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Abstract. Simulations results of laminar flow of a magnetic fluid under action of steady and oscillating non-uniform mag-
netic fields are presented and discussed. A finite volume method is applied in order to discretize the governing coupled
equations of hydrodynamics and magneto-static. The appropriated boundary conditions for velocity, magnetization and
field intensity on the cylindrical tube wall are imposed and the relevant physical parameters of the flow identified. The
influence of those parameters on the fluid proprieties and the flow instabilities and bifurcations is investigated. The be-
havior of the magnetic fluid is explored for different nano-particle volume fractions and several magnetization relaxation
times. The non-linear response of the flow under several magnetic conditions is presented in terms of pressure times
series, phase diagrams and spectrum of fluctuations. The amplitudes of the velocity fluctuations in an oscillatory field are
also evaluated by our numerical simulations.
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1. Introduction

Magnetic fluids are colloidal suspensions of fine particles of solid ferromagnetic material in a carrier liquid. The flow of such kind
of fluid is affected by the presence of applied external magnetic fields. In the absence of magnetic fields the fluid flow down a circular
tube shows the familiar parabolic Poiseuille pattern. If an uniform steady magnetic field is applied along the tube for the same pressure
gradient the flow pattern remains parabolic but the flow rate is strongly reduced (Felderhof, 2001). In the absence of magnetic field
gradient the magnetic force is null. The particles however, cannot rotate with the vorticity of fluid due to the resistance imposed by the
magnetic polarization. This resistance is interpreted as an increasing in the fluid viscosity. In the case of a non-zero positive magnetic
gradient the magnetic force is positive and the flow rate increases.

Despite the simplicity of the geometry of laminar flow in pipes the flow structure of magnetic fluids is complex due to the nonlinear
coupling between hydrodynamics and magnetism. The laminar flow of magnetic fluids has been subject of several studies. Felderhof
(2001) has examined the flow of ferrofluids down a tube in an oscillating magnetic field and analyzed a set of magnetization evolution
equations, Cunha & Sobral (2004) proposed a simplified evolution equation for the fluid magnetization and solved the pressure driven
pipe-flow problem by using asymptotical theory. The numerical modelling of magnetic fluid instabilities has been explored by Old-
enburg et al. (2000), Berthier & Ricoul (2002) and Ramos et al. (2004, 2005). Many experimental observations on the behavior of
magnetic fluids have been carried out by Kamiama et al. (1992) and Fannin (1994).

The purpose of this work is to investigate the flow of a magnetic fluid in a cylindrical tube under action of steady and oscillating non-
uniform magnetic fields by numerical simulations based on the solution of the coupled magnetic-hydrodynamic governing equations.
The influence of particle volume fraction and magnetization relaxation time are examined by using uniform or non-uniform steady
applied magnetic fields. Oscillating non-uniform magnetic fields are prescribed in order to determine the flow response in terms of
pressure and velocity fluctuations.

2. Governing equations

The magnetic fluid flow problem falls naturally into two parts: that of finding the internal magnetic field and the fluid magnetization,
and that of determining the fluid motion variables (velocity and pressure). In this section we present the equations which the magnetic
and the hydrodynamic fields everywhere satisty.

The orientation of dipole moments of individual colloidal particles in a liquid is randomized by Brownian motion in the absence
of a magnetic field. Super-paramagnetic particles behave without hysteresis in dilute magnetic fluids, when no interaction among
neighbors are presented. Thus the fluid does not have memory and the local magnetization is allowed to be instantaneously oriented in
the direction of the local magnetic field. Under these conditions the magnetization field is collinear with the local magnetic field, that
implies: M x H = 0. Since the movement of electrical charges is absent, the Ampere-Maxwell’s law is reduced to:

VxH=0, (1
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therefore the local magnetic field H may be determined by mean of a magnetic potential ¢,,,, namely:

H =V¢p,. 2)
The induced field is defined as

B=u (H+M), 3)

where o = 47 x 107*H - m ™! is the vacuum magnetic permeability. The magnetism Gauss’s law for the induced magnetic field B
is simply

V-B=0. “)
Substituting Eq. (3) in Eq. (4) and using Eq. (2), it obtains a Poisson’s equations for ¢,
Vim =~-V-M . 5)

The magnetization field M for a dilute magnetic fluid with M x H = 0 is determined by the evolution equation proposed by
Cunha & Sobral (2004)

oM 1

— 4+ u- VM =QxM - —(M-M?), (6)

ot Ts

where u is the Eulerian velocity, 7 is the magnetic relaxation time of the particles and 2 = %V x u represents the angular fluid
velocity. The quantity M ° denotes the equilibrium magnetization for a quiescent magnetic fluid. For very dilute suspensions, the
equilibrium magnetization is collinear with the local field H and it is determined by a Langevin function (Rosensweig, 1997):

M® = ¢MaL(y) = ¢My (cothy —y71) )
with the dimensionless parameter ~y defined as:

3Xo mH
7T oMy kT

Here M° = M°H/H, H = |H| and M° = |M?°|. The propriety Mg in Eq. (7) represents the bulk magnetization of the particle
and ¢ is the volume fraction of the magnetic particles. In Eq. (8) the quantity x, = M/ H, is the magnetic susceptibility based on the
applied field H,, m denotes the dipole moment of the particles, kg = 1.38 x 10~2*J /K is the Boltzmann constant and 7" is the absolute
temperature. The parameter v, usually called the energy ratio parameter represents the relation between the magnetic energy mH and
the thermal energy kg7 associated to the motion of a magnetic particle. The first term on the right hand side of Eq. (6) represents the
change in the magnetization of a particle due to the local rotation of the fluid, whereas the second one states for the deviation from the
equilibrium magnetization in a quiescent fluid.

Cunha & Sobral (2004) have considered an evolution equation for the magnetization in which the relevant terms are just the ones
associated with particle rotation and the deviation from the equilibrium. This condition corresponds to a quasi-steady regime for the
magnetization, that means changes in this quantity occur instantaneously compared with a typical time scale of the flow. For this case,
changes in the magnetization of the fluid are consequence of the flow vorticity only, and Eq. (6) reduces to

(®)

1
QxM=—(M-M°). ©
Ts
Hydrodynamic balance equations are also needed for this coupled problem. The continuity equation for an incompressible fluid is
given by:

V-ou=0, (10)

When internal torques are absent in the flow, the stress tensor is symmetric and the balance of linear momentum for a continuum
magnetic fluid is given by:

p(% +u-Vu):—Vp+n*V2u—|—qu~VH, (11)
where p is the density, p denotes the pressure modified by gravitational effects and 7™ is the effective viscosity of the magnetic fluid
depending on hydrodynamic and magnetic effects. The last term on the right hand side of Eq. (11) represents the magnetic forces
acting in the fluid particles and is proportional to the magnetization and the local magnetic field gradient.

The fluid viscosity depends on the particle volume fraction and the particle dipole orientation due to the alignment with the magnetic
field. If no-magnetic field is applied the effective viscosity is purely hydrodynamic and its O(¢) may be determined by the equation
proposed by Einstein (1956) for an infinitely dilute suspension

=10 (1+g¢) +0(6%), (12)

where 1) is the viscosity of the suspending fluid. The O(¢?) is a non-newtonian effect related to the hydrodynamic interactions between
the particles. A general empirical formula is proposed by Kreiger-Taylor ( see Barnes, Hutton & Walters, 1989),

—[Mlémax
1 (1— 2 ) , (13)
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where [7)] is the intrinsic viscosity associated with the particle diameter and @ymq. denotes the maximum packing factor of spherical
particles. For submicron particles [1] ~ 5/2 and ¢maz ~ 7/10 (Barnes et al., 1989). For dilute suspensions where ¢/¢maee < 1, Eq.
(13) can be represented by a binomial serie as following

L/ M ¢maz ([7]Pmaz + 1) ¢ ’
Tlo 1+[n]¢+ 2 <¢maw> +
3
,[n]cbm([n}qﬁmaz;l)([nwm+z> <¢¢ > L a4

It should important to note that equation (14) is reduced to Eq. (12) for ¢ — 0.
In the presence of an applied field the particles cannot rotate freely with the fluid vorticity due to the particle magnetization. In this
case an extra correction O(¢) in 7 must be considered

n"=n+An, (15)

where An is the viscosity increment due to magnetic effects. The O(¢) correction for the viscosity of a magnetic fluid may be expressed
as

n" =m0 {1+ [k +k2G (] ¢} + 0 (¢°) = ano+ 0 (¢%) , (16)
with
Gy = £ (17)
44 2~L(7)
and
a=1+4 [k + koG (y)] 0. (18)

The constants in Eq. (18) are k1 = 5/2 and k2 = 3/2. If ¥ — 0 implies G — 0, then only the hydrodynamic effect over the viscosity
remains.

2.1 Dimensionless equations

Equations (5), (9) and (11) can be made dimensionless defining appropriate scales. A typical scale U is used as velocity scale, the
tube radius R as a length scale, R/U as a characteristic time scale and pU? as the pressure scale.
The non-dimensional evolution magnetization equation corresponding to Eq. (9) is:

O x M =M - M°, (19)

Note that all variables are now dimensionless. In Eq. (19) the parameter @ is the dimensionless magnetization relaxation time defined
as

U 75
v = . 20
w i (20)
This parameter represents the ratio between the magnetization relaxation time 7 and the characteristic time of the flow R/U.
The dimensionless forms of Egs. (10) and (11) are found to be, respectively
V-u=0, 21
and
ou a
§+u-Vu:—vp+§v2u+cpmM-VH, (22)
where Re is the Reynolds number based on the ambient fluid viscosity
Re = LUR (23)
Tlo

The parameter « defined in Eq. (18) has been used to correct n*. The new parameter Cl, that appears in the term associated with the
magnetic forces is called magnetic pressure coefficient and is defined as (Cunha et al., 2002)

_ moHg
Com =3

(24)

While the Reynolds number measures the relative intensity of the inertial and viscous mechanisms of momentum transport, the magnetic
pressure coefficient states for the relative importance of the magnetic pressure compared to the dynamical pressure of the flow, i.e.
magnetic effect relative to hydrodynamic effect in the flow field. Note that if Cp,, << 1 the Eq. (22) reduces to the conventional
Navier-Stokes equation.
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3. Numerical modelling

The governing equations were discretized by using a finite volume scheme. The variables were evaluated in a colocated 2D
quadrilateral cartesian structured grid. A regular grid of 100 x 40 of control volumes (i.e. 10 x 1 dimensionless units) in 2D was used
to solve the velocity, pressure field and magnetic properties for steady applied field conditions. A more refined mesh with 300 x 60
(i.e. 20 x 1) control volumes was required for capturing the flow response to a forcing alternating magnetic field.

The magnetic boundary conditions to solve Eq. (5) are Neumann conditions for the prescribed magnetic field. The continuity of
the normal component of the magnetic induction vector and the continuity of the tangential component of the field intensity vector on
the boundaries of the computational domain are also prescribed. The external magnetic field is considered in a particular region of the
pipe.

The fluid velocity on the fixed walls vanishes. A prescribed parabolic velocity profile u(r) = U(1 — r?/R?) is used at inlet, where
U was set the unit value. In this case a pressure equation is needed to be solved during the numerical procedure. On the other hand
when a pressure gradient G = — % is imposed no-inlet condition is needed.

The discretized momentum equation, the magnetic potential equation and the magnetization evolution equation are solved simulta-
neously. The magnetic force Cp,,, M - V. H is treated as a source term in the discretized momentum equations and an explicit treatment
scheme is used for modeling the magnetization divergent term in Eq. (5).

The magnetization evolution equation (19) falls into a system of algebraic equations for M components and the fluid vorticity is
calculated by using velocity interpolation on the cell faces.

A upwind difference scheme (UDS) is used to predict the convective fluxes at the control volume faces and central difference
scheme (CDS) in order to interpolate the diffusive fluxes (Ferziger & Peric, 1997). The velocity at volume control centers is calculated
by solving the algebraic system of the discretized form of the momentum governing equation given by:

Apulle =Y " A + Q" — ( %m ) : (25)
K ‘ P

where A represents a generic matrix coefficient, m represents the current iteration, m — 1 denotes the explicit terms, the subscript P
denotes the center of an arbitrary control volume, K denotes the neighboring points and () represents the source terms.

As stated previously the magnetic force is treated in this work explicitly as a source contribution. The source term is simply given
in a discretized form by:

0H;

w = Com M; —2 . 26
Quy = Cpm Mi (26)
The discretized Poisson equation of the magnetic potential is given by:

[ dPmag SMmt

— 27

The problem of the numerical solution for Eqs.(21) and (22) is the absence of an evolution equation for the pressure. The pressure
changes as the velocity evolves in time so the flow field remains non-divergent. Solving the Eq. (25) the continuity equation is not
fulfilled, so an equation of pressure correction is needed to ensure mass conservation. The corrected velocity field does not satisfy
the momentum equation and an iterative process is performed. The velocity-pressure coupling is solved using the SIMPLE algorithm
proposed by Patankar & Spalding (1972). An equation for the pressure correction is obtained by substitution of u = u* + u’ and
p =p* + p’ into Eq. (22), taking the divergence of Eq. (22) and using the fact that the divergence of the updated velocity field u™
must vanish. The superscription "+" and "’ " denotes respectively the non-corrected variables and the correction increments.

Time evolutions are made by using an Euler implicit procedure and the unsteady derivative term is treated as a source contribution.
This procedure leads to a slightly change in the velocity of the fluid when the time step At is sufficiently small compared with the
relevant diffusive time R? /v (where v = 7 /p) of the flow and with a characteristic period of the magnetic forcing 1/n ¢, where ny is
the forcing frequency of an oscillatory magnetic field. In dimensionless terms this condition is given by:

At < min (10727 Reil,nglURfl) . (28)

The value At = 1072 in Eq. (28) is the maximum dimensionless time step used in our simulations. More details of the numerical
procedure are given in Ramos (2004).

4. Results

The validation of our numerical scheme has been carried out in Ramos et al. (2004, 2005) in which the numerical results were
compared with recent asymptotic predictions described in Cunha & Sobral (2004). In particular, the effect of the magnetic pressure
coefficient Cl,,, over the magnetic fluid flow was explored in Ramos et al. (2004, 2005). Now we are interested in investigating the
influence of the particle volume fraction ¢ and the magnetization relaxation time @ on the magnetic fluid under conditions of steady
magnetic field. We also have examined flow bifurcations under oscillating applied fields in order to determine the spectrum of pressure
fluctuations and typical amplitudes of velocity-pressure fluctuations.
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4.1 Flow under a steady magnetic field

The external magnetic field is given by Eq. (29) in cylindrical coordinates.

0 if 2z < 20

Ho(2) = { (z — zo)azi” ifz> 2. (29)

Here zo is the position in z coordinate from which the steady magnetic field is applied and the field gradient is constant 9Ho/0z = 1.
The entire pipe length in our simulations is L = 20R.

The presence of particles supplies an increase in the energy necessary to the fluid deformation. In a static magnetic field, the
viscosity raises due to the microstructural anisotropy produced by the orientation of the magnetic particles with the field direction that
competes with the rotation of the particles induced by the vorticity action.

Whether an axial uniform magnetic field is acting on a pressure driven flow no magnetic force is present. Under this condition
the viscosity increasing is a result of the hydrodynamic interaction between the magnetic particles. The effect of the particle volume
fraction on the velocity profile is presented in Fig. (1).
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Figure 1. The influence of the magnetic fluid viscosity on the velocity profile for Re = 10, Cp,, = 10, Mg = 100 and G = 1

for two particle volume fractions ¢ = 0.01 and ¢ = 0.05 (a). In figure (a) is shown 1™ at O(¢), O(4*) and the also the empirical

Krieger-Taylor equation. The effect of the particle volume fraction ¢ on the velocity profile for a steady non-uniform magnetic field is
shown in (b).

The plot in Fig. (1a) shows velocity profile u = u(r) for Re = 10, Cpm = 10, Mg = 100, G = 1 for different particle volume
fractions. In this figure the binomial expansion for n* at leading order O(¢), and at O(¢?) and the empirical formula given in Eq. (13)
are plotted for a flow condition in which the magnetic field was absent. The influence of an uniform magnetic field is also observed
in Fig.(1a). The decrease of the flow rate from the magnetic particle orientation for ¢ = 5% due to an applied magnetic field is
approximately 20% compared with the flow in the absent of particles (Poiseuille flow, ¢ = 0). This difference increases for higher ¢.
The variations in the velocity profile is about 1% between the results based on * O(¢) and O(¢$>), for ¢ = 0.01. Viscosity suffers a
little increase when the magnetic field is present and the difference between the maximum velocity (i.e. at 7 = 0) considering terms up
to O(¢*) with no-magnetic field and H = 20 (uniform) is approximately 3% for ¢ = 0.05. Such applied field was imposed in order
to guarantee the magnetic saturation of the suspension.

In the presence of a stationary non-uniform magnetic field with 0H/0z = cte # 0, the magnetic force Cp M - V. H becomes
non-zero and the equilibrium magnetization M ° increases with the particle volume fraction. Figure (1b) shows the ¢ influence on
the velocity distribution in a flow with non-zero magnetic force. It is seen that a positive magnetic force increases the mean velocity
even for an increasing in the viscosity of the magnetic fluid. From a practical point of view, this result suggests the possibility of using
oriented magnetic particles in a carrier fluid for reducing drag even in laminar flow.

The dimensionless magnetization relaxation time @ is a very small parameter in ferrofluids. However in magnetic rheological
suspensions the micro-size particle might be greater than typical particles of nano-suspensions, being possible have & ~ 0.1 in dilute
solutions of super-paramagnetic micro-particles. Figure (2) shows the influence of @& on the flow for several values of the dimensionless
relaxation times. In a magnetic fluid with @ > 0, the vorticity €2 influence becomes stronger such as stated in Eq. (19). Since €2 and
H are not parallel, the balance between vorticity and particle polarization attenuates the magnetization contribution on the resulting
magnetic force.

4.2 Drag reduction

Whether no-pressure gradient is specified down the tube the pressure-velocity coupled needs to be solved. In the absence of
magnetic fields pressure decays linearly (G = —% > 0) for a prescribed mass flux (Poiseuille flow). When VH is in the same
direction of G the pressure field adjusts to the new condition in order to maintain the flow rate. A drag reduction can be quantify by
defining f, as the friction factor reduction, namely

=7

f = T 3 (30)
where f* is the friction factor calculated in the domain in which the magnetic field is present and £ if the friction factor corresponding
to the no-magnetic field region. Figure (3) presents f,. as function of the magnetic pressure coefficient for ¢ = 0.01, Re = 10, @ = 0.01
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Figure 2. Dimensionless magnetization relaxation time & influence on the velocity profile for Re = 10, Cp, = 10, ¢ = 0.01,G =1
e0H/0z = 1.

and My = 100 in a flow with a prescribed volumetric rate at pipe inlet @ = 1. This result indicates that is possible to reduce the drag
in laminar pipe flows using low concentrations of magnetic particles in the presence of applied magnetic fields. This possibility is a
direct consequence of the anisotropy produced by the orientated particles that exerts an extra force on the flow. The action of this force
in the favorable direction of the flow is reflected as being an increasing in the volumetric rate. The variation of |f,| as a function of
Cpm shown in the plot of figure (3) is well fitted by the following power law | f,.| = C 19/20,

pm

10 . 4

M

0.1

o1 1 m
Cpm

Figure 3. Friction factor reduction |f,| as a function of the magnetic pressure coefficient Cpp, for @ = 1, Re = 10, ¢ = 0.01,

@ = 0.01 and M4 = 100.

4.3 Nonlinear-frequency response

We are now interested in examining the flow response under condition of an imposed unsteady magnetic boundary condition. The
oscillatory magnetic field is given by

0 for z < 2o ;
Ho(z,t) :{ Ho 0

(z — 20) a@z coswt forz > zo. D

where 9Ho/0z = 1, w = 27 /7T and 7T is the oscillation period of the harmonic applied field. Note that for w = 0, the external
magnetic field reduces to an imposed stationary field. The time-average field for a period of oscillation in Eq. (31) is zero and in this
case the magnetic force is always positive.

In addition, a second condition in which the time-average field is not null and the resulting magnetic force is alternating is also
simulated:

. 0 for z < 2o ;
Ho(z,1) = { [(z —20) — LTH] 05‘;0 cos wt + LTH for z > 2o, (32)

where Ly is the pipe length under the external applied field. Some results of the frequency response of the flow under oscillatory
magnetic fields have been shown recently in Ramos et al. (2004, 2005).

In a pipe flow with a constant volumetric rate where external boundary conditions are unsteady the pressure distribution changes
with time. Figure (4) shows the time-series and phase-diagrams for a magnetic fluid flow undergoing an external magnetic field specified
in Eq. (32) with a dimensionless frequency ny = 100 (where ny = 1/7) for different Cp,. It is seen that at higher frequencies the
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Figure 4. Time-series and pressure phase-diagrams for Cl,,,, = 50 and C),,, = 100 with z = 18, 7 = 0 e ny = 100, Re = 10,
Md =100, ¢ =0.01 and @ = 0.01 .
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Figure 5. Power spectrum of the pressure fluctuations for Cpy, = 50 and Cpy, = 100 with ny = 100, Re = 10, Cpp = 50, 2 = 18,
r=0,Md =100, ¢ = 0.0l and w0 = 0.01.

flow response may drastically deviate from the simple harmonic behavior of the applied magnetic field. The flow becomes nonlinear
and bifurcations arises as a consequence between the strong coupling of the flow with the particle magnetization.

Figure (5) depicts the power spectrum of the pressure fluctuation for Cp,,, = 50 and Cy,,, = 100 under the same physical conditions
of Fig. (4). The plot presents the fluctuation intensities F as function of the oscillating modes. Two significant oscillating modes can
be identified from the power spectrum of the pressure fluctuations. The principal mode corresponds to the the same frequency of the
imposed oscillatory field (ny = 100). The extra nonlinear modes occurs at the frequency 2ns. A third small mode associated to the
frequency 3ny arisen when Cp,,,, = 100. We see that the intensity of the second harmonic increases more than 100% when comparing
the value of E for Cp,,, = 50 with its corresponding value for Cp,, = 10 at same forcing frequency, ns. This indicates that for higher
Cpm the coupling between the flow and the magnetic field may becomes strongly nonlinear, resulting flow bifurcations and unstable
flow configurations.



Procedings of COBEM 2005

18th International Congress of Mechanical Engineering
Copyright © 2005 by ABCM

November 6-11, 2005, Ouro Preto, MG

4.4 Velocity fluctuations

The velocity field behavior under an imposed oscillatory magnetic field defined in Eq. (31) is better observed in a pressure driven
pipe flow with constant G = 1. Now, the time-average velocity u(r) is defined as

u(r) = tlirilo %/ u(r,t) de. (33)
to

where to denotes a dimensionless time which is taken sufficiently long in order to hold the full decaying of the transient part of the flow
response. The associated velocity fluctuations are calculated by the expression

(u(r)/ 2) = lim {1/ [u(r,t) ,@]2&5
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Figure 6. Time-average velocity profile. Re = 10, Cp,, = 10, G = 1. The prescribed magnetic field is defined in Eq. (31).
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Figure 7. Velocity fluctuation amplitude versus oscillation frequency ny with r = 0. Re = 10, Cpp, = 10, G = 1. Solid line
represents the power law fit (Wﬁ = i n;mS/ 19 The prescribed magnetic field is defined in Eq. (31).

Figure (6) presents the time-average velocity profiles for Re = 10 and Cp,,, = 10 for several ny values. The maximum velocity
decreases approximately 30% for ny ~ 10 in relation to the corresponding values for ny = 0 condition. In general, we find velocity
fluctuations decaying as increasing ns. It is seen that hight variation rates of the imposed field are not followed by the velocity response.
The period of the forcing magnetic field (1/ny) is indeed much smaller than a typical time scale of the flow, say 77 = (R/(u’ 2)~ 2 ).
Therefore at very hight values of n s the flow does not have a sufficient time to respond to the imposed field oscillations and consequently
the velocity fluctuations are indistinguishable from zero. In this case the unsteady hydrodynamic-magnetic coupling is just a weak
effect on the flow. In addition, as the simpler measure of a flow instability is the velocity fluctuation intensity, we argue that under

high frequency of an imposed field the flow response would be stable for a specified pressure gradient. Here, for a forcing frequency

ny = 100 a typical time scale of the velocity fluctuations 7y ~ 1000, that is much long then the forcing time scale 0.01. Finally, the plot

in fig. (6) suggests a power-law fit of the velocity fluctuations as a function of the forcing frequency given by (u/ 2)2 = % n; 103/100,

f
5. Final remarks

In this article we have reported numerical simulation results for the flow of a magnetic fluid in a cylindrical tube. The simulations
all were based on a finite volume scheme that has been developed for computing the motion of such complex fluid in two-dimensional
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and axisymmetric flows. We have seen that the particle volume fraction can enhance the volume rate even with the effective viscosity
of the fluid increasing due to the presence of the oriented magnetic particle. We have found this possible whether the imposed magnetic
gradient is applied in the same direction of the favorable pressure gradient. A positive magnetic force proportional to the field gradient
can promote a drag reduction in the flow such as shown in the result of the friction factor as a function of the magnetic pressure
coefficient. The numerical scheme was able to capture nonlinear frequency response in the flow of a magnetic fluid under condition of
alternating magnetic fields. High frequencies tend to make the pressure response nonlinear with appreciable pressure fluctuations and at
least three modes of oscillations identified at frequencies ns, 2ny and 3ns. On the other hand the small observed velocity fluctuations
were a result of the weakly coupling between the velocity response and the imposed oscillatory field produced by a large difference
(i.e. al least five order of magnitudes) between the time scales of the forcing and the velocity fluctuation response.
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