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Motivation : experiments (1)

Micro-bubbles in Turbulence
@ Twente Water Channel

Experimental Setup

Flow
direction
[ LASER ) [T XTI Volume illumination

Bubble size ® ~ 150 +/- 25 um
Taylor Reynolds number Re) up to 300

Credits: Varghese Mathai, Chao Sun, Detlef Lohse



Motivation : experiments

Bubble acceleration variance
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At moderate Re) values:
« Increased variance compared to tracers
« Horizontal component larger

©),

® ~ 150 um
Tp = 0.625 ms

n =200 um

T, = 40 ms

St~ 0.015



Acceleration statistics of

drops and bubbles in turbulence

1 Calzavarini, Volk et al. JFM (2008)
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In Twente bubble experiments :
pp/pr =103, d/n< 1, g/ay= 78

g/an

gravity Water droplets in cumulus clouds :
pp/pr =103 , d/m< 1, g/ay =20

turbulence intensity

Droplets case, see:
Peter ]. Ireland, Andrew D. Bragg, Lance R. Collins arXiv:1507.07022 (2015)
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Model equation of motion

UX(T7),7)  fluid flow field

X =
pf+2pp

A

3p;) (DU 3v,__ .. . :
(DT ' aQ(U—X)+gez>_gez

added Stokes buoyancy
mass Drag

We neglect: Lift, History, Faxen (finite-size), two-way coupling (wake)



Dimensionless model

turbulence dissipative scales : 1 length Ty time

X = | u— X) e,
P Dt S t( ) Fr
modified 5 — 301 B4
density ratio pr+20p lght |
Stokes a? T neutral 1 | —
number '~ 36vr, T hejvy/ ot
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Numerics : Eulerian-Lagrangian DINS

Eulerian

Lattice Boltzmann solver
- periodic cube (2563)
« constant power, large scale, stochastic |* ¥

forcing

. Rex=80 (n~ 1.5 Ax)

Lagrangian
« Trilinear interpolation

. 2Mdgrder in time

» >510°particles, ~500 families
3=0,..,3

St £0.05,), 1

Fr| = 0.02,...,40



Acceleration variance from DNS
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B = 0 already studied in:
Bec, Homann, Ray, PRL 184501 (2014)
Parishani, Ayala, Rosa, Wang, Grabowski Phys Fluids 27, 033304 (2015)
Ireland, Bragg, Collins arXiv:1507.07022 (2015)



Acceleration variance from DNS

2 2
, <a’>/<a’, >

2 2
<a’p>/<a’y >

25

20

15

10

] ] ] ] ] ] I I b
e
- -
g
o
: '
A o
A o m

(h)
5 (h)

Ao
559
) —

5 (h)

—~
:T‘UI\]

'Ln;l\,)l'o

z22%2

v<v | ——
| ——a

—_~—~
< <
—

oppww~»—~—oooww-~

jorhovhovhorhorhoshorhorhsrhoshsrhorhorhorhorhor)
W
—~ N
< ~
e
-

~
<
~

ooo--—|—>>>ooee><



Instantaneous Particle Acceleration

For very small particles (small Stokes)

Fr=1 5 0 X >~ u » X ~ D;u

. St .
Fr—1 finite X~ u-+ —e,
Fr

St (B-1) a*’9  ur

Fr I5; v, (T
Acceleration
L d St . ou . St . St
XQ’E(U-FF—TG;;) — W—I_X.V(U—FF_T'eZ) —_ Dtu I Frﬁzu
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Evaluation of Acceleration variance

horizontal vertical
5 2
. ‘ St\~ ‘ . : St .. ‘
(#%) ~ ((Dyug)?) + (F—) (D.12)?) (3%) ~ ((Dyu.)?) + (F—) ((0-u-)?)
,,- I
In homogeneous & isotropic turbulence T
‘ 2 ¢ ‘ 1 €
7Ux)?) >~ —— OzUz)%) ~ ——
(OzUx)) =155 (02Uz)") = 22 A s
0\ 2 s | o e
(DTUx)?*) = ((D7Uy)?) = (D7UZ)?) = ac (ﬁ) of &£
n X
T a From : G.VOTH etal. JFM (2002)
Heisenberg-Yaglom constant 0'(') 560 1600
Ry,
9 2 (52) 1/ St)°
@) . 2 (st z ~ 14 ()
((Dtum)2> N 15ag \ F'r | <(Dtu;zt)2> 15ag \ Fr |
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Acceleration variance comparison
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Acceleration variance:

comparison with experiments
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Acceleration Time Correlation
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Higher moments: Acceleration Flatness
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Larger Stokes (fixed gravity and Re, )
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Inertial Filtering reduces
the acceleration enhancement effect
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Larger Stokes (fixed gravity and Re, )

St =[0.05 , 1.0]
100 | —
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" |p =0, Ireland et al. (2015) _—

[[B=2 o
A 1p=3 o -

N = - -
&
\4 10
&
%
1 . . : | |

St/Fr

Inertial Filtering reduces
the acceleration enhancement effect
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Conclusions & Perspectives

A tiny bubble (or a droplet) is not a good fluid acceleration proxy

Finite Froude numbers,

Small Stokes limit:

« Increase of acceleration variance
« Decrease of the correlation time

« Decrease of acceleration flatness

& confirmed by
/ " bubble experiments

To be explored:
« Intermediate and large St limit (clustering)
 Interplay with finite-size, lift and wake effects

Thanks!
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What about Lift force?

important for large bubbles
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