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2
Motivation: engineering (gas-liquid flow structure) ‘”” )

The flow structure,
or regime, depends on:

- flow direction w.r.t. g

- mass flow rates of the phases,
or superificial velocities

- void fraction Bubbly flow

Slug flow Churnflow  Annular flow  Wispy annular
(gas flow rate T) (gas & liquid (gas flow rate T) (liquid flow rate T)

A o d? flow rates T)

(o}

E6tvds number  EO =
Vapour-liquid flow structures
in a horizontal/vertical pipe [Bertola 2004]

Stratified flow Stratified wavy
(gas flow rate T)

Computational variants:

- details of microstructure,

Dispersed flow Annular flow
(liquid flow rate T) (gas flow rate T)

- averaged description




Motivation: coastal engineering (breakwater or ... tsunami wave) 3

SPHydro simulation: tsunami raid
over a coastal city [Lyu et al., Phys. Fluids 2023]

DualSPHysics simulation of breakwater flow
[Zhang, Crespo, Altomare, J. Hydrodyn. 2018]

Velocity.X [m/s]
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Why SPH?
* relatively straighforward input of domain geometry

» free-surface flow w/o mesh

Velocity 0 10 20



Capillary instability (Rayleigh-Plateau) 4 %

Liquid column fragmentation
the most unstable mode A=2nr[2+(18 Oh)*]*
the Ohnesorge number Oh=pv?/ar

Breakup of a jet issued from ~0.2 mm orifice. Oblique collision of two laminar jets:
Stroboscopic imaging at ~20ys intervals. fishbone instability, a close-up (1cm scale-bar)

[Kowalewski, Fluid. Dyn. Res. 1996] [Hasha & Bush, J. Fluid Mech. 2004]



Example of SPH application to multiphase flows

Liquid column fragmentation — the Rayleigh-Plateau instability

A £ =

tt =0 tt = 1.49 tt =323 tt = 4.49 tt = 6.49

SPH simulation results (top) [Olejnik & Szewc, 2018]
exact fractional step method (bottom) [Dai & Schmidt, 2005]



The Rayleigh-Plateau instability (cntd.) 6 gM
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Determination of the liquid column breakup time:
the profile of phase indicator (colour function c)
along the CL (dot-dashed, red).
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SPH resolution impact: the breakup time.

[Olejnik & Szewc; J. Theor. Appl. Mech. 2018]



What are these coloured particles? 7 !»P
Remark on post-processing and visualisation L‘)ﬁ

» solution of fluid evolution equations
in terms of fields

-> post-processing recommended
(from particle to field data)

the interface
c=0.5

liquid SPH patrticles
c=1
[Olejnik PhD, 2019]
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* SPH particles are, precisely, interpolation points:

- they represent some volume (not shape)
-> "voids" are visually troubling

0Tk,
B

=
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The "squircle" deformation (one quarter shown):
SPH patrticle positions at two time instants



Making hydrodynamics smooth (using particles)
some historical facts

Hydrodynamics

» developed for astrophysical simulations:
[Lucy (1977), Monaghan (1977)]

« alternative name:
Smoothed Particle Applied Mechanics (SPAM)
[Nugent & Posch, PRE (2000)]

Particle

* particle approach:

convection treated exactly, mass conserved °
[Monaghan, Annu. Rev. Astron. Astrophys. (1992)]

Smoothed °

« smoothing functions (kernel) used

“resolution follows mass” >
[Price, SPHERIC keynote (2013)]

\E



Choice of SPH kernel
)

properties ———

W(r,h) = W(-r,h)

* necessary properties:

symmetry, limit delta-behaviour, normalisation
JI!im Wi(r,h) = é(r)
=)

[ Wi(r, h)dr =1
Q

- sufficiently smooth function - TN
(to accurately compute derivatives) 04 A G
ii: 0.2 ."r / 1'. \
s 2 N\
% T ‘ v—
g—ﬂi II'I
* in practice: of compact support Y N
. . . . . — quintic kernel
(to limit the number of interacting particles) ~~orad. of quntic ke
_DE.D —ZILE —le.IZI —IZII.E IZITIZI 0.5 1.0 1.5 2.0
iR
10 1—%{;3+%q3. for0=qg <1
« usually spline polynomials used Wir.h) = ——= 1 §2—9)° forl<gq <2
’ 0, otherwise,

(example: cubic B-spline) g = |rl/h



Smoothed 10 !»Pi
Integral interpolation, discretisation " L

The concepts of integral and summation interpolants:
continuous vs. discrete

A(r) = f A(r)W(r - r, h)dr
’ A(r)= An)+ h?

(A1) = SAG)W(E — 13, by
b \ dx' = dm/p(x')

Z ﬁb—” ab =Y mWap
;

-} LS ”~ - - 'f‘
® ___. @ @ ®
- = @ —_— - -
} -~ . S ':‘.‘\J -‘?/ . ~ .
N h - )u .
Q) ", o ./ .
@ o) \ ® 3 o ©
=4 / ";:r
\.} \ . b. P § e \ ! b. y /
] -!} - T'." ':l-._-'} )] (@ —_ "'.::."" )
b - \L_} I::.:}




Smoothed 11 gMP
Integral interpolation, discretisation (cntd.) e

Representation of differential operators:

integral interpolant (kernel-based): ¢ e .y -
\
Y

® 3
A(r) = f A(r)W(r — r. h)dr ANE YT I
o RN

VA(r) = f VA(r)W(r - r, h)dr
0

VA(r) = / A(X)VW (r — v/, h)dr’
J 12

(VA), = > _AsVaWan(h)Qs
b



Choice of SPH kernel 2 gMP
properties e

» some kernel functions may cause particle clustering & ® )
= - 8
(unwanted subkernel effect) @ e
Ve w W
: . : 0 r
» computational efficiency is affected ‘}‘) .‘y\
-
———=— | 1.0 — o L 8'®
1-0 .‘“L_" :_-"w . '_-‘-.’"':.t:-;_l E E} \ . ;
LY .illl . . :“,.‘ ] ,’ . ul LA'. L e ) .- - ~ h‘_.-—' / N
'y .\. ' “, e ‘. : :‘ | - ':E.} ':__r.:} ":..:’
. - ‘ L b :‘5‘, ‘l.‘l ’ 'l‘l: “-'““ I::L..:J
TN e et [Szewc, Pozorski & Minier, IINME 92 ( 2012) 343]
o Yo « 44 Ly ey
_ l'i‘ )‘;" “4 4“' e “,,':"4‘;4“‘
0 . 8 . o ;‘ ‘E“‘J‘ 0 . 8 _: 4“ 114“414‘ 500 . . 5_'_':': — ; ;
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Dimensionless distance r/h

The lid-driven cavity flow: snapshots of particle locations. The histogram of interparticle distance.



Particle
SPH particles vs. fluid elements

)

* discretisation of matter (fluid continuum)
and not really of space (computational domain)

» the fluid element represented as material point
of given mass but no explicit deformation

» for each computational (SPH) particle,
its density, velocity, temperature, etc. are followed

Application areas:

» fluid mechanics, multiphase flows,
hydroengineering, geophysics

* solid mechanics:
large deformations, fracture

* FSI problems

* astrophysics

# "distortion of Lagrangian mesh"
? need of remeshing



Hydrodynamics 14 gMP
e fow =

equations of single phase flow

dr Notation: recall that
dr (A)g = ZAbWab(h}ﬂb
do T
da - v (VA = T AsVaWa 0
h
du_ lop+wWousg Hhere
adt @ Ay = A(rs)
Wap = W(r,—rp, h)

The particle advection equation

dr, a |
= e == o
dt @ o . =
The SPH representation of mass conservation: ),’ ® .““’ ®
* the continuity equation @y ./1 .
dp mp 't. a o/ ®
2 _ oy, -V, Woh) @ /
At Qa%ﬂb b-Vatragb ~ - \. b./
@ @ - @®
to assure zero-order consistency, i.e., constant density in a uniform stream,
another form is used do
4= guZum VaWan(h)Qy
« a direct summation Hab = Ha ~Hp
QPa = Z 0pWap(h)Qp = Z mpWap(h)
b b
another form :
0, = mﬂzwﬂb[h} =m,@,
b

(suitable for interfacial flows)



Hydrodynamics: N-S egs. 15 gD

L
The Navier-Stokes dp
: — =—pV-u
equations: dt
du 1 1 1
— = —-Vp+-V-u(Va+Vu' - 2(V.-u)l) +g+ -F,
dt p p p
Constant-property
N-S egs.: du_ l‘f-*’p FWiu g
" dt 0
The RHS terms of the momentum equation: 3 @ .‘*" ®
I:!:: |‘| ./)1 ==y
- the pressure term @ a o ©
1 1 mp 0] /
. . L “Vp) =—Y —2ppVaWas(h N
« « simple discretisation <p p>a Oa % o0 b o(h) @ ,9 b._/ -
. D] _— ..--":‘L.::’ I
©
* « momentum-conserving form <E> :lz p_uz P ) g W h)
!‘? a mﬂ b {?ﬂ Qﬁ .

* the viscous term

Finally, either
» the equation of state (WC SPH variant), or
» truly incompressible approach (ISPH)



SPH of incompressible flow

» weakly-compressible variant (WCSPH)

() -]

* truly-imcompresible variant (ISPH):

szﬂ
p:
Y

+« solenoidal velocity field
[Cummins & Rudman, JCP 1999]

) V.u*

ot

|
v-(—v L) =
o P

e constant fluid density (double correction)

[Pozorski & Wawrenczuk, JTAM 2002]

1cce

0992

CELE

1 The lid-driven cavity flow: mean density field:
WCSPH (upper map), ISPH1 (lower map).

1 Qn én+1
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2o 2o 00
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: : : - n.005 . 3 .
008 ! i ; p ! i r.'h.‘_1 : ._--l_...I bl
z < oooaf wpﬁv“f N
5 008 - - i T = 0,003 F :‘,\j,ﬁ'ﬂ‘\ St SVE
et EICIEIE S 2 v.o02 [V .
0,02 775" 0.001 i
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time

[Szewc 2013]

«— Density rm.s. in ISPH :
single correction (left graph)
double correction (right graph)



Boundary conditions in SPH 17 gMP

ghost particles, dummy particles w—ui
Ghost particles do not make part of the particle system
(they are not followed in the simulation)
°
. RS
. ' ° ® Dummy particles make part of the particle system,
f ‘ . but their velocity is prescribed according to the BC
° o) e o
° P // X up o
. o ‘ .
Ub/@b .. .,". ® ;‘. ®o
. . 00.:.0..:. .:
A sketch of ghost particles (empty circles) o e 0 ® .
oo ovooeooooe
0000000000
00000000 00
uy =2u, —U,, Mg = My, o000 00O0OCGOOO

Pa = Z mpWan(h)
b



Smoothed Particle Hydrodynamics (SPH) 18 !»Pi
Validation case: lid-driven cavity flow — =
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The lid-driven cavity, Re= 102 and 103 [Pozorski & Wawrenczuk, JTAM 2002]
ISPH with different number of particles, Re=103 [Szewc et al., INME 2012];
reference data: CFD computations [Ghia et. al., JCP, 1982].



SPH of differentially-heated cavit 19 gMP
y y L'v,‘.)j

beyond the Boussinesq approximantion P
it 10— : Ra=10" : L0 : : Rac10f
© © Wanetal : @ © Wanetal
g —_— SPH\P}iﬂ'II Boussinesq approx. | : : -E —_ ;VPHv:ilhl Boussinesq approx. :
0stl™" SPH r\ewapprc?ach (Gafo,071) ] el SPH new approach (Ga=0..071) i
T=1 E fluid ET=0 ) S WS FN N SRS AU A w6l
Temperalue T '..
s T T g T : 3 i 5 3 g 8
Nu Nu
08
Vertical Nu distribution:SPH with/without Boussinesq approx.
05 [ref. data: Wan et al., Num. Heat Transfer B, 40 (2001),199]
0.3 ” oo sPH (a::lzonst}
¢ & SPH (c,=const k=const)
e soH® ® Pesso & Piva [B] (¢,=const k=const) |
5 v o e ¢ N °
du Vép 2 o
—— = ———+ vAu — figoT e
dT .
Qrpﬁz?-[k?]"} Ga = pe
o 102z 04 06 08 10 12 14 16
Ga
di, _ 4 Kaks Tapap VW2 Heated cavity flow at Ra= 10°, Pr =0.7, the effect of Ga

dt QuCpa G kot Ko g, + 1P [Szewc, Pozorski & Taniére, IJHMT 54 (2011), 4807]



Flow modeling using SPH
Part II: Multiphase flows

Mathematical models of separated and dispersed flows

— surface tension, micromixing, two-fluid approach, delta-SPH
Results:

— Interfacial flows, wetting phenomena, sediment transport
Some major issues (Grand Challenges) in SPH:

— adaptivity, hybrid approaches



Free-surface flows

* no need for other fluid (air), unless dynamically important
» corrected kernel used (Shepard correction) to ensure consistency
U6 fimgpi=ze.42 e pytioa
U; B _[_—a//;‘\t\.\hn..?_,_n ‘ |
U6 mgpe-30.83
0.1 0.1 ::_uiz-‘- "_,_J/\
5 2.5 1
: N I | =
| _—
s o i RE o / 06 ihigpe-3sas
| "‘”"""’Jr’ : P i“h
0.5 0.5 b2
()i.__ = LC LA A s 0 L L 0= T R e e T
76 77 7R 79 80 76 77 78 79 80
x'h 0 x/h 0 06 phigpie30.63
Simulation of solitary wave impact on a seawall; T '
SPH compared to semi-analytical approach (SA). IR B
Velocity field at maximum run-up: SA (up left) and SPH (up right); =
Free surface evolution (sequence of graphs to the right). ] A o

[Paprota, Staroszczyk & Sulisz; J. Hydro-Env. Res. 2018] w



SPH representation of surface tension

surface tension at the interface represented as
volume force ("continuum surface force" ,CSF)
[Brackbill et al., JCP 1992]:

F. =f.6,

f. =oxn + V.o

the normal vector based on phase indicator
or "color function "c

n; = Zfbvﬂ Wﬂb[h}gb
b

(in the simplest SPH setting)

The unit normal and the interface curvature:

n Ve

= K=-V-n
n| [V

n-—

v —

0.90
i e=0
085p rrrsda. -
0.80 |
0.75}
c=1 (liquid)
0.70 L .
0.50 0.55 0.60

0.90

0850 fifiis

0.8Of e

A P P PR PREIY
070k e
050 055 060  0.65

0.65

SPH of liquid jet breakup
[Wawrenczuk, 2004]



Smoothed Particle Hydrodynamics (SPH) 23 !»-PE
The Rayleigh-Taylor instability L

R-T: buoyancy-driven flow: control parameters: p,/p,, v,/v,, and Re= (L3g)¥2 /v

™10

SPH results for R-T instability (128x256 particles) at Re=420
[reference data (lines): Level Set results of Grenier et. al., JCP 228 (2009), 8380]



Smoothed Particle Hydrodynamics (SPH)

rising bubble =
The control parameters are
Bo = 9D

SPH (¢) vs. Front Tracking results (o) of Hua et al. (2008);
single bubble of Bo=243 and M0=266 rising through liquid i : .

[Szewc , Pozorski & Minier., IIMF 50 (2013), 98]

o [J

3
OgU

the Bond (EGtvos) o
and Morton numbers:

Mo = g—“‘i

Qﬂ—d

I I T I 3
mard and Rybczynski (1911)]

10°
F — Hada
—— Bhaga and Weber (1981)
10° P men{ @ @ SPH
; ¢ Cp = (2.67% + (16/Re)™)"/*% ;
= 10t H'*r;' ; ‘ E
[ %] E ; : 3
10" F
1':'-1 - ..i.... .....i.................i..................@... TP Eppap—
Cp = 16/Re
10-3' ...i sl L .......I T M
107 1t 10° 10t 10% 10°

He

Nearly-spherical bubble:
drag coeffcient.



Smoothed Particle Hydrodynamics (SPH) 25 gD

rising bubble (cntd.) u—!!ink
10® 10-12
the experiment of Bhaga and Weber (1981) i
Case Eo Mo Shape -l o o
A 177 711 oblate ellipsoidal e i A Jaee
B 322 82.10* oblate ellipsoidal (disk) g | ¥ 10 |
C 243 266 oblate ellipsoidal (cap) § 10 z
D 115 4.63-1073 spherical cap B 02F B s?;g‘rsn 100 g
e : [ ;‘r 102 §
§ ol = AR
& AR SP&;:M’ g‘u:
Map of bubble shape regimes — 100 [/ SPHERICAL Ky g0t Mo = 0,03
[Amaya-Bower & Lee, C&F 2010 | 4 / A -
10-;.0’2 llfl" | 1.0° 1l0’ ‘ 1I0"' iO’
Bond Number, Bo
Case SPH FT LBM Experiment Fp = gDz a9,
‘ ) O No reference data T
@ ) O
Shapes of bubbles
& : Q rising through liquid

[Szewc et al., IJIMF 2013 ]



SPH of multiphase flow 26 w!
two raising bubbles, "in line" setup ﬂxl

(a)

Simulations of two coalescing bubbles:

LBM (upper) and SPH (lower)
SPH: Szewc (2014), LBM: Cheng et al., C&F 39 (2010) 260]



27
Interfacial area density; ”squircle” %
iDA K

» a useful statistic in two-phase flows, related to the flow patterns

» in SPH, the interface area (in 3D) or length (in 2D)

OOO 0000“600'3’000 OQQOOOOO%)OO O&—b
computed from 00800898506 00658385%508 5

) Ma

S Ind7E ST T (O~
i

(1)
- h/L=I1/16 ] e Pr———— -
S h/L=1/32 ‘ .-’T /
| == owL=1/64)] ‘

'ﬂﬂhnnnnnnw---.-..,u

L I ] ] i ]
0.2 0.4 0.6 0.8 1.0 1.2

t/t,
2D square-to-circle (squircle) deformation. Evolution of the interface length [Olejnik, PhD 2019]



Two-phase flow in a channel: 28 gD
slug flow; regime map L”’.)ﬂ/

1.0
0.8

0.6

0.0 0.5 1.0 1.5 2.0

SPH simulations resulting in slug flow regime
at Re = 100; gas volume fraction: 64%.

S/D

10 100 10t
je [m/s]
‘ ® slug flow E annular flow A churn flow

Flow regime map from SPH simulation;
00 05 10 i-f 20 25 30 phases’ superficial velocities coordinates.
lines & letters: generic flow map [Berna et al., 2015]

Evolution of the interface length



Flow regime transition | —

SPH simulation with increasing g (from Re = 100 to Re = 3000). [Olejnik, PhD 2019]



Annular flow

SPH simulation:
» 2D case (plane channel)

> liquid film dynamics, droplet separation and reentrainment

iy
T

i

i
AR ) a1
AR ¥ -0 by &
SRR 0 ALy s y
BEREICIA RO RS
0. .

Zoom of the liquid film evolution



Annular flow (cntd.) | -

SPH estimation of film thickness [Olejnik, PhD 2019]

0.05

— SPH
— Henstock & Hanratty

0.01

correlation for film thickness in vertical annular flow

[Henstock and Hanratty, 1975]
o 6.59F

D~ (1+ 1400F)05’

where
1 RBLO'5 Ur, Qg.s

" VZRed* Red® Hg of®

F

for SPH simulations in 2D channel, D is taken as hydraulic diameter D;, = 2/



Wetting phenomena in SPH | -

Generation of microfluidic droplets (lab-on-a-chip).
Korczyk et al. J. Flow Chem. (2015)

» improved contact angle model

» modified normal vector in the triple point region:

Ve
Vel

Nyod = (¢ [nl cosfp + ny sin Ef;.) + (1 —a)

0, : contact angle,
a= a(y) : blending function

[Olejnik & Pozorski; Flow, Turbulence & Combustion 2020]



Wetting phenomena in SPH:
sessile droplets on hydrophilic/nydrophobic surfaces o

Sessile droplet on a substrate (dummy
particles used for wetting symulation)

H/ H(L n
o
o

0, = 120°

0, = 150°

Droplet shape: no gravity case

1.2

1.0 f=ae % <

0.4} .

0.2 H

x  SPH

0.0 ———
10° 10° 10% 10° 10° 107
Eo

Sessile droplet shape:

comparison of the SPH results (symbols)
with analytical solution (lines), 2D case.
Surface tension and gravity dominated

regimes for 6, =50°.

E6tvds numer: Eo=pgd?/c



Wetting phenomena in SPH (cntd.)

1.0

0.8}

0.6

0.4+

0.2

0.0

dh

1.0

0.5

1.0

15

2.0

0.8}

0.6 |

0.4}

0.2

0.0

dh

0.5

1.0

15

2.0

Air-flow driven motion of droplet
on hydrophilic (6,=30°) and
hydrophobic surfaces (6,=150°);
capillary number Ca=1.

or/0g = 1000, u; /pg = 100



Sediment dynamics 35 gMP

P

rospects for Smoothed Particle Hydrodynamics (SPH) ut‘mk

T S
fL° L <& free surface flow
RARSUN

e

CAR

o
» | '|.'| ° <o o
Nlobilcd§uspn:lndcd 1 b | |
| sedimen .
e Il = & suspended sediment
~Tw .51 Mobile bedload
e p * o v
.. | #

< movable bed

Schematic of the problem;
adapted from [Finn, Li and Apte, JFM 2016]

Why SPH?

- a straightforward tracking of free-surface, no need
of separate treatment for interface reconstruction

« some two-fluid models for two-phase flow in the bulk

« flexibility to incorporate complex physics, such as
constitutive relationships for the sea-bed rheology



. | 3 gMP
Two-fluid model of sediment transport | -

GD K

» interpenetrating continua (f-d or L-D)

» 2-W coupled momentum egs.

de
du Vp K 1 dt W
W YRy wa) - (Vi V)t
t Pr o Pr Pr dx,,
dUd Vp K —=Uu
— = ——= 4+ — ur —uy) + d
dt Dd fa ( f d) g dt

K=K(Re) is the interphase drag factor

» continuity egs.:

I 15058 i + 17552 %fuyp|  when ;< 0.8
dp =
2L _ 5,V -uy 30,0000 1y 107265 when @), > 0.8
dt L uzpld; when #; > 0.
dop [Gidaspow 1994]
—— = —ppV -u -
dt ep b the drag coefficient
where o4 5 05
or =0ror

op = Opop



37
Two-fluid model: SPH formulation IMP

la Lt
Continuity equations of two-fluid model [Kwon & Monaghan, IJMF 2015]
d;'aa - mp,
T
dp; X m;
— —pi Wi
dt ’ Zj: Pj 5V
Two particle sets: In SPH formalism
: du, 0aPa + Oup .
(a,b) for the fluid phase f - =g+ Zmb ( o Hab) VoW
.. . ;Omob
(i, j) for dispersed phase d
jPa Ka'
— my | — VaWa: — D m; —— (Ui *Tai) TaiWai
S (G20 ) Valas = DS £ ) Ve
PV
PR PP
= i@ t l:b ! .
R a. _ |
The o =
L - Hf:':} -

Two particle sets for the two phases



. e B gMP
Remedy for pressure oscillations: 6-SPH diffusive term e
ﬁD=K

Add an extra term to the carrier phase continuity eq.

[Molteni & Colagrossi, Comp. Phys. Comm. 2009]

2 = _pV.u + (8hc)V? p

where 0=0.1 dt
0.5 05
04t 0.4

o.> e ——

y Im)

0.2

«[m] x|m}

012
010
002
007
0.06
004
003
oel
000

SPH computation of sand dumping into water” Velocity magnitude and pressure oscillations:
standard SPH (bottom left) with 6 —correction (bottom right) [Olejnik et al., Int. Conf. PARTICLES 2017]



SPH simulations of flow in flume with wavemaker
continuous dumping of sand

29 gMP
=

"‘.f.'.' i”“t!.. ‘s-
e
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Sediment transport and free-surface interaction
using two-fluid SPH formulation



SPH simulations of flow over movable bed | -

Equations of bed dynamics [Ulrich et al., Ocean Eng. 2013]

soil phase: viscous material of variable viscosity i
(Mohr-Coulomb vyield stress criterion) : -

L = mi n{_,u.;’, Hinax) ﬁ;’

Lnax =~ 1000—5000 Pa's

max

@ is the internal friction angle "o 1o s
¢ is the cohesion parameter

B Water

Saturated soil

x[m]

Bed scour due to dam break
[Olejnik, 2018]

Dam-break wave on movable bed:

experiment and.SPH simulation
[Ghaitanellis et al., AWR 2018]




SPHERIC group and "Grand Challenges" | -

;O W,

5 Y ))'
& L / w SPH European Research Interest Community

- ' (http://spheric-sph.org) - . —
@, | {\;J\\L {;Z'Vfb Q ERCOFTAC Special Interest Group (SIG40) B

spheric

ERCOFTAC

Grand Challenges (GCs) as defined by the SPHERIC Steering Committee:

« GC#1: Convergence, consistency and stability
« GC#2: Boundary conditions

« GC#3: Adaptivity

 GC#4. Coupling to other models

GC#5: Applicability to industry



Software (selected), community

"SLYT R : = & - - & o = B ART &
‘ ¥ * ’ Vo '#
P . ’. Open-source SPH codes: |

' 2 . ~m GPUSPH first implementation of WCSPH run entirely on GPU with CUDA
suited for multi-GPU computing (which is still rare)

INGV lItaly, EDF & CNAM France, JHU USA and other partners
https://www.gpusph.org/

| PySPH Python-based SPH framework (IIT Bombay, India) "
Muta, Ramachandran & Negi (2020) Comp. Phys. Comm 255, 107283

https://github.com/pypr/pysph
» K =

£ 3 b ® '§ SPHinXsys multiphysics and multiresolution library
VU Zhang et el. (2021) Comp. Phys. Comm 267

N

-

. _ AR N DualSPHysics being intensely developed for free-surface flow phenomena;
'» f : " regular courses and workshops

. Dominguez et al. (2022) Comput. Part. Mech. 9, 867
https://dual.sphysics.org/

= =

SPHERIC:
- international community of researchers and industrial users
- ERCOFTAC Special Interest Group #40; http://spheric-sph.org
- regular Workshops organised (upcoming: June 2023)

Background pattern: www.spheric- sph org
W O I T B W O O .




General summary: 13 gMP
lessons learned on SPH B

gD K

e a meshless, particle method; fast growing community

e increasingly applied to various industrial and environmental problems

e better suited for free-surface & multiphase flows with complex interfaces

e hybrid approaches appear such as SPH-DEM (particle?), SPH-FEM (particle-mesh)
e fundamental issues persist: accuracy & convergence; adaptive resolution

e challenging for turbulent flows (fully 3D), especially wall-bounded

e in general, computationally expensive (multi-GPU?)
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invitation to Advanced Course at CISM* Udine, 11-15 Sept. 2023

* International Centre INVITED LECTURERS
for Mechanical Sciences Pep Espaiiol - UNED, Madrid, Spain
4 lectures on:

Microscopic basis of hydrodynamics of two-phase fluids;

The Dissipative Particle Dynamics and Smoothed Particle
[ynamics models for the simulation of two-phase fluids.
Jochen Frohlich - Technische Universitat Dresden, Germany
6 lectures on:

Cwverview over numernical approaches for particle-resolving
simulations; Euler-Lagrangs methods with immersed
boundanies for DNS of particle-laden and bubble-laden flows:
Sub-scale models for collision, coalescence and breakup; Lse
of particle-resolving DNS for statistical modeling.
Christophe Henry - Inna Sophia Antipolis Mediterranés,
Valbonne, France

6 lectures on:

Introduction fo multiscale and multi-physics approaches;
Commeon data model to couple modeling approaches with
varous levels of description; Hybnd macroscopic approaches
for dispersed two-phase flows (mean-field'ons-point pdf
approaches); Application to environmental and indusinal
cases (e.0., plastic in mvers, fouling).

David Le Touzé - LHEAA, Ecole Centrale d= Mantes, France
5 lectures on:

g
2
:
i
g
)
:
-
§E

wm 5PH method: theory, positioning with respect to classical CFD
methods; Application to free-surface and (some) muliphase
flows: physical assumptions, numencal models, examples of
Christophe Henry application; Coupling to other methods (FV for fiuids, FE for
Inria Sophia Antipolis Méditerranée fluid-structure interaction).
Valbonne, France Alex Liberzon - Tel Aviv University, lsrae!
Jacek Pozorski 4 lectures + 2 hands-on sessions on: ) _
IMP - Polish Acadsmy of Scances Crerview over the 20 and 30 Lagrangian parficle tracking
Gdansk, Poland expenmental methods from theoretical, computational, and

hardware perspectives; Hands-on sessions on two-phass
PV and PTV methods for 20030 measurements, using open
source software OpenPIV and OpenPTV.

Jacek Pozorski - Institutz of Fluid Flow Machinery (IMP),
Polish Academy of Sciences, Gdansk, Poland
5 lectures on:
Fu” |nf0 on: Introduction to particle-fluid interactions in urbulent flows;
’ Udine September 11- 15 2027 Laru&EcHrSmlainn{LES}mﬂrmmedesmmdem
sub-scale effects (one-point stochastic and structural-type

cism.it/en/activities/courses/C2312 models); SPH modeling of interfacial flows.



