 1.2). Australia’s government

is spending up to $25 million to clear sewage pipes each year [26]. The city of New

York has spent more than $18 million between 2010 and 2015 on clogging problems [94].

The materials involved in the clogging are generally flushed wet wipes, which compose
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Figure 1.1: Design process of a waste water pump.

75% of the sewer blockages [127]. The blockage of a waste water centrifugal pump is

illustrated in Figure 1.3. The rate of accumulation of rags and fibrous clumps is known

to depend on the flow conditions and certain hydrodynamic properties of the pumps. As

it is difficult to characterize and quantify experimentally the mechanisms that lead to

clogging, a statistical approach is generally used, by releasing hundreds of rag or textiles

in a test tank to extract a relevant ratio passed/blocked.

Figure 1.2: 500 tonnes of wet wipes are removed from Sydney sewers each year [127].
That is the equivalent to 4 blue whales.
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Figure 1.3: Waste water pump blocked by textiles after test experiments. Photograph
provided by Sulzer.

Numerical simulation is a promising tool, which could accelerate the design processes

and overcome the issues inherent to experimental testing (cost and time mainly), if it was

possible to model the process involved in rag flow and pump interactions. The research

presented in this work has been built as a collaboration with Sulzer Pump Solutions

Ireland Ltd. with a dual objective: (i) to develop innovative computational models in

order to improve the design cycle of a waste water pump and (ii) to understand the

different mechanisms that can lead to a clogging scenario.

The optimal hydrodynamic design for a waste water pump is a good compromise

between hydraulic efficiency and anti-clogging performances. Although the hydrodynamics

of pumps is already well known [48] [15], the effectiveness of more subtle pump design

changes are difficult to assess without accurate computational tools capable of capturing

both solid and liquid phases. One of the major challenges for accurate Computational

Fluid Dynamics (CFD) modelling lies in the creation of adequate computational meshes

in realistic engineering configurations. Standard body-conforming models meet their

limits when faced with the type of Fluid-Structure Interaction (FSI) problems considered

here. Issues arise when dealing with complex, sharp and moving boundaries. For example

it is not always possible to rely on automatic mesh generation tools to achieve high

quality structured mesh for the Navier-Stokes framework. If the aim is to capture
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in addition the interaction with thin and flexible structures, the mesh morphing and

re-meshing required in standard approaches are limited to moderate changes in shape

and performed to the detriment of the computational time. In this context, Immersed

Boundary Method (IBM) types of method are a promising alternative for this sort of

problems. The aim of IBM is to take into account the presence of a secondary component

in the fluid through a modification of the conservation equations, instead of fitting the

grid to the secondary medium. One of the main interests of IBM lies in the drastic

simplification of the model and the meshing stage, and especially in its suitability for

use with Cartesian grids of perfect orthogonal quality.

1.2 Core of the research

1.2.1 Main objectives

The main aim of the research reported in this manuscript was to develop versatile

numerical models capable of simulating the transport of slender flexible textiles and

rags in centrifugal waste water pumps. The research focused on IBMs and involved two

complementary objectives:

1. The development of IBM solutions for single-phase flows at low to high Reynolds

number with moving rigid boundaries of arbitrary shape.

2. The development of a robust diffuse interface IBM for the study of the transport

and the deformation of thin flexible solids immersed in fluids.

Two types of numerical solvers for the fluid equations, Navier-Stokes and Lattice-

Boltzmann, were considered in this research. An IBM developed within the former is

referred as NS-IBM, while an IBM developed in the latter is referred as LB-IBM.

The first objective listed above is subdivided into different tasks:

� the development of a sharp interface type of IBM in the open-source library

OpenFOAM® (Navier-Stokes solver), which allows a better representation of arbitrary
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geometries. The IBM is based on a penalization (or Penalty) approach to impose

the desired velocity at the immersed interface. It is a continuous IBM, as the

momentum forcing is applied before the discretization of the equations.

� the development of correction schemes to improve the imposition of the boundary

conditions at the immersed interface, when the grid is not fitting the solid geometry.

These reconstruction schemes aim at increasing the order of accuracy of the sharp

NS-IBM.

� the combination of the method with relevant turbulence models.

� the validation of the sharp NS-IBM for a wide range of FSI problems, involving

fixed and moving boundaries, simple and complex geometries, laminar and turbulent

flows. The validation involves assessments of the orders of accuracy, comparisons

with experimental and numerical results from the literature, and comparisons with

equivalent body-fitting simulations.

� the comparison of the sharp NS-IBM with the diffuse interface type of IBM developed

by Inamuro [97], [125] for a Lattice-Boltzmann solver and available in the open-

source library Palabos®. The two types of method (see Figure 1.4 for illustration)

are assessed in terms of accuracy mainly, and also in terms of stability and computational

cost.

The second objective is subdivided into the following tasks:

� the coupling of Inamuro’s diffuse IBM in the Lattice-Boltzmann framework with

a solid solver capable of modelling the deformation of a two-dimensional flexible

structure.

� the validation of the resulting LB-IBM for a wide range of FSI problems, involving

transport and deformation at low to high Reynolds number.

� the comparison between the diffuse LB-IBM with a diffuse NS-IBM based on a

penalization method. The same solid solver is used for both approaches and the
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comparison focuses on the coupling mechanism which accounts for the action of

the fluid on the thin flexible solid.

� the development and the assessment of solid-solid interaction models to handle

collision between slender flexible structures and other rigid solids.

� the preliminary study of the physical processes leading to clogging.

(a) sharp interface IBM (b) diffuse interface IBM

Figure 1.4: Representation of a sharp IBM and a diffuse IBM. In the former case, an
Eulerian fluid cell is either fully in the fluid (blue) and is not influenced by the presence
of the solid, or fully in the solid (red). In the latter case, the influence of the solid
(represented by the white dots) is spread in the fluid domain in the vicinity of the solid
points.

1.2.2 Framework

The framework of the research project is summarized in Figure 1.5. At the end of

the project, two computational methods fully based on IBM have been delivered. The

two methods built respectively in Navier-Stokes and Lattice-Botlzmann solvers are able

to accurately simulate Fluid-Structure Interaction problems, both with rigid solids of

complex shape and with flexible slender structures. This research is the main contribution

to the project.
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Figure 1.5: Summary and framework of the research project. The bold part represents
what has been done during this research. The standard part represents what has been
done by another member of the research team.

1.2.3 Novelties

The novelty of this research lies in different aspects of the work, which are highlighted

below:

� The novelty from the sharp NS-IBM is in the formulation of the model. The

method considers a correction for the pressure at the immersed interface in order

to eliminate the influence of the pressure from the interior penalized solid domain.

The pressure is corrected near the interface in the spirit of a penalization technique.

Implicit and explicit schemes are investigated. Pressure treatments have not been

considered before for continuous penalty types of IBM and results presented in the

thesis confirm that improvements are achievable by correcting the pressure at the

immersed interface. A new versatile reconstruction method for the velocity has also

been developed and validated for fixed and moving boundaries. For turbulent cases,

a reconstruction based on a power-law has been coupled to a hybrid RANS-LES

model, which is based on a Reynolds Averaged Navier-Stokes (RANS) formulation
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of the Reynolds stresses near the immersed wall, and a Large Eddy Simulation

(LES) model outside the boundary layer region. The simulation sensitivity to the

power law has been tested for a cylindrical mixing tank at Re = 5.18 · 10−4. For

the RANS part of the hybrid turbulence model, a Spalart-Allmaras (SA) model is

used. A versatile formulation of the SA equation is proposed with a penalization

of the turbulent viscosity at the immersed wall. This penalty Spalart-Allmaras

(pSA) model can be used in a full RANS turbulence model or with a hybrid DES

turbulence model. The novelty of this part of the research lies as well in the

application of the model. Apart from recent work of Posa et al. [105], [104],

IBM have not previously been applied to flows in high speed rotating machinery.

Finally, one can also note that it is the first time that a sharp IBM with corrections

accounting for the rasterization effect has been implemented in the OpenFOAM®

library.

� The diffuse LB-IBM used to model the interactions between thin flexible structures

and fluids is based on the Multi Direct Forcing Method (MDFM) developed by

Wang et al. [147] initially in the Navier-Stokes context, and later adapted to the

Lattice-Boltzmann framework by Inamuro et al. [97], [125]. In this part of the

research, the main novelty lies in the combination of the method with an elastic

model for two-dimensional membranes. Secondly, some first advancements have

been made on the interactions between rigid and flexible solids. Except for the

collision method introduced by Huang et al. [55] for one-dimensional filaments,

solid-solid collision have never either been investigated nor modelled in this context.

Finally, the application of the two diffuse IBMs considered in this research for the

transport and the deformation of 2D flexible solids also represents a first attempt

at testing the suitability of the coupling approaches to this type of problems.

Similar applications includes the recent preliminary work by Jensen et al. [63],

[62] towards the simulation of clogging effects in waste water pumps, which uses

a Discrete Element Method (DEM) coupled to standard CFD to handle this type

of problems. Also to be noted is the work of Akcabay [3], which presents an
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IBM developed to model the behaviour of cloth in washing machine. However no

attention has been paid on solid-solid collision within this work, and unphysical

penetration might occur with coarse grids.

� This research proposes also a versatile comparison of different IBMs. Firstly, a

comparison is made between sharp and diffuse interface types of method for the

study of single-phase FSI problems. Secondly, within the context of diffuse IBM

for the transport of flexible solids in fluids, a comparison has been carried out

between two different types of coupling mechanism: (i) a penalty IBM within a

Navier-Stokes solver, and a direct-forcing IBM within a Lattice-Boltzmann solver.

1.3 Thesis outline

The body of the thesis is organised as follow:

� Chapter 2 presents an overview of the Immersed Boundary Methods. The first

section of the chapter reviews the existing numerical techniques for interface problems

in CFD, including IBM, while the following sections review the literature on IBM

in both Navier-Stokes and Lattice-Boltzmann frameworks.

� Chapter 3 presents the sharp IBM developed and implemented in OpenFOAM®

for modelling rigid moving boundaries in fluids. Particular attention is paid to

the corrections of the physical variables at the immersed interface to improve the

accuracy of the method. The IBM, including all the different correction schemes,

is referred as xIBM.

� In Chapter 4, the previously presented sharp IBM is validated against laminar

cases and common benchmarks from the literature at low Reynolds number.

� In Chapter 5, the capabilities of the method is assessed with realistic engineering

cases in turbulent mixing flows.
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� Chapter 6 proposes a comparison between the sharp IBM and the diffuse IBM

implemented in the open-source Lattice-Boltzmann library (Palabos®). For this

purpose, the diffuse IBM developed by Inamuro is firstly introduced.

� Chapter 7 presents the development and the validation of a numerical model based

on the previous diffuse IBM in the Lattice-Boltzmann solver for the simulation of

the interactions between a fluid and thin flexible structures. A diffuse IBM already

implemented in OpenFOAM® for similar applications is used for comparison

purposes.

� Finally, chapter 8 is divided in two parts. The first section is an attempt to answer

the clogging issues which can be encountered in waste water pumps. The second

section highlights the main conclusions and contributions of the present research.

Recommendations for future works are also included.

10



Chapter 2

Overview of the Immersed

Boundary Methods and their

applications

2.1 Boundary treatments and other methods for interface

problems in CFD

One of the pillars of standard CFD techniques is the discretization of space. This

discretization process needs to fit all the boundaries of the domain where the fluid

equations are solved. The meshing stage can become highly challenging when dealing

with complex boundaries for Navier-Stokes (NS) solvers, or with moving boundaries for

Lattice-Boltzmann (LB) solvers for instance. Significant issues arise as well when the

grid needs to be adapted to a secondary component transported in the fluid. In this

context, versatile CFD methods have been developed over the past two decades for both

physical approaches in order to overcome these difficulties.
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2.1.1 In the Navier-Stokes context

The problem of a wall or interface immersed in a fluid can be written in the following

way for an incompressible flow studied in the context of the Navier-Stokes equation:


ρ∂u∂t + ρ∇ · (uu)− µ∇2u = −∇p in Ωf

∇ · u = 0 in Ωf

u = uib on Γ

(2.1)

where Ωf represents the fluid domain, as opposed to Ωs which is the immersed body

domain, and Γ stands for the interface between both, as illustrated in Figure 2.1. The

system of equations in 2.1 is given for a no-slip boundary condition at the interface,

which is the most common physical condition found in FSI problems, but other types

of condition can be considered. The Navier-Stokes solver must satisfy the governing

equation in the flow domain, and the correct boundary conditions at the interface Γ.

This can be done by adapting the mesh to the interface geometry or by modifying

the fluid equations in its vicinity to recover the desired boundary conditions. Different

methods have been developed to satisfy these constraints. They can be classified in four

main families:

� Standard body-fitted methods

� Immersed Boundary Methods (IBM) and Immersed Interface Methods (IIM)

� Cut-cell methods

� Overset methods

Standard body-fitted approaches

In standard techniques, the mesh is fitted to the geometry as illustrated in Figure 2.2 for

a Finite Volume discretization of a turbomachine. In realistic engineering applications,

achieving a body-fitted mesh of high quality can be particularly troublesome when a lack
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Figure 2.1: Sketch of the different domains

of periodicity, symmetry and/or clear block structure makes automated structured grid

mesh generation by specialized pre-processors very difficult or simply unavailable. One

solution in this case is to rely on hybrid meshing to combine regular hexahedral cells

where possible, prism layers near solid surfaces where boundary layer must be accurately

measured and other polyhedral cells to facilitate transition at interfaces. It can often be

difficult however to avoid distorted mesh with associated numerical instabilities and loss

of accuracy. This is particularly the case when strong gradients in mesh sizes cannot

be avoided due to large cell count and high refinements near walls in high Reynolds

flow. Also it should be noted that although polyhedral mesh blocks provide useful

flexibility when hexahedral cells are used in the core of the flow domain and can greatly

simplify meshing, the resulting hybrid mesh structure can be a problem in turbulence

modelling with Large Eddy Simulation (LES) or Hybrid LES and Reynolds Averaged

Navier Stokes (RANS) simulations, where the eddy viscosity model typically relies on a

coefficient whose calibration is related to the mesh type and size.

In the context of moving boundaries, the grid must be adapted at every time step,

which increases drastically the computational time. However, for certain types of motion,

more specific methods have been developed in order to reduce the mesh morphing and

the re-meshing. Hence for simple translation or rotation of a component, sliding mesh

methods can be used. With this technique, two different mesh parts are defined, one for

the fixed background, and one for the moving zone which fits the geometry of a rotating

component for instance. All the non-conformal cells are then adapted at each time-step
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Figure 2.2: Sketch of a body-fitted Finite Volume mesh used to resolve the flow inside a
turbomachine.

at the interface between the two mesh zones. Novel sliding mesh methods have been

aimed at removing this requirement to adjust the topology of the mesh at the interface.

This is case of the Generalised Grid Interface (GGI) method, which evaluates instead a

set of weighting factors in order to properly balance the flux at the GGI interface.

For Fluid-Structure Interaction (FSI) problems, the Arbitrary Lagrangian Eulerian

(ALE) method is widely used. With this approach, the fluid equations are also solved on

a deforming grid, which follows the movement of the fluid-structure interface. However

ALE are cumbersome in their formulation and almost impossible to apply to FSI problems

with large deformations [119].

Immersed Boundary Methods (IBM)

The aim of IBMs is to solve a single set of conservation equations for several components

(gas, liquids or solids). In IBMs, the presence of the secondary body is taken into account

by the addition of a forcing term in the momentum equation introduced in Equation 2.1.

This forcing term is added to the fluid equations in order to reproduce the boundary

conditions at the interface between the fluid and the immersed surface, without having

to generate a mesh which conforms to the latter.

This type of method can handle multi-phase flow and fluid-structure interaction
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problems in a single-phase framework. The main interests lie thus in the simplification

of the model, and in its suitability for use with Cartesian mesh of perfect orthogonal

quality for Navier-Stokes solvers. This strongly reduces the time required to setup the

computational case, which can be significant with complex and moving geometries. On

such simple mesh however, the spatial discretization of the problem does not generally

correspond to the geometry of the components. Special care may then have to be taken

at the interfaces between the media, in order to reproduce the effects of the real geometry.

Figure 2.3 illustrates the difference between the two types of mesh in the case of a flow

past a cylindrical obstacle, for both an IBM and a standard body-conforming approach.

Figure 2.3: Sketch of the grids used to resolve the flow around a cylindrical obstacle.
(Left) Cartesian grid used for an IBM, distinguishing both fluid (in blue) and solid (in
red) domains. The white line represents the interface of the immersed solid. (Right)
Equivalent grid in a body-conforming approach

With the definition above, all the IBM can also be classified under the Fictitious

Domain Methods (FDM). This group consists of solution techniques for which the fluid

equations for a geometrically complex domain are solved in a simpler (fictitious) domain

embedding the original one, with the boundary conditions of the latter enforced in the

new domain [51].

Immersed Interface Methods (IIM)

The Immersed Interface Method shares the same mathematical formulation as the Immersed

Boundary Method, by representing the boundary immersed in a fluid as a singular force.

However the IIM, first introduced by Li [84], is used when the solution of the fluid

equations is of interest on both side of the interface. The problem is not to solve the

Navier-Stokes equations in Ωf only, as introduced in 2.1, but in Ωs as well with jump
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conditions at the interface. In the IIM, these conditions are directly incorporated in

the discretization schemes, which makes the method comparable to the discrete forcing

type of IBM (see Section 2.2.1). This discrete formulation of the IIM can be adapted to

achieve any desired order of accuracy.

The cut-cell methods

The cut-cell methods are a hybrid type of methods. Similarly to IBM, they are applied

to uniform Cartesian grids. However, in cut-cell methods, the cells cut by the interface

are reshaped according to the local geometry of the immersed wall. This process, shown

in Figure 2.4, generates at the end an unstructured body-fitted grid, with triangular,

trapezoidal or pentagonal cells of arbitrary size near the interface.

Figure 2.4: Sketch of the cutting process of the cut-cell method proposed by Ye et al.
[158] and associated new face fluxes. Figure is taken from [158].

A major advantage of the cut-cells methods is that, inherently to the Finite Volumes

Method, the local conservation of mass and momentum is guaranteed by resorting to

a body-fitted approach. However realistic engineering applications with complex body

shapes make the cutting process difficult especially in 3D problems. Furthermore the

large change of size between neighboring cells tends to destabilize computations, while

the presence of tiny cut cells adds to the requirement of very small time step. To tackle
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these issues, particular cut-cell methods have been developed to manage the topology of

the cut cells, as for instance the merging of the smallest cells [158].

Overset methods

The principle of the overset methods lies in the combination of geometrically simple

overlapping grids. A grid is generally made to fit each component of a system’s geometry.

In the overlapping regions, boundary information is exchanged between the grids via

interpolation of the flow variables. The settings of an overset method is thus decomposed

into two steps: (i) the grid generation for each components and (ii) the determination

of interpolation weights for the transfer of data between grids. These two steps may be

necessary at each time step if dealing with moving physical boundaries. In Figure 2.5,

an overset mesh is illustrated as a combination of two grids. A perfect Cartesian grid

is used for the background fluid, while a curvilinear grid has been generated around the

flexible surface. The overlapping zone is clearly visible on the figure. It is important

to note also that the overlapping is not total over the domain, as in both grids newly

useless cells are removed for computational efficiency. The main advantage of overset

methods is double: (i) it simplifies drastically the mesh generation and (ii) avoid the

stretching of the grid as well as the use of high skewed cells.

Figure 2.5: Sketch of the combination of two grids used for an overset approach.
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2.1.2 In the Lattice-Boltzmann context

Although, the Lattice-Boltzmann method is also a discrete model for the dynamics of

fluids, its formulation and assumptions differ from the Navier-Stokes approach. In the

next section the basic principles of the method are introduced.

Basic definitions for the Lattice-Boltzmann method

The method follows on from the combination of cellular automata algorithms and the

kinetic theory of gases. Cellular automata is a family of methods which investigates

the behavior of an entity that occupies a specific position on a discrete space and that

interacts with its identical neighbors. Regarding the physics, the kinetic theory of gases

proposes a molecular description of the fluid, where the state of a molecule is defined

through a position vector x and a velocity or momentum vector ξ. In order to be able to

describe a great number of particles, statistical approach are used in which a system is

represented by an ensemble of many copies. In this context, probability density functions

(pdf) f(x, ξ, t) gives the probability of finding a particular molecule with a given position

and momentum in a six-dimensional phase space.

The Boltzmann equation governs the motion of the molecules by expressing a balance

between transport of these particles and collision between particles:

∂f

∂t
+ ξi

∂f

∂xi
= C(f) (2.2)

where the left hand side of Equation 2.2 stands for the transport term and the right hand

side represents the collision term between particles. A very common model for collision

is the single relaxation time BGK (Bhatnagar-Gross-Krook) approximation, where the

collision term is modeled as a relaxation term towards equilibrium, and reads:

C(f) = −1

τ
(f − F ) (2.3)

The relaxation time τ in Equation 2.3 is related to the physical viscosity, while F
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stands for the Maxwell-Boltzmann equilibrium distribution, which describes a particular

probability distribution for a system of particles assumed to have reached a thermodynamic

equilibrium.

Finally, the Lattice-Boltzmann models are merely discretized versions of the Boltzmann

equation. The LBM reduces the number of possible particle spatial position and microscopic

momenta to a finite amount. In this context, the space is discretized on a regular lattice

grid, while a set of discrete velocities is defined to describe the momenta. For instance,

the D2Q9 model illustrated in Figure 2.6 is a common Lattice-Boltzmann model for 2D

problems, containing 9 discrete velocities. The particle distribution function introduced

above is now as well a set of 9 variables fα, representing frequencies of occurrence. The

macroscopic variables can be recovered by the following equations:

ρ =
∑
α

fα (2.4)

ρu =
∑
α

fαcα (2.5)

Figure 2.6: Sketch of the D2Q9 model with lattice velocities cα, where α ranges from 0
to 8. These velocities are convenient in that all of their Cartesian components are 0 or
± 1. Their magnitudes differ however.

The discretized Lattice-Boltzmann equation with BGK approximation reads:

fα(x + cα∆x, t+ ∆t)− fα(x, t) = −1

τ
(fα(x, t)− feqα (x, t)) (2.6)
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where ∆x is the lattice spacing and ∆t is the time step during which the particles travel

one lattice spacing. The local equilibrium distribution functions feq are obtained from

the Maxwell-Boltzmann equilibrium distribution (see Equation 2.3). For a D2Q9 lattice

model, the equilibrium distribution function is defined as:

feqα (x) = ωαρ(x)[1 + 3
cα · u
c2
s

+
9

2

(cα · u)2

c4
s

− 3

2

u2

c2
s

] (2.7)

In Equation 2.7 the weights ωα are 4/9 for the rest particles, 1/9 for α = 1, 2, 3, 4 and

1/36 for α = 5, 6, 7, 8, while cs is the basic speed on the lattice (one lattice unit per time

step). Rothman & Zaleski [110] show how this idealized microscopic dynamics give rise to

the isotropic macroscopic hydrodynamics described by the Navier-Stokes equations. The

model detailed above is sufficient to recover the continuity equation and the momentum

equations with second-order accuracy in space and time, although the left hand side of

Equation 2.6 resembles a forward Euler scheme. It is in addition possible to use implicit

time discretization. With the BGK approximation, this model cannot recover the energy

equation, and is therefore most often used to simulate incompressible fluids only. In a

practical way, Equation 2.6 can be split in a streaming step and a collision step. The

numerical procedure can be then defined in three successive steps:

1. Compute the macroscopic variables on each grid node, and evaluate each of the

nine equilibrium terms.

2. Evaluate the collision term, which is proportional to the difference between fα and

feqα

3. Evaluate the transport term by propagating the result from the collision one lattice

cell in each direction, and update the populations to their value at time t+ 1.

For further details on the Lattice-Boltzmann modeling, the reader is invited to look

at the books of Sukop & Thorne [124], and Rothman & Zaleski [110].
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Standard model for wall treatment: Bounce-Back modeling

Given the regular characteristic of a lattice grid, the space discretization of a Lattice-

Boltzmann simulation constitutes an important restriction as it cannot adapt to the

arbitrary shape of boundaries. Due to its ease of implementation and because it is

consistent with the stair-case format of the lattice grids, the bounce-back walls are the

most classic boundary condition used for no-slip wall. The theory behind the model is

that at a microscopic level, after collision with a wall, the molecules are scattered back

in average to the direction they are coming from. Regarding the implementation for the

bounce-back nodes, the normal collision-streaming process is omitted and the algorithm

merely reads:

fα(x, t+ ∆t) = fβ(x, t) (2.8)

where α is the index of unknown particle populations on the wall, and β is the opposite

direction cα = −cβ. The process is detailed in Figure 2.7.

Figure 2.7: Sketch of the bounce-back algorithm. • and ◦ are respectively the fluid nodes
and bounce-back nodes.

The effect of the bounce-back modeling is like having a wall halfway between the fluid
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and the solid bounce-back nodes. Walls represented by this method are approximated

by a stair-case shape, as illustrated in Figure 2.8. With this method, it is also possible

to divide the solid nodes between those which are approximated as bounce-back and the

interior ones which are isolated. A removal of the latter from the discrete domain avoid

then unnecessary computations at inactive nodes.

Figure 2.8: Sketch of a lattice grid with fluid nodes •, bounce-back nodes ◦ and interior
nodes x. The virtual halfway wall is represented as a dashed line.

In the case of a no-slip wall with a non-zero velocity, a simple bounce-back is not

sufficient, and a detailed momentum balance must be made when copying to opposite

locations. A review of the boundary conditions on straight walls can be found in [80].

The main limitations of the bounce-back method lie in (i) a stair-case representation

of curved walls and (ii) achieving a second order accuracy only in the case of a straight

wall which is actually midway between two lattice nodes (and achieving first order in all

other cases).

High order models for wall treatment

The bounce-back model has been extended by Bouzidi et al. [14] for curved wall

located arbitrarily between grid nodes. Their second-order method uses interpolation or

extrapolation schemes to compute the new streaming step, which involves a parameter

0 ≤ q ≤ 1 describing the location of the wall between two consecutive nodes. The

method of Bouzidi et al. is valid for moving boundaries in addition, and an extended

validation can be found in [79].

Guo et al. [49] proposed a similar boundary treatment for moving curved walls. The
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originality of the method lies in the decomposition of the distribution at a boundary

node into an equilibrium part feq and a non equilibrium part fne. The velocity involved

in the equilibrium is extrapolated from a neighbor in the bulk of the fluid and from

the imposed velocity value on the boundary. On the contrary to the bounce-back type

of condition, the boundary nodes execute here a normal collision step like all the fluid

nodes. The model of Guo et al. [49] achieves also a second-order accuracy.

Immersed Boundary Methods (IBM)

Similarly to Navier-Stokes IBM, the presence of an immersed object in the fluid is

accounted for with a forcing term included in the discrete Lattice-Boltzmann equation

introduced before (Equation 2.6). Guo et al. [50] have worked on the treatment of

this force in LBM. The authors have shown that in order for the LB equation with

forcing term to match the correct NS equations, discrete lattice effect must be considered.

Equation 2.6 becomes in this case:

fα(x + cα∆t, t+ ∆t)− fα(x, t) = −1

τ
(fα(x, t)− feqα (x, t)) + ∆tFα (2.9)

where Fα is a component of the force F. Guo et al. [50] have demonstrated firstly that

in order to obtain the correct continuity equation, the fluid velocity must be defined

such that the effect of the external force is included. Secondly, to obtain the correct

momentum equation, the contributions of the force to the momentum flux must be

canceled. Thereby the estimation of the velocity (Equation 2.5 in the case without

forcing) and the force are derived in Equations 2.10 and 2.11 respectively.

ρu =
∑
α

fαcα +
∆t

2
F (2.10)

Fα = (1− 1

2τ
)ωα[

cα − u

c2
s

+
(cα · u)

c2
s

cα] · F (2.11)

Most of the recent IBMs use the approach of Guo et al. [50] for the introduction of a

force in the Lattice-Boltzmann equation. A few other approaches have been developed
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previously for this specific issue, like in [77] and [16]. However Guo et al. [50] have

highlighted the limitations of those other models and even pointed out the erroneous

derivation of the momentum equation in [16].
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2.2 IBM in the Navier-Stokes context (NS-IBM)

The original immersed boundary method was first introduced by Peskin [101] for the

Navier-Stokes equations. Currently the immersed boundary methods refer to the methods

dealing with immersed obstacles, which emerged from the original method of Peskin.

Complete reviews have been written by Mittal and Iaccarino [91] and by Sotiropoulous

and Yang [119].

2.2.1 Types of NS-IBM

IBM can be classified in different subgroups according to the formulation of the forcing

term, which accounts for the presence of the immersed body.

Continuous forcing and discrete forcing approaches

All the Immersed Boundary (IB) techniques can be organized in two different families of

methods, which leads to different types of implementation. In the first type of approach,

namely the continuous forcing approach, a momentum source term is added to the

governing equations to account for the desired boundary condition at the interface with

the body. This modification is performed before the discretization, and therefore the

momentum conservation equation becomes the following for incompressible flows :

ρ
∂u

∂t
+ ρ∇ · (uu)− µ∇2u = −∇p+ f (2.12)

where f is the forcing term which is required to impose in general a Dirichlet condition

for the fluid velocity. The forcing term can depend on the spatial position, and on both

fluid and solid velocities, u and uib.

On the other hand, for the discrete forcing approaches, the forcing term is added

after the discretization of the governing equations. Thereby the system of equations is

modified. This family of methods is thus dependent on the type of discretization used,

unlike continuous forcing approaches. A typical immersed boundary method using a
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discrete approach can be written as below:

un+1
i − un

i

∆t
= RHSi + fi (2.13)

where RHSi includes all the discretized terms of the Navier-Stokes equation, except the

transient term.

Eulerian and Lagrangian approaches

Another type of classification for the IB techniques relies on the framework in which the

methods are based. In the Eulerian context, the cells inside the solid are identified by

mask functions. Thereby, the forcing term introduced in 2.12 or in 2.13 is generally of

the following form:

f(x, t) = χ(x, t)g(x, t) (2.14)

where χ is a mask function, which is 1 inside the solid and 0 within the fluid for instance,

and g is the forcing term for the boundary condition. The forcing term, through the

mask function, is generally active only in the vicinity of the interface. However for some

IBMs, the forcing term is present as well inside the solid (see below).

The mask function in Equation 2.14 can be obtained either geometrically, or from a

surface mesh definition of the solid. In the latter case, the surface mesh can be used to

identify Eulerian nodes inside the fluid domain from those inside the solid one.

When the solid is defined by a surface mesh or a simple set of Lagrangian points,

it is then also possible to build an IBM in a Lagrangian framework. In this context,

two grids are used in the model, i.e. an Eulerian grid for the fluid and a Lagrangian

grid for the solid. The latter is defined with the Lagrangian coordinate of the solid xib.

Hence, the forcing term, which defines the effect of the solid on the surrounding fluid, is

translated from one grid to another as described below:

f(x) =

∫
Γ

F(xib)δ(x− xib)dΓ (2.15)
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Thanks to Equation 2.15, the force is distributed on the fluid points in the vicinity

of the solid point xib, according to the support of the smoothed delta functiion δ.

Lagrangian IBMs are generally used when the IB velocity is not known a priori, but is a

variable of the problem, like for the transport or the deformation of flexible solids. Those

methods are very suitable for elastic boundaries for instance. In this case, the Lagrangian

coordinates are governed by a motion equation for the structure. The Lagrangian force F

in Equation 2.15 can be computed from the solid velocity, or from the difference between

the solid position and an equilibrium position, as detailed by Lai and Peskin [78]. The

suitability of the forcing term definition strongly depends on whether the immersed body

is moving or not.

Sharp and diffuse approaches

Immersed boundary techniques can also be classified according to the treatment of the

interface, i.e. in a sharp or in a diffuse way. Most of the IBMs are diffuse methods, where

the effect of the IB solid on the fluid is distributed on the surrounding cells/nodes. This

leads obviously to a less accurate definition of the interface, but on the other hand,

the stiffness of the matrix system is reduced, and stability problem can be overcome.

The diffusion introduced is also crucial for coupling problems. For sharp methods, this

numerical diffusion is eliminated and the interface fluid-solid influences only one or two

layer of Eulerian cells.

Lagrangian IBMs are diffuse methods by definition, and the level of diffusion is

governed by the support of the delta function used in Equation 2.15. This function is a

key parameter in the method, and different estimations can be found in literature as in

Lai and Peskin [78] or in Beyer and Leveque [12]. The latter authors propose an analysis

of the resulting accuracy for various choices of the discrete delta function.

Eulerian IBMs are implemented with both approaches for the treatment of the

interface. In diffuse approaches, the mask function introduced in Equation 2.14 is

smeared over several cells, as proposed by Gazzola et al [40], or it can be defined as a

volume ratio function as in Introni et al. [60]. Sharp techniques, however more common,
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are employed with the unmodified heavyside function for the mask (see Bergmann and

Iollo [10] , Kevlahan and Ghidaglia [70]).

Explicit and implicit approaches

Always regarding the forcing term, one can differentiate the implicit IBMs from the

explicit methods. As in realistic applications, the background Eulerian nodes do not

necessarily coincide with the Lagrangian solid points, the forcing term is not imposing

exactly the solid velocity uib in an Eulerian node, but rather a reconstructed velocity

which depends on both the neighboring fluid and solid velocities. These reconstructions

are necessary to achieve high-order schemes and are discussed in Section 2.2.3.

Considering Eulerian IBMs, this dependence of the modified imposed velocity on

the neighboring fluid velocities, can be formulated in an explicit or in an implicit way.

With an explicit approach, the corrected velocity is obtained from fluid velocities of the

current time step, while with an implicit approach, fluid velocities from the next time

step are used [136].

For IBM of a Lagrangian diffuse type, the force distribution and the velocity interpolation

are coupled within an implicit approach as detailed in [123], while they are decoupled

within an explicit approach.

Not surprisingly, implicit IBMs are more arduous to implement and requires more

computational resources. However, their advantage lies in a more accurate imposition

of the boundary condition at the interface. This avoids for instance the penetration of

any streamlines inside a fixed solid body, as can be the case for explicit IBMs.

On the solution of the NS equations inside the IB

Although the solution is not of interest in the solid domain, the momentum and mass

conservation equations can be solved within this domain: this is the last distinction

between IBMs.

Indeed, the IB forcing term can be either active only in the vicinity of the fluid-solid

interface to ensure the desired boundary conditions, or either in the whole solid domain.
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For the first type of approaches, the Eulerian nodes inside the solid where the forcing is

not active, are usually removed from the solution system for the whole simulation, or at

the considered time for moving boundaries. For the second type of approach, although

the solution is not of interest inside the solid, the resolution of the fluid equations arises

questions about the validity of the pressure field for instance. The distinction between

both types of method is finally very similar to the distinction between continuous and

discrete approaches, as discrete approaches generally belong to the first type, while

continuous approaches do not belong to this group.

Summary

A summary diagram linking each method to references from literature is given in Figure

2.9. This diagram is a simplification and is not exhaustive. It should be noted in

particular that some original IBMs cannot fit this classification. For instance, the

Tensorial Penalty Method of Vincent et al [143] or the IBM of Borazjani et al. [13],

do not use an explicit forcing term in the momentum equation. For Vincents’ method,

the boundary condition for velocity is imposed with a modification of the fluid viscosity,

while for Borazjani’s method, the Dirichlet condition is directly imposed in the desired

Eulerian nodes.

Figure 2.9: Diagram summarizing the different types of IBM. The following papers are
provided to illustrate the different types of IBM: Peskin [101], Gazzola et al. [40], Angot
et al. [7], Su et al. [123], Sarthou et al. [111], Uhlmann [138], Mohd-Yusof [93], and
finally Tseng & Ferziger [136].
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It is important to distinguish as well the first-order IBM, from the IBM with high-

order schemes for the representation of the interface (see Section 2.2.3). In this sense,

the penalization term in the work of Gazzola et al. [40], for instance, is treated as

implicit. However, as a first order approach, the forcing term once discretized only

depends on the considered cell, and this definition only introduces an additional term

in the matrix diagonal, which does not make the overall scheme very different from an

explicit approach. On the contrary, in the Sub-Mesh Penalty Method of Sarthou et al.

[111] the forcing term, treated implicitly as well, involves the neighboring fluid cells,

which makes the matrix formulation more complicated but allows to achieve a second

order accuracy.

One can remark that for discrete approaches, the distinction is not made between

sharp and diffuse Eulerian methods. Indeed, the Eulerian methods are generally employing,

for few background nodes in the vicinity of the solid surface, a forcing term which is based

on a reconstructed velocity. Allowing in this case for a sharp and accurate definition of

the solid, a smearing of the forcing term, like in a diffuse approach, would cancel this

advantage.

2.2.2 Examples of NS-IBM

The original IBM

The original IBM by Peskin [101] was aimed at simulating the blood flow through an

heart valve. The method was developed in a continuous context with a diffuse Lagrangian

formulation. In this method, the IB is modeled as an elastic surface and hence the

Lagrangian force F of Equation 2.15 defined for each solid point was related to the

Hooke’s law. In addition, the fluid and the solid motions are coupled with the following

equation:
∂xib

∂t
= uib(xib, t) (2.16)

where the IB velocity uib(xib, t) is obtained from the surrounding fluid velocity, similarly

to the convolution of the force from the Lagrangian to the Eulerian context in Equation
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2.15.

The limitations of the latter method appear in the rigid limit. The high stiffness

coefficient from Hooke’s law may trigger instabilities. In this context Goldstein et al.

[47] have developed a forcing term which is valid for rigid bodies:

F(t) = α

∫ t

0
u(τ)dτ + βu(t) (2.17)

In the equation above, α and β are coefficients selected to best enforce the boundary

condition at the immersed solid interface. The force field represents a feedback of the

velocity field information. The latter method can be seen as well as a type of penalization

(or penalty) method.

Another type of approach which has been originally proposed to get rid of the

limiation of the IBM of Peskin for rigid solid, is namely the direct forcing methods,

presented later.

The Penalty methods

For these methods, the forcing term is a penalty equation which is added to satisfy the

desired boundary condition in the solid. The penalty method was first introduced by

Arquis [8] in the following way:

f(u,uib) = λ(uib − u) (2.18)

where λ is the so-called penalty constant, which had originally a physical meaning.

In the Darcy penalty method for instance (see Khadra et al [71]), such constant

can be written as λ = µ
K , where K is the local permeability. For the fluid domain

the permeability tends towards infinity, and the original Navier-Stokes equation is thus

obtained. On the contrary, physical values are fixed for K in the porous solid in order

to model the fluid-porous flow interaction. And finally, in the non-porous part K → 0,

which is ensuring the correct solid velocity u = 0 (for uib = 0).

31



Another example is the volume penalty method, firstly used by Angot [6] for heat

transfers in electronic components. In this method, the penalization constant is derived

from the Biot parameter, which is also used to impose a Dirichlet condition for the

temperature.

From a general point of view, the penalization constant is commonly set to 0 in

the fluid domain, and to a large value inside the immersed body in order to neglect

all the terms in regards to the forcing term. In this sense, the penalty methods can be

categorized in general in the Eulerian and sharp class of IBM. Angot et al have presented

rigourous estimates of the error introduced by such estimation in [7]. However diffuse

penalty methods have also been investigated as in [40] and [70] for instance.

Another type of penalty approach is the tensorial penalty method, where the stress

tensor is penalized instead of the velocity. In this approach, the stress tensor is decomposed

in several terms according to the physical contributions of compression, tearing, shearing

and rotation, as proposed by Vincent et al [143]. The stresses are thus dissociated and

different viscosities are imposed in the fluid and the immersed body. Thereby, if the

latter domain is a solid, high viscosities will avoid shearing and tearing and ensure a

constant rotation.

The penalty methods belong generally to the continuous methods, but not necessarily.

However, the distinction between continuous and discrete methods is weak for these type

of models. As the penalty forcing term is merely a linear velocity term, its introduction in

the discretized equation is straightforward and does not depend on the spacial schemes.

Thereby, in this document the penalty methods are always considered as continuous

methods.

The Direct Forcing methods

The direct forcing type of method was introduced by Fadlun et al [34] in order to avoid

numerical instabilities encountered with Peskin’s type of method [78] for rigid bodies.
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Unlike the penalty methods, the direct forcing methods are generally used in a

discrete context, after the discretization of the equations. For this method, the forcing

term introduced in Equation 2.13 is simply expressed as follows:

f(u,uib) = −RHS +
uib − un

∆t
(2.19)

The forcing term cancels all the terms in the Navier-Stokes equation except the transient

one, and thus ensures the Dirichlet condition for the velocity at the considered points:

un+1 = uib, which is generally a no-slip condition for a solid. For the direct forcing

method, the forcing term does not have a physical meaning. Those methods can be used

either in an Eulerian frame or a Lagrangian frame, and either with a diffuse or sharp

definition of the interface.

Another way of defining the forcing term for direct forcing methods reads:

f(u,uib) =
uib − u∗

∆t
(2.20)

where u∗ is a first estimation of the velocity without considering the effect of the

immersed body. This velocity is thus solution of the equation u∗−un

∆t = RHS. The

above formulation is generally employed when this estimated velocity is computed in a

preliminary step [138], [147], [85].

2.2.3 High-order NS-IBM

The methods described above are generally first-order in space, and significantly depend

on the mesh definition. In each IBM, the purpose of the forcing term is to impose

the desired boundary condition for velocity, pressure and any other quantities at the

selected Eulerian nodes. Thereby, for complex geometries with high-curvature, where

the secondary geometry does not coincide with the Eulerian mesh, these simple models

are not sufficient because the desired condition is not satisfied at the correct location.

In this context, a range of improvements have been proposed in literature to handle the
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weaknesses of these methods, whose implementations highly depend on the type of IBM

considered. The improvement techniques are classified into two main groups [58]:

� schemes that produce a local reconstruction of the solution based on the target

boundary value and surrounding fluid values. These schemes are used with sharp

type of methods.

� schemes that spread the function in the vicinity of the immersed interface, for the

diffuse (mostly Lagrangian) type of methods.

In sharp methods

For the sharp type of methods, the reconstruction procedure allows the boundary condition

to be satisfied at the exact position of the interface. In this case, the physical quantity

imposed by the forcing term is generally obtained from an interpolation between the

desired value at the interface, and the values in the neighboring fluid nodes. Linear

interpolation is generally used and can achieve second-order accuracy [43]. However,

specific configurations where Eulerian nodes are very close to the solid interface leads to

large weighting coefficients and can destabilize the computations. To avoid this issue,

bilinear (and trilinear in 3D) interpolations are proposed [9], [73], as well as quadratic

interpolation [45]. The latter was found to also improve the accuracy of problems with

moving boundaries as compared to simple linear interpolation. Another approach for

the problem of ill-conditioned weights was developed by Tyagi et al. [137] with a forcing

on both sides of the immersed boundary. One can note that a more straightforward

method than the interpolation consists in weighting the forcing terms in each cell with

the volume fraction occupied by the body with respect to the cell volume [34]. All the

IBMs listed above are explicit methods, as the physical values imposed by the forcing

term are interpolated from surrounding values from the previous time step. Implicit

approaches were also proposed, as it is the case in [136], which is based on a ghost-cell

method and can treat both Dirichlet and Neumann conditions.

Considering direct forcing methods, the forcing term of this type of approach involves
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time-derivative of the velocity. This is problematic for moving immersed bodies, when

a grid node previously in the solid domain is freshly exposed to the fluid. For that type

of node, the time-derivative is not supposed to be physically correct. Gilmanov et al.

[45] use a dual-time stepping to solve this issue, while the solution in [155] is based on

a field extension and a similar algorithm is proposed in [160]. Other types of schemes

can be used to improve the results for moving boundaries. Hence, Liao et al. [85] use a

combination of the standard linear reconstruction in the fluid with a solid-body forcing

in the solid which has similarities with penalty methods.

While the boundary condition for velocity is clear, a boundary condition for pressure

at the immersed interface is not always imposed. A non-negligible amount of authors

do not propose any specific correction for the pressure at the interface. In this context,

Yang et al. [155] argues that the boundary condition for the pressure ∂p
∂n = −ρDu

Dt · n

which is usually enforced directly in a body-conforming approach, is obtained implicitly

with IBM from the projection of the inviscid momentum equation on the solid boundary.

Indeed, the viscous term turns out to be zero when all velocity components are linearized

in the vicinity of the interface thanks to the interpolation based correction of the velocity.

However, numerous discrete IBMs make the choice of imposing also a Neumann condition

for the pressure at the immersed interface [43], [136], [90], as a numerical condition for

the Poisson equation. The issue with the pressure at the immersed boundary is well

detailed in the work of Kang et al. [66]. The authors propose a versatile interpolation-

based correction of the velocity at the interface, which enforces mass conservation for an

approximated fluid domain strictly included in the physical fluid domain. This correction

satisfies the pressure decoupling constraint between the fluid and the solid domains, and

solves the incompatibility between the interpolated velocity boundary condition and

mass conservation, which, from the author’s knowledge, has seldom been investigated in

IBM with velocity corrections at the interface. Regarding the mass conservation issue

again, Kim et al. [73] developed a method introducing a mass source/sink in addition

to the momentum forcing, in order to satisfy the continuity in the cells containing the
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immersed boundary. Most of the recent IBMs including treatment for mass conservation

are either based on the works of Kang et al. [66] or Kim et al. [73]. One can note

as well the original method of Kumar & Roy [75] using a Solution Algorithm type

of pressure correction that strongly enforce mass conservation while assuring a second

order accurate imposition of the boundary condition. With this algorithm the continuity

equation is iteratively solved in the local cell only, instead of using the usual pressure

Poisson equation to achieve incompressibility.

Finally for continuous approaches, whose most common representatives are the penalization

methods, no corrections are usually employed at the interface in order to take into

account the rasterization effect [71], [10], [2], [89]. The overall accuracy of these methods

are thus close to first order in space. To the author’s knowledge, the Sub-Mesh Penalty

Method of Sarthou et al. [111], the second-order penalty model of Introini et al. [60]

,and the work of Chantalat et al. [20] are the only models based on penalization which

offer improvements to tackle the rasterization effect on Cartesian grids. In both the Sub-

Mesh Penalty Method and the approach of Introini et al., the velocity is corrected at the

nodes close to the interface by means of interpolation, similarly to the discrete approaches

discussed earlier. In addition, a Neumann boundary is satisfied by the pressure in the

model of Introini et al., thanks to a consistent fractional step method. The forcing term

is in this case also taken into account in the correction step. On the contrary, in the the

Sub-Mesh Penalty Method no specific treatment is undertaken for the pressure. In the

work of Chantalat et al. [20], the penalization algorithm is improved using the velocity

gradient and level-set information.

In diffuse methods

Unlike the schemes used in sharp methods, the spreading of the forcing function in

diffuse methods produces extra dissipation. On one hand, the spreading removes the

strong oscillations in the hydrodynamic forces, usually obtained with sharp methods for

moving immersed boundaries [138]. These oscillations can be problematic if two-way
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coupling is considered. On the other hand the dissipation in diffuse approaches leads

to more inaccurate results at similar resolution to the sharp methods [160], and this

may deteriorate the prediction of the boundary layer development. In addition, diffuse

methods are limited to first order in space and can achieve only a formal second order

at maximum [78].

2.2.4 Treatment of the coupling in NS-IBM for FSI problems

For fluid-structure interaction problems, when the velocity of the structure is not known

a priori, an additional solver is required to describe the motion of the latter. The

governing equation for the structure usually reads as follow:

ρib
∂2xib

∂t2
= ∇ · σib + Fext (2.21)

In Equation 2.21, Fext represents the external force and σib is the stress tensor given

by the constitutive equation of the structure. The coupling is then achieved either

thanks to the action of the fluid on the solid, included in the stresses, or with the

boundary condition for velocity at the interface. The coupling process is discussed later.

Furthermore, two kind of coupling can be distinguished [119]:

� The loose coupling, where the governing equation for the fluid and the solid are

solved sequentially one after the other

� The strong coupling, where between each fluid iteration, several sub-iterations are

computed for the structure until a convergence criterion is obtained.

Strong coupling schemes allow to reduce the eventual numerical instabilities, generated

by a more inaccurate imposition of the boundary condition at the interface, potentially

given by a loose coupling. This is especially true when the density ratio between the

two continuum becomes close to 1, and has been described as an added-mass effect [13].

Explicit and implicit coupling can also be differentiated. In implicit coupling the IB

forcing term for the next time step n+ 1 is computed using the structure velocity at the
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same time step n + 1. In return, this structure velocity is computed also from the IB

forcing at the next time step, leading to a linear system to invert. An implicit coupling

scheme is for instance detailed in Lacis et al. [76].

Coupling with rigid solids and application to particle-laden flow

In the framework of rigid solids, Equation 2.21 becomes the standard Newton equation

of motion for the center of mass of the structure:

mib
∂Uib

∂t
=

∫
Γ
τ · ndΓ + Fext (2.22)

What remains a difficulty and distinguishes the different IBMs is the formulation of

the force that the fluid exerts on the body, and which is defined by the surface integral

of the hydrodynamic stresses τ = −Ip+ µ∇2U in Equation 2.22.

The fluid stresses can be decomposed to a contribution from the pressure and a

contribution from viscous stresses. In order to estimate this surface force, Calderer et

al. [18] neglected the viscous term and implemented a pressure projection boundary

condition method (PPBC), which approximates the surface of the solid body by the

closest grid pattern, and estimates the pressure on the real solid surface according to

a Neumann condition. Their IBM was successfully applied to arbitrary solid shapes in

multiphase flow at high Reynolds number (Re > 105). A similar approach to Calderer et

al. [18] was employed by Borazjani et al. [13] for flexible solids. For very light particles,

Schwarz et al. [114] developed a method based on the injection of an added mass term

on both sides of Equation 2.21, in order to remove the singularity when ρib → 0.

A more intuitive approach is to derive the formulation of the fluid stresses from a

momentum balance of the fluid enclosed in the solid body. For IBMs solving the fluid

equations inside the structure, the inertial term is non-zero and is given by:

d

dt

∫
Ωs

ρfUdΩ =

∫
γ
τ · ndΓ +

∫
Ωs

ff→sdΩ (2.23)

In Equation 2.23, the body force ff→s acting in the control volume is merely the opposite
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of the IB forcing f in the fluid momentum equation, which takes into account the presence

of the solid. Under the widely used assumption of rigid motion for the fluid inside the

solid, the inertial term can be simplified to ρfΩs
dUib
dt and can be injected in the left

hand side of Equation 2.21. For cases where the rigid body assumption is not satisfied,

Kempe & Frohlich [68] derived another approach to numerically evaluate the volume

integrals in Equation 2.23. The authors also developed an IBM which imposes a slip

condition for the velocity in order to handle bubbly flows [69], instead of the common

no-slip condition for particles.

Finally, in the versatile method of Vincent et al. [143], the flow around the particles

is sufficiently resolved to account for the forces acting on the fluid with a four-way

coupling. In this context, it is no longer necessary to solve a motion equation for the

rigid solids. This fictitious domain approach has been applied to dense particulate flows.

More standard IBM ([138], [147], [157]) have been applied to multi-particle systems as

well. In those methods, a collision force is developed to model the interaction particle-

particle and is added to the motion equation.

Shwarz et al. [115] have extended a direct forcing IBM for bubbles of varying shapes.

The shape of the bubble is computed by minimizing the local displacement energy of

pressure and surface tension forces, but the authors have limited their investigation to

axisymmetric shapes. On another note, Wang et al. [145] applied a vorticity-based IBM

to the study of self-excited oscillations of a system of many linked plates.

As stated in previous sections, diffuse IBMs are widely used to handle FSI problems as

they tend to smooth the estimation of the forcing term and thus stabilize the computations.

One can note however the work of Kim et al. [73], and that of Yang & Stern ([156],[157])

who developed sharp direct forcing approaches to model flow interaction with a rigid

body. In both their papers, Yang & Stern used a field-extension strategy to tackle the

issue of spurious force oscillations. Furthermore, on their more recent work [157], the

authors implemented a versatile non-iterative strong coupling which combines straightforward

implementation and stability improvements for low density ratio problems.
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Coupling with flexible solids

Similar to the work of Schwarz et al. [115] introduced above, several authors have

developed IBMs able to handle flexible solids, with imposed deformation. The main

application of this kind of IBM is self-propelled fish-like swimming. The deformation

of the fish is controlled by a function of time, which dictates the action exerted by the

fluid on the fish, governing at the end its trajectory using the motion equation. For

the computation of the force exerted by the fluid, Ghaffari et al. [42] follows the same

methodology based on the momentum balance introduced previously (Equation 2.23),

while Gazzola et al. [40] omit the inertial term inside the solid domain. Bergmann & Iollo

[10] used another strategy by converting the surface integrals of the stresses τ in volume

integrals of the equivalent Navier-Stokes terms in an arbitrary domain surrounding the

body. It is important to note that all the IBMs applied to fish-like swimming are sharp

first-order penalization methods. Although first-order, the sharpness of these methods

may still lead to stability issues. In this context, Ghaffari et al. [42] have developed a

filter to denoise the force exerted by the fluid on the immersed body.

For arbitrary deformation of the solid, the most accurate approach is to couple

the fluid solver with a structural dynamic solver, such as the Finite Element Method

(FEM) for instance. These kind of approaches are however extremely computationally

expensive. To tackle this cost issue, Gilmanov & Acharya [44] developed a coupled

IBM - Material Point Method (MPM). MPM is a meshless solid solver, which has the

advantage of being able to consider large deformation, including situation with material

rupture. Their hybrid IBM was applied to a deformable sphere falling and a capsule in

shear-flow.

For more specific deformation, IBMs are most generally used to model the structural

dynamics of 1D filaments and 2D membranes. In these cases, as the solid has at least

one dimension less than the fluid problem, the only possibility is obviously to use diffuse

IBMs. If solid membranes of finite thickness are considered, sharp IBMs can still be

carefully employed as it is the case in [82], provided that the Eulerian grid size is smaller
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than the thickness of the solid.

In general, one can distinguish two types of IBM to deal with flexible solids:

� The approaches where the forcing term in the fluid momentum equation has a

physical meaning, and is calculated from the mechanical force obtained from the

membrane deformation. For these approaches, the coupling is performed through

the calculation of this force.

� The approaches where the forcing term in the fluid momentum equation has no

physical meaning. The mechanical force is used to compute the new position and

velocity of the solid, and the coupling is achieved by imposing a Dirichlet condition

for the fluid velocity to be equal to the solid one.

For both types of methods however, the computation of the internal mechanical

forces, included in σib in Equation 2.21 involves usually the same quantities, namely the

stretching, shearing, bending and twisting forces. These forces are estimated based on

the spatial derivative of the solid position xib.

Both the IBM of Siguenza et al. [118] and Le et al. [81] belong to the first group

and simulate large deformation of membranes, as well as a heart valve and red blood

cells respectively. Le et al. [81] have implemented an implicit time scheme to avoid the

problem of having to use very small time steps. As for the IBM of Xu & Wang [154],

belonging as well to the first type of approach, their model has been employed to study

the flow around a flapping wing.

The second type of approach is more prevalent. The deformation of the membrane is

governed by a motion equation involving the internal mechanical forces introduced just

above and the hydrodynamic force from the fluid. Similar to rigid solids the latter force

can be estimated from surface integration of the fluid stresses, as is the case in [28], from

the IB forcing term ([56]), or from the volume integral of the equivalent Navier-Stokes

terms ([82]). Both penalization ([33], [56]) and direct forcing ([162], [99], [82]) methods

were used to simulate insect flight or filament and flag deformation. Huang et al. [54]

developed a versatile penalty IBM involving two sets of solid points, one massive set
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prone to deformation, and one massless set interacting with the fluid. The two groups

of points are linked by a stiff spring with damping. Regarding versatile methods, Tullio

et al. [28] modeled the immersed solid as a spring-network system, which account for

bending and stretching. Finally, one can note the work of Xu et al. [153], who combined

a standard direct forcing IBM for specific Eulerian nodes that prescribes locally the

velocity, with a single momentum equation for both fluid and solid, modeling the fluid-

structure interaction and the solid deformation.

2.2.5 Treatment of turbulence in NS-IBM and realistic engineering

applications in literature

The different reconstructions of the velocity presented in Section 2.2.3 are still valid

at high Reynolds number if the boundary layer is sufficiently resolved (y+ < 5), i.e.

when the first layer of fluid cells is located in the viscous sub-layer. However in most

engineering applications, and especially for IBMs where the mesh is refined in all three

directions, achieving such a resolution is unfeasible. In this context, the velocity in the

first layer of fluid cells does not exhibit a linear behavior and the usual reconstructions

based on linear interpolation are no longer valid. This issue has not been treated until

recently, for two reasons mainly. Firstly, the physical problems investigated with IBM

were limited to moderate Reynolds number. Secondly, authors who have modelled

high Reynolds flow, have been using massive adaptive refinement in order to obtain

satisfactory y+.

Alternative methods have been proposed since. In these methods, the reconstructed

velocity complies with wall-layer models, which are logarithmic in order to satisfy the

correct wall shear stress. Several IBMs have hence been combined with the Werner and

Wengle law of the wall [25], [64], [19] or similar logarithmic models like in Roman et

al. [109] or in Calderer et al. [18]. In [21] in particular, the tangential velocity near

the surface is constructed as a power-law function of the local wall normal distance.

The power is a user-defined parameter, whose appropriate choice enables the method

to approximate the energizing effects of a turbulent boundary layer for higher Reynolds
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number flows. In other wall-layer approaches for LES modeling, the correction of the

velocity is based on the Turbulent Boundary Layer (TBL) equation [146]. Under the

local equilibrium assumption adopted in [131], [19] and [11] for instance, the equation

for the velocity near the wall reduces to:

∂

η
[(ν + νt)

∂uT
∂η

] = 0 (2.24)

where η indicates the local wall-normal direction, uT the velocity in the wall-parallel

direction, and where νt is the eddy viscosity usually obtained from a simple mixing length

eddy viscosity model with near wall damping [17]. It is interesting to note that Chang

et al. [19] conclude that their predictions without wall models, i.e. assuming linear

velocity profile at the wall, actually return better results both in mean and turbulence

quantities. Such results were probably obtained because of the relatively low Reynolds

number considered in their work.

As for the linear reconstruction detailed in Section 2.2.3, it is important to remember

that velocity corrections satisfying wall models are inherent to sharp type of IBMs only.

One can highlight the versatile method of Munjiza et al. [64] and Cristallo et al. [25]

which uses a diffuse IBM inside the solid, and a sharp IBM in the fluid domain where

the velocity reconstruction can then be applied.

Finally, all the wall-layer reconstructions have been developed in combination with

LES modeling, except for the work of Kalitzin et al. [65], based on a RANS approach.

Similarly all these models have been used only with the discrete direct forcing approach.

To the author’s knowledge, no wall-layer models have been implemented for continuous

approaches like the penalty method.

Regarding the applications, the wall-layer models have been assessed for density-

stratified flows [106] or flow over periodic hills [19] at Reynolds around 104, and for

realistic engineering applications like the flow around a model road vehicle (Re = 105)

[25] and other highly separated flows like the one around a rudimentary landing gear at
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Re = 106[11]. Multiphase flows at high Reynolds (Re > 105) have been investigated as

well [18].

However most research on IBMs has not investigated the consistency of the velocity

at the fluid-solid interface with the law of the walls for turbulent flows. Neither do they

seem to have used high enough mesh resolution at the immersed wall to ensure a first fluid

cell in the viscous sub-layer. For instance, Balaras & Yang ([9], [155]) treated flows along

wavy walls at Reynolds number around 104, and Zhang et al. [160] considered a moving

cylinder and a flat plate at similar level of Reynolds number. Realistic engineering

applications have also been considered, like stirred tank at Re = 7280 [137], mixed flow

in pumps at Re = 1.5 · 105 [105], and wind and hydro turbines at Re = 4.2 · 104 and

1.7 · 105, respectively [5]. Finally penalization approaches have also been used in this

context for highly turbulent flows without wall-layer models, such as fish-like swimming

[10] or hydroplaning [144].

44



2.3 IBM in the Lattice-Boltzmann context (LB-IBM)

Although rapidly developing, Lattice-Boltzmann Methods (LBM) are still a rather recent

method in the CFD community. That is why relatively few IBMs have been developed

in a Lattice-Boltzmann context in comparison to the amount of existing IBMs developed

in a Navier-Stokes context.

As in the Navier-Stokes context, the definition of the forcing term is what differentiates

mainly one LB-IBM from another. The existing types of IBMs implemented with LBM

are described in this section. With a simple classification, three types of forcing can be

differentiated:

� based on penalty methods. These methods depends then on a user-defined parameter

(penalization coefficient, stiffness parameter, etc).

� based on direct forcing methods. Interestingly in these methods, the forcing term

is derived from the Navier-Stokes equations and introduced then in the discrete

Lattice-Boltzmann equation.

� estimated through other methods, inherent to Lattice-Boltzmann modeling.

One can note also that nearly every IBM developed in the Lattice-Boltzmann framework

are based on a spreading of the forcing term. To the author’s knowledge, the only coupled

LB-IBM using a sharp interface definition has been developed by Kang et al. [67] and

is based on a direct-forcing scheme. Finally, in this section a distinction is made as well

on the type of application. IBM involving coupling with rigid bodies are distinguished

from methods taking into account solid mechanics for the solid deformation.

2.3.1 LB-IBM with forcing based on penalty type of methods

Feng & Michaelides [38] have considered an IB forcing of a penalty type for solving

fluid-particles interaction problems like sedimentation. In [38] the forcing term is given

by Hooke’s law, similar to the original method of Peskin [101]. In this way, the IBM can

model a near rigid behavior using a high stiffness, or elastic solid with small deformation.
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The Newton equation solved for the particles motion takes into account gravity and

collision forces, as well as a restoration force acting like a linear spring (in the case of a

rigid body motion). This force, distributed from the Lagrangian points to the Eulerian

lattice, is used as a forcing term in the discrete Lattice-Boltzmann equation.

Coupling with flexible solids

Tian et al. [133] have extended the penalty method of Kim & Peskin [74] to handle a

moving deformable boundary. As in Huang [54], the flexible filament is modeled here

by two sets of points, one massless following the motion equation, and another one with

mass, is attached to the first filament through a virtual spring. This approach has shown

to be more stable for the estimation of the inertial force of the flexible solid with mass,

for any range of density ratio between the fluid and the solid. A motion equation is then

solved for the ghost filament with mass, and the forcing term introduced to model the

presence of the massless physical filament involves tension and bending forces as well as

the spring force between both filaments. Finally, the position of the physical filament

is explicitly updated from the surrounding fluid velocity, which is distributed from the

Eulerian lattice to the Lagrangian points. Regarding the discrete Lattice-Boltzmann

equation, Tian et al. followed Guo’s treatment [50] for the introduction of the forcing

term.

Zhu et al. in [161] used a similar type of coupling to model a flexible sheet, in the

sense that the solid velocity is explicitly obtained from the fluid velocity. The forcing

term of a penalty type involves however only the bending and tension components.

2.3.2 LB-IBM with forcing based on direct forcing methods

On the contrary to [38], in [39] Feng & Michaelides used a forcing term estimated from

the direct-forcing methods of Mohd-Yusof [93] and Fadlun et al. [34]. This approach

eliminates the need for the determination of the stiffness parameter involved in the

penalty methods. It is supposed to be more stable and accurate at high Reynolds

number, and for complex particle geometries. Furthermore, the methods of Mohd-Yusof
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and Fadlun et al. ([93] and [34]) are second-order accurate, as an interpolation procedure

is employed to improve the imposition of the boundary condition for the velocity on the

interface. Regarding the particle motion, Newton’s equation is used involving gravity,

collision and the hydrodynamic force from the fluid. The latter force can be estimated

from integration of viscous and pressure stresses on the particle’s surface, or by volume

integration of the direct-forcing term. The authors stated that although both are first-

order, both estimations lead to similar results. Finally, it is worth mentioning that Feng

& Michaelides [39] based their work on Buick & Greated [16] for the introduction of

a force in the discrete Lattice-Boltzmann equation. As explained in Section 2.1.2, the

Navier-Stokes equations are not perfectly derived at a macroscopic scale in this case.

Dupuis et al. [31] developed an IBM based on the work of Guo et al. [50] for the

introduction of an external force. The proposed method is applied to the flow past an

impulsively started cylinder. However, the results indicate no significant differences from

the same IBM without Guo’s treatment for the external force. As for Feng & Michaelides

in [39], the force in [31] is estimated from the direct-forcing methods of Mohd-Yusof and

Fadlun et al. ([93] and [34]), with the exception that a preliminary momentum step is

considered to compute the velocity in the absence of the solid (see Equation 2.20). As

noted by Dupuis et al. [31], this preliminary step can be treated in a very efficient manner

thanks to two properties of the LBM, which (i) simulates a compressible flow so that

the preliminary velocity needs computation only in a neighborhood of the boundaries

and (ii) does not change the velocity during the collision step so that only the streaming

part is needed.

While no treatment is considered for the introduction of external forcing in the

different works of Suzuki & Inamuro ([125],[126], [97]), the latter is estimated again

from a direct forcing type of method. More precisely, their IBM is based on the multi-

direct forcing approach of Wang [147], where the forcing term is computed iteratively.

It is shown that such an approach obtains a better no-slip boundary condition at

the immersed boundary, compared to the original direct-forcing methods of Mohd-

Yusof and Fadlun et al ([93] and [34]). Suzuki & Inamuro have extended their IBM
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to avoid the discontinuity of the velocity gradient on the boundary [126]. For this

purpose, the velocity field is expanded in the solid domain, as it is the case with ghost

cell methods. The latter approach is shown to achieve better than first-order spacial

accuracy. Regarding the estimation of the physical force acting on a closed body, it has

interestingly been shown that the contribution from the internal fluid must be taken

into account for a correct estimation [125]. In Newton’s equation for instance, only the

contribution of the external force has to be considered. Suzuki & Inamuro [125] have

compared different ways of estimating the internal fluid contribution called the internal

mass effect. Finally, they also applied their strictly first order IBM to the motion of a

flapping wing [97].

Coupling with flexible solids

De Rosis et al. [27] employed the IBM of Suzuki & Inamuro [125] for the coupling of a

fluid with flexible flapping wings. Regarding the solid, the structural dynamics is solved

with a Finite Element Method.

Favier et al. [35] proposed a model based on the IBM of Pinelli [102], which uses a

direct forcing approach. The forcing term in the discrete Lattice-Boltzmann equation

is accounted for according to Guo’s model [50]. Favier’s model [35] is first applied to

sedimenting particles, whose rigid motion is solved thanks to Newton’s equation with the

physical force acting on the solid being the opposite of the IB forcing. The IBM is applied

secondly to fluid-flexible filament interaction. In this case, the filament deformations are

governed by a motion equation including tension and bending terms. The latter equation

is solved with a Finite Difference Method.

2.3.3 LB-IBM with forcing estimated through other methods

Wu & Shu. [150] developed an IBM based as well on Guo’s model [50] for the external

force. In their implicit scheme, the forcing term is an unknown which is determined in

such a way that the velocity at the Lagrangian point satisfies the no-slip condition. The

forcing can thus be interpreted as a velocity correction in order to obtain the correct
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boundary condition. The implicit character of the method improves the imposition of

this condition and the authors have shown that no streamlines penetrate the solid body

in their test cases (flow around a circular cylinder and an airfoil), which is not always

the case for explicit IBM. The model is extended for 3D incompressible viscous flow in

[151].

On a more original note, Niu et al. [96] adopted the Generalized Lattice Boltzmann

(GLB) model of d’Humieres [30] instead of the common single relaxation time BGK

model for the treatment of the collision step. This multi-relaxation time model has

been shown to have superior stability over the BGK model. In this framework, the

introduction of a forcing term is different and Guo’s treatment [50] is not needed, as

half of the force is added before the relaxation and the other half after. The forcing

term in [96] is estimated by the momentum exchange of the boundary particle density

distribution functions. Regarding the coupling for particle motion, it is achieved in

Newton’s equation, where the hydrodynamic force is merely the opposite of the forcing

term. Hu et al.[53] developed a LB-IBM with the same principle of momentum exchange

for the forcing estimation. In addition, they used an iterative method to enforce the

boundary condition on the immersed solid.

Coupling with flexible solids

In Yuan et al. [159], the momentum exchange-based LB-IBM of Niu et al. [96] is used for

the computation of the forcing term. The Lattice-Boltmann equation is however derived

with a single relaxation time model instead of the multi-relaxation time model of Niu et

al [96]. The method aims to simulate a flexible filament, whose motion is described by

a similar equation to the one used in Favier et al. [35], including tension and bending

terms.
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2.4 Concluding Remarks

A review on the state-of-the-art for IBMs has been presented. Each type of IB techniques

proved to be efficient at some point because of one or more specific property(ies). A

final comparison of the main type of IBMs is proposed in Section 2.4.1 and the choice

of the IBM used in this study is explained in Section 2.4.2.

2.4.1 Comparison of IBM

Table 2.1 provides a summary list of the advantages and disadvantages of the most

common IBMs found in literature. It can be concluded that in certain cases there may

be only one method suited to a specific application but generally several IBMs may

be available. More detailed comparison can be found in literature, as in Piquet et al.

[103], who made a comparative study of a penalty and a direct forcing approach for

compressible flows.

2.4.2 Choice of IBM for the current problem

In this research, IBMs are used to model two types of immersed boundaries in fluids: (i)

three-dimensional rigid components of complex geometries, fixed or moving in a fluid,

and (ii) two-dimensional deformable components transported by the carrier phase.

Given the type of engineering applications of interest in this research, the Eulerian

mesh used can be relatively coarse if the overall mesh cell count is to remain of the order

of few million cells. For this reason, a sharp interface type of IBM is deemed preferable

to keep an accurate representation of the rigid immersed components. A new sharp IBM

has been developed and then implemented in the OpenFOAM® library using a Navier-

Stokes framework. A continuous penalty approach has been used to formulate the forcing

term. In order to improve the accuracy and the order of the method on relatively coarse

grids, corrections schemes have been implemented for the physical variable to better

satisfy their boundary conditions on the immersed interface. Finally, a diffuse interface

type of IBM used for the modelling of three-dimensional rigid components has been
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Model (IBMs) Advantages Disadvantages

penalty · Straightforward
implementation

· User-defined parameter

and mathematical
formulation

· Matrix system with large
stiffness

direct forcing · Best evaluation · Complex implementation
of the near-wall variables and mathematical

formulation
· Computationally more
expensive

physical · Can model specific · Not general
physical behavior

sharp · High-order accuracy
achievable

· Suitable only for
components

· Can be combined with of finite thickness
specific boundary
corrections

· Stability issues might
arise

(high-order, turbulence,
etc)

diffuse · Suitable for any kind of
geometries

· Loss of accuracy near the
interface

· More stable · Low order only

Table 2.1: Advantages and disadvantages for the most common types of IBMs.

assessed and compared to our novel sharp method. This diffuse IBM is available in the

Lattice-Boltzmann library Palabos®.

Regarding the second type of components modelled by IBM (thin flexible immersed

structures), the diffuse type of approach is the only viable option given the very small

thickness of the flexible membranes. This particular type of approach has been considered

in two numerical frameworks, Navier-Stokes and Lattice-Boltzmann. In the latter, the

diffuse IBM already used for three-dimensional rigid components has been modified and

coupled to a solid solver to model the dynamics of slender deformable structures. This

model is then compared to another diffuse IBM implemented in the former Navier-Stokes

context. This comparison allows at the same time to assess in parallel two different types

of coupling, as the IBM implemented in OpenFOAM® (Navier-Stokes) is based on a

penalty approach, similarly to the method developed for the first type of component,

and the IBM implemented in Palabos® (Lattice-Boltmzann) is based on a direct-forcing
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approach.

The different models developed or used in this research are summarized in Figure

2.10.

Figure 2.10: Summary of the different IBMs developed and used for this research.
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Chapter 3

A versatile sharp NS-IBM for

modeling the interaction between

fluids and rigid boundaries in

OpenFOAM: xIBM

3.1 Immersed Boundary formulation: a penalty approach

Consider the problem of an immersed wall presented in Section 2.1 with Equation 2.1

and Figure 2.1. A rigid solid is represented by Ωs and is immersed in a fluid domain

Ωf . Γ is the interface between both domains. For the IBM developed in this study,

the governing equations in the Navier-Stokes framework are solved in the entire domain

Ω = Ωf ∪ Ωs (see Section 2.2.1 about the types of IBMs).

3.1.1 Treatment of the solid geometry

The interface of the immersed solid Γ is represented by a discrete mesh which may

be made of triangular or other polyhedral faces. The mesh is characterized by a set of

Lagrangian points Xib,n, with n from 0 to N , N being the number of solid points. These
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points represent the face centers of the surface mesh. The latter is used to identify the

cell centers inside the solid domain from those inside the fluid domain, thanks to an

octree partition of space. An octree partition is a tree data structure, in which each

domain is recursively subdivided into eight similar octants. This type of partitioning

allows to speed-up searching algorithms.

3.1.2 Governing equations

An isothermal and incompressible flow is governed by the following equations of mass

and momentum conservation:

∇ · u = 0 (3.1)

∂u

∂t
+∇ · (uu)− ν∇2u + f = −∇p (3.2)

where u is the velocity, p the pressure, ν the kinematic viscosity and t the time. In

Equation 3.2, f is the forcing term, or immersed boundary force, which is required to

impose the correct boundary condition for the velocity at the interface with the immersed

solid. This force is here strictly only active inside the solid or in its direct vicinity (first

layer of fluid cells), and its formulation is discussed below.

3.1.3 Penalization of the velocity

The immersed boundary method presented in this paper is based on the Penalty method,

first introduced by Arquis [8]. In this approach, the immersed solid is considered as a

porous media, with a very small permeability 0 < K � 1. Hence the forcing term of

Equation 3.2 can be written in the following form:

f = χ
ν

K
(u− uib) (3.3)

where uib is the velocity of the Immersed Boundary (IB) and χ is a characteristic

function, which makes possible the localization of the solid. This function is defined in
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the equation below:

χ(x, t) =

 1 if x ∈ Ωs(t)

0 if x ∈ Ωf (t)
(3.4)

In the solid domain, the forcing term reduces the momentum equation to u = uib, which

satisfies the no-slip boundary condition. On the contrary in the fluid domain, the forcing

term is not enabled and the original Navier-Stokes equation is thus obtained. Angot et

al. have shown in [7] that this formulation is equivalent to the standard incompressible

Navier-Stokes equations with a Dirichlet condition at the interface Γ for the velocity,

and the authors have presented rigorous estimation of the errors introduced by this

formulation as well as convergence theorems. In the cases considered in this document,

the velocity of the immersed body uib in Equation 3.3 is always a geometrical velocity

which is known and time-dependent.

3.1.4 Correction scheme for the velocity near the interface

For Cartesian grids, the forcing term presented in Equation 3.3 leads to a stair-case

definition of the solid geometry as shown in Figure 3.1. Furthermore the cell centers,

where the solid velocity is imposed, do not necessarily coincide with the solids points

representing the immersed body. Two main errors are introduced with a simple penalty

approach. Firstly, the interface orientation is not accounted for, and secondly, the

Dirichlet condition is not necessarily satisfied at the exact position of the interface.

In order to address these issues, Chantalat et al. [20] have proposed for elliptic

problems an iterative correction of the normal derivative of the solution at the interface.

A more intuitive approach is to impose a corrected velocity in the cells near the interface,

chosen to ensure that the Dirichlet condition u = uib is satisfied at the exact interface

position. Practically, this means that the corrected velocity is a function of both the

solid velocity and the fluid velocity in the close neighboring area. In the Sub-Mesh

Penalty Method of Sarthou et al. [111], this corrected velocity is obtained by linear

interpolation between the solid and the fluid velocities, with an implicit formulation. In

[60] the corrected velocity is evaluated from an averaged reconstruction of the velocity
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(a) case A: Outer velocity correction (b) case B: Inner velocity correction

Figure 3.1: Sketch of the discrete domains. The discrete solid domain is delimited by the
dashed red line. • are the cell centers in the fluid domain Ωf . � are the cell centers in the
solid domain Ωs\Ωp, except the penalized domain, in green, and N are the cell centers
in the penalized domain in red. x are the solid points (in blue). The grids considered in
this study are made of cubic cells and uses the collocated storage of OpenFOAM®

gradient for the fluid contribution, and by means of a minimization problem for the

solid contribution. The IB force is then scaled with the cell volume ratio, and the

modified Navier-Stokes equations are solved with a fractional-step method, which takes

into account the forcing term in the correction step as well, as suggested by [59] for a

consistent imposition of the boundary condition at the interface.

In this study, the two main types of velocity correction scheme introduced above have

been implemented in the OpenFOAM® framework. In addition to the imposition of the

simple Dirichlet condition u = uib inside the solid domain, a modified velocity u∗P is also

imposed near the interface to account for the exact position of the latter and achieve

higher order of accuracy. In this context, the forcing term introduced in Equation 3.3 is

re-defined as:

f∗ = χ
ν

K
(u− uib) + χ∗

ν

K
(u− u∗P) (3.5)

In Equation 3.5, χ∗ stands for the characteristic function which represents the additional

layer of cells, where the modified velocity is imposed. The new characteristic function
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defines a domain Ωp, named here as the penalized domain:

χ∗(x, t) =

 1 if x ∈ Ωp(t)

0 else
(3.6)

The penalized domain can either be included in the fluid domain Ωf or in the solid

domain Ωp. More precisely, each cell in Ωf possessing at least one neighbor in Ωs is

added to Ωp (case A for outer correction), and reciprocally in the other case (case B for

inner correction). The two possible cases are illustrated in Figure 3.1. In the case of

an internal penalized domain, the support of the characteristic function introduced in

Equation 3.4 for the imposition of the non-modified solid velocity is changed from Ωs to

Ωs\Ωp.

The estimation of the modified velocity u∗P is what differentiates the two types

of corrections scheme. Similarly to [60], a correction based on the reconstruction of

the velocity gradient is firstly detailed. As the velocity gradients are computed at the

node where the correction is applied, the penalized domain needs to define an external

layer of cells for the reconstructed gradients to have a physical meaning. Secondly, a

correction scheme based on interpolation is introduced. This type of correction has been

widely used with the direct forcing type of IBM ([9], [34], [136], ...) and penalization

approach [111], with both explicit and implicit formulation. Regarding the location of

the correction, both internal ([136], [112]) and external ([9], [45]) schemes have been

considered previously in literature. Finally it is important to note that in all cases the

momentum forcing is enabled everywhere inside the solid domain, either to impose the

interpolated velocity or the solid velocity. Thereby, the implementation of the correction

scheme for the velocity does not introduce a reversed fictitious velocity inside the IB,

as it is the case for IBMs in which the unmodified Navier-Stokes equations are solved

inside the IB [87].
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Correction based on the reconstruction of the velocity gradient

The desired velocity u∗P in a cell P of the penalized domain Ωp can be derived from the

velocity at the interface and the velocity gradient in the considered cell:

u∗P = uib,n +∇ũP ·
−−−−→
Xib,nP (3.7)

Equation 3.7 defines a first order reconstruction, similarly to a linear interpolation.

Xib,n is the closest Lagrangian solid point to the cell center P. For the velocity u∗P to

account for the solid presence, the velocity gradient at the cell P must also take into

account its presence. The procedure is illustrated in Figure 3.2. In OpenFOAM ® the

gradient operator is computed according to the Gauss theorem. Assuming a uniform

Cartesian 2D grid of perfect orthogonal quality with uniform spacing ∆, the gradient of

velocity in cell P is defined as:


duP
dx =

uQ−uS

2∆

duP
dy = uR−uT

2∆

(3.8)

Figure 3.2: Sketch of the velocity correction scheme based on the reconstruction of
the velocity gradient on a 2D Cartesian mesh. The same nomenclature is used for the
domains definition.

Finally, the gradient computed without the presence of the solid as in Equation 3.8

is modified with the exact position of the interface. The new velocity gradient ũp reads
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then:


dũP
dx =

uQ−uS

∆+lx
= duP

dx
2∆

∆+lx

dũP
dy = uR−uT

∆+ly
= duP

dx
2∆

∆+ly

(3.9)

In Equation 3.9, lx and ly stands for the distance from the cell center P to interface

in the x and y direction respectively. These parameters are found with a dichotomy

algorithm and the same functions used to identify the cell centers inside or outside the

solid domain. The main limitation of this correction scheme is due to the assumption

that the grid is perfectly orthogonal and regular.

Correction based on direct interpolation

This correction scheme considers interpolation/extrapolation algorithms to estimate

the modified velocity u∗P. In case A, for an outer correction, the modified velocity

is calculated from a linear interpolation along the interface normal direction between

the point on the interface and a virtual point in the fluid domain. The interpolation

is defined in Equation 3.10. A similar procedure is employed in case B for an inner

correction, which is based on a linear extrapolation as defined in Equation 3.11.

u∗P =
d2 − d1

d2
uib,n +

d1

d2
uφ =

d2 − d1

d2
uib,n +

d1

d2

∑
k

αkui,k (3.10)

u∗P =
d1 + d2

d2
uib,n −

d1

d2
uφ =

d1 + d2

d2
uib,n −

d1

d2

∑
k

αkui,k (3.11)

In the equations above, d1 and d2 represent respectively the distance from the cell

center P to the interface, and the distance from the interface to a virtual point φ, along

the interface normal. The procedure is illustrated in Figure 3.3. Similar correction

schemes have been employed for instance in the IBM of Tseng & Ferziger [136] and in

the Penalty method of Sarthou et al. [111]. Two types of case studies will be discussed

in the present manuscript. The first considers academic problems involving immersed

geometries which can be defined analytically. In this case the distance to the interface
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can be determined exactly and the Dirichlet condition u = uib,n is thus satisfied at the

exact interface position. The second considers more realistic engineering systems with

relatively complex immersed boundaries. In which case determining the exact interface

position is not possible. Two options have been considered: estimate the position (i)

with a dichotomy algorithm or (ii) simply using the closest solid point xib,n. The former

iterative approach can converge reasonably quickly but the increase in the computational

time is not negligible with high surface refinement. The error introduced in this case

can be significantly reduced with a sufficient refinement of the solid surface mesh, and

was found negligible in the test cases considered in this work. This result is discussed

in Section 5.3.2. It is important to note however that this discrepancy may prevent the

model achieving a formal second order accuracy in realistic applications. Regarding the

accuracy of the solution as a function of the parameters d1 and d2, it was verified for the

Wannier case (presented in Section 4.1) that d2 = d1 gives the best results. Finally, the

velocity at the virtual point uφ is also obtained thanks to a linear interpolation of the

velocity at the center of the cell Q, holding the virtual point, and velocities at different

points k on the closest face of the considered cell. Thereby, α and β in Equation 3.11

are the coefficients of the linear combination. The velocities at the face corners ui,k are

again estimated through interpolation from the neighboring cells. For highly concave

solid geometries, the virtual point φ may be located inside the solid. In this case, the

normal to the immersed interface is rotated for the virtual point to be in the fluid

domain. Although this correction is usually necessary only for a few cells, it was found

to significantly denoise the results for the static impeller case (described in Section 4.4)

or the pump case (described in Section 5.1).

Implicit correction based on interpolation

The Sub-Mesh Penalty Method (SMPM) proposed by Sarthou et al. [111] was also

implemented for two-dimensional cases. This implicit correction scheme is based on a bi-

linear interpolation, which uses and combines linear 1-D interpolation in both directions.
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(a) case A: Outer velocity correction (b) case B: Inner velocity correction

Figure 3.3: Sketch of the velocity correction schemes based on
interpolation/extrapolation on a 2D Cartesian mesh. The same nomenclature is
used for the domains definition.

3.1.5 Estimation of the immersed boundary force

The force applied by the fluid on the immersed solid is of clear interest from an engineering

point of view. The integrated values derived from this force are often used for validation

purposes. This physical force F can be decomposed to a pressure and a viscous term,

and reads:

F = −
∫∫

Γ
pdS + µ

∫∫
Γ
(T · n)dS (3.12)

where dS is a small element of surface on the immersed boundary interface Γ, and n

and T represent respectively the normal at the solid interface and the strain rate tensor.

The integral terms in Equation 3.12 are estimated in two different ways in this work.

Their estimation requires additional and delicate computations. Indeed, as the surface

of the immersed body does not necessarily coincide with the faces of the Eulerian grid,

a reconstruction of the variables at the Lagrangian solid points is usually implemented

[13], [18]. This is the first method for estimating the force. The second method is based

on the Gausss theorem.
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Method 1: Direct integration on the solid interface

The first approach for estimating the force applied by the fluid is simply based on the

discretization of Equation 3.12. The latter can be approximated in the following way:

F = −
∑
n

pnSn + µ
∑
n

(Tn · nn)Sn (3.13)

The difficulties here lie in the definition of the surface elements Sn, which are not

necessarily (but usually) coincident with the spatial discretization of the fluid domain.

One way to obtain an estimate of the surface is to calculate first the volume fraction

of the solid in each cell. This is done thanks to the distance function introduced in

Section 3.1.1. Indeed, the volume fraction of a cell i is related to the distance function

Ψ, as shown in Equation 3.14:

αi =
1

Ωi

∫
Ωi

H(Ψ)dΩ (3.14)

In Equation 3.14, H stands for the Heaviside function. With a first order linearization

of the distance function, the volume fraction in cell αi reads for a cartesian mesh [140]:

αi =



0 if Ψi < −Ψmax,i

1
2

(Ψmax,i+Ψi)
2

Ψ2
max,i−Ψ2

mid,i
if −Ψmax,i ≤ Ψi < −Ψmid,i

1
2 + Ψi

Ψmax,i+Ψmid,i
if −Ψmid,i ≤ Ψi < Ψmid,i

1− 1
2

(Ψmax,i−Ψi)
2

Ψ2
max,i−Ψ2

mid,i
if Ψmid,i ≤ Ψi < Ψmax,i

1 if Ψi ≥ Ψmax,i

(3.15)

In Equation 3.15, the two parameters Ψmax,i and Ψmid,i are respectively defined by

Equations 3.16 and 3.17.

Ψmax,i =
1

2
max(∆x|

∂Ψi

∂x
|,∆y|

∂Ψi

∂y
|,∆z|

∂Ψi

∂z
|) (3.16)

Ψmid,i =
1

2
min(|∆x|

∂Ψi

∂x
|−∆y|

∂Ψi

∂y
||, |∆y|

∂Ψi

∂y
|−∆z|

∂Ψi

∂z
||, |∆z|

∂Ψi

∂z
|−∆x|

∂Ψi

∂x
||) (3.17)
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where ∆x, ∆y and ∆z are the dimensions of Cartesian grid cells.

Once the volume fraction is known, the area of the interface in each cell is given by

Equation 3.18 for a finite volume approach:

Si = Ωi∇αi (3.18)

Instead of being computed over the surface of the immersed solid, the sums of

Equation 3.13 are then computed over Eulerian volumes in the vicinity of the immersed

surface, for which each Si is known. This practice of representing the discretized surfaces

in each volume involves cells on both sides of the interface. By excluding the internal

stress in the integration, the total area of the immersed surface is not recovered. For this

reason the estimation of the forces acting on the solid is modified to take into account

only the fluid cells. It is then scaled to obtain the correct surface area. The discrete

force finally reads:

F = (−
∑
i⊂Ωf

piSi + µ
∑
i⊂Ωf

(Ti · ni)Si)

∑
i ‖Si‖∑

i⊂Ωf
‖Si‖

(3.19)

With this method, the reconstructed surface is discontinuous but satisfies the constraint∑
i Si = 0. The constraint

∑
i⊂Ωf

Si = 0 is also verified with a relative error within 2%

in the test cases considered in this research. As for each cell element involved in Equation

3.19, the pressure and viscous stress are evaluated at the cell center, the computation of

the force is only first-order accurate. For this reason, the current approach for estimating

the IB force is not suitable to analyze the order of accuracy of the overall IBM. Finally the

good computational efficiency of this method should be noted, regarding the computation

of the volume fraction. Indeed, in standard techniques such as described in [86], the fluid

cells near the interface are decomposed in a large amount of sub-parcels. For each parcel,

a searching algorithm is called to identify and distinguish those inside the solid domain

from those outside. Given the complexity of such an algorithm, the computational time

increases drastically for accurate estimations of the volume fraction.
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Method 2: Navier-Stokes equivalence

The force F can also be derived from Equation 3.12 by applying the Gausss theorem to

the fluid domain Ωf surrounding the immersed body:

F = −
∫∫∫

Ωf

∇pdΩ +

∫∫
Π
pdS + µ

∫∫∫
Ωf

∇2udΩ− µ
∫∫

Π
(T · n)dS (3.20)

where Π represents the boundaries of the domain Ωf , excluding the immersed interface

Γ (as illustrated in Figure 2.1). The volume integral terms can also be replaced by the

transient and convective terms derived from the Navier-Stokes equations, as described

in Equation 3.21:

F = ρ

∫∫∫
Ωf

∂u

∂t
dΩ +

∫∫
Π
pdS + ρ

∫∫∫
Ωf

∇ · (uu)dΩ− µ
∫∫

Π
(T · n)dS (3.21)

Similarly, the Gauss theorem can be applied internally in the solid domain Ωs. In this

case, additional boundaries are not intervening, but the forcing term from the momentum

equation (see Equation 3.2) is contributing to the estimation of the fluid force.

The order of accuracy of this method is directly governed by the orders of the schemes

used to discretized the velocity and the pressure. Second order schemes in space are used

to compute each term of Equation 3.21 in each cell of Ωf . Volume integral of gradients

are written as a discrete summation over the cell faces (see [61]), and the face information

is obtained using second order interpolation with the neighbouring cell values. For the

cells of Ωf directly adjacent to a cell in the solid domain, this estimation of the velocity

gradient does not take into account the exact position of the interface. In this case, the

overall order of accuracy of this method can then be lower than the order imposed by

the schemes.
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3.2 Discretization techniques and solution solver

The discretization procedure for the Navier-Stokes equations are based on the work of

Jasak [61], following a Finite Volume formulation. All the variables are stored at the cell

centers, where a non-staggered grid arrangement is used. The procedure of Jasak uses a

predictor-corrector algorithm for the pressure-velocity coupling (PISO scheme), whose

formulation is detailed below with combination of a pressure correction accounting for

the immersed boundary presence. The equations are discretized in time with an Euler

implicit scheme, using second order schemes in space.

3.2.1 Momentum predictor

The first step of the method consists in estimating an intermediate velocity field, thanks

to a semi-discretized momentum equation:

aiũi = H(ũ)−∇pn (3.22)

In order to avoid a checker-boarding effect, the pressure gradient is not discretized at

this stage [107]. In the matrix system 3.22, ũi represents the numerical estimation of

the intermediate velocity at the center of the i-th cell, and ai is the diagonal matrix

coefficient for the cell i. The term H(ũ), includes the contribution from neighbouring

cells, the explicit part of the transient term, and all other source terms. The forcing

term f introduced in Equation 3.2 is divided in an implicit contribution, involving the

fluid velocity, and an explicit contribution, involving the solid or corrected velocity. The

implicit part thus directly modifies the diagonal matrix coefficients ai, while the explicit

part is included in the term H(ũ). The term H(ũ) finally reads for a cell inside the solid

domain:

H(ũ) = −
∑
j

ajũj +
un
i

∆t
+

uib

K
(3.23)

If one considers a cell inside the domain Ωp, the solid velocity uib is replaced by the

corrected velocity u∗P in Equation 3.23. In the latter, j stands for the neighbouring cells,
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n represents the previous iteration time step and ∆t is the value of the time step. The

contribution of the neighbouring cells for the term H(ũ) is obtained by a linearization of

the quadratic convection term, which implies that a flux satisfying the mass conservation

equation at time n is used to calculate the matrix coefficients ai and aj .

3.2.2 Pressure solution and PISO loop

The second step of the discretization procedure is to solve the pressure equation. This

equation is derived from the momentum Equation 3.22, by imposing mass conservation

(∇ · u = 0). Gradient and divergence terms are discretised using the Gauss theorem,

providing an equation for pressure:

∑
f

Sf .[(
1

ai
)f (∇p)f ] =

∑
f

Sf .(
H(um)

ai
)f (3.24)

where Sf is the outward normal surface vector for the face f of the ith cell. The resulting

matrix for pressure is solved with an iterative method. One can note that the pressure

does not depend directly on the intermediate velocity field, but only on its contribution

through the term H(um). Here, m stands for the increment of the PISO loop, whose

initial conditions are given by um = ũ and pm = pn at the initial iteration m = 0.

The new face flux and cell center velocity are calculated from the new pressure field.

Equation 3.25 gives the new conservative fluxes, which will be used to build the matrix

system for the momentum predictor at the next time step. The velocity is corrected

explicitly with Equation 3.26. The value at the faces are obtained using interpolation

techniques.

Fm+1 = Sf .uf
m+1 = Sf .[(

H(um)

ai
)f − (

1

ai
)f (∇pm)f ] (3.25)

ui
m+1 =


H(um)
ai

if i ∈ Ωs ∪ Ωp

H(um)
ai
− 1

ai
∇pm else

(3.26)

The velocity correction step, defined by Equation 3.26 to account for the corrected

pressure field, is modified in the solid and the penalized domains. As the intermediate
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velocity estimated from the momentum predictor step does satisfy the boundary condition

determined by the momentum forcing, this velocity correction step is not necessary in

the latter domains. Because the velocity correction step is explicit, several iterations of

pressure solutions and explicit velocity corrections are necessary (usually two or three) to

take into account the transported influence of the corrections of neighbouring velocities.

After solving the velocity correction step for um+1, the term H(um) is recalculated and a

new increment is performed as m→ m+ 1. Once a predetermined convergence criterion

is achieved, velocity and pressure are updated for the next time step with un+1 = um+1

and pn+1 = pm.

Finally, it is worth noting that the Rhie-Chow discretization procedure is adopted to

avoid checker-boarding on the collocated grid [107]. The cell face fluxes are interpolated

from the momentum equation (Equation 3.25) and then used to derive the pressure

correction equation (Equation 3.24) from the continuity equation.

3.2.3 Boundary condition for pressure at the immersed interface

For continuous IBM like the penalization approach presented here, no pressure boundary

condition is usually needed on the immersed boundary [92]. However, there is no

guarantee that the pressure inside the body has a physical meaning. Indeed, the velocities

obtained from interpolation (see Section 3.1.4) generate a reversed flow [87], if the solid

velocity is not imposed everywhere inside the solid domain, and results in an unphysical

flux over IB in any case. Problems with the mass conservation arise then in the interior

and boundary cells. This issue has been considered in detail by Kang et al. [66] for a

discrete IBM, where a decoupling constraint for the pressure is proposed, and combined

with a compatible interpolated velocity boundary condition related to mass conservation.

Kim et al. [73] developed a method introducing a mass source/sink in addition to the

momentum forcing, in order to satisfy the continuity in the cells containing the immersed

boundary.

In this study, no artifice is introduced to satisfy mass conservation. Instead, two

types of methods have been investigated to avoid the effect of spurious pressure inside
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the domain. The two types of approaches are detailed below.

Pressure Decoupling

The decoupling is carried out during the construction of the pressure matrix, where

the contribution of the faces between the fluid and the solid domains are removed from

Equation 3.24. Hence, the pressure equation becomes:

∑
f

χfSf .[(
1

ai
)f (∇pm)f ] =

∑
f

χfSf .(
H(um)

ai
)f +

∑
f

χ̄fSf .uib,f (3.27)

In Equation 3.27, χf stands for the face characteristic function, and χ̄f its opposite,

which identifies the faces between the fluid domain Ωf and the solid domain Ωs:

χf =

 0 if f ∈ Ωf , f ∈ Ωs

1 else
(3.28)

Figure 3.4: Sketch of the pressure decoupling method used for the pressure equation
step. The faces where the correction is applied are represented in green. The red arrows
symbolize the cancellation of the pressure gradient a those faces.

As a result, in a given domain, pressure from the other domain does not contribute

to the resolution of the pressure field. Furthermore, the flux at those specific faces is

approximated with the immersed boundary velocity uib,f estimated at the face. The

flux correction is finally modified in a similar way, again for the faces between the solid
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and fluid domains:

Fm+1
f =

 Sf .uib,f if f ∈ Ωf , f ∈ Ωs

Sf .u
m+1
f = Sf .[(

H(um)
ai

)f − ( 1
ai

)f (∇pm)f ] else
(3.29)

The principle of the method is illustrated in Figure 3.4 for an outer velocity correction.

The main limitation of this approach lies in the fact that the information about the

interface orientation is lost for the calculation of pressure. Furthermore, the faces where

the correction of the flux is applied are not necessarily inside the solid. This technique

leads then to a first order approximation of the interface.

Pressure Penalization

Another way to correct the pressure in the vicinity of the interface, is to penalize

the latter, similarly to the velocity penalization method, in order to force the desired

Neumann condition at the boundary ( ∂p∂n |Γ = 0).

The most intuitive approach is then to impose the pressure in a solid cell close to

the interface to be equal to the pressure at a virtual point along the normal. A sketch of

this method is shown in Figure 3.5(a). The pressure at the virtual point pnφ is obtained

by linear combination, similarly to the velocity corrections introduced earlier:

pmP = pnφ =
∑
k

αkp
n
k (3.30)

This method uses then an explicit Dirichlet constraint to satisfy the Neumann

condition. As the method is explicit, the estimation of the corrected pressure pmP for

the PISO iteration m relies on the surrounding fluid pressure obtained at the completed

time step n. The location of the virtual point φ is obtained using a scalar ∆ (see

Figure 3.5(a)) which is adjusted to the cells dimension. It is important to note that the

estimation of the pressure at the points k, relying on interpolation with neighbouring
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cells, can sometimes involve the pressure in cell P among others. This means that the

corrected pressure in cell P uses the value of the pressure in the same cell. In order

to obtain a consistent correction, several PISO iterations are thus necessary. Similar to

for the velocity reconstruction scheme described in Section 3.1.4, the virtual point φ is

moved when it lies in the solid domain for highly concave solid geometries.

Equation 3.30 can be integrated in the pressure matrix system given by Equation

3.24. The matrix line referring to cell P reads then:

[ap +
1

ε
]pmP +

∑
N

αNp
m
N = SP +

1

ε
pnφ (3.31)

where a represent the matrix coefficients, N stand for all the neighbours of cell P,

and S is the source term, including the fluxes, of the pressure equation. Equation

3.30 is satisfied if the penalization coefficient ε is small enough. A relevant choice for

this coefficient is related to the magnitude of the source term and the matrix coefficients.

A more advanced approach is to obtain the Neumann condition in an implicit way.

The Neumann condition for the cell p can be decomposed in the two directions in 2D,

as written in Equation 3.32.

∂p

∂n
|p = nx

∂p

∂x
|p + ny

∂p

∂y|p
= 0 (3.32)

where n = (nx, ny) is the interface normal for the cell P. For a Cartesian mesh,

Equation 3.32 can be discretized in the following way:

nx
∆x

(pB − pp) +
ny
∆y

(pA − pp) = 0 (3.33)

In Equation 3.33, A and B stand for the two neighbouring cells of P, as detailed

in Figure 3.5(b), while ∆x and ∆y are the cell dimensions. The relation between the

pressure in cell P and the pressure in the neighbouring cells, given by Equation 3.33,

can be incorporated in the pressure matrix system with a penalization constraint. The
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modified pressure equation finally becomes for cell P:

[ap +
1

ε
(
nx
∆x

+
ny
∆y

)]pmP +
∑
N

αNp
m
N +

1

ε

nx
∆x

pmB +
1

ε

ny
∆y

pmA = SP (3.34)

where it should be noted that A and B are included in the neighbours N of cell P.

One can note however that for a cell P having only one neighbour in the fluid domain,

Equation 3.33 reduces to pP = pA or pP = pB. In a non-negligible number of cells, the

information about the interface orientation is then lost, in comparison to the explicit

approach.

The extension of both explicit and implicit schemes is straightforward for three-

dimensional cases.

(a) Explicit correction (b) Implicit correction

Figure 3.5: Sketch of the pressure penalization methods used to satisfy the Neumann
condition for the pressure equation step.
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3.3 Turbulence modelling

From an engineering point of view, a RANS model for turbulence can be sufficient to give

a good estimation of a general integrated quantity such as the head in a centrifugal pump.

However, such RANS turbulence modelling like the k − ω SST model or the Spalart-

Allmaras (SA) closure model, developed to improve modelling accuracy in bounded

flow with adverse pressure gradients, are known to under-predict Reynolds stresses in

the shear layer after boundary layer separation and as a result to delay flow recovery

downstream of obstacles (e.g. a periodic hill [88] or a backward facing step [117]). Scale

resolving simulations such as for example Large Eddy Simulation (LES) models have

been shown to produce more realistic and accurate predictions for this type of separated

turbulent flows. Furthermore, scale resolving methods are able to capture significant

turbulent features of the flow, which are of prime importance for the transport of a

secondary phase for instance.

The idea behind the LES is to separate the large scales of turbulence, where large

eddies tend to be case and geometry-dependent, from the small scales, where small

eddies tend to be isotropic and universal. The separation is achieved by applying a

spatial filtering operator. Thereby, the larger scales are fully resolved, while the effect

of the smaller ones is taken into account as a dissipative process, thanks to a ”sub-grid”

turbulent viscosity. For an accurate LES simulation, the filter, which is in general simply

the space discretization, must be thus situated in the universal equilibrium range, where

the eddies are mainly isotropic and the turbulence is mainly dissipative. From this, one

can deduce that the major problem of LES is related to the treatment of the flow near

walls. Indeed, as the scale of the turbulence tends to 0 in the immediate neighborhood of

a wall, the refinements necessary for a correct separation between grid and sub-grid scales

would soon become prohibitive. In this context, Detached-Eddy Simulation (DES) [98]

types of model have proved to be good alternatives for such problems of computational

cost. These hybrid RANS/LES models take the advantage of the RANS modeling for the

wall layer, while outside this region the LES is still resolving all the scales of turbulence
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up to the filter size.

The IBM presented here has been coupled to a DES turbulence model. The relative

simplicity and robustness of the SA model makes it a good candidate for the RANS

approach. In addition, the similarities of modelling between the S-A model and a

standard LES formulation for the turbulent viscosity simplifies the coupling of the RANS

and LES models. The hybrid models are becoming more and more attractive due to their

simplicity and their good prediction of high Reynold flows with large-geometry-induced

separation regions [72], [113]. However, their performance on internal wall-bounded flows

is not yet clear in general, although much research is going on [152]. The combinations

of our IBM with the SA and the DES models are respectively discussed in sections 3.3.1

and 3.3.2.

3.3.1 IBM formulation of the Spalart-Allmaras model: pSA

The standard Spalart-Allmaras model assumes a zero Dirichlet condition on a wall

surface for the turbulent viscosity νt [4]. In order to satisfy this boundary condition

on the immersed boundary, the standard SA model has been modified to take into

account the presence of the immersed body, using a a penalization method similar to

the momentum equation. The Dirichlet condition is thus imposed for the turbulent

viscosity inside the whole solid. Furthermore, for a better representation of the immersed

interface, a corrected viscosity is imposed in its vicinity, similarly again to the correction

scheme of the velocity.

In OpenFOAM®, the SA model requires the solution of the transport equation for a

modified kinetic viscosity ν̃. The turbulent viscosity is obtained from the latter according

to:

νt = ν̃fv1 (3.35)

where:  fv1 = χ3

χ3+c3v1

χ = ν̃/ν
(3.36)

73



The penalized version of the transport equation for the modified turbulent viscosity

finally reads:

Dν̃

Dt
= P −D +

1

σ
(∇ · (ν + ν̃)∇ν̃) + cb2(∇ν̃)2) +

χ

Kν̃
(ν̃ − νib) +

χ∗

Kν̃
(ν̃ − ν∗p) (3.37)

In Equation 3.36 and Equation 3.37, P and D stands for the production and destruction

terms which are implemented as defined by Spalart & Allmaras in [120], while cv1 and

cb2 are constants of this model, and finally σ is the turbulent Prandtl number. The

production term P involves the distance to the wall dw, which is corrected to also take

into account the distance to an immersed wall. Regarding the imposition of the boundary

condition, νib stands for the zero immersed body viscosity, while ν∗p is the corrected

viscosity taking into account the position and the orientation of the interface. As for the

penalization of the velocity, χ, χ∗ and Kνt denote here the characteristic functions and

the penalization coefficient associated to the turbulent viscosity. The corrected viscosity

ν∗p is estimated by an interpolation between νib at the position of the interface and the

value of the turbulent viscosity in the neighboring fluid area, similar to the algorithm

used for the penalized velocity in Equation 3.10. A similar type of correction has been

used by Balaras in [9].

As for any RANS model, relevant wall functions should be used at walls when the

grid refinement is not sufficient to resolve the viscous sub-layer. In our treatment of the

immersed wall, no wall function is taken into account to mimic the effect of the boundary

layer. This limitation of the model could be an issue for flow where the boundary layer

is playing a major role, or when the location of the transition from laminar to turbulence

is of interest.

3.3.2 IBM - DES

In the DES model, the transition from RANS to LES is triggered by the following

parameter:

d̃ = min(dw, CDES∆) (3.38)
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In Equation 3.38, dw stands for the distance to the wall, CDES is a constant usually set

to 1 and ∆ defines the grid spacing as ∆ = (∆x∆y∆z)1/3. When dw ≤ ∆ the models

acts as the SA model, while for ∆ ≤ dw it acts as a LES model.

The IBM of this work is then combined with the DES model by merely changing dw

to d∗w as detailed in Equation 3.39.

d∗w = min(dw,Ψ) (3.39)

where Ψ is the distance function to the immersed boundary. Therefore, the model is

acting as a SA model in the regions near the walls of the immersed solid.

3.3.3 Turbulence modelling in OpenFOAM

OpenFOAM® relies on the Boussinesq approximation and the definition of the turbulent

viscosity to estimate the Reynolds stresses, whether it is with a RANS approach or a LES

approach considering the sub-grid scale stresses. With the Boussinesq approximation,

the momentum conservation equation becomes:

∂u

∂t
+∇ · (uu)−∇(νeff∇ · u)−∇(νeffdev[(∇u)T ]) + f = −∇p (3.40)

In Equation 3.40, νeff = ν + νt is the effective kinematic viscosity, and dev is the

deviatoric operator, which transforms any tensor T in dev(T) = T − 1
3 tr(T)I where

I is the identity matrix. An increased apparent viscosity can reproduce the effect of

turbulence such as energy dissipation and transport. The equations used to compute

the turbulent viscosity are what differentiates the RANS models.

For near-wall modelling, wall functions can be used to correctly estimate the wall

shear stress if the grid resolution is not sufficient to reach the viscous part of a boundary

layer. The wall functions provide a boundary condition for the turbulent viscosity

equations. In the body-fitted simulations presented in this research, Spalding’s law [122]

is used. It is an all-y+ wall function, which was developed for attached boundary layers.
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Local friction velocity and y+ are obtained iteratively using a Newton-Raphson method,

and are then used to compute the local turbulent viscosity. For IBM simulations, the

boundary condition for the turbulent viscosity is provided by the penalization of the

Spalar-Allmaras equation, as described in Section 3.3.1.

3.3.4 Velocity correction scheme in a turbulent context

Given the nature of IBMs, which do not rely on inflation layers at walls, it can be assumed

that cells adjacent to immersed boundaries will typically be placed in the logarithmic

layer for highly computationally demanding 3D turbulent cases. This does not comply

with a linear reconstruction of the velocity as introduced in Section 3.1.4. On the

contrary, power-law based types of reconstruction can approximate logarithmic profiles.

However, such profiles are only present provided that the flow remains attached. The

consistence of power-law formulation for the turbulent rotating flows of interest in this

research, involving high mixing and separations and no clear attached boundary layers,

is thus questionable. It was thus decided that the sensitivity of flow simulation on the

type of velocity reconstruction scheme should be investigated.

A 1/7 power law was firstly introduced by Werner and Wengle [149] and was reported

to perform best among several wall models for the simulation of separated flow in a

channel in [130]. Power-law types of corrections have been proposed also by Choi et al.

[21] and Chang et al. [19] for turbulent flows. In [19], Chang et al. have considered and

compared both linear and power-law based reconstruction of the velocity. Their results

suggest that the former method gives slightly better results, and the authors argue that

this is most likely due to the high level of grid refinement used, which is fine enough

to reach the viscous sub-layer in some areas. In this research, the reconstruction is

formulated similarly to the tangency correction of Choi et al. [21], by decomposing the

velocity into its tangential and normal components relatively to the immersed surface:

u∗P = uT + uN + uib,n. In this formulation, uT and uN are the components of the fluid

velocity relative to the wall velocity. The dependence of the tangential component uT to

the normal distance to the wall is assumed to follow a power-law function. In this case,
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the tangential velocity at the cell center P can be derived from the tangential velocity

at a virtual point φ as:

uT = (
d1

d2
)kuφ,T (3.41)

where small values of k (usually 1/7) can approximate the logarithmic distribution

expected in the near wall region for an attached turbulent flow. The definition of d1,

d2 and uφ are identical to Section 3.1.4. The normal component of the velocity uN is

assumed to follow a linear distribution, i.e. using k = 1. The reconstruction of the

tangential velocity component is illustrated in Figure 3.6.

Figure 3.6: Sketch of the velocity correction scheme based on a power-law used for the
turbulent case. The same nomenclature as previous is used for the cells definition.

The sensitivity to this type of velocity reconstruction in comparison to the linear

scheme is discussed in Section 5.3.5 for the mixer case.
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Chapter 4

Results and discussion: Validation

of xIBM for laminar flows

The current IBM has been validated against several test cases, covering different types of

solid geometries and flow regimes. The improved penalization approach with corrections

schemes is compared to a simple first order penalization approach, where no treatments

are applied for velocity and pressure boundary conditions on the immersed surface.

Numerical solutions were also computed on equivalent body-fitted grids for references.

For all validation cases, the IBM solutions are obtained on Cartesian grids of perfect

orthogonal quality. In addition, the penalization coefficients are the subject of a convergence

study to confirm independence of the results with regards to the penalization coefficients.

In the standard approach, the body-fitted grid is mainly Cartesian as well, and based

on the same mesh size as the IBM grid, as illustrated in Figure 4.1 for the Wannier case

studied in Section 4.1. Then, in order to fit the Cartesian cells to the solid geometry,

a so-called ”Cut-Cell” method is used. Finally, an additional layer of identically sized

boundary conforming cells is added on the surface of the solid, without any inflation

layers. This was implemented in an attempt to minimize differences between the IBM

and the body-fitted approaches. The computations were performed up to a residuals

of 10−5 for both velocity and pressure. In OpenFOAM®, the residuals are normalized
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with the volume-weighted central coefficients from the discretized transport equation of

the considered variable (where Upwind Differencing is used on the convection term) [61].

If not stated otherwise, second order schemes are used for the space discretization in all

the test cases presented below, for both body-fitted methods and IBMs. The second

order Gaussian integration is used for gradient and laplacian operators and a bounded

Self-Filtered Central Differencing (SFCD) scheme is used for the discretization of the

divergence. Regarding the time discretization, the first order Euler scheme is considered,

except for the Wannier case which uses a second-order Crank-Nicholson scheme.

All types of reconstruction schemes for velocity and pressure introduced in the

previous chapter are assessed and compared in terms of accuracy for different test

cases. The following correction schemes are considered in this research to improve the

imposition of the Dirichlet condition for the velocity at the immersed interface:

� the external (outer) velocity correction based on linear interpolation of the velocity

in the outer layer of fluid cells adjacent to the interface, with an explicit formulation

� the external (outer) velocity correction based on bilinear interpolation of the

velocity in the outer layer of fluid cells adjacent to the interface, with an implicit

formulation (similar to the SMPM developed by Sarthou et al. [111])

� the external (outer) velocity correction based on the reconstruction of the velocity

gradient in the outer layer of fluid cells adjacent to the interface, with an explicit

formulation

� the internal (inner) velocity correction based on linear extrapolation of the velocity

in the inner layer of solid cells adjacent to the interface, with an explicit formulation

As confirmed in this chapter, very few differences are identified between the solutions

generated by the three types of outer velocity reconstruction. For this reason, most

of the research presented here focused on the first external correction scheme and

its internal equivalent, both based on direct linear interpolation/extrapolation of the
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velocity. Regarding the pressure correction at the immersed interface, the schemes

developed in this research are the following:

� the pressure decoupling scheme in order to exclude the contribution of the pressure

inside the solid domain to the solution inside the fluid domain

� the explicit pressure penalization in order to satisfy a Neumann boundary condition

� the implicit pressure penalization in order to satisfy a Neumann boundary condition

For the two penalization approaches, the pressure is corrected internally (inner layer

of solid cells adjacent to the interface).
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4.1 Accuracy study in a Wannier flow

The order of accuracy of our penalty based IBM is first verified with a simple 2D flow

in the Stokes regime. The analytical solution of a flow around a circular cylinder, in

the vicinity of a moving wall, has been derived by Wannier [148], for very low Reynolds

number. The existence of an analytical solution allows a precise comparison with the

numerical estimations. The case considers a cylinder of diameter D, centred in a domain

of length 6D and height 3D. The dimensions of the problems are presented at the correct

scale in Figure 4.1. The bottom wall, located at a distance of 0.5D to the bottom of

the cylinder, is a moving wall with a constant velocity U = 1m.s−1. On all other

boundaries the velocity also satisfies a Dirichlet condition with the analytical solution.

A zero gradient condition is imposed for the pressure at every boundary, except at the

top wall for the sake of symmetry, where a Dirichlet condition is used.

(a) Body-fitted (b) IBM

Figure 4.1: Sketch of the grids used for the 2D Wannier test case, with 10 cells in the
cylinder diameter for the IBM, and the equivalent body-conforming mesh. The surface
mesh of the cylinder is represented in red.

4.1.1 General results

As an analytical solution is known, the error between the numerical and analytical

solutions can provide a good estimation of the accuracy of the method. The latter

is computed through the norms L1 and L2 as defined in Equations 4.1 and 4.2. An

averaging of the relative error Ēr,k is also estimated with Equation 4.3.
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EL1,k =
1

Nc

∑
i

|ui,k − vi,k| (4.1)

EL2,k = (
1

Nc

∑
i

|ui,k − vi,k|2)0.5 (4.2)

Ēr,k =
∑
i⊂Ω̃

(
|ui,k − vi,k|
|vi,k|

)si/
∑
i⊂Ω̃

si (4.3)

where ui and vi stands respectively for the numerical and analytical solutions computed

at the center of the ith cell, k is the velocity component, and Nc is the total number

of grid cells. The norms L1 and L2 represent global values computed on the whole

domain, while the relative error Ēr,k is averaged on a square domain Ω̃ of size 0.6D

around the immersed object, and provides an estimate of the local error. In Equation

4.3, si stands for the surface elements inside Ω̃. The norms L1 and L2 of the errors,

obtained with different models, are listed in Table 4.1 and Table 4.2 respectively, for

both velocity components. The orders of the different models are estimated using the

Richardson method [108]. This method is based on the ratios of the considered values

obtained for three different grid refinements. Grid 1, Grid 2 and Grid 3 considered here,

include respectively 10, 20 and 40 cells in the cylinder diameter. The local errors Ēr,k

are listed in Table 4.3 for the finest grid. All correction schemes for the velocity and the

pressure at the immersed interface are considered in this test case. In the three tables,

DI stands for the scheme based on Direct Interpolation as described in Section 3.1.4

and VG stands for the scheme based on the reconstruction of the Velocity Gradient as

described in Section 3.1.4.

From the three tables, it appears that the simple penalization approach increases

the global and local errors by comparison with the body-fitted solution by a factor of 2

and 10 respectively. Also, the order of the simple penalty model is only about 0.5, while

the body-fitted approach leads to an order close to 1. The relatively low order obtained

with the body-fitted solution may result from the skewness of the few cells making
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the transition between the inflation layer and the hexahedral cells. Both internal and

external type of velocity penalization bring the global errors to a similar level than the

body-fitted case, as shown in Tables 4.1 and 4.2. In addition, the orders of accuracy

are increased for the models with corrections, and reach 2 for the norm L2. It is yet

interesting to note that those orders are more disparate (between 1.5 and 2) than the

orders of body-fitted and simple penalty models. Finally, the fact that the corrected

IBMs achieve a larger order than the ones obtained with the body-fitted approach for

a fairly similar error on the fine mesh, can be explained by the lower accuracy achieved

by all IBMs on the coarsest mesh, but also by the higher quality of the mesh used with

IBMs as noted above.

Regarding the local errors, the results listed in Table 4.3 show that the errors for the

simple penalty method and the penalty method with inner velocity correction are almost

one-order of magnitude higher than the others. This can be due to the fact that, in both

cases, the velocity in the fluid domain near the interface is obtained from the standard

Navier-Stokes equation, while for the outer velocity correction, the velocity in the first

layer of fluid cells is obtained from the momentum equation modified by the IBM forcing

which results directly in u = u∗P, u∗P being close to the analytical solution. It should also

be noted that the local error estimates the error relative to an exact analytical solution

which is very close to zero as the cell centre approaches the immersed surface.

The use of a pressure decoupling scheme does not seem to have a significant impact

on the results. Similar results have been found with the use of a pressure penalization

scheme combined with the outer velocity correction. The only case where the pressure

correction is meaningful is when an inner penalization of the pressure is combined with an

inner penalization of the velocity, reducing the local error to a similar order of magnitude

to the other corrections (see Table 4.3). This improvement shows the importance of

having a correct pressure gradient at the interface for the Wannier case, when the velocity

is not directly imposed.
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Model EL1,x EL1,y order in x order in y

Body-fitted 0.00104 0.00057 0.9 1.1

simple Penalty 0.00251 0.00121 0.4 0.6

Penalty with outer velocity correction DI 0.00087 0.00071 1.5 1.4

... and pressure decoupling 0.00086 0.00063 1.2 1.6

Penalty with outer velocity correction VG 0.00087 0.00076 1.5 1.3

Implicit Penalty with outer v. correction (SMPM) 0.00086 0.00061 1.0 1.5

Penalty with inner velocity correction 0.00086 0.00058 0.6 1.1

... and inner explicit pressure penalization 0.00090 0.00051 1.4 1.4

Table 4.1: Norm L1 of the errors obtained with the fine grid (Grid 3), and the associated
order of accuracy, for both velocity components.

Model EL2,x EL2,y order in x order in y

Body-fitted 0.00148 0.00078 0.9 1.2

simple Penalty 0.00379 0.00166 0.4 0.6

Penalty with outer velocity correction DI 0.00118 0.00097 1.8 1.5

... and pressure decoupling 0.00122 0.00092 2.1 1.7

Penalty with outer velocity correction VG 0.00117 0.00101 1.7 1.4

Implicit Penalty with outer v. correction (SMPM) 0.00125 0.00088 2.0 1.6

Penalty with inner velocity correction 0.00132 0.00115 1.7 1.3

... and inner explicit pressure penalization 0.00142 0.00079 1.5 1.4

Table 4.2: Norm L2 of the errors obtained with the fine grid (Grid 3), and the associated
order of accuracy, for both velocity components.

Model ¯Er,x
¯Er,y

Body-fitted 0.041 0.037

simple Penalty 0.403 0.293

Penalty with outer velocity correction DI 0.101 0.030

... and pressure decoupling 0.098 0.030

Penalty with outer velocity correction VG 0.096 0.035

Implicit Penalty with outer v. correction (SMPM) 0.087 0.044

Penalty with inner velocity correction 0.840 0.764

... and inner explicit pressure penalization 0.134 0.086

Table 4.3: Local averaged relative error Ēr,k obtained with the fine grid (Grid 3), for
both velocity components.
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The results presented here show that the different types of outer correction schemes

for the velocity lead to similar solutions. This is visible on the three tables for both

the magnitude of the errors and the orders of accuracy. The same conclusion was

drawn for cases involving moving boundaries. For this reason, the remainder of the

research is focusing mainly on the inner and outer correction schemes based on direct

extrapolation and interpolation respectively. Regarding the pressure correction, results

from the decoupling scheme are also not shown in the next sections, given the low

influence of the scheme on the solutions of all the test cases considered in this research.

4.1.2 Sensitivity to the boundary conditions

The results of the Wannier case have been found to be highly sensitive to the boundary

conditions. Imposing a Dirichlet velocity condition on all boundaries over-constrains

the solution and may explain this sensitivity. It has been verified for example that

both pressure corrections (decoupling and inner penalization) have a stronger influence,

decreasing both the global and local errors in a significant manner, when no Dirichlet

condition is imposed for the pressure on the symmetry boundary (zero-gradient everywhere).

Other cases have been considered for a quantitative validation of xIBM.

4.1.3 Sensitivity to the IB surface mesh

All velocity correction considered require that the distance to the immersed interface is

estimated. For the sake of simplicity and computational time when complex geometries

are involved, this distance is approximated as the distance to the closest vertex of the

surface mesh. Thereby, too coarse a definition of the immersed surface mesh can generate

additional errors in the corrections of the penalized velocity. In order to assess the

sensitivity of the correction method to this surface mesh, global errors for the Wannier

case are computed with a coarse surface mesh (with element’s size comparable to the

cell size), a fine surface mesh (with element’s size four times smaller than the fluid mesh)

and finally with the analytical distance to the interface used instead of the distance to

the closest solid point.
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The global errors are shown for the penalty methods with outer and inner velocity

correction, respectively in Figure 4.2(b) and Figure 4.2(a). The correction methods are

consistent in the way that the errors are shown to converge towards the one obtained

with the analytical distance. However, the data from Figure 4.2(a) shows that the more

accurate the estimation of the distance, the higher the global error for the penalty method

with outer velocity correction. This result can be explained by a virtual thickening of

the immersed solid. The penalization of the corrected velocity in the outer cell layer in

the fluid domain is indeed thickening the real dimension of the IB, and this was shown in

several benchmarks (see next test cases). In this case, the use of a coarse surface mesh,

which overestimates the distance to the interface, compensates the artificial thickening

and leads to a smaller global error. As is visible in Figure 4.2(b), the correction of the

penalized velocity inside the immersed body reduces the error by comparison with Figure

4.2(a) and probably removes this thickening. The error obtained with the analytical

distance is indeed the lowest in this case. Finally, one can see that a surface mesh with

element’s size of the order of the cell size is giving only an increase of 1.6% of the global

error.
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velocity correction.

0 500 1,000 1,500 2,000
1.5

2

2.5

3
·10−3

Iterations [-]

G
lo

b
a
l

er
ro

r
[-

]

with coarse surface mesh

with fine surface mesh

with analytical distance

(b) Global errors for the penalty method with inner
velocity correction.

Figure 4.2: Influence of the IB surface mesh on the global error (Grid 1).
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4.2 Fixed cylinder in a cross flow

In this test case, a fixed cylinder in a 2D cross flow is considered. The domain is

rectangular, with a length of 40D and a height of 30D, where D is the diameter of the

cylinder. The center of the cylinder is placed at (10D, 15D). On the top and bottom

walls a slip-condition is imposed, while inflow and outflow boundary conditions are fixed

at the left and right boundaries respectively. A Reynolds number of 40 is considered.

The same three grid refinements relatively to the cylinder, as for the Wannier flow, are

used for this case (Grid 1, Grid 2 and Grid 3). This case has been widely studied and

used for validation in literature.

The comparison focuses firstly on the drag coefficient CD and the re-circulation length

LS behind the cylinder evaluated from the steady-state solutions. The drag coefficient

is computed from the estimation of the force exerted by the fluid with the Method 2

described in Section 3.1.5. Both physical parameters obtained in previous published

experimental and numerical work focusing on IBM are compared with results from the

present penalization method and the equivalent body-fitted simulations (see Table 4.4).

For a similar resolution near the interface (∆x = 0.025D for grid 3, ∆x = 0.05D for

Xu and Wang [154], and ∆x = 0.02D for Taira and Colonius [128]), the two physical

parameters obtained with the current penalization approaches are in good agreement

with what can be found in literature. More precisely, one can note the improvements

made by the corrections for the penalty method, which increase both the drag and the

re-circulation length, in accordance with the body-fitted results. The order of accuracy

obtained for the recirculation length using Richardson method are also listed in Table

4.4. One can firstly note a very high order obtained with the body-fitted approach.

Two possible causes were identified to explain this result: (i) a converged value of LS

could have already been reached with the medium grid, and (ii) the presence of skewed

cells at the transition between the core of the computational domain and the boundary

conforming layer may deteriorate the order of accuracy. The orders obtained with the

different corrected IBMs show (i) a clear improvement in comparison to the simple first-
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order IBM, and (ii) a good agreement with the orders of accuracy found in literature

for already published IBM, except for the inner velocity correction scheme. In this case,

the order has been reduced from 1 to 0.5 in comparison to the simple penalty approach.

It is possible that an additional level of refinement is needed for this method in order to

get a correct estimation of the order. However another possibility is that the mirrored

velocities resulting from the inner extrapolation scheme deteriorate the pressure field

near the immersed wall and thus the separation point and the recirculation zone as well.

The results from other velocity correction schemes and from the pressure decoupling

are not listed in the table here. As it was shown for the Wannier case in the previous

section, these correction methods are leading to results, which are very similar to the

penalty approach with outer velocity correction.

Model CD LS order for LS

Coutanceau and Bouard (Exp.) [24] − 2.13

Tritton (Exp.) [135] 1.59 −
Taira and Colonius [128] 1.54 2.30 1 to 1.5

Xu and Wang [154] 1.66 2.21 1.6 to 2.3

Parussini and Pediroda [100] 1.55 2.27 /

Body-fitted 1.60 2.31 5.1

Simple Penalty 1.58 2.21 1.0

Penalty with outer velocity correction 1.60 2.29 1.4

Penalty with inner velocity correction 1.59 2.27 0.5

... and inner pressure penalization 1.60 2.30 1.5

Table 4.4: Comparison of the drag coefficient and re-circulation length obtained with
the fine grid (Grid 3) in a steady-state with literature data.

The streamlines of the flow obtained with the present sharp penalization method

are shown in Figure 4.3. As in reality the penalization coefficient (in Equations 3.3 and

3.5) is not exactly equal to 0, the zero Dirichlet condition on the immersed interface

in this case is not satisfied up to the machine accuracy. As a result, the streamlines

may penetrate the immersed solid as shown for the simple Penalty approach. The

improvements on the interface boundary conditions obtained with the corrected Penalty

formulation are visible on the same figure, as they reduce significantly the penetration
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of the streamlines inside the body. In addition, velocity profiles are extracted along

the lines marked in red in Figure 4.3. These lines make respectively an angle with the

vertical axis of −45◦, 45◦ and 70◦, which correspond to a location where the boundary

layer is developed (line 1), a location after the separation point (line 2), and finally a

location crossing the re-circulation bubble (line 3). The corresponding velocity profiles

are shown in Figures 4.4, 4.5 and 4.6, for both streamwise and transverse components.

Moreover, for the sake of visibility in the comparison, some zooming was performed on

the region close to the interface. On these three figures, results are shown for the fine

grid and are non-dimensionalized with the inflow velocity U0.

(a) Simple Penalty (b) Penalty with corrections (inner velocity and
pressure penalization)

Figure 4.3: Streamlines of the flow around a cylinder obtained with the coarse grid (Grid
1). The red lines show the position of the extracted velocity profiles.

Figure 4.4 shows the velocity profile before the separation point, where the boundary

layer is still developed. As the main issue in this problem is actually for a numerical

model to determine the right location of this separation point, all the models lead as

expected to similar profiles at this location. One can still note the improvements brought

by the corrected penalty approaches in comparison to the simple penalty method. The

model with inner velocity and pressure corrections (purple triangle in the figure) give

the best results after 0.55D. However between 0.5D and 0.55D, which corresponds to

the first cell, it appears that the simple penalty approach is the closest to the body-fitted

one. This underlines again the thickening effect of the velocity penalization methods.

Similarly to the previous cases, we can see that the inner penalization of velocity, and
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then the additional correction of pressure, are both reducing the effect of this thickening.
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Figure 4.4: Velocity profiles along the line 1 for different IBM. Results obtained with the
fine grid (Grid 3). The vertical black line depicts the position of the cylinder interface.

After the separation points, the profiles from Figures 4.5 and 4.6 show the significant

improvements with the different corrected penalization approaches compared to the

first order model. Again, the penalty approach with both inner velocity and pressure

corrections gives the best results, both for the separation region and the re-circulation

bubble. These conclusions are consistent with the numerical estimation of the re-

circulation lengths, for which the simple penalty method gives the biggest discrepancy

with the body-fitted estimation (around 5%), while the penalty approach, with velocity

and pressure corrections, has shown to be the most accurate model.

Figure 4.7 shows locally the order of accuracy for the two velocity components

computed with both simple and improved IBM. The latter refers to the penalty approach

with inner correction of the velocity and with pressure penalization in addition to satisfy
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Figure 4.5: Velocity profiles along the line 2 for different IBM. Results obtained with the
fine grid (Grid 3). The vertical black line depicts the position of the cylinder interface.
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Figure 4.6: Velocity profiles along the line 3 for different IBM. Results obtained with the
fine grid (Grid 3). The vertical black line depicts the position of the cylinder interface.
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a Neumann boundary condition at the interface. The orders are estimated along the lines

2 and 3 (see Figure 4.3) with the Richardson method [108], using an additional level of

refinement for the finest grid. The different curves exhibit a high variability of the

order near the interface. Although the first sampling point shows a low order for the

two penalty approaches, the average order of accuracy is above 2 for the penalty with

corrections at a distance of one radius from the interface. Considering the streamwise

component, away from the interface, the values seem to converge asymptotically towards

2 for the improved IBM, and towards 1 for the standard penalty approach. Similarly for

the transverse component of the velocity, the order stabilizes between 1.5 and 2 for the

improved IBM depending on the sampling line. One can note that the orders outline a

higher variability for the transverse component. In addition, the local orders obtained

for the simple penalty approach along line 2, which is in the vicinity to the separation

point and on the edge of the recirculation bubble, are negatives in some parts. It could

be the case that between two grid levels, the sampling line is passing inside or outside the

recirculation zone, which would affect significantly the extracted velocity magnitude. An

extra level of refinement might be then necessary to obtain consistent orders of accuracy.

The results highlighted here emphasize the improvements brought by the corrections.

Furthermore, they are consistent with the orders of accuracy found for the recirculation

length for instance (1.0 for the standard IBM and 1.5 for the improved IBM).
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Figure 4.7: Local order of accuracy for the velocity along the lines 2 and 3. 20 sampling
points were considered for the estimation of the orders. The vertical black line depicts
the position of the cylinder interface.
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4.3 In-line oscillating cylinder in a fluid at rest

A cylinder oscillating in a fluid at rest is considered in this case. The dimensions of the

problem are similar to the previous test case, as well as the IBM and body-conforming

grids used for the simulations. In the standard body-fitted approach, the cells are slightly

and smoothly stretched in time, in order to follow the motion of the cylinder. The

equation of motion reads: x(t) = −Asin(ωt), where the frequency f = ω
2π is set to

0.2Hz and the amplitude A is fixed to 5
2π . This motion corresponds to a Reynolds

number equal to 100 and a Keulegan-Carpenter number equal to 5.

4.3.1 General results

The oscillating cylinder case is a validation case also frequently used in literature ([85],

[116], [156], [83]) for numerical model handling moving geometries. Laboratory experiments

have been conducted as well by Dütsch et al. [32]. The oscillations of the cylinder lead to

the development of lower and upper boundary layers, which separate and generate two

counter-rotating vortices in the lee. This generation process stops when the cylinder

starts to move backward and finally splits the vortex pair. The pressure contours

obtained with our simple penalty approach are plotted in Figure 4.8 for a phase position

ωt = 180◦, when the cylinder is in its central position and is moving to the right. The

pressure contour shows the symmetry obtained with our model, and is in good agreement

with the results of Dütsch et al. [32]. On this figure, the white lines represent the position

of the extracted velocity and pressure profiles at the same phase angle, respectively at a

distance x = −0.6D, x = 0, and x = 0.6D from the center of the cylinder. At this time,

the cylinder is back to its initial central position, for which the body-fitted mesh is not

stretched, allowing for a more relevant comparison with the IBM results.

The pressure is normalized in terms of the cylinder maximum speed Um and the

average pressure at the inlet pI as p∗ = (p − pI)/(ρU2
m). The velocity is normalized as

u∗ = u/Um. Figure 4.9 details the velocity profiles across the center of the cylinder for

the different IBMs. Here also, the penalty approach with both inner velocity and pressure
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Figure 4.8: Pressure contours around the oscillating cylinder for a phase angle ωt = 180◦,
obtained with the simple Penalty approach on the medium grid (Grid 2). The white
lines show the position of the extracted velocity and pressure profiles.

correction gives the best results in comparison to the numerical results of the body-fitted

simulations. The improvements of this penalty approach are especially visible near the

interface for both streamwise and transverse velocities (between −0.6D and −0.5D, and

between 0.5D and 0.6D), where a good agreement with the body-fitted case can be

found. One can note in particular the good estimation of the transverse velocity peaks.

As for the previous cases, the thickening effect of the outer velocity correction is visible in

Figure 4.9 for both components. Similarly, for the inner velocity correction, one can see

a clear improvement if the pressure is corrected. For the two other profiles on both sides

of the cylinder in Figure 4.10, the penalization approach leads to satisfactory results as

well. The experimental results of Dütsch et al. are not shown here for a quantitative

validation, but for comparison purpose. The profiles obtained with IBM are consistent

with the experimental velocities and show thus that the qualitative features of the flow

are well captured. Furthermore, similar level of discrepancies with these experimental

data are obtained with other numerical models in literature [85], [83].

Figure 4.11 shows instantaneous pressure profiles along the three sampling lines

considered in this test case. When comparing the inner velocity correction with and

without pressure treatment, one can observe that the imposition of the Neumann condition

improves the results near the interface on the profile crossing the cylinder (x = 0) in

Figure 4.11(a). For the two other profiles, although the magnitude is slightly under-
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Figure 4.9: Instantaneous velocity profiles near the oscillating cylinder, at x = 0 and for
a phase angle ωt = 180◦. The results are obtained with Grid 2. The vertical black lines
depict the position of the cylinder interface.

estimated, Figure 4.11(b) and 4.11(c) show a better distribution of the pressure around

the cylinder for this particular penalization approach. This result supports the fact that

the drag is correctly estimated in this case, and implies as well that the pressure gradient

is very similar between the body-fitted and this corrected penalty method. Similarly, the

large peak obtained with the simple penalty approach and the outer velocity corrections

scheme are reduced in accordance with the body-fitted case.

The drag coefficients listed in Table 4.5 for each penalty approach and the body-

fitted case, are time-averaged over half a period. The drag coefficient is computed from

the estimation of the force exerted by the fluid with the Method 1 described in Section

3.1.5. One can see here the evidence of a better pressure distribution around the cylinder

when the Neumann boundary condition is satisfied within the penalty approach. In this

case, we can retrieve an averaged drag coefficient identical to the one obtained with the
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Figure 4.10: Instantaneous velocity profiles near the oscillating cylinder, at x = 0.6D
and x = −0.6D and for a phase angle ωt = 180◦. The results are obtained with Grid 2
for the streamwise (in red) and the transverse (in blue) components of the velocity. The
improved penalty refers to the penalty with inner velocity and pressure corrections.

body-conforming simulation.

Model CD

Body-fitted 2.05

simple Penalty 1.93

Penalty with outer velocity correction 1.94

Penalty with inner velocity correction 1.99

... and inner pressure penalization 2.05

Table 4.5: Values of the time averaged drag coefficients over half a period (Grid 3).
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Figure 4.11: Instantaneous pressure profiles along the three sampling lines near the
oscillating cylinder for a phase angle ωt = 180◦. The results are obtained with the
medium grid (Grid 2).

99



4.3.2 Sensitivity to the penalization coefficient

The influences of the penalization coefficient on the flow are described here. The time

evolution of the drag coefficient is shown in Figure 4.12 for different values of the

penalization coefficient K. The results are obtained with the simple penalty method

on the medium grid (Grid 2). The mean value of the drag coefficient is converging

towards a single value by increasing K, implying that the penalty model proposed here

is consistent. However, one can note the appearance of oscillations for high values of

K. For a low value of the penalization coefficient, the evolution of the drag is delayed,

showing that K is playing the role of a relaxation time. Furthermore in this case, the

IBM force is not sufficient to ensure the correct no-slip condition for the cylinder, leading

to a lower drag. These results show that a compromise can be made in order to choose a

relevant order of magnitude for the penalization coefficient. The estimation of K should

generally take into account the values of the time step and of the kinematic viscosity.

4.3.3 Sensitivity to the coincidence with the mesh

In order to limit the errors introduced by the use of an IBM to represent curved geometry

on Cartesian grids, it is usual to place the solid symmetrically in regards to the grid.

This positioning generally helps to preserve the symmetry of the flow for simple solid

geometries. It is however interesting to see the influence of a non-symmetric positioning

on the results. Simulation presented here were presented with Grid 2. For this purpose,

the cylinder has been shifted by 0.24h (h being the cell size) in the upward y direction.

Figure 4.13 shows the pressure profiles at x = 0.0D and x = 0.6D for the body-fitted

approach as reference, and compares the profiles for IBMs with a symmetric or coincident

positioning, with those obtained with a shifted position. Not surprisingly, shifting the

position breaks the symmetry for IBMs. As visible in Figure 4.13(a), this loss is far

more important for the simple penalty model. As for the improved IBM, which refers

to the penalty approach involving both inner velocity and pressure corrections, the non-

symmetric positioning is balanced by the latter interpolations. In Figure 4.13(b), one

can see that the influence of the breaking symmetry becomes more important as the
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Figure 4.12: Evolution of the drag coefficient for different penalization coefficient.
Results obtained with the simple penalty method on the medium grid (Grid 2).

distance from the interface increases when the simple penalty approach is used. This

sensitivity is reduced with the corrected penalty model. The same conclusions can be

drawn for the velocity profiles, but the differences are less visible. In this type of case,

the benefits of the corrections for the penalty method are finally more visible. As most of

the engineering applications do not involve symmetric solids, these results really support

the necessity of velocity and pressure interpolations near the interface.
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Figure 4.13: Instantaneous pressure profiles for a phase angle ωt = 180◦, for symmetric
and non-symmetric positioning of the cylindrical obstacle. The results are obtained with
the medium grid (Grid 2). The vertical black lines depict the position of the cylinder
interface.
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4.4 Simplified static impeller in a channel

4.4.1 General results

One considers here a four blade static impeller immersed in a 2D channel, of dimensions

60m in length and 10m width. The fixed impeller is modeled as a cross of length 4m with

a 1m blade thickness. The latter is centred at 20m from the inlet, with an angle of 20

degrees with the bottom wall. A flow of 1m/s is imposed at the inlet, which corresponds

to a Reynolds number around 400. Slip walls are considered at the top and bottom

walls. A zero pressure gradient condition is fixed at all boundaries, except at the outlet,

where a Dirichlet condition is used. In the present case, the flow separation is directly

governed by the solid geometry, and leads to vortex shedding in this flow regime. In

order to compare our IBM to the standard Navier-Stokes model with body-conforming

grids, the time evolution of the surface averaged pressure at the inlet is extracted, as

well as the drag and lift coefficients for the impeller. The surface averaged pressure is

equivalent to the head provided by a pump, as analyzed in the full engineering cases in

Chapter 5. The dimension of the problem as well as the general aspect of the flow are

visible in Figure 4.14. The IBM grid is here also fully Cartesian with perfect orthogonal

quality, while the body-fitted grid has been generated similarly to the Wannier case,

with a cut-cell approach and a layer of conforming cells attached to the cross surface.

Figure 4.14: Velocity contours (m/s) and vectors of the flow through a static impeller
in a channel.
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Three levels of mesh refinement are considered in this problem, with (480x80),

(960x1600) and (1920x320) cells, which corresponds to 32, 64 and 128 cells in the length

of the cross respectively, or 8, 16 and 32 cells in its thickness. The evolution of the

surface averaged pressure at the inlet is shown in Figure 4.15 for the body-fitted and the

different penalty approaches, both on the coarse and the fine grids. The inlet pressure

averaged over one period of oscillation p̄I is used to non-dimensionalize the pressure as

p∗ = (p − p̄I)/(ρU2
m). For the sake of visibility, the time has been non-dimensionalized

with the oscillation period obtained for the body-fitted method, and the data have been

translated to start at one of the primary pressure peaks. It is important to note then that

the oscillations are shifted not because of a delay on the onset of the vortex shedding,

but because of small under-estimation of the period of oscillations. The average pressure

and the amplitude of the oscillations are well estimated with relative errors on the fine

grid below 3% and 5% respectively, for every penalty approach, in comparison to the

the body-conforming simulations. On the coarse mesh, it appears that the resolution is

not sufficient to reproduce the secondary peak of pressure with the IBMs, except for the

penalty method with inner correction of the velocity. In this case, the difference between

the two peaks is however over-estimated, in comparison to the results of the body-fitted

model.

Regarding the pressure correction schemes, it was shown that the decoupling method

has a negligible influence on the solution, as for the previous test cases. The penalization

of the pressure however was found to be very sensitive to the proximity of the wall

boundaries. The results from this scheme are discussed in Section 4.4.3.

4.4.2 Sensitivity to the discretization schemes

The same case is studied with a first order upwind scheme used for the discretization

of the divergence terms. The results of the simple penalty method and of the penalty

method with velocity correction are presented in Figure 4.16, and compared as usual to

the body-fitted data. It appears from these results that the corrections have more of an

impact when first order schemes are used. Indeed, the discrepancy between the simple
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Figure 4.15: Evolution of the surface averaged pressure at the inlet

penalty approach and the model with corrections is smaller when second order schemes

are used, as detailed previously (see Figure 4.15 in Section 4.4.1). One can thus conclude

that the velocity correction is reducing the numerical diffusion happening close to the

interface when first order spatial schemes are used, which is driving the vortex shedding

and a fortiori the pressure evolution at the inlet.

4.4.3 Sensitivity to the proximity of the boundaries

In this section, the influence of the proximity of the wall boundaries is investigated for

two parameters, the drag coefficient of the cross and again the surface averaged pressure

at the inlet. The simulations were performed for cross width to channel width ratios

of 2/5 and 2/30. The first ratio corresponds to the previous configuration, while the

second corresponds to side walls away from the cross. The results are presented for the

coarse grid merely to emphasize the differences obtained with the two ratios.
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Figure 4.16: Evolution of the surface averaged pressure at the inlet for the coarse grid
(480x80), obtained with first order spatial discretization schemes

As stated previously, the results for the small ratio plotted in Figure 4.17(a) shows

that the penalty method with pressure penalization as a correction (in addition to the

velocity correction) is unable to predict the correct pressure evolution at the inlet of

the channel. Additional pressure peaks are predicted with this method, as well as an

increase of the amplitude of the first harmonic. On the contrary, for the large cross

to channel ratio, the penalty method with pressure penalization gives the best results

upstream of the cross as illustrated in Figure 4.17(b). This difference might be due to a

sensitivity to an over-constraint on the boundary conditions for the pressure. Indeed, the

Neumann boundary condition at the immersed interface is imposed by a penalization of

the pressure, which is of the Dirichlet type. The pressure could thus be mathematically

over-constrained and be deteriorated by the close presence of an additional zero-gradient

condition at the side walls. Again on Figure 4.17(b), one can see that the results obtained

for the penalty method with inner velocity correction and no treatment for pressure are

quite different from the body-fitted results, although the difference in the mean value is
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only around 0.4 %. This still suggests that the non-physical velocity gradients generated

by the specific inner velocity correction slightly deteriorate the pressure field, showing

that a correction of the pressure is necessary in this case. However, this difference is

vanishing with finer grids.
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(a) Evolution of the surface averaged pressure for a
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Figure 4.17: Influence of the proximity of the wall boundaries on the surface averaged pressure
at the inlet. Results obtained with the coarse grid (480x80)

Interestingly, the pressure fluctuations highlighted from the use of the pressure

correction scheme are only present upstream of the immersed obstacle. This results

indicates that the errors introduced by such modification of the pressure equation are

transported in the opposite direction of the flow during the PISO iterations. Finally, it

was found that using different types of inflow and outflow boundary conditions for the

simulation domain does not solve this issue concerning the proximity of wall boundaries.

Although lower, the spurious pressure fluctuations are still present upstream of the

immersed boundaries (and absent downstream) when a pressure gradient is for instance
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imposed through the channel.

Regarding the drag coefficients, the influence of the proximity of the wall boundary

conditions on the latter is not as significant as for the pressure, as shown in Figure

4.18. For both cross to channel ratios, the difference between the results obtained with a

Penalty model and the standard Navier-Stokes model are equivalent. It is interesting to

note again that the best results are obtained for the penalty method with both velocity

and pressure correction. This is even the case for the small ratio in Figure 4.18(a), when

the pressure field exhibits fluctuations, showing that locally the gradient of pressure is

likely to be correct and improved in comparison to a penalty approach without pressure

correction.
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Figure 4.18: Influence of the proximity of the wall boundaries on the drag coefficient. Results
obtained with the coarse grid (480x80)
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4.5 On the use of an implicit penalization correction for

pressure

The implicit penalization has been implemented with the possibility of adapting the

penalization coefficient ε for the pressure equation. The results of this model are

presented in this section for both the simplified impeller case, and the oscillating cylinder

case. Figure 4.19 shows the surface averaged pressure at the inlet and the drag coefficient

of the cross for two values of penalization coefficients with an implicit pressure correction.

As it was already shown in section 4.3.2 for K, reducing both velocity and pressure

penalization coefficients removes the spurious pressure fluctuations visible in Figure

4.19(a). With a relevant choice of coefficient, the evolution of the equivalent head

can be reproduced with a very good agreement, and gives clearly better results than

the simple penalty method or the penalty method with only velocity correction. The

conclusion is the same for the evolution of the drag coefficient, as it is visible in Figure

4.19(b). Furthermore, the detrimental influence of the proximity of other boundaries

is not appearing with an implicit pressure penalization. This might be due to the

fact that the Neumann condition is implicitly satisfied, by comparison to the explicit

penalization of pressure for which an equivalent Dirichlet condition is used. There is

however a limitation for this type of pressure correction. Indeed, the modified matrix

becomes asymmetric, as the penalization for the Neumann condition is added only in one

direction of the interface normal. This characteristic makes the matrix system harder to

resolve, and it has been found unstable for cases with more complex solid geometries.

The implicit pressure penalization has been tested as well with the oscillating cylinder

case, with a standard penalization coefficient for velocity and ε = 102 for the penalization

of pressure. Figure 4.20 shows the velocity profiles at x = 0, while Figure 4.21 shows the

pressure profiles at x = −0.6D and x = 0.6D for the same phase angle. The streamwise

and transverse velocities are reproduced with this implicit pressure penalization method

as well as with the explicit method. Regarding the pressure, although fairly close to

the standard explicit penalization, the implicit penalization under-estimates the central
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Figure 4.19: Influence of the penalization coefficient for the implicit pressure correction.
Results obtained with the coarse grid (480x80)

peak for the profiles x = −0.6D, relative to the magnitude of the pressure at the

extremities. This result shows that the pressure gradient has been slightly disimproved.

The coefficient ε is certainly not large enough in this case to satisfy the correct Neumann

condition. However, a larger penalization coefficient seems to destabilize the simulation.

Despite this discrepancy, the use of an implicit pressure correction scheme still leads to

results in better agreement with the body-fitted simulation in comparison to a penalization

approach without pressure correction.
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Figure 4.20: Comparison of velocity profiles at x = 0 and with phase angle ωt = 180◦ for explicit and implicit
pressure penalization (on Grid 2). The vertical black lines depict the position of the cylinder interface.
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Figure 4.21: Comparison of pressure profiles at x = −0.6D and x = 0.6D, with a phase angle ωt = 180◦, for
explicit and implicit pressure penalization. Results obtained with Grid 2
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4.6 Conclusion

The validation of the penalty based IBM developed during this research has been

performed with several test cases, involving fixed and moving geometries, with continuous

and discontinuous curvature. The formulation preserves the sharpness of the immersed

solid. A simple first order approach is able to estimate correctly the integrated variables

of interest in each case. However, local profiles show discrepancies with the equivalent

body-conforming simulations, especially for pressure, due to the rasterization effect, i.e.

a loss of information regarding the exact interface location and orientation. In order to

tackle these weaknesses and improve the orders of accuracy, correction schemes for both

velocity and pressure were implemented to impose consistent boundary conditions on

the immersed interface. Although a second order accuracy is not achieved locally at all

boundary points, the corrections have been shown to increase both the accuracy of the

results and the order of convergence in comparison to a simple Penalty approach, and to

minimize the rasterisation effect inherent to Cartesian grids. The computational results

presented here confirm that the IBM can produce integrated as well as local velocity

and pressure values that are in close agreement with experimental data and standard

body-fitted CFD simulations. The orders obtained with the current penalty approach

with boundary treatments are comparable to previously published sharp high-order IBM.

For example, the penalization method of Intröıni et al. [60] leads to a global order of

accuracy around 1.88 for the Taylor-Couette problem for both L∞ and L2 norms, while

global orders between 1.27 and 2.31 are obtained for the flow around a static cylinder,

or between 1.51 and 1.91 for the flow around a rotating cylinder. Similarly, the sharp

IBM of Gilmanov et al. [43] reaches 1.48 and 1.74 as a global order for the norms L∞

and L2 respectively when studying the steady flow in a cubic lid-driven cavity. One can

also mention that already existing high-order IBMs can achieve perfect second-order or

above for specific test cases ([9], [111], [85]).

Shortcomings have also found to be present with specific correction schemes. Solutions

were investigated in order to overcome these weaknesses. A detailed conclusion is
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proposed below:

1. The three types of velocity correction scheme developed or implemented during

this research have been found to give very similar results both in terms of accuracy

and order of convergence. Similarly, there was no difference found regarding the

stability of these methods considering their use for geometries with discontinuous

curvature like the simplified impeller case.

2. Although improving the estimation of integrated quantities, all three correction

methods lead to a virtual thickening of the immersed solid, when applied in the

outer layer of cells. This issue has been also encountered by Vincent et al. [143],

when specific accurate accounting of the fluid-solid interface is involved. However

the latter method does not rely on a linear scheme for the reconstruction of the

velocity near the interface. In [143] the viscosity is penalized instead of the velocity.

A solution to get rid of the thickening effect would be merely to decrease the size

of the solid obstacle. This solution has been tested for the oscillating cylinder case,

with a reduced diameter D∗ = D−h (h being the cell size). The velocity profiles at

x = 0.6D are presented in Figure 4.22. Despite a relative difference of 5% for the

Reynolds number, the discrepancies in the velocity profiles appear to be significant

between the two diameters. The size reduction improves significantly the results,

in accordance with the body-fitted solution. Although not as accurate, a local

refinement around the cylinder with cells halved in size leads consistently also to

better profiles estimation and supports the argument regarding the efficiency of

the anti-thickening solution. Similar improvements have been seen on the different

profiles for both velocity and pressure. This type of size correction has been

employed by Vincent et al. [143] as well.

The origin of the thickening effect lies certainly in local inconsistencies between

the linear reconstruction of the velocity and the real velocity profile of an attached

laminar boundary layer. In the case of a fully-developed laminar boundary layer

over a flat plate, the velocity follows a parabolic law as a function of the distance
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Figure 4.22: Velocity profiles at x = 0.6D with a phase angle ωt = 180◦ for a real size
and a scaled cylinder. Results obtained with Grid 2

to the wall. For this reason a velocity correction scheme based on a parabolic law

was implemented and compared to the standard linear correction for the oscillating

cylinder case. The parabolic scheme is based on the power-law scheme introduced

in Section 3.3.4 for turbulent cases, using instead a coefficient k = 1/2. Obviously,

the relevance of the parabolic profile is decreasing when we deal with curved

surfaces and non-fully developed boundary layers. The use of such a profile is even

more questionable after the separation, in the recirculation zone behind obstacles.

Furthermore the consistency of one or another reconstruction scheme is expected

to depend also on the grid resolution. Figure 4.23 shows the velocity profiles for

both type of correction schemes, along a sampling line crossing the cylinder in

its center, which is located before the separation. The profiles of the streamwise

component clearly indicate an improvement of the results when using the parabolic

reconstruction. In this case, the minima of velocity are shifted towards the center,

in accordance with the body-fitted results. This highlights a net reduction of the
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thickening effect. Although the magnitude is one order smaller for the transverse

component, the results of Figure 4.23(b) show instead a deterioration of the profile

obtained with the parabolic law. The same conclusion can be drawn for the profiles

in front of the cylinder. At the back of the immersed obstacle however, that

is namely in the recirculation zone, the results of the parabolic reconstruction

are showing a deterioration of both velocity components. To conclude, these

results support the argument regarding the source of the virtual thickening on

a relatively coarse grid. There is however no strong argument to support the use

of a specific correction scheme for the velocity. It is yet surprising that this issue is

not mentioned in literature, while the majority of the correction schemes are based

on linear interpolation and to the author’s knowledge parabolic schemes have never

been used in such context.
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Figure 4.23: Comparison of the velocity profiles at x = 0D with a phase angle ωt = 180◦

for the two velocity reconstruction schemes. Results obtained with Grid 2
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3. The linear correction of the velocity does not induce important thickening when

it is applied in the first layer of cells internal to the solid domain. While better

velocity profiles were obtained in comparison to a simple penalty approach, a local

deterioration of the pressure was identified near the immersed interface for most

of the test cases, as well as a reduction of the order of accuracy in some cases. For

this reason, the correction of the pressure at the immersed surface appears even

more important when an inner velocity correction is considered.

4. The first boundary treatment investigated for the pressure was a decoupling scheme,

which aims at removing the contribution of spurious pressure from the solid domain

to the fluid domain. The decoupling scheme shows unstable behaviour when

applied with an inner velocity penalization, most probably because of an increase

in the numerical stiffness of the resulting pressure matrix. In the case of an

outer velocity correction, the decoupling scheme does not influence significantly

the solution. Two possible reasons are identified to explain this: (i) the outer

velocity penalization does not deteriorate the pressure as strongly as an inner

correction scheme (as it was seen for instance on Figures 4.11(a) and 4.11(b)), and

(ii) the potential improvements of the decoupling scheme could be balanced by its

inherent rasterization of the interface (checker-boarding representation).

5. The explicit penalization of pressure in order to satisfy a Neumann condition

was found to improve both integrated quantities and local velocity and pressure

profiles in the vicinity of the immersed boundaries as well. These improvements

are more significant when an inner velocity correction scheme is used for the reason

mentioned in (3). For this approach, an important shortcoming was however

identified: the explicit correction leads to pressure fluctuations upstream of the

immersed solid, which increase with the proximity of other boundaries. When the

domain boundaries are far from the immersed boundaries, as it is the case for most

academic cases, such spurious fluctuations are not visible. It is also important to

note that despite the presence of spurious pressure fluctuations in the conditions
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identified before, the pressure distribution on the immersed surface appear to be

correctly predicted (and with a better accuracy compared to the simple Penalty

method), as was seen from the evolution of the drag coefficient in Section 4.4.

6. The use of an implicit penalization method for the pressure boundary condition at

the immersed interface can remove the spurious pressure fluctuations with adequate

tuning of the implicit penalization coefficient. However, the implicit correction is

generating a non-symmetric matrix with a strong diagonal, which has been found

to be unstable for realistic applications involving relatively complex geometries as

described for instance in the next chapter. A possible solution for this stability

issue could be to implement a virtual pressure boundary condition in the internal

solid domain. This condition will not have a physical meaning but could solve the

stability issue by generating a symmetric matrix at the end.
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Chapter 5

Results and discussion:

Assessment of xIBM for

engineering and multi-physics

problems

Similarly to the previous chapter, second order schemes are used for the space discretization

of the cases considered here. The second order Gaussian integration is used for gradient

and laplacian operators. For the convection term in the momentum equation, the

Linear-Upwind Stabilized Transport (LUST) scheme is used, in which linear-upwind

is blended with linear interpolation to stabilize the solution while maintaining a second-

order behaviour [1]. A non-orthogonal correction is added to the surface normal gradients

evaluated at the cell faces in order to account for the potential non-orthogonality of the

grid in some body-fitted configurations. Regarding the time discretization, the second

order backward implicit scheme is used. For this type of transient problem involving

high speed flows, the PIMPLE scheme is used to solve the pressure-velocity coupling,

instead of the PISO scheme introduced before. The PIMPLE scheme is a combination of

both PISO and semi-implicit method for pressure-linked equations (SIMPLE) schemes.
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5.1 Single-blade impeller centrifugal pump

5.1.1 Presentation of the case

In order to compare pumps with geometrically dissimilar impellers, the specific speed is

introduced. This non-dimensional parameter reads:

ns =
N
√
Q

(Hp)0.75
(5.1)

where N is the rotational speed (in rpm) and Q and Hp are respectively the flow rate

and the hydraulic head delivered by the pump. The flow rate and the head are usually

taken at the Best Efficiency Point (BEP). The specific speed for this single-blade pump

is ns = 56.4.

The pump considered here is submersible and single-stage, with volute casing. Figure

5.1 shows a cross-section of this mechanical system. The feature of this pump is the

ability to drive flow with a single blade impeller. Such an impeller is able to handle

liquids with stringy materials and large solids, without screening, while maintaining

good hydraulic performance.

Figure 5.1: Cross-section view of the single-blade pump.

In order to reproduce the testing conditions for pump performance, which are taking

place in a water tank and performed following the ISO 9906 Gr2 Annex A1/A2 Testnorm,

a specific computational domain was chosen as shown in Figure 5.2. This allows a more

relevant comparison with experimental data. In this framework, the entry of the pump

is linked to a cylindrical sump of diameter Ds/D = 8, where D is the pump diameter.
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The inlet of the computational domain is then defined by the top surface of this tank,

where the flow enters vertically downward. The outlet of the domain remains the pipe

outlet. The distance between the pump inlet pipe wall and the bottom surface modelled

as a wall is H/D = 1.17. An experimental investigation was conducted at Sulzer Pump

Solutions Irelands test facilities to confirm the lack of sensitivity of the pump head to

the sump to the open tank depth/radius ratios. Finally, in order to drive the flow, the

desired flow rate is simply imposed at the inlet. No-slip conditions for velocity and zero

pressure gradients are fixed for all volute and tank walls.

Figure 5.2: Computational domain and boundaries for the pump model.

The flow characteristics for the current case are listed in Table 5.1. The main data

extracted from the simulations is the pump head, which is governing the hydraulic

performance of the pumps. The pump head Hp can be obtained from a balance of

energy, which reads for isothermal steady incompressible flow as:

p2

ρg
+ z2 +

V 2
2

2g
=

p1

ρfg
+ z1 +

V 2
1

2g
+Hp − hl (5.2)

where losses hl which may include leakage, friction or mechanical losses, have been

included. The total losses can be estimated from the mechanical power delivered by the

pump, which is a function of the torque. In this work however, the losses have been

subtracted from the hydraulic head, whose calculation only depends on the difference of
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static pressure and elevation. In equation 5.2, the subscripts 1 and 2 denote two locations

along a streamline. In our case, location 2 denotes the outlet of the pump where the

pressure is fixed, while location 1 obtained from a surface averaging over a cross-section

of the inlet pipe below the impeller (as illustated in Figure 5.2). As the inlet and outlet

pipes where the pressure is monitored have the same diameter, the pump head finally

reads:

Hp =
(p2 − p1)

ρg
+ (z2 − z1) (5.3)

Equation 5.3 assumes hydraulic losses to be negligible. The hydraulic power Ph

delivered by the pump can be calculated in terms of the volumetric flow rate and the

head, as defined in Equation 5.4 (left). The mechanical input power of a pump is

measured in terms of the input torque M on the shaft and at a specific rotational speed

Ω. It is also referred to as the coupling power Pc and is defined in Equation 5.4 (right).

Ph = ρgHpQ Pc = MΩ (5.4)

The torque M can be approximated from pressure and viscous forces acting on

the impeller, in this case mechanical losses due to seals and bearings are neglected.

The hydraulic efficiency of a turbomachine is finally defined as the ratio between the

hydraulic (or useful) power over the power associated to the coupling: η = Ph/Pc.

Fluid Properties (water at 20◦C) Density ρf = 998kg/m3

Dynamic viscosity νf = 108× 10−5kg/m.s

Universal constant Acceleration of gravity g = 9.81m/s2

Pump layout Elevation from inlet to outlet z2 − z1 = 0.077m

Inlet/outlet pipe diameter D = 0.15m

Boundary conditions Impeller rotational speed Ω = 150.8rad/s

Outlet pressure p2 = 0Pa

Flow conditions Reynolds number at outlet Re2 ∈ [1.6, 7.1]× 105

Volumetric flow rate Q ∈ [20, 90]l/s

Table 5.1: Fluid, flow and geometrical characteristics for the single-blade pump model.
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For the IBM solution, a mesh based on a regular Cartesian grid snapped to the

inlet sump and volute boundaries, is generated to discretize the whole fluid domain

(visible in Figure 5.3(a)), including the zone swept by the impeller. The presence of the

impeller is accounted for as a surface mesh. Removing the impeller boundaries from

the grid drastically simplifies the meshing stage, making it possible to use cubic cells

everywhere except at wall boundaries. The impeller surface is meshed with triangular

faces as illustrated in Figure 5.3(b). The cell size inside the volute is 2mm, which is also

the average size of the triangular faces for the surface mesh. This setting leads to an

Eulerian mesh of about 2 millions cells in total.

(a) Cross-section of the Eulerian fluid mesh.
The cells inside the fluid are colored in blue,
while the cells inside the IB representing the
impeller are colored in red.

(b) Geometry and Lagrangian surface mesh
of the single-blade impeller.

Figure 5.3: Grids used for the single-blade pump modelled with IBM.

In addition to the experimental data, the results from the IBM are compared to

equivalent body-conforming simulations. This allows a comparison of local flow features,

which are not available with experiments. The pump is modelled using the General Grid

Interface (GGI) approach which handles two mesh parts: one for the rotor and one for

the stator. The two parts of the mesh are based on cubic cells with edges aligned with

the coordinate axes everywhere, except at the interface between the two zones and in

the vicinity of the inflation layers at wall boundaries, where tetrahedral and pyramidal

cells are used to make the transition. Two types of body-fitted mesh were considered in

this research, which are shown in Figure 5.4. The difference between the two mesh lies
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in the use of an inflation layer at the impeller wall. As such a grid feature is extremely

computationally expensive with IBM, those two body-conforming grids make it possible

to (i) get a more consistent comparison between body-fitted and IBM simulations, and

in the same time, to (ii) quantify the influence of the inflation layer in the prediction

of specific local variables or global quantities for this type of engineering application.

Similar to the IBM, the cell size in the core of the domain is fixed to 2mm. The body-

fitted grid with inflation layers includes a coarser region with 4mm in order to limit

the total number of cells. The mesh characteristics are summarised in Table 5.2. The

distribution of y+ indicates that the cells adjacent to the impeller surface lie primarily

within the inner boundary layer and within the logarithmic region for Mesh A and Mesh

B respectively. For this reason, a wall function based on the Spalding law [122] is used

for all body-fitted simulations, which ensures a correct transition of the velocity profile

between the different layers and defines the turbulent variables up to the wall.

Mesh Impeller Blade y+ Cell count (millions)

Mesh A 4.0 2.1

Mesh B 235 4.7

Table 5.2: Mesh characteristics.

(a) Mesh A: grid using an inflation layer at the
walls. The cell size is 2mm close to them and
around the GGI interface, and 4mm otherwise.

(b) Mesh B: uniform body-fitted grid with a
constant 2mm cell size.

Figure 5.4: Cross-section of the body-conforming grids used for the single-blade pump.

124



5.1.2 Results and discussion: without turbulence modelling

Turbulence modelling is necessary to produce realistic and accurate predictions of the

flow through the centrifugal pump considered here, given the Reynolds number for this

case. However, this assessment will first consider a laminar case to focus on an assessment

of the velocity penalization by comparison with body-fitted results. The results from

the simple Penalty approach are compared to the inner and outer velocity correction

schemes. The sensitivity to the pressure treatment is investigated in Section 5.1.2.

General results

The experimental head and torque are used to normalize the equivalent integrated

quantities obtained from simulations. The time is non-dimensionalized by the period

of the impeller cycle. Figure 5.5 shows the head evolution obtained with the body-

fitted and different penalty approaches at a flow rate of 40 l/s. The transient head is

averaged using a moving average on 20 time steps, over a time span of 1 ms. These

results indicated that approximately steady statistical characteristics are obtained after

five revolutions from static initial conditions. All the penalty approaches are shown

to overestimate the head by around 5% when compared to body-fitted results. Few

differences can be noted between the penalty approaches. The head is slightly higher

when the outer velocity correction is used instead of the inner velocity correction. As

a result the inner correction scheme provides head oscillations that are closer to the

body-fitted solution. This is consistent with conclusion from Chapter 4 which suggested

that the outer velocity correction lead to a thickening of the boundary layer. With

the pump simulation this should translate to a larger effective impeller and hence to

a higher average head. The benefit of the inner velocity correction is especially visible

just after the discharge part of the cycle, when the head is low in accordance with the

body-fitted head. One can also remark that the body-fitted simulation lead to high

frequency pressure oscillations, which are most visible during the low and high phases of

the pressure cycle. The source of the oscillations can lie in both the use of the Arbitrary

Mesh Interface (AMI) method for the moving mesh and the presence of skewed cells.
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The time averaged numerical pressure heads obtained for the 4 models are listed in

Table 5.3. The averaging is performed over five revolutions after the five initial cycles of

the transient. Although the overestimation of the head is the largest with outer velocity

correction, this estimate is the closest to the experimental quantity. This could be due to

compensating errors and it is important to note that the effect of turbulence is not taken

into account at this stage. Furthermore, the analysis focuses here on the comparison

against body-fitted simulations.
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Figure 5.5: Evolution of the hydraulic head of the single-blade pump for different penalty
approaches in the laminar case (Q = 40l/s).

The velocity fields predicted by the body-fitted approach and the three previous IBM

are shown in Figure 5.6 at a time t = 0.2s. The general flow features are shown to be

well reproduced in terms of the maxima and minima of some of the key trends. The

IBM tends however to overestimate mixing in the volute as illustrated by the higher
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Model Hp/H
exp
p [-]

Body-fitted 0.93

Simple Penalty 0.99

Penalty with outer v. correction 1.01

Penalty with inner v. correction 0.98

Table 5.3: Numerical hydraulic heads obtained for the body-fitted case and different
IBMs.

spacial variability of the velocity. The source of this discrepancy lies certainly for the

IBM in the difficulty to capture the quasi absence of separation at the trailing edge. In

that regard, the two penalty approaches with velocity correction give better results. The

simple penalty approach generates in addition spurious vortices in the suction side of the

pump, close to the impeller surface. This is corrected as well with the velocity correction,

although some small fluctuations are still present with the inner velocity correction

(far right figure). Finally the IBM with inner velocity correction, which reduces the

virtual thickening effect, leads to a slightly lower velocity magnitude compared to the

two other IBM, and in accordance to the body-fitted results. Although improvements

in the prediction of the trailing edge wake can be seen from the penalty methods with

inner velocity correction, the conclusion is less clear when we look at the vorticity field

for instance.

Figure 5.6: Contour of velocity magnitude (m/s) in an horizontal plane section of the
pump (located 8 mm below the outlet center point) at t = 0.2s. From left to right: body-
fitted, simple penalty (no correction), outer velocity correction, inner velocity correction.
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The influence of the method of velocity penalization including the type of correction

scheme is assessed here by reference to local velocity along two sampling lines (shown

in red in Figure 5.6 (left)). These are located in the core region of the volute and have

been selected to cover both impeller suction side, where the flow is mainly axial, and

discharge side, where the flow is mainly tangential. The lines are starting from the center

of rotation and are locally close to normal to the impeller pressure side. The profiles

are plotted in Figures 5.7, 5.8 and 5.9, in which the two vertical black lines show for

the impeller suction and discharge surfaces. It is difficult to conclude quantitatively on

the results of the different IBM because of the high mixing in the volute. However,

from the amplitude and the wavelength of the velocity fluctuations on the discharge

side, one can assume that the average size of the vortices is similar for both IBM and

body-fitted methods. A Fast Fourier Transform (FFT) analysis of the fluctuations in

space was performed for the radial velocity on the pressure side of line 1. For each

numerical method, three main wavelengths were identified. They are listed in Table 5.4.

The three wavelengths obtained with the body-fitted approach correspond to periodic

fluctuations in space of respectively 5.95cm, 3.66cm and 2.16cm. A similar range of

fluctuation is predicted with IBMs. One can note the good agreement with the simple

Penalty approach for the largest wavelength and with the Penalty approach including

inner velocity correction for the medium wavelength. These results support the argument

regarding the similar size of vortical structures obtained in both types of CFD methods.

Model W1 [m−1] W2 [m−1] W3 [m−1]

Body-fitted 16.8 27.3 46.2

Simple Penalty 20.0 33.6 44.2

Penalty with outer v. correction 13.7 33.9 56.6

Penalty with inner v. correction 13.4 29.8 51.4

Table 5.4: Mains wavelengths (W1, W2 and W3) obtained from an FFT of the radial
velocity on the suction side of line 1.

In general, one can note also a good prediction of the boundary layer at the impeller

surface, which is particularly noticeable for the tangential velocity on Figure 5.8(a). The
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velocity peak obtained for the simple Penalty method on the suction side (see Figure

5.7(a)) reflects for instance the increase in mixing along the impeller suction surface

with this method. Concerning the velocity corrections, the recirculation zone near the

cutwater in the volute seems to be better predicted with the inner correction, as suggested

by the radial velocity in Figure 5.7(b) at a distance of 0,15 m from the volute center. A

better agreement is also found on the suction side of the pump for the axial velocity, in

comparison to the simple Penalty method.
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Figure 5.7: Profiles of the radial component of velocity for different IBM at t = 0.2s.

Sensitivity to pressure corrections

The influence of the pressure correction on the velocity field in the volute has been shown

to be relatively small. However, this penalty based correction of the pressure plays a

role in the pressure solution, and thus the hydraulic head. In Figure 5.10, the contours

of pressure are presented firstly for the body-fitted approach, and the penalty method

with outer velocity correction, and secondly for the penalty method with inner velocity

correction, without and with pressure correction. It appears that the iso-contours of
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Figure 5.8: Profiles of the tangential component of velocity for different IBM at t = 0.2s.
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Figure 5.9: Profiles of the axial (vertical) component of velocity for different IBM at t = 0.2s.

the pressure obtained with the body-fitted method and the IBM are well matched.

Although the iso-contour of pressure are also correctly estimated with the inner velocity
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(a) Body-fitted (b) Penalty with outer v. correction

(c) Penalty with inner v. correction (d) Penalty with inner v. & p. correction

Figure 5.10: Contour of non-dimensional pressure in an horizontal plane section of the pump
(located 8 mm below the outlet center point) at t = 0.2s.

correction, one can see spurious pressure fluctuations along the suction surface of the

impeller, which reflect the presence of small vortices as seen also in Figure 5.6. This

is due to the difficulty for the pressure field to account for the high velocity gradients

between the solid velocity, the extrapolated velocities (from inner correction), and the

surrounding fluid velocities. This phenomenon is amplified here in comparison to the

simpler test cases of the previous chapter because of the complex geometry, and the high

angular velocity of the solid. These pressure errors are shown to have a low influence on

the overall head. When the pressure is penalized as well in order to satisfy a Neumann

condition, the pressure is then corrected near the suction surface of the impeller, as shown

in the last picture of Figure 5.10. In this case however, the iso-contours are shifted in the

volute, and the magnitude of pressure is higher, resulting in an instantaneous hydraulic

head 14% higher than the body-fitted one, and whose evolution shows large fluctuations.

The fluctuations are also observed when the pressure correction is combined with the

outer velocity correction.
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The strong fluctuations around the mean head, which are observed with the pressure

correction at the interface, are shown in Figure 5.11. The main cause for these fluctuations

has been identified in the previous chapter as the proximity of the domain boundaries. In

the current case, the volute walls where the zero pressure gradient is imposed is adjacent

with cells which are inside the solid or penalized domains. Increasing the minimum

distance between the volute walls and the cells where the pressure correction is applied

is decreasing the magnitude of the pressure fluctuations. Here, a minimum distance of 4

cells width was considered. In this case, the pressure fluctuations deteriorate slightly the

mean head, which remains in a range of 12% difference with the body-fitted prediction.

This is still less satisfactory than the Penalty methods including only velocity corrections

at the immersed walls.
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Figure 5.11: Sensitivity of the head to the pressure correction.
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5.1.3 Results and discussion: with turbulence modelling

This section presents the assessment of the full model, extended to include turbulence

modelling. This is necessary to allow comparison against experimental data as well. Two

turbulence IBM formulations are considered: (i) the RANS Spalart-Allmaras model with

penalization of the turbulent viscosity at the immersed interface (pSA), and (ii) a hybrid

DES model based on pSA for near wall modelling. The hybrid model will be assessed

by comparison against both experimental and pSA simulations.

As highlighted in the previous section, the pressure correction scheme leads to spurious

pressure fluctuations in time. For this reason, the results presented here are obtained

with the penalty approach including only the velocity reconstruction at the immersed

interface, if not stated otherwise. The velocity correction is applied internally, i.e. in

the first layer of cells inside the solid.

Immersed Boundary formulation of the Spalart-Allmaras model (pSA)

As a first step, the effect of the IBM formulation of the Spalart-Allmaras (SA) model is

investigated. The IBM formulation is based on a penalization of the turbulent viscosity,

in order to satisfy a Dirichlet condition on the immersed surface. As was the case

with the no-slip velocity condition, the penalization of the turbulent viscosity can be

either first order, or can include a linear reconstruction scheme (interpolation). The

same correction will be applied with RANS and DES models, since in both cases wall

adjacent cells are treated using the pSA model.

Figure 5.12 shows the turbulent viscosity field in a central cross section of the pump

as predicted by the body-fitted solution and the IBM with and without any viscosity

penalization. It is clear from these results that the penalization has a strong effect and

is necessary to avoid excessive turbulent stresses. When no treatment of the turbulent

variable is taken into account, the turbulent viscosity is shown not to be affected by the

immersed surface. The production of effective viscosity in the SA model is determined

in terms of S̃ = Ω + ν̃
κ2d2 fv2, where Ω is the magnitude of the vorticity. The production

term in the SA equation (see Equation 3.37 in Section 3.3.1) reads:
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(a) Body-fitted (b) No treatment of the turbulent viscosity

(c) Penalization of the turbulent viscosity

for a Dirichlet condition on the solid

surface (first order)

(d) Penalization and linear reconstruction

of the turbulent viscosity for a Dirichlet

condition on the solid surface (second order)

Figure 5.12: Contour of the turbulent viscosity (m2/s) in a cross section of the pump at
t = 0.2s. The interface of the impeller is shown as a white line for the IBM cases.

P = cb1S̃ν̃ (5.5)

The increased vorticity generated by the high impeller rotation in the solid domain

is thus leading to a non-physical overestimation of the production term. The dissipation

term in the SA equation is a function of the distance dw to the wall and reads:

D = cw1fw(
ν̃

dw
)2 (5.6)

If the distance to the closest wall is not corrected to take into account the immersed

surface, the dissipation term is then under-predicted. The combination of these two

effects lead to a turbulent viscosity which is one order of magnitude higher than with

the body-fitted simulation, when the presence of the immersed boundary is not taken
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into account within the SA model. On the other hand, when the turbulent viscosity is

penalized and the distance to the closest wall corrected, the magnitude and distribution

of the viscosity field show clearer similarity between the IBM and the body-fitted simulations.

Regarding the pattern in the turbulent viscosity field, one can note in particular a good

agreement for the region of high viscosity in the back of the volute, and the region of

low viscosity in the region of the discharge side above the impeller’s leading edge.

The evolution of the head is plotted in Figure 5.13 for the standard body-fitted

model and the three formulations of IBM with the different treatments of the turbulent

viscosity. As previously, the hydraulic head is time averaged with a moving average over

a time period of 1 ms. The higher eddy viscosity predicted when no treatment is applied

impacts significantly on the head estimation. The large values of turbulent viscosity are

leading to higher modelled Reynolds stresses. Since the flow rate through the pump is

imposed as an inlet boundary condition, the increased dissipation due to higher Reynolds

stresses translates into higher pressure gain across the pump. The penalization of the

turbulent viscosity is found to give average head gains that are closer to experimental

data and also closer to body-fitted predictions. Finally, the additional correction, based

on interpolation, further improves both comparisons. The mean heads for all numerical

simulations are listed in Table 5.5 as a ratio of the experimental heads. The table

summarizes also the mean torque acting on the single-blade impeller for each case. One

can see that the penalization of the turbulent viscosity improves also the estimation of

the torque compared to body-fitted results. So does the second-order reconstruction

of the turbulent viscosity in comparison to the first-order reconstruction. Despite the

good agreement between the numerical and experimental heads, the numerical torque

are largely under-estimated in comparison to the experimental one. This is the case

with both IBM and body-fitted simulations. Given that the pressure provides the main

contribution to the torque (i.e. viscous shear stress makes a negligible direct contribution

to the total torque), it is clear that both the body-fitted and IBM simulation fail to

reproduce the exact pressure solution in this case.
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Figure 5.13: Evolution of the hydraulic head of the pump at Q = 40l/s, for different
treatments of the turbulent viscosity νt with the SA model.

Model Hp/H
exp
p [-] M/M exp [-]

IBM - no treatment of νt 1.18 0.36

IBM + simple penalization of νt 1.02 0.70

IBM + pen. and corr. of νt 0.96 0.71

Body-fitted 0.93 0.75

Table 5.5: Numerical heads and torques obtained for the body-fitted case and different
IBMs.

Hybrid RANS-LES modelling with IBM

Although the differences in the averaged hydraulic head between the full RANS model

and the hybrid turbulence models remain within 1% at the flow rate considered (40l/s),

significant differences can be seen in the structure of turbulent vortices. These differences

are illustrated with the iso-contour plot of the Q field in Figure 5.14. Q is defined by

1/2(Ω2 − S2), where S = ‖1/2(∇u + ∇Tu)‖ and Ω = ‖tr(∇u)‖ are the strain rate

and vorticity rate magnitudes, so that positive iso-contours represent vortices defined
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as a region where the vorticity is greater than the magnitude of the strain rate. With

equivalent mesh, the iso-contour of Q must be reduced by one order of magnitude to

visualize vortices from the Spalart-Allmaras model. In addition, the dominant vortices

are wider and their stretching remain mostly horizontal in this case, while finer structures

with a much broader range of scales and shapes are predicted with a scale resolving DES

computation.

The iso-contours of the Q field show as well the generation of rolls along the suction

surface of the impeller, which are not present with a body-conforming mesh. They

appear to be the result of insufficient mesh resolution of the impeller surface when IBM

is used. The size of the rolls can be indeed reduced with mesh refinement. With a finer

mesh around the impeller surface, the turbulent structures in the volute remain very

similar, underlining the low influence of these rolls on the main flow.

(a) Q = 104 obtained with a full RANS
Spalart-Allmaras model

(b) Q = 105 obtained with the hybrid
DDES model

Figure 5.14: Iso-contour of the Q field obtained with IBM colored by the velocity magnitude
(m/s), in the center part of the volute at t = 0.2s.

Given their aim and formulation, IBMs cannot incorporate a fine body-conforming

mesh suited to a boundary layer flow. In order to assess the impact of poorly resolving the

boundary layer, the influence of the inflation layers on the numerical solution is analysed

and presented here for body-fitted grids. Figure 5.15 exhibits the different intensity

of mixing obtained for the two types of body-conforming grids introduced earlier and

illustrated by the iso-contours of the vorticity. One can see the absence of turbulent

structures on the suction side in both cases. However, the absence of inflation layers
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(Mesh B) appears to break the relative uniformity of the flow behind the trailing edge,

which results in a higher mixing on the impeller discharge side. Similar observations

were made from the IBM solution. The higher resolution of the boundary layer however

does not significantly impact the integrated pump characteristics (pressure and torque).

Between the two body-fitted grids, the relative difference is below 5% for the hydraulic

head and below 1% for the torque. This result supports the argument that the resolution

of the boundary layer is not of primordial importance for applications like pump design,

involving highly rotating flows without clear onset of a turbulent boundary layer. In this

context, IBM can be seen as a suitable solution in spite of the absence of inflation layers

at the immersed wall. Finally, the relative difference in the numerical results is below

2% between the IBM and the body-fitted computations with Mesh B for both the head

and the torque.

(a) With mesh A (b) With mesh B

Figure 5.15: Iso-contours of the vorticity magnitude Ω (from 0s−1 to 3000s−1) coloured by the
velocity magnitude in an horizontal plane section of the pump (located 8 mm below the outlet
center point) at t = 0.2s, obtained with the two types of body-fitted grid.
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Performance Curve

The hydraulic heads obtained numerically for different flow rates are summarized in

the performance curve of Figure 5.16, and compared to the experimental heads. The

IBM tends to under-estimate the head. This underestimation grows with the flow rates.

While a very good agreement with experimental heads can obtained at low flow rates and

around the Best Efficiency Point (BEP), the difference reaches 28% for the highest flow

rate tested. The standard body-fitted approach is under-estimating the actual head,

and the difference grows with the flow rate. Except for the highest flow rate, IBM

gives a better head estimation than the body-conforming method. It is difficult to draw

conclusions from this result, which can follow on from compensating errors. Finally, as

the head losses are not modelled here, one can expect the CFD models to overestimate

the hydraulic head. The fact that this is not the case shows that the head losses are

actually relatively small relative to the numerical errors introduced by the discretization.
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Figure 5.16: Head vs. flow rates: comparison between numerical methods considered in this
research and experimental values provided by Sulzer. All data are normalized by the experimental
head at the BEP.
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The poor IBM estimate at high flow rate can be corrected with a finer grid. The

refined results were obtained with adaptive refinement along the immersed boundary

interface. In the refined area, the cell size is halved to 1mm, while the general cell

size in the volute remains around 2mm. Accurate estimates of the head gains over the

full range of flow rates can be achieved with this adaptive refinement. The difference

with the body-fitted predictions is below 10% for the highest flow rate with the fine

mesh, while it is was about 28% with the coarser grid. The difficulties in having a good

solution at high flow rate is illustrated in Figure 5.17, which shows a comparison of the

Q field obtained with the standard grid (Figure 5.17(a)) and the dynamically refined

grid (Figure 5.17(b)). The elongated vortex which forms over the impeller at the lower

leading edge is caused by flow separation at high flow rate and is predicted by both

grids. However, the vortical structures on the suction surface of the impeller appear to

be much smaller with the refined grid.

(a) Q = 105 obtained with the standard
grid

(b) Q = 105 obtained with the standard
grid + adaptive refinement

Figure 5.17: Iso-contour of the Q field colored with the pressure magnitude, around the impeller
suction surface and leading edge at t = 0.2s.
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5.2 Two-blade impeller centrifugal pump

The second pump case focuses on a two-blade pump developed by Sulzer. In addition

to the higher range of Reynolds numbers delivered by this pump, the main difference

compared to the previous pump lies in the impeller design. The specific speed of the

two-blades pump is relatively close the single-blade one, with ns = 50.6 in this case.

5.2.1 Presentation of the case

Similar to the previous system, this pump is submersible and single-stage. However,

the volute is cut in two by a splitting vane. The CAD geometry of the pump is shown

in Figure 5.18. For sake of simplicity, the inlet and outlet boundaries of the domain

are defined as sections of the inlet and outlet pipes. The flow characteristics for the

two-blade impeller pump are listed in Table 5.6.

(a) Full computational domain. (b) Cross-section of the pump showing
the design of the splitting vane and the
impeller.

Figure 5.18: Rendering view of the two-blade impeller pump.

Figure 5.19 shows the fluid and the solid grids used for this pump model. The surface

of the impeller modelled with IBM is meshed as usual with triangular cells. While

the whole pump domain including the impeller sub-domain is meshed with a regular

Cartesian grid. Inflation layers are added at the volute walls. Three different grids

are considered and their characteristics are listed in Table 5.7. The difference between
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Fluid Properties (water at 20◦C) Density ρf = 998kg/m3

Dynamic viscosity νf = 108× 10−5kg/m.s

Universal constant Acceleration of gravity g = 9.81m/s2

Pump layout Elevation from inlet to outlet z2 − z1 = 0.4m

Inlet/outlet pipe diameter D = 0.5m

Boundary conditions Impeller rotational speed Ω = 77.45rad/s

Outlet pressure p2 = 0Pa

Flow conditions Reynolds number at outlet Re2 ∈ [7.0, 32]× 105

Volumetric flow rate Q ∈ [301, 1370]l/s

Table 5.6: Fluid, flow and geometrical characteristics for the two-blade pump model.

the fine grid (Mesh 3) and the medium grid (Mesh 2) lies only in local refinements

applied near sudden change of the pump geometry, where high velocity gradients can

be expected. These refinements are achieved by dividing cells into uniform octants. An

example of local refinement is shown in Figure 5.19(a) at the upstream extremity of the

splitting vane.

(a) Zoom of the Eulerian fluid mesh on the
extremity of the splitting vane.

(b) Geometry and Lagrangian surface
mesh of the two-blade impeller.

Figure 5.19: Grids used for the two-blade pump model.

Grids Cell size [mm] Cell size [mm] Inflation Cells in total

(core volute) (inlet & outlet) layers [millions]

Mesh 1 8 16 1mm / 5 layers 2.5

Mesh 2 5 10 0.5mm / 5 layers 10

Mesh 3 5 10 0.5mm / 8 layers 17

Table 5.7: Characteristics of the grids for the two-blade impeller pump.

It is important to note the small thickness of some parts of the impeller. The thickness
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of the impeller shroud plate is visible for instance in Figure 5.20. Considering the medium

or the fine grid, thin solid regions can be 2 or 3 cells thick only. This is also the case

for the blade trailing edge. Figure 5.20 is a zoom view of the pump model around

the junction between the impeller shroud plate and the volute casing. The aim of the

impeller seal (in red in Figure 5.20(a)) is to reduce leakage flow through the gap between

the impeller and the pump housing. In reality, such leakage might still be present even

with the seal and can contribute to the losses in the energy balance. Given the mesh

resolution of our CFD model, this cannot be simulated. However, as it was already

shown for the previous case, the losses can be expected to be small in comparison to the

uncertainties from CFD.

(a) Geometry and design (b) Eulerian fluid mesh

Figure 5.20: Zoom on the junction between the impeller shroud plate and the volute
casing. Left: the impeller seal is shown in red. Right: the cells inside the fluid domain
are shown in blue, while the cells inside the solid domain (impeller) are shown in red.
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5.2.2 Results and discussion

Figure 5.21 shows the magnitude of the velocity in an horizontal cross section of the

pump. Passing through the center of the outlet pipe, the cross section is neither cutting

the shroud plate nor the upper plate of the impeller. Only the two blades are thus visible

in this cross section. The results shown in this figure are obtained with Mesh 2. Light

but noticeable differences can be noted between the simple penalty approach and the

approach with velocity and pressure correction at the immersed interface. One can note

in particular that with the improved penalty: (i) a lower level of spatial variations in

the velocity magnitude which may be interpreted as lower mixing is predicted within the

volute, (ii) the wake behind the trailing edges is thinner and (iii) a more uniform velocity

field develops on the suction side of both blades. Similar observations can be made at

different cross sections along the axis of rotation of the pump. This is also consistent

with the results obtained for the single-blade pump. One can thus assume that the flow

field obtained with the improved IBM is closer to what we can expect from a body-fitted

simulation.

The hydraulic head for the BEP is shown in Figure 5.22 during two impeller cycles

for different numerical cases. Unlike the previous pump studied, the high frequency

fluctuations of the head are not present with the two-blade pump. The instantaneous

values of the numerical heads are thus provided in the figure. One can see firstly that the

resolution of the coarse grid (Mesh 1) is not sufficient to obtain a satisfactory estimation

of the head. While the relative difference with the experimental quantity is around

19% in this case, using Mesh 2 reduces this difference to 7%. Using the finest grid

however (Mesh 3), involving only local refinements from Mesh 2, does not improve

again the estimation of the head. The influence of the velocity and pressure corrections

at the immersed interface are also visible in the figure. The penalty approach with

corrections leads to an increase of the amplitude of the head peaks by comparison to the

simple penalty approach. However, this change in the shape of the head evolution

is most probably due to the pressure fluctuations, which can be obtained with the

pressure correction scheme, rather than a real improvement in the head estimation.
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(a) Simple Penalty (b) Improved Penalty

Figure 5.21: Velocity field in an horizontal cross section of the two-blade pump passing
through the center of the outlet pipe at time t = 0.2s obtained with Mesh 2.

This conclusion is supported by three results: (i) the mean head is not changed as

seen in Figure 5.22, (ii) the amplitude increase of the harmonic was also found for the

incorrect pressure field predicted for the static impeller case in Section 4.4.3 when wall

boundaries are close to the immersed boundary, and finally (iii) the instantaneous head

significantly depends on the minimum distance between the volute walls and the cells

where the pressure correction is applied. More precisely, the blue curve in Figure 5.22

depicting the penalty approach with corrections is obtained with a minimum distance

of 8 cells width, which excludes the impeller shroud plate. If the pressure correction is

applied for the shroud plate as well, the primary and secondary peaks of the head have

shown to be even higher in this case.

The influence of the velocity and pressure corrections at the immersed interface

is also visible for the estimation of the torque. The instantaneous and time-averaged

torque are shown in Figure 5.23 for both the simple penalty approach and the model
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with corrections, and for two different flow rates. Average torque values obtained

experimentally by Sulzer are also used to scale the results for comparison in the figure.

The correction schemes lead to an increase in the torque for both flow rates in accordance

with the experimental data. This increase is more significant at high flow rate. Here,

the change brought by the improved IBM are unlikely to be attributed to the pressure

fluctuations as is the case for the head estimations. Indeed, whether the pressure

correction is applied or not for the shroud plate, does not change the torque evolution.

As the moment of the fluid force is mainly acting on the core of the impeller, i.e. on

the two blades, one can thus reasonable assume that the increase in the torque is due

to the velocity and pressure corrections. Furthermore, it was seen in Section 4.4.3 that

the errors from the penalization scheme affecting the pressure upstream of the immersed

solid, do not deteriorate the pressure distribution on the immersed surface. In the light of

these results, it appears that the high-order correction schemes are certainly improving

the solution locally near the immersed surface, and especially the pressure gradient, while

globally the pressure may fluctuate around a mean value depending on the proximity

to the other solid surfaces. This conclusion is supported by the previous investigation

made for laminar problems in Chapter 4.

The performance curve of the two-blade pump is summarized in Figure 5.24. Satisfactory

results are obtained for the hydraulic head. By comparing these results, with the

performance curve of the single-blade pump, two differences can be noted in the trend

of the numerical head as a function of the flow rates: (i) the numerical head is in good

agreement with the experimental one at the highest flow rate as well, and (ii) constant

under-estimation of the head is not observed, as the head obtained numerically is higher

than the reference value at low flow rates. The first difference identified here is probably

due to the absence of large separation with this double blade impeller, which is more

difficult to accurately predict. The absence of such large trailing vortices can be seen in

Figure 5.25, where only small elongated vortices are visible. This can be contrasted with

large separation with the single blade pump (see Figure 5.17 in Section 5.1.3), which was

found to lead to poor head estimation at the highest flow rate. Regarding the torque,
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although the differences obtained with the experimental quantities are still important,

one can note however that the numerical estimations are in better agreement than the

ones obtained for the previous pump. The discrepancy between the numerical and the

experimental torque is increasing with an increasing flow rate, but the torque estimation

can be corrected with the improved penalty approach as highlighted previously.
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Figure 5.22: Instantaneous hydraulic head of the pump for different numerical
specifications of the IBM at the BEP (Q = 847l/s).
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Figure 5.23: Instantaneous torque of the pump for the simple and improved penalty-
based IBM for two different flow rates.
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Figure 5.24: Head and torque vs. flow rates: comparison between the current IBM and
experimental values provided by Sulzer. All data are normalized by the experimental
head and torque at the BEP.

Figure 5.25: Iso-contour of the Q field (Q = 2 · 105) colored with the velocity magnitude
for a flow rate of 1370l/s and at t = 0.5s.
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5.3 Single-phase mixing in a stirred-tank

5.3.1 Case description

This case concerns the cylindrical mixing tank with 4 vertical baffles and the 4 pitched

blade impeller studied by Ge et al. [41]. The results reviewed here refer to the 45◦

pitch impeller with rectangular blades. The tank and impeller assembly has a 90◦

rotational periodicity. Ge et al. study provides both experimental and computational

results. Radial and axial velocities were measured using PIV along two radial sampling

lines located upstream and downstream of the impeller at axial position y = 0.09m

and y = 0.13m and offset by 5◦ from the vertical plane containing the baffles. In

addition, the phase averaged turbulent kinetic energy is estimated from the 2D planar

PIV measurement using the pseudo-isotropic assumption: k = 3
4(ū′

2
+ v̄′

2
), where ū′ and

v̄′ are the turbulent radial and axial velocity fluctuations.

The design of the problem is shown in Figure 5.26. The tank used in the experimental

study was deeper than in the computational model where the height H corresponds to

the level of the free surface in experiments. The impeller rotational speed is set at

N = Ω/2π = 2.5rev/s giving the Reynolds number Re = ND2/ν = 5.18 · 104 and

the Froude number Fr = N2D/g ' 3.6. Under these conditions distortions of the free

surface by the liquid stirring can be expected to have little influence [29]. Computational

tests were conducted with a Volume of Fluid (VOF) model to account for the influence

of the free surface and confirmed this to be the case.

5.3.2 Meshing details and accurate modelling

The computational results from [41] were obtained from a RANS k − ε model and a

Generalized Grid Interface (GGI) method to handle the rotating zone and a hybrid

mesh. Hexahedral cells were used for the stationary zone and tetrahedral cells ranging

from 2mm in the impeller discharge region to 6mm elsewhere. Zero thickness baffles

and impeller blades were used to avoid meshing complication. Similarly for the body-

fitted simulations performed in this research, the GGI method was used to model the
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Figure 5.26: Outline of mixer layout dimensions and CAD rendering view. The static
and rotating zones are specified for the body-conforming approach.

moving boundaries. A cubic mesh was employed for both the stator and the rotor

mesh zones. The edges of the quadrilateral cells are aligned with the coordinate axes

everywhere except in the vicinity of inflation layers at wall boundaries where tetrahedral

and pyramidal cells are used to make the transition. Local refinements are achieved by

dividing cells into uniform octants. The body-fitted mesh is based in the end on 2mm

cells. A refined zone is defined in the rotating region, extending from its lowest point

(see Figure 5.26) to 0.19 impeller diameter. Finally, one additional refinement is applied

in four layers adjacent to wall boundaries. Meshing of the impeller wall relies on a single

quad based prism layer (inflation layer). Concerning the impeller itself, a 2mm wall

thickness was used instead of the zero thickness from Ge et al. With these settings,

an average y+ of 5.8 was obtained. A coarser mesh was also considered without the

intermediate refined region. Finally for the IBM case, a similar cell size was considered

in the tank. However, the refined region with 1mm cells is smaller in this case, ranging

from y = 0.095m to y = 0.13m. In this sense the equivalent IBM resolution is in-between

both body-conforming grids. The IBM is using the physical thickness of the impeller

(1.6mm), hence its discrete representation is only one or two cells thick. The grid details

are listed in Table 5.8.
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Model Turbulence model max. grid res. impeller thickness

Ge et al. RANS k − ε 2mm 0

Body-fitted DDES 0.5mm 2mm

IBM coupled IBM-DES 1mm 1.6mm

Table 5.8: Numerical settings for the different CFD models

The impeller surface mesh is composed of triangular elements of 0.25mm in average,

which is four times smaller than the size of the fluid cell. The approximation made for

the estimation of the distance to the interface in arbitrary geometry, that is which cannot

be defined analytically, is discussed here. We define the average error in the calculation

of the distance between fluid cell center points and the interface as:

Ēd =
1∫

Ωp
dΩ

∫
Ωp

Ed,idΩ =
1∫

Ωp
dΩ

∫
Ωp

(
d(xi)− dref (xi)

dref (xi)
)dΩ (5.7)

where Ed,i is the local relative error in cell i between the approximate distance d(xi)

and a reference distance dref (xi). The reference distance is calculated with a dichotomy

algorithm using 80 iterations. The average error is integrated over the penalized domain

Ωp. The average errors obtained with the considered surface mesh and with different

dichotomy iterations are listed in Table 5.9. Using 20 iterations for the dichotomy

algorithm is shown to give a negligible relative error. This supports the argument that

the error in the estimation of the distance, which converges in 2k, k being the number of

dichotomy iterations, is low enough to consider the distance obtained with 80 iterations

as the real distance to the interface. From the table, we can see that approximating

the distance to the interface by the distance to the closest solid points with a surface

mesh of 0.25mm elements leads to an average relative error below 1%. This can be

considered as acceptable for our simulation case. Furthermore, it should be noted that

the approximation made here reduces the CPU time for computing the distance from

8.87s to 2.53s in comparison to a dichotomy algorithm using 80 iterations. These CPU

times were obtained for a sequential simulation and the distances were estimated for all

cells in the penalized domains (approximately 20000 cells in total). The same analysis
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on the error is performed for the Wannier case, described in Section 4.1. The medium

mesh is considered (Grid 2) for the fluid domain and here also the surface mesh for the

cylinder is composed of triangular elements four times smaller. The reference distance is

calculated with the analytical distance to the interface. An average relative error around

2.5% was found in the penalized domain. The larger relative error obtained in this case

can be explained by the use of larger volume and surface mesh.

Method Dicho. 5 it. Dicho. 10 it. Dicho. 20 it. surface mesh

Error Ēd 0.25 0.0059 5.2e−6 0.0085

Table 5.9: Volume averaged relative error as defined in Equation 5.7 for different methods
of computing the distance to the immersed interface.

Both body-fitted and IBM simulations performed for this study have used a hybrid

RANS-LES type of turbulence model. While the IBM is coupled to a DES model (see

Section 3.3), the body-fitted case used instead the Delayed Detached Eddy Simulation

(DDES), which reduces incorrect behavior triggered by a grid spacing parallel to the

wall smaller than the boundary-layer thickness [121]. The resolutions of the two body-

fitted grids have been assessed in terms of the kinetic energy spectra. The results have

shown that both mesh are fine enough to fully resolve the inertial range, with a spectrum

characterized by a curve of slope −5/3.

Due to the small thickness of the impeller blade relative to the mesh size, the outer

velocity correction scheme is used in the present case. The explicit penalization of the

pressure is used as well to ensure a Neumann condition at the interface. It was verified

that the pressure fluctuations that can appear with such pressure correction scheme (see

Chapter 4) are small enough and negligible when time-averaged. Given the mean y+

obtained with the body-fitted simulation, it can be assumed that cells adjacent to the

impeller boundaries will typically be placed in the logarithmic layer provided that the

flow remains attached, when modelled with IBM. For this reason, the velocity correction

scheme based on a power-law introduced in Section 3.3.4 is also considered in this case,

in order to better describe the turbulent velocity profile of the boundary layer. The next

sections present the results obtained with a linear reconstruction of the velocity, while
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Section 5.3.5 discusses the sensitivity to the type of reconstruction.

5.3.3 General results

The initial conditions for the simulation were based on a fluid at rest with uniform

static pressure distribution gravity being neglected. The velocity contour obtained after

5 impeller revolutions are shown in Figures 5.27 and 5.28. The accuracy of this variable

is meaningful for mixing problems. In the considered areas, the mesh size is ∆x = 1mm

in a circular region centered in the impeller with a radius of respectively 0.11m for the

body-fitted case and 0.08m for the IBM case, while the mesh size is ∆x = 2mm outside

these regions. Although the regions of high velocity magnitude look more heterogeneous

directly below the impeller in Figure 5.27, the current penalization approach is leading

to a similar level of mixing in the tank, as confirmed by the time averaged flow velocity

profiles discussed in the next section (Section 5.3.4). The size of the dead zone directly

under the impeller as well as the extent of the zone characterized by high downstream

velocity are in good agreement with the body-fitted case. For the plane cutting the

impeller in Figure 5.28, the extent of the region of high velocity swept by the impeller also

shows generally similar characteristics in terms of spread and diameter. There is however

some non negligible difference in the intensity and length of the wake trailing behind each

impeller blade. The high velocity region is shown to spread further radially downstream

of the impeller (at y = 0.1m) in the IBM case with a lower velocity magnitude, while the

flow remains attached to the impeller for longer with the body-fitted mesh allowing for

higher velocity flow to evolve which then diffuses more rapidly in the wake (see Figure

5.29).

Concerning turbulence modeling, it is worth noting that the penalization of the

turbulent viscosity is a necessity when using a full RANS model. Without a correct

boundary condition on the immersed interface, the turbulent viscosity computed inside

the solid from the Spalart-Allmaras equation can be very high, leading to an overestimated

diffusion in the flow. The influence of this penalization process is however found to have

a negligible influence when a DES turbulence model is used. Results confirm that with
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(a) Body-fitted (b) IBM

Figure 5.27: Contour of the velocity magnitude (m/s) on a cross-section downstream of
the impeller at y = 0.1m for both body-fitted and IBM computations.

(a) Body-fitted (b) IBM

Figure 5.28: Contour of the velocity magnitude (m/s) on a cross-section cutting the
impeller at y = 0.11m for both body-fitted and IBM computations.

DES models a correct estimation of the turbulent variables in the core is more important,

and the latter is not significantly affected by what happens near the boundary layer, in

this type of problem where there is significant repeated mixing. A possible reason is

that a lot of the turbulence is determined by the interaction of larger turbulent scale

with the impeller blade and subsequently the turbulent cascade. This is an important

conclusion regarding the relatively low resolution of the impeller wall with the immersed

boundary formulation. Figure 5.29 illustrates the similarity of the vortical structures

around the impeller for both numerical methods. The absence of inflation layers in the
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IBM can explain the failure of the method to resolve the boundary layer growth and

separation. This clearly impacts on the formation of vortices at the impeller blade tips.

The type and shape of the vortices obtained with IBM however appear to be similar,

and the comparison of flow velocity profiles in Section 5.3.4 shows that this effect on

time average mixing is not significant.

(a) Body-fitted (b) IBM

Figure 5.29: Q field iso-contours with Q = 104 coloured by the magnitude of the velocity
(m/s).

5.3.4 Averaged data

All data averaging were performed over 20 revolutions, after an initial start-up period

of 20 revolutions. LES computations reported in [29], and based on similar Reynolds

number and averaging procedure, confirmed that the initial start-up phase was sufficient

to filter out transients and to provide statistically averaged data. For comparison, 15

impeller revolutions were reported in [52] and 15-20 revolutions in [142]. The results

discussed in this section concern phase resolved velocity measured along the sampling

lines defined earlier and averaged over these 20 revolutions. The discussion also considers

the turbulent kinetic energy which is both phase and time averaged. The phase averaging

is performed over 5◦ angular steps covering one quadrant of the flow domain (i.e. covering
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the flow domain between two baffles). The axial and radial velocities and the turbulent

kinetic energy are normalized in terms of the impeller tip velocity Utip = πND as

U∗a,r = Ua,r/Utip and k∗ = k/U2
tip. The total turbulent kinetic energy reported here

is determined from the resolved flow velocity components ui and the sub-grid scales

contribution ksgs = νt/(0.07/d̃) with k = (ū2
i − ūi2)/2 + ksgs [52].

The phase resolved axial and radial velocities and the phase averaged turbulent

kinetic energy distributions along the two sample lines (dashed red lines on Figure 5.26)

are compared against experimental and simulation profiles from [41] in Figures 5.30,

5.31 and 5.32. Although the general trends and peak velocity values are similar to the

experimental data, significant differences are observed over parts of the profiles. The

difference is particularly noticeable in the case of the radial velocity downstream of the

impeller (Figure 5.31(a)). However, the experimental velocities in this case experience

relatively small variations around the average value of 0.045m/s which is approximately

5% of the axial velocity range. Both body-fitted and IBM models predict generally

similar results by comparison with the reference profiles obtained with the k − ε RANS

model, with two notable differences, (i) gradients are generally better resolved with the

DES models and (ii) the peak in turbulent kinetic energy downstream of the impeller,

although still significantly dampened is closer to experimental observations. The k −

ε model does seem to achieve more accurate kinetic energy predictions upstream of

the impeller (Figure 5.32(b)). This however is in conjunction with significant under

prediction of the radial velocity which, in the case of the DDES simulation, impacts on

the determination of the kinetic energy k = (ū2
i − ūi2)/2 +ksgs. The IBM is shown to be

in very good agreement with the body-fitted simulations for most profiles. Regarding the

turbulent kinetic energy, one can note a better estimation of the energy peak upstream

of the impeller with the IBM. This overestimation compared to the body-fitted case

may be due to the rasterization effect artificially increasing stresses. Finally, it is worth

mentioning the improvements achieved with the corrected Penalty method, obtained

for the axial velocity downstream of the impeller (Figure 5.30(a)), which reduces the

velocity peak in accordance to the other data.
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Figure 5.30: Phase and time averaged axial velocity along the two sampling lines.
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Figure 5.31: Phase and time averaged radial velocity along the two sampling lines.
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Figure 5.32: Phase and time averaged turbulent kinetic energy along the two sampling
lines.

Figure 5.33: Contours of the velocity (m/s), projected in the direction of the
impeller rotational speed (+z), obtained with a linear reconstruction at the immersed
surface. The contours are shown on cross-sections perpendicular to two impeller blades
diametrically opposed. The white contours depict the impeller surface.

5.3.5 Sensitivity to the velocity reconstruction scheme

The influence of the type of velocity correction at the immersed interface is discussed

in this section. Figure 5.33 shows the velocity contour in the wake of two blades on
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Figure 5.34: Contours of the velocity (m/s), projected in the direction of the impeller
rotational speed (+z), obtained with a power-law (k = 1/7) reconstruction at the
immersed surface. The contours are shown on cross-sections perpendicular to two
impeller blades diametrically opposed at a distance of 0.06m from the impeller center of
rotation. The white contours depict the blades surface.

opposite sides of their axis of rotation, when a linear correction is applied. The velocity

is projected in the tangential direction of the impeller rotational speed. Figure 5.34 shows

a similarly projected velocity at the same location when a correction based on a power-

law k = 1/7 is applied. Theses results are shown after 5 impeller revolutions. Different

profiles of separation can be observed between the two types of velocity reconstruction.

With the linear correction, the wake behind the blade appears broader, while on the

contrary the power-law correction generates a narrower wake with a smaller angle of

separation from the blades corner. In addition, along the blades, the separation appears

closer to the impeller center of rotation with the linear correction. The non-transient

nature of these flow characteristics were verified. The same conclusions can be drawn at

different locations and different times, although the differences between the two methods

slightly reduce with time probably because of the increasing mixing. These results are

consistent with the power-law distribution, which enforces more flow tangency to the

immersed surface. Similar observations on the delayed separation of the boundary layer

in external flow past bluff bodies and on the wake size were made by Choi et al. [21].

Lower levels of turbulent energy are obtained with the power-law approach, as

depicted by Figure 5.35(b). This was also observed in [21]. The higher turbulent
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Figure 5.35: Dependence of the averaged quantities in the velocity reconstruction scheme.

intensity generated with a linear reconstruction is due to the earlier flow detachment,

which destabilizes the different boundary layers and promotes mixing. For the phase and

time averaged mean velocity, differences are also visible for the axial velocity in Figure

5.35(a) but appear less significant. The same conclusion can be drawn for the radial

velocity. Both instantaneous and time averaged flow characteristics have been found

to be sensitive to the velocity reconstruction scheme. It can be argued that the linear

correction gives predictions which are closer to the body-fitted simulation, especially in

terms of turbulent quantities and structures. It is argued that this is due to the effect

that the power law reconstruction has on promoting attachment of the boundary layer.
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5.4 Conclusions

In this chapter, the sharp interface Penalty approach was applied to FSI problems

involving turbulent mixing flows. The IBM was assessed in terms of its capabilities to

generate stable and accurate solutions of the different flow problems. Particular attention

was paid to the improvements brought by the correction schemes used for the boundary

conditions at the immersed interface. Inherent shortcomings were also identified in

specific configurations. Numerical results obtained with the Penalty methods were

compared to equivalent body-fitted simulations, previously published data and experimental

results when available. Finally, the coupling of the present IBM with the hybrid DES

turbulence model was validated, including the penalization formulation of the Spalart-

Allmaras equation.

Regarding centrifugal pump applications, the velocity correction scheme seems to

reduce the effect of the rasterization inherent to IBM on Cartesian grids, by reducing

both the mixing in the volute and the wake behind the impeller’s trailing edge, giving

results that are closer to predictions from the body-fitted simulations. The mirrored

velocity correction (internal scheme) generates spurious vortices at the immersed surface

if the pressure is not corrected in addition. Although fixing this issue, the imposition

of the Neumann condition for the pressure leads however to large fluctuations of the

pressure level when wall boundaries are close to the immersed surfaces, as was already

highlighted in the previous chapter. Those fluctuations are negligible in a case like

the Mixer, but become significant for the single blade pump, where a high confinement

exists between the impeller and the volute casing. From a general point of view, the

improvements of the different corrections schemes are less visible in this case. In addition,

numerical estimations of the torque with both body-fitted models and IBM appear to

be relatively poor. On the contrary better torque estimations, and more significant

improvements due the correction schemes are obtained for the two-blade pump. This

difference could be explained by the impeller design, geometry and symmetry of which in

the latter pump leads to a narrower range of turbulent structures, making the averaged
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quantities easier to predict.

The resolution of the boundary layer by standard means is delicate and questionable

for the applications considered in this chapter, as the inherent turbulent rotating flows

generate high mixing and separations and no clear attached boundary layers. Hence, a

low influence of the inflation layers for body-conforming simulations was identified for

the estimation of integrated quantities in the first pump case. For IBM, the sensitivity

to the velocity reconstruction scheme was assessed for the mixer. A power-law model

describing the logarithmic profile of an attached boundary layer was not found to give

better predictions of averaged or instantaneous flow variables, in comparison to the linear

correction. Regarding the turbulence model, the coupling between our IBM and the

hybrid DES model was found to correctly predict turbulent structures and quantities in

comparison to body-conforming models. The IBM formulation of the turbulent viscosity

equation (modified Spalart-Allmaras equation) was found to improve the results in terms

of head and torque, and to be necessary for full RANS simulations.

163



164



Chapter 6

Results and discussion:

Comparison of Immersed

Boundary Solutions for handling

rigid 3D geometries

6.1 Introduction

This chapters has a dual aim:

1. the assessment of a diffuse IBM coupled to a Lattice-Boltzmann solver

2. the comparison of this diffuse LB-IBM to the sharp NS-IBM developed during this

research and validated in the previous chapters

The formulation of the LB-IBM is introduced first, and its accuracy is then analysed

by comparison with other wall treatment methods in the Lattice-Boltzmann context.

Finally, the method is compared against the NS-IBM (xIBM) predictions with several

of the test cases considered in Chapters 4 and 5.
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6.2 A diffuse iterative IBM within Lattice-Boltzmann

This section presents the IBM available in the Lattice-Boltzmann open-source software

Palabos. The IBM is based on the Multi Direct Forcing Method (MDFM) developed by

Wang et al. [147] initially in the Navier-Stokes context.

6.2.1 The Multi Direct Forcing Method (MDFM)

The MDFM has already been coupled to LBM by Ota, Suzuki & Inamuro ([97], [125])

to study the interaction of fluids with rigid bodies. In this model, the presence of an

immersed object in the fluid is accounted through a two-step approach:

1. A particle distribution function field f ′α(x, t + ∆t) is evaluated according to the

standard discretized LB equation (see Equation 2.6 in Chapter 2), without taking

into account the presence of the solid body.

2. This intermediate field f ′α(x, t+ ∆t) is corrected by the body force accounting for

the solid:

fα(x, t+ ∆t) = f ′α(x, t+ ∆t) + 3∆xωαcαg(x, t+ ∆t) (6.1)

where g is the body force representing the action of the solid on the fluid. The

body force is determined to enforce the no-slip boundary condition at the fluid-solid

interface.

6.2.2 Iterative estimation of the Immersed Boundary force

The second point of interest is the definition of the body force g injected in Equation

6.1. The iterative nature of the MDFM helps achieve the no-slip condition in comparison

to standard direct forcing approaches [147]. In the following equations, l stands for the

iteration and it was shown that l = 5 is sufficient to keep a no-slip condition on the

boundary points [125]. The IBM force g is computed as following:

gl+1(Xk, t+ ∆t) = gl(Xk, t+ ∆t) +
Uk(t+ ∆t)− ul(Xk, t+ ∆t)

∆t
(6.2)
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where gl and ul are respectively the lth iteration of the body force and the fluid

velocity estimations. The latter is corrected from the intermediate velocity field u′,

itself obtained from the intermediate particle distribution function field f ′α(x, t + ∆t),

introduced earlier. This correction procedure reads:

ul(x, t+ ∆t) = u′(x, t+ ∆t) + gl(x, t+ ∆t)∆t (6.3)

To translate the physical variables from the Eulerian grid node x to the Lagrangian

points Xk, and vice-versa, a standard interpolation procedure is performed with the

weight functions given by the Dirac delta function δ used in Lai & Peskin [78]:

ul(Xk, t+ ∆t) =

∫
ul(x, t+ ∆t)δ(x−Xk)dx (6.4)

This procedure spreads the forcing to the surrounding Eulerian nodes, making the

IBM diffusive. As the forcing is only applied in the vicinity of the interface and not

inside the totality of the solid domain, non-physical internal flows may be generated (see

next section).

The iterative method presented here starts with the initial estimation of the body

force at the Lagrangian points, as:

g0(Xk, t+ ∆t) =
Uk(t+ ∆t)− u′(Xk, t+ ∆t)

∆t
(6.5)

6.2.3 A corrected estimation of the force acting on the body

For further applications, the instantaneous force acting on the immersed solid can be

computed from the force accounting for the solid presence in the fluid, which is merely

the IBM force. The discrete formulation of this total force Ftot reads then:

Ftot(t) = −
∑
x

g(x, t)(∆x)3 (6.6)

In Equation 6.6, ∆x refers to the lattice spacing and g(x, t) is the body force
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computed on the Eulerian grid similarly to Equation 6.3. In reality, the sum of the

body force g over the immersed object involves both contributions from the external

and the internal fluids. For moving solids, a part of this summation is used to move the

internal fluid. The latter has to be removed from the total force in order to obtain the

physical force from the external fluid only, acting on the immersed solid. This issued

has been addressed by Suzuki & Inamuro among others in [125]. The physical force F(t)

can then be obtained as Ftot(t) = F(t)+Fin(t), where Fin(t) represents the contribution

from the internal fluid. Also called the internal mass effect, the latter is defined as:

Fin(t) = − d

dt

∫
Ωs(t)

u(x, t)dx (6.7)

Suzuki & Inamuro have considered two ways to discretize Equation 6.7. The first

method, which is adopted in this research, assumes a rigid body motion inside the solid

domain Ωs. In this case the internal mass effect is simplified as in Equation 6.8, with

Uc(t) being the instantaneous velocity of the solid center of mass.

Fin(t) ≈ −Ωs(t)
Uc(t)−Uc(t−∆t)

dt
(6.8)

In the second method, artificial internal Lagrangian points are used to compute an

internal velocity field interpolated from the fluid velocity. A similar model can also be

defined for the estimation of the physical torque acting on the immersed object. Suzuki

& Inamuro have shown that taking into account the internal mass effect is necessary for

this kind of IBM and for Reynolds numbers above 10, if one is interested in the physical

forces acting on the object. The two formulations of Fin(t) lead to reasonably similar

results. The second approach gives a better estimation of the torque when the angular

motion of the body is distinct [125]. As it was not found to be the case in the rotating

flow considered here, the choice of the first approach is relevant.
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6.3 Accuracy of wall treatment models in LBM: application

to the fixed cylinder in a cross flow

This comparative study is based on the fixed cylinder case in a cross flow described

in Section 4.2. The accuracy of three different models for handling the presence of a

solid in internal flows within LBM are assessed and compared: (i) IBM, (ii) Bounce-Back

approach and (iii) Guo’s approach [49]. All models were introduced previously in Section

2.1.2. In the Navier-Stokes context, the results of the simple first-order Penalty and the

improved Penalty, based on velocity and pressure corrections, are used for comparison.

The same grid resolutions are used for both types of solver and for all wall treatment

models.

The standard model of the Lattice-Boltzmann equation as described in Section 2.1.2

achieves a second order accuracy. As shown in Table 6.1, an IBM or a Bounce-Back

representation of the cylinder obstacle reduces the local order of the LBM. The IBM leads

to an order around 1 for both the drag coefficient and the re-circulation length, as it is

expected for the MDFM. On the contrary, the reduction is less important with Bounce-

Back modelling. This is due to the fact that the latter can achieve in theory a second

order accuracy, when the cylinder wall is exactly midway between the lattice nodes. One

can note finally that Guo’s model [49] for a curved wall, which is in principle second

order accurate, achieves for this test case an even higher order of accuracy. Regarding

the absolute values, it appears that the diffusive nature of the LB-IBM generates a

significant over-estimation of the two physical parameters, compared to higher methods

and experimental results (see Table 4.4 in Section 2.1.2). CD and LS from the simple

and improved NS-IBM are also listed in Table 6.1 as indicators. Although the simple

NS-IBM is also a first order approach, the sharp definition of the immersed object does

not lead to an over-estimation of the parameters in this case.
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Model CD (Grid 3) CD (Order) LS (Grid 3) LS (Order)

LB-IBM 1.67 1.1 2.45 1.0

Bounce-Back 1.57 1.5 2.32 1.6

Guo [49] 1.56 2.9 2.23 5.0

NS-IBM 1.58 / 2.21 1.0
simple Penalty

NS-IBM 1.60 / 2.30 1.5
improved
Penalty

Table 6.1: Estimations and associated order of accuracy of the drag coefficient and
the re-circulation length, for different wall treatment models in the Navier-Stokes and
Lattice-Boltzmann solvers.
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6.4 Comparison of IBMs: Two-dimensional flow across a

fixed array of cylinders

This case considers a two-dimensional flow across an array of cylinder and is described

in Vincent et al. [143]. The goal is to compare the accuracy of the sharp and diffuse

types of IBM for determining the pressure discharge in applications like fluidized beds.

The theoretical value of the pressure discharge can be obtained by balancing the forces

acting on the cylinders (drag and pressure). For a two-dimensional case, it reads:

∇p = −α(1− α)−5ρl
18µl
d2
p

[1 + 015Re0.687
p ]U0 (6.9)

where α is the solid fraction obtained from the cylinder’s blockage, dp is the cylinder

diameter and U0 stands for the inlet velocity in the channel. Rep is the resulting

particulate Reynolds number. The fluid considered for this test case is thiocyanate

KSCN, characteristics of which are listed in Table 6.2, along with the other physical

parameters. In such configuration, the theoretical pressure discharge is about 306.5Pa.

The channel dimensions are 0.6m in length and 0.1m in height. Three grid resolutions are

considered with 990× 165 cells, 1980× 330 cells and 3960× 660 cells, which corresponds

respectively to approximately 10, 20 and 40 cells in the diameter of the cylinder.

Fluid Properties Density ρf = 1400kg/m3

Dynamic viscosity µf = 3.8 · 10−3Pa.s

Geometrical Properties Cylinder diameter dp = 6mm
solid fraction α = 0.1

Flow Properties Inlet velocity U0 = 0.12m/s

Table 6.2: Fluid, flow and geometrical characteristics for flow across an array of cylinder.

For the sharp NS-IBM, the simple Penalty approach is considered. This method

is compared to two wall treatments within the Lattice-Boltzmann framework: (i) the

standard Bounce-Back modelling and (ii) the diffuse LB-IBM. The pressure and velocity

fields are shown in Figures 6.1 and 6.2 for the NS-IBM. As expected, one can observe a

global linear decrease of the pressure in the channel. Attached recirculating bubbles are
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visible behind the cylinders. After the first few rows where they are completely stable,

the recirculating zones exhibit fluctuations in the transverse direction. This is due to

the non-symmetrical layout of the array of cylinders.

The pressure discharge obtained with the different wall treatments are listed in Table

6.3 for the three grid resolutions. From these results, the diffuse IBM appears not

surprisingly as the least accurate method and leads to an overestimation of the discharge,

due to an overestimation of the recirculation bubble size. The two other wall treatments

involving a sharp interface give reasonably good results. One can note in particular

the good agreement with the theoretical discharge obtained for the bounce-back method

starting from the coarse grid. Also, the sharp NS-IBM exhibits a good convergence

behaviour.

Model Bounce-Back (LBM) diffuse LB-IBM sharp NS-IBM

coarse grid 328.8 398.0 262.2

medium grid 334.4 362.8 322.8

fine grid 312.8 339.2 337.0

Table 6.3: Estimations of the pressure discharge (in Pa) for different wall treatments
and grid resolutions.
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Figure 6.1: Pressure contour of a two-dimensional flow across a fixed array of cylinders
with NS-IBM.

(a) full view of the domain

(b) close-up view near the inlet

Figure 6.2: Contour of velocity magnitude for a two-dimensional flow across a fixed
array of cylinders with NS-IBM. In the close-up view, the velocity vectors as well as the
iso-contour of the mask function (in red) depicting the immersed cylinder interfaces are
shown in addition.
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6.5 Comparison of IBMs: in-line oscillating cylinder in a

fluid at rest

In this section, the in-line oscillating cylinder case in a fluid at rest is considered, as

described in Section 4.3. The results of the diffuse LB-IBM are compared to the sharp

NS-IBM.

Figure 6.3 shows the iso-contours of the vorticity magnitude in the vicinity of the

moving cylinder. The contours obtains from both NS-IBM and LB-IBM compare well

and are in good agreement with the numerical results of Liao et al. [85] at the same

cylinder position.

(a) NS-IBM (improved penalty) (b) LB-IBM

Figure 6.3: Iso-contours of the vorticity magnitude around the cylinder for a phase angle
ωt = 180◦.

The profiles of the streamwise and the transverse velocity component are shown in

Figure 6.4 and 6.5 for x = 0 and x = 0.6D respectively. The results from the body-fitted

simulation performed with OpenFOAM® are used as a reference. The spreading of the

LB-IBM forcing is largely visible. This generates a thickening of the real size of the

cylinder more important than for NS-IBMs, which is shifting the maxima of velocity in

the outward radial direction. For the profile in front of the cylinder in Figure 6.5, the

thickening leads to a small increase of the maxima of velocity. The same conclusion can

be drawn behind the cylinder at x = −0.6D for instance. As the IBM forcing in the
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Lattice-Botlzmann solver is only computed in the vicinity of the object’s interface, the

internal flow generated with moving boundaries is here visible between −0.5D and 0.5D

in Figure 6.4.
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Figure 6.4: Velocity profiles at x = 0 with a phase angle ωt = 180◦ for NS-IBMs and
LB-IBM.

The evolution of the drag coefficient is given in Figure 6.6 for the LB-IBM and both

simple first order NS-IBM and its corrected version xIBM (with velocity and pressure

correction schemes). The experimental results of Dutsch et al. [32] are given as reference.

Firstly, two ways of computing the drag force are compared for the Lattice-Boltzmann

approach. It shows clearly that it is necessary to take into account the internal flow

for a correct estimation of the fluid action on the object’s surface. When the internal

mass effect is taken into account, the drag force is however still slightly overestimated in

comparison to the sharp IBMs implemented in the Navier-Stokes solver. A combination

of two factors is identified to explain this overestimation: (i) the diffuse nature of LB-

IBM which thickens the solid and (ii) the assumption of the internal rigid body motion

for the estimation of the fluid force acting on the solid, which is not exactly satisfied

in this case. Despite this overestimation, the advantage of the diffusive approach lies
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Figure 6.5: Velocity profiles at x = 0.6D with a phase angle ωt = 180◦ for NS-IBMs and
LB-IBM.

in the smooth evolution of the drag, while significant instabilities are generated with

sharp approaches. These instabilities have found to be larger when correction schemes

implemented for velocity and pressure at the interface are used in the improved NS-IBM.
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Figure 6.6: Comparison of the evolution of the instantaneous drag coefficients.
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6.6 Comparison of IBMs: single-blade centrifugal pump

This case is based on the single-blade pump model described in Section 5.1 for the sharp

NS-IBM. Regarding the Lattice-Boltzmann framework, the features of the computational

domain are outlined in Figure 6.7. The pump volute and impeller are immersed in a

fluid domain. The impeller wall is modelled with the diffuse IBM while the volute walls

are modelled with the bounce-back technique. The fluid nodes above the inlet surface

and exterior to the volute are considered as dead nodes, for which the fluid equations

are not solved. Similar to the configuration described in Section 5.1, the flow enters the

”simulation” domain vertically downward through the planar inlet surface (in which the

inlet pipe has been extruded). The lattice grid spacing is constant and uniform with a

size of 2mm, and similar size is used to mesh the surface of the impeller with triangular

elements, in accordance to the mesh resolution used for the sharp NS-IBM. Regarding

the turbulence model, a Smagorinsky based LES model is used to describe the effect of

subgrid scales in the flow.

Figure 6.7: Computational domain of the Lattice-Boltzmann - Immersed Boundary
Method (LB-IBM): the pump volute is represented in grey, the impeller modelled with
IBM and its triangular mesh is represented in dark grey, the red plane denotes the inlet
surface and the blue circle surrounds the outlet surface.

The contours of the magnitude of the velocity are shown in Figure 6.8 for the two

types of IBM solution along with the body-fitted solution. The two IBMs generate an

average velocity magnitude in the volute which is higher than the equivalent body-fitted

level, especially on the discharge side of the impeller. The sharp IBM leads however

to more accurate results in comparison to the diffuse LBM for two noticeable flow
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characteristics: (i) a better flow uniformity around the impeller leading edge and on

the impeller suction side, and (ii) a thinner wake behind the trailing edge, both in

accordance with the body-fitted simulation. These results highlight the shortcoming of

the diffuse nature of the LB-IBM, due to the spreading of the IBM force. The failure

of the latter model in predicting a correct mixing level in the volute is clearly visible in

Figure 6.9, which shows for the three numerical methods the vorticity field for the same

iso-contour. The LB-IBM based on a diffuse interface leads to a large overestimation of

vortical structures. On the other hand, a good agreement is obtained between the sharp

NS-IBM and the body-fitted simulation, although a high vorticity seems to be found

especially near the trailing edge with the IBM.

(a) LB-IBM (b) Body-fitted (NS) (c) NS-IBM

Figure 6.8: Contours of the velocity magnitude on the cross section of the pump passing
through the center of the outlet pipe at t = 0.2s. The interface with the impeller is
represented by a thick white line for IBM cases. The two straight white lines in the
body-fitted solution represent the profiles where the instantaneous velocity values are
extracted.

The higher mixing obtained with LB-IBM is also visible on the local velocity profiles

in Figures 6.10 and 6.11. The difference in mixing is especially noticeable on the suction

side of the impeller, illustrated by the high variability of the instantaneous velocity in

comparison to the two other approaches. However, it is important to note the relatively

good agreement found for the size of the vortices, which can be characterized by the

velocity fluctuations.
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(a) LB-IBM (b) Body-fitted (NS) (c) NS-IBM

Figure 6.9: Iso-contour of the vorticity magnitude ω = 600s−1 on the cross section of
the pump passing through the center of the outlet pipe at t = 0.2s. The interface with
the impeller is represented by a thick red line.
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Figure 6.10: Instantaneous profiles of the radial component of the velocity. The impeller
position is represented by the vertical red lines.

Although significant discrepancies have been identified regarding the predictions of

the instantaneous flow in the pump with the diffuse IBM, a good estimation of the static

pressure converted from the average kinetic energy developed by the impeller, can be

found in this case, similarly to the two other numerical approaches. This argument is
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Figure 6.11: Instantaneous profiles of the vertical component of the velocity. The
impeller position is represented by the vertical red lines.

supported by a performance study. The hydraulic heads obtained experimentally as

well as the numerical heads predicted with both IBMs and the body-fitted model are

summarised in Figure 6.12 for five different flow rates. The heads are non-dimensionalized

by the experimental head obtained for the Best Efficiency Point (BEP). Both sharp and

diffuse IBMs are giving head estimates which are in very good agreement with the

body-fitted predictions and which compare also well with experimental data around

the BEP. All numerical approaches tend however to underestimate the head, especially

with the appearance of large separation and the formation of large training vortices at

high flow rates, as this was already identified previously for the single-blade impeller in

Section 5.1.3. Predictions in this case can indeed be expected to be strongly influenced

by accurate modelling of boundary layers and would require much finer wall adjacent

mesh. Adaptive meshing could provide a practical solution in this case without seriously

compromising computational efficiency.

Experimental and numerical efficiencies are derived from the torques and shown in

Figure 6.12 as a function of the flow rate, for all models except the NS-IBM. The latter
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model was shown to give very similar results compared to the body-fitted method, and

both approaches fail at giving good estimates of the torque, as already seen in the

previous chapter. Surprisingly, the efficiency obtained with the diffuse LB-IBM is in

good agreement with experimental values up to Q = 70l/s. At the highest flow rate,

the poor prediction is not due to a poor prediction of the torque, but to the poor head

estimation in this case. Otherwise, the maximum relative difference between the LB-IBM

solution and the experimental efficiency is 7%, obtained at Q = 70l/s. Two hypotheses

to explain the good torque estimation with LB-IBM are that (i) the slight increase of the

velocity magnitude in the volute altered the torque and compensated for other errors or

that (ii) the smaller time step (one order of magnitude) required to ensure independence

of the results with the Lattice-Boltzmann solver allowed to capture transients that are

significant for the average torque. The instantaneous torque is shown in Figure 6.13 for

the three numerical models. One can clearly see the periodic variations for the LB-IBM,

which correspond to the impeller cycles. Such variations are not captured with the two

Navier-Stokes models.
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Figure 6.12: Performance curve for the single-blade pump obtained with different
numerical approaches.
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with different numerical approaches.
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6.7 Comparison of IBMs: single-phase mixer

This last section aims at comparing the two types of IBM for the single-phase mixing

in a stirred tank. The physics, the domain and the numerical parameters of this case

were described in the previous chapter in Section 5.3. Two grids were built for the

diffuse LB-IBM with uniform lattice everywhere in the domain: (i) a coarse grid with a

Lattice spacing of 2mm and (ii) a fine grid with a Lattice spacing of 1mm. The mesh

resolution used for the sharp NS-IBM methods is thus in-between the two Lattice grids,

as 1mm hexahedral cells were used in a region close to the impeller and 2mm hexahedral

cells elsewhere. The body-fitted mesh includes an additional refined region, where the

minimum cell size reaches 0.5mm. A summary of the grids and the turbulence models

used is provided in Table 6.4.

Model Turbulence model max. grid res. impeller thickness

Body-fitted DDES 0.5mm 2mm

sharp NS-IBM coupled IBM-DES 1mm 1.6mm

LB-IBM coarse LES 2mm 1.6mm

LB-IBM fine LES 1mm 1.6mm

Table 6.4: Numerical settings for the different CFD models

Figure 6.14 shows the instantaneous contour of the velocity magnitude after 5 impeller

revolutions for the three numerical methods. The regions of high velocity swept by the

impeller blades are in good agreement with the body-fitted results, for both coarse and

fine simulations. However, both types of IBM lead to larger wake trailing in comparison

to the body-conforming case. Although the resolution in the central area is similar for

the fine Lattice grid and the NS-IBM mesh, the NS-IBM exhibits also a more uniform

flow than its Lattice counterpart in these high velocity regions. Finally the diffuse nature

of the immersed interface with the LB-IBM is clearly visible on this figure from the the

spread influence of the two parallel surfaces of each blade.
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(a) Body-fitted (NS) (b) NS-IBM

(c) LB-IBM coarse (d) LB-IBM fine

Figure 6.14: Contour of the velocity magnitude (m/s) on a cross-section cutting the
impeller at y = 0.11m.

The distribution of the phase resolved averaged quantities are shown in Figures 6.15,

6.16 and 6.17 respectively for the axial velocity, the radial velocity and the turbulent

kinetic energy. The same sampling lines as those described in Section 5.3 are used here,

downstream and upstream of the impeller. From these averaged quantities, it appears

that the coarse LB-IBM simulation is not able to predict the general trends and peak

velocity values with a satisfying level of accuracy by comparison to the body-fitted case.

Using a finer resolution does correct the prediction of both the velocity and the turbulent
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kinetic energy. This is especially noticeable for the impeller thrust force characterised by

the axial velocity below the impeller in Figure 6.15(a) and the turbulent intensity level

in Figure 6.17(a). Although a good agreement is obtained with the fine LB-IBM, the

sharp penalty IBM in Navier-Stokes seems to give more accurate results. One can note

again the higher mixing and turbulent intensity levels obtained with the diffuse LB-IBM

in comparison to the sharp NS-IBM. For instance, the peak of turbulent kinetic energy

downstream of the impeller is over-predicted by approximately 100% and 30% with the

coarse and the fine LB-IBM respectively, in comparison to the body-fitted solution.
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Figure 6.15: Phase and time averaged axial velocity along the two sampling lines.
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Figure 6.16: Phase and time averaged radial velocity along the two sampling lines.
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Figure 6.17: Phase and time averaged turbulent kinetic energy along the two sampling lines.
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6.8 Conclusions

The coupled Lattice-Boltzmann - Immersed Boundary Method based on a diffuse definition

of the immersed interface has been validated and compared to the sharp NS-IBM in this

chapter through a range of laminar and turbulent test cases. The results have shown

that the spread definition of the immersed interface in LB-IBM has a significant influence

on the local and instantaneous velocities. The method leads also to an overestimation

of the pressure stress on the immersed solid and an overestimation of the intensity of

the mixing generated by its motion in turbulent cases. Despite this shortcoming, the

LB-IBM has given good results in terms of time averaged quantities, as can be seen for

the pump and the mixer cases, with a level of accuracy close to the sharp NS-IBM. In

addition, the evolution of the distribution of pressure and viscous stress on the immersed

surface show less noise in comparison to sharp interface methods. These conclusions

give confidence in using the latter method in FSI applications involving the transport of

secondary components.

Finally, Table 6.5 provides interesting insights into the computational costs of the

different numerical methods used in this research for the specific mixer case. All simulations

were performed on 48 processors, except for the body-fitted one which used 96 processors.

The total CPU time in this case was thus doubled in order to make an approximate

comparison. The time T1 is defined as the CPU time per time iteration and per cell

(or lattice node). From these results, it appears that the body-fitted and the simple

Penalty NS-IBM have a similar cost in terms of computational time. The resources

required for the improved NS-IBM, which includes the different corrections schemes,

depend significantly on the resolution of the surface mesh. With a relatively fine surface

mesh, the increase in the computational cost is important. In this case, one can see

that the overall CPU time has been multiplied by a factor 4.7 from the simple to the

improved NS-IBM. However, the higher time step achievable with NS-IBMs due to the

absence of inflation layer allows to speed up the computation in fine. Although a finer

resolution and a smaller time step are required in order to obtain stable and accurate
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solutions with LB-IBM, the fully explicit nature of the Lattice-Boltzmann solver makes

it still the least demanding method in terms of computational resources. These results

show that in addition to the time saved during the meshing stage of an engineering

problem, reductions of time cost can also be achieved with IBMs during the simulation.

Model Cell count Overall CPU time step (s) T1 (s)
(millions) time (h)

Body-fitted 9 218 2.5e−4 1.4e−6

simple NS-IBM 5.3 34 1e−3 1.4e−6

improved NS-IBM 5.3 160 1e−3 6.8e−6

LB-IBM (fine) 30.8 49 1e−4 3.7e−8

Table 6.5: Computational costs of the mixer simulation with the different numerical
methods.
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Chapter 7

On the transport of thin flexible

solids with diffuse IBMs

7.1 Introduction

This chapter presents the work carried out on the modelling of the interactions between

fluids and thin flexible structures. The formulation of the model is introduced before

discussing the results. The overall model combines four different numerical methods for

each aspect of the interactions:

� a fluid solver for the governing equations of the carrier phase

� a solid solver to model the deformation of the thin structure

� an IBM for the coupling between both fluid and solid solvers

� two types of collision models for the coupling solid-solid

The two different approaches are considered to solve the fluid equations, which may be

expressed as in the Navier-Stokes or the Lattice-Boltzmann framework. While the solid

solver remains identical in both cases, the IBM coupling is obviously influenced by the

choice of the fluid equations and inherent solver.
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The FSI model is validated with common benchmarks in literature and assessed

for engineering applications. A stronger emphasis is made on the LB-IBM as it was

developed during this research. The NS-IBM is based on Huang’s model [56]. The

results obtained with the latter are used for comparison with the LB-IBM for the most

relevant cases as defined in Section 7.3.
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7.2 Modelling

7.2.1 Structural dynamics

The equation of motion of an elastic slender body is derived in a Lagrangian frame

(si, sj) using the variational derivative of the deformation energy [56]. The governing

equation for a two-dimensional solid, defined by the Lagrangian points X, in a 3D flow

reads:

∆ρ
∂2X

∂t2
=

2∑
i,j=1

[
∂

∂si
(σij

∂X

∂sj
)− ∂2

∂si∂sj
(γij

∂2X

∂si∂sj
)]− λ∂X

∂t
+ ∆ρG− Fibm + Fc (7.1)

In Equation 7.1, σij = φij(Tij−T 0
ij) and γij = ζij(Bij−B0

ij), where the terms Tij = ∂X
∂si
·

∂X
∂sj

and Bij = ( ∂2X
∂si∂sj

)2 refer to the stretching/shearing effect and the bending/twisting

effect respectively. The superscripts 0 stands for the initial value. The constants φij

and ζij are the tension and bending coefficients. The term −λ∂X∂t denotes potential

damping effects with the associated coefficient λ. G is the gravity acceleration. The term

∆ρ = ρs − cρf denotes the density difference between the filament and the surrounding

fluid (which is null for neutrally buoyant objects), with ρs and ρf the solid and fluid

densities respectively and c the physical thickness of the solid. This density difference

comes from Archimedes’ law for the gravity term and from the virtual mass for the

inertial term [56]. Finally, Fibm and Fc represent respectively the influence of the

fluid on the solid through the IBM forcing and the influence from other rigid solids or

boundaries through a collision force.

A first order Finite Difference scheme is used to discretized the motion equation of

the slender solid, similarly to the approach developed in [56]. The time discretization

of Equation 7.1 is semi-implicit. The external forces are treated explicitly, while the

internal elastic force is treated implicitly. However, the non-linearity introduced by the

elastic and bending terms Tij and Bij is solved by using the position vectors X of the

previous time step. Other methods to tackle this issue in literature include the use of

a Newton method [35] or a linearization around δX ≈ 0 for δX = Xn+1 −Xn as [22].
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The final form of the discretized equation is:

[(∆ρ+∆t
λ

2
)I−∆t2K]Xn+1 = (2∆ρ)Xn−(∆ρ−∆t

λ

2
)Xn−1+∆t2∆ρG−∆t2Fn

ibm+∆t2Fn
c

(7.2)

where the superscript n stands for the time step, and I and K represent respectively

the identity matrix and the discretized operator of the elastic force. A staggered grid

is used for the discretization of the flexible structure. The Lagrangian position vectors

are defined at the nodes, as well as the bending coefficients. On the contrary, the

tension coefficients are defined at the interfaces between the nodes. Such a discretization

procedure is illustrated in Figure 7.1. The linear system resulting from Equation 7.2 is

solved with an iterative biconjugate gradient stabilized method (BiCGSTAB) [141].

Figure 7.1: Lagrangian discretization of the flexible structure for a 5× 5 grid.

Depending on the case, two different types of boundary conditions can be applied

(for i = 1, 2) for Equation 7.1 to mimic specific constraints at the extremities of the

structure:

� a fixed condition with X = constant and ∂2X
∂s2i

= (0, 0). This defines a simply-

supported condition, where the structure position is constrained. In addition, the

structure is free to rotate where the condition is applied, but does not experience

any bending moments.
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� a free end condition with ∂2X
∂s2i

= (0, 0), ∂3X
∂s3i

= (0, 0), σij = 0 and γij = 0. This

boundary condition assumes that there is neither bending moment nor shearing

force at the free end of the structure.

Finally, it is worth mentioning that the inextensibilty criterion can be approximately

achieved if needed by using a large stretching coefficient for the tension term. Such a

method is also employed in [56], [133] and [28]. The inextensitbilty criterion can also be

strictly achieved with an additional constraint for the solid equation as it is proposed in

[55] and [35].

7.2.2 Coupling fluid-solid with IBM

In this section, the formulation of the force Fibm in Equation 7.1 representing the

influence of the fluid on the solid is presented. The estimation of this hydrodynamic

force is challenging. One way to do it is to directly consider the pressure and the

shear stress on the solid surface as in [99] and [28]. Such a method can be described

as a physical approach, but requires sufficient refinement and specific care for the

interpolation procedures. The other way for estimating Fibm is to base it on the opposite

action from the solid on the fluid, as given by the reaction principle. This method can be

described as a numerical approach as it is based on the numerical forcing term ensuring

the no-slip condition. Although also used for slender flexible solids [133], [159],[35], the

main disadvantage of the method lies is in the fact that the numerical estimation of the

force does not necessarily provide a correct estimate of the stresses governing the motion

of the flexible solid. This is especially the case when it concerns structure thickness at

scales lower than the grid scale, for which the action of the fluid on both sides of the

quasi two-dimensional structure cannot be decomposed. A compromise has to be made

between accuracy on one hand, and stability and low computational cost on the other

hand. The second option is adopted in this study for both physical solvers.
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Coupling in the Lattice-Boltzmann solver

In the Lattice-Boltzmann approach, the action of the fluid on the solid is derived from

the Lagrangian definition of the body force g computed with the MDFM introduced in

Section 6.2. The momentum forcing term in Equation 7.1 reads then:

Fibm = ρf εg (7.3)

A length ε characterizing the structure is appearing in Equation 7.3, because of the

necessity to translate the volumetric body force into a surface force over the solid. This

length stands for the hydrodynamic thickness of the influence of the rag, rather than the

physical rag thickness itself [35], but its definition is still discussed in literature. In this

study, a thickness close to the lattice cell size represents a good approximation and was

found to give good results, in terms of dynamic response for a flapping flag as compared

to published results (see Section 7.3.2). An estimation of the thickness is also proposed

in Section 7.3.3. The total force acting on the thin solid can be calculated from both

the Lagrangian and the Eulerian forcing term (as already introduced in Equation 6.6)

as following:

Ftot = −ρf
∑
x

g(x)(∆x)3 = −ρf ε
∑
X

g(X)∆s (7.4)

where ∆s is a small element of surface assumed constant over the solid and ε is a

thickness, which is necessary to guarantee dimensional consistency. The relationship

between the Eulerian force and its Lagrangian counterpart is:

g(x) =
∑
X

g(X)δh(x−X)(∆x)3 (7.5)

In Equation 7.5, δh stands for the discrete version of the molifier used by Lai and Peskin

in [78] and introduced for instance in Equation 6.4. This weighting function is defined

as a multiplication of each spatial contribution as δh(x, y, z) = 1
(∆x)3φ( x

∆x)φ( y
∆x)φ( z

∆x),
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where the function φ reads:

φ(r) =


1
8(3− 2|r|+

√
1 + 4|r| − 4r2) if |r| < 1

1
8(5− 2|r| −

√
−7 + 12|r| − 4r2) if 1 ≤ |r| < 2

0 if 2 ≤ |r|

(7.6)

With Equation 7.4 and Equation 7.5, and assuming ∆s = (∆x)2, one can conclude that

ε = ∆x. Using this definition of the thickness in Equation 7.3 is merely assuming that

this global approximation is also valid locally. While Favier et al. [35] used a local

definition of the hydrodynamic thickness based on the discrete molifier δ, Huang et al.

[55] adopted the use of the length scale.

Coupling in the Navier-Stokes solver

The momentum forcing term employed in [56] and [57] is adopted for the Navier-Stokes

approach to deal with the fluid - solid interaction. In this formulation, two sets of

Lagrangian points are used to describe the flexible structure and to solve its dynamics:

the physical structure points X calculated from the motion of the flexible solid (Equation

7.1) and the immersed boundary points Xib obtained from the local fluid velocity Uib.

The momentum forcing Fibm in the solid equation reads:

Fn
ibm = −Kibm(Xn+1

ib − 2Xn + Xn−1) (7.7)

where Xibn+1 is the new estimated position of the IB points which are obtained from

the local velocity as Xn+1
ib = Xn

ib + Un+1
ib ∆t. The local velocity is obtained from linear

interpolation of the velocities in the surrounding Eulerian cell center. This type of forcing

can be considered as a penalty approach as it uses a very large constant value Kibm.

In order to complete the coupling, the influence of the solid has to be spread to the

surrounding fluid domain. This Eulerian forcing term introduced in the Navier-Stokes

momentum equation is obtained from the Lagrangian momentum forcing in the following
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way:

fn =

∫
Γ

Fn
ibm(Γ)δ(x−Xn(Γ))dΓ (7.8)

where Γ is the surface and support of the solid. The smearing process is performed here

also thanks to the standard discrete delta function δ employed by Lai and Peskin in [78].

7.2.3 Collision modelling

In realistic engineering applications, solid-solid interactions may occur and need therefore

to be modelled. These interactions include collision between two flexible solids (or

collision between two parts of the same flexible solids i.e. self-collision) and collision

between a flexible and a rigid solid. As a preliminary study, only the latter is considered

in this work. While models have already been developed for interactions between

rigid solids and boundaries, as collision between particles for instance, investigations

on collision problems for flexible solids are extremely scarce in literature. Furthermore,

an accurate modelling of the collision mechanism can be challenging, due to multiple

effects taking place. To the authors knowledge, Huang et. al [55] have developed

the unique collision model for flexible solids based on a repulsive interaction force, as

adopted previously by [46] for rigid particles. In Huang’s work [55], this force avoids

the penetration of two side-by-side flapping filaments. However, the computation of this

force does not take into account the dominant forces from the fluid-structure interactions.

In the present study two types of approach are considered. The first method is merely

based on a correction of the position of the 2D flexible solid to avoid penetration with

another rigid body. The second method uses a repulsive force to mimic the physical effect

of the collision between flexible and rigid solids. The difference with Huang’s model in

[55] is that the force is derived from the fluid action in the current approach. The first

collision model has been implemented in two different ways in both physical solvers,

while the second collision model is identical in Navier-Stokes and Lattice-Boltzmann

solvers.

In the current problems, the flexible and the rigid structures interacting together are
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both modelled with IBMs. For a description of the collision models, let assume Xi to

be the Lagrangian position vectors of the flexible solid, whose motion are solved with

Equation 7.1, and Xj to be the Lagrangian position vectors of the rigid solid, whose

motion are prescribed. The distance between two points of each solid is defined as

dij = Xi−Xj. Finally, in the two models the Eulerian spacing ∆x is used to trigger the

activation of the collision algorithm.

Collision based on position enforcement

In these kinematic approaches, instead of adding a collision force, the position of the

flexible solid is directly corrected after solving Equation 7.1.

Consider first the Lattice-Botlzmann solver. For each point Xi of the flexible solid,

an ensemble Si is generated with the points belonging to the rigid body that fall below

a collision distance threshold. Hence, each points Xj in Si are contributing to the

correction of the position of the considered point Xi through an offset τj. The corrected

position X̃i of the flexible solid point reads then:

X̃i = Xn
i +

∑
j⊂Si

τj (7.9)

The offset avoids the flexible solid getting closer than the collision distance threshold.

It is defined by:

τj = −(1− 2∆x

‖dij‖
)dij (7.10)

In Equation 7.10, the collision distance threshold is set to 2∆x. With this definition

of the offsets, the flexible solid is ”bouncing” in the opposite direction and it makes sure

that the latter does not get closer to the chosen threshold. It is important to note that

the contribution to the correction algorithm from one point of the rigid body can be

contradicting a contribution from another rigid body point. In other words, a newly

computed offset τj2 can break the distance threshold requirement between Xi and a
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rigid solid point Xj1 considered previously for the correction. To tackle this issue, the

position enforcement is computed iteratively. About ten iterations are sufficient to reach

a converged solution.

For the kinematic approach in the Navier-Stokes solver, the Lagrangian points are

corrected according to the local fluid velocity Vl as defined in Equation 7.11.

X̃i = Xn
i + (Vl · dmin)

dmin

‖dmin‖
∆t = Xn

i + ((Xn+1
ib,i −Xn

i ) · dmin)
dmin

‖dmin‖
(7.11)

where dmin = minj(dij) is the mimimum distance vector between Xi and the rigid

solid points Xj. With Equation 7.11, the contribution of the flexible solid displacement

toward the rigid surface is cancelled. Assuming the no-slip condition at the fluid-solid

interface is satisfied, the local fluid velocity is estimated from the solid velocity.

The kinematic collision models generate a sliding mechanism parallel to the rigid

body interface. Although the physics involved in the collision process is not modelled

in this method, one can argue that the liquid film, which should be present between the

two solids, also allows the flexible structure to slide on the rigid body.

Collision based on a repulsive force

Under the assumption of fluid lubrication, there is no physical contact between the

thin elastic structure and the rigid body. A film of liquid forms between the two solid

objects which repulses the flexible one away from the rigid one. The presence of this

film will indeed lessen the acceleration of the flexible structure towards the rigid body,

avoiding penetration so as to stop its progression into the solid. In order to mimic this

mechanism, the collision force can be based on the opposite of the external forces. As

these forces are driving the transport of the flexible structure, such formulation of the

collision force is indeed representing a deceleration of the flexible solid towards the rigid

one. The collision force is thus calculated using both the gravitational acceleration and

200



the momentum forcing terms which define the external forces on the slender structure.

The formulation of this repulsive force for each Lagrangian point of the flexible structure

is given in Equation 7.12:

Fc = kw((Fibm)n −∆ρ(G)n)
2∆x− ‖dmin‖

∆x
(7.12)

where kw is a stiffness constant parameter used to control the strength of the collision

force. The force is active only in the vicinity of the rigid body and its activation is

triggered by a threshold defined as 2∆x. One can note that the force intensity is linearly

decreasing with the distance between both solids. There are two limitations for this

approach: (i) the estimation of the user-defined parameter kw can largely influence the

collision process, (ii) the repulsive force only depends on local information on the IBM

forcing.

Influence of friction

If one assumes that the fluid is not likely to be trapped between the flexible slender

structure and a solid obstacle, it can then be relevant to consider a decelerating force

modelling the solid-solid friction. This may be necessary with certain materials for the

flexible solids or under specific flow conditions. In the FSI model presented here for the

LB-IBM, an attempt to represent a deceleration force mimicking the influence of friction

is proposed. This algorithm can be combined with the kinematic collision model. The

collision force Fc is thus set to zero, but an artificial friction force Ff is added on the

right-hand-side of Equation 7.1. For a point Xi of the flexible solid, this force reads:

Ff ,i = − γi
∆t

VT,i (7.13)

Rather than a physical friction model based on the normal load exerted by the flexible

surface on the rigid one, the current approach merely reproduces the effects of friction,

which can be defined as a tangential deceleration. The friction force defined in Equation

7.13 is thus based on the acceleration force for the driving force, and uses an user-defined
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coefficient. The friction force involves the estimation of the local tangent velocity VT,i

to the flexible surface. This velocity is defined as a relative velocity between the two

solids in contact:

VT,i = Vi − V̄R − [(Vi − V̄R) · ni]ni (7.14)

where V̄R represents the mean velocity of the rigid solid. The local velocity of the

flexible solid in Equation 7.14 is defined as Vi =
Xn

i −X
n−1
i

∆t . Equation 7.13 involves also

the coefficient γi, which adjusts the strength of the friction through the coefficient cf as

detailed in Equation 7.15:

γi = cf

∑
j⊂Si τj · ni

‖VT,i‖∆t
(7.15)

The coefficient γi is scaled with the normal component of the offset corrections

τj computed during the kinematic collision model (see Equation 7.10). For a given

tangential velocity, this allows to have a friction force which increases linearly with the

closeness to the rigid obstacle wall. Such a formulation reproduces the effect of a realistic

friction force, which must be a function of the normal component of the force applied

by the flexible structure on the rigid boundary. In Equation 7.14 and Equation 7.15, ni

stands for the local normal to the flexible surface, as illustrated in Figure 7.2. The latter

summarizes the different quantities involved in the friction algorithm. One can note

finally that for the sake of simplicity the current approach uses the direction tangential

to the flexible surface for computing the deceleration force, rather than a more physical

correct use of the direction tangential to the rigid solid surface. However, in the cases

investigated in this research, the flexible structure is very likely prone to wrap up around

the rigid solid. In such configuration, both tangential directions are locally the same.
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Figure 7.2: Sketch of the friction model. The focus is done on the Lagrangian point Xi

with velocity Vi which belongs to the flexible solid. The delimited dashed blue domain
represents the Lagrangian points Xj which belong to the rigid solid and contribute to
the both the kinematic collision and the friction force (ensemble Si).

7.2.4 Summaries of the FSI algorithm

In this section, the models developed to study the transport of thin flexible structures

in fluids are summarized into diagrams. Figure 7.3 shows the FSI model within the

Lattice-Boltzmann solver and Figure 7.4 shows the FSI model within Navier-Stokes.

Besides the difference of fluid solvers, the main differences between the two FSI

algorithms are listed below:

� The no-slip condition is satisfied with a penalization approach in the NS-IBM

involving a penalization coefficient. In the LB-IBM this condition is satisfied with

an iterative direct-forcing approach.

� With the NS-IBM, the momentum forcing is defined firstly for the Lagrangian

structure to follow the fluid flow. The forcing term is then translated in an

Eulerian forcing for the fluid equations. With the LB-IBM, the momentum forcing

is defined firstly in the Eulerian context for the fluid to be at the solid velocity.

The Lagrangian counterpart of the force is then used to solve the solid equation.

� Over one time step, the solid equation is solved first followed by the fluid equations

for the LB-IBM. The opposite is performed for the NS-IBM.
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� The FSI model of the NS-IBM uses a second set of Lagrangian points to estimate

the forcing term and thus to solve the solid equation.

� The kinematic collision model is slightly different for both FSI models.
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Figure 7.3: Summary diagram of the coupled Lattice-Boltzmann - Immersed Boundary
Method for solving the transport of thin flexible structures in fluids.

Figure 7.4: Summary diagram of the coupled Navier-Stokes - Immersed Boundary
Method for solving the transport of thin flexible structures in fluids.
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7.3 Results and discussion

The problems investigated in this study are very demanding in terms of computational

resources because of (i) the three dimensional nature of the cases and (ii) the importance

of capturing the fluid structure interactions. A refinement limit is quickly reached.

Critically coarse grids have been found to be unsuitable for accurate modelling of flow

at immersed solid boundaries. For these reasons, performing a grid convergence analysis

would require an extremely dense grid and would become quickly impractical. The grids

considered in the present work are either based on refinement comparable to those found

in the literature or merely limited by computational power. A grid convergence study is

proposed for Case 3 in Section 7.3.3 for a straightforward geometry.

Different types of test cases are considered to validate the overall Lattice-Boltzmann

FSI model. The practicality of the model is assessed in terms of stability and for being

able to handle large deformations. Qualitative comparisons and quantitative validations

with previously published results are carried out when available. A focus is made on the

accuracy of the FSI model, which is also compared with its Navier-Stokes equivalent.

The different test cases are listed below:

� Case 1: This first case from literature is used to assess the correctness of the FSI

model in the Lattice-Boltzmann context. The behaviour of a light fabric material

under the influence of wind and gravity is investigated. This case is interesting as

the two internal forces (inertia force and elastic force) and the two external forces

(gravity force and fluid force) are playing a role, and it is their interactions which

are governing the dynamics of the structure.

� Case 2: This case is the most common benchmark case in literature for the

deformation of a 2D flexible solid. The case deals with the flapping of a flag

sustained by a flow and allows a quantitative validation of the FSI model. Contrary

to the previous case, the gravity is not taken into account here.

� Case 3: This case presents a comparison of the two FSI models developed in each
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fluid solver for the transport of a thin structure. The focus is made on the IBM

coupling as a driving force.

� Case 4: The results of both FSI models are qualitatively compared with experimental

results for the neutrally buoyant condition. This case focus on the transport and

the deformation of a rag released in a water tunnel.

� Case 5: The collisions models are compared in this last case, and the sensitivity

to specific parameters on the collision mechanism are studied. This problem also

makes up an interesting case to compare both fluid solvers.

Regarding the meshing, the D3Q27 lattice model with twenty-seven vectors is used for

the space disctretization of the fluid equations. The 2D flexible structures are discretized

with uniform Cartesian grids for all the test cases. Additional three-dimensional rigid

solids are considered for cases dealing with collision. These solids are modelled with

surface grids composed of triangular cells. Similar resolutions are always used for the

fluid and the different solid meshes in each validation cases, if not stated otherwise. This

choice improves both the stability and the accuracy of the FSI models. Regarding the

turbulence modelling, when relevant, a Smagorinsky based LES model is combined with

the Lattice-Boltzmann fluid solver.

A one-dimensional version of the solid equation has also been implemented and

coupled to the D2Q9 lattice model used for a two-dimensional discretization of the

fluid equations. In this case, the elastic structure is a filament, which has been used to

model flexible insect wings. The assessment of the FSI model for this type of physical

problems is shown in Appendix B
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7.3.1 Case 1: Flag in air under the influence of wind and gravity

A qualitative comparison to one of the case presented by Kim & Peskin in [74] is

performed in this section. The study investigates the combine effect of wind and gravity.

As the gravity force is acting downward and the flag is fixed from one side, the latter is

expected to sag. In the same time a wind flow is imposed from the side of the domain to

counterbalance the gravity, and can generate a flapping mechanism because of the flag’s

inertia.

Two different computations are performed. Theirs parameters are listed in Table

7.1. For both simulations, the gravity is taken into account. In the first simulation no

wind is imposed to compensate for the gravity, while a wind speed of 4.6m/s is imposed

for the second simulation. In their model, Kim & Peskin [74] derived also the internal

solid forces from the variational derivative of the energy, leading to the tension and

bending terms present in Equation 7.1. However, as the author’s do not provide the

constant coefficients governing these two forces, a precise quantitative comparison with

their numerical results is difficult. For this reason, a purely qualitative comparison is

made for this case.

The current problem is interesting as it investigates the realistic behaviour of a light

fabric in air. With the parameters of Kim & Peskin [74], the case considers a density

difference between the solid and the fluid which is about one order of magnitude smaller

than the density of the carrier phase.

Case Re Fr ∆ρ φ ζ ∆t

Sim. 1 370 ∞ 0.09 100 1 · 10−6 4 · 10−5

Sim. 2 370 2.94 0.09 100 1 · 10−6 4 · 10−5

Table 7.1: Parameters for Case 1 (flag in air under the influence of wind and gravity).
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The shape of the flag is shown at different times in Figures 7.5 and 7.6 for the Sim.

1 and 2 respectively. In the absence of wind, the flag falls down immediately and will

eventually stop moving. Depending on the tension and bending parameters, the flag

might fold over itself or might rotate around its fixed edge, because of the momentum

created from the fall. For the second case with the presence of the wind, the flag is still

sagging slightly due to the gravity force. However, the combination of the wind force

and the flag inertia generates a flapping mechanism.

(a) t = 0.4s (b) t = 0.8s (c) t = 1.2s

Figure 7.5: Snapshots of the flag influenced only by gravity at different times (Sim 1.)

(a) t = 0.4s (b) t = 0.8s (c) t = 1.2s

Figure 7.6: Snapshots of the flag influenced by both the gravity force and the wind force
at different times (Sim 2.).
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Figure 7.7 shows the displacement of the flag top and bottom free corners in the

presence of a wind force (Sim 2.), for each coordinates. Since the gravity force is

applied in the plan formed by the streamwise and the vertical directions, it is affecting

both components of the displacement. Hence, we can see the sagging effect which is

breaking the symmetry of the oscillations in the direction of the wind as well as in the

vertical direction. On the contrary, the symmetry of the flapping mechanism in the

transverse direction, perpendicular to the gravity plan, is not affected by the sagging.

The behaviour of the flag is in good agreement with the motion described by Kim

& Peskin [74]. As seen by authors in [74], our current FSI model generates also a

flapping motion, which is out of phase between the top and the bottom of the flag. In

addition, the oscillations show a greater amplitude at the bottom in accordance with

these previously published results. Approximately half a second is required for the flag

to reach a periodic steady-state. The amplitudes of the oscillations obtained here are

yet larger than [74], certainly because of different orders of magnitude chosen for the

internal elastic forces. One can note however that Kim & Peskin do not get a perfect

symmetry for the transverse displacement as it is with our model (see Figure 15 in [74]).
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Figure 7.7: Evolution of the top and bottom free corners position for a flag under the
combined influence of wind and gravity.
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7.3.2 Case 2: Non-dimensional flapping flag

This test case has already been defined in literature for 2D flexible structures in 3D

flows ([57], [132], [82], [28]). For comparisons against the published numerical data, the

following non-dimensional parameters are defined using the flag length L and the free

stream velocity U∞: the non dimensional time t∗ = tL/U∞, the non dimensional length

y∗ = y/L, the Reynolds and Froud number Re =
ρfU∞L
µf

and Fr = gL/U2
∞, the non

dimensional tension coefficient and bending rigidity, φ∗ = φ
∆ρU∞

and ζ∗ = ζ
∆ρU2

∞L
2 , and

finally the non dimensional mass ratio ρ∗ = ∆ρ
ρfL

.

(a) Computational domain (b) Grids

Figure 7.8: Schematic diagram of the computational configuration and coordinate system
and zoom on the grids

The set-up considered in this case is similar to Huang & Sung [57]. The flag shape is

square with length L and initial position inclined at an angle 0.1π from the streamwise

plane. The size of the computational domain is [−L, 4L] × [−2L, 2L] × [−L,L]. Both

Eulerian and Lagrangian grids are discretized uniformly with a step size of L/25 and

L/50 respectively. Using a larger domain as in Huang & Sung [57] was found to have

a low influence on the flapping mechanism of the flag. The dimensions of the problem

and its initial state are shown in Figure 7.8. The flag is fixed (pinned) from one end

and free from the other ends so that the flapping under the effect of the fluid flow

will be perpendicular to the flow. The non-dimensional parameters of the problem are
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listed in Table 7.2 for the different methods. In the present NS and LBM models, the

diagonal tension coefficients had to be reduced by one order of magnitude in comparison

to Huang & Sung [57], because of stability issues in the solid solver, which may be due to

the different coupling techniques. For this reason, an additional simulation is considered

for the LB-IBM approach with higher bending and cross coefficient for the tension. In

all simulations, the time step is chosen the same for the fluid and the solid solvers.

Case Re Fr ρ∗ φ∗ii φ∗ij ζ∗ ∆t∗

Huang & Sung 200 ∞ 1 1000 10 1 · 10−4 3 · 10−4

NS 200 ∞ 1 100 10 1 · 10−4 3 · 10−4

LBM Sim. 1 200 ∞ 1 100 10 1 · 10−4 3 · 10−4

LBM Sim. 2 200 ∞ 1 100 100 1 · 10−3 3 · 10−4

Table 7.2: Non-dimensional parameters for Case 2 (flapping flag).

Figure 7.9: Iso-contours of the vorticity when the flag’s trailing edge is near its lowest
transverse position. Results obtained with a larger domain (similar to Huang & Sung
[57]).

A flapping mechanism similar to the one observed by Huang & Sung [57] is obtained

with both physical models. Figure 7.9 shows for instance the vortical structures shedding

from the flag obtained with the Lattice-Boltzmann coupling. Their hairpin-like geometry

is in good agreement with [57] and [82]. The flag undergoes sustained oscillations

through the IBM coupling. The time history of the transverse displacement for the

mid-point of the flag trailing edge (point A in Figure 7.8) is shown in Figure 7.10.
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Although the oscillations are consistent with those observed by Huang & Sung [57],

two differences can be noticed between LBM results and the reference data: (i) the

amplitude of the oscillations is slightly overestimated and (ii) the presence of small

perturbations at the beginning of the flapping process. The perturbations are likely to

be due to the small pressure waves that can be observed during the transient, before

obtaining a fully developed flow, and which are a consequence of the quasi-incompressible

nature of the flow modelled with LBM. Regarding the difference of amplitude, the lower

tension coefficient used in the present LB-IBM cannot solely explain this disparity.

Indeed, in the NS-IBM a low tension coefficient is also used and leads to a better

match with the results of Huang & Sung [57]. As the current NS-IBM is based on

the same physical approach and the same IBM coupling than Huang, the differences

obtained with the LB-IBM are certainly primarily due to the different flow solvers and

coupling mechanisms, which can be expected to impact the solid response, especially

considering the highly dynamic nature of the motion. The relative amplitude of the

flag’s oscillations and the resulting Strouhal number obtained with the two IBM solvers

are listed in Table 7.3 and compared to other IBMs in literature. It is surprising to

note that the Lattice-Botlzmann approach gives a better estimation of the Strouhal

number, regarding Huang’s result, in comparison to the Navier-Stokes approach used

in this research. Regarding the second simulation case for LB-IBM, it appears that

increasing the cross tension coefficient, and the bending coefficients, can compensate for

the lack of physical stiffness due to the lower diagonal tension coefficient. The modified

parameters of this simulation reduce the amplitude of the flag oscillations in accordance

with Huang & Sung [57]. The trajectory of point A shows however a small delay in the

flag response in this case, as it takes 4 swings to reach a fully periodic state. Finally,

one can note that tuning the hydrodynamic thickness of the rag involved in the coupling

(introduced in Equation 7.3) would also be a possibility in order to obtain a better match

between the numerical results of LB-IBM and the previously published data. The results

presented here highlight the high sensitivity to the mechanical parameters. Rather than

exact physical properties, the tension and bending coefficients can be seen as numerical
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parameters used to approximate a desired elastic behaviour for the flexible structure.

As explained in the numerical formulation of the solid solver, the tension coefficient is

also used to satisfy the inextensibility criterion. This criterion is verified for both LBM

simulations presented here and for the Navier-Stokes solution as well. In all cases, the

maximum change in the flag surface area is found to be below 0.5%.
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Figure 7.10: Time evolution of the transverse displacement at the trailing edge center
point (point A) of the flag. The time is here non-dimensionalized with the flapping
period T .

The phase relation of the transverse position and the streamwise position of point

A is shown in Figure 7.11. The characteristic ”infinite-shaped” trajectory is obtained

for all solvers. The phase relation computed with NS-IBM leads to the best match

with Huang’s results. The shape of the trajectory is very similar in both cases, with

only a slightly higher folding in the streamwise direction that is certainly due to the
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Case Amplitude A/L St

Huang & Sung [57] 0.780 0.260
Tian et al. [132] 0.812 0.263
Lee & Choi [82] 0.752 0.265

de Tullio & Pascazio [28] 0.795 0.265

NS 0.783 0.317

LBM Sim. 1 0.940 0.243
LBM Sim. 2 0.758 0.289

Table 7.3: Comparison of the amplitude and the Strouhal number for Case 2.
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Figure 7.11: Trajectory of the trailing edge center point (point A) during one flapping
period.

lower bending coefficient used. Regarding the Lattice-Boltzmann results, the higher

amplitude of the oscillations can be seen as well on this figure for the Simulation 1. The

parameters from Simulation 2 correct this overestimation and are giving a trajectory,
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which is closer in shape to the phase relation from the Navier-Stokes solvers. Finally,

it is worth mentioning that a perfect symmetry is obtained with the Lattice-Boltzmann

solution, but not with the Navier-Stokes based models. This was also observed in the

first test case in Section 7.3.1.

In the equation governing the solid dynamics, the IBM forcing accounting for the

action of the fluid is the only difference between the two coupled solvers NS-IBM and

LB-IBM. It is thereby interesting to look at the magnitude of this force for the two

cases. Figure 7.12 shows the evolution of the IBM force during a bit more than one

swing for a corner point at the free end of the rag. The results exhibit a factor 3

between the magnitude of the forcing for the two solvers (for both the mean magnitude

of the streamwise component and the magnitude of the oscillations). The transverse

component of the force is centred on zero, but shows a similar difference in the magnitude

of the peaks. Such large differences lead finally only to small discrepancy in the flag

displacement for two reasons. Firstly, the IBM force is not the dominant force in this

case, in terms of magnitude. Secondly a stronger action from the fluid is counterbalanced

by a stronger effect of the internal elastic forces, which are finally restricting the displacement.

As the coupling of the two solvers are based on the same principle, it is however

interesting to remark that this difference in the forcing means that satisfying a no-slip

condition in both solvers is leading to different level of constraint for the velocity.

The present test case has been shown to be very sensitive to the different forces

and their interaction due to the choice of parameters which creates a highly dynamic

system. Given the significant differences between the two numerical approaches, which lie

principally in the fluid solvers and the formulation of the coupling, the level of agreement

that is found here between the solvers is satisfactory for this type of highly dynamic

problem. For instance, the NS-IBM used in this research is based on the exact same

solid solver and IBM coupling than Huang et al. [56]. However, the different flow solver

(PIMPLE scheme for our model and fractional step method with block LU decomposition

for the decoupling of the velocity and pressure in [56]) are sufficient to generate non-

negligible differences in the flapping mechanism.
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Figure 7.12: Evolution of the local IBM forcing at the corner points of the rag’s free end
for the two fluid solvers. The capital lines represent the mean value of the streamwise
component of the IBM force over this period of time. The mean value of the transverse
component is close to zero for one swing.

218



7.3.3 Case 3: Comparison of the two solvers for the transport of a rag

In this case, the balance between the inertia force and the fluid force is investigated

for the two fluid solvers. This allows to compare to what extent satisfying the no slip-

condition at the fluid-solid interface through the IBM coupling is governing the motion of

the thin structure. The test considers a square rag of length L = 0.1m in a rectangular

channel of dimensions (8L, 4L, 4L). A resolution of 4mm is used for both fluid and

solid grids. Two cases are simulated: (i) with a rag parallel to the stream and (ii) with

a rag perpendicular (or normal) to the stream. In the first configuration, the viscous

stresses are in theory dominant and driving the thin structure with the flow. The second

configuration leads on the contrary to a pressure driven motion, as the structure is

offering a significant cross-section area to the flow. It is then interesting to analyse how

a numerical IBM coupling, as based on a penalty type of approach for the NS-IBM or

a direct-forcing type of approach for the LB-IBM, is able to reproduce the action of the

fluid, without integrating the pressure and the viscous stresses over the surface of the

solid.

(a) Parallel configuration (b) Normal configuration

Figure 7.13: Computational domain and initial position of the rag for the study of its
transport in a channel

The initial position of the rag is shown in Figure 7.13 for both configurations. The

rags are centred in the channel. In the normal configuration, the structure is positioned
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at a distance L from the inlet face. In the parallel configuration, the distance between

the inlet surface and the closest solid edge is 0.5L. The density difference for the thin

structure is fixed to ∆ρ = 1kg/m2, while air is considered for the carrier phase. The

influence of gravity is neglected. The inlet velocity is set to U0 = 2m/s, and a free-slip

condition is applied at the four side walls, which ensures a uniform velocity everywhere

in the domain. Given the uniform velocity, the structure only moves in the streamwise

direction. In the case of a parallel rag, the structure remains perfectly aligned with the

flow during its motion. In the case of a perpendicular rag, a light bending appears during

the initial acceleration phase. However, the bending and tension forces are restraining

sufficiently the deformation of the structure, which remains quasi-normal to the flow all

along its transport. The time step is fixed to ∆t = 10−4s for the two fluid solvers.

Figure 7.14 shows the streamwise position of the middle point of one rag’s free edge,

as a function of time, for both fluid solvers and for both parallel and perpendicular cases.

As the rag initial velocity is zero, one can see the gradual acceleration of the structure,

until it reaches a final constant velocity. These converged velocities are plotted as well

in Figure 7.14 in function of the flow speed U0. As expected, the structure is moving

faster when it is normal to the flow i.e. when the pressure stresses are the driving force.

Regarding the FSI models, the differences obtained between the two IBM couplings

are relatively low. This is especially true considering the numerical nature of the IBM

coupling. In the parallel configuration, the Lattice-Boltzmann solver predicts a higher

final velocity. On the other hand, the final speed predicted by the two IBMs are similar

in the normal configuration, but the rag modelled with LB-IBM reaches its terminal

velocity slightly before. A very good agreement is found when the pressure force is

dominant. This is a satisfactory result as in reality the pressure stresses are more likely

to be the main driving force due to the folding of the rag.

This simple case allows us also to validate the assumption made regarding the

influence of the hydrodynamic thickness of the rag arising from the translation of the

volumetric body force to the the Lagrangian surface force (see Equation 7.3 in Section

7.2.2). This thickness ε can be seen as the ratio of forces from Equation 7.4 defined by
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Figure 7.14: Evolution of the streamwise position of one edge middle point of the rag

ε =
‖
∑

x g(x)(∆x)3‖
‖
∑

X g(X)∆s‖ . This ratio has been computed during the transport of the rag in

the parallel configuration for three different mesh resolutions (∆x = 8mm, ∆x = 4mm

and ∆x = 2mm). The resolution is chosen identical for both the Eulerian fluid mesh

and the Lagrangian surface mesh. Figure 7.15 shows the evolution of ε/∆x for the three

refinement levels. It appears firstly that the mean value of the ratio stabilizes relatively

quickly at the start of the transport. Refining the grids leads to a decrease of both the

mean value and the fluctuating component in time of the thickness. Using Richardson’s

method [108], it was found that the magnitude of the thickness converges with an order

of 0.9 towards an extrapolated value around 0.75. Although slightly low, the order of

convergence is consistent with the first-order accuracy of the method. The fact that the

extrapolated value is smaller than 1, can be attributed to the molifier function and to

the ratio edge length to surface area of the rag considered here. More recent results have

shown that tuning ε to be equal to the ratio of forces for a given mesh resolution reduces

the dynamic response of the flapping flag in Case 2 (in Section 7.3.2) and improves thus

the results.
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Figure 7.15: Evolution of the hydrodynamic thickness relatively to the mesh size during
the transport of a rag in a parallel configuration.
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7.3.4 Case 4: Rag release in a water tunnel

The release of a rag in a water tunnel is considered in this section. With liquids as

carrier phase, fabrics or rags are close to the neutrally buoyant case, where the density

difference between the two media is very small compared to the liquid density. A new

issue may arise in this case, which is the instability of the solid solver. This problem

is seen only with the Lattice-Boltzmann coupling. To overcome this issue, the density

difference can be artificially increased for the inertial term in Equation 7.1, while it is

kept at the desired value for the gravity term.

Regarding the experimental settings for the test case, the rag is initially clamped

with a flagpole system at the center of the tunnel. Values of the rag elastic properties

are available in Table 7.4, along with the numerical parameters of the computation.

Such low density difference between the solid and the fluid corresponds to a material

similar to business paper. The flow rate in the water tunnel is about 9.1m3/h. The

numerical results of the present model are compared to experimental data obtained from

Digital Image Correlation (DIC) tests, which have been performed to characterise the

solid response. The DIC technique and the experimental rig are described in Appendix

C. The size of the paper used for the experiments and the numerical simulations is

0.15m× 0.048m. Regarding the space discretization, a resolution of ∆x = 2mm is used

for both the fluid and the solid grids.

Re Fr ∆ρ φ ζ ∆t

5300 2.32 0.03 100 1 · 10−6 1 · 10−4

Table 7.4: Parameters for Case 4 (rag release).

DIC measurements are used to quantify the displacement of the rag in the three

directions of space. Figure 7.16 shows the experimental data for the transport and the

deformation of the rag in the tunnel at two different times after the release. During the

first second, it appears that the rag is not moving much in the streamwise direction, but it

is being pushed upwards by a stream-jet due to the presence of the shaft. The jet is visible

in Figure 7.17, which is showing the numerical results obtained with the current Lattice-
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Boltzmann model. Similarly, in the numerical simulation the rag is moving upward due

to the jet, before settling down. One can also note a similar folding in the transverse

direction, as illustrated in Figure 7.18. A maximum displacement of approximately

25mm is found numerically in the z-direction, which is very close to the displacement

observed in the experiment (see at t = 0.7s in Figure 7.16). This result shows that the

rag behaviour and the flow characteristics are well reproduced numerically. Although,

the deformation of the rag is comparable, noticeable differences can be seen between

the experimental and the numerical results. The coupled LB-IBM simulates a rag that

is moving more slowly in the streamwise direction, and that settles more slowly than

reality. The numerical terminal velocity of the rag relatively to the average flow speed U0

was found to be about 0.61U0, while experimentally a relative velocity around 0.85U0 is

obtained independent of the flow rate. This difference in the transport can be explained

by the artificial increase of the density difference in the inertial term.

(a) t = 0.7s

(b) t = 1.4s

Figure 7.16: Viewing of the transverse displacement of the rag in the water tunnel,
obtained by DIC (experimental tests). The flagpole is visible on the left.
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Figure 7.17: Snapshots of the rag at t = 1.0s, with contour of the velocity field in the
background (obtained with numerical simulations).

Figure 7.18: Snapshots of the rag at t = 3.5s highlighting its folding.

In order to quantify the influence of the increased density in the inertial term, the

current numerical case is simulated for three different values of this modified density ∆̃ρ.

The numerical parameters are identical to the previous simulation (see Table 7.4), except

for the flow rate which is fixed to 36m3/h leading to a Reynolds number around 21600.

The displacement of the rag is followed during the simulation in each case. Figure 7.19

shows the streamwise displacement for the top right corner of the rag. When reducing

the density difference, a convergence is visible for the rag terminal speed, which appears

to be around 0.78U0. This corresponds to a 8% relative difference with the experimental

rag velocity of 0.85U0. However, no clear convergence is obtained regarding the transient

process. The artificially increased density delays the moment when the rag reaches its

terminal speed. The discrepancy highlighted here shows that the neutrally buoyant case

is not yet reached for ∆̃ρ = 10kg/m2 and can explain the slower motion obtain with

the current Lattice-Boltzmann model due to an augmented inertia, in comparison to the
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experimental results.

The results of the current LB-IBM are compared also to the NS-IBM based on

Huang’s model [57] implemented in OpenFOAM®. In this comparison a high flow rate of

36m3/h is again imposed for the tunnel inflow. A shorter rag is however considered here,

with a size of 0.1m× 0.048m. All parameters are similar for both physical approaches,

except for the inertial term. In the the Navier-Stokes method, a density difference of

∆ρ = 0.03kg/m2 mimicking neutrally buoyant conditions can successfully be considered,

while this density is artificially increased to 10kg/m2 for the Lattice-Boltzmann method.

The transport of the rag can be viewed in Figure 7.20 for both NS-IBM and LB-IBM. The

figure shows snapshots of the rags at different times after the release. It is interesting to

see that the combination of a high flow rate and a short rag generates a loss of alignment

for the flexible structure. In this configuration, the pressure force is dominant and a

higher velocity is expected, as seen in the previous section. The rag terminal speed has

indeed found to be very close to U0 with NS-IBM. With LB-IBM, a relative velocity of

0.82U0 is obtained. This indicates that the augmented inertia has a stronger impact when

the rag is not aligned with the stream. Although unsynchronised, Figure 7.20 shows that

the rag’s motion and deformation are however in good agreement between both models.

A similar interaction with the vortices generated by the shaft is indeed predicted, leading

to a roughly 90◦ rotation of the rag around both axis Y and Z perpendicular to the

streamwise direction.
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Figure 7.19: Time evolution of the streamwise displacement of the rag top right corner.
The rag is released after 10s of a single phase simulation in order to obtain a fully
developed flow.

Figure 7.20: Snapshots of the rags at times t = 0.2s, t = 0.5s and t = 1.0s for
both Lattice-Boltzmann solver (represented by grey surfaces) and Navier-Stokes solver
(represented by black points), and at t = 2.0s for the Lattice-Boltzmann solver only (as
the rag compute with NS-IBM already exited the domain).
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7.3.5 Case 5: Investigations on the modelling of collision

In this test case, the capabilities of the kinematic model and the force based model

(described in Section 7.2.3) for the collision are assessed. More precisely, the results

from the two collision models and the two numerical fluid solvers are compared. Due to

the absence of published experiments regarding collision processes involving thin flexible

structures, a quantitative validation is currently not possible.

The case considers the collision between a flexible 2D rag with a fixed 3D cylindrical

obstacle. Gravity is not taken into account in this problem. The rag is transported in

a rectangular channel flow and is initially placed perpendicularly to the stream. The

initial configuration of the problem is shown in Figure 7.21. The dimension of the rag

is 0.1m × 0.1m and the domain is 0.4m × 0.2m × 0.2m. The cylinder has a diameter

of 0.05m. An uniform velocity of 2m/s is imposed at the inlet, an outflow condition is

defined for the outlet behind the cylinder, while all other boundaries are defined as no-

slip walls. The grid shown in the Figure 7.21 involves 26 nodes in both direction for the

rag, which corresponds to a spacing ∆s = 0.004m. The same spacing is used to create

the grid of the cylinder and the Eulerian grid for the fluid. This refinement corresponds

to the medium grid. Two other grids are also considered in this problem, with a spacing

of ∆s = 0.008m and ∆s = 0.002m for the coarse and the fine grid respectively. The

three grids allow to study the influence of the resolution on the collision mechanism.

The time step is set to ∆t = 0.1ms. The kinematic viscosity is fixed to ν = 0.005m2/s,

which leads to a laminar flow regime with a Reynolds number of 40.

General results and description of the collision process

The collision process is first examined with the kinematic model and the fluid considered

is firstly air (ρf = 1.2kg/m3). The density difference ∆ρ is set to 0.1kg/m2. The

bending and tension coefficients are respectively fixed to φ = 100 and ζ = 10−6. Each

FSI computation is started from a fully developed flow in the channel obtained from a

single-phase simulation (with the absence of the rag).

The collision of the rag is illustrated in Figure 7.22, which shows its position at
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Figure 7.21: View of the computational domain and the grids (medium refinement) used
for the cylindrical obstacle and for the rag (at its initial position). The trajectory of the
rag is extracted for the points A, B and C.

different times. The introduction of the rag decelerates the flow around the flexible

structure, because of its initial zero velocity. When the rag is getting closer to the

obstacle, the kinematic collision allows the flexible structure to wrap itself around the

cylinder. There is no direct contact between the two, and the collision distance is a

user-defined parameter. The rag is eventually pulled from the upper part of the domain

because of the higher velocity. Finally, for a relatively stiff material as it is simulated in

this particular case, the rag is turning over itself once behind the cylinder. This is due

to the difference of pressure between the rag downstream and upstream positions.

The displacements of the three points A, B and C on one edge of the rag (as illustrated

in Figure 7.21) is examined in Figure 7.23. The collision process can be decomposed in

four mechanisms:

1. The first part corresponds to the displacement of the rag before the collision with

the cylinder. The trajectory is linear as the rag is released in an uniform flow.

2. The second part corresponds to the collision. The rag middle point (point B)

remains behind the stagnation point, while the two tip points continue their

streamwise route as the rag embraces the shape of the obstacle. Then, the in-

extensibility of the rag enforced by the internal tension force leads to the two tips

to be pulled backward, until the rag reaches a quasi-stable position.
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(a) t = 0.0075s (b) t = 0.1125s

(c) t = 0.1850s (d) t = 0.3175s

(e) t = 0.3600s (f) t = 0.4375s

Figure 7.22: Snapshots of the rag at different times during the collision process. The
contour of the velocity magnitude is shown in the background.

3. The third part corresponds to the slow sliding of the rag toward the upper part of

the cylinder. In this part, the lower point (point A) is going upstream, while the

two other points are slowly moving downstream.

4. The fourth and final part corresponds to the release of the rag in the wake of the

cylindrical obstacle.

Sensitivity to numerical and physical parameters

The influence of the spatial resolution on the collision mechanism is analysed. The same

default parameters as previously are considered here. Figures 7.24 and 7.25 shows the
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Figure 7.23: Time evolution of the rag streamwise displacement (points A B and C).

deformation of the rag when the latter is the closest to the cylinder, for two different

grid resolutions. The coarse grid corresponds to a Lagrangian and an Eulerian spacing

of ∆s = 0.008m while the spacing is ∆s = 0.002m for the fine grid. It appears that the

deformation of the rag is very similar for both resolutions. The only noticeable difference

in the shape is the higher folding of the upper and lower edges obtained with the fine

grid. Regarding the collision process, the lower the resolution, the faster the release of

the rag behind the obstacle is. This is merely due to the fact that, at low resolution,

the collision is activated further away from the cylinder which results in higher fluid

velocities. Finally, it was verified that the trajectory of the rag points A, B and C

obtained with the three grid resolutions are showing a convergence behaviour for the rag

displacement.

Figure 7.26 shows the deformation of rags during the collision process for different

values of the bending and tension coefficients (ζ, φ) = (B, T ). Although the average path

taken by the rag does not depend on its mechanical properties, noticeable differences are
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(a) Coarse grid (b) Fine grid

Figure 7.24: Front view of the rag colliding with the cylinder.

(a) Coarse grid (b) Fine grid

Figure 7.25: Side view of the rag colliding with the cylinder.

visible for the three values of the couple of coefficients. Two conclusions can be drawn

from these results: (i) the collision with the cylinder is sufficient to trigger a folding of

the rag, which is increased with lower coefficients as expected, and (ii) the deformation

of the rag decelerates the collision mechanism. Hence, with lower values of the bending

and tension forces, the inextensibility condition of the rag is not valid any more. This

results in large stretching of the rag on both side of the cylinder as visible in Figure 7.27.

In this configuration, the rag experiences large forces on both top and bottom edges,

that give more balance to the rag around the cylinder and are thus slowing down the

release of the flexible solid.
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(a) At the same time t = 0.2275s (b) At the same position

Figure 7.26: Influence of rag mechanical properties on the collision and transport
processes.

(a) (ζ, φ) = (10−6, 100) (b) (ζ, φ) = (10−8, 1)

Figure 7.27: Snapshot of the rag embracing the cylindrical obstacle for two values of the
bending and tension coefficients.

Influence of friction

Assuming the existence of a direct solid - solid contact between the flexible slender

structure and the rigid obstacle, accounting for a friction force can be of relevance.

Simulations with the combination of the kinematic collision model and the friction model

were performed for different values of the friction coefficients cf . For these cases, the

tension and bending coefficients are respectively fixed to 1 and 10−8. The results are

presented in Figure 7.28 and 7.29. As expected the friction force is decelerating the rag

during its sliding against the cylinder wall, delaying its release. Above a threshold set

by the friction coefficient, the friction force compensates for the acceleration force. This
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balance of forces prevents the release of the rag.

Figure 7.28: Snapshots of the rag at the same time for different friction coefficients.
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Figure 7.29: Streamwise displacement of point C for different friction coefficients cf .
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Comparison between the collision models

The rag’s trajectories of the extremity points A and C are shown for the two collision

models in Figure 7.30 and for the two fluid solvers (Lattice-Botlzmann in 7.30(a) and

Navier-Stokes in 7.30(b)). A good similarity is found between the kinematic model and

the force based model. The collision mechanism starts with a similar process as can

be seen for the LB-IBM in Figure 7.31. With this method, the rag eventually shows a

slightly more elastic behaviour with the kinematic approach (blue surface in the figure),

which is slightly slowing down the release mechanism. The fact that this elastic rebound

is not present with the repulsive force based model is due to its definition: the repulsive

force acts as a force decelerating the rag proportionally to the acceleration provided by

the IBM forcing. In the Navier-Stokes context, a perfect match is found between both

collision models as highlighted in Figure 7.30(b). In this case, the kinematic approach

does not generate a more elastic behaviour. However, the definition of the kinematic

approach in the Navier-Stokes solver might lead to other issues due to the dependence of

the correction on the local fluid velocity. If the rag manages to get close to the rigid body

wall (due to a large time step or a small collision trigger h), the local fluid velocity can

become small enough to produce a significant stretching of the flexible structure, then

breaking the inextensibility criterion. This problem does not occur with the kinematic

model implemented in the Lattice-Boltzmann context.

Regarding the force based model, it is important to note that this model is sensitive

to the stiffness parameter kw which is cancelling the external forces applied on the

rag. Large values can lead to instabilities and low values do not prevent the rag from

penetrating the cylinder. The proximity of the rag to the cylinder wall can be affected

by the constant value and the collision process as well a fortiori. In this regard the

force based model is less predictable than the kinematic model, for which the minimum

distance is specified. Figure 7.32 illustrates the types of instabilities which can be

encountered if the rag’s flexibility is too high (left picture) or if the solid density is too low

compared to the fluid density (right picture). The instabilities appear respectively in the

form of very large deformations or spurious oscillations at the surface. A possible method
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Figure 7.30: Comparison of the collision processes for the two types of collision model.

(a) t = 0.1s (b) t = 0.125s

Figure 7.31: Comparison of the rag position for the two types of collision model with
LB-IBM. The rag obtained with the Kinematic model is shown in blue, while the one
obtained with the force model is shown in grey.

to avoid these oscillations could be to smooth the collision force, which is currently

defined locally and which uses the minimum distance to the rigid body wall for each

flexible solid points. This is another difference compared to the kinematic approach,

where several points from the rigid solid may contribute to the correction of the flexible
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structure position. Finally, it is worth mentioning as well the last difference between

both collision approaches: the kinematic method is a post-treatment method as the

position of the flexible solid is corrected after its motion, while the force based method

is a pre-treatment method as the repulsive force takes into account the information from

the previous time step . The pre-treatment nature of the force based method can also

impact the predictability of the distance where the collision will happen.

(a) In air (b) In water

Figure 7.32: Instabilities arising with the repulsive force based collision model. The rag
obtained with the Kinematic model is shown in blue, while the one obtained with the
force model is shown in grey.

The agreement found between the two types of collision model is acceptable. This

results is important as it justifies the use of the kinematic approach, which is not based

on a physical correction, but was found to remain stable over a wider range of flows and

mechanical properties.
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Comparison between the fluid solvers

The present test case makes up an interesting case to compare also the two coupled

solver LB-IBM and NS-IBM. Comparison between the two methods were already made

for the dynamic response of a thin flexible structure (Case 2 in Section 7.3.2) or for the

simple transport of a thin flexible structure (Case 3 in Section 7.3.3). Here, the focus is

on the collision mechanism.

The trajectory of point C is shown in Figure 7.33 for both solvers. One can firstly

note that the difference of times for the rag to reach the cylinder which is about 30 %.

However, the rags mean speeds are very close as shown by the similar slopes obtained

with the displacement curves. This result was already confirmed in Section 7.3.3, when

comparing the transport of a rag for the two solvers. The difference in the physical

times to reach the cylinder comes thus mostly from the initial acceleration process. The

second point is the difference in the rag behaviour during the collision. The rebound of

the rag shown by the backward displacement in Figure 7.33 for NS-IBM highlights an

elastic behaviour with this solver, which is not obtained with LB-IBM. This can also

be explained by the difference of magnitude of the IBM forcing between both solvers.

Hence, a smaller IBM force means a more important dominance of the internal forces,

which governs the rag’s elasticity, and vice-versa. Furthermore, it can be seen that a

lower density with NS-IBM is vanishing the elastic behaviour, as shown by the black

dashed line in Figure 7.33. On the other hand, a higher density with LB-IBM does

generate an elastic bounce after collision. The presence or the absence of this elastic

bounce directly after the contact with the cylinder is illustrated in Figure 7.34.
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Figure 7.33: Comparison of NS-IBM and LB-IBM for the rag’s transport and collision
processes.

Figure 7.34: Illustration of the collision process for both fluid solvers. The blue surface
denotes the rag computed with LB-IBM and ∆ρ = 0.9. The black and red points
represent the rags computed with NS-IBM respectively for ∆ρ = 0.9 and ∆ρ = 0.1
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7.4 Conclusions

In this chapter, the formulation of a FSI model within a Lattice-Boltmzann solver for

handling thin flexible structures was presented. The FSI model includes a solid solver

based on the formulation of the deformation energy, which describes the dynamic of the

structure. As one of the main aims of this project is to simulate the behaviour of rags

in centrifugal pumps, particular attention was paid also to the modelling of the collision

mechanism between the flexible solid and a rigid bluff body. Due to the scarcity of

experiments dealing with these type of problems in literature, the FSI model developed

by Huang et al. [56] has been implemented within a Navier-Stokes solver, for validation

and comparison purposes. Both FSI models are based on an IBM in order to couple the

solid equation with the fluid ones.

The LB-IBM produces results in reasonably good agreement with reference benchmark

(see Case 2 in Section 7.3.2). Other cases (see Case 1 in Section 7.3.1 and Case 4 in

Section 7.3.4) have shown the capabilities of this FSI model to generate deformations

which are qualitatively consistent with experimental data and numerical results from

literature. The model is also able to handle large deformations of relevance in engineering

applications. From the analysis of the results, two shortcomings can be identified: (i)

an issue regarding the stability of the solid solver for specific material properties, (ii) a

potential variance in the accuracy of the results, which still needs to be quantified.

Regarding the first issue, the FSI model within the LB-IBM has shown its limitation

in two cases: for materials with high stiffness and in the neutrally buoyant case. While

very stiff materials are also problematic for the NS-IBM of Huang, this model can

however handle materials with a density close to the fluid density. This difference of

stability between both FSI models can be explained by the coupling mechanism. The

penalty IBM of Huang [56] is indeed based on the use of a dual set of points for the

modelling of the flexible structure: one set is solved with the solid equation, while the

second one is following the streamlines. The coupling between both is performed with the

momentum forcing, which can be regarded as the inertial force multiplied by a relaxation
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factor. This would suggest that the duality of the solid points enhance the stability of

the overall FSI model. The same conclusion was already drawn for similar approaches

as in [74] and in [133], also using twin sets of solid points but with a different coupling.

The difference of formulation for the momentum forcing in the NS-IBM [56] and in the

LB-IBM [97] gives also different magnitudes for the action of the fluid. This discrepancy

will influence both the mechanical behaviour of the slender structure and the transport

of the latter. As seen in the test cases, the magnitude of the forcing obtained with the

direct-forcing approach in LB-IBM is higher. Thereby, for a given set of parameters, the

transport of the flexible solid is faster, while its behaviour appears less elastic. Case 4

in Section 7.3.4 which provides experimental data cannot help to conclude on which FSI

model is the most accurate, as the case focuses on neutrally buoyant conditions, which

cannot be achieved with LB-IBM. Additional experiment would be relevant to confirm

this assertion. One could consider for instance a rag, heavier than the fluid, sinking in

a tank or the same material rising in a vertical channel flow.

In regard to the collision modelling, a good agreement is found between the kinematic

approach and the approach considering a repulsive forcing. As the kinematic model is

stable in a wider range of applications, it is recommended to use the latter. Both

approaches generate a realistic collision mechanism if one considers the presence of a

fluid layer between the flexible and the rigid solids. For a quantitative validation of the

numerical results, experiments dealing with collision processes must be carried out in

future works. One can mention finally a similar limitation for both collision models,

which lies in the fact that only local information is used to compute the repulsive force

or the position enforcement. A more physical model could be based on the internal

mechanical force rather than the action from the fluid. Due to the implicit treatment of

the elastic force in the solid equation, such a model can apply a forcing locally taking

into account the total stretching and bending effects in the flexible solid.
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Chapter 8

Answers to the clogging issues

and conclusions

8.1 Answers to the clogging issues

This first section has a dual aim:

� the comparison of the two FSI models developed with NS-IBM and LB-IBM for

the transport of a rag in the single-blade pump.

� a preliminary study of the clogging mechanism with LB-IBM, which includes a

sensitivity analysis to numerical and physical parameters.

8.1.1 Comparison between both IBM-FSI models

The pump model is described in Section 5.1 and 6.6 for the sharp NS-IBM and the

diffuse LB-IBM respectively. A flow rate of 55l/s is considered here, which corresponds

to the BEP of single-blade pump. The diffuse LB-IBM is extended and coupled to a

solid solver to model the rag (see previous chapter). In the Navier-Stokes framework,

the diffuse NS-IBM of Huang [56] is used for the rag. The flexible solid is initially

located below the impeller axis of rotation and vertically positioned. Its dimensions

are 5cm × 10cm and its width is aligned with the pump outlet pipe. The parameters
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of the two simulations are listed in Table 8.1. The mechanical properties have been

non-dimensionalized using the impeller maximum radial velocity and the rag width. In

this study, cylindrical coordinates are considered. The vertical (or axial) components

correspond to the impeller axis of rotation, while the radial and tangential components

are related to the impeller rotations.

Model Fluid grid size Solid grid size ρ∗ φ∗ ζ∗ ∆t

NS-IBM 2mm 4mm 6 · 10−4 20 4 · 10−7 5 · 10−5

LB-IBM 4mm 4mm 6 · 10−1 20 4 · 10−7 5 · 10−6

Table 8.1: Parameters for the simulation of a rag in the single-blade pump.

A good agreement in terms of velocity, trajectory and deformation is found between

the two FSI models for the transport of the rag. Its position is shown at different times

in Figure 8.1. In both cases, the rag is firstly rising along the axis of rotation at a similar

speed, as it arrives at a similar position after 0.03s. A difference of behaviour can be

noticed, as the rag modelled with NS-IBM remains perfectly aligned with the axis of

rotation, while the rag modelled with LB-IBM experiences small displacements in the

transverse direction. The origin of this difference of behaviour lies in the difference of

density. In NS-IBM, the flow is not affected at all by the presence of the rag, because

a total neutrally buoyant condition is achieved. On the other hand, the FSI model

within LB-IBM is only approaching this condition. This results in the rag generating

a small blockage in the flow. As a consequence, its velocity is slightly lower than the

average flow speed. These two configurations are shown in Figure 8.2. The rag modelled

with LB-IBM is about 20 % slower that the average fluid velocity at the inlet, while its

equivalent within NS-IBM is transported almost at the speed of the flow. Given that

the two rags vertical velocities are similar with both models, it appears thus that the

fluid velocity at the inlet is higher with LB-IBM than with NS-IBM. This difference is a

result of both a coarser grid and the use of the bounce-back technique for the volute wall,

which reduce the inlet pipe area. The combination of the transverse displacement of the

rag modelled with LB-IBM and a slightly higher speed around the impeller eventually

pushes the rag above the top part of the impeller leading edge before its Navier-Stokes

244



counterpart. Despite this delay obtained with NS-IBM, the two trajectories and the

rag’s deformation are in good agreement as illustrated by Figure 8.1.

(a) t = 0.03s (b) t = 0.0625s (c) t = 0.075ss

Figure 8.1: Rag position during its passage through the pump. The rag modelled with LB-IBM
is shown as a grey surface. The rag modelled with NS-IBM is shown as black dots.

(a) NS-IBM (b) LB-IBM

Figure 8.2: Vertical velocity in a cross-section of the pump cutting the center of rotation at
t = 0.03s. The impeller interface is depicted by the white line for the two cases (as well as the
interface of the volute and the cross-section of the rag for LB-IBM).

The difference in the inlet flow speed is negligible when a finer grid with a 2mm

Lattice spacing is used for the LB-IBM. In this case however, the rag acceleration and

velocity are significantly reduced, becoming also smaller than the one obtained with NS-

IBM. This shows that neither the neutrally buoyant condition nor mesh independence

are yet achieved with ρ∗ = 3 · 10−1 and 4mm elements. Despite this issue, the results

from the finer grid were showing that the rag followed the same path and experienced

similar types of deformation.
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8.1.2 Preliminary parametric sensitivity study for the occurrence of

clogging

An important preliminary task in the physical study of the clogging mechanism is to

eliminate or at least to quantify the influence of numerical parameters on the mechanism.

By doing so, the study can then focus on the influence of physical parameters only (flow

rate, rag’s position, rag’s mechanical properties, etc). The first numerical parameter to

be investigated is the grid resolution. A grid convergence study is cumbersome in this

pump case due the large mesh cell count involved. However, it was found that the mesh

resolution has a significant impact on the initial acceleration and the final speed of the

rag, mainly on the axial components. This can be due to two main reasons: (i) the LB-

IBM is a first-order method only and (ii) perfectly neutrally buoyant conditions could

not be achieved with the solid solver and the gravity force is also influencing the velocity

of the flexible structure. Regarding solid-solid interactions in particular, the collision

distance between the rag and the impeller is also a numerical parameter whose influence

needs to be quantified. The low influence of the collision distance is demonstrated in

Appendix D

Diverse clogging scenarios were investigated by varying the relevant physical parameters

of the simulation: the dimension of the rag, the mechanical properties of the rag, the

initial position of the rag in relation to the impeller center of rotation, and the flow

rate. Five different initial positions were chosen as illustrated in Figure 8.3 for the same

height. Another meaningful parameter which was not investigated in this research could

be the initial axial position of the rag with respect to a fixed initial angle of the impeller.

Varying the initial axial position of the rag is similar than varying the initial angle of

the impeller. As previously, the non-dimensional density is set to ρ∗ = 6 · 10−1. The

mechanical properties have been non-dimensionalized using the impeller maximum radial

velocity and the rag width. Regarding the numerical parameters, clogging simulations

were performed with coarse (4mm fluid and solid elements) and fine (2mm fluid and

solid elements) resolution. The same clogging scenario simulated with two different

resolutions may lead to different conclusions as the velocity of the rag is different in each
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case, as highlighted previously. However similar trends have been found for both coarse

and fine simulations, regarding the influence of the physical parameters considered here.

Figure 8.3: Initial position of the different 5cm×10cm rags used for the clogging scenario
simulations. Position A in red, position B in green, position C in grey, position D in
cyan, position E in orange.

The results of the different clogging studies are listed in Table 8.2 and Table 8.3.

A real clogging case cannot be exactly reproduced by the IBM-FSI model presented

here. However, in specific configurations the flexible solid eventually wraps itself around

the leading edge, which is known from experience to lead to a physical clogging event.

Interesting insights can be drawn from the parametric study. It appears firstly that the

flow rate is the main parameter affecting the occurrence of clogging, as no configurations

were found where the rag wraped itself around the impeller leading edge at Q = 55l/s

for more than half a cycle. Similar observations on the influence of the flow rate were

made experimentally [23]. The fluid incident angle relative to the impeller leading edge

is changing with the flow rate [48]. Increasing the flow generates an area of increased

radial velocity and decreased tangential velocity, as was observed also in [37]. This helps

the rag to move away from the impeller. Large separations observed with the singe-blade

impeller at high flow rate (see Section 5.1) can also be an additional factor limiting the

blockage. One can note however that experiments carried out in [23] have shown that
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rags are more likely to wrap around the upper part of the leading edge, while in most of

the present simulations the wrapping occurred at the bottom part of the leading edge.

Finally, the length of the rag also increases the likelihood of clogging. For two

configurations without onset of clogging with 5cm× 10cm, it was found that extending

the length of the rag to 15cm led to the wrapping of the latter around the leading edge.

The change in initial position has also an effect on the solution. It is however difficult

to conclude on the predictability of clogging regarding this parameter, given the small

number of simulations. On the contrary, the rag’s flexibility does not seem to influence

significantly the behaviour of the slender solid in the pump.

Rag Flow rate Wrapping ? How long ? Comments

5cm× 10cm 20l/s yes > 1 cycle

Position A

5cm× 10cm 55l/s no - directly to

Position A the eye

5cm× 10cm 20l/s yes 1/2 cycle

Position B

5cm× 10cm 55l/s no - directly to

Position B the eye

Table 8.2: Parameters and results of the different clogging scenarios with coarse grids
(4mm elements). LE stands for leading edge. The values of the bending and tension
coefficient are chosen as (φ∗, ζ∗) = (200, 4 · 10−5). The eye defines the central region
below the impeller upper plate.
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Rag Flow rate Wrapping ? How long ? Comments

5cm× 10cm 20l/s no - below LE

Position A pushed to center

5cm× 10cm 20l/s no - below LE

Position B pushed to center

5cm× 15cm 20l/s yes 1 cycle

Position B

5cm× 15cm 55l/s no - below LE

Position B pushed to center

5cm× 10cm 20l/s no - directly to the eye

Position C ”bounce” on LE

5cm× 10cm 20l/s no - directly to the eye

Position C ”bounce” on LE

flexible

5cm× 15cm 20l/s yes > 1 cycle

Position C

5cm× 15cm 20l/s yes < 1 cycle

Position C

flexible

5cm× 15cm 55l/s slightly 1/2 cycle around top

Position C part of LE

5cm× 10cm 20l/s no - directly to

Position D the eye

5cm× 10cm 20l/s slightly 1/2 cycle around top

Position E part of LE

5cm× 10cm 55l/s slightly < 1/2 cycle around top

Position E part of LE

Table 8.3: Parameters and results of the different clogging scenarios with fine grids (2mm
elements). The values of the bending and tension coefficient are chosen as (φ∗, ζ∗) =
(200, 4 ·10−5) for the standard cases, and as (φ∗, ζ∗) = (20, 4 ·10−6) for flexible scenarios.
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8.2 General Conclusions

8.2.1 Conclusions and contributions

This last section summarizes conclusions on the specific Immersed Boundary Methods

considered in this research and their application to Fluid-Structure Interaction modelling,

with a particular focus on waste water pump design and clogging issues. The conclusion

is divided into two parts: (i) validation and assessment of IBMs for single-phase FSI

problems, and (ii) outcomes of diffuse IBMs for fluid - flexible solid interactions modelling.

A new versatile sharp interface type of IBM was developed within a Navier-Stokes

solver and validated against laminar and turbulent cases involving fixed and moving

boundaries. This sharp NS-IBM is a continuous IBM, based on a Penalty approach,

where the momentum forcing is applied before the discretization. The method includes

reconstruction schemes for the physical variables at the immersed interface to enforce

more accurately the boundary conditions, and a coupling with the DES turbulence model

with consistent definition of the turbulent variables at the same interface. A diffuse

interface type of IBM implemented within a Lattice-Boltmzann solver was assessed and

compared to the sharp NS-IBM for similar applications. The conclusions from these

numerical investigations are presented below:

� The correction schemes applied to the velocity and the pressure to impose, respectively,

a Dirichlet and a Neumann boundary condition at the immersed interface to

achieve a no-slip condition, have shown to improve the order of accuracy of the

solution. These improvements are visible for both local variables near the interface

and integrated quantities. The order of accuracy of the improved NS-IBM, including

the correction schemes, is at least 1.5, while a simple NS-IBM without correction

achieves only first order.

� Different reconstruction schemes were investigated for the correction of velocity

and pressure:
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– Regarding the velocity correction, very little difference was found from a

comparison between the types of schemes proposed and considered in this

research (explicit or implicit formulation, based on interpolation or based on

gradient reconstruction). However, it was found that imposing the velocity

condition either internally or externally did have an impact on the solution.

Both types of schemes have shown to improve the velocity profiles locally

and the estimation of integrated quantities. Shortcomings were however

identified. An external velocity correction scheme tends to thicken the size of

the immersed object, due to possible discrepancies between the reconstructed

linear profile and the theoretical profile of a laminar boundary layer. An

internal velocity correction scheme deteriorates locally the pressure solution

near the immersed interface due to the mirrored velocities from the extrapolation.

– Regarding the pressure correction, the decoupling scheme has been shown

not to impact the solution. On the other hand, imposing a zero gradient for

pressure through a penalization approach leads to significant improvements

in the solution for both velocity and pressure. These improvements are more

significant with the internal velocity correction scheme, as the pressure is

deteriorated with this specific scheme. The combination of both velocity

and pressure penalizations has been shown to provide results in very good

agreement with equivalent body-fitted simulations for the laminar cases considered

in this research. Furthermore, it was shown that the treatment of the pressure

boundary condition at the immersed interface, which is usually not handled

for continuous IBM, is improving the accuracy of the results. A shortcoming

was identified for this explicit pressure penalization scheme: spurious pressure

time fluctuations and an increase of the harmonics amplitude appear upstream

of the immersed solid when standard wall boundaries are in the vicinity

of the immersed boundary. However, these fluctuations are not strongly

affecting the time-averaged pressure solution, and results suggest that their

influence on the pressure distribution over the surface of the immersed solid is
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negligible. These spurious fluctuations were removed with an implicit pressure

penalization scheme.

� The conclusions on the assessment of NS-IBM for turbulent rotating flows are the

following:

– Spurious pressure fluctuations from the explicit penalization scheme were

found to be negligible for the mixer case, but were observed for the two pump

cases, and especially for the single-blade pump due to the close proximity of

wall boundaries (volute wall). The implementation of the implicit penalization

scheme was however not successful for these engineering cases.

– The IBM formulation of the Spalart-Allmaras turbulence model (pSA), based

on a penalization of the turbulent viscosity, is necessary in order to obtain

meaningful results. For instance, the pSA method leads to an improvement

of respectively 20% and 50% in head and torque estimates for the single-

blade pump (with a flow rate of 40l/s), in comparison to the standard SA

formulation. A linear reconstruction scheme of the turbulent viscosity gives

additional improvements of 6% and 1% in comparison to the simple pSA for

the same case.

– The typically poor resolution of the boundary layer with IBM was found to

enhance the mixing, in comparison to body-fitted simulations with boundary

layer resolution. However, this has a negligible influence on integrated quantities,

such as the force and the torque on the immersed solid, as well as time and

phase averaged variables in the turbulent cases considered in this research.

This argument is supported by the investigations made on the influence of

the inflation layer on body-conforming simulations for this type of application.

The velocity correction schemes within NS-IBM have been shown to reduce

the overestimation of the mixing. A correction scheme based on a power-law

model, which is more consistent with the logarithmic profile of an attached

turbulent boundary layer, was tested for the mixer case. Although reducing
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the turbulent intensity, this reconstruction scheme did not provide better

predictions of averaged or instantaneous flow variables.

– For the single-blade pump, the head estimates obtained with NS-IBM were

found to be as good as body-fitted results with equivalent mesh resolution,

except for the highest flow rates (Q = 70l/s). In this case, the use of a

dynamic mesh is significantly improving the solution. For the two-blade

pump, the maximum relative difference between the head and the efficiency

obtained with the simple NS-IBM and experimental data is about 13% and

33% respectively (for a mesh using 5mm cells). The corrections schemes are

capable of improving these estimates.

� The diffuse interface type of IBM has been shown to overestimate instantaneous

variables, such as the pressure stress over the immersed solid, the maxima of

velocity as well as the intensity of mixing. Despite these discrepancies, this method

was shown to be able to give predictions of averaged quantities, similar to NS-IBM

in terms of accuracy, at equivalent maximum resolution.

To conclude on the application of IBMs to pump design, the outcomes of this thesis

shows that both sharp and diffuse types of approaches are suitable to accurately predict

the quantities of interest to hydraulic design, where accuracy within 10% is appropriate.

In specific configurations, involving large flow separation, adaptive meshing may be

required to achieve similar level of precision than standard body-fitted simulations.

The diffuse LB-IBM used for single-phase flow applications was extended and coupled

to a dynamic solid solver to model the interactions between fluids and two-dimensional

flexible structures. A diffuse NS-IBM based on Huang’s model [56] was assessed and

compared to the LB-IBM for laminar and turbulent cases dealing with the transport

and the deformation of flags/rags. Comparisons with experiments were also performed.

Collision models were implemented and assessed to handle possible interactions between

the flexible structure and rigid solids, within both approaches. The two IBMs were finally
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applied to the study of rag transport in a waste water pump and clogging scenarios were

investigated with the LB-IBM. The conclusions for this part of the research can be

summarized as follows:

� The coupled LB-IBM FSI model has been shown to be able to correctly reproduce

the behaviour of slender flexible solids in fluids, when under the combined influence

of elastic internal forces, gravity and the action of the fluid. A quantitative

comparison against a benchmark case have also shown that correct agreement

with previously published results can be achieved.

� When compared to the FSI model within NS-IBM, a significant difference was

found regarding the magnitude of the IBM momentum forcing. The IBM force

computed with LB-IBM, and based on iterative direct-forcing, was shown to be

considerably higher than its NS counterpart based on penalization, when the

position of the flexible structure is constrained. Despite this difference, the results

from LB-IBM and NS-IBM are in good agreement regarding the deformation and

the transport of the structure, in similar conditions. This outcome supports the

correctness of both FSI models.

� An advantage of direct-forcing approach (used in LB-IBM) in comparison to the

penalty approach (used in NS-IBM) is the absence of user-defined parameter

like the penalization coefficient. However, the definition and adjustment of the

hydrodynamic thickness of the slender solid within the LB-IBM coupling counterbalances

this advantage.

� The difference of magnitude of the IBM forcing term explains the difference of

stability between the two solid solvers under neutrally buoyant conditions. The

NS-IBM is capable of achieving perfectly stable solutions under such conditions,

while the solid solver within LB-IBM becomes unstable when the solid density is

significantly decreased.

� The results of the two types of collision models (kinematic and force based) are
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providing similar dynamic simulations. The kinematic approach has been found

to remain stable over a wider range of flow conditions and mechanical properties.

� Regarding the transport of a rag in the centrifugal waste water single-blade pump,

the main conclusions are the following:

– Although the two IBMs cannot realistically reproduce the typical blockage of

waste water pump, both models predict rags wrapping around the impeller

leading edge in specific conditions, which is known to lead to a physical

clogging event. The failure to reproduce such an event is probably due to

the approximate collision and friction models, combination of which is not

capable of modelling real structure-wall friction.

– Similar results were obtained with the two types of IBM for the rag path and

behaviour in the pump. However, differences were found regarding the rag

velocity, because of (i) the different coupling methods and mainly because of

(ii) the fact that neutrally buoyant conditions are not achieved with LB-IBM.

– Mesh independency is not achieved for the configuration considered here.

However, similar conclusions were drawn for both resolutions regarding the

influence of specific physical parameters. The main parameters prone to

increase the occurrence of clogging are the flow rate and the rag length.

8.2.2 Future work

As stated in the previous section, when applied to turbulent rotating flows, IBMs

appear to break the uniformity of the flow in specific areas and to increase the velocity

fluctuations in space. These effects are more noticeable when no correction is used

for the physical variables at the immersed interface within sharp IBMs, and they are

again more noticeable for diffuse IBMs in comparison to sharp IBMs. Although these

shortcomings do not deteriorate integrated quantities, their influence on the transport of

a secondary component should be assessed. This influence is expected to be small for a

relatively stiff material, but it could have a non-negligible influence when the flexibility
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of the slender solid is increased or when its density is decreased. A way to quantify

the influence of the enhanced mixing would be to compare the behaviour of rags when

rotating equipments (mixer or pump) are modelled by IBMs or by standard body-fitted

techniques. The remainder of the recommendations for future work is divided into two

parts, in accordance with the two main objectives of this research.

(i) The future works advised for IBMs applied to three-dimensional rigid bodies with

prescribed velocity are the following:

� Two tasks are identified regarding the pressure correction through a penalization

scheme:

– A solution to overcome the stability issue encountered with the implicit penalization

scheme when applied to 3D complex geometries could be to implement a

symmetrical (and artificial) Neumann boundary condition in the internal solid

domain.

– In most of the cases considered in this research, the Neumann zero pressure

gradient condition is consistent with the projection of the Navier-Stokes equation

on the immersed interface, because fixed or rotating boundaries are involved.

However, this projection leads to ∂p
∂n |Γ = ρDu

Dt |Γ·n, where the normal acceleration

is not necessarily zero for instance with the oscillating cylinder case. For

a more generic version of the model, such a pressure boundary condition

should be implemented. Although the pressure penalization scheme imposing

a zero gradient has shown to improve the results in the oscillating cylinder

case, discrepancies are still visible in comparison to the body-fitted results,

and their presence can be explained by not taking into account the normal

projection of the acceleration term.

� Regarding turbulence modelling, more accurate wall models could be considered for

the reconstruction of the velocity with a relatively coarse grid. For instance, models

based on the Turbulent Boundary Layer (TBL) equation are usually performing
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better than the power-law model [19], which was implemented in this research.

The main difficulty in this case is to estimate the shear stress at the immersed

wall.

� Body-fitted simulations for the two-blade impeller pump would provide interesting

insight, particularly regarding the improvements due to the velocity and pressure

correction schemes onto the torque predictions.

� For a complete comparison of IBMs and the two types of fluid solver, it would be

interesting to propose a diffuse IBM within the Navier-Stokes solver, and a sharp

IBM within the Lattice-Boltzmann. The comparison of the outcomes of these

additional approaches would help to better distinguish the differences coming from

the modelling of the interface (sharp or diffuse) with the differences lying in the

solution of the fluid equations.

(ii) The future work recommended for diffuse IBMs applied to fluid - flexible structure

interaction can be divided as follow:

� A complete characterization of the mechanical properties of typical resilient solids

found in waste water needs to be performed. This would allow to choose relevant

tension and bending coefficients for the solid solver, and to set the non-dimensional

density, which is showing to what extent the neutrally buoyant condition is achieved,

if it is. In addition, this characterization would help define the most accurate

model between the two types of coupling, penalization in NS-IBM or iterative

direct-forcing in LB-IBM.

� The low tension and bending force necessary to reproduce realistic large deformation

may break the inextensibility criterion for the current dynamic solver. In this

case, the criterion must be implemented implicitly in the solver as an additional

constraint to the solid equation, as is proposed in [55] and [35].

� The main limitation of the current FSI models (for both NS-IBM and LB-IBM) lies

in the fluid-solid coupling, which is obtained from the IBM forcing term. A more
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accurate model would be to estimate the action of the fluid on the flexible solid

from the integration of pressure and viscous stress on the immersed surface. This

type of approach would also significantly reduce the differences between NS-IBM

and LB-IBM.

� Investigations on the interactions between rigid and flexible solids immersed in

fluids are relatively recent and scarce. In this context, experimental characterization

of the collision between a rag and a bluff body in a flow for instance, would allow

a quantitative validation of the collision models implemented during this research.

Regarding numerical models, both kinematic and force based approaches are only

using local information in order to correct the rag’s position. This limitation can

be overcome by deriving a repulsive force from the internal mechanical force. As

this force is handled semi-implicitly in the solid solver, such a model would account

for the global stretching and bending effects of the flexible structure.

� Additional investigations on the clogging scenarios with the single-blade pump

are necessary to fully understand the mechanism leading to blockage. The use of

friction or suction models could lead to more realistic blockage. However, these

models would also need to be quantitatively validated.
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Appendix A

Assessment of xIBM for

multiphase flows

The influence of high swirl mixing on the instantaneous position of a gas bubble in a

mixer has been studied. The geometry of the mixer considered here is similar to the

one described in Section 5.3. The same procedure is used for the body-fitted and IBM

grids. The average cell size was however fixed to 3mm in the core of the domain. For

the body-fitted grid, three levels of refinement were then achieved by dividing cells into

uniform octants, as illustrated in Figure A.1. This meshing led to a minimum cell size

around 0.4mm at the impeller wall. For the IBM case, two grids were considered: (i)

the same resolution as the body-fitted case and (ii) a mesh resolution without the last

level of refinement (coarser mesh). The results are not compared to experimental data

due to the scarcity of this type of experiments in the literature.

The gas phase is air, while the carrier phase is water. A Volume of Fluid (VOF)

solver (interFOAM) is used to compute the incompressible fluid equations for these two

phases. The interface capturing advection equation allows one to track the transport of

the secondary phase within the primary one. The IBM is used to model the presence

of the impeller. Similar to a single-phase solver, this is achieved with a forcing term in

the momentum equation of the considered phase. No corrections for pressure or velocity
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Figure A.1: Cross section of the body-fitted mesh around the impeller

near the IB interface have been considered initially. The penalization coefficient is as

usual the subject of a convergence study to confirm independence of the results with

regards to the latter coefficient.

The air bubble is released close to the lower surface of the mixer. The evolution of

its center of gravity has been examined. Figure A.2 displays the results obtained with

both IBM grids compared to the body-fitted approach. The time is non-dimensionalized

by the rotational speed of the impeller and covers half a revolution. In addition, the

distance traveled by the bubble is non-dimensionalized by the diameter of the mixer and

the initial vertical position of the bubble for the radial and the axial distance respectively.

From these trajectories, it appears that the IBM gives a fairly good reproduction of the

impeller radial force. The last layer of refinement shows in addition an improvement

in the estimation of the radial trajectory. However, a significant difference is noticed

when comparing the axial component of bubble’s trajectory. The coarse mesh fails to

reproduce the exact downward force which compensates the buoyancy force and pushes

the bubble towards the bottom of the tank. This is mainly due to the large thrust force

generated around the blade with the body-fitted approach. Although under-estimated,

the finer IBM grid seems to better evaluate this force, as visible in Figure A.2(b) when

the bubble starts to move downward again. During the beginning of the computation,

the underestimation of the impeller thrust force allows the dominance of the buoyancy

force which explains the high position of the bubble.
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Figure A.2: Instantaneous evolution of the bubble position inside the mixer for body
fitted and immersed boundary solutions

Figure A.4 shows the bubble interface after half a revolution of the impeller. The

IBM grid based on the same resolution as the body-fitted grid allows to capture the

bubble separation in two distinct parts. Although more elongated the bubble shape is in

fairly good agreement compared to the reference results from the body-fitted simulation.

On the contrary, the IBM on the coarse grid fails to capture the bubble separation.

Regarding the thrust force, represented by the downward velocity vectors visible above

the impeller, it appears also that the last grid refinement level improves the results for

the IBM.

The influence of the IBM on the transport of the volume fraction is also investigated.

Figure A.3 shows the contours of the volume fraction α for the body-fitted case and

different penalty approaches on a section of the mixer lying in the fluid domain (far

from the bubble). In the ideal case, the volume fraction should be equal to the fraction

of fluid (α = 1) everywhere on the section. However, one can see that this is not achieved

for any of the numerical methods. The simple penalty approach and the penalty with

outer velocity correction lead to deviation of the volume fraction of the order of 1% near

the impeller. The latter method exhibits a slightly higher and broader deviation than
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the former one, due to the possible inconsistency between the linear correction scheme

and the mass conservation. The mirrored velocities obtained with the inner velocity

correction are as expected even more inconsistent with the mass conservation equation.

In this case, the deviation from the ideal value exceed 10%. It is interesting to note that

the standard body-fitted approach is also leading to mass conservation issues. Volume

fractions above and below 1.0 are visible near the impeller and especially in the close

vicinity of the interface between the moving and the fixed meshing parts of the GGI

method, where deviations exceed 1% (higher than IBM ).

(a) Body-fitted
(b) simple Penalty

(c) Penalty with outer velocity correction (d) Penalty with inner velocity correction

Figure A.3: Contour of α for different numerical approaches.
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(a) Body-fitted

(b) IBM coarse

(c) IBM

Figure A.4: Contour of the air-water interface (in red) after half a revolution of the
impeller. The velocity vectors are displayed on the horizontal cross section above the
impeller.

265



266



Appendix B

On the modelling of insect flight

This section presents the investigation carried out with a 2D model of a symmetric

flapping insect flight. The model is based on the previous work of Ota et al. [97], who

developed a coupled LB-IBM identical to the numerical method presented in Section 6.2.

While in [97] the insect wings are defined as a rigid 1D filament, in the current approach

the solver for the solid dynamics introduced in Section 7.2.1 is coupled to the LB-IBM

in order to model the deformation of the wings.

The influence of the wings flexibility on the flight mechanics, and in particular the

generation of lift, has already been studied for a similar 2D model by De Rosis et al. [27]

and for 3D models as well [95], [134]. When the structural deformation is not prescribed,

unlike in [129] for instance, most of the studies employ Finite Element Methods (FEM) to

solve the structural dynamics as opposed to the Finite Difference Method considered in

the current study. The next section describes the 2D flapping wing model and shows how

the wing flexibility is taken into account within the model. The last section summarizes

the main results obtained with this model implemented in the Lattice-Botlzmann solver.

B.1 A 2D symmetric flexible flapping wing model

The insect is made of the two wings of length L connected to a hinge of mass M . The

wings flap symmetrically with respect to the vertical and horizontal axis. For rigid wings,
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the equation of their angular position reads:

θ(t) = ∆θcos(
2π

T
t+

φ

180
π) (B.1)

where ∆θ, T and φ are respectively the amplitude, the period and the initial phase of

the flapping oscillations.

Particular attention should be paid to the combination of the wing rigid body

motion and its deformation. In this context, two different models were considered for

the treatment of the deformation of the wings. Those two models are illustrated in

Figure B.1. In Model A, a specific number of points along each wing are following

a rigid motion, without any deformation taken into account. For all the remaining

points, Equation 7.1 is solved for the structural dynamics of the wings. Regarding

the boundary conditions, the free end condition is used at the wing extremities. At

the interface between the rigid and flexible parts of the wing, the simply-supported

condition introduced in Section 7.2.1 is however not suitable in this case, as it allows

rotation. A clamped condition is then implemented, which satisfies X = constant and

∂X
∂s = (cosθ, sinθ) and ∂X

∂s = (−cosθ, sinθ) for the right and left wings respectively. In

Model B on the other hand, only the hinge and the extremity points of each wing are

governed by Equation B.1, while for all the other points, the wings deformation is solved

thanks to the solid solver. In this case, the simply-supported condition can be used for

all boundary points.

A decoupling behaviour is observed between the rigid motion zone and the deformable

zone of the wings with Model A. Three possible sources for this issue were identified:

(i) an error in the implementation of the clamped boundary condition, (ii) the necessity

to use non zero initial tension through the wing and (iii) the necessity to use large

values of the tension coefficient, making it impossible to obtain stable solutions of the

solid model. It was confirmed that the use of non-homogeneous tension and bending

coefficients to strengthen the connection between the two zones are not sufficient either

to achieve the deformations shown in [134] for instance. As for Model B, deformations
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(a) Model A (b) Model B

Figure B.1: Sketch of the two models considered for the 2D symmetric flapping with
flexible wings. Ci, Cu and Cd stand respectively for the initial, current undeformed and
current deformed configuration of the wings. The green parts of the wings represent the
points whose position is following the rigid body motion, while the red parts represent
the parts that are allowed to deform.

close to what can be seen in reality are obtained (see [134]). The main but significant

difference with the Model A is that the tip wing position is prescribed, which influences

the overall position of the wing during its stroke. The different deformations generated

with both models for the same physical parameters are shown in Figure B.2 for half a

stroke. Based on the same 2D model, De Rosis et al. [27] used a different approach to

solve the wings deformation. In the latter, the overall body motion is split into a rigid

motion component and a pure deformation component with respect to the first one. At

each time step, the wing is firstly moved according to the rigid motion, and then the

iterative solid solver is used to compute the deformation. The deformable solid modelling

is based on the co-rotational formulation of Finite Elements [36]. This iterative model

allows larger amplitude of the wings oscillations for a given imposed rigid motion. Large

amplitude can strongly affect the results regarding the lift generation.

In the current 2D model, the rotation of the insect is not considered. Hence, the

motion equation for the center of mass Xc of the insect is governed by Newton’s law as
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(a) Model A (b) Model B

Figure B.2: Iso-contours of the distance function to the IB solid representing the wing.
The black, blue and red contours stand respectively for the initial configuration, the wing
configuration after quarter of a stroke, and the wing configuration after half a stroke.
For sake of simplicity, only the right wing is considered as deformable for the model A.

follow:
dUc

dt
=

1

M
F + G (B.2)

dXc

dt
= Uc (B.3)

where F stands for the fluid force acting on the wing. The latter is obtained from the

IBM force as it is described in the previous chapter (see Equation 6.6). Equations B.2

and B.3 are solved using a second-order Adams-Bashforth scheme.
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B.2 Results and discussion

The computational conditions are based on the configuration of Ota et al. [97], except

the size of the domain which is smaller in the current case with a width of 6L and a

height of 12L. The bounce-back boundary condition is used to model the no-slip walls

at the fours edges of the domain. The latter is discretized with 360 × 720 lattice grid

points and the Lagrangian grid has an equivalent spacing, giving 60 points per wings.

The influence of gravity is not taken into account in this preliminary study. All the

physical variables are non-dimensonalized following the definition of Ota et al. [97],

using the wing length L, the time-averaged wing tip speed ¯utip, and a reference fluid

density ρ0. For the following simulations, the amplitude of the oscillations is set equal

to ∆θ = 2π × 0.13 = 46.8◦ and the initial phase is set to 0, while the non-dimensional

mass M∗ is fixed to 9.05. Finally, the internal bending force has no influence on the

wing deformation, as the Model B introduced earlier is prescribing the positions of the

wings extremities.

The two remaining parameters, the Reynolds number Re and the non-dimensional

tension coefficient φ∗, are listed in Table B.1 for the different simulations. Smaller values

of the tension coefficient are leading to non-physical behaviour or numerical instabilities,

while larger values generate rigid-like wings. The difference of deformation between the

two values of the coefficient φ∗ is illustrated in Figure B.3. The trajectory of the insect’s

center of mass is first validated against the results of Ota et al. [97] for a rigid wing and

with Re = 200, which corresponds to Simulation 2. The vertical position of the hinge

is shown in Figure B.4 for the 10 first strokes. The results are in reasonable agreement

with those of Ota et al. A similar level of discrepancy has been found for instance by

De Rosis et al. [27]. It is important to note that the insect trajectory is very sensitive

to the numerical parameters, as a small difference in the initial strokes due to a small

difference of fluid force estimation, can have a significant impact on the next strokes.

The non-dimensional mass in the motion equation (Equation B.2) has to be multiplied

by approximately a factor 10 to obtain a non-dimensional density ratio ρ∗ (see Equation
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Sim. 1 Sim. 2 Sim. 3 Sim. 4 Sim. 5

Re 100 200 100 200 100

φ∗ rigid rigid 0.01 0.01 0.003

Table B.1: Parameters of the fluid and solid solvers.

Figure B.3: Iso-contours of the distance function to the IB solid representing the wing,
after 0.2T (top) and after 0.8T (bottom). The black contours represent the rigid
case, while the red and blue contours display respectively a flexible wing with a non-
dimensional bending coefficient of 0.01 and of 0.003.
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Figure B.4: Vertical trajectory of the hinge (center of mass) for a rigid wing at Re = 200.
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7.1) that allows a stable behaviour of the solid solver. For the same reasons, a damping

effect is considered with a non-dimensional coefficient λ∗ = 0.2. Tuning these two

coefficients increases the wings inertia, reduces spurious oscillations and avoids their

resonance, for a stable wing motion. Figure B.5 shows the deformation of the wings

obtained with and without a damping effect. Without damping, spurious oscillations are

amplified through time, eventually leading to the iterative solution failing to converge.

The arbitrary choice of ρ∗ and λ∗ is not an issue here, as the main interest is to obtain

a physical deformation of the insect wing during the flapping mechanism.

(a) after 1.15T (b) after 2.15T

Figure B.5: Iso-contours of the distance function to the IB solid representing the wing.
The black contour represents the flexible wing position computed with a damping
coefficient. The red contour represents the flexible wing position computed without
a damping effect.

The trajectories of the wing for the 5 simulations listed in Table B.1 are presented

in Figure B.6. It shows that the wing’s flexibility, modelled as it is here, is an asset in

specific condition thanks to an improvement of the average lift, while it appears as a

drawback for other case. Hence, at Re = 100, a slight flexibility improves the generation

of lift, as the body moves up faster than for a rigid wing after the 5 first strokes. However,

increasing again the flexible nature of the wing will vanish this advantage as it shown

for the Simulation 5 (dashed black line). Similarly at higher Reynolds, the deformation

of the wing seems to reduce the production of the upward force. Looking at the flow

fields allows one to understand why the flexibility is not increasing the lift force. For

both high Reynolds and high flexibility cases, the symmetric nature of the flow, with

respect to the vertical line, is eventually broken after a certain number of strokes. As a

result, the vortices provide less support to the lift generation. The symmetry breaking
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process is visible in Figure B.7, which displays the vortical structures for both rigid and

flexible wings. While the symmetry is still preserved after 3 strokes, tiny differences are

already present after 5 strokes. The emergence of asymmetry is pushing the vortices

apart reducing the support to the lift as it can been clearly seen after 9 strokes.
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Figure B.6: Vertical trajectory of the hinge for all simulations.

Regarding the case where the deformability of the wing represents an asset for the lift

generation (Simulation 3), the symmetry of the flow field is preserved as one can see in

Figure B.8. In the rigid case, a vortex is present around the tip of each wing at the end

of the upstroke. This vortex is acting against the lift force, whereas the vortices below

the wing which were generated during the downstroke contribute to the lift force. The

slight bending of the wing in the flexible case prevents the generation of these vortices at

the wings extremities, and thus enhances the lift force. One can also notice the presence

of the two secondary small vortices in the flexible case that are helping to support the

lift generation.

The high sensitivity of the insect trajectory to the numerical parameters makes it

difficult to draw a conclusion on the benefits of wing flexibility. Investigations on the
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sensitivity to the amplitude or period of the flapping oscillations can also be performed.

However the main limitation of the model considered in this study for wing deformation

lies in the prescription of the tips positions. In reality, a flexible wing might exhibit larger

motion at the tips in comparison to an equivalent rigid wing with the same amplitude

of oscillation. With a model able to do so, De Rosis et al. [27] shows that the flexibiltity

of the wing can increase up to a factor 3 the maximum vertical position reached by the

insect after 8 strokes for instance.

This test case suggests that taking into account the flexibility of the insect wings

can have a significant impact on lift generation and thus on the flight capabilities of

the insect. However, this type of problem has shown to be very sensitive to both

numerical and physical parameters, making it hard to draw a conclusion on the benefit

of the wing’s deformation. Furthermore, the restrictive boundary condition used for

the wing displacement are not necessarily realistic. For a more physical reproduction

of the insect flight, its is recommended to use a full 3D model, without prescription of

the displacement at boundaries, and with non-uniform stiffness over the flexible surface,

as it is done in [95] and [134]. With this type of modelling, the structural dynamics is

however solved with FEM for better accuracy and stability.
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(a) t = 3T (b) t = 5T (c) t = 7T

(d) t = 9T

Figure B.7: Vorticity contours of the flow produced by a rigid (in black) and a flexible
(in red) wing at different times at Re = 200.
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(a) rigid wing (b) flexible wing

Figure B.8: Streamlines and velocity contours of the flow produced by the flapping wings
after 9 strokes at Re = 100.
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Appendix C

Design and assembly of a closed

loop water tunnel and

visualisation system

A closed loop water tunnel for visualisation purposes has been designed, manufactured,

and assembled by third parties. The design of the water tunnel and the piping system is

shown in Figure C.1. The tunnel is composed of the following parts as labelled in Figure

C.1: (1) Inlet section, (2) Dye injection section, (3) Test section, (4) Laser protection

table, (5) Discharge section, (6) Discharge pipe, (7) Discharge reservoir, (8) Pump, (9)

Piping connections, (10) Laser table, Power unit, and Laser Head, (11) Support table,

(12) Flowmeter, (13) Electrical valve, (14) Inlet pipe. The tunnel allows for studying

rag oscillations under the effect of several flow rates, as well as rag release. In order to

study the release, the rag is clamped to a flagpole in the test section as shown in Figure

C.2.
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Figure C.1: Design of the closed loop water tunnel with piping system.

Figure C.2: The flagpole system for the clamping mechanism of the rag inside the testing
section.

Figure C.3 shows a schematic diagram of the measurement tools and their position

regarding the testing section. The setup illustrated in this figure allows for capturing

the deformation of the rag during its oscillation under the effect of the fluid flow.

This is achieved using the Digital Image Correlation (DIC) measurement tool. The

Particle Image Velocimetry (PIV) system, on the other hand, allows for analysing the

characteristics of the fluid flow in the wake region behind the rag.
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Figure C.3: Schematic Diagram of the Water tunnel incorporated with the measurement
tools (PIV - DIC).
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Appendix D

Influence of the collision distance

for the clogging simulation

A collision distance of 2h was compared to 1.25h, where h is the lattice Spacing. It is

found that a smaller collision distance is only slightly slowing the collision mechanism

and delaying the rag release. Very few changes can be identified however in the rag’s

behaviour as illustrated in Figure D.1. Figure D.2 shows the radial and axial positions

of the rag in the volute during its transport and its collision with the impeller. The

similarities for the two cases are highlighted by the concordance between the trajectories,

especially for the axial position of the rags. The small delay in the rag release can be

seen for both coordinates of the point C. These results demonstrate the low sensitivity

of the numerical collision distance on the collision mechanism, if the parameter is chosen

small enough. The same conclusion was drawn for different simulations, when varying

the rag’s initial position and length.
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Figure D.1: Position of the rag during the collision process for two values of the collision
distance threshold. The grey surface is obtained for a collision with a threshold of 2h,
while the light blue surface for a threshold of 1.25h.
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Figure D.2: Influence of the collision distance threshold on the rag transport in the
pump. The vertical red lines denote approximately the start and the ends (dotted lines)
of the collision processes for the two cases.
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