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ABSTRACT OF ‘TI-IE DISCLOSURE 

Method of separating materials of different density by 
passing a controlled magnetic ?eld through a ferro?uid 
and introducing the materials into the ferro?uid. 

DEFINITIONS 

For the purposes of this discussion, a ferro?uid is de 
?ned as a material comprising a permanent colloidal sus 
pension of ferromagnetic particles in a liquid carrier. 
The particles do not separate from the liquid carrier in 
the presence of a magnetic, gravitational, or acceleration 
?eld. The composite which is comprised of carrier fluid 
and particles appears to have the property of magnetic 
polarizability that is uniform 

Additional information relating to the subject matter 
of this invention may be found in the co-pending appli 
cation entitled, “Means For and Method of Moving Ob 
jects by Ferrohydrodynamics,” Ser. No. 487,520, ?led 
Sept. 15, 1965, to the same assignee as this application. 

For the purposes of this discussion, levitation shall be 
understood to mean the effect of raising a body in contact 
with or submersed in ferro?uid in a direction opposite to 
gravity. 

BACKGROUND OF THE iNVENTION 

In general, this invention is directed to a process of 
separating materials of different density and more par 
ticularly to accomplishing this objective through the use 
of magnetic ?elds and ferro?uids. 

OBJECTS 

It is an object of the invention to provide a novel 
method of separating materials according to differences 
in density. 

It is another object of the invention to provide a method 
of separating materials of different density using the 
interaction of magnetic ?elds and ferro?uids. 

It is yet another object of the invention to achieve 
separation of materials of different density by differential 
levitation whereby materials of different density occur in 
different elevational strata. 

It is still another object of the invention to achieve 
separation of materials by sequential levitation whereby 
materials of different density are levitated in sequence 
in accordance with their respective densities. 

It is yet another object of the invention to achieve 
separation of materials of different density which is a 
function only of the density and independent of the shape 
and size of the material. 
The invention, both as to its organization and method 
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of operation, together with additional objects and ad-V 
vantages thereof, will best be understood from the fol 
lowing description of a speci?c embodiment when read 
in conjunction with the accompanying drawings, in which: 
FIGURE 1 is a curve useful in describing the theory 

of operation. 
FIGURE 2 is a schematic representation of process 

steps involved in separating materials of different density 
by sequential levitation. 
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FIGURE 3 is a schematic representation of a process 
step useful in adapting a portion of FIGURE 2 to convert 
the FIGURE 2 process into a process for separating ma 
terials of different density by differential levitation. 

THEORY OF OPERATION 

The purpose of this invention is to separate materials 
of different density using the principle of levitation in a 
ferro?uid. While the process and theory will be discussed 
in terms of solid particles, the process will work with 
immiscible liquids of different density. 
The following equation was developed from the force 

equation presented in the co-pending patent application 
identi?ed above. It described the equilibrium gravitational 
and magnetic forces acting on a non-magnetic object in 
a ferro?uid in the presence of a magnetic ?eld having a 
vertical gradient. 

(ps_pL)g:Z7;d_Z (Equation 1) 
In the above equation: 

ps=density of the solid, 
pL=density of the liquid, 
gzacceleration of gravity=981 cm/sec.2 
M=average magnetization of liquid displaced by solid 

particle, gauss 
dH/dZ=gradient of magnetic ?eld oersted/cm. 
The gravitational term in Equation 1 (the left-hand 

term) is determined only by the difference in density of 
the solid object being levitated and density of ferro?uid 
used. For any given system both of these parameters 
are known. The magnetic (right-hand) term of Equation 
1 is uniquely determined by the height, Z, above an arbi 
trary reference line. Since H is also a function of Z so is 
dH a function of Z. For a given ferro?uid, the mag 
netization of the liquid, M, is determined by the local 
?eld H, so it too, is solely a function of Z. 

In practice, it is important to recognize that there are 
tWo speci?c requirements for the magnetic ?eld. Frst, 
it must be strong enough to result in a noticeable mag 
netization of the fluid and secondly, the magnitude of this 
?eld must decrease in the upward direction so as to create 
a vertical gradient dH/dZ. 

‘It would appear when a mixture of solid objects of 
different density is immersed in a ferro?uid and such a 
magnetic ?eld applied, such of these solid objects—or 
non-magnetic immisible ?uids-of different density can 
be selectively levitated. At least two situations have be 
come clear. If dH/dZ is uniform throughout the ferro 
fluid, the levitation forces increase with an increase in 
MdH/dZ. If M is a saturation value as will most often 
be the case, the levitation force is purely a function of 
dH/dZ. Accordingly, as dH/dZ is increased, objects of 
lowest density will be levitated ?rst to be followed in a 
sequence by objects of greater density in order of their 
relative densities. 
On the other hand, if the magnetic ?eld has a non 

homogeneous gradient, dH/dZ opposed to the direction 
of gravity, that is to say the magnitude of dH/dZ de 
creases in the Z direction opposite to the gravitational 
?eld, objects of different density will seek different levels 
in the ?uid such that in each case Equation 1 is satis?ed. 
Under these conditions, objects of lesser density will be 
elevated above objects of greater density. In other words, 
objects seek levels of elevation that are a function of their 
relative densities. There are two extreme cases where 
there can be no separation, namely when all the objects 
are levitated to the surface or when none of the objects 
are levitated at all. 
A prepared mixture of solid objects of different speci?c 

gravities (densities) was immersed in a ferro?uid in the 
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presence of a magnetic ?eld gradient opposed to the di 
rection of gravity. The objects immersed Were: 

Material: S.g. 
Glass ________________________________ __ 2.35 

Ceramic ______________________________ __ 2.72 

Diamonds ____________________________ __ 3.40 

Sapphire _____________________________ __ 3.96 

Coral ________________________________ __ 5.46 

These solid objects ?oated at different levels which al 
lowed the objects to be easily separated. It should be 
noted that objects of different sizes and shapes in each 
of the materials were used in these experiments and that 
these parameters did not in?uence the results. The curve 
in FIGURE 1 summarizes the results demonstrated ex 
perimentally. The curve 11 in FIGURE 1 represents a 
theoretical prediction based on Equation 1. The discrete 
points taken with three different objects having three dif 
ferent densities is seen to correlate very closely with the 
prediction. 
A magnetic levitation effect is most pronounced and 

most effective when performed with nonmagnetic mate 
rials. The magnetic levitation effect will be smaller with 
solid objects that are magnetically responsive than with 
magnetically non-responsive materials. Magnetically re 
sponsive solids will behave as non-magnetic objects of 
higher density. The magnetic lift term will be equal 

Where Ms is the volume average magnetization of the 
solid. When Ms=0, this reduces to Equation 1. When 
MSEM, there is no magnetic levitation effect possible. 
The presence of strongly magnetic substances (i.e., 
MS>M) in the batch of materials to be separated has 
very little deleterious effect on the process described since 
the material will be attracted to the magnetic ?eld and 
made an inactive constituent. 

GENERAL DISCUSSION 

While it was known previously that non-magnetic ob 
jects could be levitated, the unique developments em 
bodied in the invention covered by this discussion was 
the realization that ferromagnetic levitation could be 
adapted to solve a problem of separating materials ac 
cording to their density. Further contribution was the 
realization that this could be done through the manipula 
tion of dH/dZ in particular and MdH/dZ in general. 
Both sequential levitation and differential leviation rep 
resents an important contribution to advancing the state 
of the art as it existed prior to the invention. 

SEQUENTIAL LEVITATION 
Separation of objects of different density by means of 

sequential levitation is best described by reference to 
FIGURE 2. The common elements of FIGURE 2A 
through FIGURE 2E are a container 12 in which a quan 
tity of ferro?uid 13 is inserted. Extending from one side 
of the container 12 is a pair of screens 14 and 16, re 
spectively. These screens may be moved laterally, to the 
right in this particular con?guration, to block the upward 
or downward movement of particles that may be placed 
Within the container 12. At the bottom of the container 
12 is found a valve 17 which when open serves to drain 
the ferro?uid 13 from the container 12. A magnetic ?eld 
source is shown schematically at 18. 

In accordance with one aspect of the theory previously 
discused, the magnetic ?eld source 18 when energized 
will provide a uniform dH/dZ within the ferro?uid 13. 
Finally, objects having different densities are immersed 
in the ferro?uid 13 as shown in particular in FIGURE 
2A. These objects 19 are further assumed to have den 
sities varying from very low to high. In this case since 
all of the objects 19 are found at the bottom of the con 
tainer 12, the density of the least dense objects in this 
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4 
case obviously is higher than the density of the ferro 
?uid 13. 

In FIGURE 2A all of the objects 19 rest on the bot 
tom of the container 12 and the magnetic ?eld source is 
de-energized as indicated. 1In FIGURE 2B the magnetic 
?eld source has been turned on. There is created within 
the ferro?uid 13 a value of 

of sufficient magnitude to cause the low density par 
ticles 21 to ?oat to the top of the ferro?uid 13. In this 
case, a uniform gradient dH/dZ is produced.‘ This is sym 
bolically shown at 20 in FIGURE 2B. It must be empha 
sized that the low density particles 21 need not neces 
sarily be homogeneous in their composition, but their 
densities must be such that they all are less than or equal 
to the density of the densest particle ?oating in the ferro 
?uid. At this point, the screen 14 is moved to the right 
and placed in a position to prevent any further particles 
that may Want to rise from rising past the height of the 
screen 14. 

Before proceeding, an assumption has been made that 
M does not vary. This will apply to most instances where 
an electromagnet is the magnetic ?eld source and that the 
magnetic ?eld generated results in saturation of the ferro 
?uid. 

In FIGURE 2C the following conditions exist. The 
magnetic ?eld source is turned on but its density is such 
that 

is higher than that which exists in connection with FIG 
URE 2B. Under these conditions, the medium density 
particles 22 are levitated but for the presence of the 
screen 14 in this case, the medium density particle 22 
noted will rise to the surface of the ferro?uid 13. Here 
again, the common element in the medium density par 
ticle 22 is that all of these are less dense than the densest 
particle levitated. 
With the magnetic ?eld source still on, the screen 16 

is now moved to the right separating the medium density 
particles 22 from the heavy density particles 23, Finally, 
the magnetic ?eld source is turned off. Clearly, in the 
absence of magnetic ?eld, the levitated particles 21 and 
22 tend to fall toward the bottom of the container 12 and 
are prevented from doing so by the screens 14 and 16. 
The valve 17 is now open draining the ferro?uid 13 from 
the container 12 and it is clear from FIGURE 2C that 
a complete separation has been achieved, in this case 
into three cuts, so to speak, of the original mixture of 
objects 19 (FIGURE 2A), according to the respective 
densities of the particles. 

It is clear that by providing a larger number of screens 
and by more. accurate control of the magnetic ?eld it 
would appear possible to separate the original mixture of 
the objects 19 into a greater number of cuts. Generally, 
however, as the process is conceived, three will be ade 
quate. For example, if one wanted to recover a valuable 
component such as diamonds which exist as a trace 
commodity in the dirt better known as gangue, in which 
it exists in a material state, one would adjust the system 
shown schematically in FIGURE 2 such that light density 
gangue would ?oat to the top, diamonds and those 
elements of gangue of the same density as diamonds 
in the center with the heavy gangue remaining on the 
bottom. The result is a mixture of diamonds and gangue 
in the center cut in ‘which diamonds are found in a 
substantially larger concentration in the original gangue. 

DIFFERENTIAL LEVITATION 

In the event the magnetic ?eld generated by the mag 
netic ?eld source is designed to have a non-homogeneous 
distribution of dH/dZ as more particularly shown in 
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FIGURE 3 by a separation between the dotted lines 24. 
It is clear from Equation 1 that the objects of different 
density will be levitated within the ?uid to di?erent levels 
of elevation as shown in FIGURE 3. It is merely necessary 
now to insert the screens 14 and 16 as described previous 
ly, drain the ferro?uid 13 and remove the three cuts. 

Summarizing the process brie?y, a ferro?uid of known 
density and magnetization is provided. A magnetic ?eld 
having a magnetic ?eld gradient in the opposite direction 
to gravity is passed through the ferro?uid. A mixture of 
materials, preferably non-magnetic or less magnetic than 
the ferro?uid, of different density is placed in the ferro 
?uid. 

All of the mixture may ?oat in which case 

(lg 
dZ 

is high. All of the mixture may sink in which case 

(1H 
1” cZZ 

is small. It is quite clear that intermediate situations are 
easily achieved by adjusting M, dH/dZ or both. 

This invention relates to a unique method of ma 
terials separation which is based on the ability to control 
and change the apparent density of the ferro?uid both 
in space (differential levitation) and time (sequential 
levitation) by application of a properly designed mag 
netic ?eld whose intensity and space gradients can be 
varied at will in combination with the proper application 
in time and space of mechanical dividers. 

It is to be emphasized that the proper sequence of 
events has to occur in the right order and the magnetic 
?eld has to be properly designed in order for the object 
of this invention which is the separation of materials of 
differing density to occur. For example, if a mixture of 
solid particles is placed in a ‘bath of ferro?uid and a 
magnetic ?eld gradient is applied which results in ?ota 
tion of the densest particles to the surface of the bath, 
levitation will have occurred but separation will not 
have occurred. 
What is claimed is: 
1. A method of separating materials of different 

density comprising the steps of: 
(a) providing a ferro?uid material comprising a perm 

anent colloidal suspension of magnetic material in 
a liquid carrier, which colloidal suspension does not 
separate from the liquid carrier in the presence of 
magnetic, gravitational or an acceleration ?eld, of 
known density and magnetization; 

(b) passing a variable magnetic ?eld through the ferro 
?uid, said ?eld having a magnetic ?eld gradient 
dH/dZ in a vertical direction opposite to gravity; 

(c) inserting in the ferro?uid a mixture of materials 
of di?erent density; and 

(d) adjusting the magnitude of at least the magnetic 
?eld gredient dH/dZ for positioning at least two 
materials of different density at di?erent elevations 
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in the ferro?uid with the lighter density material 
being above material of greater density. 

2. A method of separating materials of diiferent den 
sity as described in claim 1 in which the magnetic ?eld 
intensity as well as its gradient are varied. 

3. A method of separating materials of different den 
sity as described in claim 1 in which the magnetic ?eld 
gradient is uniform. 

4. A method of separating materials of different den 
sity as described in claim 1 in which the magnetic ?eld 
gradient is nonuniform. 

5. A method of separating materials of different den 
sity comprising the steps of: 

(a) providing a ferro?uid material comprising a per 
manent colloidal suspension of magnetic material 
in a liquid carrier, which colloidal suspension does 
not separate from the liquid carrier in the presence 
of magnetic, gravitational or an acceleration ?eld, 
of known density and magnetization; 

(b) passing a variable magnetic ?eld through the ferro 
?uid, said ?elds having a magnetic ?eld gradient 
dH/dZ in a direction opposite to gravity; 

(c) inserting in the ferro?uid a mixture of materials 
of different density and adjusting the magnetic ?eld 
intensity and gradient so that all of the mixture of 
materials is at one elevation; and 

(d) adjusting the magnitude of at least the magnetic 
?eld gradient ‘dH/dZ for positioning materials of 
different density at di?erent elevations in the ferro 
?uid with the lighter density material being above 
material of greater density. 

6. A method as described in claim 5 in which said 
adjustment comprise a sequence of changes for changing 
the elevation of constituents of said mixture in sequence 
in accordance with their relative density. 

7. A method as described in claim 5 in which dH/dZ 
is non-uniform providing differential levitation and said 
adjustment sets the range of density which will be 
levitated. 
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