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Scalar mixing in microfluidics is often limited by the dominance of laminar flow and weak transverse
transport, which restrict effective mixing despite the enhanced axial spreading provided by Taylor—Aris
dispersion. Here, we demonstrate that injecting pulses of magnetic nanoparticles (MNPs) in conjunction
with static or rotating magnetic fields can actively reshape scalar dispersion dynamics. Static fields drive
Kelvin body forces (KBF) at pulse fronts, while rotating fields superimpose torque-induced spin-up flows
that enhance cross-stream transport and improve scalar mixing compared to no-field injection. At high
MNP Péclet numbers (Pe ~ 10% and short residence times, the interplay between KBF and spin-up
dynamics yields concentration front oscillations and partial detachment, indicative of three-dimensional
secondary flows. For longer residence times, sustained spin-up flow ensures efficient cross-stream
homogenization, with the MNP variance reduced by nearly 85% relative to the no-field case, while the
scalar variance decreases by about 70%. These results demonstrate that magnetically actuated colloidal
impulses, through controlled MNP pulse injection under rotating magnetic field action, can generate
three-dimensional secondary structures and establish a new strategy for high-efficiency mixing in
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1 Introduction

Microfluidics has emerged as a transformative revolution in
chemical and biological engineering, enabling unprecedented
manipulation of minute fluid volumes within miniature
channels."™ Scaling down to such dimensions has opened
new application niches beyond traditional large-scale reaction
and separation unit operations, where the daunting challenges
of scale-up can often be addressed through straightforward
numbering-up strategies.* These advances stem from a set of
intrinsic advantages: (i) the use of small fluid volumes enables
precise control of operating conditions, thereby mitigating
hazards®® and fostering reproducibility;”® (ii) taming the
hosting geometry into much shorter characteristic microchannel
lengths unleashes molecular diffusion at its full potential;"® and
(iii) the consequentially high surface-to-volume ratio ensures
efficient heat and mass transfer for fast reactions and/or high
thermicity.>®'" Together, these features have made micro-
fluidics fertile ground for applications in chemical synthesis,
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diagnostics,’*™** lab-on-a-chip devices, and biomedical

analysis.>'7'®

However, microfluidic systems present a major challenge:
the flows in such systems are laminar."®?° This is due to the
small characteristic dimensions of the channels, which lead to
very low Reynolds numbers (Re < 1) In this regime, inertial
effects are negligible, and thus no convective instabilities or
turbulence can arise to enhance mixing. Consequently, mole-
cular diffusion remains the sole mixing mechanism. Yet, in
microfluidics, advection dominates over diffusion, since the
residence time of the fluid cannot be reduced to values com-
parable to the long characteristic diffusion times.>>>* The
transport regime is therefore governed by the Péclet number
(Pe), which represents the ratio of advective to diffusive trans-
port. In most microfluidic applications, Pe > 1, implying that
diffusion alone is insufficient to achieve efficient mixing.****

To overcome this limitation, additional mixing strategies are
required to enhance mixedness rates in microfluidic reactors.
Broadly, two approaches have been developed. The first, known
as passive mixing, relies on micropatterned channels or geo-
metrical structures to induce chaotic advection and improve
fluid interpenetration.'®**** For instance, Javed et al.*® per-
formed a mathematical analysis of three passive micromixer
geometries—namely, a simple T-junction, a spiral T, and a
three-dimensional serpentine mixer (TDSPM). Their results
showed that the TDSPM, characterized by repeated U-shaped
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bends and a rectangular inlet, significantly enhances fluid
interaction and achieves markedly higher mixing efficiency
than the other designs. The second strategy, termed active
mixing, exploits external force fields to perturb parallel stream-
lines and promote transversal transport. Various physical
mechanisms have been proposed, including electrophoresis,
acoustic forcing,”>**** and magnetic actuation.’*>® As an
illustration, Mehta and Mondal®® investigated the flow of
viscoplastic fluids through a microchannel containing a bipar-
tite cylinder whose surfaces carry electrical potentials of iden-
tical polarity but differing magnitudes. Their study revealed
that electroosmotic forcing, arising from geometry-modulated
electrical double-layer effects, interacts with viscous stresses to
induce local flow reversal near the obstacle. This mechanism
generates recirculating vortices both upstream and down-
stream of the channel, leading to complex swirling structures
that substantially enhance mixing beyond what diffusion alone
could achieve.

One popular strategy for active mixing in microfluidic
devices is the use of magnetic colloidal suspensions stimulated
by external fields.>® In such systems, magnetic nanoparticles
(MNPs) can be remotely manipulated, a feature that has been
increasingly exploited to enhance mixing in microfluidic
flows.>®%31 A particularly effective strategy relies on the use
of rotating magnetic fields (RMFs).”® Under such excitation,
MNPs experience a magnetic torque that is transferred to the
carrier liquid, generating a secondary flow commonly referred
to as the spin-up flow.>* This rotational motion counteracts the
longitudinal concentration gradients created by laminar advec-
tion and significantly enhances transversal mixing. For exam-
ple, Boroun and Larachi*® demonstrated that applying an RMF
in a T-microreactor performing the Dushman-Villermaux reac-
tion improved micromixing times and reaction selectivity. More
recently, Larbi et al.*® investigated the effect of spin-up flow on
Taylor dispersion of a passive scalar. Their results highlighted
that spin-up flow can effectively suppress the concentration
gradients induced by Poiseuille flow, provided that the spin-up
velocity exceeds the axial flow velocity, thereby ensuring effi-
cient homogenization. In addition to torque-driven mechan-
isms, mixing may also be enhanced through Kelvin body force
(KBF) effects, which arise when concentration gradients of
MNPs are established under a magnetic field. These gradients
generate asymmetric pressure distributions that drive convec-
tive secondary flows. Larbi et al.>* explored this phenomenon in
a Y-shaped micromixer subjected to an RMF. They found that
when MNPs were symmetrically injected from both inlets,
mixing was solely governed by spin-up flow. However, unilateral
injection of nanoparticles produced strong transverse concen-
tration gradients due to the high Péclet number, thereby
activating KBF-driven convection. This additional mechanism
acted to restore suspension concentration equilibrium by redu-
cing concentration inhomogeneities, thus complementing
torque-induced spin-up flow and providing a second pathway
for mixing enhancement.

The studies on the effect of MNPs on mixing have been
conducted on the basis of the model developed by Larbi et al.>
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This model was initially formulated in the general framework
of colloidal magnetic suspensions and subsequently adapted to
describe spin-up flows. Its validity was assessed against the
experimental results of Torres-Diaz et al.®® in the clusterless
regime, where nanoparticles are sufficiently diluted to prevent
dipole-dipole interactions from forming clusters. The model
relies on a two-phase hydrodynamic approach that separates
the dynamics of the non-magnetic carrier liquid from those of
the MNPs. The mathematical closure was established through
Faxén’s laws, which describe the torque, drag, and stresslet
forces governing liquid-particle interactions. In addition, the
transport of nanoparticles and the orientation dynamics of
their magnetic moments were described by the Smoluchowski
probability density equation, formulated in the case of single
nanoparticles consistent with the clusterless assumption.

Research on the use of MNPs in microfluidics has largely
focused on two mechanisms: spin-up flow, driven by the
magnetic torque under RMFs,*"** and KBF, arising from
concentration gradients of MNPs.** In these studies, secondary
flows are mostly confined to the transverse direction, while the
axial velocity profile remains essentially unchanged.*>* This
behavior stems from the Stokesian nature of the flow, where
inertial interactions are negligible and axial and transverse
effects simply superimpose. Moreover, most prior works
employed continuous MNP injection, which limits the for-
mation of strong concentration gradients, particularly along
the axial direction. For instance, Larbi et al.** showed that KBF-
driven mixing occurs only over the initial portion of the channel
and quickly decays once the gradients are smoothed out,
restricting the action of this mechanism to a narrow region.
This raises an open question: how does spin-up flow interact
with extended concentration gradients, particularly along the
axial direction? Properly structured gradients could couple with
RMF-induced torque to create three-dimensional secondary
flows and enhance mixing, yet prior work considered mostly
transverse gradients.

In contrast to this body of work, the key to generating such
gradients lies in the pulsed injection of MNPs, which, when
combined with RMF excitation, couples with the magnetic
torque and KBF to drive both axial and transverse flows
simultaneously. This approach inherently produces strong axial
concentration variations, resulting in genuinely 3D flow struc-
tures and opening new possibilities for micromixing applica-
tions. Fundamentally, the problem shifts from the classical
framework of Taylor dispersion with passive tracers to the study
of dispersion in actively driven magnetic suspensions. To the
best of our knowledge, no previous work, since the seminal
work of Taylor’” up to more recent developments on this
subject,*®*° has yet addressed Taylor dispersion in suspensions
actively driven by external magnetic fields. Establishing this
connection provides not only a robust theoretical foundation
but also opens promising avenues for the design of next-
generation magnetic micromixers and microreactors operating
in a so-called evanescent or ‘stealth’ mode.

The objective of this study is to analyze the transient
transport of MNP pulses in Taylor microcapillary flows under

This journal is © The Royal Society of Chemistry 2025
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externally applied magnetic fields. We first aim to characterize
the hydrodynamic response induced by a static magnetic field
(SMF), focusing on the activation of KBF. We then investigate
the influence of an RMF on dispersion dynamics, with parti-
cular attention to the role of concentration gradients generated
by pulsed injection and to the dependence on the Péclet
number for MNP transport. Finally, we extend the framework
to the simultaneous injection of MNPs and a passive scalar in
order to assess the efficiency of this strategy in enhancing
scalar pulse mixing. Ultimately, this work seeks to establish
the “MNP pulse + RMF” approach as a versatile pathway for
active control of Taylor dispersion and as a foundation for the
design of magnetic micromixers and microreactors.

2 Theoretical background
2.1 Hydrodynamic setting for Taylor dispersion with MNPs

This study investigates a dispersion problem in a cylindrical
microchannel, inspired by the classical Taylor dispersion
phenomenon,*”*® but adapted to the case of magnetic nano-
particle (MNP) transport. The system consists of a microtube
with a radius of R =100 pm and a length of L =100 x R, within
which a laminar Poiseuille flow is established under a constant
pressure gradient, as illustrated in Fig. 1. The Reynolds number
is very small, Re < 1, ensuring that inertia can be neglected and
that the flow remains in the Stokes regime.

At the channel inlet, a short pulse of MNPs is injected as a
thin differential disk at z = 0, superimposed on the background
carrier flow. The nanoparticles are transported downstream by
convection and diffusion, while interacting with externally
applied magnetic fields. No-slip conditions are imposed on
the velocity at the channel walls, and zero-flux boundary con-
ditions are assumed for both MNP and scalar concentrations.

Two types of magnetic fields are considered. The first is an
SMF, a time-independent radial field defined as H = Hyé,, where
H, is the constant magnitude. The second is an RMF, a time-
harmonic field rotating around the longitudinal axis z of the
tube at a frequency f,, expressed in Cartesian coordinates as:

H(t) = Ho[cos(2nfyt)éx + sin(2mfyt)é,]. (1)
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Fig. 1 Schematic description of the microchannel geometry, the imposed
pressure-driven Poiseuille flow, and the externally applied magnetic fields
(SMF and RMF).
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These configurations give rise to two distinct magneto-
hydrodynamic mechanisms. Under SMF, the concentration
gradients of MNPs activate the Kelvin body force (KBF),>* which
generates transverse and axial flow perturbations. Under RMF,
the time-dependent field additionally exerts a magnetic torque
on the nanoparticles, leading to a secondary spin-up flow.*?
Together, these mechanisms act on classical Taylor dispersion,
modifying the spreading of both the MNP pulse and a co-
injected passive scalar.

2.2 Theoretical framework for magnetically driven dispersion

The mathematical formulation of the problem describes the
coupled transport of linear momentum in the Newtonian fluid
and the dynamics of the MNPs. Due to the microscale dimen-
sions of the tube, the fluid flow is governed by the Stokes
equations. An impulse of MNPs is introduced at the inlet and
is advected along the axial direction of the tube. The MNP
concentration evolves under the combined effects of advection
by the fluid and diffusion. Simultaneously, a magnetic field
is applied at the lateral boundary of the tube, interacting with
the MNPs. This field not only affects the distribution of
nanoparticles but also tends to align their magnetic moments,
thereby influencing their dispersion behavior. The applied field
generates local fluid motion through two mechanisms: the
KBF, associated with field gradients, and the magnetic torque,
associated with the alignment of MNP magnetic moments.
Both act as body forces on the fluid, enhancing transverse flow
and perturbing the velocity field. The resulting model therefore
couples the background hydrodynamic flow with the advective—
diffusive transport of MNPs and their magnetic interactions.
The hydrodynamic model of colloidal suspensions employed
in this work was originally developed by Larbi et al® in
the context of spin-up flows. In this framework, a two-phase
approach is adopted, separating the contributions of the carrier
liquid (non-magnetic) and the dispersed MNPs. The mathema-
tical closure of the model is achieved in the magnetically dilute
or clusterless regime by combining Faxén’s laws, which
describe the hydrodynamic interactions and the exchange of
linear momentum between the liquid and the nanoparticles,
with the Smoluchowski equation, which governs both the
translational transport of the MNPs and the orientational
dynamics of their magnetic moments. To ensure the validity
of the Smoluchowski description, we deliberately restrict our
analysis to dilute suspensions, where dipole-dipole interac-
tions are negligible and no particle aggregation or chain
formation occurs under the applied magnetic field.
Considering a creeping flow regime, appropriate due to the
small diameter of the tube, the linear momentum equation for
the magnetically laden liquid, accounting for the volumetric
contributions of the KBF and magnetic torque, is given by:

KeT
om -

—

Ve H=0

(2)

= KT = kv
—VP+ pu Vv + LA v <n‘1‘ X H) +
Vo Vo
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Here, v is the liquid velocity field and P is the pressure. The
effective dynamic viscosity is given by Einstein’s relationship,

5
U = y(l +§¢), where u is the viscosity of the carrier liquid

and ¢ is the local volume fraction of MNPs. The terms involving
the Boltzmann constant Kg, absolute temperature 7, and par-
ticle volume V,, arise from the statistical description of nano-
particle magnetization. The dimensionless magnetic field is

defined as H = ﬁ/Ho, normalizing the applied field by its

magnitude. This scaling emphasizes the role of the Langevin
parameter o, which quantifies the ratio between magnetic and
thermal energies. Finally, m represents the average orientation
of the MNP magnetic moments. The third term on the left-hand
side of eqn (2) represents the torque-induced body force, while
the fourth term corresponds to the KBF.

The momentum equation adopted in this work, eqn (2),
originates from the two-phase framework developed in ref. 35.
In this formulation, separate linear momentum balances are
written for the carrier liquid and for the dispersed MNPs. The
liquid-phase equation does not contain magnetic body forces
since the fluid is non-magnetic, whereas the particle-phase
equation includes the magnetic contributions arising from
both the magnetic torque and the Kelvin body force. The two
balances are coupled through interphase momentum exchange
terms modeled by Faxén’s law, which ensures the conservation
of linear momentum. This coupling is two-way, as the fluid
motion influences the particles and the particles, in turn, feed
back on the fluid through the exchange terms. The equation of
motion presented here, eqn (2), is thus the effective form
obtained after combining the two phase-averaged equations
and eliminating the interfacial surface-exchange terms, leading
to a single macroscopic momentum equation for the colloidal
suspension that includes both the liquid and particle contribu-
tions. This unified formulation guarantees the conservation of
total linear momentum of the suspension and provides a
consistent continuum description of the magnetically driven
flow. As discussed in our follow-up work,** in the dilute limit
(¢ — 0), both the magnetic torque and the Kelvin-related
contributions vanish, and eqn (2) naturally reduces to the
standard momentum equation of a non-magnetic liquid.

At the wall, S,, eqn (2) is subject to a no-slip boundary
condition:

Vils, = 0 (3)

At the inlet Sy, a fully developed Poiseuille flow is imposed with
a parabolic velocity profile:

4)

2 2
T x*+y
il =20 (1 - )

R2

where v, denotes the average inlet velocity, and R is the radius
of the tube.
At the outlet S3, a constant pressure condition is enforced:

P|S3 =P (5)
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The momentum eqn (2) is coupled with the incompressibility
condition for the liquid:

—

V.v=0 (6)

The body forces in the linear momentum eqn (2) depend

on the induced magnetic field H, the orientation of the MNP
magnetic moments m, and the particle concentration ¢.
To achieve mathematical closure, the distribution of the mag-
netic field must also be determined. This is provided by the
magnetostatic form of Maxwell’s equations, which govern the
induced field inside the tube:

- v Mda .
V-(H+FO )70 )

VxH=0 (8)
where M, is the domain magnetization of the MNPs, and the
term Mgm corresponds to the magnetization vector normalized
by H,.

At the lateral boundary of the tube, S,, the continuity of the
normal and tangential components of the magnetic field
between the internal (induced) and applied fields must be
satisfied:

H-iy = Hyy 9)
H X #i, = Hy X 11 (10)

At the inlet S; and outlet S3, zero normal flux is imposed for
the magnetic field:

ﬁ@ﬁ'ﬁ](} =0
Si3

(11)
The transport dynamics of MNPs and the macroscopic
orientation of their magnetic moments are described by a
probability density function Y(X, u, t), governed by the Smo-
luchowski kinetic equation. This equation accounts for both
translational and rotational diffusion of the particles, while
also incorporating the effects of Brownian motion, the external
magnetic field, and hydrodynamic interactions between the
fluid and the particles.
ovY

4

ATV 4Gy DY :@[VZ'P—N. (lpﬁ(ﬁHm

—

+9, [V,,zll’—oc;?l,~ (q@l, <ﬁ H))}
(12)

Here, v denotes the velocity field, and % is the unit vector
representing the particle orientation on the unit sphere w. The

operator #, = ii x V, is the angular surface gradient on w.

KgT . . . . . .
9 = B~ is the Stokes-Einstein translational diffusion coef-

6nuR,
ficient, &, = % is the rotational diffusion coefficient, and
8nuR,
MyH,V,
o =000 4o the Langevin parameter. The spin field is

KsT
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I
Q=-Vx1

5 the

defined as @, =Q+ Z,wit x H, with

vorticity field.
Because the Smoluchowski eqn (12) is posed in a five-
dimensional phase space (x, y, z, 0, @), direct solutions are
intractable. To overcome this, the probability density is
approximated by a truncated moment expansion.’®™*? In this
formulation, the zeroth-order moment corresponds to the
particle concentration, while the first-order moment charac-
terizes the macroscopic alignment of the particles’ magnetic
moments:
$EN) 3.

il - (3

P = 4z 4r

1) (13)

Based on this expansion, the zeroth moment of the Smoluchowski
equation yields the mass conservation equation for the MNPs:
9¢

A a%:g(vﬁp—ﬁ- (W;ﬁﬁl))

En (14)

While the first moment provides the governing equation for
the orientation of the particles’ magnetic moments:
om - b, O= o 2 . L 1l oz
—+v~Vm:9<v i <¢VH)> + @, X m+—(¢—H—m>
ot 3 g\ 3
(15)

where 15 = 2/9,, is the Brownian relaxation time.

This derivation shows that the MNPs transport eqn (14) does
not arise from an ad hoc assumption, but rather, it is a direct
consequence of the Smoluchowski kinetic framework. Specifi-
cally, the zeroth moment of the distribution function yields an
advection-diffusion equation for particle concentration in the
dilute, clusterless regime. This clarifies that the advection-
diffusion formulation used here is theoretically sound and
consistent with previous studies of colloidal suspensions.**™*

The low translational diffusion coefficient of MNPs, typically
on the order of O(10') m* s™!, makes the contribution of

the magneto-diffusive flux, «V - <ﬁz’ . Vﬁ), negligible for both
particle transport and magnetic moment orientation.****> Con-

sequently, the normalization condition for the probability
density function,

where ¢, is the injected volume fraction of the MNPs and V, is
the total channel volume, can be omitted. Based on these
simplifications, eqn (14) and (15) reduce to:

¢

%Jrv“-@d):_@VZ(/) (17)

(16)

o - 1/ az
S T Vi = 9V + @y i+ — (93 H — 1)
B

B (18)

The transport equation for the nanoparticle concentration,
eqn (17), is subject to three boundary conditions. At the wall S,,
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a no-flux condition is imposed:

=0
S

V- it

(19)

At the inlet and outlet, the Danckwerts boundary conditions*”
are applied, corresponding to a closed-closed system:*®

(~29¢ +79) -ﬁﬁ]slz i i, (20)

V(f)'l’l3 S3:0

(21)

The initial condition corresponds to the injection of a dilute
ferrofluid pulse at ¢ = 0, prescribed as a Gaussian distribution
along the axial direction and uniform over the cross-section:

-2

exp|—5]
1 L 2
ZJO exp [—2‘62} dz
where ¢, is the average value imposed on the pulse over the
entire tube volume. X = (x, y, z) denotes the spatial coordinates.
The parameter ¢ was adjusted such that the initial plug
occupies approximately L/50 of the tube length. This formula-
tion avoids the nonphysical singularity of a step-like injection
and ensures a finite, physically meaningful nanoparticle
concentration at the inlet.

Regarding the orientation equation (eqn (18)), a zero-flux
condition is imposed on all surfaces:

D(X,1=0) = ¢ ; (22)

(Vm)nls,=0 i=1,2,3 (23)

In this study, we consider high-frequency RMFs, under
which a magnetocaloric effect may arise during the transport
of MNPs inside the tube. The macroscopic energy balance in
this case can be expressed as:*°

oT =
<P16p,1(1 - )+ ppCP,PQS)E + piepaV - (VT) = klva
(24)

+ pgMaooRe{ H | - Re{jii}

where p; and p, are the densities of the liquid and the
nanoparticles, ¢,; and ¢, are their respective heat capacities,
T is the fluid temperature, & is the thermal conductivity of the
liquid, and w, is the angular frequency of the applied RMF. Re
stands for the real part of a complex quantity, and j is the
imaginary unit (j* = —1). The last term on the right-hand side
represents the heat generated by the phase-lagged response of
the magnetic moments to the oscillating field.
A zero heat flux condition is imposed on all boundaries:

VT ii;| =0 (25)

Si

i=1,23

Temperature variations directly influence both the viscosity
of the carrier liquid and the domain magnetization of the
MNPs. In the present work, the carrier liquid is water, for
which the temperature-dependent viscosity is expressed as:>°

wT)=a exp<a—;—§—a3T—|—a4T2)7 (26)
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with ay, ..., a; denoting empirical fitting constants. For water,
the coefficients are: a; = 1.865 x 10~ ™, a, = 4209, a; = 0.04527,
and a, = —3.376 x 10>,

As for the temperature dependence of the domain magneti-
zation, Bloch’s law predicts a quadratic 7> decrease of My with
temperature:*"

My(T) = Ma(0)(1 — BT®), (27)

where My(0) is the domain magnetization at 0 K, and B is the
Bloch constant.

In this study, we focus on cobalt ferrite nanoparticles
(CoFe,0,). For this material, the Bloch constant B decreases
with particle size and converges toward the bulk value B = 1.576 x
10® K%, while M4(0) increases with particle size, asymptotically
reaching the bulk magnetization My(0) = 510 kA m ™"

2.3 Pulsed scalar transport model

In addition to the transport of MNPs, we also consider the
dispersion of a passive scalar, denoted by C(x, t), which is
introduced into the system as an instantaneous pulse injection.
Its governing equation is given by the standard advection-
diffusion equation:

9C  v.5c = IV?C,

o (28)

where C is the scalar concentration and Dy is the molecular
diffusion coefficient of the scalar.

It should be emphasized that eqn (14) and (28) govern two
distinct species: the first describes the transport of MNPs, while
the second corresponds to the passive scalar.

At the tube wall S,, a no-flux condition is imposed:

/el ﬁz)Sz ~0. (29)
At the inlet and outlet, we adopt the Danckwerts boundary
conditions corresponding to a closed-closed system:*’

(71)560 + ﬁC) : ﬁﬁ]Sl = 7C - 7|8y, (30)

e 53)53 —0. (31)

The initial condition corresponds to the injection of an
instantaneous pulse of concentration C, at ¢t = 0, represented
by a Dirac delta distribution along the axial coordinate:

C(%, t = 0) = Cod(2). (32)

3 Results and discussion

In this section, we investigate the transport of an impulse in a
cylindrical tube under laminar Poiseuille flow (Fig. 1). The
lateral wall of the tube is subjected to an external magnetic
field oriented perpendicularly to the surface (Fig. 1). Two
magnetic configurations are considered: an SMF, oriented
radially, and an RMF, rotating in the transverse plane. We first
examine the dispersion of a single Dirac-like impulse of MNPs
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suspended in the carrier fluid, under either SMF or RMF, where
the injected MNP concentration corresponds to a dilute, clus-
terless swarm. This analysis allows us to quantify the influence
of magnetic forces—Kelvin body force and magnetic tor-
que—on particle distribution and axial dispersion. In addition
to purely hydrodynamic effects, the interaction of the MNPs
with the time-dependent magnetic field, namely the RMF, can
lead to local energy dissipation,® potentially causing slight
temperature rises in the suspension. In a second step, we
consider the simultaneous injection of two impulses: one
consisting of MNPs and the other of a passive scalar. This
configuration aims to evaluate how the magnetically induced
modification of MNP transport impacts the dispersion of a non-
magnetic solute sharing the same flow field.

The governing equations described in Section 2 are solved
using the finite element method implemented in COMSOL
Multiphysics (version 4.4). The computational domain is a
cylindrical tube meshed with triangular elements in the cross-
sectional plane, refined near the wall, and extruded along the
axial direction. For the momentum equation, a P2-P1 discretiza-
tion is adopted for the velocity and pressure fields, respectively,
ensuring numerical stability for incompressible flow. All other
equations are discretized with first-order Lagrange (P1) elements.
A segregated iterative solver strategy (GMRES with algebraic
multigrid preconditioning) was adopted to efficiently handle the
coupled transport equations and ensure stable convergence. Time
integration is carried out with the backward differentiation for-
mula (BDF) and adaptive time stepping. Post-processing of the
simulation data was performed via Python scripts to compute
cross-sectional averages, variances, transverse velocity profiles,
and contour maps used in the analysis and figures.

It should be noted that the magnetic forcing terms were not
part of the default laminar flow module in COMSOL. The Kelvin
body force and the magnetic torque were explicitly defined and
introduced by us as volumetric source terms in the creeping-
flow momentum equation. In addition, the magnetic field
equations (Maxwell-Ampere and Maxwell-flux laws), together
with the transport equation for the orientation of the MNP
magnetic moments, were implemented through the general
mathematics interface of COMSOL, ensuring full coupling between
the flow and magnetic sub-problems.

To ensure stability and reliability, the transport equations
including advective terms were solved using the built-in cross-
wind stabilization scheme of COMSOL, and an axial discretiza-
tion step of 2 x 10°® was adopted to control numerical
diffusion. Time integration was carried out with the backward
differentiation formula (BDF) using adaptive time stepping,
which automatically adjusts to the temporal evolution and
prevents instabilities. Standard numerical checks (mesh refine-
ment and time-step sensitivity) confirmed convergence of the
simulations, and in the absence of a magnetic field the frame-
work consistently reproduced the classical Taylor dispersion.

3.1 MNP transport under static magnetic fields

We first examine the case of an SMF oriented radially, with a
constant magnitude H, = 14.713 kA m™ ", corresponding to a

This journal is © The Royal Society of Chemistry 2025
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Langevin parameter o = 1. This field intensity is relatively low
and can be readily achieved with standard laboratory electro-
magnets, as reported in previous experimental studies.?®>® The
mean flow velocity is set to v, = 0.25 mm s *, corresponding to a
ZV()R

Reynolds number of order Re = = 0.05, which confirms

that the flow is in the Stokes regime. The injected concen-
tration of MNPs is ¢ = 5 x 107 °. At this dilute level, dipole-
dipole interactions can be neglected, and the system is there-
fore assumed to operate in a clusterless regime, where the
MNPs behave as independent Brownian particles. The MNPs
have an average diameter of D, = 10 nm and a domain
magnetization My = 425 kA m~". Under these conditions, the
translational diffusion coefficient of the MNPs & is small,
leading to a particle Péclet number Pe = 2v,R/Z = 1145, which
indicates that axial advection largely dominates over diffusion.

The temporal evolution of the cross-sectionally averaged
MNP concentration at z = L/2 and z = L is reported in Fig. 2.
In the absence of a magnetic field, the concentration profile
exhibits a pronounced asymmetry: the signal rises sharply to a
peak value, followed by a slower decay, resulting in a long
trailing tail. This behavior reflects the dominance of axial
advection over molecular diffusion for the present Péclet
number (Pe = 1145). The parabolic velocity profile of Poiseuille
flow causes the initially compact pulse to deform as it travels
downstream. Fluid elements near the tube axis, where the
velocity is maximal, transport MNPs rapidly and contribute to
the early sharp rise in concentration. Conversely, particles near
the wall, where the local velocity is much lower, arrive later at
the observation plane, producing the extended tail of the
signal. The resulting radial concentration gradients are a direct
consequence of the shear-induced stretching of the pulse
within the laminar flow field. The outlet signal in Fig. 2 displays

1.6 10~
z=1LJ2
14 s=1
LI < W Without magnetic field

— SMF

Fig. 2 Temporal evolution of the cross-sectionally averaged MNP
concentration at z = L/2 and z = L for an inlet velocity vo = 0.25 mm s~*
(Pe =~ 1145, Re ~ 0.05), comparing the cases without a magnetic field and
with an SMF (« = 1, Ho = 14.713 kA m~Y). The injected concentration is
¢o = 5 x 107> particle diameter Dy = 10 nm; domain magnetization
Mg = 425 kKA m™L.
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a small left shoulder, i.e., a weak rise in concentration preced-
ing the main peak. Such a feature is a known outcome of
laminar Poiseuille flow at a high Péclet number in the absence
of any magnetic field, as previously reported in the context of
passive scalar dispersion.”*”* In purely hydrodynamic condi-
tions, it originates from the faster advection of particles near
the tube axis relative to those close to the wall, producing an
early arrival of a small colloidal fraction of the injected pulse.

The activation of the SMF produces noticeable changes in
the concentration signals at both observation planes. A clear
reduction in the variance is observed, primarily due to the
increase in peak amplitude compared to the no-field case. In
addition, the trailing behavior of the signal is slightly attenu-
ated. These two effects indicate that the MNP pulse undergoes a
contraction, suggesting the presence of an additional mecha-
nism that reduces the radial concentration gradients induced
by the parabolic Poiseuille profile. In the SMF configuration,

T = . .
ami x H, eqn (2), which drives
p
spin-up flows, is absent, as it requires an RMF to be activated.

Therefore, the only mechanism capable of generating a
secondary transverse flow in this case is the Kelvin body force

the magnetic torque term

KT - = . . N
term %ocn? -V ® H, eqn (2). This force drives MNP migration
P
toward regions of higher magnetic field magnitude, thereby

redistributing particles radially and mitigating the shear-
induced stretching of the pulse.

The mechanism behind the KBF in this configuration can be
understood by recalling the analysis of Larbi et al,** who
investigated passive scalar mixing in a Y-shaped tube contain-
ing MNPs and subjected to an RMF. In their study, when MNPs
were injected from both inlets, only the spin-up flow driven by

T . = .
ot X H was observed, with no
p
contribution from the KBF. This is consistent with the projec-

tion of the linear momentum equation, eqn (2), onto the radial
direction, which shows that the KBF term acts in a hydrostatic
manner, similar to gravity:

oP KgT _ - =
=B m Ve H,

the magnetic torque term

P Tp (33)
where m = ¢p and p is the polarization vector.

In the absence of MNP concentration gradients, the radial
pressure variations induced by the KBF are exactly balanced by
symmetry, leading to AP = 0 across the cross-section. Conse-
quently, no transverse flow is generated. To activate the KBF,
a finite gradient of MNP concentration across the cross-section
is required. In the Y-shaped configuration, this was achieved by
injecting MNPs from only one branch, creating an asymmetric
particle distribution and a non-zero cross-sectional AP, # 0,
which in turn induced a transverse convective flow.**
As discussed in Section 1, in the absence of cross-sectional
MNP concentration gradients, the transverse (crosswise) pres-
sure variations induced by the KBF cancel by symmetry, result-
ing in AP, = 0 and no transverse flow generation. This is
distinct from the axial pressure drop APj, which is always
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present to drive the bulk flow. An MNP concentration gradient
across the section is therefore required to activate the KBF, as it
produces a non-zero AP, that drives convection perpendicular
to the main flow direction.

The same principle applies here to Taylor dispersion. The
Poiseuille flow naturally generates transverse concentration
gradients as the pulse is stretched—fast-moving particles near
the center advance ahead of those near the wall. These gradi-
ents, in the presence of an SMF, generate a dynamic pressure
difference across the section via the KBF, which drives a
transverse flow. This secondary flow acts to reduce the concen-
tration gradients created by the parabolic velocity profile,
pushing the system back toward an equilibrium state with a
more uniform radial distribution. This explains the observed
reduction in the variance of the concentration signal in Fig. 2.
To visualize the secondary flow induced by the KBF, Fig. 3
shows the transverse velocity magnitude /v,? + v? at z = L/2 for
different times (14, 16, 18, 20 s). At t = 14 s, Fig. 4a, the
maximum transverse velocity is 11 um s~ ', corresponding to
the arrival of MNPs with a relatively small concentration
gradient. At ¢ = 16 s, Fig. 4b, the transverse velocity reaches
90.6 um s ', coinciding with the passage of a strong radial
concentration gradient. For ¢t = 18 s and 20 s, Fig. 4c and d, the
transverse velocity decreases as the gradients weaken. The
effect of the KBF is strictly localized to the region where MNPs
are present; once the pulse has passed, the transverse velocity
field returns to its initial zero state.

It is worth noting that although the MNP concentration in
this case is dilute (¢, ~ 10°), the influence of the KBF remains
significant. This is consistent with the experimental findings of
Leong et al.,>® who reported convection driven by magnetic
body forces at concentrations as low as 5 mg L™" (corres-
ponding to ¢, & 10~°). Their results demonstrated that such
dilute suspensions can still experience measurable hydro-
dynamic effects, including enhanced homogenization and
accelerated collection. These observations support the validity
of our modeling assumptions and confirm that Kelvin body
forces can play a key role even in dilute colloidal systems.

To better illustrate the secondary flow generated across the
cross-section, Fig. 3e shows the temporal evolution of the
velocity component v, as a function of y along the line x = 0
in the plane z = L/2, for ¢ = 13, 14.5, 15.5, 19.5, 44 s. This
representation highlights the local action of the KBF in a
clearer manner than the magnitude plots. The space-time
between z = 0 and z = L/2 is 20 s, defining the reference time
before the pulse arrives at the observation plane. At ¢ = 13 s, the
v, profile indicates the very beginning of the pulse arrival, with
a small transverse motion. At ¢ = 14.5 s, v, reaches its maximum
magnitude (~—23 pm s~ '), pointing in the negative direction.
Remarkably, just one second later (¢ = 15.5 s), the velocity
completely reverses its sign, reaching ~+20 pm s '. These
two instants correspond to the arrival of a significant amount
of MNPs with intense radial concentration gradients. The rapid
sign reversal of v, reflects the strongly three-dimensional
nature of the secondary flow generated by the KBF, consistent
with similar effects reported in Larbi et al®* By t = 19.5 s,
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the transverse velocity magnitude decreases compared to ear-
lier peaks, indicating the beginning of the MNP plug’s depar-
ture from the observation plane and the associated reduction
of concentration gradients due to axial transport. Finally, at
t = 44 s, the v, profile is essentially flat, confirming the
complete disappearance of MNPs from this location and the
cessation of KBF-induced motion.

To further highlight the link between MNP concentration
gradients and the transverse flow generated by the Kelvin
body force, Fig. 4 presents the cross-sectional concentration
contours of MNPs at z = L/2 for the same time instants as in
Fig. 3 (t = 14, 16, 18, 20 s). In the absence of a magnetic field,
the concentration distribution remains symmetric with respect
to the tube axis, reflecting the symmetry of the underlying
Poiseuille velocity profile. Under SMF, however, the concen-
tration field becomes clearly asymmetric. This loss of symmetry
directly corresponds to the 3D distribution of the transverse
velocity field shown in Fig. 3. At ¢t = 14 s, Fig. 4a, the concen-
tration contours are only weakly distorted, consistent with
the low transverse velocity magnitude observed at this time.
At t = 16 s, Fig. 4b, a pronounced asymmetry emerges, coincid-
ing with the maximum transverse velocity and indicating
the presence of strong radial concentration gradients. As time
progresses ¢ = 18, 20 s, Fig. 4c and d, both the asymmetry and
the transverse velocities decrease as the MNP plug moves
downstream and the concentration gradients relax. This direct
correlation between the spatial distribution of MNPs and the
induced transverse flow confirms that the KBF is only active in
regions where significant radial concentration gradients of
MNPs exist.

To evaluate the influence of the KBF on axial momentum
transport, Fig. 5 shows the axial velocity v, profiles along y at
x = 0 in the cross-section located at z = L/3. The space-time
between z =0 and z = L/3 is 13.33 s. At t = 9 s, before the arrival
of the MNP pulse, the velocity profile exhibits the parabolic
shape characteristic of fully developed Poiseuille flow, as
expected for a particle-free liquid. At ¢t = 10.8 s, however, the
profile is drastically altered: the axial velocity at the centerline
(y = 0) drops to nearly half of its pre-perturbation value, while
the velocities near the wall remain almost unchanged. This
results in an inverted curvature, with near-wall velocities
exceeding those at the center, a complete departure from the
classical parabolic profile. This distortion indicates a modifica-
tion of the axial momentum during the passage of the MNPs.
The axial distribution of the particles, combined with the
action of the KBF, decelerates the core flow while relatively
accelerating the fluid near the walls. At ¢ = 12 s, the profile
recovers its initial parabolic shape, indicating the MNP pulse
has departed this location and the KBF effect has ceased. This
transient distortion shows that the KBF not only redistributes
particles, but also actively perturbs the axial momentum field.
This feature is unique to pulsed injections and absent under
continuous MNP injection.

However, an important question arises in the context
of Fig. 5: in this configuration, the magnetic field is oriented
perpendicularly to the tube wall, meaning there is no axial
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Fig. 3 (a)-(d) Evolution of the transverse velocity magnitude /v,?> + v,? at z = L/2 under an SMF (« = 1, Ho = 14.713 kA m™Y), showing the secondary flow
induced by the KBF during the passage of the MNP pulse. (e) Transverse velocity profiles v,(y) at z = L/2 and at different times under the same conditions.
The KBF induces a transverse convective flow across the plug. Parameters common to all sub-figures: vo = 0.25 mm st (Pe ~ 1145, Re ~ 0.05); injected
concentration ¢o = 5 x 107°; particle diameter Dy = 10 nm; domain magnetization My = 425 kA m~L.

magnetic field component capable of producing a Kelvin body by Boroun and Larachi,®® dealing with passive scalar mixing

. oo KT |, = = . . . ) . . .
force in the z-direction ( ; oni -V @ H along z). In the study in a Taylor-dispersion configuration under a rotating magnetic
p
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Fig. 4 Cross-sectional MNP concentration contoursatz = L/2 and times (a) t =14 s, (b) t = 16 s, (c) t = 18 s, and (d) t = 20 s, showing the loss of symmetry
under an SMF (« = 1, Hg = 14.713 kKA m™Y). Parameters: vo = 0.25 mm s~ * (Pe ~ 1145, Re & 0.05); injected concentration ¢o = 5 x 10~>; particle diameter

Dy = 10 nm; domain magnetization My = 425 kA m™".

field, the concentration measurements showed no evidence of a
change in the axial transport velocity of the momentum. Like-
wise, Larbi et al.** numerically confirmed that, for a Y-shaped
tube continuously supplied with MNPs, the axial component of
the momentum remained unaffected. The common feature of
these two studies is the continuous injection of MNPs, which
maintains a steady concentration distribution along the flow.
In contrast, in the present configuration, MNPs are injected as
a finite pulse, creating strong gradients in MNP concentration.

To clarify the origin of the axial velocity distortion observed
in Fig. 5, we examine the yz-plane contours in Fig. 6. Fig. 6b
shows v, at ¢ = 10 s. Throughout most of the tube, the flow
retains the classical Poiseuille pattern, except in the region
occupied by the MNP pulse. There, the same phenomenon seen

8578 | Soft Matter, 2025, 21, 8569-8592

in Fig. 5 appears: at the centerline (y = 0), v, is lower than near
the walls, while upstream of this point, the axial velocity
increases slightly to compensate for the reduction, as clearly
visible in Fig. 6b. To relate this to the MNP distribution, Fig. 6¢
presents the particle concentration in the same plane. The
distortion of v, occurs exactly at the head of the MNP plug,
where the concentration is highest. Due to the initial parabolic
velocity profile, the fastest-moving particles travel along the
centerline, producing a strong axial concentration gradient
along z at the plug head. This gradient can modify the axial
momentum transport. Although there is no magnetic field
component along z to directly produce a KBF in the axial
direction, Fig. 6d shows that the KBF in the y-direction exhibits
significant axial variation within the plug. Following the

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Axial velocity profiles v,(y) at x = 0 and z = L/3 under an SMF (x = 1,
Ho = 14713 kA m™), showing core flow deceleration and near-wall
acceleration at the pulse head compared to Poiseuille flow. An inset
illustrates the cross-section at z = L/3 and t = 10.7 s, indicating the contour
of the velocity v, in the yz plane. Parameters: vo = 0.25 mm s~ * (Pe ~ 1145,

Re ~ 0.05); injected concentration ¢o = 5 x 10~°; particle diameter D, =

10 nm; domain magnetization My = 425 kA m™™.

mechanism described by Larbi et al.,** a transverse KBF acting
on a region with non-uniform particle concentration generates
transverse pressure gradients; if these gradients vary along z,
they can indirectly modify the axial velocity field. In our case,
the non-uniform KBF along y at the plug head produces axial
variations in the transverse pressure, altering the axial momen-
tum distribution. This effect is confirmed in Fig. 6e, which
displays the pressure gradient in the yz-plane. Outside the MNP
region, the axial pressure gradient is constant, sustaining the
Poiseuille profile. Inside the plug, however, the pressure gra-
dient varies along z: at the head and centerline (y = 0), it reaches
4.7 Pam ™, exceeding the value required for the Poiseuille flow,
effectively “blocking” the core and reducing v, at the center.
Near the walls, the axial pressure gradient decreases, explaining
the higher velocities observed there. Upstream of this point, the
pressure gradient is slightly lower than the Poiseuille corres-
ponding value, resulting in a local acceleration that com-
pensates for the core deceleration to conserve the volumetric
flow rate.

To illustrate the effect of the SMF, Fig. 7 displays the cross-
sectional concentration contours of MNPs in the yz-plane at
t = 14, 20, 25 s. In the no-field case, the pulse exhibits the
classical Taylor deformation, elongated along z and smoothly
shaped by the parabolic Poiseuille profile. Under SMF (« = 1),
the pulse becomes noticeably compacted, most prominently at
its head, and its overall axial extent is reduced relative to the
no-field case. This compaction reflects an effective mixing of
MNPs across the cross-section, which reduces the concen-
tration gradients otherwise imposed by the parabolic shear.
Mechanistically, two coupled effects drive this behavior: (i) the
KBF-induced transverse flow (Fig. 3), which redistributes parti-
cles radially, and (ii) the local modification of the axial velocity
field v, at the pulse head (Fig. 5 and 6), where an increased axial
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pressure gradient at the centerline temporarily slows the core
while maintaining higher near-wall velocities. The resulting
“core braking” at the pulse head, together with transverse
recirculation, shortens and thickens the leading front com-
pared to the Poiseuille-shaped front observed without the field.
This trend is consistently observed at all three times in Fig. 7.

It should be noted that the reduced axial extent and the
narrower breakthrough curves observed under SMF reflect a
suppression of axial dispersion together with enhanced cross-
sectional homogenization. In this sense, mixing refers to the
elimination of concentration gradients across the section,
achieved here through the combined action of KBF-induced
transverse recirculation and the local modification of the axial
velocity field at the pulse head.

3.2 Rotating magnetic field

We now consider the case of an RMF applied in the transverse
plane. In this configuration, the magnetic torque term,
KgT

P
to the KBF. The simulations are performed with the same
hydrodynamic and particle parameters as in the SMF case:
mean inlet velocity v, = 0.25 mm s~ ', injected MNP concen-
tration ¢, = 5 x 107°, particle diameter D, = 10 nm, and
domain magnetization My = 425 kA m~". The RMF amplitude
is fixed at H, = 14.713 kA m™ ', corresponding to a Langevin
parameter o = 1. The excitation frequency f, considered in this
study can reach up to 1 MHz. These values are well within the
range attainable by standard laboratory equipment, as experi-
mental studies have reported oscillating magnetic fields reach-
ing up to 2 MHz.”® Under these conditions, the particle Péclet
number remains Pe & 1145, indicating that, as in the SMF
case, axial advection dominates over molecular diffusion.

The temporal evolution of the cross-sectionally averaged
MNP concentration at z = L/2 and z = L for three different
configurations (no field, SMF, RMF) is shown in Fig. 8. The no-
field and SMF cases were analyzed earlier. As mentioned ear-
lier, under SMF the pulse broadening is mitigated, leading to a
lower signal variance, consistent with the transverse redistribu-
tion of particles and the plug compaction described previously.

With an RMF at f; = 100 kHz, the variance reduction is
approximately twice as large as under SMF. This indicates the
contribution of an additional mechanism: the rotating field
exerts a torque on the MNPs, generating a spin-up flow. This
torque-driven secondary flow further enhances radial mixing
and increases plug compaction, thereby reducing axial disper-
sion more effectively than the SMF alone.

The contours of the transverse velocity magnitude at z = L/2
at times ¢ = 14, 18, 22, 26 s are reported in Fig. 9. At t = 14 s, the
flow exhibits a vortex structure characteristic of an incipient
spin-up flow, though it has not yet fully developed. Since this
time is less than the time it takes for the MNP pulse to travel
from z = 0 to z = L/2 (20 s), only a small fraction of the pulse has
reached the observation plane. This results in a relatively low
maximum transverse velocity of 0.1075 mm s~ *. By ¢ = 18 and
22 s, the spin-up vortex has fully formed, and the maximum

om x H, is active and can drive a spin-up flow in addition
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Fig. 6 Initial condition and flow/MNP distribution in the yz-plane under an SMF (« = 1, Ho = 14.713 kA m™2): (a) prescribed Gaussian concentration profile
at the inlet (z = 0), used as the initial condition for the MNP pulse; (b) axial velocity at t = 10 s; (c) MNP concentration at t = 10 s; (d) axial variation of the

transverse Kelvin body force at t = 10 s; and (e) axial pressure gradient at t = 10 s. Parameters: vo = 0.25 mm s~
10 nm; domain magnetization My = 425 kA m

concentration ¢o = 5 x 107°; particle diameter Dy =

transverse velocity has increased sharply to 1.272 and 1.652 mm s ™,

respectively. These peaks correspond to the arrival of a large fraction
of the pulse, when the concentration gradients are strongest. At ¢ =
26 s, the maximum transverse velocity decreases to 0.675 mm s~ *,
indicating that the particle concentration at z = L/2 is beginning to
decline as the pulse moves downstream. Throughout all time
frames, the velocity field retains the coherent vortex pattern of a
spin-up flow. Unlike in the SMF case, which is characterized by a
more three-dimensional structure, no visible signature of KBF-
induced motion is observed. This is consistent with the magnitude

8580 | Soft Matter, 2025, 21, 8569-8592

1 (Pe ~ 1145, Re ~ 0.05); injected
-1

of the velocities; even the smallest spin-up velocity (0.1075 mm s *

at ¢t = 14 s) exceeds the maximum velocity generated by the KBF
under SMF conditions (0.0906 mm s~ ; see Fig. 3b).

The spin-up flow therefore completely overshadows any KBF
effect. The highest spin-up velocity recorded (1.652 mm s~ ) is
much greater than the mean transverse velocity in the SMF
configuration. This implies that the spin-up flow timescale is
much shorter than the dispersion timescale, allowing trans-
verse gradients to be removed before axial dispersion can
significantly develop. Effective suppression of Taylor-type

This journal is © The Royal Society of Chemistry 2025
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dispersion requires the spin-up velocity to exceed the mean
Poiseuille velocity by several times.*® In the present case, this
condition is clearly satisfied, which explains the rapid erosion
of transverse concentration gradients and the marked variance
reduction observed in Fig. 8.

Fig. 9e presents the transverse velocity component v, along
y at x = 0 and z = L/2 for ¢t = 12, 14, 18, 24, 29 s. These
one-dimensional profiles complement the two-dimensional
contours in Fig. 9, providing a more detailed view of the
spin-up flow structure and its temporal evolution. At ¢ = 12
and 14 s, the velocities remain low, indicating the early
arrival of MNPs, although the antisymmetric shape of the
profiles already reflects a developing spin-up vortex. At ¢t = 18
and 24 s, the flow reaches its highest intensity, with peaks
between 1 and 1.5 mm s~ ', corresponding to the passage of
the pulse core where the MNP concentration, and thus mag-
netic torque, are strongest. By ¢t = 29 s, the velocity decreases
as the MNP concentration drops downstream. In all cases, the
pattern is characteristic of a spin-up flow, with no evidence of
the three-dimensional Kelvin body force motion seen under
SMF. The dominance of the magnetic torque-driven vortex
accounts for the rapid homogenization of radial concentration
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gradients and the pronounced variance reduction observed To investigate the action of the RMF on MNP transport along
in Fig. 8. the tube, Fig. 10 presents the MNP concentration contours in
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the yz-plane at ¢ = 15, 20, 25 s. Comparing the RMF case at
t = 20 s, Fig. 10b, with the no-magnetic field case at the same
time, Fig. 7c, reveals a pronounced reduction of the broadening
length of the plug. This compression results from the strong
attenuation of transverse concentration gradients, driven
primarily by the intense mixing associated with the spin-up
flow. A notable feature under RMF is the oscillatory deforma-
tion of the plug head over time. This unsteady behavior con-
trasts with the SMF case, where the head is progressively
flattened, erasing the parabolic front shape. The difference
stems from the nature of the RMF: the field rotates radially at
high angular velocity. Considering the system’s characteristic
evolution time versus the RMF rotation period, even at low
rotation rates (e.g., 10 Hz) the RMF appears quasi-static in each
transverse plane. Consequently, the RMF simultaneously pos-
sesses the properties of an SMF and, by virtue of its rotation,
generates a magnetic torque that drives the spin-up flow.

As shown earlier for Fig. 9, the secondary flow induced by
KBF is completely masked by the much stronger spin-up flow in
the RMF case, making its contribution to transverse mixing
negligible. The open question is whether the axial KBF effect,
clearly identified for the SMF in Fig. 5 and 6, remains present
under RMF conditions. To address this, Fig. 11 presents the
axial velocity field v, in the yz-plane at ¢ = 15, 20, and 25 s.

At t = 15 s and ¢t = 20 s, the results reveal the same core-
blocking phenomenon observed in the SMF configuration:
a marked reduction in v, at the center of the plug head,
combined with an upstream acceleration in the surrounding

This journal is © The Royal Society of Chemistry 2025

flow to conserve axial momentum. This blocking is the signa-
ture of an axial KBF effect, caused by local variations in the axial
pressure gradient along the plug. It is more pronounced at
t = 15 s corresponding to the early stage of plug compres-
sion than at ¢t = 20 s, when the head has partially flattened.
At t = 25 s, the blocking pattern disappears, but the contours
show clear spatial oscillations of v, across the plug head. These
oscillations correspond to the wavy concentration patterns
already identified in Fig. 10 under RMF, suggesting a dynamic
interaction between the magnetic torque-driven vortex and the
axial momentum redistribution. Overall, Fig. 9 and 11 show
that the RMF not only reproduces the SMF-like axial KBF effect,
altering the axial momentum distribution and contributing to
plug compaction, but also superimposes a strong magnetic
torque that generates the spin-up flow and dominates trans-
verse mixing. The coexistence of these two mechanisms under
RMF conditions explains the much greater shortening of the
plug and the faster elimination of transverse concentration
gradients compared to the SMF case.

We now turn to the influence of MNP concentration on plug
transport, focusing on the outlet signal as an indicator of plug
behavior. Fig. 12 shows the outlet concentration signal, which
is normalized by the injected MNP concentration and averaged
over the cross-section, at f, = 100 kHz. The figure compares the
effects of varying the injected MNP concentration under RMF
and no-field conditions. The results indicate that the outlet
signal is highly sensitive to the quantity of injected MNPs.
For ¢ =1 x 10~ %, the signal variance is notably lower, and the
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Fig. 12 Effect of injected MNP concentration on outlet signals under an
RMF at fo = 100 kHz, compared with the no-field case. Parameters: vo =
0.25 mm s™ (Pe ~ 1145, Re ~ 0.05); Ho = 14.713 kA m™ (¢ = 1); injected
concentrations ¢o = 5 x 107> and other values as indicated; particle
diameter D, = 10 nm; domain magnetization Mq = 425 kA m™.

peak amplitude is higher, than for ¢y = 5 x 10 °. This reflects
the RMF’s more effective suppression of transverse concen-
tration gradients. This behavior is consistent with the idea that
increasing particle concentration strengthens the magne-
tic torque, thereby intensifying the spin-up flow. A stronger

8584 | Soft Matter, 2025, 21, 8569-8592

spin-up flow enhances transverse mixing, explaining the
observed improvement in plug compaction.

Fig. 13 presents the outlet concentration signal, averaged
over the cross-section, for ¢, = 5 x 10> under RMF at different
excitation frequencies. Increasing f, leads to a reduction in
signal variance and an increase in peak amplitude, indicating
that the MNP pulse exits the tube in a shorter time with
reduced dispersion. This compaction is attributable to the
stronger spin-up flow generated at higher frequencies. The
increase in f, enhances the magnetic torque acting on the
fluid, which intensifies the secondary vortex and accelerates
the breakdown of transverse concentration gradients.**”>>*?
As a result, axial dispersion is limited and the concentration
profile remains sharper, allowing the plug to retain its compact
structure over the transport distance.

Although the model includes a macroscopic energy balance
(eqn (24)) with a magnetocaloric source term, no measurable
magnetocaloric effect was observed in our study, even at the
highest excitation frequency of 500 kHz. This absence can be
explained by several factors. First, the suspension is highly
dilute, so there are insufficient MNPs in the flow to generate
significant heating. Second, the microcapillary used here has a
small internal diameter (100 pm), which limits the volume
occupied by the MNPs and reduces the possibility of heat
accumulation. In contrast, Larbi et al.*® reported observable
magnetocaloric effects in tubes with hydraulic diameters
around 1 mm that were fully filled with concentrated MNP

This journal is © The Royal Society of Chemistry 2025
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suspensions. This explains why this effect was observed in their
study. In addition, the hydrodynamic configuration plays a
major role. In the work of Larbi et al,” the magnetocaloric
response was examined under a pure spin-up flow generated by
an RMF, without any imposed pressure-driven motion. Under
such conditions, the fluid elements experience a sustained
magnetic torque and longer residence times, favoring local
heating. In the present study, the MNP pulse is transported
by a pressure-driven Poiseuille flow, which greatly reduces its
residence time in the RMF zone and minimizes any potential
magnetocaloric contribution.

3.3 Transport of simultaneously injected passive scalar and
MNP pulse

To distinguish the contribution of magnetic field-particle
interactions from that of purely hydrodynamic dispersion, we
consider the simultaneous injection of two pulses into the
carrier flow: one containing a passive scalar, the other MNPs.
The passive scalar, influenced solely by advection and molecu-
lar diffusion, serves as a benchmark for classical laminar
dispersion, while the MNPs experience additional magnetic
forces. This configuration enables us to assess whether MNPs
can act as micro-mixers for the scalar via the mechanisms
identified in Sections 3.1 and 3.2, namely: (i) secondary flows
generated by the KBF under an SMF, (ii) spin-up flows induced
by an RMF, and (iii) axial pressure gradients along the plug head
caused by transverse KBF-driven flows. The MNPs considered are
the same as in the previous sections, with a particle diameter D, =
10 nm, a magnetic moment M, = 425 kA m~*, and a Brownian
KgT

v =4.37 x 10~ m? s~!. The pas-

diffusion coefficient ¥ =

sive scalar has a molecular diffusion coefficient D, = 107° m* s~ %

The magnetic field amplitude is set to H, = 14.713 kA m ™",

corresponding to a Langevin parameter o = 1. The injected MNP

This journal is © The Royal Society of Chemistry 2025
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concentration is varied to examine its impact on scalar transport.
Only RMF cases are considered, since we have shown in Section
3.2 that RMF can reproduce the KBF-driven effects observed
under SMF.

Fig. 14 compares the transport of simultaneously injected
pulses of MNPs and passive scalar at ¢ = 5 x 10~ *, under an
RMF of frequency f, = 500 kHz and a space time 7 = 4 s. Panels
(a) and (c) show the evolution of the concentration contours in
the absence of the RMF, while panels (b) and (d) display the
corresponding distributions under the applied RMF. In the
absence of the RMF, Fig. 14a and c, both the MNPs and the
passive scalar undergo elongation along the streamwise direc-
tion due to the parabolic Poiseuille flow. This effect is more
pronounced for the MNPs, which exhibit a visibly stronger
stretching than the passive scalar. The difference stems from
their respective Péclet numbers: Peyynp = 1.1 x 10%, nearly
twenty times larger than that of the scalar (Pes = 500), due to
the much smaller Brownian diffusion coefficient of the MNPs.

When the RMF is applied, Fig. 14b and d, the concentration
fields display a markedly different behavior. In the case of
MNPs, Fig. 14b, oscillatory patterns emerge within the core of
the plug transported along the central, high-velocity region of
the Poiseuille profile. These fluctuations resemble turbulence-
like structures, yet they arise in a purely Stokesian regime where
both the Poiseuille flow and the RMF-induced secondary flows
(via the Kelvin body force and spin-up mechanism) remain fully
deterministic. A similar behavior is also observed for the
passive scalar, Fig. 14d, confirming that the effect originates
from the hydrodynamic perturbations induced by the RMF,
rather than from direct magnetic interactions. An additional
feature appears at the front of both the MNP and scalar plugs
under RMF: a fraction of the concentration field detaches from
the leading edge of the main plug. Since this occurs for the
passive scalar as well, it must be attributed to transverse
pressure gradients and secondary flows induced by the RMF.
Similar non-turbulent perturbations of the flow field have been
reported in microfluidic systems subjected to other body forces,
such as electroosmotic.*® However, to the best of our knowl-
edge, the detachment of the plug front reported here has not
previously been described in such contexts. Furthermore, as
inertial terms were neglected in the Navier-Stokes formulation
(Stokes flow regime), the observed detachment and oscillations
cannot be attributed to inertia-driven instabilities, but rather to
body-force-induced secondary flows.

From a mixing perspective, Fig. 14 also highlights a
reduction in plug length for both species in the presence of
the RMF compared to the no-field case. This contraction
indicates enhanced mixing efficiency, demonstrating that
MNP pulses subjected to RMF can act as effective micro-mixers
for passive tracers. Compared to passive mixing approaches based
on microstructures or geometric modulations, our strategy exhi-
bits specific features. While such passive devices indeed enhance
mixing,?* to the best of our knowledge, the front detachment and
spatial oscillations observed here have not been reported in that
context. Moreover, the pulsed MNP-RMF approach does not
require any permanent modification of the channel geometry,
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which is a practical advantage. Like passive mixers, it acts by
redistributing axial and transverse momentum. However, pulsed
injection of MNPs enables momentum redistribution in both
directions, unlike continuous injection of MNPs, where the con-
tribution remains confined to the transverse plane.

A natural question arises when comparing the two space
times: why do turbulence-like fluctuations appear at = 4 s but
not at ¢ =40 s (Sections 3.1 and 3.2)? What mechanism could be
responsible for the persistence of oscillations in one case, and
for their disappearance in the other? In particular, one may
wonder whether this contrast originates from the balance
between advection and diffusion, and how this interplay con-
trols the fate of the secondary structures generated by the RMF.

The contrasting behaviors between the case with a residence
time of Z = 40 s and the one shown in Fig. 14 with Z=4 s can be
explained by the transport conditions. For 7 = 40 s, the Péclet
number of the MNPs is about Pe ~ 1145, whereas for f = 4 s it
reaches Pe ~ 1.1 x 10%
concentration gradients are much more intense at short resi-
dence times, strongly enhancing the KBF. Furthermore, the

This means that the transverse

8586 | Soft Matter, 2025, 21, 8569-8592

injected concentration of MNPs differs: ¢o = 5 x 107> for the
40 s case, compared with ¢ = 5 x 10 in Fig. 14. A higher
concentration, combined with stronger gradients, amplifies
secondary flows. These two factors explain why fluctuations
appear in the case of Z = 4 s, whereas they remain weaker and
less visible in the = 40 s case.

To shed more light on these mechanisms, Fig. 15 presents
concentration and axial velocity contours at two characteristic
times. At ¢ = 0.37 s, Fig. 15a, the plug of MNPs begins to adapt to
the parabolic Poiseuille profile: particles accumulate predomi-
nantly in the fast central region, leaving behind a residual
concentration near the walls. This asymmetric redistribution
generates an axial gradient behind the plug, resulting in a non-
uniform transverse distribution. The outcome is an axial pres-
sure gradient, manifested by a slight deformation of the plug
head. Such deformation arises because the imbalance between
axial and transverse concentration gradients must be compen-
sated by the KBF, which acts to restore equilibrium. However,
this deformation is irregular and asymmetric. The reason is
that, in addition to the KBF, the system is also influenced by the

This journal is © The Royal Society of Chemistry 2025
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spin-up flow induced by the RMF. This flow transports the
MNPs helically, forcing the plug to conform to a spiral-like
trajectory. Consequently, the axial pressure gradients at the
plug head must follow this dynamic. Consequently, the axial
velocity field at ¢ = 0.37 s, exhibits significant spatial oscilla-
tions that are essential for understanding this deformation
(Fig. 15b).

With time, these oscillations intensify. At ¢ = 0.5 s, Fig. 15c
and d, they become strong enough to initiate the detachment of
the plug head. The axial velocity field exhibits marked spatial
oscillations, which make the head swing from side to side until
it progressively separates from the rest of the plug. Upstream of
the head, weaker oscillations are also visible, but they remain
too small to cause detachment due to lower local MNP concen-
tration and weaker gradients. It is worth noting that in Section 3.2,
similar oscillations of the plug head were reported under RMF,
but because both the Péclet number and the MNP concentration
were lower, they were insufficient to cause detachment.

Finally, the passive scalar behaves like a tracer: it simply
follows the secondary flows generated by the MNP plug under

This journal is © The Royal Society of Chemistry 2025
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the RMF. This indicates that the plug itself can act as a micro-
mixer, transferring its fluctuations to the scalar and thereby
enhancing transverse transport.

We now analyze the impact of MNP concentration, residence
time %, and RMF frequency on the simultaneous transport of
MNPs and the passive scalar, based on the outlet concentration
signals shown in Fig. 16. In the absence of the RMF, Fig. 16a
shows that the concentration signal rises very quickly and
reaches its maximum at around ¢ ~ 2.5 s, much earlier than
the imposed residence time of 4 s. This behavior is a direct
consequence of the very high Péclet number (Pe ~ 1.1 x 10%),
which causes the MNP plug located in the fast central stream-
lines to be convected rapidly toward the outlet. Diffusion is too
weak to redistribute the plug across the channel width. After
the peak, the signal decays slowly due to the remaining MNPs
transported near the wall in the slower regions, which is
consistent with classical Taylor dispersion: a sharp front car-
ried by the core and a long tail controlled by wall effects.>?
When the RMF is activated (f = 500 kHz), the outlet signals in
Fig. 16a for both concentrations exhibit a clear delay of the

Soft Matter, 2025, 21, 8569-8592 | 8587
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concentration peak compared to the no-field case. This delay
reflects the action of secondary flows (KBF and spin-up flow)
opposing the purely convective transport, effectively slowing
down the dispersion. At the lower concentration (¢, =
5 x 10~%), oscillations appear in the signal. For instance, at
t =~ 2.5 s the concentration briefly decreases before rising
again. These oscillations directly echo the deformation and
partial detachment of the plug head already observed in Fig. 14.
Thus, the fluctuations seen in the outlet signals of Fig. 16a are
the macroscopic manifestation of the unsteady plug dynamics
driven by the competition between advection, concentration
gradients, and RMF-induced transverse flows.

Increasing the MNP concentration enhances these effects.
As shown in Fig. 16a, at 10> the variance of the concentration
signal is clearly reduced compared to at 5 x 10~ *. This
reduction is explained by stronger secondary flows, since
both the magnitude of the concentration gradients and the
absolute MNP concentration are higher. These conditions
amplify the Kelvin body force and spin-up flow, which
promote transverse transport and homogenization, thereby
narrowing the distribution.

The passive scalar, which has a lower Péclet number (500),
behaves differently. As shown in Fig. 16b, the scalar follows
the trend of the MNP impulse because it is entrained by the
secondary flows induced by the RMF and by the motion of the
MNP plug. In both concentrations, the scalar signal shows a
reduced variance and a sharper peak compared to the no-field
case, a clear indication of mixing. Although the imposed
hydrodynamic conditions (large Peyyp, short residence time)
inherently limit mixing, the fact that a measurable reduction of
scalar variance is still achieved even at a space time as short as
4 s highlights the strong impact of the magnetocolloidal
impulse. This confirms its potential to act as an active agent
for controlling scalar dispersion in microchannels.

8588 | Soft Matter, 2025, 21, 8569-8592

It should be noted that the classical Taylor-Aris dispersion
framework strictly relies on a linear relationship where the inlet
concentration affects the output signal proportionally. In our
case, MNP transport is inherently nonlinear, as concentration,
magnetic field strength, and frequency all feed back into the
flow through Kelvin body forces and torque-induced spin-up
effects. This explains why an effective dispersion coefficient
of Taylor-Aris type cannot be defined here. The oscillatory
concentration signals observed in Fig. 16 provide further evi-
dence of this departure from linear Taylor-like dispersion.

We now analyze the case of a longer residence time, 7 = 16 s,
shown in Fig. 17. This corresponds to Péclet numbers reduced
by a factor of four compared to Fig. 16: for the MNPs ~ 2.6 X
10°, and for the passive scalar ~ 125. Under such conditions,
weaker signal distortion is expected in the absence of the RMF,
since diffusion becomes more effective in counteracting con-
vective spreading.

Fig. 17a shows the outlet concentration signals of MNPs for
both injected concentrations (5 x 10~ * and 10~®). In the no-
field case, as anticipated, the distortion is less pronounced
than in Fig. 16 because the reduced flow velocity decreases the
convective bias of the central streamlines, allowing diffusion to
partially redistribute the plug. When the RMF is activated at fo =
500 kHz, a significant reduction of the variance is observed.
This indicates that secondary flows—Kelvin body force and
spin-up flow—efficiently suppress radial concentration gradi-
ents. These flows have more time to act due to the longer
residence time, resulting in stronger homogenization compared
to the ¢ = 4 s case. Importantly, no oscillations appear in the
signals at ¢ = 16 s, since the weaker concentration gradients
generated by dispersion are insufficient to trigger the detachment
phenomena previously observed in Fig. 16. Increasing the MNP
concentration amplifies this effect, as stronger secondary flows
further reduce dispersion.
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Fig. 17 Outlet concentration signal at f = 16 s for ¢g = 5 x 10~% under an RMF at f, = 500 kHz: (a) MNPs and (b) passive scalar. Parameters: v = 0.25 mm
s (Pe ~ 1145, Re ~ 0.05); Hp = 14.713 kA m~* (« = 1); particle diameter D, = 10 nm; domain magnetization Mq = 425 kA m ™.

The passive scalar signals, reported in Fig. 17b, follow
the same trend. A marked reduction in dispersion length is
evidenced by the narrower distribution and decreased variance,
demonstrating that the scalar benefits from the transverse
mixing induced by the MNP impulse. Even though scalar
transport occurs at a much lower Péclet number (x125), the
RMF-driven secondary flows further enhance homogenization
beyond pure diffusion. This result confirms that magneto-
colloidal impulses remain efficient mixers.

Fig. 18 shows the influence of the RMF frequency on the
outlet concentration signals for ¢, =5 x 10~ * and a space time
of 16 s. Three frequencies were considered: f, = 100 kHz,
500 kHz, and 1 MHz. As expected, increasing the frequency
from 100 kHz to 500 kHz decreases the variance of both MNP

(a) MNP
14 x10~3

— Jo =100 kHz
— fo =500 kHz
—— fo=1MHz

1.2

0.0

0 10 20 30 40
t [s]

and scalar concentration signals, indicating enhanced mixing.
However, at 1 MHz, the variance becomes higher than at
500 kHz, while the concentration peak is reduced, revealing
less efficient mixing. This behavior is governed by the dynamics
of the spin-up flow, which depend on two characteristic times:
the excitation pulsation w, = 2nfy; and the Brownian relaxation
time 7 of the particles. The system behaves analogously to a
damped mass-spring oscillator under harmonic forcing: the
amplitude increases with frequency until it reaches a maximum
when wotg = 1, and then decreases once the system can no
longer keep pace with the imposed oscillations. Accordingly, at
100 kHz (wotg &~ 0.2), the spin-up flow velocity still increases
with frequency. At 500 kHz (wyts & 1), it reaches a maximum,
resulting in stronger mixing. Beyond this point, at 1 MHz

(b) Passive scalar

%1072
—  fo =100 kHz
8 — o =500 kHz
— fo=1MHz
T
~
J\Q
o4
2
~
I
2
0
10 15 20 25
t [s]

Fig. 18 RMF frequency dependence of outlet concentration signals at = 16 s for ¢o = 5 x 10~%: (a) MNPs and (b) passive scalar, showing resonance-like
enhancement of mixing at fo = 500 kHz. Parameters: vo = 0.25 mm s~* (Pe & 1145, Re ~ 0.05); Hg = 14.713 kA m™ (a = 1); particle diameter Dy =10 nm;

domain magnetization My = 425 kA m~%.
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(wotg =~ 2), the system response declines, explaining the
reduced mixing observed. This resonance-like mechanism linking
the external frequency and the Brownian characteristic time has
been recently documented in the literature.*

These frequency-dependent results should be interpreted
within the broader parameter space of the model. In the
present study, we restricted the analysis to o < 1 and particle
concentrations below 1%, since clustering occurs beyond these
limits and the Smoluchowski and Faxén formalisms no longer
apply. The case corresponding to « = 1 (i.e., the field amplitude
H, = 14.713 kA m™' chosen here) represents the strongest
expected effect within the single-particle regime, while the
influence of concentration, field intensity, and RMF frequency
has already been systematically established and experimentally
validated in our previous studies.**3**>4°

The present model cannot be directly validated in the pulse
configuration considered here, since no experimental data exist
for magnetically driven MNP pulses. Nevertheless, the under-
lying transport framework, which couples MNP dynamics with
momentum exchange in the carrier flow, has already been
developed and validated in different contexts: spin-up flows
under RMF were shown to agree with velocity field measure-
ments by Torres-Diaz et al.,*® passive scalar dispersion was
validated against the experiments of Boroun and Larachi®! and
the classical Taylor dispersion benchmark, and high-frequency
RMF dynamics were corroborated with magnetic torque mea-
surements from Torres-Diaz et al. (2014). The present contri-
bution therefore extends a validated theoretical framework
into the new regime of pulsed MNP injection under SMF and
RMF, for which, to the best of our knowledge, no experimental
studies are currently available.

The present pulse configuration cannot be directly vali-
dated, as no experimental data exist for magnetically driven
MNP pulses. Nevertheless, the underlying transport framework
(MNP dynamics coupled to momentum exchange in the carrier
flow) has been validated in related settings: (i) Larbi et al.*®
validated the model’s RMF spin-up predictions against the local
velocity field measurements of Torres-Diaz et al;*° (ii) Larbi
et al.*® validated the model in the context of passive scalar
dispersion, showing that it reproduces the classical Taylor
dispersion benchmark and matches passive-scalar breakthrough
curves reported experimentally by Boroun and Larachi;*" (iii) Larbi
et al.*® validated the high-frequency RMF regime by comparing
the model’s magnetic-torque predictions with the torque mea-
surements of Torres-Diaz et al.*® The present contribution there-
fore extends a previously validated theoretical framework into the
new regime of pulsed MNP injection under SMF and RMF, for
which, to the best of our knowledge, no experimental studies are
currently available.

It should be noted that global indicators, such as dispersion
coefficients and mixing indices, are often used in classical
transport studies but are not well suited to this problem.
The nonlinear nature of MNP transport—arising from the
coupling of concentration, magnetic field strength, frequency,
and Kelvin body forces and torque—precludes the use of a
single effective dispersion coefficient of the Taylor-Aris type.
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Furthermore, mixing indices are usually defined in reactive
systems to help interpret conversion rates,*® which is not
applicable here. Taking such a statistical approach would
require a separate investigation and would stray from the
central focus of this work: identifying and characterizing the
mechanisms that drive dispersion under pulsed MNP injection.
For this reason, we focused on complementary diagnostics,
such as breakthrough curves, velocity fields, and concentration
contours, which provide direct physical insight into how
magnetic forcing reshapes dispersion.

4 Conclusions

This study examined the transient dynamics of magnetically
responsive nanoparticle pulses injected into a Taylor micro-
capillary flow and their influence on dispersion under SMF and
RMF. By contrasting these two configurations, we identified the
distinct mechanisms that govern flow modification and mix-
ing. Under SMF, the KBF arises from concentration gradients
induced by Poiseuille flow, producing transverse motion that
compacts the pulse and reduces radial concentration gradients,
while axial non-uniformity drives localized pressure variations
at the pulse head. These hydrodynamic signatures dissipate
as the pulse passes, highlighting the transient nature of SMF-
induced effects.

Under RMF, the KBF couples with a spin-up flow generated
by magnetic torque, leading to more complex and sustained
behavior. The spin-up mechanism dominates cross-stream
transport, reducing variance and maintaining transverse homo-
genization, while axial KBF effects persist. At short residence
times and high nanoparticle Péclet numbers, the combined
action of KBF and spin-up induces oscillations and partial front
detachment, features reminiscent of turbulence-like dynamics
in otherwise laminar conditions. For longer residence times,
diffusion progressively smooths these structures, but the spin-
up continues to enhance mixing efficiency. A key outcome is
the identification of a Péclet-number criterion linking MNP
transport to scalar entrainment: because MNPs are much less
affected by diffusion than the passive scalar, they generate
secondary hydrodynamic structures that entrain and redistri-
bute the scalar field.

Overall, the findings show that the “MNP pulse + RMF”
strategy not only reproduces the beneficial KBF effects observed
under SMF but also adds a strong rotational component that
intensifies mixing, enables transient front detachment, and
maintains redistribution even at long residence times. This
dual mechanism positions MNP pulses under RMF as a versa-
tile and effective strategy for active control of Taylor dispersion
in microchannels, with potential applications in microreactor
design and lab-on-a-chip platforms.
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