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Nomenclature

B = induction; amount of flux into a normal surface, in kilos gauss (KG), B = po(B + M)
DP = total pressure difference, in kilos pascal
(kPa)

f = magnetic force density, A0MVH, in Newton (N)

H = applied magnetic field intensity, in gauss
or kilos gauss (G or KG)
h = height

h s = height of free surface
I = electric current, Amper
k = Boltzmann's constant, = 1.38 x 10-23 Joule/K

L(x) = Coth(x) - 1/x Langevin function

m= mass of a sample of ferrofluid, in grams
M = induced effective magnetization, denoting
the state of polarization of matter, in
gauss (G)

Ms = saturation magnetization of the solid magnetic material, in gauss (G)

n = number of suspended magnetic particles of
diameter, D
P = total pressure, in kilos pascal (kPa)
U = velocity, cm/sec
r = radius

S = entropy

T = absolute temperature, K
T = magnetic stress tensor
Tc = Curie temperature

v = volume of a particle including the shell, m3
V = volume of a sample of ferrofluid, in cm3

Nr. electric voltage, volts
= volume of magnetic part of a particle, m3

= total viscous dissipation
= volume fraction of solid particles in ferrofluids
n = reduced viscosity
A = material permeability, N/A2
Ao = free-space permeability, = 4r x 10-7
v = kinematic viscosity, m2/sec

t = deformation in an arbitrary direction
pc - density of carrier liquid
pff = density of ferrofluid
ps = density of solid particles

x = magnetic susceptibility, x = M/H
* = potential-energy function
= dummy variable

N/A2
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AN EXPERIMENTAL INVESTIGATION OF THE THERMOMECHANICS
OF PIPE FLOW OF MAGNETIC FLUIDS IN RESPONSE TO
HEATING AND APPLIED MAGNETIC FIELDS

1. INTRODUCTION

1.1 Introduction

A ferrofluid is a colloidal dispersion of fine
magnetic particles in a carrier liquid such as water or
kerosene.

When a magnetic field is applied, each par-

ticle experiences a force, moves in the direction of
the magnetic field gradient, and entrains a volume of
the liquid.

One of the peculiarities of ferrofluids is that
when they are exposed to temperature variations, their
magnetic behavior is variable, i.e., as the fluid is
heated, magnetization decreases.

For example, for a

pipe flow the decrease in magnetization allows the
fluid to flow out of the field with little resistance.

This phenomenon leads to a number of interesting applications, including the use of ferrofluids as the coolant for a cooling system which requires no pump or controls.

In this type of system, thermal and magnetic

energy cause the fluid to circulate through a flow
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loop, thereby rejecting waste heat by directing it to a
heat sink.

The potential for the extensive use of ferrofluids
in different areas of modern technology has created the
need for the investigation of flow structure of these
liquids in pipe flow conditions.

The dependence of

magnetization on the temperature and the magnetocaloric
effect influences the nature of the flow.

Consequent-

ly, the objective of this study was to synthesize various water-based ferrofluids, investigate the temperature-sensitivity of the fluids and the magnetoviscosity effect on their flow, and to build a thermomagnetic
pump and test its capabilities.

A simple expression

was developed for predicting the maximum pressure difference that a thermomagnetic pump can achieve for given differences in temperature.

1.2 Applications

One application of the results of this investigation could be the elimination of machinery waste heat
by utilizing heat to cause fluid circulation.

In this

application temperature differences cause a tempera-

ture-sensitive magnetic fluid to circulate through a
heat exchanger flow loop.

The pumping capabilities of

such a flow circulation were to a limited degree evaluated in this study.

However, the technical considera-
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tion and performance evaluation of the system were not
developed.

The principle of pumping is based on the thermomagnetic autopounding effect which arises when magnetic
pipe flow is exposed to an axial change in the magnetic
field and heat transfer.

The liquid is pulled into the

field, flowing along a constant field while heating up.
The ferrofluid then flows out of the field with little
magnetic resistance.

The limit is when the fluid

reaches the "Curie" temperature, where magnetism disappears completely.

Long uniform field sections may

provide sufficient time to fully accomplish heat transfer.

The pumping effect of this phenomenon is covered

in detail in this investigation.
The space liquid droplet radiator (LDR), which is

a concept in rejecting heat in space by spraying a hot
magnetic fluid into free space toward a magnetic collector, is another useful possible implementation of
temperature-sensitive ferrofluids [1,2].

Other possible technological applications of a basic ferrofluid (but not necessarily a temperaturesensitive type) are seals, bearings, dampers, printing,
and gravity simulation.

4

1.3 Purpose of the Study

Although many theoretical studies of the rheology
and hydrodynamics of magnetic fluids have been undertaken and their results published [3-11], experimental
investigation of the pipe flow of a magnetic fluid in-

duced by the interaction of heating and magnetic fields
has not been thoroughly carried out, with the exception
of those fluids forced into motion by conventional
pumps.

The reason for the lack of experimental inves-

tigations is due to difficulties in obtaining magnetic
fluids and synthesizing them.

The purpose of this in-

vestigation was to complete the connection between the
theory and empirical experimentation.

Experimentation with ferrofluids provides a sound
background for the formulation of valid theoretical assumptions.

Furthermore, due to the complexity of com-

plete mathematical models, an analytical approach poses
many difficulties and for practical purposes correlations of experimental data must be relied upon to prove
the correctness of theoretical assumptions.

1.4 Objectives and Scope of the Investigation
The research questions underlying this study include:

What is the magnetic body force induced in mag
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magnetic fluids due to the interaction of heat and magnetic fields?

What are the characteristics and proper-

ties of temperature-sensitive magnetic fluids?

How can

the velocity of magnetic fluid pipe flow be measured by
hot wire anemometry techniques in the presence of a
magnetic field?
This study is a compilation of several experiments

aimed at the examination of the pipe flow of magnetic
fluids.

Due to the fact that the subject matter is in

the early stages of development, and due to new concepts involving the thermomechanics of ferrofluids,
this study is intended to be comprehensive rather than
specific.

The subject of this investigation consisted of the
study of magnetic fluids and the study of the pipe flow
of magnetic fluids.

The study of fluid characteristics

is essential due to the lack of information on the

fluids and the need for information explaining flow behavior.

The results made available by others research projects are compared in order to justify the conclusions
reached in this study.

The analytical model developed

for this study is based on the previous numerical work
of Choi [31].

Choi's numerical method was modified and

adjusted to obtain the pressure distribution along the
pipe through a longitudinal magnetic field.

6

1.4.1 Specific Objects of the Investigation
1)

Synthesize and characterize temperature-sensitive ferrofluids;

2)

Compare induced magnetoviscosity effects in
longitudinal and transverse field arrangements;

3)

Measure effective magnetization and saturation
magnetization;

4)

Examine the magnetocaloric effect;

5)

Determine fluid pressure distribution along a
uniform magnetic field;

6)

Provide M-H plots for different temperatures
for different fluids synthesized in the laboratory.

7)

Experiment with hot wire anemometry and thermocouple systems in the presence of magnetic
fields; and

8)

Extend numerical solutions to momentum and energy equations to simulate pressure distribution in a pipe flow of magnetic fluids.

1.5 Fundamental Concepts in Magnetism
1.5.1 Hysteresis and Magnetic Domains

Hysteresis phenomenon in ferromagnetic materials
is a non-reversible magnetic response to an applied
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field and can be explained by magnetic domain theory
Ferromagnetic solids are composed of domains in

[12].

which the magnetic moments of individual atoms are oriented in a fixed direction.

The essential reason for the existence of domains
is generally that their formation reduces the magnetic
free energy associated with the domain.

The optimum

domain configuration that occurs naturally is such that
the crystal is in a state of minimum free energy corresponding to a particular value of an applied field.

Magnetic particles in ferrofluids are generally so
small that each particle behaves as a single domain material.

Therefore, no hysteresis occurs.

Particles of

larger size could exhibit hysteresis due to their
multi-domain nature.

For certain applications, i.e.,

magnetic ink-jet printing, in which the rapid decay in
magnetic moment in the absence of an applied field is
essential, it is of paramount importance to have all
particles of single domain size.

Hard ferromagnetic materials are used as permanent

magnet because they reflect hysteresis behavior, meaning that they retain the magnetic moment after removal
of the applied field.

1.5.2 Ferromagnetism
Ferromagnetic substances have a domain structure.

When a ferromagnetic substance is unsaturated, parallel
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moments are grouped in small areas, or domains.

When

the externally applied magnetic field is increased, the
number of domains aligned parallel to the field increases or the size of those domains increases.

When

the external field is removed, magnetization does not
immediately return to zero status since the domains are
stable structures.

1.5.3 Paramagnetic and Diamagnetic Materials

All non-ferromagnetic materials fall into two
groups.

First, the paramagnetic materials which re-

spond to an applied magnetic field and develop domains,

but whose magnetic properties vanish upon removal of
the field.

In other words, materials which do not ex-

hibit hysteresis.

The second group is the diamagnetic

materials, which have no apparent response to applied
magnetic fields.

1.5.4 Ferrimagnetism
Ferrimagnetism is a subdivision of ferromagnetism.

Ferrites, including magnetite, which is the particle
material in most ferrofluids, exhibit ferrimagnetism.
These compounds have two sublattices within their crystal structure.

The magnetic moments on one sublattice

tend to align anti-parallel to the moments on the remaining sublattice.

However, there are more ions on

one lattice than on the other, so a net magnetic moment
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can result.

Ferrimagnetics, like ferromagnetics, may

exhibit hysteresis.

1.5.5 Superparamagnetism
Superparamagnetism is an effect manifested by material exhibiting the substantial magnetization of a
ferromagnetic material.

At the same time its magneti-

zation can be rapidly diminished upon removal of an applied field, as with a simple paramagnet.

Magnetite

particles in ferrofluids are referred to as superparamagnets [13,14].

1.5.6 Effective Magnetization

The most important property of a ferrofluid is its

magnetization, the measure of how strongly the dispersed particles orient as applied field intensity increases.

Since ferrofluids behave as paramagnetic ma-

terials, their "effective magnetization" may be described by a modified Langevin formula.

In this model

each term represents the contribution of a group of
particles of a certain size.
v si MH
/

1(L(

24kT

)) niv/i + (L(

v12MsH
24kT

)) n2v12 +

M = (1)Ms

nivi + n2v2 +

To use this equation for a given ferrofluid,

knowledge of the size distribution as well as the
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volume concentration of the particles for that fluid is
required.

For this reason, Chapter III is devoted to a

discussion of problems of synthesizing and characterizing certain water-based ferrofluids and modification of
temperature-sensitive ferrofluids.
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2. LITERATURE REVIEW

Experiments on the hydrodynamics of ferrofluids
have merited little attention in the literature.

This

is principally due to the fact that ferrofluids do not
exist in nature and were not synthesized until two
decades ago [16].

Since this juncture, in the mid-

1960s, the importance of further ferrofluid studies has

become increasingly apparent as new technological applications have been developed.

Applied mathematicians have completed most of the
pioneer studies in the theoretical analysis of the flow
regimes of ferrofluids, and the thermomechanics of ferrofluids have been given a thorough analytical review
by Rosensweig [17], Neuringer [6], Resler [18,19],
Bashtovoi and Berkovsky [20,21], and Shliomis [22].

The investigation which has merited the most attention
is the "modified Navier-Stokes" model suggested by
Neuringer and Rosensweig [6], in which the steady or
quasi-steady flow of magnetic fluids and convective
heat transfer in slowly or slightly changing applied
fields is developed and described.

The main assump-

tions upon which this model is based include (a) a homogeneous fluid, (b) an isotropic and monophasic
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medium, and (c) an induced magnetic moment parallel to
the magnetic field.

The momentum equation is in the

Navier-Stokes form, with an additional magnetic term.
Another model which considers the possibility of
the rotation of suspended magnetic particles was proposed afterward by Berkovsky [3,4].

In this model an

extra equation is included in the governing equations

of the thermomechanics of magnetic fluids provided in
the modified Navier-Stokes model to cover variations of
the internal angular momentum induced by a magnetic
couple.

The influence of induced microscopic vortici-

ties on the bulk structure of the flow is considered to

be most pronounced in the regions of sudden change in
the intensity of the applied field.

Therefore, this

model does not necessarily pose an advantage in most
practical cases of smooth variations of field intensity.

There have been a number of studies which have
stressed the advantages or limitations of either of

these two models, offering valid solutions for many
different specific flow regimes in their relation to
different magnetic field arrangements.

One particular

example of an adaptation of the Neuringer-Rosensweig

model for solution of specific flow problems is an
analysis of the flat plate boundary layer problem presented by Buckmaster [23].

Separation points and skin

friction as a function of the intensity of the applied
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magnetic field were examined and the results of this
investigation provided useful physical insights, which
can be applied to flow measurement by the hot wire ane-

mometry technique, into the behavior of ferrofluid
boundary layers.

Further study based on Buckmaster's results led to
the suppression of turbulent flow and delay of the sep-

aration point by modulation of a magnetic force induced
perpendicular to the flow [24].

In this analytical

study an analogy between magnetic fluid flow and the
flow of stratified fluids in a gravitational field was
adopted as a technique to extend the known solution of
stratified flows for the analysis of the possibility of
turbulence suppression in ferrofluid turbulent flows.
In developing the governing equations, the body force
term combines ordinary gravitational force and a magnetic force proportional to the gradient of the magnetic field and local temperature fluctuations.
effects of magnetic stabilization,

The

which can be used

to delay the transition from laminar to turbulent flow,
was also examined.

The magnetocaloric phenomenon is a unique thermo-

magnetic property of magnetic materials referring to
changes in the entropy of the material due to variations in the applied magnetic field.

This change of

entropy can be utilized as a process in a thermodynamic
cycle, such as a heat engine or heat pump, when the
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working magnetic fluid experience changes in the degree
of magnetic order.

The practicality of the magnetocaloric cycle is
largely a matter of whether or not strong fields in the
range of superconducting magnets are available and cost
effective.

Theoretical study of magnetic heat pumps

based on the magnetocaloric effect, using ferromagnetic
materials with a Curie point in or near room operating
temperature range, has been carried out extensively by
G. V. Brown [25,26].

In taking the magnetocaloric phenomenon into an
engine heat cycle analysis, Resler [18] completed the
earliest and most extensive analytical investigation of
Resler treated the issue

the efficiency of this cycle.

of power produced by thermally cycling ferromagnetic
fluid through a range of temperatures in order to effect appreciable magnetization changes, utilizing
changes of magnetization and their interaction with
magnetic fields.

Details of this thermodynamic analy-

sis are included in Appendix B.

The constitutional el-

ement of the analysis is the equation of state postulated as a relation between the M, H, and T variables.

Based on the equation of state, the magnetocaloric term
is taken into the thermodynamic analysis as a new heat
capacity at constant H, in addition to the conventional
heat capacity at constant T.
changes in entropy,

This new term covers

Therefore, a thermodynamic power
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cycle is constituted where two constant T processes and
two constant H processes are realized.

The validity of

the basic assumption for postulating a new heat capacity term needs to be verified, considering its colloidal nature and the different thermomagnetic behavior
of the particles suspended in ferrofluids.

This impor-

tant issue is further discussed in Chapter VI of this
investigation.

Another early fluid dynamics analysis of ferrofluids, of practical utility for most current technological applications, is the Nueringer-modified Bernoulli
statement [6].

Neuringer incorporated the basic model

of the modified Navier-Stokes, reducing it to a Bernoulli form of fluid mechanics expression.

In turn,

Rosensweig demonstrated the power of this simple relationship for the explanation of a variety of ferrohydrodynamic behaviors [27].

In the present experimental

study, a modified Bernoulli relation is utilized to
give a means of measurement for determination of the

magnetization of fluids, based on their free surface, a
function of M when the gravity, temperature, and H are
constant.

In a study of flow structure, the effect of the
magnetocaloric phenomenon has been analytically elaborated by Sultanov [9] in a study of ferromagnetic fluid
flows.

Using complex geometry, Sultanov solved the

Nueringer-Rosensweig model system of equations, showing
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that the magnetocaloric effect has considerable influence on the nature of the flow at temperatures close to
Curie point.

Velocity and temperature measurements in ferrofluid flows in the presence of an applied magnetic
field have been investigated and findings are presented
at international symposia held at three-year intervals
[28-30], of which four have been held to date.

A nu-

merical solution for temperature-sensitive ferrofluids
[31] was conducted, presenting a clear picture of the
local profiles of temperature and velocity in a field
gradient.

The axial distributions of pressure, how-

ever, have not been studied and very few experimental

works have been reported on viscosity measurement
[32-35].
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3. MAGNETIC FLUIDS

3.1 Introduction

In general, magnetic fluids consist of dispersions
of sub-domain ferromagnetic solid particles, such as
iron-oxide (Fe304), or magnetite, in a carrier fluid,
e.g., water.

The dispersions are stable in the pres-

ence of a magnetic field or a field gradient.

The

reason for this stability is the particle size, which
must be limited to a range of 20 to 100 angstroms.

Colloidal stability is the result of the balance between thermal energy, gravitational energy, and interacting magnetic energy.

Dimensional analysis of the

balance between these terms offers criterion for the
upper limit of particle sizes in order to maintain
their colloidal state.

On the other hand, the parti-

cles must be larger than a critical size to avoid interparticle attraction forces, such as Van der Waals or
London forces.

With this information, two different techniques
may be used for the fabrication of magnetic fluids:
mechanical size reduction, as proposed by Papell [27],
and chemical precipitation, as suggested by Khalafalla
[27].

Mechanically synthesized ferrofluids are very
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costly to make, but are otherwise very strong (i.e.,
high magnetization).

A typical cost-effective indus-

trial use of mechanically synthesized fluid would be
for shaft sealing, in which only a few drops of the
fluid are required [36].

On the other hand, for large scale applications of
magnetic fluids, such as those requiring thermal rejection, gravity simulation, or magnetic inkjet printing
applications, it is more cost-effective to chemically
synthesize the fluids in the larger quantities required.

Since the implementation in this investigation

was the use of ferrofluids as coolant media in a thermal rejection application, the chemical precipitation
technique was adopted and developed.

3.2 Chemical Synthesis of Ferrofluids

Colloidal suspensions of uniform single domain
size magnetite particles in water were prepared by wet
chemical reaction as follows.

Ammonia, reacting with

an intimate solution of ferrous and ferric chloride in
a bath at 5°C with ultrasonic excitation, resulted in
the precipitation of magnetite particles of a size
range from 40 to 50 A.

The rate of addition of ammonia

was examined against the amount of magnetite that was
precipitated (i.e., a fast rate reaction brought ammonia into reaction at the rate of 10 cc per minute; a
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slow rate reaction was 25 drops per minute).

As shown

in the results graphed in Figure 3.1, there is no empirical evidence of an advantage for the slow rate of
ammonia addition in producing more magnetite particles
than there is for the fast rate of addition.

Further-

more, the linearity of product yield vs. amount of
initial reactants was verified.

Figure 3.2 indicates the result of variation of
the pH of the reacting solution as a function of the
amount of ammonia.

It is desirable to maintain the pH

in a range of 9 to 10 [37], therefore the excess of
ammonia in a range of 3 to 4 times the magnitude of its
stoichimetric quantity is the optimum amount.

To prevent agglomeration, the precipitated particles were immediately heated and coated by a fatty
oleic acid, the amount of which was determined by
trial-and-error to be 10 percent of the weight of the
wet magnetite produced.

After a few hours of settling

time had elapsed, the side product of this reaction was
decanted out in the presence of a magnetic field which
separated and prevented the magnetic particles from being washed out.
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Once the magnetite particles were prepared, they
were stabilized in water by adding an active surface
agent, Ethomeen C-25, which is a polymer with both hydrophilic and lipophilic ends.

This agent inserts it-

self between the free ends of the fatty acid (lipophilic end) and the water molecules (hydrophilic end).
Polymers having several anchor groups are good stabilizers, but their disadvantage is that they tend to have
excessive space requirements [38].

Figure 3.3 is an electron microscope photograph of
particles showing the shape and size distribution of
the magnetite particles synthesized in the laboratory,
using the technique described above.

Figure 3.4 shows

the size distribution as determined by electron microscopy for the basic ferrofluid synthesized.

Although immediate coating of magnetite particles
was practiced, agglomeration within particles prepared
in the above manner cannot be completely avoided.

Therefore, there are some oversize particles and aggregates which tend to settle out in the bottom of the
fluid container.

These large particles can be filtered

out by centrifugal spinning at 2,000 to 3,000 rpm for
60 to 70 minutes.

Note that the bath condition of 5°C and ultrasonic
excitement set in the initial process of preparation of
particles is a necessary condition.

The cold environ-

ment is to ensure that the growth of the particles is
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Fig. 3.3.

Electron microscopic photo of particles.
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under control, i.e., it slows down the process of grain
boundary growth.

Also, vibrational excitement imposed

on the particles ensures that the particles which agglomerated break down to their initial sizes.

To modify the fluid and give it a temperaturesensitive nature, a secondary chemical process of adding zinc and manganese compounds was carried out.

This

process consisted of lowering the pH of the fluid to
the acidic level and adding zinc and manganese salts.
In time the hydrogen elements of the compound gradually
develop bonds with the oxygen elements of the magnetite
particles.

By suddenly increasing the pH level, some

of the hydrogen atoms were replaced by zinc and manganese cations, resulting in the formulation of a Zn-Mn
ferrite magnetic fluid.

In another set of trials to prepare a temperaturesensitive type of ferrofluid, several chemicals and
salts were brought into the reaction in the initial
step of joint precipitation, along with ferrous and
ferric salts.

The only successful material which pro-

duced a stable and temperature-sensitive fluid was
cobalt carbonate, which resulted in the formation of a
co-ferrite magnetic fluid.
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3.3 Crystal Structure of Particles
Knowledge of the crystal structure of magnetite
particles is required in order to understand temperature-sensitive characteristics and to enhance these
properties.

Magnetite crystallizes as an inverse

spinel with the iron ions occupying two types of sites,
tetrahedral and octahedral, which are usually identified, respectively, as the A and B sites.

Ferric ions

are distributed equally between the A and B sites,

while the ferrous ions fill the remaining octahedral
(B) positions (see Figure 3.5) [39].

When the magnetite particles are small enough,

they may be considered as ferromagnetic because of the
formation of a single domain with all moments aligned.

Since the net magnetization of these particles in a
colloidal state will rapidly diminish due to their random orientation, they may be classified as superparamagnetic particles.

Superparamagnetism is a necessary

criterion for an acceptable ferrofluid.

3.4 Testing for Superparamagnetism
Verification of hysteresis is a simple test com-

monly used to ascertain whether a material is superparamagnetic.

All samples synthesized for this study
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complied with this criterion.

The test of hysteresis

exhibition consisted of a series of measurements of the
magnetization vs the applied magnetic field.

In each

case, the sample was maintained at room temperature of
20°C and placed at a point above and between the piece
poles of an electromagnet, as illustrated in Figure
3.6.

Starting from a reading of zero, the magnetic

field was gradually incremented with readings of the
calibrated fine spring scale taken at each setting.
After the magnetic field was brought to its highest

value, the field was incrementally decreased to check
for hysteresis, i.e., no hysteresis is observed when

the same M is measured at the same H, complying with
the criterion (see Figure 3.7).

3.5 Measurement Technique
3.5.1 Balance Method

In the experimental investigation it is essential
to determine such parameters as the magnetization
curve, saturation magnetization, and particle size distribution.

Weight determination, referred to as the

balance method, is a convenient technique for the measurement of relative susceptibility and saturation magnetization, as well as evaluation of temperaturesensitivity.

The balance method depends on the force

exerted on a body placed in a non-homogeneous magnetic
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Fig. 3.6.
Experimental setup for measurement of effective magnetization at different field intensities.
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field; this force could be measured by suspending the
body from a balance (see Figure 3.8).

Moreover, using

a fine spring in place of the balance and placing the
sample on a furnace at a point within a magnetic field
results in obtaining more persistent data of temperature-sensitivity (see Figure 3.9).
3.5.2 Faraday Method

In the so-called Faraday method of measurement,
the size of the sample used is sufficiently small so
that the field B does not vary appreciably within the
dimensions of the body, but on the other hand is large
enough that the field B is sufficiently inhomogeneous
to exert a measurable force given by
F = M x grad B

,

where M is the magnetization.

In terms of susceptibil-

ity, this can be expanded as
Fz = m x Bz dB/dZ

,

where m is mass, Fz is the vertical force exerted by an
inhomogeneous field of strength Bz, and the gradient
dB/dZ could be produced by a coil in the vertical or zdirection.

The sample must be freely suspended from a

microbalance, with no mechanical constraints, and vibration of the sample or balance should be avoided as
much as possible.
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Fig. 3.8. Balance technique used for evaluating
temperature-sensitivity of ferrofluids.
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Spring technique used to measure magnetFigure 3.9.
ization of ferrofluids at different temperatures.
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3.5.3 Evans' Technique

Two small magnets are fixed in position on the pan
of an analytical balance (see Figure 3.10), with the
north pole of one of the magnets facing the south pole
of the other [40].

To determine the relative satura-

tion magnetization of a sample of ferrofluid, it is
rigidly fixed above the magnets at a point where the
gradient field is 100 G/cm.

The attractive force of

the field on the sample causes the weight of the magnetized pieces to drop.

This reduction in weight pre-

sents a measure of relative saturation magnetization,

which is determined for Basic, Ni - Mn, and Co-ferrofluids, .14, .08, and .10, respectively, in units of
reduced weight per gram of the sample.

The limitations of this simple method are as follows:
1)

Since a relatively weak field is utilized,

large particles respond more effectively to the
field.

Therefore, samples must be centrifuged

prior to the test.
2)

Settlement in a poor quality ferrofluid could
misrepresent a high relative degree of magnetization.

Therefore, the stability of the sam-

ples must be demonstrated prior to the test.

3 5

Best scan
available. Original
is black and white
photocopy.

Fig. 3.10. Evans' technique: An analytical
balance with magnet on the pan and
sample of ferrofluid held above.
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3.5.4 Nueringer Technique

As observed in Chapter II, when temperature is
fixed it is possible to use the augmented Bernoulli
equation to determine M of a ferrofluid as function of
H as follows.

The sum of potential, pressure, and mag-

netic energies at any point is a constant [6].

This

equation is:
H(r)

p(r,h) + pgh(r) - Ao

M(To,c)dc = p(oo,h)

+ pgh(ce) - Ao

M(To,c)dc

.

(3-1)

Along the free surface, hs(r), the pressure is constant
and

hs(r) - hs(m) = AO

111(r)

Pg

H(m)

M(To,c)dc

.

(3-2)

In this geometry (Figure 3.11), the magnetic field is
azimuthal and, by Ampere's law, the magnitude is in-

versely proportional to the radius, H = I/27rr.

At the

extreme distance H is zero, meaning that M vanishes at
the furthest distance from the rod when it is varied in
near distances as function of H.

Adopting the exponent relation between M and H as
M = XH, with
=

a(T)Hn-2

(3-3)

In Eqn. (3-3), n is a constant and a(T) is evaluated at
a given temperature.

Integrating Eqn. (3-2),
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Fig. 3.11. Schematic of Neuringer technique to
determine magnetization of ferrofluid.

38

AO a(To) Hn

Oh

pg

n

AO a(T0)1 I in
pg
1.2wri
n

(3-4)

A plot of log(dh) vs log(r) should yield a straight
line whose slope is minus n, meaning that a fluid, the

magnetization of which is an unknown function of the
applied field, will yield a free surface whose shape
may be used to determine the magnetization curve.

This

method was examined by driving a high current up to 80
amp via a copper rod passing through a shallow pool of
ferrofluid.

Obtained data were not precise due to dif-

ficulty in the measurement of dh with a high degree of
precision.

3.5.5 Visual Detection of Particle Sizes
Particles can be detected visually in a preliminary determination of their fineness.

Holding a clear

glassy capillary size tube vertically in the fluid, a
film of ferrofluid creeps up the tube, carrying fine
particles with it.

Large particles or non-bonded par-

ticles within the water would fail to rise due to the
exertion of gravitational force.

This separation can

be detected by holding the tube against a source of
light.

The diffraction of light in yellow to brown is

an indication of the existence of a range of fine particles to large particles.
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3.5.6 Beaker Technique

In a container, in the presence of a weak magnetic
field on a side, an equilibrium between induced magnetic force and gravity force for a given volume was
achieved.

As this volume was heated, the induced mag-

netic force decreased and fluid deformed to accommodate
the new net force.

This deformation in the free sur-

face of a fluid with known magnetization is used as a
measurement device for temperature-sensitivity of the
fluid.

(See Figure 3.12.

Note:

To minimize evapora-

tion, the beaker was capped.)

All of the above mentioned techniques were tried,
but only the spring method provided usable results.
They are presented in Chapter IV.

3.6 Fluid Viscosity

In the hydrodynamics of ferrofluids, knowledge of
fluidity and viscosity is of paramount importance.

Knowing the fraction of energy required to overcome the
shear forces in some ferrohydrodynamic applications is
equally crucial for consideration of the fluidity parameter in the selection or synthesis of a working
fluid.

In the absence of an applied magnetic field, the

viscosity of a ferrofluid can be calculated as any
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FERROFLUID

MAGNET

Fig. 3.12.
Schematic of beaker technique, evaluation
of temperature-sensitivity of ferrofluid.
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ordinary colloidal fluid by use of Einstein's classic
formula [32],
r = r0

(1 + 2.5

01)

,

where r0 is the known viscosity of the carrier liquid
and § is the volume fraction of the colloidal particles
suspended in the liquid.

The validity of this relation

is for a Newtonian fluid concentrations of low density.
It should also be noted that the particles in this
model are assumed to be spherical in shape and the volume fraction is limited to small values.
Moreover, it is evident that viscosity increases
as 41)

is increased.

is linear.

At low concentrations the relation

At approximately § = 0.1, quadratic terms

appear, and above 4) = 0.25, viscosity increases very
strongly as 4) is increased.

comes non-Newtonian [41].

At § > 0.4, the fluid beNote that the different §

values are achieved by simply boiling or adding water
to the basic ferrofluid synthesized in the laboratory.
The § is derived and calculated as follows.

Total

mass = m = (DpsV + (1 - Cp0V, where
m - pcV

m/V - pc

pff - pc

Ps

Ps

-

(Ps

Pc)V

Pc

Pc

In the presence of a magnetic field, though the
viscosity is affected, the ferrofluid retains its fluidity even when it reaches its saturation magnetization.

The field dependence of the viscosity of a fer-

rofluid in the presence of an applied field produces
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significant effects on the flow structure.

Therefore,

a thorough experimental investigation was carried out.
It is described in the following chapter.
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4. EXPERIMENTAL WORK

4.1 Magnetoviscosity
The time required for a given volume of magnetic
fluid to gravitate through a small diameter tube, located within a uniform magnetic field, is considered as
a measure of viscosity.

The device used in the experi-

ment consisted of a container connected to a tube, 3 cm
in length with 2 mm ID.

This assembly was placed on

the top of a receiving flask (see Figure 4.1).

The ex-

periment was repeated for transverse and longitudinal
field-flow arrangements:

.

The results of this inves-

tigation for transverse and longitudinal fields at room
temperature are shown in Figure 4.2, in which reduced
viscosity is the ratio of time for a certain volume of
the fluid to gravitate in a uniform magnetic field compared to the time for the same amount of the fluid to
gravitate in the absence of the field.

Field-induced

viscosity is referred to as "magnetoviscosity effect."
For reference, the viscosity of the basic ferrofluid in
a zero magnetic field and at 20°C is 20 cp.

The results of the measurements indicated that the
magnetoviscosity effect was higher for a transverse
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Fig. 4.1. Magnetoviscosity experiment: Magnetic field
perpendicular to the fluid flow direction.
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field in which the magnetic flux was perpendicular to
the flow direction, and that the effect was small for a
longitudinal field in which the magnetic flux was in
the same direction as the fluid flow.

The elongation

of aggregates of particles along the field is responsible for this difference [42].

It is believed that in

the transverse field aggregates experience higher drag
against the direction of flow due to their higher apparent surface.

This is an interesting phenomenon since theoretical analysis of the magnetoviscosity effect [32], based
on the assumption that particles maintain their spherical shape in magnetic fields, yields the opposite result, i.e., transverse fields induce a lesser effect.
Additional measurements were made in which time
was taken for a fixed magnetic field intensity for different fluid temperatures.

Figure 4.3 shows the effect

of temperature on magnetoviscosity to be significant.
This indicates that the elongation phenomenon is weaker
as the temperature of the fluid approaches the Curie
point.

For this experiment the dependence of viscosity

on temperature was taken into account.

Although the temperature dependency of the magnetoviscosity effect does not prove any disadvantage for
the use of transverse fields, the overall effect
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suggests the use of longitudinal fields for pumping
purposes.

4.2 Magnetoviscosity From Pressure Drop
The consequence of magnetoviscosity on ferrofluid
flow was evaluated through an experiment consisting of
the measurement of pressure drop at different velocities.

The ferrofluid used in this experiment was pro-

vided by Georgia-Pacific Corporation, Bellingham Division (product:

Lignosite FML), and is referred to in

this study as G.P. ferrofluid.

Flow was induced by

gravity, and the pressure difference at two points inside the case of a longitudinal magnetic field was

measured by a inclined U-tube manometer, as shown in
Figure 4.4.

The mean velocity of flow was measured by

a calibrated flow meter.
ures 4.5 and 4.6.

The results are shown in Fig-

Velocity was modulated by an up-

stream valve and by varying the position of the upper
reservoir.

Reynold's numbers in the range of 500 to

4,500 were achieved.

The dependence of the pressure drop on the velocity is a direct result of the magnetoviscosity effect,
as well as wall friction.

Effective viscosity is de-

fined as the ratio of the pressure difference to the
mean velocity.

Comparing the value of these effective
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viscosities to the value of the measured value of relative viscosities obtained by timing of the gravitation
through the tubing, shows good correlation (i.e., they
were in reasonable agreement).

See Figure 4.7 for the

correlation.

4.3 Temperature-Sensitivity
It has been postulated that dependence of volume

magnetization M on the temperature will influence the
nature of the flow [17].

When a ferromagnetic material

is subjected to a strong constant field, an increase in
temperature decreases magnetization; i.e., elevating
temperature up to the Curie point, the magnetization
property vanishes.

Bringing the temperature down in

such a constant field will result in resuming this
property along the same curve.

Experimental data on magnetization as a function
of temperature for magnetic fluids were obtained in
this work by means of the experimental setup demonstrated in Figure 4.8.

It consisted of a calibrated

fine spring scale and an electrical furnace placed in a
uniform magnetic field.

The furnace was constructed so

it was free of any magnetic materials.

A certain vol-

ume of the fluid was inserted in the furnace at a location with a known magnetic field gradient and the
spring displacements for different applied fields were
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observed.

Figures 4.9 and 4.10 show measured magneti-

zations for the Zn-Mn ferrofluid and cobalt ferrofluid
of a volume fraction of 12 percent for temperatures of
20°, 60°, and 100°C.

Also shown on Figure 4.10 are

theoretical cuves obtained by evaluating Eq. 1.1.

Figure 4.11 shows the same data as a function of temperature for a fixed applied field for different ferrofluids.

The slope of these curves gives the pyromag-

netic coefficient.

4.4 Thermomagnetic Pump
It is possible to use the pyromagnetic effect and

make a solenoid pipe which attracts cold, high M fluid
into it, heating the fluid along the solenoid.
allows the fluid to leave at low M.
shown in Figure 4.12.

This

Such a device is

The thin wall copper pipe was

separated by a short piece of schedule 80 PVC pipe in
order to isolate the hot section from the cold section.

4.4.1 Solenoid Magnetic Field
In this experiment a special Hall effect gauss-

meter (Walker scientific model #MG-4D) probe was used
to measure the magnetic intensity of the longitudinal
field along the solenoid.

Maximum field strength de-

termined as a function of current is shown in Table
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Fig. 4.9. M-H plots for Zn-Mn ferrofluids induced
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Fig. 4.12.

Thermomagnetic pump.
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4.1.

The distribution of the flux or magnetic profile

is given as Figure 4.13.

Solenoid magnetic field
Table 4.1.
calibrations.
H(G)

I(Amp)

50
20
175

3
6

1

7.5
12,

350,
525
690
880

19
26
30

"Interpolated values

4.5 Pressure Difference
The ferrofluid pressure difference along the

solenoid between cold and hot ends can be determined by
adopting the augmented Bernoulli relationship [6]:
1

[Pc12
2

+ P + iY

A0

i

M(Tc,c)dcl
Jcold end
0

000

1

+ P + * - A0

=
2

M(TH,c)dcl
Jhot end
0

or
AP = /L0

M(Tc,c) - M(TH,c)dc

I

,

0

with q and * both constant along the pipe.
It may be observed that this expression is precisely the area between the two temperatures on the
magnetization vs field curve shown in Figure 4.9.

This

makes it easy to calculate the pumping effectiveness of
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the solenoid thermomagnetic pump.

For the Zn-Mn fer-

rofluid, this gave a pressure difference of 2 kPa when
the field strength is 3.5 k Gauss and the fluid temperature increased from 20° to 100°C.

Correcting this AP

for wall friction and magnetoviscosity effect, the effective pressure of 1 kPa was predicted, which was in
good agreement with the measured value of .9 kPa.
Theoretically, this prediction using Eq. (1-1) is
not possible due to the fact that the temperaturesensitivity characteristic which was developed by adding Zn-Mn to the basic ferrofluid was not taken into
account in Eq. (1-1).

Moreover, uncertainties due to

the thickness of the shells around the particles, and

due to use of the spring scale, which is not a rigid
measuring device, must be considered in evaluating the
curves.

4.6 Velocity

Hot wire anemometry [43] was used to measure local
velocities of the ferrofluid.

The hot wire anemometer

calibration set up is shown in Figure 4.14.

The veloc-

ity of flow was controlled by varying the gravity head
and control valve.

Readings of the flow meter fur-

nished the mean velocity.

Due to the fact that the

center line velocity of a laminar pipe flow may be
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expected to be twice that of the mean velocity, the
probe was inserted in the center of pipe.
The relationship between the operating temperature
and the resistance of the probe is
R = 1 + a(t -t')

,

where a is the temperature coefficient of resistance at
the fluid temperature, t is sensor operating temperature (hot), t/ is the fluid temperature (cold), and R
is the overheat ratio (1.1 in this case).

Knowing the

coefficient and fluid temperature, the operating temperature can be calculated.

Note that the operating

temperature is limited by the boiling point of the ferrofluid subjected to measurements.

The calibration curves for two types of ferrofluids at two different temperatures are shown in Figures
4.15 and 4.16.

Mean velocities were measured in the

regions of constant magnetic field, zero magnetic field

and where the field was varying for a fixed flow rate
of fluid.

This was repeated for several overheat ra-

tios of the hot wire.
on Table 4.2.

The hot wire readings are shown

It can be seen that the reading for con-

stant magnetic field and zero magnetic field are the
same.

This implies that the hot wire could be used in

regions where the magnetic field is constant.
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Table 4.2.
Changing overheat ratio of hot
wire anemometer for a fixed velocity 6
cm/sec.
H =

Output Voltage
Grad. H =
Constant
H = 0

R Ratio

Constant

1.10

7.6

8.0

7.6

1.12

7.6

8.2

7.6

1.14

7.6

8.6

7.6

1.16

7.7

8.9

7.7

1.18

7.7

9.3

7.7

4.6.1 Experimental Fluid Pump Loop
The schematic of the experimental fluid pump apparatus is illustrated in Figure 4.17.

The closed loop

arrangement consisted of a solenoid pipe to simultaneously provide heat and a longitudinal magnetic field.
An ice bath was used to cool the entering fluid.

A

photograph of the experimental setup is shown in Figure
4.18.

In order to eliminate minor flow losses, a
smoothly curved piping loop was used.

Extra heating

was supplied by inserting a nickrome heating element
inside the pipe along the constant field.

The anemome-

ter probe holder was held by a micrometer, as shown in
Figure 4.19.

vernier slide.

The micrometer was also attached to a
In this way a stroke distance of about
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Fig. 4.17.
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DATA LOGGER

Schematic of fluid pump loop.
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Fig. 4.18.

Photograph of experimental setup.

TO ANEMOMETER

VERNIER SLIDE

=
=
=

PIPE

MICROMETER

Fig. 4.19. Hot wire anemometer probe holder attached
to a Vernier slide and a micrometer.
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15 cm could be covered.

The probe and thermocouple

holder were sealed by an 0-ring.

The magnetic field was controlled through DC current supplied by a bank of batteries and a standby
welding machine.

The upper limit for drawing maximum

solenoid current was determined by the heating resistance of the PVC connecting pipe between the brass and
copper ends.

4.6.2 Procedure

The hot wire anemometer probe holder was first inserted in a port on the pipe and then attached to the
micrometer.

The piping was filled with the ferrofluid,

electric current was adjusted, and the boosting heater
was turned on when necessary.

The maximum temperature

was monitored and not allowed to exceed the boiling
point of the ferrofluid in the pipe.

After an elapsed time of two minutes, temperature,
local velocity, and pressure data were taken through
the ports along the solenoid pipe.

For each port the

velocity and temperature at six different points from
the centerline to the wall were examined for different
ferrofluids.

The data obtained for mean and local ve-

locity, mean temperature, and pressure are shown, respectively, in Figures 4.20 to 4.24.

In these measurements it was possible to obtain
the velocity profiles only at regions of constant or
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zero magnetic intensity.

However, assuming adiabatic

entering or exiting, a velocity profile of similar
shape is expected for non-uniform field regions.

The

fluid in this experiment was set into motion with a
heat flux of up to 200 KW/m2 and a maximum field intensity of 900 gauss.

Overall pressure distribution

through the solenoid is shown in Figure 4.25 for the
Ni-Mn ferrofluid flow.

4.7 Self Starting Problem
It is difficult to start the thermomagnetic pump
by itself.

For the pump-only scheme it was possible to

set the power on for the purpose of heating.

After a

certain time had elapsed, the power was turned off and
immediately turned on again.

In this way the tempera-

ture difference induced the pressure difference required to set the fluid in motion.

4.8 Examination of Body Force in Constant Field Environments

4.8.1 Magnetite Ball Test
A magnetite ball, 1 cm in diameter, was heated to

the Curie point temperature of T = 480°C and was placed
in the center of the solenoid pipe at a uniform'field
section (the solenoid was empty of fluid and dry).
the ball was cooled down no movement or rolling was

As
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observed, indicating there was no measurable magnetic
force due to changes in the magnetic moment within a
uniform field.

4.8.2 Overheat Ratio Test

In another attempt to detect body force (if any)
at a constant field section of pipe flow, the following
test was made.

A known flow of Zn-Mn ferrofluid was

established by gravity and the local velocity at a
fixed point was monitored by hot wire anemometer when
it's overheat ratio varied.

It was found that as the

fluid was locally heated by the probe there was no detectable body force affecting the local velocity and
was the same as no magnetic field at all.

However, in

a region of gradient in field intensity, the change in
magnetization influenced the readings (refer to Table
4.2).
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5. EQUATIONS OF MOTION

Magnetic force can be represented as a body force
which acts on all elements of the volume of a magnetic
continuum in the same way that gravity or inertia
forces act.

This force can be represented either in a

volume unit basis or a mass unit basis.

Since the

dipole moment was initially defined in units of magnetization per volume, the volume unit basis was adopted
for the magnetic force.

Magnetic body force is a measure of the rate of
arrival of the linear momentum in an infinitesimal volume originated from the interaction of an applied magnetic field, H, with the individual dipole moments, M.

Since in a water-based ferrofluid there is a negligible
quantity of electrical charge, magnetic force is the
only force induced by an externally applied magnetic
field.

As determined experimentally (and as will be

demonstrated theoretically), this force vanishes in a
uniform magnetic field.

In an electrically conductive ferrofluid, such as
a liquid metal-based ferrofluid, there is an additional
body force, the so-called Lorentz force, due to the interaction between the magnetic field and the electrical
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charges set in motion.

This force does not vanish in

an uniform magnetic field.

The scope of this chapter

is limited to derivation of the equations of motion for
ferrofluids that are electrically non-conductive.
Hence, the Lorentz force is not considered in the formulation.

In order to treat a bulk magnetic fluid as a continuum medium, with the induced body force distributed
through the medium as a magnetic stress tensor, it is
necessary to start the derivation from the thermodynamic laws of energy and entropy.

A combination of

first and second laws dictates that an isothermal
change in free energy is equal to the reversible work
done on or by the medium [44],
dF = -5W = -P0dV + d(VjIldB)

(5-1)

.

Thermodynamic equality is the change in free energy per
unit of volume/constant temperature process due only to

magnetic work

.

This can be integrated as

F(p,T,H) = F0(p,T) +

HdB

I

0

= F0(p,T) + HB -

BdH

,

where FD is free energy in zero H.

(5-2)

Note that induction

B is a result of the presence of material in a field H,

and energy density is 1/2 AH
ability of material.

B, where p is the perme-
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To expand Eq. (5-2), consider a magnetic fluid element confined between two solid plates, as shown in
Figure 5.1.

By analogy from the electrical stress ten-

sor developed [45,48], consider an infinitesimal deformation generated by moving one of the solid boundaries
in an arbitrary direction.

With the deformation e, the

gap width a is decreased by ba, where
ba =

n

(5-3)

.

This deformation is assumed to be completed while the B
flux remains unchanged.

This is analogous to constant

current deformation in electrically polarizable material analysis.

Mechanical work delivered to the fluid from the
boundary surface stress, Tip, is
Tijeini = 8(Fa)

(5-4)

.

Since by geometry bala = 8v /v, where v is the specific
volume, and taking the free energy relation, Eq. (5-2),
Eq. (5-4) becomes,

Tijejni = 8a F + v(aPo
---)T
av

+ aH5B

H
0

dH
v(aB
av )H,T
(5-5)

.

The magnetic field decreases in proportion to increases
in the distance between M and N.

In vector algebraic

form this is expressed in term of B and n as

MN = (B x n) x B

.

(5-6)
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Hence
dB

E /B2a

= - {B x n) x B)
B

(5-7)

or

aoB = -BC

B)(B

n + (C

n)/B

(5-8)

.

Substituting this result for an in the last term of
Eq. (5-5),
Tijejni

a(vF0)
f---)T

a(vB)
-

(

(

0

+ (C

B)(H

n)

av

)H T dH / C . n
'

(5-9)

,

or in terms of arbitrary directions of displacement,
Tij =

a(vF0)
f(57)T

+ HiBj

H
10

a(vB)
(-57--)H,T d H

oij

(5-10)

.

The first term in brackets is the conventionally known
thermodynamic pressure that exists in the presence and
in the absence of magnetic fields.
By introducing the magnetization, M,
Tij = - {P0(p,T) + 111 Aorilrn]
dH
0
av
HT
,

+ 1/2/402} bid + HiBJ

.

(5-11)

Note that the integral term is to be carried out at
constant temperature conditions.

Note that the stress

tensor exists in uniform magnetic fields as well as
non-uniform fields.

The magnetic force per unit of volume corresponding to a magnetic stress tensor is
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f = V

T

(5-12)

.

The stress tensor in vector notation is
T =

+ BH ,

(5-13)

where

H
a = AO

i

0

a(Mv)
(-----)H,T
dH
av

1/2140H2

or, combining Eqs. (5-12) and (5-13), yields

f = -Va + H(V

B) + B

VH

(5-14)

.

For the following assumptions:
a) Maxwell's relation,

V

b) collinear field, B

VH = (B/H)H

B = 0

c) Amper's law, V x H = 0

,

VH

,

and

,

and using the identity

H

H) - H x (V

VII = 1/217(H

it is possible to express B

B

VH = (B/H)1/2VH2 = BVH

H)

VH as
(5-15)

.

Thus,

H

f = -V[ A010

a(Mv)
(

)H,T dH +

1/2'102]

+ BVH , (5-16)

or, with the use of B = Ao(H+M),

f =

bff
a(mv)
Aojo (797)H,T dH

+ AomvH

(5-17)

The force vanishes when there are no spatial variations
in H, even though M varies.

In the case of a typical ferrofluid of a volume
fraction of less than 25% and negligible magnetic interaction between particles, the integral term in Eq.
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(5-17) can safely be neglected. The effective term is
Kelvin force density with H = externally applied field
intensity.

Note that in this analysis, the field en-

ergy was expressed as an integral over just the fluid
volume.

The variation of this field generates work.

This is analogous to the field energy that heats up a
cup of water in a microwave.

5.1 Equation of Motion

In a temperature-sensitive ferrofluid, the momentum and energy equations governing the flow are coupled
through the dependency of the value of M on temperature.

The momentum equation can be written as

Du

-Vp

A0MVH -

+ vV 2 u

+

=

Dt

(5-18)

and the energy equation as
DT
+ po

pm'

OH

CDt

aml
+ A0T6Till u

vH

at

kv2T + 4

(5-19)

,

where D/Dt indicates the substantial derivatives and
can be written as follows:

Do
Dt

=

a t)

a+

The first term,

ao
at

4

-I-

(V

v)()

.

85

in the right hand side of this equation represents a
local rate of change of the property in interest and
the second term,
(4

v)()

,

is a convection term, indicating a rate of change due
to the motion of the property; u, p, and T are total
velocity, thermodynamic pressure, and temperature,
respectively, v is the kinematic viscosity, # is the

potential energy function for any body force, 0 is the
total viscous dissipation rate, and k is the thermal
conductivity.

5.2 Assumptions

To formulate and simplify the system for a pipe
flow, the following assumptions are made:
An incompressible fluid (density variation is
everywhere neglected);

v, k, and dH are constant;

Flow entering and leaving the solenoid is adiabatic;

In the constant H section the fluid reaches the

state of magnetic saturation, which is only a
function of temperature;

The dependency of M on temperature is linear
such that
M - M0 = k(T-T0)

,
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where k is the pyromagnetic coefficient and M0
is the magnetization at the reference temperature (i.e., To = room temperature);

Magnetic specific heat stemming from the magnetocaloric phenomenon is negligible.

Further-

more, the specific heat is assumed to be constant,

C(T,H) = C(T0); and

The magnetic energy and the viscous dissipation
rate,

in the energy equation are neglected.

(1),

These assumptions are possible since the magnetocaloric phenomenon falls into a negligible range for
a pipe flow situation.

Moreover, the dissipation func-

tion, 0, is negligible for "slow" fluid motion.

This

can be shown by nondimensionalizing the energy equation
to find the coefficient of the dissipation term, which

is usually a ratio of Eckert to Reynold's numbers and
is small for liquids [47].

With these assumptions, Eqs. (5-18) and (5-19) reduce to:

Du
Dt

1

=

1

pVp + -AokVH (T-T0) + vV2u

(5-20)

and

DT

C = kV2T

.

Dt

(5-21)

This system of equations was solved numerically by
Choi [31] for nonisothermal and nonuniform field
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Velocities and temperatures were calculated

regions.

and plotted.

The results showed that the problem was

similar to gravity-induced natural convection flows,
even though the variables may differ.

This program was

modified to generate pressure data in the entrance region, which includes the effect of variable temperature
and magnetic fields.

Figure 5.2 shows the pressure as

calculated by the program for a ferrofluid of the properties listed in Table 5.1.

The input data in this
Dis-

table represents the Ni-Mn ferrofluid properties.

cussion and listing of the program are given in Appendix A.

At the entrance and exit of long solenoid,

temperature changes are negligible.

For this case, the

system of equations reduces to only the momentum equation.

The pipe flow of ferrofluids invokes substantial
consideration of the effect of friction, yet it is sufficiently practical to look at an augmented Bernoulli
equation for scale analysis of the terms involved in
the motion.

H
MdH = const.

p + 1/2pv2 + pgz - (1/470/40

(5-22)

0

The integral of Eq. (5-22) is due to the magnetic body
force.

The direction of the gradient of this pressure

is in the same direction as the gradient of the magnetic field intensity.
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Table 5.1.

Input data for program "FERRO".

Parameter

pyromagnetic coefficient
density
thermal conductivity
viscosity
radius
field gradient
mean temperature gradient
entering temperature
entering pressure

Value Unit
.1

G /degreQ K

1.2
.175

gram/cm
Watt/meter

12

1.5
92

4.5
278
100

degree K

cp
cm

G/cm
degree K/cm
degree K
kPa

For the case of a uniform H and peripheral heating, as depicted in Figure 5.3.

HEAT FLUX

Fig. 5.3. Longitudinal and uniform magnetic
field and peripheral heating.

the energy balance for an element of the pipe is as
follows:

on
pCvm rr02(TmA-TmB) = q0 2irr0 Ax

As Ax

0,
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on

,dtm

pCvm rre

dx

= 2rr 0 q0

.

and

pCVm

oll

dtm
ro

dx

= 2 q0

,

Integrating along the distance L,
pCvm r0

oll

tm-te

= 2 qo
L

,

oll

tH - te = 2L q0 /pCvm r0

,

and
off

tH = tc+2Lqo /pCvm r0

(5-23)

.

As may be seen above, the exit temperature depends on
the mean velocity and upon other parameters.

There-

fore, it is possible to predict the temperature at the
exit of the solenoid for a given mean flow and, as described in Chapter IV, to predict the maximum pressure
difference for a "thermomagnetic" pump.

The Bernoulli

approach is limited to the case when the field varies
in the direction of flow and temperature changes are
negligible in the entrance and exit regions.

However,

this approach provides adequate relations to predict
pressure differences for pipe flow [46].
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6. DISCUSSION AND CONCLUSION

6.1 Discussion of Results
6.1.1 Thermomagnetic Pumping

The experiments carried out in this investigation
have determined that the conversion of magnetic energy
into work flow is viable by pumping and circulating
ferrofluids in a closed loop.

The main advantage of

this type of pump is that the working fluid flows as a
function of the temperature difference between the heat
source and the heat sink.

This automatic function

eliminates any need for a control system.

Although the thermal energy causes the fluid to
flow, the circulation of the ferrofluid and the overall
pressure difference between the inlet and the outlet of
the pump is mainly a result of the conversion of magnetic energy to flow energy.

This energy conversion

takes place in the entering section of the solenoid,
where a positive magnetic field gradient exists.

The

temperature gradient along this section is not advantageous, i.e., for practical purposes an isothermal magnetic field gradient is preferred.

Although there is

some change in temperature due to the internal sources
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and sinks associated with the so-called "magnetocaloric
phenomenon" along the field gradient, these changes are
negligible for pumping applications.

The difficulty in the thermal energy rejection application is heating the fluid from an external heat
source in pipe located in the constant magnetic field.
It is possible to conduct the heat through a nonmagnetic conductor, such as copper plates or fins passing between the windings of the coil.

By generating

heat as well as creating a magnetic field by means of
appropriate winding wires, it is possible to utilize
the system for pumping purposes.

In this case, heat

transfer to the pipe is no longer a difficulty.

This

type of application can be considered for situations in

which DC power is readily available and when silent and
reliable pumping with no moving parts is essential.

This system can also be used to reject waste heat by
the absorption and rejection of heat at points along
the loop, rather than in the magnetic section.
Moreover, in addition to waste heat rejection, the

pumping characteristics of heated magnetic fluids in a
magnetic field can be considered for solar heating systems, causing fluids to circulate from a collector to a
storage tank when the tank is placed below the collector.

Note that with an ordinary thermal siphon this

arrangement of a water tank at low elevation is not
possible.
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Low heat capacity and low fluid viscosity are important considerations for pumping applications.

The

improvement of heat transfer provides less need for a
long solenoid.

Moreover, the effectiveness of the

pumping system will be higher because of the lower
friction losses.

6.1.2 Hot Wire Anemometry
Hot wire anemometry is a useful technique for measurement of the velocity of a temperature-sensitive
ferrofluid in a region of constant or zero magnetic
field intensity.

The overall limitation in a nonuni-

form field is that the change in magnetization due to
the probe thermal energy will influence the readings.
Different fluids with differing pyromagnetic coefficients produce different effects.

Moreover, the heat

generated by the probe induces a disturbing flow pattern in a non-uniform field, further reducing the accuracy of the readings.

Due to these difficulties, the velocity profiles
in nonuniform field sections of the solenoid pipe were
not examined experimentally.

However, it is suggested

that X-ray photography facilities could be used to take
snapshots of the non-magnetic particles deposited in
the fluid, representing flow patterns at the entering
and exiting sections of the solenoid pipe.
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The electrical inductance due to the Lorentz
forces in the hot wire probe was not a problem since
its effect was cancelled out by an anti-parallel current in the circuit in and out of the magnetic field.
Local boiling due to the use of high temperature sensors is possible.

Air bubble formation on the sensors

due to air mixed in the liquid also causes errors.

To

eliminate this effect, it was necessary to turn off the
hot wire anemometry system, clean the sensor, and keep
the overheat ratio low.
6.1.3 Thermocouples

The use of thermocouples for reading temperatures
of pipe flows in the presence of a magnetic field and
the accuracy of the data were examined and evaluated in
comparison to other conventional temperature measuring
devices.

It was observed that an error of negligible

range, due to the influence of the magnetic field, occurred.

This examination was carried out in both the

varying and uniform regions of the magnetic field.

The

reason for a negligible effect is that in a balanced
bridge there is no electrical current in the thermocou-

ple wires which can be influenced by the "Hall effect"
or the Lorentz forces.

In selecting thermocouples, it

is obviously necessary to insure that the leads consist
of nonmagnetic material.
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6.1.4 Magnetoviscosity Effect

Magnetic particles form the aggregate in a magnetic field which could form elongated ellipsoidal
shapes with the major axis directed along the magnetic
field.

Real ferrofluids contain aggregates of various

shapes and sizes.

The size distribution of the aggre-

gates has been simulated by computer codes [42] as
spheres and ellipsoids.

The results of calculation

have revealed that the presence of ellipsoids orienting
perpendicular to the flow direction causes a significant friction loss.

Evaluating these simulated results

suggests that a small fraction of ellipsoidal aggregates on the order of only 7 percent of the total mass
of solids in the ferrofluid can justify the empirical
results obtained in Chapter IV for the transverse field
arrangement.

6.1.5 Evaluation of Different Fluids
Several advantages were found with the chemically
synthesized cobalt ferrofluid.

Joint precipitation of

cobalt along with ferrous and ferric salts is a relatively easy and effective process.

Not only is the

temperature-sensitivity enhanced by adding cobalt, the
effective magnetization of the fluid remains relatively
unaffected.

In Zn-Mn ferrofluid, the effective
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magnetization decreased upon adding zinc and manganese
to the fluid.

In general, the use of water-based ferrofluids is
restricted to temperatures around the boiling point of
water.

The boiling point can easily be upgraded by

addition of ethylene or methylene glocol.

For Zn-Mn

ferrofluid dthe boiling point of 160°C was achieved by
adding ethylene glycol.

The advantage of water-based

ferrofluids in addition to low cost production is in
the ease of altering their volume fraction by boiling
or adding water.

6.2 Conclusion and Recommendation
The experimental investigation described in this
thesis has provided new information concerning the effect of magnetoviscosity and magnetic body forces in
magnetic fluids.

While the results may be quantita-

tively used in certain practical applications, an additional contribution has been to provide an understanding of the flow structure of the pipe flow regime of
temperature-sensitive magnetic fluids in various heating and magnetic field arrangements.

Although this

study proved a thermomagnetic pump to be possible, the
flows and pressures developed were small for pumps in
their present stage of development.

In the prototype
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pump described in Chapter IV, there are several problems, such as self-starting and fluid flow control,
that should be more fully investigated.

The major difficulty in pumping fluids by use of a
transverse magnetic field is the space limitation for
the accomplishment of heat transfer.

An additional

drawback of this arrangement is the higher viscosity
effect induced by virtue of the formation of magnetic

particle ellipsoids perpendicular to the direction of
flow.

This magnetoviscosity effect is not large for

the case of longitudinal field arrangements in which
the magnetic field and fluid flow are in the same direction along the pipe.

The experiments in this study

have shown that the body force induced in a nonisotherm
fluid with a uniform magnetic field is negligible.
Further experimental as well as theoretical in-

vestigation of unsteady and nonisothermal flows in essentially nonhomogeneous magnetic fields is recommended.

Cobalt ferrofluid proved to be the most suitable
medium among the water-based ferrofluids.

However, be-

fore it can be used for pumping applications, further
experimentation in the use of cobalt ferrofluid should
be directed at enhancing its sensitivity to temperature.
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APPENDIX A

Numerical Equations and
Modified Computer Codes
If U and V are, respectively, velocity components
in z and r directions of a pipe flow,

r

z

Continuity, momentum, and energy equations can be written as follows:
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Adopting a "central difference" numerical scheme,
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Fig. A.1.

Schematic of a solenoid pipe flow model.
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Flow Chart

(TART)
(READ INPUT

(INITIALIZATION
4

(

DO 1
I = 1 ,NX

CALCULATE MOMENTUM
MATRIX COEFFICIENTS

DO 2
DO 3
J = 1,NR

CALCULATE
U,V,P

CALCULATE ENERGY
MATRIX COEFFICIENTS

DO 4
DO 5
= 1,NR

CALCULATE T

[ WRITE OUTPUT

10

C THIS PROGRAM IS A MODIFIED VERSION
OF "HEAT TRANSFER IN MAGNETIC FLUIDS"
C PROGRAM WHICH INITIALLY WAS DEVELOPED
BY SANG CHOI (1980).
C HERE ESSENTIALLY THE SAME ALGORITHMS
AND NUMERICAL SCHEME WERE ADOPTED THAT
C GENERATE A NUMERICAL SOLUTION TO MOMENTUM AND
ENERGY EQUATIONS WHEN THESE
C EQUATIONS ARE COUPLED BY THE MAGNETIC MOMENT
TERM.
C THE OBJECTIVE OF THIS VERSION IS TO
PROVIDE AN AXIAL PROFILE OF PRESSURE
C DISTRIBUTION ALONG ENTRANCE AND EXIT SECTIONS OF
A SOLENOID PUMP WHERE A
C TEMPERATURE-SENSITIVE TYPE OF FERROFLUID IS NON
C ONE END AND NON-ISOTHERMALLY PUMPED OUT AT THE - ISOTHERMALLY PULLED IN AT
OTHER END.

CONTINUE

C

CALL SIMPU(2,UAV)

DRAG -RAD**2.0
DO 14 K-1,NR
C

PRESX(2,K).-(8.0*VISCO*VELM/DRAD-8.0*VISCO*VELM/DRAD)

C
14

PRESX(1,K)-PRESX(2,K)

C

C

JR-NR-I
DO 20 JJ-2,JR

PROGRAM FERRO
COMMON U(100,41),V(100,41),T(100,41),PRESX(100,41)
1

J -JJ

,DR

DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
1,EXTA(41)

C

A(41),B(41),C(41),D(41)
U1(42),442),OU(41),PLOW(41),R0(41)
UZI(41),11(41),DUI(41),PLOW1(41)
USCALE(41),TSCALE(41),VSCALE(41),PSCALE(41)
ET(41),ALPA(41),BETA(41),GAMA(41),DELTA(41)

V(1,1)-0.0

V(2,1)4.0

U(1-10)-U(10)
V(1+1,J)- FLOAT(J-1)*V(I+10-1)/FLOAT(J)-(.5*DR/DX)
1

C

V(I,JJ)042,JJ)

C

20

DATA RAD,DX,PYRO,OENS,COMAG /.015,0.0050,0.1,1200
1,0.00000119/
DATA FRIC,PLEN/.0356,4.9525
DATA NX,NR/29,21/
DATA COND,HEAT,HTCAPA,TEMPEN/.175,94,5185,278/
DATA VISCO,TCURIE,OL/.00121,500.0,.17/

OPEN (6,FILWMFOUT.PRN',STATUS.'NEW1
C

C
C

CONTINUE

C

X-0.0
Generate the Tri-diagonal matrix coefficient for
velocity and temperature calculations

C
C
C

DO 30 1-2,NX
Temperature calculations

C

Initialize variables

JR-NR-I
DO 500 J -I,NR

35

FIELD- I100.0
C.

C

IF(J.GT.1) GO TO 501

GRAD - FIELD /.12

VISCOK -VISCO /DENS

C

ALPA(J)-0.0

HTFLUX.HEAT/(2.0*3.14*RAD*OL)
C
C

ALPAP.-4.*COND*DX/(DENS*HTCAPA*(DR**2.))-(2.4(10.1)
1

MANT(0.0)
OR-RAD/FLOAT(NR-1)
R-0.0
V(2,NR).0.0
V(1,NR).0.0

1

C

C

VELM-SURT(COMAG*PYRO*GRAD*(298-TEMPEN)/(DENS*(2*FR
IC*PLEN/(2.*RAD)+.5)))

C

-V(1-10))*DX/OR

BETA(J)-3.*(2.*U(I,J)-U(1-101))+8.*COND*DX/(DENS*H
1
TCAPA*(DR**2.))-2.*CONORDENS*HICAPA*DX)

1

II -NR

GAMAP.-4*COND*OXRDENS*HTCAPA*(OR**2))+(2.*V(10)V(1-10))*DX/DR
GAMA(J)-ALPAP+GAMAP

C

DELTA(J)-(2.*U(10)-U(1-1,0)*(4.*T(10)-T(1-1,0)
-(2.*T(10)T(1-1,J))*2.*CON0/(DENS*HTCAPPDX)+VI
SCO*DX*((U(10+1)-U(1,0)**2.)/(4.*DENS*HICAPA*(
3
DR**2.))+(2.*U(10)-U(1-10))*(2.*T(1,J)-T(1-10))*

00 10 1(.1,NR

1

C

2

T(1,K)4EMPEN

4

T(2,K)-TEMPEN
C

U(2,K)-2.0*VELM*(1.0-(FLOAT(K-1)*DR/RAD)**2.0)
U(I,K)-U(2,K)
C

*(U(1+10)-U(1-1,0)

C

C

2.*DX*COMAG*PYRO*GRAD/(HICAPPOENS)

EXTA(J)-0.0
C

O

-4

IF(J.EQ.NR) GO TO 6
ITEST-J/2
TEST-FLOAT(ITEST)
TESTJ-FLOAT(J)/2

GO TO 10
SUMA4(I,J)*DRAD
GO TO 10
SUMS -U(1,J)*DRAD

CONTINUE

C

F-SUMA+4.*SUM+2.*SUMI+SUMB
UM -2.*DR*F/(3.*(RAD**2.))
RETURN
END

SUBROUTINE SIMPV(I,UM)
COMMON U(100,41),V(100,41),PRESX(100,41),T(100,41),DR
DATA RAO,NR/0.015,21/

1F(TEST.EQ.TESTJ) GO TO 4
SUMI.SUMI+V(10)*DRAD
GO TO 10
SUM-SUM+PRESX(10)*DRAD
GO TO 10
SUMA-PRESX(I,J)*DRAO
GO TO 10
SUMB-PRESX(10)*DRAD

4
5

6
10

CONTINUE

C

F-SUMA+4.*SUM+2.*SUMI+SUMB
UM=2.*DR*F/(3.*(RAD**2.))
RETURN
END

SUM -SUMI -0.0

00 10 J -1,NR

C

DRAD-FLOAT(J-1)*DR
IF(J.EQ.1) GO TO 5
IF(J.EQ.NR) GO TO 6

C

SUBROUTINE SIMPT(I,TM)

COMMON U(100,41),V(100,41),PRESX(100,41),T(100,41),DR
DATA RAD,NR/0.015,21/
ADD-ADDI-0.0

ITEST -J/2
TEST -FLOAT(ITEST)

TESTJ-FLOAT(J)/2
C

IF(TEST.EQ.TESTJ) GO TO 4
SUMI-SUMI+V(I,J)*DRAD
GO TO 10
SUM-SUM+V(I,J)*DRAD
GO TO 10
SUMA-V(I,J)*DRAD
GO TO 10
SUMB-V(I,J)*DRAD
CONTINUE

DO 20 J.I,NR
DRAT-FLOAT(J -1)*OR
IF(J.EQ.1) GO TO 5
IF(J.EQ.NR) GO TO 6
JTEST -J /2

TEST-FLOAT(JTEST)
TESTA-FLOAT(J)/2.

C
IF(TEST.EQ.TESTA) GO TO 4
ADDI-ADDI+U(101)*T(I,J)*DRAT
GO TO 20

F.SUMA+4.*SUM+2.*SUMI+SUNB
UM-2.*DR*F/(3.*(RAD**2.))
RETURN
ENO

SUBROUTINE SIMPP(I,UM)
COMMON U(100,41),V(100,41),PRESX(100,41),T(100,41),DR
DATA RAD,NR/0.015,21/
SUM-SUM1-0.0

DO 10 J-I,NR
DRAD-FLOAT(J -1)*OR
1F(J.EQ.1) GO TO 5

4
5

6
20

ADD-A0D+U(10)*T(10)*DRAT
GO TO 20
ADDA-11(101)*T(I,J)*DRAT
GO TO 20
ADDB-U(101)*T(I,J)*ORAT
CONTINUE

C

CALL SIMPU(I,UM)
FU-ADDA+4.*ADO+2.*ADDI+ADDB
TM-2.*DR*FU/(3.*UM*(RAD**2.))
RETURN
END

1-1

O
00

AI-0.2*HTFLUX/(DENS*HTCAPA*2.0*RAD*UAV)
HTCO-HTFLUX/(T(1+1,NR)-TAV)
HNUSS.2.0*RAD*HTCO/COND
RAMAG-(COMPAG*PYRO*GRAD*(0.20**4.0)*DENS*HTCAPARC
I
OND*VISCO))*(AI+COMAG*PYRO*GRAD*TAVADENS*HTCAPA))

*DR)

I

D(J)-(2.*U(1,J)-U(1-1,0)*(4.*141,J)-U(1-1,J))+2.*
(DX/DENS)*PRESX(I+1,J)+2.*DX*PYRO*COMAG*GRAD*(T(
1+1,J)4(1,J))/DENS-(2.*V(10)-V(I-1,0)*(U(1,J
2
I

C

C
C

+1)-U(I,J-1))*DX/DR

3

C

OUTPUT

C
C

40

REY-2.0*RAD*DENS*UAV/VISCO
WRITE (6,100) X, HTCO,HNUSS

CONTINUE

C
C
C

100 FORMAT("0",15X,"*DISTANCE FROM STARTING POINT OF
HEATING, X-",F10.8,/,15X,"HEAT TRANSFER COEFFIC
1

Velocity Calculation

C

LENT, H- ",F12.5, /,15X, "NUSSELT NUMBER,NU-",F12.5)
WRITE (6,58) REY
",F10.3)
15X, "REYNOLDS NUMBER
58 FORMAT(
'WRITE (6,55) RAMAG
C
',F10.1)
I5X,"MAGNETIC RAYLEIGH NUMBER
C 55 FORMAT(
WRITE (6,199)
199 FORMAT("0",8X,"RADIUS",3X,"AXIAL VELOCITY",3X,"RAD
IAL VELOCITY",3X,"TEMPERATURE",3X,"PRESSURE)
1
00 70 J-1,NR
RO(J)-FLOAT(J-I)*DR/RAD
WRITE (6,406) RO(J),U(1,J),V(I,J),T(1,J),PRESX(1,J)
406 FORMAT(10X,F4.2,7X,F8.6,7X,F8.6,9X,F6.1,7X,F7.2)
70 CONTINUE
C
X-X+DX
30 CONTINUE
68 CONTINUE
STOP
END
2

C

U(I+1,NR)43.0
V(I+1,NR)=0.0
J-1
ZI(J)-D(J)

DUI(J)4(J)
UZI(J)-C(J)+A(J)
C
C

95

DO 95 J-2,JR
UZI(J)-C(J)
PLOWI(J)-A(J)/DU1(J-1)
DUI(J)-8(J)-UZI(J-1)*PLOWI(J)
21(J)-0(J)-ZI(J-1)*PLOWI(J)
CONTINUE

C

U(I+1,NR-1)-ZI(NR-1)/DUI(NR-1)
LZ.NR-2

C

C

Do 98 1.1-1,LZ

98

C

SUBROUTINE SIMPU(I,UM)
COMMON U(100,41),V(100,41),PRESX(100,41),T(100,41),OR
DATA RAD,NR/0.015,21/
SUM-SUNI-0.0

KI.JR -LI
U(1+1,K1)-(ZI(KI)- UZI(K1)*U(1+1,K1+1))/DUI(KI)
CONTINUE

C

C

C

DO 60 J-2,JR

DO 10 J -1,NR

IF(J.EQ.2) V(I +I,J- I) -0.O

GRAD-FLOAT(J-1)*OR
IF(J.EQ.1) GO TO 5
IF(J.EQ.NR) GO TO 6
ITEST-J/2
TEST-FLOAT(ITEST)

V(1+10)-FLOAT(J-1)*V(1+1,J-1)/FLOAT(J)-(0.5*DR/DX)
1

60

*(U(1+10.1)-U(1-1,J))

CONTINUE

C

TESTJ- FLOAT(J) /2.

M-M+1
C

C

C

Call average velocity and temperature

C

CALL SIMPU(I,UAV)
CALL SIMPU(I+1,TAV)
C

4

IF(TEST.EQ.TESTJ) GO TO 4
SUMI-SUNI+U(I,J)*DRAD
GO TO 10
SUM-SUM+U(I.J)*DRAD

5

6
10

GO TO 10
SUMA-U(I,J)*DRAD
GO TO 10
SUMB-U(I,J)*DRAD
CONTINUE

IF(J.EQ.NR) GO TO 6
ITEST-J/2
TEST-FLOAT(ITEST)
TESTJ-FLOAT(J)/2
C

C

F-SUMA+4.*SUM+2.*SUMI+SUMB
UM -2.*DR*F/(3.*(RAD**24)
RETURN
END

4
5

C
C

SUBROUTINE SIMPY(I,UM)
COMMON U(100,41),V(100,41),PRESX(100,41),T(100,41),DR
DATA RAD,NR/0.015,21/
SUM-SUMI-0.0

6
10
C

F-SUMA+4.*SUM+2.*SUMI+SUMB
UM-2.*DR*F/(3.*(RAD**2.))
RETURN
END

C
DO 10 J -1,NR

DRAD-FLOAT(J-1)*DR
IF(J.EQ.1) GO TO 5
IF(J.EQ.NR) GO TO 6
ITEST-J/2
TEST-FLOAT(ITEST)
TESTJ-FLOAT(J)/2
C

IF(TEST.EQ.TESTJ) GO TO 4
SUMI-SUMI+V(I,J)*DRAD
GO TO 10
SUM-SUM+PRESX(I,J)*DRAD
GO TO 10
SUMA-PRESX(I,J)*DRAD
GO TO 10
SUMB-PRESX(10)*DRAD
CONTINUE

C
C

SUBROUTINE SIMPT(I,T14)

COMMON U(100,41),V(100,41),PRESX(100,41),T(100,41),DR
DATA RAD,NR/0.015,21/
ADD-ADDI-0.0
C

IF(TEST.EQ.TESTJ) GO TO 4
SUMI-SUMI+V(I,J)*DRAD
GO TO 10
4

SUM-SUM+V(1,0*DRAD
GO TO 10

5

SOMA-V(I,J)*DRAD
GO TO 10

6

SUMB-V(1,0*DRAD

10

CONTINUE

DO 20 J-1,NR
DRAT-FLOAT(J-1)*DR
IF(J.EQ.1) GO TO 5
IF(J.EQ.NR) GO TO 6
JTEST-J/2
TEST-FLOAT(JTEST)
TESTA-FLOAT(J)/2.
C

IF(TEST.EQ.TESTA) GO TO 4

C

ADDI-ADDI+U(10)*T(1,0*DRAT
F-SUMA+4.*SUM+2.*SUMI+SUMB
UM-2.*DR*F/(3.*(RAD**2.))
RETURN
END

GO TO 20
4

ADD-ADD+U(10)*T(1,0*DRAT
GO TO 20

5

ADDA4(1,0*T(1,0*DRAT
GO TO 20

C

SUBROUTINE SIMPP(1,UM)
COMMON U(100,41),V(100,41),PRESX(100,41),T(100,41),DR
DATA RAD,NR/0.015,21/
SUM-SUMI-0.0
C

DO 10 J-I,NR
DRAD-FLOAT(J-I)*DR
IF(J.EQ.1) GO TO 5

6
20

ADDB-U(1,0*T(10)*DRAT
CONTINUE

C

CALL SIMPU(I,UM)
FU-ADDA+4.*ADD+2.*ADDI+ADDB
TM-2.*DR*FU/(3.*UM*(RAD**2.))
RETURN
END

1-+

O
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APPENDIX B

Thermodynamic Analysis

The implementation of ferrofluids in thermal power
technology was initiated from a thermodynamic analysis
proposed and discussed in detail by Resler [18] and
Neuringer and Rosensweig [6].

The principal parts of

this analysis are summarized in this appendix.

The work differential for a magnetic material is
expressed as

dW = -AoHdM

(B-1)

.

The dependency of magnetization on temperature can be
shown by the following relations:
AOM 22 K(Tc-T)

(B-2)

,

where T0 designates the Curie temperature at which magnetization is zero and K is the pyromagnetic coefficient, i.e., a material property.

When heat is added to an element of magnetic material, terms for the differential increments of T and H
can be written

dQ = c(T,H)dT + g(T,H)dH

,

(B-3)

where T and H are independent variables and c and g are
functions to be determined.
Thermodynamics,

From the First Law of

112

dU = dQ - dW

(B-4)

or

dU = cdT + gdH + µ0HdN

(B-5)

.

Considering the differentiation of the pyromagnetic relation in the form
AodM = KdT
and substituting it in Eq. (A-5) yields,

dU = (c-KH)dT + gdH

(B-6)

.

Since the mathematical expression for dU must be an
"exact" differential, therefore
ac
(--)T

ag
K = (--)H
aT

(B-7)

From the Second Law of Thermodynamics,
dO
T

= ds = ()dT + (f)dH
T

(B-8)

.

T

Since ds is also exact,
80

ag

()T = (aT )H

(B-9)

It follows then that
g = -KT
c = c(T)

,

,

and

dO = c(T)dT - KTdH

.

(B-10)

Note that the term c(T) is the conventional specific
heat, whereas the term KT is the magnetic specific
heat, accounting for the conversion of magnetic energy
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into thermal energy.

This is associated with the so-

called "magnetocaloric phenomenon."

Consider a thermodynamic cycle made up of two constant T processes connected by two constant H processes
(see Fig. B.1).

If added heat is

QA = c(T2-T1) + KT2H
along the paths of 1-2 and 2-3 and rejected heat is
OR = c(T2-T1) + KT1H
along the paths 3-4 and 4-1, the work done, W, in the
cycle is

W = OA - OR = KH(T2-T1)

.

The thermodynamic efficiency for this cycle would then
be

W
eff =
OA

KH(T2-T1)

c(T2-T1) + KHT2

With regeneration, the thermodynamic efficiency up to
Carnot efficiency is possible [19].

In this analysis, the entropy generation of the
3-4 process is a direct result of the negative gradient
of H and a similarly entropic decrement of the 1-2 process in the system due to a positive field gradient.
This is analogous to heating and cooling processes.
Needless to say, the decrease in the entropy of a working fluid is accompanied by an increase in the entropy
of the environment, which in this instance is the
magetic coil, and the net sum of these changes is positive.
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Thermodynamic cycle for a
Fig. B.1.
magnetocaloric heat engine.

