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Abstract—In this work a simplified analytical model and the results of an experimental investigation
of the influence of an external magnetic field on the rheological characteristics of a suspension of
iron particles in silicon oil is presented. The particles of iron were approximately of a circular
shape, from 3 to 5 um, with a maximum concentration of 10'° particles/cm3. The viscosity of the
carrying fluid varied from 80 to 240 cP.

The experimental channel was located in a closed circuit of forced circulation of the ferromagnetic
suspension. The entire length of 750 mm was placed in an area of a homogeneous magnetic field,
with the velocity vector of the suspension being perpendicular to the direction of the magnetic field.
The strength of the magnetic field could be changed continually from 0 to 9000 G.

The results obtained are shown in the form of parametrical dependencies of the rheological
characteristics of the ferromagnetic suspension. With that, the concentration of the solid phase
of the suspenston is parametrically changed, along with the strength of the external magnetic field
and the viscosity of the carrying fluid.

In the range of parameters studied, the external magnetic field leads to a Bingham character of
behavior of the ferromagnetic suspension.

INTRODUCTION

The present investigation of hydrodynamic properties of ferromagnetic suspensions can
be divided into two main areas. The first is concerned with the study of suspensions with
small and single-domain ferromagnetic particles (100-400 A) and with a volumetric
concentration of 0-1 per cent. Stable suspensions, which have unconventional properties
and great possibilities for practical application, can be obtained with a proper selection of
the carrier and the coated particles. The viscous property of this kind of fluid has been
extensively investigated by Rosensweig, Kaiser & Miskolczy (1969); McTague (1969);
Hall & Busenberg (1969); Zaitsev & Shiomis (1968, 1969). Special attention has been paid
to the magneto—caloric effects by Luikov, Berkovsky & Bashtovoi (1972) and also to the
possibility of using ferrofluids for direct conversion (Resler & Rosensweig 1967) and
(Nearinger & Rosensweig 1964). The main conclusions from these analyses have been based
on the assumption of low concentration of ferromagnetic particles which allows the
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neglecting of hydrodynamic and magnetic interaction between the particles. By this, the
effect of the external magnetic field and of the viscous characteristics of ferromagnetic
suspensions has become the mechanical interaction of a single magnetized particle and the
magnetic field. This has resulted in the increase of kinetic energy dissipation of the carrying
fluid and the suspended particles. From the hydrodynamic point of view, this problem is
only a correction of the Einstein relation for the determination of the viscosity of a diluted
suspension. For this domain of volumetric concentration, the ferromagnetic suspensions
have Newtonian characteristics. Nevertheless under some conditions it is possible to
increase the viscosity of the fluid.

The second direction of investigation of the hydrodynamic properties of ferromagnetic
suspensions is related to a higher concentration of ferromagnetic particles, with the size
of the particles being an order of magnitude larger than the particles in previous studies.
This paper is also devoted to this kind of ferromagnetic suspension. For ferromagnetic
suspensions with this property, the influence of the external magnetic field leads to an
interaction of magnetized particles as magnetic dipoles. As a result of this interaction, under
certain conditions the suspension becomes “solidified”, i.e. the formation of a dipolar
structure. Viscous forces in the carrier of the suspension tend to destroy this structure,
which results in the non-Newtonian behavior of ferromagnetic suspensions under the
influence of an external magnetic field.

SIMPLE ANALYTICAL MODEL

The analytical model of the rheological behavior of a ferromagnetic suspension under the
influence of an external homogeneous magnetic field is based on the assumption that the
solid particles, as a result of mutual interaction, exhibit a spontaneous tendency towards
“structure formation”. That is the particles form a chain like structure. The configuration
and rigidity of the structure will depend on the strength and distribution of the external
magnetic field, the concentration of the particles in the suspension, the type of ferromagnetic
particles, and the viscosity of the carrier. The rigidity of the structure is characterized by the
binding energy which originated from the magnetic energy of the particles, and it is equal to
the work performed by attracting forces between the particles in the process of structure
formation.

With the assumptions that the particles are spherical and made from homogeneous
linear magnetic materials and that the external magnetic field is stationary and homo-
geneous, the magnetic field and induction in the particles are given by Surutka (1971) as
follows:

H,=—"—H, [1]

and

uH,, (2]
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where H is the magnetic field, u is the relative magnetic permeability, and B is the magnetic
induction.

Since B; = u,(H; + M), the density of magnetic momentum in the volume of a sphere,
is given by

H, 3
B+ 2 B)

and the total magnetic momentum of spherical particles is

d3n P o —1
m=— = —

6 2 u+2

H, (4]

with d being the diameter of the particles.
The potential energy of the ‘“free” magnetic dipoles in the center of a sphere through the
space around the sphere is shown by Whitmer (1961) to be as follows:
_ um® _

3dn p, —1
i 3 . ”oHa'
nd 2 u+2

(5]

This potential energy of “free” dipoles is ununiformly distributed in the space surround-
ing the particles. At the surface of the spherical particles in the direction of the dipole, the
energy is @ maximum and is defined by

9 o\
Woax = =+ H 6
max 2 ( /,[r + 2 ) #0 /] [ ]
and at the equatorial part of the particle surface, its magnitdde decreases to
9 1 \?
Wmin =3 . Hg . [7]
2ip, + 2

Assuming that the magnetization process is faster than the mechanical process in the
carrier fluid, the magnetic poles of particles will be independent of mechanical movement,
so that they will always be placed in the direction of the external magnetic field. This is a
fundamental difference between this model and the models given by McTague (1969);
Hall & Busenberg (1969); Brenner (1970); Brenner & Weissman (1972) which assume the
particles as permanent magnets. From this assumption it is possible to draw the following
two conclusions. First, the single “free” particle from ‘‘soft” magnetic material in the
viscous flow is not affected by mechanical forces in the external magnetic field. Second, the
formation of the magnetic dipolar structure in the suspension will be possible only when
magnetic forces between the dipoles are larger than the viscous forces in the carrier flow.
When the structure is formed, it should be in the form of the chain with the main axis in the
direction of the external magnetic field. This form of the structure is a result of the distribu-
tion of potential energy around the dipoles, given by [6] and [7].

It should be pointed out that the structure of dipoles contained also the corresponding
volume of the carrier, forming cells which resemble a weaved, porous structure filled by the
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Figure 1. Suspension model at onset of the destruction of the chain structure.

fluids. If we consider a cross-section of the structured suspension perpendicular to the
direction of the external magnetic field, the number of the chains per unit surface with the
volumetric concentration of magnetic dipoles will be

AN, 6

n2=XS~=E (8]

where o is the volumetric concentration of the ferromagnetic particles.

Any single chain of dipoles in the velocity field of the suspension which corresponds to our
experimental condition, i.e.

u, = uly), u,=u, =0 (9]

with the external magnetic field acting in the direction of the y-axis. the structures will be
destroyed by the sufficiently high, shear strain acting on it. Considering the case of the
beginning of the destruction of the chain structure, as it is shown in figure 1, the distribution
of magnetic potential energy between dipoles 4 and B takes the form:

Yt

- 4_.1"?(1_3 cos 6) [10]
T r

The force acting to prevent particle 4 from breaking off of B in the chain of dipoles is

dw ow ow 00
F_

e Rt 11
Yodr 6r+60 or (1]

where w is the binding energy.
If consideration is taken of the conditions for the velocity field [9], it follows in polar
coordinates that » cos 0 = r,. Thus, we obtain

_ 3um?

= cos*6 (5 cos?6 — 1). [12]
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For the dipolar chain structure, it can be assumed that # = 0 and r, = d, so that the force
F, acting in the plane x—z will be

3 2
F, = 38,
nd

[13]

In this case the total magnetic force which is reacting in the plane x—z per unit surface will
be the magnetic component of shear stress. From [13] and [8], it may be written that

9y —1
o-o=n2Fi=E I +2

2
) panH? [14]
where ¢° is the magnetic component of the shear stress.

It is important to emphasize that o, is the only component of magnetic force for the
considered velocity distribution in the suspension and external magnetic field. This force
acts only as a result of the destruction of the thread structure of the dipoles.

A viscous shear stress in the x—z plane exists, in a liquid simultaneously with the destruc-
tion of the thread structure of dipoles, as a consequence of the velocity profile in the sus-
pension, which is given by

du,

Ty = N (a) (n, = viscosity). [15]

It is assumed that after the destruction of the dipolar structure for the relatively small
concentration of solid particles in the suspension, the Newtonian behavior of the suspen-
sion will be established with the Einstein correction for viscosity.

From this analysis it follows that the total shear stress in laminar flow of a ferromagnetic
suspension is given by

9
T=0,+T,="

2

du,

2
) .uoaHg + s (?d;) . [16]

ur_l
B+ 2

Keeping in mind the physical picture of the magnetic component of the shear stress, it can
be assumed that it depends on the existence but not on the rate of shear strain. This compo-
nent defines the condition at which formation of the magnetic dipole structure is possible.
It means that at the surface which divided the structured part of the ferromagnetic suspen-
sion from the part where there is no structuring, the following condition should be

as — >0, 7-o0,. [17]

From the rheodynamic point of view, [16] shows that the ferromagnetic suspension under
the effect of an external magnetic field behaves as a Bingham fluid.
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EXPERIMENTAL INVESTIGATION

Description of the experimental apparatus and measurement

The experimental apparatus is shown in figure 2. It consists of two main assemblies of
components. One assembly is used for obtaining the prescribed magnetic field, and the
second assembly is a circulation loop with corresponding measurement systems. The
magnetic field space was 800 x 200 x 50 mm with a continuous change from 0 to 9000 G.
The circulation loop consists of the following components: horizontal experimental
channel, circulation pump, reservoir with a mixer for homogeneity of the suspensions,
tubing and corresponding measuring elements. The experimental channel is 750 mm long
(L) with a rectangular flow cross-section of 20 x 2 mm? made from plexiglass (figure 2).
The channel was placed with the full length in a homogeneous magnetic field. The width of
the channel (2a) is perpendicular to the direction of the magnetic field. The distance between
the pressure taps was 150 mm along the channel length.

For each flow regime, the following measurements were performed:

~-Volumetric flow rate (V) of the suspension was determined in the range from 3 to
50 cm?/sec by a volumetric method with an accuracy of +0.2 cm?®/sec.

—Volumetric concentrations of the solid phase in the suspension, which was determined
by a gravimetric method in the range from 0.5 to 5 per cent vol with an accuracy of +0-05
per cent vol.

—Inlet and outlet temperature of the suspension (¢) in the range from 20° to 40°C with an
accuracy of +0.3°C.

—Pressure drop along the experimental channel (Ap) was determined by a differential
method. The location of the pressure taps is shown in figure 2. The pressure difference was
measured between 0-1500 mm Hg with an accuracy of 1 mm Hg,

—Intensity of the magnetic field was measured with a gaussometer. In the range from
0 to 1000 G the accuracy was +5 G.

All measurements were performed in a steady state condition. All measurements presen-
ted in this paper include only those flow regimes where fully developed hydrodynamic
flow was proven by the equality of the pressure drop in both halves of the experimental
channel.

Experimental results

Three series of measurements were performed. The first series of measurements includes
the measurement with water, transformer oil, silicon oil DM-100, silicon oil DM-300.
From these measurements, the theoretical relation of f = f(Re) was obtained. The charac-
teristic length in the Reynolds number and the friction factor was the hydraulic diameter.
This shows a satisfactory accuracy of the measuring methods and also the reproducibility
using different fluids. The relation f = f(Re) is shown in figure 3. It can be seen that all
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Figure 3. Friction factor vs Reynolds number—no magnetic field.

experimental measurements obtained in the entire length of the channel and also in both
halves of the channel are about 3 per cent lower than the theoretical line which corresponds
to the channel of rectangular cross-section with the ratio (width/height) a/b = 10. It can
be assumed that the difference is a result of an error in the determination of the channel
width. The actual channel width should be 0.03 mm larger than was used in the calculation,
2b = 2 mm.

The second series of measurements were made with iron powder suspended in silicon

oil DM~-100. The diameter of the spherical particles of the powder were in the range 3-5 um
and viscosity of the carrier was n, = 80 cP. The volumetric concentration of the solid phase
in the suspension was between 0 and 5 per cent vol. The magnetic field intensity was changed
from 0 to 600 G.
- The third series of measurements was the same as the second but with a different carrier.
The carrying fluid in this series was silicon oil with a viscosity of #, = 240 cP. By using a
carrier with larger viscosity the effect of the carrier viscosity on the rheological characteris-
tic was studied. Also this offered the possibility to simulate the temperature effect on the
suspension flow characteristics under the given experimental conditions.

The Manny-Rabinowitsch method was used for the identification of the rheological
characteristics of the fluid. In this procedure the following conditions were assumed :

—steady laminar suspension flow ;
-—uniform temperature
—no slip at the channel wall;

—uniform concentration of the particles in the suspension flow.
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Figure 4. The quantity V' ab? vs wall shear for various magnetic field intensities.

With these assumptions, the suspension velocity field in the experimental channel can be
described by [9]. On the basis of the Manny—-Rabinowitsch method, the shear rate of the
wall of the experimental channel is of the following form

y
d —_
|4 (4ab2)
b T Tan (18]

d
(ﬁ) = F(z,) = 2-
dy /. '

By the measurement of the pressure drop in the channel, the shear stress can be deter-
mined using the relation

ab

Ty = m . Ap [19]

Since the determination of the shear rate by relation [18] requires knowledge of
d(V/4ab?)/dz,, all experimental results were presented in the form of relation V/4ab® =
fi(z,,). One example of this relation is given in figure 4. This data corresponds to the suspen-
sion of iron particles in silicon oil DM -100. The concentration of the particlesis o = 4.9 per
cent vol. The intensity of the magnetic field is 65, 142, 155 and 195 G. It can be seen that the
experimentally obtained results for B = const. show a linear relation between V/4ab? and
1,,. It is interesting to note that the slope of the line with B = const. does not depend on the
intensity of the magnetic field. The intensity of the magnetic field affects only the translation
of the line V/4ab? = f,(t,) in the direction of shear stress increase.

The linearity obtained between V/4ab? and t,, simplifies the procedure for determining
the relation between the shear stress and the shear rate, ie. 1, = f,(¢) with o, Band t =
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Figure 5. Wall shear vs shear rate for various magnetic field intensities.

const. By using experimentally obtained values of V/4ab?® = f,(z,), as shown in figure 4, the
relation t,, = f,(e) was deduced and shown in figure 5. As a result of the linearity discussed
above and [18], this dependence will be linear for all ferromagnetic suspension considered
in this paper.

It can be seen that the shear stress to shear rate dependency for the different magnitudes
of the intensity of the magnetic field and for a constant volumetric concentration of solid
particles represents a family of parallel lines shifted with an increase of magnetic field
intensity. For the stronger magnetic field the shear stress to shear rate dependency is shifted
to the region of higher shear stress. The shear stress to shear rate dependencies for the
suspension of solid iron particles in silicon oil DM-300 are given in figure 6. The character
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Figure 6. Wall shear vs shear rate for various magnetic field intensities.
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Figure 7. Wall shear vs shear rate for various magnetic field intensities and two different carriers.

of this dependency is the same as in figure 5. It is interesting to note that the increase of the
carrier viscosity by a factor of three results only in a corresponding increase of the flow
curve gradient. This is clearly shown in figures 7 and 8, where the effect of volumetric con-
centration on the flow curve is presented.
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Figure 8. Wall shear vs shear rate for various magnetic field intensities and two different carriers.
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A comparison of the experimental results with the analytical model is given in figures
9—12. Within the limits of + 15 per cent the proposed analytical model corresponds to the
experimental results.

DISCUSSION OF THE RESULTS
The analysis of the assumptions included in the model and also in the method of the
intensification of the rheological characteristics require some clarification about their
effect on the results.
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1. The large difference in specific weight between the solid particles (p;, = 7.8 g/cm?®) and
the carrier fluid (p, = 0.965 g/cm?) requires the analysis of the effect of the sedimentation of
solid particles in the horizontal channel flow. Taking into consideration that the sedimenta-
tion rate mainly depends on the shape and geometry of the particles, the viscosity of the
carrier and the concentration of solid particles, it was shown that the sedimentation
velocity of a particle with a diameter d = 3.5 um in silicon oil DM-100 (3, = 80 cP) is
Ueeq = 0.6- 10™* cm/sec respectively u,q = 0.2-10"% cm/sec in silicon oil DM-300
(n. = 240 cP). Assuming that in the whole length of the experimental channel particles will
not move in a vertical direction at a distance larger than the diameter of the particles, we
can establish that the flow velocity must be u,;, = 10 cm/sec to allow the sedimentation
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velocity to be neglected in our consideration. It is obvious that this can also be applied to
the chain of structurized particles affected by the magnetic field.

2. Due to the “structure formation” of the solid particles in the suspension, it is neces-
sary to insure that the velocity profile remains the same along the experimental channel.
In order to take this into consideration, the design of the channel and the selection of the
position of the pressure taps were such as to ensure this uniformity along the channel.
In connection with this, the entry length was L/De = 240/4 = 60 and was also placed in the
same magnetic field. The pressure drop was measured in the two independent halves of the
channel. The fact that the pressure drop was the same in both halves indicated that not
only was the entrance effect negligible but also the velocity profile was remaining the same.

3. In the case when a structured formation of the ferromagnetic suspension is achieved,
the physical significance of the homogeneous distribution of ferromagnetic particles is in
question. The assumption of the uniformity of the distribution of ferromagnetic particles
is important because the formation of the structure takes place only when certain condi-
tions are fulfilled. The distribution of the dipole chains in the flow is uniform. This means
that the average volumetric concentration of the ferromagnetic particles is the same before
and after structure formation.

4. A ferromagnetic suspension represents a specific type of two-phase flow with the
possibility of an internal degree of freedom, i.e. relative movement between the phases. If a
single particle is considered in the stream of viscous fluid, rotation of the particle is possible.
In this respect a ferromagnetic suspension is the same as an ordinary suspension. The
specific feature of a ferromagnetic suspension can be envisaged when the structure forma-
tion process is attained. For a high intensity of the magnetic field and a higher concentration
of magnetic dipoles in the suspension, a slip of the carrier in relation to the formed structure
is noticed. A possible explanation of this effect can be found in the hydrodynamic interaction
of the dipole structures. This was the reason that the measurements were performed only
with a maximum magnetic field intensity of B = 600 G.

5. Keeping in mind the Weiss theory of magnetization of ferromagnetic materials, we
should discuss the validity of the assumption of the magnetization of ferromagnetic par-
ticles. From the point of view of the Weiss theory, the ferromagnetic particles are of poly-
domain character and the determination of the number and distribution of domains in the
spherical particle is practically impossible. Thus the assumption of the homogeneous
magnetization of the spherical particles was accepted. Nevertheless, it is obvious that it
limits the model presented regarding the size of ferromagnetic particles.

CONCLUSIONS

The results of the experimental study of the rheological behavior of a ferromagnetic
suspension under the effect of the external magnetic field show that the ferromagnetic
suspension under this condition has a Bingham character, i.e. its rheological characteristic
1s given n the form

T, = At,, + np‘%li’. [20]
¥
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From the analytical model, which is based on the assumption of “‘structure formation”
of ferromagnetic particles, the following expression was derived
du,
dy
A comparison of the experimental results [20] and analytical model [16] was given for
the following range of the parameters
B =0-600G
o = 0-5 per cent vol
u, = 10-120 cm/sec
p. = 80 and 240 cP.

. [16]

‘E:o-()+r]$

A satisfactory agreement was shown between the experimental results and the analytical
model. Scattering of the experimental results is within the limits of +15 per cent.
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Résumé—Cet ouvrage présente un modéle analytique simplitic ainsi que les resultats d'une ctude
expérimentale de I'influence d’un champ magnétique externe sur les caractéristiques théologiques
d’une suspension de particules de fer dans une huile au silicium. Les particules de fer étaient
approximativement de forme circulaire de 3 4 5 um avec une concentration maximale de 10'°
particules au cm?. La viscosité du fluide porteur variait de 80 & 240 cP.

Le canal expérimental était placé dans un circuit fermé de circulation forcée de la suspension
ferromagnétique. La longueur enti¢re de 750 mm était placée dans une zone de champ magnétique
homogéne, le vecteur de vélocité de la suspension étant perpendiculaire au sens du champ magnéti-
que. La force du champ magnétique pouvait-étre variée continuellement de 0 a 9000 g.

Les résultats obtenus sont montrés sous forme de dépendances paramétriques des caractéristiques
rhéologiques de la suspension ferromagnétique. En méme temps, la concentration de la phase
solide de la suspension est changée paramétriquement avec la force du champ magnétique externe
et avec la viscosité du fluide porteur.

Dans la gamme des paramétres étudiés le champ magnétique externe mene a un caractére Bingham
de comportement de la suspension ferromagnétique.

Auszug—In dieser Arbeit wird ein vereinfachtes analytisches Modell und die Ergebnisse einer
experimentellen Untersuchung des Einflusses eines duBeren magnetischen Feldes auf die rheolo-
gischen Eigenschaften einer Suspension von Eisenteilchen in Siliziumd! dargestellt. Die Eisen-
teilchen waren ungefahr kreisférmig, von 3 bis 5 um, mit einer maximalen Konzentration von
10'° Teilchen/cm?. Die Viskositit des Fliissigkeitstrigers wechselte zwischen 80 cP bis 240 cP.

Der experimentelle Kanal war ortlich in einem geschlossenen Kreislauf von erzwungener Zirku-
lation der ferromagnetischen Suspension festgelegt. Die Gesamtlange von 750 mm wurde in einem
Gebiet homogenen magnetischen Feldes untergebracht, mit dem Geschwindigkeitsvektor der
Suspension in rechtem Winkel zu der Richtung des magnetischen Feldes. Die Starke des mag-
netischen Feldes konnte kontinuierlich von 0 bis 9000 Gauss gedndert werden.

Die erhaltenen Ergebnisse werden in Form parametrischer Dependenzen der rheologischen
Eigenschaften der ferromagnetischen Suspension dargestellt. Mit diesem wird die Kenzentration
der festen Phase der Suspension parametrisch zusammen mit der Stirke des duBeren magnetischen
Feldes und der Viskositit des Fliissigkeitstragers geidndert.

In dem Bereich der untersuchten Parameter fithrt das duBere magnetische Feld auf ein Bingham
Verhaltungskennzeichen der ferromagnetischen Suspension.

Pe3tome— B HacTosLICH pa60Te NpeacTaBiieHa YIPOUICHHAs aHATUTHYECKass MOAEIb U PE3YJIbTAThI

. 9KCIIEPHMMEHTAJIBHOTO UCCACNOBAHHUS BIHAHHA BHEIIHETO MArHUTHOrO MOJA Ha PCOJIOTHYECKHE

XapaKTEPHCTUKH CYCIIEHIUH XKeJIe3HbIX YaCTHI B CHIMKOHOBOH cMote. HacTHLb! Xee3a uMend B
npUBIIKeHIH KPYTiIyto GOpMY C pa3MepaMH 0T 3 10 5 MUKPOH NPH MAKCHMA:1bHOMH KOHUEHTpalliK
o 10'° yeeruu B KyGHueckoM canTuMeTpe. Ba3kocTh Hecuwed XUAKOUTH H3MeHsIach o1 80U 4o
240 camnriyas.

OnpITHBIH KaHAN ObL1 PacloOJIOKEH B 3AKPLITOM KOHTYPE IIpMHYIMTEJIbHOW LMPKYJISIIAH
(eppomarHuTHOR cycnenaun. Obuias 1MHA ero B 06JIaCTH OJHOPOIHOrO MAarHUTHOTO NOJA
cocTapJsia 750 MEJUTHMETPOB. 4 BEKTOP CKOPOCTH CyCNieH3Mu ObLT IeplieH AMKYJISPEH HAIPaBJIeHUIO
MAarHMTHOTO noJis. HanpspkeHHOCTh MarHHTHOTO MOJA MOTJa MJIABHO M3MEHATLCA OT HyJIsl 10
9000 raycc.

JOCTHTHYTHIE Pe3yJILTATHI HOKa3aHbI B GOPME TapaMeTPUIECKUX 3ABUCHMOCTE PEOJIOTHIECKHX
XapakTEPUCTHK ¢eppomMarHuTHOH cycnensun. [Ipy 3TOM mapaMeTpHYECKH HU3MEHIETCS
KOHIIEHTPALMA TBEPIOH ¢asbl BMECTE ¢ HAMPSKCHHOCTHIO BHELIHEr0O MATHHTHOTO MOJA W
BA3KOCTBIO HECYLIEH XHAKOCTH.

B onuchiBAEMOM AMANa30HE TaPaMETPHYCCKUX H3MEHEHHH BHEILIHEE MATHHTHOE I10JI€ IPUBOINT
K GUHrxeMOBY xapakTepy roBefeHHs GeppOMArHATHOM CYCTIEH3UH.



