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Abstract

DEVELOPMENT OF FLUID-SOLID INTERACTION (FSI)

Jesus Ernesto De La Peña-Cortes

The University of Manchester, Doctor of Philosophy, December 2017

This work extends a previously developed finite-volume overset-grid fluid flow solver to

enable the characterisation of rigid-body-fluid interaction problems.

To this end, several essential components have been developed and blended together.

The inherent time-dependent nature of fluid-solid interaction problems is captured through

the laminar transient incompressible Navier-Stokes equations for the fluid, and the Euler-

Newton equations for rigid-body motion. First and second order accurate time discretisation

schemes have been implemented for the former, whereas second and third order accurate

time discretisation schemes have been made available for the latter.

Without doubt the main advantage the overset-grid method offers regarding moving en-

tities is the avoidance of the time consuming grid regeneration step, and the resulting grid

distortion that can often cause numerical stability problems in the solution of the flow equa-

tions. Instead, body movement is achieved by the relative motion of a body fitted grid over

a suitable background mesh. In this case, the governing equations of fluid flow are formu-

lated using a Lagrangian, Eulerian, or hybrid flow description via the Arbitrary Lagrangian-

Eulerian method. This entails the need to guarantee that mesh motion shall not disturb the

flow field. With this in mind, the space conservation law has been hard-coded. The compli-

ance of the space conservation law has the added benefit of preventing spurious mass sources

from appearing due to mesh deformation.

In this work, two-way fluid-solid interaction problems are solved via a partitioned ap-

proach. Coupling is achieved by implementing a Picard iteration algorithm. This allows

for flexible degree of coupling specification by the user. Furthermore, if strong coupling is

desired, three variants of interface under-relaxation can be chosen to mitigate stability issues

and to accelerate convergence. These include fixed, or two variants of Aitken’s adaptive

under-relaxation factors. The software also allows to solve for one-way fluid-solid interac-

tion problems in which the motion of the solid is prescribed.

Verification of the core individual components of the software is carried out through

the powerful method of manufactured solutions (MMS). This purely mathematically based

exercise provides a picture of the order of accuracy of the implementation , and serves as a

filter for coding errors which can be virtually impossible to detect by other means.

Three instances of one-way fluid-solid interaction cases are compared with simulation

results either from the literature, or from the OpenFOAM® package. These include: flow

within a piston cylinder assembly, flow induced by two oscillating cylinders, and flow in-

duced by two rectangular plates exhibiting general planar motion.

Three cases pertaining to the class of two-way fluid-interaction problems are presented.

The flow generated by the free fall of a cylinder under the action of gravity is computed with

the aid of an intermediate ‘motion tracking’ grid. The solution is compared with the one

obtained using a vorticity based particle solver for validation purposes. Transverse vortex

induced vibrations (VIV) of a circular cylinder immersed in a fluid, and subject to a stream

are compared with experimental data. Finally, the fluttering motion of a rectangular plate

under different scenarios is analysed.
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Chapter 1

Introduction

1.1 Overview

Although fluid-solid interaction (FSI) phenomena play a significant role in most engineer-

ing applications, computer simulation techniques in this field are still at a developmental

stage, and are constantly evolving. The strongly coupled nature of the physical process

makes for a daunting and challenging modelling experience if accurate results are desired.

As is the general trend in the computational simulation field, the increase in hardware per-

formance has enabled the implementation of more computationally demanding coupling

algorithms. Therefore nowadays simulation results are in principle capable of reflecting

the characteristics of the problem better, but this does, of course, also depend on having

accurate and reliable models for the physical processes incorporated in the software.

Within the field of Bio-Engineering, it is of special interest to understand the blood-

artery interaction in order to propose new medical treatments for conditions such as

aneurysms or stenosis. Civil engineering usually involves fluid-structure interaction anal-

ysis to ensure that buildings or bridges are able to withstand wind loads. Aerospace and

turbomachinery industries are always on the lookout for lightweight and resilient materi-

als which can cope well with extreme operating conditions due to their interaction with

the surrounding fluid flow. There is consequently a strong case for the development of ver-

satile FSI solvers which can deal with a wide range of problems. The main focus of this

research is to contribute to the FSI modelling efforts pertaining to rigid-body fluid-solid

interaction.
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This work builds on a fluid flow solver previously developed by Skillen [1]. The base

software solves the steady state incompressible Navier-Stokes equations in three physi-

cal dimensions, and is capable of modelling turbulence through the Reynolds-averaged

Navier-Stokes equations (RANS). The finite volume method was selected to discretize

the governing equations, and the physical domain can be discretized using overlapping

grids. One of the main advantages of the overset-grid method is its ability to resolve

critical zones, such as boundary layers in complex geometries, using structured grids. A

direct consequence of using structured grids is the possibility to define grid connectivity

information implicitly, thus avoiding the need to spend additional memory resources for

such a task, as is needed in the case of using unstructured grids.

When overset grids are used there is the need to exchange information amongst grids.

This inter-grid information transfer needs to take place using interpolation techniques.

Nevertheless, the upshot of using any kind of interpolation is that conservation of the

fundamental quantities is not preserved generally speaking. However, depending on grid

sizing in the interpolation zone, and on the interpolation technique employed, perfectly

valid solutions can be achieved. If standard bilinear or trilinear interpolation (SI) is se-

lected, the user must be aware that in order to obtain satisfactory solutions fine grids in

the interpolation zone are required. An alternative to standard interpolation is to use an

interpolation algorithm based on the approximation of the mass conservation condition

across grid interfaces. As its name suggests, mass flux based interpolation (MFBI) is the

recommended choice for inter-grid communication, although it has been proven in [1] that

at grid independence both algorithms perform satisfactorily. These interpolation choices

are available for the user in the base software configuration.

As a starting point for this work there was a need to modify the grid input format for

the computer code. Previously, the code read in grids generated using the proprietary ap-

plication GAMBIT, which was part of the FLUENT package. Additional measures had to

be taken by Skillen to ensure compatibility amongst the structured overset solver, and the

unstructured (mesh connectivity) grids generated in GAMBIT. These measures included

generating logically structured topologies, and an algorithm to transform how cells were
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tagged natively by the employed grid generation tool, into an orderly cell tagging formu-

lation. The main reason to alter this grid generation methodology was that the GAMBIT

software is no longer supported by ANSYS, and it was therefore decided to build in the

capability of using a non-proprietary grid format. The solution was to develop some code

which takes grids written in the CFD General Notation System [2] (CGNS) as input, and

whose output is a format suitable to be read by the existing overset code, and which can

include boundary condition information as well. Since the CGNS system is a standard,

there are several commercial or open source grid generators that can create grids in such

a format.

The CGNS system is described as follows [2]: ‘ The CFD General Notation System

(CGNS) provides a general, portable, and extensible standard for the storage and retrieval

of computational fluid dynamics (CFD) analysis data. It consists of a collection of conven-

tions, and free and open software implementing those conventions. It is self-descriptive,

machine-independent, well-documented, and administered by an international steering

committee. It is also an American Institute of Aeronautics and Astronautics (AIAA) rec-

ommended practice’.

The second step taken in this work towards an FSI implementation was to solve the

laminar time-dependent incompressible Navier-Stokes equations. The two selected dis-

cretization schemes for the transient terms in the governing equations were: the Euler

first order implicit scheme, and a second order implicit backward discretization scheme.

The former was selected mainly for its stability and boundedness properties, whereas the

latter was selected to provide the implementation with a more accurate choice whenever

required.

The next logical step towards an FSI implementation was to formulate the fluid flow

governing equations using either a Lagrangian, Eulerian, or hybrid flow description in an

inertial reference frame to account for grid motion. This approach to handling moving

grids is known in the literature as the arbitrary Lagrangian-Eulerian method (ALE). For

incompressible flow in an inertial reference frame the method boils down to the compu-

tation of the relative mass flow rate through cell surfaces in the convective term of the

conservation equations. Instead of calculating the necessary grid velocity to do so which
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can be complex, a more general approach consists of separating the relative mass flow sur-

face integrals into their absolute flow velocity and grid velocity contributions and solving

them separately. This is convenient because another conservation equation needs to be

satisfied when dealing with moving grids. Namely, the space conservation law ensures

that grid motion (either pure translational motion, rotation, or grid deformation) shall not

disturb the flow field. It turns out that for moving grids the space conservation law ap-

pears naturally within the mass conservation equation when using the ALE method, and

one of the resulting additional terms is the previously mentioned closed surface integral

of the dot product of the grid velocity with the surface area vector. This closed surface

integral is then evaluated by acknowledging its physical significance thanks to the space

conservation law. By computing such a term consistently it can be guaranteed that no

spurious mass sources will appear in the mass conservation equation due to grid motion.

Finally, according to the desired FSI methodology, the next development step can be

described in general terms as devising a FSI coupling strategy, and either implementing

or using an existing solid solver. For this work a partitioned coupling approach was

selected, and a three dimensional rigid-body motion solver was developed. The next

section delves more into the two main different approaches of FSI modelling along with

possible coupling strategies.

1.2 Fluid-Structure Interaction Methodologies

Traditionally the designer/analyst chooses to focus on either the fluid or solid aspect of

the problem at hand and simplifies the other. Even though this approach might be useful

in some situations, it is not acceptable for cases where the coupling is so intricate that

simplifying either one yields incorrect results.

Considering what was mentioned above, several approaches are suitable for FSI mod-

elling depending on the degree of accuracy required, and on the characteristics of the

problem under consideration. The two main existing branches according to the behaviour

of the solid body are: a) deformable solid body modelling, and b) rigid-body motion

modelling. In the following subsections a brief description of the main methodologies

employed for each of these approaches shall be discussed.
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Regardless of the assumptions made about solid behaviour, the modelling engineer

faces yet another equally crucial matter: the coupling strategy. Coupling can be achieved

in a direct manner if both solid and fluid are solved concurrently. This approach however

requires a powerful nonlinear numerical solver designed with this purpose in mind. Be-

cause the engineering field has historically been segregated regarding the simulation of

solid and fluid problems, domain specific solvers are currently the norm rather than the

exception. It is therefore more practical to integrate existing bespoke fluid or solid solvers

together to tackle FSI problems, than to create one from the ground up. This is why a

segregated coupling approach is far more popular.

Strong coupling can still be achieved with segregated solvers by means of outer iter-

ations. If the interaction amongst the two media is not so intrinsic, one might even be

able to obtain acceptable solutions with weak coupling techniques, and thus avoid the

computational overhead inherent to segregated strong coupling algorithms.

1.2.1 Deformable-solid FSI modelling

If the problem requires the solid to be modelled as a deformable body, then the first obsta-

cle for attacking numerically the coupled phenomena is the fact that both the solid and the

fluid domains are usually discretized employing different approaches in most commer-

cially available segregated solvers. While solid mechanics problems typically are dealt

with using the finite element method (FEM), fluid mechanics problems are discretized

via the finite volume method (FVM). Furthermore, the solution techniques employed by

both methods to solve the discretized set of equations are radically different. Numerical

fluid mechanics solutions are obtained with iterative methods, which are better suited to

attack nonlinearities. On the other hand, solid mechanics problems typically rely on direct

methods for such tasks [3].

With plenty of FEM and FVM commercial codes available nowadays, the traditional

FSI approach is to set up the solid mechanics problem with imported stress boundary con-

ditions. The imported boundary conditions result from a flow field solution obtained by

using a different software package corresponding to the fluid with which the solid inter-

acts. As discussed in [4] this procedure involves several factors that have to be considered
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before committing to solve the problem in this fashion. The aforementioned boundary

condition information has to be interpolated to the locations on the boundary where the

discrete values of the dependent variables are stored in the FEM. This will unavoidably

lead to errors that could be significant. Computational overhead is also likely to occur

since the data storage structure of both approaches is quite different; this is exacerbated

when dealing with transient problems where the transfer of information has to be com-

pleted for each time step.

An alternative to employing the two separate discretization methods is to solve both

the fluid and solid domains using a single discretization technique. This, along with

the same variable storage arrangement (i.e. staggered or collocated) for both domains

eliminates the major issues mentioned above. The obvious questions then are: what are

the limitations of the FEM when it comes to solving fluid dynamics problems? Is the

FVM suitable for tackling solid mechanics problems?

With the ever increasing performance of hardware equipment the FEM has also over-

come one of its major limitations when being considered for the solution of fluid dynamics

problems, namely the usage of computationally expensive direct methods for solving the

resulting system of discretized equations. In the same vein, one of the seminal contrib-

utors of the FEM, J.N. Reddy [5] acknowledges the fast pace at which the method has

evolved and stresses that new solution algorithms are definitely improving its applica-

bility to the field of fluid dynamics. The FVM has also earned a respectable reputation

amongst researchers to attack solid dynamics problems, as will be seen in the literature

review. The main reasons for this being the conservative properties of the FVM, and the

inherent nature of iterative solvers to deal with nonlinearities.

1.2.2 Rigid-body FSI modelling

If the problem is suitable to model the solid as a rigid body then the solid governing

equations are, in general, less challenging to solve. However, the coupling is still critical

to obtain accurate solutions. In these cases the most challenging aspect to deal with is

efficient fluid domain grid generation at each time step without degrading mesh quality

due to solid body motion.
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Fortunately there exist methodologies that allow efficient redefinition of the fluid com-

putational domain at each time step, while preserving the original mesh quality. The im-

mersed boundary method is an excellent possible choice for this purpose and it seems to

be the most popular as well. The overset-grid method also falls under this category, with

the added benefit of being particularly well-suited for problems requiring fine near-wall

grids without compromising grid quality. Both approaches rely on somehow disabling or

neglecting computational cells in regions occupied by the solid mass.

As for the solid-body motion solver, it is commonly based on high order numeri-

cal methods such as Runge-Kutta or Adams-Bashforth, since the solution of the Euler-

Newton equations of rigid-body motion introduces virtually no overhead to the overall

solution algorithm. For a robust rigid-body motion solver implementation, quaternions

are without competition when it comes to populating the rotation matrix. Not only are

they a reliable set of parameters that work for all possible orientations, but they also im-

pose less computational stress on the simulation when compared to Euler angles.

Currently most commercial CFD packages offer rigid-body motion solver modules

which can be coupled to the fluid flow solution. Generally speaking the user still has to

develop a software interface to couple them. As of the time of writing of this work, at least

one “black-box” commercial application has the capability of coupling the overset-grid

method with a rigid-body motion solver. The potential offered by this pairing is such that

two other major CFD distributions are in the process of implementing this methodology.

Most notably, Pegasus 5, an overset rigid-body motion implementation which has been

used by NASA for a long time now, has been the recipient of the software of the year

award (2016) [6].
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1.3 Objectives

The aim of the present work is to develop the capability to simulate one-way and two-

way FSI phenomena with rigid moving boundaries. The integration of the overset-grid

method, and a rigid-body motion solver, with a partitioned coupling algorithm is an ap-

pealing solution strategy for this complex problem. The overset-grid method offers tai-

lored boundary fitted meshes overlapping a static background mesh, which is a combina-

tion naturally suited to handle moving bodies in a flow field in an efficient way.

Code verification and validation play a fundamental role in any numerical work. As

such, another central objective of this work is to verify and validate this implementation.

Verification of the main components of the solver is presented by means of the method

of manufactured solutions (MMS). Validation is achieved through a set of cases with

comparison to either experimental data where possible, or simulation results from the

literature.

The impact of adaptive relaxation on the convergence rate of the partitioned coupling

algorithm is presented. Weak and strong coupling algorithms are contrasted to determine

the compromise needed between accuracy and computational efficiency to obtain satis-

factory solutions.

1.4 Structure of this Thesis

Chapter 2 presents a robust literature review of the topics that are relevant to FSI sim-

ulations in general (i.e. the application of the FVM to solid mechanics problems, the

overset-grid method, and previous FSI studies). Chapter 3 delves into the theory of the

FVM, the overset-grid method, the ALE formulation of the governing equations, the space

conservation law, the rigid-body motion solver, and the FSI coupling strategy. Solver ver-

ification procedures are presented in Chapter 4. Validation of the one-way and two-way

model is shown in Chapters 5 and 6 respectively. Conclusions from this work are sum-

marised in Chapter 7, together with suggestions for future work.



Chapter 2

Literature Review

2.1 Overview

The objective of this chapter is to present a review of the fundamental modelling tech-

niques pertaining to this research, and to identify the advantages and limitations of using

certain approaches for the undertaking at hand. Special emphasis has been placed on the

overset-grid method, and on FSI simulations. Section 2.2 gives a brief insight on the main

features of the FVM and its current development trends. Section 2.3 focuses on the use of

the FVM to solve solid mechanics problems which is relevant for deformable body FSI

simulations. Section 2.4 gives an overview of the evolution of the overset-grid method.

Section 2.5 is a review of relevant work on FSI simulations, and Section 2.6 is dedicated

to the conclusions of the literature review.

2.2 A brief overview of the Finite Volume Method

Since its appearance, the FVM has proved to be a compelling alternative approach to

the finite difference method (FDM) for solving fluid dynamics problems. The FVM is

specially well suited to deal with continuum mechanics problems numerically due to its

conservative properties on both a global and a local scale [7]. Furthermore, the use of

the finite difference method to properly resolve fluid flow over elaborated bodies implies

cumbersome mesh transformation procedures to handle non-uniform grids [8]. On the

27
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other hand the FVM offers a solution to attack complex geometry problems without sig-

nificantly making the already painstaking process of mesh generation more complicated.

Perhaps the most serious limitation of the FVM is how difficult it might be to generate

a higher than second order accurate formulation [9] . Most of the recent work in the devel-

opment of this method has shifted towards formulating convection discretization schemes

that preserve two highly desirable properties —boundedness and accuracy [10], or to pair

the method with powerful domain discretization techniques such as overset grids, or the

immersed boundary method. By combining the FVM with such powerful techniques its

potential to solve elaborate problems is greatly enhanced, and it still remains the most

widely-used approach to discretize the governing equations of fluid flow.

2.3 The FVM for Solving Elasticity Solid Mechanics Prob-

lems

Demirdz̆ić et al. [11] as cited by Yates [4] were amongst the first researchers to employ

the FVM to solve solid mechanics problems. Demirdz̆ić and Martinović [12] applied the

method to solve problems where the behaviour of the material was not limited to the elas-

tic deformation range. They presented four challenging “thermo-elasto-plastic” cases in

which the governing equations accounted for the conservation of thermal energy and mo-

mentum balance, complemented by general non-linear constitutive relations. In addition,

an extra non linearity was introduced by allowing material properties to be a function

of temperature. The implemented software allowed for unsteady and three dimensional

problems to be tackled. After the set of discretized equations was linearised, a simple

line-by-line tridiagonal matrix algorithm (TDMA) was used to solve the algebraic system

of equations. The most challenging case presented was that of the arc welding process of

a thin plate, which involved transient fully-elastic deformation of the material along with

temperature-dependent properties. An energy source term was used to model the welding

process, and the problem also included convective heat transfer at the boundary of the

plate. Despite the low number of cells employed for the simulation (675) the results com-

pared reasonably well with the available experimental data as seen in Figure 2.1, which
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depicts temperature and stress profiles along a selected cross section of the plate.

Figure 2.1: Temperature and residual stresses profiles. Image from [12]

Perhaps the only serious limitation of the above mentioned research studies was the

fact that they both were constrained to use hexahedral computational cells. In a later

project Demirdz̆ić and Muzaferija [13] addressed this by introducing an unstructured

solver to deal with intricate geometries. Through three validation cases the authors high-

light the relative simplicity of the method, and the inexpensive computational cost of a

segregated iterative solver. Though the cases are limited to linear constitutive equations,

the employed conjugate gradient solver is well suited to handle any non-nonlinearities that

may arise when dealing with solid materials exhibiting plastic behaviour. The discretized

formulation is of second-order accuracy, and combined with the flexibility that unstruc-

tured meshes offer to locally refine critical sections of the domain, it achieves impressive

results with modestly-sized grids.

Demirdz̆ić et al. [14] introduced the usage of convergence accelerating techniques

via the multigrid method. Though the main objectives of their study were to create a

set of benchmark cases through which further developments in the FVM applied to solid
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mechanics could be assessed, and to contribute towards improving the computational ef-

ficiency of the solver, the exposed results show evidence of the exceptional capabilities

of the method to handle involved configurations by means of unstructured grids. Through

the use of the Richardson extrapolation method [15] the error estimates were computed,

taking advantage of the multiple existing solutions employed by the multigrid technique.

The error estimates reveal startling accuracy which further emphasises the reliability of

the FVM.

Once the capabilities of the FVM to deal with solid mechanics problems were demon-

strated, Jasak and Weller [3] focused on optimising the discretization practice in order to

accelerate the converge rate of the incomplete Cholesky conjugate gradient solver, which

included a parallelised algorithm based on the “domain decomposition approach”. Even

though it did not make use of multigrid convergence accelerating techniques, the conver-

gence rate was improved by a cautious choice of under-relaxation factors. Results also

showed impressive scaling capabilities (see Table 2.1) which enabled them to address

practical applications with meshes comprising more than 300000 cells, and to obtain so-

lutions in time frames that were acceptable for market driven industry design processes.

CPU time CPU time

No. of CPUs (5x10−5) (s) (600 iter.) (s) Speed up

1 35620.4 90785.2 1.00

2 22398.8 56605.2 1.60

4 11406.6 29244.2 3.10

8 4247.32 10218.6 8.88

16 3766.13 8498.09 10.68

Table 2.1: CPU time to convergence on a parallel machine. Table from [3]

The method can also be applied to dynamic solid mechanics [16], incompressible

elastic [17] and hyperelastic [18] materials —where the incompressibility constraint is en-

forced via the conservation of mass governing equation. This results in a similar situation

as when dealing with fluid mechanics –the inherent coupling of the system of equations

is handled either by means of the SIMPLE [19] algorithm or by using the SIMPLEC [7]

algorithm.

Recent trends in the development of iterative solvers for the FVM in the field of solid
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mechanics have been to implement “Block-Coupled” solvers [20], and to speed up the

existing segregated approach when dealing with highly nonlinear problems [21]. The for-

mer aims to improve the convergence rate of the solution, albeit at the cost of increased

computer memory use. The novelty of the methodology lies in the fact that the result-

ing matrix is still sparse, but with a different structure when compared to the traditional

segregated solvers, and the method retains an implicit approach which allows the strong

coupling of the governing equations to be treated efficiently. The latter development trend

improves the convergence rate of the solution by updating the nonlinear terms while the

inner iterative process has not yet converged to the specified tolerance.

Development of the FVM to model specialised bioengineering applications ([22],

[23], [24]) has also taken place recently. In [24], the application of the FVM to for-

mulate a realistic model of the human hip joint was formally introduced with exceptional

results. Finally, as presented in [23] , importing commonly used FEM techniques such

as the penalty method to deal with contact stresses seems a plausible possibility which

further enhances the applicability of the FVM in solid mechanics.

2.4 Overset Grids

The origin of overlapping grid techniques can be traced back to the early 1980s ([25],[26])

with applications to transonic potential flow. At the time, it arose as a result of the need

to confront troublesome-geometry fluid-dynamics problems with the well established fi-

nite difference method, as proper definition of boundary surfaces for elaborate topologies

proved to be an extra challenge for the already nontrivial grid generation procedure, since

the standard finite difference numerical formulation does not allow for a direct way of

dealing with nonuniform grids. This restriction implies significant transformation strate-

gies with the purpose of recasting the governing equations and generating a uniformly

spaced computational domain. Additionally, the use of overlapped grids is a compelling

choice to overcome limitations imposed by interface matching block-structured grids.

Such limitations include grid irregularities occurring at the corners of subdomains and at

surface perimeter lines [27].

Atta and Vadyak [28] employed overlapping grids to model transonic potential flow
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over an isolated wing, and over a wing-pylon-nacelle configuration (see Figure 2.2). The

results for the flow over the single wing were then compared to results obtained by using

a single grid for the computation of the flow field over the same wing configuration. As

can be seen in Figure 2.3 the solutions show great agreement. Although the information

transfer process between the overlapping grids took place via a second order Taylor series

interpolation, the authors concluded it did not degrade the accuracy of the solution.

Figure 2.2: Embedded grids employed to model a wing-pylon-nacelle array. Image

from [28]

Figure 2.3: Comparison of Overlapped Grid Results With Single Grid Results. Image

from [28]

A more complete treatment of the grid embedding technique was formulated by Benek
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et al. [27]. Their work introduced a simplified hierarchical structure for the overlapping

grids which allowed for the information transfer process between grids to be dealt with

more efficiently and, equally important, in an ordered way. It also included two different

and relatively simple alternatives to identify and tag correctly nodes that were not part

of the computational domain belonging to the grid with the most primitive hierarchical

identity, and by doing so they defined the concept of a “hole”. In this framework they

coined the term Chimera method to denote the applied grid embedding technique. With

regard to the vital process of inter-grid communication, they used a first order accurate

Taylor series formulation to interpolate the necessary data between overlapping grids.

Three cases were proposed in [27] to study the presented methodology, out of which

the most interesting one is the analysis of the solution obtained for the flow field over a su-

percritical airfoil. Because of the shock wave features of the flow field for this problem, it

provided for the opportunity to scrutinise how the weakest “link” of the methodology, the

non-conservative first-order interpolation, affected the accuracy of the solution. Figure 2.4

shows the chimera grid used for the computation, and Figure 2.5 depicts the pressure co-

efficient on both the lower and upper surfaces of the airfoil. Three different numerical

solutions are presented, of which two are single grid solutions (FLO43—potential flow

and VAIR2D—Euler equations), and the Chimera grid solution—Euler equations. Ex-

perimental data is also shown in the figure to compare solutions. The large discrepancies

are mostly attributed to the lack of viscous effects in the numerical models. On the other

hand, the differences between the two numerical Euler equation models reveal the ef-

fects of the non-conservative inter-grid communication approach of the Chimera method.

These effects are exacerbated by the violent discontinuities introduced by the shock wave.

Figure 2.4: Embedded grids for the airfoil. Image from [27]
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Figure 2.5: Solutions for the basic airfoil geometry. Image from [27]

One of the main difficulties when working with overlapped grids is how to handle

inter-grid communication without degrading the accuracy of the solution due to errors in-

troduced by the generally non-conservative interpolation procedure. Another vital part of

any overset grid algorithm is how to carry out the difficult and computationally expensive

task of determining the so called “hole” grid points. A relatively simple tactic is depicted

in Figure 2.6 as presented in [29].

Initially one has to identify a surface which comprises points belonging to the sec-

ondary grid that will serve as the boundary of the hole. Next, the process of computing

outward normal vectors to the boundary surface at each grid point that defines it is shown

as item b) in Figure 2.6. Establishing an origin within the surface limited area has to be

done in order to compute the greatest distance from it to any point on the boundary, which

is then used to compute a circle whose radius is the aforementioned calculated distance.

The first test is then performed on every grid point of the background mesh to determine

if the magnitude of a position vector stemming from the origin of the hole, to the tested

point, is greater or equal than the radius of the previously calculated circle; if it is, then

the tested point lies outside the hole. If the magnitude of the vector is less than the radius

of the circle, then the closest point on the boundary surface to the tested background grid
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Figure 2.6: Hole cutting algorithm. Image from [29]

point has to be located, with the purpose of calculating the dot product of the outward

normal vector on the surface point with the relative position vector stemming from the

point on the surface to the point being tested. If the dot product is equal or greater than

zero —then the point lies outside the hole.

So far all of the literature presented in this section has seen the application of over-

lapped grids to the finite difference discretization method. One of the first papers applying

the methodology to the FVM is the one from Wang [30]; however, the highlight of his re-

search is the implementation of a fully-conservative communication algorithm amongst

overlapped grids. In recognition of the inherent extreme difficulties, specially in 3D, to

implement the formally derived conservative constraints for overlapping grids, the basic

concept is to transform the overlapping grid zone into a patched zone by means of a cho-

sen boundary out of the ones available from the overlapping sections as seen in Figure 2.7

In this way the conservation requirement for the patched boundary, namely the flux

of the chosen property leaving grid A-O is the flux entering grid B, is much easier to

enforce (its implementation will be discussed in more detail when it is compared to semi-

conservative approaches). Although this approach requires making changes to the pri-

mary grid due to the need to generate a new interface zone, the resulting communication



CHAPTER 2. LITERATURE REVIEW 36

Figure 2.7: Transformation of overlapped zones to patches zones. Image from [30]

between grids is fully conservative, has only one solution for the originally overlapped

zone, and most importantly it eliminates the need for interpolations. Four 2D cases were

set up to compare results with the original Chimera non-conservative method of [30] —

eventually the original Chimera code evolved from using the finite difference method to

using the FVM, and it was renamed as “CFL3D”.

Table 2.2 shows the mass imbalance computed for transonic flow through a channel

with a 10% bump using three different codes. A significant reduction in the order of

magnitude of the mass imbalance can be achieved when compared to the code using data

transfer via non-conservative interpolation.

Inflow mass rate Outflow mass rate Imbalance

CFD-FASTRAN single code 269.52534 269.52535 4x10−6%

CFD-FASTRAN conservative 269.47414 269.47412 6x10−6%

CFL3D non-conservative 269.8248 270.8508 0.38%

Table 2.2: Mass Flow Imbalance. Table from [30]

Discretization of the physical domain with overlapped grids is definitely an enticing

choice. However, the real superlative advantage of the method over other strategies is

seen when dealing with fluid flow over moving bodies. In such cases the spectrum of

reasonable choices for generating boundary-conforming grids is limited to three method-

ologies [31]:

• Grid Deformation Approach

• Grid Remeshing

• Overlapping Grids

The grid deformation approach allows for the computational domain to be “adjusted”
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at each time step. Since this methodology retains the original grid topology and the to-

tal number of control volumes, the motion range of the moving body must be limited to

small translations, otherwise the mesh would be severely distorted. The advantage of the

method is that the flow solver retains its conservative properties given that no interpola-

tions are necessary.

As its name suggests, grid remeshing involves a complete near body mesh generation

for every time step in order to account for the current position of the body. While this

technique is flexible with regard to the motion range of the moving body, it is necessary

to interpolate flow information from the old mesh to the current mesh —which obliterates

the local conservative properties of the FVM. The need to generate a new mesh at every

time step could also result in computational overhead.

Overlapping grids offer the capability of having a body-fixed secondary mesh moving

relative to the main or background mesh, which eliminates any adjusting or remeshing

needed to account for the motion of the body. Although ultimately there will still be

the need to transfer information in the overlapping zone, this can be achieved in semi-

conservative or conservative manners.

In recognition of the above alternatives, Wang [32] extended his previous work [30]

to account for flow over moving bodies. The moving body condition presents two new

challenges to the problem: The moving mesh must not introduce any disturbances to the

flow —which is handled by means of the “Geometric Conservation Law” (GCL, also

known as the Space Conservation Law), and the emergence / vanishing of cells in the

computational domain due to the movement of the body fitted grid must be treated in a

consistent and systematic way to allow for the governing equations to be applied properly.

As seen in Figure 2.8, at time step n cell B has to be neglected from the major grid

for computation purposes, however; the same cell B has to properly be considered by the

major grid at time step n+1. A similar situation is experienced by cell A, the difference

being that it is a “cut” cell at time step n, and a hole cell at time step n+1. Under these

circumstances the discretized governing equations cannot be solved for such cells since

they require valid scalar values for at least one previous instant in time. In order to address

this issue the authors employed a cell-merging technique (combining individual cells to
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form a bigger control volume) along with an imposed condition on mesh movement. This

implies limiting grid motion in such a way that the generated patch boundary between

overlapping zones does not cross any corner vertex of a merged cell between consecutive

time steps, so that the topology of a merged cell remains constant during one grid motion

step.

Figure 2.8: Vanishing and new born cells . Image from [32]

For moving grids, the general conservation equation includes a contribution from the

grid velocity in the convective term. In order for the FVM to keep its conservation prop-

erties in this case, the Geometric Conservation Law must be satisfied. The Geometric

Conservation Law states the following [9]: “The sum of volume fluxes through control

volume faces due to their movement must equal the rate of change of volume”. One has

to make sure the GCL is satisfied in the discrete sense, otherwise any free stream will

be disturbed by the moving mesh. Two store separation problems were presented, out of

which the most impressive one was the 2D supersonic flow modelling of a space vehicle

releasing a missile. Figure 2.9 shows the overset grid for the problem.

The main drawback of this alternative method is the fact that the transformation

process from the overlapped grid to the patched boundary in order to achieve a fully-

conservative interface treatment has to be done for every time step. At the time, Wang

estimated this process accounted for about 30% of the total calculation time of the simu-

lation.

More recently, Tang et al. [33] proposed a novel treatment for the transfer of data

in the overlapping zone of embedded grids. Their proposition is a compromise between

the accuracy and local conservation properties offered by a fully-conservative methodol-

ogy, and the inherent simplicity offered by an interpolation scheme. In recognition of the
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Figure 2.9: Computational grid at different times. Image from [32]

potential computational overhead and difficulty of implementing a complete local conser-

vative conceptualisation which involves patching the boundaries of overlapped grids, the

authors rely on satisfying mass conservation on a global scope.

The data transfer process focuses exclusively on generating a second-order accurate

approximation of the required mass conservation condition in the composite domain —

namely the major grid calculated mass flux crossing the common interface must match

the minor grid calculated mass flux crossing the same interface. Acknowledging the fact

that strictly speaking the proposed method thoroughly satisfies the mass conservation

condition only in the limit of zero grid spacing, they decided to name it Mass Flux Based

Interpolation (MFBI).

Comparing the MFBI with its fully-conservative counterpart, the one proposed in [30],

the main difference is the way the fluxes over the interface are computed for the major

grid, see Figure 2.10. Whilst in the fully-conservative implementation the interface flux

for the major grid is computed by considering all the contributions from the small faces

formed by the intersection of the major grid with the boundary surface, in the MFBI

approach this is done by interpolating the velocity components from the cell centre of the

major grid to the nodes of the minor grid that intersect the interface boundary, and using

those values to calculate the mass flux from the major grid.

A comparison between the MFBI and standard trilinear interpolation (SI) revealed that
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Figure 2.10: Schematic of a conservative treatment. Image from [30]

SI tends to produce nonphysical pressure fields, and severely hinders convergence rates.

Interestingly, the authors of [30] conclude that the use of SI overspeficifies boundary

conditions for the discrete problem at the internal interface, which potentially could lead

to an ill-posed problem.

The use of structured-overlapping grids emerged to satisfy the need of tackling com-

plex geometry problems with the finite difference discretization technique. On the other

hand, the introduction of the finite volume discretization method made it possible to dis-

cretize the governing equations in arbitrarily shaped control volumes. With this capability

it became much easier to generate grids that conformed properly to arbitrary boundaries

and led to the development of unstructured FVM solvers. As seen so far, eventually the

embedded grid methodology was implemented successfully along with the FVM. With

this in mind, nowadays when dealing with topologies requiring special attention, there

are two separate choices an FVM analyst can make. Considering the fact that almost all

(if not actually all) state-of-the-art commercial FVM solvers are able to handle unstruc-

tured grids some interesting questions arise: Has the overset-grid method ever been used

alongside unstructured grids? If so, what are the advantages of doing it?.

Aside from the fact that it is relatively easy to generate boundary fitted unstructured

meshes (although high quality meshes are not so simple to generate), the process of grid

adaptation is significantly more flexible for unstructured grids. As its name suggests, un-

structured grids are suitable for local grid refinement without issues, whereas a structured



CHAPTER 2. LITERATURE REVIEW 41

grid does not allow for such treatment since the arbitrary introduction of nodes in a lo-

cal zone would destroy the global structure of the mesh. This forces the whole grid to

be adapted which might not be optimal and demands additional computational resources.

In addition to this, the grid adaptation process comes with some extra perks such as be-

ing able to estimate the discretization error of the solution, and introducing convergence

accelerating methods such as the multigrid technique. Therefore, by combining the ben-

efits of overlapping grids with unstructured meshes, some really interesting options arise,

especially when modelling deforming or moving bodies.

Wang and Kannan [34] and more recently Wang et al. [35] have exploited this ap-

pealing combination and have been able to solve rather interesting fluid flow problems.

Figure 2.11 shows an unstructured overset adaptive Cartesian-prism mesh from [34].

    

Figure 3. Example overset adaptive Cartesian/prism grids 

Figure 2.11: Unstructured overset Cartesian-prism mesh of a fighter jet. Image from [34]

In the case of [35] the authors took advantage of the exceptionally good capabilities of

the overset method to handle moving bodies and solved turbomachinery problems using

Large Eddy Simulations (LES). Figure 2.12 shows a zoom of the coupling mesh for a

rotor-stator interface.

Skillen [1] implemented a steady state structured three dimensional overset-grid method

solver for incompressible flow. The study focused on the implementation of an efficient

algorithm to improve the performance of the hole cutting task. Furthermore, a new digital

tree structure was developed as well as an assessment of two different ways of provid-

ing the means for inter-grid communication. For validation purposes some cases were

compared to experimental data, as well as comparison with relevant commercial CFD

tools.
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Figure 2.12: Unstructured overset Cartesian-prism mesh of a rotor. Image from [35]

Another main objective of Skillen’s work was to assess the behaviour of a bilinear/tri-

linear interpolation algorithm used to transfer information between grids. The comparison

with the semi-conservative MFBI described above served to clearly establish the conse-

quences of using a non-conservative approach in terms of solution accuracy and conver-

gence rates. Skillen reported the standard interpolation algorithm performed satisfactorily

when grid independence was achieved. However, even in the cases where there was not a

great difference amongst the semi-conservative and standard trilinear/bilinear information

transfer, the swift convergence rate of semi-conservative interpolation on its own makes

it worthwhile to use in every case.

One particularly interesting case presented by Skillen was that of a three dimensional

carotid bifurcation. This artery is crucial to the cardiovascular system of human beings.

With the emergence of fluid-solid interaction modelling, there has been a particular in-

terest in physiological flows which could help understand, and ultimately propose novel

treatments for life threatening conditions such as stenosis. Figure 2.13 depicts the overset

mesh used for this problem, which comprises five sub-grids.

Laminar flow with three different Reynolds numbers was modelled along with the

MFBI semi-conservative approach for inter grid communication. As shown in Figure 2.14

results compared well with the available experimental data, and most of the discrepancies

were attributed to the inherent differences in the geometry of the model with the real

artery.
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Figure 2.13: Overset mesh for carotid bifurcation.Image from [1]

Figure 2.14: Velocity vector in the symmetry plane for the carotid bifurcation. Computed

results (left) and experimental data (right). Image from [1]
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2.5 Fluid-Solid Interaction Simulations

Fluid-solid interaction (FSI) phenomena is complicated by nature since it involves cou-

pled behaviour. In this context the word coupled refers to the intrinsic effect either the

solid or fluid medium has on the resulting reaction of its interface split complement. The

extent to which the problem at hand is coupled can vary significantly, and in some cases

it may be either simplified or directly neglected. It is one of the main objectives of the

present study to be able to capture this coupled behaviour in such a way that it does not

compromise the accuracy of the solution, hence no assumptions are to be made in the

interface between the solid and the fluid.

There are two general coupling techniques to solve a FSI problem:

• Monolithic approach

• Partitioned approach

In a monolithic implementation the entire set of non-linear algebraic equations arising

from the discretized governing equations of fluid flow and solid mechanics is solved as a

whole [36]. That way, there is no need to treat the interface section separately in order to

couple the problem. Since the assembled matrix of discretized equations is non-linear, it is

usually solved by the powerful Newton-Rapshon method or some variant of it [37]. This

strategy is generally expensive in terms of computational resources and requires some

special preconditioning of the system of equations to be solved. Having mentioned that,

because its solution is based on the Newton method it usually exhibits a better conver-

gence rate than its partitioned counterpart ([38], [37]). Due to the deep-rooted interaction

between the fluid and the solid while formulating and solving FSI problems with this

technique, it is well suited to handle strongly coupled behaviours [39].

In contrast, the partitioned technique relies on solving the fluid and solid domains in

a segregated manner. This allows for either the same or different equation discretization

method to be used for the two domains. The interaction of both domains is handled at the

interface and generally there are three ways of handling the coupling [36]:

• Unified mathematical model
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• Unified discretization method and boundary coupling consistency

• Unified solution procedure

The unified mathematical model involves solving analytically a simplified form of the

governing equations either on the solid domain or in the fluid domain, and then adapting

the solution so it can serve as a boundary condition for the other domain. Greenshields

et al. [40] employed this concept to model the fluid-structure interaction in plastic pipes.

The validity of this method depends on the purpose of the simulation as well as on how

close the simplified mathematical model resembles the actual physical situation.

Unified discretization and boundary coupling consistency interface treatment consists

of solving numerically either the fluid or solid domains, or both, and applying the resulting

pressure or displacement fields as boundary conditions for the respective medium. In the

partitioned approach context, this is the most widely applied methodology at the interface

to couple the problem. However, a key factor that directly impacts the accuracy of the

solution is how to handle the transfer of information from one domain to the other — if the

locations where the dependent variables are stored in each region means that interpolation

is required, then the accuracy of the overall model can depend heavily on the interpolation

scheme.

The unified solution procedure calls for the system of discretized equations to be

solved monolithically as described previously. Since the scope of the present study is

to solve the problem in a partitioned manner, most of the reviewed published work in the

next paragraphs will be devoted to handling the coupling with the unified discretization

method.

Traditionally the governing equations of fluid flow are derived in an Eulerian refer-

ence frame by means of the material derivative —since in most applications following a

single fluid particle is of no particular interest. On the other hand the governing equations

of solid mechanics are usually presented in a Lagrangian reference frame. When solving

fluid-structure interaction problems with a partitioned solver it is of vital importance to

account for the changes in the fluid physical domain due to the deformation or rigid move-

ment of the solid body, these changes originate at the fluid-solid interface. As is often the

case in user generated grids for numerical fluid flow problems, the mesh also conforms to
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an Eulerian reference frame. In this fashion it is straightforward to handle large “defor-

mations” of the flow field without issues —since the mesh nodes do not follow material

particles of the physical domain.

As one would come to expect, an analogue situation takes place in numerical solid

mechanics. The computational domain adopts the same reference frame as the governing

equations, in this case being a Lagrangian reference frame, and a given computational

node is associated with a material point of the physical domain. This way, tracking free

surfaces or interfaces between different materials becomes much easier. The drawback of

this computational domain methodology comes when large deformations of the material

arise, causing the computational domain to experience such large deformations as well

which might break the underlying solver. Figure 2.15 exemplifies the Lagrangian and

Eulerian computational approaches.

Figure 2.15: Example of Lagrangian and Eulerian meshes. Image from [41]

The Arbitrary Lagrangian-Eulerian method (ALE) implements a combination of both

the Lagrangian and Eulerian descriptions to take advantage of their strengths. The result

is a powerful method to solve problems in which both large deformations and tracking of

surfaces or interfaces matter. Figure 2.16 shows a comparison between the ALE method

and the Lagrangian approach for a finite element transient simulation to model the det-

onation of an explosive charge in a cylindrical vessel partially filled with water [41]. It

can be appreciated how on the Lagrangian mesh after detonation, the grid is severely dis-

torted, whereas the ALE computational domain retains the interface definition and copes

well with the extreme deformation.



CHAPTER 2. LITERATURE REVIEW 47

Figure 2.16: Lagrangian vs ALE descriptions: a) Initial FE mesh; b) ALE mesh at t=1ms;

c) Lagrangian mesh at t=1ms; d) Details of interface in the Lagrangian description. Image

from [41]

2.5.1 Instabilities in FSI partitioned algorithms

Even when both solid and fluid domains are discretized in time using implicit schemes,

the partitioned information transfer process introduces an explicit element into the cou-

pling routine. Hence, all partitioned FSI algorithms exhibit inherent unstable behaviour

under certain conditions. This phenomenon is generally refered to as the added-mass ef-

fect [42]. A wide range of factors are responsible for triggering instabilities and they are

thoroughly explored in [43] including: high fluid-to-solid mass ratios, fluid viscosity and

structural stiffness, geometrical nonlinearities, order of accuracy of the time discretiza-

tion schemes for both fluid and structural predictor. To make matters more complicated,

if the simulation is on the onset of those instabilities a common sense countermeasure

such as decreasing the time step size may actually worsen the condition as demonstrated

in Figure 2.17, which is rather counterintuitive.

Analogously, selecting a higher order time discretization scheme may further aggra-

vate the instability if the simulation is already presenting oscilating characteristics. The

authors [43] present several useful results which serve to make the reader aware of the

added mass effect condition.

Having reviewed the basic concepts of FSI simulations, it is now appropriate to take

a look at relevant studies of the two main branches of FSI problems according to the
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Figure 2.17: Evolution of the interfacial coupling force evaluated with different time step

sizes. Image from [43]

methodologies defined for solid body modelling in 1.2.

2.5.2 Elasticity FSI problems

The work of Farhat et al. [44] can certainly be regarded as revolutionary in the field of FSI.

They implemented a partitioned FEM-FVM solver using the ALE method for the transient

movement of the fluid computational domain with application to aeroelastic problems. At

the time, one of the novelties of their work was what they defined as a staggered explicit-

implicit time integrator in which the transient response of the solid domain was advanced

implicitly, while the fluid time advancement was done explicitly.

The reason for this approach was twofold; there was an existing Navier-Stokes explicit

solver, and the structural response of the aerolastic structure is best suited for implicit time

advancement due to the low frequency dynamics that dominate the motion. Another in-

teresting concept introduced was that of a three-field coupled problem —where the mov-

ing fluid mesh can be considered to be a “pseudo-structural” entity. For this three-field

coupled system an algorithm called ALG0 was proposed which comprised the following
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steps:

1. Initially perturb the structural entity.

2. Update the “pseudo-structural” entity to match the new structural boundary.

3. Advance the flow solution with the updated boundary conditions.

4. Compute the structural solution with the new flow induced boundary conditions.

5. Go back to step 2 until the full transient solution is obtained.

Another early example of a partitioned FVM-FEM study is the work of Glück et

al. [45] to solve for lightweight membrane structures interacting with fluid flow. The

coupling depended on the transfer of information between the two non-matching grids,

and was handled by a conservative algorithm scheme pioneered by Farhat et al. [46]. To

account for the mesh motion the ALE technique introduced by [47], and reviewed above,

was used.

As seen so far, the use of a partitioned procedure along with different numerical meth-

ods to obtain the solution for each continuum unavoidably places an additional burden in

the process of transferring information between both computational domains.

A novel concept to FSI modelling was presented by Slone et al. [48]. The authors

implemented a single governing equation discretization method —the FVM for both me-

dia. Furthermore, by using a vertex based FVM for the solid continuum, the transfer of

information between both media was done efficiently and without the need to employ

non-conservative interpolation methods. Figure2.18 presents the different locations to

store the dependent variables when using finite element (FE), cell centred FVM and ver-

tex centred FVM. With this clever dependent variable storage location scheme for both

domains, the need to interpolate displacements from the inner solid domain to the fluid-

solid interface is avoided.

Bio-engineering or Biomedical applications are particularly suited to the application

of FSI analysis. De Hart et al. [49] formulated a three dimensional FSI problem to analyse

human aortic valves. Kanyanta et al. [50] rigorously validated their FSI model for flow in

arteries with experimental and analytical data. Applications in nanotechnology have also
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Figure 2.18: FE-FV discretization. Image from [48]

arisen as shown in[51]. As seen so far, the applications of FSI modelling are near endless,

and there are constantly efforts to improve existing methodologies.

Another elasticity FSI study is that of Yates [4]. His work focused on physiologi-

cal FSI problems both transient and steady state. Yates’ implementation of elastic FSI

modelling is a combination of some interesting concepts introduced earlier in this section

such as: Structured non-orthogonal partitioned solver, ALE method for transient cases,

a three-field approach, and a single governing equation discretization technique for both

domains, using cell and vertex centred FVM formulation for the fluid and solid domains

respectively.

Through the use of the RANS equations and the Launder-Sharma low-Reynolds-

number model [52] early transition turbulent flows arising in physiological applications

were able to be simulated. A common affecting medical condition known as stenosis is

caused when a tubular shaped organ experiences a reduction of its cross-section [53]. The

developed constriction can have a severe impact on the circulatory system and therefore

it is important to understand the implications of a stenosed artery. Figure 2.19 shows the

physical domain whereas Figure 2.20 shows a zoom of the generated mesh for the steady

state simulation of flow through a compliant stenosis.

Simulations were carried out for different Reynolds numbers, even though a converged
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Figure 2.19: Compliant wall, stenosed geometry. Image from [4]

Figure 2.20: Computational domain detail of the compliant wall. Image from [4]

solution was not always possible. Yates attributes this to difficulties in resolving the

transition to turbulent flow. Figure 2.21 compares the calculated pressure drop across the

stenosis to experimental data. Data shows good agreement up to a point when the tube

might have been deformed in a non-symmetric cross-section.

Figure 2.21: Flow rate comparison through compliant stenosis. Image from [4]

Finally, Yates presented the case of unsteady turbulent flow through a compliant

aneurysm. An aneurysm could be considered to be the opposite of an stenosis —a bulge

formed in an artery or vein. Figures 2.22 and 2.23 respectively show the computational
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domain and a sample of the obtained results when they were compared to another numeri-

cal study respectively. Figure 2.23 presents a comparison of the velocity at the exit section

of the aneurysm. The author considered an underprediction of the wall displacement to

be the major cause of the disparity in the obtained results.

Figure 2.22: Computational domain of the aneurysm section. Image from [4]

Figure 2.23: Comparison of the transient aneurysm exit velocity. Image from [4]

In conclusion, Yates’ work succeeded when compared to the available numerical and

experimental data in the literature for all the cases he studied, except for the one pre-

sented above. Yates acknowledged some underprediction in the displacement of the solid,

which was perhaps caused by an incorrectly specified external pressure. Finally he rec-

ommended the extension of his work to a three dimensional simulation environment.

A more general approach to elastic fluid-structure interaction using the overset-grid

method can be found in [54], [55], [56], and [57]. In particular the study of [57]

employs a FEM-FVM partitioned solver along with the overset-grid method. Results

show a significant improvement over the traditional ALE method with regard to mesh

quality and the avoidance of having to re-mesh the whole fluid computational domain for

moving bodies.
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2.5.3 Rigid-Body FSI problems

The final section of this literature review pertains to the application of the overset-grid

method, or other non-standard domain discretization techniques paired with a finite vol-

ume formulation for rigid-body fluid-structure interaction analysis.

As briefly discussed in 1.2.2, if solid deformation is negligible, the effects of any inter-

action with fluids are captured through the governing equations of rigid-body dynamics.

This set of ordinary differential equations is classified in two groups where body acceler-

ation is the link amongst them. Kinetics is modelled through the Euler-Newton equations

which establish a clear connection between motion and its causes. On the other hand, the

kinematic governing equations provide a detailed description of body movement at any

given instant in time.

Out of all the numerical methods available to solve ordinary differential equations, by

far the most widely employed to solve rigid-body FSI problems are the ones belonging

to the broad predictor-corrector family. These methods are preferred because their algo-

rithms blend perfectly well with the iterative nature of partitioned FSI solvers. There are

also plenty of high-order Runge-Kutta methods. Runge-Kutta methods are based on the

evaluation of the forcing term in the governing differential equation at different intervals

within a single time step. This approach is similar to a standard predictor-corrector tech-

nique but the literature regards them as a different class [58]. A potential disadvantage

of Runge-Kutta solvers is the requirement to evaluate the previously mentioned forcing

term several times per time step. Depending on the degree of FSI coupling selected for

the partitioned solver, this could represent an unnecessary burden on the general solution

algorithm. Whereas Runge-Kutta solvers rely on information at different sub-interval

points, multistep methods rely on data at previous time steps. These data include the

costly computation of the forcing term in the differential equation so it is readily avail-

able. Although in theory multistep methods do not require a large number of forcing term

evaluation, in practice, when combined with a strongly-coupled partitioned algorithm for

FSI simulations, the outer coupling iterations could inevitably lead to computational loads

comparable to the ones found in Runge-Kutta solvers. For this reason it is equally com-

mon to find FSI simulations using either approach in the literature [59].
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Frequently, the actual range of motion of rigid bodies exceeds by a large margin that

of elastically deforming entities. As such, out of the possibilities presented in 2.4 to dis-

cretize the physical domain every time step, the grid adaptation strategy can be practically

discarded due to potential large mesh deformation.

A rather popular alternative method to the ones so far presented is the Immersed

Boundary Method (IMB). In terms of grid generation efficiency this is perhaps the sim-

plest choice, as in most of its variants a static non-conformal Cartesian grid is used to

discretize the fluid physical domain, whilst the body generated mesh comprises a set of

Lagrangian nodes. The concept behind the method is to account for solid interaction on

the fluid side by means of the addition of source terms that represent wall forces in the

fluid momentum equations, while the solid mesh is responsible for tracking solid body

motion. [60].

Figure 2.24: Computational domain for the Immersed Boundary Projection method. Im-

age from [61]

Although the original method was developed for elastic FSI problems, several mod-

ified implementations have proven its viability to resolve rigid-body FSI problems. The

Immersed Boundary Projection Method [61] was successfully applied to model rigid-

body FSI problems in which the motion of the immersed rigid structure was prescribed.

In this particular study Figure 2.24 shows the discretized physical domain for a cylinder

immersed in a viscous fluid. The solid dots over the cylinder surface serve to discretize

the rigid body, whereas a staggered variable storage was used for the fluid computational

domain. More recently it was successfully applied to model strongly coupled two-way

FSI of a set of articulated plates. [62].
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One of the earliest published studies employing overset grids to work out FSI phe-

nomena is that of Freitas and Runnels [63]. They analysed the flow-induced rigid-body

dynamics of a square cylinder. By integrating the stress field generated by the flow over

the surface of the cylinder, the resultant force and moment were fed to the rigid-body

dynamics equations to compute the resulting kinematics. In the same vein, Prewitt [64]

further extended the Chimera method to account for the six-degrees of freedom rigid-body

motion for purposes of aerodynamic analysis.

Another rather interesting combination is the use of unstructured flow solvers along

with overlapping grids. Such pairing enhances the capabilities of the already powerful

overset method and allows localised grid refinement if necessary. This technique was

exemplified in [65] to calculate the flow field subjected to prescribed rigid-body motion

interaction. The novelty presented in this research is an alternative approach to treat mesh

motion. The Local-time-derivative (LTD) approach disregards any grid motion and solves

the flow governing equations in an Eulerian reference frame. This is possible only when

employing fully implicit time integration schemes. As a consequence of the implicit na-

ture of time discretization scheme, all fluxes and source terms are computed based on

information at the current time step, with only the time-dependent term requiring flow

variables from the previous instant in time. The time-dependent term in an Eulerian ref-

erence frame describes the rate of change of a property at a fixed point in space, which

in this case is the new location of the control volume centre. In recognition of this fact

the LTD method is a trade-off between ignoring grid motion in the governing equations,

and the need to interpolate the required flow information to the new control volume posi-

tion to compute the transient term. Another consideration is the need to explicitly include

moving wall effects on grid cells. This can be achieved by the addition of the amount of

fluid displaced by walls to near moving boundary cells in the pressure correction equa-

tion. The LTD method offers considerable advantages over traditional ALE formulations

particularly when arbitrary three dimensional polyhedral cells are employed, since the

computation of the swept volume by each cell face required to satisfy the space conserva-

tion law can become complicated.
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The overset-grid technique is increasingly becoming popular within the CFD commu-

nity to solve rigid-body FSI problems. Recently there has been a surge in the usage of

the method to model naval applications. Carrica et al. [66] were amongst the pioneers in

this particular field. More recently their research group has implemented a tailored solver

in the open source OpenFOAM platform that makes use of overlapping grids to model

ship hydrodynamics under different operating conditions [67]. The authors employ Euler

angles as parameters to represent rigid-body orientation, whereas the present work em-

ploys a more general quaternion approach for such a purpose. Even though the former

approach cannot represent all possible body orientations without problems, the naval ap-

plications presented in their work are not limited by the gimbal-lock phenomenon arising

from the use of Euler angles. Their simulations are impressive in that the problems they

tackle require several complex individual components: free surface solver, six degree of

freedom solver (6DOF), unstructured overset grids, turbulence modelling. The end result

is a model with great level of detail which can even include ship propellers as shown in

Figure 2.25.

Figure 2.25: Embedded grids for the propeller. Image from [67]
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2.6 Conclusions

As demonstrated by the multiple and ever growing number of research projects involving

the use of the FVM to solve solid mechanics problems, elastic FSI modelling seems to

be pointing towards a partitioned single FVM formulation. The conservative properties

of the FVM along with the existence of iterative solvers allow it to tackle fluid dynamics

problems more efficiently than its FE counterpart while being perfectly capable of sim-

ulating elasticity mechanics. The use of a single integrated environment for simulating

solid deformation FSI problems avoids many of the difficulties associated with different

data structures and interpolation schemes. Furthermore, readily available open source

FVM CFD tools such as OpenFOAM have instilled methodical software development

practices suitable for complex undertakings such as FSI simulations.

The use of the overset-grid method provides considerable advantages when it comes

to modelling fluid flow around moving bodies. In combination with the ALE method and

unstructured grids, it allows to preserve mesh quality even around deforming solid bodies,

and enables the flexibility of introducing local mesh adaption techniques. Ultimately, a

partitioned single unstructured FVM formulation, coupled with the overset-grid method,

proves to be a tough modelling environment to beat for deformable solid FSI problems.

Although not as popular as the Immersed Boundary method, the use of overlapping

grids to model fluid flow around moving rigid-bodies is definitely more established than

its use to model flow over elastic bodies. All but one of the studies presented in this

section regarding moving grids use the ALE approach to discretize the governing equa-

tions, nevertheless the LTD approach is an interesting alternative especially for arbitrarily

shaped computational cells.

The two main FSI coupling techniques were explored in this chapter. The partitioned

approach is found in most applications because it makes use of existing fluid flow solvers,

whereas the implementation of monolithic algorithms requires either extensive software

modification, or an implementation built from the ground up.

For FSI simulations involving two-way rigid bodies both Runge-Kutta and multistep

methods are widely used. Runge-Kutta methods are generally more accurate but might
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require additional computational effort. Multistep methods are less computationally in-

tensive. In the particular FSI simulation scenario both techniques are not far apart in terms

of computational effort if strong coupling is required.



Chapter 3

Computational Model Development

3.1 Introduction

In this chapter all elements that constitute the computational model of this work are pre-

sented. The governing equations pertaining to two-way rigid-body FSI phenomena are

introduced in section 3.2. A description of the employed techniques to materialise such

a simulation framework is then presented in section 3.3. These include: a) the Finite-

Volume method (FVM) and the Hole Cutting algorithm to discretize the fluid governing

equations and the physical domain using overlapping grids respectively, b) the Arbitrary

Lagrangian Eulerian (ALE) formulation along with the Space Conservation Law (SCL)

to properly account for grid motion, c) a rigid-body motion solver, d) and a partitioned

predictor-corrector algorithm to couple the interaction between both media. The base

steady overset implementation (a) is as described in Skillen [1], and formed the starting

point for the present study, which began by extending this for time-dependent flows, and

then introduced the elements b) to d) above.

59
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3.2 Governing Equations

3.2.1 Fluid Dynamics

The assumption of a continuous medium is valid when the average distance a molecule of

a certain atom travels before colliding with other molecules is of a much smaller order of

magnitude than a relevant length scale of the problem being considered. It is then reason-

able to assume the distribution of properties in a given medium as continuous functions of

position and time. This work makes use of continuum mechanics to model incompressible

laminar flow by means of the conservation of mass and momentum.

When working with continuum mechanics the concept of flux is rather important. In

the realm of transport phenomena the term flux is either a tensor of rank 1 (e.g. energy

flux) or a tensor of rank 2 (e.g. momentum flux) representing the time rate of a quantity

per unit area x
m2s

.The only manner in which something can cross a given surface is if it

travels in a perpendicular direction to the surface. Acknowledging the fact that any surface

can be represented mathematically by a vector whose magnitude stands for its area, and

whose direction is perpendicular to the surface itself, the concept of flux across a surface

can be readily envisioned. Fluxes through surfaces play a central role in the formulation

of conservation laws for continuum mechanics because they are are mathematical tools to

quantify the net balance of the property within a region of interest.

The physical laws governing fluid flow are usually expressed using an Eulerian flow

description through the use of the Reynolds transport theorem:

d

dt

∫
ΩCM

ρφ(x, t)dΩ =
d

dt

∫
ΩCV

ρφdΩ+
∮

SCV

ρφ(U−Ug) ·ndS (3.1)

This theorem is expressed through a differential operator that relates the time rate of

change of an intensive property φ within a fixed-mass moving fluid parcel (left hand side

of the equation, Lagrangian flow description), to the time rate of change of the property

as seen by an observer focusing on a finite given spatial region (control volume) which

might be in motion as well (first term in the right hand side of the equation), plus the net

flux of the property across the boundaries of the chosen control volume due to the relative

motion between the medium and the control volume (second term in the right hand side
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of the equation).

The traditional Eulerian flow description is attained when considering static control

volumes in the Reynolds transport theorem, resulting in:

d

dt

∫
ΩCM

ρφ(x, t)dΩ =
∂

∂t

∫
ΩCV

ρφdΩ+
∮

SCV

(ρφU) ·ndS (3.2)

In this case the control volume velocity Ug is zero and the total derivative in the first

term of the right hand side of Eqn. (3.1) reduces to a local derivative. This transient

term denotes a temporal variation of the property at a fixed point in space, whereas the

convective term represents the flux of the property across the boundaries of a static control

volume due to bulk fluid motion.

Using an Eulerian flow characterisation by means of Eqn. (3.2), the time rate of

change of the intensive property φ in control volume CV is due to volumetric and sur-

face sources [68]:

∂

∂t

∫
ΩCV

ρφdΩ+
∮

SCV

(ρφU) ·ndS =
∫

ΩCV

QΩCV
(φ)dΩ+

∮
SCV

Qs(φ) ·ndS (3.3)

the most common volumetric sources are due to body forces, chemical reactions, mag-

netic forces, or heat generation processes. Surface sources stem from molecular driven

gradients across the control volume surface of the intensive property.

Eqn. (3.3) is the general conservation equation for any intensive property being trans-

ported by a flow field. With this equation in mind, and neglecting any volumetric sources

in the linear momentum conservation equation, the physical conservation laws for laminar

isothermal incompressible flow are:

• Conservation of mass: ∮
SCV

ρU ·ndS = 0 (3.4)

• Conservation of linear momentum:

∂

∂t

∫
ΩCV

ρUdΩ+
∮

SCV

(ρUU) ·ndS =
∮

SCV

T ·ndS (3.5)

where T is the molecular momentum flux tensor.
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Constitutive relations then complete the system of equations. For Newtonian fluids

the ratio of molecular momentum flux to shear rate is constant for a given temperature

and pressure [69] and is an important property in fluids named viscosity. Additionally,

another source of momentum flux across the surface of the control volume is due to the

pressure distribution of the surrounding fluid. These considerations along with the in-

compressibility assumption allow the molecular momentum flux tensor to be expressed

as:

T =− PI +µ[∇U+(∇U)T ] (3.6)

where I is the unit tensor, and µ is the molecular viscosity.

3.2.2 Rigid-Body Dynamics

In classical mechanics the governing equations of motion are usually formulated by con-

sidering a fixed mass region for analysis and tracking its evolution in time due to external

interactions. In order to properly quantify these external interactions at least one refer-

ence frame has to be defined. Reference frames can be further classified as inertial or

non-inertial. An inertial reference frame is subject to zero acceleration [70] which auto-

matically excludes any sort of rotational motion. Furthermore, there is a need to employ

two reference frames to describe rigid-body orientation, with one of them being body

fixed [70]. If the body exhibits rotational motion this implies the inherent existence of

a non-inertial reference frame. Due to this intrinsic availability of two reference frames

when dealing with rotating rigid bodies, the analyst has the choice of solving the gov-

erning equations in either one of them or to use a combination of both. Since rigid-body

motion can be easily segregated in its translational and rotational contributions, a common

clever choice is to solve translational body motion in the same inertial reference frame as

the fluid governing equations, whilst solving the rotational body motion in the non-inertial

body fixed frame [59]. This is done to avoid the computation of a time-dependent moment

of inertia tensor which arises when solving body rotation in an inertial reference frame,

and it is the approach used in this work as well.

Translational motion of the centre of gravity (COG) is then accounted for by solving
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Newton’s second law (Eqn (3.7)) in the global inertial reference frame:

F = ma = m
dV

dt
(3.7)

For FSI simulations the external force vector includes contributions from the viscous

and pressure forces exerted by the fluid on the body, and forces due to mechanical ele-

ments such as springs or dampers. As mentioned before, since both fluid and translational

solid motion are solved in the inertial reference frame, there is no need to transform the

computed fluid forcing vector to solve this ordinary differential equation.

After body acceleration has been computed, translational kinematics (Eqns. (3.8),

(3.9)) define the velocity and position of the COG respectively:

a =
dV

dt
(3.8)

V =
dx

dt
(3.9)

where V and x represent the velocity and position of the rigid body COG.

Rotational kinetics are modelled through Euler’s rotational equations (Eqn. (3.10)),

which establish a relation amongst body angular acceleration α, the body moment of

inertia tensor I, body angular velocity ω, and the external torques T acting on the body

which stem from fluid or mechanical interactions.

α= I−1 · (T−ω× (I ·ω)) (3.10)

α=
dω

dt
(3.11)

It should be stressed that all terms in Eqn. (3.10) need to be expressed in the body

fixed non-inertial reference frame. Once body angular acceleration has been calculated,

Eqn. (3.11) is used to update the body angular velocity. Instead of using Euler angles

to visualise body orientation as three consecutive rotations about orthogonal axes, it can

also be envisioned as a single rotation of θ degrees about a single axis known as the Euler
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axis whose unit vector ê satisfies ê2
0+ ê2

1+ ê2
2 = 1. Quaternions are then introduced as pa-

rameters to populate the direction cosine matrix Eqn. (3.12) which represents the relative

attitude between the two reference frames ( inertial relative to body-fixed as presented):









1−2(q2
1 +q2

2) 2(q0q1 +q2q3) 2(q0q2 −q1q3)

2(q0q1 −q2q3) 1−2(q2
0 +q2

2) 2(q1q2 +q0q3)

2(q0q2 +q1q3) 2(q1q2 −q0q3) 1−2(q2
0 +q2

2)









T

(3.12)

Quaternions are functions of the Euler axis and its rotation angle as shown in Eqn. (3.13).

qo = ê0sin
θ

2

q1 = ê1sin
θ

2

q2 = ê2sin
θ

2

q3 = cos
θ

2

1 = q2
0 +q2

1 +q2
2 +q2

3

(3.13)

The use of quaternions has the following advantages over Euler angles: a) all possible

body orientations can be truthfully represented avoiding the Gimbal lock phenomenon, b)

less computational overhead imposed on the solution algorithm since they do not intro-

duce additional trigonometric functions to the direction cosine matrix, and c) no potential

loss of accuracy due to round-off errors as long as they are normalised after being up-

dated. [70]. Rotational kinematic equations are then completed with the calculation of the

quaternions by means of Eqn. (3.14).
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3.3 Numerical Solution of the Physical Model

3.3.1 The FVM Discretization Technique

The objective of any discretization technique is to transform one or more partial differen-

tial equations into an algebraic or system of algebraic equations [68], [9]. This transforma-

tion process inherently introduces approximations, those approximations in turn introduce

errors. The error introduced by the discretization practice is known as discretization error,

and it is equal to the difference between the analytical solution of the partial differential

equation and the exact solution of the discretized equation. Any continuum mechanics

discretization practice comprises two essential elements: discretization of the physical

domain, and discretization of the governing equations [71], [9].

Spatial discretization replaces the continuous nature of the physical domain with a

finite set of points which serve as the location where the values of the dependent variables

are to be computed. For the particular case of the FVM, each of the points generated

by the spatial discretization practice is confined within a volumetric region called control

volume (CV) or cell. For time-dependent problems, time is also discretized. Equation dis-

cretization replaces each term of the governing equations with an approximate algebraic

expression.

Nowadays almost all commercial fluid flow FVM codes employ collocated grids, im-

plying all dependent variables are stored at the same location within the CV. In early

implementations of the FVM flow velocity components were stored at the face centres of

the CV (staggered grids). This was done to avoid obtaining non-physical pressure and

velocity (for the case of incompressible flow) fields, which would emerge as a result of

assuming second order accurate linear profiles for the variation of pressure and veloc-

ity within CVs, which would introduce incorrect pressure gradients driving fluid motion.

This problem is now traditionally addressed in collocated grids by using a different in-

terpolation practice for the cell face velocities when computing the mass flux through

CV faces. The interpolation introduces the effect of the correct driving pressure gradient

thus preventing unphysical fields and a widely-used example of such an approach is that

proposed by Rhie-Chow [72].
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Figure 3.1: Structured control volume topology

The starting point of the current work is an overset steady state implementation of the

FVM by Skillen [1]. The base implementation makes use of structured grids in which the

solver is capable of handling non-orthogonal hexahedra as control volumes. A sample

control volume is shown in Fig. 3.1, the location of the point P where any dependent

variable will be stored is at the centroid of the CV such that [68]:

∫
Ω
(x−xP)dΩ = 0 (3.15)

The face area vector S f is normal to the face pointing away from the cell centre. The

point on the face labelled f is located on its centre, and this location is used to approximate

surface integrals using the mid-point rule as shown in Eqn. (3.16).

∫
S

f dS ≈ f S (3.16)

Since dependent variables are stored in the cell centre, additional interpolation is re-

quired to evaluate their value at the face centroid. Provided that this face interpolation is

of at least second-order accuracy, the integral evaluated using the mid-point rule itself is

guaranteed to be second order accurate with respect to grid spacing [9].

Considering the generic transport equation for an intensive scalar property φ in integral

form given by:

∂

∂t

∫
ΩCV

ρφdΩ

︸ ︷︷ ︸

Transient

+
∮

SCV

(ρφU) ·ndS

︸ ︷︷ ︸

Advection

=
∫

ΩCV

QΩCV
(φ)dΩ

︸ ︷︷ ︸

Volumetric sources

+
∮

SCV

Qs(φ) ·ndS

︸ ︷︷ ︸

Surface sources

(3.17)

is a second-order partial integro-differential equation, then the discretized equation should
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be of at least second-order accuracy or higher in order to improve the quality of the so-

lution [68]. However, in practice it is not straightforward to formulate a globally second

order accurate discretized equation whilst conserving highly desired properties such as

boundedness and accuracy.

The FVM is based on the discretization of Eqn. (3.17) integrated over time as shown

in Eqn. (3.18).

∫ t+∆t

t

[
∂

∂t

∫
ΩCV

ρφdΩ+
∮

SCV

(ρφU) ·ndS−
∫

ΩCV

QΩCV
(φ)dΩ

]

dt

=
∫ t+∆t

t

(∮
SCV

Qs(φ) ·ndS

)

dt (3.18)

In the following subsections a brief presentation of the discretization of all the terms in

Eqn. (3.18) will be made. Due to the implicit nature of the implemented time discretiza-

tion schemes in this work requiring only previous time values of the dependent variables

in the transient term (this will be demonstrated in the time discretization section), the

discretization procedure for all spatial terms will be first introduced as though they are

independent of time.

Advection Term

The advection term requires the computation of the projection of the intensive property

φ being transported by the mass flux vector along the surface normal direction for each

face bounding the CV. As seen previously the approximation of this term by means of

the mid point rule implies obtaining the value of this quantity at the face centre. In this

implementation the computation of such a term is done in two stages. In the first stage

the face mass flux is calculated by linear interpolation of the cell centre velocity, this ve-

locity is further corrected by means of the Rhie Chow interpolation. The second stage

involves the interpolation of the intensive property to the cell face centre. Skillen [1]

originally implemented four intra-grid schemes for this purpose but only three have been

employed throughout this study: Upwind (zero-degree polynomial), Linear(fist-degree

polynomial), and QUICK (second-degree polynomial). Figure 3.2 presents these inter-

polation polynomials for one dimensional advection when the flow is from left to right.
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Upwind interpolation is first order accurate with respect to grid spacing and is the only

scheme exhibiting boundedness unconditionally, but it does so at the expense of introduc-

ing numerical diffusion. Linear interpolation is formally of second-order accuracy with

regard to grid spacing only for uniform grids. However, its error reduction trend as the

mesh is refined is quite similar to that of second order accurate schemes for non uniform

grids [9]. Quadratic Upwind Interpolation for Convective Kinematics (QUICK) [9] makes

use of a parabolic profile to obtain cell face values. In order to do so, information at two

consecutive upstream cell centre locations is required. Although it is of third order accu-

racy, when it is combined with the second order accurate mid point rule to approximate

the surface integral, the resulting discretized term is still only second order accurate [9].

The advection term is then discretized as [9] [68]:

∮
SCV

(ρφU) ·ndS ≈ ∑
f

(ρU ·nS) f φ f (3.19)

W P Ee

φ

x
W

P Ee

Upwind

Linear

QUICK

Flow direction

Figure 3.2: Interpolation schemes for the advection term.

Surface Sources Term

Since the surface source term in the general conservation equation (3.17) involves a sur-

face integral, the same discretization procedure using the mid point rule is employed e.g:

∮
SCV

Qs(φ) ·ndS ≈ ∑
f

(Qs(φ) ·nS) f (3.20)
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However, as seen in Eqn. (3.5) for the case of fluid flow the surface source term is

represented by the molecular momentum flux tensor Eqn. (3.6). The introduction of the

molecular momentum flux tensor in Eqn. (3.20) results in two distinctive terms, a pressure

term and a viscous term.

The pressure term is discretized as:

∮
SCV

PI ·ndS ≈ ∑
f

(PI ·nS) f (3.21)

with I as the unit tensor and the product PI ·n representing the momentum flux vector due

to pressure distribution through the cell face. The value of the pressure at the face centre

is obtained through linear interpolation.

The viscous term is discretized as:

∮
sCV

µ(∇U+(∇U)T ) ·ndS ≈ ∑
f

(µ(∇U+(∇U)T ) ·nS) f (3.22)

which requires the evaluation of velocity gradients at the cell face centre. These velocity

gradients are evaluated by considering a linear variation of velocity between adjacent

control volume centres and approximating the derivative at the face centre using central

differences [1].

Time Discretization

The first major contribution of this study to the provided steady state overset solver was to

model time-dependent problems. In order to do so, a transient term has to be introduced

(see Eqn. (3.17)) and the global conservation equation has to be integrated with respect

to time as seen in Eqn. (3.18). Following the discussion presented in [9] regarding time

discretization schemes, it is rather insightful to explore the time discretization procedure

along the lines of an ordinary differential equation, Eqn. (3.23).

dφ(t)

dt
= f (t,φ(t)) (3.23)

Numerical solution to Eqn. (3.23) requires integration in time on both sides for a
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given time interval ∆t = tn+1 − tn. The left hand side can be evaluated exactly without

introducing any approximation, whereas the computation of the right hand side term can

not proceed unless an assumption is made about the evolution of the forcing term f (t,φ(t))

in time as shown in Eqn. (3.24).

∫ tn+1

tn

dφ(t)

dt
dt = φn+1 −φn =

∫ tn+1

tn

f (t,φ(t))dt (3.24)

The first time discretization scheme implemented employs a zero-degree polynomial to

model the variation of the forcing term with respect to time (i.e. a constant function) and

to integrate the right hand side of equation (3.23). Still there are three popular choices

one can make belonging to the same family of polynomials: f (t,φ(t)) = f (tn,φ(tn)),

f (t,φ(t)) = f (tn+1/2,φ(tn+1/2)), and f (t,φ(t)) = f (tn+1,φ(tn+1)). Fig. 3.3 shows graph-

ically the implications of computing the integral(shaded area) using the last two constant

profiles in time. The Euler implicit time discretization scheme results from the selection

of the last zero-degree polynomial in the previous list. It belongs to the family of implicit

methods because integration in time of such profiles results in the evaluation of the de-

pendent variables for all cell neighbour CVs at time tn+1 for which the solution is not yet

known. Eqn. (3.25) is the result of the time discretization process.

φn+1 −φn = f (tn+1,φ(tn+1))∆t (3.25)

This result can be readily extrapolated, and the implicit nature of the scheme still seen,

when applied to the general conservation equation. The Euler implicit scheme shares

the same discretization properties as its advection counterpart, the upwind interpolation

scheme. It is the only one exhibiting boundedness and it is also of first-order accuracy

with respect to time discretization.
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Figure 3.3: Interpolation schemes for the time-dependent term (above: Euler implicit),

(below: Mid point rule)

With accuracy in mind, the need to implement a higher order time discretization

scheme arose. Amongst the properties sought were improved accuracy over the first or-

der Euler implicit scheme, and a relatively straightforward procedure to implement it.

The implicit three-level second-order scheme (also known as Backward differencing in

time [68], [9]) fulfills outstandingly such features. It can be derived by approximating

both sides of Eqn. (3.23) using the mid-point rule centered around time tn+1 [9]:

∫ t
n+1+∆t

2

t
n+1−∆t

2

dφ(t)

dt
dt =

∫ t
n+1+∆t

2

t
n+1−∆t

2

f (t,φ(t))dt

This then leads to the discretized scheme:

φn+1 =
4φn

3
− φn−1

3
+

2 f (tn+1,φn+1)

3
∆t (3.27)

Again this result is implicit in nature as the forcing term which encompasses the advective,

surface sources, and volumetric sources in the general conservation equation is evaluated

at the current time tn+1.

Even though this scheme is of second-order accuracy in time, it can be less accurate
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than the Crank-Nicholson method depending on the initial error of the selected starter

scheme [9] but it is seamlessly implemented in an existing fully implicit framework. As

this scheme requires the solution field at two previous time steps an alternative scheme

has to be employed at the start of the simulation, when only initial values are known.

The Resulting System of Algebraic Equations

After all terms in the governing equation(s) have been discretized for all computational

cells in the grid, a system of algebraic equations can be assembled. A discretized govern-

ing equation for a given control volume P can be cast in the following form [9]:

Apφp +∑
l

Alφl = Qp (3.28)

in which coefficients Al group the diffusion and advection contributions of the correspond-

ing neighbouring control volumes. The term Qp incorporates all known values arising

from the discretization process which can include the pressure contribution for the case

of the momentum conservation equation, and the value of the dependent variable at pre-

vious times stemming from the discretization of the time-dependent term. Coefficient Ap

accounts for the diffusion, advection, transient, and any other sources depending on the

value of the cell currently being considered for computation and should in general satisfy:

Ap = Atransient
p −∑

l

Al (3.29)

Discretization of the governing equations yields a non-linear algebraic system due

to the advection term and possibly to the dependence of the transport properties on the

value of the unknown variable (although not the case for flows considered in this project).

This system further is linearised by appealing to iterative techniques such as the Picard

iteration approach, in which previously computed velocity field values are used to obtain

the mass flux required for the advection term, thus effectively allowing the treatment of

the advected intensive property φ term as linear. In this manner the resulting system of

linear algebraic equations can be expressed as Eqn. (3.30) in a matrix-vector system.
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Aφ= Q (3.30)

For a structured solver as is the case in this project, the structure of the linearised

system of equations A is poly-diagonal and sparse [9]. This matrix structure is specially

well suited to be tackled by iterative solvers. Skillen [1] implemented the alternating di-

rection implicit (ADI) iterative algorithm for the base overset solver in which boundary

information is propagated through the domain in three sets of sweeps each along a prin-

cipal direction for each solver iteration, taking advantage of the structured nature of the

computational domain and effectively splitting the problem into three ’one-dimensional’

sets. For each set of sweeps a whole row or column of the computational domain is solved

at a time along the span of the selected direction. This splitting process further simplifies

the structure of the original sparse matrix into a tri-diagonal arrangement which can be

solved quite efficiently with the Tridiagonal Matrix Algorithm (TDMA).

Pressure-Velocity Coupling

With the description of the discretization of all the terms in the momentum conservation

equation completed, it is now appropriate to introduce a special requirement for the in-

compressible fluid flow governing equations solution procedure, namely pressure-velocity

coupling. Pressure-velocity coupling is required for incompressible flow as the mass con-

servation equation does not involve the pressure, which does appear in the momentum

conservation equation in the form of gradients across cell faces. There is a handful of

coupling algorithms which are commonly used in CFD and most of them belong to the

family of projection methods. The Semi Implicit Method for Pressure Linked Equations

(SIMPLE) [7] algorithm is used for coupling purposes in this project as it was imple-

mented by Skillen [1] for the steady overset solver.

The general approach for this family of coupling algorithms is to build a pressure (or

pressure correction) Poisson equation by taking the divergence of the momentum equa-

tion [9] and solving it numerically. For this approach to attain its goal of generating

pressure and velocity fields abiding by the physical conservation laws, the Poisson equa-

tion needs to inherit the discretization characteristics of its constituent elements, i.e. the
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continuity and momentum conservation equations.

As noted in the previous section, the present work employs implicit time-discretization

schemes. This results in the pressure and viscous terms in the momentum equation being

evaluated at the current unknown time step. As such, an initial assumption of the pressure

field is required to calculate flow velocity from the linearised momentum equations. It is

evident that this computed velocity field will not satisfy the continuity equation and needs

to be corrected. This family of coupling algorithms employs corrections of the form:

um
i = um∗

i +u
′

(3.31)

pm = pm−1 + p
′

(3.32)

where superscripts m and ∗ denote the current time step or iteration and the non-mass

conserving velocity field respectively.

In order to obtain a relation between the velocity and the pressure corrections, Eqn. (3.31)

and Eqn. (3.32) are substituted into the momentum equation yielding Eqn. (3.33)

u
′
i = −

∑l Au
l iu

′
i,l

Aui
︸ ︷︷ ︸

neighbour corrections

− 1

Aui

δp
′

δxi

(3.33)

where δ represents any kind of spatial discretization scheme employed for the pressure

term in the momentum equation. The continuity equation is then discretized and com-

bined with Eqns. (3.31) (3.33) to produce the discrete form of the pressure correction

equation. This is the general equation from which most of the pressure correction meth-

ods stem. Differences amongst these methodologies are related to the treatment of the

term labelled as ’neighbour corrections’ in Eqn. (3.33). Since this term is not readily

available it is neglected in the SIMPLE algorithm and approximated in different ways

for coupling procedures such as SIMPLEC, SIMPLER, and PISO. Because the SIMPLE

algorithm neglects the so-called neighbour corrections it needs under-relaxation to im-

prove its convergence rate, which was also implemented by Skillen [1]. Eqn. (3.34) is

the Poisson equation solved numerically in this work neglecting the neighbour correction
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term.

δ

δxi

[

ρ

Ap

(

δp
′

δxi

)]

=
δ(ρum∗

i )

δxi
(3.34)

The forcing term ρum∗
i represents a spurious mass source for the control volume and it is

the divergence producing part that must be projected out of the solution, a summary of

the SIMPLE coupling procedure is presented in Algorithm 1

Algorithm 1 SIMPLE algorithm

outer iteration:

Set boundary conditions for the momentum equations

Compute transport coefficients Ai for the momentum conservation equations

Solve the linearised system of algebraic equations to obtain um∗
i

Set pressure-correction boundary conditions and solve pressure-correction equation to

obtain p
′

Correct velocity and pressure fields

goto outer iteration until convergence criteria is satisfied

Boundary Conditions

Two types of numerical boundary conditions have been implemented in the original steady

state overset code. These are Dirichlet conditions which directly determine the value of

the intensive property at the boundary (Eqn. (3.35))

φboundary = φDirichlet (3.35)

, and Neumann conditions which set the gradient of the intensive property in the boundary

normal direction equal to zero (Eqn. (3.36)).

(
∂φ

∂n

)

boundary

= 0 (3.36)

Different sets modelling common conditions encountered by fluid flow at boundaries

can be created by combining these two numerical boundary conditions. Inlet boundary

conditions impose a given velocity profile as Dirichlet values on a selected boundary for

the momentum equations. Wall boundary conditions also set Dirichlet values on a given

surface for the momentum equations which reflect the kinematic conditions imposed by

the wall on the fluid. Symmetry and outlet boundary conditions establish a zero gradient
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normal to the surface for the momentum equations, with the former also imposing zero

boundary normal velocity.

At all domain boundaries pressure is required in order to compute part of the molecu-

lar momentum flux through control volume faces adjacent to the boundary. This bound-

ary pressure value is extrapolated from the interior of the domain. Boundary conditions

for the pressure-correction equation are also required. If pressure is prescribed at a do-

main boundary then the pressure correction at that location is zero. On the other hand,

if a mass flux is prescribed at a boundary then it does not need to be corrected in the

pressure-correction equation which results in a zero gradient normal to the boundary for

the pressure correction.

3.3.2 Aspects of an Overset Implementation

This section is a brief summary of the overset implementation by Skillen [1] to gain some

insight into the essential elements required to solve CFD problems using overlapping

grids.

The Hole Cutting Algorithm

The purpose of the hole cutting algorithm is to identify cells in each sub-grid in order to

properly establish the required computational stencil to compute the dependent variable

values for each control volume. Within the overlap region of an overset grid there can be

three different types of control volumes:

• Standard Cells

• Interpolation Cells

• Unused Cells

Standard cells are control volumes whose dependent variables can be calculated by

using neighbouring information from either other standard cells or from interpolation

cells. Interpolation cells are control volumes for which the dependent variable values are

obtained not from solving the discretized governing equations, but from interpolating the
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values from an interpolation stencil. They also can be required to complete the compu-

tational stencil of another standard cell. Unused cells are control volumes that do not

participate in the computation of the flow field at the current time step —either because

they lie outside the flow domain, or because they overlap cells from other sub-grids that

are better suited to perform roles as standard cells or interpolation cells at the current time

step.

Consider Fig. 3.4, this set of overlapping grids is generated to model flow around a

two dimensional circular cylinder with the red grid intending to take precedence over the

green background mesh in the region close to the cylinder. The first step for cutting a

hole in an overset grid is to determine whether a cell lies partially or totally outside the

domain of interest at the time. This can be achieved by testing for the intersection of any

edge of a given cell with the edge of the physical domain. To check this, the face which

fully lies on the surface of the physical boundary and belongs to the cell adjacent to the

boundary within the computational domain provides for a benchmark surface to test for

intersections with other hexahedral cells. For illustration purposes Figure 3.5 highlights

the physical domain bounding faces in blue for a case where there is an intermediate grid

extending over the wall boundaries. In this case all cells belonging to the intermediate

grid will be tested for intersection with the blue marked cells.

In recognition of the fact that any quadrilateral face can be split in two triangles, the

aforementioned intersection test is at its root a triangle-triangle intersection test. Consid-

ering that a control volume has six faces, the test has to be completed a total of twenty-four

times for each tested cell (two triangles per boundary face need to be tested for interse-

cion with two triangles for each of the six faces of the control volume). If an intersection

occurs, then the cell is identified as “unused”. Figure 3.6 shows an overset mesh with

the cells that intersect boundaries of the computational domain removed via the triangle-

triangle intersection test.

As seen in Figure 3.6, there are still cells belonging to the background mesh that are

totally out of the computational domain. The next step then is to remove the remaining

background grid cells fully lying out of the physical domain. In order to do so, for each

cell adjacent to the previously tagged unused cells the algorithm tries to find a suitable
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Figure 3.4: Initial overlapping grids.Image from [1]

Figure 3.5: Reference cells used for the triangle-triangle intersection test.
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Figure 3.6: Overset mesh after the cell intersection test.Image from [1]

donor mesh from where the dependent flow variables can be interpolated. If no donor

mesh can be found then the cell in question must be an unused cell. Otherwise it is labelled

as an interpolation cell, Figure 3.7 shows the outcome of this step with the interpolation

cells for each grid highlighted.

Although the overset mesh generated in the previous step is good for computational

purposes, it is not optimal with regard to computational efficiency since in the overlap

region more resources are needed in order for the grids to exchange information. With

that in mind, it is possible to reduce the overlap area by establishing a certain criteria to

choose which cells to preserve in a given zone. As pointed out by Skillen [1], most of

the available hole cutting algorithms employ a relatively simple criterion for this purpose;

they assign sub-grid priorities and that way the algorithm decides to exclude some of the

cells belonging to the low priority grid in the overlap region. However, this rather simple

approach is not always suitable and can lead to a degradation of the overall quality of the

mesh by removing cells on low priority grids which may have been especially built for a

specific function such as near wall cells.

One of the novelties of Skillen’s work was to formulate an algorithm in which it is
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Figure 3.7: Valid non-optimal overset mesh. Interpolation cells highlighted in both grids.

Image from [1]

possible to establish a tailored user-defined criteria on a cell by cell basis for the reduc-

tion of the overlap zone, for example trying to preserve cells with the lowest possible

volume. Although this approach ultimately will lead to a nicely optimised overset mesh,

its implementation involves several considerations before the cell removal process can

proceed. All cells belonging to a sub-grid that fully overlap in a given zone must not

be removed if they are part of any interpolation stencil for a given interpolation cell on

another sub-grid. In addition, any cell adjacent to a cell identified previously as required

by an interpolating cell in another sub-grid can not be removed either. Furthermore, if

a cell is to be removed, any surrounding standard cell would need to be converted to an

interpolation cell. If it is not possible to find a donor sub-grid for the standard cell to be

converted, then the cell can not be removed. Finally, if the cell to be removed has passed

all the mentioned considerations so far, it will be removed if and only if it does not satisfy

the user specified criteria when comparing it to the average value of the same criteria of

all the surrounding cells in the grid it overlaps. Figure 3.8 shows the resulting overset

mesh with the interpolation cells of each grid highlighted.
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Figure 3.8: Final overset mesh.Interpolation cells highlighted in both grids. Image

from [1]

Inter-Grid Communication

The inter-grid communication process amongst overlapping grids is responsible for pro-

viding an ‘interface’ over which information from a donor mesh is transferred to a receiv-

ing grid, so that the flow field can be computed in the latter, and it is of crucial importance

as the quality of the solution heavily depends on it. This section presents a concise re-

capitulation of the techniques implemented for this purpose by Skillen, a more detailed

discussion on this topic can be found in the literature review section of this thesis 2.4 and

of course in [1].

Bilinear or trilinear interpolation can be selected by the user for two-dimensional or

three dimensional flow field calculations respectively. Interpolation stencils for linear

interpolation comprise eight donor cells whose centres define the vertices of a hexahe-

dron. For each donor grid the number of possible interpolation stencils is (Ni +1)x(N j +

1)x(Nk + 1), where Ni represents the number of cells of the donor grid in the i direction.

Skillen convincingly makes a case against a straightforward but rather costly algorithm

to determine the appropriate interpolation stencil, which would involve visiting each po-

tential stencil at a time, computing the volume of twelve tetrahedra (two per hexahedron
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face) formed with a triangular base made up of three vertices of each stencil face and the

desired interpolation location P(x,y,z), adding them up, and comparing the result with

the volume computed from the position of the vertices of the interpolation stencil. If both

calculated volumes are equal it means the interpolation stencil encompasses the desired

interpolation location P(x,y,z). Once the stencil is identified the interpolation coefficients

would then need to be calculated.

In addition of the computational overhead the above algorithm would imply, it does

not guarantee correct results for cases when the interpolation point P would lie close to the

faces of the computational stencil. This is due to the fact that the faces of the hexahedron

are assumed to be planar and the interpolation point could actually lie between the actual

curvature of the hexahedron face and the assumed planar surface.

Instead, the selected algorithm relies on binary search trees as a more efficient way

of narrowing down all possible interpolation stencils in a donor grid (see [1] for details).

Binary search trees are special data structures which are constructed with the aim of re-

ducing the time it takes to find a particular data element belonging to a data set [73]. A

binary search tree structure is constructed by storing data in a non-sequential manner in

the computer’s memory. As seen in Fig. 3.9 data is then connected by means of pointers,

each data item can have two of these pointers which lead to another data item forming a

node. In this way, every node except for the first one will eventually have a pointer leading

to it. Starting with the first node, every level of connectivity is assigned a number, thus

creating a hierarchical data structure. Fig. 3.9 shows a schematic of the possible memory

storage array, and a binary search tree with four hierarchy levels. The hierarchy itself is

a key element for finding a data item within the structure. Binary search trees form the

basis of the Alternating Digital Tree algorithm (ADT) [74] which in turn is the underlying

algorithm of the novel geometric intersection ADT proposed by Skillen to determine po-

tential interpolation stencils. The ADT is a special case of the more general binary search

tree where the difference lies in the search criteria used to go through the hierarchical data

structure.

This procedure yields the actual interpolation stencil for Cartesian grids and a low

number of candidate stencils for non-Cartesian grids. For the general case of having more
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Figure 3.9: Binary search tree and a possible arrangement of nodes in computer memory.

Image from [1]

than one potential stencil the interpolation coefficients are calculated as each stencil is

evaluated. If the computed coefficients are all in the interval [0,1] the correct interpolation

stencil is identified.

For the current dependent variable φ, at point x, y, z the interpolation leads to an

expression:

φ ≈
8

∑
i=1

Niφi (3.37)

and the factors N are obtained by solving:

x =
8

∑
i=1

Nixi (3.38)

y =
8

∑
i=1

Niyi (3.39)

z =
8

∑
i=1

Nizi (3.40)

with the Newton-Raphson method. The coordinates xiyizi being the locations of the ver-

tices that constitute the interpolation stencil.

The non-conservative nature of linear interpolation is due to the location where it takes

place rather than the use of a linear shape function. An alternative methodology to linear

interpolation for inter-grid communication was introduced in 2.4, and was implemented

by Skillen to strive towards a conservative formulation. The Mass Flux Based Interpo-

lation (MFBI) is a second order approximation with respect to grid spacing of the mass

conservation constraint at grid interfaces. This method aims to provide interpolated val-

ues of the flow velocity field at cell centres in such a way that the averaged mass flux

through the interpolation boundary is in line with mass conservation. Its use improves the
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overall convergence rate of the solution when compared to linear interpolation. Details of

the actual implementation of the methodology are out of the scope of this work and can

be found in [1].

Another aspect that deserves attention when working with moving overlapping grids

is the situation described in 2.4 regarding the emergence or vanishing of cells in the com-

putational domain due to the movement of body fitted grids. In this work, an implemented

modification of the linear interpolation algorithm searches for adequate interpolation sten-

cils comprising cell centre values available from previous time steps. This applies for cells

that were unused at a previous time step and become part of the active domain for the com-

putation of the flow field at the current solution time. The problem of the emergence or

vanishing of cells can be largely avoided with grids of comparable sizes in the overlapping

zone and with adequate selection of the time step. Since both factors are required anyway

to obtain good quality solutions, this issue has been seldomly encountered throughout the

set of problems tackled in this thesis.

A SIMPLE Overset Algorithm

A simplified general workflow of the implementation by Skillen [1] is presented here to

gain insight into the numerical solution process of the governing equations using overlap-

ping grids.

• Set all boundary conditions, which include interpolation boundary values for each

grid in the computational domain.

• Compute the non-mass conserving velocity field u∗i in each sub-grid for all active

cells at a time by solving the discretized momentum equations.

• Calculate the uncorrected mass fluxes through all active or interpolation cell faces

using Rhie-Chow interpolation.

• Obtain the pressure correction throughout the computational domain by solving the

pressure-correction equation for all active cells in each sub-grid. For interpolation

cells the value is interpolated.

• Correct the velocity and pressure fields.
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The core of the algorithm is the same as that for non-overlapping grids. The main

differences for overlapping grids reside in the need to solve sequentially the fluid flow

problem in each sub-grid, and the need to update required boundary information to trans-

fer information to the next grid.

3.3.3 Arbitrary Lagrangian-Eulerian Method

Fluid-solid interaction phenomena are characterised by the coupled behaviour of two (or

more) continuous media. The main effect of this intrinsic relationship on the fluid medium

is a constant geometrical change of its domain. In order to be able to predict the flow field

under these circumstances, the computational domain needs to adapt to these changes as

well by moving. Hence, there is a need to formulate the governing equations accounting

for such grid movement. This section presents the theoretical framework of the selected

formulation implemented in this project to cast the fluid flow governing equations in an

inertial reference frame for moving control volumes.

In general, as seen in the literature review section of this work, there are two ways of

tackling a problem involving moving grids. For this research the Arbitrary Lagrangian

Eulerian [41] method is used to account for grid motion in the formulation of the con-

servation laws. It is important to stress that the fluid flow governing equations are solved

in an inertial reference frame, otherwise Coriolis forces would need to be considered for

cases involving rotation. With this idea in mind, the Eulerian flow description conser-

vation equation for a given scalar (see Eqn. (3.3)) sees two modifications. The first one

pertains to the time-dependent term, whose duty now is to quantify the rate of change

of the amount of a property contained in a moving (notice the use of the total derivative)

control volume due to surface interactions, volumetric source terms , and possibly due

to the fact that the control volume itself may change its size with time. The second one

is the introduction of the relative convective flux, which is the flux an observer moving

with the control volume would see through its boundaries due to advection. With these

considerations the integral form of the conservation equation for a given scalar is now:
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d

dt

∫
ΩCV

ρφdΩ+
∮

SCV

ρφ(U−Ug) ·ndS =
∫

ΩCV

QΩ(φ)dΩ+
∮

SCV

Qs(φ) ·ndS (3.41)

In Eqn. (3.41) the computation of the relative convective flux introduces the velocity

with which the grid moves. One may intuit the procedure to calculate the relative convec-

tive flux is straight forward if the location of the grid is known beforehand at all times.

The procedure would involve obtaining the grid velocity at the cell face centre based on

its known position vector during the time interval:

Ug =
rn+1 − rn

∆t
(3.42)

if the grid does not deform then Eqn. (3.42) is appropriate and the ALE formulation can

be considered complete . However, as it was shown in [75], for the general case of grid

deformation artificial mass sources will be introduced in the flow field if this approach of

calculating the grid velocity is used. It must be mentioned that there are more complex

methods of calculating the grid velocity which do not introduce artificial mass sources.

Some of those alternative approaches are reviewed in[76].

The name of the ALE methodology reflects the behaviour of the flow description

adopted according to Eqn. (3.41). If control volume velocity is zero then an Eulerian

flow characterisation is employed, if control volume velocity is equal to the flow velocity

a Lagrangian flow description is used, and if the control volume is in arbitrary motion

a hybrid flow description is employed. It is important to note that the flow description

method employed is independent of the choice of reference frame to solve the governing

equations. For instance, one can adopt a Lagrangian flow description and formulate the

governing equations in either an inertial or non-inertial reference frame. It is a good

exercise to reflect on this as one tends to automatically associate the term ‘moving grids’

with solving the governing equations in a reference frame moving with the mesh, which

could be non-inertial if the mesh is subject to rotational motion. If that is the case the

governing equations need to include ’fictitious’ forces arising from the use of the non-

inertial reference frame. As previously stated in this section, in this work the fluid flow
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governing equations are formulated and solved in a inertial reference employing the ALE

a methodology to account for grid motion.

The Space Conservation Law

In order to avoid introducing artificial mass sources to the flow domain one must ensure

the Space Conservation Law (SCL) (also referred to as Geometric Conservation Law

GCL [48], [9]) is satisfied. The SCL describes the conservation of space when the control

volume changes its shape and/or position with time. It can be thought of as the continuity

equation in the limit of zero fluid velocity [9]. Its integral form is:

d

dt

∫
ΩCV

dΩ−
∮

SCV

Ug ·ndS = 0 (3.43)

The SCL can be enforced by solving numerically the corresponding equation together

with the other conservation equations as was done in [77]. The alternative approach is to

calculate the grid velocities in a manner consistent with the other conservation equations

to ensure the SCL is always satisfied [75]. The latter approach is now commonly used

and it is the way it shall be done in this work.

At this point it is worth inspecting Eqn. (3.43) and interpreting its physical meaning.

It relates the volume time rate of change of a moving computational cell, to the net vol-

umetric time rate through its boundaries due to its motion. That is, the grid velocity can

be interpreted as a flux of volume whose units are m3

m2s
, and when dotted with the surface

area vectors the net amount of volume per unit time crossing the cell surface is obtained.

It is then suitable to compute the second term as:

∮
SCV

Ug ·ndS =
∑c δΩc

∆t
(3.44)

with δΩc representing the volume swept by face c during the time interval ∆t (see Fig. 3.10).

In this way the relative mass flow rate term in Eqn. (3.41) is split and computed as the dif-

ference between the absolute mass flow rate, and the mass flow rate due to mesh motion,

evaluated using the volume swept by the cell face instead of the grid velocity as shown in

Eqn. (3.44). The semi - discretized continuity equation for moving control volumes using
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a first order implicit Euler scheme is then:

ρΩn+1 −ρΩn

∆t
+∑

c

ṁc = 0 (3.45)

Figure 3.10: Volume swept by a control volume face for a two-dimensional control vol-

ume. Image from [9].

It is clear that the contribution of the volume swept by all cell faces shall cancel the

change of volume by the cell experienced in one time step, therefore satisfying the SCL.

Another aspect requiring consideration at this point is the implementation of moving

wall boundary conditions. For cells adjacent to moving bodies, the no slip condition

requires the fluid velocity to be the same as the moving body velocity at the interface

between the two media. This means the fluid velocity at the cell face which is in contact

with the moving body will be different from zero. If the body movement direction is

normal to its surface, the mass flow rate through the adjacent cell face would be non

zero. However, in such cases the governing equations are solved considering grid motion

and the mass flow rate computed at cell faces is the relative mass flow rate. Under this

consideration the cell face velocity will also be equal to the moving body velocity and

thus the relative mass flow rate through the face will be zero. This satisfies both the no

slip condition and the zero mass flow rate through impermeable walls.
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3.3.4 Implementation of the Space Conservation Law

As seen in the previous section, in this work the implementation of the SCL boils down to

calculating the volumes swept by all the faces of the control volumes during a given time

interval. In this research the method of calculating the volume swept by a cell face is the

one used in OpenFOAM® where it was originally implemented in [78].

Figure 3.11: Swept Volume of a decomposed face. Image from [78]

The first step is to decompose the face into triangles using its centroid. The volume

swept by a triangular face forms a prism with a triangular base. The next step is to

decompose the prismatic volume into a set of three tetrahedrons. The first tetrahedron is

then formed by connecting any one of the vertices at the initial time with two opposite

vertices at the final time as shown in Fig. 3.11. The remaining space in the prism will be

made up of a quadrilateral plane and the other two tetrahedrons, which can be formed by

connecting one of the diagonals of the plane. The volumes of the three tetrahedrons are

then summed and they represent the volume swept by a triangle of a given face.

As noted in [76] the decomposition just described can take place by connecting one

diagonal at a time in two unique ways (see Fig. 3.12). Therefore the swept volume is

calculated in both ways and the mean value is used as the volume swept by the triangular

face.
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Figure 3.12: Two possible ways of evaluating the swept volume . Image from [76]

3.3.5 Solving the Rigid-Body Dynamics Problem

The structured programming methodology employed in this project to solve the rigid-

body dynamics problem is an adaptation of the conceptualisation presented in [79]. The

main idea is to update the state of a rigid body as it is subject to forcing conditions. In

this sense, the state of a rigid body involves defining its position, orientation, linear, and

angular momentum at every instant in time. For every rigid body in the simulation its as-

sociated body fitted grid(s) is/are evolved according to the resulting kinematic conditions.

The equations presented in section 3.2.2 are a set of 13 ordinary differential equations ,

and are solved using a predictor-corrector approach which naturally suits the FSI coupling

algorithm (presented in the next section). Two numerical schemes belonging to this family

have been implemented; Heun’s method (second order accurate), and a two-time level

method (third order accurate).

Heun’s method comprises an Euler-explicit predictor (Eqn. (3.46)) and a trapezoid-

rule corrector (Eqn. (3.47)):

ypred = yo +∆t f (yo, to) (3.46)

ycorr = yo +
1

2
∆t
[

f (yo, to)+ f (ypred, t f )
]

(3.47)

The two-time level comprises an Adams-Bashforth explicit predictor (Eqn. (3.48))

with an Adams-Moulton corrector (Eqn. (3.49)):



CHAPTER 3. COMPUTATIONAL MODEL DEVELOPMENT 91

ypred = yo +
1

2
∆t [3 f (yo, to)− f (yoo, too)] (3.48)

ycorr = yo +
∆t

12

[
5 f (ypred, t f )+8 f (yo, to)− f (yoo, too)

]
(3.49)

3.3.6 The Overset FSI Coupling Algorithm

This section details the last component of a two-way overset FSI implementation, namely

the partitioned FSI coupling algorithm. The aim of the algorithm is to achieve a strongly

coupled solution of a two-way FSI problem at every time step throughout the duration

of the simulation. Although strongly coupled solutions are always desired, the iterative

nature of the algorithm allows to easily modify the degree of coupling by either setting

the number of outer iterations explicitly, or by specifying less strict convergence criteria.

Fig. 3.13 shows a flowchart of the implemented algorithm. Starting with an estab-

lished flow field the forces and torques exerted by the flow over the rigid body provide

the necessary forcing term to solve the rigid-body governing equations. These forces are

computed by integrating the stress tensor T over each boundary cell face. The result-

ing force is then the sum of these integrals over all boundary cells, and can be split into

pressure and viscous contributions as follows:

Fpressure = ∑
b f

(

−
∫

S
pI ·ndS

)

(3.50)

Fviscous = ∑
b f

(

−
∫

S
µ
(

∇U+(∇U)T
)

·ndS

)

(3.51)

The negative sign preceding Eqns. (3.50) and (3.51) reflects the fact that these forces

are exerted by the fluid on the body. Integrals are discretized using the standard mid-point

rule.

Similarly, the required torques acting on the body are calculated as:

Tpressure = ∑
b f

(

r f ×−
(∫

S
pI ·ndS

))

(3.52)
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Tviscous = ∑
b f

(

r f ×−
(∫

S
µ
(

∇U+(∇U)T
)

·ndS

))

(3.53)

where r f is the position vector from the centre of gravity of the rigid body to the boundary

face centre. It is important to note that the torques computed with Eqns. (3.52), (3.53) are

in the inertial reference frame. Since the governing equations for rotational motion are

solved in the body reference frame, these torques further need to be expressed accordingly

using the rotation matrix:

Tb = Rb/ITI (3.54)

with superscripts b and I denoting the body attached , and the global inertial, reference

frames respectively.

After solving the predictor rigid-body motion equations, the moving grids are relo-

cated to their new position. In order to do so, the new position vector of a given vertex p

belonging to the moving grid is calculated in the inertial frame I as :

rp/I = xCOG +RI/brp/b (3.55)

where RI/b is the transpose of the rotation matrix introduced in Eqn. (3.54), and rp/b is

the position vector of vertex p expressed in the body attached reference frame b. The hole

cutter algorithm is then invoked to completely define the computational domain at the

new grid location. Boundary conditions for the fluid flow are then set using the calculated

rigid-body boundary kinematic field.

The flow field at the predicted rigid-body location is now computed, and the forces

exerted by the flow on the rigid body are determined again. These forces are now used to

correct the predicted state of the rigid body. At this point a decision whether to correct the

position again, or to proceed to the next time step, needs to be made. Generally speaking,

this decision can be based on a normalised quantity reflecting changes in the state of a

rigid body between consecutive predictor-corrector or corrector-corrector steps. Alterna-

tively a fixed number of outer iterations can be set as a convergence criterion. If a weakly

coupled algorithm is required then only the predictor step is required to advance the sim-

ulation time. Regardless of the outcome of the convergence check the flow field needs

to be solved again using the last rigid-body corrector kinematic information (otherwise
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there would be no point in performing the last correction), this entails the redefinition of

the computational domain by moving the grids to the corrected location, and defining the

computational domain yet again via the hole cutting algorithm. The bulk of all the actions

just described constitute an outer iteration for the coupling algorithm. This coupling se-

quence of actions resembles the predictor-corrector nature of the SIMPLE algorithm to

solve fluid flow, and is sometimes referred to as a SIMPLE coupling algorithm [59].

Some FSI problems are challenging to solve because the strong interdependence be-

tween solid and fluid domains can lead to violent changes of the coupling conditions at

the interface during the predictor-corrector or corrector-corrector stages within outer it-

erations. For rigid-body FSI problems this leads to non-physical oscillations of the solid

body kinematic state, ultimately preventing convergence of the coupling algorithm. This

is quite common in deformable solid FSI problems and relaxation techniques have been

devised to obtain physical solutions. In this work fixed and adaptive interface relaxation

has been implemented not only to prevent convergence issues but also to improve the

convergence rate of the algorithm.

Both fixed and adaptive methodologies relax body acceleration in this study. In fixed

relaxation the user selects a relaxation factor α, with the resulting acceleration computed

as:

al = al−1 +α
(

al −al−1
)

(3.56)

Adaptive relaxation is implemented as presented in [80] (see Eqns. (3.57)-(3.61)) also

known as Aitken relaxation:

al = al−1 +αl
(

al −al−1
)

(3.57)

αl = 1− γl (3.58)

γl = γl−1 +
(

γl−1 −1
)
(
∆al−1 −∆al

)
·∆al

(
∆al−1 −∆al

)2
(3.59)

∆al = al−1 −al (3.60)

∆al−1 = al−2 −al−1 (3.61)

this method is based on the use of two previous rigid-body kinetic states to improve the
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current solution [81]. As such, for the first corrector iteration of every time step the

method employs a fixed relaxation factor selected by the user at run-time. The methods

presented here provide six relaxation factors accounting for three linear accelerations and

three angular accelerations.

Initialize

Advance time step

Compute forces and moments

Rigid-body predictor

Move grids

Hole cutter

Solve fluid flow

Compute forces and moments

Rigid-body corrector

Convergence Move grids

Hole cutter

Solve fluid flow

Move grids

Hole cutter

Solve fluid flow

yesno

Figure 3.13: Partitioned Coupling Algorithm
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3.4 Closure

The governing equations to model rigid-body FSI phenomena have been introduced in

this Chapter. Additionally, a concise review of the key numerical techniques required

for the current implementation has been presented. The material in this section has gone

into sufficient detail to clearly identify the two limiting factors in terms of computational

throughput for a two-way FSI application: the iterative nature of the partitioned coupling

algorithm to achieve strongly coupled solutions, and serial execution of the fluid flow

solver.



Chapter 4

Code Verification

4.1 Introduction

Code verification is the main subject of this Chapter. The essential components of the

overset FSI implementation have been tested individually. This process demonstrates the

ability of the numerical method to produce mathematically correct solutions, and provides

an estimate of the order of accuracy of the application under different conditions.

The principal methodology to perform code verification is introduced in section 4.2.

As a starting point, non-overlapping computational domains are employed to establish a

reference in terms of order of accuracy in section 4.3. The effect of inter-grid communi-

cation in the order of accuracy of the overset method is then presented in section 4.4, and

verification of the Space Conservation Law is shown in section 4.5. Finally, the results of

the rigid-body solver verification process are examined in section 4.6.

It is worth mentioning that thorough code verification implies testing for all possible

setting combinations available in a given computational modelling environment. Even a

‘short’ implementation as this one requires a significant amount of time and intricate pro-

cedures to verify complex combinations such as the partitioned coupling FSI algorithm.

As such, in this work particular combinations of the individual components making up

the partitioned FSI algorithm are verified.

96
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4.2 The Method of Manufactured Solutions

Verification and validation are essential procedures in computational science and engi-

neering to certify a given modelling software implementation. In the field of computa-

tional mechanics validation has certainly become the standard procedure to attest to the

‘correctness’ of a model, while verification results are rarely presented. This could be due

to several reasons, the most common being: lack of awareness of the need to verify the

implementation, or restricted access to the source code.

The requirement to perform both certifying procedures can be best understood along

the lines of simple yet powerful definitions/analogies provided by Patrick J. Roache.

In [82] Roache describes verification as the process of providing evidence of the equa-

tions being solved correctly, whereas validation provides proof that the equations being

solved are an appropriate representation of the physical phenomenon being considered.

Or in Roache’s words: ‘verification ≈ solving the equations right’, ‘validation ≈ solving

the right equations’.

The method of manufactured solutions (MMS) is a procedure to verify the accuracy

of the solution produced by a code via systematic grid convergence testing, and it was

originally implemented by Steinberg and Roache [83]. According to Roache [82] this

procedure verifies the formulation of the discrete equations (interior and boundary con-

ditions) and their order of accuracy, the accuracy of the solution procedure, and the user

instructions. However, the method does not verify the coding accuracy of individual terms

in mixed-order methods, nor does it verify coding mistakes that impact the iterative con-

vergence rate of the solver decreasing its efficiency.

The definition of order of accuracy (p) given by Roache [82] relates the error of the

discrete solution to a measure of the discretization (∆) as:

e = f (∆)− f exact =C∆p +H.O.T. (4.1)

with H.O.T. as the collection of higher order terms. As seen in Eqn. (4.1), in order to eval-

uate the order of accuracy of the numerical implementation via systematic grid refinement

the exact solution is required. Additionally, Eqn. (4.1) does not consider iteration errors
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of the numerical solution, because of this, it is extremely important to set strict tolerances

for the iterative solver so that its effect does not pollute the computation of the order of

accuracy.

In recognition of the need to verify codes pertaining to general partial differential

equations for which analytical solutions only exist for simplified cases (e.g. Navier-Stokes

equations), the idea behind the MMS is to manufacture an exact solution to the problem

which exercises all terms of the corresponding governing equation. Since verification is a

purely mathematical exercise [82] the physical significance of the manufactured solution

is of no importance. The end goal of the method is thus to provide a continuum analyt-

ical solution for which all the terms in the corresponding governing partial differential

equation exist. The manufactured solution is then ‘passed through the governing partial

differential equation to give a production term Q(x,y,z, t) that produces this solution’ [82].

That is: given the partial differential equation (4.2)

∂2 f (x,y)

∂x2
+

∂2 f (x,y)

∂y2
= 0 (4.2)

an analytical solution f (x,y) is generated and each term on the left hand side of the equa-

tion is evaluated accordingly to generate a source term Q(x,y), such that f (x,y) is the

solution to

∂2 f (x,y)

∂x2
+

∂2 f (x,y)

∂y2
= Q(x,y) (4.3)

This source term is then added to the code to obtain a numerical solution for equa-

tion (4.3). This problem is then solved in several refined grids to compute the order of

accuracy p of the solution.

The process of manufacturing an analytical solution is arguably not straightforward

and guidelines can be found in [82] for that purpose. However, since the method has

been used extensively to verify fluid dynamics problems abiding by the Naver-Stokes

equations, there is a wide range of readily available manufactured solutions in the lit-

erature. Not having access to the source code was mentioned in the beginning of this

chapter as one potential obstacle to perform code verification. This is a common situation
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in commercial CFD codes where the user is limited to customise source terms only for

the momentum governing equations. In recognition of this, several manufactured solu-

tions which are divergence free have been devised. This project makes use of previously

generated solutions for code verification.

Once this mathematical exercise has been completed the following things have been

verified [82]:

• Any equation transformations (if non-orthogonal grids are used).

• The order of the discretization.

• The encoding of the discretization.

• The solution procedure.

• Inter-grid communication in overlapping zones.

Different types of boundary conditions can be tested with the same manufactured

solution, however, the user needs to consider possible ‘hard-coded’ boundary values in

the implementation. Such a situation is present in the original code developed by Skillen

regarding the Neumann boundaries where the value is implicitly set to zero. Thus, in

order to correctly test the Neumann conditions, the computational domain needs to be

selected in a way that the normal gradient of the dependent variable at the boundary is

effectively zero for the proposed manufactured solution. An alternative solution would

be to generalise the code to accept any value for Neumann boundaries. This measure

is not practical since all the Neumann boundaries for the problems treated in this thesis

require a zero value. Throughout all cases presented in this chapter Dirichlet boundary

conditions are used for the momentum equations, and a zero-pressure gradient in the

boundary-normal direction is employed to solve the pressure-correction equation.

In this work, the Root Mean Square (RMS) error is used to quantify the inaccuracy

introduced by the discretization practice in the momentum and mass conservation equa-

tions, and it is evaluated as:

e =

√

∑n (un −Un)
2
Vn

∑nVn
(4.4)
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with un and Un representing the numerical and manufactured solution for cell n respec-

tively, with V as its volume. The observed order of accuracy p is computed from at least

two solutions obtained on different grids as:

p ≈
log
(

egrid1
egrid2

)

logr
(4.5)

with grid 2 as the fine grid, and r the refinement ratio calculated as [82]:

r =

(
N2

N1

) 1
D

(4.6)

where N2 is the number of computational cells used for the fine grid and D being the

dimensionality of the problem. Notice that it is not necessary to double the number of

cells in each direction for the MMS verification procedure. However, it is recommended

to do so in order to make the order-of-accuracy judgement easier [83].

This chapter makes extensive use of tables which contain all the relevant information

about the verification procedure. It is therefore appropriate to explore the structure of such

tables at this time. Referring to Table 4.1 from left to right: the first column indicates grid

resoultion information by means of the number of cells in each direction. Since all cases

presented in this Chapter are two-dimensional, if there is a third entry in the listing it is

indicative of time-dependent simulations, and this entry represents the number of time

steps used for time discretization. If there is a union symbol in this column it denotes

the fact that overset grids have been used, indicating the background-regular grid reso-

lutions. Columns 2 through 5 display information about the RMS error computed with

Eqn. 4.4 for the x-momentum, y-momentum, the pressure field, and the continuity equa-

tion respectively. Similarly, columns 6 through 9 contain information about the observed

order of accuracy (computed via Eqn. 4.5) between two consecutive grid refinements for

x-momentum, y-momentum, the pressure field, and the continuity equation respectively.
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4.3 Non-Overlapping Solver Verification

Steady State

The manufactured solutions shown in Eqns. (4.7)-(4.9)

u =
1

2
cos(πω0x)cos(πω1y)+

1

2
(4.7)

v =
1

2
sin(πω0x)sin(πω1y)+

1

2
(4.8)

p = cos(πω0x)cos(πω1y)+
1

2
(4.9)

are modified forms of the ones introduced in [84] for a time-dependent case, and they are

used here to verify the non-overlapping steady state solver. The solution is divergence free

for ω0 = ω1. For all the remaining exercises of this chapter, verification results are pre-

sented using the QUICK convection discretization scheme and two-dimensional cases, as

those conditions were employed in all FSI validation instances. The base computational

domain is a square cavity with 10× 8 cells as seen in Fig. 4.1, and the solution is com-

puted in four successive grid refinements of factor 2 each. When employing the MMS

it is recommended to set up the problem with non-symmetrical grid spacing along the

x− y directions to expose possible encoding errors that could potentially be undetected

by the use of symmetrical discretization. Dirichlet boundary conditions are employed

along all boundaries for the momentum equations, whereas the dimensions of the cavity

((−2×2),(−2×2)) are selected so that the pressure gradient normal to the four bound-

aries evaluates to zero to abide by the zero-pressure gradient condition hard-coded by

Skillen. RMS error behaviour is presented graphically in Fig. 4.2 where it can be seen

that the continuity RMS error decreases at a faster rate than the momentum and pressure

errors as the grid is refined, a sample second order slope has been included in the plot for

comparison purposes. The computed observed order is shown in Table 4.1. Results agree

with the theoretical expected second order of accuracy.
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Figure 4.1: Base grid employed for non-overlapping steady state verification.
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Figure 4.2: RMS error, steady, non-overlapping.
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Transient first and second order solutions

The original manufactured solution presented in [84] is now employed as a benchmark

for all time-dependent cases:

u =
1

2
cos(πω0x)cos(πω1y)cos(πt)+

1

2
(4.10)

v =
1

2
sin(πω0x)sin(πω1y)cos(πt)+

1

2
(4.11)

p = cos(πω0x)cos(πω1y)cos(πt)+
1

2
(4.12)

It includes a cos(πt) factor for momentum and pressure. For time-dependent problems

this solution is evaluated at t = 0 and the resulting fields are used as initial conditions.

However, this practice is not recommended as some coding errors can slip past the verifi-

cation test [85]. Instead, recommended initialisation procedures are to use the exact field

multiplied by a constant, or to employ the numerical steady state solution if possible. The

latter course of action was taken in this work. Time-dependent Dirichlet boundary con-

ditions are used on all domain bounding faces, along with a zero-pressure gradient in the

surface normal direction.

The computational domain is exactly the same as for the steady state case, with grid

refinement ratios of 2.519 and 2 for the first order Euler time scheme, and the second order

Backward time scheme respectively. The 2.519 refinement ratio for the Euler scheme is

the result of an attempt to keep both time (first order) and spatial (second order) error

reduction ratios the same for the verification procedure [86].

The grid description column in Tables 4.2 and 4.3 includes the number of time steps

needed to reach the desired transient solution at t = 1s as the last number. As shown

in Table 4.2 the order of accuracy of the solution when using the Euler first scheme is

inferior to the Backward scheme, converging approximately to a value of 1.4 for the mo-

mentum equations. The observed order of the solution employing the Backward scheme

is effectively 2 for the momentum equations as seen in Table 4.3.
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4.4 Overset Solver Verification

Steady state

The next logical step in the verification procedure is to quantify the effect of inter-grid

communication on the order of accuracy for overlapping grids. With the steady state

manufactured solution presented in section 4.3, two cases involving the use of an overset

mesh are presented using either standard linear interpolation, or mass flux based inter-

polation in the overlapping zone. The square cavity is now employed as the background

grid, with a rotated overlapping square grid added to the computational domain as shown

in Fig. 4.3. Boundary conditions remain the same as in the non-overlapping verification

case for the background grid, and two-way inter-grid communication is enabled in the

overlapping zone.

Figure 4.3: Overset grid base configuration for inter-grid communication verification.

Three successive grid refinements of ratio 2 are performed on the base configuration

depicted in Fig 4.3. Results (Tables 4.4, 4.5) show a clear decrease in the order of ac-

curacy when compared to the non-overlapping solution. A graphical comparison of the

RMS error behaviour between the use of overlapping and non-overlapping grids (Fig. 4.4)

confirms this fact, as the slope of the error when using overset grids is less pronounced

than the slope of the error for non-overlapping grids. The order of accuracy of the method

when employing the mass flux based interpolation seems to converge faster to a value of
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1 than it does for the case of standard linear interpolation, especially for the momentum

equations. The computed horizontal velocity fields (U) using MFBI for the coarse and

fine grids are presented in Figure 4.6, and Figure 4.7 respectively.
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Figure 4.4: RMS error comparison, MFBI vs Non-overlapping.
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Figure 4.5: Accuracy comparison. MFBI vs SI.

Another interesting result is the comparison between the accuracy of MFBI against its

SI counterpart. Figure 4.5 formally confirms that, as expected, MFBI is generally more

accurate for a given overset case setup than SI for momentum, whilst the difference for

mass conservation is negligible.
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Figure 4.6: Ux velocity field. Overset Coarse grids.

Figure 4.7: Ux velocity field. Overset Fine grids.
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Transient

The results of two additional verification exercises involving time-dependent flow, along

with static overlapping grids are presented in Tables 4.6, and 4.7. Linear inter-grid inter-

polation was used for this test, and the solution computed at t = 1s. In both instances the

error behaviour for the last grid refinement deviates from the first three solutions. This

may be due to the introduction of iteration errors in the error computation, as for the last

grid resolution the convergence criterion at each time step had to be relaxed considerably

in order to prevent excessively long simulation running times.
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4.5 Space Conservation Law and ALE Verification

The traditional approach to verify a Space Conservation Law (SCL) implementation en-

tails the computation of a trivial solution for the flow and pressure fields as grid motion

takes place. This approach shall be used in this section to verify the implementation of the

SCL under grid deformation. However, the MMS still proves to be a valuable tool for this

exercise under the realisation that any solution to the governing equations should remain

undisturbed solely by grid motion. As such, the time-dependent manufactured solution

introduced in section 4.3 is used to verify the SCL under translational and rotational over-

set motion. The same set of grids employed for steady state overset verification are used

for the non-deforming cases.

For all overset grid motion cases the solution is obtained with the two available flow

time discretization schemes along with linear inter-grid interpolation. This is done be-

cause the discretization of the SCL is different for first and second order time schemes.

Besides serving as formal verification of the SCL, the results presented in this section

also attest for the mathematical correctness of a new combination of solver settings: time-

dependent problems using moving overlapping grids, which implicitly also involves the

ALE formulation.

Overset Translational Motion.

The initial overset grid position and U velocity field is shown in Fig. 4.8, with the corre-

sponding steady state numerical solution serving as initial condition for each grid refine-

ment. The solution is then calculated at t = 1s with the number of time steps required

shown as the last number in the Grid column on Tables 4.8 and 4.9. The overset grid is

then subject to the same constant velocity in the horizontal and vertical directions (0.50m
s

).

Figue 4.9 shows the final position of the overset grid along with the computed U velocity

field using the first order time scheme for an intermediate grid in the refinement sequence.

The grid refinement ratio for the first order implementation is different from the one for

the second order implementation in order to keep the error reduction ratio the same for

spatial and time discretization as was done in section 4.3.

The overall resulting order of accuracy for the Backward time scheme case is higher
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than for the Euler scheme (see Tables 4.8, 4.9), which is actually higher than 1 and con-

verging towards 1.3 for the momentum equations. It is interesting to note that the dif-

ference between the order of accuracy of both schemes under these conditions is less

(≈ 20% vs ≈ 25% for the momentum equations) than what it was for the time-dependent

non-overlapping cases.

Figure 4.8: Initial Ux field and grids for the translational motion verification exercise.

Figure 4.9: Computed Ux field and grids for the translational motion verification exercise.
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Overset Rotational Motion.

The initial position of the overlapping grid is the same as it was for the previous case,

and it is presented in Figure 4.10 along with the initial numerical pressure field. The

overset grid has a constant angular velocity of 0.50 rad
s

and the solution is calculated at

time t = 1s. Figure 4.11 shows the final overset grid orientation and the resulting pressure

field obtained using the Backward time discretization scheme.

Figure 4.10: Initial pressure field and grids for rotational motion verification exercise.

Figure 4.11: Final pressure field and grids for rotational motion verification exercise.
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The resulting order of accuracy for both time discretization schemes (Tables 4.10, 4.11)

is quite similar to the translational motion case. This is hardly a surprising result, since

the only variant introduced is the type of oveset grid motion which ultimately should not

have any effect on the computed fields.

Grid deformation.

Even though rigid-body FSI is the subject of this thesis, the SCL is subject to deformation

tests to further verify its implementation. The tests presented in this section employ an

initial trivial solution field (U = 0,P = 0) to demonstrate the enforcement of the SCL

under grid distortion.

The first case makes use of an overset inner grid enclosed in a square cavity (Fig. 4.12)

whose bounding sides are static walls. The overset grid is then allowed to undergo de-

formation for 500 time steps of 5 ms each using the Euler first order time discretization

scheme. A successful implementation of the space conservation law should recover the

initial static field, since no external interactions were applied through the domain bound-

aries. This is certainly the case in Fig. 4.13 as the velocity magnitude field is practically

zero at the end of the simulation. In order to visualize the effects of an incorrect imple-

mentation, an incorrect sign was purposely introduced in the mesh flux term balance in

the discretized pressure correction equation for moving grids. The resulting spurious ve-

locity magnitude field is no longer at rest as shown in Fig. 4.14. Another useful measure

of the degree of compliance of the SCL is the local continuity error, which is the abso-

lute difference between the change in volume of a computational cell and the sum of the

swept volumes by all faces in the cell during a given time step. The reported error is the

weighted average of errors from all the cells which are weighted using their correspond-

ing volumes [76]. Figs. 4.15, 4.16 show the local continuity errors for the enforcement

of the SCL, and for the violation of the SCL respectively. The local continuity error for

the non-SCL compliant case is about twelve orders of magnitude higher than its SCL

enforcing counterpart.

Finally, the same static field is used to analyse the SCL compliance when the Back-

ward second order accurate time scheme is selected. For this test only the main square
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Figure 4.12: Grid deformation, Euler SCL, initial state.
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Figure 4.13: Euler first order, final state, SCL enforced.
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Figure 4.14: Euler first order, final state, SCL not enforced.
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Figure 4.15: Continuity errors, SCL enforced.
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Figure 4.16: Continuity errors, SCL not enforced.

cavity grid is present, and deformed over the course of 125 time steps. The velocity mag-

nitude field is SCL-compliant as visualised through Fig. 4.17, and the corresponding local

continuity error is presented in Fig. 4.18.
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Figure 4.17: Backward second order, final state, SCL enforced.
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Figure 4.18: Backward, continuity errors, SCL enforced.

4.6 Rigid-Body Solver Verification

Two cases are presented here to verify the implementation of the rigid-body motion solver.

The first case pertains to the solution of one dimensional translational motion, whereas

the second case models rigid-body rotation. Both cases are solved using the second order

Heun method, and the third order Adams-Moulton, Adams-Bashforth method introduced

in section 3.3.5. Whenever the third order method is used, Heun’s method serves as a

‘starter’ to provide two previous time step solutions required for the Adams method.

Analytical solutions for the differential equations are readily available, and are used

to compute the RMS error, and the observed order of accuracy of the numerical methods.

Since the computational domain for this rigid-body solver verification exercise comprises

uniform ‘time’ control volumes, the RMS error is computed as:

e2 =

√

1

N
∑
n

(un −Un)
2

(4.13)

with N the number of time steps, un the numerical solution, and Un the analytical solution.

The observed order is computed using Eqn. 4.5.
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Translational motion

A free vibrating spring-mass system of mass m = 1 kg, and spring stiffness k = 10 N
m

is al-

lowed to undergo translational motion in one direction, and is modelled through Newton’s

second law. The resulting governing differential equation is:

m
d2x

dt2
+ kx = 0 (4.14)

subject to x(0) = 0, x′(0) = 1
2

m
s

as initial conditions. The system is in motion for 5 s,

with the analytical solution given by:

x(t) =
sin(

√
10t)

2
√

10
(4.15)

Tables 4.12, and 4.13 confirm the expected results, i.e. second-order accuracy for

Heun’s method, and third-order accuracy for the Adams method. Fig 4.19 is a graphi-

cal comparison of the RMS error behaviour as the computational grid is refined, whilst

Fig. 4.20 is an actual comparison of the numerical solution obtained with 80 time steps

using the Adams method, and the analytical solution.

N. steps RMSerr Obs. order

20 5.66621e-02 —

40 1.34412e-02 2.0757

80 3.37797e-03 1.992

160 8.44298e-04 2.000

Table 4.12: Observed order of accuracy. Translational motion. Heun’s method.

N. steps RMSerr Obs. order

20 2.50174e-02 —

40 2.71577e-03 3.203

80 3.357e-04 3.016

160 4.19478e-05 3.0005

Table 4.13: Observed order of accuracy. Translational motion. Adams’ method.
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Figure 4.19: Rigid-body solver verification. Translational motion.
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Figure 4.20: Analytical vs Numerical solution (Adams). Translational motion.

Rotational motion

The rotational motion verification exercise also serves to corroborate the implementation

of quaternions as parameters to populate the rotation matrix, which ultimately represents

the orientation of the rigid body relative to the inertial reference frame.

In this case, a mass of inertia I = 1×10−3 kg ·m2 is allowed to experience rotational

motion about the z axis. The mass is subject to the action of a rotational damper whose

damping constant is B = 1× 10−2 N·m·s
rad

, and a rotational spring with constant K = 9×

10−1 N·m
rad

. The initial conditions for the system are: θ(0) = 0 rad, and θ′(0) = 0.50 rad
s

.
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The governing differential equation is:

I
d2θ

dt2
+B

dθ

dt
+Kθ = 0 (4.16)

with its corresponding analytical solution being:

θ(t) = 1.69031×10−02 exp(−5t)sin(5
√

35t) (4.17)

The observed order of accuracy after the first grid refinement is surprisingly high

for both methods as seen in Tables. 4.14, and 4.15. This unstable error behaviour is also

experienced sometimes during the first grid refinements presented throughout this chapter

for the flow solver, and is most likely associated with the fact that the leader order error

in a Taylor series truncation is not actually significantly larger than the higher order terms

for the initial coarse grids. However, as the grid is further refined, the error behaviour

stabilises as reflected by convergence of the order of accuracy to the expected values,

and supported by constant slopes in Fig 4.21. The numerical solution of the differential

equation for a coarse grid comprising 40 time steps for a total simulation duration of 1s is

presented in Fig. 4.22 exhibiting reasonable agreement with the analytical solution.

N. steps RMSerr Obs. order

20 4.69063e-02 —

40 7.65519e-04 5.937

80 1.86532e-04 2.037

160 4.68313e-05 1.993

Table 4.14: Observed order of accuracy. Rotational motion. Heun’s method.

N. steps RMSerr Obs. order

20 2.41662e-02 —

40 3.16113e-04 6.256

80 3.70352e-05 3.0934

160 4.60685e-06 3.00704

Table 4.15: Observed order of accuracy. Rotational motion. Adams’ method.
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Figure 4.21: Rigid-body solver verification. Rotational motion.
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Figure 4.22: Analytical vs Numerical solution (Adams). Rotational motion.
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4.7 Closure

The ability of this numerical modelling environment to produce mathematically correct

solutions has been demonstrated via the MMS for the fluid solver, and the method of exact

solutions (MES) for the rigid-body solver. As a by-product of this exercise, a solid esti-

mate of the order of accuracy of the computational model under different circumstances

has been obtained, showing good agreement with the expected theoretical values.

Some of the most significant results in terms of accuracy assessment are: overset

grids decrease the order of accuracy of the numerical solution in this implementation,

both inter-grid communication procedures exhibit virtually the same error reduction rate

as the computational domain is refined, the difference between the second order Backward

scheme and the first order Euler scheme regarding the error reduction rate decreases with

the use of overlapping grids, and the introduction of the ALE formulation along with

the SCL for moving grids does not further degrade the order of accuracy when using

overlapping grids.

The implementation of the fundamental components for a grid motion formulation,

namely the SCL and the ALE form of the governing equations, have been subject to

different motion conditions always providing satisfactory evidence of their correctness.



Chapter 5

One-Way FSI Simulations

5.1 Introduction

As seen in the previous Chapter, the individual components of the overset time-dependent

FSI implementation have been tested and formally proved to produce mathematically

correct solutions. The next step is to examine the coupling of such elements to solve

problems in which fluid immersed rigid-body objects with prescribed motion interact with

the flow field, namely One-Way FSI simulations.

Since the main objective of this Chapter is to validate the One-Way FSI algorithm,

grid independent results were not a main concern. Still, all the problems presented here

have been solved using at least two grid resolutions.

As seen in the literature review section of this thesis, even though the overset grid

technique has been around for at least about 30+ years, its availability in commercial or

Open-source codes has been limited for the general public. CD-adapco was perhaps the

first company to introduce it to its users (around 2011-2013). Recently (2016), ANSYS-

Fluent introduced the feature in version 17.0 but was limited to static grids, and later

expanded it to support grid motion in version 18.0.

Within the Open-source community the overset technique was made available through

licensed third party libraries since at least 2010 (SUGGAR++), and had to be manually

coupled to CFD solvers such as OpenFOAM® . As per licensing requirements these

libraries had a cost and/or in some instances their use was even limited to users from

certain countries (for example NASA’S OVERFLOW solver).

126
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In January 2017 the development group led by H. Jasak made available for the first

time a truly Open-source overset implementation compatible with FOAM-extend 4.0.

Still, the code has to be requested and compiled manually by the user. In late June 2017

the copyright registered distribution (there are three main FOAM distributions: FOAM-

extend by H. Jasak, OpenFOAM from the OpenFOAM foundation by H. Weller, and

OpenFOAM® by ESI group) of OpenFOAM® has made available an ‘out of the box’

working implementation of the overset technique in version 1706. These recent develop-

ments have had a positive impact for this work as they serve as a convenient benchmark

for the overset One-way FSI implementation of this thesis. Specifically, three cases will

be presented here and compared to the overset results obtained with OpenFOAM® ver-

sion 1706: a piston-cylinder assembly, two oscillating cylinders enclosed in a rectangular

cavity, and flow induced by two plates with general planar motion.

An effort has been made to set up the cases as similar as possible for both code im-

plementations. This includes using alike grid resolutions, and the same discretization

schemes for the time, advection, and diffusion terms in the governing equations. How-

ever, key differences are unavoidable for the hole cutting algorithm and the inter-grid

communication procedure in the overlapping zone. The scarce theoretical documentation

available for OpenFOAM® , along with the lack of time to delve into the details of the

implementation, means that the standard setting has been used for the inter-grid interpo-

lation cases using OpenFOAM® v 1706. This setting is called ‘inverse distance’ and it

apparently is equivalent to linear interpolation in which the weights of the donor cells are

computed using the inverse distance from donor to acceptor, whereas MFBI has been used

in the overlapping zone in the current work. For the rest of this Chapter results obtained

with the overset OpenFOAM® software will be referred to simply as ‘OpenFOAM® ’,

and the results obtained with the in-house software shall be named ‘OVERSET’. Lastly,

all cases presented here are two-dimensional due to processing restrictions.
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5.2 Piston-Cylinder Assembly

The first case is the analysis of the intake stroke of a piston-cylinder assembly presented

in [87]. Although experimental data is presented in the original research paper, there

appears to be an inconsistency in the reported Reynolds number defining the operating

condition of the experiment. Because of this it has been decided to employ the Open-

FOAM® solution as a benchmark. The geometry of the assembly and the coarse com-

putational grid are shown in Figs. 5.1, 5.2. Referring to the latter, there are three grids

employed for the OVERSET code case set up: the first one is associated with the inlet

channel (blue), the second one covers the whole piston cavity (grey), and the third one

discretizes the moving piston wall and extends back into the flow domain (red) where it

will take precedence over the background piston cavity grid whenever possible. The total

number of cells and time step employed for the three grid resolutions are: 2536 cells with

∆t = 5×10−03 s (grid 0), 10144 cells with ∆t = 2×10−03 s (grid 1), and 22824 cells with

∆t = 1×10−03 s (grid 2). In all instances the advection based Courant number is less than

one.

Dirichlet boundary conditions for the momentum equations are used on the leftmost

vertical surface to represent an inlet with a uniform horizontal velocity profile, which sat-

isfies global continuity based on the piston velocity. The top surfaces around the enclosure

are set to zero Dirichlet values for the momentum equations to represent static walls, and

the vertical piston surface is a wall moving with a constant velocity of 11.90 mm
s

in the

positive horizontal direction. The bottom surface is set to symmetry which entails zero

normal gradients of the velocity field, and the additional constraint of zero normal veloc-

ity as well. The inlet stroke takes place in 2.04 s and the flow is in laminar regime with

Re = 98 based on the piston velocity and the vertical length of its cavity.

The OpenFOAM® case was set up to model the whole domain without assuming axial

symmetry of the flow field, with the remaining boundary conditions being the same, and a

similar grid resolution to the fine grid employed in the OVERSET code. The second order

backward scheme was used for time discretization, the QUICK scheme for advection, and

central differences for the diffusion terms.

The most interesting features of the flow field are shown in Fig. 5.3 through a sequence
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of images depicting the evolution of the velocity magnitude field as the piston moves. The

boundary layer in the small channel causes the centerline horizontal velocity component

to increase until just after the area expansion section, where there is a pressure increase

(this can be confirmed via Fig. 5.12) which causes the axial velocity component to dras-

tically decrease. At the same time, the sudden area expansion allows the vertical velocity

component to increase swiftly close to its corners, since the fluid is no longer bounded by

the inlet channel walls. This, combined with the no slip condition along the vertical walls

induces the formation of vortices in those areas as can be seen in the top right image of

the sequence. These vortices are finally advected through the piston cavity as seen in the

middle and bottom images of the figure.

For reference Fig. 5.4 presents the selected locations for the remaining profile plots

of this case. Figures 5.5, 5.6, and 5.7 reveal there is practically no difference for the

velocity profiles between the mid and high resolution grids, whereas assessment of grid

sensitivity via the pressure field is not instructive for this particular case. This is because

the reference pressure location was set to the cell with indices i = 2 j = 2, and k = 2

which effectively has different coordinates for every grid refinement. Still the plot is

presented for illustration purposes. These plots are profiles along a vertical line located

4 mm after the channel expansion 650 ms after the moving piston has started its course.

For the following comparisons with the OpenFOAM® code the high grid resolution shall

be employed exclusively.

A comparison of the velocity magnitude field between the two codes via Figures 5.8,

and 5.9 at a simulation time of 0.510 s reveals both solutions to be in close agreement.

The pressure fields (Figs. 5.10, 5.11) at the end of the simulation (t = 2.04 s) also exhibit

good agreement, with the differences in magnitude due to different locations of the cell

selected to provide a reference value for pressure . This can be most notably appreciated

by examining Figures 5.12 to 5.14 which present the pressure profiles for both solutions

at different times and locations throughout the simulation course. The patterns are exactly

the same with their magnitudes slightly shifted.

Axial and vertical velocity profiles are shown in Figures 5.15 through 5.18 and confirm

both solutions are in agreement. This is encouraging and, indeed, the level of agreement
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is remarkable considering the potential differences between both codes regarding inter-

grid interpolation, and the definition of active, interpolation, and inactive cells through

the hole cutting algorithm.

Due to the nature of the simple linear constant-velocity piston motion, the grid defor-

mation approach discussed in Chapter 2 could also be a feasible methodology to solve

this problem. However, its use would require cautious consideration regarding the piston-

expansion amplitude range. Even though piston wall-adjacent cells would be impervious

to orthogonal degradation imposed by grid deformation, the expanding motion would in-

evitably lead to cell coarsening in the piston wall-normal direction. If the range of motion

is excessive this would significantly impact the accuracy of the predicted flow field since

the most pronounced gradients are in such a direction owing to piston movement. On the

other hand, the tradeoff would most likely be in terms of computation time as the costly

hole-cutting algorithm required for overset grids would not need to be invoked.

Figure 5.1: Geometry of the problem. dR = 45 mm, dL = 19 mm, a = 100 mm, xpo =
40 mm, xpmax = 64.3 mm. Image from [87].
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Figure 5.2: Coarse grids for the Overset code simulation



CHAPTER 5. ONE-WAY FSI SIMULATIONS 132

1.352

0.00069

 2.7
U/Uref

Time: 0.2 s

1.374

0.000536

2.75
U/Uref

Time: 0.3 s

1.406

6.47e-05

2.81
U/Uref

Time: 0.4 s

1.437

0.000516

2.87
U/Uref

Time: 0.5 s

1.469

0.000198

2.94
U/Uref

Time: 0.6 s

1.5

0.000147

   3
U/Uref

Time: 0.7 s

1.529

0.000452

3.06
U/Uref

Time: 0.8 s

1.555

0.000696

3.11
U/Uref

Time: 0.9 s

1.579

0.000631

3.16
U/Uref

Time: 1.0 s

1.601

0.000211

 3.2
U/Uref

Time: 1.1 s

Figure 5.3: Evolution of the velocity magnitude field . Left to right, top to bottom. From

t = 0.20 s to t = 1.10 s.
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Figure 5.8: OpenFOAM® velocity magnitude at time 0.510 s.

1.461   0.0    2.9

U_mag/Upiston

Figure 5.9: Overset code velocity magnitude at time 0.510s.
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Figure 5.11: Overset pressure field time 2.04 s.
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Figure 5.13: Pressure profile comparison at time 0.510 s, x = 1.0170 cm.
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Figure 5.14: Pressure profile comparison at time 2.04 s, x = 2.0470 cm.
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Figure 5.15: Horizontal velocity profile comparison, time 0.510 s, x = 1.0170 cm
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Figure 5.16: Horizontal velocity profile comparison, time 2.04 s, x = 2.0470 cm
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Figure 5.17: Vertical velocity profile comparison, time 0.510 s, x = 1.0170 cm
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Figure 5.18: Vertical velocity profile comparison, time 2.04 s, x = 2.0470 cm
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5.3 Oscillating Cylinders

Consider the two dimensional flow induced by two moving cylinders enclosed in a rect-

angular cavity. The cylinders, initially separated horizontally by 16 m are set in a pre-

scribed oscillatory motion about their initial positions for 16 s. After this, they travel in

the horizontal direction towards each other with constant velocity, and eventually end up

separated by the same initial distance but in opposite positions after 32 s. This case was

studied using the immersed boundary method in [88], and serves as a challenging test for

the hole cutting algorithm when the cylinders are close to each other because three grids

are effectively overlapping at times. Figure 5.19 shows the geometrical parameters of the

problem, while Fig. 5.20 shows an outline of the coarse computational grids. As seen

in the figure, there is a background mesh to discretize the rectangular cavity, and a body

fitted grid for each cylinder which takes precedence over the background grid at the near

cylinder regions. Two grid resolutions were explored for this simulation: 15552 cells with

∆t = 1.25×10−02 s, and 32040 cells with ∆t = 1.25×10−02 s. The high resolution grid

however is not a consequence of a direct refinement of the coarse grid for this particu-

lar problem, the differences amongst the two grids are largely found in the background

mesh, with the body fitted cylinder grids remaining almost the same in both cases. The

main objective of doing this was to try to prevent as much as possible the appearance of

cells in the current time computation that were inactive in one or two previous time steps,

to avoid having to introduce additional interpolation. This was particularly troublesome

when both cylinders were close to each other as seen through Figs. 5.21 and 5.22, where

outlines of the holes created by Skillen’s algorithm when the cylinders are close to each

other are presented. However, it must be mentioned that in such cases ‘previous’ or ‘pre-

vious previous’ interpolation stencils were always found correctly to provide the required

scalar values. Since the body fitted grids remained basically the same in both cases, the

Courant number was still below 1 for the fine grid even when using the same time step.

The prescribed motion for the lower and upper cylinders is given respectively by:

xlc =







4
π sin(πt

4
) 0 ≤ t ≤ 16,

t −16 16 ≤ t ≤ 32,
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xuc =







16− 4
π sin(πt

4
) 0 ≤ t ≤ 16,

32− t 16 ≤ t ≤ 32

Zero velocity Dirichlet boundary conditions are set for momentum equations on the

static cavity walls, whereas time-dependent Dirichlet values are set on each cylinder sur-

face according the prescribed velocity conditions. The Reynolds number based on the

constant velocity of the cylinders once they are approaching each other, and their diam-

eter, is Re = 40. The OpenFOAM® case was set up using exactly the same fine back-

ground mesh with around 30 cells more for each body fitted cylinder grid, and the same

time step of 1.25× 10−02 s was used. The backward time discretization scheme along

with the QUICK convection discretization scheme was used in both codes.

During the first half of the simulation the flow is marked by the oscillating nature of

the prescribed motion of each cylinder. Initially, as each cylinder accelerates towards its

maximum velocity, the fluid in the vicinity of its surface attains considerable momentum

in the same direction as the cylinder is traveling, forming a wake just behind its trailing

surface. This can be observed in the first frame of Fig. 5.23. However, as soon as the

cylinder starts to move in the opposite direction it splits this wake and thin regions of high

velocity gradients are found just above and below the cylinder. This is observed in the

second frame of the Figure. As the cylinder now reaches its maximum velocity in the

current direction the remains of the original wake are further displaced as seen in the last

frame of this Figure.

The highlight of the second half is the period during which both cylinders approach

each other, illustrated in Fig. 5.24 via velocity magnitude contours. As both cylinders

come closer their respective vertical forces act to create a ‘repulsive’ effect as revealed in

Fig. 5.25. However, once they are sufficiently close a low pressure region develops in the

middle gap, reversing the trend, and they ‘attract’ each other. It is worth clarifying the

fact that this is a one-way simulation and the cylinder motion is restricted to the horizontal

direction. That is the reason why an actual displacement in the vertical direction is not

seen in the images.

Figure 5.26 is a comparison of the drag coefficient of the lower cylinder using both
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coarse and fine grids. Both coefficients are equal and reflect the oscillating nature of the

cylinder motion in the horizontal direction; when the cylinder advances in the positive

axial direction the fluid exerts a negative force and vice versa. This result is somehow

expected since the cell number for the cylinder body fitted grids in both cases differs only

slightly. However, Figure 5.27 provides a clear picture of both grid resolutions, since

it plots the cell centre values of the horizontal velocity component along a vertical line

located at x = 1m throughout the length of the cavity at t = 12 s. As stated in the introduc-

tion of this Chapter, the goal of this set of problems is to benchmark the current overset

implementation with OpenFOAM® , not to accurately resolve the physics via systematic

grid refinement. In order to benchmark the overset code with OpenFOAM® the fine grid

results will be used in the remainder of this section.

The selected locations to plot solution profiles for comparison purposes with Open-

FOAM® are presented along with the velocity magnitude field in Figs. 5.28, and 5.29.

Figures 5.30 to 5.32 are solution profiles along a vertical line covering the length of the

cavity, located a short distance (0.20 m) behind the lower cylinder at a simulation time

of 1 s. At this stage the lower cylinder is travelling in the positive x direction, the hor-

izontal velocity component in Figure 5.30 reveals there are recirculation regions above

and below the cylinder wake. However, these recirculation zones vanish and there is a

rapid change in the central region of the wake which reflects the nature of the positive

horizontal velocity of the cylinder. In Figure 5.31, two regions of high (opposite) vertical

velocity component that were detached from the cylinder’s surface are being advected

outwardly off the main wake, which as expected has zero vertical velocity in its centre.

Figures 5.33 through 5.35 are the equivalent profiles for the upper cylinder at time t = 9 s

when it is travelling towards the negative x direction. Throughout this series of profiles

both solutions exhibit excellent agreement. It is worth noting there are some non-physical

pressure oscillations in Figures 5.32 and 5.35 for both codes, most notably in the Open-

FOAM® solution. These oscillations emerge due to the coarseness of the employed grids

in the overlapping zone, and the inter-grid interpolation algorithms which are most likely

different for both codes. The overset code solution is using the MFBI which is why it

presents oscillations to a lesser degree.
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Figures 5.36 and 5.37 are useful to provide a more general panorama about how both

solutions compare via the velocity magnitude field at t = 15s. Generally, as the cylinders

move they encounter a high pressure zone in the direction they are heading towards. This

is expected as the fluid in the vicinity of that region has low velocity, meanwhile the fluid

in contact with the cylinder attains its velocity. High vorticity regions are found a short

distance downstream along the front end of each cylinder surface. Nonetheless, these

high vorticity zones rapidly vanish further downstream as the high diffusive momentum

flux prevents the existence of regions with high velocity gradients. Qualitatively both

solutions exhibit the same flow features whilst quantitatively there is a difference of about

5% in the peak magnitude value.

A comparison of the the upper cylinder lift and drag coefficients as both bodies ap-

proach, with the original solution obtained using the Immersed Boundary method in [88]

is presented in Figures 5.38 and 5.39 respectively. As both solid objects move closer to

each other there is a steady increase in the upper cylinder’s lift coefficient until just after

the lower cylinder is directly below. At this point there is a pronounced low pressure

region in the vicinity of its bottom surface which causes both the lift and drag forces to

decrease sharply. The two solutions are in close agreement for the lift coefficient while

there is more difference regarding the drag coefficient. The Immersed Boundary solution

was computed on a much finer computational mesh (≈ 200000 cells). This case rep-

resents a far more challenging test to the hole cutting algorithm than the earlier moving

piston one, especially during the approaching stage. Nevertheless, the comparison with

both OpenFOAM® , and the Immersed Boundary method, reveals the current overset

implementation is capable of tackling one-way multi-body simulations.

Finally, it is worthwhile to mention the main advantages/drawbacks of both the overset

and immersed boundary approaches as seen through this case. The main drawback of the

reference immerse boundary solution presented in [88] is the appearance of a flow field

solution inside the solid-body structure. This unphysical feature is typical of immersed

boundary techniques, and it is a direct consequence of the disperse fluid-solid interface

resolution of the methodology which can also introduce errors leading to incorrect lift
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and drag forces experienced by the cylinders when coarse grids are employed. This in ex-

change for high-quality and easily-generated cartesian grids throughout the flow domain.

On the other hand, the overset-grid method solution can exhibit discontinuities and un-

physical pressure oscillations in the overlapping region if coarse-grid sizing and standard

interpolation inter-grid communication algorithms are employed respectively. However,

in this case these undesirable characteristics appear far from the high-gradient regions lo-

cated in the vicinity of the moving-solid boundaries, which are resolved accurately using

boundary conforming structured high-quality grids with the overset method.

Figure 5.19: Geometry for the oscillating cylinders problem. Image from [88]

Figure 5.20: Coarse computational domain for the Overset code.
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Figure 5.21: Overlapping zones at t = 23 s.

Figure 5.22: Overlapping zones at t = 24 s.
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Figure 5.23: Features of the horizontal velocity component of the flow (t = 1 s top, t = 2 s

middle, t = 3 s bottom)
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Figure 5.24: Evolution of the velocity magnitude field (t = 23 s top, t = 24 s middle,

t = 25 s bottom)
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Figure 5.26: Drag coefficient of the lower cylinder using coarse and fine grids for the

Overset code.
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Figure 5.27: Fine and coarse horizontal velocity profiles (cell centre values) at t = 12 s.
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Figure 5.28: Velocity magnitude and selected location (line A-A) to plot solution profiles

at: x = 0.2 m, t = 1 s.
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Figure 5.29: Velocity magnitude and selected location (line A-A) to plot solution profiles

at: x = 16 m, t = 9 s.
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Figure 5.30: Horizontal velocity profiles. x = 0.2 m, t = 1 s.
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Figure 5.31: Vertical velocity profiles. x = 0.2 m, t = 1 s.
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Figure 5.32: Pressure profiles. x = 0.2 m, t = 1 s.
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Figure 5.33: Horizontal velocity profiles. x = 16 m, t = 9 s.
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Figure 5.34: Vertical velocity profiles. x = 16 m, t = 9 s.
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Figure 5.35: Pressure profiles. x = 16 m, t = 9 s.
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Figure 5.36: OpenFOAM® velocity magnitude field at t = 15 s.
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Figure 5.37: Overset code velocity magnitude field at t = 15 s.
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Figure 5.38: Lift coefficient of the upper cylinder.
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Figure 5.39: Drag coefficient of the upper cylinder.
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5.4 General Planar Motion Plates

For this last exercise a more complex solid body motion scenario is proposed. Trans-

lational and rotational movement take place simultaneously for two rectangular plates

enclosed in a square cavity filled with a fluid at rest. Figure 5.40 is an outline of the

computational domain and grids, which comprises: a square cavity of 4 m per side dis-

cretized with a uniform background grid of 100×100 cells, while each rectangular plate

has a width of 0.50 m and a height of 5 cm. The left hand side bar has its centre of mass

located 40 cm off the origin in the negative horizontal direction, with the right hand side

plate located 40 cm to the right of the origin. Each rectangular plate was surrounded by

four block structured grids in the overset code as shown in Fig. 5.41 totalling 5614 cells.

It is important to mention that the structured nature of the overset code solver requires

any given grid to be either a single hexahedron, or a set of hexahedra coupled together

to discretize complex geometries. For this particular case the grid around the plate could

have been a single C-shaped hexahedron sacrificing grid quality around the corners, or as

it was done, a set of hexahedra to preserve grid quality around the sharp corners. As it can

be seen in Fig. 5.41, the mesh is not uniform and has some degree of refinement around

the four corners. On the other hand, the unstructured solver nature of OpenFOAM® does

allow to construct the grid around the plate using a single block whilst preserving good-

cell quality, therefore the OpenFOAM® mesh for each plate is a single uniform grid as

shown in Fig. 5.42 consisting of 5540 cells. It becomes clear from inspecting both pre-

vious figures that the body fitted grids for each code are not exactly the same, especially

around the corner and plate height areas where the overset code exhibits more resolution,

and along the width of the plates, where the OpenFOAM® grid is finer. It is obvious that

these differences may have an impact on the the flow field computation in those areas,

however, as will be demonstrated in the results section, they do not warrant adapting the

OpenFOAM® mesh since both solutions compare satisfactorily.

Initially there is a 90 ° offset in the relative orientation of the plates, and each plate is

subject to general planar motion. The compound motion for the left and right hand side
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plates is given respectively by

Le f t plate =







y = 0.20sin(2πt) [m],

ωz =−2 rad
s
,

Right plate =







y =−0.20sin(2πt) [m],

ωz = 2 rad
s

comprising oscillatory linear translation in the vertical direction, and rotation about the

centre of mass of each body with constant angular velocity in opposite directions. The

Reynolds number based on the maximum linear velocity at the edges of the plates ex-

clusively due to rotation (U∞ = ωr), and the width of the plates is Re = 400. The initial

velocity of the centre of mass of each plate is computed based on the oscillatory linear

motion kinematics. Once the plates are set in motion they are allowed to complete 2.5

cycles of linear motion in 2.5 s.

Both codes employ the Backward time discretization scheme with a ∆t = 5×10−04 s

which ensures the Courant numbers are always less than 1.

Due to the compound motion, the initial positioning of the bodies, and the range of the

body fitted grids, there are instants when both rectangular grids intersect (see Figures 5.43,

5.44). Although not to the same extent as in the previous case, there were times when the

complex overlapping structures allowed the hole cutter algorithm to activate cells which

were unused in either the previous or two previous time steps. As also noted in previous

cases, the modified interpolation implementation always succeeded in providing the re-

quired values for the current time computation in those cells. Static Dirichlet boundary

conditions for the momentum equations were established for the cavity walls, while the

corresponding time-dependent values for each cell belonging to the rigid boundaries of

the plates were calculated according to rigid-body kinematics (note that each wall cell has

a different velocity due to combined translation and rotation).

The evolution of the vorticity field from t = 0.1 s to t = 0.60 s is depicted in a sequence

of images encapsulated in Figures 5.45, 5.46, and it serves to demonstrate the complex

flow patterns emerging as a result of the general planar motion of the plates. Initially
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vortices generated close to the outer extremes of both plates are advected towards the

cavity walls, while vortices formed near the inner extremes of the plates interact with

each other and their trajectories depend heavily on the motion of the plates. This situation

is not as clear as time progresses and the vortical interactions become more complex.

The first comparison with the OpenFOAM® solution is the velocity magnitude profile

along a vertical line covering the entire length of the cavity located at x = −0.750 m, its

location and grids at a simulation time of 0.8 s are shown in Fig. 5.47. This location was

selected because at a height of about 2/3 of the cavity length, the first vortex being shed

off the bottom left surface of the left hand side plate can be found (refer to Fig. 5.50). As

shown in Figure 5.48 both the peak velocity magnitude value and its location are in good

agreement for both solutions.

Generally speaking, the flow induced by the movement of both plates is complex,

and it is more appropriate to compare the flow field throughout the key regions in the

computational domain to assess the quality of both solutions. Figures 5.49 through 5.54

do precisely this via the velocity magnitude field for both codes. In terms of maximum

values the worst case scenario is for the first set of images (5.49, 5.50) with the difference

being ≈ 3.70% and the overset code always predicting higher velocities. By inspecting

the location of these peaks it can be realised that they are mainly located around the

sharp corners of the plates where the overset code has more grid resolution. Notably both

solutions also agree in terms of the location of the main flow features, especially in the

regions near both plates. The most notable differences are observed in the regions far from

the plates where the background grid is actually exactly the same. This is not intuitive and

it might be related to the differences in the inter-grid interpolation algorithms.

Considering alternative techniques to solve this problem, the grid-deformation ap-

proach can be ruled out quickly due to the presence of more than one solid body along

with the complex rigid-body motion of the plates. Its use would severely distort the

grid which would most likely result in solver divergence. If an alternative boundary-

conforming grid methodology needs to be used, then the only reasonable choice would be

to regenerate the near-body mesh each time step. Apart from the computational overhead

inherent to this procedure, interpolation of the flow field variables would still need to take
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place from the old grid to the new mesh in order to solve the time-dependent governing

equations. The use of this approach is difficult to justify because it is precisely the inter-

polation procedure one would ideally want to erradicate from the solution when compared

to an overset-grid methodology.

Figure 5.40: Initial configuration and grids for the mixer problem.

Figure 5.41: Grids employed to discretize the flow around a rectangular plate for the

Overset code.
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Figure 5.42: Grid employed to discretize the flow around a rectangular plate in Open-

FOAM® .

Figure 5.43: Overlapping zones at t = 0.8 s.
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Figure 5.44: Overlapping zones at t = 2.1 s.
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Figure 5.45: Evolution of the vorticity field 0.1 s (top), 0.2 s (middle), 0.3 s (bottom).
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Figure 5.46: Evolution of the vorticity field continuation 0.4 s (top), 0.5 s (middle), 0.6 s

(bottom).
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Figure 5.47: Grids and selected profile location for comparison with OpenFOAM® at

t = 0.8 s, x =−.750 m
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Figure 5.48: Velocity magnitude comparison at t = 0.8 s, x =−.750 m
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Figure 5.49: OpenFOAM® velocity magnitude field at t = 0.8 s.
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Figure 5.50: Overset code velocity magnitude field at t = 0.8 s.
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Figure 5.51: OpenFOAM® velocity magnitude field at t = 1.6 s.
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Figure 5.52: Overset code velocity magnitude field at t = 1.6 s.
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Figure 5.53: OpenFOAM® velocity magnitude field at t = 2.5 s.
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Figure 5.54: Overset code velocity magnitude field at t = 2.5 s.
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5.5 Closure

The comparison between the newly released overset functionality of the OpenFOAM®

solver, and this in-house implementation of the overset-grid method revealed great agree-

ment for the set of problems with varying complexity presented in this chapter. Results

showed the potential intrinsic differences between the hole cutting algorithms and inter-

grid communication procedures did not have a significant impact on the qualitative fea-

tures of the flow field, and considering the exact same initial grids were not used in both

codes, the degree of quantitative consistency in terms of the extrema of the flow field is

somewhat surprising. Implicitly this comparison served to validate the one-way FSI cou-

pling algorithm implemented in the overset code, and verified the rigid-body solver under

a scenario that was not presented in the previous chapter: general planar motion.



Chapter 6

Two-Way FSI Simulations

6.1 Introduction

The main objective of this Chapter is to validate the overset code for two-way rigid-body

FSI simulations. This is achieved via two problems for which the motion of the solid

is not prescribed, and so there exists a a reciprocal dependency amongst the kinematic

properties of both media.

In the first case, the solution of a free falling cylinder under the gravitational field is

compared with another numerical approach, and traverse vortex induced vibrations (VIV)

of a circular cylinder exposed to a laminar stream are explored afterwards. Although not

as popular in the literature as its turbulent flow regime counterpart, there are plenty of nu-

merical studies that have tackled this problem. More importantly, experimental data in the

form of oscillation amplitudes and frequencies for a range of laminar Reynolds numbers

are available and will serve to benchmark the current overset code implementation.

Lastly, a case study regarding the fluttering motion of rectangular plates under the

influence of gravity is proposed and explored. Throughout all cases some important nu-

merical aspects inherent to the partitioned coupling algorithm will be discussed, such as

relaxation and the degree of coupling required to obtain satisfactory solutions.

169
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6.2 Falling Circular Cylinder

The first two-way FSI case entails the free fall of a cylinder subject to gravitational forces

and immersed in an initially static fluid. This problem was solved numerically in [89]

using a vorticity based particle solver. Fluid viscous and pressure forces are solely re-

sponsible to counter the gravitational field. The initial phase is marked by a sharp linear

increase in the cylinder’s downward momentum due to the gravitatinal force. This sce-

nario is short lived as fluid resistance also builds up swiftly (being a function of velocity),

and eventually it is responsible for limiting the object’s speed to a terminal value. It is

at about this time that periodic vortex shedding develops, and as a result oscillating fluid

forces cause the cylinder’s velocity to exhibit oscillating behaviour as well.

Since the dimensions of the enclosing cavity were not reported in the source, a square

cavity of 10.4 cm per side as shown in Fig.6.1 served as the background grid for this

simulation. Additionally, an intermediate background mesh has been employed as a tran-

sition computational domain between the coarse cavity grid, and the fine body fitted mesh

around the circular cylinder. The need to include this intermediate grid arises due to a

significant difference in the dimensions of the cavity and the moving body. Otherwise an

excessively fine mesh would have to be generated for the background grid to give suffi-

cient overlap with the body fitted mesh. Or alternatively, the body fitted grid would have

to be rather coarse in order to have similar sizing to the coarse background mesh in the

overlapping region.

Thus, the objective of the intermediate grid is to serve as an interface between regions

of low and high grid resolutions. Furthermore, the intermediate grid can be optimised in

terms of size by covering solely the areas where the solid body is expected to be located

throughout the length of the simulation. For static and one-way FSI cases this is, or can

be, known a priori. However, for a general planar motion two-way FSI problem the range

of motion of the body is not known beforehand, and optimising the intermediate grid can

be difficult. A simple yet powerful solution is to have the intermediate grid follow closely

the solid body by setting its forcing term to mimic the one belonging to the actual solid

body. This can be done in several ways; for this problem the previous time forcing term

of the solid body is employed to move the intermediate grid in the current time step. The
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intermediate grid’s centroid is positioned slightly above the actual solid body. Fig. 6.2

illustrates the initial grid configuration before the hole cutting algorithm sets the active

and inactive regions. Notice how part of the intermediate grid lies outside of the cavity

domain. This is not an issue for the hole cutting algorithm as long as there is enough

overlap between both cavity and cylinder solid walls. Figure 6.3 shows a zoom of the

region of interest once the hole cutting algorithm has set grid priorities. The number of

cells for the background, intermediate, and body fitted grids are: 14400, 9230, and 5445

respectively.

The cylinder has a diameter of 1.6 mm and its centroid is initially positioned at the

origin of the coordinate system. The solid to fluid density ratio is 2, and the Reynolds

number based on the Galilei number is Re =

√
(

gD3

ν2

)

= 200. By employing a time

step of 1× 10−04 s both advection and grid motion Courant numbers are always kept

under 1. Dirichlet boundary conditions are set for the momentum equations on the walls:

the values being zero for the static cavity walls and the instantaneous centre of mass

velocity for the cylinder surface (the cylinder motion is restricted to the vertical direction

as per the original article). The partitioned coupling algorithm performs one predictor

step and between one and three correctors depending on the FSI coupling residual, which

in this case monitors the diameter-normalised centre of mass location for two consecutive

correctors as FSIresidual = |Ycurrent −Yprevious|. For this particular problem the solution

was obtained without FSI relaxation.

During the very first instants of the falling motion the cylinder attains its maximum

descending acceleration, since the opposing fluid forces are at a minimum as seen in

Fig. 6.5. As the cylinder further advances downward, two stretching vortices are formed

behind its trailing surface. It is worth noting that just before these vortices detach there is

an additional increase in the opposing fluid force, which is responsible for an additional

reduction of the cylinder terminal velocity. The onset of periodic vortex shedding is de-

picted in Fig. 6.4 through the velocity magnitude field. This process is delayed until at

about 0.40 s, and can be confirmed by the lift coefficient oscillations illustrated in Fig. 6.5.

The comparison of both numerical solutions is plotted in Figs. 6.6, and 6.7. There

is no visible difference for the centre of mass position and the maximum difference of
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the centre of mass velocity is around 3%. The original source only reports results up

to about 0.30 s, just before the onset of periodic vortex shedding. This might be in-

dicative of limitations in the original methodology to resolve the fluid-solid interaction

properly when the coupling becomes more complex. Even though both (this and the orig-

inal research article) FSI coupling strategies are similar (partitioned predictor-corrector

FSI approaches), vorticity-based fluid flow solvers are known to require special proce-

dures to enforce the no-slip kinematic constraint correctly on solid boundaries [90]. This

is also reflected in [89], and the described FSI-coupling requires an iterative algorithm

to remove an emerging non-zero spurious slip velocity at the solid-fluid interface. It is

expected for this additional difficulty to further contribute to the complications encoun-

terd by partitioned FSI algorithms to properly resolve strongly-coupled interactions due

to added-mass effects.

This test case served to validate the current implementation for two-way FSI problems

with relatively low solid-fluid mass ratios, which are known to cause solver instabilities.

The use of a ‘motion-tracking’ intermediate grid for two-way overset FSI cases allows to

effectively direct mesh refining efforts to critical regions.

10.4 cm

10.4 cm
1.6 mm

Figure 6.1: Outline of the falling cylinder fluid domain.

Figure 6.2: Computational domain for the free falling cylinder.
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Figure 6.3: Zoom of the computational domain once holes have been cut.
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Figure 6.4: Evolution of the falling cylinder velocity magnitude field. Left to right, top to

bottom. From t = 0.34 s to t = 0.43 s.
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Figure 6.6: Cylinder vertical position transition.
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Figure 6.7: Cylinder vertical velocity transition.
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6.3 VIV of a Circular Cylinder

This section describes the modelling of a fluid-mechanical system comprising a mass-

spring-damper structure with the objective of capturing critical flow induced vibrations.

An elastically mounted cylinder (refer to Fig. 6.8) paired with a viscous damper is exposed

to a free stream entering through the left side, whose velocity varies according to the

Reynolds number based on the cylinder diameter in the range 94 ≤ Re ≤ 118 (totalling 7

different cases). The mechanical properties of the linear spring and the viscous damper

are k = 5.79 [N/m], and c = 0.325 [g
s
]. Both mechanical elements allow the cylinder to

oscillate exclusively in the vertical direction. The mass of the cylinder is m = 2.979 g and

the corresponding solid to fluid mass ratio is 149.10.

The subject of fluid-induced vibrations has been long studied due to the potentially

catastrophic consequences it can have for humans, or engineering equipment. Particu-

larly, VIV of a circular cylinder have been extensively explored for high Reynolds num-

bers as summarised in [91] . This reference is an excellent publication revealing many of

the influencing factors such as the existence of a critical mass, and the resulting vortical

structures under free or forced cylinder loading conditions. It also presents a broad litera-

ture review on the subject, classifying numerical and experimental work according to the

range of Reynolds numbers. In such classification the only laminar experimental work is

the one by Anagnostopoulos et al. [92], which ultimately provides the data to validate the

current two-way FSI overset implementation. Shortly thereafter several numerical studies

emerged to gauge different methodologies (Immersed Boundary, Finite Element) devised

for FSI predictions with the available experimental data. One of those studies is the one

by Samaniego et al. [93] in which the authors employed the Finite Element method to

capture the ‘lock-in’ resonant behaviour experienced in the experiment. The geometrical

parameters and physical properties used in this work are those reported in [93].

Dirichlet boundary conditions for the momentum equations apply for the left hand

side flow entrance surface in Fig. 6.8, and for the cylinder surface. For both top and bot-

tom surfaces a zero gradient in the normal direction, and zero normal velocity are imposed

to represent slip walls. The flow exits the computational domain through the rightmost
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surface, for which zero gradients in the normal direction are set for the momentum equa-

tions. The exit is placed ≈ 18 diameter lengths behind the cylinder and so the outflow

boundary assumption is suitable.

The rectangular channel was discretized using 5056 and 20224 cells for the coarse and

fine grids respectively. A single C-shaped structured block was wrapped around the cylin-

der surface and discretized with 660 and 3159 cells for the coarse and fine grid config-

urations respectively. Figure 6.9 shows the coarse grid configuration, whilst Figure 6.10

is a zoom of the respective overset cylinder mesh. The backward time discretization

scheme was used for all simulations, using time steps that keep the advection Courant

number close to 1 for the maximum amplitudes experienced (∆t = 5× 10−03 s coarse

grid, ∆t = 1×10−03 s fine grid).

The effect of grid resolution on the resulting oscillating amplitude for the case Re =

102 can be seen in Figure 6.11. This particular Reynolds number was selected for mesh

comparison because it is the onset of a series of critical Re numbers for which the cylinder

experiences the most extreme vibrations. This is clearly the case for the fine grid, as a

steady increase in the maximum amplitude can be appreciated after each vibration cycle.

Although the coarse grid results eventually (slightly visible only after 60 s, not shown)

display signs of this behaviour, the maximum amplitude in each oscillating cycle appears

to be constant during the initial phase.

A series of images portraying the evolution of vortex shedding via velocity magnitude

contours is shown in Fig. 6.12. However, for this kind of problems it is more instructive

to analyse the phenomenon by means of the cylinder response in terms of vibration am-

plitude range. The occurrence of ‘lock-in’ is clearly captured for all cases in the range

from Re = 94 to Re = 118 as shown through Figs. 6.13-6.19.

In this set of images two sub-figures per case reveal the initial vibration modes (left),

and the complete cylinder response (right) throughout the time interval. These figures,

along with plots for the ratio of vortex-shedding frequency to natural frequency (Fig. 6.20),

and cylinder maximum amplitude (Fig. 6.21) as functions of Re serve to explain the dif-

ferent stages of the ‘lock-in’ phenomenon. Starting at Re = 94 the frequency ratio is
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around 0.83, with the cylinder convincingly experiencing low amplitude steady oscillat-

ing behaviour; notice however that the initial vibrating mode is preserved throughout the

duration of the cylinder motion (Fig. 6.13).

Increasing the inlet flow velocity up to Re = 98 results in a frequency ratio of around

0.85, under this condition the cylinder oscillating amplitude increases slowly as a function

of time (see Fig. 6.14). Rather peculiar vibrational modes where the cylinder progres-

sively increases its maximum amplitude emerge for the next two flow regimes Re = 100,

and Re = 102 (Figs. 6.15, 6.16). Not only does the maximum vibration amplitude increase

considerably (up to 40% of its diameter at Re = 102), but these vibrational modes exhibit

two stages: one in which the cylinder goes through individual oscillating cycles charac-

terised by significant variations in amplitude, and a final mode in which the oscillation

amplitude remains constant.

The above mentioned individual oscillation cycles disappear for the next two Reynolds

number regimes: Re = 108, and Re = 114. An interesting feature is the fact that even

though the frequency ratio remains remarkably close to 1, the maximum oscillating am-

plitude starts to decay back to small amplitudes as the Reynolds number increases up to

Re = 118. This is an interesting finding which is not intuitive.

Fig. 6.20 also serves to compare the current overset code results with experimental

data, and the numerical study presented in [93] which uses the Finite Element Method.

Both numerical solutions agree reasonably well in terms of frequency ratio during the

initial flow regimes. The current overset code predicts frequency matching only slightly

earlier (≈ Re = 100) than the Finite Element solution (Re = 102). However, experimental

data exhibits frequency matching starting at Re = 108. For this and the next regime Re =

114 both experimental data and the overset code fully agree. The Finite Element solution

overpredicts the frequency ratio at the latter regime. Both numerical studies overpredict

the ratio at the last regime of Re = 118.

Another benchmark for the current overset implementation can be found in Fig. 6.21,

where data for the maximum amplitude reached as a function of the Reynolds number

is presented. In this case both numerical solutions agree remarkably across the board,

but there are considerable differences with the experimental data, especially in the higher
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Reynolds number range. This is expected, as the vortex shedding frequency in both nu-

merical solutions departs from the natural frequency of the cylinder during that phase.

Qualitatively though both overset and Finite element results exhibit the same features as

the experimental data: a slowly increasing maximum amplitude during the early stages,

followed by an abrupt increase in the middle stage, ending with a decreasing amplitude

trend.

The iterative nature of the partitioned coupling algorithm naturally calls for exploring

the required degree of coupling to obtain accurate simulation results, as well as investi-

gating the introduction of ‘interface’ under-relaxation or over-relaxation which might be

necessary in some instances to aid numerical stability, or desired to accelerate coupling

convergence.

This particular problem required no ‘interface’ relaxation, as the solution never ex-

hibited signs of instability. However, in order to explore a possible convergence speed-

up for the coupling algorithm, the dynamic relaxation factor (unbounded) introduced in

Chapter 3 and its bounded (between 0.10-1) variant were tested. In order to assess the

convergence of the predictor-corrector coupling algorithm the ‘FSI residual’ is defined

as:

Fsiresidual =

∣
∣
∣
∣

Currentstate −Previousstate

Previousstate

∣
∣
∣
∣

(6.1)

where as seen in 3.3.5 the ‘state’ of a rigid body comprises information regarding its po-

sition, orientation, linear, and angular momentum at every instant in time. In the above

equation the ‘Current’ and ‘Previous’ identifiers could refer to either the corrected and

predicted values respectively, or two consecutive corrections as it would emerge in ad-

vanced iterations of the coupling algorithm. Thus, for this case the vertical displacement

and momentum ‘FSI residuals’ are monitored as a function of the iterations of the cou-

pling algorithm. The FSI coupling convergence criteria for this case was 1×10−04. If the

criteria was not met after 6 corrections the algorithm advances regardless of the residual.

Figures 6.22, and 6.23 present comparisons of the FSI residual when using the bounded

variant of the relaxation factor with the unrelaxed solution for a flow regime of Re = 108

for a solution time of 3.5 s. This flow regime was selected due to the swift increase in

cylinder oscillation amplitude which could lead to instabilities. As both figures reveal,
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the unrelaxed solution needed less FSI iterations than the bounded relaxation factor im-

plementation. Figure 6.24 presents the corresponding comparison when the unbounded

version of the relaxation algorithm was tested. In this case the unbounded version allowed

over-relaxation which is why it required less iterations than its bounded counterpart, how-

ever, it still required more iterations than the unrelaxed solution.

In order to inspect the degree of coupling necessary in the FSI algorithm for this

problem, two additional tests were set up: Weak coupling, which only consists of the

explicit predictor stage, and a single predictor-correction iteration. Since the backward

time discretization scheme was used, the weak coupling test employs a first order Euler

explicit predictor for the very first time step, and then switches to a second order explicit

predictor for the remainder of the simulation.

Figure 6.25 compares the single cycle algorithm with the strongly coupled version in

terms of cylinder displacement for a flow regime of Re = 102, and reveals that there is

virtually no difference by using a single predictor-corrector iteration in the early stages

of the simulation for the coupling algorithm. As the cylinder amplitude increases the

coupling between both media becomes more elaborate and requires more iterations, this

is reflected towards the later stages of the simulation where both the period and amplitude

are visibly different.

By employing a very weak coupling algorithm (only the explicit predictor step) sim-

ulation times decrease significantly, but as seen in Figure 6.26 at the expense of accuracy.

There is an immediate phase shift in the cylinder response, and an overprediction in terms

of amplitude. This situation exacerbates for longer simulation times, as the weak nature

of the coupling algorithm entails the use of a second order predictor compared to the third

order achieved by the combined predictor-corrector strong coupling approach. Addition-

ally, the physical fluid-solid coupling under higher cylinder oscillations becomes more

complex and a simple predictor coupling approach will not suffice to transfer information

back to the fluid.

Finally, the computed lift coefficient using both weak and strong coupling approaches

is shown in Fig. 6.27. Although the difference is clear throughout the time range, it is

more striking towards the end of the simulation, where an increase in the lift coefficient
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amplitude for the weak approach is responsible for the large displacements experienced

by the cylinder.

The vast majority of numerical solutions for VIV problems in the literature are com-

puted with Immersed Boundary or Finite Element methods. This exercise has demon-

strated the capability of the current overset implementation to capture the complex ‘lock-

in’ FSI phenonemon through comparisons with experimental and numerical data, and

thus it is a viable alternative to the dominating methodologies. This kind of resonant

behaviour FSI problems is especially problematic for loosely coupled solutions, as seen

through the coupling tests performed in this section, therefore explicit weak coupling is

not recommended.

Figure 6.8: VIV Problem geometry, dimensions in [cm]. Image from[93]
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Figure 6.9: VIV Coarse mesh.

Figure 6.10: VIV Zoom of the overlapping grid section.
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Figure 6.11: Oscillating amplitudes for the two grid resolutions at Re = 102.
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Figure 6.12: VIV evolution of the velocity magnitude field, Re = 102. Left to right, top

to bottom.
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Figure 6.13: Cylinder displacement Re = 94
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Figure 6.14: Cylinder displacement Re = 98
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Figure 6.15: Cylinder displacement Re = 100
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Figure 6.16: Cylinder displacement Re = 102
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Figure 6.17: Cylinder displacement Re = 108
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Figure 6.18: Cylinder displacement Re = 114
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Figure 6.19: Cylinder displacement Re = 118



CHAPTER 6. TWO-WAY FSI SIMULATIONS 188

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

90 95 100 105 110 115 120

f v
/

f n

Re

Experimental data
Overset code

VMS Finite Element

Figure 6.20: Lock-in region frequency comparison.

0

0.1

0.2

0.3

0.4

0.5

0.6

90 95 100 105 110 115 120

y
/D

Re

Experimental data
Overset code

VMS Finite Element

Figure 6.21: Lock-in region final amplitude comparison.
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Figure 6.22: Y-momentum Fsi residuals. Bounded Aitkins factors Re = 108.
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Figure 6.23: Displacement Fsi residuals. Bounded Aitkins factors Re = 108.
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Figure 6.24: Displacement Fsi residuals. Unbounded Aitkins factors. Re = 108.
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Figure 6.25: Weak (single cycle) vs Strong coupling. Displacement Re = 102.
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Figure 6.26: Weak (predictor) vs Strong coupling. Displacement Re = 102.
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Figure 6.27: Lift coefficient coupling comparison. Re = 102
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6.4 Fluttering motion of Rectangular Plates.

In this section the two-way FSI of rectangular plates immersed in a fluid, and under the

action of the gravitational field is analysed. In terms of rigid-body motion this case is

the most complex presented in this thesis as the solid body is freely able to move in the

horizontal and vertical directions, and to rotate about an axis traversing its centroid in the

z direction. Its motion then is similar to that of the last case presented in the previous

chapter, but allowing an extra degree of freedom in the horizontal direction.

Given the physical and geometrical properties of the plate its motion due to gravita-

tional and fluid forces is predicted, to obtain a benchmark solution. This solution then

serves as the basis for exploring the impact of four key factors on the resulting body

response, namely: different fluid-solid mass ratios for the same plate dimensions, vary-

ing geometrical aspect ratios for the same solid density, different initial conditions, and

different Reynolds numbers. The Reynolds number in this case is based on the ratio of

gravitational to viscous interactions, and its computation involves the square root of the

Galilei number [89] Re =

√
(

gH3

ν2

)

. Furthermore, the implications of varying mass ra-

tios are not just physical but also numerical. This is directly reflected in the stability of

the solver as a stronger degree of coupling is necessary for low mass ratios. As such,

the solver limitations or modifications required under these circumstances shall also be

discussed.

The base configuration comprises a 4m per side square cavity discretized with a 100×

100 uniform background grid, and a rectangular plate of 50 cm width and 5 cm height

yielding an aspect ratio of 10. In order to preserve cell quality around the sharp plate

corners it has been discretized with four connected structured blocks totalling 5300 cells.

Initially the plate is positioned at the origin of the coordinate system which is near the

top right corner of the cavity with a 60° orientation. Figures 6.28, and 6.29 show the

corresponding computational domain, and a zoom of the spatial discretization around the

rectangular plate.

Dirichlet boundary conditions for the momentum equations are employed on the plate

wall, where the velocity of each cell is in general different due to planar motion, and it is

computed via the rigid-body solver. Time is discretized with constant steps of 1e− 03 s
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in all cases, which is sufficient to keep both advection and grid motion based Courant

numbers always below 1. The time-dependent term in the governing equations has been

discretized with the second order Backward scheme, using Euler implicit discretization

as a starter for the first step. As previously mentioned the plate is released with an initial

orientation of 60° and with zero angular and linear velocity. The fluid in the cavity is

also at rest initially, and it is only disturbed by plate motion. The Reynolds number is

Re =

√
(

gH3

ν2

)

= 434 using the plate height as a reference length. The ratio of solid to

fluid density is 2.7, and the dimensionless moment of inertia is I∗ = 0.232. The latter is

computed as the ratio between the solid moment of inertia, and the equivalent moment of

inertia of a cylinder made up of the corresponding fluid [94].

Reference Solution (Re = 434, aspect ratio 10, mass ratio 2.7)

As the plate is released from rest it accelerates in the vertical direction strongly under

the influence of gravity. However, the slanted initial position implies there is also a sig-

nificant force in the negative horizontal direction mainly as a result of the pressure dis-

tribution on the lower left surface of the plate (see first frame of figure Fig. 6.30). This

can be confirmed by inspecting the early linear velocity decrease (increase in the negative

direction) in Fig. 6.31, which plots the velocity of the centre of gravity in the horizontal

direction normalised by an estimate of the vertical terminal velocity given in [94] by

U∞ =
√

2( ρs

ρ f
−1)Hg , as a function of time. The orientation of the plate is also greatly

affected by this localised lower left surface pressure, and aided by the upper right surface

pressure outweighing the upper left and lower right fluid torque contribution, resulting in

a linear decrease of the plate angle as seen in Fig. 6.32.

As the plate rotates in the clockwise direction, towards an horizontal position, the

vertical component of the pressure force on the lower surface increases, and it is a major

factor to momentarily neutralise the gravitational field force. This is reflected in Fig. 6.33

as the centre of mass downward vertical velocity reaches a maximum, and then steadily

decreases to the extent of actually becoming positive. At this point the plate moves up-

ward for a few instants as seen in Fig. 6.34, and at the end of the ascension period it
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is oriented almost vertically. Under these conditions the ensuing descent is more pro-

nounced since the pressure force exerted on the plate surface acts almost exclusively in

the horizontal direction and poses no significant resistance to the gravitational field. Thus,

the second downward acceleration period is marked by a sharper downward velocity. Fig-

ure 6.36 illustrates the above described initial descent stage by means of the vorticity field

where vortex shedding can be fully appreciated.

The impact of initial conditions

The effect of having slightly different initial conditions is explored by modifying the

initial plate orientation for Re = 1000. The differences in terms of initial angle are about

10%
(

55 °
60 °

)
, and 2%

(
59 °
60 °

)
.

In general, since the initial plate orientation is less slanted than in the original case

for both proposed tests, the initial pressure distribution over the plate surface imposes

a higher vertical force component on the body to counter gravitational effects. This is

seen in Fig. 6.37 where the plate-weight normalised resultant fluid pressure force in the

vertical direction is plotted for the three plate orientations. A lower initial angle results

in a higher pressure vertical force. As such, the downward vertical velocity of the centre

of mass is expected to be lower than for the original case for both test cases. This is

confirmed in Fig. 6.38 which depicts the maximum downward velocity attained during

the first descent stage. In the same vein, as plate orientation decreases, the horizontal

pressure force on both top and bottom surfaces decreases and therefore the horizontal

motion presents a lower amplitude for the test cases as seen in Fig. 6.39. Finally the

trajectory of the centre of mass throughout its motion range is presented in Fig.6.40.

Although there are significant differences in terms of the ending location of the plate, the

trajectories exhibit the same features across the board and are not indicative of chaotic

motion.

Exploring different solid-fluid mass and aspect ratios.

The solid to fluid mass ratio is one of the fundamental parameters governing two-way FSI.

In this section two modifications to the base configuration ensure the impact of different
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solid-fluid mass and geometrical aspect ratios is investigated. The most straightforward

manner to alter the solid to fluid mass ratio is to vary either the solid or fluid density. Ad-

ditionally, as mentioned in the literature review section of this thesis, low mass ratios are

known to have a significant influence on solver stability. Because of this, it was decided

to decrease the solid density progressively in order to assess the numerical stability of this

implementation.

For this particular test, two ratios under 1.8 presented considerable difficulties and it

was not possible to obtain a solution. Thus, results presented here correspond to a ratio

of 2 in contrast to the original ratio of 2.7. The potential stability issue for this kind of

problem can be clearly illustrated in Fig. 6.41 by means of an FSI coupling plot, which

presents the vertical location of the centre of mass as a function of the number of FSI

coupling iterations for the first two time steps. For solid-fluid mass ratios under 1.8 the

coupling is so intricate that the partitioned coupling algorithm is not able to stabilize the

added-mass effects even when interface under-relaxation was employed. This results in

an ever-oscillating kinematic condition for both media which eventually leads the cou-

pling algorithm to diverge. This is due to the extremely sensitive response that both

media exhibit upon small variations in their respective forcing conditions. The potentially

catastrophic oscillation patterns emerging from unrelaxed solutions are smoothed out by

means of relaxation for cases where the solid-fluid mass ratio is greater than 2. Not only

does FSI relaxation play a stabilising role but it also accelerates convergence in this case.

As seen in the figure, the adjustments in the location of the centre of mass are negligible

from the third or fourth corrector stage onward for the relaxed solution, which can lead to

significant savings in terms of computation time.

In order to assess the effect of having a different geometrical aspect ratio, the plate

width has been increased to obtain a ratio of 17, the reference solution having a ratio of 10.

The density ratio, initial conditions, and Reynolds number (Re = 434) remain unchanged.

Results for both modifications can be visualised in Fig. 6.42 through the trajectories of the

centre of mass during the descent period. It is interesting to note the fact that during the

first descent stage the lower mass ratio (2) plate reaches a lower location than its heavier

counterpart (2.7). This can be supported by examining Fig. 6.43, which reveals the stock
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configuration plate has the most pronounced rotation rate. This implies it faces a much

stronger fluid opposition in the vertical direction since fluid pressure forces in the vertical

direction become more dominant as the plate approaches a fully horizontal position. The

stronger fluid resistance results in the stock configuration plate reaching its first terminal

velocity sooner (which by the way is greater in magnitude as one would expect for a

heavier object), as seen in Figure 6.44.

The direct consequence of a greater aspect ratio is an increase in the fluttering motion

amplitude as seen partially in Fig. 6.42, and Fig. 6.45. In this case the simulation came

to an abrupt end before the first cycle was completed, due to insufficient overlap between

both grids as the plate progressively approached the left vertical wall.

Reynolds number impact on fluttering motion.

Lastly, the implications of different Reynolds numbers on the first stage of fluttering mo-

tion are investigated. The viscosity of the fluid was changed for this set of tests. The

Reynolds numbers investigated are Re = 1000, Re = 434, and Re = 45. The mass ratio

was set to 2, with an initial plate orientation of 60°.

Figure 6.46 presents the trajectories of the COG of the plates for different Reynolds

numbers. Taking as a reference the lower Reynolds number case: decreasing fluid vis-

cosity results in greater horizontal and vertical motion ranges (‘Mid’ curve in the plot).

However, the same trend is not observed as the viscosity is further reduced (‘High’ curve

in the plot). This is supported by Fig. 6.47 which shows the evolution of the plate ori-

entation. By examining this Figure, it is clear the lowest Reynolds number case exhibits

the fastest rate of change in plate orientation. Ultimately this means the plate is subject to

higher opposing vertical pressure forces sooner than the other cases, resulting in a limited

vertical range of motion. This argument also applies for the horizontal motion range; as

the plate evolves towards a fully horizontal position faster, the dominant pressure forces

in the horizontal direction decrease, preventing the plate from extending its horizontal

motion range. Plate orientation for the ‘Mid’ and ‘High’ cases is quite similar during the

initial phase of the descent inverval. It is only at about halfway of their trajectories that

the ‘High’ Reynolds number case rotates at a faster rate, thus limiting its range of motion
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when compared to the intermediate case.

The horizontal fluid force exerted on the plate through the drag coefficient, presented

in Fig. 6.48, is higher (less negative) during the initial descent stage for the lowest Reynolds

number flow. The same trend can be observed in the lift coefficient with higher peak val-

ues for the lowest Reynolds number case in Fig. 6.49. A snapshot of the vorticity field

at t = 1 [s] as seen in Fig. 6.50 further indicates that in the lower Reynolds number case

the plate has already gone past its fully horizontal orientation, where fluid pressure forces

have a major impact on the plate vertical motion range.

Figure 6.28: Computational domain and initial configuration for the fluttering plate.

Figure 6.29: Spatial discretization around the rectangular plate.
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Figure 6.50: Vorticity field for Re = 434 (top), and Re = 45 (bottom) flow regimes. t = 1s
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6.5 Closure

The two-way FSI coupling algorithm has been validated through two of the three cases

presented in this Chapter, and demonstrated its ability to capture satisfactorily highly intri-

cate phenomena such as vortex-induced vibrations. This formally finishes the verification-

validation process for all the elements that were incorporated to the original overset solver.

Generally speaking, two-way FSI simulations require considerably more computational

time than their one-way counterparts due to the iterative nature of the coupling algorithm.

In terms of stability, one factor limiting the capability of the current implementation to

obtain valid solutions is the solid to fluid mass ratio. Indiscriminate use of interface re-

laxation is not recommended, and should be evaluated on a case by case basis as it does

not always decrease simulation times. If a compromise is required in order to accelerate

a given FSI simulation it is advised to at least retain one corrector step for the coupling

algorithm, and explore the use of interface over-relaxation.



Chapter 7

Conclusions

This study has presented the extension of capabilities, formal verification, and rigorous

validation of a state-of-the art overset mesh methodolody to: the computation of flows

which involve moving boundaries with relative motion, the computation of flows gener-

ated by multiple moving objects, and the computation of flows which involve two-way

rigid-body fluid-solid interaction. This has been achieved through the introduction of

several numerical features which, when combined, have resulted in a highly original and

effective overset finite-volume rigid-body FSI solver. These include:

• First and second order accurate time discretization schemes for the flow solver.

• General implementation of the Space Conservation Law.

• ALE formulation of the governing equations to handle moving grids.

• Efficient second and third order accurate rigid-body dynamics solver.

• Flexible partitioned two-way FSI coupling algorithm with adaptive relaxation.

• The Method of Manufactured Solutions to formally verify current and future devel-

opments.

• The use of overlapping motion tracking grids for two-way FSI problems.

In order to fully exploit the enormous potential of the developed time-dependent over-

set solver, the space conservation law has been hard-coded to ensure mesh motion does

not introduce any non-physical disturbances to the flow field whenever moving grids are

211
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present in a simulation. As seen during the verification process, the current space con-

servation law implementation allows grid deformation which expands the overset code

capabilities. With these contributions in place the Arbitrary Lagrangian Eulerian (ALE)

method has been subsequently added to cast the fluid flow governing equations in an in-

ertial reference frame for moving control volumes. Finally, in this first stage of the work,

a one-way FSI algorithm has been put in place to enable the modelling of flow around

moving objects with prescribed motion.

Another worthwhile and perhaps more interesting branch of the FSI phenomenon is

the study of problems for which the movement of solids is not known or prescribed a pri-

ori. With the purpose of further extending the overset code feature set, and to simulate this

kind of problems, a rigid-body solver has been developed and integrated into a strongly

coupled partitioned algorithm.

Additionally, the Method of Manufactured Solutions (MMS) has been incorporated to

the source code and has been employed to formally verify the new overset code features.

Via a comprehensive set of tests consisting of several combinations, this purely mathe-

matical exercise certified that all the contributions made in this work, along with the base

elements developed by Skillen, solve correctly the partial differential equations govern-

ing fluid flow. As a by-product of this procedure, the order of accuracy of the method

under different circumstances has been computed. Amongst the most interesting results

of this phase is the negative impact overlapping grids have on the order of accuracy of the

numerical method. This should always be kept in mind when the user needs accurate so-

lutions. Ultimately, it can be considered as a trade-off in exchange for the versatility and

high quality grids the method offers compared to non-overlapping approaches to model

flow around moving entities.

Whilst the verification procedure certified the core components required for FSI sim-

ulations individually, it did not test their combination to solve either one or two-way FSI

problems. For this reason, and to provide proof that the proposed fluid and solid models

are suitable for laminar incompressible one and two-way FSI simulations, validation has

been performed.

The algorithm to solve one-way FSI problems has been validated via three problems
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of increasing complexity by comparing solutions with the newly released overset imple-

mentation in OpenFOAM®, along with immersed boundary method results for a particu-

lar problem. Generally speaking, all solutions compare remarkably well considering the

initial grids were not exactly the same for both codes, the existing differences in the over-

lapping interpolation methods, and the hole cutting algorithms. In terms of maximum

computed values for the flow field variables the differences were always around 5%. The

last problem presented in the one-way FSI validation process also served to implicitly

validate the rigid-body solver for general two-dimensional planar motion.

Similarly, the proposed strongly coupled partitioned two-way FSI algorithm has been

validated in the last section of this study. The first case demonstrated very good agreement

with a numerical solution using a vorticity based particle solver for the fall of a circular

cylinder under gravitational force. This exercise also saw the introduction of a ‘motion

tracking’ intermediate grid as an original contribution. This novel technique allows the

user to retain high resolution grids in cases where the motion of the solid object is not

prescribed, and grid generation in the overlapping zone is compromised by a disparity in

the physical dimensions of the participating entities.

Validation with experimental data and with a Finite Element solution for the case of

vortex-induced vibrations of a circular cylinder has also been presented. This case was

of particular interest as the overset code was able to fully capture the ‘lock-in’ resonant

phenomenon for the range of Reynolds number considered. Finally, a proposed case study

to analyse the impact of different factors such as varying solid-fluid mass and aspect

ratios, different flow regimes, and possible chaotic motion via slight variations of the

initial conditions on the fluttering motion of a rectangular plate immersed in a fluid has

been presented.

The iterative nature of the partitioned two-way coupling algorithm provides the user

the flexibility to adjust the degree of coupling as required. The implications on accuracy

of different levels of coupling for the two-way partitioned algorithm were exemplified in

the vortex-induced vibration case. As discussed, weak coupling is generally not recom-

mended if accurate results are desired. However, a single predictor-corrector cycle could

be a feasible option if a compromise between accuracy and computation time is needed,
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and the physical fluid-solid coupling is not so intricate.

The application of dynamic interface relaxation via bounded and unbounded variants

of Aitken’s algorithm showed it is not always beneficial in terms of computation speed-up.

Nonetheless, strongly coupled cases such as low solid-fluid mass ratios benefit consider-

ably from its use, and in some cases its omission leads to divergence. The limitations of

the current implementation regarding instabilities arising from low solid-fluid mass ra-

tios have been explored. It can be concluded that for ratios below 2 interface relaxation

is mandatory, although in some cases even its inclusion does not guarantee converged

solutions will be obtained.

Popular alternative techniques to the proposed methodology to solve rigid-body FSI

problems have been reviewed, considered, or directly compared through one-way or two-

way FSI cases. It can be concluded that within the boundary-conforming-grid family of

methods that accurately resolve the fluid-solid interface, the overset-grid approach pro-

vides the best compromise, and its use only seems to be limited by the complexity in

developing such capability into a flow solver. On the other hand, disperse fluid-solid

interface resolving approaches based on the immersed boundary method are far more

popular owing to the relative simplicity of the methodology. Both approaches introduce

undesirable features into the flow solution such as the loss conservative properties. The

overset-grid method introduces this through interpolation whilst the immersed boundary

technique does so through the “leakage” of fluid into solid bodies. In the end, if both

methodologies are readily available to the user, he/she needs to be aware of the benefits/-

drawbacks of both methods to select the most suitable one for the application.

7.1 Future Work

Work in at least three major areas can further expand the versatility offered by the current

implementation:

The original work by Skillen included turbulence models. Combining this with the

current contributions would open the possibility to explore one-way or two-way FSI tur-

bulent flow scenarios. In hindsight, much (if not all) of the work is already in place since

the Reynolds Averaged Navier Stokes approach to turbulence modelling implemented by
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Skillen entails the solution of turbulence quantities via transport equations. The code

structure laid out by Skillen makes use of a generic transport equation from which each

individual fluid flow governing equation stems. Because the time-dependent and advec-

tion term contributions made in this work to account for grid motion have been injected

into this generic transport equation, it might not be necessary to make any additional

changes to account for turbulence modelling. Indeed the good quality of near wall grids,

which is a prominent feature of the overset method, makes this the preferred framework

for the simulation of turbulent FSI systems. This is because the mean and fluctuating flow

fields undergo very strong changes in the near wall regions. In the long term, especially

along with the code parallelization recommendation proposed in the next paragraph, it

may also be worth considering the implementation of more detailed approaches to tur-

bulence modelling such as Hybrid models (Detached Eddy Simulations, DES) or Large

Eddy Simulations (LES) to resolve the large-scale motions arising in the time-dependent

boundary-induced flows presented in this work. Both of these techniques would surely

provide a more accurate unsteady flow-field representation of the complex interactions be-

tween large eddies in contrast to an ensemble-averaged RANS approach providing vari-

ations of mean conserved quantities as functions of time and space. In the same vein,

heat transfer analysis for moving bodies is another appealing possibility. Here again the

good quality of the near wall grids offers a distinct advantage in the prediction of the wall

heat-flux, which requires the accurate resolution of the wall normal temperature gradient.

The addition of time-dependent modelling capabilities, along with the iterative nature

of the two-way FSI coupling algorithm, make code parallelization imperative for the cur-

rent implementation if it is to serve more practical purposes. Single threaded execution is

currently a severe limitation which prevents the use of dense grid computations to obtain

accurate solutions. The domain-decomposition essence of the overset-grid method natu-

rally offers a high degree of ’coarse-grained’ parallelism [95], i.e. dividing a computer

program into large tasks such as assigning individual grids to individual processors for

their solution. However, another major process which contributes to the overall compu-

tational cost of the methodology is the definition of the computational domain each time

step by means of the hole-cutting algorithm. The latter process involves the determination
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of interpolation stencils and hole-flagging. The main issue for the efficient parallelization

of the overset-grid method with moving bodies is that an optimal partitioning scheme for

the parallel computation of the flow field does not provide optimal parallel performance

for the determination of the interpolation coefficients (parallelization of the hole-cutting

algorithm is challenging on its own, but a useful approach which could serve as a start-

ing point can be found in [95]). Therefore complex load-balancing schemes [95] need

to be implemented to improve the overall performance of the parallel implementation.

Along the same line, it might be worth exploring the use of more efficient algorithms to

accelerate fluid solver convergence such as Algebraic Multigrid solvers.

Finally, as demonstrated in this study, the current space conservation law implemen-

tation allows grid deformation, and by doing so enables the possibility for non-rigid fluid-

solid interaction modelling using overlapping grids. Depending on the complexity of the

deforming structure, a relatively simple ordinary differential equation could be solved

numerically to model slender beams under the influence of fluid flow. If the structure

demands more detailed modelling, the Finite Volume method could be used to model

elasticity as done by Yates[4].
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