Brazilian Journal of Physics, vol. 25, no. 2, June, 1995

83

Hydrodynamics o Magnetic Fluids

Shinichi Kamiyama
Institute of Fluid Science, Tohoku University Katahira 2-1-1, Aobaku, Sendai, 980, Japan

Kazuo Koike
Tohoku Gakuin University, Chuo 1-13-1, Tagajo, Miyagi Prefecture, 985, Japan

Received September 2, 1994

A review is presented of the hydrodynamics of magnetic fluid research mainly conducted
in Japan. The topics treated are various pipe flow problems and rheological characteristics
of magnetic fluid in a strong magnetic field. First, the effect of uniform and nonuniform
magnetic fields on steady pipe flow resistance is clarified. Then the oscillatory pipe flow
characteristics in the application of stationary and nonstationally magneticfields are inves-
tigated. Finally gas-liquid two-phase flow in a pipe is taken up. The experimental results
suggest that the particlesin afluid partially aggregate in the applied magnetic field.

|. Basic equations of hydrodynamics

Magnetic fluids are well known to be a colloidal sus-
pension of many fine particles of a solid ferromagnetic
material in a carrier liquid such as water, hydrocarbon,
ester and fluorocarbon. A most important feature is
that the liquid that can respond to magnetic field. This
characteristic results from the magnetic body force oc-
curing in magnetic field.

1.1 Magnetic body force

The hydrodynamics of magnetic fluids differs from
that of ordinary fluids by the inclusion o a magnetic
stress tensor which is well known as the Maxwell stress
tensor. If the local magnetization vector is collinear
with the local magnetic field vector in any volume ele-
ment, tlie following expression for the magnetic stress
tensor in magnetic fluids can be obtained in the general

form(1}:
2} bij+Bi Hj ,

zJ !Ho /
(1

where M is magnetization, H is magnetic field, v is spe-
cific volume (m3/kg), &; is the Kronecker delta, and
1o is the permeability of free space and has the value
47 X 10-"H/m. In Cartesian coordinates, j is a com-
ponent of the vectorial force per unit area, or traction,

/6Mv u()
dH + —
\ v ) * 2

on an infinitesimal surface whose normal is oriented in
i direction.

The magnetic body-force density is given by fr, =
V - T. Its components are represented by

f= 1= 50 @)

The vector expression for the magnetic body force may
be written as

fn ==V {;LO/OH (8%U)HTLIH} +p0(M - V)H .
| ®)

1.2 Quasi-stationary hydrodynamics of magnetic
fluids

To analyze magnetic fluid flow, it is necessary to
formulate the momentum equation for magnetic flu-
ids. A momentum equation of magnetic fluids wasfirst
proposed by Neuringer and Rosensweigl?l. They con-
sidered the limiting case that the relaxation time for
magnetization is zero; that is, tlie magnetization M is
collinear with the magnetic field H. Collinearity is a
good approximation for sufficiently small size particles
which behave superparamagnetically. The direction of
M, then, rotates freely within the solid particle.
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The system of hydrodynamic equations of magnetic
fluids is described as follows: the continuity equation is
dp
the equation of motion is

Du
"Dt
the Maxwell equation is

= —Vp+po(M - V)H = Vpgz T qV%u, (5

VxH=j~0, V-B=0, (6)
the equation of state is

p=p(p,T), (7

and the equation of magnetization is

M = Mo(p,T,H) . (8)

Next, the energy equation is given by

Dt 0T Dt

where c is the specific heat, « the thermal conductivity
and @ the viscous dissipation energy.

The second term of the left-hand side of Eq.(9) ex-
presses the heating due to the magnetocaloric effect
of magnetic substance in a nonuniform magnetic field.
The magneticfluid is, therefore, heated by enteringinto
the strong magneticfield region and cooled by outgoing
from it. Equations (4)-(9) compose a system of quasi-
stationary hydrodynamic equations of magnetic fluid.

Now, we must consider the existence ofjumpbound-

M H
pcD—Two(a ) P g wvry+e, ()
H

ary conditions as an additional feature in concert since
it iscrucia to the magnetic fluid flow. Let us consider
an element of the surface at a boundary between two
different media as illustrated in Fig. 1. From Eq.(1),
the traction on a surface element with unit normal nis

H
n-Ty=-n (/.Lo/ 8AJUCZH+—“~OH2)+\‘BH.
0

ov 2
(10)
The difference of this magnetic stress across an inter-
face between mediais aforce oriented along the normal
which may be expressed as

H
(n-T] = n[Ton] = n (,10/ oMY iy 4 @Mj)
0 a’U 2

(11)
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Figure 1. Balance of forcesin the boundary condition.

The square brackets denote difference between the
guantities across the interface and subscript n denotes
the normal direction.

When the contacting media are both fluids, the
stress difference, from Eq.{10), may be balanced by ac-
tual thermodynamic pressure p(p, T).If one medium is
nonmagnetic, the following result is obtained:

P = po — (”—0) M2+ 2 (12)
2 " R’
where p, is the pressure in the nonmagnetic fluid

medium, R is the radius of curvature of the surface
and ¢ is the surface tension.

1.3 Treatment as Micropolar fluids

If a magnetic fluid includes relatively large parti-
cles, the relaxation time for magnetization of the fluid
is determined by Brownian rotation. In this case, the
particles can be considered as rigid magnetic dipoles;
that is, one can assume that the magnetic moment of
a particle changes its orientation only for rotation of
the particle itself. Then, the presence of an external
magnetic field results in the prevention of the rotation
of the particle and in the appearance of the mechanism
of rotational viscosity. The existence of rotational vis-
cosity leads to an increase in the effective viscosity of
the fluid.

Toexplain the dependence of the viscosity on amag-
netic field, let us consider the motion of an individ-
ual spherical particle in a homogeneous shear stream
Q = (1/2)V x N = const., planar Couette flow!® as
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sketched in Fig. 2. In the absence of the field, the par-
ticle’s angular velocity w equals to €. However, in a
magnetic field, the particle is acted on by the magnetic
torque poff X H, which changes the state of its rotation.
As a result, a frictional-force torque of Td3no(2 — w)
which is the mechanism of the rotational-viscosity, is
produced

:lVXu

2 "
pem X H
DN

\T = wd (2 — w)

ol

Figure 22 Motion d spherical particle in a homogeneous
shear stream.

I

In the hydrodynamic description of a suspension as
a homogeneous medium, it is necessary to treat it as a
fluid having internal angular momentum. The volume
density of internal angular momentum is denoted by

S=1Ilw. (13)

Here | = 87r®pgn/15 is the sum of moments of iner-
tia of the spheres per unit volume and w the angular
velocity of their ordered rotation.

For a liquid with internal rotation, the laws of mo-
mentum and angular-momentum conservation are ex-
pressed as followsl4l:

D
”B;’t = =Vp+1qViu+p(M-V)H
1
+ - _

5 V X (S—1Q), (14)
DS 1
— =M xH)— —(S—IQ) ++V?S. (15)
Dt s

Here v = 2r?/(37g) is the diffusion coefficient, s =
r2ps/(151,) is relaxation time of particle rotation and
I/(27s) means the rotational viscosity. To obtain a
closed system of equations, it is necessary to add the
equation for DM/ Dt to the system (14), (15); that is,

DM_SXM L/\/r n/rH) 10\

ﬁ— | - bt o \Lv,l - MOIF] 5 (10)

85

where r is relaxation time of Brownian motion, and
My the equilibrium magnetization of magnetic fluid.
Equations (4), (6)-(9) and (14)-(16) form a complete
system of equations.

II. Pipe flow problems

Pipe flow problems of magnetic fluids in an applied
magnetic field are very important not only as the ba-
sic studies of hydrodynamics of magnetic fluid, but also
as the problems related closely to the development of
applied devices such as new energy conversion system,
magnetic fluid damper and actuator.

I1.1 Theoretical analysis of steady laminar flow
II.1.1 Flow in an axial magnetic field

First, let us consider the steady laminar pipe flow
in an axial magnetic field H,(z) and apply the basic
equations derived in Section 1.3 as the micropolar fluid
of this problem!®). If the particle radius is on the order
of 10~3m, then the values of 7s become the order of
10~''s and hence the Lh.s. and the 3rd term in the
r.hs. of Eq.(15) may be neglected. Therefore, elimi-
nating S from Eqs.(14), (15) and (16), equation (14)
reduces to

dp 1d du, dH, pg 0
- (d_) oM, = o g (P H)
(17)
Also, the following relations are obtained:
QrM,
= 18
M, 14+ porsTB M, H, /I (18)
and
6Mz . 1 (QTB)‘?MZ }
Yo T {MO ~ M = ¥ grs 00, HL 1)
(19)

Here the equilibrium magnetization M, is assumed to
be expressed by the Langevin function L; that is,
Mo = nmL(§) . (20)

where L([) = cothé — €71, & = uomH/ET. In the
case of a uniform magnetic field, the second term in
ther.h.s. of Eq.(17) and the Lh.s. of Bq.(19) vanish!®l,

(1) Solution in the case 2rg << 1



If the condition that the rotary Péclet number P., =
2Qrg << 1 holds, the following relation is obtained
from Eq.(19).
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Now, let’s introduce the following dimensionless
guantities:

M, ~ My . (21)
|
* =7r/ro, z* = z[ro, ul = Uz /uo
h* = Hz/Hma:c» M; = MZ/JWOmaz: P* = pTO/(UUO) (22)
L* = L(g)/L(Ema:v)a A= ,LLOTSTBHm:cMOma:c/I
[
Here r; is the pipe radius and ug is the mean flow ve-
locity. Then, Eqg. (17) isexpressed as ronkT

d (., ronkT 1
P {p B In(¢ Slnf)}
2 An\ du;
= <1 * 77) dre (23)
where A
3 Ah*L*
A= 30T AL @4

¢ = (4/3)ma®n is volumetric concentration of particles
and ais the particle radius.

Applying tlie boundary condition w; =0 at r* =1
to Eq.(23), we obtain the solution as

* dp*l/dZ* *2
uz = —— )37 - 1 s 25
4(1+ An/n)( ) (25)
where L
p = pr = 18 Tln(g-1 sinh¢) . (26)

Eq. (25) shows that the flow is a Poiseulle one
of a Newtonian fluid whose apparent viscosity is 7. =
nt An. Applying the continuity equation, the velocity
profile is also represented by

ul = 2(1—r*%) (27)

Z

Integrating Eq.(23), tlie pressure difference between ar-
hitrary two points zj and z; in the applied field region
is given by

[i —&{i

0

r dz*

-w
(1= r*2)=_InL*(¢)

S [ln(E‘lsinh§)|§§

nto
25 A

+ 8(z% — 27 +8/ Tndz* . (28)
The first term of r.h.s. of Eq.(28) means that tlie
static pressure difference due to the magnetic body
force; the 2nd and 3rd terms correspond to the pres-
sure drop due to friction loss without magnetic field

and additional loss with magnetic field, respectively.

(2) Solution the case Qrg ~ 1

It is very difficult to solve Eq.(19) generally in the
case of P..(= 2Q7p) ~ 1. However, the left-hand side
of Eq.(19) becomes small in the region near the pipe
wall where the effects of angular velocity of fluid R is
large. On the other hand, R N 0 in the central region
of the pipe and hence the magnetization M, may be
considered as M, N My. Now, we put

Mr(r*, 2*) = My (2")8(r", 2") (29)

and consider the method to obtain the distribution
o 6(r*,z*) approximately. Neglecting the term of
(dé6/dz*) and assuming u} to be Eq.(27), Eq. (19) re-
duces to

(1F AR*L*6)? = (Qrp)%6 . (30)
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The radial distribution of 6 at each section z* can be calculated from Eq. (30). Eq. (17), in the case of P, ~ 1,

becomes b
d& - r d_p__ _ rO/«LOMOma:cha-’L‘ 6L*(E) *} ’ (31)
dr* 21+ An/n) | dz* nug dz
|
where field mentioned before section, Eq. (14) reduces to
A _3 Ah*L*6
7= AR IS (32)

It is clear from Egs.(31) and (32) that the apparent
viscosity depends on the flow shear rate R; that is, the

magnetic fluid shows the non-Newtonian fluid property.
o
II.1.2 Fow in a transverse magnetic field

Next, we would like to present the steady laminar
pipe flow in a transverse magnetic fild as shown in

Fig. 3!"). The basic equations derived in Section 1.3are f
Figure 3: Steady pipeflow in a nonuniform transverse mag-
applied to this problem, too. According to a consid- ne?icfield y pipefiowin a es

eration similar to the steady flow in an axial magnetic

|

dp  1d [ du, . dH, o .M, oM,
L opl sk S 6—— 60— .
ik (r o ) + po(M, sin + Mpcosd) T + 5 H, <s1n Em + cos T (33)
(1) Solution in the case g € 1
The following relations are obtained from Eq.(15) in the case of P., = 2Q7p < 1:
M, = Mysind , My = Mycostl (34)
and
My sin 8
M, = -Qrp 022 (35)

1+ porss MoH, T

Now, let’s introduce the same dimensionless quantities as for the flow in axial magnetic field except for h* =
Hy/Hmae- Then, Eq. (33) is expressed as

d . TonkT L ) . 2An y
dz“{l) " Tu In(é lsmhf)} = (i +s11129-‘n—‘> e

d*
+ <1+c0529%72> et (36)

where

3 Ah*L*

A= 3 T A T (37)
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Theincrease in the apparent viscosity Anin atrans-
verse magneticfield isjust half of that in alongitudinal
magnetic field (Eq.(32))8.

Applying the boundary condition of % = 0 at
r* = 1to Eq.(36), we obtain the same expressions for
u% and p* as Eqs.(25) and (26), respectively. Thus, in
the case of transverse magnetic field, it is shown that
the flow is a Poiseulle one of a Newtonian fluid whose
apparent viscosity isn. = 7 + An, too. The pressure
difference between arbitrary two points z and z} in
the applied field region is given by the same equation
as Eq.(28).

(2) Solution in the case Qg ~ 1

In this case, the approximate procedure based on
the same consideration as for the flow in the axial field
is adopted to solve the equations. That is,

M* = M/MOmax

and
M; = Mg(z")é(r*,0,2*) = L*6 , (38)

the following relations are obtained from Eq.(14)-(16):

(1—8)(1+ AR*L*8)? = (Qrp)%(6 — cos?0)  (39)

and
A 3 Ah*L*6
=311 Abr L6
It is clear from Eqgs.(39) and (40) that the apparent

viscosity depends on the flow shear rate R, too.

(40)

11.2 Pipe flow resistance in laminar and turbu-
lent flow

It iswel known that the velocity profile of the fully
developed laminar flow is parabolicin an ordinary New-
tonian fluid. Then, the pressure drop is determined by
the pipe friction coefficient A as afunction of Reynolds
number Re : A = 64/Re. Here, Re = puod/n. Exper-
imental studies of the flow in an axial magnetic field
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I

were carried out using similar technique to ordinary
fluid®®l. Fig. 4 shows the layout of the experimental
apparatus to study the flow in an axial magnetic field.
The open loop shown in this figure as L; was utilized
in the case of low flow velocity. The flow rate was con-
trolled by varying the position of upper reservoir R; and
was measured by means of a weight tank. On the other
hand, the closed loop Ly was employed to perform the
measurement at much higher Reynolds number. In this
experiment, a copper tube of 6 mm in inner diameter
was used. Thetest fluid was made by diluting Ferricol-
loid W-35 to mass concentrations of 20% and 25% with
distilled water. The pressure difference between the up-
stream and clownstream pressure taps was measured by
the manometer and the increasing rate of pipe friction
coefficient A was determined. Fig. 5 shows an example
of the experimental results in the case of uniform mag-
netic field. In the cases of axial magnetic field, good
agreement has been found between the experimental
and predicted results concerning the increasing rate of
the pipe friction coefficient. However, the decrease in
the increasing rate is also observed at relatively high
Reynolds number in the laminar flow regime; that is,
the apparent viscosity depends on the angular veloc-
ity. If a correction parameter o is introduced into the
term Q; in Eq.(39) as o'Qn, = o2 ~ 1 and the modi-
fied coefficient 5 is considered for the moment of inertia
of particles as | = 88ma®p,N/15 (where the values of
f=15and a = (2~ 3) X 10~3s are taken as the appro-
priate ones in the modification of the basic equations),
the experimental results can be explained qualitatively
by the approximate analysis. The increasing rate for
the turbulent flow is not so high compared with that

for the laminar flow.
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Figure 4: Layout of experimental apparatus o pipe flow in
the case o axid magnetic field.
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Figure 5: Experimental result of the increase rate o resis-
tance coefficient.

On the other hand, some experimental studies of
pipe flow in uniform and nonuniform transverse mag-
netic field have been carried out to clarify the effect of
the field on the resistance in a wide range of Reynolds
numbers for water- based and kerosene-based magnetic
fluidst®=12). One of them was carried out using exper-
imental apparatus sketched in Fig. 6. The flow was
driven by the rotary pump (3). The reservoir (5) is at-
tached to the outlet of the pump to reduce the pulsation
of theflow. The test section islocated along the center
line of the poles of an electromagnet. A magnetic field
was applied transversely to the flow direction with the
electromagnet. Fig. 7 shows the details of the test pipe
and the magnetic field distribution along the axial di-
rection of the pipe, where | means a current supplied to
the electromagnet. The pipe is made of phenolic resin:
the inner diameter is about 9.8mm. Twelve pressure
taps are installed along the pipe axis as indicated in
this figure. Typical experimental results are sketched

in Fig. 8. It is clearly indicated in this figure that
the pressure increases with the field strength H in the
entrance region of magnetic field, due to the magnetic
body force, and decreases in the outlet one. Moreover,
the pressure drop caused by friction lossis larger in an
applied magnetic field than in no magnetic field. The
true pressure distribution shows the profile as indicated
by solid line in thisfigure. However, if the pressure in
the magnetic field region is measured by a manome-
ter outside the magnetic field, the pressure difference
in the manometer indicates only the pressure drop due
to pipe friction loss as shown by chain line. In such a
case, the magnetic force acts on the fluid in the con-
necting tube across the magnetic field and cancels the
magnetic static pressure in the pipe. It is clear from
the experimental datathat there exists alarge pressure
drop in the nonuniform field region. Then, we would
like to go into some detail on the pressure distribution
measured by the manometer. As an example of ex-
perimental results in the case of water-based fluid, the
pressure coefficient C,, along the pipe axisis plotted in
Fig. 9. In this case,

—_ P-FH
©=ar
where p; meansthe pressure at the tap No.1 in Fig. 7.
The pressure drop increases with the applied magnetic
field strength; in particular, large pressure drop occurs
in nonuniformfield regions, in particular at downstream
of the pole piece. Measurements of the flow resistance
were also made for another pipes with variable cross
sectional area such as venturi tubes and long orificel*?].
It is shown in the experiment that a peculiar pressure
drop occurs at the edges of the imposed magneticfield.
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hodl

¥

@Reservoir 1, @Motor, @Pump, @Valve, ®Reservoir 2, ® Cooling pipe,
(DElectromagnet, ®D.C. power supply

Figure 6: Schemed the experimental apparatus d pipe flow
in the case d transverse magnetic field.
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As a result, the pressure drop within the magnetic
field is divided into three parts as sketched in Fig. 9.
The following loss coefficients may be defined from the
figure:

1.1 !
¢ =X +13 +AHE2 + Cin + Cout (41)
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where Ay denotes the resistance coefficient in uniform
magnetic field and g in the absence of field. ¢;, and
Cour are loss coefficients in nonuniform magnetic field
regions at the inlet and outlet. Since tlie pressure gra-
dient is supposed to be nearly constant in the uniform
field region, the resistance coefficient Az was estimated.
The relation hetween the resistance coefficient A, which
corresponds to A g, and the modified Reynolds number
Re* is diown in Fig. 10. The coefficient of pipe re-
sistance A and modified Reynolds number Re* in this
figure are defined

64 puod
o* —

_ = . 42
Re* n4+ An (“2)

It is indicated in this figure that in the laminar flow
regime the resistance coefficient A increases with tlie
supply current 1, that is, with tlie intensity of mag-
netic field. In particular, the coefficient A for water-
based fluid is much larger than that for kerosene-hased
fluid. On the other hand, X for turbulent flow is not
supposed to he influenced hy the application of mag-
netic field; it has aslightly lower value compared to the
Blasius formula as a Newtonian fluid.
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= B=0.14T o ;
- B=0.58T o
O.l=
r Ur_wiform ,x_ Q3164
N field 5 *1/4 :f
— d=55mm Cire)
L .64
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Figure 10: Effect d magnetic fidd strength on tlie relation
of the resistance coefficient X versus the Reynolds number
Re in uniform magnetic field.
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fluid.

As aresult, experimental data on the pressure drop
for the uniformfield agree relatively well with predicted
value for kerosene-based fluid. On the other hand, in

S. Kamiyamaand Kazuo Koike

the case of water-based fluid, the experimental vaues
are much larger than the analytical prediction. Since
it is observed that the large pressure drop also occurs
at the non-uniform field region, it is important to ex-
amine the effect of nonuniform magnetic field on the
flow resistance. Experimental work was aso done to
clarify the effect of nonuniform magnetic field on the
flow resistance. The nonuniform magnetic field distri-
bution was generated by adjusting the pole gap of the
electromagnet as shown in Fig. 11, where the parame-
ter 1 means the supplied current to the electromagnet.
Fig. 12 shows the experimental results of the pressure

change Ap}_, against mean flow velocity at several I-

values for both water-based and kerosene-based fluids.

Ap’ denotes the pressure drop over the pipe length L:

L

Ap = X=p-2 .
=403

In this case, subscript 1-2 denotes the change between
the locations z; and z; in Fig. 11. The theoretical val-
ues obtained from Eq.(28), modified for the transverse
magnetic field, are also shown in the same figure. The
experimental values for the kerosene-based agree con-
siderably well with the predicted ones as indicated in
the figure. On the other hand, it is easy to see that
the experimental values for the water-based fluid are
much larger than the predicted ones. Fig. 13 shows
the relation between the increasing rate of the resis-
tance coefficicnt (AA/X);-» and Reynolds number Re.
The increasing rate for the water-based fluid is nearly
ten times as large as that for the kerosene-based fluid,
which is similar to the pressure drop as indicated in

Fig. 12. It is also clear that the effect of nonuniform
magnetic field on the increasing rate of the resistance

coefficient is more obvious at the lower velocity range.
Theincrease in the flow resistance due to the mag-
netic field is not thought to be independent of the rheo-

logical characteristics of magnetic fluids. Experimental

studieswere made to clarify the effects of magneticfield
Measurements of the flow

(43)

on the characteristics!*3].
characteristics were made by means o the concentric-
cylinder-type viscometer shown schematically in Fig.
14. Tt was improved so as to be able to operate in a
strong magnetic field region. The tested magnetic flu-
ids were water-based, hydrocarbon-based and diester-
based fluids. A flow curve at liquid temperature of 20°C
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isshown in Fig. 15 as an example of the experimen-
tal results. 1t is clearly indicated that each magnetic
Auid in the case of no magnetic field shows the flow
characteristics of a Newtonian Fluid: the shear stress
increases linearly with the shear rate. Hydrocarbon-
based fluids behave as Newtonian fluid, even in the case
of applied magnetic field. However, water-based and
diester-based fluidsin the case of applied field show the
pseudoplastic Auid: theincreasing rate of apparent vis-
cosity changes with apparent shear rate. In particular,
it is clearly indicated that the viscosity of the water-
based fluid increases extraordinarily due to the appli-
cation of magnetic field at the region of small appar-
ent shear rate. This increase is thought to be related
closely to a peculiar pipe flow resistance in the case
of the water-based magnetic fluid. The experimental
result for the water-based magnetic Auid is shown in
Fig. 16. It isindicated in the figure that the increas-
ing rate of viscosity due to the magnetic fidd is ex-
tremely high in the region of small shear rate. The
predicted value based on the approximate analysis in
the case of §2rg > 1 is considerably small compared
with the measured value: the predicted value was of
the order of An/n < 10~t. Thus, the increment in
apparent viscosity cannot be explained by the theory.
It is believed that this peculiar characteristics of the
water-based magnetic fluid have closerelation to parti-
cles” aggregation or formation of cluster. To clarify the
influence of clusters on the rheological propcrties of the

du* /
w2 _ 2¢ 2An
<dt*> dz* + 1+Sm $

together with the boundary conditions
r=1: «=0 r"=0: dufdr*=0. (45)

Here W = ro/+/wp/n is Womersley number,

P = p*— ”kT In(¢6~1sinh¢)
(46)
An = oottt o = 2raPn

water-based magnetic fluid, a theoretical analysis was
carried out on the basis of the assumption that the par-
ticles in magnetic fluid form rigid linear aggregates to
rnake a cluster!¥. The numerical results showed that
the large increment of apparent viscosity occursin the
case of a magnetic field perpendicular to the shearing
plane and that Non-Newtonian viscosity appears above
a certain value of rotary Péclet number P.,.. The mech-
anism of particles aggregates has also been discussed.
The phenomena in the water-based fluid is supposed
to be caused by affinity of the surfactant for the sol-
vent; that is, two kind of surfactant are used in the
case of the water-based fluid. Two-dimensional com-
puter simulations were also conducted by introducing
the concept o a hydrophobic bond!5l, It was clarified
that the problem concerning the particles' aggregation
can be reasonably explained by this theory.

11.3 Unsteady flow
I1.3.1 Pulsating pipe flow characteristics

The pulsating pipe Aowv problem is also important
in relation to the development in the application of os-
cillatory flow to magnetic Auid dampers and actuators.
We consider here a pulsating pipe flow in steady and
unsteady magnetic fields to solve the more generalized
case of the basic Egs. (14)-(16). When the basic equa-
tions are simplified by the same procedure as for steady
flow in Section 11.2, the following dimensionless equa-
tion is obtained:

d2u* 2, 2An du*
) s T @S ’ n ) rrdr* 4
|
and also,
r*'=r/ry, z#+ =2/rg, U = ufwry
P = v/, = wt L@

Eq. (44) issolved nurnerically by assuming that each
time-varying variable is expanded in aseries and order-
ing the resulting terms with respect to the powers o
n['¢l. Time-varying velocity profilesin a circular pipe
are obtained as afunction of the Womersley number W
and the magnetic field parameter. Generally speaking,



94

it was clear from the numerical calculations for steady
and unsteady magnetic field that the velocity profiles
are mainly influenced by W asin to ordinary fluid flow;
for smaliler W, the velocity profileis parabolic-like and,
for larger W, it becomes the profile having a maximum
near the wall. Fig. 17 shows the velocity profile in
the case of unsteady magnetic field as an example of
the numerical results. In this case, the calculation was
done under the assumption that the pressure gradient
dp,/dz* and the magnetic field H, are expressed as
follows:

dpn/dz* = Pyt Prexp(it*) (Po/Py = 2)
Hy(t*) = 140t 100expi(t* — B)[kA/m]

The curves in thisfigure represent the velocity pro-
file at different instants; 8 denotes the phase difference
between periodic pressure and magnetic field fluctua-
tion. It iseasy to seethat the profileis aso affected by
the phase difference 8 although it mainly changes due
to the Womersley number W.
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Figure 17: Veocity profile in an oscillatory pipe flow.

II.5.2 Oscillating flow (experimental study)

Experimental study of an oscillating pipe flow with
constant amplitude in a steady magnetic field is car-
ried out using a experimental apparatus as sketched in

S. Kamiyamaand Kazuo Koike

Fig. 18; the oscillatory flow of magnetic fluid is pro-
duced through the piston (3) by the vibration exciter
(1), and a nonuniform magnetic field whose gradient
is steep is applied to the magnetic fluid flow trans-
versely to the pipe axis by an electromagnet (5)1*°.
The pressure variation was measured by means of the
pressure transducers (4) placed at the upper and lower
positions outside the electromagnet. In this study, the
effect of the applied field on the pressure difference Ap
and phase difference 8 between the upper and lower lo-
cations is examined. Since large pressure drop occurs
in the nonuniform magnetic field region in the case of
water-based magnetic fluid, water-based magnetic fluid
was employed in this experiment. Also, electromagnet
was designed so that the steep magneticfield gradient is
realized. Fig. 19 shows the magnetic field distribution
on the centerline of the pipe axis.

(DVibration exciter, (DImpedance hcad, D Piston, @ Pressure transducer,
(@ Electromagnet, ®Reservoir, {DCircular pipe, ®D.C. power supply,
@®D.C. power amplifier, §) Spectrum analyzer, §) Oscilloscope,

2 D.C. power amplifiez, §J Fuaction generator

Figure 18: Scheme d experimental apparatus d oscillatory
pipe flow.
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Figure 19: Magnetic fidd distribution in the case of oscilla-
tory pipe flow.

Theoretical analysis of the oscillatory flow was also
made under the assumption that the shape of aggre-
gated particles in a magnetic fluid is an elongated €-
lipsoid as sketched in Fig. 200'7). Fig. 21 indicates the
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rate of the increase in the pressure difference due to
the imposed magnetic field (AP3g ) — ABY 1))/ Ay 4y
as a function of the Womerdey number W. Here Nu
denotes the number of the aggregated particles. 1t is
clear that the increasing rate of the pressure difference
due to the application of nonuniform magnetic field be-
comes larger with increase in the number of the parti-
cles Nu. The pressure difference aso shows large value
at low W. Experimental data plotted in thefigure indi-
cate that the pressure difference due to the nonuniform
field increases with decrease in W, too. Since the pre-
dicted results of the pressure difference show the same
tendency as the experimental data, the experimental
datacould be qualitatively explained by the theoretical
analysis based on the consideration of the aggregate of
magnetic particles.
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Figure 20: Modd o aggregated particlesin a magneticfield.
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Figure 21: Incresse rate d pressure difference versus Worm-
erdey number.
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11.3.3 Flow induced by alternating magnetic
field

The oscillation of a magnetic fluid column, that is,
amagneticfluid plug, has been studied for developing a
magnetic fluid plug actuator!®1%), Let us consider the
oscillatory Aow in a U-shaped tube as sketched in Fig.
22; magnetic fluid and nonmagneticfluid are held in the
tube. Thelength of each fluid columnis/,, for magnetic
fluid and I, for nonmagnetic fluid. The magnetic fluid
plug is supported by non-uniform static magneticfield.
290 represents the initial height from the upper inter-
face of the plug to the center of the applied field. The
oscillatory motion of the magneticfluid plugisinduced
by applying harmonic oscillations to the magneticfield,
which drives the oscillating flow of nonmagnetic liquid.
Assuming that each flow is laminar, the pipe friction
coefficients can be estimated as A; = 64/Re;, where
Re; = pivd/n; and i = f,m. The governing equation
for this oscillating flow can be expressed as:

Zo

Z

Figure 22: Oscillatory motion of magnetic fluid plug in an
U-shaped tube.
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d’Az 329, fd Repmd\) dAz
(psly +Pmlm)*gt2—+ e ly +C——— 1| + <1m+Cm—6T->} p
Hy

+9pmlm + ps(lm — h — 2A2) — o MdH =0, (48)
Fo

where v = ¢ /nm and ¢ denotes the loss coefficient. Also, subscript f and m denotes the nonmagnetic liquid and
the magnetic fluid, respectively. Applying the Langevin function, M = nmZ(£), to the magnetization M, where
L(€) = coth¢ — ¢~1 and € = pymH /KT and introducing d and +/d/g as representatives of length and time to make
the equation dimensionless Eq.(48) can be written as

Az 4 dAr L (-t t2as) gsinhg (49)
dt* G (303 + 1) *Neosinheg
where
16Fr 71} + I;kn + (7CfRef + CmRem)/64 )
[e A= )
Re,, Pl + 1
in which Fr = v/\/dg (50)
N nkT
T A )

The, superscript * denotes dimensionless quantities.
Assuming the initial condition t* = 0, Az* = 0, linearizing Eq.(49) and, for simplicity, representing Az* by z*,
the resultant equation can be expressed as

d?z*

T +2a1 = +a1xz = Fsinwt* (51)

Here,
&> 1 )
2p% -
X = Grrite (dz‘) (1—¢&1o) — (df') (1-¢&0),
F = A&yl — 1) — A€ — 1) 5
(52)
51 <1l:
2 —
(pjlj«fl* Yoz (%)2(1_5201) s
F=ay— A&H(&4 - 1) . J
A general solution of Eq.(51) can be easily obtained. After asufficient long period, it reduces to
2" = Asin(wt* —§) . (53)
Here
A= P/ =V +4aTe? ‘
= (F/p*)/ /{1 = (w*/p)} + {20(w/p)}?
§ = arctan[2a1w/(p? — w?)] (54)

= arctan[20(w/p)/{1 — (w/p)?}]

p=va J
and o is the damping coefficient.
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An experimental study is also carried out using
the U-tube configuration where the motion of mag-
netic fluid plug is transferred to the piston supported
by the spring through the nonmagnetic fiuid. Experi-
mental apparatus and measuring devices are schemat-
ically shown in Fig. 23. A kerosene-based magnetic
fluid of 20% mass concentration is used as the mag-
netic fluid plug and distilled water is employed as non-
magnetic liquid. Nonuniform static magnetic field for
supporting the plug is produced by a constant supply
current to electromagnet. Vertical position of the tube
is adjusted to the position where z, became a speci-
fied value. When a harmonically oscillating current is
applied to the magnet, pulsating magnetic field is gener-
ated and added to thestaticfield. Then, the oscillating
flow is driven by the pulsating field. Displacement of
the piston (9) is observed by means of the optical mea-
suring system composed of displacement analyzer (7),
digital storage oscilloscope (8) and camera. The ampli-
tude of piston displacement as a function of frequency
of the alternating field is obtained as various spring
constant k. asshown in Fig. 24. The maximum field
strength in the stationary state is Homqr = 26.5k4/m,
and the maximum amplitude of the alternating field is
AHpgr = 26.0kA/m.

@ Glass tube, GMagnetic fluid, ®Water, @ Coil,
® Power supply, ®Function generator, (DDisplacement analyzer,
® Oscilloscope, @ Piston

Figure 23: Scheme of experimental apparatus d magnetic
fluid actuator.
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Figure 24: Effect d the spring constant k. on the frequency
response curve.

The analytical results!'® are also shown in Fig. 24.
The theoretically predicted values are higher than the
experimental values because the friction loss of piston
was neglected in the analysis. However, they agree

qualitatively.

11.4 Gas-liquid two-phase flow

Recently, a new energy conversion system utiliz-
ing gas-liquid two-phase flow of rnagnetic fluid has
been proposed!?®~23.  The system is based on the
principle that the magnetization of the magnetic fluid
changes with void fraction. It is wedl known that
thereisasimilar proposal USiNg atemperature-sensitive
magnetic fluid. However, significant results have not
been obtained since the magnetic Auid of satisfactory
temperature-sensitivity have not been prepared. The
above-mentioned new system can produce larger force
since the properties of magnetization changes by gas
inclusion as wel as the temperature rise. Let us con-
sider the one-dimensional two phase flow in the vertical
pipe. Fig. 25 shows schematically the system used in
the theoretical analysis as well as the experiment. The
magnetic field H has nonuniform distribution along the
z-axis. The magneticfluid downstream, past that point
of maximum field strength, is heated, as sketched in
Fig. 25. Ty is the rate of vapor bubble production. In
the experimental study, the vaporization by heat addi-
tion is replaced by air injection at z = Q To simplify



the theoretical consideration, it is also assumed that
the momentum equation of gas phase is represented by
the motion of a single gas bubble. Under these as-
sumptions, the governing equations can be written as
follows!?3l: the continuity for the gas phase is

d
g;(ﬂg”gO‘A) =Ty (55)
and for the liquid phase

L {(om1 —0)4)} = -1, (56)

_ 3
rg - —WrminpgN 3

ng (z ~ Zmaz)
27r(7 exp {—————-—202 } o (57)

where N, the number of vapor bubble generation, ny, is
total number of bubble generation, 7,,;, the minimum
bubble radius, g, the gas density and ¢ the variance.
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Figure 25: Analytical model of two-phase flow in a nonuni-
form magnetic field.

If viscosity effects are not taken into account, the
combined momentum equation is

1d
st A+ (1 - a4}

W (I-a)pg+(1- a)qud , (58)

dz
the momentum equation of the gas phase is
4 d
gWR:;ngg“ng' =
4
— 4 de’” — ——aR3p,g — Fp ~ Fym ,(59)

3

the cornbined energy equation is

1d v2 v2
1z {PQO‘A“Q (hg + _29_> + (1 — @) Ay (hl + -é—)}

= (1 - g - (1 - e G

the equation of the state for the gas is

Pa/Pa

and the equation of contraction and expansion of the bubble is

d’R dv dR 3
22 4 g 2.2
wog o (G) (%) + 33

oM dH
) ?)1-d—+Q, (60)

P
=ReT (61)

2
1 20 477 de

=) == . 2
) pz{ TPTRTRY G (62)
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Figure 26: Numericd example o pressure rise owing to
the gas injection as a function d maximum magnetic fidd
strength.

Here A is the cross-sectional area of the pipe, #p
the drag force, F,,, the virtual massforce, R the gas
constant, R the bubble radius, Q the heat added to
fluid per unit volume through pipe wall, v fluid veloc-
ity, « the void fraction and p the density. Also, sub-
scripts g and I denote gas phase and liquid phase, re-
spectively. We can obtain the flow characteristics by
solving simultaneously Egs. (55)-(62). It isshown that
the injection of gas bubbles in the throat increases the
pressure rise in diverging duct under a nonuniformmag-
netic field2%. The calculated results were confirmed by
an experimental study. Moreover, theoretical and ex-
perimental studies were made to clarify the effect of
magnetic field on the two-phase flow characteristics of
a temperature-sensitive magnetic fluid.

Fig. 26 shows a typical example of the numerical
results concerning the effect of magnetic field on the
pressure rise owing to the gas injection!2!l. It is clear
that the pressure rise for gas injection is considerably
large compared with that for no gas injection; for ex-
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ample, in the case of AT = 55°C, part (1) corresponds
tothe pressure rise caused by the effect of air lift pump,
(2) by the effect of gas injection on rnagnetization re-
duction, and (3) and (3)’ by the effect of heating on
magnetization reduction. Fig. 27 shows the pressure
difference Ap;,, due to heating for three cases of air
flow rate @, in the case of a bubble radius Zg = 1
mm at the injection point!*2l, Here, AT is the temper-
ature difference between the entrance and the exit o
the magnetic field region. Experimental results, under
similar conditions to the theoretical analysis, are aso
plotted in this figure. In the experiment, Ferricolloid
TS-50K (Taiho Industries Co.), which has a 50% mass
concentration of Mn-Zn ferrite particles, was used as
the temperature- sensitive magnetic fluid. The pres-
sure difference Ap,, indicates the pressure increase at
the exit of the field region due to magnetic force only,
compared to the single phase flow in a magnetic field.
It is obviously known that the driving force becomes
larger by injecting air into the magnetic fluid.
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Figure 27: Presure rise due to heating and air injection for
the case of ar flow rate Q.
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III. Conclusion

This review deals with the recent research works
of hydrodynamics of magnetic fluids, especially various
pipe flow problems conducted mainly in Japan.

Firstly, the effect of uniform and nonuniform mag-
netic field on the pipe flow resistance is investigated.
Several experimental studies show that a large increase
of flow resistance isinduced by the application of mag-
netic field. The large increase in the apparent viscosity
is also obtained due to the applied magneticfield in the
measurement of rheological characteristrics of magnetic
fluid using concentric cylinder type viscometer.

These experimental datasuggest that the small par-
ticles in a strong magnetic fidd partially aggregate
to form a chain like cluster. Therefore, an analytical
model of particle aggregate is considered in the oscilla-
tory pipeflow case and compared with the experimental
data.

As a specific example of pipe flows, an oscillastory
motion of a magnetic fluid plug induced by an oscillat-
ing magnetic field is investigated as the basis for the
development of magnetic fluid actuators.

Finaly, gasliquid two-phase flow is investigated
theoretically and experimentally for the development
of anew energy conversion system by using magnetic
fluid.
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