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Summary 

The investigation covers two possible areas of application of 

magnetic fluids, one involving the production of torque by means of 

rotating magnetic fields and the other the use Of magnetic fluids in the 

separation of non-magnetic ores on a density basis. The' emphasis-was 

upon the use of cheap, primitive ferrofluids Le'. non-collOidal sus- 

pension of relatively large particles. a 

Moskowitz and Rosensweig were the first to report electromechanical 

energy conversion with a rotating magnetic field. Their theory is not 

confirmed by their experimental results, howevert nor the fact that the 

fluid can rotate in the opposite direction to the field. This 

phenomenon has been investigated experimentally for a range of field 

intensities, wave velocities, particle sizes, volume loading and fluid 

viscosities. The torque per unit volume has been found to be related 

linearly to the volume loading but-nonlinearly to the frequency of the 

supply, field intensity and viscosity. For the primitive ferrofluids the 

results clearly indicate a combination of saliency and hysteresis torques. 

No satisfactory explanation for the reverse motion of the fluid has been 

produced and attempts to quantify the energy transfer have not been 

successful. Due to the inherently low permeability of the fluid, the 

torque per unit volume is much smaller than for conventional a. c. machines. 

Primitive magnetic fluids have also been shown to have potential 

in the separation of ores according to their densities. The novelty of 

this work is that the particles, which flocculate in the presence of 

stationary fields, are kept in suspension by agitation caused by a 
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rotating wave. This agitation also serves to reduce the effective 

viscosity which at high volume loading can be high at zero field 

conditions. An effective specific gravity of about 12 has been obtained. 

The experimental results confirm the theory that the magnetic force in 

the linear condition is proportional to the magnetic energy - density grad- 

ient (in space) but with saturation the force is proportional to the field 

gradient and independent of body shape. A practical system seems to be 

feasible. 
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List of Principal Symbols 

Symbol Units 

A m2 area if the search coil used in section 1. 

A m2 area of the fluid sample used in section 1. 

A M2 difference between the area of the fluid and the area 
a of the search coil. 

a Eý radius of a magnetic particle. 

Bf T flux density in a fluid sample - vo [M(H) + H] 

CfI 
J. Kg-l. o C-1 respective specific heat of ferrofluid, carrier 

C fluid and magaetic material. 

CS 

E N. m magnetic energy, M 
f0 -1 - s ec supply frequency. 

9 MOSO -2 gravitational constant. 

I A electric current' in a stator or solenoid. 

i A/m linear current density in the z-direction. z 

A/m maximum linear current dinsity in the z-direction. 
max 

K volume loading of a ferrofluid. 
p 

K depolarizing factor depends on the aspect ratio 
z 

of a body. 

L M length of a stator or a solenoid. 

PM or 
T magnetization of a magnetic fluid. 

110 M (H) 

)1 
0M 

T intrinsic magnetization of magnetic material. 1. 

0M sat 
T saturation magnetization of magnetic fluid. 

m A. m 
2 

dipole momept of a magnetic particle. 

N M -3 number of particles per unit volume of a ferrofluid. 

n M73 actual number of particles participating in the 
p 

process of torque generation* 

p number of pairs of poles. 

R M outer radius of a fluid cylindrical c8ntaining vessel. 0 

T N. m. generated torque from a magnetic f luid. 
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Svmbol Units 

Th N. m. 

Tm or T 
max 

N. m. 

TpN. m. 

T'' N. m. s 
TvN. m. 

T 
vm 

t 

T (r) 

w or 

w 
0 

s 

x 

TI. 

TI 
s 

x 

lle 

or 

f 

pm 

92 

N. m. 

s 

N M. 

s 

s 

generated torque by hysteresis from a group 

of particles. 

maximum-torque that can be generated by a particle. 

torque per particle. 

generated torque by saliency from a-group of particles. 

torque generated within a-unit volume of ferrofluid - 
Moskowitz and Rosensweig, approach. 

modified torque per unit volume of ferrofluid - our 

approach. 

time. 

shear stress in a rotating fluid. 

angular velocity of a ferr'ofluid. 

2 7r . supply frequency. 

spinning velocity of a magnetic particle. 

figure of merit .-- 
W_- 

K+ (1 -K z, Z. .. e 

-2 N. S m respective viscosity of. carrier fluid and magnetic 

material. 

the susceptibility of, the, -linear, part of*ferrofluid 
magnetization curve. 

relative permeability of ferrofluid. 

AT -10 -7, H. m. permeabilityof free space 4- 

relative permeability of a magnetic particle. 

-3 N. m. magnetic force density or magnetic force per unit 
volume. 

vorticity. 
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INTRODUMON 

I. 1 History of the Project. ýII 

Lait hwaite I 
reported that metal cylinders unexpectedly rolled in, a 

direction opposite to that of the travelling field produced by a linear 

induction stator. In his article Laithwaite explained the reverse motion 

in terms of "levitation forces", although this approach failed to explain why 

steel cylinders also rolled in the opposite direction to thatýof the field 

travel. 

Moskowitz and Rosensweig 3 
in an earlier paper described the use of a 

travelling magnetic field to pump ferrofluids. They used the term 

"ferrofluid" to designate a magnetic colloid composed of a dispersed ferro- 

magnetic or ferrimagnetic materials. Their ferrofluids contain submicron- 

size particles, in contrast to magnetic clutch fluids, which use large 

micron-sized particles in oil and are designed specifically to solidify 
4 in 

a magnetic field. In their article Moskowitz and Rosensweig reported that 

the ferrofluids rotat . ed in the same direction as the magnetic field when 

placed in a rotating magnetic field and they'predicted that high rotation 

speed should be possible. 

Experimental work within this department 28 had already shown that steel 

shot placed in the open bore of a cylindrical polyphase stator tended to 

travel around the stator surface in the opposite direction to the rotating 

magnetic wave, and Horsnell 2 
noticed that similar reverse rotation occurred 

in the case of primitive magnetic fluids. An explanation for reverse 

rotation of Laithwaite's conducting cylinders, and of the steel shot was 

later given by Brown 
6 

when he showed that rotating and travelling magnetic 

waves can be expressed in terms of rotating field vectors. 

The reverse rotation of the magnetic fluid was investigated further by 

Brown 
5 

et al who found there was a torque exerted upon the fluid container, 
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and that this always acted in the direction of'the wave rotation'. " No 

explanation for the reverse rotation of the fluid was found, however. 

It was an attempt to explain the reverse rotation of the-fluid and to 

quantify the torque obtained that this work was started. ' The'Use of a 

rotating magnetic wave to simultaneously maintain piimitive magnetic: 

fluids in a fluid state and to produce magnetic forces which could be used 

to effect gravitational separation of non-magnetic ores was a logical'' 

extension. 
' 

1.2 Ferrofluids and their Preparation. 

1.2.1 Colloidal ferrofluids. 

These are a dispersion of stable colloidal subdomain magnetic particles, 

of the order of 100 Angstrons in dimension, in a carrier fluid. As with 

other colloidal solutions, a dispensing agent is needed to prevent agglomer- 

ation due to Van der Vaal's forces. These forces are caused, by the 

attraction of a fluctuating electric'dipole to a'neighbouring induced dipole. 

Coramercially available dispersions are produced in water, silicones, f luoro- 

carbons and other solvents. These dispersions provide a wide choice of 

viscosities, wettaýility, density and other'properties. Typical'dispersing 

agents are oleic acid and 10-undecenoic acid. Thermal molecular agitation 

prevents particle settling. 

Ferrofluid viscosity in the abs'ence'of an applied magnetic field 

exhibits ideal Newtonian behaviour with no dependence of vI iscosify on' shear ' 

rate. In a uniform applied field, the'viscosity tends to be non-Newtonian. 

By controlling the number of ýarticles in a unit volume of the ferro- 

fluid, the magnetic properties may be varied'over a wide range'. ' 

Papell was the first to prepare magnetic fluids with the forementioned 

7 
properties. His technique involved long-term grinding-of magnetic powder' 

in a ball mill with the dispersing agent and carrier fluid. This'technique 
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has been expanded for the production of fluids with various dispersing 

8 
agent-carrier fluid combinations The colloids prepared in this manner 

have some oversize material which will settle out on standing. Rosensweig 

et al 
8 

removed the oversize material by spinning in a high speed centrifuge. 

They claimed that the removal of all particles larger than about 500 X will 

prevent the formation of a sediment., 

More than 85% of the grinding time was saved 
9 by grinding the room 

temperature metastable antiferromagnetic wustite instead of the ferrimagnetic 

oxide of iron. Disproportionation of'colloidal wustite to yield stable 

colloidal particles of alpha-iron and magnetite, respectively, was accomplished 

rapidly at temperatures above 250 0C but below 5700 C (the eutectoidal 

stability point of the wustite phase). 
10 Another method, called "Peptizing", was used by Reimers and Khalafalla 

A magnetic fluid was prepared from freshly precipitated hydrous iron oxides 

by spraying aqueous slurry of the precipitate into a heated mixture of 

kerosine and oleic acid. 

1.2.2 Primitive ferrofluids. 

We shall use the term "Primitive ferrofluid" to designate a magnetic fluid 

composed of dispersed magnetic material, (not in colloidal form) in a carrier 

fluid and dispersing agent. This fluid contains multidomain-size particles 
5 like that used by Brown and his colleagues Typical dispersing agents are 

oleic acid and'a solution of sodium silicate. Primitive ferrofluid particles 

settle within 3 hours because of the large particle sizes. 

The viscosity of such fluids in the absence of an applied field depends 

very much upon the volume loading of the magnetic material in the carrier fluid. 

A volume loading of about 11% of a typical primitive ferrofluid may result in 

a paste-form, rather than a liquid form, in the absence of the magnetic field. 

When placing these fluids in a d. c. field an aqueous slurry of the fluid is 
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attracted towards the pole faces and chains of the particles forming a short 

magnetic circuit between the poles are likely to occur. The viscosity can 

be so high that a pencil placed in the fluid will find a strong support- 

On the other hand if such fluids are placed in a rotating magnetic field, 

each particle tends to behave like a small permanent magnet that tries to 

align itself with the applied field and therefore to spin. The spinning 

particles drag the carrier fluid resulting in the rotation of the bulk of the 

fluid. The effect is that the viscosity of the fluid is reduced and the paste- 

form fluid acquires the properties of a normal fluid in the sense of its ability 

to move and change shape. 

It'appears that the effective viscosity decreases with increasing values 

of H, and with increasing values of supply frequency. The value of H 

necessary to make the medium reasonably fluid increases with increasing volume 

concentration. As in the case of proper ferrofluids the magnetic properties 

of primitive ferrofluids can be varied by varying their volume loadings. 

In the present itvestigation primitive ferrofluids were prepared by 

grinding the magnetic powder in a ball mill with the dispersing agent and 

carrier fluid. Me dispersing agents were oleic acid when-paraffin was the 

carrier-fluid and a'10% solution of sodium silicate when the carrier fluid 

was water. 

Most of the investigation was carried out using two types, of iron oxides, 

MO-2035 and MO-9853'supplied by Pfizer. Their particulars are summarized in 

table I. l. 
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Table 1.1. 

Property MO-2035 MO-9853 

Colour Brown Brown 

Particle size o. 2 0.05 micron 
Specific gravity 4.6 4.67 

Coercive force 4.2 x 10 4 4.2 x 10 4 A/M 

Flux density at saturation . 35 0.26 Tesla 

Particle shape acicular cubic 

A sample of fluid was also prepared by "Borohydride reduction " 11 
, described 

later in section 2.6. The authors claimed that this method yields particle 

sizes ranging from 0.1 to 1 micron. Some tests were also carried out on fluids 

containing either magnetite or ferrosilicon and on a true colloical suspension 

f luid. 

1.3 Possible Applications of Ferrofluids. 

The ferrofluids can produce torque, and so a motor is one possible appli- 

cation, and they can be transported i. e. pumped by rotating magnetic fields. 

The latter suggests a ferrofluid pump as another application. 

Brown,, Birch and McCormick 12 described the possibility of designing a 

ferrofluid valve. It consists mainly of a small air gap through which the 

fluid passes. Complete shut-off could be obtained with primitive ferrofluids, 

the action being similar to that of the magnetic clutch in that the particles 

build up in chains which eventually bridge the pole faces. 

Moskowitz and Rosensweig suggested many other applications for single- 

domain colloidal suspension ferrofluids. One of these applications is the 

direct conversion of heat energy 
13 based on the well known Curie phenomenon 

in which iron or almost any other magnetic material experiences a change of 
its magnetization when its temperature is changed. 
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, Among other applications are magnetic levitation, utilizing spatially 

inhomogeneous magnetic fluid, and the magnetic seal. The latter is a 

commercial success. The magnetic fluid is trapped in the magnetic field 

between stationary and rotating surfaces, and it can resist differential 

pressures from 10-9 Torr up to about 100 lbf/in 2 
per axial inch of shaft 

length. It can be used to seal off rotating shafts in vacuum systems. . 

The same idea is used to seal off air thrust bearings. 

The principles of ferrohydrodynamics have been applied 
14 

to develop 

accelerometers, altitude control devices. Concentrated magnetic fluids may 

also be sprayed on oil slicks 
15 

to give the oil magnetic properties such 

that it can be collected by means of strong magnetic field. 

1.4. Layout of Thesis. 

This thesis is divided into three main divisions. Section 1 describes 

measurements of the magnetic properties of the fluids. The two main 

properties are the average value of the unsaturated static susciptibility, X 

and the saturation magnetization, vM both of which feature in the other 
0 sat' 

two sections. 

Section 2 contains-an account of experimental work on a ferrofluid motor, 

and develops theories which attempt to explain the experimental results. 

The investigation of the mineral separation application is described in Section 

3. 

Some conclusions are drawn at the end of each section, but the main 

conclusions are given in section 4. 
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qVrTTnm 1- 

NEASUREMENTS OF THE MAGNETIC 

CHARACTERISTICS OF THE FLUIDS. 

1.1 Variable Mutual Inductance Method. 

This is a null method using switched direct currents. The circuit is 

as shown in Fig. 1-1 and a photograph of the equipment is shown in Fig. 1.2. 

The standard solenoid and search coil have a mutual inductance which is 

dependent upon their known dimensions and numbers of turns and upon the ferro- 

fluid. The last is contained in a glass tube positioned inside the search 

coil, shown in Fig. 1.3, and can be inserted or removed without disturbing 

the coil. The circuit allows the mutual inductance to be determined by 

comparison with the previously calibrated variable mutual inductance. The 

calibration curve of the latter approximates very closely to the form 

M cos 6, where M is 5.01 x 10-4 H, and 6 is the angular position of the 
max max 

pointer linked to the secondary coil. 

The demagnetizing factor of a prolate spheroid becomes smaller as the 

ratio of the major to minor axes becomes greater, where the major axis is in 

26 the direction of the magnetic field . For that reason it was decided to 

make the length to diameter ratio of the sample 8 which corresponds to a 

demagnetizing factor of . 02, assuming the sample to approximate to a prolate 

spheroid. 

With no sample in the search coil, the variable mutual inductance was 

adjusted to give no reading on the galvanometer when the magnetizing current 

was switched on. The specimen was then insertedo and for each field strength, 

the variable inductance was readjusted to give no galvanometer reading upon 

switching on the current. The difference between the two adjustments will be 4 

to the ferric induction of the specimen at the particular field intensity. 
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A few samples of MO-2035 in paraffin were tested and showed no sign 

of saturation over the allowable current range of the solenoid. Line 'a' 

of Fig. 1.4 shows variation ofýthe calculated values of (V f -1) wiL the 
IK 

percentage volume of magnetic material, KP The relationship was expected 

to be linear, see equation A2.5 of Appendix 2, and in view of the lack of 

linearity, the accuracy of the system was investigated. 

1.1.1 Calculation of the error. 

The standard solenoid was one which had been used for'many years in the 

department, and was known to produce a very uniform. field intensity. The 

relationship between field intensity, H. and current I, is 

1540 1 A/m 

where /L is the turns per unit length of the solenoid. 

The search coil, a photograph of which is shown in Fig. 1.3, had 1800 

turns on a former of diameter 12.2 mm over a length of 45 mm. 

In the presence of a magnetic field, part of the flux linking the 

search coil will pass-through the fluid while the rest will pass through air. 

Let these be represented by ýf andý* a respectively, and 16t'Of'and 0a be the 

corresponding linkages per turn. 

Then *f. w2 ýf 

and ý= 

Where w2 is the number of turns of the search coil. 

Upon switching the current in the solenoid, the e. m. f. induced in the 

search coil will be the sum of ef due to ýf and ea due to * 
a' 

Therefore, e 
3*f aq 

wA 
3B f 

f at -2 3t 2f at 

and e 
aý 

a 
3ý 

awA 
3B 

a 
aat -2 at2aat 

3B 
w (Ac -A)a 2f at 
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Upon switching'the current I through both the solenoid and the 

primary of the variable mutual inductor, the change of flux in the air, fluid 

and the mutual inductance will be respectively (assuming H in air and fluid 

to be the same): 

.WA 11 11 (WI)I f2fofL 

W 

a 2-, (A 
C-Af0 

(t) 

Vd, M Cos 0.1 

where d is the flux linking the secondary coil of the variable mutual 

inductor. 

ýf and a will oppose ýd, and at balance 

WA Ij I+w (A -A Ij M Cos 0.1 2f0fL2cf0L 

from which 
M cos O. L A 

wVAAc 21-off 

From which 

m cos 6. LAc 
w 2' lý oAf 

Af 

A 
(M cos 6. L (-A fw2W 

111oAf Afa.. e» 1.1.4 

A 
Now Aý must be greater than unity, and allowing for the thickness of the 

'f search coil former and of the glas's tube it is about 2 for our case. if 

11f >> 1 then the percentage error in the value of pf -1 will be of the same 
M cos 0. L order as that of the quantity (WWA assuming that the error in AC is not 

2 1"o f 

M cos 8. L-c very large. If, however, (vf - 1) << 1, then '. - and equation W2W1 11 oAfAf 
1.1.4 approximates to: 
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(pf 1) 6x 
(v f- 1) 

1x 

whet - .. -M 
cos 0. L 

w2w1 11 oAf 

A 
c 

f 
and y 

From equation 1.1.5, the percentage error in (uf-1) will be equal to the 

percentage errors in the quantities x and y multiplied by Y Since y 
Of-1) 

could be equal to 2, then for pf -1-0.1, say, the multiplying factor could 

be equal to 20. 

The maximum percentige errors in Ac /Af 
9 and in L/w2ýlpoA f are likely to 

be of the order of 4% (mainly due to errors in estimation Af). Now for 

y=2 the value of M cos e is about 4.4 x 10-4 for pf-I=0.1., ýFrom the 

calibration curve an error of 0.3 in the value of 0 corresponds to an error 

of 0.29% in the value of M cos 0. In addition to the above there is the 

error due to the insensitivity of the galvanometer. This error will be worst 

at low values of currpnt. A test was carried out and at a current of 8 A, the 

change in the value of M cos 0 required to produce an appreciable deflection of 

the galvanometer was 1.52 x 10-4 H. For pf -I=0.1 again this corresponds 

to an error in the value of M cos 0= 34.5%. 

Presumable the percentage error in lif-1 could then be as high as 

20 
[(34.5 

+ 4) +41 

i. e. * = 840% 

Within this possible extreme magnitude of percentage error it is perhaps 

not surprising that the curves of Fig. 1.4 were not linear as expected. 

It was thought that by putting another similar search coil of the same 

dimensions and turns side by side with the original one and connecting them in 

opposition one could achieve more sensitivity. A photograph of the two coils 

is shown in Fig. 1.5. They were balanced so that with no fluid their e. m. f. 's 
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cancelled. In effect this method will eliminate the term A /A 
f from 

equation 1.1.3, to give 

1M cos G. L 
ý2W11jo f 

This time A(Y-1) -M sin O. L. AO 
+ 

A*G 

w2w1voAfI 

Where A* 
G 

is a term to account for the galvanometer sensitivity which is 

unchanged. The percentage error due to the A6 term is now given by: 

A (11 
f-1) 

Of- 1), -- 100 tan O. AO 

and where 6 was about 300 before, it is of the order of 850 in this 

case. For (ilf-1) - 0.1,0 - 87.60 and tan 0- 23.86. 

Thus the error multiplier can, in fact, be large. Measurements were 

made but the curve of (pf - 1) against Kp, shown with the line 'b' in 

Fig. 1.4 was again found to be non-linear and not in agreement with the single 

search-coil curve. Due to the lack of sensitivity of the variable mutual 

inductance and the galvanometer an A. C. magnetic field method was tried. 

1.2 Alternating Magnetic Field Method. 

In this method, the two similar coils mentioned before were used. The 

two coils were connected in opposition and were placed inside a solenoid . 

which gave 2490 A/m per ampere. 

The measuring circuit is shown in Fig. 1.6a. and a photograph of the 

equipment is shown in Fig. 1.6b. With no fluid in the sample coil the 

potentiometer labelled a was adjusted to give zero a. c. output signal from 

the integrator. The potentiometer, 0, across the integrating amplifiers B 

and D were also adjusted to give a suitable compromise between true inte- 

gration and d. c. drift of the system - typically B was about . 002. 

With no sample in, the zero error was not more than 0.03 m. v. per 

ampere passing through the solenoid, while the peak voltage output from the 

integrator due to one coil, with no sample, was 110 m. v. per ampere. 
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The sample was then placed inside the coil, the excitation was increased 

gradually through the solenoid and the p eak output e2 was measured for e ach 

value of excitation. For the purpose of hysteresis loop display, the signal 

output,, el., from the air cored search coil was integrated to give the voltaget 

el, The voltages e1 and-e 2 are given by: 

e2 CR 7-t- (ýa ) dt 
2 

e2 dt 2ýC2R2f+ 
ýa 

1a2 

where 

OJ2 Af 
0Pf 

(A T- A 2' cf 
w 

2Ac0L 2 

C1RI and C2R2 are time constants of the two integrators. 

. *. e 
2* 

ww0:.. A *06.. CR12Lc 

and 

ww 
11 01 (pf - 1) Af . 694.0 

c2R212L 

Cý ReA 
x222 C R* *e 111 

If, as was the case for these measurements 

C2R2 '0 C 1- R1, 

e2AC 
xfeIAf 

ae 2 ae 1, a(A 
c 

/A 
+ -ý-2 - -e-, Ac /A 
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The error in e1 and e2 is believed to be of the order of 3%. -Therefore# 

the error in (P f- 1) could be as high as 10%9 but of course this is consider- 

ably less than for the previous cases. 

1.2.1 Experimental results and discussions. 

The 11 0 
M-H loops for a few samples of fluid are shown in Figs. 1.7 to 1.9. 

Fig. 1.7 is for an 11.5% by volume of the iron oxide type MO-2035 in paraffin 

with no oleic acid. The paraffin was used more as a binder than as a Carrier 

fluid. In all figures the vertical axis is for P0M values in Tesla and the 

horizontal axis is for the H values, one large division represents 1.42 x 10 4 

A/M. 

1.2.1. a Variation of the size of the uM-H Loop with the volume loading, 
_ 

size of the particles and material. 

A plot of the areas of the P0 M-H loops against volume loading is shown in 

Fig. 1.10 for the oxide-type MO-2035 in paraffin. The expected linearity 

between the areas and the volume loading of the fluid, KP, is evident although 

two of the readings hhýe errors of up to 7%. 

Also, in Fig. 1.10 are shown points for 11.5% volume concentration of 

magnetite and a 6.4% volume loading of ferrosilicon. The area of the magnetite 

fluid loop is about 30% smaller than that of MO-2035 of the same concentration, 

and comparing Figs. 1.7d and 1.9c, the magnetite has both a smaller saturation 

magnetization and coercive force. 

The area of the ferrosilicon loop is extremely'smallq Fig. 1.9ap also, ' 

as are its saturation magnetization and coercive force. 

Bean16 found that particles of single domain size have no remanence and 

no coercive force, which results in a zero area of v0 M-H loop. This is 

confirmed by experimental results since the magnetization curve of a magnetic 

colloid of kerosene base and of volume loading 4.7% did not exhibit the 

hysteresis loop expected for ferromagnetics or ferrimagnetics, but produced 
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I instead a symmetrical curve about the origin, Fig. 1.9b. 

By contrast, the magnetization curves of the multidomain particle 

fluids mentioned above exhibited a well-defined hysteresis loop 5 
as shown 

in Figs. 1.7 to 1.9. The remanent magnetization indicates the existence 

of randomly oriented, single-domain grains within the polycrystalline 

particles. The coercive force is primarily due to magnetostriction from 

strains introduced during grinding. 

Magnetization curves. 

The magnetization curves, which are the relationship between the peak of 

110 M and the peak of the field strength, for some of the fluids investigated 

are shown by the curves, labelled a, in Figs. 1.11 to 1.14 and 1.16 to 1.18. 

The curves labelled b and c will be referred to later in section 3.4. For 

fixed field intensity, the magnetization curves of MO-2035 in paraffin show 

a linear variation of P0M with volume loading as expected, see Appendix 2. 

The magnetization expressed as a percentage of the saturation value is shown 

in Fig. 1.15 for the fluids made up of MO-2035 in paraffin and this curve can 

be used as a general magnetization curve of such fluids. The saturation 

magnetization for 11.5% volume concentration of MO-2035 in paraffin is 0.042 

corresponding to . 365 T if the volume concentration is unity. This figure 

agrees very well with the manufacturers figure . 35 T. 

1.3 Conclusions. 

As predicted, at a fixed field intensity, the magnetization, V0M, was 

found to be proportional to the volume loading. The expected linearity 

between the areas of v0 M-H loops and the volume loading of the fluids is 

confirmed by the results of section 1. 

The prediction of the effect of magnetic particle shape upon the magnetic 

properties of ferrofluid, (Appendix 2), has been supported by directly measured 
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values of fluid permeabilities in that acicular particles gave depolarizing 

factor of 0.15. The latter were confirmed by measurements of magnetic 

forces on non-magnetic bodies (section 3). 
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SECTION 2. 

THE FERROFLUID MOTOR APPLICATION 

2.1 Introduction. 

Simple experiments were carried out using magnetic crack-detection fluid 

(suspension of finely-divided magneticl. oxides in paraffin, with oleic acid as 

a surfactant to keep the particles apart from each other) in a beaker Placed 

inside the bore of a conventional three phase stator. It was found that the 

fluids moved in the reverse direction at higher magnetic field, although at very 

low field intensities, the rotation might be in the-same direction as that of 

the field. The relative values of higher and lower field was dependent. on the 

volume loading of magnetic material in fluids, size of the particles, and 

viscosity of parent fluid. Sometimes the fluid might oscillate and occasionally 

various eddies in the fluid were observed. 

To add further to this confusion it was found that the torque exerted by the 

fluid on its containing vessel was not, as might have been expected, a simple 

drag torque in the direction of fluid motion, but it was actually in the opposite 

direction to that, i. e. always in the same direction as the rotating magnetic 

field. These observations were observed with both the two and four-pole stators. 

2.2 Basic Principle. 

. 
2.2.1 Contrarotating vector approach. 

Rotating magnetic fields can be represented locally by pairs of contra- 

rotating vectors 
6 

For a cylindrical polyphase machine, neglecting harmonics and axial field 

variation, the field vectors are of magnitude Ar P-1 and B r-(P+'), A and B 

being constants and p the number of pairs of poles. They spin at angular 

velocities +w0 and -w respectively (not at wave velocity, w0 /P). In the 

absence of any inner boundary the constant B must be zero. 
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For p>1 the magnitude of the remaining vectort Ar P-1 
, 

is greatest at the 

stator surface and thus there will be forces tending to draw particles radially 

outwards. In the 2-pole case, however, i. e. p 1, the field is everywhere of 

constant magnitude and unless particles are very close to the stator surface, 

where "image" forces, c'an become appreciable, there is no radial force. This 

could be confirmed by the behaviour of fine iron powder when placed in a beaker 

6 
within the bore of an induction motor stator With the right balance between 

the peak magnitude of the rotating field and the amount of powder, a cloud of 

apparently violently agitated particles can be obtained. When illuminated 

with a stroboflash operating at near mains frequency, a slow rotating pattern 

corresponding to the expected field distribution can be distinguished (parallel 

lines in the case of a 2-pole stator). When the bore was subdivided into 

sectors the pattern still persists, indicating that the particles are simply 

spinning and not rotating about the stator axis. Field patterns can similarly 

be observed for p>1 but. due to the radial drift these quickly disappear. 

The magnetic particles can presumably spin in media other than air provided 

that the viscosity iýs not too great for them to attain synchronization!. There 

will be energy transfer by viscous torques from each particle to the fluid, 

the aggregate effect of individual transfers producing fluid rotation. 

If the particles are brought into contact with the surface the magnetic 

vector, Ar P-1 
, launches "reverse" rolling action. This can be demonstrated by 

putting two drops of fluid at two adjacent points on the outside and the inside 

surface of a beaker and placing it inside an open a. c. stator. The effect of 

the rotating vector on the two points was to produce two streams of fluid 

running in opposite directions. The inside one was opposite to the wave 

direction. A diagram illustrating particles spinning in the middle of the 

fluid and folling at the beaker boundary is shown in Fig. 2.1. 
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3 2.2.2 Moskowitz and Rosensweig's approach 

Assuming a uniform field distribution, each single-domain particle 

behaves as a miniature synchronous motor with the load angle adjusting itself 

to equalize the generated and demanded torque. 

The generated torque, -T p, which is exerted on each particle to align it 

with the field, is given, in N. m, by: 

TP =, 11 0mH sin 0 

2 
where m is the dipole moment of a given suspended particle in A/m 

H is the applied magnetic field intensity in A/m and 

2.2.1 

i0 is, the angle between the dipole axis and the magnetic field, H. 

If the magnetic field is rotating at angular velocity w0 in a fluid, the 

torque TP causes the particle to spin with the same angular velocity as the 

field, but th'e particle is subjected to a viscous drag rogque which causes the fluid 

to rotate. This viscous drag torque is the load torque or. in other words, the 

demanded torque from each particle and if there is no interaction between the 

particles, it is given bY18 

rTpm8 ir na3w00.0.2.2.2 . 

Where n, is the viscosity of the carrier fluid in N. sec M72 

a, is the radius of the particle, in metres, assumed spherical. 

Assuming a uniform particle distribution and that all of them are spinning 

with the same angular velocity, w0, relative to the fluid, the summation of the 

individual particle torques per unit volume, Tv, should be constant throughout 

the fluid. The torque acting on the containing vessel is then given by the 

volume of the fluid multiplied by T The latter is itself given by T 
vp 

multiplied by the number of particles, nP, per unit volume participating in the 

process, If N is the actual number of particles per unit volume, P0 M(H) is 

the magnetization of the ferrofluid with applied field H and v0M sat 
is the 

saturation magnetization of ferrofluid, 
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n M(H) 
then -Z - m 

sat 

. '. T8 7r na3WN 
M(H) 

0.0.. 2.2.3 
0m sat 

Now the volume loading of the ferrofluid can be expressed as 

43 
K- IT a N, 

p3 

and its saturation magnetization by 

M 
sat 

KpMI 

where M is the intrinsic magnetization of the magnetic material. 

Replacing W by 2vf, where f is the rotation rate of the magnetic 
000 

field in revolutions per second, equation 2.2.3 can be written as 

Tv = 12 fo . 
M(H) 

M. 
I 

It is desirable to operate on the linear portion of the magnetization 

curve where M-XH. This yields 

T -' = 12 7r nf XH 2.2.4 
voM. 

For a cylindrically symmetric flow, the shear stress, T(r), on the inner 

and outer radii of an infinitesimal fluid annulus of thickness Ar must balance 

the torque per'unit volume, Tv, in the annulus, thus 

27r. Ar T+2 wr 
2 

T(r) Ar -02.2.5 v Dr 

II 

Integrating with respect to r" 

Tv2 
'T 

(r) 0 

Now T(r) 2.2.6 
s- 3r r 

Where U0 is the tangential velocity and ns is the viscosity of the colloidal 

suspension. 
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a Ue Tv.... 
2.2 

. 
.7 + -2'iT-r =0 

S 

Now the fluid velocity w(r) =0 at r=R0. the container surface, - 

therefore 
vrn0.0. 

7-11 
2.2.8 

From equation 2.2.8 it was found that U. has a maximum, Umax at rmR0 /e, 

where e is the Naperian base, thus 

RT 
U0v2.2.9 
max 2ne 

S 
U 

Now w max 
max r m 

6 7r XfH 
so. ** 2.2.10 T-S 0 

or W 23 6 7r . F. f-. H .00.0 2.2.11 
max 0 

where FXT, 2.2.12 
Mi 'Is 

Obtaining maximum rotation rate, means maximization of the figure of 

merit F. 

Fig. 2.2, shows a plot of their results of maximum fluid rotation rate 

versus the magnitude of the applied magnetic field intensity, Ho with field 

frequency as a parameter. The results are for a particular water base 

ferrofluid. The experimental data shows a linear increase of w with the-applied 

field in agreement with equation 2.2.10, but the nonlinear increase of w with f0 

has not been explained by the authors. 

2.2.3 Comments on Moskowitz and Rosensweig's approach. 

(a) The assumption that there is negligible interactions between the 

particles is only valid if Kp << 1. 

(b) The approach assumed that the spinning velocity is w0, but it must 

be wo - pw(r) since the particles have to spin faster than w0, if the fluid 

is carrying them against the field, in order to attain synchronization and 

vice-versa. 
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This assumption that the rate of spin is not affected by the fluid 

rotation implies that the particles are not transported by the fluid, in 

which case there must be a drag force due to the motion of the carrier fluid 

relative to a spinning particle. 

(c) The approach ignores the constant of integration of equation 2.2.5. 

(d) Equation 2.2.8 suggests that the fluid velocity is infinity at 

r-0 which cannot be. 

2.3 A Modification of Moskowitz and Rosensweig's Approach. 

The basic assumptions are: 

(i) Negligible particles interactions i. e. Kp << 1. 
(ii) The field is uniform everywhere throughout the. fluid i. e. end effects 

are ignored. 
(iii) The particles distribution is uniform throughout the fluid. 

(iv) At the boundary, some of the particles are rolling on the surface 

with a velocity which would be in the extreme case equal to a.. which is 
R0 

0 
very small. 'As an approximation w(r) will be taken equal to zero at r-R 0 

(v) The spinning particles are spinning with WS m Wo - pw eee 2.3.1 

(vi) NO velocity gradient in the axial direction. 

(vii) The fluid velocity is constant over an infinitesimal fluid annulus, 

such that expression 2.2.3 of the torque per unit volume could be used after 

replacing w0 by ws, thus 

Modified, T -T -8wna3w (1-p ý0=-) N M(H) 2.3.2 
vvm .0 WO M 

sat 
and since uniform field is assumed, -p will be taken equal to 1 throughout 

the analysis. 

**o (1 -0) 00a00 2.3.3 

Equation 2.2.5 still applies and by differentiating its second term, it 

becomes: 

+r 
DT(r) 

+2 T(r) - vm Gr 00000 2.3.4 
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Inserting the laminar, relationship for shear, given by equation 2.2.6, 

into equation 2.3.4 yields 

'32(w/w 
0), 3 

D(W/W 
0)Tvw 

2+r+20 Dr 3r nw0r0 

The solution of this equation is 

r-) E 
(Z 

Kl -K' wr 
-) 7- 1++B 

001 

where 
- T- 
L+v v v 

sw0 

I 

00*9002.3.5 

.00002.3.6 

*00902.3.7 

and A and B are arbitrary constants. 

If the boundary, ýondition w-0 at r=R0 is to be satisfied then 

A+B- -1 09-0 2.3.8 

Consider the gradient of w with respect to r 

(w/w 
0)r 

V-2 
(K -1) (f-) 

(r/R 
0)0 

(-yL)- 
(K'+2) 

..... 2.3.9 
0 

To get the correct siga of the torque exerted on the beaker the gradient 

must be negative at r-R0 Because of condition 2.3.8 if A is positive, B 

is negative and the gradient will be positive at r- Ro i. e. 'A' cannot be 

positive if the beaker torque is to be positive. 

At very small values of -E- the B term of equation 2.3.6 will be R 
0 

predominant and hence will dictate the sign of w. Because of condition 2.3.8, 

if B is positive then w will be positive for all r<R0. 
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The range of B values not covered by the above is -1<B<0. 

In this range -L will be negative at values of -L <<l but positive at 
WR 

00 
some intermediate value. 

In this range where both A and B are negative (and JAI < 1, JBJ< 1), 

equation 2.3.9 can be written as: 

9 (w/w 
0) ' -2 

. (i-) (K'-1) 1A 
(r/R 

0)01 

JBI 
0 

Inevitably the gradient must be Positive at small values of (r), and it 
R 

0 
can only become negative if 

(K'-l) JAI >(K' +1) JBI 

or (K' - 1) JAI> (Kt + 1) 11 + Al 

i. e. if 
JAI 

_:,, 
Kl+l 

11 + Al K, -, 1 
00000 2.3.10 

If this approaph is to completely satisfy the signs of (w/w 
0) and of 

torque observed in some of our experiments9we are interested in condition 

2.3-10. Fig. 2.3. a. shows a possible velocity profile. 

There are then the following points to consider: 

(1) What factors govern the direction of rotation of the fluid, i. e. 

the values of A and B? Is it a case of maximum kinetic energy, and does this 

include thermal energy? 

(2) Since it is not practical that the fluid velocity approaches infinity 

as r -* 0, what governs the inner boundary condition? Is it a case oF the 

demanded torque being greater than the magnetic torque, i. e. in the case of 

negative fluid velocity, or that there is no particle spin relative to the 

fluid, i. e. in the case of positive fluid velocity? - 
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(3) If this approach is to satisfy the magnitude of ihe'total torque 

exerted on the beaker there must be another condition that the sum of all 

the particle torques must be related to the velocity gradient at r-R0. 

This may supply the answer to points (1) and (2). 

Taking point (3) first the equation for torque in terms of shear stress 

at the outer surface is: 

wR 
a(w/w 

0) 
s00 ar 

I. 
2 7r RLf 

r-R 0 

where Lf is the height of the fluid. 

ww 

s0v /R 
0) -R 0 

= -2 ns wo 
[(K' 

- 1) A- (K' + 1) B] . Vf ...... 2.3.11 

where Vf is the volume of the fluid. 

In terms of summing the particle torques, the torque generated in a 

cylindrical elemental of thickness Sr, is given by: 

6T -nw (i -w s0 f-) .2 7r r. 6r. Lf 
0 

=nw (I -). 7r L 
s 

Substituting for 2- from equation 2.3.6 and integrating, the integral will W 0 
be infinite unless the limits are RI to. R 

0 -where R1>0. 

Assuming that for r<R the particles generate no torque because 

the demanded torque is greater than the particles can produce (and that they 

Cannot generate any hysteresis torque) or because the fluid is rotating at 

synchronous speed w0 /p, the total torque is given by: 
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R 

220 
K' -K r T2sw0 'ff LfR0 (K' _l) 

[A 
( r) +Bd (Z--) 

00 R1 

R1 (Kt+1) R1 -(Kt-1) 
or T2ns wo 

[(K'-1)A (K'+1)B-(KI-1)A( ü) +(Kt+1)Býý) 
00 

. 0**. 2.3.12 

The velocity profile-in this case is sketched in Fig. 2.3. b. 

From equations 2.3.11 and 2.3.12 we get 

(K' 1) 
R1 2K' 

B-A (-4 - ---) 000002.3.13 
(K' + 1) R0 

If now we try to supply the condition that ww0 at r-R1, then from 

2.3.6 this requires that 

R1 2K' 
BA2.3.14 R 

0 

Obviously conditions 2.3.13 and 2.3.14 cannot be satisfied simultaneously, and 

so it must be concluded that w0w0 at r= Rl, i. e. equation 2.3.14 is wrong. 

Considering the alternative condition that at r-R1 the viscous drag 

torque on each particle is equal to the maximum magnetic torque generated, Tmaxp 

we have: 
[R Kl-l R- (K'+ 1) 31 T 

max 
8wna bi 0 

AV) + B( R 
2.3.15 

001..... 

2.3.13 and 2.3.15 are not mutually exclusive and we are left with a third 

condition required if we are to solve for the three unknowns A, B and RV We 

have not yet made use of the possible boundary condition that at r-R00w-0, 

which gave the relationship 2.3.8, i. e. A+B --l. 

From equations 2.3.8 and 2.3.13 we find that 
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A 

(K' R 2K' 

+- (e) 
Iý-I- 

(K' + 1) 0 

and B1 
-2K' (K + 1) 

+ 
(K 0 

*.. o 2.3.16 

An important point to note is that from 2.3.16,, A and B are of the same sign, 

in fact negative, and both are in the'range 
A 

< (or) <0 
B 

Thus we appear to have satisfied part of the condition for w to be negative 

at small values of (r/Ro) and the torque still positive. 

The value of R can presumably be obtained by substituting from 2.3.16 1 

into 2.3.15, which leads to 

2 K' 
R 

(e) 

Tmax =8 Tr il a3W0R0 K' R -K' 
2.3.17 

(Kt-1) (e) + (K'+l) (Kt) 
. 00 

This equation will govern the value of ( 
R, 

As a further check that the velocity gradient may be negative as r -+ R 
op 

from 2.3.16 

-2K' JAI (K' +l) 
R1 

A +1 
. IBI FK T --l ) 

0 
(t) 

which is greater than 
(K 1 
(K 

+ 1) 
1) viz 2.3.10 

- 1ý 

From equation 213.9 the velocity gradient is zero if 

IBI r 
2K' 

(K r JAI 
0 
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which is the same condition as 2.3.13 for r'-'R 1 *. 
' This mean's"tihat' 

there must be zero torque transferred across the surface r- R1, and hence 

justifies the neglect of the, torque between r=0 and r= Rle 

There is a possibility that there is a radius R2< Rl, in the region 

of negative velocity, at which the demanded torque on each particle is 

equal to T 
max and that the torque contribution from the region R2 <r<R 

is zero. By applying this possibility it was found týat R2-R1 and so it 

does not provide a new useful condition. 

Another possibility seems to be that there might be two distinct curves 

each one having different values of the constants A and B fr'om'the other and" 

the two curves intercept at r- Rl, However, by applying the conditions that 

at r-RI not only must the'values of w be 'the same,, but also the values of 
Bw it was found that the ýonstants A and B must be the I same for both curves and arl 

so we finish up with only one continuous curve. 

Summing up for this modified approach it is not possible to satisfy 

positive torque and iiegative fluid velocity, at least not with the boundary 

condition that w=0 at r=R0. Rolling of the particles around the surface 

could strictly lead to a non-zero surface velocity, but the actual magnitude 

resulting from the very small particles used must be so small as still to be 

negligible. 

2.4 Vorticity Approach. 

Vorticity n is defined as 
19 

Q-VXUe= wi *. 2.4.1 

where wi is the angular velocity of an infinitesimal fluid element and 

is the linear velocity. 

Also the circulation r is defined as 

r-ju. . dt -I SI dA .... 2.4.2 

CA 
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Applying 2.4.2 and choosing a cylindrical path, radius r, such that the fluid 

velocity is constant 

UO 92 7r r- 
Af 

SI . dA 0. *0a2.4.3 

By the analogy with H. d J dA, if the current flows in isolated 

filaments, then 
f 

J. dA 
fi 

xarea of one filament X area packing factor X dA 

AA 
current of filament X KA . dA, equation 2.4.3 could be written as 

A 

U6 .2 7r r-fn dA =- 
f2w1- 

KA . dA 2.4.4 

AA 

where KA is an area packing factor in number of vortices per unit sectional 

area. 

Ws=W-w, if we take the case of p=1. *000* 2.4.5 

where w0=2 7r X supply frequency and w. =wi is the spinning velocity 

of a particle. 

2 wi. ý, &. dA 

A 
r 

=2 KA f- (w 
0- w) .2 it r dr 000002.4.6 

0 
From equations 2.4.4 and 2.4.6 

a (w. 2 ir r2)-4 7r KA (wo - w) . rr 

or 2 7r r2 
Dw 

+4wrw4 7r K (wo - w) 3r A 

.. 
aw +2 (1 + KA) w-2KA wo Dr 

-! L 
KA -2 ('+KA) 

w1+K+A. r 

If w0 at r Rc), then 
2. (l+KA) 

A 
KA 

R (1 + 77 0 
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.. 0-. 
ýL 2.4.7 
w (1 +K A) 

Ei 
-' (70-) 

1'., i 

Thus W will be negative for r<R0 

The velocity profile is sketched in Fig. 2-4. a. The laminar relationship 

for the shear stress T(r) is that 

3 (u, ýw Tj rr s ar sr 

But 
R2 

(1 +KA) 

2K, 0) 

Br A (r 

ýR 2(1+K A) ý 

**. T(r) --2 wo Tis KA( 
ro) 

and at rR 0 
(R 

02ns 
KA wo 

The torque on the containing vessel, per unit axi - al 'length, is given by 

4 7r Ti 
sKA. 

R0, .w0 

This obviously does not fit in with the experimental, and theoretical, 

fact that the torque is in the. direction of magnetic wave motion. 

On the other hand the torque approach used by Moskowitz and Rosensweig 

leads to positive torque but also positive fluid motion. 

Thus neither, the vorticity approach nor the torque approach completely 

satisfy the constants. The most likely reason for this is that the boundary 

conditions are not being correctly applied, i. e., the equations are probably 

satisfactory throughout the bulk of the fluid, but do not satisfy the boundary 

conditions at r-0 and rR because of the discontinuous nature of the fluid. 
0 

One way of substantially avoiding the boundary problem is to use the 

vorticity approach to find the fluid velocity and then use this expression, for 
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the velocity to find the total torque in terms of the summation of the 

individual particle torques. Admittedly to find the fluid velocity one needs 

to apply one boundary condition. If we assume that the velocity is zero at 

r-R, we are likely to be in error in that it may actually be zero at 
0 

r-R0- 2a, (a = particle radius), but the error due to this will be negligible. 

Thus we have 

KA 

1+ KA 

R 
2(1+K A El 

(T .a. 09 2.4.7 

But now the torque per unit axial length is given by: 

R 
0 

fNX 
viscous 

0 

drag torque on a particle X element. of, volume 
R 

N. 8 ir Tj a3 w 
(1 w)2 

iT r. dr 
fo 

0w0 

022R 2KA 
R 

r-R (---=) 
16 7r 

2N 
Ti a3 w0or..... 2.4.8 

2 (1 +KA)I 

01 0 -1A 

This approaches infinity (positive), so something must be corrected. 

Obviously the infinite term arises because from 2.4.7 the spin velocity must 

approach infinity as r -* 0, and thus the particles near the centre are assumed 

to generate very large values of torque. One possibility is again to limit 

the torque integration to some inner radius R1 at which the drag torque exerted 

on the spinning particle is the maximum torque the particle can generate in the 

magnetic field, T 
max . 

This should not affect the velocity equation except for r<R 11 The 

velocity profile in this case is sketched in Fig. 2.4. b. --. . 11, 

Then the torque on the containing vessel is 

T 
16 lr2 Nna3w0R02R 2KA 

- (ý)2 ..... 2.4.9 (R2-) 
2 (1 + KA) 

II 
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where T-8 7r na3W-w 
(Rl 

max 0 F, W- L_ 0_i 

2(1+K ) 

or T8 ir na3w1 
A]] 

..... 2.4.10 
max 01+KR, 

or 
R2 

(1 +KA) 

7L 

T 
max 

(1 + KA) 
(Ri) 3 

1A8 7rn aw 

16 Tr 2N 71 a 
3w R 

00 
2 (1 + KA) 

.KA 
IT max 

(1+KA) (1+K 
A 

KA 
[8 

Tr na3w, 

T 
max 

(1+K 
A fl](l+KA) 

KA 87na3w0 

0.0 602.4.11 

Alternatively we can write 

R2T 
T 6-1) 1 max 2.4.12 

27rN TR2 (T /87rna 3wR0 2KA 
-87rn a 

3w 
max o max .00 

where, 
R1 (J+K 

AT max 
2(1+KA) 

..... 2.4.13 
R0 87rna 3W0 

If the particles can generate a continuous torque only at synchronous 

speed, there will be no torque contribution from those particles inside the 

surface R1 and the total torque will be as given by 2.4.12. On the other hand 

if the particles can also produce hysteresis component of torque, those inside 

the surface RI can generate torque corresponding to T 
max per particle, which is 

purely of hysteresis origin. The torque contribution per unit axial length 

from the particles inside the surface Rl, T h' is given by 

2 Th m ff R1. NT 
max . **@0 2.4.14 
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In that case the total torque acting on the containing vessel, T, will 

be given by equation 2.4.12 plus equation 2.4.14. Plots of. 
27rN 

TT2 

3 max 6 
against T 

max 
/8, ffna w0 for the cases of pure saliency and pure hysteresis, are 

shown in Figs. 2.5 and 2.6 respectively. 

It is of interest to predict the value of KA Let us assume that 

the particles have been rearranged in a uniform array with b the distance 

between two particles as shown in Fig. 2.7, 
1 

b3N1 or bN32.4.15 

7r a3 
and K32.4.16 

If we cut through parallel planes to one side of theýarray by a plane of 

dimensions bXb and if the cutting region is from -b/2 to b/2 we will find that 

no particles exist in the region 0 -* (b/2 - a) and then one particle exists in 

the region (b/2 - a) to (b/2 + a) and no particle exists in the region (b/2 + a) 

to b. The distribu, tion of the existing particles over that region is shown in 

Fig. 2.8. The average number of particles'in an area of b2 is 2a/b or the 

number of particles per unit area is 2a 

b3 

. 0. KA 2a/b 3 

but b3 4/3 7r a3 
K 

p 

K3 2aN 2.4.17 A22 
7r a 

2.5 The Main Test Apparatus. 

The motor consists of a rotor (perspex container filled with the fluid 

under investigation), placed vertically inside the bore of a conventional three 

phase cylindrical stator for the production of a rotating magnetic field. Two 

stators were used; one a 2-pole and the other 4-pole. 
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FIG. 2.7 PARTICLES ARRANGED IN UNIFORM ARRAY 
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The investigation started using an already existing system for static 

torque measurements. A nylon cord was wrapped around the rotor shaft, and 

a weight was attached to one end and a spring fixed to the other. This 

system suffered from the fact that it was difficult to separate the generated 

torque from the friction torque in the bearing of the rotor. Furthermore, 

the performance of the motor under variable running speed could not conveniently 

be measured by means of that system. Another system was designed, the idea of 

which was to measure the reaction torque on the stator of a dynamometer coupled 

to the rotor mechanically. The reaction torque was measured by means of 

strain gauges 

2.5.1 The rotor. 

Fig. 2.9 shows a photograph of the rotor and Fig. 2.10 shows a detailed 

sketch of it. The rotating part of the rotor was supported by means of a two 

roller bearings. The top roller bearing was shielded from the rotating 

magnetic field by a steel plate. Also, a nonmagnetic cap was fixed to the 
0 

shaft to prevent any'magnetic material from getting inside the bearings. 

In order to measure the fluid temperature, a hole was drilled to allow a 

thermometer to be inserted through the rotor lid. 

2.5.2 The stators. 

The two-pole stator has a stack length of 70 mm and bore diameter of 

118 mm. It had 24 slots each containing a coil side. It produced a reason- 

ably uniform magnetic field, at least within the bore, the pattern of which 

rotates at the frequency of the supply. 

The four-pole stator had 36 slots. The stack length was 42 mm and the 

bore diameter was 90 mm. The lines of force start from a north-pole to an 

adjacent south-pole leaving zero field in the middle of the stator. The field 

pattern rotates at half the supply frequency. 
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2.5.3 The power supply. 

For 50 Hz supply, the motor was supplied via a 415 volts three phase 

variac. 

A 10-Kw three phase alternator driven by a d. c. motor was used to supply 

frequencies less than 50 Hz. The output voltage and frequency of the 

alternator were varied by varying both its d. c. field excitation and the 

motor speed. 

A 100 Hz supply was obtained from the stator of an induction motor whose 

rotor was connected to a three phase supply and driven by a d. c. motor in the 

same direction as the rotating field. 

The frequency was measured by a digital frequency meter which was 

calibrated against a calibrated oscillator. 

2.5.4 Dynamometer and strain gauges. 

The rotor of the ferrofluid motor was coupled to the rotor of a dynamo- 

meter of the printed circuit type. The dynamometer stator was fixed to one 

flange of the torque ieaction tube, the other flange being screwed to a 

stationary frame. The ferrofluid rotor shaft passed through the hollow tube 

and coupled to the dynamometer rotor. Fig. 2.11 shows a schematic diagram 

of the system. The strain on the tube due to reaction torque, was measured 

using two pairs of gauges cemented on the outer surface of the tube and 

coated with a protective layer of paint. Fig. 2.12 shows a photograph of the 

tube with gauges attached while Fig. 2.13 shows a photograph of the assembly 

of the ferrofluid rotor, the dynamometer and the frame to which the tube is 

fixed as well as the amplifier and voltmeter used for measuring the torque. 

The design of the torque reaction tube is discussed in Appendix 3. 

Referring to Fig. 2.14, the shear stress, fs, is equivalent to a tensile stress, 

ft and a compressive one, fc. To measure the strain, two strain gauges of 
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nominal resistance R were cemented on the outer surface of the tube, one had 

its centre in the direction ac and the other had its centre in the direction 

bd. When the first was under tension and its nominal resistance changed to 

R+ AR, the other was under compression and its resistance changed to I 

R- AR, where AR is the change in the gauge resistance due to strain ý. 

Two similar gauges were cemented at 180 0 from the two gauges mentioned before. 

Fig. 2.15 illustrates the positioning of the gauges. The four gauges form the 

four arms of the wheatstone bridge shown in Fig. 2.16. 

To allow f or maximum current in the gauges to be about 200 mA, the d. c. 

voltage U should not exceed 5 volts. The maximum relative variation in gauge 

resistance, 
AR 

, is equal to the gauge-factor. times the maximum strain R 

2.05 x (20, x 10-6 

40.1 x 10-6 

The maximum output voltage, V, from the bridge is UA-R 
0R 

5 x' 40.1 x 10 -6 ýt 200 VV. 

The voltage, V0, was amplified 800 times and then measured by a micro- 

voltmeter whose input resistance was 10 M at the range used which was high 

enough compared to the bridge impedance between C and D. The voltmeter 

manufacturers claim an accuracy of :ý 2% of full scale and 0.5 microvolt zero 

drift per 24 hours. 

2.6 Experimental Results and Discussion. 

2.6.1 Introduction. 

The variables investigated were volume concentrationq carrier fluid 

Viscosity, field strength, supply frequency and size of the particles. Static 

torque measurements were carried out over a wide combination of variables and 

some dynamic torque speed measurements were also carried out. Most of the 

measurements were carried out using a two-pole stator, however, in some tests 

.i 
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FIG-2.16 BRIOGE FOR MEASUREMENT OF STRAINS 



a four-pole stator was used. Some measurements of the thermal energy 

generated in the ferrofluid were also carried out in the hope that these might 

lead to an understanding of the nature of the torque production mechanism. 

In addition, however, they are of relevance to the variable-density-fluid work 

described later in section 3. 

2.6.2 Static measurements. 

A wide range of viscosities of carrier media varying from a thick viscous 

oil to air were considered. In some tests a mixture of oil and paraffin was 

used as a carrier fluid. In the tests where the paraffin only was used as a 

carrier fluid, the paraffin volume was varied to give a range of volume loading 

between 8.42% and 4.26%. The results for both the 2-pole stator and the 4- 

pole were similar and only the two-pole results are given. In all cases 

40 gms of yre 203 with 9 ml of oleic acid as wetting agent were used. Figs. 2.17 

to 2.22 show the variation of torque with field intensitypH. for different 

supply frequencies, foe The results show that the torque does not vary much 

with frequency. The curve marked "solid" which is common to all these figures. 

is for the same mass of powder in solid form (produced by centrifuging and 

then drying to produce a cylindrical tube of solid material). 

Another test was started with a fluid made up of 40 gms of yFe 204 with 

9 ml of oleic acid as wetting agent and 60 ml of oil as a parent fluid. To 

this, various amounts of paraffin were added sequentially in order to modify 

the viscosity of the carrier fluid. 
. For each fluid, the torque was measured 

4 for three values of frequency at the same field intensity, (H 4x 10 A/m). 
max 

A plot of the measured torques against volumes of paraffin is shown in Fig. 2.24. 

The behaviour of small iron particles is of considerable interest and 

acicular, or elongated particles, in which shape anisotropy can contribute 

greatly to improved magnetic properties, are of particular interest. 
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The particles were prepared by "Borohydride reduction" which yields 

single domain particles and more acicular particles were formed in the 
11 

presence of magnetic fields 

In a typical procedure 100 ml of 1M KBH 4 was added over a period of 

three minutes, the mixture being continuously stirred, to 100 ml of 1M Fe SO 

The mixture was contained in a 500-ml. beaker resting on the poles of a 5000- 

gauss U-shaped magnetron magnet. The black product was immediately collected 

on a filter and washed quickly with copious amounts of water, followed by an 

acetone rinse. After removal of the solvent in a slow stream of dry air 5 gm 

of fluffy, strongly magnetic material remained. The authors 
11 

claim that the 

particles should be only 0.1 to 1v long. 

The surfactant used for these particles was a solution of n-dodecylamine 

prepared by dissolving dodecylamine in 10 mls of N-HCl until a pH value of 7 

was obtained. Water was used as the carrier fluid, and this was added to the 

solution, bringing its volume to 100 ml before mixing in the prepared particles. 

The torque was measured for three values of frequency at various values of 

field intensity. The results are shown in Fig. 2.25. 

2.6.3 Discussion of the results of static measurements. 

The two theories presented in section 2.3 and 2.4 assumed negligible 

particles interaction, which can be shown is unlikely to be true for some of 

the fluids investigated. Assuming the array shown in Fig. 2.7 the gap, Lg, 

between particles is related to particle diameter, d. by 
1 

Ig 3l- 1] d 
6- 

K3 
p 

A plot of Zg/d against Kp is shown in Fig. 2.26, and it will be seen that for 

a volume loading Kp of 6.4% kg is almost equal to d. If there is interaction 
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between the vortices associated with the spinning particles the demanded 

torque on each particle will be greater than that given by equation 2.2.2 

which means effectively an increase in the value of n, ' which will no 

longer be simply the viscosity of the carrier fluid. Thus we must use an 

"effective viscosity", which will be 'a functiori'of the volume loading of the 

fluid, the size of the particles, and the viscosity of the I carrier fluid. 

As has been pointed out the torque variation with frequency is not very 

great, and from the modified Moskowitz and Rosensweig theory discussed in 

section 2.3, this could be due to one of the following possibilities: 

(a) At all frequencies the iluid reverse angular velocity could be very 

high compared to the wave velocity. This would mean that the spinning 

velocity does not increase much with frequency. 

(b) Most of the torque generated by the 'particles 'could be due to 

hysteresis, in which case the fluid velocity in the backward direction adjusts 

itself until the viscous drag torque is equal to the'hysteresis torque that can 

be generated by each-particle. Since the hysteresis torque tends to be 

independent of frequency this would give little variation of overall torque 

with frequency. This is unlikely to be so, however, since the torque 

generated can be higher than the hysteresis torque, as shown in Figs. 2.18 to 

2.22. 

(c) Not all the particles are synchronized but only some of them and 

these could generate a saliency torque. 
T 

From equation 2.3.3 vm is independent of .w unless the number of 
w0 0 

particles spinning is a function of w0 It'would seem that the higher the 

frequency the less will be the number of particles spinning and therefore'the 
T 

smaller vM With the near solid mixture, the torque was independent of W 0 
frequency and it must have been purely due to hysteresis. The hysteresis 

torque, Th, is related to the area of the hysteresis loop SH and the volume of 

material, Vr, by 17 
: 
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* 2.6.1 Th 27r H*r 

An assessment of the possible order of value of'the hysteresis torque of the 

oxide MO-2035 for various field intensities was made and the results are 

compared with measured hysteresis torque generated by the same. material in 

solid form. The comparison is shown in Fig. 2.27 and it will be ýeen that the 

maximum torque predicted from the area of the alternating hysteresis loop is 

of the same order as the maximum torque measured. However, the measured 

torque rises more rapidly with field intensity and shows the distinct fall off 

at high field intensity which is a characteristic of rotational magnetization, 

24 
and was first found by Graetz 

As more carrier fluid is added the effective viscosity is reduced and 

presumably more particles are able to synchronize and contribute saliency torque 

rather than hysteresis torque. The number of particles taking part in the 

process would be expected to increase as the field strength is increased 3 but 

the highest torque which could be-reached at a particular frequency will be 

governed by the torque demanded at that particular frequency* This 

levelling off of torque is evident in Figs. 2.18 to 2.22. 

On the other hand, if the effective viscosity is such that the demanded 

torque is equal to the peak saliency torque at a particular supply frequency 

and field intensity, the torque will be maximum and any reduction. or increase 

of the viscosity will be accompanied by a reduction in the torque. An optimum 

value of torque is shown in Fig. 2.24 and it can be seen from the curves that 

the value may be independent of frequency. This ought to be so since the peak 

saliency torque that can be generated should be independent of the spinning 

velocity. Since the demanded torque is proportional to the product of the 

effective viscosity of the fluid and the spinning velocity, the viscosity 

at which the maximum torque occurs should be small for high frequency and this 

is evident from Fig. 2.24. 
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In the test of the air medium fluid it was noticed that the moisture 

content in the loose powder caused the agglomeration of the particles into 

large spheres while the particles were spinning. The pattern is shown in 

Fig. 2.28. The spheres have no saliency and so they should not contribute 

to saliency torques. This might be the reason why the generated torque, 

Fig. 2.23 for loose powder, is almost equal to'the hysteresis value at low 

field intensities. At higher intensities the torque is less than the 

hysteresis value and this could be because the demanded torque is less than 

the hysteresis torque. 

In Figs. 2.17 and 2.21, at low field intensity, and 2.24, with no 

paraffin added, the torque at small frequencies was higher than that at high 

frequency. It might be that the fluid was so viscous that more particles 

were able to synchronize at smaller than at higher frequency. 

In Fig. 2.17 the fluid curves are similar to the hysteresis curve which 

suggests that the hysteresis torque was predominant. 

Fig. 2.29 shows'a linear variation between the torque generated, at a 

fixed field intensity of 6x 10 4 A/m. and the volume loading of the fluids of 

paraffin base for different supply frequency, fo. 

The predicted curves, shown in Figs. 2.5 and 2.6, emphasize the fact 

that the torque varies nonlinearly with the wave velocity which was found 

experimentally. 

For fixed excitation, these graphs represent the variation of generated 

torque within the fluid to some scale with l1wo. For a given fluid if we 

plot the measured torque, for a fixed value of excitation, against l1w 
0, we 

can find a predicted curve of constant KA( an area packing factor ) which 

fits with the experimental. When the two curves are fitted together as best 

as they can be the ordinate scale will be in the ratio 2wN Tmax Ro 2 
and the 

abscissae in the ratio 87rna 3 /T 
max- 

These two ratios can be read-off and 
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3 
knowing ROjNT 

max can be found. Now 7a 
.N is equal to the voluýe loading 

factor Kp, and if this is known, the value of Tj can also be obtained. Table 

2.1 gives the estimated values of effective viscosity of some ferrofluids 

referred to by the number of figure. The viscosity values were oýtained by 

fitting curves of Fig. 2.5 with the experimental results of torque -r frequency 

variation. 

Table 2.1 

Referred Fluid Ingredients K Field Ký Estimated value 
Fig. P, Intensity of viscosity 

10 4 
A/m, MKS units 

2.18 40 gm MO-2035 + 6 5 Q. 74 
87 ml Paraffin + . 084 4 5 1.03 
9 ml oleic acid. 2.4 5 0.98 

2.19 40 gm MO-2035 + 6 4 0.44 
137 ml Paraffin + . 056 4 4 0.51 
9 ml oleic acid. 2.4 4 0.475 

2.20 40 gm MO-2035 -t 6 3 0.32 
184 ml Paraffin + . 043 4 3 0.314 
9 ml oleic acid. 2.4 3 0.333 

2.21 40 gm MO-2035'+ 6 2 0.992 
50 ml Paraffin. + . 066 4 2 0.98 
60 ml oil + 
9 ml oleic acid. 

2.22 40 gm MO-2035 + 6 2 o. 38 
150 ml Paraffin + 4 2 0.38 
60 ml oil+ . 038 2.4 2 0.32 
9 ml oleic acid. 

2.25 5 gm small iron 6 1 0.22 
particles in 4 1 0.31 

water, . 006 2.4 1 0.27 
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The results of table 2.1 shoxý some consistency of the way the viscosity 

varies with the volume loading and field intensity. Moreover the various 

values of effective viscosity obtained for each fluid by varying the field 

intensity are of the same order of magnitude although they are very much 

higher than the viscosity of the carrier fluid which is of the order of 0.001 

MKS unit. 

The overall viscosity could be much higher than the actual viscosity of 

the carrier fluid due to interacti6n between the vortices associated with 

the particles, but it is doubtful whether it will be 1000 times as high. 
f 

The values of K do not agree at all with the predicted one, equation A 

2.4.17 e. g. for KA- 5p Kp=0.1, a-0.1 m, but in practice more like 10- 7 
me 

The curves of Fig. 2.25 are similar to those of 2.18 to 2.20. Now 

replacing the dipole moment, ms of one particle by the dipole moment, M(H)p 

per unit volume of fluid in equation 2.2.1 leads to an expression for the 

torque generated per unit volume of fluid, 

Tv'. = 110 M(H) .H. sin 8 0.04* 2.6.1 

The maximum value of T, T will be obtained when all the particles vv max 
are participating in the process, i. e. M(H) M 

sat and the demanded torque is 

such that sin e=1. In that case 

Tv 11 0M sat * 0000. 
max 

2.6.2 

i. e. the maximum torque that can be generated per unit volume of fluid 

at a given field intensity is proportional to its saturation magnetisation, 

M 
sat 

Therefore for two fluids having different values of M 
sat , the torques 

per unit volume must be proportional to their saturation magnetizations. 
TvMx1M 

sat 1oMi1K Pi 
T 
vmax 2M sat 2oMi2K P2 
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where suffix I and 2 refers to two fluids and v M. is the intrinsic 
01 

magnetization of the magnetic material, 

but K 
Pi 

vm1v2 

P2 M2 

where Vm is the volume of magnetic, material in a fluid of volume V. 

Therefore 1m1M, 
12 

10 
m12v 

m2 
where T is torque generated. 

Knowing that the intrinsic magnetization of'the iron particles and the 

MO-2035 oxide are 2.02 and 0.35 T and that their volumes are 0.62 and 8.4 c. c. 

respectively, was found to be 0.43. 
T2 

4 
The measured values of T1 (Fig. 2.25) and T2 (Fig. 2.18) for H-6x 10 A/m 

and f- 100-Hz are found to have about the same ratio i. e. 0.42: 1. 
0 
In short, it seems that the torque generated is due to a volume effect and 

that it is not only the rolling particles beside the boundary that are contri- 

buting to the torqut-9 

Further experiments were carried out to see the, effect of introducing 

other boundaries. Primitive ferrofluids made up of either the magnetic powder 

type MO-2035 or type MO-8853 in paraffin, both using oleic acid as a surfactant, 

were used for this investigation. For the establishment of various boundary 

conditions, a set of concentric cylinders, shown in Fig. 2-30, were introduced 

inside the fluid containing vessel. The various zones and barriers are 

labelled. 

The results shown in Fig. 2.31 are the torque generated by the fluid made 

up of the powder type MO-9853 at various field intensities and 50 Hz. 

Curve I is for a 40 gms of the magnetic powder added to 60 ml paraffin and 30 ml 

oleic acid. Curve II is for half the amount of this same fluido while curve 

III is for 40 gm of powder in solid form. Both curve I and II were plotted 

for the fluid placed in various zones. 

The results for the MO-2035 fluid are shown in Fig. 2.32. Curve I is for 
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40 gms of the magnetic powder added to 150 ml paraffin,, 60 ml oil and 9 ml 

oleic acid. Curve II is for half the amount of this same fluid. In 

this test the frequency of the supply was 100 Hz. 

The results suggest that the torque generated by a given fluid is 

proportional to its volume. The results also show that the presence of 

the barriers had no effect upon the torque. Certainly the introduction 

of these barriers must affect the velocity profile of the fluid, but as the 

fluid velocity is small in all cases perhaps particles simply adjust them- 

selves to generate a certain amount of torque according to the effective 

viscosity of the fluidsupply frequency and field intensity. 

2.6.4 Dynamic measurements. 

When free to rotate the rotor containing ferrofluid was, able to 

accelerate up to the synchronous speed of the wave, wo/p, and not to that of 

the spinning field vector3, wý After the rotor had been running for some 0 

time, the magnetic particles centrifuged out from the carrier fluid, forming 

a thin layer adjaceAt*to the wall. 

At synchronous speed small load disturbances caused oscillations in 

rotor speed, suggesting anisotropy due to particle alignment. Larger 

disturbances caused a temporary loss of synchronism. 

The magnetic powder type MO-2035 was used in the preparation of two fluids 

of different volume loadings. Both the two-pole and the four-pole stators 

were used in the tests. The torque, for different wave velocities, was 

measured for various values of rotor speed. In each test the field intensity 

was kept constant. The results are shown in Figs. 2.33 and 2.34. 

In the near-solid condition of the particles which was obtained after the 

rotor had been running for a length of time, the particles tend to lock 

together rather than spin and the torque must be of hysteresis origin. More- 

over if the fluid carried by the rotor also rotates at the wave velocityO the 
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particles do not need to spin in order to remain in synchronism with the field 

and no torque can be transmitted by viscous action. This suggests a solid 

transrnssion. 

In Fig. 2.33 the torque increases with speed and just below 50 rev. /sec. 

approaches the value obtained for the solid tests (Fig. 2.20). The rise in 

torque with speed is possibly due to the greater centrifuging effects leading 

to smaller particle spacings and a greater value of effective viscosity. 

This seems to be confirmed by the fact that atfixed speed there was a tendency 

for the torque to slowly increase with time. 

In Fig. 2.34, the torque at standstill is higher than the solid hysteresis 

torque (Fig. 2.21), and as the rotor speeds up the torque initially increases 

again this is believed to be due to an increase in the effective viscosity 

due to centrifuging. At a given speed it appears that the demanded torque 

must become equal to the maximum torque that can be generated. Above this 

speed, an increasing number of particles drop out of synchronism and produce 

only hysteresis component of torque and the overall torque generated 

decreases. One might expect the 100 Hz curve to fall off at the same speed, 

or even at a lower one, as the 50 Hz curve. - However, the standstill measure- 

ments indicate that the torque does not vary much with frequencyt and at 

100 Hz the higher spinning energy of the particles may partly overcome the 

centrifuging effect. 

2.6.5 Energy dissipation measurements. 

Part of the thermal energy gained by the fluid may be radiated from the 

stator surface but most results from the viscous drag torque exerted by the 

parent fluid on the spinning particles. The thermal energy is a loss as 

far as the separation process, described in section 3, is concerned, and so 

should be kept as small as possible. The loss may vary with the intensity 

of the magnetic field, the supply frequency, the size, shape and magnetic 
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properties of the particles, the viscosity of the carrier fluid and with the 

volume loading. 

Assuming that the rate of generation of thermal energy to be constant 

(which implies the viscosity of the fluid does not change) the fluid temper- 

ature will tend to rise exponentially. The temperature measurements were 

obtained simply from thermometer readings. 

If the fluid is at ambient temperature at time t=0, the initial rate 

of rise of temperature will be given by: 

ae p 
at Cf 

where P is the power generated in unit mass of the fluid and Cf is its 

specific heat. Thus knowing Cf the specific power loss can be determined 

from the initial gradient of the temperature rise/time curves. 

The specific heat of the fluid can be estimated according to the 

proportions by weight of the magnetic material and the parent fluid. If the 

weight ratio is q and their specific heats are Cs and Ck respectively, then 

Cf =q CS + (1 - q) C,. 

The il. 8 mm diameter two-pole stator was used throughout this investi- 

gation. For the 50 Hz tests two values of field intensity were considered 

i. e. 7x 10 4 
and 13.2 x 104 A/m, and the fluid tested had 11% by volume 

of the powder type MO-2035 in paraffin. The temperature rise/time curves 

are shown in Fig. 2.35. The specific heat of this fluid was estimated to be 

1620 JoukjKg. 0 C. The initial rate of rise of temperature was 0.072 OC/S. 

Therefore the power loss was estimated to be 116.5 watts/kg. 

Further tests were carried out on the above 11% fluid at frequencies of 

20 and 100 Hz, the field intensitybeing again 7x 10 4 A/m. The power losses 

from the 20 Hz and 100 Hz tests are compared with the 50 Hz results in Table 
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2.2 below. The temperature rise/time curves are shown in Fig. 2.36. 

Table 2.2 

Variation of Power Loss with Frequency 

Frequency, f 
op 20 50 100 

Hz 

Power loss, P, 44.5 116.5 239 
Watts/Kg. 

P/f 2.22 2.33 -2.39 
0 

Measurements of the temperature rise/time were carried out on fluids made 

up from various volume loadings of the magnetic material type MO-2035 in 

paraffin, (2.64,5.36, and 8.17%). The maximum field intensity in the 

two-pole stator was 7x 10 4 A/m and the supply frequency was 50 Hz. The 

results are shown in Fig. 2.37. 

2.6.6 Disctission of the measurements of the thermal energy 

generated in the fluid. 

It has been shown that the generated torque could be either of hysteresis 

or saliency origin. The demanded torque is proportional to the'spinning 

velocity of the particles relative to the fluid which is proportional to the 

supply frequency since the fluid velocity is believed to be small. Since 

the power is the demanded torque times the spinning velocity, the power loss 

of the unsynchronized particles (hysteresis torque) should be proportional to 

the supply frequency. On the other hand those particles which are synchron- 

ized (saliency origin torque) should contribute to a power loss proportional 

to the square of the supply frequency. The results of table 2.2 suggests 

that the torque is of hysteresis origin. Yet the torque measurements suggest 

the torque is of saliency origin (at least at low field intensities) and if 

the particles are synchronized at low intensities of field strength why should 

they not be synchronized at higher intensities? 
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The results of Fig. 2.37 and 2.38 show that the power loss is roughly 

proportional to the volume loading at low values'. At higher'values of 

2 
volume loading the losses are roughly proportional to Kp It is believed 

that this is due to the interactions between the eddies produced by adjacent 

particles. 

2.7 Conclusions. 

The use of ferrofluids to generate torque seems to be impractical 

unless for any particular reasons a motor is required which can operate at 

very low field intensities - at which the generated torque is higher than 

the hysteresis torque. The motor in this condition would have to run at 

low speeds so that the particles did not centrifuge to the outside - this 

would result in a solid outer layer and a smaller torque predominantly of 

hysteresis origin. 

The experimental results confirm that if the fluid is saturated the 

maximum possible torque per unit volume is proportional to the saturation 

magnetization of the fluid and is independent of the size of the particles. 

The power loss is roughly proportional to the volume loading, Kp, at 

low values but at high volume loadings the loss increases much more rapidly. 

The latter is believed to be due to interaction between the eddies produced 

by adjacent particles. For Kp 11% of MO-2035, the power loss at 50 Hz 

is about 0.14 watt per cm 
3. 

The paradox remains that for the torque generated in the inner region 

of the fluid to be transmitted to the container the velocity gradient 

must be negative throughout the fluid, which means that the fluid velocity 

must be more positive near the centre than at the outside - yet the bulk 

velocity seems to be negative. A possible conclusion is that relative 

velocity at the container boundary is not zero, but negative - which is not 

the case for normal Newtonian flow. 
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The modified Moskowitz and Rosensweig's approach appeared to satisfy 

part of the condition for w to be negative at small radii and the torque 

still positive. unfortunately, there is a contradiction between equation 

2.3.10 and 2.3.13 since if 2.3.10 exists at outer radii, then 2.3.13 can 

only exist at radii equal or greater than that of the container boundary. 

Thus, no really satisfactory, mathematical explanation for the fluid 

rotation being opposite to that of the wave has been found, although in 

physical terms this seems easy to explain (action and reaction). 

The vorticity approach gives the wrong sign of torque. On the-other 

hand, it gives a reasonable explanation, for the nonlinear variation of 

torque with frequency. However, the predicted values of effective, viscosity 

and the number of particles per unit volume obtained by this approach are 

wrong by several orders of magnitude. 

The increase of area of contact between the fluid and its boundaries -, 

by introducing barriert inside the fluid, did not affect the torque producedo 

which seems to confirm that the torque generated is a volume effect. 
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SECTION 3. 

THE USE OF FERROFLUIDS, AS A VARIABLE DENSITY NEDIUM, 

IN MINERAL SEPARATION PROCESSES. 

3.1 Introduction. 

3.1.1 Some physical means of separation. 

There are many bases, for separation, some of which will be discussed 

here: 

3.1.1. A On the basis of magnetic permeability_ 

Magnetic minerals may be separated from non-magnetic minerals by means 

20 
of an ordinary electromagnet . If the magnet is strong, minerals which 

are feebly magnetic may also be attracted. If the minerals are feebly 

magnetic, strong magnetic field is required, which requires a very high 

powerful magnet, which means high power consumption, or a shorter air gap which 

makes the throughput smaller resulting in a less efficient apparatus. Various 

vigorous mechanical means of handling the fractions have been developed. 

3.1.13 . On the basis of dielectric properties. 

This method of separation is based on the principle that two oppositely 

charged poles attract each other with a force that varies inversely as the 

square of the distance between them and depends on the medium. A mineral 

grain in a medium of a given dielectric constant will be attracted to the 

electric field between the electrode if it has a constant, greater than that 

of the medium. 

Berg 21 
placed the mineral in a container and drew from burettes in 

proportion the desired proportions of furfural and benzene. 
I 

Needles mounted 

on an isolated pencil-like handle immersed in the liquid and placed about 1 mm 

apart served as the electric field needed for separation after connecting 

them to an electrical source. He decided to use the mixture of furfural 

and benzene, which have dielectric constants of 42 and 2.28 respectively, 
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to obtain the desired permitivity of the medium. The grains with a 

dielectric constant higher than the liquid moved into the area between the 

needle-points, whereas those with lower constant were repelled. The 

grains attracted to the points are then transferred to a smaller dish placed 

in the larger container, the needle-points at all times held in the liquid, 

by moving the electrodes over the small dish and then withdrawing them, from 

the liquid. When the needles are raised above the liquid, the grains 

fall off into the smaller dish. 

3.1.1. C Electrostatic separation. 

Crook 22 
used two copper plates$ which were separated a small distance 

by glass insulators. The lower plate was grounded and the upper plate had 

its lower side shellacked. An induced charge was put on the upper plate. 

The conductive minerals which were put on the lower plate become negatively 

charged and are attracted to the upper plate. The shellac keeps the charge 

from being neutralized. This method is applicable only for small size 

mineral grains so that the electrostatic force is enough to keep them stuck 

to the upper plate - for larger grains a higher field is needed. Moreover 

the grains and the atmosphere must be dry in order to make the method a 

success. 

3.1.1. D Separation on the basis of shape. 

By placing the grains on an inclined piece of blotting paper, the 

micas and fibrous minerals may be made to remain on the paper, while the rest 

will roll off. 
3.1.1. E Separation on the basis of different specific gravities. 

In general, this method preceeds the use of electromagnetic, electro- 

static and dielectric methods of separation. By placing mineral fragments in 

a solution whose density is greater than that of one mineral and less than 

that of another, they may be separated by the floating of the lighter and the 
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sinking of the heavier material. This method needs a number of solutions 

some of which could be highly expensive to achieve perfect separation. 

3.1.2 Causes introducing errors in separation. 

(a) Grains may be made up of more than one mineral which easily 

influence magnetic and specific gravity separation. 

There is always a finite discrimination and minerals lying along 

the border line of separation may go into either group. 

(c) In specific gravity methods and in magnetic separation the mass 

action effect causes certain minerals to be trapped among separates other 

than that to which they belong. This effect can usually be overcome by 

performing at least two operations. 

The present investigation makes the change of the specific gravity of 

one medium, ferrofluid, much easier. By the control of the field intensity 

and its gradient it is hoped that good mineral separation will be achieved. 

The method could not be used with magnetic minerals, however. 

3.1.3 The ui&thod of mineral separation under investigation. 

The idea of the magnetic method for separation of nonmagnetic materials, 

according to their densities is based upon the principle that a magnetic body 

placed inside a magnetic field tends to move to the region of higher magnetic 

intensities -a magnetic force being exerted on the body to perform the work 

necessary to move it to the point of higher magnetic energy. If the field 

is uniform there will be no energy density gradient and hence no magnetic 

force. On the other hand if we have a nonmagnetic body placed inside a 

volume of magnetic material across which there is a field gradient, and if 

this volume of magnetic material is deformable, i. e. the body can moveýthrough 

it, the body will tend to move from the region of higher magnetic energy 

density to that of lower energy density. To obtain a deformable magnetic 

region we must have a magnetic fluid and to get a magnetic energy density 

gradient we must have a magnetic field gradient. 
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If the magnetic fluid is a true colloidal suspension, static magnetic 

fields can be used, but due to the very high costs of the colloidal fluids, 

at current prices about $1.2 per c. c. for material saturating at about 0.06 T, 

the process is uneconomic for most large scale applications. If cheaper, 

non-colloidal magnetic fluids are used the magnetic particles tend to 

flocculate under the influence of static magnetic fields, and the firm 

clusters of particles can completely block the passage of the material to be 

separated. Flocculation of the cheap fluid can be avoided, however, if the 

individual particles can be made to spin vigorously, and this can be 

achieved by the use of a suitable rotating magnetic wave 
6. 

The field distri- 

bution can then simultaneously produce spinning vectors and a large energy 

density gradient. 

A conventional a. c. stator is one means of producing a system of 

spinning vectors, and if the rotor is absent only vectors with the same sense 

of rotation as the wave can exist, at least inside the stator and away from the 

ends. Towards the. 'end there is a distinct energy density gradient, and so 

this was chosen as one configuration to investigate. 

Similarly, a single sided linear stator can simultaneously produce 

vectors with only one sense of rotation and an energy density gradient. By 

placing two stators with their surface's facing, but inclined away from each 

other, as shown in Fig. 3.1, the energy density gradient can be made large. 

On the other hand, this system gives rise to two systems of rotating vectors, 

and near the plane midway between the two faces the magnitude of the two 

systems will be almost equal. The result is that there may be a tendency 

for the individual magnetic particles in this region to flocculate rather 

than spin and the effective viscosity may become very large. A low viscosity 

is necessary if the separation rate is to be large. 
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FIG. 3.1 a LINEAR ARRANGEMENT 

\; 
Wave travet normal to section plane 

FIG. 3.1 b. SECTION THROUGH LINEAR CONFIGURATION 



3.2 Theory. 

Equation A. 1.16 of Appendix 1 shows that a body of permeability Pi 

placed in a uniform field H0 in a medium of permeability ve will have a 

dipole moment mb where 

(Volume of body) (11 i- 11 
e) 

mb 
Kz ýi + (1/K 

z -1) ve0H0 

where Kz is a depolarizing factor depending upon the aspect ratio of the 

body. For a sphere Kz = 1/3. 

The potential energy, EM, of a magnetic dipolet -mbo in a uniform field, 

H09 is given 
23 by: - 

llo lle Iro 

11 0 11 e mb . Ho Cos 0 

where 0 is the'angle between the two vectors - and H and H are mb 0 mb 0 
-7 their magnitudes respectively and v0 is permeability of free space - 4wx 10 

If a principal axis of the body is aligned with the field, 0 will be zero and 

Em Vo lle mb H0 9996* 3.2.1 

The force is defined as the negative 6pace rate of change of the potential 

function, hence the magnetic forces FM, will be given by the negative gradient 

of the scalar function Ems thuss 

T- --VE MM 

"o Ue V mb Ho 

(volume of the body) (ui-"e) 
V( 

"olle 
H2 

Kzi+ (1/Kz - 1) 'pe 
20 Lp 

00000 3.2.2 
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qp 

If the densities of the body and fluid are Pi and Pe' the net vertical 

011) and horizontal (X") components of acceleration (neglecting viscosity) 

are given by: 

i e) a (%"e 
1,2) 

Pe 

pi Kz[pi + (1/K 
Z-1) 

u e] 
77 20p3.2.3 

where g is the gravitational constant., 

and 
(V i -11 e) 

'lope 
H 

02) ..... 3.2.4 
K (1/K 1) 

e] 
ax 2 

From equation 3.2.2, the magnetic force density Pm is given by: 

-t 
p 

(ý' i- 'p e) 11 eV 110 
H2)3.2.5 

M0 
z 

K 
, 

[p 
i+ (1 /Kz 

e] 

Since Vi-1 for a nonmagnetic body, for a given field and field 

gradient, the magnetic force density is proportional to the figure of merit X 

where 
x 

'le Pe) 3.2.6 

Kz+ (1 -K z) 
Ve 

The condition for a maximum X is that 

-K VR7 
Ve zz 

K 
z 

The negative sign of VK_ does -not fulfil the condition that 1P must ze 
be positive, as Kz<1, therefore 

-K+ v77 
Ve -zz3.2.7 

max 1-K 
z 
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Equation 3.2.7 gives a positive value of Ve which is less than unity, 
max 

i. e. the maximum would occur only for a diamagnetic fluid. However, it will 

be seen from Fig. 3.2, plotted for a spherical body (i. e. Kz = 
1), 

that if a 3 

negative value of X is acceptable, which it is, then the positive maximum is 

exceeded by the magnitude of the negative value for 11 
e greater than about 1.4. 

In this negative region, where Ve>1, X is more or less linearly proportional 

to (v 
e- 

1), so the higher (V 
e- 

1), the higher the magnitude of X and of the 

effective magnetic density, Pm. 

Fig. 3.3 shows a curve of Kz for a prolate spheroid as the aspect ratio 

b/a is varied 
26, 

and corresponding curves of IXI for P. = 1.5,1.75 and 2.0. 

For the lower value of Pe it will be seen. that the aspect ratio has little 

effect upon the value of X, and thus of Pme This suggests that at low 

values of pe. e. g. ii e<1.75 the effective magnetic density as seen by a 

submerged body may be relatively independent of the shape of the body. This 

is, of course, a very desirable feature from the point of view of separation 

of materials according to their densities. 

From equation 3.2.5, the magnetic force density Pm, for a spherical body, 

is given by: 

p In 

(pi - Pe) lle 2 V 
iii 2 lle 

where vi = 1, for a non-magnetic body and Ue is the permeability of fluid 

-1+ the susceptibility x. 

Along the z- axis the magnitude of the magnetic force density Ipml is 

given by 

3V0x (1 + x) aH 
Ho .-0....... 3.2.8 

m3+ 2X az 
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This is valid only if the fluid is unsaturated. 

If the fluid is saturated, the magnetization of the fluid is constant 

and equation 3.2.8 is no longervalid. In that case 
BH 

p=pM..... 3.2.9 
mo sat az 

where ji 0M sat 
is the saturation magnetization of the fluid. 

3.3 Experimental Work. 

3.3.1 Preliminary investigation. 

In the preliminary investigation of the magnetic forces available for 

the separation process, the two pole a. c. stator used in the investigation 

of the ferrofluid motor was used. The nonmagnetic body was a plastic ball 

of diameter 20 mm filled with heavy material such as sand or powdered lead 

bromide. The fluid under investigation, which had a volume loading of 5.36% 

of MO-2035 in paraffin, was put in a jar which was positioned symmetrically 

inside the magnetic field. 

To measure the-force acting on the ball, it was simply suspended from 

the hook of a spring balance, as shown in Fig. 3.4. Knowing the weight of 

the body, the force exerted by the fluid can be determined from the 

deflection of the balance. For the position at which the ball was just above 

the bottom of the fluid the position of the clamp with respect to the scale 

of the stand was marked. The clamp was then raised a distance X to adjust 

the position of the ball inside the fluid. Upon applying the magnetic 

field, the deflection of the balance changed and so the position of the centre 

of the ball was no longer X above the reference mark. The ball could be 

returned to the original position, however, by correcting for the amount of 

contraction or extension of the spring, and thus a series of measurements 

can be carried out with the ball in one fixed position. The magnetic force, 

and the magnetic force per unit volume (magnetic force density) can readily 
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be determined by allowing for the normal unmagnetised density of the 

f luid. 

The field intensity was measured by measuring the radial component of 

the flux density, using a flat Hall probe, at various positions on the 

axis of the stator (on the axis Hz-0 and Hr and H0 are equal in 

magnitude). 

From equation 3.2.5, the magnetic force should be proportional to 

Q'H 
02M0 

BH 
77 if the medium is unsaturated. The values of Dz oz, 

"o az 

were estimated from the Hall probe measurements, shown in Fig. 3.5 and are 

plotted against force per unit volume of the ball in Fig. 3-6. This graph 

shows that the magnetic force is linearly proportional to H 2-HO, 
showing no baz 

sign of saturation over the test range 

The maximum field intensity in the test was 4.2 x 10 4 A/m. There was 

a need for much higher field strength to obtain higher values of effective 

densities, possibly, using less concentrated fluids. Unfortunately, the 

simple method of removing heat from the oil by means of passing cold water 

through coils of copper tubing immersed in it was not adequate and the winding 

insulation broke down. The cooling system was then redesigned, and to cope 

with a considerably increased power rating to the rewound stator a commercial 

heat exchanger was installed external to the oil bath. For a temperature 

difference of 40 0C between water and oil inlet temperature and an extraction 

rate of 20 KW the oil flow was specified as 45 litres/minute, so an oil 

pump was incorporated in the system. The specified water flow rate of 

26.6 litres/minute was obtained direct from the main water supply. 'A"new 

oil-bath was also obtained and this had much greater space of oil flow past 

the stator windings than the previous one. The flow of oil was directed 

to penetrate the coil using flow guides. The level of the inlet pipe of oil 
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to the tank was positioned to supply the cold oil at the bottom of the 

water stack while the outlet opening was just above the top of the winding, 

i. e., the forced flow was in the direction of normal convection. Fig. 3.7 

shows a schematic diagram of the new cooling system while a photograph of 

the equipment is shown in Fig. 3.8. 

Since the stator winding was twice damaged by overheating, with 

consequent delays in waiting for rewinding, another two-pole stator was 

acquired. This had a diameter of 140 mm and a stack length of 120 mm, 

compared to the original stator's 118 mm diameter and 70 mm stack length. 

The average temperature of the winding was determined by comparing its 

resistance, at the temperature to be determined, with its resistance at a 

known temperature. Extreme care was taken to secure accurate resistance 

measurements because a small error will cause a comparatively larger error in 

the calculated temperature. The cold resistance was measured only after the 

motor had remained in a constant ambient long enough that the winding was at 

that ambient temperature. Resistance measurements were made as outlined in 

AIEE test code No. 550, May, 1949. 

It was found that the steady state temperature of the 118 um stator was 

1200 at an excitation current of 19 A per phase and this brought the magnetic 

field intensity up to 15.3 x 10 4 A/M in the middle of the stack. On the 

other hand the steady temperature of the 140 mm stator was 115 0C at an 

exciting current of 27 A per phase and this excitation brought the magnetic 

field intensity up to 12.66 x 10 4 A/m in the middle of the iron stack. 

3.3.2 The power supply. 

In addition to 50 Hz measurements, using both stators, tests were carried 

out using the 118 mm stator, at 20 Hz and 100 Hz. 

For 50 Rz excitation the power was obtained from the a. c. mains via a 

variac. To reduce the current loading of the variac the stators, connected in 

delta, had 50 VF, 500 V capacitors across each phase. 
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For the 20 Hz and 100 Hz measurements, which were carried out on the 

118 um diameter stator only, the frequency changing was achieved by using 

a 25 HP induction motor, the rotor being supplied from the 50 Hz mains through 

the variac again with a capacitor across each pair of lines. The impedance 

level of the induction motor was not ideally matched to the variac rating and 

the values of the capacitors however, and the maximum value of current for 

the 118 mm stator was 9.5 A per phase at 20 and 100 Hz compared with 19A at 

50 Hz. 

3.3.3 Force measurements. 

The apparent weight of the nonmagnetic body was measured with a 

sensitive balance which could measure up to 4.01 Kg and down to 0.1 g. The 

balance was modified by replacing the pan with an attachment whose length 

could be varied to suit the required position of the body. The body was 

hung from this attachment via a ball race to prevent the tangentional 

component of force, due to the spinning of the body, from affecting the balance 

lever. 

3.3.4 The main factors to be investigated. 

Among the factors that were to be investigated were the effect upon the 

magnetic force density of: - 

W axial position of the body. 

(ii) distribution and intensity of the magnetic field. 

(iii) the volume concentration of the magnetic material in the fluid. 

(iv) frequency of the supply. 

(v) the shape of the body. 

Equally important, however, was to compare the performance of different 

cheap magnetic powders, and of water compared with paraffin as a carrier 

fluid. 
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The greatest range of measurements were carried out on the 118 um 

diameter stator, the tests on the 140 mm diameter stator being restricted 

to various concentrations of the Pfizer powder MO-2035 in paraffin and to 

50 Hz. 

3.3.5 Variation of magnetic force with axial position and field 

intensity. 

With the exception of a few tests to determine the effect of body 

shape and the proportionality between magnetic force and the volume of the 

immersed body, for a given shape, (results not given), the nonmagnetic body 

was a hollow glass ball of vol=e 8.1 c. c. The apparent weights of the 

body submerged in the fluid under various magnetic field intensities and axial 

positions were measured and knowing the actual weight of the body and the 

nonmagnetized fluid density,, the magnetic forces and from these the magnetic 

force densities (the magnetic forces divided by the volume of the body) were 

determined. Four fluids having volume concentrations of the magnetic 

material type MO-ýP35 in paraffin of 2.64,5.36,8.17 and 11% were investigated. 

The surfactant was oleic acid. The body was always on the axis of the stator. 

Figs. 3.9 and 3.10 show sample of results of the variation of the magnetic 

force density with the distance, z, along the axis from the middle of the 

machine for each fluid under the various field intensities. 

3.3.6 Influence of freque ýy upon the'magnetic force. 

The magnetic force densities for a supply frequency of 50 Hz were compared 

with those for two other frequencies 20 and 100 Hz at the same value of field 

intensity 7.7 x 10 4 A/m. The fluid had a volume concentration of 11% of MO-2035 

in paraffin. The results are shown in Fig. 3.11. 

3.3.7 Influence of body shape upon the magnetic force. 

Measurements were also made of the magnetic forces exerted by a fluid made 

up of 11% volume loading of the Pfizer powderl type MO-2035p upon a nonmagnetic 
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prolate spheroid 51 mm long x 27.5 mm diameter. A comparison of the 

magnetic force obtained,, for two values of fields with that of a 

spherical body of, a 25 um diameter is shown in Fig. 3.12. 

3.3.8 Effect of carrier fluid upon the magnetic force. 

It was thought that possible chemical or physical effects might take 

place during milling process and therefore it was decided to examine the 

effect of using. a carrier fluid other than paraffin in the preparation of 

the fluid upon the magnetic force. A fluid made up of 4.4% of the powder 

type MO-2035 in water, using sodium silicate as the surfactanto was tested. 

The results for this fluids shown in Fig. 3.13, are in fact in close agree- 

ment with that of a fluid of the same volume concentration of MO-2035 in 

paraffin and there has been no fluid deterioration over a month. 

3.3.9 Effect of magnetic material upon the magnetic force. 

So fart the magnetic oxide MO-2035 has been used. It was decided to 

see whether other magnetic material, if used in the preparation of ferro- 

fluid, would give similar results. Magnetite and ferrosilicon, both of 

which are cheap materials, were tried. The magnetite fluid had 21% by 

volume of magnetite and the other fluid had 6.4% by volume of ferrosilicon. 

both in water as a carrier fluid. Appropriate volume of sodium silicate 

was added to both of the fluids as a surfactant. The magnetic force 

densities are plotted against exciting currents for the magnetite and ferro- 

silicon fluids in Figs. 3.14 and 3.15 respectively. 

3.3.10 Test with 140 mm diameter stator. 

Force measurements were carried out on three fluids made up from the 

Pfizer-powder, type MO-2035. They have volume loading of magnetic powder in 

paraffin and oleic acid of 5.36,. 8.17 and 11.0%. Sample of the results of 

magnetic force densities against exciting currents are presented in Fig. 3.16. 
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3.3.11 Measurements of the field distributions of the 118 mm 
diameter and the 140 mm diameter stators. 

The radial component of the field intensity was measured using a 

search coil whose axis was in the radial direction and its centre was 

along the axis of each stator. The coil was wound on a perspex former of 

5 mm diameter and 5 mm length and it had 500 turns. The coil was fixed to 

a disc which is fixed to the wall of a hollow cylinder which can be moved up 

and down in order to vary the position of the search coil along the stator's 

axis. Fig. 3.17 shows a photograph of the search coil. The coil was 

calibrated against a magnetic field produced by a standard solenoid. Fig. 3.18 

shows a photograph of the equipment used in the calibration. Figs-3.19 and 

3.20 show the variation of the radial component of the magnetic field along 

the axis of the 118mm and the 140 mm diameter stators respectively. The 

axial component along the axis of the stators is zero. 

3.3.12 Effect of the length and constant diameter upon the field 

distribution of a 2-pole stator. 

When it was fo und that the measured force densities obtained were 

agreeing well with those predicted from magnetic characteristics of the 

stators and the, fluids, it was decided that the most convenient way of 

investigating the effect of the length to diameter ratio of the stator was 

simply to concentrate upon measurements of the stator field distribution. 

Since all but a two-pole field distribution gives zero field intensity on the 

axis even a primitive two-pole winding can be used (the space harmonics 

giving zero field on the axis). tioreover, the winding can be single phase. 

The simplest possible form is a single coil with sidesl8O 0 apart. 

For this purpose two rigid single turn coils were threaded in a steel 

stack. Each coil was placed inside two slots, 180 0 mechanical apart, in the 

steel stamping of bore diameter . 066 m as shown in Fig. 3.2l. a. The length 
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of the stack was varied by threading on more stampings and for each length 

the radial component of the field was measured at various points along the 

axis. The search coil shown in Fig. 3.17 was used and its axis was kept 

normal to the plane of the single turn coil to record the maximum value. 

The ends of the single turn coils were almost half circles lying on the 

plane of the top face of the iron stamping. At the other end the coil sides 

were long enough to avoid the effect of end winding on the field distribution. 

For the same M. M. F. the output of the search coil, at various axial 

Positions, was measured for'different lengths of stamping. 

These tests were further extended to investigate the effect of a 

Gramme-ring winding, using the preformed rigid conductor arrangement shown in 

Fig. 3.2l. b. 

The results of these tests for the 'normall and Gramme-ring windings are 

shown in Fig. 3.22. 

3.3.13 Test with the linear arrangement. 

Magnetic force. 'measurements were carried out on the linear arrangement. ' 

with two stator surfaces facing towards, but inclined away from each other as 

in Fig. 3.1. Motion of the ferrofluid along the stator surfaces led to 

difficulties in measuring the magnetic force initially., but the force 

measuring arrangement was redesigned to overcome these. 

The angle of inclination was 720, and the shorter distance between 

edges . 044 m. The direction of travelling wave was the same for both stators. 

The currents in each stator winding were equal., To overcome the problem of 

the motion of ferrofluid along the stator surfaces a measuring cylinder 

filled with a sample of the fluid under investigation, was placed in the air 

gap between the two stators. The volume of the sphere used throughout this 

investigation was 9.4 c. c. The position of the sphere in the air gap was 

adjusted as in' the cylindrical arrangement and the force was measured. 
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The three fluids investigated had volume concentration of 4.29,6.4 

and 9.85% MO-2035 in paraffin. The magnetic force per unit volume (the 

magnetic force'density) for different values of z, the height of the centre 

of the sphere above the bottom edges of the stators, are shown in Figs. 

3.24 to 3.26. 

3.3.14 Test with a colloidal suspension ferrofluid. 

A sample of true colloidal suspension ferrofluid was supplied by Warren 

Spring Laboratory of the Department of Trade and Industry. The particles of 

this fluid did not sediment in the absence of magnetic field. The volume 

loading and the saturation magnetization were 4.67% and . 021 t respectively. 

The density of this fluid at a fixed position,, z, inside, -the 118 mm diameter 

two-pole stator was measured for variations of exciting current. The results 

are shown in Fig. 3.27. 

3.4 Discussion of the results. 

/ 

3.4.1 Ef f ect of f ield gradient and intensitZ upon the magnetic f orce. 

The curves of Yig. 3.9 and 3.10 are similar in shape. If they are extra- 

polated they pass through origin, which means that no magnetic force is produced 

at the centre of the stator where there is no field gradient. 

Figs. 3.27 to 3.30 illustrate the variation of magnetic force density, 

Pm, with exciting current for three different positions of the body along the 

axis. These curves are again similar in that each seems to consist of three 

distinct parts: one is a straight line of slope two, the second is also a 

straight line of unity slope (although this area is not very well defined) and 

the last one is a transition region from one slope to the other. 

The first region, actually represents the state where the fluid magnet- 

ization is unsaturated and hence the fluid magnetization is proportional to 

the exciting current. Since the field gradient is also proportional to the 

current from equation 3.2.8, the magnetic force density should be proportional 
2 to I, hence the slope of 2 on a log-log scale. 
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The second region must be where the fluid is saturated and hence the 

magnetization in this region is the saturation magnetization of the fluid. 

Thus the magnetic force density is expected to be proportional to the 

current aslindicated by the unity slope on a log-log scale. 

The exciting current at which the saturated region starts varies from 

curve to the other, but if the currents are referred to the corresponding 

field strengths, it is found that the saturation starts at about 4 to 5x 10 5 

A/m. 

3.4.2 Assessment of the approximate fluid magnetization curve from 

force measurements. 

At the flux-densities which are likely to be produced in the stator bore 

(0.18 T) saturation of the stator iron should not occur (in any reasonably 

designed stator). Since the fluid permeability (relative) is of the order 

of 1 to 2 only nearly all of the stator mf will be expended in driving flux 

through the fluid. Therefore the field intensity in the fluid, H, is 

proportional to the exciting current. 
3H From the values of P and knowing the relationship between H (andt:, -* m z) and 

exciting current from Figs. 3.19 and 3.20, equations 3.2.8 and 3.2.9 can be 

used to obtain values of X and Vo Msat, These values can again be used to 

predict magnetization curves and saturation levels for the fluids. They can 

be compared with curves obtained by direct magnetic measurement in section 1. 

Some comparisons are made in figures 1.11 to 1.18 and it will be seen that 

the agreement is very reasonable. 

It was found that the estimated values of saturation magnetization of a 

fluid varied slightly from one set of measurements to the other within about 

5%. As an approximation, the average values were considered. The values 

were 0.01,0.017,0.027 and 0.039 Tesla for the fluids of volume concentrations 

of Pfizer material in paraffin of 2.64,5.369 8.17 and 11%Irespectively. if 

these values of saturation magnetization are referred to 100% volume concentration 
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they give values of 0.38,0.31,0.33 and 0.353 Tesla respectively. These 

figures are comparable with 0.35 Tesla by Pfizer for this material and the 

greatest error between them and the values measured more directly in section 1 

is about 7%, and as expected occurs for the lowest volume concentration. 

The susceptibility value, X, of the unsaturated fluids were found tobe 

0.192,0.352,0.51 and 0.664 respectively for volume concentrations listed 

above. These values are also roughly proportional to the volume concentrations, 
K 

and P 21 . 15. It is shown in Appendix 2 that X 

XKP fK 
z 

therefore the expected value of Kz is = . 15 and from Fig. 3.3 this corresponds 

to an aspect ratio of 2.2 which supports the acicular shape claimed by t. he b 

supplier. 

Similar agreements with the measurements of x and M 
sat 

in section I were 

obtained for the magnetite. ferrosilicon and the colloidal suspension fluid. 

The above was also the case for the results of the tests on the 140 mm 

diameter stator, a sample of which is shown in Fig. 3.16. 

3.4'. 3 Variation of magnetic force with the volume concentiation of the 

magnetic material in fluids. 

Fig. 3.2 shows that for a spherical body an almost linear relationship 

exists between X and Pe-1, i. e. at least from 0sXs5. Since X is 

expected to be proportional to packing factor, as was verified in section 1, 

the magnetic force density can be expected to be proportional'to volume, 

pac . ing factor (as long as X is not very large). Plots of magnetic force 

density pM against volume packing factor, Kp. are shown in Fig. 3.31, and are 

indeed substantially linear. 

3.4.4 Comparison between the variousmagnetic materials used in the 
investigation. 

The highest values of KP was on the basis that non-magnetized fluid was 

almost solid at the highest value of Kp selected for each particular material. 
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If. for the highest volume concentrations used in the tests, the non- 

magnetized densities of the MO-20359 magnetite and ferrosilicon fluids were 

added, to the magnetic force densities, we get 7.8 x lo4 , 11.74 x 10 4 
and 

7.74 x 104 N/m 3 
respectively-ý These densities divided by the volume loadings 

of the fluids are 700 x 10 4,535 
x 10 4 

and 1200 x 10 4 N/m 3 
respectively. 

This means that ferrosilicon fluid is the best followed by the MO-ý2035 fluid 

and then by the magnetite fluid, at least from the point of'a higher ratio 

of force density to volume loading. 

3.4.5 Influence of frequency upon the magnetic force'. 

r. As expected the variable frequency tests indicated that the magnetic 

force does not vary very much with frequency. Sample results'are'shown in 

Fig. 3.11. The slight variations with frequency, generally less than 6%, are 

believed to be due to experimental error which is not more than 6%. 

1 3.4.6 Influence of body shape upon the magnetic force. 

The results of Fig. 3.12 do not indicate any clear difference between the 

two shapes of bodiesý*' This can be explained by referring to equation 3.2.6 

and Fig. 3.3. The merit factor IXI which is a measure oi the force for a given 

field gradient, for P 
e"ý 

1.664, which is the permeability of the investigated 

fluid, varies from 0.721, (Kz . 2) to 0.766, (Kz = 333), Kz = 0.2, corresponding 

to the prolate spheroid and Kz0.333 for a spherical body. This means that 

there is only a difference of 5.8% in :K which might be masked by-experimental 

error. Another factor is, that the assumption behind the theory that the 

variation in stored energy density through the volume of the body is small is 

even less reasonable than for the case of the sphere. 

3.4.7 Effect of varying the length of the 2-pole stator upon the field 

gradient. 

Some of the results of varying the stack length of the steel stampings, 

keeping the diameter fixed, are shown in Fig. 3.22. As the stack length becomes 
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shorter, the two end-regions begin to overlap leading to a weaker field in 

the middle of the stack. The longer the length of iron, the longer the 

region over which the field is uniform. As far as the magnetic separation 

process is concerned this is an inactive zone since the field gradient in it, 

and hence the magnetic force is zero. 

As the stator power loss is proportional to the length of winding, which 

increases as the stack length increases, the smaller the length the better 

from the point of minimum power dissipation. 

Assuming that the field intensity is to be high enough to saturate the 

particles (this is a practical requirement for high-densities) a large value 

of field gradient per unit length of conductor is required. However, since 

the kinetic energy of the material to be separated is also an important factor, 

it would be unwise to have too low a value of H 
max , and thus of L, since 

,,, the peak energy that can be 'absorbed' is proportional to this. For both the 

''normal' and the Gramme-ring winding a value of L/D of about 0.3 would seem 

to be reasonable. 

Direct comparison between the two windings is not at all straightforward 

since the Gramme-ring winding length increases with the radial depth of the 

stator and due to the leakage flux from the external curved surfaces of the 

stator which result with this winding this dimension must be much greater than 

for the 'normal' winding. It is felt that in a practical system it will offer 

no real advantage over the 'normal' winding and will possibly be worse. 

3.4.8 Effect of varying the stator diameter upon the field gradient. 

If the length to diameter ratio is kept constant then the field gradient 

at any particular value of Z/D should not vary from a stator to another. Fig. 3.23 

which verifies this is a plot of the ratio H/H 
max against Z/D for two stators. 

One of them was one of the stators used in Fig. 3.22 with length 0.103 m and 

diameter 0.066 m with the 'normal' single coil winding. The other was a 
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conventional 2-pole 3-phase. stator winding of length 0.133 m and diameter 

0.085 m. 

From the abo. - 
aH- 

must be constant for any fixed value of Z/D. 
3(Z/D) 

But, 3H 
T(- Z 7D-) 

aH 
cc 

1 
ýz D 

Similarl H 
Y 7(-Z/D) 

D2 
EZ 

az 

is constant, and since 

aH 2 
3H 

2 3H 
9 (Z/D) DazDx 2H 5z 

aZ 

Thus for a high value of H LHI (unsataturated case) and for a given HI az max 
we need a small value of D, the smallest consistent with the required throughput. 

This applies also to the saturated case, where 
2H is the important quantity. az 

However, if the dynamics of the bodies to be separated must be considered, L and 

D may have to be larger. 

3.4.9 The linear arrangement.. 

Measurement, of field intensity over a wide range of currents indicated that 

there was negligible saturation of the stator iron. On the other hand, the 

plots of magnetic force density against stator current shown in Fig. 3.32 indicate 

that the fluid was saturated, since the relationship between the two is linear 

and not a square law as would apply in the unsaturated case. The smallest field 

strength in the measurement area was about 6x 10 4 A/m, which can be seen from 

results of section 1 to be greater than that necessary to saturate the basic 

magnetic oxide. 

The results suggest that a linear arrangement for variable density 

separation is possible provided that a means is achieved of preventing the magnetic 
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particles in the region midway between the two faces from flocculating. 

The graph of magnetic force density against percentage volume, of MO-2035 

in paraffin, shown in Fig. 3.33, again indicates a linear relationship. 

3.5 Analytic study of the magnetic force in the cylindrical configuration. 

Curves of measured values of the radial magnetic field intensity along 

the axis of the two-pole machines are shown in Figs. 3.19 and 3.20. Off axis 

values for the four-pole machine are shown in Fig. 3.34. They indicate an 

almost cosinusoidal variation and in Appendix 4 is an analysis of the three- 

dimensional field distribution based on the assumption that the variation is of 

the form Cos yz where z is the distance along the axis from the middle of the 

machine. Since the m. m. f. is periodic around the stator surface, the field 

components can be expected to vary in the same periodic manner. Thuss knowing 

the basic form of variation with respect to z and 0 an estimate of the possible 

form of the field distribution can be made by applying Maxwell's equations. The solu- 

tion should be reasonably correct for r less than the radius Rb of the stator 

bore, and for yz less than w, i. e. for most of the area of interest. 

It can be seen from Appendix 4 that the magnetic energy density, E 
M, as 

well as the magnetic force densities in the axial and radial directions,, 1mz 

and pmr respectively, are given by: 

2 
71 +1 

(Yr) +Ip21 (yr)+ 21 2 (yr) 
Em 110 Uf A2p2P 

2 (yr) +12 (yr) -212 (yr) 
+ P+l P-1 p cos (2yz) 

21 
'' , """' 

+ time varying components. 0.... A4.19 
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2_1 (Yr) 
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- 21 
p2 

(yr) 
I 

sin(2yz) 0*000 A4.20 
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mr of[: yr p 

2(p-1) I 2_ (yr) Cos 
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where K is a constant governed by the shape of the body. 

The winding power loss is obviously an important parameter, and since the 

latter is very dependent upon J 
max , 

this has been chosen as a basis of 

comparison, 

Plots of 
2 Pmz 

2 and 

oPf max 
Y 

p 
mr 

p0 lif 
max 

y 

are shown in Figs. 3.37 to 3.40 for various values of p, yr and yz. The 

results shown are restricted to the two and four-pole cases only - those for 

higher pole numbers are similar to those for 4-poles. Contours of constant 
2E 

energy density, m 
, are shown in Figs. 3.35 and 3.36. Magnetic 

0 
lif max 

forces will tend to act along lines at right angles to these contours, except 

near the stator surface where 'dipole image' forces tend to be large. 

Fig. 3.36 illustrates the case of a multipolar (other than 2-pole) a. c. 

stator which produces zero field in the middle, thus rendering the central core 

unavailable for the separation process. 

The variations of the axial force densities with the radial and axial 

positions are shown in Figs. 3.37 and 3.38ý. It will be seen that Pmz is little 

affected by r in the case of 2-pole, but there is a substantial variation with 
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r in the 4-pole case., This does suggest that a separation process utilizing 

the axial forces is more practical with a two-pole than a four-pole winding. 

On the other hand, the higher radial forces for the four-pole winding 

suggests that this is better should radial separation be required. The fact 

that the four-pole stators produce constant radial field gradient, see 

Appendix 6, support their use, in preference to higher pole numbers, for ýF 

radial separation. 

3.6 Discussion of Potential Practical Systems for the Separation Process. 

3.6.1 Introduction. 

The process of separation can be achieved by making use of axial or radial 

forces, possibly produced by conventional a. c. stators. In the first one no 

substantial variation of the field intensity in the radial direction is 

required so that all the throughput material encounters the same effective 

fluid density at any fixed axial position. The two-pole stators provide 

this requirement since Fig. 3.37 shows no substantial variation ofP mz with r. 

As stated earlier, týq four-pole stator is suitable for a separation process 

utilizing radial force. 

3.6.2 Axial separator. 

Fig. 3.41 shows a schematic diagram of a bench scale equipment designed 

as a demonstration model. The beaker contains a fluid of 8% by volume of 

magnetite in water using 10% solution of sodium silicate as a surfactant. 

The height of the surface of the fluid as well as the excitation current of 

the 118 mm diameter two-pole stator was adjusted so that the light material, 

which was Felspar of S. G. 2.6, could float and it was brought towards the 

outer region under the effect of the fluid rotation where it was collected on 

the top grid upon switching off the current. In a practical system the 

floating material should be skimmed off the top of the fluid for the process to 

be continuous. The heavy material, which was Galena of S. G. 7.5, sank and was 

collected on the bottom grid. 
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3.6.3 Radial separator. 

The axial separator utilizes the non-uniform, field region at the end of 

the tw07POle stator to produce the required axial field gradient. On the 

. -oýher hand the radial separator utilizes, the 'uniform' field region, where 

-,,. there is much less variation in the-field with axial position, and avoids the 

ýend region where there is such variation. The radial separator relies on the 

constant radial field gradient in that uniform region produced by a four-pole 

cylindrical configuration. The radial acceleration of the material is 

dependent on its density and therefore distance separation can be achieved. 

The kinematic equations of motiýn for a moving body in a ferrofluid under 

the effect of gravity and constant radial field gradient are dealt with, in 

Appendix 5 and they are given by: 

d2z b dz 
J2 9- TF M 6040 

2 dr V1 MA 
0 sat b dr 

and ..... 2 dt p b m dt 

11 M A 
If we use the transform 0 sat r=X. p 

same as A5.2 and the general solution is given by 

MA2 (ý, ) v. 
] 

(e -bt/m 1) 
b[b 

A5.2 

A5.3 

equation A5.3 becomes the 

taking z-0 at t=0, the instant at which the body hits the fluid surface. 

Therefore we expect a straight line trajectory if the initial velocities 

kO and iO are zero. Fig. 3.42. a is a plot of calculated trajectories for four 

spheres, each of radius 5 mm but of different densities, deposited with zero 

-initial velocities in a fluid of M 
sat ý *011 T and n=0.004 MKS units. The 

separation region is the central zone of a 4-pole stator of 0.12 m diameter, which 
52 produces an almost constant radial field gradient of 79.6 x 10 A/m . However, if 
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the motion of the body before it hit the fluid surface was perfectly vertical 

there will be an initial velocity io but i: 
o will be zero. But if the previous 

motion was not perfectly vertical kO will exist and upset the separation 

process if all bodies do not have the same value of kO. Fig. 3.42. b and 3.42. c 

give the expected trajectories for 10 equal to 0.99 and 1.4 m/s respectively 

andX0 = 0. The length of time of separation process was assumed to be 0.075 S. 

Fortunately, the effect of the viscous force over even double this length of 

time and for a fluid viscosity as high as 0.016 MKS was found to be negligible 

compared to both the gravity and magnetic forces. This is a desirable feature 

from the point of view of the separation process since it allows the use of a 

longer stack length and a smaller value of current density. For the same 

radial separation of material the power consumption can thus be reduced. 

The intention was to use fluids of low concentration, and thus of low 

viscosity, so that the throughput could be high and for the fluids to be easily 

handled outside the magnetic region. On trial, however, the low concentration 

fluids gave-rise to strong swirling acting in the fluid which upset the above 

pleasant theory. Attempts to stop the fluid swirl by reducing the frequency 

and by putting radial fins inside the beaker were unsuccessful. 

3.7 Conclusions. 

The theoretical expressions for the magnetic force exerted on a body 

situated in a ferrofluid and experiencing a magnetic field gradient has been 

verified by experiments. These have been used to estimate the values of the 

susceptibility and of the saturation magnetization of the fluids. For the 

Pfizer powder, type MO-2035, the projected value of saturation moment, ii M 
o sat' 

for 100% volume loading agrees very well with that given by Pfizer for the 

solid material. 

The magnetic force has been shown to be proportional to the volume lo, ading 

of the ferrofluid and, for a given shape, to the volume of the immersed body, 
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irrespective of saturation. In the unsaturated case the force is 

proportional to the magnetic energy - density gradient (in space) but with 

saturation the forceý(increment) is proportional to the field gradient. 

Due to a mistake the effect of body shape was*not investigated for the 

unsaturated case - the 'unsaturated' fluid later turned out to have been 

saturated. However, that saturated case is the more important in a 

practicalýseparation application, and here the force is independent of1body 

shape -a very desirable situation. 

As expected, the magnetic force is independent of frequency, at least 

at frequencies of practical interest. 

I The force measurements have been extended to cover water-based fluids, 

using sodium silicate as the surfactant. Magnetite and ferrosilicon have 

also been used in addition to the Pfizer powder. As expected the change of 

carrier-fluid caused no change in the magnetic properties of the fluid, and 

there has been no sign of the fluid deteriorating with time. The highest 

total effective densIty measured, for the water-based magnetic fluid of volume 

loading 21%, was 11.7 x 104 N. m-3. 

No comparison, for cylindrical arrangements, between computed and experi- 

mental curves of magnetic force has been attempted. The computed curves have 

shed light on some important facts such as the very slight variation of axial 

forces with radial positions for the same axial level. They have also served 

to indicate higher radial forces in the case of multipolar machines other than 

the 2-pole. 

The disadvantage of the linear arrangement is that there is some tendency 

for the magnetic particles in the middle to flocculate and the effective 

viscosity becomes large. On the other hand, the traverse of the fluid'along 

the stator surface could be used as a means of transporting the light material 

away from the charging area. 
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The theoretical study of radial separation, centred upon 4-pole stators, 

gave very promising predictions of body trajectories. The swirl of the 

fluid due to the magnetic field, neglected in the predictionst produced 

relatively, large centrifugal forces which opposed separation and this system 

appears to be impractical. 

The experiments with the 2-pole stator, relying upon axial separation, 

indicate that the swirling action is advantageous, in that the float material 

can be carried away from the 'feed' region. With a short axial length of 

stator, to keep the supply power and stored energy low, the system appears 

promising, but further-evaluation is needed. Viability will also depend upon 

the economics of each practical separation application. 
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SECTION 4. 

GENERAL CONCLUSIONS 

It has been shown to be relatively straightforward to predict the 

magnetic properties of fluids from those of the parent magnetic material, 

and predicted and measured values of effective magnetic density for the 

mineral separation application have agreed fairly closely. 

The dynamic performance of the fluids in rotating fields has been 

much more intransigent however. The torque mechanism is complicated in 

case of these primitive fluids where there is a wide range of particle 

sizes. There is the possibility of both saliency and hysteresis components 

being present, and at some instant some particles could be synchronized 

and exerting saliency torques, while others are slipping and exerting an 

average torque due to hysteresis. In each case the average torque 

generated must be equal to the torque demanded by the fluid, but with 

possible particle to particle random impacts and interference of eddies due 

to the adjacent particles the load torque is almost impossible to estimate. 

The mechanism of torque transfer through the fluid to the container is still 

not understood particularly in view of the fact that reverse rotation of the 

fluid did not seem to affect this torque appreciably. The torque per 

unit volume is small and this appears to be an inevitable feature. In any 

case there appears to be little promise of practical application of the fluid 

in either the pump or motor application. 

Turning to the variable density application it is obvious that from the 

economic point of view one would want to use the largest possible size of 

particles in order to minimize the grinding time and hence the cost. However, 

if the particles are too large they tend to flocculate. It would appear that 

- 78 - 



the particle size of just under about 5 micron is a reasonable compromise. 

The reactive Volt-Amperes, not measured in section 3, is large due 

to the large air gaps in the system. By reducing the supply frequency 

the reactive Volt-Ampere could be reduced, and it seems that one could 

use a frequency as low as, say, 12 Hz without. severely increasing the 

possibility of flocculation. Alternatively the reactive Volt-Amperes 

could be got rid of completely by the use of rotating electromagnets 

excited by d. c. current. However a system to rotate such a bulk of steel 

poles would be cumbersome and possibly difficult to maintain. 
M It might help to increase 5- by shaping the field by additional pole z 

pieces. However, the latter introduces reverse rotation vectors which may 

cause agglomeration of the particles. 

Most of the thermal energy is a loss as far as the separation. process 

is concerned and so should be kept as small as possible. It seems that by 

reducing the frequency to about 12 Hz this loss could be kept down without 

significantly increasing the possibility of agglomeration. 

The variable density application seems to be very promising, and 

further work is being carried out. It-has not yet been shown that the 

method is completely practical but a prototype separator is being developed 

to determine this. 
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SECTION 5. 

RECONMNDATION FOR FURTHERVORK 

The technique of using primitive ferro'fluids as variable density fluids 

in mineral separation seems to be of practical potential. The maximum 

achieved density so far, i. e. 11.7 x 10 4N m73 
. could be increased by a proper 

design and construction of a water-cooled stator. The stack length should be 

selected on the basis of the present work to optimise the 
aH levels for a given 3z 

power. Investigation should be carried out at the higher driving force levels 

to attempt to minimize the volume loading of-the ferrofluid (in order to reduce 

the viscosity). The effect of viscosity upon throughput will also need to be 

determined. The proposed axial separator ought to be modified in order to 

achieve continuous separation process. One idea is to pump the light material 

mixed with the fluid to the top of the separation zone and then collect the 

float and sink materials on separate meshes. The fluid can be recirculated to 

the mixing area. 

Further investigation of the linear arrangement for a magnetic separator 

is also recommended. Belatedly it now seems that the traverse of the fluid 

along the'stator surfaces could be used as a means of transporting the light 

material away from the charging area. 

It is likely that superimposed d. c. fields may affect the shape and 

direction of the resultant forces and may possibly increase them. Their 

effects ought to be investigated. 

Another area of possible future investigations is the study of medium 

recovery systems, i. e. the use of low a. c. fields to maintain fluid flow 

outside the separator zone and the recovery of the magnetic material after 

washing the separated minerals, simply by possible sedimentation. This 

method suggests the use of relatively coarse particles to give a short 

sedimentation time. 
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APPENDIX 1. 

DERIVATION OF THE EXPRESSION FOR A'SPHERICAL'DIPOIE 

Sphere Placed in Uniform Magnetic Field. 

This derivation follows closely upon that for a dielectric sphere in an 
27 

electric field by Plonsey and Collin 

If ý is a scalar potential, then 

at r<RH, rP0 (Cos 0) +Ea rm P0 (Cos 0) 
s010mm 

A. 1. I 

and at r >, R 
s 

ýe ý-H0rP10 (Cos 0) +Zbmrpm0 (Cos 0) 
0.000 A. 1.2 

0 

where Pm0 is a Legendre Polynomial and m is an integer. 

At r-Rs Oe 

- (ý2-ý 1) 
a R7 bR A-1.3 mSm5*.. 

000 

Also, Br 

I Dr 

Br. 

11 
aý 

e ar 

00 m--1 
(-H 

0+a 1) p10 Cos e+mZ am Rspm0 Cos 0 
0 

{ (-H -2bR3)p0 
(m+2) 0 

e0s Cos e- (M+l) ZbmR 
s- PM Cos elfmýl 

o 
where Vi and Ve are the permeabilities inside and outside the sphere. 

Equating the coefficients of P10 (Cos 0) on both sides 

Pi (- Ho +a 1) - Pe (- H0-2b1Rs -3 ) .. * 0aA. 1.4 
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Similarly, equating coefficients of P0 (Cos 0), 
M 

m. aR 
M-1 (m + 1) bR- 

(m+2) 
m 

3. mseMs 

From A. 1.4, 
lle 

2bR 

H0+a 

Putting m in equation A. 1.3 

-3 
*, abR... 00 00009 11s 

substituting from equation A. 1.7 into equation A. 1.6 

H0-2a1 

Pe H0+a1 

)li - lle 
H 

+2v 
3. e 

From equations A. 1.7 and A. 1.8 

b 
Ili - Ile 

HR3 1Pi+2 11 
e0s 

From equation A. 1.5, with m=0 

a0b00*#000 

and from equations A. 1.3 and A. 1.5 

am=bm= 09 m0100.0. 

Substituting from A. 1.8 into A. 1.1, and from A. 1.9 into A. 1.2 

H0rP10 (cos 0) +a1rP10 (Cos 0) 

Ho r P, o (cos 0) + 
pi - Ve 

H. rP0 (cos 
(pi 

+2p 
e) 

01 

A. 1.5 

1.6 

1.7 

A. 1.8 

A. 1"9 

1.10 

1.11 

--N. rl. 



erP0 (cos Hr<R... o. A. 1.12 
+2P10s 

3. e 

/ P. -p\R3 
and HrP0 (Cos 0) +I--eHSp0 (Cos 0) 

eo1 
ýv 

1+2 11 0)0J1 

11 i- 11 eRs30 r+. -p (cos 8) .H, r>. R to.. * A. 1.13 
I- 

Ili +2ver2110s 

Thus inside the sphere, the field is in the z-direction and 

He_. H 0**. o A. 1.14 
z vi +2pe0 

Outside the sphere, the field caused by its presence is the same as would 

be produced by a magnetic dipole of strength mb, where 

3pI-pe 
mb =4 Tr Rs3. +2peH0A. 1.15 

For the more gene'ral case of an Ellipsoid 
26(with 

a principal axis aligned 

with the field) 

(volume of body) . (pi - 11e)- 
Mi- ro -, I A. 1.16 

Kz Ivi + (1/Kz - 1) v 
ej 

U 
L 

where Kz is a depolarizing factor depending upon the aspect ratio. 

a sphere Kz = 1/3. 
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APPENDIX 2. 

I ESTIMATION OF THE PERMEABILITY OF A FERROFLUID 

Consider an array of particles of magnetic material of permeability vp 

situated in a uniform magnetic field H0, Fig. A. 2.1. Assume that each 

particle has a dipole moment m. 

We wish to replace this array by a macroscopically equivalent continuous 

medium having a permeability 11 f* If a sphere of vol=e 11N is removed from 

this, equivalent medium, where N is the number of particles per unit volume, 

then it can be shown (see equation A. 1.14), that the field within the 

spheri 
. 
cal hole will be uniform and of magnitude HL where 

HL H0,0.000 A. 2.1 
1 +2v f 

a single particle was now placed in the spherical hole then (if the 

particle is small compared to the hole$ i. e. if the packing density is small), 

from equation A. 1.15;. 'the dipole moment m produced by the localised field, HLv 

could be given by: 

m particle volume. 
(P 

P- 
1) . HI, 

A. 2.2 
Kz Lpp 

+ (1/Kz - 1)] 

where Kz is the demagnetizing factor of the magnetic particle, which 

depends upon its aspect ratio. 

Thus Po M for the equivalent continuum is given by: 

110 M 110 mN Vo particle volume . N. pL 
Kz ýp + (1/Kz 

110 MKpfHA. 2.3 
PKz ýp + (1/Kz-lý 1+2 pf 

where KP is the volume loading of the magnetic material in the continuous 

medium - volume of a particle .N 
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11 m 
But f H vo 0 

(11 - 1) 3 lif 
Pf KPkp 

ý + (1/K 1+2 Uf 
z p z 

f 

3K 
P 

fK 

Oj 
p- 

1) 
*11f 

+ (I/K 
z z p 

or 2pf2 
f +- 

3K 
p 

(11 
V -1)11-0 

+ K 1 /K 
z zp 

2 
i. e. 2Uf 

f + 0 

3K 
p where K 

p 
+ (i 

z pz 

If 0)2. c-c 8 i. e. 2 0 << 9 

Then this approximation yields to an error approaches 10.7% when O, approaches 

2. 

Pf =1 

+i or 
i-0.5 

36 

The later is not acceptable since Uf> 
K 

foe Pf=1+KP-p-- 00.00 A. 2.4 
z 11 p+ 

(1 IKZ 1) 

If jj p 
is large 

K 
f+KP 60*00 A. 2.5 

z 
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APPENDIX 3. 

DESIGN OF THE TORQUE REACTION TUBE 

Assume that the shear stress, fs, is uniform over the wall thickness. t. 

Now this shear stress has a moment about the axis of the tube which resists 

the reaction torque, -T, therefore 

T2 

2 ir r 

where r is the, radius of the tube. 

Any shear stress, fs, is equivalent to a tensile stress, ft, and a 

compressive one 
29 

,fC. each of half the magnitude of fS The tensile, or 

compressive strain is related to fC by: 

f 
C 
C 

where C is the modulus of rigidity. 

4 7r rt. C 

Consider T to be 0.1 N. m, C=2.75 x 10 10 N/m 2 for duralumin. , Select 

r 5.08 x 10-3 m and t=6.35 x 10-4 m 

0'. 0= 20 microstrain 

The masssuspended from the tube was that of the dynamometer, about Kg. 

52 Therefore the tensile stress is 2.42 x 10 N/m which is permissible. Since 

the tube cross-section is under tension, the length of the tube was not 

restricted. A length of . 038 m was chosen. 
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APPENDIX 4. 

DERIVATION OF THE EXPRESSION OF THE MAGNETIC 

FORCE IN THE CYLINDRICAL CONFIGURATION 

Applying Maxwell's equations and assuming periodic variations with 

respect to z and 0, the field components for a machine having p pairs of 

poles are given by: - 

Hr= 
[Ali 

P+l 
(yr) +A21 

P-1 
(yr) 

+B1K 
P+l 

(yr) +B2K 
P-1 

(yr )] e 
jyz 

e 
j(wt-pe) 

00009 A. 4.1 

H0mi 
[A 

11 p+l 
('yr) - A2 I 

P-1 
(, yr) 

+B1K 
P+l 

(yr) -B2 KP_, (yr)]ejyz e 
j(cot 

..... A. 4.2 

Hz - 
[Cip 

(yr) +DKp (yr)] ejyz ej(wt-Po) 60000A. 4.3 

where Hr, H, and Hz are the radial, tangential and axial components of 

the magnetic field, and r, 0 and z the coordinates of týe point at which these 

components occur. 

I' (Yr) and K (Yr) are modified Bessel functions of the first and P+l P+l 

second kind respectively, and are of order P+1. 

A,, A 2' B l' B 2' C and D are constants. 

Since the field must be finite at r 0, then we must have the 

BBD0A. 4.4 2 
i. e. 

H 
FA, 

I 
P+l 

(yr) +A21 
P-1 

(Yr ejYz Cos (Wt-pe) 
..... A. 4.5 

H0 
FA, 

IP+l (yr) - A2 Ip_l (yr)] ejYz sin (wt-pO) A. 4.6 

HzCIP (yr) ejYz cos (wt-po) 
0.0*0 A. 4.7 



Now these three components must satisfy the appropriate divergence 

relationship, which if the material is isotropic can be V. H = 0. 

Applying this condition and making use of the relationship 

rnnI (yr) + yr I (Yr) 
n n+l 

--nIn (yr) + yr I 
n-1 

(yr) ...... 0.. * A. 4.8 

it can be shown that 

Cj (A 1+A 2) 6000000*0.1 A. 4.9 

and equation A. 4.7 be comes: 

Hj (A +A)I (yr) .e 
jyz 

Cos (wt-pe) ......... A. 4.10 
z12p 

Taking the real part of e 
jyz 

of the right hand sides of equations A. 4.5, 

A. 4.6 and A. 4.10 yields 

Hr 
[A 

1 Ip+1 (yr) +A21 
P-1 

(Yr) 
I 

COSYZ Cos 
I 

(Wt-pe) .... A. 4.11 

He -, - 
[A, 

I' (Yr) -AI (Yr cos yz sin (wt-pG) .... A. 4.12 
P+l 2 p-l 

Hz=- (A 1 +A 2)Ip (Yr) . sin Yz cos (wt-pO) 000000000 A. 4.13 

Equations A. 4.11 to A. 4.13 satisfy Maxwell's equation VXH -0 in -a non- 

conducting region if, 

A, A2 A say A. 4.14 

Thus the field can be represented by: - 

Hr 03 A, 
P+l 

(yr) +I 
P-1 

(yr) Cos YZ Cos (wt-PO) ........ A. 4.15 
II 

HA 
[Ip+, 

(yr) -I P-1 
(yr) 

I 
cos yz sin (wt-pG) ...... A. 4.16 

Hz 2AIp (yr) sin yz cos (wt-pe) . 000. *Oo A. 4.17 
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In an anisotropic medium, the magnetic energy density Em at any point 

in this magnetic field is proportional to R2. i. e. 

Pf 11 
0 

air 2+H02+Hz2)..... A. 4.18 

where Vf is the permeability of the medium. 

This yields: 

12 (yr) +I 
2_1 (yr) +212(, yr) 

Em pfp0A2 
P+l p2p 

12 (yr) +I 
2_ (y r) -212 (yr) 
p1p--I cos (2yz) 

2 Ip+l 
P-1 

(yr ). COS 
2 

yz. cos 2 (wt-pe) 

+p (yr) . sin 
2 

yz. cos 2 (wt-po) 0.0 ... 0.0 A. 4.19 

If the region is occupied by a magnetic fluid the magnetic force density 

encountered by a non-magnetic (non-conducting) body placed in'it (assuming 
1, 

the body dimensions to be small compared to 2v/y) will, as before, be proport- 

ional to the energy density gradient, 
BE 

PKm where K is a constant governed by the body shape. mz az 

From equation A. 4.19 the average magnetic force density will be given 

by: - 
222 

11 KAy (yr) + (yr) f01 +1 mz 

[P 

p 

-21p2 (yr) 
I 

sin 2yz 00S00A. 4.20 

, Similar arguements will apply in the radial direction and the average 

magnetic force density, p mr 
is given by: - 

0 
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E 
Pmr K Dr 

,, 
j 

y 
-2 (P + 1) 2 

f 11 0KI yr 
Ip+l (yr) + 

2_ (yr) Cos 
2 

yz 
yr p1 

21P (yr) Ip+l (y r) +I 
P-1 

A. 4.21 

There are no non-time varying components of force in the 0 directions i. e. 

the average value of Pme is equal to zero. 

Evaluation of the constant A. 

An approximate relationship between the stator m. m. f. and the constant A 

can be obtained as follows: - 

Assume a linear current density, Jz in a current sheet at the stator surface, 

as in Fig. A. 4.1, such that 

z ., 
ýtaax. 

cos yz . sin (Wt-PO) 90000A. 4.22 

Consider the line integral of both He and Jz along the closed curve ABCD 

in Fig. A. 4.1 

2 

Jz .R b-de He dt goose A. 4.23 

ABCD 

Assuming the permeabilitY of the stator iron to be high the m. m. f. expended 

in it can be neglected, as can be the m. m. f. 's along the elemental lengths AB 

and CD 
02 

Jz. Rb . d0 
6 Rb. d0 00a9. A. 4.24 
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0*. 1Z He 0 ... 0 A. 4.25 

From equations A. 4.16, A. 4.22 and A. 4.25 

A max A. 4.26 
Ip+l (Y R b) - IP-1 (Y R b) 

Relationship b2tween-jma.. and the stator m. m. f. 

i 
max can be related to the stator winding m. m. f., but since the latter 

does not vary with z (at least along the length of the stator stack) whereas 

i 
max 

is defined at z-0 there is a discrepancy in the analysis here. 

Nevertheless the error involved in relating J to the peak stator m. m. f. max 

should not be too great it is believed. 

The peak fundamental component of the m. mofo per phase, Fp, is given 

by 30 
: - 

F4KNI 
p 7r w T2p-) a 

where N is the number of series turns per phase, K the winding factor, 
w 

p the number of pairs of poles and Ia the phase current. 

For 3 phases, the resultant peak m. m. f., F, is given by FF 2p 

3K 
7T w 

7r/2p 
7 *R b But F 

max cos pO Rb. dO max 
p 

0 

where Rb is the bore radius, therefore 

i= -1 KN. I*l.. &0aA. 4.27 
max 7r wa Rb 
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ANALYSIS OF SEPARATION BY RADIAL MAGNETIC FORCE 

The body moves vertically under gravity and radially under constant field 

gradient. 

The viscous fo I rce acts on a spherical body of radius 'a' moving in a fluid 

of viscosity n is given by Stoke's law as 

6av bv A. 5.1 
v 

where v is the velocity of the body, and b is the Stoke's coefficient. 

Combining-the magnitude of the frictional force, with the gravitational 

force, Fg = mg, one obtains 

dv 
mg - bv 

z=M dt 
z 

or 
d2z 

ep 
b dz 

$0090 A. 5.2 
dt 2 m. dt 

where m is the mass of the body and 
dz 

z dt 

In the radial direction there will be a magnetic force in the radial 

direction, Fr, which if the fluid is saturated, from equation 3.2.9, will be 

given by: 

Fr 11 
0M sat * A. V 

where V is the volume of the body and A is the field gradient. 

The equation of motion in the radial direction will be given by: 

Fb dr d2r 
r dt dt 2 

d2r 11 0M sat 
Ab 

dr or A. 5.3 
dt 2 Pb M dt 

where pb is the density of the body. 
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APPENDIX 6. 

THE FIELD PRODUCED BY AN INFINITE 

LONG 4-POIE STATOR 

If a stator with p pairs of poles is infinitely long there will be no 

variation in the axial direction and the field solution is given by: 

A r(P-1) cos (wt-pe) 
r 

A r(P-1) sin (wt-pO) 

ýr 2+Ha2. 
A r(P-1) 

For the case of a four-pole stator, i. e. p-2 

A 

i. e. 
dH A constant. dr I. 

-ell 
ý75_- 


