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We present a theoretical framework for unidirectional magnetohydrodynamic flow of dilute elec-
trolytes under perpendicular magnetic fields. Starting from the Navier—Stokes equation coupled with
the Poisson—Nernst—Planck formulation, we show that the problem admits a sequential decoupling;:
the Stokes equation is solved first to obtain the velocity profile, which defines a hydrodynamic poten-
tial entering the Nernst—Planck description of ions. This Lorentz-force-induced potential competes
with electrostatic attraction and significantly alters ionic distributions. We analyze this mechanism
in two canonical geometries. In planar Couette shear, it produces a Manning—Oosawa-like conden-
sation transition in one dimension, a phenomenon absent in classical electrostatics. We derive an
eigenvalue equation predicting a sharp threshold between counterion enrichment and depletion at
the charged wall. In cylindrical Taylor—Couette flow, the same effect shifts the classical Manning
criterion by a magnetic parameter, enabling tunable control of condensation. These findings extend
Manning—Oosawa phenomenology to driven, non-equilibrium systems and provide a basis for mag-
netic manipulation of screening in electrolytes, with implications for microfluidics, electrochemical

systems, and nonlinear boundary-value theory.

I. INTRODUCTION

Magnetohydrodynamics (MHD) couples the Navier-
Stokes equations of fluid motion with Maxwell’s equa-
tions of electromagnetism, leading to a rich set of non-
linear phenomena. It plays a pivotal role in plasma
confinement in fusion devices [1], solar and astrophys-
ical processes [2, 3|, and geodynamo action in Earth’s
core [4]. Its applied importance spans energy conver-
sion (MHD generators) [5], metallurgical processing [6],
electromagnetic pumps and emerging microfluidic tech-
nologies [7-9]. Despite its broad utility, MHD remains
mathematically challenging due to the strong coupling
between flow and electromagnetic fields, motivating both
analytical and computational research [10].

MHD of electrolytes is traditionally formulated in
terms of momentum transport with electromagnetic body
forces and Ohmic conduction, typically assuming bulk
electroneutrality and treating the ionic distribution as
uniform [8, 9, 11, 12]. Standard macroscopic MHD
strictly assumes bulk electroneutrality and neglects elec-
trostatic forces. In large systems, ionic densities are es-
sentially equal to each other and to their common bulk
value, matching this assumption. However, near charged
interfaces, on the scale of the Debye length, electroneu-
trality breaks down.

We present a formulation of one-dimensional MHD for
dilute electrolytes in unidirectional flow that explicitly
captures this boundary layer [13]: the Lorentz force act-
ing on mobile ions induces a hydrodynamic potential that
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couples the Poisson-Nernst-Planck system to the Stokes
flow in a way that allows a sequential decoupling of the
hydrodynamics from the electrostatics. Crucially, while
the ionic density differences are confined to the micro-
scale, the Lorentz force drives a macroscopic variation in
the electrostatic potential.

Consequently, once the unidirectional velocity profile
is solved from the Stokes equation, it generates a hydro-
dynamic potential whose competition with electrostatic
attraction determines the steady counterion distribution
via a modified Poisson-Boltzmann (PB) equation. This
framework provides a self-consistent route to quantify
magnetic control of ionic distributions.

Here we apply the new formulation to simple, analyti-
cally tractable geometries. We focus on counterion-only
systems and analyze (i) planar Couette shear and (ii) con-
centric, infinitely long coaxial cylinders (Taylor-Couette
flow without instabilities). Despite the simplicity of these
flows, we uncover a Manning-Oosawa (MO)-like conden-
sation transition in both cases, driven not by electrostat-
ics alone but by the bulk magnetic forcing.

Manning-Oosawa condensation describes the partial
neutralization of a highly charged cylindrical macroion
by its counterions [14, 15]. Mathematically, it is a pecu-
liarity of the two-dimensional (2D) logarithmic Coulomb
potential: in infinite systems, there exists a critical line-
charge parameter above which a finite fraction of coun-
terions condense near the macroion [16], while below
it they run away to infinity [17-20]. In contrast, in
one-dimensional (1D) planar geometry, counterions are
always bound (no condensation threshold), whereas in
three-dimensional (3D) spherical geometry counterion
entropy wins over electrostatic attraction and they es-
cape (no bound state) [21-23]. Thus, the appearance of



a condensation threshold is a hallmark of 2D electrostat-
ics and does not occur in 1D within the classical, purely
electrostatic PB description [24, 25].

Within our MHD-PB framework, the magnetic field
and flow jointly generate a hydrodynamic potential that
supplements the electrostatic potential in the Boltzmann
weight. This additional, spatially varying term, com-
petes with the electrostatic attraction and can qualita-
tively change binding. We show that even in planar,
one-dimensional shear (a geometry that classically lacks
a condensation threshold), there emerges a sharp crite-
rion separating a regime with finite counterion density
at the wall from a regime in which counterions escape
to infinity, i.e., an MO-like transition in 1D. In cylindri-
cal geometry, the same mechanism leads to a shift of the
classical Manning threshold by a dimensionless magnetic
parameter.

These sharp criteria apply in the limit of infinite flows,
i.e., when for instance the distance d of the walls confining
the flows goes to infinity. For finite systems, there is a
continuous transition between counterions bound to the
wall and counterions driven away from the wall, occurring
at some finite strength B = B, ~ 1/d?. We shall analyze
in detail the behaviour of the ions distribution n™(x) for
B near B..

Section II presents the MHD formulation and the
emergence of a hydrodynamic potential in unidirectional
flows. Section III analyzes planar Couette shear flow
and establishes the magnetic-field-induced MO-like tran-
sition in one dimension, including the eigenvalue condi-
tion and near-critical behavior. Section IV treats the
coaxial-cylinder geometry, deriving the shifted Manning
criterion. Section V concludes with implications and
prospects.

II. MHD OF DILUTE ELECTROLYTES IN
UNIDIRECTIONAL FLOW

We consider the flow of incompressible dilute elec-
trolytes past one or two surfaces under the influence of a
magnetic field. The Navier-Stokes equation is [26]

0
p [(’9‘1: + (v- V)v] = —Vp+nV*v + p.E

+jxB—kgTVn™; (1)

v is the liquid’s velocity, p its mass density, n* the coun-
terion number density, p the pressure, 1 the liquid viscos-
ity, E and B the electric and magnetic fields, respectively,
and j is the electric current density.

The terms with E and B originate from the Lorentz
force experienced by an ion of charge ¢q, fi, =
q (E + v x B), which transfers to the liquid. We assume
a salt-free electrolyte where the only mobile charges are
the positive counterions released from the moving wall;
we denote the local charge density as p. = gn™. The
term kgTVn™ corresponds to the osmotic pressure of an

ideal counterion gas, where kp is the Boltzmann constant
and T the absolute temperature.
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FIG. 1. System illustration. A liquid is confined between a
surface at * = 0 (—go charge density) moving at a speed
vo in the y direction and a stationary surface at z = d.
The liquid moves in unidirectional flow along y, dragging
the positive counterions. An external magnetic field is ap-
plied in the z direction. Dashed arrows illustrate the local
velocity; solid rightward arrows illustrate the Lorentz force
fr = ¢ (E 4+ v x B) acting on counterions.

The total electrical current density is fundamentally
the sum of the individual ionic fluxes, j = 3 ¢;h;, when
there are several ionic species. In standard bulk MHD,
this reduces to the classical Ohm’s law, j = o.(E+v xB).
However, to capture the non-electroneutral boundary
layer, we must retain the explicit Poisson-Nernst-Planck
formulation. The ionic flux of counterions has three con-
tributions: Lorentz force, diffusion, and advection with
the liquid,

h=n"ug(E+vxB)—-DVnt +ntv, (2)

where p is the ionic mobility in the liquid, D = pkpT is
the diffusion constant, and h satisfies the Nernst-Planck
equation

dnt +V-h=0. (3)

Our task is to solve (3) simultaneously with (1).

We focus on unidirectional flows such as the one illus-
trated in Fig. 1: A wall at x = 0 is charged with —qo
charge per unit area, and moving vertically at a velocity
vg. o is the surface charge number density. The wall at
x = d is stationary and uncharged. The fluid velocity is
then v = v(z)gy. In a constant perpendicular magnetic
field, B = ByZ, and in the absence of electrochemistry



at the confining walls, j is parallel to ¢, and both E and
j x B are parallel to . In addition, because we assume
a unidirectional velocity field of the form v = v(z)g, the
nonlinear advection term (v - V)v vanishes identically,
regardless of the Reynolds number. The Navier-Stokes
equations for the y component becomes the Stokes equa-
tion:

pOv(z) = —0yp + 05(Ndyv(x)). (4)
Hence, the hydrodynamic problem in the y direction is
the same as if there are no magnetic and electric fields.
Consequently, once the flow profile v(x) is found from
(4), it can be substituted in (3) to find the ionic density
nt(z).

We continue in steady state, where all time derivatives
vanish. When the walls are impenetrable to ions (h, =0
at the walls), the ion flux in the z-direction vanishes,
namely

n*ug (E +vBy) — DO,n" =0, (5)

where we used E = EZ and (v X B), = vBy. In this
problem, therefore, the ions’ distribution is Boltzmann-
like

—qy + Uj y (33)
nt(z) = n, exp (kBI}“ld) , (6)

where n,, = n*(x = 0) is the ion density at the moving
wall (to be determined) and

Unya(z) = q/om v(a') Boda' (7)

is a hydrodynamic potential. For simple liquids and on
the continuum level [27], the electrostatic potential ¢ sat-
isfies the Poisson equation V2 = —gn* /e, where ¢ is
the dielectric constant of the liquid. Using the ion distri-
bution in (6), we obtain a modified Poisson-Boltzmann
equation

V2 — _qzm exp (—qw + Uhyd(w)) .

kpT ®)

In the next section we turn to solve equations (4), (7),
and (8) in planar Couette flow.

III. MANNING-OOSAWA-LIKE
CONDENSATION IN COUETTE SHEAR FLOW

Due to the sequential decoupling between flow profile
and ion density, in the Couette shear flow illustrated in
Fig.1, we readily find that

xr “ 1 .1'2
v(z) = (1 — E) y and Uhyd(x) = quo By (m _ Qd) ]

The Poisson-Boltzmann equation and its boundary con-

ditions are then
w_ @ (g quoBod [z 12?
V= eXp< kel | kpT (d 22 ) )

W(0) =L yd)=o.

3

It is instructive to use the dimensionless magnetic field

B and Bjerrum length defined as

lB = q2/<EkBT),

B = q’UoBod/kJBT,

and measure distances in units [g, such that & = z/lp
and d = d/lg. Lastly, we define an auxilliary potential

as ¢ = qp/kpT — B (i/J— 5:2/(2ci2)>, leading to

o' = e b+ g A=, (9)
B -
¢l(0) = lng - g ) ¢I(d) = 07 ¢(O) = 07

where, without loss of generality, we set ¢(0) = 0 be-
cause any constant shift in ¢ simply rescales A, so fix-
ing ¢(0) = 0 ensures a unique nonlinear “eigenvalue” A,
which encodes the unknown n,,. The problem at hand
is a nonlinear second-order ordinary differential equation
with a constant “forcing” term, and one “additional” BC
(three instead of two) compensated by the eigenvalue \.
The subtraction of the term proportional to B in the defi-
nition of ¢ removes the explicit z-dependence in the expo-
nential, simplifying the Poisson-Boltzmann equation to
a form where the magnetic forcing appears as a constant

1
term. Note that A\ = 5123/)\2,3 if the Debye length Ap is

defined via A%, = ekpT/(2nmq?), and that (9) yields the
conservation integral

d
/ e ?di = 1%0. (10)
0

We start with a phase plane analysis of (9), based on
the first order formulation

YL =12, Yh=-Ae ¥ + B/, (11)

with “time” T and conserved energy

1, _¢ B
E= §¢2 +G(9), G(¢)=—de?~ =% (12)

From (10) we have A > 0, and the potential energy G(¢)
has a unique maximum at

6, = In(A/A") { 28 1z i N = B/, (13)
Thus, for ¢/(0) = (30 — B/d > 0 we must have A > \*,
and for ¢’(0) < 0 we obtain 0 < A < A*, where the
value of A follows equivalently from ¢’ (J) = 0 or from
(10). For ¢’(0) = 0 we have the unique solution ¢ = 0
with A = A*. See Fig.2 (A > \,) and Fig.3 (A < \,)
for illustration, where contrary to the role of A as an
eigenvalue depending on B, d, and ¢'(0), we a priori fix
A near A\, and then vary ¢'(0).

Since G(¢) has a unique maximum, ¢(Z) must ap-

proach ¢(d) monotonically as & — d. This implies that
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FIG. 2. Potential energy G, phase portrait, and selected
solution curves for (9), B = 5,d = 20, A\ = 1.1\.. The
vertical blue line is at the fixed point ¢, = In(A/\.), and
the green/cyan lines illustrate the associated stable/unstable
manifolds. We integrate (9) to 2 = d with ¢(0) = 0 and vary-
ing ¢'(0). The BC ¢'(d) = 0 means that we must land on the
¢’ = 0 axis, which approximately holds for the blue curve.
For illustration, we also show two “nearby” curves; the red
curve reaches ¢’ = 0 too early, and the (thick) magenta curve
too late. Even for this relatively small j, the “correct” blue
curve reaches ¢’ = 0 close to the fixed point ¢., hence with
¢" =0, see (14), (15).

for the first order formulation (11) and large d, the so-
lution ¢(Z) must be close to the stable manifold of the
saddle point (¢, @) = (¢«,0), which reaches (¢,,0) in in-
finite “time” #. In particular, ¢(d) ~ ¢, = In(A\/A,), and
this allows to approximate A via conservation of energy
FE. Namely,

0 =E(3=0) — B(3=d)
1

~\ 2
B

which yields an approximate (in the limit d — 0o with
fixed B/d) equation for A, namely

FO) =" {H—ln (;‘) —/\)‘} +% (l%o—?)zz(()i5)

Figure 4 shows the shape of f(\); for 130 = B/d we have

a double root at A = A, while for l%a #* B/ci we have two
roots A1 < Ay < Ag. Again, from the phase portraits in
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FIG. 3. Like Fig.2, but A = 0.9\.. Hence fixed point at
¢« = In(A/As) < 0, and initial conditions are chosen with
¢'(0) < 0.
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FIG. 4. Tllustration of the approximate eigenvalue equation
f(A) = 0, with f()\) from (15). Dashed curve: 130 = B/d;
Solid curve: %0 # B/J, with two roots A1 < A« < A2 (red
circles).

Fig. 2 we see that for ¢/(0) = (30 — B/d > 0, the correct
one is A2 > A, because then ¢, = In(A\/\.) > 0, while
for 30 — B/d < 0 the correct one is \; < A.. When
120 = B/d, the solution is ¢ = 0, and as I30 — B/d
decreases from positive to negative values, the potential
at T = d switches from ¢(d) = In(A2/\) > 0 to ¢(d) =
In(A1/A) <O.
The critical value of the normalized density
2 B quoBolp

(o). = = = 00 (16)
remains constant in the d — oo limit. However, in this
limit the critical value of A tends to zero:

: — 0. (17)



For the counterion density n™ (i):@?’)\e—‘b(i) the above
yields: In a finite system, there is always a finite value of
A, hence n™(0)=I%\ at the left wall is finite. There is a
critical value of the surface charge, (1%0). = B/d where
¢ switches from increasing (130 > B/d) to decreasing
(130 > B /d~) Physically, it marks the point where the
Lorentz-driven hydrodynamic potential exactly balances
the electrostatic attraction. When (%0 < B/d, the mag-
netic part of the Lorentz force is strong and counterions
are depleted from the wall. In the limit d — oo, with
fixed B/d, A\, = B/d*> — 0, and for (30 < (I%0). this
implies that essentially A = 0, i.e., the counterion den-
sity at the wall vanishes, and the solution corresponds to
counterions escaping to infinity.

In the classical MO condensation, a counterion run-
off threshhold occurs only in two-dimensions and not
in one (counterions are always bounded) or three di-
mensions (counterions alway run off to infinity). Here,
the transition occurs in one dimension due to the bulk
(volume) force of magnetic origin. Moreover, irrespec-
tive whether 30 — B /d is positive or negative, from
#(d) ~ ¢, = In(\/A,) the counterion density at Z = d is
proportional to B / d? and tends to zero as d — co.

To estimate the critical value of o we use ¢ = e, vg =
0.1m/s, Byp = 0.1T, Ip =~ 10 nm and room temperature.
One then finds a low critical charge density (I%0). =
B / d ~ 4 x 1079 indicating that usually a finite fraction
of counterions will be bound to the surface.

Fig. 5 shows quantitative results for (9), and an assess-
ment of the approximation (15). To numerically solve
(9) for ¢ and A we use the MATLAB solver bvpsc with
A as part of the solution, and to solve (15) we simply
use fzero. In (a,b) we choose (d, B) = (1000, 10), hence
A = 107°, and vary (%0. In (c) we plot A as a function
of 130 for different d values with fixed B/d = 1072; the
full lines are from numerics, while the o are from (15),
with excellent agreement. For large d, \is essentially 0
for 130 < d/B, and altogether all results fully agree with
those explained (semi-)analytically above.

IV. ELECTROLYTES IN TAYLOR-COUETTE
FLOW

We have found counterion run-off in one Cartesian di-
mension. Let us examine a two-dimensional system of
two rotating cylinders and see how the classical transition
is affected here. Figure 6 shows an electrolyte confined
between two infinitely long coaxial cylinders with radii a
and b > a. The inner one rotates at an angular frequency
w and is charged with —go Coulomb per unit area (o is a
surface number density). Its counterions are released to
the liquid. The outer cylinder is stationary and neutral.
The magnetic field is oriented along the cylinders’ axis,
B = Byz. Since ions move in the azimuthal direction,
the electric field acts in the radial direction, E = E7.

Let us look at the magnitude of centrifugal force com-
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FIG. 5. (a,b) Profiles ¢(z) and n(z)/A« for various values
of %0 and fixed d = 10° and B = 10. & = z/lp is the length
in units of the Bjerrum length. (c) A as a function of (¢ for
different d with fixed B/d = 1072; full numerics for (9) (lines)
compared to numerical solution of (15) (o).

pared to the Lorentz force in the radial direction. The
strongest acceleration v?/r is at the inner cylinder, where
r = a and v = wa. Hence, the centrifugal force acting
on an ion is feent = Miw?a, where m; is the ionic mass.
Assuming a Sodium ion (23 atomic mass units), a = 1
cm and w = 100 rad/s, we find feens =~ 4 x 10724N. The
magnetic force for a unit charge moving at the same ve-
locity (1 m/s) in a large magnetic field of 0.1 Tesla is
fr = 1.6 x 1072°N. With this estimate we safely neglect
the effect of centrifugal acceleration.

It is useful to look at the steady Navier-Stokes equa-
tions in polar coordinates (r,60) [28], i.e. for the (r,0)
components:

2
v . _
T _970:_ .0+ pE + By — kgTo.(nT +n"),

9 0= T%ar (m«?’ar (“79))



Neutral, stationary, outer cylinder

FIG. 6. Illustration of electrolyte (light blue) with positive
counterions confined between two coaxial cylinders with in-
ner and outer radii a and b, respectively. The inner cylinder
has —qo surface charge density and rotates at a frequency w
while the outer one is stationary and electrically neutral. The
magnetic field along the cylinders’ axis (z direction) leads to
a Lorentz force in the radial direction.

The total ionic flux h has two terms along 7 and advec-
tion along 6:

h=[n"ug(E+vxB)—DVn'|7+ n*qué.

As in the Cartesian case, the ionic flux vanishes in the
r direction, and the r equation simplifies to fpvg /T =
—0,p, yielding the pressure once vy is known from the 6
direction. The flow profile solving the #-equation is

v(r) = 1_“’(“)22 (Z + i) 0. (18)
b

The continuity equation for the ionic flux V-h = 0 means
that

1 d(rh,.) 10hy _ Oh,
r  Or r 00 0z
and the cylindrical symmetry leads to

r[nTug(E+v xB)—DVnt] =0,

where we used the vanishing flux at the hard walls at
r = a and r = b. Integration of this equation gives the
cation density as a Boltzmann-like distribution

n*(r) = ny, exp (—qw —I:BZ}fyd(r)> ;

where n,, is a yet-unknown constant and the hydrody-
namic potential is Upnya(r) = ¢ [ v(r')Bodr’ with v(r)
given by (18).

We now make a series of transformations: First, length
is measured in units of a, 7 = r/a, and following Burak
and Orland [18] we introduce the logarithmic coordinate

u=In(r) with 0 <u < d:=1n(b/a) (19)

:0’

to map the cylindrical domain to a rectangular one. We
then define

qy B a o
6= = 2 (5 + 2/
where
Vo = wa _é_ﬂ 5 — 9v0Boa
0 — ) g_a b, - kBT .

Finally, we define ¢ as ¢ = ¢ — 2u, removing the explicit
geometric and magnetic contributions. These steps yield
the Poisson-Boltzmann equation

B
S 29—262“, (20)

Spu(d) =-2, 90(0) =0.

As before, the last BC is a choice of the gauge, leading
to a unique eigenvalue

¢'(0) =lpoa —2 — B,

A\ =lgn/, a (21)

for solving (20), where

Ny, = My € B(a —|—bln(b)
=nmexp| — [ = + —In(— .
m P g \20 a ‘a

The term 2Ba/(gb)e** represents the inhomogeneous
magnetic forcing arising from the hydrodynamic poten-
tial in cylindrical geometry. The different definition of
A (compared to Sec.III) arises from the geometry: cylin-
drical vs planar. Similarly, B is divided by an additional
geometric factor ¢ in cylindrical coordinates, and the
boundary conditions in (20) now yield the charge con-
servation

d
/ Ae”¥du = lpoa. (22)
0

Before we continue, let us make a short recap of
the regular Manning-Oosawa (MO) condensation, re-
covered formally when B = 0, occurring in the limit
§—>oo. Here, there are two scenarios: when lgoa < 2,
the eigenvalue A\ essentially vanishes, and the (approx-
imate, with violation of the right BC) solution then is
vo = (Ipoa — 2)u, i.e, qipo/kpT = lpoaln(r/a); — the
counterions “run” to infinity. Since n,,, the concentra-
tion of counterions at the inner cylinder, is proportional
to A, their concentration vanishes. Above the Manning
criterion, lgoa > 2, @o(u) = 2In(1+ (lpoa — 2)u)
(and X\ = lgoa — 2). That is, qipo/kpT = 21n(r/a) +
2In [1+ $(Ipoa —2)In(r/a)].

We now go back to the case with magnetic field. There
is a transition analogous to the MO condensation: In
the limit g — 00, A = 0 when lgoa < 2+ B. Coun-
terions escape radially outward and run off to infin-
ity like in the MO condensation. The MO criterion is
shifted; the surface charge density is renormalized such
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FIG. 7. (a) Solutions ¢(u) for selected values of lgoa,
log(b/a) = 15 and B = 0.5. Blue curve for A = 0 is the
approximation (23) with {goa = 0, and circles are (23) for
the smallest non-zero value, Igoca = 0.5. (b) A from (20) vs
Ipoa for different log(b/a), The vertical dashed line marks the
shifted Manning threshold Ipoca=2 + B.

that lgpoa* = lgoa — B. The additional B term reflects
the magnetic contribution to the effective surface charge.
There is also a quantitative difference due to the inho-
mogeneous driving, but this is less essential to the con-
densation transition.

For finite b/a and A = 0, an approximate analytical
solution to (20) satisfying both ¢,(0) = lgca —2 — B
and ¢(0) =0 is

1Ba ,,
0= 59—562“+02u+61, (23)
with ¢y = lBaa—2—B (1—|— ﬁ), and ¢; = —%%. The

counterion concentration at the inner cylinder vanishes,
and ions migrate outward indefinitely, similar to the MO
runaway in cylindrical geometry. The mismatch of the
right boundary condition in this case is the same as in
the MO case.

Figure 7(a) shows selected profiles ¢(u), and compar-
ison with (23) for the smallest non-zero surface charge
value, lgoa = 0.5, giving excellent match with the
numerical solution. Figure (b) shows the eigenvalue

A calculated numerically from (20) as a function of
lpoa. When lgoa > 2 + B, ) is positive and o(u) is a
concave function. When [goa decreases below 2 + B, A
essentially vanishes for large b/a.

V. CONCLUSIONS

We presented a theoretical framework for MHD effects
in electrolyte flows in a Stokes-Poisson-Nernst-Planck
formulation, focusing on how magnetic forcing interacts
with electrostatic screening to control ionic distributions.
By introducing a hydrodynamic potential that competes
with electrostatics, we extend classical MHD models be-
yond uniform conductivity and local electroneutrality as-
sumptions. The analysis for unidirectional flows reveals
novel mechanisms for magnetic control of screening [29]
and identifies condensation-like transitions in driven sys-
tems.

Our results show that, even within the Stokes-Poisson-
Nernst-Planck framework, magnetic forcing can reconfig-
ure ionic distributions through a hydrodynamic poten-
tial. This goes beyond standard MHD models, providing
a theoretical basis for magnetic control of screening in
canonical flows [11, 30]. We identify a non-electrostatic
route to MO-like transitions, including a condensation
threshold in 1D (planar shear) and a shift of the clas-
sical Manning criterion for cylindrical geometries. This
extends MO phenomenology to driven, non-equilibrium
settings, while retaining analytical tractability within a
modified PB theory [14, 15, 18, 20, 31].

For typical aqueous electrolytes at room temperature,
the critical surface charge density required to observe the
exact threshold is very low. However, the primary value
of this work is establishing the fundamental existence of
a non-geometric route to condensation. Furthermore,
the transition is governed by the dimensionless param-
eter B = quoBod/kpT. This parameter can be enhanced
by several orders of magnitude to reach experimentally
accessible regimes in specific soft-matter environments.
For instance, in highly viscous systems like ionic liquids
or polymer melts, larger velocity gradients can be main-
tained without triggering turbulence. Similarly, the use
of multivalent ions, lower temperatures, or microfluidic
devices with extremely strong local magnetic fields can
push the system toward the transition threshold.
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