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Locomotion of self-propelled particles such as motile bacteria or phoretic swimmers
often takes place in the presence of applied flows and confining boundaries. Interactions
of these active swimmers with the flow environment are important for the understanding
of many biological processes, including infection by motile bacteria and the formation
of biofilms. Recent experimental and theoretical works have shown that active particles
in a Poiseuille flow exhibit interesting dynamics including accumulation at the wall and
upstream swimming. Compared to the well-studied Taylor dispersion of passive Brownian
particles, a theoretical understanding of the transport of active Brownian particles (ABPs)
in a pressure-driven flow is relatively less developed. In this paper, employing a small
wave-number expansion of the Smoluchowski equation describing the particle distribution,
we explicitly derive an effective advection-diffusion equation for the cross-sectional
average of the particle number density in Fourier space. We characterize the average
drift (specifically upstream swimming) and effective longitudinal dispersion coefficient
of active particles in relation to the flow speed, the intrinsic swimming speed of the active
particles, their Brownian diffusion, and the degree of confinement. In contrast to passive
Brownian particles, both the average drift and the longitudinal dispersivity of ABPs exhibit
a nonmonotonic variation as a function of the flow speed. In particular, the dispersion of
ABPs includes the classical shear-enhanced (Taylor) dispersion and an active contribution
called the swim diffusivity. In the absence of translational diffusion, the classical Taylor
dispersion is absent and we observe a giant longitudinal dispersion in the strong flow limit.
Our continuum theory is corroborated by a direct Brownian dynamics simulation of the
Langevin equations governing the motion of each ABP.

DOI: 10.1103/PhysRevFluids.5.073102

I. INTRODUCTION

Transport and mixing within suspensions of swimming micro-organisms are important for the
understanding of many biological and industrial processes, such as infection by motile bacteria [1,2]
or the formation of biofilms [3,4]. Different from passive particles, the ability of active swimmers to
self-propel gives rise to interesting dynamics including accumulation at confining boundaries and
upstream swimming in the presence of a pressure-driven flow [5].

The transport of passive matter (e.g., diffusing solute) that experiences molecular diffusion and
fluid advection in a Poiseuille flow has been extensively studied since the seminal work of Taylor
[6-8], who demonstrated that the effective dispersion coefficient in the direction of flow is enhanced
compared to the bare molecular diffusivity. Shortly after, Aris [9] underpinned Taylor’s analysis
with a theoretical framework based on longitudinal moments of the solute distribution function.
This phenomenon of enhanced longitudinal spreading, often referred to as Taylor (or Taylor-Aris)
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FIG. 1. Schematic of the Taylor dispersion process of passive matter in a pressure driven flow.

dispersion, results from the coupling of molecular diffusion in the transverse direction and advection
in the longitudinal direction. To understand the interaction between these two separate mechanisms
for solute transport, it is helpful to first consider advection alone, and then to include the effect of
molecular diffusion. In the absence of molecular diffusion, a point-sized particle introduced into
the flow simply moves downstream along the streamline at that location. The presence of molecular
diffusion, on the other hand, enables the particle to migrate across streamlines and then immediately
be advected downstream with different velocities. This process represents a random walk and leads
to an advective contribution to the longitudinal dispersion in addition to the molecular diffusivity.
In a random-walk process, the diffusivity scales as [?/t, where [ is the step size and 7 is the
decorrelation time. Consider a Brownian solute with diffusivity D7 in a pressure-driven channel
flow with characteristic width H and centerline speed uy. The decorrelation time is purely Brownian
and given by T ~ H? /Dy while the step size is due to advection in this time: [ ~ uo7. As a result, we
have (DT — D7)/Dy ~ Pe?, where DI is the effective longitudinal dispersivity and Pe = ugH /Dy
is the Péclet number.

One can also rationalize the classical Taylor dispersion from a macroscopic point of view.
Suppose that initially a diffusing solute is introduced at a small segment of the channel flow with a
uniform concentration (see Fig. 1 for a schematic). At times shorter than the diffusive time scale
H?/Dy, the nonuniform fluid advection generates a concentration gradient across the channel,
which induces a diffusive flux of the material transverse to the direction of flow. At long times,
the concentration in the transverse direction becomes uniform again due to molecular diffusion.
In this long-time asymptotic limit, the cross-sectional average concentration is governed by an
effective one-dimensional advection-diffusion equation. The drift velocity in this equation is simply
the cross-sectional average fluid velocity, while the effective Taylor dispersivity is greater than the
molecular diffusivity.

During the past half century, the original analysis by Taylor and Aris has been extended to
accommodate a wide class of dispersion problems including complex geometries [10,11] and
chemical reactions [12,13]. In particular, a generalized Taylor dispersion theory (GTDT) has been
developed [14]. GTDT provides a systematic scheme to derive the coarse-grained transport equation
starting from the probability density function describing the motion of a Brownian tracer in its phase
space. A detailed discussion on the application of GTDT to material dispersion can be found in the
book by Brenner and Edwards [15].

In contrast to passive tracers, the study of the transport of active microswimmers that self-propel
is more recent and their dynamics is less well understood. To capture the essential physics of a
microswimmer on a coarse-grained level, the active Brownian particle (ABP) model is often used
(see Fig. 2). An ABP self-propels with a fixed intrinsic speed Uy and undergoes translational and
rotational Brownian motion with diffusivities Dy and Dg. We note that in modeling the locomotion
of swimming microorganisms the diffusivities are typically biological rather than thermal in origin.
The rotary diffusion describes the random reorientation of microorganisms such as tumbling. The
translational diffusivity can be interpreted as a simple model representing the fluctuation of the
center-of-mass position during the flagellar bundling or unbundling process. In other words, Dy and
Dy are independent quantities and not constrained by the fluctuation-dissipation theorem. Due to
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FIG. 2. Schematic of an ABP in an unbounded domain with no background flow and its long-time (¢ >> )
active random-walk process. The swimming direction is denoted by a unit vector q.

rotary Brownian motion, the swimming direction of an ABP relaxes over the reorientation time scale
7, = 1/Dg. One can define a run length £ = Ujyt, that characterizes the persistence of swimming in
a given direction. The directed swimming persists at short time (t < 7,) and one observes ballistic
motion. At times much larger than 7,, the swimming motion becomes a random walk due to
Brownian reorientation. This active random walk can be characterized by an effective diffusivity
DSWim ~ 02/t~ Ult, called the swim diffusivity. A detailed calculation gives D*¥™ = UZt, /2 in
two-dimensional unbounded space [16]. This implies that the long-time dispersion coefficient of
ABPs is enhanced, D = Dy 4+ D*VI™ [17,18]. The swim-enhanced dispersion originates from the
coupling of diffusion in orientational space to the translational via self-propulsion, which is a unique
signature of active matter systems.

When placed under confinement, such as in a channel, ABPs tend to accumulate at the
wall. Unlike noninteracting Brownian particles in thermal equilibrium that exhibits a uniform
density distribution, ABPs can spontaneously generate regions of higher density under geometric
confinement. This boundary accumulation is another distinct feature of active matter, which is
ubiquitous in biological processes involving motile bacteria or swimming spermatozoa. Exploiting
this behavior, Sokolov ef al. [19] showed that a motile bacteria suspension can power microscopic
gears with asymmetric teeth. Interestingly, this boundary accumulation phenomenon was first
observed decades ago by Rothschild [20], who measured a nonuniform concentration of swimming
bull spermatozoa in a glass chamber. More recently, experiments by Berke ef al. [21] reported
the same accumulation phenomenon with swimming Escherichia coli (E. coli) confined between
two glass plates. Rothschild postulated that wall accumulation might originate from hydrodynamic
interaction of swimmers with the wall. Berke et al. pursued this idea and provided a theoretical
model to explain their experimental results. On the other hand, studies neglecting hydrodynamic
interaction between swimmers and boundary also observed wall accumulation [22-27]. These
studies suggest that wall accumulation can be understood from a purely kinematic perspective while
hydrodynamic interaction only modifies this behavior quantitatively. That is, owing to persistent
self-propulsion, a swimmer hitting the boundary maintains its orientation for a finite time 7, until it
rotates away via Brownian reorientation. Conversely, swimmers pointing away from the boundary
simply swim into the bulk. As a result, there is an accumulation of swimmers near the boundary
with a net orientation or polar order pointing into the boundary.

To gain a quantitative understanding, consider ABPs confined between two parallel plates
separated by a distance H. Before considering the number density and polar order distribution, it is
helpful to recognize the three length scales in this problem: the run length ¢, a microscopic length
8 = /Drt, that characterizes the distance an ABP travels by diffusion within the reorientation
time, and the channel width H. Two dimensionless groups, £/H and £/§, can thus be defined. The
dimensionless quantity £/5 compares the distance traveled by swimming to translational diffusion
in 7,, and thus characterizes the activity level of ABPs. The second parameter £/H quantifies
the strength of confinement. In the limit £/H <« 1, an ABP can travel its full run length without
colliding with the wall. If £/H > 1, the swimming trajectories of ABPs are frequently disrupted
by the wall. We use orientational moments, in particular number density (n°) and polar order in
the transverse direction (m(v)) as a function of the transverse coordinate y, to quantify the effect of

confinement. The polar order mg characterizes the amount of particles pointing in the +y direction

(see Sec. II for the mathematical definition and formulation). Using a vanishing nematic order
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FIG. 3. (a) Number density n° as a function of the transverse coordinate y for £/8 = Uytr/~/Drtz = 2
and different confinement strengths: £/H = Uytg/H = {0.1, 1, 10}. (b) Polar order in the transverse direction
mg as a function of the transverse coordinate y for £/5 = 2 and different confinement strengths. (c) Effective
longitudinal dispersion coefficient D" /Dy as a function of activity £/8. Circles are results from finite element
simulations and the solid line is the solution from moment equations. The free space effective dispersivity of
ABPs is denoted by the dashed line. In all three panels, the flow is absent. Refer to Sec. 1l for details on FEM

and moment equations.

closure to the Smoluchowski equation, Yan and Brady [28] obtained the number density and polar
order distribution of ABPs in several confinement geometries. For ABPs between two parallel plates
in two dimensions, it is shown that

no(y)_1+ 1(4 2 cosh(ry)
o cosh(AH/2)’

5 (1

7 2
m() 1. sinh(ry)

— M —. 2)
n 2 cosh(AH/2)

Here, y € [—H/2, H/2] is the transverse coordinate, n® is the number density, mg is the polar

order in the transverse direction, and A = ,/1 4+ %(5/8)2/5 is the inverse screening length. To

be consistent with notation in this paper, the average concentration 7 is obtained such that
(1/H) ff%% n°dy = 1. To prevent ABPs from penetrating the wall, the swimming flux into the

wall (Uomg) is balanced by a diffusive flux (—D7dn°/dy) away from the wall [see Eq. (A23) in
Appendix A]. This balance dictates that the screen length A~! is proportional to the microscopic
length § and depends on the activity £/5. For a given confinement strength (¢/H ), the accumulation
boundary layer becomes thinner as activity (£/8) increases. Since §/H = £/H(£/8)~", the boundary
layers becomes thinner as confinement £/H decreases for a fixed £/5. Therefore, we observe a sharp
accumulation boundary layer for {/H « 1. As {/H increases, the two boundary layers at the top
and bottom walls merge and a more uniform number density profile is observed. The variation
of the number density profile as a function of ¢/H is shown in Fig. 3(a). Strong accumulation of
ABPs at the wall is accompanied by a net polar order as seen in Fig. 3(b) for £/H = 0.1. The case
of passive Brownian particles, which has a uniform number density, can be obtained by setting
£=0.

Due to the linear geometry of the channel, we can obtain the effective longitudinal disper-
sion coefficient by a simple physical argument. Because the Brownian kicks in each direction
are independent, the confinement in the transverse direction does not affect motion in the
longitudinal direction. We expect the effective longitudinal dispersion to be identical to that
in free space, D°"/Dy =1+ 1(¢/8)*. In Fig. 3(c), we show D*"/Dr as a function of ¢/§
obtained from both finite element simulations (circles) and moment equations (blue solid line).
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These results agree well with the free space dispersivity given by the red dashed line. We
remark that confinement can have an effect on longitudinal dispersion if the channel width is
nonuniform.

The application of an external flow in the channel further complicates the transport process of
ABPs. First, ABPs are now advected by the flow in addition to its self-advection. Second, the
orientational dynamics of ABPs are coupled to the local fluid shear, which varies spatially in a
quadratic flow. One manifestation of such a coupling effect is the upstream swimming of motile
particles in a pressure-driven flow. Here, we are speaking in terms of upstream swimming in a
laboratory-fixed frame rather than that relative to the downstream flow. Put differently, a swimmer
can overcome the downstream advection with some excess speed to move upstream. Koser and
coworkers [29,30] observed upstream swimming with E. coli in a microfluidic channel flow and
proposed a mechanism for upstream motility involving chirality of the flagella and hydrodynamic
interaction with the wall. A later study by Kaya and Koser [31] systematically measured the
swim speed of E. coli and reported a transition between upstream and downstream motion. Below
a critical but nonzero flow speed, E. coli were found to swim upstream. For strong flow, the
swimming motion is dominated by fluid advection and net downstream motion is observed. In a
recent work by Kantsler er al. [32], mammalian sperm cells are also found to exhibit upstream
motility.

Various theoretical models have been proposed to explain the swimming dynamics of mi-
croorganisms in flow, many of which include the effect of fluid shear, body shape asymmetry,
flagellar chirality, steric and/or hydrodynamic interaction with the wall, and so forth [24,32—
38]. These models are able to produce, at least qualitatively, upstream motion similar to those
observed in experiments. On the other hand, Ezhilan and Saintillan [36] implemented a simpler
model, which consists of noninteracting slender ABPs, to investigate the effect of flow on transport
of microswimmers. Using numerical and asymptotic solutions to the Smoluchowski equation
governing particle conservation, they investigated the distribution of ABPs across the channel
systematically and predicted net upstream swimming. In their study, the focus is on mildly active
ABPs that are moderately confined: £/§ = V6 (~2.45) and ¢/H < 2.

Previous work on the dispersion of active particles in flow has examined suspensions of gyrotac-
tic micro-organisms [39—44] and chemotactic run-and-tumble bacteria [45]. Due to asymmetry in
mass distribution, gyrotactic swimmers experience a gravitational torque in addition to the viscous
torque from the local fluid vorticity. The balance between viscous and gravitational torques leads
to a preferred orientation of the particles and thus a nonuniform particle distribution across the
channel. More recently, Chilukuri et al. [46] investigated the dispersion of flagellated swimming
micro-organisms in planar Poiseuille flow using Brownian dynamics (BD) simulation. In their work,
a flagellated swimmer is represented by two beads connected by a stiff spring. They focused on the
effect of flow speed on the dispersion of very active particles under moderate to strong confinement
with £/6 = 80 and ¢/H = {2.5, 4, 10}. It is shown that the longitudinal dispersivity exhibits a
nonmonotonic variation as a function of the flow speed with a minimum obtained when the flow
speed is comparable to the self-propulsion speed. Intuitive physical scaling arguments were used
to qualitatively explain the dispersion behavior in the weak and strong flow limits. Interestingly, a
similar nonmonotonic dispersion behavior is predicted by Alonso-Matilla et al. [47] in the context
of ABPs in external flow through periodic porous media. Dehkharghani et al. [48] studied the
dispersion of swimming bacteria in flow through a microfluidic lattice consisting of a periodic array
of circular pillars using both experiments and computer simulation. They showed that the external
flow hinders transverse dispersion and enhances longitudinal dispersion of active particles with no
translational diffusion beyond the Taylor dispersion of passive Brownian particles. Using the same
ellipsoidal ABP model as Ezhilan and Saintillan [36], Jiang and Chen [49] studied the dispersion
of active particles in confined unidirectional flows. The longitudinal dispersion of ABPs is related
to the physical space moments of the probability density function of an ABP based on the GTDT.
In this paper, they solved the resulting equations numerically and presented the dispersivity for
0/8 =+/6and ¢/H = 1.
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In view of the above discussion, it is clear that upstream swimming is almost certainly universal
to active particles and transcends some of the details of the specific mathematical model or
microorganism used. This suggests an underlying mechanism shared among different models that
is fundamental and responsible for upstream swimming, while additional details represent only a
correction for the quantitative behavior. Though the dispersion of active particles in flow has been
studied much less compared to upstream swimming, the same argument should apply. Indeed, as
an example, Chilukuri et al. [46] showed that hydrodynamic interaction with the wall does not
qualitatively alter the longitudinal dispersion of their beads-spring swimmers. Therefore, we believe
that there is value in studying the dynamics of active particles in flow with a model that is simple yet
able to capture the interesting advective-diffusive behavior discussed above. To this end, we consider
spherical ABPs suspended in a Poiseuille flow between two parallel plates in two dimensions. Our
paper ignores hydrodynamic interaction with the wall. In Appendix C, we discuss the effect of
nonspherical shape that might be relevant to microorganisms such as E. coli. We also assume that
the particle suspension is dilute so that the background flow is not affected by the suspended ABPs
and excluded-volume interaction between particles is irrelevant.

In this paper, we show that both upstream swimming and nonmonotonic dispersion as a function
of the flow speed are recovered using the spherical ABP model. Upstream swimming can be
understood as a result of channel confinement and rotation by the flow alone. Particles at the wall
are rotated towards the upstream direction owing to the fluid vorticity that reaches its maximum
at the wall. Once aligned against the flow, self-propelled particles are able to swim upstream
because the fluid velocity vanishes at the wall. Furthermore, ABPs accumulate at the wall when
the flow is weak compared to self-propulsion. In the weak flow regime, strong upstream swimming
is observed. As the flow speed increases, the intrinsic swim speed becomes subdominant and the
number density of ABPs becomes more uniform across the channel. This leads to a transition
from net upstream motion to downstream motion as the flow speed increases. The net speed of
ABPs in the longitudinal direction approaches that of passive Brownian particles in the strong flow
limit.

As predicted by previous work, the long-time longitudinal dispersion coefficient of ABPs is
a nonmonotonic function of the flow speed. In addition to translational diffusion enjoyed by
both active and passive Brownian particles, ABPs can also sample different flow speeds using
self-propulsion coupled to a reorientation mechanism. For ABPs in flow, there are two mechanisms
for reorientation: random rotary diffusion and deterministic rotation by the fluid vorticity. The
longitudinal dispersion of ABPs consists of the translational diffusivity, the swim diffusivity, and
the classical Taylor dispersivity. The swim diffusivity of ABPs is altered by the pressure-driven flow
and the classical Taylor dispersivity of ABPs is different from that of passive Brownian particles
because activity modifies the number density distribution. In the limit of weak flow, where ABPs
explore the physical space dominantly via self-propulsion and random Brownian reorientation,
the dispersion coefficient approaches that in the absence of flow. In the limit of strong flow, the
dispersion coefficient converges to that of passive Brownian particles because ABPs lose their
persistence due to the rapid rotation by the fluid vorticity.

We formulate the problem from a continuum perspective using the Smoluchowski equation
governing the position and orientation of an ABP in the channel. We consider a dilute suspension
and neglect particle-particle and particle-wall hydrodynamic interactions. From the Smoluchowski
equation we derive an effective advection-diffusion equation for the cross-sectional average number
density in Fourier space and calculate both the average drift and the effective dispersion coefficient
in the flow direction in the long-time limit. In addition to the continuum model, the equivalent
particle-based Langevin equations are considered. After the derivation of the governing equations,
we elucidate the origin of upstream swimming by considering the case of deterministic particle
dynamics without diffusion (D7 = 0 and Dg = 0). We then characterize the drift velocity of active
particles without translational diffusion (D7 = 0), followed by the general case of finite translational
and rotational diffusion. Next, in Sec. IV we consider the dispersive behavior of active particles
before concluding the paper in Sec. V.
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FIG. 4. Schematic of active Brownian particles suspended in a planar Poiseuille flow between two parallel
plates. The ABPs reorient on a time scale of 7, = 1/Dy, where Dy, is the rotary diffusivity. The blue solid line
is the Poiseuille flow and the green solid line is the scalar vorticity. The arrows represent the magnitude and
sign of the fluid speed or vorticity. The vorticity is an odd function of the transverse coordinate y.

II. PROBLEM FORMULATION
We consider a dilute suspension of spherical ABPs in a planar Poiseuille flow between two
parallel plates separated by a distance H as illustrated in Fig. 4. We assume that the radius of
the ABPs is negligible compared to the width of the channel. The background flow is given by
u = u(y)e,, where

y? H H
u = u 1—4m , —3<)’<E, 3)

with the maximum velocity ug at the centerline of the channel (y = 0).

Following previous work on active suspensions [50], we define a probability density function
P(x, q, ) of finding an ABP at position x with orientation q (]q| = 1) at time ¢. The evolution of P
satisfies the Smoluchowski equation:

apP

SV Ve =0, o)
where V and Vy = q % % are gradient operators in physical and orientation space, respectively.
The translational and rotational fluxes are given by, respectively,

j' =uP + UyqP — D; VP, (5)

if = LoP — DrVgP, (6)

where @ = V X u is the vorticity vector of the background flow. The flux normal to a boundary
surface must vanish, e, - j* = 0 aty = +H/2. Integrating the Smoluchowski equation in orientation
space gives a conservation equation for the number density:

on

§+V~(un+Uom—DTVn)=O, @)
where n(x, 1) = [ Pdq is the number density and m(x, 7) = [ qPdq is the polar order field.

The unboundedness in the flow direction makes it convenient to work in Fourier space. To this

end, we introduce a Fourier transform with respect to x given by f(k) = f exp(—ikx)f(x)dx. In
Fourier space, the governing equation for number density becomes

A

on

5 o
+ ik(uit + Upiity) — D (ik)%h + ~— ( Uiy — Dr— ) = 0. ®)
ot ay ay
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Averaging over the width of the channel, we obtain

on _
>t k> D77 + ik(u(y)i + Uiity) = 0, )
where the boundary terms vanish due to the zero normal flux condition and an overhead bar denotes
cross-sectional average, n(k,t) = (1/H) ff;/iz ni(k,y, t)dy. It is convenient to relate P to 7 via the
definition of a structure function g such that

Pk, y, q,1) = n(k, 1)g(k, y, q, 1). (10)

By construction, we have the normalization condition

1 o j—
E/dy/gdq— 1. (11

On the other hand, taking the Fourier transform of the Smoluchowski equation (4) yields

N :
— +ikj, + —+Vg-j =0. (12)
ot ay

Using the definition of P given in Eq. (10), we multiply Eq. (9) by  and subtract it from Eq. (12) to
obtain
9% 2 (vogz—Dr2%) — Dev2e+ Vi - (L
i J— o — — | - . —®
o " ay 09y8 T dy R VRS R\ 3 8
=8 =8 A
—lk(Uomx: + un = —quxg—ug> =0. (13)
n n
Consider a small wave-number expansion, § = go(y, q, t) + ikdy(y, q, t) + O(k?), corresponding
to a slow variation over a large length scale (weak gradient) [18,51]. Substituting this expansion

into Eq. (9), we obtain an effective advection-diffusion equation for the average number density in
Fourier space:

2—? + kU™ 71 + kD 7 = 0, (14)

where the average drift and the effective longitudinal dispersion coefficient are
Ut = Uom + u(y)n®. (15)
D" = Dy — Upiiny — u(y)i . (16)

Here, the average and fluctuating field variables are defined as the orientational moments of gg
and dj:

n’ = / godq, m’= / qgodq, i = / dodq, 1= / qdodq. (17)

The average drift of ABPs consists of the average of the flow speed weighted by the number density,
u(y)n®, and the average streamwise swimming velocity Upm?. Similarly, the effective longitudinal
dispersion coefficient includes the translational diffusion D7, the fluctuation in the self-propulsive
velocity, —Up#it,, and the fluctuation in the particle number density weighted by the flow, —u(y)i.

The classical Taylor dispersion of passive Brownian particles can be readily recovered by setting
Uy = 0. Without self-propulsion, the rotary diffusion is decoupled from the translational motion
(and therefore is irrelevant) and the number density becomes uniform, n® = 1. As aresult, we obtain
U™ =% = 2uy/3 and D*" = Dy — uii for passive particles. In contrast, the ability of ABPs to self-
propel alters the number density distribution and introduces additional terms in the expressions for
the average drift and the effective dispersion coefficient.
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TABLE I. Variation of different dimensionless parameters and the corresponding physical parameter that
is varied.

Fixed Varying Physical parameter
C/H, /6§ Pe Flow speed (1)

(/H, £/§ = oo (D =0) Pe, Flow speed

t/H, Pe, L/§ Translational diffusivity (Dr)
B, Dr =0 Pe, Reorientation time (tz)

Pe;, Pe = oo (D =0) B Swim speed (Up)

Pe;, Pe p Swim speed

B, Pe, Pe Translational diffusivity

B, Pe Pe, Reorientation time

Substituting the small wave-number expansion into Eq. (13), we obtain at leading order

@4_3 Uqg—D@ —DV2g + Vg - la)g =0 (13)
ot 9y 09y80 T By R V¢80 & | 580 .
At order ik, we obtain the governing equation for the fluctuating field dy:
0 2 (Vg — Dr 220 — D2y + Vi - ( L = (U — u — Upgyx) (19)
Y 3y 04yado T dy RV RA0 R ) 0= 09x)80-
The no-flux boundary conditions for gy and dy at y = +H/2 are given by
a ad
Uodygo — Dr—2 =0 and  Upgydo — Dy —2 = 0. (20)
ay dy

The normalization condition translates into

1 1
ﬁ/dy/godqzl and E/dy/dodqzo. 21)

At this point, the continuum formulation is complete. The governing equations are characterized by
three dimensionless groups: the strength of confinement £/H = Uytg/H, the activity level £/§ =
Uoptr//Dr 1R, and the Péclet number Pe = uygH/D7. The Péclet number characterizes the relative
importance of advection by flow and translational diffusion. To quantify the effect of flow speed
up on the drift and dispersion, one can vary Pe while keeping ¢/H and ¢/§ fixed. However, it is
cumbersome to characterize the effect of Uy, tg, or Dy separately because all of them appear in two
dimensionless parameters. We therefore introduce two alternate dimensionless groups:
Uo 2u0 T

ﬂ:u—o and Pe;, =yT1, = T (22)

where ¥ = |du/dy| = 2uy/H is the average shear rate across the channel. The first parameter 8
is a direct comparison of the swim speed of the ABPs and the flow speed at the centerline of
the channel. The second parameter Pe,, is a Péclet number that compares the two time scales of
reorientation: rotational Brownian motion on the scale of 7, and rotation from fluid shear with a time
scale 1/y. Using B, Pe, and Pe; as independent dimensionless parameters, we can conveniently
probe the effect of Uy, D7, and tx separately. For example, variation of the swim speed Uj is
fully characterized by variation of 8 while both Pe and Pe; are fixed. Similarly, variation of g
is represented by variation of Pe;, while 8 and Pe are fixed. To measure the effect of Dy, we can
vary Pe and fix both Pe; and 8. The two dimensionless parameters £/H and £/§ can be expressed
in terms of B, Pe, and Pe;, via the relations £/H = BPe; /2, £/6 = B,/PePe; /2. Conversely, we
have B = (¢/8)*(¢/H)~'Pe~! and Pe;, = 2Pe(¢/H)?(¢/8)>. In Table I, we summarize the different
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schemes of varying dimensionless groups and their corresponding physical situation in terms
of dimensional parameters. In experiments, some variation schemes are easier than others. For
example, one could easily vary the flow speed and quantify the transport of active particles as a
function of Pe for a given £/§ and ¢/H.

Henceforth, we consider ABPs in two dimensions where the orientation vector q is in the
velocity-gradient plane. As a result, one can parametrize q in terms of a single orientation angle
0 € [0, 27r) where q = cos6e, + sin fe,. We note that the qualitative behavior of the average drift
and longitudinal dispersion does not depend on the dimensionality of the orientation space. We
shall discuss three separate methods to solve (15)—(21): truncated orientational moment expansion,
solution of (18) and (19) using the finite element method (FEM), and BD simulation. For the first
two methods, we determine g, from (18) and the average drift U from (15). With solution to go
and U, we then determine d, from (19) and D°f from (16).

As a first approach, we approximate the average and fluctuating field in terms of their truncated
orientational moments [52,53]:

1 1 ;
g% 5=’ +2q-m"+4qq: Q") do~ S—(i+2q M +4qq: Q), (23)

where Q° = [(qq — I/2)g0dq is the average nematic field and Q = [(qq — 1/2)dodq is the
fluctuating nematic field. Substituting these expressions for gy and dp and taking orientational
moments of appropriate order yields a set of closed ordinary differential equations at steady state
for the average and fluctuating number density and polar and nematic fields (refer to Appendix A
for details). Mathematically, this approximation can be interpreted as a severely truncated Fourier
series expansion of gy and dj in the orientation angle. The moment expansion converges rapidly
only when the probability distributions are near isotropy.

For the problem of this paper, the distribution can be very anisotropic in the presence of a
Poiseuille flow. It is then beneficial to solve the governing equations for gy and d, directly and
then take the needed orientational moments to obtain the average drift and effective dispersion
coefficient. To this end, we solve (18) and (19) directly with a finite element method implemented
using FREEFEM++ [54] with adaptive mesh refinement. In the FEM formulation, the periodic
boundary condition in 6 is enforced, go(y,60 =0,¢t) = go(y,0 = 2m,t), and do(y,0 =0,1) =
do(y,0 = 2m,t). After the system reaches steady state, the orientational moments of gy and dj
are calculated according to (17) and then the drift and effective dispersion coefficient are obtained
using (15) and (16).

From a particle-level perspective, the evolution of the configuration of ABPs can be described
by the overdamped Langevin equations. For each ABP, this force and torque balance is given by

dx B s
0=-¢ i +F° +F°, (24)
d 1
0=—§R<d—(tl—§wxq)+Lqu. (25)

Here, FS = ¢ Uyq is the swim force [17], and FZ (L?) is the Brownian force (torque). ¢ and ¢z are
the translational and rotational hydrodynamic drag coefficients, respectively. The Brownian force
and torque satisfy white-noise statistics:

(F5)y =0, (FPO)F?(t)) = 2Dr¢%8(1)L, (26)

L%y =0, (LEOL*@)) = %4,%50)1, (27)

R

where §(¢) is the delta function and the angle brackets denote the ensemble average over Brownian
fluctuations. We emphasize that the translational and rotational diffusion coefficients represent
biological noises and their variation can be independent.
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We evolve the Langevin equation with a typical Brownian dynamics algorithm [5] for approx-
imately 10° noninteracting particles to ensure good statistics. The duration of the BD simulation
was chosen to be longer than the slowest time scale in the problem so that the long-time behavior
is captured. The domain of simulation is a square box of side length H with periodic boundary
condition in the flow direction and hard walls at y = +H/2. The hard-wall boundary condition is
implemented using the potential-free algorithm [55] that ensures that the particle does not cross
the wall. The interaction of the particle with the wall does not change the particle orientation. The
absolute position of each ABP is recorded to calculate the effective drift and diffusivity. Further
details of the BD simulation are presented in Appendix B.

III. UPSTREAM SWIMMING

The drift U quantifies the average motion of ABPs along the channel due to the combined
effects of advection by the ambient flow and self-propulsion. In the absence of flow (1y = 0), the
notion of upstream or downstream is lost and the longitudinal polarization m® vanishes by symmetry.
As a result, the drift U is zero if the flow is not present. The introduction of an ambient flow
breaks the left-right symmetry in the longitudinal direction, which enables nonzero polarization
(m;) # 0). This symmetry breaking ultimately leads to the tendency of ABPs to swim upstream
in a pressure-driven flow, which has been investigated experimentally [29,31,32] and theoretically
[36]. A number of mechanisms for the upstream swimming of micro-organisms have been proposed
including chirality of flagellar bundles and hydrodynamic interactions [32,56-59]. However, even
for the simplest case of spherical particles without fluid-mediated or particle-particle interactions
as we consider here, upstream swimming is still present. In the following section, by considering
the case of non-Brownian particles, we show that this peculiar upstream swimming behavior can be
explained with simple physical arguments: A self-propelling particle reaching the wall points into
the wall. The body-fixed swimming director q is then rotated towards the upstream direction owing
to the strong fluid vorticity at the wall. As a result, the particle moves upstream.

Though the moment equations are not analytically tractable, a number of symmetry properties
can be obtained. First, solution to the Smoluchowski equation (18) along with the boundary
condition (20) satisfies the symmetry property that go(y, d,t) = go(—y, 2w — 6, ¢). Integrating
over the orientation, we have n’(y) = n’(—y), i.e., the number density is an even function of y.

Similarly, one can show that mg(—y) = —mg(y) (and therefore, mfv) =0) and mfg(—y) = m)?(y).

Taking the cross-sectional average of the steady-state moment equation (A3), we can further obtain

md = —%tRa)mg. This expression shows that the vorticity induces a coupling between the polar

order in the flow direction and that in the transverse direction.

A. Non-Brownian active particles

We first consider non-Brownian particles with Dy = 0 and Dg = 0 (or 7, = 00). In this case,
the active particle has an infinite run length £ = Uyt, = 0co. Without translational and rotational
Brownian motion, an active particle follows a deterministic trajectory. Zottl and Stark [34] examined
the nonlinear dynamics of non-Brownian microswimmers in Poiseuille flow in a cylindrical tube.
Both upstream and downstream trajectories are observed depending on the flow speed. When the
flow speed is small, the microswimmer that comes into contact with the wall is turned upstream and
performs a swinging motion between the walls while swimming upstream. Here, we examine this
interesting behavior in more detail and quantify the transition between upstream and downstream
motion in the absence of Brownian motion. The equations of motion given by Egs. (24) and (25)
reduce to dx/dt = u+ Uycos6, dy/dt = Uysin6, and db/dt = %w, where @ = 8uyy/H? is the
scalar vorticity. The unit orientation vector is written in a parametric form, q = cos fe, -+ sin fe,.
We note that a second-order equation for the orientation angle can be obtained: d?6/dt> =
4upUy sinf/H?. In general, the particle trajectory depends on its initial position and orientation.
If the particle is located on the centerline (yo = 0) and aligned with the flow (6 = 0) initially,
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FIG. 5. (a), (b) Trajectories of a non-Brownian active particle for different speed ratios 8 = Uy/uy. The
initial positions are marked by dots. (c) Average speed in the longitudinal direction as a function of §. Initial
conditions for all three panels are identical: xo = 0, yy = 0, 6y = /2.

the equations of motion can be solved exactly to obtain 8 = 0, y = 0 and x(¢) = x¢ + (1o + Up)t.
Because the torque due to shear vanishes on the centerline, the particle will not rotate, and thus
stays on the centerline for all time. Starting from this initial condition, the particle will always
move downstream. On the other hand, if the particle is located on the centerline but aligned against
the flow (0 = ) at t = 0, the solution becomes x(¢) = xy + (#y — Up)t. Depending on the relative
magnitude of self-propulsion and fluid advection (8 = Uy/up), the particle can move upstream
(B > 1) or downstream (8 < 1). The upstream-downstream transition occurs at § = 1, where the
particle will be stationary for all time. We note that the upstream motion of a non-Brownian active
particle with initial condition yo = 0 and 6y = 7 is a stable fixed point while the downstream motion
with yp = 0 and 6y = 0 is an unstable fixed point. In general, the swimming behavior is different
from this special case and the fluid vorticity plays a major role in the orientation dynamics of the
active particle.

For arbitrary initial conditions, we solve the equations of motion numerically using the explicit
Runge-Kutta method (RK4). Interaction of the particle with the channel wall is treated using the
potential-free algorithm [55] as discussed earlier. We reiterate that the interaction of the particle
with the wall specified by the potential-free algorithm does not change the particle orientation. If
the swim speed is small compared to the flow speed (8 < 1), the active particle will always move
downstream. In the small g limit, due to its slow swimming speed, the active particle cannot reach
the wall before its direction changes significantly due to the fluid shear. A typical particle trajectory
in this advection-dominated regime is presented in Fig. 5(a).

For large B, the active particle located on the channel centerline can travel to the wall if it is not
aligned in the longitudinal direction. Due to the large fluid vorticity at the wall, the particle will
be reorientated upstream. The continuing reorientation and swimming result in periodic movement
between the walls and net upstream motion. A particle trajectory in this regime is shown in Fig. 5(b).
Similar trajectories to Figs. 5(a) and 5(b) are found in Zéttl and Stark [34]. To quantify the net
motion of a particle, we present the net speed in the longitudinal direction scaled by the flow speed
as a function of B8 in Fig. 5(c). The net speed is given by Ax/T, where Ax is the distance traveled
in the longitudinal direction within a period (7') of its motion. The period T is obtained using
autocorrelation of the orientation angle 8. As expected, the particle moves downstream at small
and upstream at large .

It is instructive to examine this upstream-swimming trajectory in more detail. In Fig. 6(a) we
show the y coordinate and orientation angle 0 of the active particle as a function of the scaled time
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FIG. 6. (a) Initial trajectory y/H (blue, left axis) and orientation angle 6 (red, right axis) as a function
of the dimensionless time tu,/H for a non-Brownian active particle. The shaded region represents the time
period in which the particle moves from the top wall to the bottom wall. (b) Initial trajectory (solid, green
line) and orientation vector (red, arrows) of the active particle in the channel. Particles rotate counterclockwise
(d0/dt > 0) in the upper half of the channel and clockwise (d6/dt < 0) in the lower half of the channel.
Parameters: yo = 0,6y =7 /2,and 8 = 1.

tug/H. To better visualize the swimming behavior, the same particle trajectory in the x-y plane
(green line) with red arrows denoting the orientation vector is shown in Fig. 6(b). Initially, the
particle is located on the centerline and pointed towards the top wall. As time starts, the particle
moves to the top wall while being rotated counterclockwise by the fluid vorticity and advected
downstream. If the swim speed Uj is large enough compared to uy, the particle is able to arrive at
the top wall where the fluid vorticity is the greatest. Because the particle cannot penetrate through
the hard wall, it remains at the wall until the vorticity rotates it towards the upstream so that it can
finally escape into the bulk. As the particle escapes into the bulk, it now points towards the bottom
wall and starts to swim towards it. Once the particle reaches the lower half of the channel, the fluid
vorticity reverses sign and the particle is again rotated towards the upstream direction. It will then
approach the bottom wall if its speed Uy permits. Once the particle reaches the bottom wall, the
above process repeats itself and we observe a periodic upstream trajectory confined between the
two walls at later times.

In this section, we considered the transport of a self-propelled non-Brownian particle in a
pressure driven flow. Specifically, we studied the swimming behavior of non-Brownian active
particles that start on the centerline. We note that a particle starting from a location other than
the centerline exhibits similar behavior to those shown in Fig. 6. With a sufficiently large speed of
self-propulsion, an active particle is able to swim upstream rather than being advected downstream
by the flow. The interplay of biased rotation due to the fluid vorticity and confinement gives rise to
this interesting upstream swimming behavior.

B. No translational diffusion

We now consider the case in which the ABPs have no translational diffusion (Dr = 0) but
finite rotational diffusion (Dg # 0). In the Smoluchowski perspective, the absence of translational
diffusion is singular. A diffusive flux at the wall is required to balance the flux due to self-propulsion.
In the limit of vanishing D7, a boundary layer develops at the walls [28]. Starting from the
Smoluchowski equation, one can reformulate the problem in a singular perturbation approach and
obtain equations inside the boundary layer and out in the bulk. In the presence of flow, the resulting
equations are not analytically tractable. Instead, we make use of the BD simulation introduced
earlier to probe this regime of zero translational diffusion.
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FIG. 7. Variation of the average drift U /i in the absence of translational diffusion (D; = 0) as a function
of (a) the flow speed uy, (b) the reorientation time 7z, and (c) the swim speed Uj. (a) Drift U°T /i as a function
of Pe;, = 2ugtg/H for £/H = {0.1, 1, 2}. (b) Drift U* /u as a function of Pe; for B = Uy/ug = {0.5, 1, 2}.
(c) Drift U™ /% as a function of 8 for Pe;, ={0.1, 1, 10, 100}. The horizontal dash-dotted lines denote the
transition between downstream and upstream drift.

For Dy = 0, we have £/§ = oo and Pe = oo given that all other dimensional parameters are
nonzero and finite. In this case, B = Up/up and Pe;, = 2ugtz/H are used as the two independent
dimensionless groups. Recall the relation £/H = BPe,; /2. In Fig. 7(a), we show the average drift
U* /i as a function of Pe; for different values of the confinement strength ¢/H. For a fixed ¢/H,
the variation of Pe; is better interpreted as a variation of the flow speed at the centerline uo while
other dimensional parameters are fixed. If the flow speed uy = 0, the average drift U vanishes
by symmetry. We note that, however, U /iy does not vanish in the limit uy — 0 as shown in
Fig. 7(a). When the flow is weak (Pe; < 1), active particles accumulate and swim upstream at the
wall, which makes the average drift less than the average flow speed (U < ). We emphasize
that the causes for this reduction of drift are twofold: first, the number density is higher at the
wall than at the centerline, which implies that un® < u because the flow speed is zero at the wall
and is the greatest at the centerline; second, a negative polar order in the flow direction develops,
which means that Uym? < 0. For small £/H, the swimming speed is not strong enough to overcome

the downstream advection, i.e., |Uom2| < W, and we obtain a downstream drift. For larger ¢/H,
upstream swimming is dominant and an upstream drift is achieved as shown in Fig. 7(a) for £/H =
{1, 2}.

For Pe; > 1 with £/H fixed, the flow speed u( is much faster than the swim speed Uy. From (15),
we have U /1 = 38m0/2 + un®/u — un® /i since B — 0 as Pe;, — oo. Furthermore, particles in
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this strong flow regime spin rapidly owing to the dominant fluid vorticity compared to Brownian
reorientation. This leads to a more uniform number density distribution across the channel and thus
U*' /i approaches unity in the large Pe;, limit.

In Fig. 7(b), we show the average drift U /i as a function of Pe,, for different values of the
speed ratio B in the absence of translational diffusion. For a fixed 8, this represents the effect
of the reorientation time 1z on the drift. For Pe; « 1, the reorientation time 7, is much smaller
than the fluid shear timescale 1/y, and particles lose their persistence due to the rapid random
reorientation and behave like passive particles without self-propulsion. As a result, the effective
velocity approaches the passive limit U /z — 1 as Pe;, — 0 regardless of the speed ratio A.

For Pe; > 1, the reorientation time 7z is large and particles follow nearly deterministic
trajectories with small fluctuations from Brownian rotation. One can recover the purely ballistic
case discussed in the previous section by taking the limit Pe;, — oo with a finite 8 (e.g., T, — 00).

It is important to distinguish between Brownian reorientation and rotation by fluid vorticity.
Brownian reorientation is random and unbiased while the rotation due to the fluid vorticity is
deterministic and biased. In order to move upstream, active particles have to be aligned against the
flow so that they can swim upstream due to self-propulsion. This orientational bias towards
the upstream, as discussed in the previous section, is achieved by the deterministic rotation from
the fluid vorticity in the presence of a confining boundary. With other parameters fixed, Brownian
reorientation becomes weaker as 7, increases (Dg decreases, Pe; increases), and therefore is unable
to randomize the biased orientation generated by the fluid vorticity. As a result, the average drift
shown in Fig. 7(b) decreases monotonically as a function of Pe;, becoming negative—upstream
swimming—and asymptotes to the non-Brownian limit at large Pe;,.

We showed the variation of U® /# as a function of Pe,, with different dimensionless parameters
being fixed in Figs. 7(a) and 7(b). When £/H is fixed, upstream drift is observed for small Pe,.
On the other hand, upstream drift is achieved for large Pe; when B is fixed. We emphasize that to
interpret the results properly one has to be precise about what parameters are fixed.

In addition to the two competing reorientation mechanisms characterized by Pe;, the speed ratio
B also plays an important role in determining the swimming behavior. In Fig. 7(c), we show the
variation of U /i as a function of g for different values of Pe,,. For small 8 (e.g., B8 = 0.5), active
particles move downstream (U°" /& > 0) for all values of Pe;. The transition from downstream
to upstream swimming (U° /i < 0) is observed for larger B only. For a given Pe;, the average
drift U /u decreases monotonically and becomes negative as 8 increases. We note that for 8 =
0, i.e., the particles are passive, the orientational degree of freedom becomes decoupled from the
translational, and we recover the passive limit: U /i — 1 as g — 0.

C. Finite translational and rotational diffusion

We now examine the distribution and swimming behavior of ABPs with finite translational
and rotational diffusivities in the presence of a pressure-driven flow. To illustrate the effect of
translational diffusivity (D7) on the behavior of active particles, we show in Fig. 8 the average
number density n° (recall that n® = [ godq), average streamwise polar order mg, and average
probability distribution go(y = H/2, 0) for different Pe = ugH /Dy with 8 = Uy/uy = 2 and Pe;, =
2uptgr/H = 10. The Dy = 0 case discussed in the previous section is the limit Pe — oo and
B,Pe;, < oo. With B and Pe; fixed at finite values, the variation of translational diffusivity Dy
is represented in dimensionless form by the variation of Pe. In other words, Pe goes down as Dr
increases and Pe < 1 implies that the translational diffusion dominates over the fluid advection. In
this strong diffusion limit, the steady-state probability profile cannot sustain a large gradient across
the channel due to the smoothing effect of diffusion. As a result, in Figs. 8(a) and 8(b) we observe a
mostly uniform number density and polar order for Pe = 0.1. As Pe increases, translational diffusion
becomes less important and we observe the development of boundary layers at the wall in both the
average number density and polar order distribution. At large Pe, ABPs exhibit strong accumulation
and upstream polarization at the wall. In Fig. 8(c), the average field g( at the top wall is plotted
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FIG. 8. Effect of translational diffusivity Dr on the average field distributions. (a) Average number density
distribution across the channel for different values of Pe = ugH/Dr. (b) Average streamwise polar order
distribution across the channel for different values of Pe. (c) The average field gy as a function of 6 at the
top wall (y/H = 1/2) for different values of Pe. The solutions presented are obtained from the finite element
calculation with B = Uy/uy = 2 and Pe;, = 2uytz/H = 10.

as a function of the orientation angle 6 for different Péclet numbers. Recall that an ABP with the
orientation angle & = /2 is pointing normally into the top wall and an ABP with & = 7 is pointing
upstream parallel to the wall. In the strong diffusion limit (Pe < 1), only a weak variation of gy as
a function of 6 is observed. Similar to the orientational order distribution across the channel, the
probability at the wall develops a large gradient and the peak shifts towards the upstream direction
as Pe increases.

We note that even though the streamwise polar order m® < 0 for Pe = 0.1 it is not strong
enough to overcome the fluid advection, which leads to a net downstream motion (U > 0). The
dependence of the average drift U /u on Pe is made quantitative in Fig. 9. Here, the dashed lines
are solutions from the moment equations, the circles are solutions from FEM and the crosses are
solutions from BD simulations. The horizontal dash-dotted line represents the drift velocity of
passive particles, U™ = u. Results from BD and FEM agree very well while solution from the
moment equations deviates from BD (or FEM) for Pe;, = 10 at large Pe as seen in Fig. 9(a). The
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FIG. 9. (a) Average drift U*"/u of ABPs as a function of Pe = uyH /Dy for Pe;, = 2uytg/H =1 (red)
and Pe;, = 10 (blue) with fixed 8 = Uy/up = 2. (b) Average drift U °ff /11 of ABPs as a function of the Péclet
number for £/H = Uytg/H = 1 (red) and £/H = 10 (blue) with fixed £/§ = Uytr/~/Drtr = 30. Circles are
from FEM, while dashed lines denote results from the moment equations. Results from Brownian dynamics
are indicated by crosses. The dash-dotted green line is the effective drift of passive particles.
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moment method truncating after the nematic order is not sufficient to capture this behavior. One can
show that our simple truncated expansions of the average and fluctuation fields given in Eq. (23)
lead to isotropic closures to the third moments of gy and dy [52]. Because this truncation does not
incorporate the effect of the external flow field even though particles rotate according to Jeffery’s
equation, it is only a good approximation when the average and fluctuation fields are not far away
from isotropy. Therefore, care must be taken when using these isotropic closures in the presence of
an external flow.

For fixed finite 8 and Pe;, as shown in Fig. 9(a), the increase of Pe is understood as the decrease
in the translational diffusivity D7. The effective drift U /u approaches unity in the limit Pe — 0
(D7 — 00) because the particle number density becomes uniform owing to strong translational
diffusion. For small Pe, ABPs have a net downstream motion. A transition from downstream to
upstream motion occurs at a larger Pe where more particles accumulate at the wall. Because the
fluid vorticity is the greatest at the wall while the fluid velocity is zero, particles at the wall are
able to swim upstream with a larger net speed. As a result, for a given 8 and Pey, the effective
drift velocity U /i decreases monotonically as a function of Pe and reaches a plateau at large Pe.
The limit of Pe — oo with fixed §, Pe;, < oo asymptotes to the case of no translational diffusion
explored in the previous section.

The variation of U /i as a function of Pe depends qualitatively on how the parameter space is
sampled. By keeping 8 and Pe; constant as shown in Fig. 9(a), the variation of Pe is understood as
the variation of the translational diffusivity alone. In Fig. 9(b), to investigate the effect of the flow
speed ug on the average drift, we fix £/§ = Uytgr/~/Drtr and £/H = Uytg/H and vary Pe. In this
case, Pe increases as the flow speed u, increases. Noting that £/ characterizes the activity level of
ABPs, a suspension with £/§ = 30 is in the highly active regime. The competition between upstream
swimming and downstream advection gives rise to a nonmonotonic variation of the drift velocity as
a function of Péclet number. As discussed earlier, the effective drift vanishes (U ff — () when the
flow is absent (Pe = 0). For weak flow (Pe < 1), upstream swimming dominates over downstream
advection and the drift becomes negative. Upstream swimming is particularly strong for large
confinement, e.g., £/H = 10 in Fig. 9(b). In the strong flow (Pe >> 1) limit, the advection of ABPs
by the ambient flow is much stronger than the self-propelling speed. Besides, the accumulation of
ABPs at the wall is greatly reduced as Pe increases. As a result, the drift velocity approaches that of
a passive particle for large Pe. As a function of the flow speed, the average drift U of ABPs with
high activity first decreases to a negative value and then increases to approach the passive limit u.
We note that the ratio U /7 approaches a nonzero value in the limit uy — 0. Because we scaled the
dimensional average drift using #, the ratio U /i is a monotonically increasing function of Pe as
shown in Fig. 9(b). We note that the nonmonotonicity of the average drift refers to the variation of
the dimensional quantity U as a function of Pe. In Appendix C, the effect of nonspherical shape
on the average drift of ABPs is discussed.

In Fig. 10, we present the average polar order distribution in the x direction (mg) across the
channel for different Péclet numbers for a very active suspension (£/5 = 30) with £/H = 10. As
the flow strength (Pe) increases, upstream swimming becomes weaker. For Pe = 10, the time scale
of rotation by flow vorticity at the wall and random rotation by Brownian motion are comparable
[Pe;, = 2Pe({/H )2(£/8)7% & 2.22]. In this regime, the flow vorticity at the wall only biases the
orientation of ABPs towards the upstream. In the strong flow limit (Pe > 1), the time scale for
rotation by flow vorticity is much smaller than the Brownian reorientation time 7, even in the bulk.
As a result, the persisting motion of an ABP vanishes because of the fast spinning due to vorticity.

This fast spinning by vorticity also affects the number density distribution. At large Pe where flow
is strong, ABPs at the wall are quickly reoriented by vorticity without relying on rotary diffusion to
escape into the bulk flow. This leads to a more uniform distribution of particles across the channel
at large Pe. In Fig. 11, we present the average number density distribution n° across the channel
for different Péclet numbers with £/H = 10 and £/§ = 30. Indeed, we observe a reduction of wall
accumulation as the Péclet number increases. The reduction of wall accumulation in the presence
of flow has also been observed by Chilukuri ef al. [60] for a model microswimmer consisting of
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FIG. 10. The average polar order distribution (mg) across the channel for different Péclet numbers (Pe =
uoH /D7) with £/H = Uytg/H = 10 and £/§ = Uytg/~/D7r 7t = 30. The red solid lines are solutions from
FEM, the black dashed lines are from moment equations, and the blue dots are results from BD simulation.

two beads connected by a stiff spring. Another interesting feature is the nonmonotonic variation
of number density across the channel at large Péclet number. At Pe = 100, a weak accumulation
of particles at the channel centerline is observed. This centerline accumulation is due to strong
confinement. If we decrease £/H or increase ¢/§, the bulk number density will become more
uniform. For Pe = 10*, Fig. 11(c), a local depletion of particles is observed near the wall before
the number density increases at the wall. In bulk flow, the number density is uniform due to
the vanishing swimming motion. In Brownian dynamics simulation, we observe that ABPs can be
trapped near the wall when the flow is strong. An ABP approaching the upper wall will be rotating
counterclockwise. Instead of escaping into the bulk once orientated upstream, an ABP comes back
to the wall again due to the rapid rotation by flow vorticity. It will repeat this process until random
Brownian motion kicks it outside this region and it can escape to the bulk. As a result, we still
observe a small amount of wall accumulation and a region of depletion because ABPs here either
go back to the wall or escape into the bulk.

IV. LONGITUDINAL DISPERSION

We now turn our attention to the effect of flow on longitudinal dispersion of ABPs in a channel.
The average drift considered in the previous section characterizes the mean motion of ABPs along
the channel. In contrast, the effective dispersivity measures the variation of particle motion in
the longitudinal direction compared to the mean. In this section, we first discuss the effective
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FIG. 11. The average number density distribution (n°) across the channel for different Péclet numbers
(Pe = ugH /D7) with £/H = Uytg/H = 10 and £/6 = Uytg/+/D7tr = 30. The red solid lines are solutions
from FEM, the black dashed lines are from moment equations, and the blue dots are results from BD simulation.
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longitudinal dispersion when the translational diffusivity Dy = 0, in which case the classical Taylor
dispersion is absent. We then discuss the general case with finite Dy.

A. Dispersion in the absence of translational diffusion

In this section, we explore the long-time longitudinal diffusive behavior of active particles in
the presence of flow in the absence of translational diffusion, Dy = 0. For passive particles with
Dy = 0, there is no long-time diffusive motion. Their behavior is purely deterministic and ballistic,
that is, being advected downstream with the local flow speed. But for active particles, there is long-
time diffusive behavior from the coupling between the diffusive sampling of orientation space due
to Brownian rotation and the orientational dependence of the self-propelling velocity Upq. In other
words, the dispersion of active particles with D7 = 0 consists of the swim diffusivity D*¥'™ alone
while the presence of an external flow modulates the effective speed in a run and the effective
reorientation time t.¢ of the effective long-time random-walk process. Recall that the longitudinal
dispersion coefficient becomes the free space swim diffusivity (D = Dg“’im = U027:R /2) if the flow
is also absent (19 = 0). This coupling of rotation to translation does not exist for passive particles
that do not self-propel. Therefore, Brownian sampling of the orientation space becomes irrelevant
to the consideration of the effective dispersion for passive particles.

To reveal the effect of flow on the longitudinal dispersion of active particles, we show in
Fig. 12(a) the effective dispersion coefficient scaled by the free space swim diffusivity as a function
of Pe;, = 2ugtg/H for different strengths of confinement ¢/H = Uytg/H. The same quantity is
plotted as a function of Pe; for different values of 8 = Up/ug in Fig. 12(b) and as a function of
for different values of Pe; in Fig. 12(c). Dash-dotted horizontal lines represent the case in which
the effective dispersivity is identical to that in free space, D°T = D§¥™. For fixed ¢/H as shown in
Fig. 12(a), the variation of Pe;, is understood as the variation of the flow speed ug. For fixed B as
shown in Fig. 12(b), the variation of Pe, is the variation of the reorientation time tz. In Fig. 12(c)
where Pe;, is fixed, the variation of 8 corresponds to the variation of the swim speed U.

In the presence of a pressure-driven flow, the effective longitudinal dispersivity is altered in an
interesting and nontrivial fashion. As shown in Fig. 12(a), the effective dispersivity D®f/D5"m
is a nonmonotonic function of the flow speed: the effective dispersivity D' can be either
enhanced (D®'f /D(S)Wim > 1) or hindered (D /D(S)Wim < 1) compared to DE)Wim. To understand this
nonmonotonic behavior, consider the effective long-time random-walk process of the ABPs in
the presence of pressure-driven flow. In addition to the fluid vorticity that modifies the effective
reorientation time 7., the fluid advection affects the effective speed in a run. Recall that the effect
of vorticity on orientation is characterized by Pe;, and the effect of flow speed is characterized by
B. For a given £/H, B decreases as the flow speed (i.e., Pe; ) increases since £/H = fPe; /2. When
the flow is weak (Pe;, <« 1), we have f > 1 and the advection is dominated by swimming and we
recover the free space swim diffusivity, DT — Uo2 Tg/2 as Pe;, — 0 with £/H fixed. For strong flow
(Pey, > 1), the effective reorientation time is reduced owing to the fluid vorticity but the effective
speed in a run increases due to fluid advection. The effect of fluid advection dominates and the
longitudinal dispersion is greatly enhanced.

The two competing effects originating from the background flow give rise to the nonmonotonic
behavior. For £/H = 0.1, the fluid advection becomes important [ ~ O(1)] for even small Pe;
(~0.1) where the effect of the fluid vorticity is still weak. In this case, the dispersivity increases
monotonically as a function of Pe;,. For £/H = {1, 2}, the effect of vorticity becomes important at
Pe;, ~ O(1) and we observe an initial decrease in the dispersivity due to a reduction of the effective
reorientation time. As the fluid advection becomes dominant (8 < 1), Pe; ~ 10, the dispersivity
increases as Pe;, increases.

In the large Pe,, limit for £/H = 0.1, we observe a strong dependence of the effective longitudinal
dispersion on the flow speed, DT /D§¥im ~ Pe?,. Interestingly, this giant longitudinal dispersion has
also been observed by Dehkharghani et al. [48] in the dispersion of active particles with Dy = 0
in flow through a periodic porous media. Due to the rapid spinning from the fluid vorticity, active

073102-19



ZHIWEI PENG AND JOHN E. BRADY

@

o (¢/H=0.1

o B
106+ V ¢/H=1 vV B=
o ¢/H=2 Ooo o =2
o & B=10
o
104 F l{/H = BPesy /2 Vvv ooo
: %o

DR /(UgTr/2)

1l AT | RN L
10—t 100 10! 102

102 10!
Pesy =2uoTr/H Pesy =2uoTr/H
()
105 . — T . —
(] O  Pe;y=0.1 ]
104 £ © V. Pey=1 4
E ©
~ 3 i ° ]
10° ¢ -
= ¥ ° 3
5 F o
No t Vv ]
S, 102 FE Vv o 3
a:o E v o o E|
[ v ]
S0t E v o 3
E v [e]
v
100 br—mrm Lo — 2000009
VVvVvVvvVVvVVVvY
| I PR
10—t 10° 10t
B =Uo/uo

FIG. 12. Variation of the effective longitudinal dispersivity D* /(U¢t,/2) in the absence of translational
diffusion (Dr = 0) as a function of (a) the flow speed uy, (b) the reorientation time tg, and (c) the
swim speed Uj. (a) Effective longitudinal dispersivity D" /(U}t,/2) as a function of Pe; = 2ugtg/H for
¢/H = Uptg/H = {0.1, 1, 2}. (b) Effective longitudinal dispersivity D" /(U}t,/2) as a function of Pe; for
B = Uy/uy = {0.5, 1, 2, 10}. (c) Effective longitudinal dispersion coefficient D*f/ (UOZ‘L'R /2) as a function of g
for Pe;, = {0.1, 1}. The results shown are obtained from BD simulations. The horizontal dash-dotted lines are
D" = U}, /2, i.e., the free space swim diffusivity.

particles are not confined in the transverse direction since their effective run length ¢ is reduced
such that £°T « H. In a constant vorticity field in an unbounded domain, the transverse dispersion
coefficient of active particles is reduced. In the large Pe; limit, this reduction follows the scaling
D, /D(S)Wirln ~ 1 /Pef-/ [18,48]. Making use of the scaling in the classical Taylor dispersion process,
Dt ~ uéHz/Dl, we have D“‘ff/D(s)Wim ~ u%HzPef»,/(U(;‘r,%) ~ Pe?, (¢/H)™* in the large Pe,, limit.
For a fixed £/H, we recover the scaling D' /D§*™ ~ Pe. In Fig. 12(a) for £/H = 0.1, this limiting
behavior is achieved for Pe; > 10. For larger £/H, we expect the same quartic scaling in Pe; as
Pe;, — ooc. In the range of Pe;, sampled in Fig. 12(a), this scaling is not achieved yet for £/H =1, 2.

To explore the effect of the reorientation time tz, in Fig. 12(b) we fix B and plot the longitudinal
dispersivity as a function of Pe; . Physically, the variation of Pe; with 8 fixed corresponds to the
variation of the importance of the fluid vorticity while keeping the advective effect of the flow fixed.
For Pe; < 1, Brownian reorientation is the fast time scale and rotation by the fluid vorticity is less
important. On the other hand, rotation by the fluid vorticity becomes dominant for Pe; > 1. The
effective reorientation time 7. is reduced and thus the dispersivity decreases monotonically as Pe;
increases. For Pe;, < 1, the dominant reorientation mechanism is Brownian and the enhancement
of longitudinal dispersion for small 8 is due to the increase in the effective speed in the random
walk from the fluid advection. The no-flow limit where D°" — D$"I™ is recovered as the flow speed
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FIG. 13. Effective longitudinal dispersivity D®T/D; as a function of Pe = ugH/Dy for (a) €/8 =
Uotg/~/Drtg =2 and (b) ¢/6 =30 and different confinement strengths (red, ¢/H = Uytg/H = 1; blue,
¢/H = 10). Circles are results from FEM and dashed lines are solutions from moment equations. Results
from BD simulation are marked by cross symbols. In regions of comparably large activity and flow strength,
the moment equations do not agree with FEM or BD simulation. The classical dispersion for passive particles
is plotted in a dash-dotted green line.

uy — 0, which in terms of the dimensionless parameters is obtained by taking the limit § — oo
and Pe;, — 0. This no-flow limit is effectively recovered with 8 = 10 and Pe; « 1 as marked by
the diamond symbols in Fig. 12(b).

At this point the difference between Taylor dispersion of passive matter and active particles
without translational diffusion should be noted. In the passive case, the longitudinal dispersion is
always enhanced by the flow. In contrast, the pressure-driven flow can either enhance or hinder the
longitudinal dispersion of active particles.

In Fig. 12(c), we show the dispersivity as a function of the speed ratio § for fixed values of Pe;,.
This corresponds to a variation of the effect of the fluid advection while keeping the effect of the fluid
vorticity fixed. In terms of dimensional parameters, this is a variation of the swim speed Uy while
keeping other parameters fixed. As the swim speed increases, the effective run speed transitions from
the fluid speed to the swim speed and the effective longitudinal dispersion decreases monotonically.
The limiting value of the dispersivity in the large B limit depends on Pe,,. If Pe; is small (e.g.,
Pe;, = 0.1), Brownian reorientation dominates and we recover the no-flow limit (D(S)Wim). If Pe; is
larger (e.g., Pe;, = 1), the effective reorientation time is reduced and the longitudinal dispersivity is
less than D™™.

B. Dispersion with finite translational diffusion

We now consider the general case of ABPs with finite translational diffusion. For active particles
with Dr = 0 as explored in the previous section, the background flow affects longitudinal particle
dispersion through the rotation by vorticity in orientation space and advection in physical space. In
addition to this effective modulation of the swim diffusivity, ABPs with finite Dy also experience
the classical Taylor dispersion that occurs in physical space alone. Therefore, the dispersion of
ABPs reflects the combined effects of the pressure-driven flow on the particle dynamics in both
orientational and physical space.

For given activity level £/ and confinement strength £/H, the variation of Pe corresponds to the
variation of the flow speed uy with other dimensional quantities being fixed. We present in Fig. 13(a)
the effective longitudinal dispersivity D' /D7 as a function of Péclet number for a suspension with
low activity, £/8 = 2, and two different confinement strengths ¢/H = {1, 10}. The same quantities
are presented in Fig. 13(b) for a very active suspension characterized by £/§ = 30.
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Similar to the variation of the effective drift U /# as a function of Pe with fixed £/8 and £/H
shown in Fig. 9(b), we observe a nonmonotonic variation of the effective longitudinal dispersivity
D /D; as a function of the Péclet number. Notice that the effective dispersivity has three
contributions, the translational diffusivity (Dr), fluctuation of the streamwise swimming motion
(—Upiiy), and fluctuation in the number density weighted by the flow (—uft). Recall that in the
absence of Dy only the fluctuation in the swimming motion remains and the effective dispersivity
reduces to the swim diffusivity if the flow speed is also zero. For small Péclet number, the flow
is very weak and the dispersion is dominated by the fluctuation in self-propulsion. We have
D" — Dy + D{¥™ as Pe — 0. The dispersivity in this region is insensitive to the variation in
confinement £/H as discussed earlier for the no-flow case (Pe = 0).

In the large Péclet number limit, the advective effect dominates and the effective dispersion
approaches that of the classical Taylor dispersion of passive particles. A minimum in the effective
dispersivity is obtained when the effect of advection by the ambient flow is comparable to the
self-propulsion of ABPs.

To understand the physical origin of this nonmonotonic variation in the effective dispersivity,
we consider two separate problems. First, by neglecting the advection (u = 0), we remove the
effect of classical Taylor dispersion and consider the effect of vorticity alone. As one increases
strength of the vorticity, the effective reorientation time decreases due to the spinning motion
while the random-walk speed is unchanged. This reduced effective reorientation time gives rise
to decreasing swim diffusivity. As Pe — oo for fixed finite £/6 and £/H, Pe; — oo, and the
swim diffusivity D**'™ — 0. Next, we neglect the swimming motion of ABPs (Uy = 0) and simply
recover the classical Taylor dispersion problem. In the classical Taylor dispersion problem, the
effective dispersivity increases monotonically as a function of the Péclet number. By combining
these two separate problems, the total effective dispersivity becomes nonmonotonic as a function of
the Péclet number. In other words, increasing of the flow strength diminishes the swim diffusivity
while at the same time generates shear-induced dispersion. It is this competition that gives rise to
the nonmonotonic variation in the effective longitudinal dispersion of ABPs in a pressure-driven
flow.

The above physical argument suggests the consideration of Pe,, that characterizes how strong
the biased rotation by vorticity is compared to random Brownian reorientation. Noting that Pe; is
proportional to Pe for fixed £/H and £/§ from the relation Pe; = 2Pe(¢/H )2(£/8)~%. We can define
a critical condition Pe;, ~ 1 where the rotational effect of the fluid vorticity becomes comparable to
Brownian reorientation. If we consider a fixed activity level [e.g., £/5 = 30 shown in Fig. 13(b)],
we can predict the relative location of the minimal effective dispersivity when the confinement
£/H varies. For a fixed ¢/8, we require ({/H )%Pe] ~ (L/H )%Pez where the subscripts 1 and 2
denote different confinement strengths. Using parameters in Fig. 13(b), we have Pe,/Pe; ~ 10
Here, subscript 1 denotes £/H = 10 and 2 denotes £/H = 1. Similarly, we can consider a fixed
confinement, say £/H = 1, and different activity level. By the same argument, we have Pe,/Pe; ~
900 with 2 denoting £/6 = 30 and 1 being £/§ = 1.

To recover the classical Taylor dispersion analytically, we set Uy = O in the moment equations
and obtain n° = 1. In other words, the average number density of passive particles is uniform across
the channel as expected. The average drift is simply the average flow velocity U = 2u,/3. The
fluctuating field number density can then be obtained:

Ai(y) = —720(;;1 [7 - 120(%)2 + 240(%)4}. (28)

Taking an average of 77 weighted by the flow field, we recover the effective longitudinal dispersivity
for passive particles D' /Dy = 1 4 2Pe?/945. The numerical factor is different from that given in
Ref. [15] due to their definition of the Péclet number based on the average instead of the maximum
flow velocity. The effective dispersivity for passive particles as a function of Péclet number is plotted
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FIG. 14. The effective longitudinal dispersion coefficient D /(UZtx/2) as a function of Pe; for different
values of £/8. The degree of confinement is fixed, £/H = 2. For a given Pe; and ¢/H, decreasing ¢/§
corresponds to increasing the translational diffusivity.

in Fig. 13 with a dash-dotted green line. In Appendix C, the effect of nonspherical shape on the
longitudinal dispersion of ABPs is considered.

In Fig. 14, we show the variation of D' /D$¥'™ as a function of Pe; for £/H = 2 and different
values of £/§. The blue cross markers are results for active particles with Dy = 0 (£/8 = 00), which
has been shown in Fig. 12(a) with square markers. Decreasing £/ corresponds to increasing the
translational diffusivity of the ABPs. The strong nonmonotonic variation of the effective dispersion
coefficient as a function of the flow speed (Pe;) is observed when translational diffusion is weak
(/4 is large). Due to the presence of classical Taylor dispersion for active particles with finite Dy,
the nonmonotonicity becomes weaker as Dy increases (£/§ decreases).

V. CONCLUSION

In this paper, we have presented a combined analytical and numerical investigation of the
effective longitudinal advection and dispersion of noninteracting isotropic ABPs in a planar
Poiseuille flow. Using a generalized Taylor dispersion approach, we derived an effective longitudinal
advection-diffusion equation for the cross-sectional average number density. The average drift and
effective longitudinal dispersivity are then related to the average and fluctuating field moments,
respectively. Our results from this continuum perspective are corroborated by Brownian dynamics
simulations of the equations of motion for each active particle. Compared to the BD simulation,
the continuum approach exposes the mathematical structure of the problem and elucidates the
mechanism from which the observed upstream swimming and dispersive behavior emerge.

Self-propulsion of ABPs leads to interesting behavior in the average drift and effective longitu-
dinal dispersion distinct from those of passive particles. Instead of being advected downstream,
ABPs can swim upstream due to the biased rotation from the fluid vorticity. In the absence
of flow, fluctuations in self-propulsion alone give rise to enhanced dispersion compared to the
translational diffusivity. On the other hand, the combination of flow and activity can lead to a
nonmonotonic variation of the effective longitudinal dispersion with changing flow strength. By
tuning the relative magnitudes of flow and self-propulsion, the long-time effective dispersivity of
ABPs can be minimized.

Both upstream swimming and nonmonotonic dispersion examined in this paper have received
considerable attention in previous work using different model swimmers or methods. We have
shown that the essential physics required to produce upstream swimming and nonmonotonic
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dispersion are captured by the simple spherical ABP model. Regardless of the type of microor-
ganisms or artificial active particles, the flow effects included in this paper are universally present.
As a result, the spherical ABP model provides a basis for the understanding of the transport of
active particles in channel flow. In addition, the simplicity of the spherical ABP model allows the
development of a continuum theory, which is challenging for active swimmers with complex body
geometry.

Several previous works have studied the dynamics of nonspherical particles such as rodlike or
beads-spring swimmers. To understand the effect of shape anisotropy, we consider a spheroidal
particle and model the orientation dynamics using Jeffery’s equation [61]. In the Smoluchowski
equation, we need to include the additional effect of alignment from the rate-of-strain tensor E and
write the rotational flux as j& = %a)P + Bq x (E - Q)P — DgrVgP. When q is aligned with one of
the eigenvectors of E, the dot product E - q is parallel to q and the term q x (E - q) vanishes. The
dimensionless parameter B quantifies the shape of the particle. For a sphere, B = 0. In the strong
flow limit, the average drift of a nonspherical particle still approaches that of the passive particles.
The effect of the alignment is to enhance upstream swimming when the flow is weak. Because the
alignment does not modify the dispersion mechanism, we only expect a weak dependence of the
longitudinal dispersion on the shape anisotropy. The effect of particle shape on the average drift and
effective longitudinal dispersion is shown in Fig. 15 in Appendix C.

In addition to recovering the upstream swimming and nonmonotonic dispersive behavior discov-
ered by previous work, we systematically examined the effect of the flow speed, the swim speed,
the reorientation time, and the translational diffusivity on the dynamics of ABPs in Poiseuille flow.
In particular, we studied the dynamics of active particles in the absence of translational diffusion,
which has not been analyzed in detail previously. Under weak confinement, active particles without
Dr experience giant Taylor dispersion where DT /D§¥im ~ Pe;‘», for Pe; > 1. We showed that a
nonmonotonic variation in longitudinal dispersion is also observed in the absence of Dy for confined
active particles. For ABPs with finite D7, we showed that Deff /Dr ~ Pe? for Pe > 1. For a fixed
¢/8 and ¢/H, this scaling for finite Dy can be alternatively written as D /DSVIm ~ Pe}z», using the

relation Pe;, = 2Pe(¢/H )>(£/8)2. This difference in scaling reveals the singular nature of the limit
DT — 0.

To conclude, we note that wall accumulation and upstream swimming have practical implications
such as biofilm formation and bacteria infection. The results we have shown complement our
understanding of the dynamics of active particles in Poiseuille flow and provide insights into the
effective design of biomedical systems that aim to reduce infection or biofilm formation.
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APPENDIX A: GOVERNING EQUATIONS OF THE ORIENTATIONAL MOMENTS

We substitute the moment expansion of gy and dj into Egs. (18) and (19) and take orientational
moments to obtain the moment equations. The following identities are useful:

4
fQindq = 7dij, /QinQkQqu = Z(Sijskl + 8 ji + 8udji)s (A1)
where §;; is the Kronecker delta. At steady state, the average field moments satisfy
d dn®
vem® =, 2 =0, (A2)
dy Y dy
4 (1,0° DY D + Lom® = 0 (A3)
— = m. + —wm, =0,
dy 0%yx r dy R %
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d{1 0 dm 1

@ EU()H +U0ny DTd_y +DRm — Ewm = O (A4)
d (1 dQb
e (ZUOmS —Dr d;‘) +4DzQ), — 0@, =0, (AS)
d (1 dod,
& (Zuomfg — Dy d; ) + 4D Q). + »Q), = 0. (A6)

Here, w = 8ugy/H? is the scalar vorticity. The no-flux boundary conditions at y = +H/2 are given
by

dn®
U()m} - DTd_y = 0, (A7)
dm®
UoQ), — Dr dyx =0, (A8)
lU 0+UQ°—Di V=0 (A9)
3 on 0y Tdymy =V,
1 dQ’
ZUom —Dr dy” =0, (A10)
1 do’,
Lom® — D, % o, (A11)
X dy

The steady-state moment equations for the fluctuating field are

d d
" (UomV — DTd—”> = U — 1w — Upn®, (A12)
y ’ y
4 U0 DTd—~ + Dginty + la)m U —wym® — Uy 0°. + lno (A13)
dy yX dy £ 2 Yy X XX 2 )
d (1 driy 1 off
e 7 Vot + UoQyy — DTd—y + Drrity — o, = (U — wym) — UpQY,. (A14)
d (1 _ dOyy N - 1
& <ZUomy —Dr d;)) +4DpQyy — 00y, = (U — ”)Q;)y + ZUom’?’ (AL5)
d (1 d0,, . 1
d—y<ZUomx —Dr d; ) +4Dp0y; + 00y, = (U — u)Q), — ZUom;). (A16)

Similar to the average field moments, the fluctuating field moments satisfy the no-flux conditions at
the wall:

Upiity — D di 0 (A17)
m, — — =0,
(] Tdy
- dri,
UOny - DT = 0, (AIS)
dy
1 dm
3 oft + UpQyy — DTd—yy =0, (A19)
1 ~ dev
—Ugiity, — Dy —2 = 0, A20
4 ony T dy ( )
1 dQyx
Uity — D =0. A21
7 Vo T dy (A21)
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The normalization requires

1 rH~? H/2
- / n’dy =1 and / fidy = 0. (A22)
H J_up _H)2
We solve these equations in MATLAB using a Chebyshev collocation method [62]. Equation (A2)
along with its boundary condition (A7) is analytically integrated once to obtain a first-order
equation:

0 dn®

Uom;, — Dr— = 0. (A23)

) dy
To solve the average field moment equations (A3)—(A6) and (A23), we start from a guess for
n°(—H/2) as a boundary condition and update the guess based on a root finding algorithm such
that the normalization condition is satisfied within a tolerance of 107, A similar approach for the
fluctuating field equations is used.

APPENDIX B: BROWNIAN DYNAMICS SIMULATION

The motion of ABPs is governed by the overdamped Langevin equations as presented in Egs. (24)
and (25). In two dimensions, we can parametrize the orientation vector by an orientation angle 0
such that q = cos fe, + sin fe,. The discretized Langevin equation is given by

Ax = u(y,)At + Uy cos[0(t,)| At + AxB,
Ay = Uy sin[0(t,)] At + AYB, (B1)
A8 = T, At + AP,

where Ax is the particle displacement in the x direction over the time step At from #, to #,41.
Similarly, Ay is the displacement in the y direction and A is the angular displacement. The
Brownian displacement Ax® (or Ay®) is sampled from a white noise with a mean of zero and
variance of 2Dy At. Similarly, the rotary Brownian displacement A6% has a mean of zero and
variance of 2At /1. The subscript n denotes the current time, and #,,; = #, + At. The position and
orientation of a particle at #,,; are then given by x,,11 = x, + AX, Vi1 = Yu + AY, Opr1 = 6, + A6.
The position y,; is then corrected according to the potential-free algorithm if it overlaps with the
channel wall. In our definition, the parameter H already includes the radius of the particle. In other
words, when the center position of the particles exceeds +=H/2, we move the particle back such
that its center position is at £H /2. The particle size does not appear explicitly in the potential-free
algorithm. We note that the radius of the ABPs is assumed to be negligible compared to the width
of the channel. As a result, the ABPs experience zero background flow at contact with the wall.

In most simulations, we use a time step At = 10 3,, Where #,,;, is the smallest time scale in the
problem, which is estimated via ty;, = min(z,, H 2/Dy, H/Uy, H/up). Simulations were run for a
duration of 100¢,,x Where 5« is the largest time scale in the problem. All simulations are performed
using an in-house GPU-accelerated code consisting of 102 400 active Brownian particles.

APPENDIX C: AVERAGE DRIFT AND LONGITUDINAL DISPERSION
OF NONSPHERICAL PARTICLES

In Fig. 15(a), we show the average drift as a function of Pe for different values of B. For
an ellipsoidal particle of major axis a and minor axis b, the shape factor is defined as B =
(r> = 1)/(r*> + 1), where the aspect ratio r = a/b. For a sphere (a = b), we have B = 0. For a
rodlike particle, » — oo and B — 1. As B increases from 0 to 1, the particle shape changes from a
sphere to a rod. In the weak flow limit, alignment from the rate-of-strain tensor enhances upstream
swimming of nonspherical particles. In Fig. 15(b), we show the effective longitudinal dispersion
coefficient as a function of Pe for different values of B. We only observe a weak dependence of the
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FIG. 15. (a) The average drift U°" /# as a function of Pe for different values of B. The black dashed line
is the result for passive Brownian particles, U /i = 1. (b) The effective longitudinal dispersion coefficient
D /Dy as a function of Pe for different values of B. In both panels, £/H = 10 and £/8 = 30. Results are
obtained from FEM simulation of the Smoluchowski equation.

dispersion on particle shape. We note that the same no-flux boundary condition for spherical ABPs
(e, - j* = 0 at the wall) is used in the Smoluchowski equation for nonspherical particles.
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