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Particle-laden flows

Spray combustion in engines Biomixing in the oceans
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......
N
v

Warm clouds Planet formation

Predicting concentrations in the inertial range of turbulence?



@ broeda— Heavy inertial particles
* Incompressible turbulence
atu—F(UV)U:_iVP"‘VvZu_l_fext Wlth V.-u=90

Pt

“ Particles: small, rigid, heavy, dilute with moderate slip
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Tt v e ety b L S Gy TH2)
: 2 pp a”
Response time 7 =
9,0fV

* Dimension-less parameters:

U L o o o
N Particle inertia St = v

Fluid inertia Re =
U L



% breia— Turbophoresis

+ In inhomogeneous flow: (Caporaloni et al. 1975, Reeks 1983)
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Turbulent activity

Effective diffusion equation for
the average particle concentration

* Analogy with thermophoresis:
diffusive particles spend more time in
colder regions




@ beeda— Inhomogeneous turbophoresis

* Turbulent boundary layers: channel flow

particle migrate
toward the walls

(Rouson & Eaton 2001,
Marchioli & Soldati 2002,
Costa et al. 2020)
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e]ectlon from h1gh k1net1c -energy regions

* Periodic flow with non-uniform forcing
0.07

Non-monotonic dependence 0.06 |

upon the particle response time
(De Lillo et al. 2016, Mitra et al. 2018)
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Do such considerations extend to statistically homogeneous flows?



@ VAN Direct numerical ssmulations

* Fluid: Pseudo-spectral code LaTu
P3DFFT, 3rd order Runge—Kutta, MPI

* Particles: Lagrangian approach with tri-linear interpolation
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broeia— T'ime and length scales of turbulence

ST — (V/2) tr (Vu(z) + Vu' (x))?

uy energy content at scale ¢

/
Reg:%
1%

Kolmogorov 1941: u, ~ (£)*/3

T ~ /g ~ 5l

Dissipative scale:

8 L = el et

< > Tn:V1/2/51/2




Refined self-similarity

el
s ‘Bf‘ Be(x)
Up 65/3 g3 (Kolmogorov 1962)

sloc(w’) de’ <€g> = &

* Coarse-grained dissipation &¢(x)

* Multifractal statistics of dissipation
ge =¢e(l/L)* ! with
p(ep) dey = (E/L)S_D(a) dp(c)
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— (=327
—— (= 64n
- — Lognormal

Instantaneous inhomogeneities in

turbulent activity | o



% breia— Particle clustering

fractal distribution at

dissipative scales

s 2 " .® S gtm”
- -* * . .
*%, ". P
° .. - . o ‘ L] .
“':\‘ﬂ A
. . . .
: - * bl L L .\
- -
::g... .: 0. " ] i‘
.. - ¢
. ¢ . . LA
. .
. . = > 2 L1 z
-’ %
-
e . @ " ot -
¢ e syt 5 .
.' Py [ [ ] [
.
- : d1551pat1ve
: 2L w w
L] . o
o - " e . d °
ynamICS.
v __«,'.‘_.\,}
= L7
;/ .’.{‘I |
e |
#5271 4 ey
r e e P
- l;%j, r - /II//;?//,/
) - -~ -
\|\\.\\:‘:‘/:‘/,{/§,
NE *“.—-":":-}:’
P ———————— ————
g X
. oz, 2
SEETTT g o
e G e
: < ===
o ® 1
°
* °
(] " "
ry ': )



(a) Local encrgy dissipation g, an

d particle positions
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Clear correlations between particle positions, accelerations,
and turbulent activity over inertial-range scales.
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St = (0.1
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The biases induced by inertia are not striking !
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@ breeia— Ditlusive process

* Importance of acceleration to measure deviations from the fluid

1
Ly = _; [UP " u(wpat)] U= u(wpat) — 7T dp

* Acceleration is moreover:
/ correlated over (relatively) short timescales
/ very sensitive to flow activity

t-+ot t-+ot
a:p(t—l—&)—acp(t):/t oo )ds—T/t e
| |

large-scale diffusion?
quantity (central-limit theorem)

dxp (1) = [u(p(t), 1) — 7 (ap)(t)] dt + o (zp(t), 1) o AW (1),

(UTU)i,j = I ((apa@ <a§)> <af;j>>)
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s Gotoh & Fukayama (2001)
Yeung et al. (2006)

® Bec et al. (2006)

¥ this study
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dependence on the Reynolds number
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% Loait Correlations of acceleration

short time correlations (component-wise)
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@ riii Correlatons of acceleration

long-range spatial correlations

C(r) = (a(r,t) - a(0,t))

100 :
5 Hill-Wilczak (1995), Xu et al. (2007)
\\/10'1 3

: i — | & t t

o aar (P ) ~ (Va0 V(e 0)
E ' — Uijkl <U7L(7°, 75) Uj(’ra t) uk((), 75) ul((), t)>
%10’3§ X <(5ru4> ~ 1% when r > 7

107 O Inertial-range expectation

i/ C(r) ~ rC4_2 <4 LT

However, contributions from dissipative C(r) ~ (lal*) |
scales dominate over a wide range of scales (1+ (cr/n)2)Y?
Long-range spatial correlations Statistics conditioned on the

reflect intrinsic correlations of W  local value ee(x) of the

turbulent activity energy dissipation -



@ beeda— Coarse-grained dynamics

) = (+), : average over a coarse-graining box of size ¢

(@p),
/ Residence time >> correlation time 7;

; E{ = Box average ~ time integral conditioned
on local turbulent fluctuations

B

Particle statistics conditioned on €¢ depend solely on:

61/364/3
- the local Reynolds number Re; = : >
rel/?
- the local Stokes number Sty = 16/2
vV

Effective equation
A, (1) ~ [ul@y (1), 1) — 7 (@p)e(@p(t), )] dt + o (@ (1), 1) 0 AW (1)

(UTU)Z',J’ =71 (<a§)a¥)>g = <af)>€ <ai7>>€)
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Coarse-grained acceleration

Rey
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(Do) / | €7 ({ap)el?) ™

Caige /¢

@hw
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Ettect of diffusion

dp(t) ~ [u(zp(t),t) — 7 (ap)e(@p(t), 1)] dt + o (xp (1), 1) o AW (¢)

= Bl S Y.

dominates at scales > f4ir (Batchelor’s scale)
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Drift prevails at
moderate Stokes
numbers and
inertial-range
scales
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(Pp) ¢ coarse-grained particle density

vgﬁ(a:, A= S <c1p>g(m, t)
depends on past

Particle fluxes = transport by the

fluid velocity + ejection due to inertia

Outgoing flux from the cell i: <I>;§ ~ / T (Pp@p) - dS s (Pp)y | (ap), |
9

By
[ Pl dm; i i i—
<— >\ }\ dt . (1/2)(1)t+1 B (I)t . (1/2)(1)75 .
¢l '" | N
N J \ ﬂN J \ ﬂ
\ VAV WA .
o) ot Oy <:0p>£ +u-V <pp>£ ~ V= (ks <Pp>e)

ke(x,t) o< 70 |{ap) |

Effective inertial-range dynamics
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Scale-dependent Peclet number

O (Pp)y +u -V {pp), ~ VQ(’W (Pp)0)
ol Sulend S sy

OpU diffusive time
P e = 2 = 3 -
¢ rky  advective time

6.3

2.5
1.5

0.6
0.4
10.25
10.15
10.1

Pey x €7 /T with v &~ 0.898

Inertial-range distribution depends solely on Pey
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mass-density variance
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Coarse-grained distributions

probability density

m Pe;, =~ 100
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% i Distribution of voids

(a) St = 0.4 | (b) St=1 (c) St=25
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Connected boxes of size ¢ that do not contain any particle

Statistics of volumes V independent of the coarse-graining size ¢

= involve correlations between neighbouring boxes
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@ Loait Distribution of voids

Power-law distribution: p(V) x V™F with 8 depending on St
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Summary / Conclusions

* Turbophoresis acts in statistically homogeneous flows because they
display instantaneous non-uniformities

* Inertial-range particles dynamics can be described in terms of an
effective diffusion equation with a space-dependent diffusivity that
is determined by the local turbulent activity

“ The inertial-range distribution of particles can be inferred from such
a model. However, statistics that span different scales (e.g. voids)
require accounting for spatial correlations of the diffusion
coefficient.
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