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Motivation: biomedical fluid dynamics

>

Bellofiore et al., 2010

Mechanical
heart valve
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The lineage of FVPM

Junk 2001 Do finite volume methods need a
mesh?

Keck, Hietel 2005 Incompressible flow

Nestor, 2009 Incompressible, moving body
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The finite volume particle method

oU

Conservation law: 3t +[F(U) =0

Introduce a compactly supported test function {;(X):

oU B
weak form: ILU, de +£L|JiD°F(U)dX =0

Q

ij —d quJ F(U)dx =0
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Choice of test function and support volume

| %Ltjdx—jDLpi-F(U)dx =0

11 xDOgQ,
LlJi(X)_{O otherwise

— finite volume method
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Choice of test function and support volume

| %Ltjdx—jDLpi-F(U)dx =0

B,(0 = e ‘
o TN
where W (x) =0 for xUQ. Q“‘

FVPM
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— finite volume particle method



Interpretation in terms of pair interactions

T, % - [y, -F(U)x =0 %

/
S )W, )W, ()W () ‘/’4’
) '

oU
i Uy gy B2 i (v, -y, -F(U)dx=0
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3 approximations in FVPM, as in finite volume

(i.[mi Udx =3 [ (v = v -F(U)dx-] 2 Uk =0

) ot
@ Represent

Replace the F(U(x.1)) with a
weighted volume :
single value for

average of U with a

“particle” value the.overlap
region
d ay,
— “Tlyydx = O
ol ZB" g[ dt
where Reconstruct U;, U, at@
V., = _[WidX interface for Ry OF(U;,U;))

= Riemann problem I



Analogy with mesh finite volume method
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The particle interaction vector

W OW. -W. OW. W(x) is any
J :I | J 5 dx kernel with
(ZWK (x)j compact support
k
2 properties of [3;
Bij - _Bij symmetry = exact conservation

ZB -0 the particle volume is “closed”
ij .
j —> zero-order consistency

The mesh finite volume method is a

special case of FVPM.
(Junk, 2003) i



Relationship to ALE-SPH

d ,
a(viui)_zvizij(Ui’Uj).DWi (x;)=0
‘ Vila (1999)

ALE-SPH Choose W’ with double the

support radius of W =

W' (x; ) =W, (x;)

P
X
X
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Relationship to ALE-SPH

Shepard-normalised RSPH kernel: W' (x) = Wi,(x)
2 W (X)Ve
k
. I . h. . ~ I 1 ~
Approximate relationship: LW, (xj) DE LW, ()gj)
. W'OW -W' OW" WOW., -W. OW
DVVI’(XJ ) — Z i j 2] i D%Z i j é i
Ly ], L ()
- K dx=x; - K %
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Relationship to ALE-SPH

ALE-SPH approximates

%(Viui)_ZG(Ui’Uj)'Vi M _Wj2DWi =0
j (2]
L k xex,
FVPM is
d

S u)-Ye(u.u) | MM

dt - ?
| Qi nQ; (Zwkj
k

overlap volume Omaterial volume
— RSPH OFVPM with a single-point approximation to [3;
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A continuum from SPH to finite volume?

spH - P+ owy
P P;

ALE-SPH _Z\/ivj DWij F(U| , Uj )
FVPM _BijF(Ui’UJ)

finite volume _AijF(Ui’Uj)
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Higher-order spatial accuracy by MUSCL

e Evaluate gradients at particle
barycentres using (corrected)
SPH approximation

e Reconstruct U; and U, on both
sides of interface

e Compute approximate
numerical flux F(U, ,Ug)

-

; J X
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Taylor-Green flow at Re=100, Lagrangian
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Randomised initialsiation, Lagrangian
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Taylor-Green, Re =100, corrected Lagrangian
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Taylor-Green flow with rogue particle
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Boundary conditions

Particle support is truncated at boundary.

N < /
7 \ 7
\ /7
_ - N

1

n
Compute boundary interaction

vector directly... ...or by enforcing

ZjBij +Bib =0

W,
B = [y ndn
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“Complex” geometry — Re =100
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SPHERIC benchmark 6: moving square
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SPHERIC benchmark 6: moving square
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Correction of numerical [3,.,.

d x

5, = JWi OW, -W, DZWi
pS)

Numerical integration is necessary. Q’.

Typically 6 x 6 quadrature points.

Correction options

Self-flux (Teleaga and Struckmeier, 2008)
e Preserves uniform states

e violates conservation

Pairwise shifting (Hietel and Keck, 2003)

e Restores conservation
: : : : M@l NUI Galway
e [Errors are shifted to neighbouring particles =M OF Gaillimh



Computation time

neighbour search <1%
flux 4%

gradients 2%

particle update 2%

motion correction <1%

B, 74%

barycentres  14%
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Exact (and fast) evaluation of [3;

L ______________________________________________________________________________________________________________________|
A

Choose the simplest Wi(x)
possible kernel 1
X
1 XQ. 0 -
W (x) = | ,
(%) {O otherwise %

d X

= jWi OwW, -W, OW
)

[JW. = 0 everywhere except on boundary of i

Integration over Q; n Q;reduces to

. . NUI Galw.
integration along a curve II!;H



Smooth kernel functions

Wi(x) Wi(x)
W(X) ‘
overlap
zkwkoo‘ /MB i jvvi OW, -W, OW
ij ~ 2
)
Pi(x) W, (x) “
W(x) ‘
2, W, (x)

dx
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Top-hat kernel functions

overlap
WX ‘ Wi(x) e i
0 W TS
3
ZW(X)‘ . |'|

1

wo | wmx)J W (x)
>WI(X) ‘

0
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Non-overlapping top-hats = mesh finite volume

Wi
¥ ‘ Wi(x) W, (x)

‘ () ()

0 L S
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Evaluation of (3; with overlap top-hat kernel

> dx = J'( _1 - +1 jnds
N (x) N7(x) N7(x)
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Comparison of integration methods
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Comparison of integration methods
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Comparison of integration methods
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Comparison of integration methods
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Kernels for FVPM: summary
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Exact [3; enables free-surface modelling
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Vortex-induced vibration
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Vortex-induced vibration
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Particle motion schemes
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O FVPM: from rest ]
A FVPM: increasing U, |
——H—— Singh & Mittal (2005): increasing U,
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Conclusions

e FVPM is closely linked to Riemann SPH
e FVPM gives robust, simple boundary treatments
e Exact interaction vectors yield 3 x speedup

e Validated for bodies with prescribed and free motion

Future work

e Control of particle motion and distribution is critical

* Extensionto 3D i
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