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Tuning particle settling in fluids with magnetic fields
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A magnetic field is generated to modify the effective gravity acting on settling particles in a laboratory
experiment. When applied to a magnetized spherical particle settling in water-glycerol mixtures, the magnetic
field produces a vertical force that counteracts the gravitational field, hence allowing for the magnetic tuning
of the settling properties of the particle. While doing so, the spin of the particle around the direction
perpendicular to the applied magnetic field is blocked, thus allowing spin solely around the direction of
the magnetic field. This method of magnetic modification of the effective gravity is tested on the settling
of spherical magnets in quiescent fluids over Galileo numbers in the range [100,300], and a fixed particle
density of 8200 kg/m3. The results obtained by varying the Galileo number via the magnetic modification
of effective gravity are compared to those obtained with non-magnetic spheres when the Galileo number is
modified by varying the fluid’s viscosity. We show that the same taxonomy of settling regimes, with nearly
identical geometrical properties (in terms of planarity and obliqueness) of the trajectories are recovered. In
addition to proving that it is possible to magnetically tame the settling of particles in fluids preserving the
features of the non-magnetic case, this also reveals that blocking the spin of the particles does not produce
any significant effect on its settling properties in a quiescent fluid. This novel experimental methodology
opens new possibilities to experimentally explore many other subtle aspects of the coupling between settling
particles and fluids (for instance, to disentangle the effects of rotation, inertia, and/or anisotropy of the

particles) in more complex situations including the case of turbulent flows.

I. INTRODUCTION 55

56

It is of the utmost difficulty to reduce or suppress the *
effect of gravity in a laboratory on Earth. In the context *
of particle-laden flows research, only a handful of very *
particular situations allow for the suppression of gravity, *
such as the use of neutrally buoyant particles. This pre- *
vents the exploration of crucial particle-fluid mechanisms *
including inertial effects, which are related to particle-to-
fluid density ratio. The means available to do experimen- *
tal research in a low gravity environment while preserv- °
ing the capacity to explore inertial effects due to density *
differences are expensive, scarce, and lack repeatability. *
The only options are drop towers, parabolic flights, or°
space experiments in the International Space Station!™3. *
In this article, we present a method to compensate the
gravity acting on a particle in a flow by the application "
of a magnetic induction (the terms “magnetic field” and "
“magnetic induction” will be used interchangeably in this "
article). With this purpose and as a proof of concept, we
revisit the problem of the settling of spherical particles in "
a quiescent fluid*~? while the effective vertical force expe- "
rienced by the particles is magnetically varied. Relevant "
research is present in the literature and a brief summary "
follows. e

5

8

70

Research on the use of magnetic fields for gravity com- s
pensation purposes has been mostly conducted on dia- &
magnetic objects, e.g., DNA, water, or proteins. For e
instance, when ways to circumvent Earnshaw’s theorem s
came to light'%!!, it was possible to levitate living dia- s
magnetic objects such as frogs'2. These studies led to ss

the technique of high-gradient magnetic separation that
allows the sorting of sample components with different
magnetic susceptibilities!>1°. In parallel, the Magnetic
Resonance Imaging community developed the technical
aspects to achieve an arbitrary magnetic field profile in a
laboratory (or a hospital) with the use of coils'%!7. These
are apart from the study of particles in conductive flu-
ids under the influence of external magnetic inductions,
which are central to a number of industrial situations,
such as clean metal production'®. The profiles of the ex-
ternal magnetic induction needed to obtain a constant
vertical force that can counteract gravity in a number
of scenarios such as liquid helium or oxygen were also
studied'® 22, With these tools in hand, some progress
has also been made in the particular situations that inter-
est this article: paramagnetic/ferromagnetic or perma-
nently magnetized particles in a weak diamagnetic liquid
(i.e., water) subjected to a weak external magnetic induc-
tion environment (thus no liquid magnetisation occurs).
Some studies explored the effects of a homogeneous mag-
netic induction on one or more particles in non-magnetic
fluids®327. In these studies, the main focus was exploring
the role of particle-particle interactions on their coupling
with the fluid, using a homogeneous magnetic field as a
way to tune interactions between particles.

In this article, we focus on the control of the settling of
single magnetized spherical particles in a quiescent flow,
using an externally applied magnetic field to modify the
vertical force acting on the particles. The rich dynam-
ics of single spheres settling in quiescent flows has been
extensively explored using numerical®728:2% and experi-
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mental tools»%®30, The settling of spheres in a quiescentuss
viscous fluid is controlled by two non-dimensional param-is
eters: (i) the particle-to-fluid density ratio I', and (ii) the
Galileo number Ga = Uyd, /v = /|T" — 1|gdpd, /v, with
U, the buoyancy velocity, d,, the particle diameter, g the
local acceleration of gravity, and v the kinematic viscos-
ity. The diversity of settling regimes has been represented™®
in the I' — Ga parameter space”®3%. As Ga increases, the'®
trajectory dynamics exhibit bifurcations between differ-**°
ent regimes such as rectilinear, steady oblique, oscillating*
oblique, rotating, or chaotic (see fig. 5). Note that, for a'*
given density ratio I', the Galileo number may be changed*
either by changing the particle’s diameter or the fluid vis-'**
cosity. This problem thus offers an appealing framework**
to validate a magnetic method to tune the effective ver-**
tical force experienced by a particle. In this article, we'’
explore how the I'— Ga parameter space is modified when'*
an additional constant magnetic force is applied to the'
particles. Bifurcations between regimes and properties™
of the trajectory collapse when using a corrected Galileo™
number Ga(g) that considers the effective gravity g in'*
its computation. In order to explore Ga(g) ranging from'”
100 to 280, we varied not only the magnetic vertical force™
but also the viscosity of the fluid.

The article is organized as follows. We first present
the basic theoretical layout of the magnetic gravity com-
pensation method and experimental design in Section II.155
The results of the sedimentation of magnetic particles
with modified gravity are described in Section III. Then,157
we discuss conclusions and perspectives of this work in
Section IV. Finally, the Appendix presents further de-
tails on the theoretical foundation of the method, its val—160

idation, and further experimental details. o

162
Il. GRAVITY TUNING USING MAGNETIC FORCES 1:
165
A. General Principles 166
167
The method introduced in this article consists on theis
application of a constant vertical magnetic force to a
magnetized particle in order to modify the effective verti-
cal force it experiences. The forces applied are the mag-
netic force F™ | the weight, and the fluid force F1Ud ex-q
erted by the fluid to the particle. Similarly, a magneticizo
torque TM adds up to the fluid torque THUd, In thisin
section, we discuss the features of the externally appliedir
magnetic field required to modify the vertical force onirs
small spherical permanent magnets. 174
The magnetic torque and force acting on a particless
with a magnetic dipole M in the presence of an externalize

magnetic induction B read: 177
FV = V(M- B), (1)
™ = -M x B. (2)r

These equations indicate that the magnetic force andire
torque can be varied independently by the gradient andiso

magnitude of B, respectively. We focus on the modifica-
tion of the vertical force along the Z axis, which reads:

F-z=mg= m[g + MVZ(B)COS(w)/mL (3)

where the effective gravity g was defined, B = |B|, and
1) is the angle between the vectors B and M. See the full
equation of motion in App. A1l. The method aims at
reaching a constant value of § over the settling of the
small permanent dipole and requires: (1) a constant 1
angle and (2) a linear evolution of the vertical component
of the magnetic field B, = G, z 4+ By, where the gradi-
ent G, sets the amplitude of the vertical magnetic force
and By is an offset value. Condition (1) is met when
the magnetic torque exceeds the hydrodynamic torque,
a condition which is always met in our configuration, as
discussed below. A limitation of the method comes from
the existence of a radial force, due to the radial com-
ponent of the magnetic field in cylindrical coordinates,
imposed by the divergence-free nature of magnetic fields.
Indeed, condition (2) imposes the following magnetic field
evolution (see App. A 2):

B(r,z) = (G, 2+ By) 2+ (—G,/2 r) . 4)

The relative intensity of the undesired radial drift is
controlled by both the value of the axial gradient GG, and
the offset By (see App. A2 for a full derivation of the
force). In order to minimize spurious effects of magnetic
radial drift, we have designed our experiment choosing
values of G, and By (see Table III) so that the ratio
between the radial and axial magnetic forces within the
measurement volume (see Eq. E7) remains smaller than
5-1072.

Conversely, the magnitude of the torque can be quan-
titatively estimated. Given the expression of the linear
magnetic field given by Eq. (4), the ratio of the magnetic
torque over the hydrodynamic torque reads (see App. A 2
for complete derivation):

M jfluid |M||B|

T = 1/64C,d3mprw?’ (5)
where d, is the particle diameter, |M]| its magnetic mo-
ment, w the particle angular velocity, C,, the rotational
drag coefficient, and p; the fluid density. The value of
the torque ratio is of the order of 10'!, based on the typ-
ical values used in our experiment3!. This implies that
the magnetic dipole aligns with the magnetic field virtu-
ally instantaneously and the particle rotation is therefore
only possible around the direction of the magnetic field.

B. Experimental Setup

The experiments are performed in a transparent
PMMA water tank with a square cross-section of 170 x
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FIG. 1. Experimental setup. Two cameras image the particles™

inside the water tank. Six circular coils produce a magnetic
induction used to compensate gravity on magnetic particles.232
The origin of coordinates is located at the geometrical center2ss
of the water tank, which coincides with the middle distance,s,
between coils 1 and 6. 235

231

236

237

170 mm? and a height of 710 mm, which is sketched in,,
Fig. 1. The tank is filled with different mixtures of pure,,,
glycerol (Sigma-Aldrich W252506-25KG-K) and distilled,,,
water, ranging from 0% to 40% glycerol concentration.,,,
Viscosity is measured with a rheometer Kinexus ultra4,,
from Malvern industries with a maximum uncertainty of,,,
0.6%. The kinematic viscosity v ranges from 1 x 107 to,,,
1 x 1072 m?/s. Furthermore, an air-conditioning system,,;
keeps a constant room temperature of (22+0.6)°C yield-,
ing a 2% uncertainty on the precise value of the viscosity.,,,
248

A 150 mm region of fluid above and below the visu-,,
alization volume is set to ensure both the disappearance,s,
of any initial condition imposed on the particles when,
released and the effects of the tank’s base. Furthermore,,s;
a minimum distance of 20 mm between the tank walls,s,
and the particles is maintained. Using available correla-,s;
tions32, the settling velocity hindering due to wall effects,ss
is estimated to be lower than 3%, thus neglected. 257
To record the trajectory of the particles, two high-ass
speed cameras model fps1000, from The Slow Motionzse
Company, image the water tank with a resolution ofzo
720 x 1280 px? and 2300 Hz. Backlight illumination iszs:
used, as represented by the dark blue rectangles in Fig. 1.26

These dual recordings allow the implementation of a 4D-
LPT (Lagrangian Particle Tracking resolved in time and
in three dimensions)3. This method accurately tracks
particles with a precision of approximately 90um. This
level of precision is determined by assessing the disparity
between rays during the stereo-matching process between
the two cameras. It is important to note that the exper-
imental noise affecting particle position is short-term in
nature. This noise is effectively mitigated due to the
temporal redundancy achieved through oversampling at
a high frame rate of 2300 Hz. In order to reduce exper-
imental noise (due to inevitable particle detection errors
in the Lagrangian particle tracking treatment3*), the raw
trajectories are smoothed by convolution with a Gaussian
kernel of width ¥ = 12 frames; acting as a low-pass filter
with a cut-off frequency f. = 2300 Hz/X = 192 Hz. Con-
sequently, the uncertainty associated with instantaneous
velocity along these trajectories is less than 4 mm/s33
Moreover, when the velocity is averaged over a specific
trajectory, the associated uncertainty of the mean veloc-
ity decreases to a few hundred microns per second.

The particles are spherical permanent neodymium
magnets with a mass density p, = 8200 kg/m?3, a di-

ameter d = 1 mm, and an average arithmetic roughness
Ly Ly
Ra

z(z,y)

where (z, y 1s the local planar surface and L, and L, are
the dlstances over which the height z(x, y) and its average
over the measurement area z(x,y) are obtained. These
measurements are performed with a Scanning Electron
Microscope (SEM) model ZEISS SUPRA 55 VP, over an
area of 200 x 500 pm?. The surface roughness of particles
has been proven to influence the boundary layer, there-
fore modifying several aspects of the dynamics3*37. Note
that the small values Ra/d, < 1.5x1072 are not expected
to notably modify the dynamlcs%. Particle dimensions
and shapes were measured using a microscope with a pre-
cision of 10 pm. No significant deviation from the spher-
ical shape or the documented diameter were measured.
The weight of one hundred particles was measured with
a precision of 1 x 1073 g. The result was divided by one
hundred to obtain the average mass of a single particle:
m, = 4.3 x 1072 g with a precision of 1 x 107* g.

The ranges of non-dimensional numbers reached are
Ga = [100, 280] and I" = [6.8, 8.2]. Note that the wa-
ter density is different at each viscosity and therefore I
varies as well. The magnetic moment |M| is computed
using Eq. E8 and results in [M| = 4.96 x 10~% Am?. The
external magnetic induction is created from a six-coil sys-
tem shown in Fig. 1 and detailed below. While a larger
number of coils would produce a magnetic field closer to
the linear profile needed, the choice of six coils resulted in
the compromise between quality of magnetic field (mea-
sured in Sec. IIC) and the need for optical access. The
coils were wound from copper wires of 0.5 mm (coils 2 to
5) and 1.5 mm (coils 1 and 6) in diameter. The coils are
placed at vertical distances Z; (i € [1,6]) from the origin
of coordinates, set at the middle distance between coils
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TABLE I. Characteristics of the coils used for the magnetic
compensation of gravity. Columns show the following param-
eters for each coil used: effective number of turns N, radius
R, and cross section o. Each coil is represented by a number
as in Fig. 1.

1 2 3 4 5 6

N 965 103 450 452 101 969
R (cm) 163 221 156 154 218  16.1
o (em?) 156 3.9 3.6 3.6 3.9 15.6

298
299

1 and 6. Details on the position of coils and the current®®

imposed are available in App. B. o

302
303
304

C. Magnetic Field Generation
305

The system of coils generating the magnetic inductionses
is described in detail in what follows. Each coil has asy
radius R; and a current ;. In order to simplify compu-ses
tations, each coil is modeled as a single loop of radius R;s0
with an effective current N;I; (V; is the effective numbersio
of turns). The value of N; is determined from a non-s
linear fit of experimental measurements of the magnetic
induction using a Bell 7030 Teslameter by: 312

313
R%NZIZ (6)314
RN

316

Bi(z) = 271077

where z is the distance from the coil ¢’s individual geo-37
metric center.
The coils’ effective parameters are presented in Table L
The uncertainties on N; and R; by the aforementioned™”’
method are estimated to be 4% and 3%, respectively,”
while the coils’ cross-section (o) uncertainty is 0.4 cm?.
Note that three sets of identical coils were used (namely”
1-6, 2-5, and 3-4), and the uncertainties of their effective”
parameters are identical. .
The six circular coaxial coils used to generate the re-
quired magnetic induction (Eq. 4) are sketched in Fig. 1223
The coils are modelled as infinitesimal current loops,
therefore the theoretical axial magnetic induction at thezz

six-coil system axis reads:
330

6 331

R2N; I,
B-z=2r10"" AN 7)%
z=em > (= + Z)2 + R2)15 ( )333

= 334
In order to set the magnetic field presented in Eq. 4 in thesss
laboratory, a nonlinear least squares fit of Eq. 7 to thess
axial component of Eq. 4: B, = G, z + By is performed.ss
The fit’s fixed parameters are: IV;, R;, G, By, and Z ;43
the range at which the fit is performed . The outputs are:ss
I; the current in each coil, and Z; the distance betweensso
the coil 4’s geometrical center and the origin of coordi-sa
nates z = 0 (located at the middle distance between coilsse
1 and 6). This method to solve equations numericallyss
is not affected by the fact that there are more variablessa

TABLE II. Details of the two external magnetic inductions
implemented here: Case go and g* = 0.65.

Nonlinear fits Measurements
Case g0 Case g* =0.65 Case g9 Case g* = 0.65
G, (G/m) 0 -290 0+£20 -286425
By (G) 20 26 20+1 22+1
Zpit (mm) (-150,50)  (-100, 0) X X

than equations, as the variables are modified at random
until the coefficient of determination (R?) is minimized.

Note that there is no radial dependence on Eq. 7. The
magnetic field outside the axis is estimated by Maxwells’
equations in App. A2 (see Fig. A.1). This theoretical
prediction was qualitatively confirmed with a Teslameter.

Two sets of values for G, By, and Zf;; were chosen:

1. Case go: homogeneous vertical magnetic in-
duction.
In this case G, =0 & B # 0, yielding no net mag-
netic force and only impacting the particle’s rota-
tion through the blocking effect of the magnetic
torque previously discussed.

2. Cases ¢g*: constant gradient vertical mag-
netic induction.
In this case G, # 0 & B # 0, yielding both a net
magnetic force (used to compensate gravity) and
a net magnetic torque, resulting in the rotation-
blocking effect, respectively.

The two cases differ on the magnetic force magnitude
(proportional to G,) that they impose on the particles:
whereas Cases ¢g* block the rotation and apply a force,
Case gg blocks the rotation but the applied force is neg-
ligible. The size of the fit window Zf;; needed to be
shortened for Cases ¢* to minimize inhomogeneities in
the magnetic force. The specific values of these two sets
of input parameters in the nonlinear fit to Eq. 7 are pre-
sented in Table II, alongside the corresponding magnetic
induction measurements discussed below. Details about
coils’ parameters for both cases are detailed in App. B.

Note that new cases are achieved by the multiplication
of the base currents in each coil given by the solutions of
Cases gg and g* = 0.65.

Fig. 2 presents the profiles of axial magnetic induc-
tion B, (first row) and its gradient V,B (second row)
obtained from the nonlinear fit (black lines), and mea-
surements performed with a Teslameter (blue crosses),
versus distance to the origin. Finally, the blue shade
represents the region (7 fit) where the fit was performed.
Note that because the magnetic field is measured at the
axis, the equation fitted represents the center of a current
loop B = B, z.

It can be seen that, for Case gy, the magnetic induction
measurements (Fig. 2(a)) overlap with the simulations,
whereas the magnetic induction gradient (Fig. 2(c))
presents an average difference of 10%, with maximum
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FIG. 2. B, and its gradient computed from the axial magnetic
induction measurements (blue points) and simulations (black,_
line) against the distance to the origin z = 0, for Cases go and
g* = 0.65. The insets present a zoomed version of the plots.380
The blue area shows the z-range Zy;; over which the maugnetic381
field is optimized. Finally, a horizontal arrow denotes the®?

rightwards direction of gravity. 383
384

9

385

386
values of 30% that occur near the extremes of Z¢;;. On

the other hand, Cases ¢g* have a 10% discrepancy om,,
the magnetic induction gradient V,B (Fig. 2(d)) and in,,
the magnetic field (Fig. 2(b)). Additionally, note that,,
the radial-to-axial force ratio (Eq. E7) takes the follow-
ing maximum value for Cases go and g*: 1 x 1072 and,,,
1.5x 1071, respectively. In the case of the 1 mm spherical,,,
permanent magnets that are studied here, these inhomo-,,,
geneities in the magnetic induction gradient produce a,,
5% and 3% of typical variability in the effective gravity,,
value for Cases ¢g* and g, respectively. 07

387

391

The presence of oscillations in the magnetic field canses
be explained as the interference between the higher har-se
monics that compose the total magnetic induction ofso
each coil'®. The interaction between these higher har-
monics can be modified considerably by small errors inso
the coil positioning. To explore this idea, Fig. 3 showssos
the theoretical magnetic induction (a) and gradient (b)aos
for Case g* = 0.65, evaluated at different coil 1 posi-4os
tions (Z1): its original position (black), 5 mm downwardsaes
(red), and 5 mm upwards (magenta). While the magneticsor
inductions are indistinguishable (Fig. 3 (a)), the gradi-se
ents show clear differences (Fig. 3 (b)): Within the mea-
surement region (blue shade) a difference of up to 3% is
present. Note that the coil positioning error is estimatedoo
to be 5 mm; this value includes the approximation of the*®
coils by an infinitesimal loop at its geometrical centre
and the 2mm precision in positioning due to the toolsa
used. These factors are hypothesized to produce the dif-u>

ference between the experimental measurements and the
simulated values encountered in Fig. 2.

60
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FIG. 3. Theoretical magnetic field (a) and gradient (b) for
Case g* = 0.65, evaluated at different coil 1 vertical positions.
The original coil position (black); 5 mm downwards (red); and
5mm upwards (magenta) are shown.

D. Data Sets

The camera-tank distance A was varied to obtain two
different measurement volume heights h (see Fig. 1):
h = 100 mm and h = 200 mm which correspond to the
ranges Zr;:. This translates into different maximum par-
ticle non-dimensional trajectory lengths ¥, .. = h/d, =
100 & 200 (recall that dp, is 1 mm for all cases), while
the measured volume has a 150 x 150 mm? transverse
section.

The experimental procedure is as follows: Initially, the
tank is filled with a water-glycerol mixture and 24 hours
are allowed to pass. During this time, the temperature
at various locations within the bulk of the fluid stabilizes
to a temperature difference of less than 0.6°C. This was
determined by a movable temperature probe that was
used to measure the temperature in the fluid at different
locations. Subsequently, a standard calibration process
for the 4D-LPT system is executed®®. Once calibration
is complete, the magnetic field is activated and spherical
particles are released from a plastic tube with a 5 mm
diameter positioned at the center of the tank and 5 cm
above the region of interest. The particles are carefully
introduced one by one into the tube where they settle
due to gravitational forces. To ensure that the fluid re-
mains undisturbed between successive particle releases, a
minimum waiting time of 120 seconds is observed. This
interval is chosen to be at least 12 times the viscous re-
laxation time, denoted as 7 = df, /v. The specific value
of the viscous time varies across experimental cases and
a maximum waiting time value of 1 x 1037 is achieved in
the more viscous case.

I1l.  SINGLE MAGNETIC SPHERE SETTLING AT FIXED
ORIENTATION AND MODIFIED GRAVITY

In this section the local gravitational pull is reduced
via the magnetic gravity compensation method presented
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previously. It is proven that the Galileo number (and
hence the settling regime) of spherical magnetic particles
can be magnetically tuned. Furthermore, these results
confirm the validity of the magnetic gravity compensa-
tion method. This is the first step towards the deploy-
ment of a global strategy to experimentally explore the
influence of gravity in particle-fluid interactions.

A. Parameters explored

The results of an experimental study on spherical
metallic particles settling in a quiescent flow at moder-
ate Reynolds numbers performed by our group® are used
as reference data to be compared against the present
measurements. Note that those experiments were per-
formed in the water tank presented in Fig. 1 and thess
non-magnetic particles used had p, = 7950 kg/m?, whichass
is comparable to the density of our magnetic particles. e

Recall that the particles are affected in two ways duesno
to the presence of the external magnetic inductions pro-sn
duced here: First, as the applied magnetic field is mostlyar
vertical on the region of interest, particle rotation is par-ss
tially blocked and only allowed around the vertical axis.sns
Second, the spatial profile of the imposed field is specifi-azs
cally tailored to be as close as possible to a homogeneousas
vertical gradient field in the region of interest, hence par-s»
ticles experience an almost constant magnetic force whichars
counteracts the gravitational force yielding different ef-ao

fective gravity values g. 480
In the sequel, the following nomenclature will be usedas:
to refer to the different experiments: a2
e Case OB o

484

Reference case with non-magnetic particles®.
485

e Case gy 486
Uniform magnetic induction (spin blocking effect).s
This magnetic induction profile was presented in

Fig. 2(a)-(c).

e Cases g*
Uniform magnetic induction gradient (spin block-,,,
ing and modified gravity). The magnetic induction,,,
profile was presented in Fig. 2(b)-(d).

490

As detailed in Section IID, the visualization volume in

*

Case ¢g* has a maximum non-dimensional height [} . =

100, whereas for Case go [},,, = 200. This difference®!
is due to the finite size of the coils: It is possible to
produce a homogeneous magnetic induction (Case gg) ina
a larger region of space compared to the production of s
homogeneous magnetic induction gradient (Cases g*). o
For the Cases g*, Table IIT summarizes the differentas
effective gravities § explored (details about the estima-ass
tion of g are given in the next subsection). The effectivessr
gravity will be given from now on in non-dimensionalass
form g* = g/g. In practice, changing the effective grav-so
ity is simply achieved by multiplying the currents in theswo
original configuration (¢* = 0.65) by a constant value. su

TABLE III. Different magnetic induction gradients applied
and regimes of effective gravity g explored. The columns
present the five different variants of the magnetic field in the
Cases ¢g*. The rows show the non-dimensional gravities g*
defined as the ratio between the effective gravity § and the
usual gravity acceleration g = 9.8 m/s? and the values of
V.B evaluated at r = 0 (i.e., the coils’ axis) denoted G..

g =g/g G:(G/m) B (G)
0.434+0.02 —4764+42 37+1
0.65+0.02 —286+25 22+1
0.7740.02 —1914+16 15+1
0.80+0.02 —171+15 13+1
0.904+0.02 9548 T+1

The exploration of settling regimes is performed by
independently changing the effective gravity and the fluid
viscosity according to the following protocol. For a given
value of fluid viscosity, all the previous values of § are
applied to vary Galileo number. In this way, with a fixed
viscosity, the Galileo number can be modified by varying
the effective gravity between 65% and 100% of its value
at g = 9.8 m/s?. The range of Ga values explored is
[100, 280].

In the remainder of this article, non-dimensional pa-
rameters are denoted by a superscript asterisk. Spatial
variables are normalized by particle diameter z* = z/d),
velocities are normalized by the buoyancy velocity v* =
v/Ugy = v/+/|I' = 1|gd,, and time is normalized by the
response time of the particles 7, = d,/Us,.

Finally, the trajectory angle is defined as the ensemble
average of the angle between a linear fit to each trajec-
tory and the vertical. The trajectory planarity is quan-
tified by the ratio of eigenvalues Ao /A1 (with Ay > Ag) of
the non-dimensional perpendicular (to gravity) velocity

correlation matrix, defined as38:

*2 k%
<wv,” > <v,v,>
vivih=|_2 | (8)
<wvyup > <wvyt >
with v* = v/U,. Perfect planar (non-planar) trajectories
yield Ao/A1=1 (=0), while the fractions represent inter-
mediate cases.

B. Terminal Velocity & Effective Gravity Homogeneity

It is important to verify that the particles reach a
terminal velocity, and that there is no global devia-
tion caused by the magnetic induction gradient inhomo-
geneities measured in Section IIC. In this sense, Fig. 4
presents some examples of settling velocity, represented
by particle Reynolds numbers (Re, = vsd,/v, with v,
the velocity component parallel to gravity), for various
amplitudes of the applied magnetic gradient in Cases g*,
which correspond to various values of the effective grav-
ity. Two examples of Case go at two different values of
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FIG. 4. Particle Reynolds number (Re, = vsdp/v, with vs**
the velocity component parallel to gravity) versus the non-5%
dimensional distance to origin z* (panel a) and versus thess
Galileo number computed with the corresponding effectivesss
gravity (panel b), for all the variants of external magneticss
fields studied. (a) Representative particle Reynolds numberssg
from independent realizations for the following cases: go atg,
Ga(g) = 235 £ 7 (red-violet dashed line) and Ga(g) =80 £5,
(vellow dashed line); g* = 0.43 at Ga(g) = 105+ 5 (blue_
line); ¢g* = 0.65 at Ga(g) = 129 + 5 (purple line) ; ¢g* = 0.77

at Ga(j) = 178 £ 5 (red line); g* = 0.80 at Ga(g) = 143+ 5
(green line); and g* = 0.90 at Ga(§) = 193+£7 (cyan line). (b)**
Particle Reynolds number versus Galileo number, alongside®*
the theoretical settling velocity computed from the correlation®s
presented in Cabrera-Booman et al.® and the reference datasss
of Case @B®. 557

558

559

Ga (80 and 235) are also shown to illustrate the sole ef-®
fect of rotation blockage in a particle in the Rectilinear®
(Ga=80) and Planar Rotating (Ga=235) regimes. Note™
that panel (a) presents single realizations showing the

evolution of vertical velocities versus distance to the ori-

gin for individual particles at given values of g* and Ga,%
while points for the terminal velocity shown in panel (b)*
are obtained from the ensemble and spatial average of*®

tens of drops. 566

Fig. 4(a) shows the particle Reynolds number versus™

the non-dimensional distance to origin z*, for all the vari-"
ants of external magnetic fields studied. Note that the™
different examples shown here were not obtained with the™”
same fluid viscosity, therefore, the corresponding particle’”
Reynolds numbers are not ordered by g* but by Ga(g).””
There is a well defined terminal velocity (i.e., the particle””
Reynolds number is constant) for all magnetic field cases
except for Case g* = 0.43 (which corresponds to the case
of highest amplitude of applied magnetic field). In that
case, Re, varies as much as 10% along the particle tra-"
jectory. This variation is of less than 2% in the other™
cases, which is in the range of the fluctuations reported
in the literature® and in the non-magnetic experimental
data from Case @B®. This indicates that (except for the
largest applied field, case g* = 0.43) the applied mag-ss
netic field gradient effectively compensates gravity ho-sx
mogeneously, and that the rotation blocking effect doesss
not prevent particles from attaining a well defined termi-sr
nal velocity. A possible explanation for the lesser qualitysso

8

4

5

of Case g* = 0.43 could be related to finite size effects
of the coils which were not taken into account in the de-
sign of the magnetic field linear profiles and which may
enhance the magnetic gradient inhomogeneity.

Fig. 4(b) shows the ensemble and space average of
the measured particle Reynolds numbers versus a Galileo
number computed using the effective gravity. The marker
size represents each data point uncertainty. Black solid
circles present the data from the reference case® and a
solid line presents the Re, vs Ga correlation law pro-
posed by Cabrera-Booman et al.®, which was inspired
from a previous study by Brown et al.3° Note that this
correlation has been shown to underestimate the termi-
nal velocity of high density ratio particles® by between
5% and 10%, as it can be seen in the figure. We can
see that the terminal particle Reynolds numbers of all
cases consistently follow the same trend, in good agree-
ment with the proposed correlation. Only the point at
g* = 0.43 shows a slight deviation from the global trend,
confirming the lesser quality of the magnetically modified
gravity in that case.

Overall, it is then concluded that measurements up
to ¢g* = 0.65 can be expected to behave analogously to
non-magnetic spheres settling at modified gravity (this
claim will be confirmed below).

Note regarding the estimation of the effective gravity.
The fact that particles reach a terminal velocity allows
for the definition of a constant effective gravity, and de-
termining its precise value is crucial. Recall the equa-
tion linking § with the experimental parameters (see Sec-
tion ITA):

g =g9— M|V.|B[/m. (9)

As discussed previously, the value of M can be computed
from the manufacturer’s data and V,.B was measured.
The values of g can then be computed. The method to
obtain the effective gravity given by Eq. 9 and detailed
above is used throughout the manuscript. However, an-
other way to compute the effective gravity is by the mea-
surement of terminal settling velocity with no external
magnetic induction applied vs o and comparing it to that
of particles settling in the same flow but with its gravity
modified to vs . The particle settling velocity can be
calculated as:

Vg = /—mg
° %CD(Rep)d%Pf .

The ratio m/(5d2py) is identical because the same par-
ticles are used, therefore:

(10)

. §
9.8 m/s?

vZ 3, Cp(Rep, )

= , 11
UE,OCD(REI%()) ( )

9

with Repo = vs0dp/v, and Re, pr = vs,mdp/v. Then,
using usual drag correlations®3?, it is possible to extract
g for all the Cases g* studied. Values of g that overlap
with the computed ones are independently obtained from
particle terminal settling velocities.
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C. Path instability Results

The different path instabilities of a single spherical
magnetic particle settling in a quiescent flow are pre-
sented here. The dynamics are controlled by Galileo
number (Ga), which varies as the square root of gravity.
The goal is to test whether the different settling regimes
which have been reported in previous numerical®” and
experimental®®830 studies (where Ga is classically varied
by changing the particle diameter, the particle-to-fluid
density ratio, or the viscosity) are consistently recovered
when Ga is varied by magnetically modifying the gravity.
To further clarify the possible impact of rotation block-
age alone, we also consider Case go (homogeneous applied
magnetic field) where Ga is classically varied. Measure-,,
ments in Cases g* and gy are compared to the reference,,,
non-magnetic case®. First, we qualitatively show the tax-,
onomy of the different type of trajectories observed when,,,
spanning Ga in the magnetic case. Then, the trajectory,,,
angle and planarity are quantitatively compared to the,,
experimental® and numerical” data in the non-magnetic,,,
reference scenario Case O B. ot

It is shown that by magnetically changing gravity, the,,,
path instability in action can be tuned and that all the,,
classical regimes are recovered in the same range of Ga,,
and with the same trajectory properties than for the ref-,,
erence non-magnetic case. o5

The state-of-the-art I' - Ga parameters space taken,,,
from Cabrera-Booman et al., alongside the data pointsg,
explored in the present study are presented in Fig. 5.

It is worth stressing that, as revealed in previous non-,
magnetic experimental studies (see for instance the re-,
cent work by Raaghav et al.3 and Cabrera-Booman et,,
al.®) the boundaries between regimes in this space of pa-,
rameters are not always sharp. Some regimes exist in a,
narrow range of Ga and some regions have been shown,
to exhibit multi-stability (i.e., several regimes have been,,
reported in similar regions of parameters). This may also,
be affected by the uncertainty, typically of the order of,,
a few percentage points, with which the Galileo num-,
ber is determined. This is mostly due to uncertainties,
of the viscosity in the classical non-magnetic case, with,,
the addition in the present case of the small variability,,
of effective gravity modification due to the 5% variability,,
of the magnetic gradient across the measurement volume,,
previously discussed. os7

668

669

1. Trajectories Geometry 670
671
Fig. 6 presents some representative 3D trajectoriess
(first column) alongside a top view (second column). Allers
of these trajectories belong to Case gg (rotation block-ers
age and normal gravity), as those of Case g* present theers
same dynamics but with shorter trajectories. Each sub-es
panel presents results with Ga in the main four regimeser
previously identified: 678
(1) Steady Oblique — Ga = {153,158}. Fig. 6(a)ew

RS
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FIG. 5. Particle-to-fluid density ratio (I') — Galileo number
(Ga) space of parameters. Alongside the data points mea-
sured in this study taken from Cabrera-Booman et al.®

presents some trajectories in this regime. Although some
trajectories show slight deviations from perfect planarity
(the value of the planarity parameter /Aa/A; will be
shown later to be of the order of 0.2 versus 0.05 for Case
(@ B?®), the trajectories are overall planar and have a well-
defined angle with the vertical that, after centering, form
a cone in 3D space.

(2) Oblique Oscillating — Ga = 206 (Fig. 6(b)). Tra-

jectories at Ga = 206 would be expected to be in the
Oblique Oscillating regime according to numerical simu-
lations”. Fig. 6(b) presents some oblique oscillating pla-
nar trajectories while others are not perfectly planar and
resemble the rotating regime a priori expected at slightly
higher values of Ga.
The trajectories observed at this Galileo number share
properties compatible with both the oblique oscillating
and the planar or rotating regimes (Fig. 6(c)). As ex-
plained at the beginning of this section, it is likely that,
considering the 5% uncertainty in Ga, and the vicinity
with the frontier to the Planar or Rotating Regime, these
measurements could be attributed to either the oblique
oscillating or the planar or rotating regime.

(3) Planar or Rotating — Ga = {213,217}. Fig. 6(c)
presents some trajectories in this regime. They are com-
posed of weakly non-planar trajectories (black) and some
helicoids with diameter D =~ 10 and pitch P ~ 500
(equivalent to those of Case @B). Note that these val-
ues are non-dimensionalized by the particle diameter d,,.
A bi-stable region is predicted by numerical simulations
and has been observed experimentally with non-magnetic
particles®. It is also confirmed for the case of magnetic
spheres for this range of Ga. Apart from the effects on
angle and planarity (discussed in Case (B), this sub-
panel makes explicit the presence of two regimes at these
Ga numbers: Helicoid-like trajectories and oblique non-
planar ones.

(4) Chaotic — Ga = 275. Finally, the Chaotic regime
correctly matches the characteristics found for Case @ B:
All trajectories are different, non-planar, and oblique.

The taxonomy and range of Ga for which these differ-
ent trajectories are observed for Cases g* (when the par-
ticle rotation is blocked and there is an effective gravity)
are globally indistinguishable from those found in the ref-
erence case B of non-magnetic particles and those just
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FIG. 6. Representative 3D trajectories, alongside a top view, for results with Ga in the main four regimes presented in the
introduction and in Fig.5. Sub-panel (a) — Ga = {153,158}, Steady Oblique regime. Sub-panel (b) — Ga = 206, Oblique
Oscillating regime. Sub-panel (¢) — Ga = {213,217}, Planar or Rotating regime. Sub-panel (d) — Ga = 275, Chaotic regime.

All these trajectories belong to Case go.

described for Case gg. This supports the hypothesis thatess
rotation blockage and the addition of a magnetic force doeer
not affect the regimes that a settling particle undergoessos
in a fluid at rest3®. Furthermore, this supports the ideasss
that the magnetic method to modify the effective grav-roo
ity presented here indeed modifies gravity without anyu
spurious effect. This is further developed in the com-7o
ing sections, using quantitative indicators for trajectoryvos
planarity and obliqueness in the different regimes. 704

705

706
2. Angle and Planarity of trajectories 707

708

Fig. 7 presents the trajectories’ angle and planarity™
versus Ga number, alongside the reference measurements™®
@B from our group® (empty circles). Additionally, the™
vertical dashed lines show the onsets for the differentn2
settling regimes: Rectilinear, Steady Oblique, Obliquens

Oscillating, Planar or Rotating, and Chaotic. In par-
ticular, Fig. 7(b) and Fig. 7(d) present the measure-
ments against a Galileo number Ga(g) that was calcu-
lated with the effective gravity value g, whereas Fig. 7(a)
and Fig. 7(c) show the measurements as a function of
Ga(g) number based on the actual non-perturbed grav-
ity, i.e., § = 9.8 m/s%. Red crosses denote the measure-
ments from Case g, for which only the particle rotation is
blocked and no net magnetic force modifying the effective
gravity exists. The empty circles are the non-magnetic
reference data of Case @B2, and the rest of the markers
are the different configurations of Cases ¢* and g¢ pre-
viously defined, a magnetic field is applied. Note that
in the reference case @B and Case gg, the points keep
the same abscissa between rows because gravity is not
modified.

For both the trajectory planarity and angle, it is ob-
served that the data points collapse into a single trend
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FIG. 7. Trajectory angles with the vertical (a-b) and planarity (c-d) versus Ga number, alongside the reference measurements of
Case @B (empty circles)s, Additionally, vertical dashed-lines and color bars® show the onsets for the different regimes presented
previously following the nomenclature introduced in Cabrera-Booman et al.® and Fig. 5. The bottom row shows measurements
against a Galileo number that was calculated with the corrected gravity value g. The top row presents measurements as a
function of a Ga number computed assuming that the gravity did not change with the application of the external magnetic
induction (i.e., § = 9.8 m/s?). Finally, different markers and colors are used to distinguish the data points as denoted in the

legend.

when the corrected Ga(g) is used. This is consistent withzs
the reference data case @B, including the transitions be-

tween settling regimes, whose detailed description has

been reported in Cabrera-Booman et al®. It can be seen™
that Case go, for which no magnetic modification to Ga is™
applied, presents an identical behaviour as the reference™
Case @ B. This implies that there is no measurable effect™
of the particle rotation blockage on the trajectory angle
or planarity. The uniform magnetic gradient strategy al-""
lows exploration of Galileo number effects and settling™
regimes by simply varying the amplitude of the applied™
field (and thus of its gradient); which is equivalent, in™
terms of variations of Ga, to viscosity and particle diam-"
eter modifications. e
Note that the single point with § = (4.2 £0.2) m/s? and™
Ga = 103 (light blue circle), which corresponds to the™
strongest magnetic gradient applied (Case g* ~ 0.43), is™
off the trend in Fig. 7(b). This is due to the spurious™
radial magnetic force which, as already pointed out in™
Section IIIB, cannot be fully neglected for such strong™
effective gravity modifications. As a consequence, tra-rss
jectories in this range of effective gravity acquire a smallsss
radial drift and tend to become more oblique. 757

758

0

742

4

7

IV. CONCLUSIONS

This article presents both a magnetic method to mod-
ify the gravity on particles in a laboratory and experi-
mental studies on the settling of single spheres in a qui-
escent flow with modified gravity and blocked spin. A
magnetic method to modify gravity is developed, vali-
dated, and tested. Its theoretical foundation is presented,
including details on how the addition of an external mag-
netic induction can produce a vertical force that counter-
acts the gravitational force on a magnetic particle. This
experimental method also blocks the perpendicular-to-
magnetic field spin of magnetic particles. The homogene-
ity of the theoretically derived magnetic field needed to
compensate gravity is detailed, showing a high level of ho-
mogeneity. The coils’ positions and currents to produce
the desired magnetic field are obtained from a nonlinear
fit, and the resulting field measured in the real world is
compared to the theoretical field finding good agreement.

The settling of spherical magnets in a quiescent flow is
studied and compared to a reference non-magnetic sphere
settling measured by our group® as both a final valida-
tion of the method and a study on the influence of particle
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spinning on the particle trajectories’ dynamics. The lat-sir
ter consists of the analysis of the dynamics of spheres inss
the parameter space I' — Ga, with a particle-to-fluid den-si
sity ratio I' = 8.2 and Galileo numbers Ga € [100, 280].s0
The terminal velocity of particles is discussed for each ef-sx
fective gravity value, showing that particles achieve a ho-s»
mogeneous terminal velocity thus implying that the mag-ss
netic method modifies gravity homogeneously. Trajecto-sx
ries in 3D that match benchmark results without gravitys:s
are shown for each regime in the path instability param-ss
eter space. The results on trajectory angle showed nosx
difference between magnetic and non-magnetic cases, im-ss
plying that the method to compensate gravity performsszo
well and particle spinning is not relevant for that aspectsso
of the dynamics. On the other hand, trajectory planarityss:
presents minimal differences in the planar or rotating re-s:
gion of the parameter space, although the present mea-ss
surements are not sufficient to conclude whether there isg,
a rotation blockage effect. 835

A novel experimental method to compensate gravitysss
on magnetic particles in a fluid has been demonstratedss
to compensate gravity down to a homogeneous value ofsss
6.37 m/s?, or 65% of its full value, in the measurements
volume without inducing drift or any other spurious ef-s«
fect on the particle dynamics. Note that this value can bess
further reduced by changing, for instance, the particles.s«
Although not discussed here, this experimental techniquess
can be minimally modified to increase the gravitationalss
pull. There is a considerable value in the method as itss
allows low-gravity experimentation in a laboratory benchsss
that otherwise would require substantial funding and fa-s+
cilities such as parabolic flights, International Space Sta-s:

tion, or drop towers. 849

This method has great potential for particle-laden tur-"*

bulent flows where the aim is to disentangle the role of™™
particle inertia and gravity on particle coupling with the*
surrounding fluid. This requires the modification of the
settling properties of the particles independent of the in-*°
ertial couplings with the fluid. This question is impor-*°
tant for unveiling the mechanisms at play during turbu->
lent transport of inertial particles®®, where inertial effects™
(such as dynamic filtering*! and preferential concentra-**
tion*?43) are generally parameterized by the particles™
Stokes number St = 7, /7, (with 7, the particle viscous™
relaxation time and 7, the turbulence dissipation time)™
interplay with particle settling. These effects can, for in-
stance, be parameterized by the settling velocity number®®
Sv = Tpg/Ums (sometimes referred as Rouse number),™
where g is the acceleration of gravity and u,s is the tur-
bulent fluctuating velocity. Exploring the role of inertia
in experiments by varying the Stokes number at fixed
turbulent conditions (i.e., for fixed 7,, and uyms) requires
variation of the particles’ relaxation time 7,, hence in-%®
evitably changing their settling velocity number and the

settling properties. Being able to experimentally modifyser
the effective gravity experienced by the particles wouldsss
give a unique and simple way to truly explore settlingseo
velocity number effects at fixed Stokes number. 870
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865
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This method restricts the particle rotation, only al-
lowing for spin in the direction of the magnetic field. On
one hand, this is a strong constraint for finite-sized par-
ticles where rotational and translational dynamics might
be coupled***>. On the other hand, blocking the rota-
tion is also a unique opportunity offered by the magnetic
method to disentangle the effects of particle rotation and
translation on the global dynamics. Additionally, be-
cause the rotational and translational particle dynam-
ics are decoupled in the context of the equation of mo-
tion for point particles proposed by Maxey, Riley, and
Gatignol*647 (MRG), the particle rotation blockage ef-
fect generated by this method does not affect its ability
to disentangle the role of particle inertia and gravity. The
usual rule-of-thumb for finite size effects (i.e., deviations
from the MRG framework) suggests that they appear for
particles with diameter d,, > 5n7*® (with the Kolmogorov
scale 7 = (v®/€)'/*). Therefore, one can expect the 1
mm particles used here to behave like point particles in
flows where n > 200 um. Moreover, magnets with sizes
of the order of 300 um are available, therefore allowing
for 1 to be lowered and still be in the MRG framework.

Magnetic anisotropic particles can be considered an
infinitesimal dipole with constant magnetic moment M
at their center. The fluid torque will be different than
in the spherical case described here. For instance, the
particle might not align with the magnetic field instanta-
neously. At this time, the smallest spherical permanent
magnets have a diameter of 0.5 mm, that in the case of
pure water and pure glycerol would result in Re ~ 90 and
Re ~ 1 x 107!, respectively. The size of ferromagnetic
particles can be as low as 1 um and their application to
this method is detailed in App. C. The use of this method
to study collective effects will be complex as inter-particle
forces will become dominant when the particles are close.
The method will certainly work if the particles are dis-
persed enough, or encapsulated in large enough non mag-
netic shells (for instance, wax-encapsulation as done by
De La Rosa et al.?”). However, investigating collective
dynamics (such as turbulent preferential concentration)
in the presence of additional interparticle interactions is
interesting. For instance, droplets in clouds or powders
in industrial processes may be charged so that hydrody-
namic couplings compete then with interparticle interac-
tions. Although magnetic and electrostatic interactions
are different, studying the modification of turbulent clus-
tering in presence of magnetic interactions may still lead
to interesting and relevant new discoveries.

Appendix A: Gravity Compensation Theory
1. Equations of Motion

When applying this method to a particle in a fluid the
equations of motion need to include hydrodynamical ef-
fects. Neglecting added mass and history forces*®47, the
fluid adds drag®®, torque*®, and buoyancy effects yielding
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the following equations of motion:

) 1
F = (mp = Vps)g 2+ M- VB — cCpmdypsvlvl, (E1)

T = —1/64C,psw|w|d) — M x B, (E2)
with fluid density ps, particle volume V/, kinematic vis-
cosity v, translational (Cp) and rotational (C,,) drag co-
efficients, particle velocity v, and angular velocity w. Fi-
nally, note that if the Reynolds number is low (typically
below order one® i.e., the Stokes regime) the fluid drag
and torque are simpler:

F=(mp,—Vps)gz—V(M-B)—3rd,nv,
T = mpdjw — M x B.

2. Magnetic Field Derivation

To homogeneously compensate gravity, the magnetic
force on gravity’s direction (FM . 2) needs to be a con-
stant independent of z, here denoted G,. Alongside the
previous condition, the external magnetic field B has to%s
be a solution of Maxwell’s equations, leading to the fol-

lowing set of equations: 904
905

V. B =G, (E3)a0s

V-B=0, (E4)007

V x B =0. (E5)™

The present work focuses on axisymmetric solutions’™
where a linear magnetic induction in z can be proposed,”
resulting in: B(r,z) = B,.(r) & + (G, z + By) 2, in cylin-""
drical coordinates. B, can be obtained by solving Eq. E4,””

leading to the following magnetic field induction: .

915
B(r,z) = (-G./2 1)t + (G, z+ By) . Zj
This magnetic induction respects the irrotational condi-""*
tion (Eq. E5), whereas Eq. E3 is exactly satisfied only at®®
r = 0. The latter is an unavoidable consequence of the®®
solenoidal nature of magnetic fields. A dependence on9:
the distance to the system axis (r) and the position onsz
the axis (z) are then present in the forces acting on thess

particle: 924
925
FM(r,z)=M 9B _ (G=2 4 Bo)G- ,
0z V(G2 /412 + (G.z + Bo)? (E6)
2
FrM(r,z):Ma—B:M r(Gs) /4 .
0 \/(Gz)2/4T2+(Gzz+Bo)2 926

927
Note that FM(r — 0) = 0 and FM(r — 0) = MG, .0
Therefore, gravity can be fully compensated at r = Qo
without any radial force present. Note that this is noteso
in conflict with Earnshaw’s theorem!® because the equi-ss:
librium is not stable, i.e., the Laplacian of the magnetices
energy is not zero. 033
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FIG. A.1. Contour plot of the axial (a) and radial (b) compo-
nent of the theoretical magnetic force, normalized by the axial
force at z=0: FM(r,2)/FM(0,0) and 1-FM(r,2)/F}(0,0),
respectively.

3. Magnetic Field Homogeneity

Fig. A.1 presents contour plots of FM(r,2)/F(0,0)

and 1-FM(r,2)/FM(0,0). Note that the normalization
chosen is FM(0,0) = MG.. Values of G, = —250 G/m,
By = 26 G, z € [-150,50] mm and M = 4.96 x
1078 G~'m2s~2 were used to compute the forces from
Equations E6, as these are typical magnitudes for the
present experimental setup.
The axial component of the force FM has a weak de-
pendence on z and r, as quantified in Fig. A.1(a): A
maximum axial force variation of 20% is achieved at
z = 50 mm and r = 100 mm. At z € [—150,0] mm
and r € [0,20] mm, the ranges used in this work, the
axial magnetic force has fluctuations below 2%. On the
other hand, the radial force FM has a stronger depen-
dence on r and z (see Fig.A.1(b)). When r = 100 mm
and z = 50, the radial force becomes as high as 30% of
the reference axial force at the center F2(0,0). At the
ranges z € [—150,0] mm and r € [0,50] mm the maxi-
mum value of radial force is reduced to 10% of its axial
counterpart.

The relative magnitude of the axial and radial forces
can be calculated:

FM(r, z2) 1 G,r

FM(r.2) 4G, 2+ By’

z

(E7)

As the aspiration is to solely counteract gravity, a radial
force is not desired and the latter ratio needs to be min-
imized. There are two ways to achieve it: Keep r small
compared to (z + By/G,); and/or have the largest pos-
sible value for By. The latter approach is ideal because
it allows a larger volume (r-z) where the axial force is
homogeneous and the radial forces are small. Note that
it translates to more current on the coils (B « I) and,
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therefore, thicker coil winding that might lead to the ne-on
cessity of external cooling. 72

Appendix B: Coils’ Input Parameters 073

The coils’ positions (Z;) and currents (I;) given by theor.
fit for both cases are presented in Table IV. Note that
for Case gg only four coils are used as this case does not,,
require more coils to achieve better homogeneity. -

For the Cases g*, the coils are not powered symmet-_
rically because of the need to create a gradient in the
magnetic field. To do so, the coils in the region with the
highest magnetic field need to have a larger current. It
is also important to produce a linear profile of magnetic,,,
field around a non-zero values in order to avoid the reori-
entation of the particle: This would happen because the
magnetic field would vanish and reverse direction, forcing

the magnetic moment of the particle to re-align. o83

TABLE IV. Coils’ positions and currents given by the fitoss
method for both Cases go and g* = 0.65. The coils’ namesoss
follow the nomenclature presented in Fig.1.

Case go Case g" = 0.65
Z (cm) I(A) Z (cm) I(A) ™
Coil 1 X X 26.5 2.28
COil 2 14.2 4.24 24.5 -1.77 987
Coil 3 12 0.20 12 1.70
Coil 4 -12 0.16 0 0.52
Coil 5 -14.2 4.46 -24.5 -3.06 .,
Coil 6 X X -26.5 -1.16
989
Appendix C: Particle Material Discussion 990

Equation 1 can be rewritten if one specifies the parti-
cle magnetic properties: in the ferromagnetic, paramag—jji
netic, or diamagnetic particle cases M « B, whereas for,,
a permanent magnet (with B = |B| below its coercivess
field strength) M = |M| is constant and FM = M - VB.s
This work focuses on the latter particle case because mag-**
netic moment values are at least two orders of magnitudezz;
larger. This translates into lower external magnetic in-g,
duction intensities (i.e., less power or smaller coils) tao
achieve a certain magnetic force. 1001

In particular, the magnetic moment M of a perma’*®
nent magnet can be computed, if one assumes that thézzj
magnetic dipolar moment is dominant, in the followinggyes
manner: 1006

1007

(ESjOOS

009
1010

where V' is the volume of the magnet, pg the vacuunmd™
magnetic permeability (note that po & pwater) and BfeﬁlZE
is the remnant magnetic flux density (for the particles,,

used here Bios = 1.192 T), in other words the magnet’sos

13

magnetic flux density when the external coercive field
strength is zero.
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