UNIVERSITYW

This is a repository copy of Fine-tuning the dispersion of active suspensions with
oscillatory flows.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/227063/

Version: Published Version

Article:

Caldag, Hakan Osman orcid.org/0000-0002-4394-6045 and Bees, Martin Alan (2025)
Fine-tuning the dispersion of active suspensions with oscillatory flows. Philosophical
Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences.
20240259. ISSN: 1471-2962

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose .
university consortium eprints@whiterose.ac.uk
/,:-‘ Univarsies of Leeds. Sheffield & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/id/eprint/227063/
https://eprints.whiterose.ac.uk/

Downloaded from https://royalsocietypublishing.org/ on 17 September 2025

PHILOSOPHICAL
TRANSACTIONS A

royalsocietypublishing.org/journal/rsta

[CO
Research Gheck for

Cite this article: Caldag HO, Bees MA. 2025
Fine-tuning the dispersion of active
suspensions with oscillatory flows. Phil. Trans.
R. Soc. A 383: 20240259.
https://doi.org/10.1098/rsta.2024.0259

Received: 24 February 2025
Accepted: 22 May 2025

One contribution of 17 to a theme issue
‘Biological fluid dynamics: emerging
directions.

Subject Areas:

applied mathematics, biomathematics,
computational mathematics, mathematical
physics

Keywords:
pulsatile flows, biofluid mechanics, Taylor
dispersion, active suspensions

Author for correspondence:
Hakan Osman Caldag
e-mail: hakan.caldag@york.ac.uk

Electronic supplementary material is available
online at https://doi.org/10.6084/
m9.figshare.c.7953939.

THE ROYAL SOCIETY

PUBLISHING

Fine-tuning the dispersion of
active suspensions with
oscillatory flows

Hakan Osman Caldag and Martin Alan Bees

Department of Mathematics, University of York, York, UK

HOC, 0000-0002-4394-6045

The combined effect of axial stretching and cross-
stream diffusion on the downstream transport of
solute is termed Taylor dispersion. The dispersion
of active suspensions is qualitatively distinct: vis-
cous and external torques can establish non-uniform
concentration fields with weighted access to shear,
modifying mean drift and effective diffusivity. It
would be advantageous to fine-tune the dispersion
for systems such as bioreactors, where mixing or
particle separation can improve efficacy. Here, we
investigate the dispersion of active suspensions in
a vertical channel driven by an oscillatory pressure
gradient—Womersley flow —using gyrotactic swim-
mers (bottom-heavy cells subject to viscous torques).
Preliminary experimental results reveal interesting
dispersion phenomena that are highly dependent
on the oscillation parameters, motivating theoretical
investigation. Employing Lagrangian simulations, we
find that oscillatory flows can induce drift and increase
lateral and downstream dispersion, with periodic
mixing between left and right sides. Such flows
can also be used to separate species with different
motile behaviour. Eulerian numerical schemes typi-
cally require an approach to averaging in orientational
space, such as generalized Taylor dispersion (GID),
with assumptions on translational and rotational time
scales. For an oscillatory time scale commensurate
with cell dynamics, we reveal the limitations of
such approximations, beyond which the averaging
techniques collapse.

This article is part of the theme issue ‘Biological fluid
dynamics: emerging directions’.

© 2025 The Authors. Published by the Royal Society under the terms of
the Creative Commons Attribution License http://creativecommons.org/licenses/
by/4.0/, which permits unrestricted use, provided the original author and source
are credited.


https://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1098/rsta.2024.0259&domain=pdf&date_stamp=
https://doi.org/10.1098/rsta.2024.0259
mailto:hakan.caldag@york.ac.uk
https://doi.org/10.6084/m9.figshare.c.7953939.v1
https://doi.org/10.6084/m9.figshare.c.7953939.v1
https://orcid.org/
http://orcid.org/0000-0002-4394-6045
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Downloaded from https://royalsocietypublishing.org/ on 17 September 2025

1. Introduction

Passive tracers in shear flow have a greater effective diffusivity, D° !, than mass diffusivity alone,
due to the combined effect of downstream advection and diffusion across streamlines, a phe-
nomenon known as Taylor dispersion [1]. Given a channel or tube of half-width R/, mean flow
speed U’ and mass diffusivity D' it can be shown that D¥ = D'(1 + KPé>), where Pé = U'R’ /D’
is the Péclet number and K represents the scale of enhancement and is affected by geometric
parameters of the system [1,2].

Replacing passive particles with biased active particles, such as swimming bacteria and mi-
croalgae, changes the physical system in a non-trivial manner. For example, some microalgae tend
to swim upwards, called gravitaxis, or focus at the centre of downwelling flow in response to a
combination of viscous and gravitational/sedimentary torques on the typically bottom-heavy or
asymmetric cells, termed gyrotaxis [3]. There are a variety of other taxes that can lead to accumula-
tion of active particles in flow [4]. This orientational bias in motility provides dispersion behaviour
that is qualitatively distinct from that of tracers: active particles drift relative to the mean flow and
their effective diffusivity is strongly dependent on the heterogeneous cell concentration relative
to the shear flow gradient [5].

Understanding the collective effect of biased motility on dispersion is relevant for systems such
as bioreactors that contain active bacteria or the biflagellate microalgae Chlamydomonas reinhardtii
and Dunaliella salina [6], utilized to produce materials such as biodiesel and 3-carotene. These or-
ganisms are placed in nutrient-rich fluids and may be exposed to light or chemical gradients to
drive population growth or illicit particular behaviour. Closed-channel bioreactors are preferable
to reduce the risk of contamination compared with open-channel designs [7], but there is a need
for recirculation to prevent accumulation of microorganisms in certain parts of the channel [8].
This can be relatively expensive for low-value products [9,10]. Theoretical dispersion results are
helpful in understanding and eliminating unwanted behaviour, such as biofilm formation [11].

Oscillatory flows in channels are ubiquitous in natural environments at a variety of scales,
from cardiovascular to tidal systems. Periodic changes of shear direction enhance the diffusion
of passive particles [12], and can be used to separate gases [13] and enhance heat transfer [14]. At
low oscillation frequencies, flow profiles are reminiscent of Poiseuille flow, but higher frequen-
cies provide a delay due to finite viscosity [15], such that the flow near the centre reverses before
feeling the effect of the walls from the diffusion of vorticity. Such flows are characterized by the
Womersley number, measuring the flow oscillations relative to viscous dissipation. It is given
by Wo =R’+/Q’ /', where Q' is the angular frequency of the oscillatory flow, ' and v/ = u' /o’
are the dynamic and kinematic viscosities, respectively, and p’ is the fluid density. Another key
parameter is the Schmidt number, Sc =v'/D’, the ratio of viscosity to mass diffusivity.

To date, the literature on dispersion in oscillatory flows has focused exclusively on passive
particles [12,16,17]. These studies compute the time-dependent velocity and concentration pro-
files in various geometries to evaluate the long-time dispersion and investigate the transient
behaviour of the first few oscillations. Diffusion is enhanced near the wall after just a half-cycle
of the flow, and the oscillation frequency of the time-varying dispersion is twice the oscillation
frequency of the pressure gradient. The studies also report crossover frequencies, in which gases
with seemingly different diffusivities are transported at the same rate: geometric parameters and
the oscillation frequency can be tuned to maximize dispersion [18,19]. Importantly, as the net
flow averages to zero, a distribution of passive particles exhibits zero net drift. Recent literature
addresses oscillatory dispersion in curved [20] and annular channels [21], oscillatory dispersion
in a non-Newtonian Casson fluid [22] and oscillatory heat dispersion with leaky boundaries [23].

Motivated by the benefits of oscillatory flows on the dispersion of passive particles, it is natural
to wonder whether there are useful applications of oscillatory flows in active suspensions as the
combination of reorientation and motility in time-dependent shear flows can result in complex
trajectories. Measurements of the swimming trajectories of helically swimming active particles
(motile D. salina) in oscillatory linear shear flows revealed complex resonance effects that can limit
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Figure 1. (a) Schematic of the experimental set-up (side-view; see main text). (b—i) An experiment with Wo 3.58= at reqular
times within two periods of the oscillatory flow, starting before the upwelling flow: (b) ,=0,(7,=7 /2,(d) T, =T,
() 7, =3m/2,(f) 7,=0,(9) T, =7 /2, (h) T, = 7 and (i) T, = 37 /2. The mean cell position drifts upwards in this
instance, with an axisymmetric cell distribution halfway between the tube walls and the central region. (j—m) The transient
behaviour for an experiment with a complex initial condition for Wo 4.52 = at various complete periods of the oscillatory flow:
(j) initial distribution, (k) one period, (1) three periods and (m) six periods. The cells diffuse in the axial direction, smearing out
the initial distribution and focusing cells nearer the centre. In this case, the mean drift is downwards.

swimming progress in the plane of the shear, leading to directed motion [24]. Analysis of the dy-
namics revealed two important non-dimensional quantities: I', the dimensionless shear rate, and
Q, the driving to intrinsic frequency ratio. While there were clear resonance effects between the
amplitude of the shear via I' and shear-driven Jeffrey orbits for ballistic swimmers, resonance
in shear frequency via 2 was only apparent for helical swimmers, which exhibit an additional
intrinsic frequency in their trajectory. Swimming behaviour coupled with more complex flows
can lead to a range of ecologically relevant phenomena, such as gyrotactic microswimmers in
travelling surface water waves resulting in sub-surface shear trapping [25].

This article mostly describes a theoretical study, but for motivation, we provide some prelim-
inary experimental observations on the effect of upwelling-downwelling oscillatory flows in a
channel on the dispersion of a suspension of gyrotactic swimming algae (figure 1). The biased
swimming algae respond to the flow, focusing and defocusing, and disperse in a manner qualita-
tively dissimilar to passive tracers. In particular, the mean position of the cell distribution moves
up or down, depending on the driving frequency and amplitude of the flow. Neutrally buoyant
passive tracers diffuse but do not drift.

To establish a theoretical understanding of the system, one can use a continuum or individual-
based description of the cells. A complete continuum model would consist of a probabilistic
formulation for coupled spatial-orientational aspects [26]. However, such combined descriptions
are at present difficult to deal with. An alternative and widely used approach to determine
the dispersion of active particle suspensions in a tube [5,11,27,28], is to solve an appropriate
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(phenomenological) advection-diffusion equation for the cell concentration, 7/, given by

on'

57 ="V [ +V'qn' =D - Vn'], (L.1)

where v’ is the fluid velocity, V*' is the mean swimming velocity, q is the mean cell orientation
and D’ is the swimming diffusion tensor. The first term on the right-hand side describes advection
by the flow, the second the mean swimming relative to the flow and the third the non-isotropic
diffusion due to the distribution of cell swimming trajectories in a flow gradient. Of course, it is
then necessary to provide a coherent model for q and D’ as a function of the flow gradient, Vu’
to complete the system. Generalized Taylor dispersion (GTD; Taylor dispersion applied to orien-
tational space) theory for gyrotactic swimming cells in a linear shear flow [29] has been applied
to this end, the solutions of which are used for q and D’ in equation (1.1). However, there are sig-
nificant disadvantages of this approach in the oscillatory flow regime, particularly with regard to
assumptions on the relative size of temporal and spatial scales. Systems without oscillatory flows

are described in terms of a flow time scale R’ /U’ or swimming time scale R'?d},/V'' ? where d) is
the rotational diffusivity. In general for these systems, the swimming time scale is much less than
the flow time scale. With the oscillating flow, the oscillation time scale is 1/ . As we demonstrate,
the GTD approach breaks down if the flow varies on a time scale commensurate with or smaller
than that of the reorientation of the cells and/or if spatial flow gradients vary on a scale that is
smaller than the spatial scale of cell translation over these times.

Even if it is possible to establish a suitable continuum description (see [26]) that can deal with
the appropriate time scales and complex interactions of swimmers at boundaries, we face dis-
tinct computational issues in attempting to find numerical approximations for the oscillatory
dispersion regime except for a limited range of Womersley numbers. Therefore, much of the
investigation in this article attempts to set the groundwork of expectations of the experimental
observations using a Lagrangian-based approach, which is much more suited to this problem. In
addition, we probe the regions of applicability and practical limitations of computing solutions
for the continuum approach, revealing that low Wo simulations are computationally expensive
and large Wo simulations collapse because of the breakdown of the GTD.

The results from this study demonstrate how one can control the axial and lateral dispersion
patterns by tuning parameters, particularly the Womersley number. In addition, we find that par-
ticles placed exclusively on the left and right halves of the channel can be mixed in an unusual
dance in the oscillating flow. Unlike in the case of passive particles where the mean drift is zero,
here, we observe non-zero drift directly due to biased motility but in a non-obvious manner. The
excess drift can be exploited to separate cells with different motilities. Comparing the solutions for
the continuum-based description and individual-based models, we see the descriptions match-
ing for a small range of Womersley numbers: there is an expected breakdown of the continuum
approach at large Wo but also computational difficulties arise for fixed Pé at small Wo.

In §2, we provide an outline of some preliminary experimental observations, as motivation
for the numerical studies. We then describe the oscillatory flow field and the Lagrangian and Eu-
lerian models, including a novel two-dimensional solution of the GTD description in appendix
A and the various numerical approaches employed. The following section describes the results
from the numerical simulations, including a demonstration of the relative separation of passive
particles and two species with different gyrotactic strengths. We explain the limitations of the
continuum-based solutions through comparisons of results with those from the individual-based
model, before reflecting on our results in the discussion.

2. Preliminary experimental observations

The experimental set-up is displayed in figure 1a. Oscillatory flow is generated by a Harvard PHD
ULTRA 70-3006 programmable syringe pump, connected via stiff tubing to a Plexiglass tube of
7 mm inner diameter. The set-up, including the syringe pump, is aligned vertically to generate
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upwelling-downwelling oscillatory flow. The camera (ELP IF-USB4KCAM30H-CFV) records a
region sufficiently far from the ends to ensure a fully developed flow. The tube is placed inside a
water-filled reservoir filled to minimize optical aberrations from the edges of the cylindrical tube
(similar to [30] for bioconvection in a horizontal tube). Initially, the tube contains media in the ab-
sence of algae. The algal suspension is introduced as a blob from an opening at the side of the tube
via a second syringe at a concentration of approximately 10° cells cm~3. We use the microalgae D.
salina from Culture Collection of Algae & Protozoa (product code CCAP 19/18). The microalgae
are cultivated for 2-3 weeks on modified Pick’s media under a 16:8 light:dark cycle at 21°C prior
to experiments. A filtering process with a sterile piece of cotton (cells swim up through the cotton)
provides control of the cell concentration [28]. To prevent phototaxis, the laboratory is kept dark
during the experiments except for a red LED light source (Advanced Illumination) behind the
apparatus (figure 1a; see [31]). The images are captured using MATLAB (image acquisition tool-
box) and processed with Image] software to enhance contrast. The syringe pump operates with
prescribed fluid flux with a periodic square wave, providing distinct infusion and withdrawal
phases. Upon releasing the microalgae, the syringe pump operates for 50 periods.

Even though the pulsatile flow profile at low Wo should be similar to Poiseuille flow, the full
two-way coupled interaction between fluid flow and microswimmer cell concentration can in-
duce flows due to their negative buoyancy, particularly when they accumulate in regions of the
flow, and the space-dependent vorticity leads to focusing (see [4,32]). For simple Poiseuille flow,
imposed fluid pressure determines fluid flux, but for two-way coupled microswimmer suspen-
sions, there is a distinct qualitative difference between pressure and flux-driven flows, allowing
access to different solution branches [33]. One might attempt to avoid secondary flow structures
by following [28], fluorescently dyeing some of the negatively buoyant cells in an existing plume
structure in a vertical tube, but it is difficult to add dyed cells to a well-developed distribution
in this oscillatory case. In this initial study, we inject a dilute suspension of cells into media in a
vertical tube and image the cells directly, without the need for dye.

Two examples of experiments are presented in figure 1. The first, in (b)-(i), provides eight
images of a carefully initiated long-time distribution of vigorously swimming cells over two com-
plete flow oscillation periods for Wo = 3.58 (R’ = 3.5 mm; the properties of the media are similar to
water: p’ ~# 1050 kgm™3, 4/ ~0.001Pa s; pumping rate of 15 mlmin~!; pumping/withdrawal vol-
ume set to 0.785 ml). The time instances displayed are expressed in terms of non-dimensional
period measure T, = MZTL’, where T’ is the period of oscillation. Under no-flow conditions
with no boundaries, the cells swim upwards on average. However, for downwelling (upwelling)
flow cells tend to swim towards the centre (to the walls) of the tube in response to gravitational
and viscous torques. When the flow oscillates with period commensurate with the time scale for
reorientation (for this value of Wo, inducing a flatter flow profile) the cells accumulate with a dy-
namically evolving axisymmetric distribution at an intermediate distance between the centre of
the tube and its walls. The blob of cells persists but drifts upwards, reminiscent of a swimming
jellyfish. In contrast, we observe in figure 1j—m the transient behaviour of cells injected into the
flow for Wo =4.52. As before, the distribution moves up and down with the flow, but the im-
ages in figure 1 are presented at integer multiples of the flow period. For this slightly larger Wo
(larger frequency), the initially complex distribution diffuses and the cells, which are observed to
be not as sprightly, descend by focusing into a plume. (Videos for both experiments are provided
in electronic supplementary material, S1 and S2.)

Such qualitative differences in cell distributions and dispersion in response to small flow
frequency variations and/or swimming speeds motivate us to explore the system theoretically.
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3. Governing equations

(a) Oscillatory flow field

Consider a vertically aligned channel of width 2R’, with centreline along the x-axis and gravity act-
ing in the positive x-direction, containing a dilute suspension of non-interacting gyrotactic active
particles. Initially, the particles are uniformly distributed across the channel. The two-dimensional
flow field w’ = [’ v']T, where T and’ indicate transpose and dimensional quantities, respectively,

is governed by the Navier-Stokes equations and driven by an oscillatory pressure gradient s
such that

d /
‘21;, (-V)u' = —Vp +v'V2d'  and d_Z’ =R {p) exp (iQ')}. (3.1)
Here, p; is the amplitude and R indicates the real part. There is no lateral flow, v/ =0, and, with
a length scale R’ and time scale 1/Q/, we can non-dimensionalize the governing equation as

R .
Uyy — ” ur = Ri{exp(it)}, (3.2)

where u=u'y//(plR"), T=Q'f and Wo= \/R’*Q’/v'. The terms without primes are non-
dimensional. No-slip boundary conditions are imposed, u(+1) =0, giving the textbook solution

1 cosh(WO\/ly)
iWo? Cosh(WO\/i)

u(y, r)=R —1|exp(it) ¢, (3.3)

which diminishes with increasing Wo. In line with the earlier literature, we scale u with a factor

K=1/(u), where (u) = \/ 1/(4m) ijn f_ll u2dydr is the root-mean-square velocity [34], allowing a
Péclet number to be defined based on (u) (see §§3b and 4b).

(b) Lagrangian description

For individual-based simulations, we compute the dynamics for the position x}, and orientation
8y for each particle j=0,1,2...N, where ' indicates the time. The orientation angle 8, is defined
relative to the y-axis, providing the normalized orientation vector p = [sin(6y) cos(6y )]T. The par-
ticles are assumed to occupy no volume and hydrodynamic interactions are neglected under the
dilute assumption. The change in the position and orientation of particle j, denoted by dx’ ]t/ and
dGJt,, is governed by [3,11,33]

dx'l, =w' (el 1)dt + vrpl,ar, (34)

def _( cos(6) + wz(x'] t’)) dt’ ++/2d.dWy, (3.5)

ZB, 9

where B’ is the gyrotactic reorientation time, w, is the z-component of the vorticity field and W
is a Wiener process representing rotational Brownian motion. The amplitude of the noise, 4/ 24},
ensures a rotational diffusivity of d/. [11].

We follow a cell-based scaling with a time scale R’?d’/V’ % and length scale R’. In the nu-
merical implementation, m represents the index for time steps with 0 <m <M — 1, where the
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dimensionless simulation duration f is split into M intervals. Equations (3.4) and (3.5) become

Ax), =Pegu (X, t) At + frp),At, (3.6)
28}, = (% cos (8],) + %wz (X tm>> At +V28RAW, (3.7)

respectively, where AW =W,,.; — W,, represents independent and identically distributed ran-
dom variables with an expected value of zero and variance of At, following the Euler-Maruyama
scheme. The non-dimensional flow and swimming Péclet numbers are

. ()R, R'd!

Pér= e and fr= Ve (3.8)
respectively, where (u') is the root-mean-square amplitude of the fluid velocity (subscript R in-
dicates dj-based scaling). The non-dimensional reorientation rate is B = B'd}./ 612{. One could also
follow a flow-based scaling: appendix A.1 describes the relationship between scalings, from which
we obtain T = fWo*Sc allowing the use of equation (3.3) in our individual-based model. The par-
ticles are confined between y = +1. If particle j attempts to cross the boundary, it is specularly
reflected [26,35] back to the domain by setting

Vhew =sgn (V) 2= y))  and 8o, =mod (-8 +7.27). (39)

(c) Eulerian description
The governing equation for the non-dimensional concentration, #, is written as

on

i -V-J, where J=n(Pépu+ppq)—D-Vn, (3.10)

where ] is the spatial cell flux, and we have the non-dimensional numbers

()R’ VIR

Pép=—F—. fo=—F% (3.11)

based on spatial diffusion scale D'(= V¥’ 2 /d%). No-flux conditions are applied at boundaries:

on

n-(ﬁan—D~ay>=0 on y==I, (3.12)

where n is the boundary unit normal. We follow Bearon et al.’s [27] approach for gyrotactic
swimmers, where closed-form expressions are formulated for the diffusion tensor D and aver-
age swimming direction q based on GTD for cells dispersing in a linear shear flow. Here, we
derive and use equivalent expressions for D and q in a two-dimensional channel (see appendix
A.2). We prefer 1/Q’ as the time scale to reduce the computational cost. The C++ library oomph-1ib
is employed to solve equation (3.10) in an axially periodic box with the boundary conditions of
equation (3.12) [36] based on advection—diffusion equations with adaptive Lagrangian quadratic
elements and time stepping (as in earlier studies on dispersion of active suspensions [27,35,37]).
Time derivatives are approximated by a backward-difference scheme based on two previous time
steps. Fluid flow is introduced as a wind function while the swimming of the organisms is rep-
resented as a conservative wind function. Methods are adapted to accommodate time-dependent
shear (affecting swimming and diffusion terms) and flow velocity.

H
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Figure 2. (a) Comparison of individual-based passive particle simulations with results from Lee et al. [34]. Concentration
distributions of gyrotactic Chlamydomonas augustae cells in (b) downwelling, (c) upwelling and (d—g) oscillating flows (Wo
=0.106): (d) is at time 7,=0, (e) is at time T, = 7 /2, (f) is at time T,=7 and (g) is at time T, = 37t /2. Dashed lines
indicate velocity fields at given 7,, (scaled up and offset for visibility). (h) Long-time axial distributions of passive and gyrotactic
particles subject to oscillatory flows, Wo = 0.277.

4. Results

(a) Validation of Lagrangian simulation

We start by providing a brief validation of our individual-based model with the results from Lee
et al. [34], where the dispersion of passive particles under oscillating flows was studied. Following
their formulation with a simple spatial diffusivity, the change in position is expressed as

AX), = Pé qu(x,. 1) At +V2DAW, 1)

where D is set to unity to compare with Lee et al. [34]. We also take Pég =12.8 and Sc = 10 based
on the same study. The measure D, is a period-averaged diffusivity defined by

1 ‘[p=27'[
Dip=75- f D**a1,, 4.2)
rp:O

where D is the effective axial diffusion, evaluated from variance V in the x-direction with
De(t) = %(V(t) — W(t,,))/(t — t,;;), where t,, refers to an end-of-period halfway through the sim-
ulation (avoiding transients). If the number of periods is even, t,, = tf/ 2, otherwise t,, is rounded
down to the nearest end-of-period. The time span t — ¢, is sufficiently long to minimize stochastic-

ity and ensure convergence. The integral in equation (4.2) ranges from t = ff — T to = trin particle-

based scaling. The results in figure 2a (varying Woz) demonstrate that the individual-based
simulations replicate results in [34].

(b) Cell distributions

We begin by examining the effects of biased motility on dispersion with individual-based sim-
ulations, based on equations (3.6) and (3.7) [38]. We simulate strongly gyrotactic C. augustae
(sometimes referred to as C. nivalis, see [30]; C. augustae has a large B’ and small d;, see table 1
for the simulation parameters). Initially, the particles are uniformly distributed across the chan-
nel at x =0 with a uniform orientation distribution. In the absence of any flow, the cells would
exhibit negative gravitaxis. The flow advects the particles and alters their orientation due to gyro-
taxis, resulting in inhomogeneous cross-channel distributions. Long-time distributions in purely
downwelling (figure 2b) and upwelling flows (figure 2c) are plotted alongside the distributions
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Table 1. Parameters for the individual-based simulations. Bold indicates base values.

parameter Pér Sc N At
value 1,12.8,50 16.8 5000 T/80if Wo > 1
T/400|fWo1
parameter BJs] d,[1/s] t(>) Br
value 0.3 for strongly gyrotactic 0.1 for strongly gyrotactic 1500 0.1(C. augustae)

sp. sp.

3.4 for C. augustae 0.067 for C. augustae 1(general)

 W05forDsalina  03forD.salna 5 (Caugustae)

for an oscillatory flow with Wo =0.106 at key 7, values (figure 2d-g). A purely downwelling (up-
welling) flow causes migration towards the centre (boundaries) of the channel. Introducing an
oscillatory flow field leads to something in-between; the particles move towards the boundaries
during upwelling periods but then the flow direction reverses and the cells migrate towards the
centre of the channel. Even though the cells swim upwards on average (associated with nega-
tive gravitaxis), the particles can drift downwards on average; the fluid velocity is higher at the
centre of the channel and the particles accumulate at the centre of the channel during the down-
welling phase. As the particles occupy regions with high shear amplitudes between upwelling
and downwelling flows, axial dispersion may also be enhanced. In figure 2h, we compare the ax-
ial distribution of passive and active particles for an oscillatory flow with Wo =0.277 at t =t (i.e.
7, =0). The passive particles exhibit a Gaussian distribution centred around x = 0 while the gyro-
tactic particles drift downwards and generally retain a Gaussian distribution with rate-of-change
of variance depending on gyrotactic strength.

With the focusing mainly governed by the strength of the gyrotactic bias, one can exploit the
mechanism to separate cells with different biases. Figure 3a shows how the cell distributions
evolve over time for the same Wo = 0.106. We plot the distributions for three cell species: weakly
gyrotactic D. salina (red), strongly gyrotactic C. augustae (black) and another model species with
even stronger gyrotactic bias for investigative purposes (blue), with motility parameters listed
in table 1 (but note that the first two species normally require quite different media). Initial con-
ditions are as above. Over time, the species separate, due in part to how long they occupy the
fast-moving regions of the flow. Figure 3c(v)—(viii) shows how the cell distributions change within
a period of oscillation at long times. C. augustae and strongly gyrotactic cells focus and defocus,
sampling the faster moving part of the fluid and thus drifting away from D. salina, which remain
broadly spread across the channel. This separation mechanism is non-invasive, and it holds great
potential to separate active particles from passive particles, or swimming from non-swimming.

The above results set the scene for what we may expect for the effect of upwelling and down-
welling phases of the flow on the cells, yet we will see that the results are highly dependent on Wo.
Figure 3b—g show the key moments in a period at long times (f > 1500) for several values of Wo
(see electronic supplementary material, S3 for an animation of the trajectories for different Wo).
The value Pép = 12.8 is kept constant by scaling u with the factor K. At a small value of Wo=0.07,
the particles except for D. salina exhibit separation and regrouping (figure 3b(i)—(iv)). The focus-
ing at the centre is slightly weaker than that for Wo= 0.106 (figure 3b(i)—(iv)). When Wo increases
to 0.211 only strongly gyrotactic cells exhibit focusing, and they remain spread across the chan-
nel during the upwelling phase (figure 3d(i)—(iv)). The reduction in particle focusing means that
they do not all occupy high-velocity regions, so the mean rate that they drift in the x-direction
decreases. This decrease is most dramatic for the strongly gyrotactic cells. The reduced oscillation
period also limits axial diffusion.

 eysy/Jeunof/biobuysiigndiraposiefos

65C0VC0C -€8€ V 20S Y "Subl iyd



Downloaded from https://royalsocietypublishing.org/ on 17 September 2025

(i) Period 0 (ii) Period 12 (iif) Period 24 (iv) Period 35
x E x z
0 5000 10000 0 5000 10000 0 5000 10000 0 5000 10000

wothos ¢ | IE 2 {

(v) 7, =0 () =n/2 (vii) 7, =7 (viil) 7, = 37/2
s T THEE LB
wio (HE T (JHE 9 [|[#E e
wion (HE  CITEE T & )
wold =[] C e A PRI H | |
|| I M )

1

whs =il ) _ I -

0 5000 10000 0 5000 10000 5000 10000 5000 10000
T x T x

Figure 3. Distributions of C. augustae (black), D. salina (red) and strongly gyrotactic (blue, see text) particles under oscilla-
tory flow (channels rotated 7z /2 anticlockwise). Row (a) gives distributions with Wo = 0.106 at a given end-of-period, with
columns (i)—(iv) indicating periods 0, 12, 24 and 35, respectively. Rows (b—g) give the distributions during one period at long
times for (a) Wo = 0.07, (b) Wo = 0.106, (c) Wo = 0.211, (d) Wo = 0.481, (e) Wo = 0.634 and (f) Wo = 5.00. Columns
(v)—(viii) are for times 7,=0,7 /2,7 and 37t / 2, respectively. The magenta curves indicate the instantaneous velocity fields
(%20; offset by 11000). Coloured symbols indicate the mean of . augustae and symbols are matched with datapoints in figure
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Figure 4. Long-time measures of (a—c) excess drift, (d—f) axial dispersion and (g—i) mixing time (see text) with respect to Wo
inindividual-based simulations. Plots (a), (d) and (g) show the values for different species (see legend in (d)). Plots (b), (e) and
(h) show the values for different 34 (see legend in (e)). Plots (c), (f) and (i) show the values for different Péj, (see legendiin (f)).
The black curves in all plots represent the default configuration for C. augustae (see table 1for parameters). The coloured sym-
bols on the black curves indicate critical points and match the cases in figure 3. Inset (A) plots the separation velocity between
C. augustae and D. salina. Inset (B) shows the excess drift with respect to 3 at Wo = 0.106 for C. augustae.

(c) Dispersion characteristics

The long-time excess drift of the cell distributions is defined by U° = (xc(tf) - xc(tl)) / (tf— tl>,
where x. denotes the axial position of the centre-of-mass of the particles, and t; and #;> t; are long
times separated by an integer number of periods, evaluated at the end point of a period to remove
within-period fluctuations. Here, we choose five periods to reduce the effect of noise. Figure 4a—c
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plot U° with respect to Wo for different cells and Sz and Pég values. Black curves in figure 4a—i
are for the base configuration for C. augustae, see the values in bold in table 1 for the complete set
of parameters. Below we summarize our findings:

— For C. augustae and the range of Wo explored, U° has a maximum at Wo = 0.106 (green
square in figure 4a—c, patterns in figure 3b) but mainly decreases with increasing Wo.
The long downwelling phases for small Wo focus the cells at the centre, leading them
to drift downwards at the maximum flow rate for half the oscillation period and they
accumulate at the walls and do not drift upwards for the other half. Strongly gravitac-
tic particles do not accumulate in the centre and at walls as much and, therefore, have
smaller drift.

— U° decreases and becomes negative beyond Wo= 0.481 for C. augustae (blue triangles in
figure 4a—c, patterns in figure 3d). The drift velocity settles around a value of —0.7 for
Wo > 5.00 (green triangles in figure 4a—c, patterns in figure 3f). As a large Wo number
corresponds to fast oscillating plug flow, the net effect of the flow disappears and what
remains is the biased (upwards) motility of the particles, gravitaxis.

— Figure 4a plots U, the difference between the drift of C. augustae and D. salina. Depend-
ing on Wo, C. augustae can drift relative to D. salina either during the downwelling or
upwelling periods. In addition, one can use this mechanism to mix cells that initially
are separated. Similarly to the crossover frequencies for gases with different diffusivities
[19], here we find U ~ 0 when Wo = 0.383.

— For small B (figure 4b), the particles move relatively slowly, so U° approaches the zero
net advection of the flow. When Sy, is large, the particles swim faster but with more ori-
entational noise (see equation (3.7)). If in addition Wo is small then U° becomes negative
as the cells can swim upwards against the downwelling phase of the flow. As Wo in-
creases, larger fluid velocities lead the cells to focus and drift downwards (positive U°).
AsDbefore, for even larger Wo, we have a central region of plug flow, the advective effects
diminish and gravitaxis dominates leading to upwards drift (negative U°).

— Figure 4b shows U* with respect to Sg for Wo=0.106. The drift peaks at approximately
Br =1, where the swimming and rotational diffusion time scales coincide, providing
maximal cell focusing at the centre of the channel during the downwelling period.

— The response to Pég is displayed in figure 4c. The particles swim upwards at low Pég
against the weak flow while at large Péy the particles exhibit strong downwards drift.
As the flow effects diminish at large Wo, the curves for different Péy collapse.

The effective axial diffusion D = D**(ty) is plotted in figure 4df. In summary:

— For C. augustae, D° is the greatest for Wo = 0.07 (orange circle in figure 4d, patterns
in figure 3a), which then decays to zero as Wo increases due to a flattening of the
distribution across the channel with smaller shear sampled more often, except at the
walls.

Downloaded from https://royalsocietypublishing.org/ on 17 September 2025

— There is a slight increase in D° that coincides with U° going negative (golden diamonds
in figure 4a,d, patterns in figure 3e), which is where we start to see a qualitative change
in the shear profile.

— DFf for D. salina follows that of C. augustae at intermediate Wo where both species are
spread across the channel. At large Wo, the relatively weak gyrotaxis of D. salina induces
greater D°. For small Wo, D. salina are still spread across the channel but C. augustae re-
peatedly focus and separate, spending extended periods in central regions of relatively
low shear, yielding a smaller D°.

— For strong gravitaxis, the cells do not diffuse much across streamlines and thus D¢ is rel-
atively small (and numerically noisy). For small Wo, the cells have time to slowly transit
the high shear regions, leading to relatively large values of D° (see figure 4c).
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— D¢ is insensitive to Bg at large Wo (figure 4e) as the flow profile is mostly flat across
the channel, but for small Wo, there is an interesting dependence on g for the bal-
ance between focusing and swimming across high shear regions (see the blue curve in
particular).

— Figure 4f displays D for different Pég. For small Pég, D is mostly flat and for large Pég
we see an approximate Wo™* dependence for small Wo. There is also a local maximum
for Pég =50 at Wo ~ 1 associated with transit across high shear regions.

Finally, we explore cross-channel mixing through the quantity #,;,, a measure based on the signal-
to-noise ratio, SNR = pt /o, where u is the mean and o is the standard deviation of yj for particles
initially placed on the right half of the vertical channel (i.e. y{) > 0). If these particles spread across
the channel, 1 and ¢ should approach zero and 0.58, respectively, and the signal-to-noise ratio
will tend to zero. The time it takes for SNR to fall below a reference value of 0.1 is called #yjy.
Figure 4g—i plot tp,; values for all simulations. In summary:

— For C. augustae, t;y is large at small Wo. The distinct minimum at Wo = 0.211 (magenta
cross in figure 4g—i, patterns in figure 3d), corresponds to the smallest Wo for which the
particles are spread across the whole channel. Beyond this Wo, ¢, increases until Wo =
0.634 (golden diamonds in figure 4g—i, patterns shown in figure 3f), coinciding with the
point of the local maximum in D¢ and the change in sign of U°.

— Forboth C. augustae and D. salina, we see a sharp decrease in t;,; around Wo =1 and the
values remain low for Wo > 1. The decrease in the oscillation period, coupled with the
change in the flow profile and thus trajectories of the active particles, clearly enhances
mixing.

— For small Wo, t,; for D. salina is similar to that of C. augustae, yet the value is signifi-
cantly smaller for large Wo due to reduced biased motility. When gravitaxis is strong,
mixing times are very long.

— Small B delays mixing due to slower swimming (figure 4h). Large Sg improves mixing
to the extent that the sharp drop in t;,,;, around Wo =1 can be removed.

— Large Pég flows delay the mixing by suppressing the diffusion and biased motility of the
cells (figure 4i).

(d) Limits of validity of the Eulerian description for time-varying flows

For the Eulerian simulations, we attempt to compute the concentration field n for gyrotactic active
particles [38]. The domain length for simulations is set to 700 and the initial distribution of parti-

0 2
clesisn(x,t=0)= 6_0'01”‘_"5 , where x? represents the coordinate of the peak of the distribution,

selected based on the drift of the blob of particles to minimize end effects. There are numerous

computational challenges associated with the Eulerian approach. One cannot explore parameter
space easily for very small Wo due to the excessive movement of the distribution for that case. This
necessitates large computational domains to prevent the concentration profile, sitting across the
streamwise periodic structure and interacting with itself. Furthermore, long simulation times are
required to obtain (periodically) converged solutions. Due to the high computational cost of the
numerical model, we are only able to simulate a non-dimensional duration of f =300 in a reason-
able time, compared with the t = 1500 runs accessed with the Lagrangian approach. In addition,
we set Pér =2 to prevent overlap within a domain of manageable size. We use q and D obtained
for C. augustae (see appendix A.2) and Lagrangian simulations use the corresponding d} and B’
values. Lastly, Sg =1 for all simulations reported in this section.

Figure 5 compares the concentration field n obtained via the Eulerian and Lagrangian schemes
(see electronic supplementary material file 54 for an animation.). Three values of Wo are selected
to help explain similarities and differences in the results of the approaches. For Wo=0.2 (figure
5a-h), cross-channel distributions of particles are remarkably similar, showing the focusing and
separation discussed earlier. However, while the Lagrangian particles show clear cell migration
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Figure 5. Comparison between Lagrangian and Eulerian model results. (a—x) show n as density plots, with darker colours in-
dicating larger n. Columns represent different 7, with the values shown at the top of each column. (a—h) show the results for
Wo= 0.2, (i—p) are for Wo= 0.4 and (q—x) are for Wo= 1.0. (a—d), (i—I) and (q—t) show Lagrangian simulation results while
(e—h), (m—p) and (u—x) show Eulerian simulations. (y) and (z) compare Uf and D¢ obtained from these models, respectively.

against gravity, the drift is downwards in the Eulerian simulations (figure 5y). This Pég value (in
contrast to Pég = 12.8 in figure 3) represents a regime where the gravitaxis of the particles remains
slightly stronger than the downwards fluid flow. In the Eulerian simulations, as particles migrate
to the boundaries, they experience a changing shear flow. The shear may be sufficiently strong
that they tumble, yielding a mean swimming vector q with magnitude much smaller than one.
On the other hand, p and x in the Lagrangian simulations change dynamically, providing com-
plex swimmer trajectories, which may cross the centre or intersect with boundaries. The no-flux
condition used in the Eulerian simulations approximates this boundary interaction, losing in-
formation about prior trajectories [26]. The specularly reflective boundary conditions employed
in the Lagrangian simulations are a better representation of the real boundary interactions and
can significantly affect the cell distribution [35], and thus dispersion characteristics, during the
upwelling part of the flow.

As Woincreases, in an intermediate region, the two descriptions show closer agreement. Figure
5i—p present distributions for Wo = 0.4. Both the distributions and U° match better for this value
of Wo, as seen in figure 5y. However, note that D from the Eulerian simulations are always larger
than those from the Lagrangian simulations. Stronger and more persistent accumulation around
the boundary and the quasi-steady nature of the mean orientational dynamics allow particles
more time in the high-shear regions and this leads to a notably larger D°.

As Wo is increased beyond 0.7, we once again observe strong divergence of the results from
each other. Figure 5q—x provide distributions for Wo= 1.0. While U* values are remarkably close,
the irregularity of U° at other Wo values in figure 5y indicates that this is more of a coincidence.
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The quasi-steady state GTD expressions for q and D used in the Eulerian simulations are eval-
uated for a linear shear flow. If the cells traverse a flow field that changes in space or time faster
than the cell orientation dynamics then we are unlikely to obtain consistent results. Indeed, the
Eulerian simulations, and particularly the GTD approach, are expected to break down when the

cell reorientation time scale R'?d"./V*/ %is larger than the flow oscillation time scale 1/Q’, which
is when Wo?Sc > 1, and we observe results diverge with increasing Wo number starting from
a value somewhat less than one. However, the breakdown mostly occurs within the high shear
regions of width 1/Wo close to the walls, so while the breakdown should not affect dynamics
within the relatively uninteresting plug flow region it does make the overall Taylor dispersion
results suspect in the Eulerian simulations for large Wo. In the large Wo limit, cells will be con-
fined to the broad plug flow region and without a shear flow the oscillation time scale 1/Q’ is no
longer relevant; for Wo > 1 cells swim upwards with the same bias as for no fluid flow, providing
a drift of —Iy(1)/11(4) (see appendix A.2), which for A =2.2 is —0.7281, once again agreeing with
the results from the Lagrangian simulation.

5. Conclusion

Active suspensions exhibit a rich variety of new phenomena when they are subject to fluid flows.
In particular, active particles disperse in a flow in a tube in a manner that is qualitatively distinct
from that of passive tracers [5,28]. This is caused by the complex interaction between advec-
tion and individual particle dynamics, driven by fluid shear. Previous analyses have restricted
attention to steady flows, as steps to coarse-grain the underlying microscopic individual-based
models to a macroscopic continuum model typically assume that the time scales of active particle
dynamics are much smaller than variations in the flow [26]. It is unclear whether the resulting phe-
nomenological advection—diffusion equations for the cell concentration are adequate in situations
where the flow field varies over a time scale commensurate with the cell reorientation.

This study is motivated by preliminary experimental observations, reported herein, that in-
vestigate the behaviour of active suspensions under oscillatory flows in a tube; we subject a
suspension of gyrotactic swimming cells to upwelling-downwelling oscillatory flow. For steady
Poiseuille flow, cells would either migrate to the walls or towards the centre of the channel, de-
pending on whether the flow is upwelling or downwelling, respectively. However, experiments
suggest that oscillating flows enable a range of behaviour, with various amounts of drift (in con-
trast to passive particles) and effective diffusion realized as a function of the system parameters,
particularly the Womersley number, Wo.

We use individual-based simulations to show how the active particles migrate from one dis-
tribution to the other as the flow switches direction. At intermediate oscillation frequencies, the
particles exhibit complex patterns between these distributions, dispersing axially and laterally in
the channel. The shear experienced by the particles, and their resulting trajectories, enhances the
mixing of particles placed exclusively on either side of the channel. Furthermore, the gyrotactic
particles exhibit an excess drift in oscillatory flows. We propose a new method of separating two
algal species with different motilities by exploiting their relative drift in oscillatory flows.

The Lagrangian simulations are contrasted with a finite-element based approximation of the
phenomenological Eulerian description of the system. The Eulerian approach utilizes a mean
swimming direction, q, and diffusion tensor, D, computed from GTD theory as a function of
vorticity. We provide novel closed-form approximations in two dimensions for this purpose. The
results of the continuum-based model agree with the individual-based description for a small
range of Womersley numbers. However, the current Eulerian approach breaks down for large Wo
as the oscillation time scale approaches the diffusive time scale and invalidates the quasi-steady
state assumption. At low Wo, the approach is computationally impractical, and factors such as
boundary conditions and particle behaviour at large Wo cause a divergence from Lagrangian
based results. Clearly, for the problem of dispersion in oscillatory flows, the individual-based
simulations are more accurate and much preferred computationally. To access approximations
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at large Wo, a complete solution of the full Smoluchowski equation is required, describing the
probability, P(x, p, t), that there is a particle at position x with orientation p at time ¢ [26,29], given
initial data. This, however, presents considerable computational hurdles of its own.

The relative effect of oscillatory flows on the dispersion of active particle suspensions presents
a simple yet powerful method for a variety of biological and medical applications. For example,
the controlled dispersion of active particles can be useful in bioreactors as a passive mixing mech-
anism away from surfaces, reducing the potential for biofilm formation. The oscillatory flows can
also provide demixing for cell separation. Our approach is non-invasive and it could be developed
into a fully closed cost-effective and practical system. Finally, we hope that our findings motivate
the development of new simplified continuum descriptions of active suspensions that are robust
to rapid variations in flow fields.

Dataaccessibility. The data supporting this research are available for download from the research data repository
of the University of York at [38].
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Appendix A.

A.1. Scaling considerations

The system analysed in this manuscript permits different scalings. The oscillating flow field solu-
tion provides the Womersley number Wo=R’+/Q/ /v'. Here, R’ and 1/Q/ are the length and time
scales, respectively. The non-dimensional time in terms of this scaling is 7 = #Q/. Equations (3.4)
and (3.5) become

X, =Pepu (), t) At + Bpp), At, (A1)
AG{H = (% cos (G’m) + %wz (x’m, tm>> AT + \/Z_drAW, (A2)

where AW has variance At. The non-dimensional numbers now become

. () v/
Pér= g P rige (A9)

respectively, where the subscript F indicates flow-based scaling. The non-dimensional reorien-
tation rate is B=B’ WOZSC{# and the non-dimensional reorientation rate is d, =1 /WOZSC. The
relations between the cell and flow-based Péclet numbers are

Pég=PérWo2Sc, fr=prWo?Sc (A1)

In the cell-based scaling t =#' v /(R?d!), where D ~ V*/ 2 /d... Defining the Schmidt number as

2
Sc=1'd’/V*', we can express T = fWo?Sc.
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A.2. Two-dimensional GTD for gyrotactic micro-organisms in linear shear flow

The approaches of [29] and [27] employ a Galerkin method to determine expressions for the mean
swimming direction, q, and diffusion tensor, D, in a steady linear flow using GTD for the phe-
nomenological advection—diffusion equation in equation (3.10) for the cell concentration, #n. In
particular, they consider three-dimensional physical space with cell orientation determined by
two Euler angles. The dimensional micro-scale model is

oP .
5 +Vy-[(u+ V¥'p)P] + LP=0, where L= Vp - [p - d,Vp] , (A5)
for P(p,x,t), the probability of there being a cell at x with orientation p at time ¢, where p can
be evaluated from equation (3.5). By considering the long-time limits of the co-deformational
derivatives of the moments of the distribution P, GTD then provides expressions for mean cell
orientation, q, and diffusion tensor, D, as integrals over cell orientation, p, in the form
5 sym
bp + ——bb - G] dp, (A6)

= d d D=
q fp pflp)dp an fp IS,

where 0 =Pé/2y’, with y’ indicating derivative of the flow field relative to the mean (assuming
Pé is defined with respect to the mean). Here, []5Y™ indicates the symmetric part and G is the
transpose of the non-dimensional fluid velocity gradient, whose eigenvalues must be imaginary

for the method to work. To evaluate these expressions one must find solutions for the equilibrium
and vector field distributions, f(p) and b(p), respectively, via

Lf=0 and Lb-20b-G=fp)p-q), (A7)

with fp fip)dp=1 and fp b(p)dp =0, as described in [29]. Solutions are expanded in spherical
harmonics, substituted into the equations, and truncated at a particular order. Coefficients are
determined using exact algebra (Maple) as a function of 1 and o, with excellent agreement with
asymptotic limits for small and large o.

In this article, we mirror this approach but consider all variables constrained to a two-
dimensional plane, such that x =[x y]T and p=[—cosf sin 617, 6 €[0,27). The variable x is
measured in the vertical downwards direction, y is across the channel and 0 is the angle from the

positive x-axis. In this situation, we find that 8 = —% sin® — g and thus we need to solve
Mf=0, Mby=—f(sin—¢q;) and Mb; —20by=Ff(cosb+q1), (A8)
most conveniently accomplished in that order, where the operator M is given by

2
M=%+(Asin9+a)% + Acosf. (A9)
Expansion in Fourier series of the form C; = ZZO:O Ail sinnd + B; cos nf, where C* = f, C' =b; and
C? =b,, and truncating at a suitable order provides a system of algebraic equations to solve for
the coefficients. Substituting the series in equation (A 6) provides the expressions

q=7r[_B‘1) A(l’ ]T and D

Al
—2B  Al-B? l / 20 [ 2b1by  boby ] dp (A10)
Al-B2 242 b f®) | b, 0
Solutions converge rapidly; an order three truncation is suitable for most purposes. Similar to [27],
the solutions are well-fitted by the curves of the form g1 = —F(c; al,ch), g =—0F(o; a2, ¢?), and

similarly for odd and even components of the diffusion tensor, where F(o;a, ¢) = (a9 + u202) /(1 +
202 + c40*). Coefficients for A = 2.2 are listed in table 2.

z
2
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Table 2. The fit coefficients for A = 2.2 for the mean swimming direction and diffusion.

term a, a, Cy Cy

0 7.281x 107" 7.52x 1072 3.584 x 107! 6.06 X 1072
T mea amxi? ki aasxi0?
Dy 6.9693x 1072 3.046 x 107 167x107  872x 1072

D, 1.7672 x 10~ 1.269 7.959 1.483

b e smxi? mexi ekl

To verify the method, solutions can be found for o =0 for the two-dimensional case. Equa-
1

tion (A 8) provides [A(1 — x%)2 (f—f)Y =0, upon substitution of x = cos 6. Integrate and determine
the constant at x=1 to be zero, to yield the von Mises distribution f(8) = Ae* 3%, Noting that

modified Bessel functions of the first kind can be defined as I,,(1) = i 0271 488 cosnf do, we

have A =1/2n]y(4), from which we can calculate q = [— % 0]T.For1=2.2, g1 =—0.7281, which

agrees with the series solution, as does the distribution foor f(8). Note that for the three-dimensional
case, the equivalent g1 = —cothA + 1/41 =-0.57, so the two-dimensional case provides a larger
peak orientation, as one may expect, plus it also decays to zero a little faster and the y component
has a turning point at a smaller o (by a factor of 2/3; the cell will tumble for smaller shear rates).
Qualitatively, the solutions are similar to the three-dimensional case.

Similarly, we can integrate the equation for b; to find

e&cose 1 e i o 1ot
by = 6— —Acos® g | | All
2= Sal(A 10(/1)/0 ¢ (A1)

A more involved expression can be found for by, from which one may compute components of
the diffusion tensor numerically, establishing excellent agreement with the earlier solution from
the series expansion (D17 = 0.06969, D15 = 0 and D;; = 0.1767). One may also check that the eigen-
values of the diffusion tensor remain positive definite for all 2 and o. Diffusion values can also be
fitted by curves, with D1y = F(o; all o), Dy, = —0F(o; a'2 ¢) and Dy, = F(o; a2 ).
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