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The influence of a sinusoidal magnetic field on the effective viscosity of a magnetorheological dispersion in the low particle concentration
regime is studied experimentally. When a sinusoidal magnetic field of low amplitude, conceived as perturbation, is applied transversally to
the static field, a significant enhancement occurs in the measured effective viscosity. The magnitude of changes depends on a number of
factors such as the amplitude and frequency of the perturbation, the particle concentration, the application time of the fields, and the shear
rate. It has also been found that the behavior of the effective viscosity as a function of frequency presents a critical behavior. Therefore, an
average Mason number is proposed, whose behavior as a function of frequency is similar to that shown by the effective viscosity.

Keywords: Magnetorheological fluid; effective viscosity; magnetic perturbations.

El efecto de un campo magtico senoidal sobre la viscosidad efectiva de una dispersiagneto-redgica en el @gimen de baja con-
centracbn de paificulas es estudiado experimentalmente. Cuando un campcoeti@gsenoidal de baja amplitud, considerado como per-
turbacbn, es aplicado transversalmente al campbioestocurre un significativo incremento en la viscosidad efectiva. La magnitud de los
cambios depende de factores tales como la amplitud y la frecuencia de la petir@acioncentradn de paiftulas, el tiempo de apli-
cacbn de los campos, y la rapidez de corte. Se ha encontrado que el comportamiento de la viscosidad efectiva éorde faricécuencia
presenta un comportamientdt@o. Por lo tanto, un iimero de Mason promedio es propuesto, cuyo comportamiento es similar al mostrado
por la viscosidad efectiva.

Descriptores:Fluido magneto-redigico; viscosidad efectiva; perturbaciones nitgras.

PACS: 83.80.Gv; 45.70.Qj; 83.60.Np

1. Introduction In the low particle concentration regime, the presence of
a static magnetic field causes a fast axial aggregation of par-
Magnetorheological fluids are composites based on magnetiicles forming chain-like clusters oriented in the magnetic
microparticles dispersed in an inert Newtonian oil, prefer-field direction [11]. This configuration can be very stable
ably of low viscosity. When they are exposed to an externalinless the system is under perturbations, in which case the
magnetic field, they experience strong and tunable changes ghains usually undergo lateral aggregation and form columns
their physical properties. These composite systems undergsr longer chains. The most studied type of lateral aggregation
transformation from Newtonian fluids to viscoelastic materi-is that induced by thermal fluctuation in a system composed
als [1-5]. The change in the effective viscosity of the fluidsby Brownian particles [12—-14]. Although this lateral aggre-
can be of several orders of magnitude and the induced yieldation is generally a very slow process, in the long run could
stress can be as high as 100 kPa [2]. These systems have pteduce significant additional changes in the physical prop-
tracted the interests of applied researchers to design a widsties [2, 15, 16].
variety of devices such as dampers and clutches. Some me- Lateral aggregation in a dispersion of non-Brownian par-
chanical devices are now commercially available in the marticles can be hastened by external perturbations. Reference 2
ket [6-9]. reports that a sudden increase of pressure, causes a notable
To extend the use of devices based on magnetorheologacrease in yield stress and forms thicker chains, produced
ical fluids it is necessary, for some applications, to achievdy a fast lateral aggregation. Also there is evidence that an
higher changes in the physical properties for a given magabrupt application of an intense static field results in the for-
netic field [10]. Some studies are addressed to obtain momnation of a relatively more complex structure compared with
responsive soft magnetic microparticles. Since the charactethat generated by the application of a field whose amplitude
istics of the aggregates determine the changes in the physicaicreases slowly. In this latter situation, the effective viscos-
properties, the study of the aggregation process and the mettty acquires larger values compared with the case of an abrupt
ods that modified it, have stirred a great interest because thdield application [17].
could allow us to control and enhance the physical properties Recently, we have shown that the application of a si-
of MR fluids. nusoidal magnetic perturbation of low amplitude, in addition
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FIGURE 1. Scheme of viscosity setup. The magnetic fields are
produced by Helmholtz coils placed perpendicular to each other.

and transversal to the static field, generates significant 0 50 100 150 200
changes in the average length of the chains formed by parti- t(s)

les [15]. Thi r he chains experience wavin
cles [15] S occu S'becauset ec a. s e' be .e qe a |9|GURE 2. Reduced viscosity as a function of time for different
movements, they oscillate around the field direction in a patl?re Lencies of the perturbation
that appears like an “X” shape. By this movement the chains, g P '

or more specifically, the end_chqins, getcloser and as a consgr s go G and the sinusoidal field was 17 G whose root mean
quence the lateral aggregation is enhanced. Furthermore, thg e represents the 15% of the static field. The magnetic
dependence on frequency shows a critical behavior governegl,| g were generated by means of two couples of Helmholtz
by the Mason number. The structure is notably modified by, qjis The recipient that contained the sample was made of a
the perturbations that occur in the system. Whether_ thesﬁonmagnetic material. The cone and plate were 3 mm apart;
stru_ctural changes can lead to changes in the rheological bg-g|jowed the formation of chains of different lengths. Fig-
havior of the syste_ms has to be found OUt'_ ) ure 1 shows a diagram of the experimental setup.

There is no evidence to suggest that similar results occur 1o measurements have two stages. In the first one, we
in the structure of tridimensional system under a low sheap,q,q e the effective viscosity of the dispersion with no ap-
rate; however., prellmlnary rheological results support thefacb"ed fields, no, across a time interval of 200 s. This pre-
that_perturbatlon drives notable changes in the rheologlca! b&teatment of the sample is to avoid inhomogeneity in the dis-
havior of the system. Yet, no general trends can be qbta'r_]e[gersions and variations in the value of the effective viscosity
from them [15, 18]. Now, we present a comprehensive disy ot field. Then both fields, the statid, and the per-
cussion about the effects of the perturbations on the eﬁECtiVﬁeratioan are applied and the effective viscosity is taken
viscosity of a magnetorheological dispersion. Specmcallyweevery 10 s during a span of 900 s. Although these are only
found the critical behavior of the reduced viscosity as a func-shOWn as values corresponding to times below 200 s after the
tion of frequency. We discuss a method to obtain the averagg, s were turned on, in order to discuss general trends of the
of the Mason number whose behavior is qualitatively similarygeciye viscosity in terms of previous results of kinetics of

to that found for reduced viscosity. aggregation performed in the same period. The cone of the
viscometer rotates at 1 RPM in the experiments, except when
2. Viscosity measurements it is indicated otherwise. In the graphs is shown the reduced

viscosity,(n — ng)/no of the dispersion.

The samples were prepared by dispersing magnetite particles Figure 2 shows a comparison of the time dependence of
in Dexron oil; the particles have an average size ofu#® the reduced viscosity behavior for four cases corresponding
and a standard deviation of 1Bn. The particle concentra- to four perturbation frequency values. In this figure we can
tion is indicated by the fraction of volume occupied by the observe some general trends about the temporal behavior of
particles,¢; in most casegp = 0.05. To measure the ef- the reduced viscosity, the trend of the reduced viscosity as a
fective viscosity in the MR fluid samples, we used a Brook-function of frequency is discussed in detail below. We ob-
field LVDV-IIl cone-plate viscometer. The temperature of served that immediately after the fields were turned on, the
the samples was kept constant aPQQby using a Brook- reduced viscosity increased very fast, approximated during
field TC 602P thermal bath. The static field was applied inone quarter of the time reported, and after that, the increase
the vertical direction, and as a perturbation, a sinusoidal fieldvas slower. The quick changes in reduced viscosity can be
was applied in the horizontal direction. In most of the experi-associated with the axial aggregation and the formation of
ments presented in this work, the amplitude of the static fiele&chains; the slower changes instead can be associated with the
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FIGURE 3. Reduced viscosity as a function of the intensity of static Ficure 4. The reduced viscosity is measured for eight different
magnetic field. The perturbation field remains in 15 % of the static values of the perturbation amplitude, maintaining the intensity of
magnetic field. The upper curves correspond to the measurementge static field constant 80G. Again, the curves respectively cor-
at three different times; empty circles, 200 s; filled squares, 100 s;respond to the measures taken at 50 s dots, 100 s squares, and 200 s
dots, 50 s. The lower curves correspond to the case with no perempty circles.
turbation also for different times, open triangles, 200 s; open dia-
monds, 100 s; and cross, 50 s. cosity. This aggregation mechanism does not exist in the ab-
sence of the perturbation field; consequently, the growing rate
lateral aggregation induced mainly by the effects of the sheasf the reduced viscosity in this latter case is smaller.
rate and the perturbation field. The same trend is observed Figure 4 shows the behavior of the reduced viscosity as a
when it only acts a static field; however, the values achievedunction of the amplitude of the perturbation field. The am-
by the reduced viscosity are in general lower than when thejitude of the static field is fixed at 80 G. As expected, at
perturbation is preseng.g. at 200 s with a static field of |east for the measurements taken at 50 s, 100 s, and 200 s the
80 G, the reduced viscosity reaches 7 units in the y-scale aeduced viscosity acquires larger values for larger amplitudes
the Fig. 2. We obtained similar curves for several conditionsf the perturbation field. Larger amplitude of the perturbation
of intensity fields, perturbation frequency, particle concentrameans the amplitude of the lateral movements of the extremes
tion, and shear rate; with the values of the reduced viscosityf the chains are larger, the chain ends sweep a larger area
at 50, 100 and 200 s we constructed the curves that show thgound them, and the possibility to interact with other chains
behavior of the reduced viscosity as a function of intensity ofis increased and for that reason the lateral aggregation grows
the fields, perturbation frequency, particle concentration, andiith the amplitude. However, the amplitude must be small,
shear rate. In the graph of the behavior of the reduced viscosower than 25% of the static field, because larger amplitudes
ity as a function of time of application we considered severabroduce chain ruptures.
times of field applications. Figure 5 shows the dependence of reduced viscosity on
Figure 3 shows the comparison of reduced viscosity wheiperturbation frequency. Frequency of the perturbation field
both fields are varied keeping the ratio between them at 15%vas varied in a wide interval for two values of the static field,
(three upper curves) with the case without the perturbatio®0 G and 70 G, keeping the ratiol(y‘h/i)/Hb at15%. Cer-
field (three lower curves). In the graphs, there are only showtain facts of the two graphs must be emphasized. The first
the values of the static field. The dots, the squares, and thene is the existence of a maximum in the reduced viscosity
empty circles curves are the measurements of reduced viscoss a function of the frequency. It means that the frequency of
ity taken at 50 s, 100 s, and 200 s, respectively. Itis clear thathe perturbation can also be used to control the effective vis-
the perturbation induces noticeable changes in the reduceambsity. The second fact is that, for these values of the applied
viscosity. The physical reason behind this notorious changéelds, the maximum values obtained by the reduced viscosity
in the reduced viscosity, is that when the perturbation is apfmarked with an arrow) are reached for different frequencies,
plied the lateral movements induced by the perturbation ac3.6 Hz for 80 G and 2.6 Hz for 70 G. There is a shift to higher
over the chains and the lateral aggregation is enhanced. Thitequencies for larger values of the intensity of applied fields.
mechanism of induced lateral aggregation produces thickeFhis phenomenon can be understood on the basis of the ki-
and larger clusters leading to larger values of the reduced visietics of aggregation as follows: For higher values of the ap-
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FIGURE 5. The reduced viscosity as a function of perturbation
frequency keeping the intensity of the static field at (a) 80 G and
(b) 70 G. The curves correspond to the measurements taken at 50 s
dots; 100 s, squares; and 200 s, empty circles. i i

plied field the magnetic bonding between particles is o1 L b
stronger, for that reason the maximum appears to higher fre- 0 1 2 3 4
guencies. The existence of a maximum value can be under- (rpm)

stood because at higher frequencies of the field the chains . . . .
. — IGURE 7. The reduced viscosity as a function of the revolutions
not respond as fast to follow the fields. The values indicate

- . . _ per minute of the viscometer cone. The curves respectively corre-

by arrows, Wherg the reduced V|sco§|ty has a maximum CO',népond to the measures taken at 50 s dots, 100 s squares, and 200 s
cide quite well with the recently predicted values on the basig,yty circles.
of kinetics of aggregation [15].

The particle concentration is, of course, another of the imthe graph. Here the applied static field is set to 80 G with the
portant variables that is anticipated to influence notoriouslyratio between I,-,l/\/i and H, being15%. The measurements
the effective viscosity. It is a reasonable expectation that fopresented correspondto 50 s, 100 s, and 200 s, for nine values
larger values of the particle concentration the applied field®f the particle concentration, measured in volume fraction.
might generate more and thicker chains, leading to larger vakarger concentrations were not studied, but it is expected the
ues of the effective viscosity. Figure 6 corroborates this intureduced viscosity reaches a maximum and after that it de-
itive expectation. It shows a series of measurements of the re&reases as the concentration grows. The decreasing behavior
duced viscosity as a function of the particle concentration that is expected in the high concentration regime is because
The values of the other external parameters are specified imvhile n — 79 decreases;, increases very fast as the concen-
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N L DA B B tion presents a critical behavior. For example, when the static
11pm, 2Hz, 0.05¢ field is 80 G the reduced viscosity increases as the frequency
30 . - grows until the reduced viscosity reaches a maximum value
. at arround 3 Hz; for higher frequencies the reduced viscosity
- e - decreases. Based on studies of dispersions of magnetic par-
- ticles in viscous liquids under magnetic fields where the par-
20 |- - - ticles move through the liquid [20-22], we can propose that

’ the critical behavior found for the reduced viscosity as a func-
tion of the frequency is governed by the Mason number. The
Mason numbetM a is the ratio between the magnitudes of
viscous force and magnetic force that act over a pair of parti-
cles. Itdetermines the dynamics of the aggregates of particles

. e and the behavior of the physical propertiesM = 1, the
R — al i system usually presents a critical behavior. When the mag-
" netic force dominates over the viscous force, thén < 1;
oL 1L I . I the system has a behavior that is qualitatively different from
0 50 100 150 200 250 others when the viscous force surpasses the magnetic force,

t(s) Ma > 1.
In our system the particles formed chains that oscillated

FIGURE 8. The upper curve corresponds to the reduced viscosity . o .
as a function of the time of application of the perturbation field. around the static field due to the oscillating effect of magnetic

The lower curve corresponds to the case when no perturbation fieldi€ld. As they move they have a variable angular frequency
was applied and also for different times of the application of the @nd therefore a time-dependent Mason number. Since the
field. Mason number governs the dynamics of the system we at-

rati h 191 The diff d tempt to find a function of the Mason number that has the
t:]a |onnen n?:lc;;esn[ n]r; N N l:l) eren@e;hno trecrte?sleshas;] same general trend as the reduced viscosity.
€ concentration enhances because the structural changes, |, o following paragraphs of the section we describe

inducgd by the magnetic field, decrease as particles are irPfow we obtain the Mason number in the case of rotating
creai\flngly glose 'tto_eactr;] other. its of reduced Vi i field, then we analyze numerically an equation for the phase
\gure 7 contains the resufts of reduced viscosily as ?ag and the angular position described by the chains; based
f‘?”c“on of re\{olutlons per minute (RPM) of the cone of the on this analysis we propose a method to average the Mason
viscometer. Itis observed that for small RPM the aggregation v in our system that let us propose a function whose
process is more effective to enhance the effective ViSCOSi%ehavior is comparable to the reduced viscosity
than for higher RPM. In this latter ca_se,_ths_: hydrodynamic To evaluate the Mason number for a pair of joined par-
forces contribute to break the magnetic bindings between thﬁcles in a rotating magnetic field, we need to determine the

lpar.ttllcles N thhe _chalfns,ﬂ:esuflftm% n the h'%h shear stress, ﬁ‘lagnetic force between the particles and the viscous force
|m||;|jg meg r;llnlsmthorb ehe ec |\ﬁr\]/|sco(;5| - dvi i due to the liquid. First we obtained the magnetic force. Let us
lgure © shows the behavior ot the reduced vIScosity as eonsiderasystem of particles under a magnetic field, where

function of the time of application of the perturbation field. ach particle behaves as a magnetic dipole whose dipolar mo-
The experiments were conducted as follows: The static ana]ent induced by the magnetic field is

the perturbation fields were simultaneously applied to the

sample. After some time of application the perturbation field - Ar R M
m

was turned off, but the static field was continued. The en- 3

hancement of the reduced viscosity stops and reaches almaghere M is the magnetization ang the radius of the parti-

a stationary reduced viscosity value; these values are showgles. The magnetization and the effective magnetic field are

in the graph. The results indicate that perturbations produceelated through the formuldl = Xpﬁ, wherey,, is the mag-

an internal rearrangement of the structure and increase theetic susceptibility. A magnetic dipold, exerts a magnetic

effective viscosity and these changes are stable. These obsésrce over a dipoleri, at a position” given as

)

vations evidence the point that it is not necessary to apply the P VU 1)
perturbation all the time to increase the effective viscosity. It o s
is only necessary to apply it for a period of time. whereU (7) is given by

U() = —iivz - H(P), 2)
3. Frequency critical behavior and the Mason whereﬁ(F) is the magnetic field generated by; and whose

number expression is [23]

As we observed from the above experimental results the re- H() = Ho <3F' ml;_ ml) ) (3)
duced viscosity as a function of the frequency of the perturba- 4m re r?
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If both dipoles are oriented in the same direction the magnetic 500
force between the particles is given as S A
L 3up [(m2 5(F-m)2\ L 2(F-m) I S
Finag = e [<75 — 7+ poa B (4) 400 | +++ |
If now we use the fact that the particles are joined to form . o 1
a pair oriented in the direction of the field and we write the £ 300 |- o i
dipolar moment in terms of the magnetization, the magnetic 2 Wt
force is derived as follows: g | LY |
7.{.1:52]\42 © 200 — + * A ST
Fmag:'uoT. (5) 'S_ [ L aos 7
Now we obtain the viscous force over the pair. For a 100 B o B o ....;.
sphere of radiusk that moves at a relative speédin the i 5 aAR ..-.....--' .
liquid this interaction is Lt geeeeettt 7
o = O An\m\.. ﬂ.\ 1 | \ 1 | | | ‘ 1 | | | ‘ | | | | ‘
Fiis = —6mnRV. (6) 0 2 4 6 8 10

. . _ ] rotating frequency ( Mason number )
The maximum tangential speéd for each particle, consid- _ ) )
ering that it rotates around the junction point at the angu|a|FIGURE 9. Phase lag orientation as a function of the Mason num-

frequencyw of the rotation field, iss(2R), thus the viscous ber for different §|mulat|0n times (in dlmep3|onless time units
. crosses, 10@; triangles, 40r; dots, 207; diamonds, 10-; stars,
force over the pair is given by

57.
FViS = —Q(GWT]RW(2R)), (7) 50 B — T T T T T T T T
Therefore, the Mason number for this system [22], the . 1
ratio between the magnitudes of the viscous force and the 40 i . |
magnetic force, is as follows: =
— 12277w g LY + |
Ma = . 8
S VE (8) 5§30+ _
= r + -

The Mason number can also be obtained from the motion
equation of a pair of particles in a rotational field of frequency
w when it was written in terms of the dimensionless distance .
between particles centers,= r/2R, and the dimensionless
timer = t/t,, wheret, = 12*n/u,M?. The Mason number
arises as a dimensionless frequency giveby = t,w.

In the literature different forms had been proposed to
model the dynamics of magnetic particles in rotational fields. X
We have based on the proposal given in Ref. 24 for angu- ’
lar position of axisymmetric particleg with respect to some 0 2 4 6 8 10
fixed direction, where instead of using the frequency of the rotating frequency (- Mason number )
rotating field we use the Mason number since it can be congigure 10. Angular position as a function of the Mason num-
sidered as a dimensionless frequency. Thus, we propose th@r for different simulation times (in dimensionless time units
equation to model of a pair of particles that are joined iS crosses, 106 triangles, 40r; dots, 207; diamonds, 10-; stars,
given by 57.

d¢  MH
dr

20

ar

ang

10

In Fig. 9 we observe the behavior of the phase lag of a pair of
particles as a function of Mason number for different simu-
where o is the rotational friction coefficient. This equa- lation timesr. It is worth noticing that when Mason number
tion can be rewritten using the phase lagbetween the equals one there is a critical behavior. The phase lag values
field and the angular position of the pair of particles, WhenMa < 1 are low and change slowly; however, when
8= Mar — o [24] Ma > 1, the phase lag increases very fast. This means that

when Ma < 1 the pair of particles moves synchronously
g — with the field, and when\fa > 1 the pair of particles no

== = Ma — Ma,sin(B). 10 ) i :
dr ¢ acsin(f) (10) longer follows the field, and they are delayed in relation to

sin(Mar — ), 9)

Rev. Mex. Fis57 (2011) 426-434



432 F. DONADO, U. SANDOVAL AND J.L. CARRILLO

0.80 L BN I position of the pair of particleg as a function of the Mason
[ (a) number, the curves correspond to the same conditions for the
phase lag curves in Fig. 9 and have been obtained through
the formula,6 = Mar — . It is observed that foMla < 1
the average angular position is increasing as the frequency in-
creases; however, #/a > 1 the amplitude decreases as the
frequency increases. It is observed that the decline of the am-
plitude of the angular position is very fast around the critical
frequency.

Now we can come back to our system exposed to an ef-
fective oscillating field given as

0.60 |-
040 [

020

average mason number

H.; = |H.i + Hysen(2mf,t)7] (11)

000 b—iit o8 where the static magnetic field direction determines the x-
axis, H, is the static field intensity andi,, the amplitude
S Bk L of the sinusoidal field, considered as perturbation, with fre-

1 quencyf,. This effective magnetic field oscillates around the
direction defined by the static field and forms an angle given
by

P = wmaxsen(Qﬂfpt), (12)

where max is the maximum angle formed by the effective
magnetic field direction and the static field direction, it is ob-
tained fromymax = tan~'(H,/H.). For H. = 80 G and
H, =17 G, values used in the workimax = 0.20 rad.

During the oscillation the chains describe an angle given
by Eg. 12. When the chain follows the direction of the mag-
netic field, the angular speed can be obtained from Eq. 12,
that is

average length

1000

w = 27 fpPmaxcos(2m fpt). (13)

30

As it is observed the angular speed is a function of time. If
the expression 8 is taken as base, the Mason number for our
system can be expressed as,

Vo = 120 (2 fytma | cos(27 fyt) |)
poM?

wheref,, is the perturbation field frequency/ is the particle
magnetization ang is the liquid viscosity. We can observe
that the Mason number in our case is a time dependent func-
tion. In this expression we consider only the absolute value of
the cosine function in order to keep the Mason number as the
ratio between the magnitudes of forces. The simple averag-
i ing of this expression of the Mason number does not present
0 r el T — a critical behavior; it is a linear function. Based on results
0.1 1.0 10.0 100.0 from rotating fields we can propose that in the case of time-
f.(Hz) dependent field, the evolution of the dynamics of the chains
are governed mainly by the intervals where the Mason num-
F|G_URE 11. (a) Average mason number, (b) average _Iength of the her is below unity. Whedla < 1, the chains follow the di-
cha|n§, and (c) reduced V|sco§|ty, all curves as a function of the PeTiection of the magnetic field synchronously and with a small
gjr:g%tlgnHze?eusilcc);’ivtz@ maximum values occur at 3.4 Hz, 3.1 HZphase lag, the resulting waving movements promote lateral
' ' ' aggregation. However in the intervals whévn > 1, the
the field orientation. This behavior would be reflected in thechains are no longer in phase with the field direction, and the
angular position. Figure 10 shows the behavior of the angulawaving movements are damped, their effectiveness to drive

(14)

(Tl Mo )/110

10}
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lateral aggregation is reduced. Therefore, when a sinusoidaleously of a static magnetic field and a sinusoidal field con-
perturbation is present its effectiveness to enhance lateral ageived as a perturbation.

gregation depends on how much the chains move under the The effective viscosity behavior of the system shows a
condition Ma < 1 during the time in consideration. In ac- notable dependence on the perturbation field. The origin of
cordance with this, we proposed an average Mason numbehis behavior is the restructuring of the chains due to the os-
where only the differential contributions whekéa < 1 are  cillating effective field. Although we have not carried out a
computed for the integral evaluation of the average, thatis study of the kinetics of aggregation in a tridimensional sys-

T tem under shear, the present study shows the general trends
_ 1 — i i imi in ac-
Ma= — / wMadt (15) observ_ed on rheologlca! be_hawor are S|m_|lar and_are in ac
cord with results of the kinetics of aggregation studies on a 2-

0 dimensional system. Specifically, the frequency dependence

wherex = 0 if Ma(t) > 1 ands = 1if Ma(t) < 1; Tisthe in both rheological and structural studies are very close. It
perturbation period. supports the hypothesis that the kinetic mechanism of aggre-

The defined integral, evaluated for several frequenciesgation induced by the perturbation acts in a 3-dimensional
where the magnetization and viscosity are obtained elsesystem under low shear rate as well as in a 2-dimensional
where [15], gives the graph shown in the Fig. 11(a). It isSystem. It enhances the lateral aggregation, producing larger
observed that the behavior of this average Mason numbeand thicker chains in the structure in a way remarkably more
presents some similarities with aggregation and effective visintense and faster than that produced only by thermal fluctu-
cosity results. First, it shows a critical behavior around theations and these changes produce rheological changes.
perturbation frequency 3.4 Hz. This value is close to the cor- In summary, the results discussed here indicate that in
responding value in aggregation experimental results [15]the regime of low particle concentration, by controlling the
3.1 Hz, see Fig. 11(b) and from effective viscosity resultsamplitude and frequency of the magnetic perturbation it is
shown before, 3.6 Hz, and repeated in Fig. 11(c). Second, Rossible to perform a dynamical manipulation of the rheo-
presents also, for the left hand side with respect to the critlogical response of a MR fluid. One could expect that by
ical behavior, an increasing behavior and for the right handProperly scaling the characteristic of the applied fields, most
side, decreasing one. However there is an evident differenc@f the results here discussed would occur similarly in an MR
among them; the concavity of this average Mason number iuid composed by smaller particles; of course, in that case
not as those present in experimental results. Similarly, théhermal fluctuations also would be considered. An analogous
qualitative relation can be improved by adding the effects ofehavior would also happen in electrorheological fluids.
more variables.
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