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FLUID MONITORING SYSTEM

RELATED APPLICATIONS

[0001] This application claims priority on U.S. Provisional Application No:
62/870,355 filed on July 3, 2019, and entitled “FLUID MONITORING SYSTEM”. As
far as permitted, the contents of U.S. Provisional Application No. 62/870,355 are

incorporated in their entirety herein by reference.

BACKGROUND
[0002] Manufacturing fluids, such as slurries, are used in many manufacturing
processes. For example, an abrasive particle slurry can be used to polish a workpiece,
such as a lens. Inthis example, the abrasive particle slurry can be an aqueous solution
that carries a high concentration of nanoscale abrasive particles. The abrasive particle
slurry can play a number of critical roles in the polishing of the workpiece. For example,
the chemical composition of the abrasive particle slurry can alter the surtace properties
of the workpiece, soften the workpiece surface and make it amenable to material
removal. Further, the abrasive particles in the abrasive particle slurry can remove
material from the workpiece surface by cutting nanoscale grooves in the workpiece
surface. As a result thereof, the composition of the abrasive particle slurry can

significantly influence the quality of the polishing of the workpiece.
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[0003] In another example, a ceramic casting slurry can be used to in a ceramic
mold casting to form an object. In this example, the composition of the ceramic casting
slurry will again significantly influence the quality of the object.

[0004] Accordingly, 1t is important to monitor the composition of the slurry during
the manufacturing process. One method to analyze the slurry is with an optics-based
particle detection techniques. However, because of the high particle concentrations of
the slurries, it difficult to optically analyze the slurry without aggressively diluting the
slurry. Stated in another fashion, the optics-based particle detection techniques suffer
from the shortcoming where light cannot probe into slurries at high particle
concentrations at which the slurries are most useful. Thus, pre-manipulation such as
dilution becomes a necessary conventional practice.

[0005] Unfortunately, the dilution of the slurry can alter the key properties of the
slurry that are being monitored before they can be properly detected and measured.
This compromises the integrity of the measurements taken on the slurry, and renders
the monitoring results less suitable for representing the original slurry before
manipulation. Further, optics-based particle detection techniques are expensive to
make and operate.

[0006] The lack of good, inexpensive monitoring methods for the slurry results in
flawed management and control of the quality of the slurry, as well as a higher cost of
fluid manufacturing. Accordingly, there is a need for an analysis system that accurately

analyzes the slurry.

SUMMARY
[0007] The present invention is directed to a slurry analysis system for estimating a
first characteristic of a slurry that includes a plurality of particles suspended in a
dispersion medium. The slurry analysis system can include a slurry filter that tilters the
slurry; and a control system that estimates the first characteristic of the slurry using a
flow rate of a filtrate through the filter and a slurry filtration pressure of the slurry.
[0008] As an overview, the present slurry analysis system Is designed to analyze

the slurry at ready-to-use conditions, and without diluting the slurry. This greatly
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simplifies the analysis and enables accurate monitoring of slurry as well as processes
for fluid synthesis.

[0009] The slurry filter can pass the dispersion medium and block the particles.
Further, the control system can estimate the first characteristic of the slurry also using
one or more of (I) a nominal particle property of the particles; (i) a cake thickness of a
cake layer against the filter; and (i) a viscosity of the dispersion medium. In one
embodiment, the control system can estimate the first characteristic of the slurry also
using (1) a nominal particle property of the particles; (i) a cake thickness of a cake layer
against the filter; and (i) a viscosity of the dispersion medium.

[0010] As provided herein, the first characteristic can be a cake particle packing
fraction of the slurry. Further, the control system can estimate the cake particle packing

fraction of the slurry using the following formula:

Bc? P dt1

(1-0c)3 Ssguﬁz ’

wherein (i) @c Is the cake particle packing fraction of the slurry; (ii) j—é IS the Inverse of

the flow rate of the filtrate through the slurry filter; (iii) P is the slurry filtration pressure
as measured by the pressure sensor; (iv) S, Is a particle surface area; (v) L is a cake
thickness of a cake layer; and (vi) u Is a viscosity of the dispersion medium.

[0011] Additionally, the control system can estimate a second characteristic of the
slurry using the cake particle packing fraction. For example, the second characteristic
of the slurry can be a particle agglomerate diameter.

[0012] In one embodiment, the control system estimates the particle agglomerate
diameter of the slurry using the following formula:

ORep

_ | (-9pcp)’ D
aggl — Q% part s

\ (I_GC)3

wherein (i) D, 44 1S the particle agglomerate diameter of the slurry; (i) @zcp IS @ random

D

close packing cake particle packing fraction; (iii) D, 4, IS @ nominal particle size of the

particles; and (iv) @c is the cake particle packing fraction of the slurry.
[0013] In another embodiment, the present invention is directed to a method for

estimating a first characteristic of a slurry that includes a plurality of particles
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suspended in a dispersion medium. The method can include directing the slurry at a
slurry filter that filters the slurry; and estimating the first characteristic of the slurry using
a flow rate of a filtrate through the filter and a slurry filtration pressure of the slurry.

[0014] In one embodiment, the invention Is directed to a manufacturing assembly
that includes the slurry analysis system. In another embodiment, the invention Is

directed to a slurry source that includes the slurry analysis system.

BRIEF DESCRIPTION OF THE DRAWINGS
[0015] The novel features of this invention, as well as the invention itself, both as to
its structure and its operation, will be best understood from the accompanying
drawings, taken in conjunction with the accompanying description, in which similar
reference characters refer to similar parts, and in which:
[0016] Figure 1 I1s a simplified illustration of a manufacturing assembly having
features of the present invention;
[0017] Figure 2 I1s a simplified illustration of a slurry analysis system of the
manufacturing assembly of Figure 1;
[0018] Figure 3A Is a simplified illustration of a slurry filter with a first slurry prior to
being directed at the slurry filter;
[0019] Figure 3B Is a simplified illustration of the slurry filter after the first slurry Is
directed at the slurry filter;
[0020] Figure 4A is a simplified illustration of the slurry filter with a second slurry
prior to being directed at the slurry filter;
[0021] Figure 4B Is a simplified illustration of the slurry filter after the second slurry
IS directed at the slurry filter;
[0022] Figure 5 is a simplified illustration of a plurality of particle agglomerates; and

[0023] Figure 6 illustrates a couple of different particle agglomerates.
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DESCRIPTION
[0024] Figure 1 1s a simplitied illustration of a manufacturing assembly 10 that uses
a slurry 12 (illustrated in phantom (lines with dashes)) for manufacturing an object 13
(llustrated as a box and sometimes referred to as a workpiece). In many
manufacturing assemblies 10 that use a slurry 12, the composition of the slurry 12 can
significantly influence the quality of the manufactured object 13. As an overview, In
Figure 1, the manufacturing assembly 10 includes a unigque slurry analysis system 14
(llustrated In cut-away) that accurately monitors and estimates one or more
characteristics of the slurry 12. With this information, for example, the composition of
the slurry 12 and/or the manufacturing assembly 10 can be adjusted as necessary to
achieve the desired characteristics of the object 13. For example, with the improved
monitoring capability of the slurry analysis system 14, a slurry source 16 of the slurry
12 can be readily adjusted and controlled so as to realize the desired performance. As
a result thereof, the slurry analysis system 14 can be used to improve product quality
management and control, manufacturing etficiency and cost.
[0025] Further, the slurry analysis system 14 provided herein can analyze the
properties of the slurry 12 at ready-to-use conditions, and without diluting the slurry 12.
This greatly simplifies the analysis and enables accurate monitoring of slurry 12 as well
as processes for tluid synthesis. Moreover, the slurry analysis system 14 can use a
generic scale to quantitatively compare a variety of slurries 12 and its processes.
[0026] The type of slurry 12 used can be varied to suit the requirements of the
manufacturing assembly 10. In certain embodiments, the slurry 12 includes a plurality
of particles 18 (illustrated with small circles) suspended in a dispersion medium 20
(Illustrated with small squares). With this design, the properties of the particles 18 and
the dispersion medium 20 can be varied to suit the requirements of the manutacturing
assembly 10.
[0027] For example, the slurry 12 can be an abrasive slurry 12 that is used in the
polishing of the object 13. In this design, the size, shape and the material of the
particles 18 and the composition of the dispersion medium 20 can be selected to
achieve the desire properties of the abrasive slurry 12. For example, the chemical

composition of the dispersion medium 20 can alter the surface properties of the object
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13, soften the object 13, and make it amenable to material removal. Further, the size
and shape of the abrasive particles 18 influence the material removal from the surface
of the object 13.

[0028] As another non-exclusive example, the slurry 12 can be a ceramic casting
slurry that is used to form the object 13. Similar to the example above, the size, shape
and the material of the particles 18 and the composition of the dispersion medium 20
can be selected to achieve the desire properties of the ceramic casting slurry 12.
[0029] As non-exclusive examples, the particles 18 can be made of ceramic
materials, solid crystals, solid metals or solid polymers. Further, as non-exclusive
examples, the dispersion medium 20 can be a liquid such as deionized water, water-
based solution of various solutes, organic solvent, or another type of liquid.

[0030] The design of the manutacturing assembly 10 can be varied to suit the type
of object 13 that is being manufactured. In the simplified, non-exclusive example
llustrated in Figure 1, the manutacturing assembly 10 includes the slurry source 16, a
diversion valve 22, a manufacturing system 24 (illustrated as a box), a control system
26, and the slurry analysis system 14. Alternatively, the manutfacturing assembly 10
can include more or fewer components than illustrated in Figure 1. For example, the
slurry analysis system 14 can be used with the slurry source 16 without the
manufacturing system 24.

[0031] In the embodiment illustrated in Figure 1, the manufacturing assembly 10
also includes one or more fluid conduits 27 that connect the various components in
fluid communication with each other.

[0032] The slurry source 16 provides the slurry 12 to the manufacturing assembly
10. In the non-exclusive example illustrated in Figure 1, the slurry source 16 includes
(1) a particle receptacle 28 that retains the particles 18, (ii) a medium receptacle 30 that
retains the dispersion medium 20, (iii) a mixing receptacle 32 that mixes the particles
18 and the dispersion medium 20 to create the slurry 12, (iv) a particle valve 34 that
selectively controls the amount of particles 18 that are added to the mixing receptacle
32, and (v) a medium valve 36 that selectively controls the amount of dispersion

medium 20 that is added to the mixing receptacle 32. With this design, the control
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system 26 can selectively control the valves 34, 36 to selectively control the
composition of the slurry 12.

[0033] In an alternative embodiment, the slurry 12 is premixed and provided to the
slurry analysis system 14 and/or the manufacturing system 24 without the particle
receptacle 28 and the medium receptacle 32.

[0034] Additionally, the slurry source 16 can include one or more fluid pumps 38
that provide pressurized slurry 12 to the manufacturing system 24 and/or the slurry
analysis system 14.

[0035] The diversion valve 22 is used to selectively divert some of the slurry 12 to
the slurry analysis system 14. For example, the diversion valve 22 can be a valve that
IS manually controlled or electronically controlled by the control system 26 to selectively
divert some of the slurry 12 for analysis by the slurry analysis system 14.

[0036] The type of manufacturing system 24 can be varied. In one, non-exclusive
embodiment, the manufacturing system 24 is a polishing assembly that uses an
abrasive slurry 12 to polish the object 13. In an alternative, non-exclusive example,
the manufacturing system 24 is a casting system that injects a ceramic casting slurry
12 into a mold to form the object 13.

[0037] The control system 26 controls one or more of the components of the
manufacturing assembly 10. Additionally, or alternatively, the control system 26 can
be use information from the slurry analysis system 14 to monitor and estimate one or
more characteristics of the slurry 12. For example, the control system 26 can include
one or more processors 26A (only one is illustrated as a box) and one or more
electronic storage devices 26B (only one is illustrated as a box).

[0038] In the non-exclusive embodiment in Figure 1, the control system 26 is
llustrated as a centralized system. Alternatively, for example, the control system 26
can be a distributed system with a separate processor used as part of the slurry
analysis system 14 to calculate the one or more characteristics of the slurry 12. Sitill
alternatively, the control system 26 can be a separate computer or processor, such as
a laptop.

[0039] The slurry analysis system 14 collects information that is used for estimating

one or more characteristics of the slurry 12. In the non-exclusive example illustrated
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INn Figure 1, the slurry analysis system 14 includes a slurry filter 40, a filter housing 42,
a pressure sensor 44, and a flow sensor 46. The design of each of these components
can be varied. Further, the slurry analysis system 14 can include more or fewer
components than are illustrated in Figure 1.

[0040] Figure 2 I1s an enlarged cut-away view of the slurry analysis system 14
iIncluding the slurry filter 40, the filter housing 42, the pressure sensor 44, the flow
sensor 46, and the control system 26. As an overview, the slurry analysis system 12
can determine the one or more characteristics of the slurry 12 by directing the slurry
12 at the slurry filter 40 to form the sediment 48 of the particles 18 above the slurry
filter 40. In this embodiment, the control system 26 can estimate one or more
characteristics of the slurry 12 using (i) a flow rate of a filtrate 50 through the slurry
filter 40, (i) a slurry filtration pressure of the slurry 12, (i) a nominal particle property,
e.g. a nominal particle size 52 (e.g. particle diameter) of the particles 18 or a nominal
particle surface area of the particles 18; (Ilv) a cake thickness 54 of a cake layer 56
against the slurry filter 40; and (v) a viscosity of the filtrate 50 (e.g. the dispersion
medium 20).

[0041] The slurry filter 40 filters the slurry 12 to create the cake layer 56. The
properties of the slurry filter 40 are selected to correspond to the properties of the slurry
12. In one non-exclusive embodiment, the slurry filter 40 is a filter that passes the
dispersion medium 20 and blocks the particles 18. In Figure 2, the slurry filter 40 is a
disk shaped, membrane filter. Alternatively, the slurry filter 40 can have another
configuration. As a non-exclusive example, the slurry filter 40 can have approximately
five micron pores. However, other sizes and designs are possible.

[0042] The filter housing 42 retains the slurry filter 40. In the non-exclusive
embodiment illustrate in Figure 2, the filter housing 40 is a rigid, generally hollow
cylindrical shaped. Alternatively, the filter housing 42 can have another configuration.
[0043] In one embodiment, the filter housing 42 includes a transparent region (or Is
completely transparent) to allow for the measuring of the cake thickness 54 through
the filter housing 42. Further, the filter housing 42 can include tape measure markings

(not shown) that facilitate the measuring of the cake thickness 54. Alternatively, for
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example, the slurry filter 40 can be removed from the filter housing 42 to allow for the
direct measurement of the cake thickness 54 using a tape measure or other device.
[0044] Further, the filter housing 42 can be separable to allow the slurry filter 40 to
be installed and/or removed. |n the non-exclusive embodiment illustrated in Figure 2,
the filter housing 42 includes a first housing part 42A, a second housing part 42B, and
one or more housing attachers 42C (e.g. bolts) that can be used to selectively attach
the housing parts 42A, 42B. In this embodiment, the housing parts 42A, 42B cooperate
to selectively retain the slurry filter 40.

[0045] It should be noted that the filter housing 42 can include a filter inlet 42D in
which the slurry 12 is directed into the filter housing 42 and a filter outlet 42E in which
the filtrate 50 exits the filter housing 42.

[0046] The pressure sensor 44 measures the slurry filtration pressure of the slurry
12 before the slurry filter 40. In this embodiment, the pressure sensor 44 measures
the pressure In the filter housing 42 above and near the slurry filter 40, and near the
filter inlet 42D.

[0047] It should be noted that in Figure 1, the pressure of the slurry 12 above the
slurry filter 40 is provided by the pump 38. Alternatively, a separate air pump or other
type of pump can be used to apply a substantially constant pressure to the slurry 12
above the slurry ftilter 40. As a non-exclusive example, the constant pressure can be
approximately ten pounds per square inch.

[0048] The flow sensor 46 measures the flow of the filtrate 50 through the slurry
filter 40. The design of the flow sensor 46 can vary. In the non-exclusive embodiment
llustrated in Figure 2, the flow sensor 46 includes a filtrate receptacle 46A that collects
the filtrate 50 that exits the filter outlet 42E and a scale 46B that weights the filtrate 50
that has passed through the slurry filter 40. With this design, the weight of the filtrate
50 that has passed through the slurry filter 40 can be used to calculate the flow rate of
the filtrate 50.

[0049] In one embodiment, a first characteristic of the slurry 12 that is estimated
with the control system 26 is a cake particle packing fraction of the slurry 12. As used

herein, the term cake particle packing fraction shall mean the volumetric density of the
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particles 18 Iin the cake layer 56, and represents the volume percentage of the cake
layer 56 that is made up of the particles 18

[0050] In this embodiment, the control system 26 can estimate the cake particle
packing fraction using (i) the flow rate of the filtrate 50 through the slurry ftilter 40, (i)
the slurry filtration pressure of the slurry 12, (iii) the nominal particle property, e.g. the
nominal particle size 52 of the particles 18 or the nominal particle surface area of the
particles 18; (iv) the cake thickness 54 of the cake layer 56 against the slurry filter 40;
and (v) the viscosity of the dispersion medium 20.

[0051] For example, (i) the flow rate of the filtrate 50 can be determined with the
flow sensor 46, (i) the slurry filtration pressure can be determined with the pressure
sensor 44, (iil) the nominal particle size 52 can be measured by measuring a diameter
of the particles 18; (iv) the nominal particle surface area of the particles 18 can be
calculated using the diameter (e.g. particle surface area=six/particle diameter); (v) the
cake thickness 54 of the cake layer 56 can be measured; and (vi) the viscosity of the
dispersion medium 20 can be measured or looked up.

[0052] Subsequently, using the cake particle packing fraction, the control system
can estimate a second characteristic of the slurry 12. For example, the second
characteristic can be a particle agglomerate diameter. As used herein, the term
particle agglomerate diameter shall mean a diameter of the particle agglomerate.
[0053] The tormula used by the control system 26 to calculate the cake particle
packing fraction and the particle agglomerate diameter can be varied.

[0054] In one embodiment, the formula used by the control system 26 to estimate

the cake particle packing fraction can be expressed as follows:

¢c* P dt1
(1-0c)3  5SZudvL’

Equation (1)
[0055] In Equation (1) and elsewhere (i) @c is the cake particle packing fraction of

the slurry 12; (i) % IS the Inverse of the flow rate of the filtrate 50 through the slurry

filter 40 and the cake layer 56; (iii) P is the slurry filtration pressure as measured by the
pressure sensor 44, (iv) S, Is the particle surface area; (v) L Is the cake thickness 54

of the cake layer 56; and (vi) u Is the viscosity of the filtrated 50 (e.g. dispersion
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medium 20). In one embodiment, the particle surface area is selected to be equal to
six divided by the nominal particle diameter 52 (S,, = 6/Dp4r¢)-

[0056] Subsequently, after calculating the cake particle packing fraction, the control
system 26 can estimate the particle agglomerate diameter.

[0057] In one embodiment, the formula used by the control system 26 to estimate
the particle agglomerate diameter can be expressed as follows:

hep

Daggr = %Dmﬂ . Equation (2)

\ (%07

In Equation (2) and elsewhere (i) D, 44; IS the particle agglomerate diameter; (i) Orcp
IS the random close packing cake particle packing fraction; and (iil) D4+ 1S the nominal

particle size 52 of the particles.

[0058] With the information regarding the cake particle packing fraction and the
particle agglomerate diameter, the composition of the slurry 12 can be adjusted as
necessary to achieve the desired characteristics of the object 13. For example, in a
polishing procedure if the particle agglomerate diameter is too large, the resulting
object may contain scratches.

[0059] Further, with the present system and method, the properties of the slurry 12
are analyzed at ready-to-use conditions, and without diluting the slurry 12. This greatly
simplifies the analysis and enables accurate monitoring of slurry 12 as well as
processes for fluid synthesis.

[0060] Stated in another fashion, the slurry analysis system 14 solves the problem
of conventional fluid monitoring methods requiring pre-manipulation of the monitored
slurry 12 that alters its properties before being measured. The slurry analysis system
14 monitors the slurry 12 without pre-manipulation, under original conditions (e.g. high
concentration) of important product feature ingredients of the slurry 12 (e.g. slurry
particles). It also provides parameterizations of the key properties of the slurry 12 (e.qg.
particle agglomeration, particle sediment (cake) density).

[0061] A key strategy of monitoring the slurry 12 is to first obtain measurements of
the macroscopic properties of the slurry 12, such as fluid flow and pressure while the

slurry 12 goes through a certain process, e.g. filtering. The measurements are then

11
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combined using theoretical models and pre-acquired knowledge pertaining to the
monitored slurry 12 and its undergoing process, so that the key properties of the slurry
12 can be measured under the original conditions of the slurry 12.

[0062] Further, the slurry analysis system provided herein is relatively inexpensive
to manufacture and operate.

[0063] The tollowing paragraphs provide an explanation of how Equations 1 and 2
were calculated. Figure 3A is a simplified illustration of the slurry filter 340 with a first
slurry 312 including particles 318 and dispersion medium 320 prior to being directed at
the slurry filter 340. In this example, the first slurry 312 has a first pH level (e.g. a pH
level of four) and the particles 318 agglomerate to form a plurality of particle
agglomerates 358, with each particle agglomerate 358 being made up of multiple
particles 318 connected together.

[0064] It should be noted that the size of each of the particle agglomerates 358 will
depend upon the properties of the first slurry 312. In Figure 3A, each particle

agglomerate 358 will have a particle agglomerate diameter 360 ("Dg44:7)-

[0065] Figure 3B is a simplified illustration of the slurry filter 340 after the dispersion
medium 320 of the first slurry 312 has passed through the slurry filter 340. In this
example, the particles 318 are still agglomerated, and the plurality of particle
agglomerates 358 form the cake layer 356 having the cake thickness 354.

[0066] Figure 4A is a simplified illustration of the slurry filter 440 with a second slurry
412 including particles 418 and dispersion medium 420 prior to being directed at the
slurry filter 440. In this example, the second slurry 412 is the same as the first slurry
312, except the second slurry has a higher, second pH level (e.g. a pH level of ten). In
this simplified example, the particles 418 tend not agglomerate at the second pH level

for this slurry 412. Thus, the particle agglomerate diameter 460 ("D,,,;") will be

approximately equal to the diameter of the particles 418.

[0067] Figure 4B is a simplified illustration of the slurry filter 440 after the dispersion
medium 420 of the second slurry 412 has passed through the slurry filter 440. In this
example, the plurality of particles 418 form the cake layer 456 having the cake
thickness 454. Further, the slurries 312, 412 will have different cake particle packing

fractions.

12
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[0068] In this example, comparing Figure 3B and 4B, the size of the particle
agglomerates 358, and the cake thickness 354, 454 will depend and vary according
the pH level of the slurry 312, 412.

[0069] As a non-exclusive example, the first and second slurries 312, 412 can be a
silica glass nanoparticle slurry. Silica particles are known to behave differently in high-
concentration slurries prepared with different pH conditions. The silica particles tend to
form agglomerates at low pH whereas the particles are more individually separated at
high pH.

[0070] The Kozeny-Carmen Equation can be used to calculate the pressure drop
of a fluid flowing through a packed bed of solids. The Kozeny-Carmen Equation can

be expressed as follows:

P dt  @c?
5S2udV - (1-0c)3

G.L . Equation (3)

[0071] Further, Equation (3) can be rewritten as provided below to correspond

filtration pressure and flow rate:

P _ g2, 0
@ = P ooy

oL . Equation (4)

[0072] As provided herein, the resistance In the filter increases as (i) the particle
surface area S, increases; (i) as the viscosity (i) of the dispersion medium increases,
(1) as the cake particle packing fraction (@c) increases (e.g. nears one), and (iv) as the
cake thickness L increases.

[0073] Further, Equation 3 can be rewritten to solve for the cake particle packing
fraction (@c) as provided in Equation 1. As a result thereof, the cake packing fraction
(@c) can be derived by solving the Kozeny-Carman equation with available monitoring
settings and measurements.

[0074] Subsequently, the cake packing fraction (@c) can be used to calculate the

particle agglomerate diameter 460 ("D, ,,;").

[0075] Figure 5 is a simplified illustration of a plurality of particles 518 that have
formed a plurality of particle agglomerates 558. In Figure 5, that particle agglomerates
558 each have a particle agglomerate diameter 560 and each particle 518 has a

nominal particle size (diameter) 552.

13
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[0076] As primary particles 512, the packing fraction may be somewhat low.
However, as particle agglomerates 558, the particles are closely packed. Stated in a
different fashion, it is assumed that in a cake layer, the particles 512 may be gathered
up In a rather sparse manner but as particle agglomerates 558 they are packed as
densely as possible. Each of the particle agglomerates 558, as clusters of primary
particles 512, can be approximated as a sphere having the particle agglomerate
diameter 560 (“Dagqr).

[0077] The present invention proposes the use of a hypothetical model of random
close packing to facilitate the calculation of the particle agglomerate diameter 560.
More specifically, spheres of approximately the same diameter will have a random
close packing particle packing fraction. For example, as provided herein a random
close packing cake particle packing fraction of a plurality of spheres can a value of
0.64 (Orcp = ~0.64). Stated In another fashion, for a packing structure of the
agglomerates, it is fair to consider random close packing (RCP), a non-crystalline
packing configuration known for its packing fraction @, of about 0.64 that
characterizes the maximum dense packing except for a few crystalline structures. It
should be noted that other values for the random close packing cake particle packing
fraction can be utilized.

[0078] Subsequently, a particle agglomeration model is then applied to further
derive the particle agglomerate diameter 560.

[0079] As provided herein, Equation (3) can be rewritten for the situation of random

close packing as follows:

P dat QrcP :
—_—= — L Equation (5
Ssg,agglﬂ av. (1-@rcp)’ Oret 9 S

In Equation (5) and elsewhere, §,, ;4 IS the surface area the particle agglomerate. In

one implementation, the particle surtace area is defined to be equal to six divided by

the particle agglomerate diameter (S, 5551 = 6/Dagg1)-

[0080] Next, it Is assumed that the filtration cake, treated here as a bulk of gathered-
up agglomerates, follows another Kozeny-Carman equation for a sphere particle of
diameter Dagg under filtration. Then, the particle agglomeration model equation is

derived based on (i) the derived cake particle packing fraction of the actual cake layer
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(@), (i) the random close packing particle packing function (@x.; ), and (iil) the nominal

particle diameter of the particles (Dpar).

[0081] More specifically, Equations (4) and (5) can be combined as follows:

6

07 6 07 .
)zﬂdﬁll = 5 x (Dpart)zu (1—56)3 L. Equatlon (6)

[0082] Next, Equation 6 can be manipulated to solve for the particle agglomerate

5 * (

Daggl

diameter as provided above in Equation 2.

[0083] The particle agglomeration model in Equation 2 above can be readily applied
with (1) the derived cake particle packing fraction packing fraction (@.) determined with
Equation (1); (ii) the random close packing particle packing function (@z.;), and (iii) the
nominal particle diameter of the particles (Dpat) 10 determine particle agglomerate
diameter (Daggi).

[0084] Figure 6 Illustrates a couple of different particle agglomerates. More
specifically, Figure 6 illustrates (i) a first particle agglomerate 658A having a first
particle agglomerate diameter 660A from a first slurry; and (ii) a second particle
agglomerate 658B having a second particle agglomerate diameter 660B from a second
slurry. In this embodiment, each particle agglomerate 658A, 658B is made up of a
plurality of particles 618, with each particle 618 has a similar, nominal particle diameter
652.

[0085] Moreover, In this example, each slurry is a silica slurry, and the pH level of
the first slurry is lower than the pH level of the second slurry. As a result thereof, (i)
the first particle agglomerate 658A includes more particles 618 than the second particle
agglomerate 658B, and (ii) the first particle agglomerate diameter 660A is larger than
the second particle agglomerate diameter 660B.

[0086] The slurry analysis system and method was used to estimate the
agglomerate diameters for a set of silica slurries with pH from 3.86 to 10.06. In these
tests, the each slurry was silica particles 20wt%, the slurry filtration pressure was
/0kPa, and the slurry filter was a five micron filter. Table 1 below illustrates the results.
As lllustrated in Table 1, there is a clear trend that agglomeration becomes more
evident as pH becomes lower. More importantly, particle agglomerate diameter (Dagg/)

gives a quantitative parameter ot particle agglomeration in a slurry at a high particle
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concentration, serving as a useful scale of measure enabling apple-to-apple
comparisons across a variety of slurries. That Is, a slurry with a larger particle
agglomerate diameter is deemed to consist of particles that have more tendency to
agglomerate when dispersed In a dispersion medium than a slurry with a smaller
particle agglomerate diameter. This is important especially when the monitored slurry
has not been diluted for monitoring purposes because such a dilution will affect the

agglomeration of the particles before any monitoring can be done.

pH D¢ Dggai Dggt/Dpart Dy art
3.86 0.345 500nm 4.54 110nm
4.51 0.449 298nm 2.7 110nm
/.19 0.492 240nm 2.18 110nm
8.04 0.498 233Nm 2.12 110nm
9.03 0.480 255nm 2.32 110nm
10.06 0.491 241nm 2.19 110nm
Table 1

[0087] While the particular assembly as shown and disclosed herein is fully capable
of obtaining the objects and providing the advantages herein before stated, it is to be
understood that it is merely illustrative of the presently preferred embodiments of the
iInvention and that no limitations are intended to the details of construction or design

herein shown other than as described in the appended claims.
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What is claimed is:

1. A slurry analysis system for estimating a first characteristic of a slurry
that includes a plurality of particles suspended in a dispersion medium, the slurry
analysis system comprising:

a slurry filter that filters the slurry; and
a control system that estimates the first characteristic of the slurry using
a flow rate of a filtrate through the filter and a slurry filtration pressure of the

slurry.

2. The slurry analysis system of claim 1 wherein the slurry filter passes the

dispersion medium and blocks the particles.

3. The slurry analysis system of claim 1 wherein the control system
estimates the first characteristic of the slurry also using a nominal particle property of

the particles.

4. The slurry analysis system of claim 1 wherein the control system
estimates the first characteristic of the slurry also using a cake thickness of a cake

layer against the filter.

<} The slurry analysis system of claim 1 wherein the control system
estimates the first characteristic of the slurry also using a viscosity of the dispersion

medium.

0. The slurry analysis system of claim 1 wherein the control system
estimates the first characteristic of the slurry also using (1) a nominal particle property
of the particles; (i1) a cake thickness of a cake layer against the filter; and (iii) a viscosity

of the dispersion medium.

17
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/. The slurry analysis system of claim 1 wherein the first characteristic is a

cake particle packing fraction of the slurry.

8. The slurry analysis system of claim 7 wherein the control system

estimates the cake particle packing fraction of the slurry using the following formula:

¢c* P dt1

(1-0c)3  5SZudv L

wherein (1) @c Is the cake particle packing fraction of the slurry; (ii) 3—5 IS the Iinverse of

the tlow rate of the filtrate through the slurry filter; (i) P is the slurry filtration pressure
as measured by the pressure sensor; (iv) S, IS a particle surface area; (v) L Is a cake

thickness of a cake layer; and (vi) u Is a viscosity of the dispersion medium.

9. The slurry analysis system of claim 7 wherein the control system
calculates the cake particle packing fraction also using (1) a nominal particle property;
() a cake thickness of a cake layer against the filter; and (i) a viscosity of the

dispersion medium.

10.  The slurry analysis system of claim 7 wherein the control system

estimates a second characteristic of the slurry using the cake particle packing traction.

11.  The slurry analysis system of claim 10 wherein the second characteristic

of the slurry Is a particle agglomerate diameter.

12.  The slurry analysis system of claim 10 wherein the control system

estimates the particle agglomerate diameter of the slurry using the following formula:

2

RCP
_ | (-0grcp)’ D
aggl — Q% part

,\ (1—@6)3

D
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wherein (i) D, 44 IS the particle agglomerate diameter of the slurry; (i) @rcp IS @ random

close packing cake particle packing fraction; (iii) D,,,. IS @ nominal particle size of the

particles; and (iv) @c is the cake particle packing fraction of the slurry.

13. A manufacturing assembly that includes a manufacturing system, and
the slurry analysis system of claim 1.

14. A slurry source that includes a receptacle that retains the slurry, and the
slurry analysis system of claim 1.

15. A method for estimating a first characteristic of a slurry that includes a
plurality of particles suspended in a dispersion medium, the method comprisings:
directing the slurry at a slurry filter that filters the slurry; and

estimating the first characteristic of the slurry using a flow rate of a filtrate

through the filter and a slurry filtration pressure of the slurry.

16.  The method of claim 15 wherein the step of estimating includes using a
nominal particle property of the particles.

17.  The method of claim 15 wherein the step of estimating includes using a
cake thickness of a cake layer against the filter.

18.  The method of claim 15 wherein the step of estimating includes using a
viscosity of the dispersion medium.

19.  The method of claim 15 wherein the step of estimating includes also

using (1) a nominal particle property of the particles; (i) a cake thickness of a cake layer

against the filter; and (i) a viscosity of the dispersion medium.

19
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20.  The method of claim 15 wherein the first characteristic is a cake particle
packing fraction of the slurry, and the step of estimating includes using the following

formula:

¢c* P dt1

(1-0¢)3  552udv L

wherein (i) @c Is the cake particle packing fraction of the slurry; (ii) 3—5 IS the Inverse of

the tlow rate of the filtrate through the slurry filter; (i) P is the slurry filtration pressure
as measured by the pressure sensor; (iv) S, Is a particle surface area; (v) L is a cake

thickness of a cake layer; and (vi) u Is a viscosity of the dispersion medium.

21. The method of claim 20 wherein the step of estimating includes

estimating a second characteristic of the slurry using the cake particle packing traction.

22. The method of claim 21 wherein the step of estimating includes

estimating the particle agglomerate diameter of the slurry using the following formula:

_—
2
RCP
—_ (I_QRCP)3 D
aggl — Q% part

\ (1—00)3

wherein (i) D, 4,4 IS the particle agglomerate diameter of the slurry; (i) @rcp IS @ random

D

close packing cake particle packing fraction; (iii) D, 4, IS @ nominal particle size of the

particles; and (iv) @c Is the cake particle packing fraction of the slurry.
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