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Motivation AN | RWTH

small particles modify the apparent viscosity of any suspension
(Einstein)

the interaction of a particle with its surounding fluid leads to an
additional loss of kinetic energy to the two-phase system (Bessel)

common Lagrange point-particle models were derived for diameters
much smaller than the characteristic length scale of the carrier fluid

this assumption is questionable for many technical problems

particle resolved simulations exist for particles whose diameter is
much larger than the characteristic length scale of the flow field

experimental and numerical analyses for particle diameters in the
range of the Kolmogorov length extremely challenging

new cut-cell approach allows a detailed investigation
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Grid generation, data structure | AIN | RWTH

= Hierarchical cell-tree
* Vertical connections: parent-child pointers

level n

o -

_ —_— — — — L 4



Grid generation, human nasal cavity AN | ®™WH 5
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Moving boundary |

= Surface of the embedded boundary is represented by the O-
contour of a signed-distance function qb

* Implicit description
» Interface information available on the grid

* Efficient re-generation of cut cells
after each time step

. qf)can be evolved by solving
the level-set equation

Cylinder in a vortex
deformation field

d¢
4+ f-Vo=0
5 TE Ve=0

body velocity




MB, constrained reinitialization | /-|||-\ W

= Constrained reinitialization equation
00" + S(0)(|Vo| —1) = BF”

* Sis asmoothed sign function
* semi-discrete form

Otk =0 — ATLS(0) (G (DI 0 DTV 50) = 1) = 857, F 4}

= Forcing term F corrects the interface displacement
* takes the interface displacement explicitly into account

* derived from the constrained reinitialization scheme
(JCP 2008)

* arbitrarily high-order spatial discretization can be used
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MB, constrained reinitialization Il A\ ®WTH

= Significant reduction of interface displacements during the
reinitialization

= High-order accurate approximation of the signed distance function
* better approximation of higher derivatives, i.e., curvature

256x256, WENO-5 —— 256x256, HCR-2 WENO-5 ——
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VBC: Emerging and merging cells

AIN ™
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VBC: Discrete operator weighting fct. | /.“I.\ | et

Interpolation plus flux redistribution to stabilize the RK update:

Q =QW +(1-k.)Q" — QW)
mass defect D. = (1 — /{C:)(Qé’“) — Qi)vc("’)

global conservation Q) = Q) +o.,D./V;, V1€ M,
Vi

>V

jEA[C

Ocl —

transition parameter K, = A(Q‘/Cfll,._d)

0, o 1
differentiable transition function \(-) A(r) =< 372 — 213, 0<r <1,
1 r s .
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VBC: Discrete operator weighting fct. Il /.“I.\ | Ll

discrete gradient update to reconstruct the flux:
Taylor-series expansion about cut-cell centroid and its neighbors
\

G\\B‘r‘c\ o © (O]
WAp=WDH _ |Ar _|br
2= [Af} - [bf]

W: weighting matrix, pg: solution vector, A: coefficient matrix b: right-hand vector

W = diag (Wi ;0«5 « 5500 W s Wisan.s 55 ) 9

with the scaling matrix S: weights balance the inverse volumew; o V;

Wi — h2 ‘/: / h,d else.

p. = (W AW b with (W A)" the pseudo inverse via svd
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VBC: Transversely oscillating circular cylinder I/JJ[\ | T 0

Re =185,y =Acos (2nf t) , A=02D , f.,=0.8f, ,
Sr =f,D/u,=0.195

locally refined mesh

vorticity contours
(cyl. at tdc)
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VBC: Transversely oscillating circular cylinder Il /.“I-\ ‘ W
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VBC: Oscillating oblique settling of a sphere /JJ\ ®H

computational domain L, =L,=8.5d,L,

0.25
spectral method (reference o
direct-forcing method (d,/Ax = 48
present method dg Ag=22
0.9 present method (d,/Az = 45) ——
DD‘.
\
=<
=015 -
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0.1 - Bt
|
14 -1.35
Ui/ Uy

phase diagram: v, (hor. vel.) vs.
v, (settling vel.)
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drag coeff. vs. settling vel. (spurious
force oscillations: £0.0001)
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Runge-Kutta time stepping AN | P

standard multi-stage (MS) RK method
(@) = (QV)",
(QV)®) = (@V)O — ap At R(t" + ap_1At; QFY), k=1,...,s

Q)" =(QV)*,

residual operator R(t; .) R(?: Q) = j[ [ﬂmv(Q) _ E’L’“(Q)] .1 dA + O(h?)
PC RK method oV (t)

(@V)® = (@V)",
(QV) = (QV)© — At R(t™; Q"),

(QV)®) = (QV)© — At [(1 — g3 VRSO ag . REPY Q(k_l))]
(QV)" = (QV)¥.

speedup of PC RK vs. MS RK 1+(s-1)o
o =t/ G+ taed); tige: time to construct the residual
t..... time to execute the new scheme

exec"

fors=5and 0.1<06<0.38 => speedup: 1.4-25 18
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Viscous fluid flow AN | "WH

conservation equations

- 1V +
dt R

V(t)

l
(;_1‘ pudV +

V(1)
d

7 pE dV +

V(t)

y( p(u —upy)|-n dA =0,
AV (t)

j’é lpu(u —usy) + pI — 7| -n dA =0,

oV (t)

]{ pE(u—usv)+pu—Tu+q-ndA=0
oV (t)
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Rigid particle dynamics AN ™

linear acc. of solid particle

dv
[/ SR : F
m =

rotational motion

~

id—‘:+ax(ia):’7'



Momentum and energy transfer

at the material interfaces /-“I-\ ‘ R

fluid velocity on the surface
u(r) =vp+wp X (x—7rp), el

hydrodynamic force

Fg= 7{(—1)77, +7-n)dA
Fp

hydrodynamic torque
- ]{(az i) 36 (—2p% o s )d A

Iy

rate of kinetic energy from particle to fluid

zpp(t):%(pn—z-n)-udA:—(Fp-'vp—I—Tp-wp)

Iy
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Particle-laden flow: Dynamic mesh refinement /'“I-\

|RW11'I

70,000 particles; 2 - 10° cells; 30,000 cores;
fully resolved particle flow field
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PLF: Dynamic load balancing AIN ™

70,000 particles; 2 - 10° cells; 30,000 cores
speedup =4

wall time, load balancing ——
o = wall time, static domains ——— 4 300k
2.5 cell imbalance, load balancing —-—-—-

cell imbalance, static domains -
| c //'\/ fH‘\ out of memory
L

1malll

- 250k

% 2 s
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= dde i , S
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PLF: Decaying isotropic turbulence  /JJ]\ | ®W™

energy spectrum E(k) = (3ug/2)(k/ukp)exp(—k/k,)

up: rms velocity, k,: peak wave number, k, = 2r/L
Re, =79.1 Taylor-scale Reynolds number
(Lucci et al.: Re, =75)

1 10
Gao et al. (spectral) A Gao et al. (spectral) A
~ xa0 et al. O xa0 et al. O
0.8 - ¢ Lucci et al. o 8 L Lucci et al. o
present % present
o 06 X . 6 E
S X =
= R =
N 04 - oR . 4
O,
0¥y
0.2 - O~ 5 2
0 ' ' ' 0 ' ' :
0 0.5 1 L.5 y 0 0.5 1 1.4 2
teg/ul teo/ug

current time step 3.5 times larger than that of Lucci et al. and
4.5 times larger than that of Gao et al. 28



PLF: 6400 spherical particles in dit | AN |

at t=0.27ué /¢

6400 particles are released

particle / fluid ratio: pp/py =5 = Stokes number St, = 72
d,=1L/32 = 161,

d,. particle diameter, ny: Kolmogorov length
Ax = d,/8; particle volume loading; 0.1
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LT T U
[T W W W W WL W W
LA O R R W R W W
R W
!
I S L U W W WL W
\\\\\\\\\\\

NN
HEEEEREN
- -

R

29



PLF: 6400 spherical particles in dit I AIN ™

instantaneous particle locations and Q-crit. contours colored by velocity magnitude,




PLF: 6400 spherical particles in dit Il AIN ™

1 12
Gao et al. O Gao et al. O
Lucci et al. o o)) Lucci et al. o)
08 L ¢ single phase ------ 10 - single phase ------
present present
8
> 06 F -
€ S
< = ¢
B @4 | -
4
02 9
]
0 | | | 0 | | |
0 0.5 1 1.5 2 0 0.5 1 1.5 2
feo/ug 1‘50/11(2)

Re; =79.1 (Luccietal.: Re; =75)
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PLF: 6400 spherical particles in dit IV AIN

|nw11-|

wall time per time step (s)

computational efficiency: weak-scaling measurements for

single-phase and particle-laden flow
cells per compute core: 27 =131,072
Cray XC40 (Hazel Hen) at HLRS

single phase —e— particle overhead (%) —e—
LB |- particle laden —ea— cut-cell ratio (%) —a—
e 40 |-
e B Bl N
L 7 &30 e
3 20 -
0.5 +
T |t egpens
..... PR
) TR, A
0 Al R 1| TR O Lo | {1
100 1000 10000 100 1000 10000

number of cores

98% efficiency (single phase)

overall # of particles and diameter are const.,
successively decreasing overhead at
Increasing resolution of a fixed # of cells

number of cores

correlation
between particle
overhead and
cut-cell ratio
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PLF: Ellipsoidal particles

DNS at Re, =u” Alv =79, 2563 cells
prolate und oblate particles, aspect ratio 2
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Particle resolved simulation (PRS) A“_\ ‘ RWTH

hydrodynamic force summed over surface elements

I, = Z —pn+7-n; A
i€l

hydrodynamic torgue summed over surface elements
Ty, = Z (& —7g) x (—pn+ T - n)]l A

=

36



Sph_erlcal Lagrange model (SLM); /-“I-\ ‘ RWTH
particle shape neglected

small solid, spherical particle; Maxey-Riley egs.

dv Du+1 Du dv - (m—my)
m . m T T g7 m—mg)g
/ [
+ 3mpdp(u — v) + 3mpd, / K(t— T);—(u —wv)dr. (*)
dr

0

heavy particles, gravity and drag dominate eqn. (*)
=> fluid force on particle

F=3rufpds(t—vp)

with drag correction term

fp =14 0.15Re)®%
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Elllp_smc_lal ngrange model (ELM); /-“I-\ ‘ RWTH
particle inertia neglected

small heavy non-spherical particle, hydrodynamic drag force
F=uR'"K R (u—v)

~

diagonal resistance tensor K = 16mabc E | —L1
Xo0+b4 B0

hydrodynamic torque T — nK s+ ;LKC(& — W)

diagonal tensors / b2 _ o2 \ ( b2 o2 \
16 b2 Bo+c2v0 16 T
. R :
K_ = —mabe EE £ —a. e T c2+a?
==38 3 ! i} CQAIIO_i_aQaO KC 3 7 (l‘b(.» E CQ’Y()—I—CLQCI()

2 2
\ ‘)a —b‘) ) a2+b2
a<ap+b= 8o (12050-{—1)260



Parameters of particle-laden flow; AL | R
PRS, SLM, PLM

N, number of particles, B aspect ratio, p, / p;particle-to-fluid density
ratio, n Kolmogorov length, d™", de, minimum and equivalent
particle diameter, T time scale:

‘cp/'cn =109.9, 'cp/'cx =28.4 ‘Cp/‘CL =3.6,¢,=3.5-104, ¢,,=0.49

Case N, B pp/psr d™™/n d*/q
S (spheres) 45,000 1 1400 1.19 1.19
P (prolates) 45,000 2 1400 0.94 1.19
Pg (prolates) | 45,000 2 1400 0.94 1.19
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Instantaneous vortical structures
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Temporal variation (PRS) AN | RWTH

| _E()/E,
Mgl pLEs —— 8 - s —
0.8 gase P —
6 -
0.6 - o
o
= 4 4
0.4 - 1 S
0 1 L | ] 0 | ' : ' : '
0 0.5 1 1.5 9 0 0.5 1 1.5 2
1 £*
fluid kinetic energy viscous dissipation rate
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Temporal variation (PRS, SLM, ELM)

AIN ™

single phase -

PRS ——

t*

viscous dissipation rate

mean particle Reynolds
number
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Orientation distribution function at

v =2 AIN ™

odf odf

0 /4 /2 0 m/4 /2

odf

odf between ellipsoids symmetry
axis and strain-rate
eigendirection e, (upper left),

e, (upper right), e; (lower left),

0 /4 /2
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Parameters of 5 simulations

AN | ™

N, numbers of particles, p,/p particle-to-fluid density, d; particle
diameter, n Kolmogorov length, L domain length, ¢, particle volume

fraction, ¢, particle mass fraction

Np PP/P dp/77 dp/L

Case
0

1
2
3
4

0
45.000 40
45.000 200
45.000 1000
45,000 5000

1.32
1.32
1.32

1.32

0.0025 3.5 -
0.0025 3.5 -
0.0025 3.5 -
0.0025 3.5 -

o8
0

. 0_4
iy
104

Om
0
0.014
0.07

0.35
1.79



Instantaneous vortical structures A“‘\ | o

particle-laden flow, case 3, t* =1




Instantaneous vortical structures AIA | o

particle-laden flow, case 3, t* =1

| /ug

II 0.25
Il 0.125

I 0

structures around individual particles, local mesh
refinement




Glocal kineti budget
vs.tme oo AN ™
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Temporal variation of fluid kinetic RWTH
energy spectra AIA ‘

Bk, 1) E(s,t)

casel case 2

107! ¢
case 3 case 4 : 0

1 2 4 8 16 32 64 128

t*=0.5, 1.0, 1.5, 2.0, 2.5



Mean relative velocity distribution RWTH
around particles AIA |

[u—v,| [y
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Mean kinetic energy distribution

around particles

AN | ™
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Viscous dissipation induced by RWTH
particle acceleration AIA ‘

—

— =

Instantaneous dissipation rate

| 1 )
/ edV = Fyp-(Up —05) + Ty« (p—wy) — % e dV — / pu' - f,dV,

. (7 . .
B (®) Zp(t) 2p(t)

= Fpi(lly = 0p) & Ty s (y—t,)— Lg,



Integrated dissipation rate vs /'“I'\ ‘ RWTH

former RHS

Jedv Jeav
6 pdf 20 7 pdf
casel . . case 2 . |gle
5 [ o .
12 15 .
4 |- ek
e su 0.8
3 8
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: 6
2 0.4
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0 0 0
6 20
Jeav et
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scatter plot at t* =1, joint-pdf of integrated
dissipation rate colored



Particle inertia >> fluid inertia A“'\ ‘ o

neglegting
lp = %f@%dv—}-fpu/ - f.,dV

results in

/ edV =Fp, - (Up—vp)+Tp (2p —wp), pp>p



Integrated dissipation rate vs TH
former RHS AIA ‘

.I.””' ff(/l'
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Conclusions | /-“'-\ \ 1

— highly efficient cut-cell method
 massively parallelized grid generator
« highly accurate and stable reinitialization method
for level-set approach
« more efficient and more accurate treatment of
temporally varying boundary cells
o Improved Runge-Kutta formulation
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Conclusions Il /-“'-\ \ 1

— particle-laden flow
e fully resolved analysis
e excellent agreement with existing data
e shape of the particles can be arbitrary

— Euler-Euler vs Euler-Lagrange (sph. & non-sph. particles)

e velocities of prolate ellips. << spherical particles

e decay rate of fluid turb. kin. energy underpred. by Lagrange

e Viscous diss. rate underpred. by Lagrange

e Inclusion of inertia more important than non-sph. effects for
non-sph. particles

e preferential orientation of non-sph. particles differs massively
for sph. models; ell. Lag. mod. OK, sph. Lag. mod. poor
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Conclusions lll /-“'-\ \ 1

— Kolmogorov-size-particle-laden flow

e particles locally increase dissipation due to intense strain
generated near the particles surfaces via the cross.-traj. eff.

e increasing particle inertia decouples rotational particle motion
from the local fluid vorticity and strain-rate field

e analytical expression for the instantaneous visc. diss. derived

e local balance of fluid kinetic energy around arbitrary shaped
particles can be determined

e two-way coupled Lagrange models impl. account for particle
dissipation, however, disregard the length scales
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