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The solutions obtained for low-Reynolds number incompress ible ows using the same
ow solver and solution technique on body- tted, embedded s urface and immersed body
grids of similar size are compared. The cases considered are a sphere at Re =100 and a
stented aneurysm. It is found that the solutions using all of these techniques converge to
the same grid-independent solution. On coarser grids, the e ect of higher-order boundary
conditions is noticeable. Therefore, if the manual labour r equired to set up a body- tted
domain is excessive (as is often the case for patient-speci c geometries with medical de-
vices), and/or computing resources are plentiful, the embe dded surface and immersed body

approaches become very attractive options.

[. INTRODUCTION

With the advent of robust, accurate ow solvers and automatic grid generators, the task of de ning
quickly a ow domain and the required boundary conditions has become a considerable bottleneck for
many numerical simulations. Presently, interactive desigh of medical devices governed by haemodynamic
(blood ow) phenomena, which requires the solution of the incompressible Navier-Stokes equations in complex
3-D domains, is hindered by this key issue. For so-called bad tted grids, the surface de nition must be
water-tight, and any kind of geometrical singularity, as well as small angles, should be avoided in order
to generate a mesh of high quality. This typically presents o problems if the de nition of the structure
emanates from a CAD package. However, in most patient-sped cases the surface data stems from medical
images, onto which medical devices such as stents or coils stube superposed. Generating body- tted
grids for such con gurations has been attempted in the past®>37:4°, but remains labor intensive and error
prone. An alternative is to use grids that are not body-confaming, and simply “embed' the triangulations
of the wetted surfaces of the medical devices in them. Techgues of this kind are also known as immersed,
embedded, ctitious domain or Cartesian methods. The treatment of points and elements in the vicinity
of the embedded triangulations or bodies is modi ed in such away that the required kinetic or kinematic
boundary conditions are properly imposed-%11.13.15,17,18,30,31,33{36,38,41 An embedded technique of this
type, combined with adaptive unstructured grids, has been pirsued by the authors for a number of years for
medical device modeling'?®. The essential elements of this technique may be summarizeas follows:

- The key modi cation of the original, body tted edge-based solver was the removal of all geometry-
parameters (essentially the area normals) belonging to edgs cut by embedded surface faces;

- Higher-order boundary conditions are achieved by duplicéing crossed edges and their endpoints, or by
extrapolating values and gradients from inside the domaingo the surface;
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- Geometric resolution and solution accuracy may be enhanakby adaptive mesh re nement that is
based on the proximity to or the curvature of the embedded CSDsurfaces; and

- In order to save work, user-de ned or automatic deactivation for regions inside immersed solid bodies
is employed.

Naturally, the question arises as to how accurate these emlakeled techniques are, and whether they could be
used for those cases where manual labour is expected to be pibitively high.

To this end, low-Reynolds number past a sphere - a well docunmged testcase - was analyzed. The case
was run with the same solver and code, exercizing the body-ted, embedded-mesh and immersed-body
options. Pressure and velocity data was compared. The compgson of di erent methods was then extended
to a realistic patient-speci c case. As before, the resultobtained with the body- tted, embedded-mesh and
immersed-body options were compared.

The remainder of the paper is organized as follows: Section &escribes the overall methodology and algo-
rithms used for incompressible ow calculations. Sections3,4 detail the embedded-mesh and immersed-body
techniques used. Section 5 shows the comparison of severalavant runs, and discusses the implications.
Some conclusions and an outlook are given in Section 6.

1. METHODOLOGY

Any CFD run proceeds through the following stages:
- Pre-Processing

- Grid Generation

- Flow Solver

- Post-Processing

In the pre-processing phase, the data and boundary condities are acquired and de ned, the desired mesh
size is speci ed and all run-time les are prepared. For the gplications shown here, these tasks were carried
out with the special pre-processor ZHEMQ that is taylored to patient-speci ¢ haemodynamic problems,
and the more general-purpose CFD pre-processor FECAT. ZHEMO is employed to acquire, process and
segment the medical images, and to de ne the overall computdonal domain. FECAD is used to de ne the
boundary conditions for the CFD solver, and to de ne the spatial variation of mesh size. For embedded grids
or immersed bodies, the (discrete) surface data is acquiredand the mesh in the region of the embedded or
immersed object is automatically speci ed to be small enouy. An advantage of the present methodology
is that the embedded, immersed and body- tted approaches mg be combined in a single run. Thus, the
arterial walls (and domains) are treated using the body- tt ed methodology, while medical devices such as
stents and coils are treated using the embedded or immersedpton. The computational domain is then
lled with tetrahedral elements of speci ed size by using FEGEN, which incorporates the advancing front
technique'®22. For the ow solver, a fractional step, projection-type ni te element solvef3?>28 s used.
Post-processing is carried out using FEPOST or ZFEM'2° as well as several x/y plotting tools such as
gnuplot. All the pre- and post-processing, as well as any rurrequiring less than 4 Mtet elements are run on
the PC, allowing for full integration under a single graphical user interface (GUI).

1. EMBEDDED MESH TECHNIQUES

In what follows, we denote by CSD faces the surface of the obgtthat is embedded. We implicitly assume
that this information is given by a triangulation, which typ ically is obtained from a CAD package via STL
les, but may also originate from remote sensing data, medial images or from a Computational Structural
Dynamics (CSD) code - hence the name - in coupled uid-structire applications. For immersed methods we
assume that the embedded object is given by a tetrahedral més
Embedded grids are treated by imposing appropriatekinematic boundary conditions for the uid nodes
close to the embedded surfaces. Depending on the requireddar of accuracy and simplicity, a rst or
second-order (higher-order) scheme may be chosen to applyé kinematic boundary conditions. Figure 1
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illustrates the basic di erence between these approachedNote that in both cases the treatment of in nitely
thin surfaces with uid on both sides (e.g. membranes) is staightforward.

AN CFD Mesh

\ CFD Mesh /W
W W\ 5D Surface
W CSD Surface

AN CFD Mesh

\ N CFD Mesh W
+

. >A CSD Surface

CSD Surface CSD Surface

Figure 1: 1st/2nd Order Treatment of Embedded Surfaces

A rst-order scheme may be achieved by:
- Eliminating the edges crossing the embedded surface;
- Forming boundary coe cients to achieve ux balance;

- Applying boundary conditions for the end-points of the crossed edges based on the normals of the
embedded surface.

A second-order scheme may be obtained by:
- Duplicating the edges crossing the embedded surface;
- Duplicating the end-points of crossed edges;

- Applying boundary conditions for the end-points of the crossed edges based on the normals of the
embedded surface.

Note that in either case CFD edges crossed by CSD faces are miaatl/duplicated.

3.1 Determination of Crossed Edges

Given the CSD triangulation and the CFD mesh, the rst step is to nd the CFD edges cut by CSD faces.
This is performed by building a fast spatial search data stricture, such as an octree or a bin for the CSD
faces. Without loss of generality, let us assume an octree fahe CSD faces. Then, a (parallel) loop is
performed over the edges. For each edge, the bounding box ofi¢ edge is built. From the octree, all the
faces in the region of the bounding box are found. This is fowed by an in-depth test to determine which
faces cross the given edge. The crossing face closest to eathhe edge end-nodes is stored. This allows to
resolve cases of thin gaps or cusps. Once the faces crossidges are found, the closest face to the end-points
of crossed edges is also stored. This information is requidleto apply boundary conditions for the points
close to the embedded surface. For cases where the embeddedfaces only cut a small portion the the CFD
edges, a considerable speedup can be realized by removingrfr the list of edges tested all those that fall
outside the global bounding box of the CSD faces. The resultig list of edges to be tested in depth may be
reduced further by removing all edges whose bounding boxesodnot fall into an octree or bin covering that
spatial region. One typically nds that the list of edges to be tested in detail has been reduced by an order
of magnitude.

3.2 First Order Treatment

The rst order scheme is the simplest to implement. Given the CSD triangulation and the CFD mesh,
the CFD edges cut by CSD faces are found and deactivated. Coitering an arbitrary eld point i, the
time-advancement of the unknownsu' for an explicit edge-based time integration scheme is giveby:
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X
MY u= t CY(R+F) (1)
i
Here C;F; M denote, respectively, the edge-coe cients, uxes and massnatrix. For any edge ij crossed by
a CSD face, the coe cients C! are set to zero. This implies that for a uniform state u = const: the balance
of uxes for interior points with cut edges will not vanish. T his is remedied by de ning a new boundary
point to impose total/normal velocities, as well as adding a boundary contribution’, resulting in:
2 3

o X .
M'" u'= t4 c! (FI + F])+ C' F|5 . (2)
i
The point-coe cients C' are obtained from the condition that u =0 for u = const: Given that gradients
(e.g. for limiting) are also constructed using a loop of the érm given by Eqn.(18.4) as:

X
Migh= " CU (u+u) ; @)

i
it would be desirable to build the C' coe cients in such a way that the constant gradient of a linear function
u can be obtained exactly. However, this is not possible, as #number of coe cients is too small. Therefore,
the gradients at the boundary are either set to zero or extraplated from the interior of the domain.
The mass-matrix M ' of points surrounded by cut edges must be modi ed to re ect the reduced volume
due to cut elements. The simplest possible modi cation ofM ' is given by the so-called “cut edge fraction'
method.

x=CA/BA

CSD Surface

Figure 2: Cut Edge Fraction

In a pass over the edges, the smallest “cut edge fraction'for all the edges surrounding a point is found (see
Figure 2). The modi ed mass-matrix is then given by:
1+ min i
—M' 4

5 )
Note that the value of the modi ed mass-matrix can never fall below half its original value, implying that
timestep sizes will always be acceptable.

M=

3.2.1 Boundary Conditions

For the new boundary points belonging to cut edges the propePDE boundary conditions are required. For
the low Re-number cases considered here, these are given by emposed velocity. For limiting and higher-
order schemes, one may also have to impose boundary conditi® on the gradients. The required surface
normal and boundary velocity are obtained directly from the closest CSD face to each of the new boundary
points.

These low-order boundary conditions may be improved by extapolating the velocity from the surface with
eld information. The location where the ow velocity is equ al to the surface velocity is the surface itself,
and not the closest boundary point. As shown in Figure 3, for ach boundary point the closest point on
the CSD face is found. Then, two (three) neighbouring eld (i.e., non-boundary) points are found and a
triangular (tetrahedral) element that contains the boundary point is formed. The velocity imposed at the
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eld point is then found by interpolation. In this way, the bo undary velocity "lags' the eld velocities by one

INAT™ AT

Figure 3: Extrapolation of Velocity
P.n

VAVANEES VAN

Figure 4: Extrapolation of Normal Pressure Gradient

The normal gradients at the boundary points can be improved ly considering the "most aligned' eld (i.e.,
non-boundary) point to the line formed by the boundary point and the closest point on the CSD face (see
Figure 4).

3.3 Higher Order Treatment

As stated before, a higher-order treatment of embedded suaices may be achieved by using ghost points or
mirrored points to compute the contribution of the crossed alges to the overall solution. This approach
presents the advantage of not requiring the modi cation of the mass matrix as all edges (even the crossed
ones) are taken into consideration. It also does not require@n extensive modi cation of the various solvers.
On the other hand, it requires more memory due to duplicationof crossed edges and points, as well as (scalar)
CPU time for renumbering/reordering arrays. Particularly for moving body problems, this may represent a
considerable CPU burden.

3.3.1 Boundary Conditions

By duplicating the edges, the points are treated in the same wy as in the original (hon-embedded) case.
The boundary conditions are imposed indirectly by mirroring and interpolating the unknowns as required.
Figure 5 depicts the contribution due to the edges surroundng point i. A CSD boundary crosses the CFD
domain. In this particular situation point j, which lies on the opposite side of the CSD face, will have to
use the ow values of its mirror image j ° based on the crossed CSD face.

CFD Mesh

/]
!

/w CSD Surface
w

i
Figure 5: Higher Order Boundary Conditions

The element used for the interpolation might either be crosed (Figure 6a) or not exist (Figure 6b). In this
case, the information interpolated is based solely on poirg that are truly inside the uid domain, discarding
the information of points that require interpolated inform ation.
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Figure 6: Problem Cases

Geometrically, this implies that the point at which the info rmation is interpolated may not be located at
the same normal distance from the wall as the point where infamation is required.

Ve
outside h 0
CSD Surface w
h;
inside
*r—>»
V.

i
Figure 7: Navier-Stokes Boundary Condition

With the notation of Figure 7, and assuming a linear interpolation of the velocities, the values are interpolated
as:

ho

w=(1 w)lVe + wVi ; w=h +h ;
0 [

(5)

_ 1 w oL
Ve = 1 WW 1 WvI : (6)
Here w is the average velocity of the crossed CSD facey; the interpolated ow velocity and the distance
factor , 0:5.

IV. IMMERSED BODY TECHNIQUE

The presence of immersed bodies is imposed in the ow eld by dding suitable force-functions. If we
consider a rigid, closed body, as sketched in Figure 8, an olus aim is to enforce, within the body, that the
uid velocity is the same as the body velocity, i.e. v = vy,. This may be accomplished by applying a force
term of the form:

f= c(vp V) (7)

for points that are inside of the body. This particular type of force function is known as the penalty force
technique? 11:14.16,32
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Immersed Body

O Force-Points
Figure 8: Kinetic Treatment of Embedded Surfaces

The penalty force technique used here follows the approachfdvlohd-Yusof®2. The usual right-hand side
for the ow equations at immersed points (or cells) is evaludged rst. Then, a force is added such that the
velocity at the next timestep satis es the kinematic boundary conditions. Writing the spatially discretized
form of the momentum equations at each point (or cell)i as:

M —Vt' =ri+fi; (8)
fi is obtained as:

flamai Y0 9)
Herew; denotes the velocity of the immersed body at the location of pint (or cell) i, and n the timestep. For
explicit timestepping schemes, this force function in e e¢ imposes the (required) velocity of the immersed
body at the new timestep. We therefore denote this treatmentof the immersed bodies as “kinetic-kinematic'.
Schemes of this kind have been used repeatedly in conjunctiowith fractional step / projection methods for
incompressible ow?11:13:14,16,32.35 "gnd recently, also for compressible ows.
While simple to program and employ, the force-based enforaaent is particularly useful if the “body thick-
ness' covers several CFD mesh elements. This is because theegsures obtained are continuous across the
embedded surface/ immersed body. This implies that for thinembedded surfaces such as membranes, where
the pressure is di erent on both sides, this method will not yield satisfactory results.

4.1 Implementation Details
The search operations required for the imposition of kinett boundary conditions are as follows:

- Given a set of CSD faces (triangulation): nd the edges of tte CFD mesh cut by CSD faces (and
possibly 1-2 layers of neighbours);

- Given a set of CSD volumes (tetrahedrization): nd the points of the CFD that fall into a CSD
tetrahedron (and possibly 1-2 layers of neighbours).

The rst of these is basically the same as required for embedeld CSD methods, and has been dealt with
extensively above. The second task may be solved in a numberf ways:

Loop over the Immersed Body Elements

Initialization:

Store all CFD mesh points in a bin, octree, or any other simiar data structure;

Loop over the immersed body elements:

Determine the bounding box of the element;

Find all points in the bounding box;
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- Detailed analysis to determine the shape function values.

Loop over the CFD Mesh Points

- Store all immersed body elements in a bin, modi ed octree, oany other similar data structure;

Loop over the CFD mesh points:

Obtain the elements in the vicinity of the point;

Detailed analysis to determine the shape function values.

In both cases, if the immersed body only covers a small portio of the CFD domain, one can reduce the list
of points stored or points checked via the bounding box of alimmersed body points. Note also that both
approaches are easily parallelized on shared memory maclas.

V. TREATMENT OF PARTICLES

A promising way to treat complex laments such as coils is to @nsider them as a collection of spherés
With the aid of automatic tools to Il space with objects of ar bitrary shape?’ the generation of coils no
longer represents a burden on the analyst. Adaptive embeddkor immersed grid techniques can be linked
to a particle representation of objects in a very natural way The host element for each one of the discrete
particles is updated every timestep and is assumed as givenAll points of host elements are marked for
additional boundary conditions. The closest particle to eaxh of these points is used as a marker. Starting
from these points, all additional points covered by particles are marked (see Figure 9).

Figure 9: Link to Discrete Particle Method

All edges touching any of the marked points are subsequentlynarked as crossed. From this point onwards,
the procedure reverts back to the usual embedded mesh techmie. The velocity of particles is imposed at
the endpoints of crossed edges. One may distinguish an "agve' (take also the points exterior to particles
as boundary points) and “conservative' (take only the poins interior to particles as boundary points) option.
Particles may also be used in conjunction with the immersed bdy technique by imposing on all points
interior to particles the velocity of the particles.

VI. RESULTS

5.1 Flow Past a Sphere

The rst case considered is shown in Figure 10. Due to symmelr considerations only a quarter of the sphere
is treated. The physical parameters were set as followsD =1, v; =(1;0;0), =1:0, =0:01, yielding a
Reynolds-number ofRe = 100. Two grids were considered: the rst had an element sizeof approximately
h = 0:0450 in the region of the sphere, while the corresponding szfor the second was = 0:0225. This led
to grids with approximately 140 Kels and 1.17 Mels respectiely. The coarse mesh surface grids for the body
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tted and embedded options are shown in Figures 10a. We impkitly assumed that the body- tted results
were more accurate and therefore considered them as the “gladtandard'. Figure 10b show the same surface
contour lines of the absolute value of the velocity, as well a the pressures, obtained for the body- tted coarse
and ne grids. Note that although some dierences are apparet, the results are quite close, indicating a
grid-converged result on the ne mesh. The drag coe cients for the two body- tted grids were given by
cp = 1:07 andcp = 1:08 respectively, in good agreement with experimental restg3®. Figures 10c-h show
the same surface contour lines for the body- tted and the di erent embedded/immersed options for the
two grids. Note that the contours are very close, and in most ases almost identical. This is particularly
noticeable for the 2nd order embedded and the immersed bodyases. Figure 10j depict the x-velocity and
pressure along the liney;z = 0 (i.e. the axis of symmetry). As seen before in the contour ines, the results
are very close, indicating that even the rst-order embeddel scheme has converged. The recirculation length
is in good agreement with other numerical result$?16.
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Figure 10a Sphere: Surface Grids (Body Fitted, Embedded/Immersed)
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Figures 10j Velocity and Pressure Along Line:y;z = 0:0 (Top: Coarse, Bottom Fine)

5.2 Aneurysm With Stent:

The second case considered is typical of medical device pietions. An idealized aneurysm in an artery is
surrounded by a stent. The intersection of the stent with the arterial walls represents a formidable challenge
to CAD-based body tted grid generation due to the presence & the di erent length scales, as well as the
sharp angles at the intersections. An alternative approachs to de ne the arterial domain using body tted
grids, and to embed or immerse the stent. The stent is represaged as a collection of spheres. The overall
domain is shown in Figure 11a. The surface of the adapted bodytted mesh, which had approximately
10 Mels, is shown in Figures 11a,b. The pressures and veloigs obtained for the embedded and immersed
approaches are shown in Figures 11c-e. Note that the resultgre almost identical. This is to be expected, as
the Reynolds-number based on the sphere diameter is beloRe = 25. From a design perspective, the e ect
of the stent is stiking: whereas without the stent a large reérculation vortex is present in the aneurysm, the
insertion of the stent achieves the desired objective of verlow velocities in the aneurysm, and reverts the
ow direction.
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Figures 11e Velocities in the Mid-Plane:z = 0:0 (Embedded and Immersed)

VIl. CONCLUSIONS AND OUTLOOK

Solutions obtained for low-Reynolds number incompressild ows using the same ow solver and solution
technique on body- tted, embedded surface and immersed bog grids of similar size have been compared.
The cases considered are a sphere &e = 100 and a stented aneurysm. It is found that the solutions
using all of these techniques converge to the same grid-ingendent solution. On coarser grids, the e ect
of higher-order boundary conditions is noticeable. Theredre, if the manual labour required to set up a
body- tted domain is excessive (as is often the case for paéint-speci c geometries with medical devices),
and/or computing resources are plentiful, the embedded suace and immersed body approaches become very
attractive options.

Given that computers will continue to increase in performarce and available memory, the prospects for the
embedded mesh and immersed body methods are very bright. Delopment of improved boundary condition
treatment remains an active area of research, and should refer these methods even more competitive.
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