PHYSICAL REVIEW E, VOLUME 65, 061508

Nonequilibrium Brownian dynamics analysis of negative viscosity induced in a magnetic fluid
subjected to both ac magnetic and shear flow fields
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We study the rheological and magnetic characteristics of a magnetic fluid. The system, which we investigate,
is as follows. Ferromagnetic particles are dispersed in a solvent, which is subjected to both ac magnetic and
shear flow fields. The translational and rotational motions of particles are calculated by the Brownian dynamics
method based on Langevin equations and the rheological and magnetic characteristics of the magnetic fluid
system are estimated. First, we investigate the rheological and magnetic characteristics of the system in a dc
magnetic field and then we analyze the effect of an ac magnetic field on those characteristics. We find that the
negative viscosity effect is induced at a certain frequency range of the ac magnetic field. We also find that there
are two main mechanisms responsible for the occurrence of negative vis¢bsiBesonance between the
rotational motions of the dipoles of particles and the fluctuation of ac magnetic fields occurs when applied
magnetic fields are weak compared to the shear rate, in which case particles can still rotate in magnetic fields.
Beyond this resonance frequency, negative viscosity app@aBhe magnetic dipole moments of particles are
forced to stay in the direction of the magnetic field when strong magnetic fields are applied in relatively low
shear flow fields. However, negative viscosity occurs when the frequency of external magnetic fields exceeds
a critical value, in which case the dipoles rotate continuously in a shear flow without stopping. In both cases,
the mean angular velocity of the particles becomes higher than that of the solvent.
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[. INTRODUCTION The effect of ac magnetic fields on the physical properties
of magnetic fluids has also been studied recer8y.
Solutions, in which ferromagnetic colloidal particles are Whereas dc magnetic fields reduce or suppress the rotational
dispersed, are called magnetic fluids2]. The diameter of motions of ferromagnetic particles as we mentioned above,
each particle is of the order of 10 nm and each particle isac magnetic fields may encourage the rotational motions un-
composed of a single magnetic domain, the magnitude of thder certain conditions. The mean angular momentum of fer-
magnetic dipole moment of which is constant. The directionromagnetic particles in the solvent is zero without any mac-
of the dipole moment changes with the rotational motion ofroscopic flow even in ac magnetic fields, but imposing a
the particle. Since the motion of each particle is affected bynacroscopic velocity gradient can give it a biased value.
interactions with the molecules of the solvent and other ferShliomis and Morozo\10] predicted that the apparent vis-
romagnetic particles, macroscopic flow in the solvent, andtosity of magnetic fluids, which are subjected to both an ac
external magnetic fields, magnetic fluids show various intermagnetic field and velocity gradient, may become negative.
esting rheological and magnetic characteristics under differBacri et al.[11] and Zeuner, Richter, and Rehbéig] actu-
ent conditions. The increase in the apparent viscosity of magally observed the negative viscosity effect in the Poiseuille
netic fluids in dc magnetic fields has been observed irflow of a magnetic fluid. Gazeaet al. [13] investigated the
several experimentg3,4], which is, in fact, caused by the magnetic characteristics of a magnetic fluid, which was ro-
reduction or suppression of the rotational motions of ferro-tating in an ac magnetic field, and discovered the so-called
magnetic particles by the fields. Shlionf§ carried out the- vorticomagnetic resonance in the magnetic susceptibility.
oretical analysis of this viscosity increase based on ferrohyFurthermore, Gazeaat al. [14] observed the vorticomag-
drodynamic equations, which consist of the equations ofetic resonance and the negative viscosity effect at the same
magnetic fluid motions, the Maxwell equations, and the retime using the same experimental system. The negative vis-
laxation equation for the system magnetization. The viscositgosity effect and the vorticomagnetic resonance have been
increase is also analyzed on the basis of modified magnetanalyzed theoretically on the basis of the ferrohydrodynamic
zation equations, which are derived from the Fokker-Planclequationg10-16. The above phenomena are induced by the
equation[6] and irreversible thermodynami€g]. Morimoto  motions of ferromagnetic particles in the solvent, which is
and Maekawd8] investigated the rheological property from subjected to both an external ac magnetic field and velocity
a microscopic point of view by a nonequilibrium Brownian gradient. However, in the negative viscosity and vorticomag-
dynamics method. netic resonance regions, the particle motions in magnetic flu-
ids have not yet been calculated directly from a microscopic
point of view and the relation between the motions and the
*Corresponding author. FAX:+81 49 234 2502; email physical properties such as the apparent viscosity and mag-
addresses: trmkw@eng.toyo.ac.jp, toru.maekawa@physics.org netization have also not yet been studied.
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FIG. 1. Ferromagnetic particles. Each particle is composed of a
single magnetic domain and covered with surfactant molecules.

field /°

In this paper, we investigate the rheological and magnetic
characteristics of a magnetic fluid, which is subjected to both
ac magnetic and shear flow fields, by a nonequilibrium y <—-yL
Brownian dynamics method. We analyze the effect of the L
amplitude and frequency of an external magnetic field and X
the shear rate on the rheological and magnetic features. In
the Sec. I, we show our numerical modeling and procedure
and_ introduce the interparticle potentials, the quations qf FIG. 2. Schematic representation of the physical system. Ferro-
r_notlons, the Cor,]tml parameters, ,and the CaICUIatlon Condlr'nagne'[ic particles are dispersed in the system and dc or ac mag-
tions. We investigate the rheological and magnetic featureﬁetic fields are applied in thg direction. A shear flow field, in

of the magnetic fluid in both dc magnetic and shear flowyhich 4 linear velocity distribution is established, is imposed in the
fields. In the Sec. Ill, we investigate the rheological andy girection. Moving boundary conditions developed by Lees and
magnetic characteristics of the magnetic fluid, which is subggwards are employed. The top and bottom cells, in which linear
jected to both ac magnetic and shear flow fields, and discusglocity distributions are also established, are moved at a speed of
the mechanism, which causes the negative viscosity effect, ipL and — yL, respectively.

detail. In Sec. IV, we summarize the result we obtained in

this study. whereH is the external magnetic field.
The physical system is shown in Fig. 2. The system is
Il. NUMERICAL MODELING OF MAGNETIC FLUIDS two-dimensional and a uniform external magnetic field is
AND RHEOLOGICAL AND MAGNETIC applied in they direction. Particles are subjected to a shear
CHARACTERISTICS IN A dc MAGNETIC FIELD flow field, in which a linear velocity distribution is estab-

lished. The translational and rotational motions of ferromag-

Magnetic fluids consist of ferromagnetic particles dis- " .. . . >
. .~ netic particles are expressed by the following Langevin
persed in a solvent. We assume that each ferromagnetic par-

ticle is spherical, composed of a single magnetic domain angquatlons:
covered with surfactant molecules as shown in Fig. 1. The

i]

interparticle potentials are dipole potentig), [17], the van u G Vv F p 5
der Waals attractionu,, and the repulsion caused by G mumVT LR ®)
surfactant-surfactant contagy [2].
1 (m-m; 3 } Jo T
Up=—— ——— — mr)(mr) , (1) —:——((u—ﬂ)+—+7, (6)
m 477#0{ ris] rﬁ( i) /R at | |
A 2R? 2R? | rizj —4R? 2 whereu, o, m, and| are, respectively, the velocity, the an-
W="3 r?j —4R? + TZ_+ n r2 ' 2) gular velocity, the mass, and the moment of ineffieand T

! are the force and torque acting on a particle through interac-
tions with the other particles and the external magnetic field.
, (3 ¢ and{, are the friction coefficients. We assume that Stokes
law applies to the coefficient® and 7 are the random force
and torque caused by collisions with solvent molecules. The
mean values and autocorrelations of the random force and

forque satisfy the following relations:

Eln

2R+25)
rij

) rij—2R
Us=27R*NkT{ 2— 5

where ug, m;, A, R N, k, T, and § are, respectively, the
permeability, the magnetic dipole moment of particlehe
Hamaker constant, the radius of the particle, the surface de
sity of the surfactant molecules, the Boltzmann constant, the

temperature, and the thickness of the surfactant layer. The (P(t)y=(=(t))=0, (7)
interactive energy between a particle and an external mag-

netic field is expressed as 67KT

m2

(P(t)-P(t+At))= O(AY), (8)

uH:_mi'Hv (4)
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TABLE |. Calculation conditions and physical properties.

Diameter of ferromagnetic core 16m)
Thickness of surfactant @m)
Mass of particle 2.910 2! (kg)
Surface density of surfactant molecules 8 @nolecules/r)
Dynamic viscosity of solvent 1¢ (Pas
Hamaker constant 138° (9
Temperature of solvent 30(K)
Number density of particles 121 (particles)/0.3%2m?)

900 (particles)/0.960(um?)

6¢{.KT |m[H

<T(t)-T(t+At)>=|—25(At), 9 é= KT (14
where(: --) represents the time average afié the Diracs 3mpo(d+28)3y
function.V and Q are the external velocity and angular ve- Pe= EE-Ts — (15
locity,

yy 0 wherem, d, H, and 7, are, respectively, the magnetic dipole
v=| 0 0— Erotv— 0 (10) moment of a particle, the diameter of a particle, the intensity
N 0 ' N L Y2 ' of the magnetic field, and the viscosity of the solvent.

We carried out Brownian dynamics simulations for inves-
o . . tigating the rheological and magnetic characteristics of the
where y is the shear rate. Moving boundary conditions, nagnetic fluid system, using 121 and 900 particles. The
which were developed by Lees and Edwaldlg], are em-  \q5imum difference in the apparent viscosities caused by
ployed and the Langevin equations are integrated based qfg particle number difference was within 6%. Therefore, the
Ermak’s procedurgl9,2(). After the system has reached the roqit which we show in the following, is based on the simu-
steady state in a dc magnetic field, a shear flow field is imyqtions in which 121 particles are used. The calculation con-
posed. When the system is subjected to an ac magnetic fieljiiions and physical properties are summarized in Table |.
a shear flow field and a fluctuating magnetic field are applieGrne yalue of the control parametey, is set at 1.5, which
after the system has reached the steady state in a dc magneliresponds to a usual magnetic fluid case, in which for ex-
field. The stress tensow,, and the apparent viscosiy,  ample, FgO, particles of 10 nm are dispersed. The ratio of
are expressed as follows: the area of the particles including the surfactant layers to the

area of the system is 0.15. If the system is considered to be a
o — 12 (y-F o h) (11) rectangular parallelepiped, the depth of which is the diameter
v 4 txto2) of the particle, the volume fraction is 0.10. Note that we
calculated the stress tensor and the apparent viscosity based
o on the volume of the rectangular parallelepiped, as explained
Ap=-L=An+Axy,, (12  above.
Y It is known that ferromagnetic particles form clusters in

. _ . the solvent under certain conditions and, in particular,
whereV is the volume of the system; that is, the area of thegyraight chain clusters are formed along an external magnetic

system multiplied by the diameter of a particle including thefie|q [21]. The cluster formation process is investigated in
surfaptant layer; R+ 6), andi represents theth particle.  yetail by the Brownian dynamics methd@0,22. Before
The first and second terms on the right-hand side of(ED.  giarting the rheological and magnetic analysis, we checked
are symmetric and asymmetric components, respectivelyne cjyster formations in the present system. A dc magnetic
Az andA 7., which we call the translational and rotational fie|q was imposed in thg direction and¢ was changed from
viscosities, are viscosities induced by the symmetric ang) to 30 in the absence of a shear flow. The result shows that
asymmetric components of the stress tensor. . the average number of particles included in a cluster is less
The control parameters are the ratio of the magnetic diznan 2 even unde#=30. What is more, the lifetime of each
pole moment energy to thermal energy, the ratio of the  jyster is very short, less than 0.05 ms. Therefore, in the
interactive energy between the dipole moment and the eXtebresent caseN=1.5), the chain cluster formation is not sig-
nal magnetic field to thermal energy, and the Pelet num- nificant.
ber, Pe, which is the nondimensional shear rate, We also checked the rheological and magnetic character-
) istics of the magnetic fluid system in a dc magnetic field by
~m| (13) imposing an external shear flow before analyzing those char-
acteristics in an ac magnetic field. The dependence of the
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FIG. 3. Dependence of the apparent viscosities on control pa- -0_25: ———— e
rameteré in a dc magnetic field, Pel and 5. The rotational vis- ) 0 2 .4 6 8 . 10
cosity, Ap, (O, Pe=1; O, Pe=5), increases with the intensity of Nondimensional frequency w,, /¥

the magnetic field and reaches a constant value(R2+ §)°n*,

whereR is the radius of a particlej the thickness of the surfactant FIG. 5. Dependence of the apparent viscosity on the amplitude
layer, andn* the number density of particles. The translational and frequency of an ac magnetic field,-Pe @, £é=2; O, ¢é=5;
viscosity,A 7, (@, Pe=1; B, Pe=5), is low. M, £=10; andd, £=30.

apparent viscositie®\ 7, andA 7, on the control parameter, result[3] and the theoretical predictiofiS—7]. The magnetic

&, is shown in Fig. 3 for Pe1 and 5. The rotational viscos- characteristics of the magnetic fluid in the dc magnetic field

ity, A %, , increases with the intensity of the dc magnetic fieldare shown in Fig. 4 where the magnetization is normalized

and finally reaches a constant valuey,=2m(R+ 8)°n*, by the saturation magnetization of the system. The system is

wheren* is the number density of particlésee Ref[8] for =~ magnetized in the shear flow directiondirection as well as

the derivation of the equationsince the rotational motions in the magnetic field directiofy direction when it is sub-

of particles are stopped by the magnetic field. The criticajected to a shear flow field. As is expected, the magnetization

intensity of dc magnetic fields for the suppression of thein the magnetic field directiori, , increases with the inten-

rotatipnal motions of particles increases with an increase isity of dc magnetic fields and finally becomes saturakégl.

the Pelet number, that is, the shear rate. The dependence @ reduced in shear flow fields since particles rotate and the

the apparent viscosity on the external dc magnetic field irdipole moments have a component in the shear flow direc-

our magnetic fluid system coincides with the experimentation. The magnetization in thedirection,M,, is zero in the
absence of a shear flow and when the system is subjected to

1.2 a shear flow fieldM, increases with the intensity of external
] dc magnetic fields as long as magnetic fields are not very
1] —n strong, since the particles can rotate in such weak magnetic
fields and the magnetic dipoles stay longer in xtgirection
0.8 than in the— x direction. The magnetization in the shear flow

direction becomes maximum near the point where the rota-
tional motions of the particles are stopped by the magnetic
field and beyond this point, it decreases monotonically since
the dipoles tend to line up in the magnetic field direction.

o
[e)]
1

©
N
1

o
N
L

IIl. RHEOLOGICAL AND MAGNETIC
CHARACTERISTICS IN AN ac MAGNETIC FIELD

Nondimensional magnetization

(@]

T T T T T T T T '3|0‘ a5 We carried out Brownian dynamics simulations for inves-
0 3 10. 15? 20 25 tigating the rheological and magnetic characteristics of the
Nondimensional parameter § magnetic fluid system in an ac magnetic field. The magnetic

FIG. 4. Dependence of the magnetization of the system on coni€ld 1S changed with time as followsH,=H cosyt),
trol parametex, Pe=0, 1 and 5. The system magnetization is nor- Where wy is the angular frequency of the external ac mag-
malized by the saturation magnetization. The magnetization in th&€tic field. The order of the apparent viscosity caused by the
magnetic field directionM, (+, Pe=0; O, Pe=1; [, Pe=5), translational motionA »,, was the same as that in the dc
increases with the intensity of the magnetic field and saturates. Th&agnetic field(see Fig. 3. Therefore, the rotational viscos-
magnetization in the shear flow directiokl, (®, Pe=1; W, Pe ity, An,, mainly accounts for the rheological characteristics
=5), becomes maximum near the frequency at which the particlesdf magnetic fluids.
rotational motions are stopped. The effect of the amplitude and frequency of an ac mag-
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netic field on the apparent rotational viscosityy,, is 27

shown in Fig. 5 for Pe1 where the viscosity 7, , and the ! — @, /y=0.1; {0)/37=-071
frequency of the magnetic fieldy,,, are normalized by the 0 L e Wy, /7=0.5; {(@)/37=-0.92
solvent viscosity,pg, and the shear raté;. The viscosity is s, - @y, /Y=1.0; {w)/2y=—1.08

high when the frequency of magnetic fields is low and it I W, 0y /7=10; {@)/4y=-1.00
decreases as the frequency increases. The viscosity becomes |
negative at an intermediate frequency range and when the i
frequency is very high, there is no effect of the magnetic

field on the apparent viscosity. The minimum value in nega-

tive viscosity decreases and the frequency corresponding to
the minimum viscosity increases as the amplitude of the ac
magnetic field, &, increases. The frequency range, under I A NN
which negative viscosity appears, becomes wider with an i ' ! SO

<A@ (1> /2%
A
I

increase iné. 8
Here, we compare the results, which have been obtained i (0) = — .
in the present analysis, with those obtained by the previous »
theoretical and experimental studies. According to the analy- 1o Lot o o o v o 0 0 L
sis of Shliomis and Morozop0], the minimum value of the 0 20 40 60 80 100 120
apparent viscosity decreases as the amplitude of the fluctu- Nondimensional time ry
ating magnetic field increases, which agrees with the present
result, but the frequency of the magnetic field, at which the 2
apparent viscosity becomes zero, decreases with an increase t
in the amplitude of the magnetic field, which disagrees with
both the present resulsee Fig. % and the experimental re-
sult obtained by Bacriet al. [11]. Analytical models, in
which magnetization relaxation equations, which are derived
from the Fokker-Planck equation, are used, have been intro-
duced by Bacriet al. [11] and Feldherhof15]. Muller and
Liu [16] developed a different model, in which a generalized
magnetization equation is used. The results obtained by the
above models agree with the present result and the experi-
mental result obtained by Bacgt al.[11]; that is, the mini- i “
mum value of the apparent viscosity decreases and the fre- | ——— 0,/7=0.1; (@)/4y=-0.20"~_
guency of the magnetic field corresponding to the zero L ,,/7=0.5; {@)/Ly=-0.69 .
viscosity increases with the amplitude of the magnetic field. 14 i — @,,/7=2.0; {w)/Ly=-1.59 h
Note that when the demagnetization effect is taken into ac- A @y /7=10; (w)/sy=—1.03
count in the Felderhof’s model, the frequency, which gives el I
zero viscosity, slightly decreases with an increase in the am- 0 20 40 60 80 100 120
plitude of the magnetic field. Zeuner, Richter, and Rehberg (b) Nondimensional time £y
[12] carried out an experimental investigation of the negative
viscosity effect. Their experimental results, as a whole, co- i, 6. Time variations of the mean angular displacement of
incide with the results obtained by the present analysis, thos@rromagnetic particles in both ac magnetic and shear flow fields,
mOde|S and the expel’lment Of Ba@i al, except that the Pe=1. (a) §: 2, (b) g: 10. The S|0pe gives the mean angular ve-

negative viscosity effect is not induced any longer when theocity. The angular velocity of particles is higher than that of the
intensity of the magnetic field exceeds a certain value. Theolvent in the negative viscosity regions.

discrepancy might have been caused by the differences in the

interparticle forces, which, in fact, Zeuner, Richter, andThe analytical conditions of Mler and Liu[16] are based
Rehberg themselves also mentioned in their paper. The valuen those of the experiment of Baat al. The value of\ in

of the control parametex, which is the ratio of the magnetic our analysis is 1.5, which is close to that in the experiment of
dipole moment energy to thermal energy, was approximatelyacri et al. Therefore, the interparticle forces are quite weak
1.1 in the case of the experiment of Baetial, whereas it in the cases of Refd.11,15,16 and the present analysis,
was 5.1 in the case of the experiment of Zeuner, Richter, andompared to the experiment of Zeuner, Richter, and Rehberg
Rehberg, judging by the particle size distributions which[12]. We need to investigate the effect of the control param-
they measured. Therefore, the interaction between particlester A on the rheological and magnetic characteristics in
is quite strong in the case of the experiment of Zeuner, Richmore detail.

ter, and Rehberg. Since the interparticle forces were not In the negative viscosity regions, the mean angular veloc-
taken into account in the models introduced by Badral. ity of the particles should be higher than the angular velocity
[11] or Felderhof{15], the physical conditions in the models of the solvent. Therefore, we checked the time variations of
are quite similar to those in the experiment of Baetial. = the mean angular displacement of the particles. The time

<A¢ (t)>/2n
/

L

o
r—
;

N,
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FIG. 7. Dependence of the apparent viscosity on the frequencegffect of the ac magnetic field on the apparent viscosity dis-
of an ac magnetic field and thé d¥et numberé=10: @, Pe=1; O, appears.
Pe=5. As we have shown in the above, the rheological charac-
teristics of magnetic fluids are influenced by the frequency,
oy , as well as the amplitudé€, of ac magnetic fields. In this
section, to understand the basic mechanism that causes the
negative viscosity effect more clearly, we investigate the in-
teractions between the rotational motions of the particles or
dipoles and the magnetic field fluctuations, changing the Pe
clet number, 1 and 5 under a fixed magnetic fiefek 10.

variations of the mean angular displacemerp(t)), are
shown in Fig. 6 foré=2 and 10, where the Bkt number is
fixed at 1. The mean angular velocityy), is calculated by
(Ap(t))/t. Note that the slope in Fig. 6 gives the mean
angular velocity. In the case d@f=2 [Fig. 6(a)], the angular
velocity of th_e particles increases as the magnetic field freNote that in the case of Pel in a dc magnetic field, the
quencywy , increases and whemy, /y=1.0, the mean par- qational motions of the particles are stopped and the vis-
ticle angular velocity is higher than the solvent angular ve-qsity reaches the constant value for & whereas in the
locity; [(w)|>¥/2. The mechanism, which causes thiScase of Pe 5, the rotational motions are not stopped for
negative viscosity effect in rather weak magnetic fields, will < 10 (see Fig. 3. The dependence of the apparent viscosity
be discussed later. Whewy, / y= 10, the particles’ rotational on the frequency of the ac magnetic field and thelée
motions do not follow the magnetic field fluctuation and number is shown in Fig. 7 wheré is fixed at 10 and Pe
therefore the angular velocity of the particles is almost the=1 and 5. In the case of Pé, the frequency of the mag-
same as that of the solvent. When the amplitude of the magsetic field corresponding to the minimum viscosity is lower
netic field is as large a&=10[Fig. 6(b)], on the other hand, and the frequency range, which gives the negative viscosity
the mode of the rotational motions of particles becomes difeffect, is narrower, compared to the case ofReThe rela-
ferent depending on the frequency of the magnetic fieldtion between the amplitude of the magnetization fluctuation
wpy - Whenwy, is low (v /y=0.1,0.5), the particles’ mo- in the magnetic fluid systenﬁM§+ Mi), and the frequency
tions become cyclic; that is, the particles’ rotational motionsof the ac magnetic field is shown in Fig. 8 fg=10, Pe
stop for some period and then rotate quickly. The externaF 1 and 5, where the amplitude of the magnetization fluctua-
magnetic field is strong enough to stop the rotational motions

of the particles even in the shear flow fieldee Fig. 3 -
However, the external magnetic field is fluctuating fromyhe
direction to—y direction and vice versa, and therefore, once
the intensity of the magnetic field in thedirection becomes AW
low, the particles start rotating quickly due to the shear ap- £3:] N
plied to the system, but as the intensity of the magnetic field £°3) /" " WY WV W il
in the —y direction becomes higher in the meantime, the S TP R A
particles’ rotational motions stop again. Whex, /y= 2.0, @ ®)
the mode is changed. The rotational motions become smooth g g Time variations of the magnetization components of the
and the mean angular velocity becomes higher than that Qfystem and the phase diagrag 10, Pe=5, andwy /y=0.5. (a)

the solvent. The mechanism responsible for the negative viggagnetization components—, M, ; — — —, M,). (b) Phase dia-
cosity effect in strong magnetic fields will also be discussedyram. Resonance occurs between the magnetization and the exter-
later. Whenw), / y=10, the particles’ rotational motions can- nal magnetic field fluctuation. Beyond this resonance frequency, the
not follow the magnetic field fluctuation and therefore theapparent viscosity becomes negative.

sional magnetization
5 o
o
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FIG. 10. Time variations of the magnetization components of |G, 11, Time variations of the magnetization components of
the system and the phase diagrag=10, Pe=5, and om/y  the system and the phase diagrai.10, Pe=1, andwy /y=0.5.
=0.03.(a) Magnetization componen{s—, My; — — — M,). (b) (g) Magnetization components—, M,; — — —, M,). (b) Phase
Phase diagram. The angular frequency of the particles is higher thaflagram. The dipoles are pointing in the magnetic field direction for
that of the external magnetic field, but lower than that of the sol-some period due to the strong magnetic field and low frequency. As
vent. a result, the apparent viscosity increases.

tion is normalized by the saturation magnetization. In thelower than the angular velocity of the solvent due to the
case of Pe 5, the amplitude of the magnetization fluctuation magnetic field, which causes the increase in the apparent
becomes maximum at the magnetic field frequency, whictviscosity. In the case of Pel, on the other hand, the nega-
corresponds to the angular velocity of the solventy tive viscosity effect is more significant than that in the case
=¥/2, in which case the apparent viscosity is z&ee Fig. of Pe=5; that is, the minimum value of the viscosity is

7). This magnetization resonance is induced by the synchrdewer and the frequency range, under which negative viscos-
nization between the magnetic field fluctuation and the rotaity occurs, is wider(Fig. 7). The amplitude of the magneti-
tional motions of the dipoles of the particles. To demonstratezation of the system decreases monotonically with an in-
the synchronization, we show the time variations of the magerease in the magnetic field frequency and the rate of
netization components aty = y/2 in Fig. 9a) and the cor- decrease is low, in contrast to the magnetization feature for
responding phase diagram in Figh® In such a case as the Pe=5, in which case the amplitude becomes maximum at the
shear rate is, relatively speaking, higher than the amplitudeesonance frequency and decreases sharply beyond the reso-
of magnetic fields, the negative viscosity effect is inducednance frequency. In such a case as when the magnetic fluid
beyond the resonance frequency, at which the synchronizaystem is subjected to a strong magnetic field and relatively
tion between the magnetic field fluctuation and the rotationalow shear rate §=10,Pe=1), the dipoles are orientated in
motions of the dipoles of the particles occurs. As a result, théhe direction of the external magnetic figlsee Figs. 3 and
frequency range of magnetic fields, under which negativel). In the present case, as the magnetic field fluctuates with
viscosity appears, is limited near the resonance frequendyme, the orientation of the dipoles occurs while the intensity
(Fig. 7) and therefore the peak in the amplitude of the mag-of the magnetic field is high. In order to check this dipoles’
netization becomes sha(pig. 8). Gazealet al. observed the orientation in the system, we calculated the time variations
vorticomagnetic resonance in a system where magnetic fluidf the magnetization components and the phase diagrams,
is confined in a rotating circular cylinder which is subjectedwhich are shown in Fig. 11 fapy, /y=0.5 and in Fig. 12 for

to an ac magnetic field13] and investigated the relation ) /y=2. When the frequency of the external ac magnetic
between the negative viscosity effect and the resonfiile  field is low (wy, / ¥y=0.5), the magnetization in the magnetic
They found that the resonance in the system magnetizatiofield direction, M, becomes high and constant for some
occurs when the angular velocity of the fluid becomes theperiod (Fig. 11). During this moment, the dipoles are orien-
same as the frequency of the magnetic field and the apparetsted in the magnetic field direction and therefore the rota-
viscosity becomes negative when the frequency of the magional motions of the particles are stopped. As a result, the
netic field exceeds the resonance frequency, which agrees

very well with the present result obtained in the case of a 5 't 1
rather weak magnetic field compared to the shear (sge A g
Figs. 7 and 8 The time variations of the magnetization com-
ponents and the phase diagram when the frequency is as lov.
aswy, /y=0.03 is shown in Figs. 18) and 1@b), in which

I magnetization

nsional

ndimer
RS
i

of ac magnetic fields is lower than the resonance frequency TN Rl R
in general, the angular velocity of particles does not coincide @ ®

with the angular frequency of the magnetization fluctuation gy, 12, Time variations of the magnetization components of
of the system. Whenwy /y=0.03, the fundamental fre- ihe system and the phase diagrae:10, Pe=1, andwy, /y=2.0.
quency of the magnetization fluctuation is the same as that qf) Magnetization components—, M, ; — — —, M,). (b) Phase

the external ac magnetic field, but the angular frequency ofiagram. The direction of the dipoles changes smoothly following
the rotating particles is higher than that of the magnetizationhe magnetic field fluctuation due to the strong magnetic field and
fluctuation. Although the angular velocity of the particles israther high frequency. The viscosity becomes negative because of
higher than that of the fluctuating magnetic field, it is still the high frequency.
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apparent viscosity becomes positive and high. WheyYy  decreases and the frequency corresponding to the minimum
=2, on the other hand, the directions of the dipoles areviscosity increases as the amplitude of magnetic fields in-
forced to change continuously without stopping by the extercreases. The frequency range, under which the negative vis-
nal magnetic fieldFig. 12 and since the angular velocity of cosity effect appears, becomes wider with an increase in the
the dipoles or particles is higher than that of the solvent, themplitude of ac magnetic fields.

negative viscosity effect appears. Thanks to this mechanism, (2) In the negative viscosity regions, the average angular
the particles can still rotate, following the magnetic field velocity of particles is higher than the angular velocity of the
fluctuation, at higher frequencies compared to the resonana®lvent.

case. However, since the dipoles cannot follow the magnetic There are two mechanisms responsible for the occurrence
field fluctuation when the frequency of the magnetic field isof negative viscosity.

very high, the system magnetization decreases gradually and (a) When the amplitude of external ac magnetic fields is
the negative viscosity effect is reduced with an increase ifow, compared to the shear rate, resonance occurs between

the magnetic field frequendgee Figs. 7 and)8 the rotational motions of the dipoles of particles and the
In summary, the negative viscosity effect is induced byfluctuation of the magnetic fields and beyond the resonance
two mechanisms: frequency, negative viscosity appears.

(1) Resonance between the magnetic field fluctuation and (b) When strong magnetic fields are applied in relatively
the rotational motions of dipoles is induced in a magnetidow shear flow fields, the magnetic dipoles of particles are
field, which is, relatively speaking, weaker than a shear rateforced to stop for some period at low magnetic field fre-
Beyond the resonance frequency, negative viscosity appeaiguency regions. However, negative viscosity appears in

(2) Forced fluctuations of dipoles are induced by strong adigher frequency regions where the dipoles rotate continu-
magnetic fields under comparatively low shear rates. Genepusly following the magnetic field fluctuation.
ally speaking, the above two mechanisms are coupled de-
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