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Smoothed Particle Hydrodynamics

A Survey of General-Purpose Computation on Graphics
Hardware

John D. Owens. David Luebke, Naga Govindaraju. Mark Harris, Jens Kriiger. Aaron E. Lefohn, and Timothy J. Purcell

Abstract
The rapid increase in the performance of graphics hardware, coupled
bility, have made graphics hardware a compelling platform for
riety of application domains. In this report, we deseribe, sum;

I-purpose comy to graphics .
We begin with the technical motivations that nd

Winis field.
Fiiques used in
Pe generally useful
Second, we survey
By ohics hardware. This
B<st GPGPU applications

Graphics]: Hardware Arc
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Content

@ SPH method - background, basics and principles of method

@ application on fluid dynamics (derivation and properties of SPH
approximation)

@ some of the topics in SPH method (BC, adaptivity)
o alternative formulations and it's benefits (ALE-SPH, R-SPH,...)

@ note about implementation (GPU usage, neighbour list)

@ examples, case studies (free surface flow with 3D complex geometry,
wave breaking)

development, what we are working on
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Smoothed Particle Hydrodynamics

Smoothed Particle Hydrodynamics - a meshfree particle method
based on Lagrangian description
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Smoothed Particle Hydrodynamics

Smoothed Particle Hydrodynamics - a meshfree particle method based on
Lagrangian description

e meshfree particle method
e no topological connection between particles

e © ® @
e ® o
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Smoothed Particle Hydrodynamics
Smoothed Particle Hydrodynamics - a meshfree particle method based on
Lagrangian description

e based on Lagrangian description - particles transport the values of

physical quantities ﬁ\’/
Vi

e material body 4 = {X'}
e finite number of particles ), = {X'}},
e Material description

i : B B3 (1)
X —x :’Yt(X,t)
e Referential description: Lagrangian description for kg = x¢(t = 0)
x: : B3 — E?
(2)

X = x=x(X,t)
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Smoothed Particle Hydrodynamics

Smoothed Particle Hydrodynamics - a meshfree particle method based on
Lagrangian description

e We use weight function to compute contribution from neighbour particles

e compactly supported, C!(R") (at-least), radial and positive
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SPH - why all that?

e Applications - whenever we can benefit of meshless lagrangian point of
view

e CFD: free surface flow, massive fluid-air mixing, hight velocity impact,
impact of waves, floating objects, fluid structure interaction
@ CSM: large deformations, material fragmentation, cracks, penetrations

@ complex multiphysics simulations, astrophysical phenomena, explosion
phenomena

e new formulations - possibility of high order method
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SPH -
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SPH method - construction

o let's start with Dirack delta distribution dx[¢] = (%)

f(x) = /Q F(x)d(x —x")dx

D= [ W= hyi

o if we substitute Df((z)) instead of f((z))

:/ D)W (x — X, h)dx’

/f VW (x — x', h)dx’
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SPH method - construction - Weight function W

160 = [ 16186 —x)ax > (£60) = [ 7O IW e myax

<Df(x>>:/Qvﬂx’)vv(x—x’,h)dx’ - <Df<x>>:—/Qﬂx’)»vvv(x—x’,h)dx’

Properties of weight function:

@ compactly supported W(x — x’, h) = 0 for |x — x| > kh
@ normalized [, W(x —x’,h)dx" =1 and W(+o00) =0

@ lim,_,o+ W(x —x',h) = §(x — x') in distributive (weak) sense

@ radial (i. e W(x — x',h) = W(r) ), decreasing with r

@ positive (for meaningul representation of physical quantities, mathematically not
necessary)

@ smooth enough - C*(R™) at least
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SPH method - construction - Weight function W

Usually we use bell (bump-like) shaped functions:
e Polynomial type (Wendland kernel)

"Wendland kernel of order 4
104 N — = Wendland kernel derivative
Quintic spline

Derivative of Quintic spline

4
W(r,h):ad<1—%> (2r+1); 0<r<2

o Gaussian type’

Wi(r,h) = ade_’"2 Al W

e Spline kernles o { ' : :

(B-rP®—-6(2-r)2+15(1-7)5 0<r<1,

(B=r)P°—6(2-7)° 1<r<2,
h) =
W(rh) = aq (3 1), 2<r<3,
0, r>3

1., . . X
Without compact suppot, but decreasing fast, cut-off radius usually defined
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SPH method - particle discretization

e the domain is discretized in finite number of particles that represents elementary
volumes AV; and transport the main physicial quantitis

(6) = [ SO = mjax’ = 1_2 £ Wk — 2, AV;
N

/f VW (x —x',h)dx" — (Df(x))i = — Y fi VW(x — x4, h)AV;
=il

N
p(x) = ijW(x —x;,h).

Jj=1
(s 2220 () 220 f(x).
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SPH method - convergence of operators

Aw/h—)O h—0
IR

(f)i (f(xi)) — f(x).

e from discrete to continuous: increasing the number of particles in Q i.e.
Az/h — 0
e from smoothed to exact: h — 0
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SPH method - convergence of operators

5

(f)i (f(xi)) — f(x).

e from discrete to continuous: increasing the number of particles in Q i.e.
Ax/h —0
e from smoothed to exact: h — 0

Az /h—0 h—0
E—

(f)i (f(xi)) — f(x).
e for regular particle distribution!
e convergence strongly depends on particles spatial distribution
e even for regular spatial distribution, convergence is between 1st and 2nd

order
e theoretical 2nd order convergence for h
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SPH method - how to discretize differential operator

=1 =1

(1)i =D W(x—x:,h)AV;, (V1)i=—> VW(x—xi,h)AV; #0 J

e we can use that - if we recall h(x) =1 and Vh(x) =0 Vx €
(V) + Vhf(xi)) = /Q (VF(X') + Vhf(x:))W(x = x', h)dx'

1956 + VsG] W e = yax!
=/ W(x—x’,h)f(x’)nds’—/ F(xHYVW(x — x', h)dx’
S Q

+/ h(x") £ (x5)W (x — x', h)ndS’ 7/ h(x) £ (x:) VW (x — x| h)dx’
S Q

(Vf+Vhfs): = Zv Wi f;AV; — Zv Wi fi AV;.

j=1 j=1
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SPH method - how to discretize differential operator

(Vf+Vhfi)i = — Zv Wi fAV; — Zv Wi; fiAV;.
j=1 j=1
e with that we obtain symmetric approximation of derivative

M=

(Dfx)i =) (fi = F(x) VW(x —x;,h)AV;

1

M= 5

Dfyi=>Y (f;i — fi) VIW(x; — x;,h)AV}.

j=1
e symmetry is needed for conservation
e concept of V1 = 0 is widely employed in SPH for various approximation
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SPH method - how to discretize differential operator

e we can have even more advanced approximation - from identity:

VIS 1 LS
o ﬁv(p“q) * pQ*qv(p‘Fl) e

N
Vf> ( fi i )
= — —+ — ViWijmj.
< ” 22 e Pl
e usually used with ¢ =1,

N
<ﬂ> zz(fi-i-fj)viwijmj
i1 PipPj

e or with ¢ =2

20/1
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SPH - 2nd order derivatives

(V2= [iViWi,AV;

e sensitive to particle disorder moreover don't guarantee right direction of physical
processes

e we define F'(x;;]) that V,;W (xi;, h) = —x;; F(x:;|), moreover we define integral I(x)
(for the clarity we start in 1D)

1@) = [(1) = f@)Fle -/

1@ = [ (1@ + L o)+

1d%f , 5 e, 1d3f
=5E/(Jc —x) F(|:c—:c|)dx :5

do?
<d2f> o fi— S dW (@i~ )

! d2f 4 ’ ’
S @ 2?2 = f(z))F(’z — o' |)da

AV;.
dz? L~ i — X dz 7
Jj=1
N Xij * VaWij
(V2 =2 (fi = f) =252 AV,
j=1 ||ng||
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SPH - let's look on fluid dynamics

We are interested in incompressible viscid flows, mosly with free surfaces.

ISPH - incompressible SPH WCSPH - weakly compressible SPH

V-v=0
Dv 1

— =--V V2v 4 f
Dr » p+vViv +

e projection method (solving a pressure
Poisson equation)
e implicit scheme

D
D—': = —pdiv(v)

Dv 1
— =--V V2v 4 f
D » p+vViv +

p = p(p)

(2 -]

e explicit scheme

Tomas Halada (FS CVUT) SPH method 5. 4. 2022
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SPH - Weakly-compressible SPH (WCSPH)

N

%Pz = —{pdiv(v > =pi Z @Vij - VWi
=1 P

DVi _ _(wp) 4(V.r .+fi:— PiEPi 1, ) ViWim, + £,
Dt 7,1 [ piPj
Jj=1

N
Dv;
Vi <VP>22+<V 7'> +f; = Z(p2 p] +Hz])ViWijmj+fi

Dt j=1 \Fi ;
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SPH - SPH as Hamiltonian system

e Let's take completely different approach - Lagrangian particles forms Hamiltionian
system which preserves conservation properties (mass, momentum, energy)

£(xv) = / p(50% ~ elp.p) — 6(x) )dx

(£(x,0)): = ﬁ_vj [ 5rms0? = mUe.) = e, )|

j=1
d /oL
&(aTj) axj =9+
4__86,‘ . 2861 v _i T._aei
b= 81)7; =P 8,01- v Pi v 857;
v
d i
Vi ifi + Z = Q;/ +Q;
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SPH - SPH as Hamiltonian system

e Let's take completely different approach - Lagrangian particles forms Hamiltionian
system which preserves conservation properties (mass, momentum, energy)

£(x,v) = / p(50° ~ elp.p) — 6(x) )dx

XN: [1/2m]vj —m;U(t, x;) — mje(p"’Sj)}

j=1
d /oL oL
d*(aTJ) o, =Y T
___8ei _ 2861 v _l T__@ei
pi = ov: = pPi (9,0¢ i = P P = 95 .

d
—mafi +Z p—zai Q) + 9
J

e to get particle acceleration we need to model variantion of density with position

Tomas Halada (FS CVUT) SPH method 5. 4. 2022 25/1



SPH - SPH as Hamiltonian system

— mif; +Z %8& oY + 2
J

e to get particle acceleration we need to model variantion of density with position

N
= ZmJW(X - Xj7h)
j=1

mldd‘; mzf =+ |:Zm] meijz] +m1p2mZZVWZ]:| e Qy + Ql
J J ;

Dv; N

Dt :_<Vp>i,2+<v’7>i+fi=—; : +,T+H” ViWim; + £
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SPH - SPH as Hamiltonian system - density sumation

e actually, we have several ways how to determine the density

N
phi =y miW(x; —x;,h)
=1

mg
Pi = 71"

—I/ZW — x4, h), AxiZW

N
(pyi =mi»_ W(x; —x;,h)

=1
N
DW;,; D
=2 = (v — v ViWiy, — = > (vi—vj) - YWigmy, pi = f(pi)
Dt Dt ~ &

N
"
piz—vf:miE Wij, Vi=1/> W(x; —xj,h)
7 j i

N
DV;
Dilf = Z i _V]) vwzgapz f(pl)
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SPH - schemes with different density sumations

1 —1
(rio, vio)s pio = f~ (pio)s pio = ijWij (ri0,vio), pio = f " (pio), mi = pioVio
J
m;
Vi =1/> Wij, pi = —, pi = f(pi)
pi = m;Wij, p; = f(pi) Vi
J
Dv; 5y 2 9
Bxo N ) ) mi?; == Vi +p;VHVWy
—“--3 Pi P\ wm J
Dt B) 2 i g
j=1\Pi Pj
—1 —
(ri0, vio, Pio), pio = f~ " (pio), mi = pioVio (ri0, vios Vio), pio = £~ (Pio), mi = pioVio
Vi(t) = mi/pi(t) DV; N
2
N D; =V Y (vi—v;)-VWij, pi = f(pi)
Dp j=1
= D (vi—vj) - VWiimy, pi = f(pi)
i= Dv; & 2 2
m; ==Y Vi +p;VHVWy
Dv & Pi P D J
i j
— == (St 24y ) ViWim;
Dt B) 2 b 77
j=1\Pi Pj
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SPH - Weakly-compressible SPH (WCSPH)

e back to our scheme obtained from conservation laws

Dp; : T my
Dpt = —<pd|v(v)>i = pi ; %Vij - VWi

Dvi a pi +pj

Dt :_<Vp>i1+<v’7—>i+fi:_z + 1L | ViWiym; + £
, = PipPj

p; + Hij>ViWijmj +1
3

DVi a Di
5; = (VP o +(Vo7), +fi=— E(E

Viscous terms still need to be resolved.
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SPH - WCSPH - viscous terms

N
DD‘: = —(Vp),, +(V r), +fi=—>" (‘% + % + Hij>V¢Wi]-m]- +f;
j=1 i J

e artificial viscosity (combination of Neumann & Richtmyer and Landau, Landshoff,
Lifshitz nunumerical viscosity)

— acijpij + Bu;

IL; = Pij
0 Vij * Xij Z 0

Vij-Xij<O o hvij-xij
’ Hij = ‘xij|2 +6h2.

a, B are adjustable constants (usually 3 = 0 for free surface flows), € prevents singularities
e direct discretization of viscous term

. AVii - Xi
o = —nkK Hij o= ij - Xij
9 T b T TPt eh?

n is kinematic viscosity and K is dimension coeficient (K = 6, 8 and 15 in 1D,2D and 3D)

Tomas Halada (FS CVUT) SPH method 5. 4. 2022 30/1



SPH - WCSPH - artificial viscosity

One more note about artificial viscosity.

— acijhij +
# Vvij - Xi; <0 hvij - Xij
IL; = Pij y Mig = ‘ ,,|2 Y eh?’
0 Vij . Xij Z 0 Xij €
e artificial viscosity parameter a (with § = 0) is often related to the physical viscosity

ahco
V= ——

d(d+2)

e later in dam-bream example

Repes = L ~ 10°
1%

meanwhile
8ulL

aheo

= 16000 for 2 - 10°particles

Renumerical =

o we would need to 800 -10° of particles to get the real Re!
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SPH - WCSPH scheme

Dx
bV
Dpi N
Dtl = —<pdiv(v)>i =pi Z 7;%]- - VWi
j=1
Dv; al pi Py
7 7
j=1
— acijpi; + Bud;
M Vij © Xij <0 hVi]' * Xij
ILi; = Pij v S e e
0 Vij . X-L'j 2 0 “
¥
r=() e
Po
TSy



SPH - WCSPH scheme

e simple dam-break testcase to check our scheme

1362.5

1114

865

300

H.

300

H.

Hs

H,

50

600

1610

e block of water separated by gate, in ¢ = 0 gate is removed, water starts to move due

to gravitational force and collides with opposite wall

Tomas Halada (FS CVUT) SPH method

5. 4. 2022

33/1



SPH - WCSPH scheme
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SPH - WCSPH scheme
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SPH - diffusive terms, 5-SPH

e we have central explicit scheme

N
Dp; . m;
Dy = —(pdiv(v)), = pi > 7;'%' - VWi;

Jj=1

e we use numerical speed of sound At ~ h/co (we are not able to use physical speed of
sound due to too small time step)

r(2) - o

o weakly-compressible model (assumption) |Ap/p| < 0.01

Tomas Halada (FS CVUT) SPH method 5. 4. 2022 36/1



SPH - diffusive terms, 5-SPH

e Additional diffusion term in continuity equations

Dpl

Zm]v” ViWij+6yhco 2

Xij = VjiWij V,; Wi m;
=2> -
; x> s

e approximation of even density derivative

. . . . d
e mass conservation consistency limy_,g (hmAz/h_m <%> ) =0

. d
o global mass conservation Zf\il <%> =0
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SPH - diffusive terms, 5-SPH

Dp:
DP = —(pdiv( v)> = Zlmjvw ViWij + dphco?
J
Xij - ViWi; my °
Zwu ST EU Ty =pi—pi
2 all® e
Dv; o
Dt :—<Vp> —|—<V T g( ] +H”)V¢Wi]‘mj—|—fi
Dx _
Dt '

1 is mostly used diffusion term, but doesn'’t satisfy hydorstatic solution. For

hydrostatic cases it causes spurious water level raise, with the presence of dynamics
works fine, although we have variants suitable for mostly hydrostatic problems also.
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SPH - diffusive terms, 5-SPH

07 oe o L G 07 08 09
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SPH - Smoothing: result interpolation

pressure
0.0e+00 500 1000 1500 2.2e+03
| !

06 07 08 09

PRESSURE
0.0e+00 500 1000 1500 2.2e+03
| |
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SPH - particles shifting techniques (PST)

e in terms to obtain better approximation results, we are trying to arrange particles to
obtain more regular spatial distribution

e based on diffusion law and particle concentration, small adjustments in particles
positions are done

J=-DpVC.
N M
(VC):i =D —2V:Wy
= pi
o0xs = —DVC.

e some cases are not possible to solve without shifting techniques! (tensile instabilities)

Fully Eulerian

Fully Lagrangian

1N\

Shifted Conservative  Consistent
SPH SPH SPH
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SPH - Boundary conditions

e kernel truncation for particles near boundary

e we need to ensure particles don't go through boundary

e we need to solve deformed support (i.e. overlaping of effective area and
boundary)?

e enforce predescribed boundary condition

2 . . .
strictly taken: compact support cannot overlap boundary and deform itself towards boundary, due to this
reason we talk about effective area which can overlap boundary

Tomas Halada (FS CVUT) SPH method 5. 4. 2022 42 /1



SPH - Boundary conditions

Additional particles Kernel corrections

\\\\\\

e predefined layers of boundary o Kernel renormalisation in order to
particles (virtual particles) compensate missing neighbours

e mirroring of fluid particles near to

boundary (ghost particles)
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SPH - BC: dynamic boundary conditions (DBC)

my m

D= fiWla —x,h) =2 + > fW(xi —x;,h)—

jer Pj jeo Pj

==Y LVW(x xj,h> =S HIW (ki — x5, )2

JEF JjE€G Pi

0% © e® e o @4y ©

(¢] /6“0\0 e 90 o @ 6 O
o H © 009 0 0

© CASTICE TEKUTINY @ VIRTUALNI CASTICE ZA STENOU
@ CASTICE STENY

. = Ha e
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SPH - BC: modified dynamic boundary conditions (mDBC)

(= [W(xi— xj,hVZ—j + 3 W (i — xj,h)%?

JjEF j€g

mi m;
(Df)i==> [iVW(xi —x5,B) =L = > [; VW (x; — x5, h)—
JEF Pi g pj

e 9 o

O(/: oM g R

ol @ e

e 900000

[OC] [ONCNG)

00000

@

@

@

@

e

@

@
© CASTICE TEKUTINY [ UZEL VZNIKLY ZRCADLENIM
@ CASTICE STENY — ROZHRANI PRO ZRCADLENI

© VIRTUALNI CASTICE ZA STENOU
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SPH - Boundary conditions - kernel corrections

e kernel correction in order to compensate lack of neighbors

VW (xi —xj,h) — VW (xi —x;,h) = L(x;)VW(x; — x;,h)

e Shepard renormalisation factor

I

Lloxi) = 7(;)

16 = [ Wee=xmax, ()= 3 Wk - xi. 1) 2
Q jer Pi
o MLS (moving least-squares)

L(x;) = |:z:(xZ —x;) Q VW (x; — xj,h)ﬂ_j

JEF Pi

e repulsive mechanism needed (usually with one layer of boundary particles)
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Differences between boundaries

Tomas

DBC
PRESSURE
00e+00 800 1600 24e+03
=
025+
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015+
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005
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alada (FS CVUT)
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SPH - open boundaries - inlet and outlet

VSTUP @ TEKUTINA © VYSTUP @
®000y O\ 0, 0, 10000
e e & 0, 0 | 4 @0

e
Q
fof -

5 .
@ o
-6,
1

a®s
(ONO)
(ONO)
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© 0 0

@0 0 N \
e0e00to o o 000 100 @O
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[0 [ ZRCADLENEUZLY @ STENA B HRANICNI UZEL
—-——- ROZHRANT VSTUPNI OBLASTI
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SPH - principle of inlet condition

e we add new particles (discretisation points) into domain

| dp/2

| o lecoomo o
iépIgOOq: OOOO ! OOOC*OOOC()JO
i0co00ig® o ®0 i eo0oem,® "¢ ©
l0o000i® © © © © ‘'o000H0 @ © @ o
0 00Q0COOQO®OO [CNONONONONORONONONONONG]
@ CASTICE STENY © CASTICETEKUTINY @ NOVA CASTICE VSTUPNI ZONY
© CASTICE VSTUPNI ZONY & HRANICNIUZEL @ NOVA CASTICE TEKUTINY

e buffer zone of particles with predescribed velocity
e position of buffer particles are updated and new particles are created in buffer zone

Xnb = Xb + [(Xf — Xp) - 1p — Lp]mp
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SPH - open boundaries - water level adjustment
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SPH: ALE-SPH (R-ALE-SPH) variants

e generalized transport velocity formulation (with some inspiration in FVM method)

Log(@®)+ 3 S (FE — 15 ) =S

a=1,d

0P A(v§®)
Luo(®) = 57+ X 5o

a=1,

el
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SPH: ALE-SPH (R-ALE-SPH) variants
F:F—V()@Q
d

d
a(wﬂ%) = —w; Z(Fg +F;) - ViWijw; —wi Z Wir(Fr + Fi) - ngs, + S;
JEF keB

(F; + Fi) ~ 2Gp(®:, @)
e moving Riemann problem between particles i and j
Ge(®:, @) =Fp(®ij(Xoiy)) — vo(xij, t) @ Pij(No,is)

®;j(No,ij) = Pe(No,ij, Pi, Pj)

Ao,ij = Vo(Xij, 1) - nij
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SPH: ALE-SPH (R-ALE-SPH) variants

e resulting scheme:

dXz‘ — Vo
da
duos = w; Z ViWik - (Vo,j — Vo,i)wj
dt — W3 . 1 VVik 0,7 0,7 )Wj
JED;
dwi'}i
a = —w; Z Ge(Qi, ‘I’j) . ViWijwj +S

JED;

+ appropriate approximate Riemann solver for Gg

P pE(uE — uo) pE(vE — v0)
& — | PU c® — | PEUE(uE — o)+ PE QY — pEvE(UE — u0)
pv B pEUE(VE — v0) ’ E pEvE(VE —v0) +PE |’

pw pEup(WE — wo) pPEVE(WE — wo)
pE(WE — wo) 0
Gz — pEwE(uE — uo) g = |Pwige
E = ) =
PEWE(VE — v0) PWigy
PEWE(WE — wo) + PR wigz
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SPH - R-ALE-SPH-variant

velociy Mogpitude presso
s 2 25 332000 200001 400 400 80 1000 1200 1400 1600 1800 W0 200 260403

5 a1 02 03 04 05 06 07 08 09 1 1 12 13 14 s 16 @1 02 03 o4 05 06 07 08 oo 1 1 12 A 15 16
velociy Mogpitude presso
ooem 05 1 hs oz 25 3 3sewo 00 20 40 D D 00 120 140 160018esd
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SPH - R-SPH variant

e we can use Riemann solvers even with classical formulation

Dv; al i +pj Dv; al
L Z (piz P + Hij>ViWijmj — t = —22 < P )VZW”TTLQ + f;

(2 ]

+ appropriate approximate Riemann solver for v* and p*
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SPH - R-SPH variant

e it's almost for freel

ps = pRiemannLinearized (rhoL, rhoR, vL, VvR,...);

ac_sum.x —= 2.%dW.xx*(ps/(arhoxnrho))*m;
ac_sum.y —= 2.%dW.yx(ps/(arho*nrho))x*m;

instead of

p_temp = (ap + np)/(arhoxnrho);
visco = Artificial Viscosity (h, drs, drdv,...);

ac_sum.x —= dW.x*(p_temp + visco )xm;
ac_sum.y —= dW.y*(p_temp + visco )xm;
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SPH - implementation and GPUs

e GPGPU - general-purpose computing on graphics processing units
e SPH method is suitable for GPU implementation (suitable, not perfect)

o effective way to find co-interacting particles is the crucial thing in
whole SPH!

o linked-list algorithm, octree
o beside that, GPU programming has some of its own specific and let’s not forget we

have elements without topological connections, mixing with each other
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Quick note - SPHERIC

SPHERIC is the international organisation representing the community of researchers
and industrial users of Smoothed Particle Hydrodynamics (SPH).

GC#2: Boundary conditions

Leader:
Antonio Souto Iglesias antonio.souto@upm.es

. H In order to close the fluid dynamics ler and N: kes, both or initial (ICs) and boundary
e GC1: Convergence, consistency o 80 e ey Ty bt "
HR 1. solid boundaries (free slip, no slip, pressure normal derivative]
and stability ourdaries ee sip. 1o, p tve)

2. free surface,
3. inlet/oulet,
4. initial conditions,

e GC2: Boundary conditions > couplguih ohermosels

To include these boundaries in an SPH simulation, researchers use various technicues depending on the type of condition considered
Let’s try to summarize the most relevant references. This lst is of course open to discussion and is also a ving one, since new relevant

. references can be incorporated. t s relevant to mention that n the most mportant SPH reviews papers, Monaghan, 2012, 2005,
e GC3: Ada pt VI ty Gornez- Gesteira et a, 2010), there are alreadly specific review sections on BCs. There are some key issues that remain to be
adcressed:

GC4 C | h d | 1. How to include BCs without loosing intrinsic SPH conservation properties?
. 2. How to include BCs consistently?
b » Loupling to other models 3. How to include solid wall BCs for real geometries with complex shapes (2D, 30)?
4. How to provide an inital distribution of particles which avoids the onset of shocks once the time-integration starts?
5. How to treat back flows when implementing inlet/oulet boundary conditions?

e GC5: Applicability to industry
The references follow:
A Amicarelli, G. Agate, and R. Guandalini. A 3D Fully Lagrangian Smoothed Particle Hydrodynamics model with both volume and

surface discrete elements. International Journal for Numerical Methods in Engineering, 95:419-450, 2013
URL http://doi.0rg/10.1002/nme 4514

S. Attaway, M. Heinstein, and J. Swegle. Coupling of smooth particle hydrodynamics with the finite element method. Nuclear
Engineering and Design, 150 (2-3):19-205, 1994. URL hitps://dol ora/10,1016/0029 5493941901368
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SPH - case study 1
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SPH - case study 1

e high water level mode with Vi = 10.8 I/s and low water level mode with Vg =11.4
I/s

e 8 -10° particles (initial spacing d, = 2.5 cm )

e Wendland kernel, artificial viscosity with & = 0.01, Molteni diffusive term wih § = 0.1,
referential density po = 1000

e open-source code DualSPHysics

o & = S Qe
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SPH - case study 1

Vel Magnitude
0.0e+00 04 06 08 1 12 14 16 18 2.1e+00
— | ‘ ‘ Ve —
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SPH - case study 1 - V shape geometry

Vel Magnitude
0.0e+00 02 03 040506070809 1 1.1 1.2 1.4e+00

|| —
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SPH - case study 1 - V shape geometry

Vel Magnitude
0.0e+00 0.5 1 1.5 22e+00

— ! |

LWL

Vel Magnitude

0.0e+00 0.5 1 1.5  2.1e+00

HWL

Tomas Halada (FS CVUT) SPH method 5. 4. 2022 63/1



SPH - case study 1 - siphon geometry

cut 10 cm above bottom
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SPH - case study 1 - siphon geometry

00e+00 05 1 1.5 2 2.7e+00

Tomas Halada (FS CVUT) SPH method 5. 4. 2022 65/1



SPH - case study 1.5
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SPH - case study 2

u o - = WAl
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SPH - a few more exmaples

J. Ch. Marongiu (2016), ANDRITZ Hydro
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SPH - a few more exmaples

Fiid Velocity Magnitude (my/s) Jon Mises stress (P)
L y2os
“12

4

o 1,

o Time: 0.0024 s
(2)

Fiid Velocity Magnitude (m/s)
15

!!2
L
Jd

von Mises stress (Pa)
yos

'»s]
lu
Time: 0.0072 s
(c)

Fluid Velocity Magnitude (m/s)
15

von Mises stress (Pa)
y2es
£12

ol ‘,u

Time: 0.0120 s
(e)

SPH flow, NextFlow
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Fiid Velocity Magnitude (m/s)
15

von Mises stress (Pa)
yos

-Q.s]
lu
Time: 0.0096 s
(d)

Fluid Velocity Magnitude (m/s)
15

':IZ
L
Jd

von Mises stress (Pa)
y2es

1

Time: 0.0144 s
()

5. 4. 2022

69/1



SPH - a few more exmaples

SPH w/ reference thermal model

SPH w/ proposed thermal model

Plastic strain [-]
Sima et al. (2010)

r 15
s
Ax =0

[ 0.5
0
Ax = 0.005 mm

Afrasiabi et al. (2021) - steel cutting with heat transfer
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SPH - a few more exmaples

Temperature [K]
500 1000 1500 2000
=

—

0.1 mm Melted particles

Alpha shape algorithm
State

u —

Afrasiabi et al. (2021) - heat melting process
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SPH - a few more exmaples

GPUSPH and, well, LOTR

Tomas Halada (FS CVUT)

=] F
SPH method




SPH - a few more exmaples

SWIFT code, openSPH, Rosswog (2015)
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SPH - a meshfree particle method

Thank you for your attention!
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