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Motivation: bacterial turbulence

Velocity field of pendant drop
of Bacillus subtilis suspension
Dombrowski et al,

PRL 93 098103 (2004)

Collective effects of many microswimmers lead to vortices larger
than the characteristic size of an individual microswimmer

@ length of microswimmer, e.g. B. subtilis: O(5um)
@ size of vortex: O(100um)
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From bacterial turbulence to hydrodynamic turbulence

@ (quasi)-2D bacterial suspensions: bacterial films, plankton

@ 2D turbulence: inverse energy cascade
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Energy spectrum and flux in 2D turbulence

Boffetta, ARFM (2014)
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e local Re for microswimmer O(107°): dissipative range

@ pusher type bacteria can lower effective viscosity
Hatwalne et al., PRL 92 118101 (2004), Liverpool & Marchetti PRL 97 268101 (2006),
Sokolov & Aronson, PRL 103 148101 (2009), Lépez et al, PRL 115 028301 (2015)

@ transition to hydrodynamic turbulence?

@ sustained turbulent cascade for strong driving?
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Models

@ Bacterial flow model
Wensink et al. PNAS 109 14308 (2012)

Bratanov et al. PNAS 53 15048 (2015)
Oru+2o(u-V)u+Vp = M V|uP—(a+Blul)u4ToAu—T1A%u,

@ Solvent model
Stomka & Dunkel EPJE 224 1349 (2015)

ou+(u-Vu+Vp=V-o,

ojj = (FO — A+ F4A2) (8,'Uj + 8ju,-)

o

viscosity

|
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Dot = o + Mok® + Tak*.
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Comparison to experiments: Vorticity field

domain length: 600pm




Comparison to experiments: energy spectrum
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Piecewise constant viscosity (PCV) model

oru+ (u-V)u=—-Vp+ Dlu],
Dlu] = — /2 dk o(|k|)k2age’®™
R

continuous piecewise constant
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Wensink et al. PNAS 109 14308 (2012)
Bratanov et al. PNAS 53 15048 (2015),
Stomka & Dunkel EPJE 224 1349 (2015)




Piecewise constant viscosity (PCV) model

Oru(x) + (u(x) - V)u(x) + Vp(x) = /R2 dy v(x —y)Ayu(y) ,

0ci(k)+ [ dp (i(p)- iK)in(k — p) + ikp(k) = ~D(k)Ka(k)

vg >0 for k< kmin ,
D(k)={v1 <0 for k€ [Knins kmax] »
1% > 0 for k > kmax . 2
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o Galilean invariant
@ One single parameter, v, controls the energy input.




Parameter study: numerical details

@ fully dealiased pseudospectral DNS

e domain [0,27]?, discretised on 2562 and 10242 grid points
@ keep g and v fixed

@ keep amplification wavenumber band [kmin, kmax| fixed

°

vary amplification factor 11

vo = 0.00109
VQ/I/O =10
Kmin = 33
Kmax = 42

|v1/vo| € [0.25,7]




Parameter study: Time evolution
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Parameter study: Scale-by-scale results

— |n/m|=1

— |n/m|=2
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Parameter study: Global results
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Parameter study: Global results
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Parameter study: Global results
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Parameter study: Global results
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Four-scale model

condensate: Ej := E(k)jx=1

large scales: Epg = flk"‘“‘ E(k) dk
driven scales: Epy 1= f:r:i" E(k) dk
small scales: Ess := [, E(k) dk

Interscale energy transfers

Ew — Es: ca EﬁézElN ;

Env — E1: of(E — E1,o)Ell/2EIN :

ELS — E1 : C3E11/2ELS 9

Eln — Ess: C4EslézEIN ;

¢; > 0: coupling constants determined from DNS
0: Heaviside step function




Four-scale model

Evolution equations

Ein = — 21k EiN — a Eﬁéz EN — C4E§§2EIN

— f(E1 — El,O)E11/2EIN
. 1/2 1/2
ELS = — 2V0kES ELS + ELé EIN - C3E1/ ELS

Ess = — 2V2k§sESS + C4E8142E1N

El = — 21/0/(12E1 + C3E11/2ELS + C20(E1 = El,O)E11/2EIN

effective wavenumbers:
kl = 17 kL87 kSS) kIN = (kmin + kmax)/2




Four-scale model: upper branch E; > E;

In steady state:
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Four-scale model: lower branch E; < Eq g

In steady state:

20k \
2u1kin Ein = —C1Eﬁé2EIN = Eis = (211\1) ,
1

1
2uokisELs = a Eﬁé2EIN - C3Ell/ZELS = Ev = o (2V0kES + C3E11/2) Eﬁéz )
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Four-scale model: transition
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Four-scale model: transition
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Summary

piecewise constant viscosity model in 2D:

viscosity

L4t
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o with weak driving, the large scales are in absolute
equilibrium (no inverse energy flux)

@ with strong driving, condensate forms at the largest
resolved scale (inverse energy transfer)

subcritical transition between two regimes
(no condensate vs condensate)

Ex

four-scale model:
direct coupling between condensate and driven scales




Comparison to experiments: Wensink et al

. PNAS 109 14308 (2012)
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Comparison with experiments

mesoscale vortices in bacterial numerical simulations:
suspensions:

Dombrowski et al PRL 93 098103 o Driving scale:
(2004) 7 /kin ~ 100um,

@ size ~ 100um, @ Velocity scale:

@ speed ~ 100um/s, VEIN =~ 240pum/s
e vp,0 = 10%um?/s o v = 0(103um?/s)

Reynolds number: Reynolds number:
Re = 0O(1072) J Re = O(10 — 20)




Viscosity reduction
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M. C. Marchetti Nature Viewpoint 525 37/38 (2015)




Viscosity reduction: bacterial suspensions

@ viscosity reduction in suspensions of B. subtilis:
Sokolov & Aranson, PRL 103 148101 (2009)
0O(10) reduction for volume fractions 8% — 20%

@ viscosity reduction in suspensions of E. coli:
Lopéz et al, PRL 115 028301 (2015)
zero viscosity for volume fractions < 1%

@ mesoscale vortices occur for volume fractions > 8%:
Gachelin et al, NJP 16 025003 (2014)

Re = O(1071 — 1)

Further reduction possible?




Conclusions

viscosity
3

piecewise constant viscosity model in 2D:

iz
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subcritical transition between two regimes

@ weak driving: the large scales in absolute equilibrium
no inverse energy flux

@ strong driving: condensate at the largest scale
inverse energy transfer

four-scale model: direct coupling to condensate
Re O(10 — 100) larger compared to experiments

Can such Re be achieved in experiments?
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