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We considera ferrofluid cylinder, thatis rotatingwith constantotationfrequeny 2 = Q2e,
asa rigid body A honogeneousnagneticfield H, = Hye, is appliedperpendiculato the
cylinder axis e,. This causesa nonequilibriumsituation. Thereinthe magnetizationM and
the internalmagneticfield H are constantin time and homogeneouswithin the ferrofluid.
Accordingto the Maxwell equationsthey are relatedto eachothervia H=H,—M/2.
However, H and M are not parallelto eachother and their directionsdiffer from that of
the applied field H,. We have analyzedseveral differenttheoreticalmodels that provide
equationsfor the magnetizationin sucha situation. The magnetizationM is deternined
for eachmodel as a function of £2 and H, in a wide rangeof frequenciesand fields.
Comparisonsare made of the different model results and the differencesin particular
of the predictionsfor the perpendicularcomponents H, = —M,/2 of the fields are
analyzed.

1. Intr oduction

Thereare several theoreticalequatonsfor the dynamcs of the magnetization
M(r,t) of a ferrofiuid that is flowing with velocity u(r,t) in an externally
appliedmagneticfield H, [1-5]. Herewe comparetheir predictionsfor a sim-
ple special ca® that is experimentally accesible. We consder a ferrofluid
cylinder of radius R of sufficiently large lengthto be approximeted as infi-
nite in a homogeneousppliedfield H, = Hye, in x-direction. The ferrofluid
cylinder is enforced via its walls to rotate as a rigid-body aroundits long
axis with condant rotation frequeny £ = 2e, being oriented perpendicular
to Ho. The flowfield is thusu(r) = & xr = f2re, where g, is the unit vec-
tor in azimuthal direction.In such a situation al aforementionedmodelsallow
for a spatially andtemporally congant nonequilibriummagnetizationM that
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Fig. 1. Schenatic plot of relevant vectors.

is rotatedout of the directionsof H, andH by the flow. The Maxwell equa-
tions demand thatthefieldsH andM within the ferrofiuid arerelatedto each
othervia
1
H=H;—=M (1.2)
2
as indicated schenstically in Fig. 1 and that the magneticfield outdde the
ferrofluid cylinder

2 .
Hout — Ho_i_li (zg—Mr r _M> (1.2)

is asuperpogion of theappliedfield H, andthe dipolar contrikution from M.
This resultcanbe usedfor comparisonswith experiments which measurethe
outsidefield.

2. Magnetizationequations
The model equationsthat we compare hereimply a relaxationaldynamcs ei-
therof M towardsthe equilibrium magnetization

Meq(H)
H
H

Meg(H) = = x(H)H (2.1)

or of the“local equilibriuni’ or “effective” field

Mg (M)

Her(M) = M = F(M)M (2.2)
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towards the internalfield H. The equilibrium magnetizationMe,(H) referring
to the functionalrelation betweeninternal field H and magnetizationin the
ca® of 2 = 0isathermodynanic material propertyof the ferrofluid. The ef-
fective field H ¢ lies parallelto M andcanbeseenastheinverse of thedefining
requirenent

M =M gq(Hep) - (2.3)

In equilibrium 2 = 0, onehasH ¢ = H andM = M,
We considerheretherelations

Debye: @ xM= %(M —Mey) (2.4)
S72[2]: SlxM:%(M—Meq)—i-Z—;M x (M x H) (2.5)
FK[3: £ xM :yH(Heﬁ—H)+'Z—;M x (M x H) (2.6)
SOL[4: @ xHeF%(Heﬁ—HHZ—;Heﬁx(M x H) 2.7)
ML[S]: @ xM = &Hes —H) (2.8)

reallting for the rotating cylinder from the above 5 models Here r denotes
a magneticrelaxationtime, y and & relaxationrates ¢ the vortex viscos
ity and i, the vacuumpermneability. In ML we use the weakfield variant of
Ref. [5]. Thes equationshave to be solved numerically in conmbination with
the Maxwell equation(1.1).

As an asde we mention that the above equationscan be written in the
comman form

M X (Q +a3M X Ho) :(Xl(Ho—azM) (29)
with coeficients

X 1 1

Debye: aO==, dy=—+—=, az3=0
T x 2

, X 11 w

S'72: 061:;, Olz—;—f—i, 063_4—;

1 1 %

S'01: ale—T, (X2:F+§, 013—4—;

FK: oy = o —F—i—} oy = 0

. 1=VH, 2= >’ 3 a
1

ML: alzf, OlzZF—i—é, 013—0
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Fig. 2. Equilibrium magnetizationM,(H) usedasinput into the modelsconparedhere.

3. Results

In order to make the conparison of the theoretical reallts easer we re-
place the equilibrium magnetization M,(H) by the Langein expression
Meg(H) = Mgzl (3x0H/Msz) with the initial susceptibility xo = x(H = 0).
We use xo=1.09 and My, = 18149A/m for the saturation magnetization
which is appropriatefor the ferrofluid APG 933 of FERROTEC. The result-
ing curveis shown in Fig. 2. Furthernore, we replacethe relaxationtime t(H)
by s =6x10*s.For ¢ ~ gd?n we usethevaluesn = 0.5Pasand @ = 0.041
andfor y, we useyy = xo/ts [6]. For the parameteg of ML [5] we inves-
tigate two differentchoices Either the low-field variant,& = xo/ts, 8 in FK
thatis denotedhereby ML (F). Or thevarianté = 1/[F(M)tg] asin S 01 that
is denotechereby ML (S).

Especially the perpendiculacomponentH, = —2 M, of themagneticfield
is suited for a comparion of the differentmodelswith eachotherand with ex-
periments. Beforedoingthe former we shouldlike to draw the attentionto the
frequeny behavior of M, (H,, £2). We mentionedareadythat M, vanishes for
zerovorticity, £2 = 0. Furthernore, onefinds that M, aswell as M, vanishes
alsnin thelimit 2 — oco. And sinceonecanrewrite the solution of Eq. (2.9)in
theformM, = aljw ﬂ—s oneseesthat M, (£2) hasamaximum as afunctionof
£2 asin Fig. 3. Therewe show H, versus £2.

Thedifferencesn thereaults for thedifferentmodelsareeadly capturecby
commparing their predictionsfor the maximum valuesof |H,|, the locationsof
thee maximaat 2™, and theinitial slopes% at 2 — 0, eachasafunction
of appliedfield Hy. Thisis donein Fig. 4.

The maximal values of |H,| of DebyeandS'72 are the same while their
locations 2™ differ. The modelsS’01, FK, and ML formulatedin terms of
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Fig. 3. Comparisonof the predictionsof the differenttheoreticalmodelsfor the trans\erse
internalfield H, versusrotationfrequeng £2.
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Fig. 4. (a) Frequeng £2™* leadingto maximal trans\ersefield, (b) largesttrans\ersefield,
and(c) initial slope = at £2 — 0.
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the effective field also sharea common maximal value of |H,| being larger
thanthat of Debyeand S72 while the location, 2™, differ partly subgan-
tially. Hencethe magnetictorque,M x H, enteringinto S72, FK, and S'01
only shifts thefrequeny 2™, It remainsto be seenwhetherexperiments can
be performed with sufficient accurag to discriminate between the different
theoreticalpredictions
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