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the separated flows discrete on exit so as to facilitate removal of the component flows from the fractionator. The flow is maintained
as laminar Poiseuille flow by ad justing the flow rates of the source and destination fluids. Supporting theory is provided with de -
rived parameters for controlling the flow and predicting results. Two major embodiments are presented the first based on axial inlet
flows (Fig 17) and the second based on radial inlet flows (Fig. 8). Pump blades ( 170), ( 176) (Figure 17) may be provided for the
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METHOD AND APPARATUS FOR CONTINUOUSLY FRACTIONATING PARTICLES
CONTAINED WITHIN A VISCOPLASTIC FLUID

TECHNICAL FIELD

[0001] The present disclosure is directed at a method and apparatus for continuously
fractionating particles contained within a viscoplastic fluid. More particularly, the present
disclosure is directed at a method and apparatus for continuously fractionating particles
undergoing substantially non-Brownian motion by applying centrifugal force to the particles
while they are contained in the viscoplastic fluid and being transported in a direction having a

component orthogonal to the centrifugal force.
BACKGROUND

[0002] Fractionating particles refers to dividing particles into groups according to one or
more of the particles’ characteristics. For example, in the pulp and paper industry, pulp fibres
may be fractionated based on their lengths. Fractionating pulp fibres based on their lengths can
be beneficial because short pulp fibres can be used to manufacture a short fibred paper that is
particularly useful for printing, while long paper fibres can be used to manufacture a long fibred
paper that has particularly high tensile strength. Fractionating particles can be similarly

beneficial in other industries.

[0003] Accordingly, research and development continues into methods and apparatuses

for fractionating particles.
SUMMARY

[0004] According to a first aspect, there is provided an apparatus for continuously
fractionating particles within a viscoplastic fluid. The apparatus includes a body rotatable about
an axis of rotation, the body comprising: (i) an inner wall and an outer wall rotatable in unison
and defining a fractionation conduit therebetween that extends non-orthogonally relative to the
axis of rotation; and (ii) an outlet baffle rotatable in unison with the inner and outer walls and
shaped to separate fluid flowing along the fractionation conduit into two fractions. The

apparatus also includes a source fluid supply conduit, a source fluid exit conduit, and a
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destination fluid exit conduit each fluidly coupled to the fractionation conduit, the destination
and source fluid exit conduits coupled to the fractionation conduit on opposing sides of the outlet
baffle and the source fluid supply conduit longitudinally spaced from the exit conduits such that
the particles in a source viscoplastic fluid conveyed through the source fluid supply conduit are
fractionated along the fractionation conduit and are conveyed out the destination fluid exit

conduit.

[0005] The apparatus may also include a destination fluid supply conduit fluidly coupled
to the fractionation conduit; and an inlet baffle rotatable in unison with the inner and outer walls,
wherein the source fluid supply conduit is fluidly coupled to the fractionation conduit on one
side of the inlet baffle and the destination fluid supply conduit is fluidly coupled to an opposing
side of the inlet baffle and the inlet baffle is shaped such that the source viscoplastic fluid and a
destination viscoplastic fluid pumped into the conduit on either side of the inlet baffle and out of
the conduit on either side of the outlet baffle comprise a stable multilayer flow when between the

inlet and outlet baftles.

[0006] Each of the source and destination fluid supply conduits may extend collinearly

relative to the axis of rotation into opposing ends of the body.

[0007] The apparatus may also include a spindle within which the destination fluid

supply conduit extends and on which the apparatus rotates when operating.

[0008] Each of the source and destination fluid exit conduits may extend collinearly

relative to the axis of rotation.

[0009] Each of the source and destination fluid conduits may be sufficiently long to
allow the source and destination fluids, respectively, to allow the velocity profiles of the source

and destination fluids to fully develop prior to entering the fractionation conduit.

[0010] The destination fluid exit conduit may comprise piping extending into the body,
the source fluid exit conduit may comprise piping extending within the piping of the destination
fluid exit conduit, and the destination fluid supply conduit may comprise piping extending within

the piping of the source fluid exit conduit.
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[0011] A pump may be located along the destination fluid exit conduit and another pump
may be located along the supply fluid exit conduit.

[0012] The inlet baffle may comprise a curved cylindrical wall.

[0013] The inlet baffle may also comprise a flat end plate to which the curved cylindrical
wall is fixedly coupled, wherein the flat end plate is securely positioned between the inner and
outer walls. Alternatively, the inlet baffle may also comprise an end plate to which the curved
cylindrical wall is fixedly coupled, wherein the end plate is securely positioned between the
inner and outer walls and wherein the end plate and outer wall are bent away from the interior of

the body in a direction non-orthogonal relative to the axis of rotation.

[0014] The inner and outer walls may be parallel along the length of the fractionation
conduit.
[0015] The inlet and outlet baffles may extend along the fractionation conduit parallel to

the inner and outer walls.

[0016] The inlet and outlet baffles may be positioned at different radial distances from

the axis of rotation.

[0017] According to another aspect, there is provided a method for continuously
fractionating particles within a viscoplastic fluid. The method includes flowing one stream of
the viscoplastic fluid having the particles to be fractionated and a second type of particles therein
(“source fluid”) in a direction that is non-orthogonal relative to an axis of rotation such that the
source fluid experiences laminar spiral Poiseuille flow; subjecting the source fluid to solid body
rotation about the axis of rotation such that the particles to be fractionated experience centrifugal
force equaling or exceeding resistive forces corresponding to the yield stresses of the viscoplastic
fluid and such that the second type of particles experiences centrifugal force less than the
resistive force corresponding to the yield stresses of the viscoplastic fluid while maintaining
laminar spiral Poiseuille flow; continuing flowing and rotating the source fluid until the particles
to be fractionated migrate sufficiently from the second type of particles to be separately collected

from the second type of particles; and collecting the particles that have been fractionated.
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[0018] The method may also include flowing another stream of fluid (“destination fluid”)
parallel to the source fluid, wherein the source fluid is nearer to the axis of rotation than the
destination fluid and wherein the destination and source fluids contact each other and comprise a
stable multilayer flow; subjecting the source and destination fluids to solid body rotation about
the axis of rotation such that the particles to be fractionated experience centrifugal force equaling
or exceeding resistive forces corresponding to the yield stress of the source fluid and such that
the second type of particles experiences centrifugal force less than the resistive force
corresponding to the yield stress of the source fluid while maintaining the stable multilayer flow;
and continuing flowing and rotating the destination and source fluids until the particles to be
fractionated migrate from the source fluid into the destination fluid. The particles to be

fractionated can be collected from the destination fluid.

[0019] The destination fluid may comprise a viscoplastic fluid, and wherein the source
and destination fluids are subjected to solid body rotation such that the particles to be
fractionated experience centrifugal force equaling or exceeding resistive forces corresponding to
the yield stresses of the source and destination fluids and such that the second type of particles
experiences centrifugal force less than the resistive force corresponding to the yield stresses of

the source and destination fluids.

[0020] The direction in which the destination and source fluids flow may be parallel to

the axis of rotation.

[0021] The source and destination fluids may comprise the same type of viscoplastic
fluid.
[0022] The source and destination fluids may be subjected to solid body rotation prior to

contacting them together.

[0023] The method may also include fully developing the velocity profiles of the source
and destination fluids prior to contacting them together by pumping the source and destination

fluids along the axis of rotation.

[0024] The source and destination fluids may be subjected to solid body rotation in a

fractionation conduit and the method may also include introducing the source and destination

-4-
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fluids simultaneously through a single inlet conduit to the fractionation conduit prior to being
subjected to solid body rotation, wherein the source and destination fluids have sufficiently
different densities such that they separate into two fractions prior to collecting the particles that

have been fractionated.

[0025] According to another aspect, there is provided an apparatus for continuously
fractionating particles within a viscoplastic fluid. The apparatus includes a body rotatable about
an axis of rotation, the body comprising: (i) opposing end faces; (ii) an inner wall and an outer
wall configured to be rotated in unison, the inner and outer walls located between the opposing
end faces and defining a conduit therebetween extending longitudinally in a direction having a
component parallel to the axis of rotation; and (iii) an inlet baffle and an outlet baffle each
extending longitudinally in a direction having a component parallel to the axis of rotation along a
fraction of the conduit such that source and destination viscoplastic fluids pumped into the
conduit on either side of the inlet baffle and out of the conduit on either side of the outlet baffle
comprise a stable multilayer flow when between the inlet and outlet baffles, wherein the source
fluid is nearer to the axis of the rotation than the destination fluid when the fluids are in the
stable multilayer flow, and wherein the inlet and outlet baffles are configured to rotate in unison
with the inner and outer walls. The body also comprises inlet and outlet mounting blocks
through which the body is inserted and relative to which the body is rotatable, the inlet mounting
block comprising destination and source fluid supply conduits that are fluidly coupled to the
conduit on opposing sides of the inlet baffle during at least a portion of a full rotation of the
body, and the outlet mounting block comprising destination and source fluid exit conduits that
are fluidly coupled to the conduit on opposing sides of the outlet baffle during at least a portion

of the full rotation of the body.

[0026] The inner and outer walls and the inner and outer baffles may be fixedly coupled

to each other.

[0027] The source and destination fluid supply conduits may be respectively fluidly
coupled to the opposing sides of the inlet baffle via source and destination fluid inlets, and the
source and destination fluid exit conduits may be respectively fluidly coupled to the opposing

sides of the outlet baffle via source and destination fluid outlets.
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[0028] The source and destination fluid inlets and outlets may carry the fluid across the
outer wall.
[0029] The source and destination fluid inlets and outlets may carry the fluid across the

opposing end faces.

[0030] The baffles may extend longitudinally in a direction parallel to the sides of the
conduit.

[0031] The inner and outer walls may comprise concentric cylinders.

[0032] The baffles may comprise concentric cylinders having identical radii measured

from the axis of rotation. Alternatively, the baffles may be frustoconical. Alternatively, the
inner and outer walls may comprise concentric cylinders; the baffles comprise concentric
cylinders having identical radii; and the concentric cylinders that comprise the inner and outer

walls and the baffles may be concentric with each other.

[0033] Each of the destination and source fluid inlets and outlets may circumscribe the
conduit.
[0034] The destination and source fluid inlets and outlets may lie in a plane that is

perpendicular to the axis of rotation.
[0035] The conduit may extend parallel to the axis of rotation.

[0036] The apparatus may also include a rod that is collinear with the axis of rotation that
extends through and is fixedly coupled to the end faces. The rod may be spaced from the inner

wall.

[0037] According to another aspect, there is provided a method for continuously
fractionating particles within a viscoplastic fluid. The method includes flowing one stream of
the viscoplastic fluid having the particles to be fractionated and a second type of particles therein
(“source fluid”) in a direction that has a component parallel to an axis of rotation; flowing
another stream of viscoplastic fluid (“destination fluid”) parallel to the source fluid, wherein the

source fluid is nearer to the axis of rotation than the destination fluid and wherein the destination
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and source fluids contact each other and comprise a stable multilayer flow; subjecting the source
and destination fluids to solid body rotation about the axis of rotation such that the particles to be
fractionated experience centrifugal force equaling or exceeding resistive forces corresponding to
the yield stresses of the viscoplastic fluids and such that the second type of particles experiences
centrifugal. force less than the resistive force corresponding to the yield stresses of the
viscoplastic fluids while maintaining the stable multilayer flow; continuing flowing and rotating
the destination and source fluids until the particles to be fractionated migrate from the source
fluid into the destination fluid; and obtaining the particles to be fractionated from the destination
fluid.

[0038] The direction in which the destination and source fluids flow may be parallel to

the axis of rotation.

[0039] The source and destination fluids may comprise the same type of viscoplastic
fluid.
[0040] According to another aspect, there is provided a non-transitory computer readable

medium having encoded thereon statements and instruction to cause a controller to perform a

method according to any of the foregoing aspects.

[0041] This summary does not necessarily describe the entire scope of all aspects. Other
aspects, features and advantages will be apparent to those of ordinary skill in the art upon review

of the following description of specific embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0042] In the accompanying drawings, which illustrate one or more exemplary
embodiments:
[0043] Figure 1 is a perspective view of an apparatus for fractionating particles,

according to one embodiment.
[0044] Figure 2 is front elevation view of the apparatus of Figure 1.

[0045] Figure 3 is a rear elevation view of the apparatus of Figure 1.
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[0046] Figure 4 is a right side elevation view of the apparatus of Figure 1.

[0047] Figure 5 is a left side elevation view of the apparatus of Figure 1.

[0048] Figure 6 is a top plan view of the apparatus of Figure 1.

[0049] Figure 7 is a bottom plan view of the apparatus of Figure 1.

[0050] Figure 8 is a side sectional view of the apparatus of Figure 1.

[0051] Figures 9(a) and (b) are perspective views of inlet and outlet mounting blocks,

respectively, that form part of the apparatus of Figure 1.

[0052] Figure 9(c) is a side elevation view of a fastener that can be used to fasten

together various components used to manufacture the apparatus of Figure 1 to facilitate solid

body rotation.
[0053] Figure 10 is a method for fractionating particles, according to another
embodiment.
[0054] Figure 11 is a schematic of a system for fractionating particles, according to

another embodiment.

[0055] Figures 12(a) and (b) are graphs depicting the relationship between various

operating parameters that can be used when performing the method of Figure 10.

[0056] Figure 13 is a graph showing representative examples of axial velocity W(r) of a

yiscoplastic fluid in which the particles are embedded and which flows through the apparatus of

Figure 1 for various Bingham numbers at 77 =0.8.

[0057] Figure 14 shows an estimate of the margin of stability between axial flowrate and
rotational rate of the apparatus of Figure 1 for different gap sizes of a fractionation conduit

through which the viscoplastic fluid flows and which comprises part of the apparatus.

[0058] Figure 15(a) shows an estimate of the critical force required to initiate motion for

stainless steel spheres contained in the viscoplastic fluid with diameters in the range
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2.4mm< D<5.6 mm, and Figure 15(b) shows a measurement of the critical force ratio F, to

cause motion in isolated cylinders of various aspect ratios.

[0059] Figures 16 and 17 are schematics of an apparatus for fractionating particles, in
which the apparatus has two inputs for accepting source and destination fluids, according to two

additional embodiments.

[0060] Figure 18 is a schematic of an apparatus for fractionating particles, in which the
apparatus has a single input for accepting both the source and destination fluids, according to

another embodiment.
DETAILED DESCRIPTION

[0061] Directional terms such as “top,” “bottom,” “upwards,” “downwards,” “vertically”
and “laterally” are used in the following description for the purpose of providing relative
reference only, and are not intended to suggest any limitations on how any article is to be

positioned during use, or to be mounted in an assembly or relative to an environment.

[0062] A viscoplastic fluid is a fluid that, when subjected to a shear stress up to an
amount referred to as its “yield stress” (ty), behaves as a solid and that, when subjected to a shear
stress equalling or exceeding its yield stress, behaves as a fluid. This property of viscoplastic
fluids allows them to be used to fractionate particles, as described in the embodiments that
follow. In particular, to perform fractionation using the viscoplastic fluid according to one
embodiment, at least two types of particles are embedded in the fluid: the first type of particles is
the particles to be fractionated (“target particles”) and they have in common one or more
properties such as specific surface, length, shape, and density; all other particles in the
viscoplastic fluid are the particles from which the target particles are to be separated. The
viscoplastic fluid containing the particles is rotated about an axis of rotation at a particular
angular velocity such that the fluid experiences solid body rotation and all the particles apply a
centrifugal force to the viscoplastic fluid. Only the target particles experience a force equalling
or exceeding the resistive force corresponding to the fluid’s yield stress; consequently, the target
particles are able to radially migrate away from the axis of rotation and all non-target particles,

and can then be collected. Beneficially, in the following embodiments the viscoplastic fluid
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- moves not just rotationally, but also longitudinally in a direction having a component that is
parallel (i.e. non-orthogonal) to the axis of rotation; this longitudinal movement is referred to as
“bulk axial flow”. The rotational motion results in the target particles moving to a region within
the viscoplastic fluid from where they can be collected, while the bulk axial flow allows
fractionation to occur continuously. Unyielded portions of the viscoplastic fluid serve to dampen
long-range hydrodynamic disturbances acting between the particles carried in the fluid, which
helps to reduce stochastic disturbances and to maintain fractionation efficiency. The particles in
the fluid are sized such that their motion is substantially or entirely non-Brownian; that is, while
the particles’ motion may have some non-Brownian characteristics, their motion is nonetheless

predominantly Brownian.

[0063] Referring now to Figures 1 to 8, and to a first embodiment, there is shown an
apparatus 100 for fractionating particles, hereinafter referred to as a “fractionator.” Figure 1
shows a perspective view of the fractionator 100; Figures 2 and 3 are front and rear elevation
views of the fractionator 100, respectively; Figures 4 and 5 are right and left side elevation views
of the fractionator 100, respectively; Figures 6 and 7 are top and bottom plan views of the
fractionator 100, respectively; and Figure 8 is a side sectional view of the fractionator 100. The
fractionator 100 is composed of a substantially cylindrical body 102 that includes opposing end
faces 104. The body 102 is mounted on an inlet mounting block 124 and an outlet mounting
block 126, which are discussed in more detail in respect of Figures 9(a) and (b), below. The
fractionator 100’s body 102 is rotatable about an axis of rotation that is collinear with the
longitudinal axis of the body 102. In the embodiments shown in Figures 1 to 8, a rod 136
extends along the fractionator 100’s axis of rotation and is fixedly attached to the end faces 104
such that rotating the rod 136 at a particular angular velocity also rotates the body 102 at the
same angular velocity. Two rod supports 138, which are spaced from the end faces 104, support

the rod 136 and allow the body 102 to be rotated without scraping against a flat surface on which

the fractionator 100 may be resting.

[0064] In addition to the end faces 104, the fractionator 100’s body 102 includes an outer
wall 108 and an inner wall 106. The outer wall 108 is visible from the exterior of the
fractionator 100, while the inner wall 106 is not. Both the inner and outer walls 106, 108 are

cylindrical surfaces that are concentric with each other and that have longitudinal axes collinear

-10 -
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with the fractionator 100’s axis of rotation. The radius of the inner wall 106 is less than that of
the outer wall 108’s, and the spacing between the two walls 106, 108 that results from this
difference in radii is used as a fractionation conduit 110 through which a viscoplastic fluid may
flow. The size of the fractionation conduit 110 is chosen such that (i) the fluid translates and
rotates while in the laminar state; (ii) the unyielded region of the fluid located centrally within
the fractionation conduit 110 is large in comparison to the characteristic size of the particle
measure in the direction of the centrifugal force; and (iii) the difference in radii between the
inner and outer walls 106, 108 is small in comparison to the length of the fractionation conduit
110 so that fractionation occurs under fully-developed flow conditions. The bounds in which the
laminar state occurs are a balance between the magnitude of the yield stress and the frictional
pressure drop created by the flowing fluid, and the centrifugal force created by rotation of the
fractionator 100. The frictional pressure drop, as well as the centrifugal forces, are dictated by

the location of the inner and outer walls 106, 108.

[0065] The inner wall 106 is attached to the end faces 104, while each of the ends of the
outer wall 108 is spaced from the end faces 104. The spacing between one of the ends of the
outer wall 108 and one of the end faces 104 is used as a fluid inlet (not labelled) to the
fractionation conduit 110, whereas the spacing between the other of the ends of the outer wall
104 and the other of the end faces 104 is used as a fluid outlet (not labelled) from the
fractionation conduit 110. When the fractionator 100 is operating, the viscoplastic fluid enters
the fractionation conduit 110 through the fluid inlet, travels along the fractionation conduit 110,
and exits the fractionation conduit 110 through the fluid outlet. An inlet baffle 112 divides the
fluid inlet into a destination fluid inlet 116 and a source fluid inlet 118, while an outlet baffle 114
divides the fluid outlet into a destination fluid outlet 120 and a source fluid outlet 122. During
operation of the fractionator 100, a “destination fluid” and a “source fluid” are pumped through
the fractionation conduit 110; the source and destination fluids may be formulated from the same
viscoplastic fluid, or they may be formulated using different viscoplastic fluids. For most of the
time the destination and source fluids are in the fractionation conduit 110, they are contacting
each other; as discussed in further detail below, the baffles 112, 114 are designed such that, and
the destination and source fluids are pumped into the fractionation conduit 110 at a velocity such

that, any mixing or turbulent flow between the fluids is kept relatively low and such that the

-11 -
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destination and source fluids together form a stable multilayer flow as they experience bulk axial

flow along the fractionation conduit 110.

[0066] When initially pumped into the fractionator 100, the source fluid is particle laden
as it contains the target particles as well as one or more other types of particles from which the
target particles are to be separated, while the destination fluid is particle depleted as it is free of
the target particles and, in the depicted embodiments, contains no particles at all. As the source
fluid inlet and outlet 118, 122 are nearer to the end faces 104 of the fractionator 100 than are the
destination fluid inlet and outlet 116, 120, as the destination and source fluids are pumped
through the fractionation conduit 110 the source fluid remains closer to the axis of rotation than
the destination fluid. Consequently, and as discussed in more detail below, when the body 102
of the fractionator 100 rotates the centrifugal force that results pushes the target particles from
the source fluid and into the destination fluid while the destination and source fluids are flowing
through the fractionation conduit 110 as a stable multilayer flow. At the destination and source

fluid outlets 120, 122, the target particles can be removed from the destination fluid.

[0067] The inner and outer walls 106, 108 and the inlet and outlet baffles 112, 114 are
fixedly coupled to each other using any suitable device; for example, one fastener 148 as
illustrated in Figure 9(c) can be used to fixedly couple the inner wall 106 and the inlet baffle 112,
while another fastener 148 can be used to fixedly couple the inner wall 106 and the outlet baffle
114. Another pair of fasteners 148, having a larger diameter than the fasteners 148 connecting
the inner wall 106 and inlet baffle 112 and the inner wall 106 and outlet baffle 114, can be used

to similarly fixedly couple the inlet baffle 112 to the outer wall 108 and the outlet baffle 114 to
the outer wall 108.

[0068] The fastener 148 is substantially circular in shape and includes a series of inner
hooks 150d-f and outer hooks 150a-c. To fixedly couple the inner wall 106 and the inlet baffle
112 together, the fastener 148 is wrapped around the inner wall 106 between the inner wall 106
and the inlet baffle 112 such that the inner hooks 150d-f catch on to small loops or other
protrusions (not shown) located on the inner wall 106 so that when the inner wall 106 turns, the
fastener 148 also turns. The fastener 148 is also placed such the outer hooks 150a-c catch on to

small loops or other protrusions (not shown) located on the inlet baffle 112 so that when the

-12 -
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fastener 148 turns, the inlet baffle 112 also turns. Rotation of the inner wall 108 accordingly also
rotates the inlet baffle 112. The inlet baffle 112 and outer wall 108, inner wall 108 and outlet
baffle 114, and outlet baffle 114 and outer wall 108 are similarly fixedly coupled together.

[0069] Fixedly coupling the inner and outer walls 106, 108 and the inlet and outlet
baftles 112, 114 in this way is done so that they rotate in unison when the fractionator 100 is
rotating, thus causing the source and destination fluids flowing through the fractionation conduit
110 to experience solid body rotation within the fractionation conduit 110, which in the depicted
embodiments is a co-rotating annular gap when the fractionator 100 is operating. If the inner and
outer walls 106, 108 were rotating at materially different rates, shear forces that vary with radial
distance from the axis of rotation could be introduced to the source and destination fluids,
resulting in turbulence, mixing, and improper fractionator operation. Solid body rotation is
accordingly beneficial in that it helps establish and maintain stable multilayer flow between the
source and destination fluids. In an alternative embodiment, the inner and outer walls 106, 108
and the inlet and outlet baffles 112, 114 are not fixedly coupled together but instead are driven
by separate driven trains that are configured to drive the inner and outer walls 106, 108 and the

inlet and outlet baffles 112, 114 in unison.

[0070] In order to keep mixing and turbulent flow between the destination and source
fluids relatively low or to avoid it altogether, for a fraction of the fractionation conduit 110’s
length, a portion of each of the inlet and outlet baffles 112, 114 extends towards the longitudinal
midpoint of the fractionation conduit 110 in a direction parallel to the direction the destination
and source fluids flow along the fractionation conduit 110. The portion of the inlet baffle 112
that extends towards the middle of the fractionation conduit 110 is selected to be sufficiently
long that the flow of the source and destination fluids is fully developed prior to coming into
contact with each other. In the embodiment shown in Figures 1 to 8, this portion of the inlet and
outlet baffles 112, 114 are cylindrical. The cylindrical portions of both the inlet and outlet
baffles 112, 114 are concentric with each other, have identical radii, and each have a longitudinal
axis that is collinear with the fractionator 100’s axis of rotation. As the destination and source
fluids enter the fractionation conduit 110, they transition from travelling transverse to travelling
parallel to the axis of rotation; the cylindrical portion of the inlet baffle 112 helps prevent

substantial mixing between the destination and source fluids as they make this transition.
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Similarly, the cylindrical portion of the outlet baffle 114 helps prevent substantial mixing
between the destination and source fluids as they exit the fractionation conduit 110. As
mentioned above, the centrifugal force that results from the fractionator 100’s rotation and from
the solid body rotation of the source and destination fluids is responsible for fractionating the
target particles. Accordingly, maintaining the stable multilayer flow between the destination and

source fluids is beneficial.

[0071] Each of the destination and source fluid inlets 116, 118 and outlets 120, 122
circumscribes the fractionation conduit 110, facilitating a relatively even and high fluid flow rate
by virtue of allowing 360° access to the fractionation conduit 110. The inlet mounting block 124
surrounds the destination and source fluid inlets 116, 118 and is used to supply the destination
and source fluids to the fractionation conduit 110, while the outlet mounting block 126 surrounds
the destination and source fluid outlets 120, 122 and is used to channel away the destination and
source fluids from the fractionation conduit 110. While allowing the body 102 of the
fractionator 100 to rotate, the mounting blocks 124, 126 also fixedly couple together the end
faces 104, the baffles 112, 114 and the inner and outer walls 106, 108 of the fractionator 100,
thus maintaining structural integrity of the body 102 without requiring use of any additional
connecting members that may interfere with the fractionator 100’s efficient operation and
allowing the fractionator 100 to cause the source and destination fluids to experience solid body

rotation.

[0072] Perspective views of the inlet and outlet mounting blocks 124, 126 are shown in
Figures 9(a) and (b), respectively. The inlet mounting block 124 includes a destination fluid
block inlet 140 and a source fluid block inlet 142 that are respectively fluidly coupled to a
destination fluid supply conduit 128 and a source fluid supply conduit 130. Each of the
destination and source fluid supply conduits 128, 130 is circular in shape and circumscribes the
circular opening in the inlet mounting block 124 through which the body 102 of the fractionator
100 is inserted. However, each of the destination and source fluid supply conduits 128, 130 is
respectively fluidly coupled to the destination and source fluid inlets 116, 118 of the body 102
via two arcuate openings in the interior of the inlet mounting block 124. When the body 102 is
mounted in the inlet mounting block 124, the two arcuate openings that lead to the destination

fluid supply conduit 128 and the destination fluid inlet 116 are all coplanar. Consequently, as the
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body 102 rotates within the inlet mounting block 124, the destination fluid can flow from the
destination fluid block inlet 140 to the destination fluid inlet 116 via the arcuate openings in the
inlet mounting block 124. Two arcuate openings in the inlet mounting block 124 similarly

fluidly couple the source fluid supply conduit 130 to the source fluid inlet 118.

[0073] The construction of the outlet mounting block 126 mirrors that of the inlet
mounting block 124. Specifically, the outlet mounting block 126 has destination and source
fluid exit conduits 132, 134 that lead to destination and source fluid block outlets 144, 146.
Arcuate openings in the interior of the outlet mounting block 126 allow the destination and
source fluid exit conduits 132, 134 to be fluidly coupled to the destination and source fluid
outlets 120, 122 when the fractionator 100 is mounted in the outlet mounting block 126.
Consequently, when in operation, the destination and source fluid is able to enter the destination
and source fluid block inlets 140, 142; pass through the destination and source fluid supply
conduits 128, 130; enter the fractionation conduit 110 through the destination and source fluid
inlets 116, 118; flow through the fractionation conduit 110; exit the fractionation conduit 110
through the destination and source fluid outlets 120, 122; and then leave the fractionator 100
through the destination and source fluid block outlets 144, 146 via the destination and source
fluid exit conduits 132, 134. Because of the circular shape of the destination and source fluid
inlets and outlets 116, 118, 120, 122, fluid flow can occur continuously even while the

fractionator 100 is being rotated.

[0074] Referring now to Figure 10, there is a shown a method for fractionating the target
particles, according to another embodiment. At block 1000, the method commences and
proceeds to block 1002. At block 1002, the source fluid is pumped through the fractionator 100.
Simultaneously, at block 1004, the destination fluid is also pumped through the fractionator 100.
The destination and source fluids may each be formulated from the same viscoplastic fluid, or
alternatively can be formulated using different viscoplastic fluids having different yield stresses.
The source and destination fluids are pumped at identical rates to keep the shear forces between
the two fluid streams relatively low; such that they contact each other and form a stable
multilayer flow (i.e., pumped such that turbulent flow or mixing between the source and
destination fluids is substantially prevented); and such that the source fluid is radially closer to

the axis of rotation than the destination fluid so that when the fractionator 100 is rotated, the
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centrifugal force will push the target particles from the source fluid into the destination fluid.
When the two fluid streams form the stable multilayer flow, a bulk axial flow composed of the
unyielded source and destination fluids moves along a central portion of the fractionation conduit
110, while a relatively thin yielded layer of the source fluid flows adjacent the inner wall 106 and
a relatively thin yielded layer of the destination fluid flows adjacent the outer wall 108 in

response to the rotation of the inner and outer walls 106, 108.

[0075] As the destination and source fluids are being pumped through the fractionator
100, the rod 136 is turned and the fractionator 100 is rotated at block 1006. The fractionation
conduit 110 accordingly becomes a co-rotating (by virtue of the rotation of the inner and outer
walls 106, 108) annular gap that subjects the source and destination fluids to solid body rotation.
The fractionator 100 is rotated at a sufficiently high angular velocity to apply a force against the
target particles that equals or exceeds each of the resistive forces that correspond to the fluids’
yield stresses. The angular velocity is selected to be sufficiently high such that the target
particles cause the viscoplastic fluids to yield. However, the angular velocity is also selected to
be sufficiently low such that any other types of particles contained within the source fluid do not
cause the viscoplastic fluids to yield; such that the viscoplastic fields do not yield on their own or
otherwise change their properties in response to the rotation; and such that the stable multilayer
flow is maintained (i.e. the bulk axial flow of the viscoplastic fluids along the central portion of
the fractionation conduit 110 continues while any mixing between the source and destination
fluids is substantially prevented). More particular operating parameters are discussed below in
respect of Figures 12(a) and (b), below. The solid body rotation and the resulting centrifugal
force result in the target particles being able to migrate from the source fluid into the destination
fluid, but in the non-target particles being trapped in the source fluid. At block 1008, rotation is
continued until the target particles have migrated into the destination fluid from the source fluid.
The residence time of the target particles in the fractionator 100 can be controlled by adjusting
the destination and source fluid flow rate. Once the target particles have migrated to the
destination fluid, they can be recovered from the destination fluid once the destination fluid exits
the fractionator 100. During particle migration, the source and destination fluids continue to be

pumped longitudinally through the fractionator 100, thus allowing fractionation to be performed

continuously.
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[0076] Referring now to Figures 12(a) and (b), there are shown graphs of various
operating parameters that can be employed when performing the method of Figure 10. Figure
12(a) applies to spherical particles, while Figure 12(b) applies to cylindrical particles. In both of
Figures 12(a) and (b), one of the vertical axes refers to “axial force,” which is directly
proportional to the flow rate of the destination and source fluids along the fractionation conduit
110 of the fractionator 100. The other vertical axis in Figure 12(a) is for the diameter of the
spherical particles in the viscoplastic fluid, while the other vertical axis in Figure 12(b) is for the
ratio of length to diameter of the cylindrical particles in the viscoplastic fluid. The horizontal
axes refer to “centrifugal force,” which is directly proportional to the angular velocity at which
the body 102 of the fractionator 100 rotates about the axis of rotation; i.e., the velocity at which

the rod 136 is turned.

[0077] In Figure 12(a), region one describes attempting to perform fractionation at
relatively high axial forces and relatively low centrifugal forces. This is unstable as it results in
mixing between the source and destination fluids, and consequently prevents fractionation from
happening. In region two, centrifugal forces are generally higher, and while the source and
destination fluids remain stable the centrifugal forces are insufficient to cause the particles to
migrate within the viscoplastic fluid. In region three, centrifugal forces are high enough to cause

the targeted particles to move.

[0078] In Figure 12(b), region one again describes attempting to perform fractionation at
relatively high axial forces and relatively low centrifugal forces, which results in instability.
When the longitudinal axis of the cylindrical particles is perpendicular to the direction in which
the destination and source fluids are flowing, then region two represents those operating
parameters that result in the particles not radially migrating within the viscoplastic fluid, while
regions three and four represent those operating parameters that result in the particles radially
migrating through the viscoplastic fluid as a result of centrifugal force. When the longitudinal
axis of the cylindrical particles is parallel to the direction of flow of the destination and source
fluids, then regions two and three represent those operating parameters that result in the particles
not radially migrating as a result of centrifugal force, while only region four represents those

parameters that generate sufficient centrifugal force to cause the particles to radially migrate.
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[0079] As mentioned above, during fractionation operating parameters are selected such
that the target particles migrate radially within the viscoplastic fluid as a result of centrifugal
force, but such that none of the other particles do. When dealing with spherical particles, for
example, this would mean that the operating parameters are selected such that the target particles

are in region 3 of Figure 12(a), whereas all other types of particles are in region 2.

[0080] Referring now to Figures 16 and 17, there are shown two further embodiments of
the fractionator 100 in which the fractionator 100 has two inputs for accepting the source and

destination fluids.

[0081] Referring in particular to the fractionator 100 shown in Figure 16, the body 102 of
the fractionator 100 is manufactured using a lower bowl 102a, an upper bowl 102b whose bottom
end is secured to the top end of the lower bowl 102a using a large ring nut 166, and a pump
cover 102¢ whose bottom end is secured to the top end of the upper bowl 102b. Extending into
the bottom end of the lower bowl 102a along the fractionator 100’s axis of rotation is a spindle
160 on which the fractionator 100 rotates when in operation. The spindle 160 is secured to the
lower bowl 102a with a spindle nut 162 that clamps the spindle 160 to the interior of the bottom
side of the lower bow!l 102a. Clamped between the spindle 160 and the spindle nut 162 is a flat
end plate, which is part of the inlet baffle 112. The flat end plate divides the fractionation
conduit 110 in half and bends upwards at its edge to form a curved cylindrical wall that extends a
fraction of the length of the fractionation conduit 110 towards the upper bowl 102b. The curved
cylindrical wall also forms part of the inlet baffle 112.

[0082] The destination fluid supply conduit 128 extends within the spindle 160 along the
axis of rotation, into the lower bowl 102a, and into the fractionation conduit 110 on the side of
the inlet baftle 112’s flat end plate nearest to the exterior of the fractionator 100; the destination
fluid inlet 116 is accordingly at the end of the spindle 160 that is outside of the body 102.
Positioned opposite the spindle 162 and extending through the pump cover 102¢ and into the
upper bowl 102b along the axis of rotation is the source fluid supply conduit 130. The source
fluid supply conduit 130 is positioned to discharge the source fluid into a tubular cavity 164 that

extends downwards through the fractionator 100, along the axis of rotation, and that discharges
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the source fluid directly over the spindle nut 162. The source fluid inlet 118 is accordingly at the
end of the source fluid supply conduit 130 that is outside of the body 102.

[0083] The top of the outlet baffle 114 is fixedly attached to the exterior of the source
fluid exit conduit 134 and is coplanar with the small ring nut 172. The outlet baffle 114 extends
along the fractionation conduit 110 and divides the portion of the fractionation conduit 110
between the inner wall 106 and the portion of the outer wall 108 defined by the upper bowl 102b
in half. Piping that comprises the source fluid supply conduit 130 also extends concentrically
within and out the ends of piping that comprises the source fluid exit conduit 134, which itself
extends concentrically within and out the ends of piping that comprises the destination fluid exit
conduit 132. The source fluid outlet 122 and the destination fluid outlet 120 are slots in portions
of the source fluid exit conduit 134 and destination fluid exit conduit 132, respectively, that are
outside of the body 102. Located above the large ring nut 166 is a supplementary outlet 121
through which the destination fluid may be discharged instead of through the destination fluid
outlet 120. Using the supplementary outlet 121 may be beneficial in that it allows the destination
fluid, and the particles that have been fractionated, to be discharged from the fractionator 100
without having to overcome the gradient of the upper bowl 102b.

[0084] Located along each of the destination and source fluid exit conduits 132,134 is a
pump used to respectively pump the destination and source fluids through the fractionator 100.
The pump located along the destination fluid exit conduit 132 is constructed using a first paring
disc 170 and a first weir 168, and the pump located along the supply fluid exit conduit 134 is
constructed using a second paring disc 176 and a second weir 174. While in the depicted
embodiment the pumps are constructed using paring discs, in alternative embodiments (not
depicted) the pumps may be constructed using, for example, pito-tubes or another similar device
that converts a portion of the fluid’s rotational energy into pressure. In other alternative
embodiments (not depicted), the fractionator 100 may not include any pumps, and instead the
source and destination fluids may be pumped through the fractionator 100 using pumps located

outside the fractionator 100.

[0085] When in operation, the fractionator 100 of Figure 16 stands upright on the spindle
160 and is rotated. The inner and outer walls 106,108 and the inlet and outlet baffles 112,114 are
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all fixedly coupled together and accordingly undergo solid body rotation as the fractionator 100
spins. The destination and source fluid inlets 116,118 are fluidly coupled to destination and
source fluid reservoirs (not shown) and the paring discs 170,174 pump the destination and source
fluids into the fractionator 100. The destination fluid enters the fractionation conduit 110 on the
side of the inlet baffle 112 facing the outer wall 108, and is pumped towards the sides of the
body 102 until it flows past the end of the inlet baffle 112.

[0086] At the same time, the source fluid is pumped through the source fluid supply
conduit 130 and down the tubular cavity 164, and enters the fractionation conduit 110 on the side
of the inlet baftle 112 facing the inner wall 106. The source fluid is pumped towards the sides of
the body 102 until it flows past the end of the inlet baffle 112 and comes into contact with the
destination fluid to form a stable multilayer flow as the fluids flow along the portion of the
fractionation conduit 110 between the inlet and outlet baffles 112,114. As with the embodiment
of the fractionator 100 discussed above in respect of Figures 1 to 9, centrifugal force applied to
the particles when the source and destination fluids form a stable multilayer flow causes the
particles to move from the source fluid to the destination fluid. The fluids eventually reach the
outlet baffle 114 where the destination fluid, which contains the fractionated particles, is pumped
to the side of the outlet baffle 114 facing the outer wall 108 and the source fluid is pumped to the
side of the outlet baffle 114 facing the inner wall 106. The fluids are subsequently pumped into
and through the source and destination fluid exit conduits 134,132, and out the source and

destination fluid outlets 122,120.

[0087] The embodiment of the fractionator 100 shown in Figure 17 is identical to the
embodiment of the fractionator 100 shown in Figure 16, with the exception of the shape of the
bottom of the inner and outer walls 106,108 and of the inlet baffle 112. The flat end plate that
forms part of the inlet baffle 112 in the fractionator 100 of Figure 16 is replaced with an end
plate that is bent away from the interior of the body 102 and in a direction non-orthogonal
relative to the axis of rotation. The inner and outer walls 106,108 are correspondingly bent.
Bending the walls 106,108 and inlet baffle 112 in this way helps to lower the center of gravity of

the fractionator 100, making it more stable when in operation.
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[0088] Referring now to Figure 18, there is shown an embodiment of the fractionator 100
identical to that of Figure 17 with the exception that the fractionator 100 of Figure 18 has no inlet
baffle 112, no destination fluid inlet 116, and no destination fluid supply conduit 128. Instead,
the fractionator 100 of Figure 18 fractionates by using centrifugal force to move particles radially
outwards in the source fluid as the source fluid moves through the fractionator 100 towards the
outlet baffle 114 without moving them into a separate stream of destination fluid. By the time
the source fluid reaches the outlet baffle 114, a percentage of the particles have been moved
outwards sufficiently towards the outer wall 108 by centrifugal force such that when the stream
of source fluid reaches the outlet baffle 114 these particles are between the outlet baffle 114 and
the outer wall 108. When the source fluid reaches the outlet baffle 114 and is separated into two
fractions, the fluid between the outlet baffle 114 and the inner wall 106 remains the source fluid,
while the fluid between the outlet baffle 114 and the outer wall 106 becomes the destination
fluid. Both the source and destination fluids then exit the fractionator 100 via the source and
destination fluid exit conduits 134,132 and outlets 122,120, as described above in respect of
other embodiments of the fractionator 100 above. When using the fractionator 100 shown in
Figure 18 in this way, the source fluid does not form a stable multilayer flow with the destination
fluid as there is no destination fluid distinct from the source fluid between the inlet and outlet
baffles 112,114; however, the fractionator 100 is operated such that the source fluid forms a

laminar spiral Poiseuille flow.

[0089] The foregoing describes exemplary embodiments only. Alternative embodiments,
which are not depicted, are possible. For example, in one alternative embodiment, fractionation
can be performed by pumping both the source and destination fluids into the source fluid supply
conduit 130 of the fractionator 100 shown in Figure 18, if the source and destination fluids are
selected to have sufficiently different densities that while flowing to the outlet baffle 114 they
separate from each other and form a stable multilayer flow without need for the inlet baffle 112.
Furthermore, in another alternative embodiment, the destination fluid need not be viscoplastic.
Instead, only the source fluid is viscoplastic, and the destination fluid carries fractionated

particles to the outlet baffle 114.

[0090] As another example, while the embodiments of the fractionator 100 shown above

use baffles 112,114 that divide the fractionation conduit 110 in half, in some alternative
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embodiments the baffles 112,114 do not divide the fractionation conduit 110 in half. In some of
these embodiments, for example, the baffles 112,114 may or may not be symmetric about an axis
orthogonal to the axis of rotation; they may or may not be parallel to the inner and outer walls
106,108; they may or may not have slopes of identical magnitudes; and they may or may not be
linear. For example, in one alternative embodiment, the baffles 112,114 may be frustoconical in
that they slope inwards towards the center of the fractionator 100. The outlet baffle 114 may
take any suitable shape so long as it is shaped to separate fluid flowing along the fractionation
conduit into two fractions, which are referred to in the foregoing embodiments as the source and
destination fluids. The inlet baffle 112 may take any suitable shape so long as it is shaped such
that the source fluid and the destination fluid pumped into the fractionation conduit 110 on either
side of the inlet baffle 112 comprise a stable multilayer flow when between the inlet and outlet

baffles 112,114 and when both the source and destination fluids are viscoplastic.

[0091] Determining Axial and Centrifugal Flowrates

[0092] The following discussion provides a basis for which particular axial and
centrifugal forces, and accordingly particular axial and centrifugal flowrates, as they apply to the
fractionator 100 can be determined. The following discussion provides one example of how to
determine operating conditions that result in the source and destination fluids being in stable
multilayer flow. However, in alternative embodiments the fractionator 100 may be operated in
conditions that vary from those determined exactly in accordance with the following discussion
while nonetheless maintaining stable multilayer flow (i.e. multilayer flow that is maintained at

least until disturbed from equilibrium).

[0093] Defining the Size of the Plug Versus Flowrate

[0094] The constitutive model that is considered is that of a Bingham fluid. These are

characterized by a density /5, a yield stress 7, and a plastic viscosity 4, . The geometry of the
spiral Poiseuille flow is a channel formed in the annular gap between two concentric cylinders of

radii R, and Rz that rotate with the same angular speed @ ; in the fractionator 100 discussed
above, the annular gap corresponds to the fractionation conduit 110, the concentric cylinder of

radius R, corresponds to the outer wall 108, and the concentric cylinder of radius R,
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corresponds to the inner wall 106. There is an imposed dimensional pressure gradient in the z -

direction p =—GZ. The Navier-Stokes equations are nondimensionalized using a length scale of

d’c , pd’
t, =

2, A,

d =R, -R,, a velocity U, and time scale £, of U, = and a pressure-stress scale

of [zp(]o/c? .Using these scalings, and omiting the hat notation for dimensionless variables, the

scaled constitutive equations for the fluid are

r,.j=(1+§j;?ij<:>r>B (1)

y=0<7<B Q)

where ¥ and 7 are the second invariants of the rate of strain and deviatoric stress tensors,

respectively. These are defined by

1 1
R 1 2
V= Eyijyij » TF ETijTij 3

where y, =u,+u,. With these, it is determined that this flow is characterized by five

dimensionless groups, the axial and tangential Reynolds numbers, Re, and Re,, the Bingham

number B, the ratio of the swirl and axial velocities, @, and the ratio of the radii of the two

cylinders, 7:

~ A A A d" N
Re, =PY  po PORA ¢ _Re R 4)
Hp Hp #,U, R.R, R,
[0095] If
F n 1
r=t rel L 5
d l1-n 1-n )

then the equations of motion reduce to
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u+Re (u-Viu=-Vp+V-r (6)
V-u=0 @)
where u is the velocity, p the pressure and 7 the deviatoric stress tensor.

[0096] Finally, a steady solution of the form (P,U(r,0,z))=[P(r,0),0,re,W(r)] exists

where W (r) may be determined from the general solution

T, =-r+ < 8
using the constitutive equation for a Bingham fluid as well as the no-slip conditions.
Representative velocity profiles are given in Figure 13 as a function of B. The steady, fully-
developed spiral Poiseuille flow consists of an unyielded region in the center of the channel, for
finite B, bounded by two yielded regions. The position of the yield surfaces is found as part of
the solution methodology and is dependent only on B ; the swirl component does not affect the
position of the plug. The size of the plug H is calculated by applying the balance of shear forces

and pressure forces on the boundaries of the plug zone and is given by

¢,d
H=— ©)
/’l pUO
[0097] This equation demonstrates the unique relationship between the yield stress, axial
velocity and plug size.
[0098] Defining the Bounds For Operation
[0099] The fractionator 100 operates under laminar flow and the operating conditions are

set such that the flow conditions are such that the fluid is stable to small disturbances. Here the

classical problem of linear stability is considered, by perturbing the steady flow (P,U), as
described above, with an infinitesimally small disturbance on the flow field (p,u’) and plug

size b . If
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u=U+eui p=P+eg h=H+eh (10)

where £ <<1, the equations of motion, i.e. Equations 6-7 reduce to

e —Ev')=—§’i+{vzu'—%a—v—%}+
r 00 0z r or r-o00 r (11)
o r 1 6
B{l }/;r) }/90 }/;9)}
r@r Y4 ry r69
(Lo gy —zv')=—gp—+{vzu'—%a—v—iz}+
69 52 r ar r 60 ¥ (12)
16 ry,, @ 1 6 }/,9
B{—— ()= )}
r@r ry r60
wRe, @ LW Wy B gy
ar r 69 aZ 52 (13)

B{——(y ) 0 Loy
r 00 0z y

when terms smaller than O(g?) are eliminated. In the limit when B=0, the disturbance

equations reduce to that of the Newtonian case. For B> 0, as discussed previously, a plug exists

in the central portion of the annulus.

[00100] To derive the eigenvalue problem it is assumed that the solution can be

represented in terms of axi-symmetric normal modes of the form
W'V, W, p k)= u(r),W(r),mr), p(r), k) expliaz + At) (14)
where « is the wave number and A = 4, +i4, is the complex wave speed. Denoting

p=4 L=Dz+2—i—a2 (15)
dr ror

the linearized equations for the normal modes are found by substituting equation 14 into

equations 11-13. After some algebraic manipulation the normal mode equations reduce to
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D
-&ﬁmV#KHD%+l—cﬁ~%—mmmv
¥ r r
2 .
oY L0 2Ty g,
y r-or Y

[u— Re WeoiLu +aiRe D*Wu— aiDWRe, >

P
2
- B¢, _ZReJa v=ALu
[00101] If x = (u,v), these equations may be written as
Ax = 1Bx

where
A=A, +ReA,+BA,,

respectively denoting the viscous, inertial and yield stress parts of A . These operators are

defined by

o pw-2Y _wp —Za{K)
A,,=( j, A =a r v =t
0 L —pv+2 —Wai
r
.0 L 0
A, = ?, , B= ,
0 ¢, 0 1
[00102] The boundary conditions at the inner and outer walls 106,108 are
u=Du=v=0
and at the yield surface
u=Du=v=0,
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[00103] The Dirichlet conditions come from consideration of the linear momentum of the

plug region. The term Du is formed through the linearization of the condition y, (U + u)=0 at

the perturbed yield surface position onto the unperturbed yield surface position. Note that the
problem defined above is posed over the yield portion of the fractionation conduit 110
r e[n/(1-n),1/(1-n)]. The linear stability problem in the two yielded regions decouple to form

two independent and equivalent problems.

[00104] The system of equation 18 has been solved using a Chebyshev discretization. For

fixed (Re,,Re,,B,n,a) equation 18 is solved for its eigenvalues and eigenfunctions, and the
eigenvalue with maximal real part, 4,,.(«), is taken. At each (Re,,Re,,B,n7), an inner

iteration calculates the wavenumber «__ for which A4

nax R.max

is largest. For the outer iteration, Re,

is varied until the point in which 4, (a)=0 is found. The margin of stability is shown in

Figure 14 in which the system stabilizes with increasing rotational rates. This figure should be
interpreted as any operating conditions to the right of line, at a defined gap size, should be
considered unstable leading to transition to turbulence; any operating point to the left has the
potential to be under laminar flow conditions. The margin of stability is displayed for the most
sensitive case, i.e. when B — 0, as a function of gap size. The region of stability increases with

increasing yield stress.

[00105] The Critical Force Resulting in Motion

[00106] To demonstrate the principle, the force resulting in the initiation of motion of a
particle in a yield stress fluid under the action of a centrifugal force is discussed. Two different
classes of particles are demonstrated i.e. spheres and rods, in two different orientations relative to
the applied centrifugal force. There is no axial flow in this case. The particle is suspended in a
yield stress fluid and subjected to a centrifugal force at a radial distance R from the axis of
rotation at a fixed angular velocity w. At the end of the experiment, the position of the sphere
was inspected and if unchanged (to within a prescribed tolerance), the test was repeated by
increasing the speed of the centrifuge. The procedure continued until motion was induced. With

this the force ratio to induce motion was estimated using the following expression
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P ApVRw’

© D’ (22)

where V' is the volume of the particle and D is the diameter. The results are given in Figure 15.
Two sets of data are given in Figure 15: for cylinders oriented parallel to the direction of the

force and cylinders oriented perpendicularly to the direction of the applied centrifugal field.

[00107] In an alternative embodiment (not depicted), the operating parameters can be
selected such that both target and non-target particles radially move, but at different rates, as a
result of centrifugal force. By knowing the rate of movement and controlling the residence time

of the particles within the fractionator 100, fractionation can be performed.

[00108] Referring now to Figure 11, there is shown a system 1100, which includes the
fractionator 100 of Figures 1 to 8, and which can be used for fractionating particles. The system
1100 includes two tanks, labelled Tank 1 and Tank 2, which are respectively used to contain the
destination and source fluids. Two rotary screw pumps, which are fluidly coupled to Tanks 1
and 2, pump the destination and source fluids through valves and into the fractionator 100. An
electric motor is used to rotate the fractionator 100; a suitable electric motor is, for example, a
NEMA 56 base mount AC motor. Flow meters (not shown) are present in the system 1100 to
ensure that the destination and source fluids are being pumped at identical rates. After exiting
the fractionator 100 and passing through a pair of valves, the source and destination fluids are
deposited into Tanks 3 and 4, respectively. Both Tanks 3 and 4 are coupled via another valve
and a return line back to Tank 2 to complete a closed loop system. The target particles can then

be retrieved from Tank 4.

[00109] The return line may be used, for example, when fractionating different types of
target particles contained within the same source fluid. For example, prior to any fractionation
the source fluid may contain three different types of particles. On a first pass through the system
1100, the system 1100 can be operated such that the first type of particles are fractionated and
end up in Tank 4 where they are collected, while the second and third types of particles end up in
Tank 3. The return line can be used to send the contents of Tank 3 through the system 1100 a
second time with the system 1100 functioning under different operating parameters that are used

to separate the second and third types of particles. On this second pass through the system 1100,
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the second type of particles ends up in Tank 4, while the third type of particles is sent again to

Tank 3. In alternative embodiments, the return line is not present.

[00110] In an alternative embodiment (not depicted), the source and destination fluids do
not enter the fractionation conduit 110 by flowing in a radial direction across the outer wall 108,
but instead the fluid inlet and outlet are in the opposing end faces 104 and the source and
destination fluids enter the fractionation conduit 110 by flowing longitudinally across the end
faces 104. In this alternative embodiment, the inlet and outlet mounting blocks 124, 126 can be
expanded to also cover the end faces 104 and deliver the source and destination fluids into and

out of the fractionation conduit 110.

[00111] The foregoing embodiments discussed fractionation of target particles by causing
the target particles to migrate from the source to the destination fluids. In an alternative
embodiment in which the source fluid contains two types of particles, both types of particles may
act as target particles, since by causing one type of particles to migrate into the destination fluid
both types of particles can be collected after fractionation completes: the type of particles that

migrated from the destination fluid, and the other type of particles from the source fluid.

[00112] The system 1100 may be automated using any suitable type of controller 1102,
such as a programmable logic controller, microprocessor, microcontroller, application specific
integrated circuit, field programmable gate array, or the like. A method for fractioning the
particles using the system 1100, which can be any of the foregoing embodiments, can be
encoded on to a memory 1104 communicatively coupled to the controller 1102. The memory
may be any suitable type of semiconductor or disc based memory, such as flash RAM, ROM,
hard disk drives, CD-ROMs, and DVD-ROMs, and may be non-transitory.

[00113] Figure 10 is a flowchart of an exemplary method. Some of the blocks illustrated
in the flowchart may be performed in an order other than that which is described. Also, it should
be appreciated that not all of the blocks shown in the flow chart are required to be performed,
that additional blocks may be added, and that some of the illustrated blocks may be substituted
with other blocks.
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[00114] It is contemplated that any part of any aspect or embodiment discussed in this
specification can be implemented or combined with any part of any other aspect or embodiment

discussed in this specification.

[00115] While particular embodiments have been described in the foregoing, it is to be
understood that other embodiments are possible and are intended to be included herein. It will
be clear to any person skilled in the art that modifications of and adjustments to the foregoing

embodiments, not shown, are possible.
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CLAIMS

I. An apparatus for continuously fractionating particles within a viscoplastic fluid, the

apparatus comprising:

(2)

(b)

a body rotatable about an axis of rotation, the body comprising:

(1) an inner wall and an outer wall rotatable in unison and defining a
fractionation conduit therebetween that extends non-orthogonally relative

to the axis of rotation; and

(il)  an outlet baffle rotatable in unison with the inner and outer walls and
shaped to separate fluid flowing along the fractionation conduit into two

fractions; and

a source fluid supply conduit, a source fluid exit conduit, and a destination fluid
exit conduit each fluidly coupled to the fractionation conduit, the destination and
source fluid exit conduits coupled to the fractionation conduit on opposing sides
of the outlet baffle and the source fluid supply conduit longitudinally spaced from
the exit conduits such that the particles in a source viscoplastic fluid conveyed
through the source fluid supply conduit are fractionated along the fractionation

conduit and are conveyed out the destination fluid exit conduit.

2. An apparatus as claimed in claim 1 further comprising:

(a)

(b)

a destination fluid supply conduit fluidly coupled to the fractionation conduit; and

an inlet baffle rotatable in unison with the inner and outer walls, wherein the
source fluid supply conduit is fluidly coupled to the fractionation conduit on one
side of the inlet baffle and the destination fluid supply conduit is fluidly coupled
to an opposing side of the inlet baffle and the inlet baffle is shaped such that the
source viscoplastic fluid and a destination viscoplastic fluid pumped into the
conduit on either side of the inlet baffle and out of the conduit on either side of
the outlet baffle comprise a stable multilayer flow when between the inlet and

outlet baffles.
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An apparatus as claimed in claim 2 wherein each of the source and destination fluid

supply conduits extends collinearly relative to the axis of rotation into opposing ends of
the body.

An apparatus as claimed in any one of claims 2 and 3 further comprising a spindle within
which the destination fluid supply conduit extends and on which the apparatus rotates

when operating.

An apparatus as claimed in any one of claims 2 to 4 wherein each of the source and

destination fluid exit conduits extends collinearly relative to the axis of rotation.

An apparatus as claimed in any one of claims 2 to 5 wherein each of the source and
destination fluid conduits is sufficiently long to allow the source and destination fluids,
respectively, to allow the velocity profiles of the source and destination fluids to fully

develop prior to entering the fractionation conduit.

An apparatus as claimed in claim 6 wherein the destination fluid exit conduit comprises
piping extending into the body, the source fluid exit conduit comprises piping extending
within the piping of the destination fluid exit conduit, and the destination fluid supply

conduit comprises piping extending within the piping of the source fluid exit conduit.

An apparatus as claimed in any one of claims 2 to 7 further comprising a pump located
along the destination fluid exit conduit and another pump located along the supply fluid

exit conduit.

An apparatus as claimed in any one of claims 2 to 8 wherein the inlet baffle comprises a

curved cylindrical wall.

An apparatus as claimed in claim 9 wherein the inlet baffle further comprises a flat end
plate to which the curved cylindrical wall is fixedly coupled, wherein the flat end plate is

securely positioned between the inner and outer walls.

An apparatus as claimed in claim 9 wherein the inlet baffle further comprises an end plate
to which the curved cylindrical wall is fixedly coupled, wherein the end plate is securely

positioned between the inner and outer walls and wherein the end plate and outer wall are
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bent away from the interior of the body in a direction non-orthogonal relative to the axis

of rotation.

An apparatus as claimed in any one of claims 2 to 11 wherein the inner and outer walls

are parallel along the length of the fractionation conduit.

An apparatus as claimed in claim 12 wherein the inlet and outlet baffles extend along the

fractionation conduit parallel to the inner and outer walls.

An apparatus as claimed in claim 13 wherein the inlet and outlet baffles are positioned at

different radial distances from the axis of rotation.

A method for continuously fractionating particles within a viscoplastic fluid, the method

comprising:

(a)

(b)

(c)

(d)

flowing one stream of the viscoplastic fluid having the particles to be fractionated
and a second type of particles therein (“source fluid”) in a direction that is non-
orthogonal relative to an axis of rotation such that the source fluid experiences

laminar spiral Poiseuille flow;

subjecting the source fluid to solid body rotation about the axis of rotation such
that the particles to be fractionated experience centrifugal force equalling or
exceeding resistive forces corresponding to the yield stresses of the viscoplastic
fluid and such that the second type of particles experiences centrifugal force less
than the resistive force corresponding to the yield stresses of the viscoplastic fluid

while maintaining laminar spiral Poiseuille flow;

continuing flowing and rotating the source fluid until the particles to be
fractionated migrate sufficiently from the second type of particles to be separately

collected from the second type of particles; and

collecting the particles that have been fractionated.

A method as claimed in claim 15 further comprising:
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(a) flowing another stream of fluid (“destination fluid”) parallel to the source fluid,
wherein the source fluid is nearer to the axis of rotation than the destination fluid
and wherein the destination and source fluids contact each other and comprise a

stable multilayer flow;

(b) subjecting the source and destination fluids to solid body rotation about the axis
of rotation such that the particles to be fractionated experience centrifugal force
equalling or exceeding resistive forces corresponding to the yield stress of the
source fluid and such that the second type of particles experiences centrifugal
force less than the resistive force corresponding to the yield stress of the source

fluid while maintaining the stable multilayer flow; and

(c) continuing flowing and rotating the destination and source fluids until the
particles to be fractionated migrate from the source fluid into the destination fluid,

and
wherein the particles to be fractionated are collected from the destination fluid.

A method as claimed in claim 16 wherein the destination fluid comprises a viscoplastic
fluid, and wherein the source and destination fluids are subjected to solid body rotation
such that the particles to be fractionated experience centrifugal force equalling or
exceeding resistive forces corresponding to the yield stresses of the source and
destination fluids and such that the second type of particles experiences centrifugal force

less than the resistive force corresponding to the yield stresses of the source and

destination fluids.

A method as claimed in claim 17 wherein the direction in which the destination and

source fluids flow is parallel to the axis of rotation.

A method as claimed in any one of claims 17 and 18 wherein the source and destination

fluids comprise the same type of viscoplastic fluid.

A method as claimed in any one of claims 17 to 19 further comprising subjecting the

source and destination fluids to solid body rotation prior to contacting them together.
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A method as claimed in claim 20 further comprising fully developing the velocity
profiles of the source and destination fluids prior to contacting them together by pumping

the source and destination fluids along the axis of rotation.

A method as claimed in any one of claims 17 to 21 wherein the source and destination
fluids are subjected to solid body rotation in a fractionation conduit and further
comprising introducing the source and destination fluids simultaneously through a single
inlet conduit to the fractionation conduit prior to being subjected to solid body rotation,
wherein the source and destination fluids have sufficiently different densities such that
they separate into two fractions prior to collecting the particles that have been

fractionated.

An apparatus for continuously fractionating particles within a viscoplastic fluid, the

apparatus comprising:
(a) a body rotatable about an axis of rotation, the body comprising:
1) opposing end faces;

(i)  an inner wall and an outer wall configured to be rotated in unison, the
inner and outer walls located between the opposing end faces and defining
a conduit therebetween extending longitudinally in a direction having a

component parallel to the axis of rotation; and

(i)  an inlet baffle and an outlet baffle each extending longitudinally in a
direction having a component parallel to the axis of rotation along a
fraction of the conduit such that source and destination viscoplastic fluids
pumped into the conduit on either side of the inlet baffle and out of the
conduit on either side of the outlet baffle comprise a stable multilayer flow
when between the inlet and outlet baffles, wherein the source fluid is
nearer to the axis of the rotation than the destination fluid when the fluids
are in the stable multilayer flow, and wherein the inlet and outlet baffles

are configured to rotate in unison with the inner and outer walls; and
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(b)  inlet and outlet mounting blocks through which the body is inserted and relative
to which the body is rotatable, the inlet mounting block comprising destination
and source fluid supply conduits that are fluidly coupled to the conduit on
opposing sides of the inlet baffle during at least a portion of a full rotation of the
body, and the outlet mounting block comprising destination and source fluid exit
conduits that are fluidly coupled to the conduit on opposing sides of the outlet

baffle during at least a portion of the full rotation of the body.

An apparatus as claimed in claim 23 wherein the inner and outer walls and the inner and

outer baffles are fixedly coupled to each other.

An apparatus as claimed in any one of claims 23 and 24 wherein the source and
destination fluid supply conduits are respectively fluidly coupled to the opposing sides of
the inlet baffle via source and destination fluid inlets, and wherein the source and
destination fluid exit conduits are respectively fluidly coupled to the opposing sides of

the outlet baffle via source and destination fluid outlets.

An apparatus as claimed in claim 25 wherein the source and destination fluid inlets and

outlets carry the fluid across the outer wall.

An apparatus as claimed in claim 25 wherein the source and destination fluid inlets and

outlets carry the fluid across the opposing end faces.

An apparatus as claimed in any one of claims 23 to 27 wherein the baffles extend

longitudinally in a direction parallel to the sides of the conduit.

An apparatus as claimed in any one of claims 23 to 28 wherein the inner and outer walls

comprise concentric cylinders.

An apparatus as claimed in any one of claims 23 to 29 wherein the baffles comprise

concentric cylinders having identical radii measured from the axis of rotation.

An apparatus as claimed in any one of claims 23 to 29 wherein the baffles are

frustoconical.
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An apparatus as claimed in any one of claims 23 to 28 wherein:
(a) the inner and outer walls comprise concentric cylinders;
(b)  the baffles comprise concentric cylinders having identical radii; and

(c) the concentric cylinders that comprise the inner and outer walls and the baffles are

concentric with each other.

An apparatus as claimed in any one of claims 25 to 27 wherein each of the destination

and source fluid inlets and outlets circumscribe the conduit.

An apparatus as claimed in claim 33 wherein the destination and source fluid inlets and

outlets lie in a plane that is perpendicular to the axis of rotation.

An apparatus as claimed in any one of claims 23 to 34 wherein the conduit extends

parallel to the axis of rotation.

An apparatus as claimed in any one of claims 23 to 35 further comprising a rod that is
collinear with the axis of rotation that extends through and is fixedly coupled to the end

faces.

An apparatus as claimed in claim 36 wherein the rod is spaced from the inner wall.
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