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Nomenclature

Vector lines formed between the centres of a @lland its neighbour cell with
index number

Constant that preserves the consevatiop gibbally

Connectivity function giving the index number oétbell face i associated with cell
index number iel

C, is a set of nodes that are connedtgout |, node is not included in thg set of
nodes

Heaviside function such thad (S) =1if s >0, otherwiseH (S) =0fors< 0

Code Saturne’s connectivity functigiving the index number of th& ineighbour
cell about cell face index number ifac

Ihth node in the halo region of the narrow band region

Set of simplexes in a region of the narrow bandhgbat it surrounds an isosurface

Cell connectivity function giving theadex number of a neighbour cell associated
with a central cell with an index number of iel

Simplex wise correction function associated wite #i" local grid mesh simplex
volume function

Number of simplexes that contain the noaehich theK™ simplex is a part of

Unit normal to the free surface

Total number of cell faces from all field sétlode Saturne parameter)
Set of nodes with a narrow band region with a & simplexes.

Set of halo nodes of the narrow band region in tzvh,i.g1 node is a part of]
Zero Level Set surface

Any triangle or tetrahedron formed from the cedfinttes of existing mesh cells
which around an isosurface region for the purpdsgenmetric based re-distancing
of that region of the isosurface

Tangential unit vector to the free surface positiormal tofi andt
Tangential unit vector to the free surface position

Model time in seconds

Interface velocity of the isocontour, wave.
x component ofti

y component oft

z component ofU
The nearest velocity to the free surface position

Position vector of a the"Jnode such that J belongs to thes€t of nodes in the
narrow band region

Position vector of a the" node such thal, belongs to thell set of nodes in the
narrow band region

Position vector in the flow field

Position vector on isoconto @,

Level Set scalar

Signed distance function from a flow field poik the closest point on the
iscontourS,

Correction function to correct or redistarnge
Local grid mesh simplex volume function for simpkin the narrow band

Not to be disclosed other than in line with therterof the Technology Contract

Page 2 of 27



AV Global volume function for a sat of simplexes

<y

A

Node wise correction function at node | for a numiifesimplexes that contain node
I
Flow field

The angle between two vectos and B
Dynamic viscosity at the free surface
Surface tension at the free at the free surface
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1 Executive summary

This report, together with the accompanying FORTR#&Mroutines, forms deliverable D2 of work
package WG3WP2. The WG3WP2 objectives achievddrsare:

. Development of the level-set free surface model -WG3 WP2 D1
. Implementation of the Zero Tangential shear cooditi- WG3 WP2 D2

The first objective was completed previously in Which covered the Level Set model development.
The second objective is that for D2 and the fra#ase or upstream boundary conditions using a Ghost
Fluid Method implemented within Code_Saturne mosluléhe validation of the above objectives
forms the framework of deliverable D3.

To achieve these objectives, the PerAWaT projelttrmake use of the existing parallel, high accuracy
open source, CFD code Code_Saturne (developed %) BBd will extend the model to provide a
mechanism for modelling the performance of a sraaky of marine current turbines at the meso-
scale. The content of the deliverable is:

« A review of the experienced gained from the presialeliverable in regards to Level Set modellingoiming
connectivity and re-distancing.

e The description of the theory to achieve a freéas@r modelling using a Ghost Fluid Method.

e An in-depth discussion on the current modellingtstyy which aims for: emulation of the free surf@omditions
between the air and regions associated with tldal,fand avoidance of numerical instabilities.

< Details of the necessary test case verificatioefmodel, (the results of which will be publishied3).

Implementation of the free surface model requirexlification to the user routines to enable the
location of the free surface to be determined ately and maintained, and to enforce the required
boundary conditions across the free surface. Tosan approach requires the fluid flow equations to
be solved only in the water. The implementatioscd®ed in this report involves the use of a new
Fortran-90 module to maintain the required connégtinformation on an unstructured grid, as wall a
modifications to the user routines USCLIM.f90, UBIN90, USINI1.f90 and USPROJ.f90.

This work will follow a process of development witie existing flow solver:

(1) The implementation of a free surface model whidisBas the zero-tangential shear boundary
condition,

(2) The implementation of an unsteady upstream boundangdition to introduce large scale,
synthetic, turbulent eddy structures into the darmai

(3) The development of a parameterised actuator distemof a horizontal-axis marine current
turbine.

The introduction covers the description of the Lesvet method, and explains why it was chosen as the
best approach to free surface modelling, with eefee to the most recent improvements in the
numerical scheme, namely improved mass conservegaiares.

Not to be disclosed other than in line with thersiof the Technology Contract
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The methodology section gives a detailed descnptibthe Level Set method used, with particular
reference to the author’s implementation of an aded mass preserving re-initialisation method and
its application to structured or unstructured giydtems.

This deliverable meets the acceptance criter@fwhich states in WG3 WP2 D3 that
(1) Modules produced are capable of operating withideC&aturne. Source code sufficiently
commented such that it can be logically followedakipird party.

(2) Report describes the assumptions and algorithmsdehe additional modules and current
applications and limitations. The report will vgrthe functionality of the modules

Not to be disclosed other than in line with thersiof the Technology Contract
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2 Introduction

The application of Code_Saturne to the simulatibsneall farms of tidal turbines requires three majo
developments of the existing flow solver:

1. The implementation of a free surface model whictisBas the zero-tangential shear boundary
condition;

2. The implementation of an unsteady upstream boundarydition to introduce large scale,

synthetic, turbulent eddy structures into the domand,

3. The development of a parameterised actuator diskemof a horizontal-axis marine current

turbine.

This report, together with D1 and D3, addressespthiat (1), the implementation of a free surface
model, which satisfies the zero-tangential sheandary condition.

The remaining two points will be dealt with in selgquent deliverables. The inclusion of a free serfa

in flow simulations is thought to be important teetaccurate modelling of the flow field in, and

around, an array of turbines, as energy extrackeaus to deformation of the free surface and
subsequent changes in the pressure and velocitipditons around the turbines.

Such a boundary condition is also critical if tm#iuence of surface waves on the turbines is to be
investigated. If the simplest approach of usingigid lid” is to be avoided a number of approaches
available, including: Surface Fitting [1], Densiynction [2], Front-Tracking [3], Smoothed Particle
Hydrodynamics [4], Volume of Fluid (VOF) [5], Fregurface Capturing [6] and Level Set Method
[7,8]. Most of these approaches simplify the flpyoblem and the computational requirements by
considering only the liquid-component (modelling tias component by a numerical vacuum).

Modelling methods involving surface-fitting [1] henadvantages of speed but lack complexity since
the free surface is treated as a moving upper Byndt therefore has limited application to simple
free surface modelling with little skewnés&e-gridding and interpolation methods can avdie t
effects associated with grid skewness at the miceccuracy. Other effects of wave breaKiognnot

be modelled with this method due its inability feesify an explicit boundary at the interface of a
breaking wave [11].

The use of marker functions like a volume or sigdedfance function with surface-tracking schemes
such as VoF or Level Set may be employed to ddfiedocation of the free surface. As result these
methods can model wave breaking but each methodshasiitations. With VoF, the location of the
free surface will involve reconstruction from thelwme fraction. Unfortunately, VoF needs to employ
a specific reconstruction algorithm for a particuépplication, such open channel flow or mould
filling. There is also the extra problem of a largenber of grid cells needed to accurately caleulla¢
free surface curvature.

! The term skewness refers to angle between theneotmal of the cell face between two neighboudatis and the line
vector connecting their centres [10].
Z Water-air interactions are of significance in wawvedelling particularly with overtopping [11].

Not to be disclosed other than in line with thersiof the Technology Contract
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Lagrangian Grid Methods [15] which are imbeddedhi& moving surface are an efficient solution
to effective free surface definition but are unatadetrack surfaces that break up or intersect. Othe
approaches such as Smoothed Particle Hydrodynd®irRid) involving a large number of Lagrangian
particles suffer poor free surface definition uslemploying a large number of particles, which nsake
the method computationally inefficient.

The approach adopted here is to employ a Levehd@atoach to free surface calculations adopting the
boundary condition as laid out in Watanabe et &l.[The reasons for this choice are born out of
numerical efficiency in free surface calculation ofirvature and location without resorting
parameterising these objects. With the Level Sehatk the location of the free surface is defingd b
the zero contour of a signed distance functionng/$his approach has the advantage of representing
the discontinuous properties such as density imgeof a continuous function. The Level Set (LS)
method main advantages over VoF are better sudafieition without the empiricism of a specific
reconstruction algorithm for a particular applioati Mass conservation with LS, which is
automatically met with VoF, has to be achieveddyistancing techniques, discussed later.

2.1The Level Set Method

The Level Set Method is a surface-tracking scherhiglwuses a marker functiagnknown as signed
distanced from the interfa& wherebyp= 0. The evolution of marker function, also knovenaalevel
Set given as

%0 +ifag) =0, 1)(
where U = (ux,uy,uz) is the interface velocity in the three dimensioif@l field Q. Both the level set

function and the velocity field are functions(gft),x0Q,t >0. In this project the Code_Saturne

solver is employed and the Navier-Stokes equataperating in the kernel of the programme will
supply the updated interface velocity at each twtep. Unfortunatelyy is not maintained with
reference to conservation laws and therefore the geiso-surface will propagate at the incorrect
speed, which means that a mass conservation eiltavoeur at the moving interface. To correct this
fault re-distancing methods have been introduceatl some as elaborate as level-set- based adaptive
Characteristics-Based Matching method [17], whiokolves the use Adaptive Mesh Refinement
applied in the main flow transport solver and tledl Set Method combined. The usual approach to
perform re-distancing would involve high-order fenidifference schemes, such as high-order
essentially non-oscillatory (ENO) schemes like Haonian-Jacobi Partial Differential equations [7, 8
19]. Unfortunately the method of re-distancimgs not local enough to each cell centre area withe
flow field. For this reason the author selectedapproach of Ausas et al [18] which lends itselfiwge
unstructured grids as is case with Code_Saturne.

If the Level Setp met the conservation mass requirement it would dpgaleto the sign distance
functiong . Unfortunately, a correction to the Level Set is needed

® The explanation as to why re-distancing is need#ith is indicated in Equation (2), is the mosaegelly adopted
description of the re-distancing process see reée®[7,8,16,18]

Not to be disclosed other than in line with thersiof the Technology Contract
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p=¢ +y 2)(

In Figure 1 the signed distanced functipris defined, which is the closest signed distanc#a¢ozero
isocontourS,, in which y belongs to the zero isocontour for a given pairgpacex

(%) =sig{p(x)] min|% - 3)

2.2 The Ghost Fluid Method

Single phase Eulerian schemes perform adequatelyn@st situations with gases involving large
deformations. With multi-phase Eulerian schemes,rdgion near each interface will experience non-
physical oscillations in the Navier Stokes caldola, due to the density profile being smearedaout

the radical change in equation of state acrossrédg®n. With Lagrangian schemes these oscillations
will not occur, since density profiles are not sneglaout and equations of state are still valid @ah
point. The Ghost Fluid method (GFM) proposed by Khedet al [19, 20] both Eulerian and
Langrangian schemes are combined. By consideriagntiter-air interface region, we can solve for
water by replacing the air region near the intexfadcth ghost water that acts like the air in evaeny
(same pressure and velocity as air) but appeatsetwater (same entropy as water). As a result,
boundary conditions are captured appropriatelyneregion narrow band region as seen in Figure 10.
The GFM therefore becomes a one phase problemusethe ghost fluids behave consistently with
the real fluids they are replacing, and also h&meesame entropy as the real fluid that is not p=ula
For this reason a GFM approach was applied to riee $urface boundary problem discussed in this
report.The free interface between fluids is tracked witk Level Set approach, which was discussed
earlier. The jump conditions at the interface foegsure and velocity are imposed by GFM. The re-
distancing discussed in 2.1 would allow GFM to werkperly with the Level Set method in Code
Saturne as long as the air region above ghost fegibn is not allowed to update itself in terms of
pressure and velocity, i.eii/ot =0 andaP/at=0, for the air region indicated as region B in FegdO. In
Figure 8, the ghost cells are selected a distgnedl| above the free surface shown as white triangles.
The jump conditions for GFM were developed in Katal. [20]. The discontinuous derivatives for
velocity and pressure across a sharp interfacedastwegions A and B are defined discretely in the
narrow band shown in figure 10 as

[P]-AfJu(O0u+ (0a))].A =0k’ (4)
tlu (Oa+@u))la=o0 (5)
la]=qa (6)

where[.] = () — ()r represents the jump in general quantity acros&réeesurface in the narrow band
region indicated in Figure 10. Quantity)§ represent the ghost cell quantigyfrom a point in the red
band region of the narrow band as indicated inrégli0. In figure 8, the ghost quantity)§ is
associated with the white triangles while imagemity (v)r is associated with the blue triangles.

Not to be disclosed other than in line with thersiof the Technology Contract
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Pressure gefined in equation (4) needs to be ateddar as when solving the Poisson equation. This
involves p ] across the free surface as

[p'l1-20tA[p (00 + (0Da)).A=Atox’ (7)

For the purpose of deliverable D2, the above mdada been simplified to an inviscid situation
whereby for the free surfacgs ando are treated as negligible quantities. As a resqgitations (4)
becomes

[F=0, (®)

with equations (5) and (7) not used. This indisateat pressure and velocities are continuous scros
the free surface such that for pressiteg € (P)r and ()c = (0)r

3 Methodology

3.1 Introduction

In this section the methodology behind free surfavedelling is presented involving the
implementation of an unsteady upstream boundargiton. As discussed previously in section 2.1,
the preference for a re-distancing method invohangeometric mass preserving approach for level set
function is born out the fact that correction te S, expressed in equation (2), is more localiped
cell centres as compared to the usual Partial @ifiigal Equation-based approach for re-distancing
[7,8,18]. Section 3.2 gives a detailed accounhefrhethod.

Once re-distancing is completed the free surfa¢ectwis also the isocontour of the now corrected LS
at ¢ = 0, will now be used in the calculation of thefaoe normalj and curvaturec, as given in
equations (9) and (10).

oy (9)

A =
0 ¢
k'=0.A (10)

These are important geometric features of the steéace which play an important part in the Ghost
Fluid Method (see section 2.2). Equations (4)aftd (7) for the jump conditions developed in Kahg e
al[20]. In section 3.3 the numerical methodologyiscussed in more detail. Further to this, we can
also find the unit tangential vector to the fredate{ in 2D flow. Again this is important in Equation
(5) as we are considering a non-zero shear sttebe &ree surface. This can be found simply by the
cross product of the normal to the free surfacethadormal to the 2D flow field (Equation (11))

f=nA0K, (11)
Not to be disclosed other than in line with thersiof the Technology Contract
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wherek is the unit normal to the 2D flow field. In the easf 3D flow the nearest flow velocity to the
free surface is taken f@r, while the secondinit vectorg isthe cross product of andg , that is

u nearest - ( n'lj nearest) n

f= -
A.0

(12)

nearest

=fCn (13)

Ny

From the GFM described later in section 3.4 theaggion at the free surface of zero shear sitgss

0 and zero surface tensian= 0 renders tangential quantitiesnd § redundant for D2 cases . In later
deliverables, the shear stress at the free susditde non-zero which will involvef in the more
advanced GFMalong with the second free surface tangemntit vector§ in the case of 3D flow. The
method by which the slop§¢ has been calculated in the author's modules iscbasegradient

smoothing method,(GSM) [22,23]. GSM is based oredjence theorem and is discussed in more
detail in section 3.3.

After the calculation of slope and curvature atfsurface, the Ghost Fluid Method can be applied a
the particular time stept. The GFM is applied to the narrow band regionpyam as red in figure 10).

In the narrow band region values of pressure ahatcitg calculated from the image points, as shown
in blue triangles in figure 8, are simply passe@row the respective ghost points, shown as white
triangles in figure 8. The ghost points populaeried band region of the narrow band region as show
in figure 10, while the image points holding thalrealues populate the green band region of the
narrow band. Finally, implementing an unsteady ngash boundary condition is possible through
moduleuscLi M f 90. In this module different velocity and pressurefipes can be entered through the
inlet boundary at different positions along the hdary at each time steft, sinceuscLI M f90 IS
referred to at the beginning of every time stepe(Section 3.5 for details).

To recap on the entire process of implementingea-furface boundary condition using a Level Set
method with a GFM solver, the following is implenteah for each time steft

« A single scalar selected from the Code Saturne i6Used represent the sign distance funaion
which is set up across the inlet boundary wihbLi m f 90 and throughout the flow field initially with
usl Nv. f 90 and latterly updated at end of each time set udbhRor. f 90.

« The initial surface reconstructions basg@n require modification to meet mass conservation
through the process of re-distancing. Again thiaakieved initially withusi nv. f 90 and subsequently
with usPray. f 90.

» After re-distancing, geometric attributes of thevevgurface are calculated, ijgetc.

* Finally, the values of ghost values of velocity gmmdsure are updated ready for the next time step
At.

Not to be disclosed other than in line with thersiof the Technology Contract
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3.2 Calculation of Level set with re-distancing

In the implementation of the geometric mass-prasgrre-distancing approach [18], adjustments to
are confined to a narrow band of primary neighbaells about the computed zero isocontour. These
are shown in Figure 4 as red cells, which amoumitsne cell either side of the isocontour. There are
also a set of secondary, or ‘halo’ cells, showpiitk that surround the primary cells. These proade
means of primary- to- secondary cell exchange essthtontour changes position at each time step.

In order for Code Saturne to achieve this degreeoofrol over each cell in the flow field the autho
have had to develop a method to determine the ctimitg of a cell with the locally surrounding
neighbour cells. This information is not storedemially in Code Saturne which represents the grid
using an edge and volume list. A Fortran-90 moduds been developed which derives the
connectivity information from the edge list in tharrow band of cells surrounding the zero-isocontou
Based on this derived connectivity information, ed ef primary and secondary cells is generated
forming the narrow band object seen in Figure 3 Tight and dark blue cells form the set of primary
cells with the isocontour at the interface betwkgimt and dark cells. The light green cells are llai
cells. This forms the basis of each indexed narpawd object that finally forms a spine of narrow
band objects as seen in Figure 4.

As the simulated time advances each narrow baretowjll inhabit different neighbouring cells agth
scalar values given at the cell centres changes dltérs the position of the narrow band trackimg t
interface.

As stated previously the changegrat each cell centre will arise both from advectidri and from
the secondary influence from re-distancingpofThe process by which is corrected can be outlined
briefly if we consider any cluster of narrow banbjext nodes such that part of the isocontdyr

involved will be a subset of the setioSimplexes involved where theirvalues change sign.

1 The centres of the Finite Volume cells used intthasportation algorithm to calculageform the
vertices of the triangulation required for the istaincing algorithm. In Figure 5, the reconstructal
isocontour S, from calculated values will provide the means to calculate the signedadtise function

¢ at each node in the narrow band. The disagreebsween these values form the basis to calculate
the mass correction functign as given equation (2)

2 To obtain the mass correction, a piecewise-coh$taaction sk is found for each simplex formed
out of first neighbour cell centres of the nardoand objects. The difference in volumes defined by
ande would be corrected at each simplex K such that

AVi(p, ¢ +nk) =0. (11)

where\V is defined as follows

Not to be disclosed other than in line with thersiof the Technology Contract
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AV (p(R).¢" (%) +1, )= [[H(e() - Hp" (%) +n, ) rex (12)

whereH(s) is the Heaviside function in order that the fuowtis unity if

s> 0 and zero otherwise. The valuejeis then determined by a false position method taialyk for
that particular simplex.Ultimately, considering\V for the set ofx simplices in this region would
suggest a set of simplex-wide solutiongef

av(pe )= &AVK (#4) (13)
In view of the discontinuous nature:af a node wide solutiodi, is sought at each node |

3 The simplex wise contributiong at each node of the first neighbour cells, whighapart of the
simplexes in the narrow band, are then averageadat node to provide a node-wise correction such
that

£ (14)
Y zcgl (15)

whereN; is the number of simplexes that contain the nogibich thek™ simplex is a part of, an@d
the constant that preserves the mass conservdtiprgtobally such that

AV(g, 4" +CE)=0 (16)
The solution of equation (16) to fir€lagain involves a false position method.

4 The mass corrected valuesgfimongst all nodes of the first neighbour celld widw provide a
boundary condition for the re-initialisation @fon the rest of the mesh points in the halo céllae
consider just the halo cells with positive, for say &1 set of halo nodes in whichJO, we use a
distance along an edge approximation suchifeuch that

G(X)=min[@(X)+|X +X[] f17

whereC, is a set of nodes that are connedteut 1" node is not included in th@ set of nodes but
C O (PD D), P being the set of nodes associated witiimplexes. Equation (17) provides an edge
distance approximation. For each simplex, and &whenode J of the simplex at positDZ’)@, @ is

interpolated linearly on the opposite fad€é ( see Figure 6), using the current values atnibees
generated by the earlier stage involving the fissghbour cells. Then, a tentative new vajyat node
Jis calculated such that

n.=mn [¢(X)+ X +X]] (18)

Not to be disclosed other than in line with thersiof the Technology Contract
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8(X,)=n, it 8(X,)>n, (19)

5 As a result of the re-distancing routine given ahaome of the primary and secondary neighbour
cells of the narrow band have altered. New cellshvaive to be inhabited and old cells evacuated as
result of the change in position of the isocontdune result of re-distancing can be seen in figii{e$
and 7(b) showing a map @ﬂ over the flow field from the submerged 2D cylindkr the narrow

band region surrounding the isocontour gor 0, indicated as a black wavy line, mass consienvas
maintained. This indicated tm ¢‘ =1, seen as light green regions in figure 7(fthke case where no

re-distancing is done, as shown in Figure 7(a)e,iflocontour is not surrounded by the light green
mapping as much as is the case with Figure 7(b).

3.3 Calculation of slope and the curvature att  he free surface

If we consider the particular position on the feface indicated by a green dot in Figure 8, the
process to calculate the normal at this point mesltwo sets oNs stencils formed above and below
the green dot. If we define the slope at the gonwhich is seen on Figure 8, indicatedqits value

will be the mean ofs calculated from each of these twg stencils. (Note in figure 9 shows &

stencil forq above the free surface). Hence fiove get

A= ((A),+(A,),) 2 (18)

To calculate the gradiem¢ at thej™ node, which is the parent cell of one the setgdtencils near a

free surface position, has used a Gradient Smaptiiethod (GSM) approach as outlined by Barth et
al and Liu et al [22-23] is used. The GSM approastd by the author involves using neighbouring
nodes F, (where F = For F,, ...) as shown in Figure 9. This requires a 9 cell stdaci2D flow, or a

27 cell stencil for 3D flow. Applying Divergenceénh@&orem to the 9 or 27 cell stencil scheme we get fo
0¢;

O0¢ =lm -1 jdsg =~ -~ S Aas(p +¢) 2 (49
: I S : i S\ i i+1 .
i '?Q,TJ A Q As A A i1 i i i i

whereAQ is the volume of fluid contained in the pink regiof theNs cell stencil AA is the total outer
surface area of this regiop, is the surface normal of a discretized surfacéoreg\s' LI AA. (Note

scalam),-i at node is part of theéNs-1 nodes of thé\s cell stencil, which forms part of in the trapezaid
integration method approximating line-integration).

Not to be disclosed other than in line with thertesof the Technology Contract
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The slope calculated in Equation (14) suffers nucaéroscillation effects in an unstructured mesh
scheme [22, 23]. To prevent these oscillations, ldngest allowable value of limite# is sought,
which imposes a “monotonicity principle” on the mahted slope values af at thej™ free surface
position. This mean#{ must not exceed the extrema of mbfrom the neighbouring nodes which
includes the parent nodes. To find this we start by calculating™ and g™ from each of the
neighbouring nodes scalar associated withode of theNsstencil i.e

g™ =min(@™, ¢') ofi = 1,Ns (20)
™ = max@"", ¢' ) ofi = 1,Ns (21)

The next stage is to consider the valuqzb,-bi_at each mid point on the line connecting a neighing
node the central nodé; which has value of/ = g™, i.e. ™0 = (4’ + /2. Now if the solution of
limiter is found at these\g — 1) mid-points on the parent cell boundary we get

max _ 4 mid (i)
min [1|Zmid](i)¢_] ¢Ns ] if (¢jmid'¢JNS)>0
J J
min ,ijn.d f¢TidN(i)] if (4™-¢)<0 j=1 22
Wi = ¢T'1(')‘¢is N (22)
/=
if (¢jmid' ¢JNS) =0
Finally the limiter for thg™ free surface position becomes
W :min(¢jmid(l)’ ¢Jmid(2)’““, ¢jmid(i),““, ¢jmid(Ns—13 (23)

Therefore the modification to the expression fer $stope in equation (14) now becomes

¢ = Mi:ﬁf _lﬁ iJ‘Asij(¢ Lt ij+1)/ 2 (24)

AA 1 :
The above GSM is similar to what is available id€E®aturne in the form of the functigrdcel. The
grdcel function can offer either an iterative GSM or Lie§guare method to calculating the gradient. Téis i
achieved by setting the appropriate value for tgableIMGRA Unfortunatelygrdcel does not guarantee the
speed of calculation or numerical stability thas baen described above involving GSM. Only furthierk will
determine ifgrdcel can effectively replace the author’s initial apmb to calculating(ﬁ ) near the free

lor2

surface.

3.4 Calculation methodology for the Ghost Fluid Method
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In figure 8, the free surface normasare known at certain boundary points indicated ey dots.
Fortunately 3 from a given green dot can also apply approximatelyhe actual normal at a free
surface position indicated by black dot. (The bldok free surface position is formed by the normal
line through the cell centre position above the fsarface, which indicated by a white triangle and
called a ghost point). These ghost points will neegressure and velocity values from the image
positions. From section 2.2 the simplified GFM bagn described which states that these interpolated
values found at the image positions are simplyi@adrover to the ghost positions indicated as white
triangles. These image values are calculated fremtable bilinear interpolation method appliedHe
nodes surrounding each image point indicated dyeatbangle in Figure 8.

In Figure 8, nodes 1 to 4 that surround a particnteage point are shown. The grid shown as red grid
lines will generally be an unstructured grid. Fbistpurpose, the author has used a geometrically
isotropic bilinear interpolation scheme based dri-eubic interpolation scheme proposed by li et al
[25] for each image point. This means that threieodthe four nodes which surround the image point
are selected. The bilinear interpolation schemeéallbw velocity or pressure values to be founchgsi
the linear polynomial

w(x,y) =Coo+ Cor X + Cio Y, (25)

whereCyo , Co1 and C,o are the coefficients of interpolation triangle moufrom three of the four
points as seen in Figure 8 such that

Coo l Xl yl B w1
C.|=11 % v.| |¥, , (26)
C 1 X Vs w

wherey may be a velocity or pressufeor 3D flow this would involve trilinear interpolah scheme
similar to what has been described above, excepiatietrahedral interpolation box would be selécte
out of a hexahedral capture box containing the ar@agnt forg(x, y, 3. The eight corner points of the
hexahedral capture box are made up from the caetre® of cells surrounding the image point, such
that

w(X,y,2 =Coo+ Cor X+ Cioy +C112 (27)

From the above interpolation scheme, the pres®)reand velocity (1)r found at the image points
below the free surface will allow the ghost pressamd velocity values to be found at the ghosttpoin
from P)c = P)r and (1)c = (u)r. These new values will populate those ghost cetitpacovering
the red band region (Figure 10) of the narrow bsingh straddling the newly calculated free surface,
shown as a black line. The green strip is the regmpulated with the image points necessary fran th
GFM. The pressure$fr are only the reduced pressure values and nobtakpressures.
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3.5 Implementing unsteady upstream boundary con  dition

In the USCLIM.f90 module, the velocity profiles canplemented over the prescribed inlet face. The
standard boundary condition is usually a zero-flardition for pressure and a Dirichlet condition f

all other variables. To set a Dirichlet conditiofor the velocity over the inlet, the functions
icodcl(ifac,ivar)=1 and rcodcl(ifac, ivar, 1) aread. Where ivar is equal to either iu(iphase)pivéise)

and iw(iphase) for the respective 3D velocity comgrads that have been specified at inlet face ifac a
time t for a given phase iphase. In case of thegdtigation iphase =1 since the GFM has reduced the
two water air interface problem to a single phasdlem.

4 Methodology

4.1 Areview on previous connectivity modeling

The internal representation of the grid within Co8aturne has presented some difficulties. The
solver represents the unstructured grid usingteofifaces with pointers to the left and right qoht
volumes, rather than providing a list of controluraes together with their connectivity informatias
required by the re-distancing algorithm. The fe&ige of implementation has therefore required the
development of a set of library routines to compine connectivity information for the halo cells
surrounding the interface from the face connegtiNgt. These routines have been implemented withi
the CONNECTIVITY Fortran-90 module coded into theegmble of the user routines. Face
connectivity information provided by the NBCELL dadtructure is processed to find adjacent control
volumes and from these, a set of simplexes is oacted. Since the grid used is fully unstructuted,

list of control volumes computed has no implicitler and so must be sorted before re-distancing can
be performed.

Below is a sample of code taken from the €ig NI v. f 90, which constructs the connectivity between
a given cell of indexel and in this case 1 to six neighbour cells assediatith each 3D hexahedra
grid,

I Bui I di ng connectivity between particular indexed cell in the flowfield and

lits local neighbour cells. For a hexahedral cell this involves 6 neighbours
|

do ifac = 1, nfac
iell = ifacel (1, ifac)
iel2 = ifacel (2,ifac)
switchl = .true.
switch2 = .true
doi =1, 6
if ((switchl).and.(con(iell,i).eq.(-ihuge) )) then
con(iell,i) = ifac
switchl = .fal se
endi f

if ((switch2).and.(con(iel2,i).eq.(-ihuge) )) then
Not to be disclosed other than in line with thertesof the Technology Contract
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con(iel2,i) = ifac
swtch2 = .fal se
endi f
enddo
enddo

The connectivity functiorcon(iel,i) developed by the author provides the necessaryepsoof
indexed cell— local face connectivity, for a given cell index and a randomly selected cell face
To complete the process of indexed eelllocal face— local neighbour cell connectivity an extra
piece of coding was needed in the form of anotlmemectivity function developed by the author
known asbcel | (iel,i). In this initial coding exercise, it has beengetspecifically to deal with only
three dimensional hexahedral meshing by havingntimeber of cell faces restricted to six. In thetnex
stage of development the code will be upgradeddetrany general unstructured polyhedral mesh.

4.2 Areview on previous Re-Distancing modeling

The re-distancing algorithm has been implementeseweral of the user routines, which provide an
interface to the main Code_Saturne solver. TheirreuiscLI M f 90, which sets up the boundary
conditions for the flow, has been modified to allpvoperly-distanced values ofto be introduced
through an inflow boundary. This routine does ne¢ahto make use of connectivity information since
it is applied only to boundary faces. The routusenv. f 90 sets up the initial values of the level-set
across the entire fluid domain and containsatecti vi Ty module described abowvesi Nv. £ 90, also

sets up the initial data structure containing tagraw band cells surrounding the zero-contour ef th
scalar variable. The initial configuration of tharrow band is set up about the specified isocontour
position for time zero by using a set of narrowdande elements as seen in Figure 3. These elements
finally form a spine of narrow band elements aswshon Figure 4a. Each narrow band element
consists of two primary cells, which are positioregither side of the particular part of the isocamto

In addition there are also halo cells either sitl¢he primary. As model time advances, the value of
Level Sety will change in accordance with the transport modetl the re-distancing algorithm
(section 3.2). At the end of each time stsprau. f90 is called. In this subroutine, the re-distancing
algorithm is given, and implements the geometricssnpreserving algorithm [1]. This algorithm
monitors and updates the narrow band data struesitee free surface moves across the background
mesh. The narrow band elements will adapt themseivine with these prevailing conditions as
shown Figures 4b and 7b.

The uscLi M usl N\v andusPras routines, containing self-documented source cadecontained in the
attached files.

4.3 Current programming strategy

Setting up the free surface boundary conditiorhenriarrow band region, as seen in Figures 8 and 10,
will allow the GFM to reduce the two phase problefrwind and water interaction to a one phase
problem, by the method outlined in section 2.2.sTimeans the red line region of the narrow band
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region shown in Figure 10 will be filled with watand given the ghost values of pressure and vglocit
of Plc = (P)r and () = (u)r, Where P)r and @)r values are taken from the appropriate image
points in the green line region of the narrow beewlon, (Figures 8 and 10). Usually the region &ov
narrow band region, seen as region B in FigureidQot allowed to be updated by the solver,
otherwise the solver will interfere with the GFMopess and may cause numerical instabilities. This
approach is widely used in free surface flow saver segregated heterogeneous fluids for reasbns o
computational efficiency.

The implementation of this approach has provenadiff due to the nature of Code Saturne’s kernel
and the lack of available detailed documentation tbe kernel's structure. To implement the
“numerical vacuum” approach the solver either loalse prevented from updating the flow solution for
cells containing air, wherg <0, or the momentum and pressure equations inrdg®n must be
modified to

(28)

R
g -

As an alternative to this approach a stratifieavflnethod will be considered making the field dgnait
function of the prevailing Level Set scald@r This should allow Code_Saturne to process theeent
flow field in a stable manner, without numericastability issues occurring in the calculation.Hbsld
also allow the required GFM process to be performate narrow band region, as required for correct
free surface modelling. Testing of this approachktill on-going, and results will be presentediB
The geometrically isotropic bilinear interpolatisasheme has involved significant coding with a kd-
tree routine to select the appropriate four nodssseen in figure 8, with a matrix inversion roatin
required for equation (26). So far, this approazltdding the interpolation process required for the
image point seen in figure 8 has been stable.

5. New Modules

To address the connectivity issues highlighted @cti®n 4 a set of new library routines has been
implemented in theconnecti vi TY module, which is held within the existing Code Usa¢ routine
usi niv. f90. The Level set method using the geometric massepving, re-distancing algorithm has
been implemented via developments to the existiodeCSaturne routines ofcLi M f 90, USI Nv. f 90,
USPROF. f 90 and USI NI 1. f90. The source code containing tlwscLi M usiNv and usPral routines is
included on the accompanying CD with the modifimasi made under D2 highlighted.

6. Results
The re-distancing method has consistently betwekaibote with all 2D runs without causing failure. A

qualitative assessment of the re-distancing isgmtesl in figures 7a and 7b, which maintains the |
= 1 requirement near the isocontour. This is aerdsd requirement before any GFM is conducted.
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Test work with the new code associated with thesBRtuid Method has been stable, particularly with
the geometrically isotropic bilinear interpolatisnoheme, but verification with experimental data has
not yet been performed.

7. Conclusions

The work package objective ®G3 WP2 D2was to implemena Level-Set free surfagmodel capable
of performing a free-surface boundary condition amdteady upstream boundary condition with
Code_Saturne. So far, significant progress has begle to achieve this, but further work is needed o
the stratified field approach as a work-aroundhi® dbstacles associated with the inaccessibilithef
kernel of Code_Saturne. The success of this wilctreered in the next deliverable of D3 through
verification with experimental data.

In the last deliverable D1, cell connectivity arddistancing were achieved with its success seen |
figure 7. The major developments since D1 have beetnding the Gradient Smoothing Method,
which is necessary for the calculation of geomdtatures of the free surface, and coding the Ghost
Fluid Method. The GFM has proven difficult to acheein view of the lack of advice available to
reprogram the kernel of Code Saturne in the waylighted in section 4.3. The geometrically
isotropic, bilinear interpolation scheme employadhe GFM has shown itself to be a stable method.
The stratified flow approach will need some careatoid issues with numerical stability near the
interface region of the flow field.

To demonstrate the required functionality of thedifications featured in this deliverable, a setadts

is planned as indicated in Figure 11. The resdltbese tests form the main content of deliver&le
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Zero-level set of ¢

N

Figure 1: The definition of the signed distancection ¢* (Image based on reference [15])

| e

A

B, s

iel

Figure 2: Sorting neighbour cells surrounding cerdell “iel” with attributed angle between vector® and

B which pass though the centre of these neighbols. cel

Figure 3: Schematic drawing of the finite volumeadetization cells, (shown in dotted lines), anel dlssociated
triangulation, (shown in black lines lines), foetke-distancing algorithm [18]
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Figure 4: A narrow band evolution with time withdBFM involved: The dark red cells form the set dfrary
cells, with the isocontour between the two horiabiiands of dark red cells. The light red being bt cells
with the blue line being the isocontour trackingtreamline att =0 and t > 0.
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Jor transport algerithm
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Figure 5: Schematic drawing of the finite volumealéetization cells, (shown in dotted lines), and th
associated triangulation, (shown in black linesdin for the re-distancing algorithm [18]
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(a) Without re-distancing (b) With re-distancing

Figure 7: Map oft ¢ | for level set calculation with and without re-disting. The black thin wavy lines

shown in (a) and (b) are the iso-contours at tirieg 100. The colour range on each graph is from
D¢|=0.9 tgl0g|=1.05

¥

Figure 8.Ghost-cell scheme. (Black circterepresents the free-surface boundary point whilenthite-green
and blue triangles represent the ghost and imaigsp@spectively.)
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Figure 9: Nine cell stencil indicated in pink fdret calculation of 0¢ using a Gradient Smoothing
Method at point Fon the free surface shown as a blue line.

Figure 10: Regions in the water/air flow field: edon A (water), narrow band region (red and green
lines), calculated free surface (black line betwtenread and green lines) and region B (air).
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Figure 11 Details of verifications tests for D3
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