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Introduction VA,

 Multiphase flows

N
— Dispersed flows with particles U
P P Y i /
 Numerical approach — =5 - Pl
> Pt T
— Euler-Lagrange framework /
~

e Euler: Carrier fluid phase
e Lagrange: Particulate phase

— Point-particle method
* Particle size << Kolmogorov length scale

dy Kng  Stp K1 =>" Particle-Fluid
* Flow around the particle = viscous regime interaction is modeled

Re, K1 Re; < Re
p p |
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otivation

Denisow, B. and Weryszko-Chmielewska, E. Photo: Irene Cdmara
Jares Joel, 2006, National Escherichia, Shigells, Vibrio Reference Unit at CDC *2 Camacho., CC BY-SA 4.0, via Wikimedia Commons

Oregon State University, CCBY-SA 2.0, via Wikimedia Commons

Particles in fluids

Pelymeric
Nancparticie

Micelle

Rydrophiic Head

Hydrophotic Playload  e*g@e
Therapeutic Agent @

Ligand A

@ Polymeor Matrix

Liangtai Lin, CCBY 2.0, via Wikimedia Commons

Picture of James Gathany, Brian Judd, USCDCP from Pixino

WolfpackBME, CC BY-SA

s Faculty of Mechanical Engineering -F




M OtiVatiOH GRAIN OFSAND

90 um >
) GRAIN OF SALT _ ‘
* we are constantly exposed to airborne pollutants 60 um > ’{

)
Pollen N
5-20 uym >
RESPIRATORY DROPLETS = Visibility limits for the naked eye
5-10pum> ~ 10 —40 um

O
Dust Particles )

PM2.5 2.5um >

Bacterium ] ) .
1-3 um > Superellipsoid formulation
can carry smaller y
. o . c €
Wildfire smoke particles such as 2o - | [« 2/ea v 2/e5] €2/ €1 y 2/e1
oo ["“ viruses ()= 1% T 1<
Corona virus ,‘ig,,

0.1-0.5 um > M

\

Wildfire smoke can persit in the air for
several days and even months
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https://doi.org/10.3390/jmse10030369

Research topics covered

* Spherical particles:

— Application to tracking of aerosol in human respiratory tract

* Superellipsoidal particles:
— Drag force and torque modelling
— Collision modelling

s Faculty of Mechanical Engineering




Motivation - pathways of Covid-19 transmission

we are constantly exposed to ;\
irb I e
airborne pollutants ‘
Long-range airborne route:
. Transmission by aerosols
|
\ 3 \‘P
- .
—~ ./‘t =L
o : ( { ‘ -
f \\
¥ ‘\
& ;
e dp > 100 um: Fast deposition due to the domination of gravitational force
* Medium droplets between 5 ym and 100 um 70-90 nm 1

 dp < 5 um :Small droplet nuclei or aerosols - Responsible for airborne
transmission

Giaimo C (1 April 2020). "The Spiky Blob Seen
Around the World". The New York Times.
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https://www.nytimes.com/2020/04/01/health/coronavirus-illustration-cdc.html
https://www.nytimes.com/2020/04/01/health/coronavirus-illustration-cdc.html
https://en.wikipedia.org/wiki/The_New_York_Times

Realistic human lung replicas

e Resolved until 7-10th level of bifurcation (LoBF)

(a) Experimental lung (b) Female lung (c)Malelung o nhalation: V. = [7.5,15,30] L
: Toe e min

P: zeroGradient
U: specified flowrates

Airway Experimental lung Female Lung Male Lung
Cells 3.3 Mio 9.7 Mio 8.5 Mio
Boundary layers 5 5 5
Near wall distance y* =1 yt =1 yT =1
A/ | : & [Pas/l] 22.91 50.492 17.08
LoBF 10 P: fixed value
U: zeroGradient, R=Ap/V,
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Methodology

Flow field equations

* The flow field is solved in an Eulerian framework with OpenFOAM® (uses FVM)
* The governing incompressible RANS equations are:

di(psu) + div(pru @ w + TRANS) = —gradp + divr + f, and  diva =0 Note that: 4 — @ + o’

J

TRANS = pruf @ u T = ,u,gradSYM'&,

Lagrangian particle formulation

* Maxey-Riley equation

d A 3 * 1
a* = dqt)* [ \ ¢ [u* — 'u*]] + §R 81;* +R Hu* + 5’0*] .V] u” o
neglegible if:
—pp+05pf ) _ 18Vu0 {z_?_l]g \/ D * Py >>,0f
1 pp Geq uo R=—*% e StK1
St = 18 p; v Lo pPp+0.5p;
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Particles

701  A—d=04um A breathgenerated droplets |
P O cough generated droplets
607 \\ & sneeze generated droplets |
o \
S50
> \ H—d =6um
+ | / P
= 40 | — d =1.5um 2.6e-04
'_C% l\ /A //P i
30 A /v.”\
S AR Y 0.0002
2, 20 T
;A \ — 0.00015
10 | / LY ' ©
\
¢ SNty g 0.0001
10" 10° 10" 10*  10°  10* o
dp [um]
« 10° spherical and rigid particles, pp =1704kg/m3 l2ede

cough, sneeze and breath generated particles
touch & stick wall interaction

drag, gravity and buoyancy (p, > pf, St K 1)
turbulent dispersion: Continuous random walk
initial particle velocity is set to local flow-velocity
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Limitations

* dilute flow allowing for one-way coupling of particles and fluid,

* assumption of isotropic turbulence (turbulent dispersion model: StochasticDispersionRAS) and

k-w-SST / k-w-SST DES RANS turbulence approach,
» sufficiently small aerosols: surface tension strong enough — small spherical rigid particles,

* we study aerosol deposition in selected lung regions rather than precise deposition locations,
* particle volume fractions is well below 107° (suggested limit for one-way coup. by Elghobashi (1994)),

* majority of d,, (average sizes: 0.3 um (speaking), 1.5 um (cough), 6um (sneeze)) are smaller

—3/4

thann, = R, "Dinier — their impact on the turbulence modulation is small (see Crowe 2000),

— Combining these statements, we consider RANS with one-way coupling as appropriate in

V4
the scope of the present application.

o4
DS
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Flow simulation results

* Velocity distribution in central plane * Turbulent kinetic energy distribution in central plane
y s . . VE 7.5 1/min 15 1/min 30 1/min
Voo o ISlmin o 1slmmo o 50lmb (AT A
o __............‘,*1
[ o

) 492400 ““‘

-l |
Té’ o |? i [ f

d) I 0.0e+00 g‘?e"m I 0e+00

L *2

".-- '
270+00 490400 9.2e+00 e,

(@)] e,

c l 2 g | ;5 2 l? B *1
3 s § S b §
- B = L0 2 4 g

()] Io.s = l:‘,5 z 3 =
TU 00540 3:8o+00 t é,c-moo
= *2
X

o K1
: L3 O ! .:
= g 3 29 :
-l 5 & A s

k0. 2 = z
Q- I 0.0e+00 0.0e+00 I g.g@‘to
L

(*1) High velocity regions (*5) High k region

*Note the different Reynolds numbers due to different inlet diameter of experimental lung (Rg exp = 1/2 R,)
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Deposition

Mouth Region

Larynx Region

* steady state inhalation

* study volumetric deposition efficiency (DE)

* particles produced by breathing,
coughing, or sneezing

« 10° inhaled particles :

Trachea

o

Tracheobr. Tree®

Female Lung
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Male Lung
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Volumetric deposition fraction across three exercising levels; # coughing droplets, ® droplet nuclei of sneezing, *

breath generated aerosols. (a: LoBF =1 — 7, b: Summation of deposited particles up to LoBF =T)

cough particles

sneeze particles

breath particles

subject-specific
trend
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Deposition, at 15 |/min steady state

‘ — ‘ "“_«,:!T-}?sé—"al B e -'\,a _ . . .
L TN / ~ 1. il * Particles are colored according to particle
/ | " £ {. size and scaled with diameter
- ‘ ,
® 7
.3 \ 0.38 4 ] 8 10 12 14 z17
breath generated . o I ——— | ——
particles a © .z %\ d
. P [I»lm]
. ®
. © A :
sneeze generated % 2 esy ?(in
particles 0 © S Y3
o . © y cough generated
particles
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Deposition, 15 |/min, realistic inhalation

100 steady-state k-@-SST k-@-SST DES
| 15 [/min
50 / § *Reduced
g ] / lung model
= 0 g
s . o
full respiratory cycle .
-100 ‘ ‘ ‘ K
n 1 2 e A "0 5
3 y" s
@ 55| |: “"‘ g
LDE t“‘ &
X 2F »*
215 E
g \ \
£05
/ * Female lung
0 .
0 1 2 3 4 . — ;
- ; V., =151/min
(b) particle injection 2 * sheeze generated
: particles
=3
=]
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Deposition in different lung sizes

100

particles in collectors [%)]

Fig.7 Aerosol deposition for different lung sizes; < Child (Age 1), + Child (Age 3), x Child (Age 5), <1 Child (Age 7), 2~ Child (Age 9), 11 Child
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Fig. 11 Aerosol deposition after 8000 - - 3000
15 min-inhalation for different
lung sizes; < Child (Age 1), + — —
Child (Age 3), = Child (Age 5), lj 6000 L
< Child (Age 7), ~ Child (Age g £ 2000
9), 0 Child (Age 13), O Adult g g
(Male). (Color figure online) E 4000 ¢ E
% '_.2 1000 -
5 2000 5
= =
e, ® °
Deposition in ; | ;
0 5 10 0
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d iffe re nt I u n g (a) Overall (b) Mouth-throat region
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2 5
2 1000 f &,
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Tracking superellipsoid particles in flows
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Particle-Fluid interaction models

Stokes flow form: Cauchy stress tensor:

[ ] . .
Drag & Torque acting on a particle 76+ prd = 0 g=—Pl+1

e Methods:

— Analytical: direct integration from Stokes equations

D

Drag: d Torque:
_) > r\ dp
F:j G-ndl u sz rx (o-n)drl

r r e

Spherical particle: ‘ﬁ = 6nud, - i ‘ T = 8nud} - (& — &p)

2z
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Particle-Fluid interaction models

= —
late ellipsoid: g
Prolate ellipsoid: + Q7 - w,
! VYT Wy

— —1

Translation resistance: K Deformation resistance: II Rotation resistance: ()
8[A2 — 1]3/2 164, 1
Kyx = 14 ] My =0 Qpy = 1
27 — 1)In 4, + 2 = 1] - 0,V — 1 3 ag
P 16[12 — 1]3/2 oo 164, 1- A3 0. —q. - 164, 1+ A%
T s m [ VB -1 || T Y 3wt By || YT B ag+ Ay,

p
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Particle-Fluid interaction models

e Methods:

— Experimental

* Sedimentation velocity in viscous fluids

* Predominantely drag models

* Lack of rotation prediction

— Generalized shape description parameters:

Aspect ratio: Sphericity: Crosswise - sphericity: | |Lengthwise - sphericity:
1 1 1 1 2/3
_ Amin A 7'[§(6V )2/3 o 17'[3(6V )2/3 o _7'[3(6]/;9)
Ap = p=_= d p, =—= 4 P o, = > _4
Aimax A, A L7 A I 1A A 1A A
p p b P 7 p — P 2 p P

p
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Superellipsoid particle

61 = 1 81 = 0.2 el = 0.2 el = 0-2 61 = 1.5

* Parametric surface equation:

2/e,\ /1 | 7 12/es
)

* Superellipsoid volume: :
Normalized volume:

V. = 2abcee B2 +1e |B(Z2 22
p —_— a Celez (_ ,61) (_,—) _ 7'[ d . 1
2 22 =2 = P

e Axial ratios

2/62
+ [
b

Z
C

S(x,y,z) = (E

A =a/c
A, =b/c

- 1/3
T [[12/11/12e1e23 (% +1,e) B(%,%)]]

Reduced parameters: 1,,4,,e4, €5

University of Maribor
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Design of numerical experiments

/11 — [1,11] /12 > /11

. Numericalapproach/ e =[0218] e, =[0218]

— Parameter range: =2 ~5400 Particles

— Superposition of simple flow fields

* Investigated separately & — wy
F=rnudk i .
H (o X Oz, .
' -
=1 il = —zf +yk

ff,//
M‘\\\ \\\\\.
{/////".

Rotation

s _ | Translation
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Numerical framework

particle

* Boundary element method

\ 1024dp
" /

— Spherical domain boundary —

e Constant velocity field

— Domain size >> d,, g

domain boundary
* Momentum transport by diffusion
— Particle in the domain centre

* No slip condition

— Particle force and torque

ﬁzj 3.7 dr T:j 7 x (- 7) dr
I r
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Numerical results

* Computed on 5400 intervals of A1, 4,, e4, &,

— 9 simulations per particle (3 flows x 3 directions)

e Data representation

— 4-dimensional space
— Model derivation

* For each individual tensor component via polynomial
approximation

s Faculty of Mechanical Engineering




Force and torque model

Translation resistance tensor: (drag) Rotation resistance tensor: (spin)
. Coeff. | An. Pres. Prolate Approx. . Pres. Prolate Approx.
a a
Particle K Res. | BEM Sphere ell. b [27] [28] [29] Scheme Particle Coeff. 3 |An. Res. BEM Sphere ell. b Scheme
I z Kyx 6.0 6.002 6.0 6.0 6.046 5845 5.871 6.003 z Oyex 28.24 27.76 8.0 28.24 2791
' Kyy 6.0 6.002 6.0 6.0 6.046 5894 5.876 6.003 11 Qyy 185.6 184.4 8.0 185.6 185.2
K- 6.0 6.002 6.0 6.0 6.046 5845 5854 6.004 Qe 185.6 184.2 8.0 185.6 185.0
% y Average error: | 0.0%  0.0% 044% 134% 1.28%  |0.03% % y Average error: 47 41% 0.0% 0.19%
z Ky 10.71 | 10.69 6.0 1071 1054 9728 11.16 10.70 v z Oy - 782.0 8.0 28.24 784.5
II. Kyy 14.23 | 14.22 6.0 1423 1054 1223 1203 14.23 ’ Qyy — 782.0 8.0 185.6 784.0
K 14.23 || 14.22 6.0 1423 1054 1212 1197 14.24 Q;: - 1023 8.0 185.6 1025
% y Average error: | 30.95% 0.00% 11.04% 7.44% 7.17%  [0.05% % y Average error: 56.71% 48.40%
I z Ky - 15.50 6.0 10.71 1524 1473 16.39 15.50
’ K - 17.07 6.0 1423 1524 1582 16.62 17.06 1 1 .
X y . 0, 0y 0, 0, 0, 0,
Averagp error:  |37.91% 15.08% 8.00% 4.00%  3.78% Particle Coett I . Pres. Son Prolate Approx.
v 4 Kee  — | 2473 | 60 1071 2237 2218 2527  24.83 arcle o e BEM phere ell.® Scheme
' K - 24.73 6.0 1423 2237 2222 2529 24.82
vy z I, 0.0 0.021 0.0 0.0 0.021
Xiy K; 30.92 6.0 1423 2237 2797 28125 30.98 1. 1, 1713 1704 0.0 17143 1711
Average error:  |44.54% 29.44% 9.48% 5.72%  2.69% 0.17% .. 171.3 170.2 0.0 171.3 170.8
V. 4% Kox - 32.33 6.0 1588 29.76  30.00 3539 32.40 X y Average error: 47.14% 0.0% [0.11% |
) K - 32.31 6.0 2287 2976 3041 3543 32.35
vy z Ty — 672.9 0.0 0.0 676.1
Xb\y K.  — | 4587 | 60 2287 2976 4216 4144 4598 Iv. m, - s 00 s e
Average error:  47.62% 25.16% 10.93% 4.08% 547% I, — —0.083 0.0 171.3 —0.006
% y Average error: 47.14% 47.14%

n
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Force and torque model

* Reallistic pollen particle

— Reconstruct 3D geometry

Particle image 3D reconstruction Fitted superellipsoid

— Find best fitting superellipsoid

1 1 1 . Pres. Prolate Approx.
e Optimization problem: ot m | P | sphere PO o ps pa | AP
Kix 10.77 6.0 7.174 9.505 9.324 9.922 1058
n Kyy 10.80 6.0 8.184 9.505 9.431 9.968 10.71
5 /’11 = 1.96, /’12 = 1.83, K. 12.01 6.0 8.184 9.505 10.36 10.46 11.86
A Enlgl . E [S (xi; Vi, Zi) — 1] Average ertpr: 2676%  17.24%  870%  7.68%  5.56%
LA2E152 = | Ny e; = 0.564, e; = 0.472; O 50.07 8.0 12.70 - - - 47.23
Qyy 50.88 8.0 23.14 - - - 50.71
] O 63.20 8.0 23.14 - - - 61.65
3D surface POl nts Average ertpr: 19.00%  36.77% - - -
. . T, 25.31 0.0 0.0 — - - 23.51
Supere i PSOI d surface: Iy -2622 | 00  -1357 - - - ~27.56
I, 0.86 0.0 1357 - - - 3.791
2/e; 2/e; ez/eq 7 2/e; Average ertpr: 47.90%  46.34% — — -
Sy == +]= +
Ac Ayc c
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A Model for Translation and Rotation Resistance
Tensors for Superellipsoidal Particles

A model was developed that

e for a chosen superellipsoid with known velocity and angular velocity
at a location in the flow where

* the flow velocity and flow velocity gradient tensor are known
gives

* the force and torque on the particle

The model is available at Github:
https://github.com/transport-phenomena/superellipsoid-force-torque-model

s Faculty of Mechanical Engineering



https://github.com/transport-phenomena/superellipsoid-force-torque-model

Model used for a pollen particle

Table 3
K', @ and IT' tensor coefficients estimations for a realistic pollen particle (Strakl et al,, 2022a), obtained via DNS, approximated via sphere, prolate ellipsoid, triaxial ellipsoid
and superellipsoid.

K, Q. I Pollen® (Strakl et al., 2022a)  Sphere” Prolate  Triaxial®  Superel.® Shape factors

) . ) ) |] Haider and Levenspiel (1989)  Leith (1987) Hblzer and Sommerfeld (2008)
C

Case ID - A B D1/D2 E1/E2 F1,/F2 G1/G2
K 10.7 ] 7.235 9.413 10.58 9.505 9.324 9.922
K 10.80 ] 8.293 0.582 10.71 9.505 0.431 0.968
K-:; 12.01 i1 8.2903 10.84 11.86 0.505 10.36 10.46
@2 50.07 8 12.95 34.05 0/47.23 0/8 0/8 0/8
ﬂ;j 50.88 8 24.29 37.65 0/50.71 0/8 0/8 0/8
@2, 63.20 8 24.29 44.79 0/61.65 0/8 0/8 0/8
. 25.31 0 0.0 19.35 0/23.51 0/0 0/0 0/0
H;y —-26.22 0 -14.63 —-23.53 0/-27.56 00 0/0 0/
I, 0.86 0 14.63 3.87 0/3.791 0/0 0/0 0/0
K 2c/d, 6.09 ] 5.733 5.944 0/6.025 5412 5.309 5.650
K 2e/d, 6.15 B 6.572 6.051 0/6.100 5412 5.370 5.676
K} 2c/d,, 6.84 i} 6.572 6.846 0/6.756 5.412 5.899 5.956

“Fitted tensor coefficients (Strakl et al.,, 2022a) solely for comparison (superellipsoid surrogate approach not applicable due to non-symmetric particle shape).
b Analytical tensor coefficients for 4, =4, =¢, =¢, = L0

tAnalytical tensor coefficients for 4, =2.009; i, =¢ =¢, = 10

dsuperellipsoid surrogate mode, | (Strakl et al., 2022a), for A, =2.081; 4, =1907; ¢, =¢, = L0

eSuperellipsoid surrogate approach, Strakl et al. (2022a), for A, =196; 4, =183; ¢ =0.564; ¢, =0472.
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Fig. 11. Deviation of particle position compared to superellipsoid particle position (x™, »*). The deviation is normalized to the volume equivalent diameter of a sphere (d_,). The
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Detect contact point

* A point on the surface of one
superellipsoid is inside of the second
superellipsoid.

* We solve an optimization problem that
seeks the point on the second
superellipsoid that is deepest inside of
the first.

Figure 8: Detection of collision point on superellipsoid 2 and inside superellipsoid 1 with common normal n
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Collision model -
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* We assume the particles are rigid with elastic contact (coef. of €0 [032 — Waay - WayToe — V1s + WiaTty — W1y
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Figure 10: Two superellipsoidal particles undergoing collision
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