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Abstract

This thesis addresses coupling techniques for overset-grid finite-volume methods
focussing on non-conservative inter-grid coupling effects and a dynamic body con-
tact. The first challenge arises from using an overset-grid approach when simulating
incompressible flows with a cell-centred finite-volume solver. The coupling approach
for unstructured three-dimensional grids is usually based on a local interpolation
of field values, which is insufficient to guarantee that the global sum of the mass
fluxes across the overlapping interfaces vanishes. Since incompressible finite-volume
solvers directly use the mass defect when solving for the pressure, severe pressure
fluctuations may be provoked by the violation of the inherent mass conservation. The
conducted sensitivity study of the residual mass defect on overlapping grids and the
related pressure fluctuations reveals that especially transient flows and simulations with
relative grid motion are subject to significant mass and pressure fluctuations. High-order
interpolation and grid refinement prove beneficial, but can still be afflicted with severe
disturbances, particularly when the resolution properties of the overlapping grids differ.
Two-phase flows with a high density ratio show a distinct compensating behaviour,
while the introduction of mass conservation practices leads to notable improvements for
single-phase flows in homogeneous as well as heterogeneous resolution conditions.

The second topic of the thesis reports on modifications to the overset-grid coupling
strategy for the simulation of fluid flow around moving bodies in direct proximity. The
interpolation-based grid coupling of overlapping grids requires a sufficient overlap
of the wetted domain for the interpolation of field values, which is not ensured for
bodies in direct proximity or even in contact. The suggested modification is based upon
three steps embedded into the existing overset-grid procedure, i.e. a detection of critical
coupling areas, a subsequent introduction of artificial boundary conditions to substitute
unresolved coupling issues and a simple module to account for the mechanical contact
of rigid bodies. The complete procedure is verified and successfully applied to the
simulation of a landslide and the numerical examination of an external gear pump
including gear contact, where zero-gap capabilities are essential to model the flow.

A final analysis of the thesis refers to the hydrodynamic interplay of rigid bodies in
direct proximity. The examples included are confined to contact simulations between a
circular cylinder and a sphere with a plane external wall. The results reveal a significant
increase of the additional inertia and resistance forces when reducing the distance
to the wall and indicate that the proximity influence on the added mass and added
resistance is coupled. While previous studies in literature have not been able to capture
the observed high-order influences, the derived formulae provide simple corrections of
the baseline values that can easily be transferred to wetted structural simulations.
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Nomenclature

In this thesis, vectors and tensors are defined by reference to Cartesian coordinates.
Einstein’s summation is used over the repeated lower-case Latin indices i, j and
k only, which mark Cartesian tensor coordinates. For readability, indices, special
variables or constant model parameters, which just occur once, are not listed within the

nomenclature.

Lower-case Latin
a;
c

CA, CD, CL, Cp
d. d

ma, mr

np, nF, Nc,, Ncg

Acceleration vector
Concentration

Added mass / Drag / Lift / Pressure coefficient
Distance vector / norm

Collision number

Frequency

Volume-specific force vector
Gravity acceleration constant
Wall-normal distance

Turbulent kinetic energy

Control variable

Mass

Mass flux

Added / Displaced mass
Number of donor cells / faces / active cells / solve cells
Normal vector/ direction
Pressure

Pressure correction / initial value
Volume-specific source
Strain-rate tensor

Time

Tangent vector
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xi (x,y, z)

Upper-case Latin
B

Co

D

Fluid velocity vector

Fluid velocity vector relative to a control volume
Volume flux

Body velocity vector

Weight

Cartesian coordinates

Edge length

Courant number

Diameter / Depth

Kinetic energy

Force vector

Acceleration dependent force vector
Hydrostatic force vector

Resistance force vector

Baseline resistance force vector in unconfined flow
Froude number

Height

Length

Mass defect parameter

Turbulent production rate

Pressure defect parameter

Flow rate

Theoretical flow rate

Radius

Reynolds number

Surface vector / area

Stokes number

Gearing period

Computational domain, Observed volume
Width

Wall correction function
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Lower-case Greek

o
&
orit
)
5
dij
€

€ijk

n

K, Mt

g

Angle

Angular velocity

Mass flux correction
Explicit coupling parameter
Interstitial gap

Identity tensor

Turbulent dissipation
Levi-Civita-Symbol
Surface elevation
Dynamic / Eddy viscosity
Specific dissipation rate
Generic variable

Density

Stress tensor

Upper-case Greek

AA
AFy,
AS;, AS
AV
AMp
Acp

At

Ax

Az

r

Subscripts
B

Bd

D

Cell area

Additional resistance force vector in wall-proximity
Face vector / area

Control volume

Mass defect of the overset-grid approach

Added drag coefficient

Time step
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Vertical distance

Diffusion coefficient

Body
Boundary

Donor cell
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1 Introduction

1.1 Background and Motivation

Multi-body hydrodynamics featuring mutual interaction and contact between rigid or
flexible floating bodies is an active area of research for complex marine engineering
devices. An example refers to offshore supply vessels, where it is important to consider
operations in close proximity of other vessels or structures, e.g. the landing manoeuvre
of the vessel at an offshore foundation (Luo-Theilen and Rung 2017). Other examples,
which are subject to significant hydrodynamic interaction forces, are the simulation
of ship collisions (Rudan and Volari¢ 2016) and the collision between ice floes and an
ice-cruising vessel (Janf3en et al. 2017).

Particularly due to safety reasons, it is essential to know and to understand the flow
field around moving bodies, the arising hydrodynamic forces and the resulting body
behaviour within decisive marine operations already in the design process. While not all
aspects can be captured economically within analytical or experimental examinations,
numerical simulations are meanwhile established as a reliable design tool. Due to the
continuous technological progress of numerical hard- and software, computational fluid
dynamics (CFD) nowadays provides the opportunity to investigate complex marine
procedures prior to critical incidences. Especially viscous CFD methods give an exten-
sive insight into the occurring physical phenomena. Industrial viscous flow simulations
often follow a finite-volume approach. However, fluid dynamic simulations of multiple
floating bodies, which feature large relative motion, are still challenging using these
grid-based Eulerian methods. In this regard, overset-grid methods offer a versatile
approach. They simplify the grid generation by using modular grid components and at
the same time often improve the grid quality. The technique comes at the expense of (a)
an elaborate priority management and cell blanking for regions covered by multiple
grids, (b) a challenging interpolation-based coupling between disjunct grids and (c)
complex dynamic load balancing efforts for parallel applications. All these algorithmic
challenges require efficient search algorithms used to manage the grid connectivity
(Hadzi¢ 2006, Lohner 2008, Brunswig and Rung 2013).

Many industrial CFD applications are based on unstructured-grid finite-volume
methods and employ a co-located, cell-centred variable arrangement. A common
implicit approach to couple multiple unstructured three-dimensional grids in a
cell-centred scheme is to interpolate neighbouring field values onto the partner grids,
which creates an implicit link between the grids on the level of the equation system.
Since an interpolation-based coupling procedure is restricted to local information, it is
insufficient to guarantee that the global sum of the mass fluxes across the overlapping
interfaces vanishes. A simple example refers to the exterior surface of a foreground
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grid, which is fully embedded in the interior of a background grid, cf. the schematic
representation on the left-hand side of Figure 1.1. The arrangement implies that the
sum of the mass fluxes along the exterior boundary of the foreground grid must vanish,
which cannot be guaranteed by an interpolation-based grid coupling without dedicated
corrections. Consequently, such overset-grid approaches violate the inherent mass
conservation of finite-volume methods. This issue is of significance for both the global
mass balance of the entire simulation as well as the local balance of each domain. In this
context, the blanked area within the background domain yields additional boundary
fluxes (displayed on the right-hand side of Figure 1.1) which also contribute to the
mass balance. Due to the fact that incompressible finite-volume methods directly use
the mass defect when solving for the pressure, severe pressure fluctuations can be
provoked.

Figure 1.1: Schematic representation of the mass fluxes along the exterior boundaries of
a fully embedded circular foreground domain (blue) and of the surrounding
background channel domain (black) in an overset-grid arrangement. The
blanked area within the background channel yields additional boundary
fluxes (displayed on the right-hand side) which also contribute to the mass
balance of the background domain.

Another challenge arises from the fact that the interpolation of field values requires a
fair amount of overlap between fluid domains to couple the modular computational
grids that comprise the respective bodies. The inter-grid coupling thus fails for bodies
in close proximity or contact scenarios with an insufficient wetted gap. Procedural
restrictions on a minimal gap are associated with an artificial enlargement of distances,
resizing and repositioning of the computational model and/or a locally increased cell
refinement. Moreover, the introduction of small gaps might lead to difficulties with the
cell skewness, increase the computational effort and yields no solution for simulations
with body contact. Overcoming the minimal-gap restriction is of interest in the field
of fluid-structure interaction, e.g. gear simulations, ship collisions, valve studies or
ship /ice-interaction.

The present research aims to deal with the primary challenges that arise from a cell based
overset-grid coupling, e.g. non-conservative inter-grid coupling effects and a dynamic
body contact. Expanding the capabilities of the overset-grid procedure provides the
opportunity to study complex flow phenomena in the field of fluid-structure interaction.
Within this context, proximity influences are of interest when investigating a body
close to located obstacles, for example in ship collision scenarios. Associated structural
investigations often regard the hydrodynamic effects by means of a constant factor
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(aka. added mass) that mimics the effect of the surrounding fluid. This simplified concept
does not consider the confining influence of multiple bodies or a free-surface, although
spatial limits are frequently deemed responsible for a significant increase of the added
mass (Brennen 1982, Clauss et al. 1988). Therefore, corrections of the baseline value
are required if bodies collide or operate in close proximity. The essential investigation
of proximity influences on the hydrodynamic forces using the enhanced overset-grid
approach is a final aim of this thesis.

1.2 Previous Related Studies

A short overview of previously published numerical studies regarding the primary
challenges of a conservative inter-grid coupling and a dynamic body contact is given by
the following references.

1.2.1 Conservative Inter-Grid Coupling

Since the introduction of overset-grid methods in computational fluid dynamics (Atta
1981, Benek et al. 1983), many studies were performed to ensure mass conservation at the
overlapping interfaces. Berger (1987) and Part-Enander and Sjogreen (1994) introduced
the interpolation of fluxes at the grid interfaces for two-dimensional grids. Part-Enander
and Sjogreen (1994) claimed that the procedure is only weakly stable and an additional
filter is needed to remove oscillations. Moreover, this procedure is difficult to implement
for unstructured three-dimensional grids and cannot be embedded implicitly in the
equation system. Another idea was the implementation of patched grids (Wang 1995),
where the basic requirement is the perfect match of the grid interfaces. Hence, the
method is impractical for relative grid motion. Chesshire and Henshaw (1994) proposed
to determine the interpolation coefficients of two-dimensional overlapping grids by
defining constraints which ensure that the interpolation is conservative. Since this
results in an additional equation system, which size increases with the overlapping
area, the method is cumbersome for complex three-dimensional grids or relative grid
motion. Only very few publications on conservative three-dimensional overset-grid
methods are reported in the literature. Tang et al. (2003) suggested to implement a
conservative interpolation of velocity components with a reconstruction of the mass
flux. The huge drawback is that the approach satisfies mass conservation exactly only
for zero inter-grid spacing, which is again problematic for relative grid motion. Several
other studies stated satisfactory results with non-conservative methods, but they relied
on patched grids (Freitas and Runnels 1999), compressible flows (Nakahashi et al. 2000,
Basso and Azevedo 2004) or two-phase flows on structured grids (Chung et al. 2007,
Carrica et al. 2013). Hadzi¢ (2006) accentuated the importance of mass conservation for
the pressure prediction when dealing with incompressible flows. Though he did not
explicitly report on non-conservative effects, he was the first to suggest an explicit flux
correction at the overlapping interfaces and validated the approach for incompressible
single-phase flows on unstructured two-dimensional grids. Still, there exists no detailed
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analysis of the effects of a non-conservative grid coupling using an incompressible
unstructured-grid finite-volume solver.

1.2.2 Dynamic Body Contact

Dynamic contact of wetted bodies is frequently avoided in CFD applications, e.g. by
introducing a small additional gap (Strasser 2007, Kim et al. 2007). Kim et al. (2007)
analysed the influence of different gap sizes between the gears of an external gear
pump and stated an improved agreement with the pump manufacturer’s data for
a diminishing gap size. Luo-Theilen and Rung (2017) implemented a fender model
composed from virtual non-linear springs and dampers to prevent body contact while
analysing the hydrodynamic effects during the landing manoeuvre of a catamaran
vessel and an offshore foundation. The resulting gap flow between the ship and
the offshore structure was proved to be realistic, though for some applications it is
essential to model body contact, e.g. the numerical examination of a gear pump, valve
studies or ship collision scenarios. Castilla et al. (2010) investigated an external gear
pump and depicted large discrepancies between the flow rates computed with and
without gear contact. The importance of closing the gap is emphasised and either a
small additional wall (Castilla et al. 2010) or an enhanced viscosity between both gears
(Del Campo et al. 2012, Castilla et al. 2015) is introduced. The geometry modification
was cumbersomely captured by a mesh deformation strategy in combination with
a periodic mesh replacement method to avoid distorted cells. Immersed boundary
approaches or marker and cell methods assign bodies within the fluid domain by
marking specific grid points as solid (Robinson-Mosher et al. 2011) and thereby provide
an appropriate strategy for fluid-structure interaction simulations (Qiu et al. 2015, Yoon
et al. 2017, Janf8en et al. 2017). While the procedures simplify the implementation of
bodies in contact, challenges arise for bodies in direct proximity, e.g. the reconstruction
of boundary conditions and a sudden closure of the fluid grid cells within lubricated
gaps. Another challenging aspect for all strategies refers to the reactivation of previously
deactivated discrete fluid regions, for instance after a collision. The latter has been
handled by Qiu et al. (2015), who introduced additional pressure degrees of freedom
on the solid boundaries of two interacting bodies to provide forces within thin gaps
or for bodies in contact. Overset-grid methods provide a well-working grid update
strategy for multi-body hydrodynamics featuring large relative motion. To overcome
the minimal-gap restriction of overlapping grids, Noack et al. (2009) presented an
algorithmic cell mark procedure for the identification of coupling problems and notices
a subsequent manipulation via immersed boundary methods. Recent publications by
Berton et al. (2017) and Al-Azawy et al. (2017) who performed valve studies using
commercial CFD codes, allow to seal the valves in their closed position (aka. zero-gap
method). A simple inter-grid coupling procedure for dynamic body contact has still not
been published, although the fluid flow could simply be blocked by no-flux conditions
(aka. artificial boundary conditions).
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1.3 Starting Point and Goals of the Thesis

The aim of this thesis is to analyse and enhance the coupling techniques of overset-grid
finite-volume methods regarding the primary challenges of a conservative inter-grid
coupling and a dynamic body contact.

The finite-volume Navier-Stokes procedure FreSCo™ (Rung et al. 2009) is employed
within this thesis. The work is based on the overset-grid procedure by Brunswig and
Rung (2011), which applies a local interpolation of cell-centred field values onto fully
unstructured partner grids as coupling procedure. The research within the present
thesis is devoted to the following topics:

* Analysis of non-conservative inter-grid coupling effects.
¢ Development of an inter-grid coupling strategy for bodies in direct proximity.

* Analysis of hydrodynamic wall-interference effects.

1.4 Present Contributions

Considering the described goals, the thesis comprises the following contributions to the
coupling techniques of overset-grid finite-volume methods:

¢ The effects of a non-conservative inter-grid coupling are analysed considering that
incompressible finite-volume methods are based on a direct link between mass
defect and pressure, since the pressure is adapted to compensate mass imbalances
within the flow field. Hence, a non-conservative inter-grid coupling can result in
severe pressure fluctuations. The examination includes the following aspects:

— The accuracy of the baseline overset approach is proved by comparison with
literature reported and/or single-grid results.

— Universal global mass conservation practices are formulated to prevent
that erroneous fluxes across the overlapping interfaces provoke pressure
fluctuations.

— Means to improve the local accuracy within the mass conservation practices
are investigated.

- A sensitivity study of the residual mass defect on overlapping grids and the
related pressure fluctuations is performed for a variety of coupling strategies
and mass conservation practices. Emphasis is put on transient influences, the
resolution quality of the overlapping grids and multiphase-flow issues.

* An inter-grid coupling for bodies in close proximity is developed to overcome the
requirement of a fair amount of overlap, i.e. a minimal wetted gap between the
bodies. Specific measures are:

— Critical cells in the vicinity of the contact zone are dynamically identified in
the grid coupling algorithm.
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— The computational model is manipulated for the identified contact cells
if no valid coupling can be achieved by reducing the interpolation order.
Unresolved coupling issues are substituted by a closure of the fluxes affecting
the active simulation domain (aka. artificial boundary conditions).

— A simple collision procedure is applied to prohibit the penetration of floating
bodies.

— The artificial boundary approach and the collision module are verified.

Applications refer to the simulation of an external gear box and a generic
landslide.

¢ The enhanced overset-grid approach is used to analyse proximity influences on
hydrodynamic forces. The focus is on the additional resistance and inertia forces
for a circular cylinder and a sphere approaching a plane wall. The investigation is
summarised as follows:

- Existing suggestions for hydrodynamic force corrections due to walls of
nearby located obstacles are outlined. Supplementary to the traditional
added mass modification in the vicinity of nearby located bodies, the study
reveals significant changes of the resistance force. A link between additional
resistance and inertia forces that facilitates their joint derivation is high-
lighted.

— The reliability of the computational approach is assured for the determination
of additional resistance and inertia forces.

— Baseline data with respect to the forces in unconfined flow situations are
provided.

— The proximity influence on a circular cylinder and a sphere approaching a
plane wall is analysed using numerical and analytical approaches.

1.5 Outline of the Thesis

This thesis begins with an introduction to the employed mathematical model, including
the governing equations, the numerics of the finite-volume method and an overview of
the solution procedure in Chapter 2. Chapter 3 is devoted to coupling techniques of
the overset-grid approach. The detailed description refers to the applied interpolation
algorithms, provides mass conservation practices and presents an inter-grid coupling
strategy for bodies featuring dynamic contact. The analysis of non-conservative inter-
grid coupling effects is presented in Chapter 4. Chapter 5 aims to prove the inter-grid
coupling for bodies in direct proximity and presents the simulation of an external
gear pump and a landslide as related applications. Chapter 6 employs the enhanced
overset-grid approach to analyse hydrodynamic wall-interference effects, e.g. proximity
influences on the hydrodynamic forces for a circular cylinder and a sphere approaching
a plane wall. Final conclusions are drawn in Chapter 7.



2 Mathematical Model

Within this thesis, the flow field analysis of Newtonian fluids is addressed by solving
conservation equations for properties such as mass, momentum, concentration and
turbulent quantities. The Arbitrary Lagrangian-Eulerian (ALE) formulation provides
a convenient solution for the observation of continuous media (such as fluid flows)
since it describes the medium within spatial control volumes, but allows for relative
motion of the observed domain. The numerical implementation follows a finite-volume
method, which is inherently conservative and consistent with the ALE formulation.
The conservation equations are consequently written in their conservative ALE integral
form, which follows from the Reynolds’ transport theorem (White 1994).

The first part of this chapter is devoted to an overview of the required governing
equations, including the mandatory initial and boundary conditions. Following, the
finite-volume method is introduced, comprising the domain discretisation, necessary
approximation techniques and specific aspects of the employed boundary conditions.
This chapter closes with an introduction to the Navier-Stokes procedure FreSCo™, which
is applied in the present study.

2.1 Governing Equations

The fluid flow is governed by the Navier-Stokes equations supplemented by auxiliary
transport equations to capture the distribution of multiple immiscible fluid phases
and to model turbulence. The conservation equations describe the transport of the
investigated flow properties and are deduced from a generic transport equation.

2.1.1 Generic Transport Equation

The generic transport equation describes the transport of a generic field variable ¢
and demands that the sum of the time variation within an observed volume V' and

the convective fluxes across the volume surface S(V) is equivalent to the sum of the
diffusive fluxes across the surface and the external sources:

3 _ o 0\ . _
‘2 /V (pg) dV + ]i ) (0975) 5, = fs o (r ax]-> ds; + /V pdV. Q1)

~\~ ~\~ 4 ~ ~\~ S—
Time variation Convection Diffusion Source




2 Mathematical Model

Here, t denotes the time, p the density, I the diffusion coefficient and g4 the volume-
specific sources. The entries of the velocity vector read u;, while #1; = u; — u v marks
the entries of the velocity vector relative to the control volume. x; refers to the Cartesian
coordinates and S; to the entries of the surface vector

2.1.2 Navier-Stokes Equations

The Navier-Stokes equations conserve mass and momentum of Newtonian fluids and
balance the observed properties p and u;.

Continuity Equation

The continuity equation regards the mass and demands that the time variation of the
mass within an observed volume and the convective mass flux over the volume surface
balance for source free regions. Using ¢ = 1, the generic transport equation yields

a 1/ 7 _
g/vpdV%—?{S(V)(pu])dS] =0. (2.2)

Mind that in incompressible flows, the conservation of mass in Equation (2.2) simplifies
towards a conservation of volume, i.e. 555 % #;dS; = 0 (cf. Section 2.1.3).

Momentum Equation

The momentum equation is deduced from Newton’s second law of motion and states
that the sum of the time variation of the momentum within an observed volume and
the convective momentum flux over the volume surface is induced by external forces.
The equation arises from ¢ = u;, viz.

a YV 7 — P p— .. . . YV
g/V(pui)dv+7{3(V)(puz-u])ols] ~ ]{S(V) (ty—poy) dS;+ [ fiaV. @3

The external forces are separated into surface and volume forces. The surface forces are
composed from the Cartesian coordinates of the viscous stresses 7;; and the pressure
p, while ¢;; refers to the entries of the identity tensor and f; marks the coordinates
of the volume-specific forces. The viscous stresses of Newtonian fluids are modelled
dependent on the strain-rate tensor s;; and the dynamic viscosity p. For incompressible
fluids, the strain-rate tensor is trace free and represented by the symmetric part of the
velocity gradient and hence, the viscous stress coordinates are expressed by

o aui au]
Tj=H <a—x] + a—}g) . (2.4)
————

251‘]‘



2.1 Governing Equations

2.1.3 Two-Phase Flow

The inherent conservative Volume-of-Fluid approach (VoF) by Hirt and Nichols (1981) is
applied to capture the free surface between two immiscible fluid phases. The approach
is an interface-capturing method, which balances the phase concentration c to determine
the instantaneous, local volume of a particular phase. The local fluid properties p and u
are determined from a simple equation of state (EoS), viz.

p:plcl +P2C2/ (25)

B=pi101+ pz202. (2.6)

In the scope of this thesis, the primary phase (index 1) is assigned to the gas phase and
the secondary phase (index 2) is assigned to the liquid phase. The EoS is supplemented
by a compatibility condition, i.e.

c1+eo=1 — c¢=c¢, cp=1—c. (2.7)

The present thesis is concerned with air/water flows. Hence, the fluid phases are

considered immiscible b
c

D =
Moreover, the background material properties (o1, p2, #1, y2) are deemed constant.
Using the strong form of the mass balance in Equation (2.2)

0. (2.8)

Dp ou;
T _ = 29

Dt P axi ( )
together with the EoS in Equations (2.5) and (2.6), a volume conservation constraint
similar to incompressible single phase flows is obtained

Dc . aui aui .
(p1—02) o “Pox a—xi—o- (2.10)
=~

0
Owing to this, the integral form of the concentration transport equation (2.8) states that

source free regions demand a balance of the time variation within an observed volume
and the convective concentration fluxes across the volume surfaces:

o [
a/Vcdv+]i(v)(caj) ds; =0. 2.11)

Note that the VoF technique can be used to capture multiple phases by introducing
the required number of volume concentrations (i.e. the fluid properties result from
o =Y. c*o* and u = ¥ c*4¥) and solving the resulting transport equations.
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2.1.4 Turbulence Capturing

Turbulent flow is characterised by intense fluctuations in space and time and contains
a wide range of interacting length and time scales. Direct numerical simulations
(DNS), which fully resolve the entire turbulent motion, or large eddy simulations
(LES), that resolve large turbulent structures, are numerically expensive and currently
not practicable for complex flows at high Reynolds numbers. Further, DNS and LES
are often not reasonable from an engineering point of view, as in many applications the
focus is on integral mean quantities (e.g. mean forces on a body). Reynolds-averaged
approaches (Ferziger and Peri¢ 2002) offer an approximation of the turbulent effects
by modelling the flow properties as sum of the Reynolds-averaged value ¢ and the
fluctuation ¢, viz.

p=p+¢. (2.12)

Reynolds-Averaged Navier-Stokes Equations

The substitution of the Reynolds-averaged approach from Equation (2.12) within all
transport equations and subsequent ensemble averaging leads to significant simplifi-
cations of the numerical investigation of turbulent flows. For incompressible fluids,
the density, the viscosity and the concentration can be considered as non-fluctuating

properties. Since the definition implies that ¢T = 0, only the non-linear convective term
of the momentum equation (2.3) results in second moments of velocity fluctuations,
which have to be modelled to close the equation system. The resulting ensemble
Reynolds-averaged Navier-Stokes (RANS) equations read

9 [ I
g/Vpoler7€(V)(pu])cls] —0, (2.13)

J 7:)dV 1710 T,T R TP ) .4V
ot /v(pul) v i(v) (pulu’ +@iﬁ];) 4 = jgs(v) (T =P ) 45+ %/fidv'
Negative

Reynolds-
stress tensor

(2.14)
Turbulent flows are characterised by an enhanced macroscopic mixing. In engineering
applications the Reynolds-stress tensor is frequently modelled by the (incompressible)
Boussinesq eddy-viscosity hypothesis as

ou; Oou; 2
puj u; = pt <8x]- + axi> 3 pdijk . (2.15)

Here, y; refers to the eddy viscosity and 5 to the mean strain-rate tensor, while the
turbulent kinetic energy k is defined as

1 [
k=3 ulul . (2.16)

10



2.1 Governing Equations

Harmonising Equation (2.15) with Equation (2.4), one obtains an effective viscosity
Hett, being composed from the dynamic viscosity and the eddy viscosity, as well as an
apparent mean pressure p = p + 2/3 pk. Thereby, Equation (2.14) can be written as

a 77 Y7 17 P A.. —_— 2 .. . 3 7
g/v(pui)d\/—kfs(v)(puiu])ds] = ?i(\/) (T,] p(51]) dS]—i—/Vf,- dv. (2.17)

In the remainder of this thesis, the Reynolds-averaged values are simply denoted by
their variable name without repeatedly mentioning or marking the turbulent approach
for the sake of brevity. The notation of the RANS equations is therefore consistent with
Equations (2.2) and (2.3).

Turbulence Models

Reynolds-averaging yields the introduction of a turbulent kinetic energy and an eddy
viscosity as additional unknowns to characterise the turbulent behaviour of the flow.
Two-equation models offer a simple, well established approach to close the equation
system. Popular strategies are the k-¢ model by Jones and Launder (1972), the k-w
model by Wilcox (1988) and blending approaches like the SST k-w model by Menter
(1994). The k-e model is based on solving a transport equation for the turbulent kinetic
energy k and for the turbulent dissipation e:

3 _ o je Ok
g/V(,ok) dV-l—fg(V)(pu]k) ds; = fs(v) [(;4 > ax} ds; +/ (P—pe)dV,  (2.18)
2

o v 7.¢)dS, — i\ o€ -
g/v(pe) dv+}4§(v)(pu]e) ds; = fs(v) [( ) ax]] ds; +/ ( aPs —pCeo k) dv, (2.19)

while the eddy viscosity can be determined by

k2
Ut =p CV?. (2.20)

The production rate of the turbulent kinetic energy P follows from

. ou; aM] ou;

and the model coefficients typically read
Ca=144, Cp=192, C,=009, o0r=10, o0c=13. (2.22)

The k-w model is composed of a transport equation for the turbulent kinetic energy k
and for the specific dissipation rate w = €/(C, k), viz.

5 feav e enpas = § (e D) S as [ p-ppi) a7, 29

ax]

11
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g - - o Ut '\ ow ‘ w N
ot /V(pw) dv+7§(\/)(pu]w)ds] B ?i(\/) KVJF aj;) ax]-] ds]+/v(apk ppw ) dv.
(2.24)

The eddy viscosity follows from

k
m=p_ (2.25)

and the production rate of the turbulent kinetic energy can be obtained from Equa-
tion (2.21). The model coefficients are usually assigned to

5

x=g, p=0075 p"=009 of=0c;=20. (2.26)

While the k-¢ model displays problems to mimic adverse pressure gradient flows
correctly and shows shortcomings in the viscous sublayer modelling, the k-« model
proves to be very sensitive to free stream values, but is on the other hand advantageous
in the immediate vicinity of a wall. An improvement of the turbulence formulation
can therefore be obtained by blending the procedures. The SST k-w model by Menter
combines the k-e model in the outer part of the boundary layer and the free stream with
the k-w model in the immediate vicinity of a wall. Further information are given in
Menter (1994), Menter et al. (2003) and Wilcox (2006).

2.1.5 Initial and Boundary Conditions

The above-mentioned governing equations demand for initial and boundary conditions.
A distribution at the initial observation time t(°) has to be specified for all field variables
¢ within the complete observed volume via

¢ (Xi, t(0)> = qbinit(xi), Vx; € V. (2.27)

The employed boundary conditions are defined as Dirichlet conditions, which provide
a field value at the given boundary

¢ (xi,t) = Pref(xi, ),  Vx; € Spp(V), (2.28)

or as Neumann conditions, which are based on the specification of a specific gradient
normal to the boundary

I _ 9¢ , 7
omn (xz/t) ~ o o , Vx; € S/\/b(v)' (2.29)

Here, Spp and S, denote the surfaces with Dirichlet and Neumann boundary condi-
tions, respectively, while n refers to the normal direction of the boundary. While the
common employed Neumann condition within this thesis refers to a vanishing gradient,
the pressure usually follows a gravity-based hydrostatic gradient when the influence of
gravity is considered. Common boundary conditions represent inlets, outlets and (slip

12



2.2 Finite-Volume Method

or no-slip) walls. Symmetry planes are further frequently used to reduce the size of the
observed domain.

The inlet boundary condition is based on prescribing the velocity, the concentration
and the turbulent quantities, while the pressure is specified via a Neumann boundary
condition.

The outlet boundary condition can be realised by different techniques. One approach
refers to a (usually hydrostatic) prescribed pressure supplemented by zero normal
gradients for the velocities, while another option ensures mass conservation and
corrects the velocity values, which arise from a zero-gradient extrapolation using a
bulk correction. Both alternatives define the remaining field variables via a zero normal
gradient Neumann boundary condition.

The velocity at symmetry planes and slip walls has to be separated in normal and
tangential direction. For non-thermal flows, both boundary types demand that all
gradients vanish normal to the boundary (or arise from the gravity when regarding the
pressure) — solely the normal component of the velocity follows a Dirichlet boundary
condition, which prohibits flow across the boundary.

No-slip conditions specify the wall shear for the velocities, while the pressure and the
concentration result from a Neumann boundary condition. The boundary conditions
for the turbulent quantities are more complex, since the turbulent fluctuations are repro-
duced via turbulence models and further approaches are required to ensure a realistic
wall behaviour. Solving the RANS equations, the resolution of the boundary layer
differs between two common approaches: Low-Reynolds wall boundary conditions
fully resolve the viscous sublayer, while high-Reynolds wall boundary conditions apply
a logarithmic wall-function for the mean velocity parallel to the wall. Both approaches
differ in the prescribed wall shear and near-wall turbulence. A detailed discussion of
the boundary condition is given by Rung (2001) and Ferziger and Peri¢ (2008).

2.2 Finite-Volume Method

The transport equations from Section 2.1 have to be discretised in space and time in
order to solve the numerical problem. The employed procedure is based on an implicit,
second-order accurate finite-volume approximation of the transport equations in their
strong conservation form and employs a cell-centred, co-located variable arrangement
(Ferziger and Peri¢ 2002) on fully unstructured computational grids composed from
arbitrary polyhedral cells.

The finite-volume method provides an inherently conservative approach. It is based
on subdividing the computational domain V into a finite number of control volumes
AV and solving the transport equations for each cell in order to determine the field
variables. Each cell centre is marked with P, centres of the corresponding cell faces with
F and the adjacent neighbouring cell centres with Nr. Figure 2.1 illustrates an arbitrary
arrangement of two adjacent polyhedral control volumes. AVp marks the volume of the

13
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cell with the centre P and AS; r denotes the entries of the face area vector. The entries of
the vector connecting the cell centres P and Nr follow from

d]',F = x]',NF — x]"p (2.30)
with dr = ||d; r|| being the Euclidean norm of the distance vector.

AVp

Figure 2.1: [llustration of two adjacent polyhedral control volumes, seperated by the
face with the centre F. P denotes the centre of the observed cell and Nf the
centre of the neighbouring cell. AVp marks the cell volume, while AS; r and
d]-,p denote the entries of the face area vector and the entries of the vector

connecting the cell centres.

The finite-volume method comprises approaches for the approximation of spatial
integrals, time derivatives and gradients as well as interpolation schemes for the
reconstruction of face values (aka. as fluxes). The face values and related fluxes
have to be reconstructed since all variables of the employed algorithm are stored
in a cell-centred, co-located arrangement. The description of the finite-volume method
closes with an insight into the specific influences arising from the employed boundary
conditions.

2.2.1 Spatial Integrals

Spatial integrals are approximated by a second-order accurate midpoint rule. Integrals
over the cell volume AVp are determined using the field variable in the cell centre ¢p

dV ~ AV, 2.31
Avp(‘b ¢p AVp (2.31)

and surface integrals are composed by a sum over all faces of the specific cell, followed
by the application of the midpoint rule for each face

?i(Avp) PdS; ~ ; [9AS;] - (2.32)

Here, ¢r denotes the value in the centre of the cell face, while AS i E marks the entries of
the corresponding face area vector.

14



2.2 Finite-Volume Method

2.2.2 Time Derivatives

Time derivatives are based on a first-order implicit Euler approximation

gl p(m _ pn=1)
or a second-order implicit three time-level approach
ap|W 3 —gpn=1) 4 p(n-2)
a_‘f ~O® "”Mt A (2.34)

At refers to the applied constant time step, while the upper indices indicate the current
(n) and the previous time levels (n — 1) and (n — 2). Time derivatives are consistently
evaluated using the field variable in the cell centre P. Both approaches are based on
an implicit treatment of the unknown variable gb(”), while the values of previous time
levels explicitly contribute to the right-hand side of the equation system.

2.2.3 Determination of Gradients

On unstructured grids, gradients in the cell centre are commonly determined via Gauss’
theorem or a least-squares approach. The latter is applied within a weighted formulation
to enhance the accuracy and stability.

Gauss’ Theorem

Gauss’ theorem states that the gradient within a control volume corresponds with the
tield values at the associated surfaces

o
4 dV = ds;. 2.35
/Avp ox; ﬁ(Avp) $d5j (2.35)

Employing the approximations for the spatial integrals given in Equations (2.31) and
(2.32) leads to a conservative approximation of the gradient in the cell centre P, viz.

1

I .
| ~av L [9AS] .. (2.36)

ax]-

P
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Least-Squares Approach

The least-squares approach employs the values and geometric relations of the observed
cell centre P and all neighbour cell centres Nr to determine the gradient. Taylor series
expansion states

PNp = PP+ der (aa_(P) (2:37)

X )b

for each of the faces composing the surface of the specific cell. Equation (2.37) leads to an
overdetermined system when solving for the gradient, since the number of neighbour
cells always exceeds the dimension by at least one. An approximate solution of the
gradient can be obtained by means of a least-squares method. Although it does not
follow a conservative treatment, it enhances the accuracy and stability for irregular cells
when using a weighted formulation (Rung 2008), viz.

99

ox; ~Dj! ;WF dir (pN: — PP), (2.38)

P

where the symmetric matrix D;; and the weight wr comprise geometric information:

1
Djj =) [wdidj]., wr

= —. 2.39
F T 239)

2.2.4 Reconstruction of Face Values

The reconstruction of face values is based on the interpolation of cell-centre values from
the cell centre P and the adjacent cell centre Nr. The obvious reconstruction of the
value in the face centre is given by a linear interpolation to the intersection point F’ of
the face area and the vector d; p connecting the cell centres P and Nf (cf. Figure 2.1),
supplemented by a gradient-based extrapolation if the face centre does not coincide
with the intersection point:

0
¢r ~ (1= Ap) ¢p + Ap PN, + (x]’,F - xj,F/) (a—f) : (2.40)
F/
Interp‘c:lation Extrap:glation

The interpolation factor reads

_ ASjp(xjr—xjp)

M= A 4y F 24D

The linear interpolation scheme is often referred to as central-differencing scheme (CDS).
The numerical implementation of the extrapolation-based correction term employs
an explicit treatment to obtain second-order accuracy on unstructured grids. The
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embedded gradient of the field variable in the intersection point follows from linear
interpolation.

In general, the interpolation schemes for the face variables should characterise the
physical transport properties of the particular (convective or diffusive) term. Unbiased,
symmetric interpolation schemes (such as CDS) are the method of choice for non-
directional information transport, while directional or biased interpolation schemes
adhere for an orientation of the information transport. Most field variables and gradients
are simply interpolated by Equation (2.40), though, convective fluxes are characterised
by their directional transport and hence demand for special attention. The gradient
within in the diffusive term can be directly determined from the cell-centre values. Note
that the surface pressure, which occurs in the momentum equation (2.3), is explicitly
imposed as a volume-based source term using Gauss’ theorem in Equation (2.35).

Convective Transport

Convective fluxes are characterised by their directional information transport, which
establishes the use of upwind-biased formulae. The finite approximation of the generic
convective term in Equation (2.1) yields

ﬁ(m (pgi;) dS; = ; Pr |p ﬁjésj] - (2.42)

mp

The mass flux ritp is composed from the face values of the density and the velocity as
well as the entries of the face area vector. The density follows from the concentration at
the face, cf. Equation (2.5), while the velocity describes the transport and is therefore
interpolated using the central-differencing scheme in Equation (2.40). The mass flux is
evaluated at the previous iteration — employing a Picard linearisation for the convective
term if ¢ # 1. The transported quantity ¢r physically demands for directional flow
information, which can be captured by a first-order upwind-differencing scheme
(UDS):

¢ titp ~ ¢p - max|[ritp, 0] — ¢y, - max|[—ritp, 0]. (2.43)

The occurring first-order accuracy numerically enhances the diffusion. This is especially
problematic when regarding the momentum transport within high Reynolds-number
flows or the concentration transport, which requires a sharp interface. However,
the unbiased CDS approximation of convective fluxes by Equation (2.40) is not only
physically inconsistent, but reduces the stability of the equation system. Employing
a blending technique enhances the accuracy whilst conserving the stability of the
upwind-differencing scheme when being applied by means of a deferred correction
approach:

or = 9F7 +x0 (9% — 9F™), w0 € [0,1], (2.44)

Explicit correction

The blending factor x¢ blends the different approximation techniques. The UDS
contribution is treated implicitly, which simplifies the algorithm and ensures its stability.
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The CDS part contributes via an explicit correction. The subsequent high-order schemes
refer to the same deferred correction technique and explicitly apply high-order terms.
The x-scheme provides a compact notation, cf. Rung (2008):

br ~ pUDS +% K (pny — Pp) — (1 —x)d; (%) ] , ke[-11],  (245)
1/ p

which yields different approximation concepts, depending on the factor x. Since an
additional upstream field value cannot be easily identified on unstructured grids, it
is reconstructed via the gradient in P. The QUICK scheme (Leonard 1979), which
provides a quadratic upwind interpolation, is realised by ¥ = 0.5. To prevent numerical
oscillations, the determined face value should not exceed the neighbouring field values.
A monotonicity preserving variant of Equation (2.45) is the MUSCL scheme by van
Leer (1997), which restricts the interpolation technique to be total variation diminishing
(Harten 1983). Further details about the implementation of an extended MUSCL scheme
by Lien and Leschziner (1994) can be found in Stiick (2011).

The approximation of the convective concentration transport in Equation (2.11)

S(V) T ——

UF

is crucial for a sharp interface between two fluid phases. While the volume flux o is
simply approximated by applying the central-differencing scheme in Equation (2.40), a
more elaborate interpolation technique has to be employed for the reconstruction of the
transported quantity, i.e. the face concentration cr. A well-established approximation
concept is the High-Resolution Interface Capturing (HRIC) scheme by Muzaferija
and Peri¢ (1999), which blends the numerically stable first-order upwind-differencing
scheme with a compressive (limited) downwind contribution. Within the HRIC scheme,
the proportions of the upwind and the downwind contribution adhere to the local
Courant number as well as to the relative angle between the fluid interface and the cell
face. An orthogonal interface orientation is correctly captured by an upwind scheme,
whereas an inclined or parallel arrangement demands for downwind information to
ensure a sharp interface. For the second case, the local Courant number Cor is employed
to blend between a compressive (limited) downwind-biased scheme for small Courant
numbers (Cor < 0.3) and the stabilising upwind-biased scheme for Cor > 0.7. The
approximation is applied by means of a deferred correction approach, i.e. the downwind
information contribute via an explicit correction. A similar approach, that is routinely
used for industrial applications, is the CICSAM scheme by Ubbink (1997).

Diffusive Transport

The finite approximation of the generic diffusive term in Equation (2.1) yields
r— | dS;= I (=—]AS;)| = = |AS 247
ﬁm( ax]) ] ;[ (axf') ]L P a2, e
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with ASp =|| AS; F || being the Euclidean norm of the face area vector. The diffusion
coefficient I' is composed from the dynamic or turbulent eddy viscosity, as well as
constant model coefficients, dependent on the considered conservation equation from
Section 2.1. The dynamic viscosity is a material value and therefore determined from
the concentration at the face, cf. Equation (2.6), while the eddy viscosity follows from
linear interpolation. The remaining product in Equation (2.47) represents the projection
of the gradient in direction of the face area vector, which again employs a deferred
correction approach:

a‘P —~ ¢Ne — Pp a‘P ) der
A o4
Explicit Egrrection

with n;p = AS; p/ASF being the components of the surface normal. The first term
can be directly determined from the cell-centre values, while the deferred correction
technique is employed to respect the orientation of the gradient within an explicit
correction. The gradient in the explicit correction is determined via linear interpolation

and the approach can be augmented for unfavourable metrics, i.e. or — ¢r (1’1]‘,1: d ]"F)k,
cf. Rung (2008).

2.2.5 Boundary Conditions

Boundary conditions provide a concept for the flow variables at the outer grid limita-
tions. The boundary values contribute to the determination of the gradient and influence
the appearing convective and diffusive fluxes. The numerical implementation of the
occurring boundary fluxes refers to auxiliary boundary cells, which have no physical
volume and are located within the coordinates of the particular boundary face. Dirichlet
and Neumann boundary conditions either provide a boundary value or extrapolate
the inner field value, demanding a vanishing spatial gradient normal to the face for a
zero-gradient assumption, cf. Section 2.1.5. The following paragraphs summarise the
influence on the convective and diffusive transport.

Convective Transport

The convective transport is governed by the mass flux riir (or the volume flux o). The
inlet boundary condition describes the inflow into the simulation domain, which results
from the given boundary value; the outlet boundary condition manages the outflow by
extrapolating the inner field value. Symmetry boundary conditions, as well as (slip or
no-slip) walls, prohibit flow across the boundary, which leads to a vanishing convective
flux (T’i/l]: =0 / Z)p = 0)
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Diffusive Transport

The diffusive transport arises from the spatial gradient normal to the face. Hence,
the diffusive flux at the inlet can be obtained from the difference between the inner
field value and the prescribed boundary value. The zero-gradient Neumann boundary
condition at the outlet provokes a vanishing diffusive term.

At symmetry planes and slip walls, the field variables are generally extrapolated, which
leads to a vanishing diffusive transport. However, the normal component of the velocity
adheres to a different restriction. While the tangential velocity is extrapolated, the
suppression of the velocity normal to the wall leads to a diffusive flux arising from
normal stresses. Based on the viscous stress tensor in Equation (2.4), the approximation
of the diffusive fluxes leads to

FIE = _0yp ASE (”k,Bii — U,p) NiF nir (2.49)
i F 1,F
with uy p; being the entries of the boundary velocity, which includes the extrapolated
tangential velocity and a potential wall velocity.

The no-slip boundary condition implies that the fluid velocity equals the wall velocity,
which leads to a gradient of the tangential velocity normal to the wall. The resulting
wall shear stresses contribute to the diffusive term, while for incompressible fluids, no
spatial gradient of the normal velocity occurs due to Equation (2.2). The diffusive fluxes
yield

(x,pa — tk,p) ti

FEE s
i HE F d]',F nir

tir. (2.50)

Here, t; r denotes the entries of the surface tangent. Application of a high-Reynolds
boundary condition modifies the viscosity based on a logarithmic wall function. Further
details on turbulent variables go beyond the scope of this thesis. Detailed information
can be found in Rung (2001) and Ferziger and Peri¢ (2008).

2.3 Numerical Procedure

The Navier-Stokes procedure FreSCo™ (Rung et al. 2009) solves the (at times Reynolds-
averaged) Navier-Stokes equations supplemented by auxiliary transport equations for
mixture fractions, turbulence etc., cf. Section 2.1. The segregated algorithm is based
on the implicit, second-order accurate finite-volume approximation of the transport
equations in their strong conservation form given in Section 2.2. The in-house code
employs a cell-centred, co-located variable arrangement and is capable to process fully
unstructured and locally refined computational grids of arbitrarily shaped polyhedral
cells. A Volume-of-Fluid method or a two-way coupled Euler/Lagrange method can
be used to model multiphase flows and cavitation (Yakubov et al. 2013, 2015). Several
RANS and scale resolving closures (LES, DES) are available to mimic the effect of
turbulence. Body motion can be realised by a prescribed motion or in a floating manner
according to the embedded quaternion-based six degrees of freedom (6DoF) module

20



2.3 Numerical Procedure

(Luo-Theilen and Rung 2017). Grid fluxes of moving or deforming meshes are computed
in line with the space conservation law (DemirdZi¢ and Peri¢ 1988). The algorithm
is parallelised using a domain decomposition technique based on a multi-criterion
graph-partitioning approach (Karypis and Kumar 1995). Inter-processor communication
employs the message passing interface (MPI) protocol.

The segregated iterative solution procedure begins with an update of the current
position of the computational grids according a potential body motion and sequentially
solves the approximated transport equations, each transposed as equation system
containing the specific field variables. The pressure-velocity coupling follows from the
SIMPLE algorithm, which at first determines the entries of the velocity vector from the
momentum equation (2.3) using an estimated pressure p*. A pressure correction equation
is formed by combining the momentum equation and the continuity equation (2.2),
cf. Ferziger and Peri¢ (2002). Following, the pressure correction p’, which is required
to compensate the mass imbalances induced by an inaccurate pressure estimation in
the momentum equation, is determined. Finally, the pressure and the velocities are
corrected. The spatial odd-even decoupling of the cell-centred formulation is suppressed
by an artificial dissipation pressure contribution to the mass imbalance along the line
of the correction by Rhie and Chow (1983). Subsequently, all other considered field
variables are determined by solving the respective transport equations.

Since the transport equations are coupled by the field variables and comprise non-linear
contributions, an iterative solution is mandatory. Inner iterations describe the number
of solution cycles for one equation system, while outer iterations mark the repeated
execution of the complete solution procedure. The iterations proceed until a maximum
number of iterations is reached or the integral residual over all control volumes evinces
a satisfying convergence. Transient simulations are characterised by a time loop that
repeatedly performs the described sequence until a prescribed number of time steps is
completed. The convergence is commonly ensured by means of an under-relaxation
technique, which decreases the rate of change of the field variables when solving an
equation system, cf. Sttick (2011).
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3 Overset-Grid Approach

The overset-grid approach couples an unlimited number of grids implicitly on the level
of the equation system and provides a straightforward method for the simulation of
multiple bodies with relative motion and mutual hydrodynamic interaction. The initial
grid priority as well as the local resolution of the coupled grids govern the dynamic grid
prioritisation process. The motion of the individual foreground grid(s) usually depends
on the respective motion of the meshed body. The latter is either prescribed by a guided
motion module or determined by the hydrodynamical /mechanical interaction forces
using the quaternion-based 6DoF module. Load balancing is dynamically controlled
and updated (Brunswig and Rung 2013).

The introduction outlined a conservative inter-grid coupling and a dynamic body
contact as primary challenges of overset-grid procedures. This chapter starts with
a general description of the employed overset-grid approach with the focus on the
applied interpolation algorithms from Brunswig and Rung (2011). It then describes the
developed mass conservation practices to ensure a conservative inter-grid coupling and
introduces an inter-grid coupling for bodies featuring dynamic contact.

3.1 Interpolation Algorithms & Baseline Inter-Grid
Coupling

The inter-grid coupling is based on an elaborate priority management, which blanks
cells for regions covered by multiple grids (HadZi¢ 2006, Brunswig and Rung 2011).
Thereafter, interpolation-based links between disjunct grids are compiled adjacent to
the blanked areas. The inter-grid coupling distinguishes between active (solve), inactive
(ignore) and dependent (interpolation) cells. In the latter case, field values need to be
reconstructed from an interpolation of partner-grid donors. Suitable donors are selected
from active cells of the partner grids. Figure 3.1 shows an exemplary arrangement of the
different cell types on two overlapping grids in a two-dimensional configuration. The
foreground grid and its corresponding labels are coloured in blue, while the background
grid and its corresponding labels are coloured in black. Note that solve cells are not
coloured.

The amount of donor cells and the specific donor information differ between the
different interpolation schemes, i.e. a simple low-order injection to the interpolation cell
I in Figure 3.1 might only involve values from the nearest donor D;, whereas a simplex-
based interpolation scheme involves values from three donors in 2D (D;, D,, D3) or
four donors in 3D and perhaps even their gradients to obtain second-order accuracy.
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Figure 3.1: [llustration of the different cell types for two overlapping grids in a two-
dimensional configuration. The foreground grid and its corresponding labels
are coloured in blue, while the background grid and its corresponding labels
are coloured in black. The overlapping interfaces between the interpolation
cells and the adjacent solve cells are indicated in red. Note that the solve cells
are not coloured. The enlarged view pictures an example of an interpolation
cell (I) and the three involved donor cells (Dy, Dy, D3) for a related simplex.

The employed interpolation algorithms are all based on a weighted interpolation of
cell-centred variables from donor cells to interpolation cells

¢r = Z wﬁ‘Pﬁ + 0. (3.1)
B=1

¢r1 denotes the interpolated field value, while ¢p and w 8/ with Zgzl wg =1, are the field
values and interpolation weights of the np donor cells for the location I. The explicit
coupling parameter J contains second-order information, e.g. the spatial gradients of the
donor cells. Available interpolation options are the zero-order injection from the nearest
donor cell, the interpolation from a cell cluster and the interpolation from a simplex of
donor cells. The cell cluster is composed of the nearest donor cell and its neighbours. The
respective interpolation weights are based on the inverse distance of the cell centres. The
simplex-based interpolation can be first- or second-order accurate and weighted with the
inverse sub-simplex areas (2D) or volumes (3D). In order to couple the grids implicitly,
the transport equations for the interpolation cells are replaced by Equation (3.1). Figure
3.2 illustrates the interpolation cells within a two-grid arrangement and shows an
exemplary equation system for the implicit coupling approach, i.e. the interpolation
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3.1 Interpolation Algorithms & Baseline Inter-Grid Coupling

stencils are directly substituted into the coefficient matrix. The interpolated values are
depicted in red and enter the coefficient matrix with a unity value on the main-diagonal,
whereas the donor entries (—wg) are marked in yellow. The right-hand side terms inhere
the explicit contributions 6 of Equation (3.1) and are also marked in yellow.

Interpolation cells
= (Foreground grid)
0 O Interpolation cells
e Y (Background grid)
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cl. ﬁ
% 0
Pisiaials® L d el
Grid 1 [ Grid2

Figure 3.2: [llustration of the implicit coupling approach (right) for a two-grid arrange-
ment (left). The interpolation of Equation (3.1) is cast into the equation
system. Matrix: red unity entries on the main-diagonal for the interpolation
cells and yellow negative donor weights on the off-diagonal. RHS: yellow
entries for the explicit parts.

Since the SIMPLE algorithm is used to update the pressure, its implicit coupling is
handled by interpolating the pressure correction p’. The interpolation has to result in
the same pressure in the interpolation cell and the donor cells, even if the initial pressure
values p* differ. This leads to an alternative interpolation formula for the interpolated
pressure correction value, viz.

S 1 S * * *
Pl Zﬁle;sp}ﬁg (ﬁleﬁPﬁ—m +d(p ))- (32)

While the first part of Equation (3.2) consists of the interpolation of the pressure
correction values p:g, the second part represents the coupling between the initial pressure
values in the interpolation cell p} and the donor cells pz. This correction is combined

with further explicit coupling information of the parameter é(p*) and exposed to
the reciprocal value of the under-relaxation factor ¢ used by the pressure correction
scheme. Continuous updating of the pressure values during the iterative solution
process usually supersedes the second part of Equation (3.2). Different from single-grid
simulations, the pressure correction equation system for implicitly coupled overset
grids is non-symmetric due to the non-symmetric entries from the coupling procedure.
Thus, a suitable iterative solver for non-symmetric systems, i.e. a biconjugate gradient
(BiCG) method, is employed.
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3 Overset-Grid Approach

3.2 Mass Conservation Practices

As indicated by Equations (3.1) and (3.2) and Figure 3.1, the present grid coupling is not
based upon fluxes but the direct interpolation of cell-centre values. This simplifies the
coupling procedure for arbitrary disjunct grids, but results in erroneous fluxes across
the overlapping grid boundaries, which do not necessarily conserve the fluid mass.

As explained in Section 2.3, the objective of the employed SIMPLE algorithm is to
determine the pressure correction, which is required to compensate the mass imbalances
being induced by an inaccurate pressure estimation in the momentum equation. Without
any mass conservation practice, the erroneous fluxes across the overlapping grid
boundaries cause an additional pressure correction, which leads to an erroneous
pressure.

The essential idea is to add up the erroneous mass fluxes at the overlapping interfaces
(depicted as red lines in Figure 3.1), which are determined by the n r interior faces
between the interpolation cells and the adjacent solve cells. Subsequently, the defect is
counteracted by either a virtual adaption of the cell volumes or a correction of the mass
fluxes at the overlapping interfaces. The mass defect of the overset approach AM is
defined as the sum of the mass fluxes across the overlapping interfaces:

. n'F
AMo =Y 1. (3.3)
r=1

The respective challenge refers to identifying local corrections of a global defect AMo.

3.2.1 Volume Correction Approach

The first correction approach is deduced from the finite-volume approximation of the
continuity equation (2.2) for single-phase flows using the implicit Euler approximation
for the time derivative:

AV Y1) — ( oAV (1) (n
(P ) Aip ) :_;m%)_ (3.4)
P

Experience shows that the mass defect introduced by the interpolation is usually quite
small compared to the global mass flux (below 1 %). Based on the idea of compensating
the interpolation-induced mass defect AMg by virtually changing the cell volumes AV
while keeping a constant density, the correction of a cell volume states

A.
AMo 4,
chsp

AV = Ay (=1) (3.5)

n¢, marks the total number of all solve cells and the upper indices indicate the current
and the previous time level. This virtual volume adaptation compensates the global
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3.2 Mass Conservation Practices

mass imbalance, which forms the right-hand side of the pressure correction scheme, in
proportion of the overset-induced erroneous fluxes, viz.

, AV Ay
Meorr = M+ 0 AL

N J/

(3.6)

The correction approach offers a very simple approach to obtain a mass conservative
flow field. Although it is based on a fictitious change of all cell volumes for the complete
set of partial differential equations, a consistent manipulation of the face areas or the
mass fluxes at the overlapping interfaces is not included and no local information is
considered. The expected benefit of the approach is a smooth pressure field which is
free from spurious oscillations even for non-vanishing net inter-grid fluxes.

3.2.2 Flux Correction Approaches

The second investigated option is to correct the mass fluxes at the overlapping interfaces
to restore the global mass balance, i.e.

f
Z ity + 61it,) = 0. (3.7)

Such a flux correction practice was formerly suggested by Hadzi¢ (2006). It is based on
correcting the mass flux rirr through face F by its weighted contribution to the global
imbalance. The related flux correction reads

AMp . (3.8)

A drawback of this approach is that it does not inhere any information related to the local
solution quality, particularly not the local mass flux imbalance. This is illustrated by a
simple one-dimensional example depicted in Figure 3.3. The figure reveals the deficit
of missing local information for the example of two overlapping interfaces (marked in
red), where one flux is vanishing. In this case, the procedure employing Equation (3.8)
would always correct the non-zero flux to zero (cf. left-hand side of Figure 3.3) although
a correction of the other flux could be much more appropriate.

In order to address this issue, a second flux correction practice is suggested. The
correction aims to capture local effects when distributing the global mass defect (cf. right-
hand side of Figure 3.3). The divergence of the velocity between the donor cells and
the interpolation cell offers a possibility to measure the local defect in the flow. Its
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Figure 3.3: Flux correction proportional to their magnitude according to Hadzi¢ (2006),
or based on local flow information.

magnitude is used in combination with the volume of the interpolation cell to determine
the local flux correction, i.e.

o (3% AVI) _
Sritp = _ZZ; ( g% AVFI%AMO. (3.9)

The magnitude of the velocity divergence of an interpolation cell is obtained from a
least-squares approach regarding the velocity differences and the distances between the
interpolation cell I and its np corresponding donor cells

Yp2 (g — ui,p) (xip — i 1)
Zgil(xi,/s —x;1)?

aui —
axl-

(3.10)

3.3 Inter-Grid Coupling for Dynamic Body Contact

The interplay of hydrodynamically interacting bodies is usually buffered by a fluid layer.
This guarantees a sufficient overlap of fluid cells, which is commonly required to couple
the grids at the overlapping interfaces. Colliding bodies or bodies in direct proximity
often do not comply with this condition. An example is illustrated in Figure 3.4, which
shows two cylinders in direct proximity. The respective cells with invalid donor cells
(aka. critical cells) are marked in red.

Cell blanking is applied for regions that are covered by multiple grids, which requires
coupling information at the overlapping interfaces. A missing inter-grid coupling is
problematic, since it implies mass defects due to the artificial openings between the
blanked area and the active simulation domain. Preserving a minimal gap by using
an extreme local refinement deteriorates the computational efficiency and provides
no solution for collision simulations. The developed strategy therefore introduces
artificial boundary conditions in critical areas. This requires a dynamic identification
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Figure 3.4: Two cylinders in direct proximity. The cells with missing donor information
are marked in red.

of the critical cells in the vicinity of the contact zone and a subsequent manipulation
of the computational model. A simple collision procedure is applied to prohibit the
penetration of floating bodies.

3.3.1 Detection of Critical Areas

The detection of critical areas is embedded into the existing grid-coupling algorithm.
The procedure simply identifies interpolation cells with invalid donors due to small gaps
between bodies in direct proximity, which has been previously applied by Noack et al.
(2009). The detection algorithm initially tries to achieve a valid coupling following a
low-order scheme, i.e. reducing the number of donor cells in Equation (3.1). A reduction
of the order reduces the required overlap and thereby enhances the coupling possibility.
If no reduction is possible, for example if the nearest donor cell itself is dependent on
the interpolation cell of the partner grid (aka. cyclic interpolation)

¢1 = f(¢p) and ¢p = f(¢1), (3.11)

the critical cell is deactivated and tagged as inactive. The inactive cell is marked for
proximity corrections if it lays within a critical distance to a wall boundary. Within
this thesis, critical distances of ten cells are generally chosen, which reliably covers
the typical occurring coupling problems within a wall distance of three cells. Small
separate areas of active cells are located by means of a flood fill algorithm and likewise
deactivated. The influence of a deactivated cell on the adjacent solve cells is suppressed
by introducing an artificial boundary expressed by the manipulation of the coefficients
of the equation system.
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3.3.2 Artificial Boundary Conditions

Artificial boundary conditions are implemented to suppress the flow across the faces
between active and inactive cells. The applied boundary condition is similar to an
immersed boundary (IB) approach. The IB-method was first introduced by Peskin (1972)
and assumes that a body is immersed in the fluid domain, which greatly simplifies the
grid generation and grid adaptation for flows with moving boundaries (Mohd-Yusof
1997, Tseng and Ferziger 2003, Mittal and Iaccarino 2005). It is commonly based on a
forcing function as additional source term in the governing equations, which ensures
the agreement between the computed properties of the flow and the desired properties
along the boundary of an immersed body. Extensive overviews of IB-methods are given
in Bandringa (2010) and Hylla (2013).

Inactive cells cause unknown fluxes between the active and the inactive domain. The
present approach aims at a simple closure for these fluxes. In contrast to classic IB-
methods, the implementation of (slip flow) no-flux conditions along these faces provides
a straightforward solution, while the accuracy of the geometry and the computational
model are deliberately compromised during the contact period. The present concept is
based on a few simple changes, viz.

(a) Suppression of the convective and diffusive fluxes across the faces between active
and inactive cells via
oF=0 and TIf=0. (3.12)

The additional diffusive flux arising from normal stresses by means of Equa-
tion (2.49), cf. Section 2.2.5, is excepted from the suppression.

(b) Extrapolation of information from the centre of the active cell P4 to the face F
between an active and an inactive cell. This supports the evaluation of flow
gradients in active cells adjacent to inactive cells. The extrapolation follows a
zero-order or first-order accurate formula. A zero-accurate formula is given by

¢r = ¢p, - (3.13)

(c) The mean value of all nc, active neighbour cells is used when reactivating the

deactivated cell Pp4:
nCA

Y ¢s. (3.14)
p=1

1

$rp4 ne, =
Since inactive cells are already marked by the overset-grid approach (cf. Section 3.3.1),
no further cell identification algorithm is required. Inactive regions have the effect of
obstacles. This temporary solidification of fluid cells is sometimes appreciated, e.g. to
inhibit a mass transport in the centre regime of a gear pump and thereby facilitating a
realistic pump characteristic. In other applications, the related flow field obstruction
has to be regarded with caution. However, in most engineering cases, the respective
predictive errors with regard to the actual simulation objective are negligible if the
interest is not on the gap flow. Alternatively, a detailed analysis of the gap flow requires
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3.3 Inter-Grid Coupling for Dynamic Body Contact

an improved resolution, e.g. using local grid refinement that would in turn automatically
prevent activating the suggested modification.

The temporary shift of small domain fractions from the active to the inactive region
and vice versa is afflicted with spurious fluxes, which impose the need for the mass
conservation strategy from Section 3.2 in incompressible single-phase flows.

3.3.3 Collision of Rigid Bodies

The collision module features a detection strategy and inserts contact forces on the
interfering (floating) bodies according to a collision law for non-frictional rigid bodies
(Gross et al. 2012, Koblitz et al. 2017). The detection procedure identifies interfering
bodies by monitoring the inactive cells and the corresponding parter (intersection)
grids. The boundary face coordinates of the two involved bodies with the smallest
distance to the respective inactive cell are marked as possible contact points. Figure 3.5
shows two interfering bodies (L and R), three inactive cells and the resulting boundary
face coordinates marked by red crosses. With the objective of keeping the collision

Figure 3.5: [llustration of two interfering bodies (L and R), three inactive cells and the
resulting boundary face coordinates marked by red crosses. The shortest
link is highlighted in green.

module simple, but generally applicable, contact forces are only applied at the boundary
coordinates with the smallest distance to each other (aka. collision points; as highlighted
in green in Figure 3.5). This constraint allows only one collision per body per time
step, but simplifies the collision procedure by avoiding complex equation systems. The
contact force is applied normal to the body surface in the contact points. Note that the
contact forces are activated in case of coupling problems between overlapping grids,
which leads to a premature contact. This drawback of the collision procedure is also
resolution dependent.

The applied collision law is based on the assumptions that (a) body deformations can
be neglected and (b) the contact forces exceed the hydrodynamic forces to the extent
that only the contact forces have to be considered during the collision. The collision
behaviour is modelled via a coefficient of restitution e € [0, 1], which is dependent on
the material, the geometry and the collision velocity: e = 0 refers to perfect plasticity,
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3 Overset-Grid Approach

while e = 1 corresponds to perfect elasticity. The collision can be described by a sudden
change of the body velocities. After a collision of two arbitrary bodies L and R, the
entries of the body velocity vector normal to the body surface refer to

(n—1) (n—1) (n—1) (n—=1)
p(”) _ mpv;p ' +mro; g~ +emg (Ui,R — UL ) (3.15)
LL mp, + mg ’ '
(n—1) (n—1) (n—1) (n—1)
U(n) _ mro; +mg iR +emg (Uz’,L —UiRr > (3.16)
i,R my + MR . .

Here, m; and mp denote the body masses and v; refers to the entries of the velocity
vector in the contact point of the respective body. The upper indices mark the time
level directly before and after the collision. The implemented contact forces F- and the
resulting torque T¢ at the centre of gravity can be directly deduced from the normal
velocities with respect to the body surface in the contact point and the distance between
the contact point x;cp and the centre of gravity x; co:

(n) _(n—1)
=" ( Atvi >, (3.17)

TE = e (xj,cp — XjcoG) FC (3.18)
where €;j; denotes the Cartesian coordinates of the permutation tensor. With respect to

assumption (b) which states that only the contact forces have to be considered during
the collision, the hydrodynamic forces are neglected in the 6DoF solver and are replaced

by FC and T€ when the bodies approach each other (o) - o\") < 0). In the case of a

contact of m; | with a fixed wall, an infinite artificial wall mass is set to calculate the

0 = ey

contact forces which yield v

The assumption (b) is justified by the investigated parameter range of the applications
within this thesis. For spherical particles, the rebound velocity depends on an impact
Stokes number which is deduced from the diameter-related Reynolds number Rep as
well as the density ratio of the body ps and the fluid p r (Joseph et al. 2001):

St = (Rep/9) (p5/p5). (3.19)

For small values St < 10, no rebound has been observed in the performed experiments
by Joseph et al. (2001). According to their studies, which regard an immersed particle
collision in water and glycerol-water mixtures, the coefficient of restitution for dry
surfaces can be applied if the Stokes number exceeds 500, i.e. the contact forces super-
sede the hydrodynamic forces. Since this condition can be regarded as fulfilled for the
investigated applications, the use of the dry coefficient of restitution in combination
with (b) seems appropriate.
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Inter-Grid Coupling Effects

This chapter is devoted to the analysis of a non-conservative inter-grid coupling. The
tirst section presents the verification and validation of the overset procedure described
in Chapter 3 for two- and three-dimensional steady-state flow simulations, while the
subsequent examination involves transient flows and/or relative grid motion and
reveals the challenges arising from non-conservative interpolation practices. Note that,
except for the moving hydrofoil simulations, gravity is neglected in this chapter. Con-
vective momentum transport is always approximated using a monotonicity preserving
QUICK scheme and a HRIC scheme is used to approximate convective kinematics in
the concentration equation.

4.1 Verification and Validation for Steady-State Flows

The verification and validation of the overset procedure is performed by the simulations
of a two-dimensional steady-state flow around a circular cylinder embedded in a
channel and a three-dimensional lid-driven cavity flow. The cylinder flow has been
formerly suggested for code verification studies by Schéfer et al. (1996), while Tang
et al. (2003) have used the three-dimensional lid-driven cavity flow to evaluate the
influence of different interpolation schemes in the context of overset grids. Both cases
involve no grid motion and should prove the accuracy of the baseline overset approach
by comparison with literature reported and single-grid results. While Section 4.1.1
shows an extensive analysis of the cylinder flow results obtained with the different
mass conservation practices, Section 4.1.2 proves that the overset-grid approach works
for three-dimensional applications.

4.1.1 DFG Benchmark Case

The two-dimensional simulation examines the steady, laminar, incompressible flow
around a cylinder in a channel, aka. the DFG Benchmark Case (cf. Figure 4.1). The
upstream end of the channel is the inlet and the downstream end refers to a pressure
boundary condition. The centre of the cylinder is arranged a small distance below the
channel centre line to enforce an asymmetric flow field. The velocity profile prescribed
at the inlet reads

6U

x = 2 [(y+2D)H ~ (y +2D)?], u, = 0. (4.1)
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The diameter of the cylinder is assigned to D = 0.1 m, the channel height refers to
H = 4.1 D and the bulk velocity reads U = 0.2 m/s. With a density of p = 1kg/m3 and
a viscosity of ¢ = 0.001 Pa s, these values result in a Reynolds number of Rep = 20.

D 21D

2D

2D 20D

Figure 4.1: Configuration of DFG benchmark case.

Single-grid and overset-grid simulations are performed for three different grid levels,
which approximately double the edge resolution as indicated by Table 4.1.

Table 4.1: Total amount of control volumes employed for the single-grid and overset-
grid simulations of the DFG benchmark case.

Grid(s) Coarse Medium  Fine

Single grid 18176 ~ 72704 290816
Overset grids 19840 79360 317440

Figure 4.2 shows the single grid and the overlapping grid arrangement for the coarsest
resolution. It demonstrates that the concept of overlapping grids can lead to a better
grid quality with respect to cell skewness and orthogonality, see the transition from the
O-grid around the cylinder to the Cartesian mesh filling the rest of the domain for the
single grid. The cell status attribution of the overlapping grids is depicted in Figure 4.3,
the dark grey area represents ignore cells of the background grid. Note that for the
sake of clarity, only every second grid line is displayed in Figures 4.2 and 4.3. Identical
solver setups and approximation schemes are used for all approaches. Overset-grid
simulations are always performed with a second-order simplex interpolation, while
assessing the influence of mass conservation practices.

Results obtained for the DFG benchmark case are reported in Figure 4.4 and Figures
4.6 to 4.9. Figure 4.4 compares the predicted lift and drag forces obtained for a single
grid with four overset-grid simulation series using the different mass conservation
practices from Section 3.2. The simulations refer to the meshes outlined in Table 4.1.
The resolution of the corresponding boundaries is identical for the overlapping and the
single-grid simulations and the respective near-wall meshes also agree in the vicinity of
the cylinder. The discretised shape of the cylinder varies with the refinement level and
features variations of the circumference from -0.01% for the coarse mesh to -0.00063%
for the fine mesh as compared to the analytical circumference.
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Figure 4.2: Coarse single-grid and overset-grid configuration for the DFG benchmark
case. For clarity, only every second grid line is displayed.
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Figure 4.3: Cell status attribution of the overlapping grids (Dots: foreground-grid
attribution / Coloured cells: background-grid attribution). For clarity, only
every second grid line is displayed. The enhanced view on the right-hand
side shows the attribution in the lower right corner of the overlapping region.

The displayed range of the drag forces on the left-hand side of Figure 4.4 agrees with the
range of extrapolated results recommended by Schifer et al. (1996), i.e. cp € [5.57,5.59],
who compared the data of 17 different software packages each of them using various
resolutions. Note that the recommended range of the lift forces ¢; € [0.0104,0.0110]
was extended to display the results of all grid configurations on the right-hand side of
Figure 4.4. The shaded area indicates values which fall out of the recommendations
of Schifer et al. (1996). The recommended ranges cover approximately 0.35 % of the
expected drag and 5.7 % of the expected lift values, whereas results of the present
simulations vary only about 0.05 % and 1.65 % of these values. The force predictions
of the four overset-grid simulations are virtually indistinguishable. Using Richardson
extrapolation, the predicted lift and drag forces differ slightly between the single-
grid (cp = 5.5840, c; = 0.0105) and the averaged overset simulations (cp = 5.5812,
cr, = 0.0106). The magnitude of the friction forces is approximately half of the pressure

35



4 Analysis of Non-Conservative Inter-Grid Coupling Effects

Single grid -| = Coarse grid
£ Medium grid
Overset grids == Fine grid

(No correction) [z

Overset grids |
(Global flux corr.) [

Overset grids |
(Div. flux corr.) [

Overset grids |
(Volume corr.) [

2

\ \ \
557 5575 558 5585 559 1.03-10~2 1.065 - 10~2 11-10-2
cp [-] cr [-]

Figure 4.4: Convergence of the predicted drag and lift coefficients obtained with the
single and overset grids for the DFG benchmark case (Coarse/medium/fine
grids; Table 4.1). The shaded area indicates the values which fall out
of the recommendations of Schifer et al.,, i.e. ¢cp € [5.57,5.59] and
cr, € [0.0104,0.0110].

force contribution and the direction of the total force is roughly 0.1° inclined against the
horizontal axis.

When attention is given to an analysis of the observed order of accuracy calculated
according to Stern et al. (2006), the overset-grid simulations reveal approximately
second-order convergence for the magnitude of the pressure (2.2) and friction forces
(1.8), disregarding the employed coupling approach. These values are slightly inaccurate
due to the unstructured compact interpolation employed to couple the two grids,
the unstructured gradient-based reconstruction of remote upstream values for the
QUICK-scheme (Jasak 1996) and the inaccuracy introduced by the frequently employed
tirst-order accurate Couette flow assumption for the shear stress evaluation along the
wall. Moreover, the convergence rate of the force direction is around 1.0 due to the
linear convergence of the discrete shape into a circular shape. The convergence rates
of the force magnitudes obtained from the single-grid results are approximately 15%
inferior to the overset-grid results due to the mesh distortion during the transition of the
grid blocks, which is not seen by the orthogonal meshes of the overset-grid region.

The two overset-grid simulations that do not counteract the mass imbalance, i.e. the
uncorrected and the volume corrected approach, show an interesting behaviour re-
garding the convergence rate. They reveal a much stronger convergence rate for the mass
imbalance (around 3.8) than for the flow field. The mass imbalance of all simulations
with a flux correction is almost identical and negligible. Figure 4.5 compares the
convergence behaviour for the three investigated overset grids with and without the flux
correction noted in Equation (3.8). The figure reveals that the convergence behaviour
does not improve by the flux correction in such steady grid simulations.
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Figure 4.5: Influence of the flux correction on the convergence behaviour for the overset-
grid simulations of the DFG benchmark case at Re = 20 (Lines: without flux
correction / Symbols: with flux correction). Due to clarity, only every 30t
symbol is displayed.

Note that one could also make an attempt to investigate the properties of the pressure
correction from a more formal point of view, focussing upon the consistency and
condition of the equation system. Though, observations have shown that the traceability
of the investigated challenges by mathematical approaches is unfortunately limited. It
has been proved that (a) the consistency of the equation system is always guaranteed and
(b) that the condition number, which is traditionally critical to the pressure correction
scheme, does not show any sensitivity to the mass conservation practices — probably
because the conservation practices do not directly influence the matrix coefficients but
the right-hand side of the equation system. Still, the condition number deteriorates
when changing from single-grid to overset-grid schemes due to the asymmetric entries
in the equation system.

Due to the high level of predictive agreement between the three suggested mass
conservation practices, the remainder of this subsection is confined to the exemplary flux
correction outlined in Equation (3.8). Figures 4.6 and 4.7 present the comparison of the
pressure fields computed for the different grid refinement levels. Colours and isolines
refer to results returned by the overset-grid simulations with the flux correction practice
and dots indicate the results of the single-grid simulations. The velocity field and the
streamlines predicted on the fine grid are shown in Figure 4.8. Despite some small
deviations in the vicinity of the transition between the H- and the O-portion of the single
grid, a good agreement between the single-grid and overset-grid results is obtained. The
predictive agreement generally improves with the resolution and interpolation-based
deficiencies of the overset approach are only observed for the coarse grid — for instance
along the upper left edge of the inner grid, as depicted in the enhanced views of the
predicted pressure distributions in Figure 4.7.

Figure 4.9 compares the computed pressure distribution for the first- and second-order
simplex interpolation scheme using the flux correction practice outlined in Equa-
tion (3.8). The predictive difference is marginal and hardly visible, even for the coarse
grid simulations on the left-hand side of Figure 4.9.
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Figure 4.6: Comparison of the predicted pressure distributions on the coarse grids (left),
medium grids (centre) and fine grids (right) for the DFG benchmark case
(Lines & colours: overlapping grids / Dots: single grid).

Figure 4.7: Enhanced views of the critical area along the upper left edge of the inner
grid for the comparison of the predicted pressure distributions in Figure 4.6
on the coarse grids (left), medium grids (centre) and fine grids (right) for
the DFG benchmark case (Lines & colours: overlapping grids / Dots: single
grid).
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Figure 4.8: Comparison of the predicted horizontal velocities (uy, left), vertical velocities
(uy, centre) and overset streamlines (right) on the fine grid (Table 4.1) for
the DFG benchmark case (Lines & colours: overlapping grids / Dots: single
grid).
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4.1 Verification and Validation for Steady-State Flows
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Figure 4.9: Comparison of the predicted pressure distributions using the overset
approach on the coarse grids (left), medium grids (centre) and fine grids
(right) for the DFG benchmark case (Lines & colours: second-order simplex
interpolation / Dots: first-order simplex interpolation).

2

The results seem to indicate that the predictive accuracy returned by the overset-grid
method is generally fair and not substantially deteriorated by non-conservative interpo-
lation practices to couple the grids. The latter is true under the reservation of steady
simulations. The computational effort scaled almost linearly with the number of cells,
thus the computation time of the overlapping grids case was about 10 % longer than
the time needed to run the single-grid case.

4.1.2 Lid-Driven Cavity Case

The three-dimensional simulation of the steady, laminar and incompressible lid-driven
cavity flow is based on a cubic cavity with an edge length of L = 1 m and a lid velocity of
uy = 04m/s. The density and viscosity are p = 1kg/m? and u = 0.001 Pas, hence the
Reynolds number reads Re; = 400. The background grid comprises the cavity, employs
frictional walls as boundary conditions and can be used for single-grid simulations. The
overset-grid configuration is obtained by introducing a second cubic grid with a side
length of 0.55 L, which is arranged in the centre of the cavity and rotated by 0.257r rad
in each direction, compare Figure 4.10. The background grid and the foreground grid
are discretised uniformly by 32 x 32 x 32 and 20 x 20 x 20 cells, which results in cell
volumes of approximately 0.03 - 1073 L% and 0.02 - 1073 L3.

The verification of the three dimensional overset-grid approach is performed by com-
paring the predicted pressure distributions and velocities of the single-grid and overset-
grid simulations in the plane y = 0 from the present computation to results published
by Tang et al. (2003), cf. Figure 4.11. Identical solver setups and approximation schemes
were prescribed. The overset grids are coupled using a second-order simplex inter-
polation and the divergence-based flux correction practice outlined in Equation (3.9).
In line with the DFG Benchmark case, the colours and isolines again refer to results
returned by the overset-grid approach, while the single-grid results are represented
by dots. The obtained results reveal a good agreement, merely the coarse resolution
of the grids leads to some small interpolation-based discrepancies at the overlapping
interfaces similar to the DFG benchmark case (for instance along the upper left edge of
the inner grid, cf. Figure 4.7). The predicted characteristics of the flow field are similar
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4.2 Transient Flow Studies

4.2 Transient Flow Studies

The steady flow examples discussed in Section 4.1 did not display a substantial influence
of a conservative vs. a non-conservative inter-grid coupling. The following cases involve
transient flows and/or relative grid motion and reveal the challenges associated to non-
conservative interpolation practices. Whilst the introduction of the mass conservation
strategies hardly improves the convergence rate for steady-state flow simulations, their
benefits are much more pronounced in transient overset-grid simulations. Especially
simulations with moving grids are fairly sensitive to residual mass imbalances, since
they feature a dynamic update of the cell status and thus yield transient variations
of the mass defect. The arising local mass defects are often masked by the global
grid movement and are challenging to control. For instance a change of the donor
structure, e.g. by a rotation of the simplex, often results in a different interpolation
value that is hard to distinguish from a change of variables due to a transient grid
motion, cf. Figure 4.12. The varying mass imbalances influence the current state of

................E Similar

............... position
Different interpolation Change of variables
value due to a change due to transient grid
of the donor structure motion

Figure 4.12: Challenge of moving overlapping grids: Different field values may origi-
nate from a change of the donor structure or transient grid motion.

the flow field, but are also conserved in the variables of the old time level when the
solution advances in time. This particularly refers to solve cells that were assigned to an
interpolate status in the former time step and thereby might introduce non-conservative
influences from the old time level. It will be seen that these issues promote unfavourable
effects, which are augmented with the grid velocity. The following investigation deals
with the simulation of a moving hydrofoil in single-phase and two-phase channel flow
conditions, a body-force disturbed channel flow and a moving grid configuration of
the three-dimensional lid-driven cavity case from Section 4.1.2. Section 4.2.1 examines
the pitching hydrofoil and shows an extensive analysis of the coupling effects for
a variety of interpolation algorithms and mass conservation practices introduced in
Chapter 3. Further, the influences of different grid resolutions and an additional free
surface are evaluated. The additional body-force disturbed channel flow and the
three-dimensional lid-driven cavity case regard a transient flow with non-moving grids
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4 Analysis of Non-Conservative Inter-Grid Coupling Effects

and a steady-state solution on two coupled grids, which are moving relatively to each
other. These cases aim to show the challenges of a non-conservative coupling for the
more complex configurations and prove that the grid-coupling approach with mass
conservation features works consistently. For clarity, without limiting the generality,
only the results of the divergence-based mass conservation practice are presented for the
latter simulations. All simulations refer to an implicit second-order accurate three-time
level scheme for the approximation of time derivatives.

4.2.1 Pitching Hydrofoil

A submerged hydrofoil mounted inside a channel is investigated in different scenarios
to evaluate the effects of a non-conservative coupling for moving grid configurations.
The two-dimensional geometry is derived from the experiments reported by Duncan
(1983) and illustrated in Figure 4.13. The shape of the investigated hydrofoil refers to
a NACA 0012 profile with a chord length of L = 0.203m. The considered physical
domain of the channel has a height of 3 L and a length of 14 L. The left boundary of
the channel is the inlet with a prescribed velocity of uy = 0.8m/s, while the right
boundary is the outlet with a prescribed hydrostatic pressure. Since viscous effects are
irrelevant for the present study, the hydrofoil and the upper and lower boundaries are
assigned to slip walls. The chord-based Reynolds number is Re; = 1.65 - 10° and effects
of turbulence are neglected. The leading edge of the hydrofoil is positioned four chords
downstream of the inlet at a height of 0.91 L above the channel bottom.

The two overlapping grids, which are employed in the study, are shown in Figure 4.13.
The foreground grid is composed from locally refined hexahedrals and captures the
flow around the hydrofoil. It is embedded in a uniform hexahedral background grid for
the channel flow. Both grids are composed from virtually isotropic cells. The hydrofoil
is centred in the foreground grid. This grid spans 2 L x L and is rigidly aligned to the
pitching hydrofoil. The background grid is at rest.

The hydrofoil is initiated with zero angle of attack and oscillating with a frequency
of f = 1Hz and an amplitude of & = 0.1745rad around the leading edge. The angle
and the corresponding angular velocity are harmonic functions, cf. Figure 4.14. The
maximum angular velocity is &max = 1.1rad/s, which corresponds to a maximum
velocity of the foreground grid of ugiq max = 0.35m/s.

The employed constant time step reads At - f = 10~3. Four different spatial discreti-
sations are regarded to examine the effects of the refinement level and different cell
ratios in the overlapping region. The resolution of the hydrofoil employs cell edge
lengths of Ax¢y/L ~ 6.37 - 1073 for all four considered foreground grids. The spatial
resolution of the overlapping region reads Ax./L = 6.6 - 10~2 for the coarse foreground
and background grids, where Ax, refers to an edge length of the nearly isotropic cells.
Hence, the Courant number of the grid motion reads tgriqmax At/ Axc = 2.6 - 102
for the coarse grid. The finer grids refer to an edge length ratio of Ax,,/Ax. = 1/2,
Axf/AxC =1/4and Axvf/Axc = 1/s.
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4.2 Transient Flow Studies

3L

14L

Figure 4.13: Two-dimensional hydrofoil and channel geometry in an overset-grid
configuration. The foreground grid and the mesh around the trailing edge
are shown as an enhanced view.

— Angle - Angular velocity

t[s]

Figure 4.14: Evolution of the angle and the angular velocity of the pitching hydrofoil.

The steady-state overset simulations display benefits in the grid quality and allow grid
generation by modular grid components. When attention is directed to moving grids
with a non-conservative coupling, difficulties occur for incompressible single-phase
flow simulations. The single-phase flow simulations of the oscillating hydrofoil with a
non-conservative coupling reveal a fluctuating mass defect over time. The quantification
of the mass defect AM, follows from a non-dimensional parameter, viz.

AMop

Minflow

M=

(4.2)

The fluctuating mass defect results in a fluctuating pressure. The latter is measured in
terms of a second non-dimensional parameter, i.e.

n
1 Lot (pAV)g
0.5 P uiznﬂow ZZC:Al AV/S

— Pav | - (4.3)
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4 Analysis of Non-Conservative Inter-Grid Coupling Effects

where f runs over all active control volumes and p,, denotes the time average of the
pressure over the total simulation time, which is determined in a post processing step.
To avoid negative pressure, a reference ambient pressure of 1bar is used.

Since satisfactory results are reported for the combination of non-conservative methods
with two-phase flows of air and water (Chung et al. 2007, Carrica et al. 2013), the
influence of a free surface with a high density ratio between the two phases and a
density ratio of 1.0 is also evaluated. The two-phase flow simulations are based on
a submergence of 0.99 L below the still water line. The background grid is refined
around the free surface to capture possible effects of the mass defect on the water level,
cf. Figure 4.15. All test conditions are summarised in Table 4.2.

| 1T I
I T T

INENE

I
!
I
I
I

Figure 4.15: Overset-grid configuration for the two-phase flow hydrofoil simulations
with a refinement around the free surface.

Non-Conservative Grid Coupling

The evolution of the two assessed parameters M and P is shown in Figure 4.16 for the
single-phase flow simulation using a second-order simplex interpolation on the coarse
grids (Pitching hydrofoil test 1). The mass defect parameter M shows an oscillatory
behaviour and results in a fairly small maximum of 0.045 %. The maximum negative
values of the mass defects occur at simulation times around 0.5s, 1s, 1.5s and 2s. This
coincides with the foil angle being zero and maximum angular velocities of the pitching
foil. The maximum positive values of the mass defects are observed at simulation times
around 0.25s, 0.75s, 1.25s and 1.75s, when the foil angle has reached its maximum,
while the angular velocities of the foil are equal to zero. The non-dimensional pressure
variation P hits a maximum of 0.45. This value appears to be much higher than the
M-value, since small variations of the mass are penalised by large variations of the
pressure in incompressible flows. The largest fluctuations occur during the period of
negative mass defects, while they converge to zero in between. A Fourier transformation
of the time signals of M and P is displayed in Figure 4.17. The mass defect shows a
main frequency of 2 Hz, which matches the occurrence of the maximum angles as well
as the occurrence of the maximum angular foil velocities. Further significant peaks
occur at 4 Hz, 6 Hz and 7 Hz. The pressure defect parameter shows a main frequency
of 1 Hz, which is assumed to be induced by the oscillating motion. Further distinctive
fluctuations can be observed up to 100 Hz, while the first frequencies coincide with the
frequencies of mass defect peaks.
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4.2 Transient Flow Studies

Table 4.2: Test conditions

Test Pitching  Phases Grids Interpolation Conservation
default  true (x) water (w) coarse(c/c) simplex (sos) false (-)
1 X w c/c Sos -

2 - w c/c sos -

3 X w c/c fos -

4 X w c/c cc -

5 X w c/c nc -

6 X w c/c Sos Ve
7 X w c/c SOs gfc
8 X W c/c Sos dbfc
9 X w m/m SoSs -
10 X w f/f SOs -
11 X w vi/vf Sos -
12 X w c/m Sos -
13 X w c/f Sos -
14 X w c/vf SOs -
15 X w m/c Sos -
16 X w f/c Sos -
17 X w vi/c Sos -
18 X w m/m Sos dbfc
19 X w f/f Sos dbfc
20 X w vi/vf sos dbfc
21 X w c/m Sos dbfc
22 X w c/f Sos dbfc
23 X w c/vf Sos dbfc
24 X w m/c Sos dbfc
25 X W f/c Sos dbfc
26 X w vi/c SOS dbfc
27 X a/w c/c Sos -
28 X w/w c/c sos -

Phases: a = air, w = water
Grids: ¢ = coarse, m = medium, f = fine, vf = very fine

Interpolation:  sos = 2"-order simplex, fos = 1%!-order simplex, cc = cell cluster, nc = nearest cell
Conservation:  vc = volume correction, gfc = global flux correction, dbfc = divergence-based flux correction
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Figure 4.16: Evolution of the mass and pressure defect parameters (M, P) for a
non-conservative second-order simplex interpolation on the coarse grids
(Pitching hydrofoil test 1).
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Figure 4.17: Frequencies of the mass and pressure defect parameters (M, P) for a
non-conservative second-order simplex interpolation on the coarse grids
(Pitching hydrofoil test 1).

Figure 4.18 presents an enhanced view of the evolution of the pressure defect parameter
in the simulated flow field on the left-hand side and the corresponding pressure
coefficient

P — Poo
=12 (4.4)
0.5 P uiznﬂow
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4.2 Transient Flow Studies

over the relative chord length of the hydrofoil at two subsequent time steps (t = 0.542s
and t = 0.543s) on the right-hand side. Both pressure distributions show the same
characteristics, but indicate a pressure shift.

a St
0.542s
—0.8 ‘ L -3 | i
0.5 0533  0.567 0.6 0 0.33 0.67 1
t [s] xp/L[-]

Figure 4.18: Enhanced view of the pressure defect parameter (P) for a non-conservative
second-order simplex interpolation on the coarse grids and the correspon-
ding pressure coefficient (cj) over the relative chord length of the hydrofoil
at 0.542 s and 0.543 s (Pitching hydrofoil test 1).

Similar to the DFG benchmark test, the simulation of a fixed hydrofoil (test 2) returns
a negligible mass defect and vanishing pressure fluctuations, cf. Figure 4.19. The
maximum value of mass defect parameter reads 8.68 - 1073 %, while the pressure defect
parameter shows a maximum of 4.54 - 10~3, a value that is even smaller.

Pitching (1) —_—
max
Fixed (2) [ = Mimax
Lol Lol L
0.001 0.01 0.1 1

Mmax [0/0]/ Pmax [_]

Figure 4.19: Maximum values of the mass and pressure defect parameters (M, P) for
the pitching hydrofoil and the fixed hydrofoil on the coarse grids (Pitching
hydrofoil tests 1-2).

It is expected that the oscillating motion of 1 Hz can only affect mass and pressure
fluctuations of the same frequency directly. Further fluctuations seem to have other
reasons. The main technical difference between the simulation of the fixed and the
oscillating hydrofoil is the reassignment of the interpolation cells to new donor cells and
the allocation as solve or interpolation cell. It is assumed that the transient character of
the flow and the cell variations cause the fluctuations by temporal discontinuities.
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Interpolation Accuracy (Test 1, 3-5)

The mass and pressure fluctuations are increased using a less accurate interpolation
algorithm, cf. Figure 4.20: The first-order simplex interpolation results in a maximum
mass defect of 0.08 % and a maximum pressure variation of 1.43. The interpolation
from a cell cluster leads to a maximum mass defect of 0.65 % and a maximum pressure
variation of 3.89. The zero-order injection from the nearest donor cell shows a significant
increase of the maximum mass defect to 2.75 % and the maximum pressure variation
to 13.06. Since unstructured grids only provide information about direct neighbour
cells, a simplex-based interpolation algorithm proves the smallest possible pressure
fluctuations. Hence, the second-order simplex interpolation algorithm is used for
turther investigations.

The use of structured grids supports the application of more accurate interpolation
methods (Chung et al. 2007, Carrica et al. 2013) and is expected to decrease the non-
conservative effects. Due to the advantage in meshing complex geometries with unstruc-
tured grids, the pressure fluctuations are rather addressed by additional compensation
mechanisms than by enforcing the use of higher-order interpolations.

Nearest cell (5)
Cell cluster (4) -[— = P
First-order simplex (3) {——— = Mumax

Second-order simplex (1)

0.01 0.1 1 10 100
Mmax [0/0]/ Pmax [_]

Figure 4.20: Maximum values of the mass and pressure defect parameters (M, P) for
different non-conservative interpolation algorithms on the coarse grids
(Pitching hydrofoil tests 1, 3-5).

Grid Coupling with Mass Conservation (Test 6-8)

Application of the mass conservation practices damps the mass defect and the resulting
pressure fluctuations significantly. The volume correction approach of Equations (3.5)
and (3.6) does not change the amount of the maximum mass defect, since the mass fluxes
at the overlapping interfaces are not subject to any correction. The approach suppresses
the translation of spurious coupling fluxes into pressure correction and therefore reduces
the maximum pressure variation to 0.037. The flux correction methods feature a further
improvement of the results. The first flux correction practice of Equation (3.8), which
is based on the global mass flux contribution, shows a maximum mass defect of
0.18 - 1073 % and a maximum pressure variation of 0.034. The consideration of the
local velocity distribution whilst correcting the mass fluxes provides a more consistent
solution regarding the pressure and velocity coupling. Hence, the divergence-based flux
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4.2 Transient Flow Studies

correction of Equation (3.9) hits a maximum mass defect of 0.19 - 10~ %, but improves
the maximum pressure variation to 0.03. Figure 4.21 shows an indicative enhanced
view of the mass and pressure defect parameters for all mass conservation practices for
aperiod of 0.2s (t = 1.4s — 1.6s). Results display a substantial reduction of both defect
parameters and only marginal differences can be seen between the two investigated
flux correction practices. However, the fluctuations of the pressure defect parameter
of the divergence-based flux correction are often slightly smaller and therefore, the
divergence-based flux correction is used for further analysis.

0.08
— Volume corr. (6) - Global flux corr. (7) -- Diverg.-based flux corr. (8)

0.04
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Figure 4.21: Enhanced view of the evolution of the mass and pressure defect parameters
(M, P) for a non-conservative second-order simplex interpolation on
the coarse grids with the different mass conservation practices (Pitching
hydrofoil tests 6-8).

Grid Refinement (Test 1, 9-11)

The grid refinement study indicates decreasing mass and pressure fluctuations for an
increasing refinement level. The trend is illustrated in Figure 4.22 for the maximum
values of the mass and pressure defect parameters. The plotted data for the four
refinement levels show a maximum reduction of the mass and pressure defect to
4.63 - 1073 % and 0.064 for the very fine grids using a second-order simplex interpolation
without a mass conservation strategy. This improvement comes up with a reduction
of the cell area of the coarse grid AA. by a factor of AA:./AA, ¢ = 64. However, the
least maximum pressure defect is still more than twice the value of the simulation with
the divergence-based flux correction on the coarse grid. Since the maximum pressure
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variation displays a saturation for an enhanced grid refinement, feasible refinement
levels will not reach the accuracy which is provided by the mass conservation practices.
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Figure 4.22: Maximum values of the mass and pressure defect parameters for different
grid refinement levels using a second-order simplex interpolation without
a mass conservation strategy (Pitching hydrofoil tests 1, 9-11).

Inter-Grid Cell Ratio in the Overlapping Region (Test 1, 8-26)

The influence of different cell sizes of the interpolation cells and the corresponding
donor cells on the mass and pressure defect parameters is shown in Figures 4.23 and
4.24. Two options are evaluated, namely (a) a refinement of the background grid, while
the coarse foreground grid is used and (b) a refinement of the foreground grid, while the
coarse background grid is used. All results are obtained using a second-order simplex
interpolation and diagrammed for simulations with and without divergence-based flux
correction.

An exclusive refinement of the background grid without using mass conservation
practices shows nearly no change of the maximum mass defect. Though, the maximum
pressure variations are decreased from 0.45 to 0.09, which correlates to the trend of the
mutual grid refinement. In contrast, an exclusive refinement of the foreground grid
increases the maximum mass and pressure defect parameters significantly. The most
critical simulation with a cell area ratio of AA./AA,f = 64 depicts a maximum mass
defect parameter 0.42 % and a maximum pressure defect parameter of 3.3.

Application of the divergence-based flux correction shows an increasing trend of the
maximum mass and pressure defect parameters for an increasing cell ratio - independent
whether the foreground or the background grid is refined. The simulations with a cell
area ratio of AA./AA,y = 64 show approximately the same pressure fluctuations as the
simulation on the medium grids without application of a mass conservation practice.
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Coarse (1 & 8)
Medium (9 & 18)
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Figure 4.23: Maximum values of the mass defect parameter for different cell ratios
between donor and interpolation cells with and without divergence-based
flux correction (Pitching hydrofoil tests 1, 8-26).
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Figure 4.24: Maximum values of the pressure defect parameter for different cell ratios
between donor and interpolation cells with and without divergence-based
flux correction (Pitching hydrofoil tests 1, 8-26).
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Two-Phase Flows (Test 1, 8, 27-28)

The influence of a two-phase flow on the mass and pressure defect parameters is
displayed in Figure 4.25 for an exemplary time interval from 1.3s to 1.8s. For a
better comparison the inflow values of the single-phase flow are used to determine the
non-dimensional parameters of Equations (4.2) and (4.3). The uncorrected two-phase
flow simulation with air and water shows nearly the same small amount of pressure
fluctuations as the single-phase flow simulation with a divergence-based flux correction
(Figure 4.25, bottom), even though the mass defect is slightly increased compared to the
non-conservative single-phase flow simulation (Figure 4.25, top).
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Figure 4.25: Enhanced view of the evolution of the mass and pressure defect parameters
(M, P) for single-phase flow simulations with and without flux correction
and a two-phase flow simulation of water and air (Pitching hydrofoil tests
1,8, 27).

Though, a two-phase flow simulation with a density ratio of 1.0 results in the same
pressure fluctuations as the non-conservative single-phase flow simulation. This leads to
the conclusion that a high density ratio between two phases enables the compensation of
the mass defect by an adaptation of the free surface, which results in an intense damping
of the pressure fluctuations. Within the given setup, an average elevation of the free
surface of 2.65- 1077 m is required to compensate the maximum mass defect. This
marginal elevation of the free surface does not change the flow field in an observable
manner, but leads to satisfactory results regarding the pressure. Naval applications are
usually based on a two-phase flow simulation with the high density ratio of water and
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air, which explains the good results of non-conservative interpolation methods reported
in the literature (Chung et al. 2007, Carrica et al. 2013).

4.2.2 Body-Force Disturbed Channel Flow

A body-force disturbed channel flow with a non-moving overset-grid configuration
is investigated to show the effect of a non-conservative interpolation when coupling
multiple non-moving grids in a transient single-phase flow. The two-dimensional
channel geometry, the boundary conditions and the spatial resolution of the overlapping
region agree with the hydrofoil simulation in Section 4.2.1. The coarse background grid
is directly used, while the foreground grid features the same extent as the foreground
grid of the pitching hydrofoil simulation but does not include a hydrofoil or any
refinement. The longitudinal position of the foreground grid corresponds to the pitching
hydrofoil simulation and the transverse extent covers the channel height H = 0.61m
from 0.220 H to 0.552 H. A longitudinal body-force of 100 Newton, constant in time and
space, is applied on the foreground grid in the quadratic area of (1.413 H,0.302 H) x
(1.577 H,0.466 H). The overset-grid configuration of the channel and the applied body-
force are pictured in Figure 4.26.

Figure 4.26: Overset-grid configuration of the channel. The foreground grid is posi-
tioned in the refined region of the background grid and recognisable by an
offset of the grid lines. The area of the applied longitudinal body-force is
coloured in red.

The applied constant time step reads 107> s, which corresponds to a travel time fraction
of 1.31 - 1073 H/u,. The overset grids are coupled using a second-order simplex interpo-
lation and the straight non-conservative coupling is compared to the divergence-based
flux correction approach outlined in Equation (3.9). The quantification of the mass and
pressure defects follows from the non-dimensional parameters M and P, cf. Equations
(4.2) and (4.3).

The evolution of the mass and pressure defect parameters is shown in Figure 4.27 for
the non-conservative coupling with and without flux correction. The lack of a mass
conservation practice reveals an oscillatory behaviour of the mass and pressure defect
parameters for the transient single-phase flow simulation. The mass defect parameter
hits a maximum of 0.755 %, while the pressure defect parameter reaches a maximum
value of 2.283 (excluding the first time steps which are needed to obtain a converged
pressure level, since the simulation starts with a non-realistic initial flow field at rest).
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4 Analysis of Non-Conservative Inter-Grid Coupling Effects

Application of the divergence-based flux correction practice reveals a maximum mass
defect parameter of 4.66 - 10~ % and reduces the maximum pressure defect parameter
to 0.386. The other mass conservation practices show a similar damping behaviour
and do not reveal any new conclusions. Without corrections, the defect parameters are
augmented by at least one order of magnitude.
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Figure 4.27: Evolution of the mass and pressure defect parameters (M, P) with and
without flux correction.

The results indicate that the simulation of transient flows with non-moving overset
grids, e.g. when using immersed boundary methods, shows the same problems as
relatively moving grids. Both simulation types reveal a periodic change of the erroneous
fluxes and show that these overset-induced mass imbalances cause unrealistic pressure
fluctuations if they are not eliminated by mass conservation practices before solving for
the pressure.

4.2.3 Moving Lid-Driven Cavity Case

A moving grid configuration of the three-dimensional lid-driven cavity case from
Section 4.1.2 is investigated in terms of the effects of grids moving relatively to each other
in a steady-state flow and the physical reliability of the results with a mass conservation
practice. The configuration of the simulation is the same as the configurations of the
non-moving single-grid and overset-grid simulations in Section 4.1.2, cf. Figure 4.10. The
foreground grid is arranged in the centre of the cavity and initially rotated by 0.257r rad
in each direction. During the simulation, a rotation of 1rad/s around each Cartesian
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4.2 Transient Flow Studies

axis is applied. The applied constant time step reads At = 0.01s, i.e. a full rotation
is discretised by 628 time steps. The overset grids are coupled using a second-order
simplex interpolation and the straight non-conservative coupling is compared to the
divergence-based flux correction approach outlined in Equation (3.9). The quantification
of the mass and pressure defects follows from the adapted non-dimensional parameters
M and P:

n
- AMp - At D 1 2521(19 AV)/S

M , =
mcavity 0.5 p ”lzid Zgi‘\l AV,B

— Pfinal . (4-5)

Figure 4.28 presents the mass and pressure defect parameters with and without flux
correction for a simulation time from 2s to 7s. While the simulation with a non-
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Figure 4.28: Evolution of the mass and pressure defect parameters (M, P) with and
without flux correction.

conservative coupling shows mass and pressure fluctuations in the final steady-state
flow field, the results with the divergence-based flux correction feature a steady-state
solution even though the foreground grid is relatively moving. This accentuates
the sensitivity of relatively moving grids to residual mass imbalances and shows
the effectiveness of the implemented divergence-based mass conservation practice.
As already shown in Section 4.2.1, all mass conservation practices are very effective
and attain similar results. For clarity, only the results of the divergence-based mass
conservation practice are presented here.

The final predicted pressure distributions and velocities after a simulation time of 70s
are compared in Figure 4.29 for the divergence-based flux correction to the steady
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4 Analysis of Non-Conservative Inter-Grid Coupling Effects

single-grid results. The colours and isolines refer to the overset-grid approach, while
the dots indicate the single-grid solutions. The results show only small discrepancies at
the overlapping interface which also occur for the non-moving overset-grid simulation
and are explained by the coarseness of the grids. Further small differences are observed
at the boundaries and the maximum pressure plateau. Altogether, the values display a
fair agreement.

| ‘ Pressure (Pa) ‘ | ‘ Ux (m/s) ‘ ‘ | ‘ Uz (m/s) ‘
-0.01 -0.005 00 0.005 0.01 -0.1 0.0 0.1 0.2 03 -0.2 -0.125 -0.05 0.025 0.1
Figure 4.29: Comparison of the predicted pressure distributions (left), horizontal veloci-
ties (uyx, centre) and vertical velocities (1, right) for the lid driven cavity
case with rotating grid at the plane y = 0 (Lines & colours: overlapping
grids / Dots: single grid).

4.3 Summary

The steady-state simulations with non-moving overlapping grids successfully prove
the accuracy of the baseline overset-grid approach and show no sensitivity towards
the non-conservative coupling. However, mass and pressure fluctuations have been
observed for incompressible transient single-phase flows and/or relatively moving
grids if no mass conservation practices are used.

Regarding the interpolation methods, the second-order simplex-based scheme proves
the best results. However, transient single-phase flow simulations on unstructured
grids still show intense pressure fluctuations which require additional conservation
mechanisms. Further improvement can be achieved by an increased grid refinement if
the cell ratio within the overlapping region is of a similar resolution quality. Immiscible
two-phase flows with a high density ratio compensate the mass defect entirely by
marginal free surface adaptations. This leads to a smooth pressure evolution and
explains the good results of non-conservative interpolation methods within naval
applications. Accordingly, the mass conservation practices significantly improve the
mass imbalance in transient single-phase flows, which minimises the pressure fluc-
tuations in homogeneous as well as heterogeneous resolution conditions. While all
mass conservation practices lead to notable improvements, the divergence-based flux
correction, which considers local flow information, slightly proves the best results.
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5 Verification and Application of the
Dynamic Body Contact

This chapter aims to prove and apply the inter-grid coupling for bodies in direct
proximity. The verification of the artificial boundary conditions derived in Section 3.3.2
is performed by comparing simulation results obtained with (a) the artificial boundaries
and (b) a resolved geometry, studying the two-dimensional wave generation above a
submerged box. A two-dimensional simulation series of two colliding circular cylinders
is employed to prove the collision procedure introduced in Section 3.3.3. Related
applications comprise the simulation of a two-dimensional external gear pump and a
three-dimensional generic landslide.

For all simulations within this chapter, convective momentum transport is approximated
using a monotonicity preserving QUICK scheme. The concentration transport employs
a HRIC scheme. Overset-grid simulations are performed using a second-order simplex
interpolation along with the flux-correction approach in Equation (3.8).

5.1 Verification of Artificial Boundary Conditions

The two-dimensional incompressible flow around a submerged quadratic box in an
open channel is simulated to verify the artificial boundaries derived in Section 3.3.2 for a
transient two-phase flow of air and water. The computation considers turbulent effects,
but does not involve body motion relative to the surrounding mesh, since any motion
can be captured by the applied overset-grid approach. The investigated box is arranged
in the water regime of an open channel and has an edge length of B = 0.01 m. Its centre
is positioned in the point of origin, as illustrated in Figure 5.1. The domain length
reads L = 111 B and the height of the domain refers to H = 21 B. The left boundary
is the inlet with a constant prescribed velocity of u, = 2m/s for both phases and the
right boundary is the outlet, where zero normal-gradient conditions are employed. The
upper boundary is used to preserve a constant pressure level. The lower boundary is
assigned to a slip wall. The initial free-surface height is set to 5.5 B above the point of
origin, which corresponds to D = 11 B above the channel bottom.

To verify the artificial boundaries, two meshes are generated. One mesh refers to the
channel with a resolved box and the second mesh just comprises the plane channel. Slip
boundaries are used for the resolved geometry and a fictitious box, which is based on
the artificial boundary described in Section 3.3.2, is added to the second configuration.
The two meshes are each composed of approximately 117 000 cells and refined around
the box and the free surface. The box area features virtually isotropic cells with a size of
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5 Verification and Application of the Dynamic Body Contact

0.1 B x 0.1 B. The free-surface area is refined to 86 cells per wave height to accurately
capture free-surface effects.

21B
2 [55B] 15

EEREER

111B

Figure 5.1: Two-dimensional box (coloured in red) and channel geometry for the two-
phase flow simulation around a submerged box.

The simulation settings provide a stationary final flow field. The corresponding non-
dimensional parameters read Reg = 0.2 - 10° for the box-based Reynolds number and
Fnp = 1.925 for the Froude number, which is calculated based on the water depth. The
applied constant time step of At = 0.1 - 1072 s corresponds to a travel time fraction of
0.18 - 1073 L/u, and leads to a maximum Courant number of Co = 0.25. An implicit
second-order accurate three-time level scheme is used to approximate time derivatives.
Turbulent effects are considered by the SST k-w turbulence model by Menter (1994) and
the gravity acceleration is set to 9.81 m/s? in negative y-direction.

A comparison of the free-surface elevation 1 delivered by the resolved geometry and
the artificial boundary simulations is shown in Figure 5.2. Both methods result in an
identical contour of the free surface between water and air. For clarity, only every 15
point is displayed for the artificial boundary method.

1.5

’ — Resolved geometry x Artificial boundary

1 [
0

—05 I I I I
—10 12 34 56 78 100

x/B[-]
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Figure 5.2: Comparison of the surface elevation for the resolved geometry and the
artificial boundary simulations. The considered box position at x/B = 0 is
marked by the grey line, while B refers to its edge length /height.

The transient behaviour of the maximum values of the horizontal velocity uy, the
vertical velocity u,, the pressure p, the turbulent kinetic energy k, the specific turbulent
dissipation rate w and the eddy viscosity y; within the whole flow field is displayed
in Figure 5.3. The final maximum values of the entire region and their deviation are
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tabulated in Table 5.1. The final maximum values of the horizontal velocity and the
pressure are identical for both methods, although small differences can be observed for
the evolution of the pressure. The final maximum values of the other flow properties
show tiny differences well below 1 %.. The small discrepancies do not influence the
overall solution in a critical manner and can be explained by the differences of the
equation system.

Table 5.1: Comparison of the final maximum values within the whole flow field of the
turbulent free-surface flow around a quadratic box for the resolved geometry
and the artificial boundary.

Resolved  Artificial

geometry boundary Deviation
Horizontal velocity [m/s] 2.504 2.504 —
Vertical velocity [m/s] 2.000 2.001 0.05 %
Pressure [Pa] 2708 2708 —
Turbulent kinetic energy [m?/s?] 0.5857 0.5861 0.07 %
Specific turbulent dissipation rate [m?/s%] 1476 1477 0.07 %
Eddy viscosity [Pas] 0.8029 0.8028 0.01 %

Figure 5.4 shows a graphical comparison of the predicted flow fields, e.g. the horizontal
velocity, the vertical velocity, the pressure, the turbulent kinetic energy, the specific
turbulent dissipation rate and the eddy viscosity, for the resolved geometry and the
artificial boundary. Colours and isolines refer to the results returned by the artificial
boundary method, while dots indicate the results returned by the resolved geometry.
The comparison reveals a fair predictive agreement of both approaches. Non-coupleable
cells inside gaps between bodies can thus be replaced by artificial slip walls.

5.2 Verification of the Collision Procedure

The verification of the collision procedure introduced in Section 3.3.3 is conducted by
a two-dimensional simulation series of two colliding circular cylinders with varying
masses, initial velocities and coefficients of restitution. Geometry and arrangement,
displayed in Figure 5.5, are derived from the DFG benchmark case (Schéfer et al. 1996),
cf. Section 4.1.1. The diameter of the cylinders is D = 0.1 m and the channel refers to a
length of L = 22 D and a height of 4.1 D. The cylinders are arranged 0.05 D below the
channel centre line and the initial horizontal distance of their centres amounts to 1.5 D.
Since the focal point is the collision simulation, the interference with the flow field shall
be negligible. Hence, the fluid is initialised with a density of p = 0.001kg/m?> and a
viscosity of y = 0.001 Pas. A constant inlet velocity of u, = 0.001 m/s is prescribed at
the left boundary of the channel and the downstream end preserves a constant pressure
level of O bar. The circular cylinders and the upper and lower boundaries of the channel
are considered as no-slip walls.
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Figure 5.3: Comparison of the convergence of the maximum values of the horizontal
velocity, the vertical velocity, the pressure, the turbulent kinetic energy;,
the specific turbulent dissipation rate and the eddy viscosity within the
whole flow field over the simulation time for the resolved geometry and
the artificial boundary regarding the two-phase flow simulation around the
submerged box.
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(a) Horizontal velocity (b) Vertical velocity
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Figure 5.4: Comparison of the predicted final field values of the horizontal velocity,
the vertical velocity, the pressure, the turbulent kinetic energy, the specific
turbulent dissipation rate and the eddy viscosity for the modelled geometry
and the artificial boundary regarding the two-phase flow simulation around
the submerged box.

61



5 Verification and Application of the Dynamic Body Contact
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Figure 5.5: Geometry and arrangement of the two colliding cylinders in a channel.

The grid arrangement is composed of three overlapping grids, where the background
grid comprises the channel, and each cylinder is embedded in a separate circular
foreground grid. Since the focus of the present study is not on the flow field, the
resolution of the grids coincides with the coarse grid arrangement of Section 4.1.1.
Turbulent effects and gravity forces are neglected. The applied constant time step of
At = 0.001 s corresponds to a travel time fraction of 0.45 - 107% L/uy. An implicit Euler
scheme is used to approximate time derivatives.

The simulation series refers to nine different combinations involving three coefficients
of restitution e = [1.0, 0.5, 0.0], two cylinder masses m = [1kg, 2kg] and three initial
body velocities, viz. UJ(CO) = [1m/s, 0m/s, —1m/s]. The employed settings as well as
the final velocities and the resulting contact forces are shown in Table 5.2. The numerical
results coincide with the analytical values of the collision law from Equations (3.15) to

(3.17).

Table 5.2: Settings and results of the simulation series of two colliding cylinders.

Case Coeff. of Mass [kg] Initial vel. [m/s] Final vel. [m/s] Contact
rest. [-] L R L R L R force [kN]
la 1.0 2.0 1.0 1.0 0.0 0.33 1.33 1.33
1b 0.5 2.0 1.0 1.0 0.0 0.50 1.00 1.00
1c 0.0 2.0 1.0 1.0 0.0 0.67 0.67 0.67
2a 1.0 2.0 1.0 1.0 -1.0  -0.33 1.67 2.67
2b 0.5 2.0 1.0 1.0 -1.0 0.00 1.00 2.00
2¢ 0.0 2.0 1.0 1.0 -1.0 0.33 0.33 1.33
3a 1.0 2.0 2.0 1.0 -1.0  -1.00 1.00 4.00
3b 0.5 2.0 2.0 1.0 -1.0  -0.50 0.50 3.00
3¢ 0.0 2.0 2.0 1.0 -1.0 0.00 0.00 2.00

Figure 5.6 depicts snapshots of the colliding circular cylinders for case 2a, e.g. a
coefficient of restitution of 1.0, masses of 2kg and 1kg and initial velocities of 1m/s
and —1m/s. The images represent the collision process and illustrate the arising
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5.2 Verification of the Collision Procedure

flow velocities. In addition, the picture in the lower right corner displays the three
overlapping grids at the time of the cylinder contact.
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Figure 5.6: Snapshots of the colliding circular cylinders (case 2a). The three overlapping
grids at cylinder contact are depicted in the lower right corner.

Figure 5.7 displays the evolution of the horizontal velocity and the total force for the
involved cylinders in case 2a. For an impact Stokes number of approximately 14 000,
cf. Equation (3.19), the contact forces significantly exceed the hydrodynamic forces.
Hence, the collision procedure comes along with a peak of the effective cylinder forces
ata simulation time of ¢t = 0.025 s (cf. right-hand side of Figure 5.7), where both cylinders
are in contact. This provokes a sudden change of the cylinder velocities (displayed on
the right-hand side of Figure 5.7) and successfully prohibits a penetration of the floating
bodies.
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Figure 5.7: Evolution of the horizontal velocities (left) and forces (right) of the colliding
circular cylinders (case 2a).
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5.3 External Gear Pump

External gear pumps are frequently used lubrication pumps. The key benefits are a
simple design, a small installation size, low costs and a high reliability in combination
with a high supply pressure. Disadvantages follow from the high rotational velocity,
which stimulates the appearance of vibration and noise and decreases the pump
efficiency. The simulation of the process within an external gear pump is of interest to
better understand the operation conditions and to optimise the design.

An example is given in Figure 5.8, which shows a schematic representation of an external
gear pump. It consists of two counter-rotating gears, which transport fluid within the
outer open space between the teeth and the gearbox. In the centre part, the free space
is significantly reduced by the interlocking teeth. This inhibits the mass transport in
the centre regime and leads to an increased pressure at the outlet of the pump. Due
to a significant pressure jump between the suction and the pressure side, which often
amounts to an order of 10bar, it is essential to model the gear contact and thus prevent
a non-realistic backflow.

Inlet Outlet

ey

Figure 5.8: Schematic representation of an external gear pump. The gear contact in the
centre part is essential to inhibit a leakage between the high-pressure outlet
section and the low-pressure inlet section.

The revolutionary motion of the gears involves significant changes of the grid connec-
tivity and demands for a well-working grid update strategy. First numerical studies
of external gear pumps introduced a new mesh for each time step (Houzeaux and
Codina 2003, Vande Voorde et al. 2004) or applied a remeshing method in combination
with a mesh deformation strategy (Strasser 2007, Kim et al. 2007, Yazdani and Soteriou
2014, Yazdani et al. 2015). Castilla et al. (2010) employed a combined grid update
strategy using ten predefined meshes for one revolution and adapting these grids to
intermediate positions. The common assumption is based on a gap between the gears.
Though, Houzeaux and Codina (2003) followed the assumption that no fluid flow
occurs in the intersection zone of the teeth and merged both gear geometries within
each time step and Castilla either introduced a small additional wall (Castilla et al.
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5.3 External Gear Pump

2010) or an enhanced viscosity between both gears (Del Campo et al. 2012, Castilla
et al. 2015). Vacca and Guidetti (2011) as well as Devendran and Vacca (2013) applied a
lumped parameter model regarding each enclosed volume of the external gear pump
separately. The pressure in each considered volume follows from a combined fluid state
equation and the mass conservation law, viz. p = f(V,1). More recently, Qiu et al.
(2015) simulated two interlocking gears with a marker and cell method and Yoon et al.
(2017) numerically investigated a three-dimensional external gear pump by using an
immersed solid approach. These strategies feature the advantage that a consistent mesh
can be used for the complete simulation, while specific fluid areas are marked as solid
to represent the gear. While no contact treatment is mentioned by Yoon et al. (2017), Qiu
et al. (2015) introduced a special contact procedure using additional pressure degrees of
freedom on the solid boundaries of interacting bodies to provide forces within thin or
vanishing gaps. Within this thesis, the enhanced overset-grid coupling approach for
bodies in direct proximity, which facilitates a dynamic contact, will be used to examine
an external gear pump.

While most studies on external gear pumps did not publish information on the applied
pump geometry, Castilla et al. (2008) refer to the pump 1PLA44 by Pedro Roquet and
provide an approximate geometry of the counter-rotating gears and the surrounding
gear box (Castilla et al. 2010). Almost all geometric pump properties and operating
conditions of the present study are taken from Castilla et al. (2010) or refer to their
studies. Since the exact pump geometry has not been provided, few assumptions as
well as compatibility conditions are introduced and lead to the examined spur gear
geometry listed in Table 5.3. Note that two identical gears have been arranged in
the gear box, which is depicted in Figure 5.9. The suction chamber (left-hand side in
Figure 5.9) and the pressure chamber (right-hand side in Figure 5.9) follow an identical
design. The operating conditions are summarised on the bottom of Table 5.3.

Table 5.3: Gear geometry and operating conditions.

Outer diameter of the gears 53.3 mm
Distance between the gear centres 45.1mm
Height of the gears 36.0 mm
Number of teeth 11
Pressure angle 20°
Pitch diameter per tooth 4.1mm
Backlash 1.0mm
Input gauge pressure Obar
Output gauge pressure 10bar
Rotational velocity 472 rpm

Castilla focussed on the suction chamber of the external gear pump. His first investiga-
tion provided experimental Time Resolved Particle Image Velocimetry data (Castilla
et al. 2008, Ertiirk 2008). The subsequent flow rate study of the inflow — with and
without gear contact — highlighted the importance of the gap closure (Castilla et al.
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20 mm 31.8mm

44 mm

73.55 mm

Figure 5.9: Dimensions of the gear box. In- and outlet chamber are symmetrically
designed. Lines A, B and C refer to evaluation locations which are positioned
at 60.77 mm, 55.77 mm and 50.37 mm from the inlet.

2010). Further examinations of the pump showed cavitation influences (Del Campo et al.
2012) and three-dimensional effects (Castilla et al. 2015). Within this section, the study
of the inflow will be used to validate the enhanced overset-grid coupling approach for
bodies in direct proximity which allows gear contact. All comparative results refer to
Castilla et al. (2010).

Following Castilla’s examinations, the simulation refers to the working fluid of oil,
i.e. p = 885kg/m? and u = 0.028 Pas. The pressure difference between the inlet and
the outlet reads 10 bar, which is imposed by two pressure boundaries at the respective
inlet and outlet ends of the domain. No compressibility or gravity are considered in
the present flow model. Since Castilla reports turbulent structures within the inflow
chamber, the SST k-w turbulence model by Menter (1994) is applied using a low-
Reynolds wall boundary condition. The simulation is advanced by a constant time step
of At = 0.01 - 10~3s, which corresponds to approximately 12700 time steps per gearing
cycle. About three gearing periods are simulated, though, it has been proved that also
more gearing periods show a cyclic behaviour. An implicit Euler scheme is used to
approximate time derivatives.

Three overlapping meshes are used to simulate the external gear pump: One grid
covers the complete simulation domain of the gearbox, and two similar grids are
employed around the gears to facilitate the rotational motion. The dimensions of the
background grid are specified in Figure 5.9. A detail of the employed meshes is depicted
in Figure 5.10. The picture shows the active cells within the inner part of the suction
chamber and the critical central region with the interlocking teeth. The mesh is refined
around the teeth and in the overlapping region.
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Figure 5.10: Detail view of the employed meshes showing the active cells within the
inner part of the suction chamber and the critical central region with the
interlocking teeth.

Figure 5.11 compares different flow rate evolutions over one gearing period. The
comparison shows the computational data as well as the results with and without gear
contact from Castilla et al. (2010). The inflow Q is normalised using the theoretical flow
rate Qr = Cy - f with the volumetric capacity Cy = 44 cm/rev taken from Castilla
et al. (2010) and the pump frequency f = 7.867 rps. The simulation time is normalised
with the gearing period Tg = 1/(f - z) where z = 11 denotes the number of teeth.
The computational results indicate a good agreement with the data reported from
the simulation with gear contact by Castilla et al. (2010). The slight differences in
comparison with Castilla’s data can be deduced to the uncertainty in the gear and
gearbox geometry. The simulation without gear contact predicts a volumetric efficiency
of approximately 73 % and shows an almost constant flow evolution. In contrast, the
gear contact prevents a backflow towards the low pressure side of the pump, which
results in an increased mean flow rate of nearly 92 % Qr (Castilla et al. 2010), but also in
intense fluctuations. The flow rate fluctuations can be explained by the water hammer
effect, which describes the sudden opening and closing of the inter-teeth chambers and is
in good agreement with the flow ripples reported by Ivantysyn and Ivantysynova (1993)
and Manring and Kasaragadda (2003). This phenomenon cannot be depicted without
gear contact. Castilla justifies the difference between the shape of his observed flow
pulse at the inlet and the shape from Ivantysyn and Ivantysynova (1993) and Manring
and Kasaragadda (2003) by a location-related difference between the suction and the
discharge pipe of the pump, which implies a reverse opening/closing behaviour of the
inter-teeth chambers. Note that while Castilla assumes the simplification of only one
contact point between both gears and reports convergence problems for trapped fluid,
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Figure 5.11: Flow rate at the gearpump inlet in comparison with the data obtained from
Castilla et al. (2010) with gear contact or gap between the gears. For clarity,
only every 20" point is displayed.

the employed numerical procedure presented within this thesis handles the enclosed
inter-teeth volumes without any convergence problem.

The streamlines in the suction chamber are presented in Figure 5.12. The comparison
depicts the computational result on the left-hand side and a graphic taken from Castilla
et al. (2010) on the right-hand side. The RSM turbulence model has been reported as
one of the best options close to the gearing region and shows a good agreement to
the computational results. Hence, this picture from Castilla has been chosen for the
comparison. The rotation angle of the gears is based on the figures in Castilla et al.
(2010). Both figures show a similar vortex distribution with four main vortices each —
two in the upper and two in the lower region. Slight differences occur in between both
upper and also both lower vortices, where the computed streamlines are more attached
to the side walls of the gearbox. This indicates a stronger separation of the vortices.
Moreover, the tip vortices appear to be more intense in the computation. Altogether, a
fair agreement of the streamlines can be observed.

In Figure 5.13, detailed focus is put on the normal velocity profiles along lines A, B and
C, which are located inside the suction chamber at 60.77 mm, 55.77 mm and 50.37 mm
from the inlet, cf. Figure 5.9. The gear position is the same as for the streamlines
in Figure 5.12. Figure 5.13 compares the obtained non-dimensional normal velocity
distribution uy /u, with Castilla’s experimental and computational data (Castilla et al.
2010). Here, 1, denotes the mean value of the normal velocity along the respective line
with the control variable I marking the position in relation to the total line length L. The
simulation results show a fair overall agreement with the velocity profiles from Castilla,
though slightly smaller maximum values occur in the centre of the channel and the
strength of the flow reversal close to the niche walls is generally underestimated in the
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5.3 External Gear Pump

(a) Present computation (b) Graphic for the RSM turbulence model
given in Castilla et al. (2010)

Figure 5.12: Streamlines of the flow in the suction chamber obtained for the present
computation (linear eddy-viscosity model) compared to results published
by Castilla et al. (2010) (RSM turbulence model).

0 025 05 075 10 025 05 075 10 025 05 075 1
I/L[-] I/L[-] /L [-]

— Computation - Castilla (Experiment) - - Castilla (Computation, RSM turbulence model) ‘

Figure 5.13: Normal velocity distribution along lines A, B and C in comparison with
Castilla’s experimental and computational data (Castilla et al. 2010). The
depicted numerical results from Castilla refer to the RSM turbulence model.

present study. The assessed position of the evaluation line closest to the gears (line A)
barely touches the overset regime and is approximately 0.3 D upstream of the nearest
modification by artificial boundary conditions. Here, D refers to the diameter of the
gears. Hence, the differences can rather not be attributed to the enhanced overset-grid
approach, but the latter can perhaps follow from the weaknesses of the employed
eddy-viscosity turbulence model to accurately mimic the curvature induced attenuation
of turbulent shear. The vortex velocities in the outer part of the channel are quite
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5 Verification and Application of the Dynamic Body Contact

well predicted, except for line B, where the simulation results do not reproduce the
entire backflow. With the exception of line C, where both computational distributions
practically match each other, discrepancies occur especially in the centre region.

In conclusion, the reasonable accordance of the computational results with the data from
Castilla et al. (2010) indicates that the contact of multiple bodies within the overset-grid
procedure works and that the developed numerical method can be employed to simulate
an external gear pump.

5.4 Sliding Wedge

A three-dimensional application of the enhanced overset-grid coupling approach for
bodies in direct proximity is concerned with a landslide simulation by means of a sliding
wedge in a water tank and observation of the generated wave field. Liu et al. (2005)
conducted similar landslide experiments and simulations and measured the free-surface
elevation in different gauge positions, which will be used for comparison.

A three-dimensional view of the simulation domain is depicted in Figure 5.14. The
slope and the water area of the tank are configured consistent to Liu’s examinations,
e.g. the slope has a ratio of 1:2 and the tank features a maximum water depth of 3.0m,
which implies a wetted length of 6.0 m. The remaining part of the background domain
is enlarged to cover the complete wedge in its initial position. Hence, the overall height
and length of the tank read 3.75 m and 7.5 m respectively. The tank has a width of 3.7m
and the wedge is symmetrically arranged.

1.5m

3.0m

Figure 5.14: Three-dimensional view of the simulation domain with marked dimensions
of the water tank and the initial free-surface height. The wedge is depicted
in its initial position.
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5.4 Sliding Wedge

Deviating from the setup of Liu et al. (2005), a slightly lower wedge is investigated in
order to generate a thin gap between the slope and the wedge, which shall be closed
automatically by means of the inter-grid coupling for bodies in direct proximity. The
closure must not affect the sliding body motion and should result in a reasonable wave
pattern. Figure 5.15 shows the foreground grid with the embedded wedge in its initial
position. The wedge has a width of 0.6525m, a length of L = 0.8947 m and a height of
H = 0.4473 m, resulting in a gap size of one cell between the wedge and the slope, which
is indicated in the enlarged view on the lower left of Figure 5.15. The initial position of
the wedge is set relative to the free surface by a vertical distance of Az = 0.454m to the
upper boundary of the wedge. The point of origin is positioned in the intersection of
the slope and the free surface and relates to symmetric conditions regarding the y-axis.
Water and air phase refer to densities of p,, = 1000kg/m? and p, = 1kg/m?, and the
density ratio between the body and the water phase reads p/pw = 3.43.

\ L

l

Figure 5.15: Side view of the wedge in its initial position with the surrounding fore-
ground grid. The enlarged view on the lower left pictures the gap size of
one cell between the wedge and the slope, the initial free surface (coloured
in blue) and the origin of the coordinate system. The total view on the right
denotes the wedge dimensions and the initial position relative to the free
surface.

The water tank is covered by a background grid of approximately 5.2 - 10° cells including
a refinement box in the immersion area of the wedge using two bisecting refinement
steps in each direction. The resolution of the refinement box features approximately
61 cells per wave height when referring to a maximum wave height of roughly 0.3 m.
The foreground grid around the wedge features twice the resolution of the background
grid, which results in about 10.4 - 10* cells. This setup leads to a maximum cell area
ratio of four in the overlapping region. The slope and the wedge are assigned to no-slip
walls, while side and back walls refer to slip wall boundary conditions. The upper
boundary is used to preserve a constant pressure level. The approximation of time
derivatives employs an implicit second-order accurate three-time level scheme using
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5 Verification and Application of the Dynamic Body Contact

a constant time step of At = 0.001s. The corresponding maximum Reynolds number
reads Re; =~ 2.35-10° and turbulent effects are considered by the k-w turbulence
model (Wilcox 2006) along with a high-Reynolds wall function approach. The gravity
acceleration is set to 9.81m/s? in negative z-direction. Contact forces are deemed
negligible, hence only hydrodynamic and gravitational forces act on the wedge. Though,
the direction of motion is limited to a sliding movement along the slope.

The coordinates of the wave gauges are tabulated and illustrated in Figure 5.16. Note
that all wave gauges are arranged within the refined free-surface area of the background
mesh. Snapshots of the sliding wedge and the resulting free-surface profiles are depicted

Gauge x[m]| vy [m] ‘o 10
8 0.4826 1.092 T
9 0.8636 1.092 y] 111213
10 1.2446 1.092 e
11 0.4826 0.635 n
12 0.8636 0.635 Wedge
13 1.2446 0.635

Figure 5.16: Wave gauge positions by means of their coordinates (left) and depicted in a
top view of the water tank with the wedge in its initial position (right).

in Figure 5.17. The positions of the wedge and the wave patterns look similar to the
results presented by Liu et al. (2005). The resulting free-surface elevations 5 at the
different wave gauges are depicted in Figure 5.18. The graphs display the present
computational results in comparison to Liu’s experimental and computational data.
The initial wave pattern is extremely well predicted, though some slightly larger surface
elevations occur in the end of the simulation time. Altogether, the results indicate a
fair agreement with the data reported by Liu et al. (2005), which proves the enhanced
overset-grid coupling approach for three-dimensional bodies in direct proximity.

5.5 Summary

The inter-grid coupling for bodies in direct proximity has been successfully proved
and the method can now be used to investigate the dynamic contact of multiple
bodies. The artificial boundary implementation has been verified by a comparison
of the results obtained using artificial boundaries with the results obtained using the
resolved geometry and shows a satisfactory final agreement between both approaches.
The subsequent simulation series of two colliding circular cylinders results in consistent
analytical and numerical values and proves that the collision module successfully
prohibits a penetration of floating bodies. The applicability of the procedure was
demonstrated by the two-dimensional simulation of an external gear pump and a
three-dimensional landslide simulation. The gear pump results reveal distinctive flow
rate fluctuations which can be explained by the sudden opening and closing of the
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0.0s l 1.5s l
09s l 21s l
1.2s l 2.7s l

Figure 5.17: Snapshots of the sliding wedge and the free-surface elevation.
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Figure 5.18: Free-surface elevation in gauge 8 to 13 in comparison with the experimental
and computational data from Liu et al. (2005).

inter-teeth chambers. This effect cannot be depicted without gear contact and indicates
that the contact of multiple bodies within the overset-grid procedure works. The
three-dimensional landslide simulation further successfully proves the possibility of
computing the flow field around two bodies (wedge and slope) which are separated by

a tiny gap.
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6 Hydrodynamic Wall-Interference
Effects

This chapter employs the developed enhanced overset-grid approach from Chapter 3
to analyse hydrodynamic wall-interference effects acting on a circular cylinder and
a sphere approaching a plane wall. The chapter starts with a general description of
external wall influences on hydrodynamic forces, including (a) the results of related
publications, (b) a link between additional resistance and inertia forces and (c) a descrip-
tion of the identification procedure of wall influences. Following, a preliminary study
provides baseline data with respect to the forces exerted on a cylinder in unconfined
flows and validates the computational approach for the determination of the additional
resistance and inertia forces. The main focus of this chapter is on the analysis of
proximity influences on the hydrodynamic forces for a two-dimensional circular cylinder
in Section 6.4 and a three-dimensional sphere in Section 6.5 in comparison to other
numerical, analytical and experimental approaches.

Convective momentum transport is always approximated using a monotonicity pre-
serving QUICK scheme and all transient computations refer to an implicit Euler
scheme for the approximation of time derivatives. Overset-grid coupling is performed
by a second-order simplex interpolation along with the flux-correction approach in
Equation (3.8).

6.1 Formulation of the Problem

This chapter investigates proximity influences on inertia and resistance forces of a
cylinder and a sphere approaching a plane external wall. The numerical investigations
refer to an experimental study of Chander (2015) for a buoyant sphere.

The initial arrangement of the body in a water tank (o r = 1000kg/ m3, ur = 1073 Pas),
the characteristic dimensions and the employed coordinate system are depicted in
Figure 6.1. R denotes the radius of the body, which is assigned to R = 0.05m, and
h marks the normal distance between the wall and the body centre (initially up to
h = 5R). Subsequent to the investigation of baseline data with respect to the forces
exerted in unconfined flows, contact simulations are performed for a buoyancy-driven
ascending two-dimensional circular cylinder and a three-dimensional sphere to extract
the additional forces in comparison to unconfined flow conditions. The density ratio
between the body and the fluid reads pg/pr = 0.861. The body motion is described by
the velocity v, (in the range of 0.05m/s to 0.25m/s) and the acceleration a,, which are
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o Is

1

X

Figure 6.1: Geometry and arrangement of the examined body in a water tank.

positive towards the wall. The diameter-based Reynolds numbers of the study reach
approximately up to Rep = 25000.

6.2 Wall Influence on Hydrodynamic Forces

The total hydrodynamic force vector F; experienced by a body can be decomposed into
a hydrostatic component Fy, due to buoyancy, a velocity-dependent component Fy,
(i.e. the resistance) and an acceleration-related part Fu,

Fi="Fy, + Fy, + Fa,. (6.1)

The hydrostatic component points in the positive x3- or z-direction, i.e. Fy, = Fy d;3,
and reads Fy = —mz g. The gravity acceleration is ¢ = 9.81m/s?, and the mass of
the displaced fluid mz = pr V results from the product of the fluid density and the
volume of the submerged body. Supplementary, the Basset (or history) force, which
describes the development of the boundary layer of an object in transient processes and
depends on the difference between the accelerations of the object and the fluid, can be
considered as additional force component in Equation (6.1). The behaviour of Fy, + Fu,
in response to nearby located walls is the central issue of this chapter, which is restricted
to a negligible Basset force. Previously reported studies on proximity influences were
primarily confined to suggestions for spheres and cylinders approaching plane walls.
They can be investigated by potential flow and other semi-analytical methods, and allow
for a validation of the present numerical procedure against analytical wall-proximity
corrections. Mind that for the description of the body motion, the weight of the body
mp g is needed alongside with the hydrodynamic forces in Equation (6.1).

6.2.1 Acceleration Force and Added Mass

Submerged accelerated bodies experience pressure loads due to the inertia of the
surrounding fluid. This acceleration-dependent fluid force is usually characterised
by an added, virtual or artificial mass. In general, the added mass refers to a particular
(translational or rotational) direction and depends on the motion in six degrees of
freedom. The determination and the analysis of a 6 x 6 added mass matrix for arbitrary
geometries and motions are sophisticated. The problem simplifies for geometric
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6.2 Wall Influence on Hydrodynamic Forces

symmetry and a single translational motion, which is the primary reason to look at
circular cylinders or spheres approaching a wall in the direction of the wall normal. In
this case, one obtains a simple scalar relation

FAz = ma a;. (6.2)

The added mass m 4, that mimics the effect of the surrounding fluid, adds to the inertia
of the system in dynamic simulations. To avoid expensive fluid-structure interaction
simulations, the structure dynamics is often analysed with a constant added mass that
mimics the effect of the surrounding fluid (Minorsky 1960). This simple method is
deemed a good estimation, e.g. for the assessment of the collision energy at the first
impact of an ice mass and a floating structure (Song et al. 2016). Yu (2017) reports
an increasing error of the constant added mass method for a decreasing collision
angle between two ships, e.g. 22 % error in the energy dissipation can be observed
for the smallest considered collision angle of 35°. The confining influence of multiple
bodies or a free surface is not considered within the simplified concept of a constant
added mass although restrictions are frequently deemed responsible for a significant
increase (Brennen 1982, Clauss et al. 1988). Therefore, corrections of the baseline
value are of interest if bodies collide or operate in close proximity. While arbitrary
geometries demand for simulation methods to extract m,4 from Equation (6.2), an
analytical potential flow analysis of the added mass modification due to interfering
walls is possible for cylinders or spheres which are prime examples regarded in the
literature.

The baseline added mass of a sphere in unconfined flow can be deduced from potential
flow analysis and is assigned to m4 = mx /2. Stokes (1843) was the first to deduce the
added mass correction of a sphere which moves perpendicular to an external wall by
using potential flow methods as
3 (RY’
142 (=
()

The relation assumes that the normal distance between the wall and the body centre
is much greater than the radius of the sphere R and neglects higher-order contributions.
The added mass of a cylinder in unconfined flow yields m4 = mr and a low-order
modification in the vicinity of a wall is given by Brennen (1982):

1 /R\?
g (3)

In conjunction with spheres, Yang (2006, 2010) demonstrated that the one-term cor-
rection in Equation (6.3) provides a fairly accurate representation of the added mass up

to h ~ 1.5 R. Yang also discusses a systematic derivation for a high-order formula by
Milne-Thomson (1960), i.e.

m
mAz—]:

5 (6.3)

map=mg (64)

My = % {1 + 3W(§*)} . (6.5)
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6 Hydrodynamic Wall-Interference Effects

The wall correction function W(6*) depends on the non-dimensional interstitial gap
between sphere and wall, i.e. 5* = (h — R)/R, and essentially covers the influence
of a series of recursively defined dipoles of a potential flow analysis. Comparing the
approaches in Equations (6.3) and (6.5), Yang argues that Equation (6.3) leads to 10 %
underestimation of the added mass increase for 1 = 1.2 R, while the deviation is more
than 50 % when the sphere reaches the wall. A more elaborate correction formula for a
sphere is given by Korotkin (2008):

L3 (RY U3 (R\® 9 (RYY 3 (RN

25 \ h 26 \ h 28 \ h 22 \ h

18 R\ 18 /R\" 32 /R\"
+ﬁ W +ﬁ m +ﬁ u + .. (6.6)

The analogue high-order formulation for a cylinder reads (Korotkin 2008)
L LRV T(RYE 3 (RY® 8 (RY

2\ h 8\ h 32\ h 128 \ h
. 23 (R 10+ 71 (R 12+
512 \ h 2048 \ h

In the course of the present study, the behaviour of a non-dimensional added mass
coefficient, i.e.

mr
ma= -

map =mg

(6.7)

|az|my  mp

6.8)

with the non-dimensional distance to the wall (4/R) is observed for flows around
spheres and cylinders.

6.2.2 Resistance Force and Added Resistance

In unconfined high Reynolds number flows, the velocity-dependent resistance force is
commonly determined by a quadratic relation to the velocity magnitude

R, = (coor Aplloel?) 1, 69)
with t; being the entries of the tangent vector of the body trajectory and A, being
the projected area of the body in the direction of the tangent. cp marks a shape-
dependent drag coefficient, v, denotes the entries of the body velocity vector and ||vy||
the magnitude of the velocity vector. This resistance changes in the vicinity of other
objects, e.g. a plane wall at rest. The change of resistance is explained by a change of
the momentum of the surrounding fluid that is pushed (displaced) by a moving object.
When the object approaches a wall, the motion-induced flow needs to be redirected
into the tangential wall direction, similarly to the redirection of an impinging jet or
effects caused by a mirror image in ideal fluids. First investigations of wall influences
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6.2 Wall Influence on Hydrodynamic Forces

on the resistance of a sphere approaching a wall in the direction of the wall normal
have been conducted by Lorentz (1907). Contrary to the present objectives, Lorentz
examined creeping flow, for which he observed an increased resistance compared to the
well-known Stokes law. Lorentz models the viscous force of a sphere in the vicinity of a
wall by a correction factor A, viz.

9 R

Fy, = F) + AFy, = —6émpurRu. A, with A:1+§E. (6.10)
Here, ng = —67m ur R, refers to the baseline resistance in unconfined flow with

1 being the fluid viscosity. Since then, research was primarily devoted to creeping
flow conditions (Brenner 1961) or small Reynolds numbers (Cox and Brenner 1967,
Ambari et al. 1984). All studies examine a spherical body and mainly define more
accurate formulae for A with a decreasing distance to the wall. Cox and Brenner (1967)
showed that an increase of the viscous force similar to Equation (6.10) also works for
Rep > 1, as long as the product of the scaled interstitial gap 6* and the Reynolds
number is small compared to unity. Harada et al. (2001) reported that the numerical
results obtained with a correction of the viscous force analogue to Equation (6.10) in
combination with the high-order formula for the added mass by Milne-Thomson (1960)
agree with the experimental data for Reynolds numbers up to Rep = 25.8 for a sphere.
A comparison of analytical approaches and experimental data for particle trajectories in
high Reynolds number flows up to Rep = 95000 is performed by Rostami et al. (2006).
In this study, the wall influence is exclusively considered by adjusting the added mass
in line with Equation (6.3) and the initial distance to the wall is limited to rather large
gaps h/R > 56.

The influence of a diminishing distance to the wall on the resistance force can more
generally be derived from the kinetic energy of the fluid that is affected by the moving
object. This approach also provides an appreciated link between wall-proximity
influences on resistance and inertia forces which was previously outlined by Zhang
et al. (1999). Using Stokes” approach for a sphere in Equation (6.3), the kinetic energy of
the involved fluid mass reads (Milne-Thomson 1960, Lamb 1932):

mr v2 3 /R\°

The time derivative of the kinetic energy in Equation (6.11) yields a power that can be
factorised into the vertical velocity times a force

(6.11)

dv, v dm
0, Ff =v,my —= 4 -2 4

dt 2 dt (6.12)

with my = myx/2 for a sphere in unconfined flow. The force F* inheres two contribu-
tions, i.e. an acceleration-related part and a second part, which occurs on the right-hand
side of the momentum balance for the sphere and is supplemented by multiple forces

79



6 Hydrodynamic Wall-Interference Effects

resulting from buoyancy, gravity, viscous or memory effects, etc. The relevant part of
the momentum balance for a body with the mass mp yields

do, v, dmp
— = =+ ... . NI
(s +ma) — > 4 T (6.13)
A similar expression follows from the Lagrangian. The term on the right-hand side of
Equation (6.13) represents an additional resistance force due to the approaching wall.
For a one-dimensional motion along the wall normal, i.e. v, = —dh/dt, the derivative
of the added mass with respect to time can be recast by

dm A om A dh om A

dt ~ on odt an 614
Equation (6.14) allows to express the additional resistance as a function of the temporal
or the convective spatial change of the added mass. Using the right-hand side of
Equation (6.14), i.e. differentiating the added mass with respect to the distance #, yields
a force which is related to the wall-proximity contributions of the added mass. This
additional (pressure) force depends on the displaced fluid mass, the distance to the wall
and the body velocity (Zhang et al. 1999):

2 4
__mrje 9 (R
AFy, = > | R 16 (h) (6.15)
The corresponding additional resistance of a cylinder follows from
2 3
__mrie (R
AFy, = > IR (h > (6.16)

The additional resistance can be compiled for any similarly differentiable description of
the added mass. Furthermore, an integrable description of an additional resistance can
be translated into an added mass change. Zhang et al. (1999) consider the additional
force in Equation (6.15) to regard the collision behaviour of two elastic spheres for
Reynolds numbers up a Rep = 300 and report a fair agreement with experimental
results. An alternative approximation of the additional force is derived by Yang (2006)
from the Milne-Thomson relation in Equation (6.5):

2
_ mp |7% 3 dw
AFy = —=F 1S (6.17)
with the derivative of W(*) being approximated by
dW 23-107*
— =024 — —— — 0.31vo* 6-10725* 8-10721 *
I 0 5 0.31Vd* + 6.6 - 10776 + 9.8 - 10~ “log(d™)
. —4 *
~2.06-10""log(d*) (6.18)

o+
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for h < 2 R. Coupling this rationale for the added resistance with Korotkin’s added
mass formulae in Equation (6.6), the added resistance of a sphere reads

mr [0 (9 (R\* 9 (R\" 9 (R\’ 27 [R\"
AFy,=—2\Z | Z(Z) +5 (7)) +5 (7)) +omr (5
: 2 |[R \16 \ h 64 \ h 64 \ h 1024 \ h
VA5 (R\TL 99 (RNE L 99 (R\E

512 \ h 2048 \ h 2048 \ h
Differentiating Equation (6.7) leads to a high-order formula for a two-dimensional
cylinder
Ar, — o [0 R3+1 R5+9 R7+1 R\’
TR IR \2\n) Ta\n) T \K) Ta\n
115 (R\'" 213 (R\"
+53 (E) + 1024 (ﬁ) + .. . (6.20)

The subsequent analysis refers to an added drag coefficient which is defined by

NN

(6.19)

NN

Acp = |AFy,|. (6.21)

FU3
The development of the three added drag coefficients for a sphere in Equations (6.15),
(6.17) and (6.19) is depicted in Figure 6.2 over the non-dimensional distance to the wall
h/R. The comparison reveals an obvious discrepancy between the approach related to
Yang (2006) and the suggestions referring to Zhang et al. (1999) and Korotkin (2008).

I: / — Low-order (Zhang)
o 025} ! High-order (Yang)
%) -- High-order (Korotkin)

> 167 133 1
h/R [-]

Figure 6.2: Development of the non-dimensional additional drag for a sphere over the
non-dimensional distance to the wall returned by the low-order formula of
Zhang (Equation (6.15)), the higher-order formula of Yang (Equation (6.17))
and the suggestion in Equation (6.19) derived from Korotkin’s added mass
expression.
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6.2.3 Wall Influence Identification Procedure

The present research aims for an identification of the variation of resistance and inertia
forces when reducing the distance to another body. Emphasis is put on spheres and
cylinders in the vicinity of plane walls where analytical force corrections are available.
To begin with, separate studies need to be performed to synthesise the resistance of a
non-accelerated obstacle in the vicinity of a wall. This allows to subsequently extract an
acceleration force F4_from known resistance contributions in accelerated body studies
when Basset forces can be ignored, viz.

Fy,=F —Fy —Fy,. (6.22)

The resistance force comprises two fractions, i.e. a baseline resistance in unconfined
flows (Fp, ) and an additional resistance due to the presence of the wall (AFy,). Once
again, the wall-proximity contribution can only be extracted for a known baseline
resistance in unconfined steady flows, i.e.

AFy, = Fy, — Fy, . (6.23)

Since simulations — as well as experiments — yield the total force, the baseline contri-
butions in unconfined flow conditions need to be compiled prior to an identification
of the additional forces due to wall interference. Constant velocity studies have to be
conducted to determine at first the baseline resistance. Subsequently, the additional
resistance is determined from similar studies in confined flows. Finally, the additional
inertia follows from floating body motion using Equations (6.22) and (6.23). Thereby,
different friction and wall models as well as varying initial distances to the wall
are considered to evaluate their influence on the wall-interference effect. Figure 6.3
illustrates the elaborate procedure to identify wall influences on hydrodynamic forces.
The strategy was pursued to match the buoyancy-driven experiments of Section 6.5.
Note that a different strategy could also be used, which additionally performs a series of
guided accelerations to replace the buoyancy-driven part of the study. This would help
to prevent a singularity associated with zero effective accelerations in Equation (6.8)
and offers more control over (undesired) Basset force contributions.

6.3 Preliminary Studies

An initial study is performed for a cylinder in unconfined flow. The study aims at two
aspects: (a) to assess the credibility of the computational model and (b) to provide the
baseline resistance in unconfined flows FO Since the analytical corrections discussed in
Section 6.2 are derived from potential ﬂow the validation refers to slip wall conditions.
Rather than inviscid fluids or irrotational flow, laminar flow is employed. The formation
of boundary layers is suppressed by slip wall conditions. The sensitivity analysis
examines influences of the domain size and the resolution to identify a credible two-
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Figure 6.3: Illustration of the identification procedure.

dimensional model. Subsequently, the baseline resistance FO follows from a series of
simulations with different velocities v,, assuming the general behaviour

F\% = — (a]vz] + B) vz

The linear contribution is retained to better fit the lower Reynolds number data. Supple-
mentary, an analogue simulation series is performed for a frictional cylinder wall, using
the Reynolds-averaged Navier-Stokes (RANS) equations for turbulent flows.

(6.24)

6.3.1 Computational Setup

The two-dimensional simulations refer to water, ie. pr = 1000kg/m>® and
ur = 1072 Pas. The examined cylinder features a radius of R = 0.05m. The diameter-
based Reynolds numbers for the guided motion studies read 5000 < Rep < 25000.
The employed domain is displayed in Figure 6.4, its height H and width W are briefly
analysed in the sensitivity study. The extension in the third (lateral) direction yields
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L = 2 R. The grid arrangement refers to two overlapping quad-cell grids, where the
body is embedded in a foreground grid with an extent of 3R x 3 R. The resolution
of the background grid is refined to agree with the foreground grid in the overall
overlapping region, i.e. all zones that are swept by the foreground grid, which follows
the moving object during a simulation. In contrast to the current preliminary analysis,
the investigated wall influences in Sections 6.4 and 6.5 refer to the upper boundary.

During the initial study, the background grid is operated as a channel with the cylinder
being located in its centre. The upper and lower boundaries of the channel refer
to inlet and outlet (with a prescribed pressure), respectively. Hydrostatic forces are
neglected. The background grid features a maximum cell edge length of 0.24 R. The
resolution of the foreground grid is homogeneous and features an edge length of
approximately 0.06 R for the coarsest grid, which results in approximately 136 points
along the circumference. A detail view of the employed coarsest overset grids is
depicted in Figure 6.4. The sensitivity study is completed by an investigation of the grid
resolution.

H/2

W/2

FEEREEEE
81 AR B8 R A A

4%

Figure 6.4: Geometry and arrangement of the examined body in the preliminary studies
(left) and detail of the employed coarsest overset grids (a) with and (b)
without boundary layer refinement (right). Only active cells are displayed
within the detail view of the overlapping grids (foreground grid: black;
background grid: grey).

6.3.2 Sensitivity Study for Unconfined Flow

The sensitivity study for unconfined flows focusses on the required domain size, the
resolution as well as the influence of the flow model, i.e. a frictional body wall and
turbulence. The assessment of the resolution and the domain influences either employs
steady simulations for a constant inflow velocity of u, = —0.15m/s or transient
simulations for a constant acceleration of a, = 0.25m/s? using a time step size of
At = 107 s. For validation, further acceleration values of 4, = 1m/s? and a4, = 10 m/s?
are employed.
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6.3 Preliminary Studies

Domain Size

To minimise domain influences in the subsequent wall-proximity analysis, the domain
is assessed for the laminar (slip wall) case on the coarse grid. Constant velocity and con-
stant acceleration simulations are performed using u, = —0.15m/s and a, = 0.25m/ 2
respectively. For the channel width W, a range from 8 R to 80 R is examined, while the
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Figure 6.5: Influence of the domain width W (left; fixed H/R = 16) and the domain
height H (right; fixed W/R = 32) on the added mass coefficient (top;
1, = 0.25m/s?) and on the baseline resistance (bottom; u, = —0.15m/s)
of a cylinder with the radius R in an unconfined flow using the coarse grids.

channel height H refers to an investigated range from 8 R to 32 R. The influence of the
width is determined by a constant height study (H = 16 R), while the influence of the
height is determined from constant width study (W = 32 R). The results depicted in
Figure 6.5 reveal that a minimum extension of W = 32 R and H = 16 R should serve as
a reference domain in the remainder. The related blockage ratio of the reference domain
refers to 6.25 %.

Resolution

The grid refinement study is based on an refinement of the cell area AA of the foreground
grid and the overlapping region of the background grid. The domain agrees with
the above-mentioned reference domain (W = 32R, H = 16R). Again, resistance
tests employ a constant inflow velocity of u, = —0.15m/s and added mass studies
accelerate both grids with a, = 0.25m/s?. The investigated refinement factors read
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6 Hydrodynamic Wall-Interference Effects

AAs/AA = [4, 16, 64] for the laminar (slip wall) case and AA;/AA = [16, 64] for
the turbulent (frictional wall) case with boundary-layer refinement. The results dis-
played in Figure 6.6 show a reasonable grid convergence and indicate that the grid
configuration with a refinement level of AA,.f/AA = 16 and approximately 536 points
along the circumference is sufficient. The following results refer to these fine grids,
i.e. AAs/AA = 16, without/with boundary-layer refinement for laminar/turbulent
flow.
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’o Viscous layer refinement ‘ ’ o Viscous layer refinement ‘
1.01 - . 0.001 |-
L 1.0 - £ 0.002 - -
5 & [/
0.99 - -0.005
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Figure 6.6: Influence of the grid refinement AA,.¢/AA on the added mass coefficient
of a cylinder (left; 2, = 0.25m/s?) and on the baseline resistance (right;
u, = —0.15m/s) in an unconfined flow.

Baseline Added Mass

The influences of the acceleration level, the wall model and the turbulence on the added
mass coefficient are analysed using the fine grids defined above without an additional
viscous layer on the reference domain. Three accelerations, i.e. 0.25m/ s2, 1m/s? and
10 m/s?, and three different flow models, i.e. laminar with slip wall conditions, turbulent
with slip wall conditions and turbulent with frictional wall conditions, are examined. All
three accelerations result in an identical added mass coefficient of c 4 = 1.003 for laminar
flow and slip wall conditions. The same added mass value is obtained when using
turbulent flow in combination with either slip or frictional wall boundary conditions.

6.3.3 Baseline Resistance

The baseline resistance of a cylinder in unconfined flow is required to extract the related
wall influence in a subsequent study. The cylinder is buoyancy-driven and accelerates
to different velocities, hence the baseline resistance is investigated for a range of speeds
between 0.05m/s and 0.25m/s. This effort is performed twice, once for laminar flow
with slip cylinder walls and once for turbulent flow with frictional cylinder walls. The
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6.4 Wall Influence on a Cylinder

simulations are executed on the reference domain (W = 32 R, H = 16 R) using the fine
grids defined above. The polynomial fit of the resistance for slip wall conditions reads

Fo®) = — (0.0342 [v:] +0.0024) v . (6.25)

Turbulent flows are simulated with the SST k-w model by Menter (1994) using the fine
grids defined above with a boundary layer refinement to employ a low-Reynolds wall
boundary condition. The resistance reveals a periodic transient behaviour with up to
+5 % force variations around the mean value. A polynomial fit of the time-averaged
mean reads

Fo) = — (3.8761 [vz] + 0.4435) 0. (6.26)

The quadratic contribution in Equation (6.26) returns a drag coefficient of cp ~ 0.775,
which is in the range of the expected values for turbulent flow around a smooth
circular cylinder (Achenbach 1971). Approximately 98 % of the force can be attributed
to pressure forces, which indicates flow separation and a low pressure in the aft of the
cylinder. The friction force contribution reads

FoUfiie) = — (0,049 [0 +0.0147) v, (6.27)

which is of the same magnitude as Equation (6.25). The simulation results and the
polynomial fits of the total forces are displayed in Figure 6.7.
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Figure 6.7: Velocity-dependent resistance forces Fy, for a slip (left) and a frictional (right)
cylinder wall.

6.4 Wall Influence on a Cylinder

This section deals with the additional resistance and inertia forces experienced by a
circular cylinder due to wall-proximity influences. Contact simulations are performed
for a buoyancy-driven, ascending two-dimensional circular cylinder in water. The
cylinder features a radius of R = 0.05m and a density of pg = 0.861 pr. Results are
obtained on the reference tank domain using the fine grids defined above. The lateral
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6 Hydrodynamic Wall-Interference Effects

boundaries and the wall of the tank are assumed as slip walls, the lower boundary
refers to a prescribed pressure. Similar to the studies reported in Section 6.3, separate
simulation series are performed for slip and frictional cylinder walls using laminar
and turbulent flows, respectively. Mind that the investigated cases did focus upon the
one-dimensional motion against the direction of the (external) wall normal.

6.4.1 Additional Resistance

The additional resistance is determined by moving the cylinder and the foreground grid
from an initial position with constant velocities towards the upper wall. The baseline
velocity, the time step and the initial distance read v, = 0.2m/s, At = 1073s and
hinit = 5 R. The reference time step limits the Courant number to Co < 0.333 and the
baseline Reynolds number reads Rep = 20000. The results are investigated for five
velocities ranging from v, = 0.05m/s to v, = 0.25m/s, two time steps (Atef, 0.1 Atyef)
and two initial distances (hjnit = 1.7 R and 5 R). The obtained forces are median filtered
according to Teoh and Ibrahim (2012) using a filter width of 9 At,.¢ and are subsequently
reduced by the baseline resistance ng for the evaluation of the added resistance.

Slip Cylinder Wall

The evolution of the filtered total resistance over the non-dimensional distance to
the wall is displayed in Figure 6.8 for the slip wall case with hjn;y = 5R. Results
are shown for the five different velocities from v, = 0.05m/s to v; = 0.25m/s.
Obviously, proximity to the wall and higher velocities increase the resistance force.
Subtracting the baseline resistance from the total resistance reveals the evolution of
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Figure 6.8: Variation of the resistance with the distance to the wall for different velocities
(hinit = 5R/ Atref - 1073 S)'

the added drag coefficient Acp according to Equation (6.21). Figure 6.9 shows that
all examined velocities result in the same added drag coefficient. As expected, the
simulations reveal a considerable non-linear influence, and the linear relation to the
velocity in Equation (6.10) is deemed inappropriate to describe the wall influence on
the resistance. Figure 6.9 also provides comparisons for the two initial distances and

88



6.4 Wall Influence on a Cylinder

time steps, which reveal no influence on the added resistance. A comparison of the
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Figure 6.9: Evolution of the added drag coefficient with the non-dimensional distance
to the wall (baseline setting: hjniy = 5R, v; = 0.2m/s, At = 10735s).
Comparison for different cylinder velocities v, (left), different time steps
(centre) and different initial distances (right).

computed added drag coefficient with the expression deduced from Brennen’s added
mass description (Equation (6.16)) and the approach deduced from Korotkin’s added
mass description (Equation (6.20)) is displayed in Figure 6.10 and shows a remarkable
high-order influence. Figure 6.11 indicates that even the higher-order formula from
Equation (6.20) fails to capture the wall influence for & < 1.4 R. An exponential fit of

’ — Computation - Low-order (Brennen) - - High-order (Korotkin)
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Figure 6.10: Comparison of the evolution of the added drag coefficient obtained from
the present simulation with the formulae deduced from Brennen’s added
mass relation (Equation (6.16)) and from Korotkin’s added mass relation
(Equation (6.20)).

the added drag coefficient for the near-wall regime obtained from the present slip wall
simulations reads

Acp = 21.72 -10% e~ 2044 (1/R) 4 38 02 ¢=3497 (/R) (6.28)

and intersects with the higher-order formula in Equation (6.20) at hj,; ~ 1.454 R.
Note that an exponential function fitted the numerical data much better than a simple
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Figure 6.11: Evolution of the added drag coefficient with the distance to the wall. The
left-hand side plot pictures a comparison of the simulation results with the
low-order formula deduced from Brennen’s added mass relation (L.o., Equa-
tion (6.16)) and the higher-order formula deduced from Korotkin’s added
mass relation (H.o., Equation (6.20)). The right-hand side plot shows the
computed data, the exponential fit in Equation (6.28) for 1/R < (h/R)jimit
and the higher-order formula (H.0.) for i/R > (h/R)jimit- The grey vertical
line marks (1/R)jjmi; = 1.454.

extension of Equation (6.20) by additional terms. A Taylor series expansion of the
exponential fit in Equation (6.28) revealed that fairly high-order expansions beyond
the power of 70 are required to match the numerical results in the near-wall regime
(h/r < 1.4), which justifies using an exponential fit.

Frictional Cylinder Wall

Figure 6.12 shows the evolution of the added drag coefficient for the frictional cylinder
wall in turbulent flow. The investigated parameters agree with the slip wall study
reported in the previous section 6.4.1. Again, the added drag coefficient displays a
pronounced non-linear dependence on the distance to the wall, and no significant
difference can be seen for any of the velocities. Likewise, a reduction of the time step
does hardly influence the results. As opposed to the slip wall study, the comparison of
two initial distances depicts a different evolution of the added drag coefficient. Figure
6.13 reveals that the evolution of the added drag coefficient for the small distance of
hinit = 1.7 R approximately agrees with the slip wall results, while the larger initial
distance leads to an earlier increase of the added drag coefficient.

To elucidate the issue, three flow fields obtained for a constant body velocity of
v, = 0.2m/s are compared at a fixed reference location of 1 = 1.4 R. The comparison
involves a turbulent no-slip wall channel flow simulation and two wall-proximity
simulations, one using turbulent no-slip wall conditions and one for a slip cylinder
wall in laminar flow. Moreover, the initial position is varied, hence the results refer to
different runtime/initial positions, i.e. 0.075s for hjniy = 1.7 R and 0.9 s for hjniy = 5R.
Figure 6.14 shows the pressure fields and the isolines for ||u#;|| = 0.1 m/s. The channel
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Figure 6.12: Evolution of the added drag coefficient with the distance to the wall for
a frictional cylinder wall (baseline setting: hinit = 5R, v; = 0.2m/s,
At = 10735). Comparison for different cylinder velocities v, (left), dif-
ferent time steps (centre) and different initial distances (right).
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Figure 6.13: Comparison of the evolution of the added drag coefficient obtained from
the simulations with a slip and a frictional cylinder wall.

flow results are shown in the left graphs, whereas the other figures refer to wall-influence
studies. The images on the right-hand side picture the flow for a slip cylinder wall,
and the images on the left-hand side and in the centre refer to the frictional cylinder. It
is obvious that for the small initial distance (top row), slip and frictional approaches
lead to identical pressure fields and velocity contours when simulating wall influence
studies. In comparison to the channel flow results, an increased pressure between the
cylinder and the wall as well as widened velocity isolines indicate the wall influence.
For the larger initial distance to the wall (bottom row), a boundary layer occurs for
both frictional cylinder wall simulations. The boundary layer separates in the aft of the
cylinder and yields distinctive vortices afflicted by a low pressure zone. In terms of the
wall influence, the impact of these separated vortices can be neglected since the baseline
simulation shows the same effects.

The results indicate that the augmented added drag coefficient for hj,iy = 5R can be
attributed to an increased fluid mass moving with the body. Hence, it is important to
know the initial distance or runtime when examining no-slip walls. Note that many
researchers, e.g. Harada et al. (2001) or Rostami et al. (2006), emphasised the influence
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111

(a) 0.075s, no wall influence, (b) 0.075s, wall influence, (c) 0.075s, wall influence,
frictional wall frictional wall slip wall

/ /
(d) 0.9s, no wall influence, (e) 0.9s, wall influence, (f) 0.9s, wall influence,
frictional wall frictional wall slip wall

Figure 6.14: Comparison of the pressure fields and velocity contour lines at a runtime
of 0.075s (top) and 0.9s (bottom). The reference setup without wall
influence is shown on the respective left-hand side, whereas the other
images refer to proximity to the wall — the blanked areas indicate the end
of the computational domain. The images on the left-hand side and in
the centre show the flow field around a frictional cylinder wall and the
right-hand side pictures the fluid around a slip wall.
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6.4 Wall Influence on a Cylinder

of the Basset force, which describes the development of the boundary layer of an object
in transient processes. This force depends on the difference between the accelerations of
the particle and the fluid. It remains unclear, which extent of the fluid field has to be
considered for the Basset force of large particles with arbitrary shape. Since the results
generally show the same behaviour with regard to the wall-proximity influence, this
study is not extended to analyse memory aspects. The memory effects herein refer to
the development of the boundary layer and turbulent structures, which are negligible
for the small covered distances that are addressed here. Therefore, the detailed scope of
this study is confined to small initial distances, which show a fair predictive agreement
due to marginal memory effects.

The computed wall-related additional drag coefficient for a frictional cylinder wall
is shown in Figure 6.15. The left graph describes the results for an initial distance of
hinit = 5 R, and the right graph illustrates the situation for hj,i; = 1.7 R. The exponential
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Figure 6.15: Enhanced view of the added drag coefficient for a frictional cylinder
wall. The left graph pictures the numerical results for hjn;y = 5R and
the exponential fit in Equation (6.29). The right graph shows a comparison
of the numerical results for h;n;; = 1.7 R with the formula deduced from
Korotkin’s added mass approach (Equation (6.20)) for i/R > (h/R)imit
and the adapted exponential fit of Equation (6.29) for h/R < (h/R)jimit-
The grey vertical lines marks (/R )jjmit = 1.538.

fit for hinit = 5 R reads

6.29
6.38 ¢ 211 (h/R) | (35,088 (1/R) if /R > (h/R)jimit (6.29)

e — {2.46 107 ¢ 1598 (W/R) 19,6217 (M/R) if h/R < (h/R)jimit
D=

with (1/R)mit = 1.538. The right graph outlines an interesting agreement between the
predicted results for hiny = 1.7 R, the higher-order formula deduced from Korotkin’s
added mass approach (Equation (6.20)) for h/R > 1.538 and an adjusted exponential
fit of Equation (6.29). As outlined by Figure 6.10, Equation (6.20) underestimates the
added resistance for vanishing distances to the wall and is, therefore, not shown for
h/R < (h/R)jimit- The exponential fit in Equation (6.29), which has been deduced for
hinit = 5 R, is shifted downwards by an amount of 0.1525, to meet the predictions at
(h/R)jimit when investigating the smaller initial distance to the wall , i.e. hjniy = 1.7 R.
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Again, the Taylor series expansion for the exponential function in Equation (6.29) in the
near-wall regime proves to be of high order.

6.4.2 Added Mass

The wall influence on the added mass is analysed for the buoyancy-induced motion
near the upper wall of the tank. The flow model refers to a slip cylinder wall and
laminar flow. Simulations are performed on the reference domain using the fine grids
defined above. The employed time step is At = 10~*s and the initial distance to the
wall refers to hinir = 1.7 R. The coefficient of restitution agrees with the value reported
from the experimental study discussed in Section 6.5, i.e. e = 0.42.

The added mass coefficient is obtained by recording the forces, the position, the velocity
as well as the acceleration of the cylinder and applying the combination of Equations
(6.22) and (6.8). The velocity-dependent resistance force is composed of two parts,
the baseline resistance outlined in Section 6.3.3 and the wall-influence contribution
described in the previous section. For the sake of clarity, results are median filtered
according to Teoh and Ibrahim (2012) using a filter width of 41 time steps. The resulting
evolution of the added mass coefficient over time is plotted in Figure 6.16. The initial
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Figure 6.16: Evolution of the added mass coefficient of a buoyancy-driven two-
dimensional cylinder that approaches and collides with a plane external
wall (hinit =17 R)

added mass value slightly exceeds the analytical prediction of 1.0 and increases up to
approximately 1.95 when approaching the wall. After the impact at 0.32s, the added
mass evolution shows a sudden drop, followed by a huge peak and a decrease back
to the initial value. The increased initial value indicates that the cylinder experiences
a wall influence from the very beginning. The post-contact peak could be explained
by the surrounding water still partly moving in the direction of the wall and, thereby,
decelerating the opposite motion of the body.

Figure 6.17 shows the added mass coefficient over the non-dimensional distance to
the wall. The comparison involves the present predictions, the low-order formula of
Brennen (Equation (6.4)) and Korotkin’s higher-order formula in Equation (6.7). For the
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Figure 6.17: Comparison of the added mass coefficient for a cylinder that approaches
a wall from an initial distance of hj,iy = 1.7 R. The depicted results are
obtained from the present simulation, the low-order formula of Brennen
(Equation (6.4)) and Korotkin’s higher-order formula in Equation (6.7).

sake of clarity, the data are only displayed up to the contact. The comparison shows
that the near-wall behaviour is characterised by significant higher-order, non-linear
contributions. In line with the results for the added resistance, the comparison suggests
that even more terms should be considered in the expansion of Equation (6.7). The
disparity of the predictions and the analytical expressions for the added mass and the
added resistance occur approximately at the same distance, but the differences for the
added mass deviation remain smaller.

Figures 6.17 and 6.18 show that a contact of the cylinder with the wall i.e. /R = 1) does
not happen in the present simulation. This can be attributed to the implemented contact
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Figure 6.18: Evolution of the non-dimensional distance to the wall over time.

model, cf. Section 3.3. The contact forces are activated in case of coupling problems
between the overlapping grids. Figure 6.19 shows the velocity and the pressure fields at
the contact and marks coupling problems at the blanked cells between the cylinder and
the wall. The minimal distance to the wall refers to three grid cells. This error decreases
with an increasing resolution.
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Figure 6.19: Illustration of a coupling problem between the overlapping grids which
initates a premature contact detection (left: velocity; right: pressure).

Sensitivity Study

The influence of several simulation parameters on the behaviour of the added mass
coefficient in wall proximity is analysed to assure the validity of the reported results. For
the sake of clarity, only the median filtered results are displayed up to the contact. Figure
6.20 shows the influence of three different time steps (Atyef = 107*s, 0.5 Atyef, 0.25 Atyeg;
top), two different flow models (laminar/turbulent; centre) and two wall models in
combination with turbulent flow (slip/frictional wall; bottom) on the predicted added
mass coefficient. All simulations are performed on the reference domain using the fine
grids defined above for an initial distance to the wall of hjnjy = 1.7 R that suppresses
memory effects. The base configuration refers to laminar flow along a slip cylinder wall
and a time step of At = 10~*s. The examined time steps, turbulence model and the
employed wall model do not affect the result. The results support the conclusion, that
viscous effects are of minor importance for the added mass value provided that the
additional resistance AFy, is accurately determined.

Initial Distance

Following the experimental study of Chander (2015), three different initial distances to
the wall, i.e. hinit = [1.4 R, 1.7 R, 2 R], are assessed. Figure 6.21 reveals that the predicted
added mass coefficients display a similar behaviour. However, localised oscillations
are seen for an initial distance of hin;; = 2 R, which stabilise at the end. This part of
trajectory belongs to the zero passage of the acceleration, cf. Figure 6.22, where the
added mass evaluation in Equation (6.8) is subjected to a singularity.

6.5 Wall Influence on a Sphere

The final analysis observes a buoyancy-driven sphere that approaches the wall of a tank.
The tank is filled with water, i.e. o = 1000kg/m3 and 7 = 1073 Pas. The radius and
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Figure 6.20: Evolution of the added mass coefficient of a cylinder (hjn;: = 1.7 R) for
different time steps (top), flow models (slip wall; centre) and cylinder wall
models (turbulent flow; bottom). All data are median filtered.
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Figure 6.21: Evolution of the added mass coefficient of a cylinder with an initial distance

to the wall of hj,;y = [1.4R, 1.7 R, 2 R] over the distance to the wall. All
data are median filtered.

the density of the sphere are assigned to R = 0.05m and ps = 0.861 pr. All boundaries
of the tank and the sphere are slip walls, except for the bottom of the tank, which refers to
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Figure 6.22: Evolution of the acceleration of a cylinder with an initial distance to the
wall of i = 2 R over the distance to the wall.

an outlet with a prescribed pressure. Turbulence is neglected. The employed grids refer
to the fine grid configuration described in Section 6.3 on a domain of 32 R x 32 R x 16 R.
The investigated initial distances and the corresponding coefficients of restitution are
taken from Chander (2015) and read hin;; = [1.4 R, 1.7 R, 2R] and e = [0.4, 0.42, 0.52],
respectively.

The velocity-dependent baseline resistance in unconfined flow Fy, 0) js examined in line
with the procedure described in Section 6.3. Again, the upper boundary of the domain
is converted to an inlet. The polynomial fit reads

F®) = — (0.0105 [vz] +0.0015) v . (6.30)

The remainder of this section is devoted to the wall influence. Following a comparison
between the computed additional resistance and the analytical suggestions discussed
in Section 6.2, several contact simulations are conducted to benchmark the predictions
against the added mass corrections outlined in Section 6.2. Again, the investigated
case focusses upon the one-dimensional motion against the direction of the (external)
wall normal. Note that most of the theories described in Section 6.2 only describe
a modification of the added mass value while no constant velocity contributions for
general motion including contact with the wall are provided. It is, therefore, only
possible to include the other theories in a comparison of the added resistance and added
mass data with respect to the normalised distance to the wall.

6.5.1 Additional Resistance

Results obtained for the two-dimensional cylinder revealed that the external wall
influence on the resistance can be concluded from a single velocity. The additional
resistance is determined by moving the sphere with a velocity of v, = 0.2m/s towards
the upper wall. The initial distance of hjnit = 2 R agrees with the maximum distance of
the subsequent added mass examinations. The simulation is conducted with a time step
of 1073 s. The obtained forces are median filtered according to Teoh and Ibrahim (2012)
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6.5 Wall Influence on a Sphere

using a filter width of 9 time steps, and the baseline resistance from Equation (6.30)
is subtracted to reveal the wall influence. Figure 6.23 compares the computed added
drag coefficient with the low-order formula of Zhang (Equation (6.15)), the higher-order
formula of Yang (Equation (6.17)) and the formula derived from Korotkin’s added
mass expression (Equation (6.19)). All suggestions rest on the link between the wall
influences on the added mass and on the added resistance. The figure reveals remarkable

0.8
— Computation Low-order (Zhang)
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n 04 >
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Figure 6.23: Comparison of the added drag coefficient obtained from the simulation, the
low-order formula by Zhang (Equation (6.15)), the higher-order formula
by Yang (Equation (6.17)) and the higher-order formula derived from
Korotkin’s added mass expression (Equation (6.19)).

non-linear effects for small distances and shows that the approach of Yang significantly
underestimates the predicted results. Even the approach deduced from Korotkin’s
added mass suggestion falls below the predictions for i < 1.5 R. A near-wall description
of the present results follows from

Acp = 1.692 - 100 e 1495 (W/R) 4 1032 ¢=3315(1/R) (6.31)

Equation (6.31) intersects with the high-order formula derived from Korotkin’s added
mass expression (Equation (6.19)) at h ~ 1.72R. A Taylor series expansion with the
power of 70 is required to fit the exponential results.

6.5.2 Added Mass

The wall influence on the added mass is analysed for the buoyancy-induced motion
near the upper wall of the water tank. The added mass coefficient is obtained by
recording the forces, the position, the velocity as well as the acceleration of the sphere
and applying the combination of Equations (6.22) and (6.8). The employed time step is
assigned to 10™*s and the results are median filtered according to Teoh and Ibrahim
(2012) using a filter width of 61 time steps. In Figure 6.24 the predicted vertical position
and the vertical velocity are compared with the experimental data of Chander (2015).
The results display a fair predictive agreement, despite the fact that the contact in the
simulations occurs before the sphere actually touches the wall due to the implemented
contact module, cf. Section 3.3. The comparison of the position shows slightly different
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Figure 6.24: Transient evolution of the vertical position (left) and the vertical velocity
(right) of a bouyant sphere with an initial distance to the wall of hjniy = 1.4 R
(top), hinit = 1.7 R (centre) and hjnir = 2 R (bottom).

initial gradients and a bigger discrepancy for hinit = 2 R. However, the experimental
data reveal a time shift between the contact events extracted from the position and the
velocity for hinie = 2 R. It is thus expected that the difference between the computations
and the experiments can be attributed to experimental inaccuracies. In general, the
predicted vertical velocities agree with the experimental data until shortly before the
contact, while they tend to be slightly smaller afterwards.

The variation of the predicted added mass coefficient over the distance to the wall is
illustrated in Figure 6.25. The initial added mass coefficient of the sphere is slightly
higher than the analytical value of 0.5 (Brennen 1982), which indicates that the sphere
experiences a wall influence from the beginning. A comparison of the simulation results
with the formulae outlined in Section 6.2, i.e. Equations (6.3), (6.5) and (6.6), is given in
Figure 6.26 for hinit = 1.7 R. Analogue to the 2D study, a significant high-order influence
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Figure 6.25: Evolution of the added mass coefficient of a wall-approaching sphere for
the three different initial distances to the wall i,y = [1.4R, 1.7 R, 2R]. All
data are median filtered.
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Figure 6.26: Comparison of the added mass coefficient obtained from the computation
with the low-order formula by Stokes (Equation (6.3)), the higher-order
formulae by Yang (Equation (6.5)) and by Korotkin (Equation (6.6)) as well
as the integration of Equation (6.31) and the experimental data by Hamilton.
The computational results refer to an initial distance of /iy = 1.7 R and are
median filtered.

can be observed. The peak values at /R = 1 returned by the non-linear approaches
are about 20 % larger than for the low-order approach by Stokes (Equation (6.3)). The
higher-order formula by Yang in Equation (6.5) shows the best agreement with the
present results, which is slightly surprising since a disagreement for the added resistance
was obvious, cf. Figure 6.23. An integration of Equation (6.31) and repatriation via the
energy-based approach leads to an added mass coefficient of c4 = 0.814 at /R = 1.
Peak values of the added mass coefficient predicted by the formulae of Korotkin
(Equation (6.6)) and Stokes (Equation (6.3)) are approximately 8% and 15% smaller
than the present result, i.e. cy = 0.75 and cy4 = 0.69. The present peak value is
fairly close to results reported by Hicks (1880) for an image flow approach, which
yields c4 = 0.8031. An interesting study of Hamilton and Courtney (1977) compares
theoretical and experimental added mass values for a sphere accelerating away from a
wall. Theoretical values are calculated assuming irrotational flow. They agree with the
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6 Hydrodynamic Wall-Interference Effects

results of Yang (Equation (6.5)) and slightly underestimate the experiments which were
all conducted at a low Reynolds number. As pointed out in Section 6.4.2, viscous and
Reynolds number effects should not influence the added mass coefficient significantly.
The experimental data gathered by Hamilton and Courtney (1977) is thus added to
the comparison displayed in Figure 6.26. The experimentally observed peak reads
ca ~ 0.83 and agrees best with the formula derived from the present computations that
is labelled Int. of Equation (6.31).

Experiments of Chander specify added mass values between 1.5 and 2.5. The large
added mass values, as well as their large variation, could be attributed to a missing
added resistance contribution, which can be quantified by estimates of

|AFy| _ (2 \ Acp 6.32)
|Fa.| Rlaz[) ca '

This leads to a definition for a modified added mass coefficient ¢’} which inheres the
added resistance part, i.e.

|AFV|] [ 02 (ACDH
¢l =cq |14+ ——2| =cy4 |1+ — 1, 6.33
A=A { Fal ] =AM TR \es (6.33)

where analytical descriptions of the added drag coefficient Acp and added mass value
c4 can be computed from Equation (6.31), Equations (6.3) and (6.15), or Equations (6.6)
and (6.19) etc. Equation (6.33) returns different modified added mass coefficients for
the three cases displayed in Figure 6.24 due to the different accelerations and velocities.
Estimating the magnitudes of the acceleration and the velocity from the experimental
velocities close to the contact point depicted in Figure 6.24, modified added mass values
in the range from 1.4 to 2.5 are obtained from the present computational results, which
agrees much better with the experimental observations. The respective ranges of the
modified added mass values for the Korotkin and the low-order method read [1.05, 1.75]
and [0.85, 1.2], respectively.

It can be summarised that, while the available literature does not entirely capture the
predicted external wall influence on the resistance force, it proved to be more accurate
for the added mass coefficient.

6.6 Summary

Contact simulations between a circular cylinder and a sphere with a plane wall have
been investigated to examine proximity influences on the hydrodynamic forces. A
significant non-linear increase of the additional resistance and inertia forces has been
observed when the bodies approach the external wall. The determined high-order
influences can currently not be modelled completely by the suggestions available in
the literature, which leads to the derivation of new high-order formulae. The study
reveals that the wall influence on the added mass and on the added resistance of
the investigated bodies is linked. The numerical investigation indicates that the wall
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6.6 Summary

influence is not affected by the velocity or the acceleration of the body. Even memory
effects, which arise from viscous physics, i.e. the wall model and turbulence, can be
neglected if the initial distance to the wall does not exceed twice the radius.
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7 Conclusions

This thesis investigates coupling techniques for overset-grid finite-volume methods and
concentrates particularly on the analysis of non-conservative inter-grid coupling effects
and modifications to facilitate a dynamic body contact. The expanded capabilities of the
overset-grid procedure have been used to study the hydrodynamic interplay of rigid
bodies in direct proximity.

The first part of the research has been devoted to the extensive analysis of
non-conservative inter-grid coupling effects. While steady-state simulations of
incompressible single-phase flows perform well with a non-conservative coupling of
non-moving overlapping grids, mass and pressure fluctuations have been observed for
transient flows and/or relatively moving grids. The mass defect arises from the direct
interpolation of field values, which provokes erroneous fluxes across the overlapping
grid boundaries. These imbalances cause an additional varying pressure correction for
incompressible transient single-phase flows and/or relatively moving grids if no mass
conservation practice is used.

In accordance with formerly reported results for compressible flows, no pressure
fluctuations occur for immiscible two-phase flows with high density ratios, since a minor
displacement of the free surface attenuates the mass defect entirely. A second-order
simplex-based interpolation method proves the best results for single-phase flows on
unstructured grids, but can still be afflicted with significant pressure fluctuations.
An improvement of the resolution is beneficial - provided that the coupled grids
are of similar resolution quality. The latter is a significant drawback for multiple
overlapping grids with arbitrary relative grid motion. For further reduction of the
mass imbalance in single-phase flows, mass conservation correction practices are
examined. The introduction of flux correction practices leads to notable improvements
in homogeneous as well as heterogeneous resolution conditions. The best results
can be reported for the divergence-based flux correction, which considers local flow
information, though the difference to the results obtained with the global flux correction
practice are often marginal. Although the volume correction does not achieve the quality
of the flux correction methods, it provides a simple alternative to significantly improve
the pressure convergence of single-phase flows, since it suppresses the translation of
spurious coupling fluxes into the pressure correction.

The insufficient overlap of multiple grids between different bodies in direct proximity
has been successfully handled by a modification to the existing overset-grid approach.
Critical cells are detected within the overset-grid coupling procedure by marking and
deactivating interpolation cells with invalid donors. The flux-based link between
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deactivated cells and active cells is replaced by artificial, temporary, no-flux boun-
dary conditions. A simple collision procedure has been implemented to prohibit the
penetration of floating bodies.

The artificial boundary implementation and the collision module have been successfully
verified and the applicability of the complete procedure has been demonstrated by a
two-dimensional simulation of an external gear pump and a three-dimensional landslide
simulation. The landslide simulation reveals the possibility of computing the flow field
around two bodies that are separated by a tiny gap. The gear pump results show
distinctive flow rate fluctuations which are induced by the sudden opening and closing
of the inter-teeth chambers and cannot be depicted without gear contact. This indicates
that the dynamic contact of multiple bodies within the overset-grid procedure can be
considered as fulfilled by the research in this thesis. The method can now be used to
investigate complex marine engineering devices including multi-body hydrodynamics
featuring mutual interaction and contact between floating bodies.

The enhanced overset-grid approach has been applied to perform contact studies for a
cylinder and a sphere approaching a plane wall. The investigated proximity influences
show a significant non-linear increase of the additional resistance and inertia forces,
when reducing the distance to an external wall. The study reveals that the wall influence
on the added mass and on the added resistance is linked. As expected, the respective
velocity and acceleration levels of the moving body do not affect the external wall
influence. The numerical results indicate that this also holds true for viscous physics,
i.e. the wall model and turbulence, when investigating sufficiently small initial distances.
The corresponding memory effects can be neglected if the initial wall distances do not
exceed twice the radius of the investigated body. This issue should be considered for
the assessment of measured data or the layout of experiments.

Previous studies in the literature have not been able to capture the observed non-
linear influences. However, they should be considered when investigating bodies
that interact hydrodynamically in close proximity. The derived high-order formulae
provide simple corrections of the baseline value that can easily be transferred to wetted
structural simulations, which apply the simplified concept of an invariant added mass.
A generalisation of the analytical wall-interference correction for arbitrary shapes and
encounter angles should be the subject of future research.
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