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Abstract

In this thesis the development and application of an overtapgrid technique for the nu-
merical computation of viscous incompressible flows aromoging bodies is presented.

A fully-implicit second-order finite volume method is usedldiscretize and solve the un-
steady fluid-flow equations on unstructured grids compogetkls of arbitrary shape. The
computational domain is covered by a number of grids whictrlap with each other and can
move relative to each other in an arbitrary fashion.

For the treatment of grid movement, besides the standardadethich is based on the arbi-
trary Lagrangian-Eulerian formulation of the governingiations, a novel method based on the
solution of the governing equations in their Eulerian folation was developed. Thus, instead
the computation of grid fluxes, the grid motion is taken into@unt by appropriate approxima-
tion of the local time derivative in the unsteady term of tloegrning equations and by adding
mass sources/sinks produced by moving walls in the nedrregibn. The new method allows
the change in grid topology and can be conveniently usedavwidgimeshing technique.

A special implicit procedure for coupling of the solution overlapping grids is developed.
The interpolation equations used to compute the variableesat interpolation cells distributed
along grid interfaces are involved in the global system wédirized equations that arise from
discretization. Such a modified linear equation systemligesidor the whole domain providing
that the solution is obtained on all grids simultaneousiythis way a strong inter-grid coupling
characterized by smooth and unique solution in the wholelapeing region and a good con-
vergence rate is achieved. The mass conservation, whicbléded by interpolation, is enforced
by adjusting the interface mass fluxes.

For a successful handling of body motion, the computatioeli$ are allowed to be active or
passive, depending on their position relative to the coatputal domain. The grid cells which
are at the current time step outside the computational do(eay. covered by a body) are tem-
porarily deactivated. These cells are reactivated whenréenter the computational domain. In
this way a motion of grid components of arbitrary large sealen be achieved.

The method developed in the present study was verified byyegpit to some flows for
which either the numerical solution or experimental dataenkenown or the solution could be
obtained using another numerical technique availablearcdmmercial software. The accuracy
of the method was assessed through the systematical gneémednt. The potential of the pro-
posed overlapping grid method and its advantages over attadiable techniques for handling
moving bodies was demonstrated on a number of flows whicHvuavabmplex and large-scale
body motion.
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CHAPTER 1

Introduction

The numerical solving of the mathematical model which dbéserthe fluid flows, known as
Computational Fluid Dynamics (CFD), is nowadays increglsibecoming a design tool in var-
ious parts of industrial product development. Numerousrgtas include flow around a car or
a ship or flow in an internal combustion engine etc. This isld fi¢large expansion mainly due
to the progress in computer technologies and the compottadgorithms.

Fluid flows involving relative motion between device compots is an important class of
problems which require advanced computational technifprekeir simulation. There are many
important applications of this kind such as flying or/andtilog bodies, rotating machinery (in
particular extruders, mixers, pumps, propellers), apgrmay/diverting objects (e.g. car overtak-
ing), navigation devices (rudders, flapping wings), fludics interaction, etc. These examples
cover a wide range of flow regimes and component sizes, acathkave in common the fact
that both the flow fields and geometries are complex. Undwistg the unique unsteady flow
features associated with moving bodies is crucial for degigposes. Therefore, accurate and ef-
ficient solution methods for such flows are required. Due tgiooous developmentin computer
hardware (increase of both, the speed and the memory) apidbeess in CFD techniques, nu-
merical simulations of such problems have become feastidevever, the computational costs
are still quite considerable because the moving bodiedlgreerease the complexity of the
problem.

The main characteristic of industrial applications is teemetrical complexity of the solu-
tion domain. Therefore, the use of unstructured meshesofopatational fluid dynamics prob-
lems has become widespread. The main reason for this is iltg abunstructured meshes to
discretize arbitrarily complex geometrical domains arelg¢hse of local and adaptive grid refine-
ment which enhances the efficiency of the solution as welbagien accuracy. In parallel, so-
lution algorithms for computing flows on unstructured gridse been continuously developed.
Among a number of discretization methods available, thésfvolume methods are most widely
used for engineering CFD applications. This is mostly duiaéoinherent conservativeness and
ease of understanding, development, and use of such mefhioelse methods are capable to ac-
commodate arbitrary polyhedral grids composed of cellsfééreént topology. Such grids have
gained recently popularity because of the improved effeyeand accuracy over pure tetrahedral
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2 1. INTRODUCTION

grids. For a successful simulation of flows around movingé®dhe discretization in time plays
a key role, both from the efficiency and accuracy point of vi@ue to prohibitively low time-
step limitations of explicit schemes, implicit time-intagjon algorithms are usually preferred.

To compute flows around moving bodies, the numerical gridia¢ée be adapted to the mov-
ing body and therefore move with it. Special treatment isinegl for the governing equations
to account for grid movement. The commonly used approaahusé the definition of the gov-
erning equations in a moving frame of reference — the socaalibitrary Lagrangian-Eulerian
(ALE) formulation. Methods that use moving grids are wetbédished in commercial software.
However, there are problems when bodies move relative tb etiwer in an arbitrary manner.
Large motion leads inevitably to high grid distortions adde to pure mesh quality, the use of
a single domain-fitted grid of specified topology becomesamyér possible. These problems
could be overcome by introducing re-meshing and/or overtapgrids. Commercial codes do
not offer such featurés

1.1 Previous related studies

A number of numerical techniques to handle fluid flows invafymoving bodies have appeared
over the last two decades. The three major ones are: i) thelgformation approach, ii) the grid
re-meshing approach, iii) the overlapping grid approach.

In the grid deformation approaclthe computational grid around a moving body is "adjusted”
at each time step such that it conforms to the new positioneobbdy. The grid topology and the
total number of control volumes are preserved. It has beed umsconjunction with structured
grids [21] as well as with unstructured grids [5]. The adegetof this approach is that the flow
solver can be easily made fully conservative. The disa@degnof this approach is that the scale
of the motion of a moving body cannot be large in comparisai¢obody size and usually the
rotations are not allowed. The scale of the body motion camtreased and the rotation can
be achieved by using so called sliding grids. In that caseriagbahe grid is attached to body
and moves with it, while the remaining part of the grid is istary. Between the fixed and the
moving part of the grid there is a sliding interface, whiclaipredefined surface (usually plain,
cylindrical or spherical surface). Combining the grid defation with sliding grids a higher
level of body motion can be achieved [30], but it is still ltexl by the grid deformation and by
sliding interfaces which require a common interface (alfmwoverlapping) between moving and
stationary grid blocks.

In the grid re-meshing approackhe grid near the moving body is regenerated at each time
step according to the new position of the body. This appr@dichinates the limitation on grid
topology and thus grid quality around the moving body can betained. Furthermore grid mo-
tions of arbitrary scales are possible. The main drawbactkisfapproach is that flow variables

10nly recently, shortly before finishing-up the thesis, onenmercial CFD software provider announced the
possibility of re-meshing in the future software versions.
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must be interpolated from the old to the new grid at each tii@ and it is not easy to interpolate
the flow variables in the conservative manner. Another deskhs that the grid has to be gen-
erated many times which is a time consuming and expensivate. Usually, the re-meshing

is combined with the grid deformation so that the grid is defed while the body moves for a
certain distance which is followed by a re-meshing [46]. #eo possibility is to consider only

a part of the grid in immediate vicinity of the body for the neowvent and re-meshing, while the
rest of the grid remains stationary [94].

The previous two approaches fall in the category of domamferming grid methods, in
which a single grid or several grid blocks which do not ovendth each other cover the com-
putational domain. Irthe overlapping grid approacghalso calledChimera grid approachthe
computational domain is covered by a number of overlappiitsgGrid components associated
with moving bodies move with the bodies while the other gidnponents remain stationary.
The component grids are not required to match in any speagl but they have to overlap suf-
ficiently to provide the means of coupling the solutions ooheaf them. This method allows
the component grids to move relative to each other in anrargifashion, making them perfect
for use in applications with moving bodies. Grid adjustnsemt grid regeneration are thus not
necessary The grid components are usually geometrically simple dimvefor independent
griding of higher quality than would be possible in the caka single grid. Flow variables are
interpolated between the overlapped grids to exchangentbemation; however, the interpola-
tion takes place only in a limited number of cells distrilwigdong grid interfaces rather then in
the whole domain, as is the case in re-meshing approachesgrichinterfaces can be placed
in regions where the variables vary more smoothly than irvitiaity of the body, thus making
interpolation errors smaller. The major drawback of thigrapch is that it is difficult to ensure
conservation of the computed variables/quantities agodsnterfaces.

Obviously for applications with bodies moving in an arhiyrdashion and involving large-
scale body motion, the first above-mentioned technique igjaibe suitable due to limitations
imposed on the level of grid deformation and the shape oirglichterfaces. Among other two
techniques, the overlapping grid approach offers moreHiktyi and has the following two im-
portant advantages over the re-meshing technique: i) naresgent for grid re-generation, ii)
possibility to achieve a better grid quality since the bamdof the overlapping grids can be
arbitrarily chosen.

The overlapping grid approach has been used by a numbertadrauh the past. It has been
applied mostly with structured grids. The first overlappgrgl computations were performed
by Starius who solved elliptic and hyperbolic problems [72]. Stegeret al[75] and Benek
et al[8] used the overlapping structured grids for computatibfiawvs in complex geometries.
A review article about overlapping grid computations in gggamics presenting a number of

2Under assumption that the bodies do not deform. If this istin@tcase, the grid around the body needs to be
adapted. Usually the deformation of the body is small sottiegrid can be adjusted without changing its topology
(grid deformation approach).



4 1. INTRODUCTION

applications in complex steady geometrical configuratiamd with multiple moving bodies is
given by Steger and Benek [74]. Further applications of trexlapping grids to problems with
moving bodies are presented in references [23, 48]. Recenhd overlapping grid techniques
have been used also with unstructured grids. A few pubboatappeared which present the
overlapping grid methods for unstructured tetrahedralgb5, 44]. A more detailed review of
publications related to overlapping grid techniques walidgiven later in chapter 5.

The main objective of the present research was to developthoohdor computation of
flows around moving bodies using the overlapping grid tegiraiand arbitrary unstructured
meshes. The unstructured meshes are preferred due toseasationed above. The limitations
of structured grids concerning the grid topology and cdhiig of the grid resolution can thus
be overcome. Although, in general, a set of structured aperhg grids can be used to cover
the domains of a high level of complexity, the complexity o€l overlapping grid systems in-
creases significantly due to the increasing number of coemiogrids required. Combination
of unstructured and overlapping grids provides an optimarthe treatment of problems with
moving bodies. The highest flexibility can be achieved imbto¢éatment of complex geometry
and grid motion, while the complexity of the overlappingdgsiystems can be kept at low level
since the number of overlapping grid components requiradush smaller in comparison to
structured grids.

When the ALE approach is used for treatment of grid movemantost instances the ef-
fort has to be made to ensure that the grid movement itse doeinfluence the flow fiefd
To ensure this the so called space conservation law (SCLijohaes satisfied [20]. On arbitrary
polyhedral unstructured grids the enforcement of the spanservation law may become diffi-
cult due to complex grid structure. Furthermore, the apgilim of re-meshing is also difficult
due to data transfer between two grids of different topalogy

Another concern of the present study was to investigate dissipility of the treatment of
the grid movement in an alternative way which would be edsieimplementation on arbitrary
unstructured grids and would facilitate the implementad the re-meshing technique. The
overall method would thus have no restrictions regardiregdbmplexity of solution domains
and body motion. For the sake of simplicity but without logenerality, development has been
performed in two spatial dimensions. The extension to taieeensional flows is straightforward
and the necessary steps are explained were appropriate.

1.2 Present contributions
The major contributions of the present work can be summauaadollows:

e A new discretization and solution practice that uses a figlicit method and approx-
imation of local time derivative in the Eulerian formulatiof the governing equations,

3t has to be ensured that no artificial flow appears due to gotian. A convenient test case is a uniform stream
flow which has to remain unaffected by the grid motion [69].
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rather than the space-conservation law and the grid vglotithe arbitrary Lagrangian-
Eulerian (ALE) formulation, for the treatment of the grid wement has been developed.
It was shown that the treatment of the grid movement in suclaya produces results of
comparable accuracy as the conventional ALE approachewlffiéring some advantages
over the ALE method, especially on arbitrary unstructuredsy Namely, the variable
values at specified points (centers of control volumes)jired for approximation of the
local time derivative, are much easier to compute and carobguated independently of
the grid topology. On the other hand, the computation of geidcities (enforcement of
the space conservation low) for unstructured grids congo$eells with arbitrary num-
ber of cell-faces may be very complicated. Another very ingoa feature of this new
technique is that it allows the change of the grid topologgrdythe computation, making
the method suitable for application with re-meshing teghai

e The re-meshing technique as a special case of the movindhgsideen incorporated in
the spirit of the new discretization technique. Interpolatof the dependent variables
at the control-volume centers from the old to the new grid sla@wn to be enough for
continuation of the computation after re-meshing. The emuwas also found to be not
significantly affected by the data transfer.

e An overlapping grid technique based on a finite volume diszagon on arbitrary un-
structured grids has been developed. A special implicitnegie for the treatment of grid
interfaces, based on the simultaneous solution of intatfol equations in the global lin-
ear equation system, was developed. It is shown that sudatnrtent provides a strong
inter-grid coupling and smooth and unique solution oventhele computational domain
and achieves a convergence rate in the range of comparabple girids. The method is
applicable to stationary as well as moving overlappingsyadd allows a nearly arbitrary
large scale motion between the grid components providirgffasient tool for handling of
moving bodies.

e Due to Neumann boundary conditions imposed on the pressureetion equation when
the mass flow rate over the boundaries is given, the strics m@sservation is essential for
the solution of this equation. Since the interpolation teghe used for the solution cou-
pling between overlapping grids is not strictly consem@tadditional treatment is neces-
sary to fulfill this requirement. Two possible techniquegmdorce the mass conservation
were examined here, and the strategy based on the globattorr of interface fluxes was
adopted. It was shown that this global correction also plesithe mass conservation on
each grid as the converged solution is approached, as exieuae to flow field continuity.

e The present method is embodied in a computer program fordim@nsional problems
in a general way appropriate for the use of grids of arbittapology. The performance
and accuracy of the method was first extensively assessedwmliaer of flows for which
the reference solutions exist. The flexibility of the ovpdang grid technique was clearly
demonstrated on a number of flows which involve moving bodiéis large scales of body
motion.
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1.3 Outline of the thesis

The thesis is subdivided into seven chapters. Chapter 2 swizgs the conservation equations
governing the incompressible fluid flow. The equations avemin their integral form suitable
for the discretization method used for their solution. Agentransport equation for an arbitrary
scalar variable is introduced as a model equation upon wthiehdiscretization technique is
derived.

The subsequent three chapters consider different asgetis mumerical methodology con-
cerning the discretization of the governing equationsttnent of the grid movement and over-
lapping grids technique. Chapter 3 presents the secoret-finite volume discretization method
applicable to unstructured meshes of arbitrary topolodpe discretization of the generic trans-
port equation for a scalar variable is described term by .térhs is followed by the derivation
of a pressure-correction equation, which is used for ra@sglthe velocity-pressure coupling
and calculation of pressure. Finally, a segregated solw@pproach for the coupled system of
equations along with steps required to obtain the solusauilined.

In chapter 4 two methods for the grid movement implementetiénpresent study are de-
scribed. First the method based on the Lagrangian-Euléranulation of the governing equa-
tions and the use of the space conservation law is outlinden The novel method based on
the approximation of the local time derivative at the fixedaion in space is described. The
accuracy and performance of both methods is assessed domr-g@is/en flow in a pipe contrac-
tion. In addition, the new method for grid movement is testedombination with re-meshing
technique.

Chapter 5 presents the overlapping grid technique developthe present study. First, an
outline of the overlapping grid technique is given, follaegy description of the algorithms for
hole cutting and donor searching adopted in this study. Nexiethodology for the solution of
governing equations on overlapping grids is explainedj sjtecial emphases on inter-grid cou-
pling. An implicit method is developed, which provides stganter-grid coupling and smooth
and unique solution across overlapping interfaces. Thegsty of the mass conservation is also
discussed and two possible approaches to enforce the massreation on overlapping grids
are described.

In chapter 6 the present method is assessed on a number gbleseor which either bench-
mark numerical solutions or experimental data are avalablthe solution could be obtained
with another technique available in the commercial sofewa$pecial attention is paid to the
assessment of the overall accuracy, inter-grid couplimhcmservation errors caused by inter-
polation of the solution between overlapping grids. In &ddipredictions are given of some
complex flows involving multiple moving bodies for which ngperimental or numerical data
are available. These computations are shown in order to dstnabe the flexibility and the range
of applicability of the overlapping grid method in compudatof flows around moving bodies.

Finally, conclusions drown from the studies performed iis thesis and suggestions for
future work are given in chapter 7.

A CD-ROM with a number of animations presenting the resuftsamputation of flows
around moving bodies is attached.



CHAPTER 2

Governing Equations

This chapter contains an overview of the equations govgrthie incompressible Newtonian
fluid flow. The conservation equations for mass, momentunealedgy are used in their integral
form as the mathematical basis for the numerical methodtadop this study. The conservation
equations are given in the coordinate-free form and the méun@equation is resolved in terms
of Cartesian vector components. A generic conservatioatemufor an arbitrary scalar variable
is introduced as a model equation upon which the discratizgirocedure is derived. Finally,
the boundary and initial conditions necessary for compietif the mathematical model are
discussed.

2.1 Introduction

The derivation of basic equations of fluid dynamics is basethe fact that the dynamical be-
havior of a fluid is determined by the conservation laws of snasomentum and energy. The
conservation of a certain flow quantity means that its vamainside an arbitrary control vol-
ume can be expressed as the net effect of the amount of théitguasing transported across
the boundary by convection and diffusion and any sourcesnés svithin the control volume.
The fluid is regarded as continuum, which assumes that thiemstontinuously distributed in
space. The concept of continuum enables us to define velpo#gsure, temperature, density and
other important quantities as continuous functions of sfzamd time. In addition, special mathe-
matical tools (such as field theory) for the analysis of trabfgms of continuum mechanics can
be used.

In the derivation of the governing equations of fluid dynasritce Eulerian ocontrol vol-
ume approachs conveniently used, rather then Lagrangiammaterial approach. The formal
derivation of equations follows from tHeeynolds’ transport theorenf92] which facilitates the
implementation of laws and principles concerning the bahvayf a system (made of the same
fluid particles) in an arbitrary control volume.

1Also called thegeneralized transport theoref0].
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2.2 Conservation equations

In this section the conservation equations of mass, monreaihd energy for an arbitrary control
volumeV fixed in spacébounded by a closed surfade (see figure 2.1), will be presented.

Figure 2.1: Arbitrary control volumeV'.

2.2.1 Conservation of mass

The conservation equation for mass or the continuity eqoafor a control volume states that
the rate of change of the mass inside the control vollifrie equal to the difference between
inflow and outflow mass fluxes across the volume surfécdn integral form the continuity
equation reads:

0
— [ pdV + ¢ppv-ds=0, (2.2)

where, p is the fluid density and is the fluid velocity. Note that if the fluid is regarded as
incompressible, which is the case in this study, the firshten the left-hand side in equation
(2.1) is zero since the density is constant. However, foblgrms with moving grids, which
involve changes of the control volume, this term might bestdered depending on the numerical
method employed (see chapter 4).

°The equations for a moving control volume in conjunctionhwdifferent solution methods are considered in
chapter 4.
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2.2.2 Conservation of momentum

The conservation equation for momentum states that théwvatetion of momentum, repre-

sented by the time variation of momentum within the contadlme and the transfer of momen-
tum across the boundary of the control volume by fluid motaailéd convection or advection),
is caused by the net force acting on the fluid in the contralva. In the integral coordinate-free
form this equation reads:

%V/pvd‘/—l-z{pw~dS:z§a~dS+V//Jfde7 (2.2)

whereo is the stress tensor representing the surface force§, ae@resents the vector of body
forces acting on the fluid. The stress tensor can be exprassedns of basic dependent vari-
ables and for Newtonian incompressible fluids is defined as:

o= [gradv + (gradv)T} —pl, (2.3)

wherep is the pressurey is the dynamic viscosity of the fluid arlds the unit tensor.

In order to be solved, the vector equation (2.2) has to bdvedanto specific directions
resulting in three equations in terms of vector componeimtghis study the Cartesian coordi-
nate system is used, resulting in the simplest form of moumrm@quations and insuring strong
conservation of momentum components [18, 59]. Substdwgguation (2.3) into equation (2.2)
and taking dot product with the Cartesian base veigidhe corresponding equation for thté
Cartesian component is obtained:

%/pui dVJrj{puiV-dS = f.ugradui . ds+}{u [ii . (gradv)T} -ds
|4 S S S
_ j{pii~ds+/pfbidv, (2.4)
S 1%

wherew; stands for theth velocity component and, f stands forith component of the body
force.

2.2.3 Conservation of energy

The underlying principle upon which the energy equationegwed, is the first law of thermo-
dynamics. It states that any changes in time of the totalggnaside control volume are caused
by the rate of work of forces acting on the volume and by théheat flux into it. This equation
in its most general form contains a large number of influemdesse importance depends on the
problem considered. For most engineering flows the energgtem can be written in term of
specific enthalpy as:

%/pthJr]{phv-ds:}{q-ds+/(a :gradv +gp) AV, (2.5)
\% S S \%4
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whereh is the specific enthalpy is the heat flux vector ang- is the heat source or sink. If the
fluid is considered to be thermally perfect, specific enthdgpends only on temperature via the
following relation:

h=cT, (2.6)

where,c, is the specific heat at constant pressure’Bnslthe temperature. The heat flux vector
is related to the temperature gradient by the Fourier’s law:

g= —kgradl, (2.7)

where the proportionality coefficietis the thermal conductivity of the fluid.
Introducing equations (2.6) and (2.7) into equation (2tbg energy equation can be re-
written in term of temperature as:

0
a/pcpTdV—i-j{pcpTV-dS: fq~ds+/(0' :gradv + gr) dV. (2.8)
1% S S 1%

2.3 Generic transport equation

Conservation equations presented above describe thedaffo of an incompressible New-
tonian fluid. In some situations additional processes td&eepand besides the basic equations
some additional transport equations have to be solved. Aample is the Reynolds-averaged
modeling of turbulent flows, where a number of additionat$f@ort equations for turbulent quan-
tities have to be solvéd The turbulent quantities may even have vector or tensaacker but
can be expressed via a certain number of non-zero compomeat$dition, equations describing
transport of chemical species may be introduced. In gengrah equations for the transport of
a generic scalar variablecan be written in the following form:

%//NdeJrj{psbwds:j{F¢grad¢.ds+7§q¢S.ds+/%v’ 2.9)
\% S g g i

whereg stands for the transported variallg,is the diffusion coefficient an@,s and@,, stand

for the surface exchange terms and volume sources, regggctt is important to note that the
momentum and energy equations can also be written in the dbraguation (2.9). This fact
significantly facilitates the numerical procedure sineenf the numerical point of view, only
one equation has to be discretize&quation (2.9) is therefore used as the generic equation fo
deriving the numerical procedure described in the nextienap

3Depending on the model used, additional terms appear in dveeNStokes equations.
4For a segregated solution algorithm, which is also adoptékis study.
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2.4 Boundary and initial conditions

In order to obtain the solution of the governing equatiohs, ihitial and boundary conditions
have to be specified. Boundary conditions in fluid flow protdeare conveniently divided ac-
cording to the physical meaning of boundaries like wall agwfloutflow, symmetry etc. Whatever
boundaries appear in a specified problem, the initial anc@ary conditions have to be selected
so that the problem to be solvedvigll posedi.e. the solution exists and depends continuously
upon them.

Due to the parabolic nature of the unsteady equations, drod setial conditions has to be
specified. An initial distribution of all dependent variablat the initial instant of time, = ¢,
have to be prescribed in the whole computational dorixain

d(rite)=¢°(r), rev. (2.10)

The governing equations have an elliptic character in spHeerefore, boundary conditions
have to be specified at all times and at all domain bound&ie®ifferent type of boundaries
require different boundary conditions to be applied. Altttdm can be classified into two groups:

e Dirichlet boundary condition, when the value of a dependent variatleegoortion of the
boundarysy, of the solution domain is specified, e.g.

o (rp,t) = f;(t), rg € Sp. (2.11)

¢ Neumannboundary condition, when the gradient of a dependent aretithe portion of
the boundary of the solution doma$ is specified, e.qg.

grade (rp,t) = f;(t), rgp €Sy . (2.12)

The implementation of boundary conditions within the nuicedrmethod adopted in this study
is described in detail in the next chapter.
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CHAPTER 3

Numerical method

In this chapter thénite volume methoFVM) adopted in the present study for solving the con-
servation equations presented in the previous chaptes@@ited. It is based on a second-order
accurate spatial discretization which accommodates wetsiied meshes with cells of arbitrary
shape. In addition a fully implicit integration in time isedgfor the solution of unsteady prob-
lems. Computational points are located in the cell centdraacollocated variable arrangement
is used. A segregated solution procedure is employed te sbk resulting set of non-linear
algebraic equations. It leads to a decoupled system ofrlialg@braic equations for each de-
pendent variable. The linearized equation systems aredaising a conjugate gradient solver.
The SIMPLE algorithm, leading to an equation for the pressarrection, is used to establish
the pressure-velocity coupling and calculate the presstnally the implementation of various
boundary conditions is discussed and solution algorithautBned.

3.1 Finite volume method

There exists a vast number of methods for the numericalisalatf the governing equations.
Most of them follow closely the path consisting of the foliog three steps:

e Space discretizatigrconsisting of defining a numerical grid, which replaces dbetin-
uous space with a finite number of discrete elements with coatipnal points at their
centroids. At those points the solution of dependent véesalre computed. This process
is termed grid generation.

e Time discretizationwhich assumes the division of the entire time interval iaténite
number of small subintervals, called time steps.

e Equation discretizationwhich is the replacement of the individual terms in the goirey
equations by algebraic expressions connecting the vanalies at computational points
in the grid.

In the present studghe finite volume methaaf discretization is adopted. It utilizes directly
the conservation laws, i.e. the governing equations a@etiged starting from their integral

13
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form. The solution domain is discretized by an unstructunegh composed of a finite number of
contiguous control volumes (CVs) or cells. Each controlweé is bounded by a number of cell
faces which compose the CV-surface and the computationaigare placed at the center of each
control volume. There is no restriction in the shape thatctharol volumes may have, i.e. an
arbitrary polyhedral shape is allowed (see figure 3.1). Beshieved by a special data structure
based on cell faces, which provides the data connectivityden the cells sharing the same
cell face. It makes the flow solver capable to deal with meslasisting of cells of different
topology (e.g. hybrid meshes) since the number of cell faee€V can vary arbitrarily from one
CV to another. The same data structure supports also thie(tmthwise) grid refinement since
only the list of cell faces needs to be updated. The interfteveen refined and non-refined
cells can, thus, be treated fully conservatively. All thisypdes a great flexibility regarding the
numerical mesh that can be used.

The collocated (non-staggered) variable arrangementhbisuitable for the arbitrary un-
structured meshes, is used. It assumes that all dependeitiga share the same control volume.
Equations are solved in a Cartesian coordinate systemidingvthe strong conservation form
of the momentum equations [18] and making the method inBem$o the grid non-smoothness
[59]. The system of conservation equations is treated irstggegated way, meaning that they
are solved one at a time, with the inter-equation coupliegted in the explicit manner. Before
solving, each equation is linearized and the non-lineanseare lagged. An iteration procedure
is employed to handle the non-linearity and inter-equatiaupling.

Figure 3.1: A general control volume of arbitrary shape.

3.2 Discretization procedure

The discretization procedure will be demonstrated for aegertransport equation (2.9). The
same procedure is followed to obtain the discrete countesrp&all governing equations. Only
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the discretization of the continuity equation is descrisegarately. In the present method, the
continuity equation is utilized to compute the pressuree @harivation of a pressure-correction
equation, used to obtain the pressure, and its discretizegidescribed in section 3.3.

When equation (2.9) is integrated over a CV shown in figure .attains the following
form:

= /p¢dv+z/p¢v dS_Z/P¢grad¢ ds+2/q¢s ds+ /qudV (3.1)
= =1

%,_/ S S H—’

Rate of change  Convection Diffusion Surface source Volume source

The surface integrals in equation (2.9) are here repregasta sum of integrals over a number
of cell faces defining the celf,. Equation (3.1) has four distinct parts: rate of changengient

or unsteady term), convection, diffusion and sources. Téeretization of each particular term
in equation (3.1) is described in the following subsections

3.2.1 Approximation of volume integrals

The volume integrals in equation (3.1) are approximatedbymid-point rule, which is second-
order accurate for any CV shape. The mean value of the ineghvariable is approximated by
the value of the function at the CV centgy,

Uy, = / DAV = AV ~ oy, AV, . (3.2)

Since the variable value at the CV center, needed for thellegion of the integral, is readily
available (variables are stored at CV centers), no additiapproximations are required.

3.2.2 Approximation of surface integrals

The surface integrals are also approximated by mid-polat thus

Fi=[f-ds= f.-s;, (3.3)

where F; represents the flux of the transported variable across théace j and f is the flux
vector, see equation (3.1). Unlike in volume integrals, thgable values at cell-face center
required for the calculation of surface integrals are nagatly available. They have to be evalu-
ated using additional approximations. In order to retacosd-order accuracy of mid-point rule
approximation for integrals, the cell-face value has to\muated with at least a second-order
accuracy.
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3.2.3 Convection

Using the mid-point rule, the convective flux through thd taade j is approximated as

Fy = [ pov-ds= o, (3.4)
Sj

whereg; is the value of the variable at the cell-face center and; is the mass flux through the
cell facej. The later is assumed known, it is computed using values thenprevious iteration
according to the simple Picard-linearization procedufg.[Zhe value of) at the cell-face center
has to be computed by interpolation from cell-center vallé&& methods used in this study are
described below.

Central differencing scheme (CDS)

There are many possibilities to interpolate variables Hifaee center. One of the simplest is
the linear interpolation, which provides the second-oeteuracy. Using linear interpolation the
value at point’ (figure 3.2), which lies at the line connecting two cell cesités obtained as:

bjr = dp,Aj+ dp, (1= Nj) (3-5)
where); is the interpolation factor calculated as

(rj—rp)-d;
Aj=—— 3.6

’ d; - d; (3.6)
Hered; = rp, — rp, is the vector connecting the poif} with its neighboring point’; (see
figure 3.2). This approximation is second-order accuréateeebcation;’. If ¢, is used instead of
¢; in equation (3.4) a first order error term is introduced whdepends on the distance between
jandj’. If point j’ lies close to the point, the first order error term is small and the accuracy of
the integral approximation will not be affected signifidgn©On the other hand, i’ is far from
cell-face centeyj, the accuracy of the integral approximation may be impaitadsuch a case,
the second-order accuracy can be recovered by applyingection as follows (see figure 3.2):

¢; = & + (grade);(r; — ;). (3.7)

The gradient aj’ is obtained by interpolating the gradients from the two C¥itees according
to equation (3.5). The gradients at CV center have to be ledbmianyway for the evaluation of
diffusive fluxes through CV faces and also in some cases tgutarsource terms.

Linear interpolation described here is usually referreastentral-differencing schen{€DS),
since it leads to the same results as the use of centralatiffes for the first derivatives in finite-
difference methods.

Although the CDS is very simple and has the desired accursegofd-order accurate) it
may, in certain circumstances (e.g. high value of the loemllé? number or in computations
of turbulent flows [28]), produce non-physical oscillat@giutions. Therefore, a method that
provides necessary stability is required.
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Figure 3.2: Linear interpolation at cell-face center.

Upwind differencing scheme (UDS)

A widely used scheme, which guarantees bounded (non-atscy) solutions is theaipwind
differencing schem@JDS). It assumes zero order polynomial approximation ketwthe two
neighboring cells. The value of at cell-face center is approximated by the value at CV center
on the upwind side of the face, i.e.

fn if iy >0,
¢J‘{¢pj it iy < 0. (3.8)

UDS is bounded and unconditionally stable, i.e it will negesduce oscillatory solutions. How-
ever, these properties have been achieved by sacrifyingrame Since it is only first-order
accurate, UDS was found to meimerically diffusiverequiring a very fine grid resolution to
achieve acceptable accuracy.

Blending of two schemes

To recover the lost accuracy and at the same time to mairitaibhdundedness, the second-order
CDS approximatiomﬁ;ds can be blended with some amount of the first-order UDS appration

qb}‘ds. The value at the cell face is then calculated as:

by = 6%y (o5 — 53) ™ (39)

where~ is the blending factor with a value between zero and unitg dimount of CDS scheme
can be controlled by choosing an appropriate value of thedihg factor. In some cases it may
be necessary to use some lower values of order to suppress oscillations near discontinuities
or peaks in profiles when the grid is too coarse. On the othadt,iraore upwind, i.e. lower value
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of blending factor may impair the accuracy [56]. It is, tifere, recommended to use the values
of the blending factor as close to unity as possible. One eahk an optimum between stability
and accuracy.

Equation (3.9) is implemented using the so callieflerred correctiorapproach [59]. Only
the first term on the right hand side in equation (3.9), whimimes from UDS, contributes to the
coefficient matrix, ensuring that the contributions to theficients are unconditionally positive
(see section 3.2.8). The second term which presents therehife between CDS and UDS
approximation is treated explicitly. This term is calceldtusing the values from the previous
iteration. Many other possibilities to computeexist; see reference [26] for further details.

3.2.4 Diffusion

Using the mid-point rule, the diffusive quRjD through the cell facg can be calculated as:

: ; O¢
FP = / [ygrade - ds~ Iy; (gradg)’ -s; =Ly <8_n> S5, (3.10)
S; J

wherel'y is the diffusion coefficient and); is the area of cell face. In order to calculate the
diffusion flux, an approximation of the derivative at the G\ in the direction normal to the cell
face is required. This quantity could be computed by intlafjpan of cell-center gradients to the
cell-face center. Cell-center gradients are calculatgdi@tty using one of the approximations
described in section 3.2.5. Since the simple interpolatiay lead to oscillations (see [26] for
details), another approximation suggested by Muzafebi, [which prevents oscillations and
retains second-order accuracy, is used:

a¢ N¢Pj_¢PO B old | i_S_J
(a_n>j ¥ (rad); <|dj| |sj|) ’ &4

where the value o@gradgb);?ld is calculated by interpolation using equation (3.5). Th&t ierm
on the right-hand side represents a central-differenceoappation of the derivative in the di-
rection¢ of a straight line connecting nodé$ and P; (see figure 3.2). This term is treated
implicitly, i.e. it contributes to the matrix coefficient§he second term which corrects the error
due to the fact that we need the derivative in the directiooetifface normakh (figure 3.2) is
calculated using previous values of the variables andedeaxplicitly, i.e. added to the source
term.

3.2.5 Calculation of gradients at CV center

The gradient at CV-center can be easily calculated using3Gidueorem and mid-point rule
approximation as follows:

N Zj¢j Sj.

/gradgbdv = fgbds = (gradg)p, ~ AV, (3.12)
v s 0
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This approximation is second-order accurate and is appéda cells of arbitrary shape, which
makes it useful in conjunction with unstructured grids.

Another possibility to calculate gradients at the CV cemtéh second-order accuracy is
based on linear shape functions. Assumption of a lineaatran of the dependent variabjen
the neighborhood of poin, (including pointsP;) leads to the following set of equations:

dj . (gradgb)po = (bpj — gbpo (j = 1, ey Nj), (313)

whered; = rp, — rp, is the vector connecting poirt, with its neighborP; (see figure 3.2).
The unknown gradient vector is obtained by solving this esysbf equations which is over-
determined since the number of neighboring poiftinvolved in equation (3.13)is always
grater then the number of the unknown vector compoRseritsie system (3.13) is solved by
means of a least-squares method and the unknown gradigot icomputed as:

(grad(b)Po =D Z df(ng] - d)Po) ) (314)
J

where matrixD is calculated as

D=3"d]d;. (3.15)
J

Note that the matrixD is symmetrié and its coefficients depend solely on the grid geometrical
properties and hence a single evaluatioof is necessary for a given grid.

In this study both methods have been incorporated and tdsteds found that, on irregular
grids with strong non orthogonality (like e.g. triangulaidsg), the second method based on
shape functions produces more accurate results. If theauédthsed on Gaul3’ theorem is used
on such grids, cell-face values in equation (3.12) shoulcHi®ulated using equation (3.7). This,
however, requires iterations since the values of gradiee¢sled for interpolation are still not
available and have to be computed. Numerical tests haverstiat a few iterations (typically
3-5) are enough to recover the accuracy. But the least-sguagthod still remains more accurate
and, therefore, may be recommended to be used for calaulafigradients. One, however,
needs to be careful, since the least square method doesnfminpsvell in computations with
complex turbulence models (like Reynolds’ stress models)such cases it may even cause
serious convergence problems [29]. Our experience hashson that the least-square method
may lead to divergence on grids with a high aspect ratio, weiolve e.g. in the near-wall region
in computations with lowRe turbulence models. This may be put in touch with explanaiion
[53] that on strongly distorted grids matri® in equation (3.15) can become singular and thus
lead to divergence of the solution process.

1The number of points is equal to the number of cell faces simaipthe cellP,. For boundary faces, points
which lie at the boundary are included in equation (3.13).

2Minimal number of cell faces surrounding a CV3isn 2-D and4 in 3-D.

3D is a3 x 3 matrix in 3-D and2 x 2 in 2-D problems. Due to symmetry only 6 coefficients3iD versus 3 in
2-D have to be stored.
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3.2.6 Source terms

The volume source term is obtained by integrating the sjpesuiircey,, of variableg over the
control volumeAVp,. Making use of equation (3.2), the volume source is appraseoh as:

Qov = / Gov AV = (qsv) p, AV, - (3.16)
Vp

Since the value of the functiap, at pointF, is known (either given or computed), no additional
approximations are necessary.

Similarly, the surface source is obtained by integratirgsipecific source,,s over the control
volume surfacesp,:

N; N;
Qus = P s ds=3 [Qus-dsm Y s, -5 (3.17)
S 7=1

—
J=S;

The value of functiom, 5 at cell-face centef is computed by interpolation using equation (3.7).

Treatment of pressure term in momentum equation

The term involving pressure in the momentum equation cardaged in two ways. The first way
is to calculate the contribution from the pressure by caliid) and summing the pressure forces
over cell faces. Another possibility is to transform thefaoe integral into a volume integral and
calculate the contribution of the pressure as a volume soldaking use of Gaul3’ theorem, the
following volume source which involves the pressure gratlie obtained:

j{pl Lds— /gradp av . (3.18)
S 1%

Although the first approach ensures the fully conservatigatinent of the pressure term, the
second approach is adopted in this study. It is also consesvbthe pressure gradient at the CV
center is calculated using equation (3.12) which is eqanalo the equation (3.18).

3.2.7 Integration in time

For unsteady flows the integration of equation (3.1) neesis tal be performed in time. Before
doing this, we rearrange the equation (3.1) into the follmyfiorm:

%—\f = f (t, ¢) ) where V¥ = /pd)dv ~ pd)PoAVPo ) and ¢ = d)(r’t) : (319)
\%4

Time-stepping schemes may be divided into explicit and ioitphethods. Explicit methods are
easy to implement (no linear equation systems have to bedpand alow for an arbitrary order
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of temporal accuracy. However, due to stability reasongli@kschemes usually require very
small time step (much smaller than it would be required ferghke of accuracy) making them
inefficient for many practical computations. On the othemchamplicit schemes are formally
unconditionally stable and allow arbitrary time step, whis governed only by the accuracy
considerations. In present study two implicit methods veemesidered: first-order Euler method
and second-order three-time-levels (TTL) scheme.

The Euler scheme is obtained by integrating the equatid®)3ver the time interval\¢
placed between previous time step; and current time step,, leading to the following ap-
proximation:

17 (ov A
Attn/l ( — ) e (3.20)
For the sake of convenience the equation (3.19) is dividec\bypefore the integrating. The

right-hand side of equation (3.19) is evaluated in termshefunknown variable values at the
current time step, providing the first-order accuracy. Estdeme is unconditionally stable and
very simple. However, due to numerical diffusion, this solkemay lead to strong damping of
unsteady flow features (see [41]).

In order to improve the accuracy, in some situations a highager scheme is necessary (see
[41]). In this work the second-order three-time-levels licipscheme is used in such situations.
This scheme involves variable values from three time leaeld performs the integration of
equation (3.19) over a time intervalt centered around the current time levg] i.e. from
t, — At/2 tot, + At/2. The right-hand side of equation (3.19) is evaluated at tewel ¢,,,
which is a centered approximation with respect to time. Mlying it by At is a second-order
mid-point rule approximation of the time-integral. A sedeorder approximation of the time
derivative at time levet, is achieved by fitting a parabola through the solution atehnme
levels, thus

ntl
N\, 3Un, 4t g2
/(%) e SR YR (3.21)

1
2

t
1
At
tn
Note that the three-time-levels scheme is marginally morepiex than the Euler scheme (only
solutions of one more time level have to be stored) but isrsd@rder accurate.
Both schemes presented above are the so called fully-imgdicemes, since the fluxes and
the source terms on the right hand side of the equation (2wEapproximated at the current

time level.

An important parameter in unsteady simulations is the ded¢&ourant-number defined as:

B [TVAN

Co="7

(3.22)
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whereuw is the local velocity in the flow direction\t is the time step andz is the local grid
spacing in the flow direction. This number describes how féwmid particle travels during one
time step relative to mesh size. Courant-number is usuakydas a parameter to assess the
accuracy and in many cases it is required to be of the ordemitf ar smaller.

3.2.8 Final form of algebraic equations

By summing the approximations of all terms in equation (3ah) algebraic equation for each
CV is obtained which relates the value of dependent varialaiethe CV center to the values at
neighboring CVs. This equation can be written in the follogvform:

N
apys®ry — O a;dp, = bp, (3.23)
=1

where the index runs over the range of neighbor nodes involved in the impépproxima-
tion of integralé, andbp, contains source terms, contributions from the transiem tparts of
convection and diffusion fluxes which are treated expliaitla deferred correction manner and
contributions from boundary cell faces. The values of theffitientsap,, anda; and source
termbp, follow directly from the approximations involved for eaarin of equation (3.%)

N;
apy = dp + Y. a;, (3.24)
j=1

bpo = qu\/ + Q¢S + bi)o
- v {mmeS — [max(mju 0) pp, — min<mjv 0) ¢Pj”

S.
+ Ty (gradgb)j . <sj — %%)
J

+ ZQB¢37
B

wherea}, andb}, stand for the contributions from the transient term whicheded on the scheme
used for time integration (see section 3.2.7) and theiresahre given in table 3.1. Coefficient
ap multiplies the variable valugég at the boundary and indgX runs over the range of boundary
cell faces surrounding the cdfj, if it lies next to the boundary. Coefficients and source temm i
equation (3.24) are evaluated using the values of deperdeaables from the previous iteration
which is in accordance with the Picard iteration scheme.

4For the adopted approximation it is equal to the number ddiimell faces surrounding the cél.
SUDS contribution is extracted from equation (3.8) whichtfiis purpose was rearranged into:
quﬁ}‘ds = max(mj, 0)op, + min(mj, 0)¢pj
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Table 3.1: Meaning of the coefficient$, andb}, in equation (3.24).

Coefficient Euler implicit scheme  Three time levels scheme

at pAVPo 3pAVP0
Po At 2AL

" AV O, ApAVp O, " — pAVp i,
Po At 2AL

3.3 Calculation of pressure

The discretization procedure considered up to now is agiplécto the momentum and other
transport equations for scalar quantities which can beessgmted in the form of the generic
transport equation (2.9). Thus, by solving a given equdterfield of the corresponding depen-
dent variable is obtained. The problem that remains to besddk the calculation of pressure,
which via the source term in the momentum equation (2.2) emibes the velocity field. The
main difficulty is that there is no equation which contains firessure as a dominant variable
and as such could be solved to obtain the pressure field. Fopressible flows the density
may be considered as a dependent variable which can be cednfvatn the continuity equa-
tion, while the pressure can be obtained from an equatiotaté.sThis approach is, however,
not applicable to incompressible flows since in that caseddmesity remains constant and the
continuity equation can no longer be regarded as a dynanuiatieqp. On the other hand, the
pressure does not feature in the continuity equation whiehefore cannot be directly used as
an equation for pressure. The continuity equation is algtoaly an additional constraint on the
velocity field which can be satisfied only by adjusting thesgree field. However, it is not obvi-
ous how this adjustment of pressure needs to be performedssile way around this problem
is to solve the momentum and continuity equations simutiasly in a coupled manner. An
explicit derivation of an equation for pressure can thusumeceed. However, even this approach
requires special treatment since the continuity equateivets zero elements on the diagonal
of the coefficient matrix (since it does not contain the puess The problem can be solved by
a special preconditioning, see Wetsal[91]. The approach requires four time more memory
then the alternative used here and does not bring advanidggsunsteady flows are computed.
In the present study a sequential solution procedure, windshbeen successfully applied to a
broad range of problems involving incompressible flow, \@fad. The strategy adopted here to
resolve the pressure-velocity coupling is based on the SB#tgorithm [58].
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3.3.1 SIMPLE algorithm

This method is based on an iterative procedure in which tleatized momentum equations are
solved first, using a current pressure estimate (usualip tfee previous non-linear iteration or
previous time step). The obtained velocity field is then usediscretize the continuity equation.
Since the current velocity field does not satisfy the coritynequation, a mass imbalance will
be produced. This imbalance is then used to calculate trssyme-correction field such that the
corrected velocities satisfy the continuity equation. Awpropriate link between the velocity
and pressure corrections is derived from the discretizesiembum equation. After the pressure-
correction is calculated, the velocities and pressure anmected. The new estimated velocities
do not satisfy momentum equation, so that the iterative gmorce is continued until both the
momentum and the continuity equations are satisfied. In \Wdiltws the procedure for the
calculation of pressure on collocated grids is described.

Cell-face velocity

For the calculation of mass fluxes in the discretized coitiraguation, the velocities at cell-face
centers have to be calculated. When a collocated varialdeagement is used, a simple linear
interpolation of velocity can lead to oscillations in theegsure field as explained in [58] and
[59]. In order to avoid oscillations, a special interpadatipractice which implies that the cell-
face velocity depends not only on the velocity field but aladtte pressure field was proposed
by Rhie and Chaw [62] (see also [59]). This influence of press§ield on the velocity field can
be expressed in the following manner [19, 26]:

V=V, — <AVP0> [ppj —Pp gradp - d; |dj|sj
! |d; |d;| dj-s;’

(3.25)

J azlji’o
wherev; is the spatially interpolated velocity defined by equatiBrb)f and overbar denotes
the arithmetic average of the values at nodgsnd P;. The term in square brackets acts as a
correction of the interpolated velocity. This term is sniatla smooth pressure distribution and
tends to zero as the grid is refined; it is proportional to thiedtderivative of pressure in the
direction of vectod; and the square of distance betwdgrand P; [26]. The role of this term is

to smooth out oscillations if they develop during iteraon

Predictor stage

When the cell-face velocities are computed, the mass fluxede calculated ag; = pv; - s;
and the discretized continuity equation, which is in geheoésatisfied, leads then to:

Nj
> s = A, (3.26)
j=1

whereAr is the mass imbalance which should be zero. The velocities ttabe corrected so
that mass conservation is satisfied in each CV. By employiegIMPLE algorithm [26], the
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correction of the mass flux through the cell fgocean be expressed in term of the gradient of the
pressure correctiénsee equation (3.25):

. AVp, op/ AVp,\ Pp, —p
m, = pV.-s; = —pls; < 0) <—) ~—pls; ( . - s . (3.27)

The requirement that the corrected mass fluxes satisfy thigncity equation can be expressed
as:

N
> i + Arin = 0. (3.28)

j=1

Substituting equation (3.27) into (3.28), the followinggsure-correction equation is obtained:

N si-s; [AV] )
2 Py / / .
_]le dj‘sj<apo j(PJ PO)
which can be rewritten in the following form:
N
Uy, Pp, = D ApPp, = by, (3.30)
j=1

with coefficients:

N NTARY N N
ap;, =P SJ. _ J, TPO o Uyl = Doy . by =—Ai=—3 i (3.31)
! dj-s;\ ap, j =1 j=1

Corrector stage

After equation (3.30) is solved, the pressure-correctmmlistained is used to correct pressure
and velocity fields and mass fluxes. According to equatiorZ8(3(3.29) and (3.31), the mass
fluxes can be corrected via:

my =15+ ay (P, = Plpy) - (3.32)

Corrected mass fluxes now satisfy the continuity equati@haae used to calculate convective
fluxes in the next iteration. Velocities at CV center are eoted using the following equation,
which follows from equation (3.27) when written for the C\nter:

AV

red red P

Vi, = Vit + V= ViR — — > (gradp’)p, , (3.33)
Py

SMore details about the derivation of pressure correctiamaégn according to the SIMPLE algorithm can be
found in references [26] and [58].
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where superscrippred means predicted value. Finally, the pressure is updatedidy@ the
pressure-correction to the pressure:

pbpry, = pppzed + Oépp%’o ) (334)

where o, is an under-relaxation factor, which is necessary becdusecalculated pressure-
correction is usually overestimated due to simplificatiamsde in deriving equation (3.27) —
neglecting the effect of velocity corrections at neighbod@s and non-alignment of vectats
andn;. Typical values of under-relaxation factor arg = 0.1 — 0.3 for steady problems. In
unsteady problems higher values &gy (up to1) can be chosen.

3.4 Implementation of boundary conditions

For the closure of the algebraic equation systems that fnasethe discretization, the boundary
conditions have to be implemented. The boundary values @eifeed at the boundary cell
faces which are related to only one cell (see figure 3.3). 8fbeg, a special attention has to be
paid to implementation of boundary conditions, which depen their type. In what follows, the
boundary conditions used in this study and their implementanto the discretization procedure
are described.

Near boundary cel

Boundary cell-face

Figure 3.3: Near-boundary cell with definitions and notation.

3.4.1 Inlet boundaries

At inlet boundaries the values of all variables are usuatigpwn. This implies the Dirichlet

boundary conditions and simplifies implementation. All wective fluxes can be calculated
using given boundary values and diffusion fluxes can be aqpeded using given boundary
values and one-sided finite differences in approximatidnsfusive fluxes.
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3.4.2 Outlet boundaries

Unlike at inlet, at outlet boundaries we do not know exactuegalof the dependent variables
but need to approximate them. Therefore, outlet boundasyldibe placed as far downstream
from the region of interest as possible. Furthermore, iuthbe placed at a location where the
flow is everywhere directed outwards in order to avoid prepag of any error introduced by
estimations of the outlet conditions. The variable valugb@ outlet boundary may be extrap-
olated from the flow domain. The simplest approximation & tif zero gradient extrapolation
which, for simple backward approximation, reducestp = ¢p,. Velocity components require
a special treatment since it has to be ensured that the breass conservation is satisfied. The
velocity components are first estimated by extrapolatiomfinterior. These values are used to
calculate outlet mass fluxes. The velocity components arss fhaxes are then corrected by mul-
tiplying them with the ration; /1o, wherern; is the total mass inflow andh is the total mass
outflow. This ensures that the global mass conservatiorifided in each outer iteration, which
is important for the solution of the pressure-correctionampn [11] (see also section 5.3.3).

3.4.3 Symmetry boundaries

If the flow is to be symmetrical with respect to a line or a plathe first condition which has to
be fulfilled is that there is no flow across the boundary, ite riormal velocity at a symmetry
boundary must be zero (and so are all convective fluxes). dJiis condition, the velocity
vector at the boundary can be obtained from the known vgloeittor at the CV-center next to
the boundary (see figure 3.4)

VB =Vp, — (Vp0 . n) n. (335)

This velocity can now be used to calculate diffusion fluxeshie usual way, but this approach
can lead to poor convergence. Symmetry boundary conditanse implemented in the mo-

omer, |

Figure 3.4: Implementation of symmetry boundary conditions.
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mentum equations using the fact that only the gradient ohtrenal velocity component in the

. . . . v,
direction normal to the boundary is non-zero, i.e. that dhly normal stress,, = 2u—

N . . on
makes, contribution to the force coming from the viscous pgthe stress tensor [26]:

foym = / T dS = / 2% (%) nds ~ [2u (%) Sn] (3.36)
e Sy n n B

wherev,, = vp, - nis the normal velocity component and the normal derivasvaaproximated
using a one-side difference (see figure 3.4):

v, v, Vp,-N
et RPN RS S I 3.37
on on db -Nn ( )
Contributions of the force calculated by equation (3.36)distributed to corresponding momen-
tum equations for each velocity component.
For all scalar quantities, normal derivatives at the symynbbundary must be zero — a
boundary condition of Neumann type is applied (zero difiadiuxes).

3.4.4 Wall boundaries

Solid walls are considered as impermeable and a no-slipdasyrcondition is applied, i.e. the
fluid velocity is equal to the wall velocity. Hence, the Dhilet boundary condition is directly
applicable for the momentum equation. Implementatiomslar as for the inlet, except that, due
to the wall impermeability, the convective fluxes are zermr. $€alar quantities (e.g. temperature)
either the Dirichlet or the Neumann boundary condition carapplied, depending on whether
the variable value or its gradient is prescribed at the baondin the former case diffusion
fluxes are usually approximated using one-sided differeacel in the latter case, the fluxes can
be computed directly (usually they are already given) asdrited into the conservation equation
for the near-wall CV.

3.4.5 Boundary conditions for the pressure-correction egation

Since the pressure-correction equation is different fioenather basic equations, the implemen-
tation of boundary conditions for this equation deservesesattention. When the mass flux
through a boundary is prescribed, which is the case for pkgyof boundary conditions men-
tioned above, its correction is zero at the boundary. It iegplaccording to equation (3.27), that
the normal derivative of pressure-correction is zero abthendary, i.e. the Neumann boundary
condition is applied.

Another possibility is that the pressure at the boundaryisrg In that case the value of
the pressure-correction at the boundary is zero, implyregRirichlet boundary condition for
pressure-correction. If the pressure is prescribed at thadary, velocity cannot be specified
there but has to be extrapolated from the interior. This rseda the same way as for inner cell
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faces (equation (3.25)), except that here extrapolatiosésl instead of interpolation. Extrapo-
lated boundary velocities have to be corrected to satighctntinuity equation.

The pressure at the boundary which is needed for the calmulaf forces exerted on the
boundary surfaces and for the calculation of gradientseatC¥#-center next to the boundary is
obtained by extrapolation from interior. In this study tlldwing linear extrapolation is used:

Po = Ppy + (gradp)Po : dba (338)

where(gradp) p,, Which depends on the valyg itself, can be obtained using the valuegf
from previous iteration.

3.5 Solution procedure

As a result of the discretization, algebraic equations efftrm (3.23) are obtained for each
cell and each variable. These equations are non-linearanued, i.e. the coefficients in equa-
tion (3.23) depend on the dependent variables and more tiadependent variable appears in
each equation. In order to solve this coupled equation syst@ iterative procedure based on
the segregated solution algorithmm employed.

3.5.1 Segregated algorithm

The basic feature of the segregated solution algorithmasttie coupled system of equations
is solved in sequence for one dependent variable at a timeatgs (3.23) are linearized by

calculating their coefficients using the values of depehdanables from previous iteration.

This results in a linear equation sub-system for each degend@riable, which can be written in

the following matrix form:

Ay = b, (3.39)

Here, A, is the coefficient matrix, consisting @f x NN coefficients, with\V being the number
of cells, ¢ is a vector containing the valuesofindb, is the vector containing the source terms.
The matrix A, has two very important features:

a) Itis sparse, since each row contains oily+ 1 non-zero coefficients, wher®; is the
number of neighboring points; included in equation (3.23).

b) Itis diagonally dominant, i.e. it satisfies the condition

lapy| > Z |ajgl, (3.40)

J

at all cells.
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These properties make the system (3.39) suitable to bedsabiag an iterative linear equation
solver which retains the matrix sparsity. This results ingmi§icant saving in memory stor-
age, since only the non-zero coefficients have to be storee lifiear equation system (3.39) is
solved in turn for each dependent variable. Iterative smhubteed not to be taken to complete
convergence, because the coefficients are only tentatigeugually sufficient to iterate until the
absolute sum of residuals reduces by one order of magnitigdations performed while solving
the linear equation system are callader iterations

After the linear equation system (3.39) is solved for aliafales, the coefficients are updated
and the entire procedure is repeated. The iterative proedduter iterationg is continued until
the convergence criterion is satisfied. As convergencermit one usually uses the sum of
absolute residualsf; normalized by an appropriate normalizing factor. In thespré study the
following criterion is used as the test for convergence d@ébiterations:

N N N
> Irg| Z bR, — appdp, + Z a;pp,|
Rk — z:jlw — =t — =1 <e, (3.41)
¢ J
> laredn|
j=1

where residua;l{; at nodel, and iteratiork is calculated as the difference between the right and
the left hand side of equation (3.23) ant a fraction ong. Usually it is enough to iterate until
the residuals fall for three orders of magnitude, i.e uﬁﬁl< 0.001 Rg. Convergence criterion
is, however, problem-dependent and, in some cases, it m&ghé&ed to reduce the residuals for
more then three orders of magnitude to achieve a converdetibso One can also use additional
convergence criteria like e.g. the values of some integuampeters, which should stop changing
at the three or more most significant digits.

3.5.2 Under-relaxation

For an iterative method to converge, when solving a linealaggn system (inner iterations),
the sufficient condition is that the coefficient matrix isgbaal dominant [59]. This condition,
however, may not be sufficient to guaranty the convergenem d@kerative solution of a coupled
equation system (outer iterations). Therefore, in ord@rémnote convergence it is usually nec-
essary to slow down the changes of dependent variablesgitbe iterations. This is achieved
via under-relaxation, which allows dependent variablei@nge only a fraction,, of the differ-
ence which normally would be achieved by the solution of thgiwal equation system (3.39),
ie.:

Bo= R s (OR —oR ) (3.42)
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where superscript: denotes outer iteration countery is an under-relaxation factor which has
the value between zero and unity apigf™ is the solution obtained from the equation (3.23) as

N;
bPo - Z a’jgbg
new =1
Py — J . (3.43)

ap,

By substituting (3.43) into equation (3.42), equation 83.8 rearranged into its under-relaxed
form:

N
ap 1 -« _
o+ a0h =bp, + —2 apdh L (3.44)
Qg j=1 ’ Qg
~—~
, b,

with ajp, andby, being the modified central coefficient and source term in eoug3.39).
When the converged solution is obtained, the terms invglwincancel out and the obtained
solution is also the solution of the original equation sgste

3.5.3 Solution of linear equation systems

The methods for the solution of the linear equation systeamshe divided into two groups:
direct and iterative methods. Direct methods are seldomh igssolve the linear equation systems
resulting in CFD since iterations are inevitable due to hinearity and inter-equation coupling.
On the other hand, the iterative methods can exploit sontariesof the system matrix like its
sparsity and diagonal dominance, which for most of iteeasiwlvers promote the convergence.
Therefore, only iterative methods are considered in thidyst

There exist a number of efficient linear equation solvertable for the solution of sparse
linear equation systems. Some of them are, however, spedesigned for the solution of
systems with regular diagonal structure of the coefficieatri, which arises from discretization
on structured grids. The coefficient matrix arising fromecdétization on unstructured grids has
on the contrary an irregular structure requiring a linearagigpn solver capable to deal with such
matrices. The solvers of conjugate gradient type can betedap irregular unstructured grids
with varying number of neighbors. In the present studyB€onjugate Gradient Stabilized
(BiCGSTAB) solver of Van der Vorst [87] with incomplete Clesky preconditioning was used to
solve the resulting linear equation systems. More dethitsititerative methods for the solution
of linear equation systems and algorithms for their impletagon can be found in references
[4] and [50].

3.5.4 Solution algorithm

The sequence of steps required to solve the set of equatimesrgng fluid flow can be summa-
rized as follows:
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Initialize all field values by an initial guess;
Solve the linearized momentum equations to predict therityg;
Solve the pressure-correction equation to ohtgin

Correct the velocities using equation (3.33), the mase$#lwsing equation (3.32) and the
pressure using equation (3.34);

Solve energy equation to obtain the temperature;

Solve equations for additional scalars (e.g. turbulerdtic energy and dissipation, species,
etc.);

If convergence criterion is not satisfied return to step 2.

In the case of unsteady problems, the time step size has teléaex. In principle it can
vary, but in this study constant time steps have been useeén\ifie flow is periodic, one usually
selects the time step as a fraction of the period. Othenaisbaracteristic time scale has to be
defined.



CHAPTER 4

Grid Movement

The conservation equations governing fluid flow presentezhapter 2, were given for a fixed
CV and the numerical method, described in chapter 3, asstimédtationary grids were used.
The subject of this chapter is the computation of fluid flow ooving grids. Two techniques
for treatment of grid movement used in the present study r@septed: a) arbitrary Lagrangian-
Eulerian approach, which uses a moving reference frameuiation of the governing equations
and b) a novel method, which solves the same equations atatmrary grids and uses inter-
polation to obtain the variable values from the previousetsteps on the new grid locations.
Modifications of the discretization method necessary te tato account the grid movement are
discussed in this chapter. The performance and accuracgtbfrbethods have been assessed
on the flow in a pipe contraction driven by a moving piston. afi the new method for grid
movement was tested in conjunction with re-meshing teekaiq

4.1 Introduction

In many practical situations the fluid interacts with rigid feexible bodies. This interaction
results in changes of the fluid-flow domain caused by the boolyom. This can arise as a result
of fluid forces exerted on the body, like for example motiorflo&ting bodies or deformation
of a membrane, or can be forced externally, for example tieificcylinder driven by a piston.
In such cases it is necessary to solve the flow equations onvanghgrid. Our attention is
especially focused on the flows around moving bodies, whadlhrfto this class of problems.
The solution of such a problem requires special treatmemntiwiakes the grid movement into
account. In this study two techniques for the computatiomodmpressible flows on moving
grids are incorporated into the numerical method adoptatisstudy. In what follows these
two techniques and steps necessary to adapt them to theoeghethod are described in detail.

4.2 Arbitrary Lagrangian-Eulerian approach

The most common way to treat problems with moving grids igWrite the governing equations
in a moving frame of reference, usually referred ta\asitrary Lagrangian-Eulerian (ALEjor-

33
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mulation [39, 40, 43]. This approach is used in all commeKCkD software. The conservation
equations for mass, momentum and scalar quantities desdusshapter 2, for a control volume
V' bounded by a moving surfacein their integral form read:

d
adeV+Zl{p(v—vs)-dS:0, (4.1)

d " T .
— ;dV + i (V—=Vs)-ds = gradu; - ds+ (gradv)” -i;| - ds
dtV/pu z{”“ Zé“ o z{”{ ]

_ j{pii~ds+/pfbidv, (4.2)
S 1%

%/pgbd‘/+}{p¢ (V—v,) -ds:f'r¢grad¢-ds+7fcg¢s-ds+/Q¢Vdv, 4.3)
1% S S S |4

wherev;, is the velocity of the CV-surface Observe that in the case when the CV does not move,
i.e. the surface velocity, is zero, the Eulerian form of the equations, dealt with inptea?2,
is recovered. If, however, the surface veloaityis equal to the fluid velocity, there is no flux
through the CV surface, i.e. the same fluid remains in the @UsTthe control volume becomes
the control mass and the Lagrangian description of fluid omo8 obtained.

Conservation equations related to a moving control voluifierdrom their counterparts for
a space-fixed CV in the definition of the unsteady term anddngective fluxes. In the case of a
fixed control volume, the time derivative (denotedd#t) represents the local rate of change at
a fixed point in space and the convective fluxes are computad fisid velocityv. On the other
hand, for a moving CV the time derivative (denoted #dtjl expresses the rate of change in a
volume whose location changes and convective fluxes are wi@ahpising the relative velocity
vV — V.

4.2.1 Space conservation law

Having the surface velocities known, the conservation ggus.can be solved in the usual way
by simply calculating the convective fluxes using the re&tielocities at the cell-faces and mod-
ifying the unsteady term in order to take into account chargjehe CV volume. However, the
use of the numerically approximated surface velocity inavaduation of fluxes based on known
face positions at different times does not guarantee thesgwation of mass and other conserved
guantities. Artificial mass sources or sinks can be prodwdeidh can cause accumulation of
solution errors or even divergence of the method. For exennph uniform free stream spurious
flows can be induced by grid motion. Influences of the grid orotnto the flow field can be
avoided if the grid velocities are calculated so that thefeing equation is satisfied:

d —
av/dV—Sj{vs-ds_O. (4.4)

1Also referred to as the grid velocity.
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Equation (4.4) relates the time variation of the controwmoé to the velocity of its surface and
hence is called thepace (geometric) conservation law (SCIhe cell surface velocity can be
obtained by solving equation (4.4) [80]. This is however netessary. Instead of solving the
SCL equation, grid velocities can be calculated from theAkmgrid positions in such a manner
so that the space conservation law is always satisfied. Pmeach, proposed by Demirdzic
and Peric [20], is adopted in this study.

Using an implicit Euler scheme for time discretization, 8€L equation (4.4) can be dis-
cretized in the following way:

AVE — AVET! Ji gV
- -ds= J 4.5
At les/v S Jz::l At (4-2)

whereAVy andAV,’;;j1 are the volumes of the cel, at timest,, and¢,,_; and(SVj” represents
the volume swept by CV facg when moving from the old to the new position (indicated by
shaded area in figure 4.1). The above definition of volume fluixee to mesh motion (right-hand
side of equation (4.5)) follows from the fact that the chan§€V volume is equal to the sum
of volumessV; swept by each CV face during the movement between two sueegsssitions,
ie.,

N;
AV]_T,; — AVI’;(”;1 = Z(SVJ" (4.6)

Figure 4.1: A control volume at three time steps and the volume swept byfde¥; between each two
consecutive time steps.

Accordingly, the following form of the discretized SCL edjoa is obtained when the im-
plicit three-time-levels scheme is used:

BAVE —AAVE + AV i 36V — oV
o Z/v ds_J R, (4.7)
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The expressions on the right hand side of equation (4.5) 7] epresent the volume fluxes
through CV faces due to their movement. Since they are ugeithéoevaluation of convective
fluxes in the conservation equations, there is no need talesdcthe grid velocity explicitly.

4.2.2 Discretization and boundary conditions

The discretization of the momentum equation and consenvatjuations for scalar quantities is
principally the same as for a stationary grid. The unsteedy is discretized in a more general
way, which takes into account the changes of CV volumes waiide if the grid deforms. For
the implicit Euler scheme one obtains

d AVp )" — (pdAVp )"
a/pgbde (pgb Po) Aipgb Po) (48)
J
and
d 3 (pdAVp )" — 4 (pdAVp )" ! AVp )" 2
a /pr dV ~ (pgb Po) (p¢2 AT) + (pgb Po) (49)
J

for the implicit three-time-levels scheme. The approxioad (4.8) and (4.9) reduce to those
given in 3.1 if the grid does not move or moves rigidly withehtange of CV volume.

For convective fluxes no modifications are needed since thigilbation from the grid move-
mentis added in the mass fluxes, which are computed once sdhlieig the continuity (pressure-
correction) equation and treated as known in all other egjusit

The continuity equation requires some attention. In ordeexplain how the continuity
equation is discretized, we rewrite equation (4.1) in thl¥ang form:

7{ pvds = 7{ v.ds — dﬂ / pdV. (4.10)
S S ¢ \%
The term on left-hand side represents the total mass fluxigrehe CV surface due to fluid,
motion which corresponds to the continuity equation foradishary grid. The right hand side
of equation (4.10) involves the contribution from the gridvement. In order to obtain strict
mass conservation, the mass fluxes due to grid movement lsasdel the unsteady term. This
is fulfilled if the right-hand side is discretized accordiioghe space conservation law as shown
above (equations (4.5) and (4.7)).

The first term on the right hand side in equation (4.10) is dddethe mass flux, which is
now for a cell facej calculated as:

: oV;
iy = p(Vy = V) S = VS — pst (4.11)

The second term on the right-hand side of equation (4.1@)ds@to the source term, which is
modified as follows:

by = b3 + b (4.12)



4.3. Local-time-derivative based approach 37

where superscriptat denotes the contribution from the stationary grid ariddlenotes the con-
tribution from the moving grid treated according to the spaconservation law. Coefficielbf,1
is computed as follows:

AVE — AVET!
— for IE
P Al or

BAVE —4AVE + AVE?

At

—p for ITTL ,

where |E stands for implicit Euler and ITTL for implicit theetime-levels scheme.

While imposing the boundary conditions for the momentumagign at solid walls, the ve-
locity by which the wall surface moves needs to be taken intwsitleration. According to the
no-slip condition the fluid velocity is equal to the wall veity.

The continuity equation requires also special treatmeat tlee wall. Since the walls are
treated as impermeable, no flux through their surfacesasvatl. Therefore the volume fluxes
due to wall motion have to cancel out the contribution of fluédocity, which is equal to wall
velocity (in accordance with no-slip boundary conditio@are needs also to be taken to enforce
the global mass conservation. The outflow mass flux has tojhstad not only to the total inlet
fluxes, but also to the total mass source/sink produced byatienovement.

4.3 Local-time-derivative based approach

Besides the ALE approach described above, which is the stdmdethod also used in all com-
mercial CFD codes, another novel method for treating mognms was developed in this study.
The idea of this method is to compute the flow on a moving griddlying the same equations
as for a stationary grid (Eulerian formulation of equatipmesented in chapter 2). Since the
fully implicit method for integration in time is used, the fles and source terms in the govern-
ing equations are evaluated using solely the solution férencurrent time step. No data about
the grid from previous time steps are needed, i.e. we do na teaknow where the grid was
and what shape the CVs had. This fact enables us to ignorerithengtion and to solve the
governing equations in the usual way as for a stationary. griee old solutions appear only in
unsteady term which is represented by the local time dérevakpressing the rate of change at a
fixed point in space — the new position of CV center. In ordeagproximate the unsteady term
it is necessary to use the variable values from one or twaque\ime steps (depending on the
time-integration scheme) at the new grid position. For theé-point rule approximation of the
volume integrals, only the old values at the new position éfcgnter are needed. These values
can be obtained by interpolation. In principle any kind denpolation can be used. Generally
the interpolation process consists of finding of sufficieminbber of donor points required for
construction of interpolation functions and calculatidnveighting factors. The main part of the
interpolation process is the searching for donor pointthdfgrid topology does not change, the
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interpolation procedure is significantly simplified, sirtbe donor cells need to be sought in the
immediate neighborhood of the corresponding cell, whodgokition is known.

One possibility to obtain the old value at the new CV centénésfollowing linear interpola-
tion:

o. o old
Pl(?ew = I;I.(gld + (gradng)Pgld . (r Ppew — rpgld) (4.14)

where, superscriptsld andnew denote the old and new solution or position respectivelg (se
figure 4.2). The gradients of old variables are calculateédeabld grid. Note that this interpola-

A
y

new position
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|

Figure 4.2: Old and new positions of a control volume between two cortsectime steps.

tion can be used only if the grid does not change its topologiyewnoving, i.e. if every cell has
its old counterpart. Furthermore it is desirable that thd does not move significantly which
is usually the case due to accuracy reasons. If the grid @saitgjtopology, when for example
re-meshing is made, equation (4.14) can still be used, bteal of point’?'d one needs to find
the nearest point at the old grid. Otherwise, interpolasbape functions can be used. This
situation is illustrated in figure 4.3 where the old valuela point 2}V is interpolated using
four points from the old grid.

The major attractiveness of this approach is that it alloalsaange in grid topology at any time
during simulation. Since the method described earlier sg@dompute volumes swept by a cell
face between two time steps, one cannot change the meslgysu easily. Also, if one thinks
of arbitrary 3D polyhedral cells, the computation of swegtwnes can also be complicated. The
above interpolation formula, however, is the same for atiytyee. If the distance between cell
center and the donor point is not larger than the half-cedlthiithe interpolation error is of the
same size as in the evaluation of cell-face value for conwefitixes. It can thus be expected that
the additional interpolation error will not substantialhgcrease the overall discretization error.
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old grid

Figure 4.3: Interpolation of the old solution to the new grid when theddgdpology has changed between
two successive time steps.

4.3.1 Near-wall treatment

Since the moving walls have an important influence on the flowhe near-wall region, care
needs to be taken to account for the wall movement propet tb wall movement the fluid is
either displaced or the space is made to be filed by fluid. leraxtake this effect into account,
the mass flux, which corresponds to the amount of fluid digoldoxy the wall or fluid which fills
the space made by the wall, is added to the source term in éissyme-correction equation. This
additional mass source can be computed using the wall ¥glacd cell face area at the current
time level (see figure 4.4). The source term in the pressomection equation is thus modified
as:

by = by™ — (pVe - Sw)" (4.15)

wherev,, is the wall velocity and the terrif;* represents the usual contribution when the grid
does not move. Contribution from the wall movement given Quation (4.15) allows that
boundary faces may change between two time steps (re-nggshin

In the momentum equation, as usual, fluid velocity at the sladiuld be given the value of
the velocity by which the wall moves.

4.4 Assessment of moving grid methods

In this section we consider two examples which were seleatdtie test cases for assessment of
the methods for grid movement presented in the previousossctOur attention is focused on
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N
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N wall

Figure 4.4: On the treatment of wall movement.

the estimation of the accuracy and efficiency of the two mathas well as on the applicability
of the method proposed in section 4.3 in conjunction witmeeshing technique.

4.4.1 Piston-driven flow in a pipe contraction

As a suitable example for an assessment of the methods fanghgxids, the unsteady flow in a
pipe with sudden expansion driven by a piston was computeth Bumerical and experimental
investigations of piston-driven flows have been carriedmothe past [76, 78, 77, 25]. An exten-
sive numerical study for various parameters, such aslipiséon clearance, stroke length, piston
velocity, etc., is provided in reference [76]. We refer heréhe computations and experimental
data reported in [78].

The geometry and dimensions of the computational domairthiertest case studied here
are shown in figure 4.5. The flow is induced by a piston which @sqweriodically between two
limiting points (,, . andz,,__ ) inside of the larger pige The variation of the piston velocity and
position during one cycle is given in figure 4.6. The pistantjally positioned atr, = 21 mm
(minimum piston displacement), accelerates strongly atdgginning of the intake stroke and
within 0.05 s reaches the velocity df.22 mm/s which remains constant until05 s before the
end of the intake stroke. In the exhaust stroke the accedarphase last8.18 s within which
time the piston reaches the maximum velocity-€f6.5 mm/s, which remains constant until
0.18 s before the end of the exhaust stroke.

The flow is regarded as laminar and axisymmetric. The fluigh@rides used in the compu-
tation (p = 1kg/m3 andy = 3.89 - 107%) are chosen so that the Reynolds number based on the
diameter of the larger pipeD) and the piston velocityu,) is 72 in the intake stroke an806
in the exhaust stroke, as in experiments reported in [78jthEumore, the length of the smaller

2Also referred to as cylinder.
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Figure 4.5: Geometry of the solution domain for the piston-driven flow.
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Figure 4.6: Piston velocity (left) and piston clearance (right) as fiores of time.

pipe wasl00 mm in the computation (as in the simulation reported in [78]loi#g the pipe axis
the symmetry boundary condition is applied and at the imi¢hé smaller pipe we imposed the
pressure boundary condition, which allows the change diitkedirection, rather then the stan-
dard outlet boundary condition, which in such cases mayredastable. All other boundaries
are considered as impermeable walls and no-slip boundawittans are applied there. At the
piston surface the fluid velocity is set to the piston velpuaihile at other walls it was set to zero.
To assess the accuracy, we performed the computationsemdiistematically refined grids
which had1630, 6520 and26080 CVs, respectively. The coarse grid is shown in figure 4.7. An
orthogonal nonuniform grid is employed as the best choicéhie given geometry. The grid in
the large pipe region is adjusted at each time step to cortimthe domain boundaries defined by
the new piston position. This is achieved by moving the gesiin axial direction proportional to
the piston displacement. Thus the cells in the large pipeneye deformed but the grid topology
remains unchanged. Convection fluxes are discretized tisenGDS, providing a second-order
discretization in space. For time integration we used th@ion Euler scheme, which was found
to produce satisfactorily accurate results. The prelimyicsamputation with the three time levels
scheme, performed on the medium grid, did not bring any Bagmt change in the results. A
constant time step @f.00125 s was used during the entire cycle and on all grids. This tirap st
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size was chosen to be small enough to ensure that the Cownaiien stays close to unity on the
finest grid.

Figure 4.7: Initial coarse grid (1630 CV) for the piston-driven flow.

The computations on all three grids were performed using bethniques for grid move-
ment, namely: arbitrary Lagrangeian-Eulerian approadh wie space conservation law, de-
noted as SCL, and the new approach based on the approximnatismunsteady term by a local
time derivative proposed in section 4.3, denoted as LTDduhitaon, for further verification of
our results, we also performed the computations using thareercial program Comet which
employs the ALE approach and the space conservation law [37]

The computation on each grid was started from zero fields otliter iterations were repeated
within each time step until the normalized sum of absolusedeals has fallen by five orders of
magnitude. This was done in order to ensure that iteratiocorelare negligible compared to
discretization errors; normally a reduction of residuglsiyee orders of magnitude is sufficient.
On average about5 outer iterations per time step were needed to achieve thareegconver-
gence. Table 4.1 shows the average CPU time per time stelb floreee computations and for all
three levels of grid refinement.

Table 4.1: CPU time in seconds per time step for the pistoredrflow computation.

Grid level

Method 1 2 3
SCL 0.227 1.732 13.94
LTD 0.215 1.551 11.801
Comet | 0.229 1.944 15.50]

W

The development of the pressure and velocity fields duriegfitist cycle is shown in figures
4.10 and 4.11 (pages 47 and 48). The flow development in subsegycles is expected to
be different. Continuing the computation on the medium gndr several cycles, the periodic
behavior of the flow has been observed from the second cyularais.

For the estimation of discretization errors, we comparedrésults obtained on different
grids. An average difference between the solutions on thestvecessive grids defined as:

N
S [g¢ — of|
1=1

eo= T (4.16)
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was computed, wherg stands for a dependent variable aricand £ stand for coarse and fine
grid, respectively. Since the computational points arafégrént locations on the two grids, the
data from finer grid were linearly interpolated to the celhtegs on the corresponding coarser
grid. The differences obtained for thevelocity at five piston positions during the first cycle
are given in table 4.4.1. It can be observed that the diftererare approximately in the same
range for all three methods. They decrease with a factordei5 and4 as the grid is refined;
asymptotically the factor of four should result for a secander method. The LTD method has
consistently slightly higher errors, but the differencaads significant.

Table 4.2: Average differences between two coarser gridsand two finer gridsso3 obtained for the
u velocity component at five piston positions during the fisgtle and using three different methods as
indicated.

Intake stroke Exhaust stroke
Method =z, — 26.6680 32.4992 38.3305 40.1324 25.604+
scL €12 6.63686E-05 8.44496E-05 9.34186E-05 5.38343E-04 9.3H925
£93  2.63986E-05 2.48267E-05 2.49655E-05 1.31143E-04 3.63998
LTD €12  6.96606E-05 8.88590E-05 1.03009E-04 5.54924E-04 1.(B1035
g93  2.75505E-05 2.56196E-05 2.67919E-05 1.38675E-04 3.82685
Comet  °12 7.45466E-05 8.96748E-05 9.29392E-05 5.62832E-04 8.220320
€93  2.69811E-05 2.68979E-05 2.54343E-05 1.32231E-04 1.95D47

A qualitative comparison of the results obtained usingedéht techniques with each other
is given in figure 4.8, which presents the profiles of the ax&bcity component at two char-
acteristic locations for two piston positions in the intalkel the exhaust stroke. The presented
results obtained on the medium grid agree obviously very wab appreciable difference can
be visually observed.

Figure 4.12 on page 49 shows comparison between the comgnudedeasured profiles of the
axial velocity component at various locations for the pigpositionz,, = 34.847 mm in the first
intake stroke. The flow field for this position is shown in Figs10 c) and 4.11 c). The results
presented in figure 4.12 refer to those obtained using tlsept&LE approach and the treatment
of the grid movement according to the space conservatioi$&i.), which were selected as the
reference results. Having in mind figure 4.8, comparisomefgrofiles obtained using the other
two techniques was not necessary. Except of under-preldietgative velocity in the region near
the center of the primary vortex, a qualitatively good agrest between predicted and measured
profiles can be observed. Some discrepancies are alscaviisibme profiles near the symmetry
axis, but disturbances in measured profiles at 11, + = 26 andz = 29 mm may suggest
some uncertainties in experiments or the flow asymmetry @sdason for the disagreement.
Nevertheless, the level of agreement obtained here is aalesto that from [78].
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a) Intake stroker, = 34.847mm, z = 23 mm
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Figure 4.8: Comparison of results obtained using the SCL technique jthesults obtained using Comet
and b) results obtained using LTD technique. Presentedrafiéeg of the axial velocity calculated at two
piston positions.

4.4.2 Re-meshing

In the case considered in the previous section, the grid meméwas achieved by deforming
the grid in the large pipe region. Sometimes, the grid de&bion caused by grid motion may
become extremely large, resulting in severely poor gridityudn such cases it may be necessary
to replace the existing mesh with another one with bettepgnttes. This practice is called re-
meshing. In order to continue the computation after re-mgstthe flow information needs to
be transferred from the old to the new grid. The new methodrioving grids, proposed here,
is suitable for computations with re-meshing, since the dednsfer between two successive
grids can be accomplished relatively easily. Since a fufiplicit integration in time is used,
convection and diffusion fluxes are completely approximaitsing variables and geometrical
data from the current time step. Furthermore, the LTD-inegit of the grid movement described
in section 4.3 does not need any information about the goioh fihe previous time step. Thus,
the only information that needs to be transferred from thiktolthe new grid are the values of
the dependent variables at the cell centers.

In this section we investigate the possibility of using tiésv method for the grid movement
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in combination with re-meshing technique for handling odlgems with moving boundaries.
The same example as in the previous section was consideregelmodified the piston move-
ment in order to get a stronger compression in the large @gien. The variation of the piston
velocity, which is given as a sines function, and the cowesing piston position are given in
figure 4.9. The Reynolds number based on the maximum pistonityeof 9.42 mm /s was109,

a r r — r — r r — r — r — r r r r — r ] b I T T T T T T T T T T T
)10:_M_a_xi_n1u_n3 piston speed (9.42mm/s) - )40’ Top dead centre (40 mm)
5 —
7 |
£
E o0
o [
> L
-5 —
e 7 [~ Botorn dead centre (Amm) 7T TTTTTTTTTTT
A TS N T TSSO S S SO A RIS TR T I TS A TS S ST S NN S ST R
0 0.2 0.4 0.6 0.8 1 00 0.2 0.4 0.6 0.8 1

T T
Figure 4.9: Piston clearance (left) and piston velocity (right) as fiores of time.

yielding a laminar flow. The piston moves between the top asttbin dead center, which cor-
respond to the piston position of, .. = 40mm andz,_, = 4mm, respectively. Thus, the
volume occupied by the piston in the large pipe reduces atrtldeof exhaust stroke to/10 of
the initial volume defined by the piston position at the topdieenter. A relatively high com-
pression ratio leads to strong deformation of cells in tihgdaipe region when the initial grid
topology is preserved.

We performed the computations on a single grid (without esinng) and using the re-
meshing technique. The initial grid used in the computaliad3780 cells, therefromi0 x 57
cells in the large pipe region. The re-meshing was made thmes during a stroke, whereby the
number of cells in axial direction in the large pipe was redgtncreasing while the number of
cells in radial direction remained the same. The re-mestalayant data that contain the infor-
mation about time and position of the re-meshing as wellastimber of cells in axial direction
are given in table 4.3. Using the re-meshing the number &f oek: direction in the large pipe

Table 4.3: Data for re-meshing.

Reduction of cell numbers
t/T x,mm] inx direction in large pipe region

1/4 22.0000 40 — 32
1/3 13.0000 32 — 26
47/120  8.0114 26 — 20

was reducing from0 at the beginning t@0 at the end of exhaust stroke. In the intake stroke the
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number of cells was increasing in reverse order.

The computation was first carried out on a single grid overdyaes which were enough to
get the periodic solution. These results were stored ardlas@itial field for the computations
with both techniques over a further cycle. Discretizatiorspace and time was the same as in
the previous example, the time step used Wa3s.

Several characteristic flow features were used for the sissed of results. Figure 4.13
shows the time history of the pressure and shear forceseexentthe piston. From the pressure
force presented in figure 4.13 a) one can conclude that tlesyme field near the piston surface
remains almost unaffected by re-meshing. On the other Hanshear force some discrepancies
are visible immediately after each re-meshing. The difiees are more pronounced during the
intake stroke. However, although the differences look inegobical presentation like significant,
one has to take into account that shear force is ab@utimes smaller that the pressure force,
since the velocity tangential to piston surface is reldyigenall. The shear stress is rather sensi-
tive on the grid resolution near the wall which changes $icgmtly after each re-meshing. This
might be considered as the main reason for these differences

Comparison of profiles of the axial velocity component cllted at the entrance into the
smaller pipe (see figure 4.14) shows very good agreementekettine two results. Profiles were
computed for six different piston positions during the ex¢taand intake stroke. In this case only
slight differences can be observed in profiles that were cdetpwhen the piston reaches the
bottom dead center.

Figure 4.15 shows the numerical grid and the pressure figldixopositions of the piston
during a cycle. Pressure fields computed using the two apbesashow also very good agree-
ment. It is obvious from the pressure field that the data teartiiring the re-meshing is done
correctly. Small differences in the pressure contours ¢hatbe recognized may be expected
due to differences in the numerical mesh, which becomefsignt as the piston approaches the
bottom dead center.

4.5 Concluding remarks

The results obtained for the two test simulations presemgutevious sections show that the
novel LTD-technique for handling grid motion produces siolas of the same accuracy as the
standard method based on space-conservation law. Thetadearof the new technique are:

e Itdoes not require computation of volumes swept by all féic@s one time step to another,
which can be both complicated and time consuming if poly&lexills with a large number
of faces are used. The effort needed to interpolate the sditam the previous time step
to the new cell-center location in the new method is indepandf the cell shape.

e It can be conveniently used in computations with re-meshivigere both the number of
cells and possibly also their shape changes so swept volcanest be computed.

The new method requires search for nearest neighbors oropsemesh when re-meshing is
used; this is also the case when overlapping meshes aresastils topic will be covered in the
next chapter.
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Figure 4.10: Pressure field for several positions of the piston duringriteke stroke (left) and exhaust stroke (right).
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Figure 4.12: Comparison of computed and measured [78] profiles of the eedacity component for the
intake stroke of the first cycle and piston position= 34.847 mm.
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Figure 4.13: Pressure force (left) and shear force (right) at pistorese;fcomputed using single grid and
re-meshing.
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Figure 4.14: Comparison of profiles of the axial velocity component altrgcross section at the entrance
into smaller pipe for six different piston positions duriagycle. Results obtained on a single grid and
using re-meshing technique are presented.
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CHAPTER 5

Overlapping grid technique

In this chapter th@verlapping grid techniquéalso called Chimera grids technique) developed
in this study is described. The principals of the overlagmnd methodology are first outlined.
The algorithms for hole cutting and donor searching usedarptesent study are then described.
The main attention has been paid to the solution of the gawgrequations on overlapping
grids. Special features concerning the integration ofrikerigrid coupling in the global solution
procedure and mass conservation at overlapping interée=soped within this study have been
discussed in detalil.

5.1 Introduction

The overlapping grid techniques, also known as "Chimeravarset grid techniques, have been
developed by several authors in the past [7, 22, 31, 74, d3hdse methods, the computational
domain is covered by a number of grids which overlap with edblr in an arbitrary manner. An
advantage of such a grid arrangement is the possible emplayof grids of high quality (e.g.
orthogonal, cylindrical, spherical grids or other gridstwgood numerical properties) when han-
dling complex geometries. Grid components can be addederedlto represent the arbitrary
shape of real-life geometries, thus permitting a great dééexibility in the discretization of
multi-connected domains. This approach has much of itsradgas in computation of multiple-
body and moving body problems as well as in optimizatiomhgiroblems.

Nowadays, the unstructured grids are the rule rather theapton in CFD, due to their
flexibility in treatment of complex geometry. Furthermoseme other features like adaptive
local grid refinement capability and automatic grid gerieratnake unstructured grids attractive
for complex industrial applications. Thus, the leading coencial CFD flow solvers are based on
unstructured grids. The solution algorithms for unstreetumeshes are also improving [68, 45],
thus continuously increasing the efficiency of unstruawelvers. Although the unstructured
grids are capable to accommodate the domains of an arbl&aelof complexity, their use in
situations with bodies in relative motion or optimizatidndies still involves some difficulties
and limitations. In order to treat such problems properingisingle domain-fitted grids, the
grid deformation is necessary to accommodate the domaindawies which are changing due

53
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to body motion. If the motion of bodies is large, the grid defation becomes severe and a part
of the computational grid or, in some cases, the whole gredtthde newly generated.

Owing to the flexibility in matching of different grid compents, the overlapping grid tech-
niques, on the other hand, offer much more flexibility in Harglthe problems that involve
multiple bodies in relative motion. In that case, as the congmt grids move relative to each
other, only the location of boundary points at overlappimgifaces that are involved in interpo-
lation changes. The grid points do not need to be regeneaaidthe grids retain their topology
and geometrical properties. Similarly, in the optimizatgiudies one needs often to modify the
geometry (e.g. to exchange one part of a configuration witkeva one) while searching for
the optimal design. As a consequence, in most cases a nevnagitb be generated for the
new configuration. Overlapping grid techniques offer alsthis case a great flexibility, since
the grid, if at all, usually needs to be modified only locallyy. around a new part). This is the
main advantage of the overlapping grid approach over timelata techniques that employ single
domain-fitted grids, which require grid deformation andemgration to account for body mo-
tion or modification of the geometry. Unstructured grids ambination with overlapping grid
techniques still have advantages over structured overlggpids. Thus, using the unstructured
overlapping grids for moving bodies the number of compoeids necessary to cover the com-
putational domain may be reduced. This in turn reduces thetaxity of the overlapping grid
systems used for such computations, which positively reflec the efficiency of the method.

Early examples of applications of the overlapping gridssti@wvn by Atta [1], who computed
the solutions of the full-potential equation on an undexyCartesian grid with an overlapping
curvilinear body-fitted grid around an airfoil. The ovenapg grid method was extended to the
solution of the full-potential equation about multi-conmemt configurations [2]. Some solutions
of the Euler equations for flows around multi-component gaéitions are presented by Benek
et al[7, 8] and Steger and Benek [74]. Chesshire and Henshaw Eugldped a general algo-
rithm for the generation of overlapping grids. They desesbme techniques for the solution of
elliptic and time-dependent PDEs and present some applisa the solution of the compress-
ible Navier-Stokes equations on such grids. Henshaw [3&jrilges a fourth-order accurate finite
difference method for the solution of incompressible tidependent Navier-Stokes equations on
overlapping grids. He employs an explicit time scheme toatpdhe velocity and the multigrid
algorithm [33] to solve a Poison equation to obtain the presssThe method used by Petersson
[61] is essentially the same, but second-order accuratpaoes Hinatsu and Ferziger [34] and
Burton and Eaton [14] used a fractional-step method in tim@mbination with a second-order
finite volume discretization in space to solve unsteadynmme@ssible Navier-Stokes equations.
A method for the solution of steady incompressible Naviek8s equations on overlapping
grids, based on use of SIMPLE algorithm on staggered grigtBys is presented by Wright and
Shyy [93]. Tuet al]83, 85, 84] used an overlapping grid technique and muttignethod for
computation of flows in internal combustion engines. Furdaplications of the overlapping
grids to the flow computations are given in [6, 35, 13, 88] agiwotihers. Except to accommodate
complex geometry, the overlapping grid techniques was bgesbme authors for the adaptive
local grid refinement [10, 38].
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Recent development of methods for unstructured grids haisaed researchers to apply the
overlapping grid techniques to such grids as well. Sevarbligations have recently appeared
that present overlapping grid techniques for unstructgrets. Nakashet al[55] developed an
overlapping grid method for unstructured grids and used dambination with a finite volume
cell-vertex scheme to solve compressible Euler equatiansya complex multi-component con-
figurations [81]. Further applications of unstructuredrtygping grids to the solution of Euler
and Navier-Stokes equations are given in [44] and [47].

All of these methods use either block-structured or unstined triangular or tetrahedral
grids and were developed to handle a particular class ofgmub(incompressible or compress-
ible, Euler or Navier-Stokes equations).

The present method is designed to:

e achieve a strong coupling of all grids for an efficient itemasolution up to the round-off
level of residuals,

e provide smooth solutions in overlapping regions,

e achieve global mass conservation across all grids,

e be applicable to arbitrary polyhedral grids,

¢ allow an arbitrary motion of bodies relative to each other.

These properties ensure not only an efficient iterativetswiyrocedure but also the accuracy of
the solution in the neighborhood of the overlapping regidwckv is consistent with the accuracy
in the rest of the solution domain. In particular, the metigadrantees that the solution in the
overlapping region is the same on all overlapping grids, e demonstrated in applications

presented in chapter 6.

5.2 Outline of overlapping grid methodology

Two principal elements of the present overlapping grid néghe are:

e decomposition of computational domain into sub-domainsl generation of a suitable
grid in each sub-domain,

e development of a coupling method for an accurate, efficiadt @nique solution of the
governing equations on the overlapping grids.

The basic idea of this approach is to break the computatmm@lain into a number of smaller
regions (sub-domains), which are in general associatédoernponents of a configuration. Each
sub-domain is covered by a suitable grid, which is in gergrapler and easier to generate than
a single grid for the whole domain. The component grids aasedt with sub-domains are not
required to match in any special way, but they have to ovexldiiciently to provide the means of



56 5. OVERLAPPING GRID TECHNIQUE

Overset grids

________

Background grid

Figure 5.1: An overlapping grid system consisting of two minor gridsiekted to the bodies and embedded
into major background grid stretched over the entire domain

coupling the solutions between the grid components. Theegarof overlapping grid approach
is illustrated in figure 5.1. Two separate grids are gendrateund each body covering a small
area close to bodies, while the remaining part of the donsagovered by another grid, which
is usually called the background grid. In many situatiorestithckground grid can be a simple
Cartesian grid. The grids attached to bodies are completalyedded in the background grid.
On the other side, parts of background grid lie within bodied are thus outside the flow field.
These parts of the background grid have to be excluded frencdaimputation and as such may
be physically removed. In the case of moving bodies it mighhécessary to keep all grid cells,
since, due to body motion, different parts of the grid arested by the bodies at different times.
Therefore, the cells which are covered by the bodies aretidlated rather then removed. These
cells are called inactive (hole) cells. In order to separatetive cells from the rest of the domain,
an artificial boundary within the background grid has to Eated. Nodes in the centers of cells
along such a boundary within a background grid are denotdd"wi in figure 5.2, which shows
a detail of the overlapping region masked by the dashedmngletan figure 5.1. The variable
values at these cells and cells along the outer boundaryeabvbrset body grid (denoted with
"e") are obtained by interpolation of the variable values fribra other component grid (donor
grid).

According to their role in the solution process of the gouggnequations, the cells in an
overlapping grid system may be divided into three growjscretization (active), interpolation,
and inactive (hole) cellsDiscretization cells are used to discretize governingaéiqus, inter-
polation cells receive the solution information by intdgimn and inactive cells are disregarded
during the solution process. All three cell types are shawfigure 5.2.

5.2.1 Inter-grid communication

When all component grids necessary to appropriately cdveecomputational domain are gen-
erated, the next step is to establish the inter-grid comoatioin. This is necessary in order to
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Figure 5.2: A detailed view of the overlap region with some definitionsl aotation.

be able to obtain a unique solution over the whole domain. éscidbed above, some parts of
the grid may be outside of the computational domain, reqgito be deactivated or removed.
On the other hand, in order to obtain the solution on eachgsdhte grid, the cells involved in
the coupling of the component grids have to be identified. sTluere are two major steps to
establish the inter-grid communication:

1. Hole cutting, which involves the identification of theleghat are outside of the computa-
tional domain,

2. ldentification of interpolation stencils which are useddonstruct the interpolation formu-
las for grid coupling.

In the first step all cells are divided into two groups: actwel passive. After that the inter-grid
boundary cells are identified as the active cells which hanenson faces with passive cells. For
cells which lie along the outer boundary of a component grédl¢ denoted bys” in figure 5.2),

the type of the boundary region is used as the criterion fertype classification of these cells.
During the grid generation, the outer boundary regions asggaed a special boundary type
(overlap boundary) and the cells that lie along such bouesl@re recognized as interpolation

cells.

Hole cutting

In this step, all grid cells which lie outside of the compigaal domain have to be identified
in order to be treated appropriately during the computafi@nexplain the algorithm developed
for purposes of this study, consider the overlapping gristesy shown in figure 5.3, which
consists of two component grids: a background grid and anahd around the body overset
on the background grid. The cells in the background grid Wiaiee covered by the body have
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to be excluded from the computational domain. In additioth&se cells, a major part of the
background grid covered by the body grid can also be mark&wbasve. Only an overlapping
region consisting of a number of cell layers necessary farigrid coupling needs to be left.
For selecting the regions that need to be deactivated, tteg baundaryC), of the body grid is
used as a reference for the hole creation. All cells whichoartside of the curv&’, remain
active. The cells inside of the curvg, are further tested to check if they are inside of the
overlapping region or need to be deactivated. A mesh porunsidered to be inside the curve
Cy if the dot product between the(a vector from the closest boundary point on the cutye
to the mesh point in question, see figure 5.3), ar(the normal vector on the curvg, at the
closest boundary point, directed outward from the holeargis negative. For cells inside the
curveC the distancé = |n - r| is used to determine if the cell is inside the overlappingaeg
(if & < 4y, see figure 5.3) when it should remain active, or outside tieelapping region, when
it needs to be deactivated. The width of the overlapping Zgrtkepends on the grid spacing in

/
*\Qverset (body) gnd

—_—_ -

Overlap region
Background grid

Figure 5.3: Hole cutting.

the overlapping region. It has to be large enough to provdfecgeent overlap between the grids
in order that the inter-grid coupling can be accomplished.

If there are more then one body grid (see figure 5.1), the poesdescribed above is applied
to each body, resulting in as many hole regions in the backgtgrid as there are bodies. If the
overset body grids overlap each other (see figure 5.4), géégssary to deactivate all regions on
these grids which are outside the computational domaincogered by other bodies or lying
outside the background grid. In addition, since the partsaah body grid may be covered by
another overset grid, the holes may be created in theseagid®ll. Some criteria are necessary
to decide in which grid the holes need to be created, and wipicts are used to obtain the
solution. To this end a grid hierarchy is introduced. The ponent grids are divided into
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different levels. Grids on higher levels have higher ptiothen grids on lower levels. The

background grid has usually the lowest level of prioritydam general finer grids have higher
priority. Cells which need to be deactivated are from gridscolv lie underneath a grid with

a higher priority. Figure 5.4 shows an overlapping grid sgstonsisting of three component
grids: a background grid and two grids created around bodtggure a) shows the situation
when the grid 2 has a higher level of priority than the grid 33, in addition to the region

outside the domain, also a part of the grid 3 covered by gredd2activated. Figure b) shows the
opposite situation, the grid 3 is of higher priority than tred 2. In this case an additional hole
is created in grid 2. Grid levels are specified during the gaderation, i.e. before beginning of
the computation.

a) Grid 1 Holes due to bodies
(Background grid)

) En N

Holes due to bodies

Hole in background grid Hole in grid 2

Figure 5.4: Multiple overlaps with different grid hierarchy: a) grid 2$1a higher level of priority then grid
3 and b) grid 3 has a higher level of priority then grid 2; soragof grid 3 lie outside the background
grid and are deactivated.
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In cases that involve moving bodies may be difficult to define the grid hierarchy correctly.
Since the relative position between body grids that ovexbagh other changes, the grid hierarchy
defined for the starting position may not be valid all the titmesuch cases only the parts of each
overset body grid that lie outside the domain are deactivatbile the regions covered by other
overset grids are retained. This results in more active te#in necessary, since in some regions
the solution is computed on more then one grid. In most cdmesetregions may be expected
to be small in comparison to the whole grid, thus the compariat overhead should not be
significant.

For computations on overlapping grid, especially on mognds, it is important that the hole
cutting can be performed automatically. For complex comégans this may become difficult
and more general algorithms may be necessary to accomplislitamatic hole cutting. The
research of the present study was basically focused on thgasoof governing equations on
overlapping grids and less attention has been paid to thel@f@went of algorithms for creation
of overlapping grids. Some generalized algorithms fortiweaof hole cuttings on structured [15,
60, 79, 49] as well as unstructured [55] grids can be foundierdture. With some modifications,
these strategies may also be applied to general unstrdataliecentered grids.

Donor searching

For each interpolation cell, donor cells on the grid thatrtags it have to be identified. How
many cells are needed and which relation between them isedlodepends on the interpolation
scheme. The simplest method requires that only one cellevb@stroid is closest to the centroid
of the interpolation cell should be identified. This cell éled here the host cell. Any additional
node contributing to the interpolation formula must conmfrthe immediate neighborhood of
the host cell.

There are numerous ways to find host cells for a given poiné siimplest one is the brute-
force algorithm, which assumes a search over the entireugriidl the host cell is found. For
a considerable number of interpolation points, and for findsg this procedure becomes pro-
hibitively expensive, since a large number of searchesdbs performed.

In the present study the neighbor-to-neighbor searchiggrihm [42], suitable for unstruc-
tured grids, is employed to accomplish this task. The metbathematically shown in fig-
ure 5.5. Starting from a given cell, one jumps to the neigimgpcell that lies in the direction
of the target. This procedure is repeated until the cell tvismntains the target point is reached.
The selection of the next starting cell among the neighblis o the current starting cell is
based on the scalar product of the vegiprconnecting the midpoint of each cell face and the
target point, with the outward norma} on that cell face (see figure 5.5 b). The cell face whose
normal encloses the smallest angle with vegtois selected and the neighboring cell that shares
this face with the current starting cell is chosen as the riartisg cell. If scalar products; - n;
are negative for all cell faces, the target point lies insid cell, i.e. the host point is found.

This searching algorithm is very efficient, since the seagpath is one-dimensional even
on a three-dimensional grid made of arbitrary polyhedrli§cé performs very well inside the

LAn example is presented in section 6.5.



5.2. Outline of overlapping grid methodology 61

domain but can have problems with boundaries. This is ietl in figure 5.5 a). If the cell B
is used as the starting cell, the algorithm fails since incarjump’ over the boundary. In such
cases, the next starting cell is the one which lies near thadery cell face (cell D in figure 5.5
a) that intersects with the line connecting the last stgrtiell C and target point P. Since there
can exist more than one intersection, the cell which is clio®ethe target point is selected as the
new starting cell. Alternatively if boundary face crossedhe preceding step are excluded from
the check described above, the algorithm will still work dorte the search path to go around
the obstacle.
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Figure 5.5: Neighbor-to-neighbor searching.

For the moving-body problems, the donor searching for nesitiom is significantly simpli-
fied, since the existing overlapping definition can be usdati@mitial guess for the next search.
Since the body movement is small within a time step, the nest ¢l for each interpolation cell
lies in the immediate neighborhood of the previous dondr &inilarly, any new interpolation
cell comes from the neighborhood of an old interpolation, aehich is used to determine the
starting guess for the new search.

Note that the technique described above, used to deterntie¢her the target point lies
within a cell, can be applied to three-dimensional grids enaflarbitrary polyhedra as well.
However, the algorithm works only for convex cells, whichassumed to be always the case
in this study. Since this condition may not always be fuldilfer arbitrary unstructured grids,
some other techniques might be necessary to localize thedlbsin such cases the Shimarat’s
algorithm [52] can be used, which works well for concaves#b.
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Construction of interpolation stencils

Once the host cells for each interpolation point are fouhd,ihterpolation stencils are gener-
ated. The number of points included in interpolation stisnand their form depends on the
interpolation functions used. In general, any kind of shiypetions can be used to construct
interpolation formulas, but the most often used are linbaps functions [38, 6, 81, 44, 65, 86].
Higher order shape functions can also be used, but one hasctréful, since approximations of
higher order may introduce oscillations in the solution][5Fhis especially may happen when
the overlapping region is placed in the area with strongigrdd in the flow field. Alternatively,
higher order monotonicity-preserving interpolation noeth can be used.

The quality of grid coupling may also depend on the qualityntérpolation stencils. There-
fore some attention needs to be paid when choosing the domasontributing to interpolation
stencils. For construction of interpolation stencils, tlest cell is used as the starting point. Ad-
ditional donors are sought in the neighborhood of the hokt &ome examples of possible
interpolation stencils consisting of different number ohdrs and constructed on grids of differ-
ent topology are shown in figure 5.6. Figure a) shows how ttegpolation stencils consisting of
three or four donors can be constructed when a regular datedal grid is the donor grid. Fig-
ure b) shows an irregular triangular mesh as the donor ghdrd&are a few options to construct
an interpolation stencil consisting of three donors. Th& prossibility would be to construct a
stencil using the celD; and its nearest neighbor3, and D;. However, since the target point
P; is not enclosed in the triangle, D D3, this stencil would produce some negative weight co-
efficients, i.e. an extrapolation would be obtained instafaah interpolation. Although, such a
stencil would also work, it is better to avoid such a situatichenever possible, since negative
weight coefficients can, in some circumstances, producephgsical results [57]. A "regular”
stencil can be created using, for example, célls D; and D,. Another interpolation stencil
consisting of four donors can be constructed using de|lsD,, D5 and D,, while the cellD;
can be added to construct a five-point stencil.

After all donors are determined, an interpolation formwaladach interpolation point can be
constructed which, regardless of the shape function usedthe following form:

Np
op, = Z Quy, Py, 5 (5.1)
k=1

expressing the interpolated function value at néde p,, in terms of the function values at donor
pointsDy, ¢p,, with «,,, being the interpolation weights.

5.2.2 Accuracy and conservation properties of interpolatn

Conditions at grid interfaces, by which solutions of diféfet sub-domains are connected with
each other, are crucial in calculations on overlappingggril good interface treatment should
lead to a converging iterative scheme and a solution of @aabépaccuracy. An important issue
with regard to the interpolation is its effect on the ovesaalturacy of the solution and its conser-
vation properties. The form of inter-grid interpolationsdebed in the previous section, based
on interpolation of dependent variables at overlappingrfates, is not necessarily conservative,
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Figure 5.6: Some variants of interpolation stencils for different tyé interpolation formulas and differ-
ent types of grid.

since the fluxes between component grids are not balancdidigypThus, although the numer-
ical discretization in all sub-domains may be conservativenerical results are not conservative
globally. However, in many applications it was shown thas thck of conservation does not
degrade the solutions when the overlapping interfaceslaceg in regions of smooth solutions.
Successful applications of the methods with non-conseeraiterpolation have been reported
in literature [6, 63, 81, 12].

Meakin [48] investigated the spatial and temporal accuEddhe overlapping method for
moving body problems and suggested that the issue withfacetreatment is not necessarily
one of conservative versus nonconservative interpolationone of grid resolution.

The nonconservative approach was adopted in the preseiytrsiainly due to its simplicity,
which is especially advantageous for the dynamic overtapprids. It could be demonstrated
that the non-conservative errors are of the same order esdiftretization errors, and that they
tend to zero as the mesh is refined. In the present study ther ow@jcern is the conservation of
mass, which may be essential for the solution of the pressamrection equation. This issue is
discussed later in section 5.3.3, where some options fatlimgythe problem are proposed.

Although non-conservative interpolation gives satisgiactresults in most cases, conserva-
tive treatment of grid interfaces might be necessary wherotlerlapping interface is placed in
regions with strong changes in flow field or when discontiegisuch as shocks pass through
the interface [57]. The subject of conservative inter-gniérpolation is a very complex one and
beyond the scope of this study. Detailed discussions ornidhis and some options for handling
of grid interfaces conservatively can be found in refererjfe 16, 90].

Besides the type of interpolation at overlapping interféadbe accuracy of the solution on
overlapping grids can also be affected by the order of acgun&interpolation formulas [15].
Linear interpolation used in the present study was foundet@lgood compromise between
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simplicity ad accuracy, as the test computations presentebdapter 6 show. The accuracy of
the computation can also be degraded when the size of gtgdaretwo grids that overlap width
each other is significantly different. This is due to dispaiilities of a coarse grid to resolve
the flow features in comparison to a finer grid. Therefores &dvisable to avoid such a situation
whenever possible and try to provide as close grid spacinigeroverlapping zone on all grids
overlapping each other as possible.

5.3 Solving the governing equations on overlapping grids

In order to solve the governing equations on overlappingsgtiwo basic changes in the solution
procedure are necessary, which

e take into account the presence of holes in the grid,

e provide appropriate coupling between the grid componerasioverlapping grid system.

5.3.1 Treatment of inactive cells

As described above, those cells in the overlapping gridesysivhich are not needed in the
computation, are marked as inactive. For these cells aageeatment is required in order to
prevent their influence on the overall results. Owing to tbe of unstructured grids, the inactive
cells can be removed from the grid already during the gridegation. This would somewhat
complicate the grid generation, but on the other hand it ddatilitate the numerical solution
since no extra work would have to be done due to inactive.cElisthermore, the total number
of cells in the grid would also be reduced. Although this aggh obviously has some advan-
tages, it is applicable only to stationary grids and pogdibithe dynamic grids with very small
relative motion of the component grids, which can be caroetdwithin the initial overlapping
regions. In the present study we are primarily interestguallems which involve an arbitrary
large-scale body motion. In order to handle such probleropaaty, it is necessary to allow the
overlapping regions to change in time according to body omotiTherefore, all cells in the grid
are retained and they are allowed to change their statusgitive computation. This means that
some cells, which are for some time outside of the computatidomain (e.g. covered by a
body), are temporarily declared as inactive and thus excdicbm the computation. Some time
later these cells may need to be reactivated and used intheutation again as they re-enter the
computational domain while some other cells, which in meaathave left the computational
domain (e.g. have been covered by a body), need to be ddadtiva

To prevent the governing equations from being solved ativeacells the following modifi-
cations are made to the discrete equations (3.23) at thése ce

o the off-diagonal coefficients;; are set to zero,

¢ the central coefficientsp,, are set to unity,
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e the source termbp, are assigned the values of the dependent variables at treeoébr.

This provides that the dependent variables do not changevlees at these cells as long as
they do not change their status, i.e. as long as they remasivga The information about cell
status is stored in a single arrgywhich has a value for each cell on every component grid and
is defined as:

P 1,  fordiscretization cells (5.2)
7o, for inactive and interpolation cells '

The above-mentioned modifications of the matrix coeffigentd source terms are achieved by
making use of the arrajy as follows:

a; = aj- iy,
ap, = ap,-ip+ (1 —1p),
bp, = bp, -1y + (1 — ib) COp,- (5.3)

To avoid any inconsistencies in estimation of the convergeate, the residual norm defined
by equation (3.41) is also appropriately modified:

N Nj
>_lbr, — apyobryin + 3 ajon, i
Rt =" =1 . (5.4)

N
> lapedn, il
=

For the linear equation solver no further changes are reduir

In the computer code created during the present study, siceatiization is first completed for
all cells in the usual way as for single grids. Although tmprinciple does not have to be done
for inactive cells, introducing additional checking for ih parts of the computational domain
the discretization needs to be made and which cells couldb#enl would lead to additional
complications of the programming. Since the number of helésds in most cases small in
comparison to the total number of cells, the computatiomafizead is not significant. Thus, the
main part of the program remains the same for single andaweirig grids. Changes necessary
to accommodate the overlapping grids are introduced as extdules and are used only if
required by calling additional routines. As an alternatéhis practice, one could renumber the
cells and move the passive ones to the end of the list so thyas o the code run only over active
cells. This can be complicated for moving grids and has nelbeed in this study. Similar effect
can be achieved by introducing an additional pointer andych contains the indices of active
cells. In such an approach, the loops would run over this/apraviding that only active cells
are included in the discretization.
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5.3.2 Coupling of the solution on overlapping grids

Inter-grid communication plays a key role in the numericdlison on overlapping grids. The
accuracy and efficiency of the numerical solution depenasgty on the way the inter-grid
communication is integrated into the solution procedure.

Usually, the overlapping interfaces are considered agiaddl non-physical boundaries at
which the boundary conditions are imposed by interpolathmg solutions from another grid
[82, 24, 64]. The equations may then be solved for each gpdrsgely, and the boundary condi-
tions are updated in each iteration. This procedure, howewvaples the grids only weakly. Since
the information exchange between the grids is lagged by #er @eration, more iterations and
stronger under-relaxation may be required to achieve aezged solution. Another difficulty of
such an approach is to appropriately couple the velocitythagressure fields on all grids. The
strategy to impose boundary conditions at interfaces lrpaiation of dependent variables can
be applied directly to the momentum equation (Dirichletrbary condition). Since the velocity
is known, the mass fluxes through the cell faces along irdesfaan be computed and taken as
the boundary condition for the pressure-correction equatHence, the boundary conditions in
the pressure-correction equation are of the Neumann typerefore, one has to ensure global
mass conservation for each grid in order to be able to solvprssure-correction equation with
Neuman conditions on all boundaries when the flow is incosgibée. This leads to the pressure
fields on different grids independent of one another. Toinkdaonsistent pressure field in the
entire flow domain, the reference pressure on each compgnédnteeds to be corrected in such
a way that the pressure levels on all grids are compatiblle @ath other. This correction may
be determined from the pressure difference on differensgat some part of the interface that is
common for two or more adjacent grids overlapping with egbleiat that place. This, however,
provides in general only local compatibility between thegsure fields in the regions where the
corrections have been determined. In the rest of the ovyarigpnterface, the discontinuities
in the pressure field may still appear. This is illustratefignre 5.7 which shows the resulting
pressure field obtained on stationary overlapping gridagusie technique for a weak inter-grid
coupling as described above. In the regions where the peetestel was corrected, the agree-
ment between the pressure fields on different grids is gobdevior the rest of the interface the
discontinuities still can be observed. The problems camnogrthe inter-grid coupling, when the
solution is sought on each grid separately, may be more proseal on dynamic grids, which
may lead to inaccurate results, or cause the divergence @itmputation.

Having all this in mind, it is important to consider the sadut on all grids simultaneously,
i.e. to achieve a strong coupling. The focus of the presertyshas been the development of
such a method, which besides the strong inter-grid couplisg provides the unique and smooth
solution over the whole computational domain. A simultarsesolution for all component grids
is necessary to achieve this goal. Thereby, the integrafitive interpolation procedure for inter-
grid coupling into the global solution algorithm is of prilpamportance for the efficiency and
accuracy of the numerical method.
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Figure 5.7: Pressure field around an airfoil (upper) and a cylinder (Rwbtained using a weak inter-grid
coupling.

In the present study, a method for an implicit treatment @rtapping interfaces has been
developed. The basic idea of the method is to solve a singéaldiequation system for all grid
components simultaneously. The interpolation equatibaséxpress the variable values at in-
terpolation cells in terms of a number of donor cefi®mm another grid are also involved into
the linear equation system (3.39) and solved simultangovigh linearized equations (3.23) that
arise from discretization. That means that a correspondisgrete equation for each interpo-
lation cell F, (see figure 5.8) is replaced by an interpolation equatioh),(5vhich is for this
purpose rearranged into:

Ny,
dp, — >k dp, =0, (5.5)
k=1

2Depending on the interpolation formulas.
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with a4, being the interpolation weighting factors ang, the values of the dependent variable
at donor cellsD,.. This is illustrated in figure 5.8, which shows computatianalecules for the
cell aroundF, when it is one of discretization cells (dashed lines) andwhis an interpolation
cell (full lines), with corresponding algebraic equations

N
CLp0<Z5p0 - Z aj(bpj = bPO
j=1

Figure 5.8: Computational molecule of a cell for the case when it is ardiszation cell (dashed lines)
and for the case when it is an interpolation cell (full linegh corresponding algebraic equations.

Figure 5.9 shows a one-dimensional overlapping grid wigulteng (modified) coefficient
matrix representing the linear equation system to be soli/kd overlapping grid system consists
of two grids. Grid 1 is in the system matrix represented byupyger left block, while the lower
right block of the matrix represents the grid 2. The commaition between the grids is achieved
via the interpolation cell§ and11 whose values are obtained from interpolation equations. In
the system matrix, this communication is achieved via tlieliaigonal coefficientsy;;, which
multiply the variable values from the cells on another gkar inactive cellst and15 the off-
diagonal coefficients are zero and as such they are decoluptadhe rest of cells.

Involvement of the interpolation equations in the lineana&gpn system for the whole grid,
ensures that the solution is simultaneously updated onrial$ @t the same time without any
prolongation. This provides a strong inter-grid couplimgl gromotes the convergence, which,
according to test computations presented in chapter 6,insnrathe same range as on compa-
rable single grids. Furthermore, a unique solution (forvaliables) over the whole domain is
achieved. This s illustrated in figure 5.10, which showstessure field around a NACA airfoil
and a cylinder. In contrast to the results obtained usingakweupling shown in figure 5.7, the
pressure field is now smooth in the complete overlappingregi

Further assessment of the method concerning the overaitamg conservation errors and
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Figure 5.9: Structure of the linear equation system matrix for a one dsimnal overlapping grid com-
posed of two component grids.

applicability of the method to complex problems involvingiitiple moving bodies is provided
in chapter 6.

5.3.3 Mass conservation

The interpolation of dependent variables at interpolatiodes is satisfactory as the interface
treatment for the momentum and other transport equatiorscédar quantities. Experience with
computations has shown that the lack of conservation doedegpade the solution nor causes
other computational problems when solving these equations

On the other hand, the pressure-correction equation desargpecial attention, since the
strict conservation of mass may be essential for the solatiahis equation. When the pressure
is prescribed at some parts of the boundary, i.e. the pre$sgmumdary condition is applied, the
pressure-correction equation can be solved irrespectitreeanterpolation formula used, since
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Figure 5.10: Pressure field around an airfoil upper and a cylinder lowéaiiobd using a strong inter-grid
coupling.

any interpolation error will be adjusted by the pressurgemion equation when computing
mass fluxes through boundary faces where pressure is fredcriOn the other hand, when
the velocities are prescribed at all boundaries, the Nearbanndary condition (zero gradient)
applies for the pressure-correction equation at all boaeslaln such a case, the resulting linear
equation system for the pressure-correction is singula.elquations are linearly dependent and
the pressure-correction can be determined only up to aaonsio remove the singularity one
of the equations is replaced by an equation that sets thedétee pressure, i.e. the pressure
level is specified at one cell. In addition, in order for sugdystem to be solved and meaningful
results to be obtained, the system of equations has to béstamts This condition is satisfied
for incompressible flows if the right-hand sides of all edquad sum to zero. The situation can
be linked to a steady-state heat conduction problem withdmaces and adiabatic boundaries.
For such a problem, a steady-state solution exists obwiauy if the sum of the source terms
is zero. If there is a net heat source, then the temperatsr@eithe domain will simply rise
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without bound if an iterative solution scheme is used. Inghessure-correction equation (see
equation (3.29)), the source term for a given cell represtna sum of mass fluxes across all cell
faces of that cell. Since the discretization method is codiwe, the mass fluxes through inner
cell-faces cancel out when all source terms are summed ufpamdorce the mass conservation,
the sum of mass fluxes over all boundary faces has to be equarto In section 3.4.2 it
has been explained how the mass conservation is enforcguidblems with open boundaries,
when the standard outlet boundary condition based on etatpn of dependent variables is
applied at outflow regions. For the computations on overtapgrids, additional treatment is
necessary at overlapping interfaces to enforce the glolaasmonservation. The interface is
not the outer boundary of the overlapping grid; it is madednef separating interpolation cells
from discretization cells and is defined in the same way fdh lmverlapping and background
grid. The mass fluxes through cell faces along interfaces@rguted as (see figure 5.11):

= VS, (5.6)

where the velocity; is obtained from equation (3.25) as for internal cell faceept that in this
case the values from an active and an interpolation cellras@\ied in the computation of;.
Like the boundary fluxes, the interface fluxes contribute/@alone cell and to ensure that the
mass conservation is satisfied, their sum must be zerohedotal mass flux across all interfaces
must be equal to zero. However, due to non-conservativeeafiuthe inter-grid interpolation,
this is in general not the case. As result, a mass imbalaratetasned:

A]\'4olg = Zmia (5.7)

which appears as a net mass source in the pressure-camregtiation and has to be eliminated.

There is no unique way to achieve this constraint. Actually hot necessary to strictly en-
force the mass conservation in the usual sense. Accordithg teolvability condition mentioned
above, the obvious procedure to provide for the discreteeBysf equations (3.30) to be consis-
tent is to add a fraction of the mass soumM0|g to the right hand side of each equation such
that the sum of the new right hand sides is zero. Thus, thé higihd side of every equation in
(3.30) may be re-computed as:

= by + Bs AMgg, (5.8)
where;, is the corresponding factor defining the fraction of the nsmsce that needs to be
added to each cell. In order to distribute the mass sourcencmusly over the domain on non-
uniform grids, the factog, can be computed for each cell proportional to cell volume.

This adjustment of the right hand sides provides conditiongppropriate solution of the
pressure correction equation. However, it introduces eor @émto each equation characterized
by a local mass source, which leads to a non-zero divergeneach cefl. This error is usually

3The continuity equation is not satisfied locally due to pneseof a mass source in each cell.
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Interpolation cells

Interface

Figure 5.11: Mass balance for a near-interface cell.

very small and does not affect the solution.

Alternatively, the mass conservation can be enforced bydamsament of interface fluxes
(5.6) such that their sum (5.7) is zero. To explain how it cardbne consider an overlapping
grid system comprised of two grid components shown in figut@ 5For the sake of clarity, the
grid components are shown separately. In addition, thefade fluxes on grid 1 flow out of the
domain (outflow fluxes) and on grid 2 they flow into the domaiflGw fluxes}. Note that in
the summation (5.6) outflow fluxes are considered as positidanflow fluxes as negative. The
adjustment of interface fluxes is achieved by subtractingraqf mass sourcAMmg from each
flux m; as follows:

g =1 — ﬁz‘AMolga (5.9)
where the factop; is proportional to the share of the mass fliuxin the total mass flux through
the overlapping interfacﬁf{mgJ = Z |n;|. The proportionality factor is thus computed as:

|77

il 5.10
5= Yo (5.10)

The correction defined by equation (5.9) ensures that the(Sufpis zero and, since there is no
contribution from the interfaces, no adjustment is reqliie the right hand sides in equation
system (5.7). Hence, there are no artificial mass sourcetharzbntinuity equation is satisfied

4This is a special case, in general on each grid inflow as welligow fluxes may appear.



5.3. Solving the governing equations on overlapping grids 73

in each cell, i.e a divergence-free flow field is obtained.eNtbat the overlapping interfaces are
treated for the entire domain rather then for each zone aggar As a consequence of such
a treatment, the mass conservation is enforced only glgldall the whole domain. It is not
ensured that the mass conservation is also fulfilled for gaich This, however, has no conse-
guence for the solution, since the equations are solvedlfgrids simultaneously and not for
each grid separately. Therefore, it is not necessarilyrictlytenforce the mass conservation for
each grid. The test computations have shown that the massm@tion is nearly achieved also
on each grid as a converged solution is approached (seerséc)).

Since the conservative corrections described above have twade in each outer iteration,
the indices of the cell-faces which compose the overlappitgrface are stored to speed up
the access to them. Unlike the boundary faces, the cell &oag interfaces are not necessarily
oriented outwards, so their orientation is also checkedapdopriately stored in an array, which
has a value of if the cell face is oriented outward anl if the cell face is oriented inward.

Interpolation cells

Grid 1 Grid 2

o é 3%0
o b . o=ppe
s i [ =

o=>0

Overlapping interface

Figure 5.12: On the mass conservation at overlapping interfaces.

Both methodologies for conservative treatment of ovellagpnterfaces described above
have been implemented and tested. However, since the fitebthbased on the adjustment of
the source terms in the pressure-correction equatiordates an error, the second method based
on the adjustment of mass fluxes through the overlappingfaties is preferred in the present
study. In the computations presented in chapter 6, if it lrdren explicitly emphasized, the
second method was used wherever it was required. The effetiie conservative treatment of
overlapping interfaces is assessed in section 6.2.
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5.3.4 Cell-face values at interfaces

One layer of interpolation cells separating the active aassive part of the grid, provides the
values of dependent variables at these cells, which aréviewon the computational molecules
of the adjacent active cells and as such treated implicilpwever, the values of dependent
variables alone at interpolation cells are not enough tgigeoall information necessary for ap-
propriate approximation of fluxes through the cell facesmglmterfaces.

As an example consider the diffusion flux, which is approxedaby equation (3.10). This
approximation involves the normal derivative of the deparidiariable at the cell face. For the
situation presented in figure 5.13, the normal derivativiatcell facei between an active cell
P, and an interpolation celp,, is approximated as:

o9\ _ op,—9p oa (9 S
(0) = ™ ~ o (i 3y .

|si]

The second term on the right hand side in equation (5.11)pawnthe term(grade)s'd, which

is obtained by interpolation of gradients of the dependaniable at adjacent cells, and P,.
These gradients are computed explicitly using either egqu#B.12) based on Gauss’ theorem
or equation (3.14) based on least square method. Whichppemdamation is used, for the com-
putation of gradients at the cell-center, the values of #qgeddent variable at neighboring cells
are required. Thus, in the computation of gradient at Beih figure 5.13, two inactive cells are
involved. Since the values at inactive cells are, in genelavailable, the computed gradients
may be inaccurate and an error may be introduced in the solutithe area around interfaces.
One possibility to remedy the problem would be to introduse@nd layer of interpolation cells
[71], which would provide that the neighbors of the first lagéinterpolation cells are either ac-
tive or interpolation cells. Thus, the variable values iegflifor the computations of gradients
would be available. This is, however, impractical sinceagassarily many more interpolation
cells would have to be us&drequiring more computational effort for searching of dooells
as well as more memory for data storage. Instead of this,ampthsent study the values of the
gradients at interpolation cells are supplied by interpotafrom another grid, using the same
interpolation formula as for the variable values. Sincedbaor points and interpolation co-
efficients are available, and the interpolation needs todsopned only once within an outer
iteration, the additional computational effort is minoidte&natively, the gradients could also be
extrapolated from the interior from the same grid. Howethex former method has shown better
performance and was adopted in the present study.

The same strategy is applied to convection fluxes - whichni#ipg on the approximations
used - may require a similar treatment (see equation (3rYpeneral, any term whose approx-
imation requires more information than available from tbkigon of the equations is supplied
by interpolation from another grid.

SApproximately twice as many cells as required with one layer
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Computational molecule for
gradient computation

Overlapping interface'

Figure 5.13: Computation of fluxes through interface cell faces.

5.3.5 Treatment of moving overlapping grids

When the moving overlapping grids are used, some additissia¢s need to be taken into consid-
eration in order to solve the equations properly. A spedtahtion has to be paid to the unsteady
term in the governing equations. Since this term involves/tues of dependent variables from
one or two previous time steps, it is has to be ensured thae thaues are also available at all
currently active cells. Since the cells change their stdtusg the computation, this may not be
always ensured. Care has to be taken to provide that theaalystterm is approximated properly
also at those cells, which switch from inactive to activehwita time step. Since the values of
dependent variables at inactive cells are not updated gltiie solution, the "old” values at the
cells, which switch from inactive to active are not avai@blVithout further treatment this may
lead to an error. Therefore, such a situation has either avbieled by choosing a smaller time
step, or the required values need to be provided in anothg(evg. by interpolation). For cells
which switch from interpolation to active this is not a preil, since the values at interpolation
cells are also updated during the solution.

Some special features of overlapping grids associatedmaing bodies can be exploited
in the computation on moving grids. Since only the gridscitéal to bodies move, modifications
to the governing equations due to grid movement need to desdpmly to this part of the grid,
which is in this case easy to identify. Furthermore, thegudhich are moving usually do not
deform. This also can be exploited in re-computation of getwical properties of the grid.

5.4 Solution procedure

The sequence of steps required to simulate flows around mdadies using overlapping grid
technique is shown in figure 5.14. The initial data read irhatlieginning of the computation,
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contains the information about initial hole cutting pregzhbefore starting the solution. This
initial hole is used to compute the interpolation data fdeirgrid coupling, which is for steady
or unsteady problems without grid (body) motion, computety @nce at the beginning of the
computation. For the solution of governing equations timeesateps are made as on single grids
(see section 3.5.4), including additional modificatiortsaduced for inactive and interpolation
cells. For moving bodies the new body position is computeebah time step. The trajectory
of body motion can be either predefifeat computed as a result of the interaction between the
body and fluid flow. Based on the new body position, the oveitapdefinition is recomputed,
i.e the new holes are created. The cells which are being edJ®y bodies are deactivated, and
inactive cells which re-enter the computational domainreractivated.

8In all cases computed in the present study the trajectorpdy Imotion was predefined.
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Figure 5.14: Solution procedure for computation of flows on overlappingving grids.
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CHAPTER 6

Verification and application of the method

The numerical method described in previous chapters hasdyabodied in a computer program
for two-dimensional problems allowing the use of arbitrangtructured overlapping and moving
meshes. In this chapter the accuracy and efficiency of theades assessed on a number of test
computations. The test cases selected are ones for whingr @iell established numerical solu-
tions exist, experimental data is available, or the sofutray be obtained by another program
that employs the same or similar methodolbg®n a number of test cases the present method
was proven to produce correct results on single grids béfaras extended to overlapping grids.
Therefore, the attention here is focused mainly on the ass&#® of the method performance
when overlapping grids are used. However, wherever it wasipte, the computations were
performed also on single grids. These results served masdyreference for testing of the over-
lapping grid method, but also could be used for further assest of the single grid results. The
great flexibility of the overlapping grid technique in thengoutation of flows around moving
bodies is demonstrated on three examples which involve mpotion of bodies relative to
each other.

6.1 Flow around a circular cylinder in a channel

In this section the steady laminar flow around a circularmoiéir placed in a channel was con-
sidered. This case was used earlier as a benchmark testrudeethe DFG Priority Research
Program "Flow Simulation on High Performance Computersie €ase has been studied by sev-
eral research groups and the results obtained using diffatemerical techniques were reported
in [67]. All previous computations were performed on bodtefi, single grids. We compare
here the results obtained using the overlapping-grid tecienwith reported results from the lit-
erature and our single-grid results.

The flow domain and the boundary conditions are schematisalbwn in figure 6.1. The
parabolic velocity profile which corresponds to a fully dexeed laminar flow in a channel is

LIn this study the commercial codeometis used for an additional verification of the results obtdibg the
code developed within this study, were applicable.

79
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prescribed at the inlet boundary, which is loca2édl upstream from the cylinder center:

6U

L7e

(y+2D)H - (y+2D)"] . v=0, (6.1)

wereU is the mean velocityD is the cylinder diameter anH = 4.1 D is the channel height.
At the outlet, which is located0 D downstream from the cylinder-center, the constant pressur
is prescribed and at the cylinder surface and channel walao-slip wall boundary conditions
were applied (the fluid velocity at wali, = 0).

A
y

2.1D
const.

Inflow

Outflow p

2D

(] -
Y
2D 20D

Figure 6.1: Geometry and boundary conditions for laminar flow aroundlimdgr in a channel.

The flow domain dimensions and the fluid properties used ictngputation are as follows:
D=01m, U=02m/s, p=1kg/m® andyp = 0.001 Pas. The Reynolds number based
on the mean inlet velocity’ and cylinder diameteb is Re = pUD/u = 20. The characteristic
flow pattern with two attached vortices formed behind thenddr is shown in figure 6.2. The
flow is slightly asymmetric since the cylinder center is nottbe horizontal symmetry plane of
the channel. Due to asymmetry, different flow rates and idiffepressures appear above and
below the cylinder, resulting in a small lift force.

Figure 6.2: Steady flow pattern with two non-symmetrical vortices bdktime cylinder atRe = 20.
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For the analysis of spatial discretization errors, the aatiaijion has been performed on four
systematically refined grids, using both the overlapping single grids. The computations on
the single grids were also performed using the commercagam Comet. The second level of
grid-refinement for both grid configurations is shown in fig6r3.

a)4960 CVs

Figure 6.3: Second grid level for a) overlapping grid configuration wiy60 CVs and b) single grid
configuration withd448 CVs. Only the part of the computational domain foK 15D is shown.

For the overlapping grid configuration, two grids are useddweer the computational do-
main: a cylindrical grid in the vicinity of the cylinder and @rthogonal nonuniform grid in the
background which covers the whole channel. The cylindgcal extends one diameter from the
cylinder and is stretched to resolve the flow close to thendgr wall. The first grid level hagR
uniformly distributed CVs around the cylinder ah@ CVs in the radial direction. The grid was
expanded in the radial direction with an expansion factor.®$. Finer grids are obtained by
doubling the number of cells in each direction. In order tefkéhe same grid-line distribution
in the radial direction, expansion factor on each refined gias calculated as the square-root
of expansion factors on the next coarser grid. The thickné#ise cell next to the wall, in the
direction normal to the cylinder surface, on four grids was, 0.0142, 0.0069 and0.0034 di-
ameters, respectively. The first level background grid 2ta@Vs in y direction andi6 CVs in
x direction. The grid was stretched in thedirection to get better resolution near the channel
walls. In thex direction, the grid was uniform in front of the cylinder and 10 2D behind the
cylinder. Thereafter the grid was coarsened towards tHetdadundary.

For the single grid computation, the grid was modified in #ggon around cylinder. In order
to fit the cylinder boundaries, a block structured grid is yped. An O-type grid block around
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the cylinder and two H-type blocks in front and behind therayér were used to cover the part of
the domain near the cylinder. The remaining part of the gad the same as in the overlapping
grid configuration. The grid block around the cylinder had game number of cells in both
directions as the cylindrical grid in the overlapping grishéiguration. The cell distribution in
the radial direction is similar as on the cylindrical grigdppiding approximately the same cell
thickness near the cylinder surface.

Overlapping grids had abou0% more cells than the corresponding single grids. Some cells
in the background grids, which were not used in the compartatiould be removed in this case
since the grids does not move. However, these cells werdidatad rather then removed in
order to investigate if the treatment of passive cells wardsectly. Note that, although both
overlapping and single grids have a regular structure, @heyxonsidered as unstructured during
the computation.

In all computations the under-relaxation factors were®ét for the momentum equations
ando0.3 for the pressure-correction equation. The inner iterati@gmthe linear equation solver)
were stopped after the residuals have reduced one order giitade, while the convergence
criterion for the outer iterations was setlio 5. The convective fluxes were computed using the
central differencing scheme (CDS). All computations weeeted from the zero initial fields.
Figure 6.4 shows the convergence history obtained on tlendegrid level for overlapping and
single grids. The convergence rate is very close to each othéoth grid configurations and
almost the same number of iterations was required to achie/eonvergence criterion. This
convergence rate on overlapping grids is achieved owintrémg inter-grid coupling. The CPU
time is higher for overlapping grids, which is partially dteeadditional computational effort
associated with overlapping grids and partially can béoaitted to the number of cells (the loops
run also over the passive cells).

1e+02§ — SGRp |
1 ---- OLGp’
A ——— SGR mom| 3 i
1e+0of Number of CPU time
iterations
sle-OZ’ 7 [ Gr.| SGR|OLG| SGR | OLG
@ 1| 122 [ 122 | 095 | 1.03
1e-0 ] 2 | 359 | 360 | 27.27 | 30.31
od i 3 | 1241 | 1247 | 1368 | 1451
4 | 4633 | 4618 | 32650 | 38351

1e-08

S S RS SRR
0 100 200 300 400
Iteration

Figure 6.4: Convergence history on the second grid level (left) and Amig {right) for single (SGR) and
overlapping (OLG) grid.

To investigate the accuracy of the method, several parasnetenterest were computed. The
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flow features we first look at are the drag and lift coefficiedefined as:

F, F,

C = =

(6.2)

where F,, and F,, are the total forces i andy directions exerted by fluid on the cylinder.
Values obtained on four systematically refined grids andbfith overlapping and single grid
configuration, are summarized in table 6.1. Results onsigigils obtained using the commercial
code Comet are also presented. All results are very closectoaher and they are in a very good
agreement with the benchmark data. The difference betwaatias on consecutive grids was
reducing by about a factor of four, which is in accordancéweitpectations of a second-order
scheme. From the difference between solutions obtainediofitest grids, the solutions at the
finest grids are found to be accurate within5 %. Table 6.1 also shows the "grid-independent”
solutions obtained using Richardson extrapolation. Altffothe results on the coarsest level
differ between the overlapping grid and Cometdb§ % for the drag force and % for the lift
force, the extrapolated "grid-independent” solutionseagwithin0.006 % (drag) and0.019 %
(lift).

Table 6.1: Drag coefficien®'p and lift coefficientCt, as a function of the grid fineness.
Overlapping grid Single grid Comet (single grid)
Gr. NCV CD CL NCV CD CL NCV CD CL
1 1240 5.40077 0.01183 | 1112 5.46882 0.01207 | 1112 5.53952 0.01245
2 4960 5.53412 0.01138 | 4448 5.55076 0.01088 | 4448 5.57310 0.01093
3 19840 5.56939 0.01072 | 17792 5.57288 0.01070 | 17792 5.58029 0.01071
4 79360 5.57784 0.01067 | 71168 5.57810 0.01066 | 71168 5.58082 0.01065
Extrapolated\ 5.58065 0.01065 | —— 5.57984 0.01065 | ——  5.5810 0.01063

Another accuracy test is presented in figure 6.5, which shbe/pressure distribution along
the cylinder surface versus angbe measured from the rear stagnation point counterclockwise
towards the front stagnation point, as indicated in figufe 6The results obtained on single
and overlapping grids are presented. Both results shovoappately second-order convergence
towards a grid-independent solution. Very small diffeeefetween results on the two finest
grids suggests that the discretization errors on the finastage very small. The comparison of
the results obtained on overlapping grids with those okthion single grids using the present
method and the program Comet is given in figure 6.6. Resuttsrodd on the second level grid
are presented, showing a very good agreement. The presdmadn@ovides on the single grids
results very close to Comet and therefore hereafter we sbwlpare only our single grid results
with results obtained using overlapping grid technique.

The pressure difference between the front and rear stagnatints can be extracted from
figure 6.5. Positio = 180° corresponds to the front stagnation point, while the resgrsition
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point lies at the positiow = 0° and¢ = 360°. The pressure drop was found to vary between
0.109 on the grid 1 and).1172 on the finest grid, which agrees very well with solutions from
literature [67] 0.1172 — 0.1176). Differences between results obtained on the overlapgpiris
and those obtained on single grids were withif®o at the coarsest grid and abdu’% at the
finest grid.

a) Single grid b) Overlapping grid
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Figure 6.5: Distribution of pressure along cylinder surface, obtainadour systematically refined grids

for: a) single grid, b) overlapping grid.
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Figure 6.6: Comparison of the results obtained on the grid 2; SGR dersitege grid method, OLG
denotes overlapping grid method.

The length of the recirculation zone behind the cylinder alas recorded and used as a grid-
dependence indicator. Figure 6.7 shows the profiles of thasiwise velocity component along
the liney = 0. Results for the single and overlapping grid computatidstaioed on four grids
are presented. The profiles are given for only a part of theagloop tor = 5D. Convergence of
approximately second-order can be observed also in thés ddme results obtained on two finest
grids are almost identical and thus nearly grid-independenom figure 6.7 it is visible that the
length of the recirculation zone was increasing with thd ggfinement. On the finest grid it was
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found to be abou.0837, which agrees within% with the benchmark results from [67].
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Figure 6.7: Profiles of theu velocity along the lingy = 0 behind the cylinder. Results obtained on four
systematically refined grids for: a) single grid and b) cappling grid are presented.

A more detailed comparison of results obtained on singlecvedlapping grids is given in
figure 6.8, which shows the contours of the pressure and thedocity obtained on all four grid
levels. The single grid solution is given by black lines amel dverlapping grids results are given
by color lines. For overlapping grids, the results on botimponent grids are shown in the over-
lapping region. The overlapping region is indicated by theeoboundary of the cylinder grid
and the interface which separates the interpolation anttiieacells in the background gAd
The agreement between the two methods is obviously very.gagthe grid gets finer, the dif-
ferences become smaller, and on the finest grid it is hardlipia. The discrepancy visible on the
coarsest grid is expected due to large differences betwegle sind overlapping grids. Although
in the overlapping region two different grids are used,ghisralmost no difference between the
contours on the two component grids. Slight difference dipgiears near the overlap boundaries
is due to the lack of the flow information at the boundary poohiring the postprocessing (pre-
sentation of results). Smooth representation of the flow frethe overlapping region confirms
that the interpolation procedure used here provides aaocripling between the component
grids and leads to a unique solution over the whole domain.

2No information is plotted for the inactive cells.
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a) Pressure Grid 1 k) velocity
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Figure 6.8: Pressure field a) andvelocity field b) obtained on for grids. Black lines are sigtid results
and color lines are overlapping grid results.
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6.1.1 Influence of the cylinder grid

One of the factors which might influence the results obtaiwgd the overlapping grid method
is the location and the width of the overlapping region. Tibsie was also investigated here.
To this end four cases were computed, with different gridsiad the cylinder so that the area
around the cylinder covered by the cylindrical grid variedni 6 = 0.5D to 6 = 1.25D as
shown in figure 6.9. In all four cases the same backgroundwgasl used. As the size of the
cells at the outer boundary of the cylindrical grid is diéiet for these four cases, the width of
the overlapping region was chosen to be minimal. For eacfigroation, the computation was
performed on three systematically refined grids. The result summarized in table 6.2.

Table 6.2: Drag coefficient obtained on four grids given infeg6.9.

Grid 0=05D |0=0.7D | 6§=1.0D | 6§ =1.25D

2 5.5449 5.5333 5.5341 5.5361
3 5.5723 5.5696 5.5693 5.5710
4 5.5790 5.5804 5.5778 5.5791

Extrapolated 5.5812 5.5836 5.5806 5.5818

Except for the coarsest grid, the difference between swiatobtained on the same grid level
with different location of interface are very small. On thedgevel 4, the difference between
the largest and the smallest value is ab@0t %; in all four cases, Richardson extrapolation
produces values, which differ by less th@f5 %, which can be considered as very accurate.

a) b)
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Figure 6.9: Resulting overlapping grids for different positions of teter boundary on the cylinder grid
a) and the resulting pressure field b).
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6.1.2 Conservation errors

The computations presented in preceding sections havenstiiaw accurate results can be ob-
tained on overlapping grids although the conservationglgnd interfaces is not strictly satis-
fied. However, since the mass conservation is in some ciraunmoass essential for the numerical
solution (e.g. flows in closed domains), it is important ttreate the conservation errors and
especially to investigate their behavior as the grid is egfinOur attention is focused on the
conservation of mass, since the conservation error for gjinentities is of lesser concern. In the
present case, the pressure boundary condition was apptieel @utlet. Therefore it was not nec-
essary to enforce the mass conservation along overlapmiedaces explicitly. We have utilized
this fact to estimate the conservation error, which in thssccan be represented as the difference
between the total inflow and outflow mass fluxes. The outflowsnflag converges on a single
grid to the value defined by the total inflow flux. Due to non@mative interpolation, the sum
of mass fluxes through the overlapping interfaces is notléquaero. An artificial mass source
is generated, which also contributes to the outflow mass flire resulting inflow and outflow
fluxes as well as the difference between them obtained ondystematically refined grids is
givenin table 6.1.2 It is obvious that the mass imbalance caused by the intatipalis small in
comparison to the total inflow mass flux and below the levelis¢rétization errors on the same
grid. The error is below% at the coarsest grid and decreases with approximatelydeualer
with grid refinement. On the finest grid the conservationreis@an order of magnitude lower
than the estimated discretization error for the drag, se@qus section.

Table 6.3: Mass conservation errors estimated on four siteally refined overlapping grids.

Grid | NCV | 1 Tilout A (%)
1 | 1240 | 0.08212 | 0.08164 | 4.772-10~* | 0.5811
2 | 4960 | 0.08203 | 0.08186 | 1.656 - 10~ | 0.2018
3 | 19840| 0.08201 | 0.08197 | 3.551 - 1075 | 0.0433
4 | 79360| 0.08200 | 0.08110 | 4.444 - 10~ | 0.0054

6.2 Lid-driven cavity flow

In the previous example it was shown that the mass conservatay not be strictly satisfied if
the pressure boundary condition is used on a part of theignldbmain. The flow rate at the
pressure boundary is an unknown quantity and it dependseanflow and/or any mass sources
or sinks. The mass imbalance at interfaces of overlappiis @& compensately adjusting
outflow through the pressure boundary. For the other combinatibti®wndary conditions,
when the flow rate at domain boundaries is fixed, the strictsncagservation is essential for

3Since the parabolic velocity profile is prescribed at irtleg, values for total inflow flux are slightly different on
each grid, i.e. they depend on the grid resolution.
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the solution of the pressure-correction equation. Othewtihe convergence problems or even
divergence of the iterative solution procedure may occuarthe present study a conservative
correction is introduced, which ensures that the mass ceaisen is satisfied within each outer
iteration (see section 5.3.3). A representative case sfihuation is the flow in a closed domain
with impermeable walls. For simplicity, we consider the Mielown lid-driven cavity flow.
This test case has been studied by many authors and acoesatts rare available in literature,
see e.g. [27]. The computational domain is a two-dimensismaare cavity with characteristic
dimensiond = 1 m as shown in figure 6.10. The fluid used in the computation hafotlowing
properties: density = 1 kg/m? and dynamic viscosity. = 0.001 Pas. The no-slip boundary
conditions are applied at all boundaries and the flow is driwethe top wall (lid) which moves
with the velocityU; = 1 m/s. The Reynolds number based on the height of the cavity and the
lid velocity isRe = pHU,/;n = 1000, yielding steady laminar flow. The benchmark solution for
this case is given in [27].

u
A
H=1m
U =1m/s
T p=1kg/m?
1= 0.001 Pas
Re = 1000
Y
- H -

Figure 6.10: Geometry and boundary conditions for the lid-driven caflibyv.

For the solution of this problem a single Cartesian grid widag the most suitable. However,
we are mainly interested in the solution on overlappinggri8pecial attention was paid here
to the investigation of conservation errors and their infeeeon the solution. To this end an
overlapping grid system is used which consists of two corepts1 a background grid, which
covers the entire domain, and another grid embedded witleibhackground grid, which covers
a part of the computational domain in the central region efdavity. A number of cells in the
background grid were deactivated, thus making the soluimoth grids dependent on each
other. Figure 6.11 shows an overlapping grid system cangisf two uniform Cartesian grids:
the background grid witd0 x 40 cells and an overset grid witht x 24 cells. The spacing
on both grids was the same. Computations were performedtordifferent positions of the
overset grid, as indicated in figure 6.11. For the position- 0° the "perfect” overlapping
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between the background and the overset grid is obtainechidrcase only one donor point is

needed to interpolate the variable values at interpolat@ls on both grids. These values are
simply obtained as the values at corresponding donor célts. other three positions of the

overset grid, an arbitrary overlapping region is obtained.
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Figure 6.11: Overlapping Cartesian grids used for the computation ofithdriven cavity flow. Number
of cells: background grid0 x 40 = 1600 cells; overset gri4 x 24 = 576 cells.

In figure 6.12 the variation of the net mass flux through thelapping interfaces during the
course of iterations is shown. At the beginning of the corapan (first100 iterations), stronger
changes are evident. Thereafter the changes are small madlyalafter abou200 iterations,
converged values given in the table (see figure 6.12) ardeeads expected, the net mass flux
for o = 0° converges to zefo For the other three cases, it converges to a finite valueghwikj
according to data given in the table in figure 6.12, very sifdlow 1%) in comparison to the
flow rate between the wall and the center of the large vortéxek by the maximum value of

4The final value is of the order aD~'° which is within the round-off error of the computer.
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stream function. Although the conservation errors are @lsly small, they still may have an
influence on the solution and may cause convergence problEnesefore, these errors have to
be eliminated, i.e. the strict mass conservation has to foecad.

0.01 — T T T T T T T T T
a=0°
0.008 N
i “'“=Sgﬁ 1 | o N | Ymax |
| 04511 [ 0°] —6.18L-10-7 | 0.1057
_ 0004 1 [15°] 9.925-10°% [0.1042
£ 1 [30°] 6.030-10 % | 0.1043
0.002 1 [45°] 4.757-107%% | 0.1043
0.00 S — T T EETETTT
-0.002 —]
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Figure 6.12: Variation of the net mass flux through overlapping interfadaring iterations obtained for
four different positions of the overset grid. The net massi.Lcomputed before the conservative correc-
tion defined by equation (5.9) is applied to the interfacedtux

The effect of the mass conservation can be observed on thergamce of the iterative
solution procedure. To this end the computatibage also been performedthout applying the
conservative correction. In figure 6.13 the convergenc®mtyidor casesy = 0° anda = 45°
computed with and without conservative correction is shoor o = 0° (figure 6.13 a) there
is no visible difference in the convergence rate: deep agevee (up to the accuracy of the
computer 10~%) could be reached also without correctiomhis is understandable since the
meshes overlap perfectly and the solution is equivaletiabdbtained on a single gridhe mass
is conserved as the converged solution is approachedy Fo#5° (figure 6.13 b), the influence
of the mass conservation is obvious. In the computationawitltonservative correction, the
residuals could be reduced only by about five orders of madejtwhich is far from the accuracy
of the computer. Although the convergence in this case was#mand correct results were
obtained, one needs to bear in mind that such situation is@p#éon rather then the rul&@he
level to which the residuals can be reduced, and thus theaxmcof the solution, depend on the
mass imbalance at overlapping interfaces, which is bothlpno and grid dependent. With the
correction residuals can be reduced to machine roundadf,land this takes the same number
of iterations as in the case of a single grid.

In order to assess the validity of the proposed method foreariy mass balance and to
investigate the accuracy, computations were performethr@e tievels of grid refinement, using
both single and overlapping grids. Although a Cartesiad ¢ggin best accommodate the problem
geometry, a triangular grid was also used in order to dematesthe generality of the method.
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Figure 6.13: Convergence history for: & = 0° and b)a = 45°.

Figure 6.14 shows two combinations of overlapping gridsit€&an-Cartesian and Triangular-
Cartesian for all three levels of refinement. For the singiégpmputations only the background
grids, which cover the whole computational domain, weredusehe number of cells on each
grid given in figure 6.14 includes all cells on each grid comg@t. Note that some cells in back-
ground grid were deactivated during the computation, buewet removed. Triangular grids
were generated by trying to keep the number of cells clodegtatimber of cells on correspond-
ing Cartesian grids. Under-relaxation factorg)af for the momentum equation afd3 for the
pressure-correction equation were used. The same valuesused for single and overlapping
grids. The convergence criterion was set@®o®, which is considered to be enough to eliminate
any influence of the iteration errors on the solution. Theveative fluxes were approximated
by CDS scheme, providing a second order spatial discratizafll computations were started
from the zero initial field. The overlap region between themponent grids was shrinking as the
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400 + 144= 544 CVs 1600+ 576=2176 CVs 6400+2304=8704 CVs

412 + 144=556 CVs 1682+ 576=2258 CVs 6668+2304=8972 CVs

Figure 6.14: The overlapping grids used for the computation of the ligedr cavity flow: a) overlapping
grid Cartesian-Cartesian, b) overlapping grid triang@artesian.

grids were refined, as shown in figure 6.14.

Figures 6.15 and 6.16 show the profilesuadndv velocity components taken along symme-
try lines of the cavity on single and overlapping grids anddibthree levels of grid refinement.
The profiles are compared with the benchmark results froy fowing a very good agree-
ment on the finest grid. Slight discrepancies appear bedhadeest grid level is still not fine
enough to produce a nearly grid-independent solution. Nleskess, a monotonic convergence
of approximately second-order to a grid-independent swluidtan be observed for single as well
as for overlapping grids. Obviously, the results on overiag grids are not degraded and ap-
proximately the same accuracy is achieved on both singl@aadapping grids.

For the evaluation of conservation errors, the net masshiaugh the overlapping interfaces
denoted ag\r, was calculated. This flux was compared with the stream fanctiaximum,
which represents the flow rate between the wall and the laogex center and indicates how
much mass is in motion. Thus, the mass conservation errefiisetl asz, = Arivglg/Vmax. The
values obtained for each level of grid refinement and for loe#rlapping grids configurations
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Figure 6.15: Profiles ofu velocity component at vertical centerline= 0 calculated on three levels of
refinement and following grid setups: a) single Cartesiarsimgle triangular, ¢) overlapping Cartesian-
Cartesian and d) overlapping triangular-Cartesian grids.

are given in table 6.4. The data show that the conservatiam, dike the discretization error,
is larger on irregular triangular grid. But the conservataror is still very small, abouit% on
coarsest grid and it decreases monotonically with grid eefient.



6.2. Lid-driven cavity flow 95
a) b)
0.6 T T T T T T T T T T T T T T T T ‘ T T T \A 0.6 T T T T T T T T T T T T T T T T ‘ T T T \A
--- G1 1 --- G1 1
-- G2 1 -- G2 1
— G3 = — G3 =
o Ghiaetall ] o Ghiaetall ]
%) |z :
£, 0.0¢ S $ £ 009 N 9
>t NN >t s i
-0.2f O i 0.2k N
L 2N ] L N \\ 4
i O 1 i o bl
I \ V9] I ~Cip ]
-0.4f Y. P -0.4f 7P
B \ . — = -
- k\ L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L \A - k\ L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L \A
080 0.2 04 0.6 0.8 1. 080 0.2 04 06 0.8 1.0
X [m] X [m]
c) d)
0,6 T T T T T T T T T T T T T T T T ‘ T T T \A 0,6 T T T T T T T T T T T T T T T T ‘ T T T \A
--- G1 : --- G1 :
—- G2 ] -- G2 1
— G3 = — G3 =
o Ghiaetall ] o Ghiaetall ]
Q) ] ]
Igl - \\ ’= ~ ’=
> 0 NS N i
02F N ] N
i N 1 X 'S
: N N ]
-0.41- .\\4’ . _,'/ ]
- k\ Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il \A - Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il \A
0'8.0 0.2 0.4 0.6 0.8 1. 0'8.0 0.2 0.4 0.6 0.8 1.0
x [m] x [m]

Figure 6.16: Profiles ofv velocity component at horizontal centerlipe= 0 calculated on three levels of
refinement and following grid setups: a) single Cartesiarsimgle triangular, ¢) overlapping Cartesian-
Cartesian and d) overlapping triangular-Cartesian grids.

Another issue concerning the mass conservation is the dééwenservation that is achieved
on each grid. Since the conservative correction of interfaass fluxes defined by equation (5.9)
is applied globally for the whole domain, the mass cons@mas not enforced explicitly on each
grid. To investigate how this reflects on the mass consemvaitn each grid, the net mass fluxes
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Table 6.4: Net mass flux through the overlapping interfases fanction of the grid refinement.

Grid Cartesian-Cartesian Triangular-Cartesian

level wmax A7holg Ec [%] ’l/}max ATholg Ec [%]
1 0.0967 9.277-10"* 0.3741 | 0.1012 1.479-107% 0.3608
2 0.1071 6.846-107° 0.0639 | 0.1080 1.317-10"* 0.0212
3 0.1148 6.343-107% 0.0055 | 0.1167 5.074-10"> 0.0074

through the parts of the overlapping interface on each gecewomputed after applying the cor-
rection (5.9). Figure 6.17 a) shows the variation of theseeuduring the computation obtained
on the coarse Triangular-Cartesian grid configurationcé&there are only two component grids,
the fluxes on each grid have the s&malue but opposite sign. The final values obtained on each
level of grid refinement and for both overlapping grid confagions are given in the table in
figure 6.17 b). It is obvious that the interface fluxes tendamzindicating that the mass con-
servation is nearly satisfied also on each grid as the coagexglution is approached. To check
if this is valid also for more general cases, the computatitave been performed for two more
overlapping grids configurations (see figure 6.18). Theltepuesented in figure 6.18 show that
the interface fluxes on each grid converge to zero irrespeofithe number of component grids.
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Figure 6.17:a) Variation of the net mass fluxes through the overlappitgyfiaces on each grid obtained
on the first level of grid refinement for Triangular-Cartes@verlapping grid; b) Final values of interface
fluxes on each grid obtained on different levels of grid refieat.

SWithin the round-off error of the computer.
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Figure 6.18: Convergence of the net mass flux through overlapping irdesfan each grid for different
overlapping grids configurations.

6.3 Flow around a NACA 4412 airfoll

In order to examine the reliability of the overlapping grigaithm developed in the course of
the present work for computation of turbulent flows, we perfed a simulation of flow around
the NACA 4412 airfoil as an example. Thev SST turbulence model of Menter [51] is used to
compute the separated flow over the airfoil, and the resut€@ampared with the experiments
of Coles and Wadcock [17]. The computation was performedhifermaximum lift conditions
with the angle of attack = 13.87° and the Reynolds numbéte = cUy/v = 1.52 - 10° based
on chord length: and free-stream velocitl/,. The flow separates on the rear part of the airfoil
upper surface at these conditions. It is known thatitfzemodels fail to predict the separation
in this case and it was demonstrated in numerous publica(i@h) that thek — w SST model
predicts such flows reasonably well.

A part of the overlapping grid system used for this compatais shown in figure 6.19. The
grid consists of two blocks. The free-stream and the wakenefgr from airfoil is covered by
an orthogonal background grid, while the area around tHeilaare covered by a body-fitted
grid of C-type. In order to achieve a reasonable grid spaaimjto keep the grid coarse in the
region of lesser importance, the background grid is loa&fined in the area close to the airfoil.
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Several levels of refinement are applied to cover the wakiemegith sufficient grid resolution.
The grid attached to the airfoil extends ¢ from the airfoil-surface and.2 ¢ behind the airfoil
and it is optimized in relation to the airfoil geometry. Tloéal number of cells in the whole grid
was39503 whereof13103 in the background grid an2b398 in the airfoil grid. Note that in this
stationary case the inactive cells in the background gricewemoved. Thé — «w SST model
used here is a low-Re-number model, meaning that the modatiegs are integrated up to the

wall requiring very fine grid near the wall (typically for thell near the wall;” = Nz 1).

1%
Therefore the computational grid near the airfoil is vergfin the direction normal to wall.

Figure 6.19: A part of the overlapping grids used for the computation offemound NACA 4412 airfoil.

The inlet boundary was located st in front of the airfoil with the following values specified:
free-stream turbulence 6f% (\/?/UO = 0.05) and Re; = k*/(vB*kw) = 1000 (5* = 0.09 is
a model constant, see appendix B). The outflow boundary wathdsird outlet boundary con-
dition was located at5 ¢ downstream from the airfoil. The top and the bottom bouretacf
the computational domain, which were placed akiouaway from the airfoil, were considered
as symmetry planes. The flow field was initialized with thefstream conditions and the com-
putation was started using the upwind scheme (blendingifact= 0). Later, as the flow has
developed, the blending factor was increased t0 0.9 (90 % of CDS).

The computed distribution of the pressure coeffici€pt= (p — p,)/(0.5pU2), (p, is the
pressure at inlet boundary), shows very good agreementexjlerimental data. Figure 6.20
b) shows the streamlines around the airfoil. Contrary totredgly-viscosity models, these re-
sults clearly show the trailing edge separation. Although predicted recirculation is a bit
smaller than observed in the experiments, the resultsraduteiere are visually identical to re-
sults obtained by Huurdeman [36] with the same turbulencdahlbut with a rather different
finite-volume method.
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Figure 6.20: Distribution of pressure coefficiedt, = around airfoil.
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Figure 6.21 shows the computed contours of pressure andlémtbkinetic energy fields
around the airfoil. In figure a) it is clearly visible that tleentinuity of the pressure field is
maintained across the whole overlapping interface. Théotwa of the turbulent kinetic energy
are concentrated in the trailing edge area, as a conseqaehaeing recirculation region, where
the production of turbulent kinetic energy is the most istea. In this area the grid spacing on
the two grids is considerably different as shown in figur@@&p This is mainly the consequence
of the use of a C-type grid around the airfoil. The requiretrfen having a very fine grid
resolution near the wall results in a very fine grid resolutadso behind the airfoil. Especially
unfavorable is the fact that the cell distribution is fineyoinl one direction resulting in cells with
a very high aspect ratio. Despite that, no discontinuitiethe flow variables can be observed
in this area (see figure 6.22 b) and c). Slight differenceiblgsn the boundary cells are due to
plotting of results.

p [Pa] k [m2/s2]
3.308e+02 3.655e+01
8.871e+01 3.322e+01
a) -1.534e+02 b) 2.990e+01

-3.956e+02 2.658e+01
-6.377e+02 2.326e+01
-8.799e+02 1.993e+01
-1.122e+03 1.661e+01
-1.364e+03 1.329e+01
-1.606e+03
-1.848e+03
-2.091e+03
-2.333e+03

9.967e+00
6.645e+00
3.322e+00
__ 5.173e-07

Figure 6.21: Pressure field a) and turbulent kinetic energy field b) arabedoil.

Although this case can be readily computed using convealtgingle grid method, the over-
lapping grid approach still offers some advantages coiegthe grid generation and grid qual-
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27 ; [ [

Figure 6.22: Numerical mesh a), pressure field b) and turbulent kinetarggnfield c) in the area behind
the airfoil.

ity. The advantage of the overlapping grid approach coulédpecially exploited in the case
when for example the computations for different angles w@ichktwould need to be performed in
an optimization study, or in the case of a moving airfoil.

This computation has shown that the extension of the methadditional physical complex-
ity is straightforward.

6.4 Flow around rotating plate in a channel

In this section we consider the unsteady flow around a r@fgtiate in a channel. This example
was used as a test case for moving overlapping grids. Pratddimtion is given in figure 6.23.
At inlet, the parabolic velocity profile of a fully developetiannel flow was prescribed that cor-
responds to a mean velocity 0f = 1 m/s. At outlet, constant pressure was prescribed, while
at top and bottom channel walls and plate surface, the poaslil boundary conditions were
applied. The fluid properties used in computation were devist fluid densityp = 1kg/m3
and dynamic viscosity = 0.01 Pas. The Reynolds number based on the mean inlet vel@city
and the channel widti/ wasRe = 100 yielding laminar flow. The plate rotated in clock-wise
direction (see figure 6.23) with a constant angular speed 27 /T with period of rotatiofi of

2 s. For this oscillating flow the Strouhal number can be defirssta= wH /U whose value for
given parameters it = 7 ~ 3.14.

This case — although rather simple — was complex enough tahesnost important fea-
tures of the moving overlapping grids which include dynaotiange of overlapping region and
deactivation and reactivation of cells during the compatatFor verification of our results we
also performed computations using the commercial programéZ, which employs the sliding
interface technique for the treatment of plate motion. Tdesbility to perform the computation
using another available technique was the main motivabsetect this example as a test case
for the present method.

5The time in which the plate rotates Bg0°.
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Figure 6.23: Computational domain and boundary conditions for the floouad a rotating plate.

Numerical meshes used for both configurations are shown umefi§.24. In order to min-
imize the influence of the grid on results, a part of the grigtne the body and in the region
far from it was the same in both configurations. For slidinigl @omputation, it was necessary
to modify the grid around plate to incorporate properly theirsg interface (see figure 6.24 b).
Thus, despite a very simple geometry a relatively compléx tipat involves severe nonorthog-
onality had to be used. On the other hand, in the overlappilggcgmputation it was possible
to use two Cartesian grids over the whole computational domBhis demonstrates the high
flexibility of the overlapping grid technique regardingdjgeneration.

Computations were first performed for both configurationagithe Euler implicit scheme.
Each computation was started from a fully developed lamthannel flow. The periodic solu-
tion was obtained after the first cycle and thereafter flovea¢p with a period ot80° of the
plate rotation. Convective fluxes were discretized usirg@DS scheme and the ALE approach
based on space conservation low, which is employed in Camastused for the grid movement.
The under-relaxation factors were higher then in prevideady computations).9 for the mo-
mentum and).5 for the pressure-correction equation. Convergence toberavas set ta0—*,
requiring on averagel — 18 outer iterations per time step. The time séep= 7'/400 = 0.005 s
was used, which provided that the local values of Courantbmrmwere close to unity and the
grid did not move more than one cell per time step.

Several characteristic parameters of the flow were recaadddised for the comparison pur-
poses. Figure 6.25 shows the time variation of moments afspre and shear forces on the
rotating plate, as computed with the present method onamweirig grids and with the commer-
cial code Comet using sliding grid technique. Only for themeats of shear forces, which are an
order of magnitude smaller then the moments of pressurespare small differences between
the two solutions noticeable. These are probably due toatietiiat the grid is not identical in
the plate vicinity, since the sliding grid technique regsia circular block around the plate.

In figure 6.26 a comparison of velocity profilesaat= 0.5 H behind the plate at four time
instants (corresponding to plate anglestof, 90°, 135°, and 180°) is shown. The differences
between the present solution and Comet solution are agait and of the order of discretiza-
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Figure 6.24:Sliding and overlapping grid used for the computation of flamwund a rotating plate: a)
numerical mesh over a major part of the computational dontgia detailed view of the mesh in the plate
vicinity.

tion errors.

In order to asses the discretization errors, simulatiorts thie present method using over-
lapping grids have been performed on two more grids (oneseoargl and one finer - g3). The
grids were refined systematically, increasing the numbeelt$ on each finer grid four times in
comparison to the next coarser grid. Resulting number ¢ oalgrids g1, g2 and g3 wag32,
8928 and35712 respectively. Figure 6.27 shows time history of shear far@late inz andy
direction as computed on all three grids. One can see frosetd@grams that the difference
between results obtained on the two finer grids, g2 and g3rigsmall - most of the time the
two curves cannot be distinguished from one another. Thermamr difference at profile peaks
is of the order of2%, but only for a short period of time. Also, one can clearly Hest the
difference between g2 and g3 is about four times smaller fedwween g1 and g2, indicating a
second-order convergence toward a grid-independeni@ojats expected of a solution method
based on second-order approximations.

To asses the influence of the time discretization schemecdhmgutations have also been
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Figure 6.25: Variation of the moments of pressure forces (left) and sieaes (right) acting on the
rotating plate with time, calculated using overlapping ®land sliding grid technique (Comet).
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Figure 6.26: Profiles of theu velocity at the positionc = 0.5 H behind the plate at four time instants

0.1257,0.25T, 0.375T and0.5 T, from left to right, respectively; comparison of resultdaibed using

present method with overlapping grids (OLG) and slidingl geichnique (Comet).

performed on the medium grid using the implicit three timesle scheme (ITTL) with the same
time step. Figure 6.28 shows the pressure and shear foreedirection exerted on the plate,
obtained using the Euler and the ITTL scheme on the mediuth @light difference can be
observed in the shear force, while the pressure force isstlidentical. This suggests that the
influence of the time discretization scheme for the givend@tons (numerical mesh and time
step) is small. This can be explained by the fact that the fadviven by the plate motion, which
does not depend on the flow field. Since the plate positionastgxdefined at each time step,
the errors cannot accumulate during the time. When the baxtyomis caused by the flow field
(e.g. floating bodies, or flow-induced vibrations, etc.g thoice of the discretization scheme
in time may be important. In such cases a higher-order schierime might be necessary to
achieve the desired accuracy; otherwise, the error camadate during the time and inaccurate
results may be obtained. This issue, however, was not igegstl in detail in the present study.
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Figure 6.27: Time history of shear forces exerted on the plate, computetthiee systematically refined
overlapping grids. Results from the first cycle are showngctvhre still not periodic.

The accuracy in time can be assessed in the same way as intgpacgystematic refine-
ment of time steps. Further computations with two small@etsteps have been performed on
the medium grid using both schemes. These results, howgidarpt show significant changes.
Differences between results obtained with different titeps were smaller then differences ob-
tained using different schemes and are not shown here. Mieediscretization errors were found
to be much smaller then the space discretization errors®sdme grid. Further investigation
on a finer grid were not performed because it would requirelmmacre computational effort.
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Figure 6.28: Pressure force (left) and shear force (rightyidirection exerted on the plate, obtained using
the Euler and the three time levels scheme on the medium gdidvéth time stepit = 7'/200.

6.5 Flow around two rotating plates in a channel

This case was selected to demonstrate the capability ofwedapping grid method to solve
problems with complex multiple body motion, which cannothasdled with sliding interfaces
available in commercial software. In this case two platesratating in the opposite directions,
see figure 6.29. The flow conditions and the grids attachede@lates were the same as in
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the first example Re = 100, T = 2 s). The background grid was modified in order to cover
properly the region around the second plate, which was glate.35 H behind the first one.
The computation has been performed only on the medium ghazhwhad10656 cells. Other
computational parameters (differencing schemes, coamemgtolerances, under-relaxations and
time step) were the same as in the previous example.
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Figure 6.29: Computational domain and boundary conditions for the flosuad two plates rotating in a
channel.

The plates are relatively close to each other so that théfisgatersect during the rotation.
The grids attached to the plates overlap not only with theékdpazind grid but also with each
other. This results in complex multiple overlapping reg@amvolving more then two grids over-
lapping with each other (see figure 6.30). The major diffeesto the previous example is that
in this case some parts of each body grid come also duringpthgon outside the physical do-
main (i.e. they penetrate the other plate). Hence, the itefi®oving parts of the grid have to be
de-activated, see figure 6.31. Such a computation would tyediicult to perform using any
technique based on body-fitted and deforming grids. Altéreky, re-meshing technique could
be used, which introduces extra costs due to grid re-gaorrand data transfer from the old to
the new grid. An additional problem is that automatic gridgmtion for complex geometries is
still prone to errors and often requires manual interventaso generation of grids consumes a
substantial amount of time and is not so easily automated.

t=02T t=035T

Figure 6.30: Overlapping grid for the flow around two rotating plates ab @hfferent positions.
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t=0.0 t=0.05T t=0.10T

Figure 6.31: Changes in interface topology for the problem with two @atetating in the opposite direc-
tion at six positions.

Figure 6.32 shows the contours of the pressure and #eéocity component in the vicinity of
plates at three different times. Despite the very complexlapping configuration, with multi-
ple overlapping and dynamic changes of the overlappingregvhich require de-activation and
re-activation of cells on moving parts of the grid, the coutiy of the flow field across overlap-
ping interfaces is obviously maintained. The continuit)cohtour lines across the overlapping
interfaces indicates that the coupling between grids ieecband accurate. Animations of mesh
motion, pressure and velocity vectors during one rotatreragailable on the attached CD-ROM.

This example demonstrated the versatility of the methodaimdting very complicated rel-
ative motion of bodies, using at the same time, high-quatigshes and producing accurate
solutions.

In the computations presented in section 4.4.1 it was detraied that the new method
for handling of grid movement produces almost the sametseaslthe standard method based
on the arbitrary Lagrangian-Eulerian approach and useeo§piace conservation law. In these
computations, however, the grid movement was only in onection, which may be considered
as a special case rather then a general one. In order to hegesrtormances of the new method
when the grid motion is more general, the present case ha®aén computed using the LTD
method for grid movement. The comparison of the moments edustorces exerted on the two
plates, for which the largest differences between two nusthwve been obtained, is shown in
figure 6.33. Although slight discrepancy may be observedrad@xtrema, the agreement may
be considered as very good. Since the SCL method has in thie@psexample been proven to
produce correct results, herewith it was confirmed that fhe method also produces correct
results for a general grid motion.
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Figure 6.33: Time history of the moments of shear forces exerted on thie glae (a) and plate 2 (b)
computed using SCL and LTD techniques for grid movement.
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6.6 Flow in a mixer

As the next example we consider the flow in a closed box driyetwio moving plates. Due to
similarity to a mixing device we call it mixer. The problemfihition for this case is given in
figure 6.34 a). Two plates whose dimensionsi&@x 10 mm are placed in a square box whose
side length is340 mm. The box is filed with a viscous fluid with = 1000 andx = 0.01. Ini-
tially the fluid and both plates are at rest and the platesratieei horizontal position as shown in
figure 6.34 a). Then, they start to rotate with angular speacund their own axes in opposite
directions: plate 1 (left in figure ) in counter clock-wisedgsiate 2 (right in figure ) in clock-wise
direction. At the same time they start to rotate in clockendirection around the global center
placed in the middle of the box with the angular speedf w/2. That means, while the center
of each plate makes a full cycle, each plate rotates twicerards own axis. The periods of ro-
tations werd’ = 1sand7 = 2s. Corresponding angular speeds can be computed-agr /T

The overlapping grid system used in this computation is shioviigure 6.34 b). Two Carte-
sian grids,which cover the area around plates, are attaohesith plate and move together with
them, while a triangular grid that covers the whole box isdusebackground. Triangular grid is
used mainly to demonstrate the capability of the method & we&h meshes of arbitrary topol-
ogy. This feature of the method has already been demorgirasection 6.2; here we show that
the method works correctly also with moving meshes.

a) b) NCV = 11347 + 2 x 1727 = 14804

Figure 6.34: Problem definition a) and the overlapping grids b).

In comparison to the previous two examples, this case iegiwo important new features.
First, the body motion is in this case much more complicatedlving two motions combined
with each other. The resulting motion is rather complex amgd in comparison to the size of
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the bodies. During their motion the plates sweep a relatiaebe area in the background grid.
Thus, a large number of grid cells is involved in the inteadgommunication requiring either to

be temporarily deactivated or to be used for inter-gridrippéation. Grids attached to plates are
always far enough from each other so that they do not overldpeach other. However, since

the plates at some positions come close to box walls, sonegfahe overset grids come outside
of the background grid, i.e. outside the computational dapend thus have to be temporarily
deactivated.

Second important feature of this case is that the flow takaseph a closed domain. There-
fore strict mass conservation is essential for the solufidms is achieved by applying the con-
servative correction for mass fluxes across interfacesgssritbed in section 5.3.3. Since the
grid movement is already treated conservatively (irrespeof whether single or overlapping
grids are used), additional correction applied to the fater mass fluxes provides the required
level of mass conservation on overlapping grids.

The computation was performed using the implicit Euler soheavith a time step oft =
0.0025 s which corresponds td/800 7, and two cycleswere computed. The grid movement
was treated using the ALE approach. Figure 6.35 shows itastaaus flow fields in terms of
velocity vectors and pressure contours at three times. ®uwsotion of the plates, complex un-
steady flow structures characterized by many vortices anergeed. The fluid is pushed away
from each plate in the direction of their motion, resultinghigh pressure and velocity vectors
pointing out from the plate surface. Behind each plate thd fusucked to fill the space previ-
ously occupied by the body. This results in low pressure aidcity vectors pointing towards
the wall. As a result of low pressure, vortices are generagdund each corner. Although strong
pressure gradients are present in the area close to the,@atery good agreement in the pres-
sure field on the background and overset grids can be observed

For the purpose of flow visualization, an equation of the f¢2r8) for the transport of a pas-
sive scalar was solved in addition to momentum and congir{piiessure-correction) equations.
Initially the scalar concentration was setdic= 1 in the lower half of the box and = 0 in the
upper half of the box. An animation showing the scalar cotregion during two cycles and thus
visualizing the mixing process is available on the attacdBBedROM.

"One cycle corresponds to period of rotatifinaround the box center.
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Figure 6.35
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6.7 Flow around the Voith-Cycloidal-Rudder

In this section we consider the flow around a two-dimensiomadlel of the Voith-Cycloidal-
Rudder. This case was selected as an illustrative praetxeahple that involves multiple moving
bodies, where the flexibility of the overlapping grid appriean handling of such problems can
be best demonstrated.

The Voith-Cycloidal-Rudder (VCR) has been recently depetbby the Voith company as
a new technique for ship maneuvering. The VCR is based onaime grinciple as the Voith
Schneider Propeller (VSP) but unlike the VSP, which has fiv@are blades, the VCR has only
two blades. With two working modes, passive and active, @& \provides a high maneuvering
performance of the ship. In the passive mode, while the sbgraies at a sufficient speed, the
blades of the VCR operate like standard rudders. The thecgsary for the navigation of the
ship is produced by changing the position of the whole rudelative to the main flow direction.
In the active mode, at very low speeds or stationary ship R operates like a cycloidal
rudder providing the thrust in any direction. Thus, a veigthinanoeuvring performance of the
ship is achieved also at low speed. Moreover, the VCR can && as an alternative power unit
in the case of failure of the main power unit.

6.7.1 Problem definition

The problem definition is given in figure 6.36, which shows theéder in the starting position
defined byd = 0°. The rudder, which rotates witth0 rpm (w = 26.18rad/s) in counter-
clockwise direction, is placed in a free water streani.88 m/s coming from left. While the

-

: |
— = ¢ Blade 1
-

D=200mm

-
> |

-

o Blade 2

Figure 6.36: Problem definition for the flow around the Voith-CycloidaliRier.
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entire rudder rotates at a constant angular speed arowwlnitaxis, the rudder blades make at the
same time an additional oscillatory motion around their @axes. This motion is characterized
by the anglep, which defines the position of the blade in relation to theyeam on the circular
path along which the blades are moving (see figure 6.36). dtagion center of each blade is
placed at one third of the chord length measured from the sme of the blade profile. The
blades are represented by standard NACA0012 airfoil. Thatian of the angle» and the blade
position during a cycle are given in figure 6.37. Positiveueal of the angle> are in the area
where the front side of the blade profile is outside and thategvalues are in the area where
the front side of the blade profile is inside the circle of theedle motion (see figure 6.37).

0.1

-40 -

0.1}

a0l ! ‘ ! ‘ ! ‘ ‘ ] . .
600 60 120 180 240 300 360 -0.1 0 0.1
0

Figure 6.37: Variation of anglep (left) and position of a blade (right) during a cycle.

6.7.2 Numerical grid and boundary conditions

The overlapping grid system used in this computation comsitthree component grids: the
background grid stretched over the whole domain and twosgyeherated around each blade
covering the area close to the blades (figure 6.38).

As in the example with NACA 4412 airfoil, an orthogonal andddy refined background
grid was used also in this case. Starting from a very coaigaligrid with 16 x 24 C'Vs,
several levels of local grid refinement were applied untd thquired grid resolution in area
in the ruder vicinity was achieved. Final refinement encosspa an annular zone close to the
circle path of the blade movement. Thus, the area in whichutiéer blades move and where the
changes in the flow field are strongest is covered by a reabofiiaé grid. The grid resolution
in this area is comparable with the grid resolution on theeedligthe blade grid, as shown in
figure 6.39. The final number of cells in the background grigd #da61. A C-type grid, which
is commonly used for such a geometry, was generated arowhdbtzde. This grid had4 x
15 CV s whereof76 C'V's were distributed along the blade surface. The grid ext@ritishord
length in radial direction and behind the profile and is stretl towards the blade surface. Note
that, this configuration can be easily extended to the one mvdre blades by simply adding as
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many blades as required and putting them to a right posittbich may reasonably speed up the
designing process.

Figure 6.38:Overlapping grid system consisting of three grid componesied for the computation of
flow around the VCR (total number of cell31812 + 2 x 1320 = 34452). Only a part of the background
grid for 0.00 < z < 0.000 and0.00 < ¢ < 0.000 is shown.

Because the location of the two foils changes in time, thd&dp@acind mesh was refined in
the whole area swept by the overlapping grids. Further gavirmemory and computing time
could be achieved if the refinement was dynamic, because d¢sé meeds to be so fine only in
the vicinity of the rudder profile. This, however, is a gethéssaue of the desired dynamic mesh
refinement and coarsening, which is not specific to overlapmeshes and due to lack of time
could not be implemented in this study. Another possibititgy be to have an additional or-
thogonal grid for each blade, which might be seen as a carfritve blade grid. This grid would
serve as bridge between the blade grid and the backgrouddud would move according to
the blade movement.

The inlet boundary with prescribed constant free-strealocity ©« = 1.83 m/s was placed
3D far upstream from the rudder center. Outlet boundary wasechol far downstream and
standard outlet boundary condition was applied there. Tpeuand lower boundaries, which
were considered as symmetry planes, were plaéethr above and below from the rudder center.
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Figure 6.39: A detailed view of the numerical mesh around the blade prafile the overlapping region
between the profile grid and the background grid at pos#lien60°.

At the blade surfaces the velocity resulting from the compi®tion of blades was prescribed.
This velocity is obtained as the sum of two components (seedi§.40): velocity, due to
rudder’s rotation and velocityp, due to oscillatory motion of the blade.

6.7.3 Results

The working fluid in this case was water with the dengity= 1000 kg/m?* and the dynamic
viscosityu, = 0.001 Pas. The computation was performed using the implicit Eulerhodtfor
time discretization with a time step 6f004 s which is equal tal /600 T, whereT is the period
of one revolution. For spatial discretization the UDS schemas used. The flow field was
initialized with free-stream conditions and the computativas performed for five revolutions.
The solution showed periodic behavior from the third retioluonward. Results from the last
revolution computed are used for assessment.

The attention here was mainly focused on the numerical sseelated to the use of over-
lapping grids, especially on the assessment of the intdrapupling and maintenance of the
flow continuity in such a realistic situation. Also, since experimental or other reference data
is available for comparisons, no attempts were made tomigtai-independent solutions. The
mesh and discretization schemes used are considered appedpr demonstration purposes.
The turbulence effects on the flow have not been taken intowextc The use of a lolke model,
available in the present code, in this case would requingfige grid close to the blade surfaces,
which in turn would require a very fine time step in order totoap properly the blade move-
ment. This would enormously increase the computationatigfivhich due to limited time and
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Figure 6.40: Boundary conditions for velocity components at the bladéase.

computer resources was not acceptélirethis study. The flow is mainly driven by the pressure,
so the turbulence is not expected to be decisive in this dasspite these simplifications, we
expect that the most important features of the flow, relef@nthe ruder performance, can still
be captured.

Similarly as in the previous example the body motion is iis ttase also rather arbitrary and,
which is especially important, large in comparison to theybsize. This is a great challenge for
the present method, since we consider the capability fodliranof problems with large-scale
body motion as one of its most important features.

Figure 6.41 shows instantaneous overall flow field in termhefvelocity component in the
free stream direction for three ruder positiofis= 60°, = 90° andf = 120°. Strong unsteady
features of the flow caused by the motion of ruder blades, wth@ange their relative position to
the free stream and to each other, can be observed. At cpaaods one blade is in the wake of
the other one, and the flow field around the blade in the wakeoig momplex than around the
other blade. Therefore this problem has to be consideredviiele.

Figure 6.42 shows instantaneous pressure field for the dame tuder positions as in the
previous figure 0 = 60°, § = 90° andf = 120°. Both blades are presented in this figure for
these three positions, as indicated. At the same time, dbe feriodicity of the flow, these three
positions correspond t = 240°, § = 270° andf = 300° of the blade # 1. In this way results
for one blade at 6 positions are presented. The close-uggrgssure field in the vicinity of the
blade is shown. The perfect continuity of the results overdberlapping regions demonstrates
the correctness of the method.

The corresponding fields of the relative velocity as wouldbserved by an observer who

8In order to take the turbulence effects into account, a liiglmodel with wall functions would be appropriate
in this case. However, since the turbulence model has beglenented after the computations of the flow around
the VCR have been almost finished, due to lack of time, theemphtation of wall functions in the present model
has been abandoned.
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0 = 60°

u-vel [m/s]
_ +3.500e+00
+2.850e+00
+2.200e+00
+1.550e+00
+9.000e-01
% +2.500e—01
~4.000e-01
-1.050e+00
-1.700e+00

_—2.350e+00
__—3.000e+00

0 = 90°

0 = 120°

Figure 6.41: Instantaneous velocity field in terms of thevelocity component at three ruder positions.
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blade # 1 blade # 2 blade # 1

0 = 60° 0 = 60° 0 = 240°

p [Pa]
1.050e+05

1.030e+05
1.010e+05
9.900e+04
9.700e+04
9.500e+04
9.300e+04
9.100e+04
8.900e+04
_ 8.700e+04
___ 8.500e+04

&

0 = 90° 0 = 90° 0 = 270°

0 = 120° 0 = 120° 0 = 300°

= D 9
& &€

Figure 6.42: Pressure field around the blade at positiérs 60°, § = 90° andd = 120°.

travels on the blade are shown in figure 6.43. A bigger rel@tmn zone is visible af = 270°.
This recirculation is on the corresponding figure for thesptee represented by the low pressure
region in this area. Such recirculation zones may indicateraoptimal flow over the blade,
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which is related to hydrodynamical loses and therefore lshioeiavoided if possible.

blade # 2 blade # 1

0 = 60° 0 = 240°

0 = 90° 0 = 270°

0 = 120°

yyyyyy
0

Figure 6.43:Fluid velocity relative to the speed of the blade center &itmmsé = 60°, § = 90° and
0 = 120°.

Figure 6.44 shows the time history of the hydrodynamic laaa single blade during one
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revolution. Figure 6.44 a) shows the integral forces iandy direction of the Cartesian coor-
dinate system during one period. The integral moment ofahees acting on the blade 6.44 b).
These results can be used for assessment of the ruder panfcegrand for the optimization of
the ruder design.

We need to note that these integral results show fluctuaimotiee intervald ~ 90° to 0 =~
230°. This part of the cycle is critical for the ruder performan&milar oscillations have been
registered in computations of a VSP made by Seibel [66]. H#iegh the commercial CFD
software Comet which uses essentially the same finite volaeteod and the ALE approach for
the grid movement as in the present work. Seibel showedhlattfluctuations are stronger as
the time step is smaller and the numerical grid is finer. It iv@gond the scope of the present
work to investigate the cause of these fluctuations or toieéte them.
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0 60 120 180 240 300 3t ]

Figure 6.44:a) Integral forces irr andy directions {, and F,, respectively) exerted on the single blade;
b) integral moment of forces acting on the single blade.






CHAPTER 7/

Conclusions and outlook

In the course of the work presented in this thesis a numeamegtod for the computation of fluid
flow around moving bodies using overlapping grid technigo@ anstructured grids composed
of cells of arbitrary topology has been developed. Herentbst important findings and achieve-
ments of this work will be summarized.

The transport equations describing the viscous fluid flonewdscretized in their integral
form using a second-order finite volume method suitable ffoitrary unstructured grids which
is nowadays the state of the art in industrial CFD. A compebele for solving these equations on
two-dimensional unstructured, overlapping and movinggihas been developed. Appropriate
data structures are employed which enable that cells witmamber of cell faces can be utilized.
The method is general and can be easily extended to arbtoéyliedral three-dimensional grids.

For the grid movement a novel method based on approximafiadheolocal time deriva-
tive (LTD) in the Eulerian formulation of the governing egioas has been developed and used
besides the standard arbitrary Lagrangian-Eulerian (Adproach based on the space conser-
vation law. The new LTD method was found to perform very welcombination with a fully
implicit solution strategy adopted in the present studyLTD method all terms in the govern-
ing equations except the unsteady term are approximated tis variable values and the grid
data from the current time step. The variable values fronptbBgious time steps but at the new
cell-center locations, which are required for the appration of unsteady terms in the govern-
ing equations, are computed by interpolation. The comjutstdone in the present study have
shown that the new LTD technique produces solutions of threessccuracy as the ALE approach
and with approximately the same computational effort.

In the ALE approach the volumes swept by each cell face from tone step to another
need to be computed in an appropriate way to ensure that fite spnservation law is satisfied.
This, however, may be complicated and time consuming foitrarly polyhedral cells with a
large number of cell faces. On the other hand, the effortireduo interpolate values from the
previous time steps to the new location of cell center is retelent of the grid topology. This
makes the LTD method attractive for use with arbitrary wngtired grids. Another advantage
of the LTD technique over the ALE approach is that it can bevearently used in combination
with re-meshing. In that case the grid topology (number d§@nd their shape) changes so the
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volumes swept by cell faces cannot be computed. The int&tipal on the other hand, can still
be performed in essentially the same way as when the gridrmieshange. The computations
presented in chapter 4 have shown a good performance of theridthod in combination with
a re-meshing technique.

Among a number of techniques that can be applied to simustidth moving bodies, the
overlapping grid technique was selected to be used in theeptestudy as the most suitable one
for such kind of problems. In the overlapping grid approdahgolution domain is covered by a
number of grids which partially overlap with each other. fighis no requirement for component
grids to match in any way except that they have to overlapceiffily to provide the means of
coupling the solution between them. The overlapping grildsvethat independent grids can be
created around each body and move with bodies in an arbfaaiyon. No grid adjustments and
grid re-generation are required.

The most important task in computations on overlappinggggdo accomplish the inter-grid
coupling in an appropriate way. In an iterative solutiongadure it is important to consider the
solution on all grids simultaneously. Trying to obtain tldusion on each grid separately with
imposing boundary conditions at grid interfaces leads toeakncoupling between the grids.
This tends to result in slower convergence and may lead tocaugded pressure field in an
incompressible flow. In the present study, a special imph@thodology for the treatment of
grid interfaces has been developed. The interpolationtemsused to compute the solution at
interpolation cells are involved in the system of lineadizguations arising from discretization.
This modified system of linear equations is then solved ferole domain ensuring that
the solution is obtained on all grids simultaneously. Istivay a strong inter-grid coupling is
achieved, which is characterized by both smooth and uniglugiens in the overlapping region
and by a good convergence rate which is in the same range asgba grids. This is essential
for computations of flows involving moving bodies.

A disadvantage of the overlapping grid technique is theatioh of the conservation through
the data interpolation across grid interfaces. For thegmtesiethod it was shown that the strict
conservation of mass is only necessary for the solutioneptiessure-correction equation when
the mass flow rate over the domain boundaries is prescriledthe Neumenn boundary con-
ditions for the pressure correction are imposed on all batied. Such examples are flows in
closed domains. The conservation of other quantities i®sddr importance. To enforce the
mass conservation on overlapping grids, the interface fhasss are adjusted in such a manner
that their sum is zero. Although this adjustment is applietglly for the whole domain, the test
computations have shown that the conservation is achidgedoa each grid as the converged
solution is approached.

For a proper handling of body motion a strategy based on itadion of grid cells which
are temporarily outside the computational domain, i.e eced by a body, and their reactivation
when they re-enter the computational domain has been ingpitad. In this way the body mo-
tion of arbitrary scales can be handled successfully.

The present method was extensively assessed by applymgadine flows for which either
numerical or experimental data exist or solutions could b&ioed using another numerical
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technique available in the commercial software. The emgghems placed on exploring the ef-
fects of the inter-grid coupling algorithm on the overaltaacy and efficiency of the method
and to investigate the behavior of the conservation errorev@rlapping grids. The inter-grid
coupling strategy developed in the present study was primvgrovide unique solutions over the
whole computational domain. In the test computations peréal here it was demonstrated that
the overall accuracy on the overlapping grids is in the saange as on single grids. The linear
interpolation used to compute the values at interpolatells evas found to be consistent with
the second-order discretization scheme. Using a systemiadi refinement it was shown that
the method features a second-order accuracy in space. fikereation errors were found to be
about an order of magnitude smaller than the discretizatoors and they decrease monotoni-
cally with approximately second-order as the grid is refined

The capability of of the present overlapping grid technitpleandle the problems with mov-
ing bodies has been demonstrated on three examples withl@ongbative motion of multiple
bodies. These examples also demonstrated a great flgxiilihe overlapping grid technique
which is characterized by the possibility to generate sspagrids of high quality around each
body and to move these grids independently of each othernigikod was proven to produce
continuous flow fields irrespective of the kind and scale afyomotion and complexity of the
overlapping region (complex multiple overlapping and nmgvparts of the grid coming tem-
porarily outside the solution domain).

Future development of this work should concentrate on tiension of the method to three
dimensions, which is conceptually straightforward butuiess some programming and testing
effort. Another possible improvement would be the intradutof dynamic local mesh refine-
ment in the overlapping region and body wakes. Since thedvaokd mesh can in most cases
be a simple Cartesian grid (or another type of a structuriel, gntroducing an automatic refine-
ment and coarsening is also conceptually not difficult, imétconsuming. This would, however,
greatly improve the efficiency of the method when appliechte¢-dimensional problems with
arbitrary motion of bodies.

Parallelization of the method involving overlapping grated dynamic cell-wise grid refine-
ment is another challenge, since the neighborhood rekatod grid partitioning would have to
change during simulation. This is also a time-consuminky, tagt a necessary one if large three-
dimensional problems are to be solved efficiently on pdretiemputers or computer clusters.

Finally, body proximity, contact and detaching also regsia special attention. If two bodies,
each with its own overlapping grid move over the background gnd touch each other, the
overlap region goes to zero at the point or line of contacpractice, a finite but small distance
will have to be maintained, and either a dynamic local refieenhof the overlapping grid, or its
compression towards the contact location, would have toipéeimented.

With these extensions, the overlapping grid method woutshbee an excellent platform for
a general-purpose computer code applicable to a wide rdrngrggmeering problems involving
complex geometries and moving boundaries.






APPENDIX A

Interpolation functions

This appendix presents the interpolation functions uséaapresent study to compute the values
at interpolation cells. The value of a varialglén an interpolation cell$’; is obtained as a linear
combination of the values in a number of donor célls i.e.

bp, =Y apdp, (A1)

whereqy, are the interpolation weighting factors and the number efdbnor cells depends on
the form of interpolation functions used.

The technique used here is illustrated in figure A.1. Formgiteee pointsD, surrounding
the pointP; the weighting factorsy, can be obtained by solving the following linear equation
system

Qa1Tp, + QTp, + X3Tp, = ITp,
a1Tp, + Q2Tp, + @3Tp, = Tp
aq + (0] + a3 = ]_ . (AZ)

The values of weighting factors are then obtained in exdlicm as:

('rDQ YD3 — LDy yDz) + (yDz B st) Tp, + (xDs - xDz) Yp;
(ng Yps + Tp, YDy, T Ty yDl) - (xDz Yp, + Tps Yo, T Tp, yDS)

('TDS YD, — Tpy st) + (st B yDl) Tp, + (xDl - ng) Yp;

Qo =
(ng Yps + Tp, YDy, T Ty yDl) - (xDz Yp, + Tps Yo, + Tp, yDS)

a3 = ('TDI YDy — T D, yDl) + (yD1 B yDz) Tp, + (ng - xD1) Yp; (A 3)
(ng Yps + Tp, YD, T Ty yDl) - (xDz Yp, + Tps Yo, + Tp, yDS)

If the point P, is enclosed in the triangl®, D, D3, the weighting factorsy;, are all positive and
their some is equal to one.
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Figure A.1: Construction of a linear interpolation function based ae¢hdonor cells.



APPENDIX B

SST turbulence model

Thek - w SST turbulence closure model solves transport equatiorisdodw [89] which may
be written in the form of the generic transport equation:

%/p¢dv+7§'p¢v-ds= 7{'F¢grad¢-ds+7fc2¢s-ds+/Q¢Vdv. (B.1)
\% S S S \%4

The meaning of each term in equation (B.1) is given in tablevee

o 1k | v |
Ty et pt 2

O Ow
Qos 0 0

o TOEOF
Uw?w@:cj Ox;

Qov || PP, — pBwk p%Pk — pBw? + p(1 - F))
t

Production of turbulent kinetic enerdy;, and its limitation fork equation
oU;

= Tij 73
J aSUj

Model coefficients

Pk ﬁk = min (Pk, Clé) (BZ)

@, || 2.000 | 2.000 | 0.41 | 0.5532 | 0.0750 | 0.09 | 10
v, || 1.000 | 1.168 | 0.41 | 0.4403 | 0.0828 | 0.09 | 10

4po,, k E 500
F, = tanh (argf) ; arg, = min <arg2, POw, ) ; arg, = max < vk V)

C Dj,,n? B*wn’ wn?

1 0k Ow

CDkw = max <2p0w2;6—xka—xk

,1.0- 1010>
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B. SST TURBULENCE MODEL

vk 5001/)

F, = tanh (argf) ; arg, = max <26*wn’ e

Turbulent viscosity

alk:
max (alw, \/§SF2)

[y = p

whereS = /S;;5;; anda; = 0.31.

Boundary conditions at wall

6v
At first cell near the wally;, = —,
LT 0.075¢2

(B.3)

wherey; is the distance to the wall, and at wajl = 0.
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