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Predictive multiphysics simulations

e fluid dynamics (turbulence)
@ radiation

@ particle transport

Crescent Dunes Solar Energy Facility (Nevada)
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Lab-scale experiment

v

o Air flow duct
e 4 cm square duct
] Ubulk ~8 m/s
o Re, ~ 600
@ Nickel particles
o d,~8-15 pum
° d;‘ ~02-04
o Stt =20 - 60
o Laser diode array
o 1-2kW

Shield

4H

Diodes

From blower

% TestSection

To cyclone

Close experimental-computational collaboration for modeling & validation.

@ particle concentration
@ gas & particle velocities
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@ gas temperature
@ radiation transmission
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Validation: DNS with point-particles

o staggered Cartesian mesh (2nd order)
@ low Mach compressible

@ point-particle, Schiller-Naumann drag
o discrete ordinates method (DOM)
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Outline

@ Turbophoresis
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Particle-based solar receivers

@ Radiation absorbed by suspended particles
o Ideal case, uniform n(z):

I(z) = Ipexp(—onA,z)
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Temperature Profile

Particle absorption

~  Turbulent Flow ~
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Particle-based solar receivers

@ Radiation absorbed by suspended particles
. Temperature Profile
o Ideal case, uniform n(z):

I(z) = Ipexp(—onA,z)

Turbophoresis

@ Turbophoresis — non-uniform n(z):

I(2) = Iy exp (—UAp /O xn(&)d{)

- Turbulent Flow
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Particle-based solar receivers

@ Radiation absorbed by suspended particles
Temperature Profile

o Ideal case, uniform n(z):

I(z) = Ipexp(—onA,z)

Turbophoresis

@ Turbophoresis — non-uniform n(z):

I(z) = Iyexp <—0Ap /O ’ n(g)dg)

- Turbulent Flow

Turbophoresis: the tendency for particles to migrate in the direction of
decreasing turbulence level (Caporaloni 1975; Reeks 1983)

@ in a wall-bounded flow, particles migrate toward walls
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Turbophoresis in a channel flow

flace AV _ u—v _ ppdy : + _ o+
o Particles: G = %%, where 7, = S0, define St™ =7,

p

y/H
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movies/Re150_Phi1en4_St8.avi

Turbophoresis in a channel flow

. . dv _ u—v _ ppd;%. H + _ +
o Particles: G = %%, where 7, = S0, define St =7,
o Momentum conservation: (v2[y)4C = {wlwco Aol o
’ ylY dy T dy
N—— —

biased sampling  turbophoresis
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Turbophoresis in a channel flow

. _ d? .
o Particles: & = 0 where 7, = f;’;;; define St* = 7.f
o Momentum conservation: (v2[y)9¢ = {uwlo dyly) o
- \Uyly dy — I dy
—— ——
biased sampling  turbophoresis
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Turbophoresis in a channel flow

o Particles: Cfi—;’ =0V
Tp

, Where 7, =

e (2] dC
® Momentum conservation: (vy[y) G =

102_
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Turbophoresis in a channel flow

: . dv _ u—v _ ppdf,_ : + _ +
o Particles: Gr = 5=%, where 7, = S0, define St™ =7,
o ndC o (uyly) _ il
® Momentum conservation: (vy|y) ‘g = =0 4 C
N—— —

biased sampling  turbophoresis
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movies/Re150_Phi1en4_St8.avi

Turbophoresis in a channel flow

. .dv _ u—v _ de;z%. . + _ +
o Particles: 5 = S0, define St™ =7,
: d
e Momentum conservation: (vﬂy)% = %C - (vy|y>c
—— \_V_/

biased sampling  turbophoresis

“x/h
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Turbophoresis vs. biased sampling
@ Formal solution of momentum conservation:
1 [Y Y d1n(v2

Tp <U§ ) dn

~~

N

J/

biased sampling turbophoresis
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Turbophoresis vs. biased sampling

@ Formal solution of momentum conservation:

Oly) = N exp ( 1 /y (uyln) /y dIn{vj[n) n

2
Tp <Uy ’77> d77
biased sampling turbophoresis
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Negligible biased sampling?

Cly) = (,Ug% exp (T—lp / y 2%’;'25 d")

~ J/

neglible at StT > 17
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Negligible biased sampling?

Cly) = %%exp (Tlp / y iﬁgm d")

J/

neglible at StT > 17
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Negligible biased sampling?

Cly) = %%exp (Tlp / y iﬁgm d")

J/

neglible at StT > 17

—— Sttt =0 —=— DNS
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Particle-particle collisions

As bulk volume fraction (®y/) increases, collisions between particles
significantly affect turbophoresis.
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Particle-particle collisions

As bulk volume fraction (®y/) increases, collisions between particles
significantly affect turbophoresis.
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Turbophoresis summary "

- d(vly)
@ Turbophoresis: Fyyp ~ 4
. 1071 4
e Pushes particles toward walls .
£
+5
=
1072.
z Stt =512
1073 - - T
10° 10! 10?
y+
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Turbophoresis summary

2
@ Turbophoresis: Fy,p ~ d%#y'y)

e Pushes particles toward walls

o Biased sampling: Fiiqs ~ (uy|y)/7p
e Push particles away from walls
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Turbophoresis summary

—— Stt =0

. d(v? 10797 T
@ Turbophoresis: Fj . ~ <+y|y> el
. —8— Stt =128
e Pushes particles toward walls _ o'y —— stt =512
83
© 0
e Biased sampling: Fpiqs ~ (uyly)/7p 1073
e Push particles away from walls 101
@ Net result: near-wall concentration peak 10° 1 10°
o biased sampling negligible: St™ > 100
e what does this mean for WMLES? 10t
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Turbophoresis summary

2
@ Turbophoresis: Fyyp ~ Aoy ly)

dy 10?4

e Pushes particles toward walls

o Biased sampling: Fiiqs ~ (uy|y)/7p g
o Push particles away from walls

@ Net result: near-wall concentration peak

Dy
Dy
Dy
Dy
Dy
Dy

le-6
3e-6
le-5

&

LI

le-4

o biased sampling negligible: St™ > 100
e what does this mean for WMLES?

o Collisions decrease turbophoresis

e enforce max near-wall ¢,
e what does this mean for super-particles?

Perry L. Johnson Wall-bounded particle-laden flows

10
May 14, 2019

10?
13/ 35



Outline

@ Wall-modeled LES
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Wall-modeled LES

(a) 4t
0 5 10 15 20 U
[ y T —
WMLES grid
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(b)
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Wall-modeled LES

[ i ]
WMLES grid
1.5
S
S
0.5
0 1 2 3 4 5 6
x/H
ou

EJFG-VG:—WJFUVQG—V-U, V-u=0,
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Wall-modeled LES

[ ) ]
WMLES grid
15
S
>
0.5
0 1 2 3 4 5 6
x/H
ou

E-ﬁ-u Vi=-Vp+vVu-V.o, V-u=0,

@ staggered mesh, 2nd-order central differencing

o dynamic Smagorinky SGS stress, o, = —2(CsA)2[S|S;;
e algebraic equilibrium wall-model, u(y1/2) = u« [% In <y1/2u*> + B}
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Advecting particles in wall-modeled LES
]

WMLES grid
15
s
>
0.5
0 1 2 3 4 5 6
z/H
dvi u—-v u-v+u
dt Tp Tp
May 14, 2019

16 / 35



Advecting particles in wall-modeled LES

[ i ]
WMLES grid
1.5
S
>
0.5
0 1 2 3 4 5 6
x/H

dvi u—-v u-v+u

dt Tp Tp

o trilinear interpolation for u at particle location, u’ = 0
@ near-wall treatments (‘equilibrium interpolation’):

o Iy wy(yp) = Fy(u)ay(waye),  Fyyh) = (uy(y™))/{uy(yy,))

Perry L. Johnson Wall-bounded particle-laden flows May 14, 2019 16 / 35



Advecting particles in wall-modeled LES

WMLES grid
1.5
S
>
0.5
0 1 2 3 4 5 6
x/H

dvi u—-v u-v+u

dt Tp Tp

o trilinear interpolation for u at particle location, u’ = 0
@ near-wall treatments (‘equilibrium interpolation’):

o Iy wy(yp) = Fy(u)ay(waye),  Fyyh) = (uy(y™))/{uy(yy,))
o Ii: i (yp) = Fuly)ui(yija), Fily®) = (VWRy™ ) /(R )
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Advecting particles in wall-modeled LES
[ L ]

WMLES grid

1.5

y/H

0.5

0 1 2 3 4 5 6
x/H

dvi u—-v u-v+u

% a Tp N Tp

o trilinear interpolation for u at particle location, u’ = 0
@ near-wall treatments (‘equilibrium interpolation’):
o Iy wy(yp) = Fy(u)ay(waye),  Fyyh) = (uy(y™))/{uy(yy,))
o Ti:ui(yp) =Fi(y)ui(yiye), Firly®) = (VuEly))/(VuE(y))))

@ how important is u’ vs. specialized interpolation
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Interpolating streamwise velocity

Stt =8 Stt =128
—— DNS —— DNS
—&— WMLES —&— WMLES
57— WMLES-Z, 157 - WMLES-Z,,
—— WMLES-T,Z, g/ —— WMLES-T,Z, g

I\a 10 i; 10
S S
5 - 5 -
0 - T T 0""'| WAL | T T T T
102 100 10 102
y* yt

Biased sampling of low speed streaks reduces mean streamwise velocity.

@ Less important at higher St™
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Interpolating wall-normal velocity

10°

Stt =8

1071 4

+
y,rms
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—— WMLES-T,
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10°

Stt =128

107 5
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—— WMLES-Z),Z,

10° 10! 102
yt

DNS-informed wall-normal velocity — more accurate turbophoresis.
@ Not trivial, because v, # u,
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Biased sampling in wall-modeled LES

Stt =8

14
10" 4 . ‘_‘i;.‘--o--m 10
2= ]
'ﬂ‘f 10° 3
g 10 g
2 P 1073
E E ]
o 1077 0 1072 5
g g f
2 2 15-31]
a 10725 a 10773

—#+— Sampling bias 10*4_; 4 —— Sampling bias

10—3 4 —=+- Turbophoresis E n == Turbophoresis

10° 10t 102 10° 10* 102
y* y*

Less near-wall flow structures, WMLES under-predicts biased sampling.

o Likely worse at higher Re,
@ However, biased sampling less important at larger St

Perry L. Johnson
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Concentration profiles in wall-modeled LES

Stt =8 Stt =128
103' —— DNS : —+— DNS
—=— WMLES 9 —=— WMLES
102 —= WMLES-Z; 10 3 —=— WMLES-Z;
X —— WMLES-Z) T, —— WMLES-T, T,
° 1
Q 10
@)
100 4
10—1 4
o m ane ] T T
10 10 . 10 100 101 102

Physics-based interpolation helpful at St™ = 128, small biased sampling.

@ Clear need for u’ at St* = 8 (future work)
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Wall-modeled LES summary
o Wall-modeled LES

e reasonable cost at high Re
o lacks details of near-wall structures
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Wall-modeled LES summary
@ Wall-modeled LES

e reasonable cost at high Re

o lacks details of near-wall structures
@ How toset u at y, < yi?

o default (trilinear) interpolation

o Zj: law of the wall interpolation

e Z,: wall-normal rms interpolation

(uf)

v+
y.rms

v

Perry L. Johnson Wall-bounded particle-laden flows

—+— DNS
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10—2 4
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Wall-modeled LES summary

e Wall-modeled LES 10" 4
e reasonable cost at high Re v 1]
o lacks details of near-wall structures &
@ How toset u at y, < yi? FRURE
oy . . v
o default (trilinear) interpolation 2
o Zj: law of the wall interpolation
. . —+— Sampling bias
e Z,: wall-normal rms interpolation 1031 === Turbophercs
@ Importance of u’ 10° 10! 107

e vital for biased sampling
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Wall-modeled LES summary

—— DNS

e Wall-modeled LES 102 - whLes

—o— WMLES-Z
—— WMLES-7,,7,

e reasonable cost at high Re

e lacks details of near-wall structures
@ How toset u at y, < yi?

o default (trilinear) interpolation

o Zj: law of the wall interpolation

e Z,: wall-normal rms interpolation

@ Importance of u’ v
e vital for biased sampling
e High St

e biased sampling negligible
e with Z,, turbophoresis well-matched
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Wall-modeled LES summary

—— DNS

e Wall-modeled LES 102 e~ whiLes

—o— WMLES-Z
—— WMLES-7,,7,

e reasonable cost at high Re

e lacks details of near-wall structures
@ How toset u at y, < yi?

o default (trilinear) interpolation

o Zj: law of the wall interpolation

e Z,: wall-normal rms interpolation

@ Importance of u’ v
e vital for biased sampling 10° 4
—+— DNS
o High St* = Wi,
10% 4 N —— WMLES-T),Z,

e biased sampling negligible
e with Z,, turbophoresis well-matched

o Low Stt

e biased sampling is key
o future work: represent u’

C/Cy

10° 10! 10?
y
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Outline

© Super-particle collisions

Perry L. Johnson Wall-bounded particle-laden flows



Particle-Particle Collisions & Turbophoresis

@ As global volume fraction (®y/) increases, particle-particle collisions
redistribute and transfer fluctuation energy (e.g. at St™ = 32 below)

10°
102 4
3 -1
_ 10 1079
<
+s
© 100 i e — Py =0
102 4 —— Py = le-6
e By = 3e-6
—— Py =le-b
10*1 4 —— Py = 3e-5
—— Py =1le4
10° 10! 10? 100 10! 10?
y* vt

Concentration profile is very sensitive to volume fraction.
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Multifidelity Uncertainty Quantification (UQ)?

'H. R. Fairbanks, L. Jofre, G. Geraci, G. laccarino, A. Doostan. Bi-fidelity
approximation for uncertainty quantification and sensitivity analysis of irradiated
particle-laden turbulence. Under review in Journal of Computational Physics.
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Multifidelity Uncertainty Quantification (UQ)?
High fidelity
e PP-DNS + DOM (square duct)
@ volume fraction ~ 2 x 107°
@ each run: ~ 500 hrs, 1024 CPU

@ vary 14 input uncertainties

'H. R. Fairbanks, L. Jofre, G. Geraci, G. laccarino, A. Doostan. Bi-fidelity
approximation for uncertainty quantification and sensitivity analysis of irradiated
particle-laden turbulence. Under review in Journal of Computational Physics.
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Multifidelity Uncertainty Quantification (UQ)?

High fidelity
e PP-DNS + DOM (square duct)
@ volume fraction ~ 2 x 107°
@ each run: ~ 500 hrs, 1024 CPU

@ vary 14 input uncertainties

50

€§14 513

Exp.data %
mean
Cl bt

a0
1

30 -

AT[K]

7
k"—’—rrrb—’—ko/'//

0 L L
0.00 0.01 0.02 0.03 0.04
viml

'H. R. Fairbanks, L. Jofre, G. Geraci, G. laccarino, A. Doostan. Bi-fidelity
approximation for uncertainty quantification and sensitivity analysis of irradiated

particle-laden turbulence. Under review in Journal of Computational Physics.
May 14, 2010 24 /35
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Multifidelity Uncertainty Quantification (UQ)?

AT[K]

High fidelity

e PP-DNS + DOM (square duct)

@ volume fraction ~ 2 x 107°

@ each run: ~ 500 hrs, 1024 CPU

@ vary 14 input uncertainties

50

Exp.data %

mean
Cl et
a0 +1
t i
i t
30 (4
[1
v
20 - xh
*
*L v
N ¥
10 X ¥ *
R e g *
o . . .
0.00 001 0.02 003

viml

Low fidelity

@ LES (dynamic Smagorinsky)

@ coarser x10 in dz, dy, dz, dt

@ reduction x10 in # of particles

(deterministic collisions)
6614 513

f12

'H. R. Fairbanks, L. Jofre, G. Geraci, G. laccarino, A. Doostan. Bi-fidelity
approximation for uncertainty quantification and sensitivity analysis of irradiated
particle-laden turbulence. Under review in Journal of Computational Physics.
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Multifidelity Uncertainty Quantification (UQ)?

AT[K]

High fidelity

e PP-DNS + DOM (square duct)

@ volume fraction ~ 2 x 107°

@ each run: ~ 500 hrs, 1024 CPU

@ vary 14 input uncertainties

50 T T
Exp.data %
mean
[ —
40

30 (-4

20 - xh

,_»Vr"’.....a

P

¥

et
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0.00 0.01 0.02 0.03
viml

Low fidelity

@ LES (dynamic Smagorinsky)
@ coarser x10 in dz, dy, dz, dt

@ reduction x10 in # of particles
(deterministic collisions)

€13

Low fidelity
susceptible to
volume fraction
sensitivity.

f12

'H. R. Fairbanks, L. Jofre, G. Geraci, G. laccarino, A. Doostan. Bi-fidelity
approximation for uncertainty quantification and sensitivity analysis of irradiated
particle-laden turbulence. Under review in Journal of Computational Physics.
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A Super-Particle Approach

e.g. u(x(l)’t)_v(z) t W=:.|. )

o %=y 0 _g 2

‘.64

Ww=4

16
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A Super-Particle Approach

o %) =v@® =g u(x(® 1) —v(® TTwar
Tp
o Statistical weight: ~ W =W = N,/N,
Nc % 1 I3
° f(X,V)=<Zizlw()5(X—x())(s(v_v())> 5
W=4
16
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A Super-Particle Approach

o x()=vl) ) =% a=Dv0 oW
Tp
o Statistical weight: ~ W =W = N,/N,
Ne % i %
o fX,V) = (SN W5 (X = x5 (V—v)) Tl
°© Of+Vx-(Vf)+Vv-((alX,V)f) = feu W=
16
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A Super-Particle Approach

= T

o %) =v® =4 W

o Statistical weight: ~ W =W = N,/N,
o f(X,V)= <Z£V:c1 w@s (X _ X(i)) s (V _ v(i))> -
° Of+Vx - (V) +Vv-(@aX,V)f) = feou Twea

° fcoll ~ Ng d?) Urel / w

Invariance with W is broken by collision term, f.,;. 16

= 4

o (S |

S |--- . e 5 /

- R | collision > 2 ;

| Y || &

A
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Collision Scaling

J’_
e Collision velocity, v.¢(d) ~d", h= { L, small 5t (smooth)

0, large St™ (ballistic)
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Collision Scaling

+
e Collision velocity, v,q(d) ~d",  h= { L, small 5t (smooth)

, large St (ballistic)

.. . d 2+h
@ # of collisions decreases as W increases: fcoll ~ N2
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Collision Scaling
. . 1, small St (smooth)
e Collision velocity, v, (d) ~d"  h { 0. large St+ (ballistic)

.. X . J2+h

@ # of collisions decreases as W increases:  feoy ~ Ng 5
. . . . . o 2d2+h
@ Correct by changing collision diameter: Jeott ~ Npj S5~

o For invariance with W: d. = d, W1/ (2+h)
o Relative velocity via restitution coefficient: e, = e, W "/ (2+h)
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Collision Scaling

. . 1, small St (smooth)
~Y h = ’
e Collision velocity, v, (d) ~d",  h { 0. large St+ (ballistic)
. 2+h
# of collisions decreases as W increases:  feo ~ Ng d’I’/V

o
. .. . o 2d2+h
@ Correct by changing collision diameter: feott ~ Np S~

e For invariance with W: d. = d, Wl/(2+h)
o Relative velocity via restitution coefficient: e, = e, W—h/(2+h)
o Example: W =64

o low St, ‘smooth’, (a =1/3, ‘const. vol. frac.'):  d. = 4d,
o high St, ‘ballistic’, (aw = 1/2, ‘const. swept vol."): d. = 8d,

Tw=r DT we=es

64} 1}
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Collision Scaling

. . 1, small St (smooth)
~Y h = ’
e Collision velocity, v, (d) ~d",  h { 0. large St+ (ballistic)
. 2+h
# of collisions decreases as W increases:  feo ~ Ng d%V

o
. .. . o 2d2+h
@ Correct by changing collision diameter: feott ~ Np S~

e For invariance with W: d. = d, Wl/(2+h)
o Relative velocity via restitution coefficient: e, = e, W—h/(2+h)
o Example: W =64

o low St, ‘smooth’, (a =1/3, ‘const. vol. frac.'):  d. = 4d,
o high St, ‘ballistic’, (aw = 1/2, ‘const. swept vol."): d. = 8d,

Tw=r DT we=es

: Effective collision diameter
. scaling should depend on St*.

64} 1}
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Results for St* = 128 (®y = 1 x 1079)

‘no correction’

— w=1
10° 5 — w=2
— w=4
— w=8

wW=16

10° 10! 10%
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Results for St* = 128 (®y = 1 x 1079)

h=1
‘no correction’ ‘smooth’
10° 5 e 102 5 e
— W=4 — W=4
— W=8 ‘ — W=8

wW=16
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Results for St* = 128 (®y = 1 x 1079)

‘no correction’

1024

— W=1
— W=2
— W=4
— W=8

W=16

10°

Perry L. Johnson

1024

h=1
‘smooth’
W=
_— W=2
-
W=8
W=16
100 10! 102
+

Wall-bounded particle-laden flows

10% 4

C/Cy

10° 5

h=0
‘ballistic’
—_— W=1
—_— W=2
— W=4
— W=8
W=16
\\
\\»,
100 10! 102




Results for St™ =

128 (dy = 1 x 107°)

h=1 h=0
‘no correction’ ‘smooth’ ‘ballistic’
10°4 e 10° e ——
— W=4 —_— W=4 —_— W=4
— w=8 — w=8 — W=g
W=16 W=16 W=16
5 10" S 10 E
SO S S~
10° 10° S N ™~
10° 10" 10° 10° 0 10° 10° 10" 10°
yt vt y*
At StT = 128, the ‘ballistic’ scaling, h = 0, seems effective.
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Results for St* = 32 (®y = 3 x 1079)

‘no correction’

—_— W=1
— W=2
— W=4
— W=8
W=16

102 4.
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Results for St* = 32 (®y = 3 x 1079)

h=1
‘no correction’ ‘smooth’
102 o 102 4 e
— W=4 — W=4
— W=8

wW=16

Perry L. Johnson Wall-bounded particle-laden flows



Results for St* = 32 (®y = 3 x 1079)

O - 1 0 1 4 - - ’
no correction smooth ballistic
10% 4 W 10% e 10% 4 e
—_— W=4 — W=4 — W=4
— W=8 — W=8 — W=8
W=16 W=16 W=16
5 104 S 105 S 10"
-~ —~ —~
) [¢) ¢)
10° 10° 10° N
100 10" 10% 100 10t 10% 10° 10t 10%
y* y* y*
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Results for St* =32 (&y =3 x 10~

’)

h=1 h=0
‘no correction’ ‘smooth’ ‘ballistic’
1% — e 10° 4 o 1024 e
— W=4 —_— W=4 —_— W=4
— W=8 — W=8 — W=8
W=16 W=16 W=16
§ 10" 4 \ g 10! § 10" 4
) [¢) )
10° 5 10° 5 S 10° 5 \\‘ ‘‘‘‘ i
lbu 1(‘]l 162 160 l(l)l 162 1(')u 10" 162
y* y* y*
At StT = 32, the ‘ballistic’ scaling, h = 0, seems effective
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Results for St* =8 (®y =1 x 107%)

‘no correction’

—_— W=1
— W=2
— W=4
— W=8
W=16

101 4

C/Cy

100 4
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Results for St* =8 (®y =1 x 107%)

C/Cy

Perry L. Johnson Wall-bounded particle-laden flows

‘no correction’

101 4

100 4

— W=1
— W=2
— W=4
— W=8
W=16

C/Cy

h=1
‘smooth’

— w=1
—_— W=2
— W=4




Results for St* =8 (®y =1 x 107%)

‘no correction’ ‘smooth’ ‘ballistic’
— w=1 — w=1
— w=2 — w=2
— W=4 — W=4
- e
10" 4 10 4
) [¢) ¢)

10° 4 10° 4
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Results for St™ =8 (®y =1 x 107%)

- 1 4 - - ’
‘no correction’ ‘smooth ballistic
—_— W=1 —_— W=1 —_— W=1
—_— W=2 _— W=2 —_— W=2
— W=4 —_— W=4 —_— W=4
—— W=8 —— W=8 —— W=8
\ W=16 \ W=16 W=16
10* 5 104 _ 1oty
S S \ S
\
100 10° 4 N 10° 4
lbu 1(‘]l 162 100 10! 10% 100 10t 10%
y* +

At StT =38, the ‘smooth’ scaling, h = 1, seems better.

Perry L. Johnson Wall-bounded particle-laden flows May 14, 2019 29 / 35



Results for St™ =

2(@V—1X10

Y

May 14, 2019

h=1 h=0
‘no correction’ ‘smooth’ ‘ballistic’
—_— W=1 —_— W=1 —_— W=1
— w=2 — w=2 — w=2
10" — w=4 10! -\ — w=4 10" A — W=4
\ — w=8 — w=8 — W=g
W=16 W=16 W=16
¢ |\ g ¢ |\
) N [¢) )
" -
S S~ ~
100 4 N . 10° 4 N o 10° 1 ™~ ~— |
100 10! 102 100 10" 102 100 10" 102
y* y* y*
At St = 2, low sensitivity to collisions.
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Local model for h

Limiting behaviors confirmed:
@ h = 0 works better for Stt > 32
@ h =1 works better for StT < 8

For each collision, detect h based on:

b= [Vrel|Tp stopping distance
d — dp ~ additional distance travelled to collision

Limiting behaviors are:
@ b — 0: slaved to relative flow velocity, ‘smooth’, h =1
@ b — oo: ‘ballistic’, h =10

h = exp (—bb>
tr

with one free parameter, by, to be determined empirically.

Proposed form:

Perry L. Johnson Wall-bounded particle-laden flows May 14, 2019 31/35



Results for b;, = 32

StT =128
1024 s
— W=4
— W=8
W=16
14
§ ’ \
S
10° \\ -
b
100 100 10°
y+

10764

+ +
cou/ At
-
o
7
1
:

dn,

—
5]
1
o
L

10° 10t
yt

y L. Johnson

10?

Stt =32
102.
5 104
S
S
100.
10° 10! 10?
y+
10774
t“ 6
= 107
+8
=
=
10774
100 10 102
y+

Wall-bounded particl

laden flows

Stt =8
101.
-
<
9
100.
10° 10! 102
Z/+
107 =
Yoo
= 10774
+3
=
<=
10705
10° 10! 10
y+



Super-particle collisions summary

@ Super-particle approach: N, < N,

e turbophoresis sensitive to @y,
e broken invariance of statistical evolution
with W = N, /N,

10° 10! 10?
+
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Super-particle collisions summary

@ Super-particle approach: N, < N,

e turbophoresis sensitive to @y,
e broken invariance of statistical evolution
with W = N, /N,

C/Cy

@ Enhanced collisional diameter, d,.
e retain deterministic collisions

10° 10 10%
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Super-particle collisions summary ===

e Super-particle approach: N, < N,
e turbophoresis sensitive to @y, 1
e broken invariance of statistical evolution

with W = N,/N.
102 4 W
—_— W=2
@ Enhanced collisional diameter, d,. e
e retain deterministic collisions - 0] =
S
e Two limits, two scalings
o large Stt: d, ~ W/2 10° 4 S~
o small St*: d, ~ W/3
100 10" 102
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Super-particle collisions summary

@ Super-particle approach: N, < N,

e turbophoresis sensitive to @y,
e broken invariance of statistical evolution
with W = N, /N,

@ Enhanced collisional diameter, d,.
e retain deterministic collisions

@ Two limits, two scalings

large Stt: d. ~ W1/?

o small St*: d, ~ W1/3

@ Determine h for each collision

h = h(|Urel|77'p>

dy ~ W/ (2+h)

ey ~ W/ (2+h)
effective across all Stt

C/Co

10‘2 4

1074

Perry L. Johnson Wall-bounded particle-laden flows

—_— W=1
—_— W=2
— W=4
— W=8
W=16
10t \
\
.
10° 10! 10?
Z/+
—_— W=1
_— W=2
— W=4
— W=8
" -\\ W=16
\\'\\
10° 10 102
y+
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Turbophoresis, biased sampling, and wall-modeled LES

—— DNS
5 —8— WMLES
107 5 —e— WMLES-Z;

10 4

@ 10° 5 —— WMLES-Z) 7,
)
I
£107'4
%
5 10724
=
o
—3 J
10 —=— Sampling bias
-a- Turbophoresis
10° 10! 102 10° 10 10?
y* yt

LT
sssss2
DN

S SN

>

101 4

C/Cy
C/Cy

100 4

10° 10 102 @ 100 10" 102
yt J y*
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A Closer Look: Stt =

128, h = 0 (ballistic correction)

W=1
10°¢ Wt
W=8
W=16 ..
% <+ Collision freq.
+\=8 10774
108 Collision vel. —
1(’]” 1(’)] 1(’)2
y*
10°
i
PP < Particle vel. RMS
s s -
£ ~ S
a7 S
—_— W=1
—_— W=2 .
- Concentration —
W=16
100 10! 102
y+

+3 4
>
— w=1
— w=2
94 — w=4
— w=8
W=16
10° 10! 102
yt
— w=1
10° 5 — w=2
— w=4
— w=8
W=16
10" 4
\\’
10° 5 N
10° 10 10%
y*
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A Closer Look: Stt =

W=1
5 w=2
10775 w=4
w=g
N W=16
=
= .
+§ 1()~() 4
1077 4
10° 10! 10?
yr
10°
o~ )
{//’/
e
£
Jr; =104 /
—_— W=1
— w=2
— W=4
— w=s
W=16
10° 10 10%
+

Y
Perry L. Johnson

32, h = 0 (ballistic correction)

< Collision freq.

Collision vel.

+ Particle vel. RMS

Concentration —

Wall-bounded particle-laden flows

3 4
]
>
=,
— W=t
— w=2
— w=4
14— w=s
w=16
10° 10! 10?
gt
— W=1
10° 5 — w=2
— W=4
— w=8
W=16
10" 4
1004 S~ ]
10° 10! 10?
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A Closer Look: St* =8, h = 1 (smooth correction)

10744 — w=1
—_— W=2
—_— W=4
— W=8
N W=16
'% 10754
=
+3
10—6 4
10° 10! 10?
y*
10
2107
+3
—_— W=1
—_— W=2
— W=4
Y — w=8
10 W=16
10° 10! 10?
+

Yy
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< Collision freq.

Collision vel. —

< Particle vel. RMS

Concentration —
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C/Cy
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