Swimming-induced non-Fickian transport of bacteria in porous media
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Summary

Progress in experimental techniques and imaging methods
have led to a leap in the understanding of microscopic trans-
port and swimming mechanisms of motile particles in porous
media. This is very different for the understanding and char-
acterization of large scale transport behaviors, which result
from the interaction of motility with flow and medium het-
erogeneity, and the upscaling of microscale behaviors. Only
few works have investigated large scale dispersion of active
particles in porous media, which mainly operate in the frame-
work of Brownian dynamics and effective dispersion or are
completely data driven. In this work, we use the particle track-
ing data of Creppy et al. [1] to derive the stochastic dynamics
of small scale particle motion due to hydrodynamic flow vari-
ability and the swimming activity of bacteria. These stochas-
tic rules are used to derive a continous time random walk
(CTRW) based model for bacteria motion. The CTRW natu-
rally accounts for persistent advective motion along stream-
lines [2]. In this framework, particle motility is modeled
through a subordinated Ornstein-Uhlenbeck process that ac-
counts for the impact of rotational diffusion on particle motion
in the fluid, and a compound Poisson process that accounts
for the motion toward and around grains. The upscaled trans-
port framework can be parameterized by the distribution of
the Eulerian pore velocities, and the motility rules of the bac-
teria. The model predicts the propagators of the ensemble of
bacteria as well as their center of mass position and dispersion
for bacteria transport under different flow rates.

Experiment

Figure 1: Experimental setup, and particle trajectories of (top) non-
motile and (bottom) motile bacteria [1].

e Mean flow rate of () = 50 ym/s

e Average pillar diameter 35 ym

Propagators

0.016 — | | | .

nm data

0.014 | mdata —&— 7

0.012 -
S 0.01
S
S 0.008
S
= 0.006

0.004

0.002

0

(©Authors. All rights reserved.

0.007 I I I I I I I I

nm data
m data —6— o

0.006 -
0.005
0.004
0.003

propagator

0.002
0.001

0 50 100 150 200 250 300 350 400
]

0005 | | | | | |
0.0045 | ¢ nm data |
0.004
0.0035
0.003
0.0025
0.002
0.0015
0.001
0.0005 .
0 L | | | ! YN
0 100 200 300 400 500 600

]

propagator

Figure 2: Propagators of non-motile and motile bacteriaatt = 1,2, 3
seconds.

¢ No resampling of increments along trajectories.
e Non-motile propagator compact.

e Motile propagator characterized by localized peak and for-
ward tail.

e Motile particles move toward pillars and are immobilized.

e Forward tail due to fast particles that do not get immobi-
lized.

Upscaling

e Seek predictive upscaled model reflecting the microscopic
transport mechanisms, medium and flow properties.

e Characterize hydrodynamic motion in the fluid flow.

e Characterize own motion of bacteria.

Particle motion

0.02 I | | | |

i nm data -
0.018 m data —o—

0.016
0.014
0.012
0.01 {
0.008 |
0.006
0.004
0.002 ¢
0

vpdf

0 50 100 150 200 250 300

Figure 4: Velocity distributions of non-motile and motile bacteria.

e Velocity distribution of non-motile particles reflects flow
distribution.

e Velocity distribution of motile particles is peaked at zero
and skewed toward high velocities indicating trapping at
pillars and fast motion in pores.

e The trapping and release processes occur at constant rate
related to the inverse tumbling time, and depend on the
particle velocity.

Continuous time random walk

e Non-motile particles

l, .
Ln+l = Ln + gcv tn—l—l - tn + -, p('U) — vp (’U)
Un (Ve)
e Motile particles
— CTRW based on p.(v).
— Own motion represented by Ornstein-Uhlenbeck pro-
cess.

— Trapping modeled through compound Poisson process.

— Trapping rate equal to the inverse tumbling time for par-
ticles whose velocity is smaller than the average maxi-
mum pore velocity and zero else.
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Figure 5: Propagators of non-motile and motile bacteriaatt =1,2,3
seconds compared to the CTRW model predictions.
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