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Mixing in chaotic flows with swimming bacteria

Ranjiangshang Ran ,1,* Quentin Brosseau,1 Brendan C. Blackwell,1,2 Boyang Qin,1,3

Rebecca L. Winter,1 and Paulo E. Arratia 1,†

1Department of Mechanical Engineering and Applied Mechanics,
University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA

2Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208, USA
3Department of Mechanical and Aerospace Engineering,
Princeton University, Princeton, New Jersey 08544, USA

(Received 1 July 2022; published 7 November 2022)

This paper is associated with a poster winner of a 2021 American Physical Society’s
Division of Fluid Dynamics (DFD) Gallery of Fluid Motion Award for work presented at
the DFD Gallery of Fluid Motion. The original poster is available online at the Gallery of
Fluid Motion, https://doi.org/10.1103/APS.DFD.2021.GFM.P0036.

DOI: 10.1103/PhysRevFluids.7.110511

How does the swimming motion of microorganisms affect the transport and mixing properties
of a passive scalar in complex flows? The answers to this question can potentially improve our
understanding of the spread of pollutants (e.g., algal blooms, oil spills) in oceans and lakes, as well
as stimulate the development of useful applications in biofuel and vaccine productions. Fluid flows
can affect the swimming behaviors of microorganisms, causing them to form aggregates, clusters,
and patches near flow structures [1]; these aggregates or clusters, in turn, can change the local fluid
properties and alter the fluid flows [2]. Such flow-microorganism interaction gives rise to unique
transport and mixing phenomena of active swimming particles that are not observed for passive
particles.

In our experiments, we investigate the effects of activity on the chaotic mixing of a passive scalar
in dilute suspensions of Escherichia coli. Figure 1(a) shows the experimental setup, where a thin
layer of active suspension is placed above an array of magnets of alternating polarity. As a sinusoidal
voltage is imposed, the induced Lorentz force creates a cellular flow with an array of vortices, the
flow field of which is shown in Fig. 1(b). Half of the fluid layer is initially labeled by a fluorescent
dye (the passive scalar). The dye is illuminated under black light and recorded by a high-resolution
camera (Flare 4M180) operating at 5 frames/s and 20002-pixel resolution. A UV-light filter (Tiffen,
Yellow 12) is used such that the light intensity is accurately proportional to the dye concentration
field C. More details on the experimental setup can be found in [2]. As the flow is turned on, the
labeled fluid progressively penetrates to the unlabeled portion and produces complex dye mixing
patterns.

Figure 2 shows an intriguing dye mixing pattern produced by the flow. The pattern is calculated
from the gradient magnitude of the dye concentration field |∇C|, which characterizes the regions of
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FIG. 1. (a) Schematic of the flow cell apparatus. A thin layer of saline water containing swimming
Escherichia coli is placed above an array of magnets of alternating polarity, illustrated by different colors.
As a sinusoidal voltage is imposed through the electrodes, the induced Lorentz force of the migrating ions in
the fluid layer creates chaotic mixing. The right half of the fluid layer is initially labeled with fluorescent dye.
(b) Vorticity field (color map) and velocity field (arrows) of the mixing flow generated by the flow cell. The
imaged area is a 4 × 4 portion of the 10 × 10 vortex array, with a size of 24 × 24 mm2.
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FIG. 2. Intriguing dye mixing pattern produced by chaotic advection, visualized by the dye concentration
gradient field |∇C|. Also plotted on the left is the spatial distribution of the swimming bacteria; strong
accumulations of bacteria are found near dynamical flow structures. These flow structures coincide with the
exact same structures visualized by dye gradient patterns. The size of the imaged region is 28 × 30 mm2. The
original image is available online at [6].
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high passive scalar transport and coincides with the dynamical structures of the flow [3]. These flow
structures, known as Lagrangian coherent structures (LCSs), are regions of locally extremal flow
strain that maximally attract or repel nearby fluid particle trajectories [4]. It was recently shown
that active particles can interact with these LCSs [5]. Here, we demonstrate such interactions by
showing bacteria accumulation along the exact same flow structures that are also visualized by
the concentration gradient field (Fig. 2, left). We further show that such accumulation near the
dynamical flow structures has nontrivial effects on the transport and mixing of the contaminant,
both locally and globally; see details in [2].
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