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Abstract

Tribo-charging is the scientific phenomenon of particles collecting charge through frictional
collisions. Disadvantages of tribocharging can occur during powder-handling operations, for
instance particle deposition and adhesion. In more extreme cases when particles are
excessively charged, electrostatic discharge may occur and cause fire or explosion hazards.
With its negatives there are positives, as tribocharging is used in many industries such as the
automotive, pharmaceutical, and waste management, coal, and food industry. Research
would be beneficial in understanding how the powders perform in operational settings, such
as the blending and separation processes. The chemical and physical properties play a key
role in affecting the manufacture process and final product. Understanding the chemical or

physical composition of the different particles can result in a more effective process.

Methods for collecting this charge are a Faraday cup, on-line current measurement, Electric
Low-Pressure Impactor (ELPI), and Electronic Single Particle Relaxation Time (ESPART).
Research articles have predominately been completed with measurement research using the
Faraday cup. Factors that can affect the charging are humidity, work function, particle size,
and particle morphology. This project aims to analyze the physical and chemical composition
of food-grade powders by creating a system that will transport particles consistently and
reliably through a tube to have the charge created by tribo-charging accurately measured.
Once the charge is collected, external factors affecting the charge are to be compared and

analyzed based off the ratio or compositional make-up of the powder.

The goal can be achieved by creating an offline charge measurement system and pairing it

with a consistent mass delivery system. Meaning the mass and charge are measured at the
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beginning and end of the process, not in real-time. Two mass delivery and one charge
measurement systems for online measurement were designed and constructed, and one
design for both mass delivery and charge measurement for an offline system were designed
and constructed. Online measurement means that real-time data for the charge and mass are
being collected to obtain the charge-mass ratio at that exact time frame. The mass delivery

designs are as followed:

e 1st Design: Screw feeder and vibrator hybrid to create consistent flow rate and no
“clumping” of materials. However, the design proved to have fluctuations within the
mass, and the contact of the Faraday cup with the exit tubing caused the powder
delivery to have extra forces that skewed the mass measurements.

e 2nd Design: A fluidized bed was utilized in tandem with vibrator, however external
and internal factors like mass of powder, air flow resistance, and location of powder

within the bed caused a flowrate that was able to increase, but not at a consistent rate.

The first charge measurement system was planned to be an online charge measurement
using an electrometer and the Faraday cup as a verification method for results. However, the
charge measured did not match the mass in relation to time. This could have been due to
charged particles escaping the Faraday cup and coating the charged tube - essentially
grounding it and stopping any further measurements from being completed. In addition,
incorrect grounding of the system caused the charge to flow towards any unground section
of the system. This caused no charge measurement and the danger of having a charge
lingering on the system. Finally, electrical issues were caused by the loose charged powder

that escaped the Faraday cup and came into contact with any of the electrical equipment



within range. The offline charge measurement is comprised solely of the Faraday cup
connected to an electrometer. The third mass delivery offline design, utilizing the fluidized
bed, is being implemented and the offline charge measurement system is also in use. Each
section of the charge measurement and mass delivery is contained to prevent further

electrical damage of equipment.

Trail runs for comparison of dried/undried pure powders, mixture ratio of combination
powders, airflow, sifted particle size, and protein content have been completed to analyze
the effect these factors have on the charge-mass ratio of the powders. Looking at the
experiments, it can be seen that dried pure powders have a higher charge-mass ratio than
undried pure powders. Further the sifted size ranges show smaller particle sizes obtain
greater charge-mass ratios. While the powder mixtures should show directly proportional
charge-mass ratios to the ratio of powders mixed it, this is not the case due to total mass
accumulated at the end of the system. However, protein content testing resulted in showing
accurate representation of the ratios mixed for each powder. Therefore, hypothesis for the
non-linear relationship could be due to the aggregation or coagulation of the two pure
powders. Airflow was analyzed from 5-20 LPM and the mass-charge ratio was collected, the
results showed an increase in overall mass-charge ratio, but at both 10 and 20 LPM there
were “drops” or decrease in charge. The reason for the charge-mass ratio increase can be
attributed to the impact force and the decrease in charge-mass ratio can be attributed to the
laminar or turbulent phase of airflow. Finally, protein content results indicated that as the
wt% increases, the charge-mass ratio also increased, with the exception of chickpea flour. It
was hypothesized that both particle shape and size played key roles in effecting the charge-

mass ratio of chickpea flour, using SEM photos both size distribution of the particles and
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shape of particles were analyzed. Results indicated that the particle size was within the
range, but the shape of the chickpea flour was spherical which can cause better fluidization.
Therefore, it was determined that the shape or morphology of the particles played a more

influential role in changing the charge-mass ratio of the particle, causing it to be an outlier.

Mathematical modelling, using Matsuda'’s tribocharging model based on repeated particle
impacts on the wall was used to determine the effect of the work function for the particles.
It was concluded that the charge-mass ratio and contact potential difference increased in
proportion to each other. This trend was also seen with the protein content of each powder
and the contact potential difference. Analysis for the math modelling corresponded with the
results in the real time experiments. Observing that the results were already anticipated, no

new conclusions could be drawn from the math modeling.

Further research should be conducted to determine effects of humidity and acidity/basicity
on tribo-charging and how it can be correlated with protein content results or other
environmental factors. Specifically with acidity and basicity, tests to determine functional
groups would need to be completed and the results correlated with charge and compared
against other external factors such as protein content. In addition, for the math modeling,
calculations to find the exact values for the mean collision numbers could lead to more

accurate contact potential difference or work function values for the effect of particle charge.
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Chapter 1. Introduction

Tribo-charging is the scientific phenomenon when particles become electrostatically
charged by contact friction (Matsusaka, Shuiji, et al, 2010). This charge can occur by particles
being pressed or rubbed. While this phenomenon does not require a certain form of solid,
effects can most easily be seen with powder, prompting numerous research papers studying
how charge created by tribo-charging affects the physical and chemical composition of

particles in powder form.

Practical applications for tribo-charging can be seen through various industries. The
pharmaceutical industry uses tribo-charging to research the properties of medicinal
powders that are used in inhalers. The research is implemented for a better analysis of the
chemical and physical characteristics of the powders being transported through the inhalers
at the aerosolization stage (Karner & Urbanetz, 2013). Additionally, tribo-charging is used
widely in separating materials, for example separating coal from other minerals or the
separating of waste management. The materials are sent through tribo-charging
mechanisms, for example down a metal ramp, and collect charge. The charged materials are
then funneled into a contained unit with a cathode and anode on separate sides of the
container. The materials will separate based on charge and move towards the magnet with
opposite polarity, separating the different materials (Zhang, Guangwen, et al, 2013). A large
portion of separation tribo-charging can be found within the food industry. The food
industry uses tribocharging for the extraction of proteins, starch, and fibers. Electrostatic
separation is a method used for dry fractionation of plant proteins or flours and is used for

the production of protein-, starch- and fiber-enriched products (Assatory et. al, 2019). In the
1



automotive industry, tribo-charging is used to adhere paint or coatings to vehicles. Powders
are made airborne as they are sent through tubing towards the nozzle, resulting in the
particles receiving charge. The nozzle then sprays the charged particles on the surfaces that
have been given an opposite polarity. This results in an even coating as the oppositely
charged particles are attracted (Krdamer, H.,, 1993). This process is also used within the

furniture industry among others to apply powder coatings (Jocham et. al, 2011).

Regardless of all the positive implementations of the scientific phenomenon, tribo-charging
has been seen in the past as a greater liability (Kramer, 1998). During powder-handling
operations, particle deposition and adhesion can occur. The layers of additional charged
particles on machinery can cause sparks or shocks throughout the systems, damaging
equipment and possibly the people working on the machinery. In more extreme cases when
particles are excessively charged, electrostatic discharge may occur and cause fire or

explosion hazards (Kramer, 1993).

1.1. Objective

This research’s goal is to create a system that will be able to transport particles consistently
and reliably through a tube to have the charge accurately measured. Once the system is fully
functioning, tests with varying food-grade powders are to be run. The objective is to compare
the charge collected by the system to the compositional make-up of the powders that flow
through. Simultaneously, tests for protein content will be conducted to get quantifiable

results that can directly correlate to the charges produced by the powders.

The mass delivery and charge measurement of the system has been redesigned and

manufactured. Initial testing using the pure powders have been completed. In addition to

2



the pure powder results, tests were completed to analyze the effect of airflow, particle size,
protein content, and mixed powder ratios. Math modelling was completed to observe how
the charge-mass ratio of different particle types affect the work function using quantifiable

values.

1.1. Thesis Outline

This thesis is structured in the following approach. Section 1 is the introduction of the topic
of tribo-charging, the objective and novelty of this report. Section 2 contains the literature
review, where an in-depth look is provided for the methodology of research previously
completed and the environmental factors that affect tribo-charging. Section 3 describes the
methodology and iterations of design for both the mass delivery and charge measurement
system. Section 4 contains results and discussions of the real time experiments completed to
obtain mass-charge ratio using the different external factors. Math using the experimental
charge values to estimate a property such as contact potential can be found in section 5.
Section 6 contains my conclusions from the collective research completed within the whole
report. Finally, section 7 contains the appendix where extra drawings such as the 2D/3D CAD

models can be found.



Chapter 2. Literature Review

Tribo-charging is the scientific phenomenon where particles obtain a charge through contact
such as rubbing or pushing, the particles become what is commonly known as becoming
electrostatically charged (Matsusaka, Shuji, et al, 2010). During powder-handling
operations, the charged particles can cause problems, for instance, particle deposition and
adhesion. In more extreme cases when particles are excessively charged, electrostatic
discharge may occur and cause fire or explosion hazards (Kramer, 1998 & 1993). However,
even with some negative connotations surrounding triboelectric charging, many industries
find a positive way to apply this phenomenon. Applications include pharmaceutical inhalers,
powder coating, and material separation (Karner & Urbanetz, 2013, Zhang, Guangwen, et al.
2013, Kramer, H., 1993, & Jocham et. al, 2011). This literature review will discuss the particle
physics for tribocharging and by what method the ions and electrons are reorganized to
create the charges. In addition, the methodology used to measure the charge and some of the

environmental factors that can affect and alter the charge will be examined.

2.1. Ion, Electron, and Material Transfer

Electron transfer is based on the contact potential difference due to work functions for
metal-to-metal contacts. Work function can be defined as the minimum quantity of energy
which is required to remove an electron from the surface of a given solid (Trigwell et. al,
2003). When metals are isolated electrically, the charge can be measured. This is generally
due to the tribo-charging of metals going unnoticed from the conductivity of the material.

Using equation 1, the contact potential difference, V. (volts), can be determined with the



work functions of the two materials, ¢1 and ¢2 (electron volts), and the elementary charge

(coulombs), e (Harper, 1951).

_ P19 (1

The net charge is equal to the product of the contact potential difference and the capacitance

between the two materials (Co), as seen in equation 2.

Ag = CoVe (2)

The charge from metal to insulator can be simulated using an “effective” work function being
assigned to the insulator. The amount of transferred charge is determined to equalize the
energy levels of the two materials, resulting in a different net charge equation then displayed
in equation 3, where ¢; is the work function of the insulator and ¢n is the work function of

the metal. The updated equation is as follows: (Matsusaka, Shuji, et al, 2010)

¢ —(Pi—Pm 3)

A
1 e

Initially, ion transfer caused by water absorption was believed to be a major factor of charge
transfer. However, an analysis of the effect of water vapor was conducted, and research
showed an increase in surface conductivity with a lowering of the electrical breakdown
strength of air. This results in lower charge transfer and maximum potential within moist
atmospheres (large water absorption), contradicting the initial belief (Lee, 1994). In more
modern times, ion transfer has started to pick up traction once again and is being used within
working industries. For example, the electrophotographic industry used charge control

agents (consisting of mobile and immobile ions) to accelerate and control the charging
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process (Matsusaka, Shuji, et al, 2010). Experiments using mass spectrometry and scanning
probe microscopy are being used to observe ion transfer and its applications within tribo-
charging (Mizes et. al, 1990 & Saurenbach et. al, 1992). Further experiments are needed to

conduct thorough research into this specific charge transfer.

The impact and friction of insulator-to-metal, metal-metal, or insulator-insulator can cause
a transfer of materials between the two surfaces. This can result in impurities or the transfer
of contaminated materials. If the transferred material carries a charge - charge transfer will

occur. (Tanoue et. al, 1999).

2.2. Methods of Charging

Modes of charging are contact charging, frictional charging, and induction charging, seen in
figure 1. Contact charging occurs when two solids come into contact and then separate. At
the point of contact, the difference between the solid energy levels results in electrostatic
charge that will transfer between the two bodies until an equilibrium state is achieved. Once
the solids are then separated, the equilibrium is demolished and two oppositely charged
layers form on the surfaces of the solids (Moughrabiah et. al, 2009 & Yang, 1998). Frictional
charging occurs when the two solids are rubbed together. The difference between contact
(pressing) the solids together rather than rubbing them is hard to identify, therefore the
term “tribo-electric charging” is widely used to describe both methods (Moughrabiah et. al,
2009 & Yang, 1998). Induction charging uses an already charged object brought close to an
isolated object that is conductive and has a neutral charge. The polarity of the charged object
can cause change in whether the electrons on the surface of the neutral object will either

move closer or farther away. Grounding the neutrally charged object will result in the object



being positively or negatively charged (the charge will be opposite of the inducing charge
source). Once the grounding and induced charged sources are removed, the neutral object
will turn into a charged object with the opposite charge polarity of the induced charge source

(Yang, 1998).

C Y

@A

Figure 1 a-c. Diagram showing the different methods of charging: a) frictional charging, b)

contact charging, and c) induction charging.

2.3. Real-Time Measuring Apparatus

The charge of the particles found during tribo-charging can be measured in real-time.
Looking at research papers, there are four main methods to measure the charge. Table 1
displays various research papers collected using different measurement systems. In
addition, with each paper, the results of the research in addition to external factors affecting

the charge measurement have been noted.

A Faraday cup, seen in figure 2, or cage is two conductive cups or contained area (one inside

of the other with insulation in between) that can measure the charge of the total amount of



particles contained in its boundaries. The inner cup is connected to an electrometer or
coulombmeter and measures the charge by detecting the voltage generated across a known
capacitor. When the material is placed inside the cup, the walls will collect an equal but
opposite polarity charge due to induction charging. The outer cup is grounded and shields
the inner cup from external electric fields and other noise (Mehrani, 2005). There are two
types, open and closed. The “closed”-ended Faraday cup has a solid bottom, giving a place for
the powder to remain after it has been transported. While this method gives a certainty that
the powder will be able to have its charge measured, there is a risk of powder “escaping” the
cage due to extra airflow and skewing results. The “open”-ended Faraday cup is the same
device but missing the bottom (can run straight through). This gives the user the option to
place the Faraday cup anywhere along their system line. This measuring device is widely

used in research, as it is the uncomplicated set-up to receive a charge measurement.

Ve
N

Faraday Cup Lid

Inner Metal Cup
(Collection)

Insulation

Quter Metal Cup
(Shield)

Connection to Electrometer

\\ J

Figure 2. Labeled Faraday cup diagram.



On-line or in-line measurement is a form of measuring the current drop from one end of a
system to the other. The current can then be transformed into charge (in coulombs) by
finding the integration of the electrical current over time, as expressed in equation 4. In the

equation charge, current and time are represented by Q, I, and t respectively.
0= f I dt (4)

The set-up for on-line measurement can be completed with two methods, seen in Figure 3.
The first method involves having two metal attachments. One metal attachment is present
when the particles are initially released into the system and the other is placed at the end of
the line where the particles will cease movement. Each metal attachment can be connected
to an oscilloscope and the voltage drop from the initial to the final reading can be recorded
(Schwindt, 2017). Once the voltage drop is retrieved, using the resistance of the circuit that

has been created - the current can be calculated using equation 5.

Ya (5)

Using the current calculated in equation 5, the charge of the particles that pass through the

transporting line at that exact moment can be measured.

The second method for on-line measurement set-up requires connection to an electrometer
rather than an oscilloscope and can measure current directly rather than use the conversion
of voltage. This method demands a metal tube with an insulator at one end, the insulated end

is connected to another part of the metal right at the stage of initial powder delivery. The



connections to the electrometer are made with the two metal attachments mentioned above

and will only work with the insulator in between both metal pieces (Taghavivand, 2021).

Electrometer Connection EIectrometerIConnection
1 1
1 1
1 1
‘ :
v Metal Pipe v
. I .
Insulator
Metal Connection Metal Connection

Plastic Tube

: :

A
1
1
1
1
1

1
Electrometer Connection Electrometer Connection

Figure 3. Methods for using on-line charging.

It is important to note that, unlike the Faraday cup, this method does not measure the total
charge of all particles that move through the system, but as stated above, measures only the

single moving particles that run through the system at the exact time.

Electric Low-Pressure Impactor (ELPI) is an instrument used to find real-time particle size
distribution and concentration measurements within varying particle size ranges
(Marjamaki et. al, 2000). The ELPI can be used for particle charge measurement and has the
additional benefit of utilizing software to upload data onto a computer or hard drive for easy
accessibility. As seen in Figure 4, the machine is comprised of a corona charger, vacuum
pump, filter, and electrometers. The machine is capable of being connected to a computer
and using its specific software can transfer data from the machine, such as particle size,
sample distribution, and charge measurement. The process of measuring charge has the

same principles of on-line charging, where current is measured at the beginning and end of
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the pneumatic line, except within an ELPI there are multiple levels of electrometers (more
than one) that are continuously monitoring the charge of the particles as they pass through
the impactor (Telko et. al, 2007 & Chen et. al, 2015). Most research papers don’t mention
this machine, only a few predominately within the pharmaceutical research industry. This

could be due to many factors, but the most probable reason would be accessibility and cost.

Sample in '
I == Zero air pump and filter
Charger

HV source
|
| S — Connection to
—lp PC (Optional)
Impactor p— Electrometers Internal PC —
— and A'D Display and
E— controls
B — L] —
Yy ———
c— Ext. In/Out -
y —> ’
N —d
N > Pressure sensor
—_—
Vacuum pump

Figure 4. Diagram of ELPI Machine (Jdrvinen, 2014)

Electronic Single Particle Relaxation Time (ESPART) analyzer is an instrument used in
electrostatic spraying to determine the size and charge of the particles, seen in Figure 5. This
system is comprised of two parts, the laser doppler velocimeter (LDV) and the particle
relaxation apparatus. The particles are transported through the system, passing through two
lasers created by the LDV. The lasers and particle velocity are read by a receiving lens and a
sinusoidal wave is formed. The amplitude and lag of the sinusoidal wave compared to its
initial/base wave provide the charge and size distribution of the particles (Trigwell et. al,

11



2003). This appears to be similar to the ELP], where the measurement apparatus is used in
fewer research papers than both on-line measurements and the Faraday cup. This could be
due to the specific equipment needed for the set-up. In addition, this seems to be equally as
effective as all previously mentioned measurement systems. Therefore, seeing as this one
requires the most detailed planning and organization of working components - it would be

one of the least selected methods.

Probe volume

et MiniLDV

Recerving lens

Magnified 75 times

Figure 5. Diagram for ESPART charging system (Pierson, 2015).
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Table 1. Research Papers Using Different Charge Measurement Apparatus

Measurement Research Objective Results Reference
Method
Investigating the | 1. All the glass beads were negatively charged when stainless | (Choi, Choi,
charging behavior of steel metal was used as the contact surface. and  Suzuki,
sample powders | 2. The charge-to-mass ratio of both powders increased as the | 2020)
utilizing a Faraday cup. applied air increased.
. The charge of mass of the glass beads increased as the powder
size decreased.
. The charge amount of the glass beads increased with the length
of the pipeline.
Investigating the effect | 1. The addition of small quantities of fines (up to 10 wt%) sharply | (Wang et. Al,
of adding fines on the increased the mass and surface charge densities of the | 2018)
tribo-charging of glass mixtures.
beads. . When the particle-wall contact potential was greater for the
coarse beads than for the fine particles, the absolute maximum
magnitude of the mass charge density was achieved for the
mixtures.
a. Investigate which |1. From greatest to least effect on charge during aerosolization: | (Karner and
Lz factors influence the flowrate of particles, addition of mannitol fines, and particle | Urbanetz,
j‘é charging process size. 2013)
(9}
F
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during powder
aerosolization and
release from the

inhaler.

2. When charging adhesive mixtures, additive pharmaceutical
ingredients (API) cause a decrease, while the other factors cause

increase in net charge

Observe the difference
in tribo-charging DPI
powders of varying

surface roughness.

Rough powder exhibits significantly higher tribo-charge than
smooth powder due to specific surface area and different
rolling/transporting behavior can result in different charging

behavior.

(Karner,
Maier,
Littringer and
Urbanetz,

2014)

Characterizing the
triboelectric charging
tendency of  fine
powders by impact
using the smallest
possible sample
quantity with a

pressure pulse.

1. The charge-to-mass ratio is larger for smaller glass sizes, due to
the increase in total surface area of the sample in a given
volume.

2. Due to “space charge effect” (limitation of current flow due to
electrons repulsion from both charging materials) a decrease in
charge-to-mass ratio for sample volumes of 7 and 9 mm3, while
smaller sample volumes remain constant.

3. Functional groups exposed on the surface of the particles
greatly influenced the tribo-charging. -CF3 functional group
charged negatively, while -CH3 and -NH2 charged positively.

4. Charge is dependent on the work function of the surface

material.

(Zafar, Alfano
and Ghadiri,
2018)
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Compare surrounding
factors for charging of
polymers including
humidity, surface

composition, acid-base

properties
(acceptor/donor
properties),  surface

resistivity, and water

absorption.

. Polymers with high electron pair donor strength show a higher

basicity and should have a high electron pair accepter donor

(high acidity).

. The predominate character of an electron pair (donator or

acceptor) determined the sign of the total surface charge.

. Water can support the discharging of polymer surfaces. Water

molecules can be adsorbed from the wet atmosphere or can be

contained in the polymer.

(Nemeth,
Albrecht,
Schubert, and
Simon, 2003)

On-line Measurement

Investigation of on-line
measurement and
external factors that
affect  the  charge
measurement. The
latter half, investigates
wall fouling that occurs

at the end of the pipe.

. For large particles moving in straight tubes, the lowest gas

velocity resulted in higher charge-to-mass ratio. The particles
pathway had a large impact on charging behavior at high gas
velocities, whereas at the lowest gas velocity, the total tube

length was more significant on particles charging.

. Results showed a relationship between the conveying line

length and the powders’ charging. Changing the pathway did

not show a significant effect.

. Results showed a relationship between the bulk of the bed net

charge magnitude and wall fouling. The bed bulk charge and
the wall fouling magnitude was varied by the type and

concentration of the additives.

(Taghavivand,
2021)
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Experimental study of
the influence of a range
of parameters within
the tribo-charging of
powders and transport

pipes.

1. The powder charge first increases with increasing conveying

air velocity until it reaches a maximum (saturation point)

beyond which it drops.

. The air velocity that maximizes the powder charge depends on

the pipe material, diameter, and powder mass loadings.

. Tests showed that the powder charge increases significantly

with the inner diameter of the transport pipe.

(Schwindt et.
al, 2017)

Electric Low-Pressure Impactor (ELPI)

Observe the influence
of tribo-charging on
dry powder inhalers
(DPI) and analyze

external factors.

. Main contributor to the overall charge was the tribo-charging

was during the DPIs actuation and the charge captured with

ELPI to be within a range of 100-1000fc.

. The morphology of the lactose powder primarily promotes the

tribo-charging, and different morphology could change
polarity.

(Telko,
Kujanpaa and

Hickey, 2006)

Investigate wall to
particle contact using
various (looking for
another word for
design or curvature)

and materials.

. The design of the contact surface has no effect on charge

distribution for the aerosol but significantly influences charge

polarity.

. Curved nozzles (for PET and PTFE) significantly impacted

charge polarity due to plume geometry caused by the curve

edge and bipolar charging of insulating materials.

(Chen et al,
2015)
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Particle

Single

Electronic

Relaxation Time (ESPART)

Effects of  Surface
Properties on the
Tribo-charging

Characteristics of
Polymer Powder as
Applied to Industrial

Processes

1. Bipolar charging was observed for each powder. The highest
level of unipolar charging against stainless steel (net negative)
was observed for the polyester powder.

2. Alinear relationship between the mean charge vs. particle area
was observed. In both powders, it was observed that the
polarity was negative compared to the positive charge from the
larger size particles.

3. Work function differences between the powder and charging

material and powder particle size were significant factors.

(Trigwell
al, 2003)

et.
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2.4. Factors Affecting Charge
As seen in table 1, research has concluded that different factors can affect the tribo-charging
of particles. The main contributing factors are work function, size, shape, surface

morphology, and humidity.

The work function, as previously stated above, is the minimum quantity of energy which is
required to remove an electron from the surface of a given solid (Trigwell et. al, 2003). This
can affect the charging of the particles, as the work function of different powders show the
charging capabilities as the electrons jump from one material to the next. In tribo-charging,
this electron transfer would be between particles-to-wall or particles-to-particle contact. In
addition to the traditional or simpler equation for contact potential difference, Matsusaka
was able to derive a formula to solve for charge-mass ratio which can be rearranged for the

contact potential difference (Matsusaka, Shuji, et al, 2010).

_ _mAqDzpp% (6)
© 6gyn(x)kSm,,

Equation 6 has contact potential equal the product of total charge (Aq), pi, the diameter of
the particle cubed (D), the density of the particles (p,), and critical gap between the particle
and wall (z,); divided by the product of dielectric permittivity (&y), number of particle
collisions (n(x)), charging efficiency (k), contact difference (S), and mass of the particles

(my). The contact difference can be calculated using equation 7, where w is the impact
velocity of the particle which can be calculated using equation 8 and ke is the elasticity

parameter, which can be calculated using equation 9.
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S = 1.36k°p2°DZv}/® (7

, = BRe (8)
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In equation 8 calculating impact velocity, p is the viscosity coefficient, Re is the Reynolds
numbers, d is the diameter of the tube, and p, is the density of air. Equation 9 calculated the
elasticity parameter, using v;.z as the poison ratio and E;.»as the Young’s Modulus for both

particle and wall (Mehrtash, 2021).

The size of the particles often contributes to charge as well. The smaller the size of the
particle, the greater possibility of a larger portion of the particle coming into contact with
the contact surface. The larger surface area creating contact with the wall causes a higher
charge, therefore creating a higher charge-mass ratio. Mikrowska et al. published a literature
review on the methodology and factors affecting triboelectrostatic separation specifically for
minerals. Within her report, an equation for charge density was used (equation 10), where
€0 is the permittivity of the carrier gas, € is the permittivity of the insulator, V. is the contact

potential difference and x is the thickness of the insulator (Mikrowska et. al, 2016).

o= 220e () 0o

Knowing that charge density is equal to the charge of the particle divided by the volume of

the particle. With the assumption of uniform and spherical particles, equation 10 can be

rewritten where dpis the diameter of the particle, and Aq is the charge of the particle.
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(dp>3 3Aq (11)

8meye (%)

Research completed by Laundauer, and his team, displayed that the charge collected by
experiments comes from particle-to-wall collisions, rather than particle-to-particle. This is
due to the size of the particles being small, while the surface material is usually quite large.
The small particles hitting each other is less likely than the particles hitting the larger wall -
causing more collisions. The more collisions, the more charge is transferred - showing that
the wall-particle collisions make up a majority of the collisions and the charge (Landauer,
Johann, et al, 2019). Research with a contrasting view however comes from Cruise. They
depict that the smaller the particles, the more can fit through tubes and collide with each
other and the wall. This can create an increase in charge through particle-to-particle

collisions (Cruise et. al, 2022).

The morphology of the powders is another charge-affecting factor and can include spherical
nature, and roughness. Research completed by Karner et. al, indicated that when particles
are closer to a spherical shape the tribo-charge will increase. This is due to more spherical
particles having a more uniform charge distribution while shriveled or non-spherical
particles may not have proper contact with the walls to create collisions/charge. In addition,
the non-spherical particles may have less residence time within the inhaler, therefore less of
a chance to charge within the walls - this is due to the direct correlation between
aerodynamic diameter and residence time (Karner, Stefan et. al, 2014). Another example of
research completed showing the effect of surface morphology within tribo-charging is from

Wang et. al. The study was conducted using both rough and fine glass beads in addition to
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fine particles with rough and fine coatings of stainless steel. The results indicated that when
fine coatings were added to the already coarse particles, little change occurred - however
after the coating was equal to approximately 10% of the weight of the particles the mass and
surface charge densities of the mixtures were both increased. In addition, the fines with the
10% weight increase caused higher charge generation and that the tribo-charging of the
mixture of particles was dominated by the coarse particles contact with the wall or material
of pipe (Wang, Haifeng, et al, 2019). Research completed by Mehrani et al, experiments were
performed to determine the factor affecting electrostatic charges of particles within a
fluidized bed using different fines or particles of varying surface roughness and material. The
research results show that the work function of the particles can be affected by the
roughness of the particles, as not smooth particles with crack leave areas where the particle
will get less saturation (Mehrani et al, 2007). However, Mehrani’s results for particle size
differ from the findings of Zhang et al. Mehrani reports that larger particles should collect
electron transfer from the smaller particles - while Zhang reported that when small particles
contact larger particles, electrons should transfer from larger particles to smaller particles.
This results in smaller particles becoming negatively charged, while the larger particles
become positively charged. The difference in findings could be due to surface impurities of
particles that affect their work function at the point of contact (Zhang, Guangwen, et al,

2013).

Humidity is the measure of the amount of water vapor absorbed into particles (Arifiez-
Soriano et. al, 2016). This can affect tribo-charging, as the moisture absorption within a
particle increases, the composition of the particle may change, causing the typical charging

of the particle to adapt and adjust the rate of charge. (Xiaosong Ma, et al, 2007 & Marchetti,
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Lorenzo, et al, 2022). Surface conductivity plays a key role in triboelectrification and is
strongly influenced by water adsorption (Yanar & Kwetkus, 1995). A study written by Yanar
and Kwetkus looked at how humidity affected the separation of two polymers (PE and PVC).
The study showed the separation of PE and PVC was greatly decreased with the increase of
humidity, meaning that the charges collected by PE and PVC to perform separation had
decreased significantly (Yanar & Kwetkus, 1995). Another paper written by Albrecht, Janke,
Nemeth, and others, investigated charge density vs. many external factors including
humidity. The results indicated that even though the results of water absorption are different
per polymer, all show the results of discharging of the polymer surfaces when water
absorption is increased. This is due to water molecules being able to dissociate by
themselves and form hydrogen ions and hydroxyl ions which act as charge carriers -
removing the charge from the polymer particles (Albrecht, Victoria, et al, 2009). Research
completed by Kolehmainen et al. studied the effect of humidity on triboelectric charging
using vibration as the methodology for transporting the particles. Both physical experiments
and mathematical modeling were completed to obtain data and validate results. Looking at

an equation presented in the report - the relative humidity of the system could be written
using the following equation. Where % is the charge-mass ratio and ¢H is the relative

humidity. Modelling parameters such as ps, Ho, and ®H were obtained using linear least

square regression using the data collected from the physical testing.

Q PH\* (12)
s =nfi-enl-on (-3

The results of the research depicted that the work function of the charged particles is

dependent on the relative humidity. Using an equation similar to equation 12, the
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dependency of the work function (¢ 1)) can be determined, where ¢ is the effective work

function (Kolehmainen et. al, 2017).

2 13
pq<1—expl—(DH (1—%) D (13)
Pon = 1 — exp[— ®H] ¢

Supporting the research previously cited is from Nemeth, Simon, and others - an increase in
the atmospheric humidity strongly influences the charging behavior of polymers. The reason
for the humidity influence on the charging and discharging behavior of polymers can be
explained by the formation of water films onto polymer surfaces. Some of the polymers (PA,

PMMA, and POM) have a high ability to take up water (Németh, Erné, et al, 2003).
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Chapter 3. Methodology

Creating a particle delivery system was determined to be the first step in assembling the
system, as the movement of particles is necessary to produce tribo-charging within a pipe or
tube with airflow. The objective of this section of the system was to have a consistent flow of
particles being transported to the measuring portion of the machine. While consistent
delivery is not necessary to collect charge of the particles, it would be beneficial for collecting
and measuring the charge-to-mass ratio. The next section of the tribo-charging system to be
designed and manufactured should be the charge measurement. When designing the charge
measurement system, the objective is to have it reliably provide data on the obtained charge
of the particles that pass through the system. There have been 3 different designs created for
the mass delivery, and 2 for the charge measurement - they will be outlined in the following

sections.

3.1. Methodology for Particle Delivery Design

When deciding upon the correct device for particle delivery, three methods were available:
vibration, fluidized bed, or screw feeder. The vibration method uses a vibrator to move the
particles along either a slide or a tube. This method has the capability of making the powder
cluster together and there is no way to ensure that the powder will continue moving. This

could result in inconsistent flow. (Limtrakul, Sunun, et al, 2007).

A fluidized bed is created using an air-sealed container with the powder which pressurized

air is passed through. The pressurized air caused the particles to become airborne and allow
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them to be transported through a tube to their desired location (Alj, Syed Sadiq, et al, 2021).
While this method can produce a steady flow of particles, the fluidized bed has many external
and internal factors that can cause malfunctions and result in inconsistent particle delivery.
Examples are the mass of particles inside the bed, air resistance of the airflow within the
fluidized bed, and the location of the particles within the bed with respect to the airflow
entrance/exit. Therefore, there are many concerns about achieving consistent mass of

particle delivery with this method.

Finally, screw feeders are a method with an auger being used to mill through the powder as
itgoes from a hopper or containment device into its new location (Fayed, 1997). This method
can solve the issue of having inconsistent mass delivery and “clumping” of powder within
the system. However, screw feeders are both expensive, and smaller research models are
harder to come by. In addition, making a screw feeder can be quite complex, and specific

equipment needs to be manufactured rather than purchased.

3.1.1. Particle Delivery Design #1
To design the first particle delivery set-up, the different particle delivery methods were
researched and compared to find a reasonable fit for the project objectives. Seeing as
consistent mass delivery was determined to be important, the screw feeder was chosen as
the first design for particle delivery. The parts were designed using Autofusion 360 and
printed using the Prusa 3D printer. To guarantee the particles would not cluster together
from the hopper to the screw feeder, the screw feeder was mounted on top of a vibrator and

used in tandem.
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The measurement system set-up, seen in Figure 6, is comprised of an air drier, hygrometer,
flowmeter, powder delivery device, faraday cup, electrometer, and weight or balance. The
air drier, hygrometer, and flowmeter are used to provide consistent airflow, adding
temperature and humidity control into the system. The powder delivery is comprised of a
vibrator, screw feeder, and a hopper. The airflow used in the system is connected to the top
of the hopper and the exiting-end of the screw feeder. The screw feeder is then connected to
a motor, once turned on the auger rotates with the cylindrical part of the screw feeder
providing a consistent delivery from the initial connection at the hopper to the exit at the

bottom.

Pressure Gauge and Air Drier H D

Hygrometer
Flowmeter

............................................. Metal Fittings
Charge Measurement System with Online Measurement and
Faraday Cup

Battery

Figure 6. Schematic for Delivery System with screw feeder and vibrator combination.
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3.1.2. Particle Delivery Design #2

The second delivery method was a fluidized bed. When this method is used properly, it can
give a steady stream of particles. Fluidized beds have the tendency of having the powder stay
stagnant within the container. When the powder stays stagnant, only the powder directly in
front of the airflow entrance will move and flow out of the exit tube. Once again to stop the
powder from staying stagnant inside the container, the fluidized bed was mounted on top of
a vibrator and used in tandem. The second design can be seen in Figure 7, and the blue
arrows on the picture show the flow of air. The airflow goes in through the bottom of the
container, powder and pressurized air come out through the top usinga 3/16” OD and 1/8”
ID tube. The tube then leads to the Faraday cup being placed on a mass balance. The tube is
held using clamps and a pole, so the effects of vibration will not affect the balance. A specific
lid had to be created for the Faraday cup to prevent powder from leaking out of the cup and
skewing the mass collected by the balance. The lid was created using Autofusion and printed

using a Prusa3D printer. 3D and 2D drawings of the lid can be seen in the appendix, section?7.
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Figure 7. Schematic of Znd particle delivery design utilizing a fluidized bed and vibrator
combination.

3.1.3. Particle Delivery Design #3

The third, and current, mass delivery design removes the objective for a consistent mass
delivery rate - but only a constant mass being produced. This mass delivery system would
be implemented for an offline system, rather than online - meaning the mass would be

read/collected before and after the trial is run rather than during.

Figure 8, shows the new mass delivery system. The design still uses a fluidized bed, but with
anew orientation. The new orientation is to remove any possible issues with delivery caused
by the location of powder within the hopper. In addition, the input/output of airflow has
been swapped. The new mass delivery system works as such: take the initial mass of the

Faraday cup, turn on air and allow particles to enter the system for a certain period of time,
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take final mass of the Faraday cup, and calculate difference in mass to achieve the net mass.
In addition, the lid for the hopper has been redesigned for easy access to the powder within

the hopper. This is done to make the time between trials faster.

Figure 8. Current mass delivery design. New orientation of the fluidized bed and a new way
to access the inside of the hopper to make adding powder quicker and accessible.

Adjustments to the Faraday cup lid were also made to help with the tightening of the lid to

the Faraday cup. The design was completed in Autofusion 360 and printed using PrusaSlicer.

Therefore, tests will be run to determine if mass delivery can be constant and if the new
orientation of the fluidized bed with an increase in airflow can result in consistent delivery.
The charge measurement should be able to measure the charge at the same time as the mass

delivery. Each section of the charge/mass will have to be compared to see if for each time
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step the difference in both mass and charge is consistent. In the next section, the charge

measurement system will be designed and constructed.

3.2. Methodology of Charge Measurement

Seeing as both online and offline charge measurement systems would be needed to
accommodate the mass delivery designs #1-3, two separate designs were created and
manufactured. Online measurement means that real-time data for the charge and mass are
being collected to obtain the charge-mass ratio at that exact time frame. While offline
measurement means that the initial and final values for both charge and mass are collected,
and the net values for both are used to obtain the charge-mass ratio. The first design was an
online charge measurement system with a Faraday cup as a verification system, and the
second design was an offline charge measurement system using solely a Faraday cup

connected to an electrometer.

3.2.1 Charge Measurement Design #1

The two methods chosen for this system are an on-line measurement system and a Faraday
cup. The Faraday cup is used for verification, while the on-line system would be used for the
initial measurement. This was decided due to the simplicity of design for the on-line
measurement with easy and reliable charge results. The Faraday cup would be good for
validation, as many research articles use this method and they all show acceptable results.
The reason the Faraday cup isn’t the main charge measurement device is because the
Faraday cup measures the total amount of powder’s charge, while on-line measures
individual particles’ charge. This means additional steps would need to be taken to calculate

the charge of the particles using the Faraday cup.
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To compare the Faraday cup results with the on-line systems charges, the mass vs. time
collected by the balance must be matched up to the charge vs. time. Then the individual
seconds are compared for mass and charge to get a mass-charge ratio for each second the
system is in use. These results are then compared to the on-line system'’s data collected per

second using an oscilloscope.

Figure 9 displays the on-line measurement system with connections with respect to the
Faraday cup. The metal attachments are rigged up to an oscilloscope with an amplifier in the
middle. The amplifier is used to magnify the charge to read the charge on the graphs. The
magnification is x10”"7. The oscilloscope measures voltage drop between the initial starting
of the powder leaving the fluidized bed and the whole tube covered in aluminum. The tube
is covered in aluminum and acts the same as using a completely metal tube. As the charges
from the particles pass through the plastic tubing, it goes to the aluminum foil and the charge
on the foil gets read by the oscilloscope. Figure 10 displays the schematic for the voltage to
charge conversion. Using the oscilloscope and the amplifying circuit, the voltage is measured.
Already knowing the capacitance of the circuit, the following equation can be used to
calculate the charge of the particles within the system, where Vo is the voltage drop, C is the

capacitance, and Qinis the charged particles (Galayko et. al, 2015)

Cin (14)

The Faraday cup is at the end of the system and will be attached to an electrometer. The
electrometer will be used to measure the charge over a period of time. As stated above, it will

be the charge of the total amount of powder collected inside the cup. The charge will have to
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be divided by the mass of the powder collected by the balance, to obtain the mass-charge

ratio of the powder.

If the particle delivery from the previous designs is not consistent, charge cannot be looked
over a large section of time, it must be looked at each time interval individually to see if the

charge is consistently being measured throughout the whole testing time interval.

Plastic Tube with Metal Attachments

Mass Delivery System with E 5

Fluidized Bed and Hopper

Amplifying
Circuit

EEELX

Oscilloscope
(Red = Connection to Voltage, Green = Ground)

Faraday Cup and Balance

Figure 9. Diagram of on-line measurement system initial design.
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Figure 10. Schematic for charge to voltage converter.

3.2.2. Charge Measurement Design #2

The second design for the charge measurement was designed and constructed. This design
was intended to be implemented with particle delivery design #3, as both designs were
created to not have data collected in real-time. A 3D-CAD model of the new design was
created in Autofusion and can be seen in Figure 11. The new design depicts copper tubing
being formed into a helical shape inside a plexi-glass cylinder. This should assist in making
sure loose powder does not affect other electrical equipment, as it will be contained. In
addition, to ensure that the charged powder will not cause any extra problems, the charging
measurement section of the system will be in its separate location — away from the electrical
devices. The charge measurement coil is grounded, as the tests being completed are offline.
Therefore, the connection to the electrometer will now be stationed at the end of the Faraday

cup - rather than attached to the metal coil.
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Figure 11. Second Design for Charge Measurement

Figure 12 depicts the new charge setup. To ensure that the charged powder does not affect
any of the electrical equipment, a cylinder has been constructed to surround the Faraday cup
and the cup has been coated in conductive paint to ground the section of the system. As of
now, the charge will start at “0” initially, and after a period of time with the system running
the final charge will be collected. A net charge for the system will be completed (taking the

initial charge and subtracting the final charge).

Faraday Cup

Enclosed in

Protective Coil Charge
Cylinder On Top r Measurement
of Mass Balance *

L

Particle
Delivery with
Fluidized Bed
and Vibrator

Pressure Gauge and Air Drier Flowmeter

OOV

Figure 12. Schematic of new charge measurement and mass delivery system. The blue
arrows indicate airflow, the red arrows indicate airflow with particles, and the green arrow
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indicates the charge measurement aspect of the offline system once the mass has been
measured.

3.3. Methodology of Size Distribution and Protein Content Testing

Both size distribution and protein content tests are necessary to make sense of the data
collected from the real time tests. Size distribution tests are necessary as each powder has
varying particle size ranges, density, and other physical characteristics that can affect the
flowability of the powders and the particles’ ability to be charged. Protein content testing
was determined necessary for experiments using different powders mixed together and
experiments where the same powder has been sifted into size ranges. For experiments
where pure powder mixture were used, protein content was determined necessary as the
ratio collect at the end of the system could not be confirmed as the same ratio that started at
the entrance of the system. Experiments using different size ranges of the same pure powder
used the protein content testing to determine if the sifted size ranges have different protein

contents and if that has an effect on the charge.

3.3.1. Particle Size Distribution Test

Particle size distribution tests were completed using the software, Image]. Image] is an image
rendering software that provides the tools to isolate the particles and determine the area of
the particles shown in the pictures. The data can be organized and using the mean surface
average equation, the standard deviation and mean diameter of the particles can be
calculated. Histograms or scatter plots can be used to obtain a visual aid of the total scale of

size for each of the particles analyzed.
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3.3.2. Protein Content Test

The protein content test was completed using the Bradford Assay. This method requires the
powder to be prepared first by rehydrating the powder first with water and adjusting the pH
of the solution using NaOH. To prepare the Bradford reagent necessary for the Bradford
Assay, bovine serum albumin (BSA) is diluted with water and placed in a microcentrifuge
tube within a spectrophotometer. Using a blank tube containing water and the Bradford
reagent is mixed and absorbance readings are taken as a baseline. The assay is completed by
adding the powder to the Bradford reagent in microcentrifuge tubes. The mixture is inverted,

and absorbance readings are taken.
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Chapter 4. Results and Discussion

4.1. Particle Delivery Plan #1

Initially, airflow, diameter of tubing attached to the screw feeder, and mass of powders were
changed to determine the effects for particle delivery. It was seen that as airflow into the
system increases, the time of delivery decreases. In addition, as mass increases - the time for
delivery increases, and as the diameter of the particles increases, time for delivery decreases.
Even with the slowest airflow, and smallest diameter of particles, the time for the particles
to be delivered was extremely fast. This would not be acceptable, as the main objective is
constant mass delivery over a long enough period that the on-line system will be able to
collect measurements for both change in mass and charge over time. The reason for the
extremely fast powder delivery could be due to the powder going down to the screw feeder
in a downwards motion, the force of gravity forcing the powders downwards and the force
of the airflow acting as a jet could have been making the powder exit the hopper at a high

velocity - regardless of the other variable adjusted (Clayton, 2018).

Figure 13 shows the mass delivery of the screw feeder at 15 LPM for 10 grams. Looking at
the graphs provided for the mass using the screw feeders, the fluctuations in masses can be
seen. None of the trials over the same period of time have the same mass increase. The
fluctuations are coming from the high velocity of the airflow as it rushes through the system
(Marefatallah, 2019). To use the screw feeder, fluctuations would need to be accounted for
and the mass would have to be calculated for each time step. With both the extremely fast
delivery and the fluctuation of mass results, it was concluded that the screw feeder was not
suitable for this project’s objective and a new delivery plan would have to be implemented.
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Another issue with the design was the contact created by the tube and the inside wall of the
Faraday cup. The balance measures the force of the mass (force of mass = weight X gravity)
on top of the scale. Since this contact was occurring, an extra force was being placed on the
cup and was skewing the mass results. Even though the tube within the cup was at an
equilibrium - the force being applied was not and with the addition of the vibrator shaking
the tube inside the cup, the force was also constantly changing. In most cases, while
measuring mass this could be negligible - however the amount of powder being measured
is so small -any small changes caused by outside forces affect the balance. Therefore, in order
to prevent this extra force, the tube cannot touch any part of the cup or fixture that comes in

contact with the cup on top of the mass balance.
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Figure 13. Graph of initial mass delivery vs. time results over 10 trial runs.

4.2. Particle Delivery Design #2
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Results of the fluidized bed delivery system at 15 LPM using 10g +/- 1g of powder for 2.5

minutes are displayed below in Figure 14. The results show the same trend or shape of

powder delivery; however, the mass delivery is not the same each time, proving there is

some difference in the conditions that result in different amounts of mass being delivered

each time. Any of the previously mentioned issues with fluidized beds could be the reason

that the results are not repeatable. However, it is possible that with higher airflow, many of

the issues can become negligible. It was concluded that continuous particle delivery is

possible using the fluidized bed/vibrator hybrid, it just is not consistent delivery over a

period. Although it was not a reproducible mass delivery, instead of measuring the absolute

value of the charge, it was decided to report the charge per mass. The measurement of charge

per mass could correct this variability of the mass delivery.
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Figure 14. Graph for data collected from fluidized bed mass delivery vs. time.
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4.3. Charge Measurement Design #1

Using the charge measurement system, the following graphs could be obtained, as shown in

Figure
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a-c. As seen in the graphs, there is an initial spike to a certain voltage and decrease until the
voltage reaches Ov. This makes sense - to measure the voltage the ADC ground the circuit
reducing it to zero. But charge is the integral of current (area under the voltage curve) which
will not be zero. The data collected and graphed by Taghavivand shares the same trend when
looking at the online measurement, the only differences being the amount of powder
transported through the system and the unknown particle delivery device (Taghavivand,
2021). However, the machine ran for approximately 1 minute per test - and the results only
show around a quick spike of voltage around 10 seconds before returning to Ov. One possible
reason was due to the charged powder initially leaking from the top and coating the outside
of tube and grounding the metal clips used to collect charge. Even with the data collected,
none of the graphs showed consistent results. Another reason that the graphs were not able
to be consistent was due to the charge not being directed through the connections towards
the amplifier, but rather to any location on the charge measurement system that was not
grounded. This meant that the whole system needed to be re-evaluated and any section not
properly grounded needed to be reconnected to grounding wires. With all these issues
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stemming from the initial design of the online charge measurement system, a new set-up

using the offline charge measurement methods was decided upon.

In addition, electrical issues caused this design to be unfeasible. The loose powders not
collected by the Faraday cup would obtain charge and cause shocks along the surface of

anything not grounded. This caused electrical failures in the amplifier, oscilloscope, and mass

balance.
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Figure 15 a-c. Three graphs of initial online charge measurements.
4.4, Charge Measurement Design #2

The offline measurement system was completed, and initial tests were run with undried and
dried wheat flour. After confirmation that the machine could produce consistent results,
other powders were introduced into the system such as chickpea flour, milk powder, soymilk
powder, and soy protein. After pure powder trial runs had been completed as a baseline test,
particle size, airflow, powder mixture ratios, and protein content were analyzed and

compared in respect to the charge-mass ratio of the particles.

4.4.1. Pure Powder Charges

Initial tests were run using undried wheat flour, results can be seen in Table 2. The table
indicates a charge-to-mass ratio average of 1.9538 pC/g, which the charge averaging
2.8375uC and the mass being 1.4429g. These are believed to be acceptable results, as the
standard deviation between is quite low at 0.08525. The results from Table 2 were plotted
and can be seen in Figure 16. The graph shows a linear relationship for the mass of the

particles and the charge of the particles, this means that the charge mass ratio should remain
43



within the same range. In addition, specifically at the mass of 1.3g - there appears to be some

variation in the charge. While this should be the same charge at the same mass this could be

due to the powder not being dried and having moisture retained in the particles causing less

accurate results. Additional tests were also completed using chickpea flour, soymilk powder,

milk powder, and soy protein. To eliminate error coming from moisture content within the

powder, all pure powders were re-tested except for milk powder. Milk powder was not dried,

as the process of drying the powder was possibly too harsh and caused it to burn and be

unusable. Results for both dry and undried pure powders can be seen in table 3 and Figure

17.
Table 2. Initial Charge-Mass Ratio Test with Undried Flour
Trial | Massin Air Vibration Time Net Final Final Charge-
Hopper | Flow Level (minutes) | Mass (g) | Charge (uC) Mass
(8) (LPM) Ratio
(1C/g)
1 10 15 5 4 1.4 2.688 1.92
2 10 15 5 4 1.9 4.008 2.1095
3 10 15 5 4 1.7 3.449 2.0288
4 10 15 5 4 1.5 2.892 1.928
5 10 15 5 4 1.3 2.5 1.9231
6 10 15 5 4 1.3 2418 1.86
7 10 15 5 4 1 1.907 1.907
AVERAGE | 1.9538
STD. DEVIATION | 0.08525
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Figure 16. Graph of final net mass of the undried flour within the Faraday cup and the

respective charge in micro-coulombs.

Table 3. Pure Dried and Undried Powders Charge-Mass Ratio

Undried Pure Powders
Powder Initial Charge Net Mass | Final Charge | Charge-Mass
Directly in Cup (nC) (2) (ne) Ratio (uC/g)
Wheat Flour -0.0002 1.4429 2.8374 1.954
Chickpea Flour 0.0008 1.4667 9.582 6.540
Soymilk Powder 0 1.3833 6.6248 4.815
Milk Powder 0.0005 1.6125 3.778 2.312
Soy Protein 0.0003 1.933 14.311 7.649
Dried Pure Powders
Powder Initial Charge Net Mass | Final Charge | Charge-Mass
Directly in Cup (nC) (2) (nC) Ratio (uC/g)
Wheat Flour -0.0002 3.45 8.248 2.4462
Chickpea Flour 0.0008 1.0833 8.208 7.593
Soy Milk Powder 0 2.9 15.909 5.483
Soy Protein 0.0003 0.9333 7.8667 8.437
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Figure 17. Pure Powders Dried and Undried Charge-Mass Ratios of Wheat Flour, Chickpea
Flour, Soymilk Powder, Soy Protein, and Milk Powder

Looking at results obtained from both the dried and undried flour, there is an increase in
charge-mass ratio when the powder is dried. This is due to moisture being removed from the
powder as it is dried. When water is absorbed into the powder, the surface resistivity
decreases causing charge reduction. Vice versa, when the water is removed from the powder
in the form of drying, the surface resistivity increased in turn causing a greater charge. This
has been cited by both Rezende et al. in their research on charge distribution in insulator
surfaces and Karolina et al. in their research of the surface chemistry and humidity of
electrostatic powders (Rezende et al., 2009 and Korlina et al., 2017). Another reason the
charge-mass ratio of the dried powder is greater than undried powder is the flowability of
the dried powder resulting in a larger mass being collected and a greater charge-mass ratio.
Badawy et al. wrote about pharmaceutical wet granulation; within the research they talk
about the negative impact water absorption or wet powder has on flowability. This is due to

multiple reasons such as bridging powders to inhibit free movement or degrading material
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quality (Badawy, 2019). From the trials completed, all dried powders have larger charge-

mass ratio than the undried powder, confirming both theory and results.

4.4.2. Half-Half Compositional Powder Charge

To visualize the charge of a powder with a compositional mixture of 2 powders, chickpea

flour and wheat flour was mixed as a ratio of 25:75, 50:50, and 75:25. Trail runs were

completed, and the results can be seen in the table 4. Figure 18 shows the charge-mass ratio

of wheat flour, chickpea flour, and the mixture ratios graphed for comparsion.

Table 4. Charge, Mass, and Charge-Mass Ratios of Mixture for Wheat and Chickpea Flour

Mixture Ratio (Wheat Flour : Chickpea Flour)

Initial Mixture Ratio Final Mixture Ratio Net Final Charge-Mass
(Chickpea Flour: Wheat | from Protein Content Mass (g) Charge Ratiog (uC/g)

Flour) Tests 5 (119} HL/8
100:0 100:0 1.0833 8.208 7.5930
25:75 36:64 2.5000 6.4216 2.6082
50:50 63:37 1.0714 3.911 3.4933
75:25 70:30 1.3667 6.2433 4.6734
0:100 0:100 3.4500 8.248 2.4462
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Figure 18. Charge-mass ratio of wheat flour, chickpea flour, and 50-50 mixture.
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The results shown in Figure 18, show that the 50:50 mixture has a mass-charge ratio within
the range set by wheat and chickpea flours. Normally results would determine direct
correlation as seen with research completed, for example Anderson and Fox who not only
studied the effect of two powders being mixed but also chose to go one step further and
analyze 3 mixed powders using mathematical equations determined that the charge of the
powder mixture would be directly proportional to the ratio of powders mixed (Anderson &
Fox, 1995). However, the real-time experiment 50:50 mixture charge-mass ratio isn’t exactly
half-way in between the two charge-mass ratios of the pure powders. Possibly, a larger
amount of the wheat flour ended up in the Faraday cup rather than the chickpea flour. Since
the wheat flour has a lower charge-mass ratio if the end mixture in the faraday cup has more
wheat than chickpea - the charge-mass ratio will be lower. In addition, the 75:25 mixture is
not halfway between the 50:50 mixture and pure chickpea flour, this could be due to the
same reasoning mentioned above. To see if the hypothesis was correct, protein tests were

completed on the mixture ratio.

Results for the mixture ratio found through the protein content tests can be seen in table 4.,
while the final mixture ratios were not exactly the expected values, the values were very
close - there was not a high discrepancy. This makes it hard to then say there was an
imbalance of the expected ratio causing a non-linear set of results as shown. In fact, going of
the mixture’s ratios collected, each ratio had a higher amount of chickpea flour then
intended. Seeing as chickpea flour has a higher charge-mass ratio then all the mixture ratios

should be higher than their expected value, but instead results show a lower charge-mass
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ratio than expected for all mixtures. Therefore, the hypothesis above would not be able to

explain the charge mass ratio of the powder mixtures.

Another more likely hypothesis that would explain the discrepancy in the expected results
of charge-mass ratio would be the possibility of coagulation between particles. The belief is
that the pure wheat and chickpea flour do not stay separate and aggregate as the particles
get transported from the fluidized bed to the Faraday cup where the charge is measured.
When particles coagulate or aggregate, their surface properties can change, which can
influence their charge distribution and behavior. This could be due to the contacting surfaces
being exposed to new chemical environment that change the surface chemistry of the
particles, additional ion absorption from surrounding environment altering the charge
distribution and enhanced electrostatic interactions between the proximity of the
coagulated particles. The hypothesis that the coagulated particles influence the charge or
fluidization of the particles more than the individual pure powders can be backed-up by
research completed by Hakim et al. on the characteristics of fluidized aggregates of
nanoparticles within a fluidized bed, the same method of particle transportation used in this
thesis. The results indicated that the properties of the aggregated or coagulated particles had
a greater influence on the minimum fluidization velocity within the fluidized bed rather than
the primary nanoparticles individually (Hakim et. al, 2005). As previously discussed with
better fluidization, the charge-mass ratio or charge per particle should increase, therefore

an effect from the coagulated particles would be noticed.
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4.4.3. Sifted Powder Particle Size

To see the effect of particle size of the charge, chickpea flour was sifted using different size

ranges and trials were run, seen in table 5.

Table 5. Sifted Chickpea Flour Size Ranges and Charge-Mass Ratio

Size Ranges (um) Net Mass (g) Final Charge (uC) Chargal\é[;ls Ratio
38-60 0.1333 0.9740 7.410
90-106 0.5333 3.5710 6.7139
125-150 0.5333 3.3147 6.2145
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Figure 19. Sifted Chickpea Flour Size Ranges vs. Charge-Mass Ratio

Looking at table 5 and Figure 19. Sifted Chickpea Flour Size Ranges vs. Charge-Mass Ratio

which depicts a graphed comparison of the particle sizes vs. charge-mass ratio, as the size of

the particle increases the charge of the particle decreases. This can be due to multiple

theories. The first possible reason the results show an increase in charge-mass ratio with the

decrease in particle size could be due to the fact that large particles are generally governed

by their inertia, while smaller particles can depend on both turbulent effect and inertia of
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particles. Mehrtash explained that larger particles respond to changes in turbulent
streamline flow, as their response time is much higher than the turbulent time scale due to
a high Stokes number. Meanwhile, smaller particles have lower Stokes numbers - this can
result in them either completely following the streamlines and creating minimum
interaction with the surface wall or the particles can have just enough inertia where they can
collide with the wall but not enough to remain on the center turbulent streamlines, resulting
in repeated collisions with the surface material until exiting the tube (Mehrtash, 2021).
Therefore, the smaller particles will have more collisions with the wall, while larger particles

remain within the streamline flow and not collide with the surface material as much.

Another reason for the difference in charge-mass ratio could be chickpea flour is made by
grinding up chickpeas, therefore the particles are not uniformly made. Each particle is not
identical as some are protein bits and others are the shell or other starch particles (Samira,
2021). Seeing as the protein particles are smaller and are known to have a higher charge,
when the powder becomes sifted the larger shell particles are removed leaving protein
particles mostly. This would in turn cause a higher charge-mass ratio. Results from protein
content testing confirm that the highest protein content for size ranges came from the

smallest size range, confirming this theory and results.

4.4.4. Effect of Airflow
Airflow was examined to determine whether there could be an optimal airflow and to see if
it had an effect on the charge. Milk powder was used for the trials and airflow was changed

from 5-25 LPM in increments of 5SLPM. Reynolds number was calculated for each airflow to
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determine whether the flow in all cases would be laminar, turbulent, or intermediate. Results

can be seen in table 6 and the graph displayed in Figure 20.

Table 6. Effect of Airflow on Charge-Mass Ratio of Milk Powder

Reynolds
. Number Final Charge Charge-Mass
Airflow (LPM) (Laminar or Net Mass (g) (uC) Ratio (1C/g)
Turbulent)
2204.70
5 (Intermediate) 0.15 0.1878 1.229
4409.39
10 (Turbulent) 0.5 0.6911 1.458
6614.09
15 (Turbulent) 1.613 3.778 2.312
8818.78
20 (Turbulent) 3.871 7.306 1.889
11023.48
25 (Turbulent) 2.367 6.201 2.612
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Figure 20. Airflow of Milk Powder vs. Charge-Mass Ratio

Two plausible factors affecting airflow can be the phase of airflow (laminar, mixed, or
turbulent) and the impact in which the particles are hitting the contact surface. An increase

in airflow would create an increase in impact of the particles hitting the surface material. As
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stated in work completed by Matsuyama and Yamamoto, as particles hit the surface material,
the particles have a greater direct impact of force. They found the normal forces created by
the particles were proportional to the charge and determined that as the normal force of
impact increases, the charge of the particles increases as well (Matsuyama and Yamamoto,
1994). As shown in the results above, as the air flow rate increases from 5 to 15 and onwards

to 25 the charge-mass ratio increases which could be due to the impact force of the particles.

Due to the error bar, there is no, statistical significance difference between the results at 5
and 10 LPM while there is significance difference between 15 and either of 5 or 10. In
addition, the 20 LPM results show a decrease in charge-mass ratio, not following this trend.
The state of airflow being turbulent or laminar could possibly be used to explain this.
Mehrtash explains in his report that more particle-wall interaction occurs in lower air
velocity, whereas in higher air velocity, particles barely collide with the pipe wall before
exiting the pipe. Therefore, the particle collision at 5 LPM should be larger than at 10 LPM,
and 15 LPM should have larger collision numbers than 20 LPM. The greater charge-mass
ratio should be a result of larger collision numbers, so the charge-mass ratio at 10 LPM and
20 LPM should be lower than 5 LPM and 15 LPM respectively. Mehrtash also hypothesizes
that higher airflow shows an increase in charge could come from the smaller particles
passing through high air velocities trapped at the center eddies of the pipe flow and exit the
pipe before gravity force pulls them towards the pipe wall. So, the charge in the test runs
completed in this thesis show an increase as the airflow increases from 5 LPM to 25 LPM, but
certain airflows like 10 LPM and 20 LPM show a slight decrease which could be due to the

decrease in collision numbers (Mehrtash, 2021).
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[t is important to note that no optimal airflow working for every powder can be determined.
As mentioned above, different powders have various factors that affect the flowability.
Seeing as every powder tested is different, they will all have different values given to those
external factors that affect flowability, for example bulk density, frictional values, etc. (Lee
et. al, 1998). This can change the flowability of the particles and also how much powder is

needed to coat the surface of the inner faraday cup without having over saturation.

4.4.5. Effect of Protein Content

SEM results can be seen in the photos organized in figure 21. The figures below show the size
of the particles at 20 and 100pm. Using the photos below, average size distribution was
calculated using surface area mean, the values can be seen in table 7. After calculations, soy
protein and flour had the largest particle diameters at approximately 24 and 21 microns
respectively, while soymilk powder had the smallest particle size of approximately 11
microns. To display the full array of the of the particle diameter sizes per particle type,
histograms from the size distribution data collected from the SEM photos has been displayed
in Figure 22. The nutritional content of each powder’s, protein, and carbohydrates can also

be seen in table 7.

Magnification 100pm 20pm
Level

Milk Powder

100pMm  — SEl  3.0kV WO10mm 5540
SAMPLE 11 MILK POWDER
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Soymilk Powder

WD1omm ¥20) [ SEI  3.0kV  WD10mm 5540
SAMPLE 10

Chickpea Flour

WO10mm ¥200 100pm 10mm 5540

Wheat Flour

WD1omm SEI  3.0kV  WD1Dmm  S540 20pm
SAMPLE &

Soy Protein

£TRY
sl ¢ WDIOMmM 5540 ¥200 0 — SE| Wwoiomm 5540 ¥600 20pm  —

Figure 21. SEM particle distribution photos for all pure powders taken at 20 and 100
micrometers. Arrows on the chickpea 20- and 100-micron magnification photos are used to
identify the various types of particles within the flour. The red arrows indicate proteinaceous
matrix and fibrous particles, while the green arrows indicate starch granules.
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Particle Size Distribution Histograms
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Figure 22. Size distribution histograms from the diameter measurements obtained from the
SEM graphs in figure 21. The graphs are in the following order: a) milk powder, b) chickpea
flour, c¢) soymilk powder, d)wheat flour, and e) soy protein.

Table 7. Nutritional Content (Carbohydrate, and Protein) of Powders Used in Charge-Mass
Ratio Experiments and the Mean Diameter of Particle Size found from SEM Photos

Type of Powder MS:?tilZizn(eJrerf)Of Protein (wt%) Carbohydrate (wt%)
Wheat Flour 21.725 13.3333 70
Chickpea Flour 18.053 22 58
Milk Powder 16.703 26.9 38
Soymilk Powder 11.182 51 35
Soy Protein 24.294 26.9 38
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Figure 24. Carbohydrate Content (wt%) vs. Charge-Mass Ratio of Dried and Undried Pure
Powders

Nutritional content was compared to the charged of the dried and undried powders, seen in
figure 23-24. There does not appear to be a correlation between the charge of the particles
and the carbohydrates of the particles. Protein content shows that as the protein weight

percent (wt%) increases, the charge-mass ratio of the powders increases, however this is
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not consistent throughout all the powders used in the trial runs - as the chickpea flour does
not fit this trend. The protein increasing proportionally with charge-mass ratio is the
expected results, as research completed by Mehrtash showing computational and
mathematical results depicted that the relationship between protein content and charge-
mass ratio obtained would be directly proportional (Mehrtash, 2021). In addition, Landauer
and Foerst completed a study on particle contact number with tribocharging and the effect
protein content has on the separation process. The paper concluded the higher the protein
content, the higher the contact potential (which means higher work function) and therefore
with two particles of the same size, the particle with higher protein content will receive
higher charge transfer compared to the other particle of the same size with lower protein

content (Landauer and Foerst, 2019).

The chickpea results not fitting this trend could possibly be due to the density and size of the
particles, as it shown above that both factors can affect the charge-mass ratio. Size
distribution tests for all the pure powders were completed, it was concluded that soymilk
powder had a mean diameter of 18 microns with the other pure powders ranging from 11-
24 microns. Seeing as the chickpea flour had the median average diameter size of the particle
type sizes, it could be determined that the size of the particle most likely did not contribute

to the charge-mass ratio being an outlying point.

Looking at the SEM image of the chickpea powder in detail arrows have been used to indicate
which particles in the chickpea flour are proteinaceous matrix, fibrous particles, and starch
granules. The starch granules have been identified using the green arrows and resemble a

circular shape with no hard edges. The fiber and protein particles have more rigid and sharp
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shapes, examples can be seen identified with the red arrows (Tabtabaei et. al, 2019). In
addition, looking at the SEM pictures of different particles, the chickpea particles are more
round or circular in comparison to other particles like wheat flour and soymilk which are
flatter and more rigid. Particle shape can play a significant role in determining powder
flowability. Irregularly shaped particles can lead to interlocking, arching, and other flow
impediments that result in poor flow behavior. Spherical or regular particles, on the other
hand, tend to exhibit better flowability due to reduced interlocking tendencies and smoother
interactions. As mentioned above, the flowability of the particles plays a large role in varying
the charge-mass ratio. Research to support the hypothesis that particle shape plays a key-
role in varying the charge per particle was completed by Rezaei et. al who researched how
size, shape and density of biomass particles influence their transportation, fluidization, rates
of drying and thermal decomposition. The biomass used for this research was pellet particles
with a more circular shape and chip particles that have a more rectangular shape. Results
concluded that the pellet particles are less likely to aggregate to each other and will flow
easier than the chip particles. This identified that circular particles had better fluidization
than particles with more rigid edges. In addition, the research found that the shape or
morphology of the particles affected the flow properties more than the particle size (Rezaei
et. al, 2016). The spherical particles (chickpea and soy protein) have greater capabilities in
fluidization, and a greater charge-mass ratio, therefore it is hypothesized that the
morphology or shape of the particle plays a key role in effecting charge. In addition, the
particles for chickpea appear to be predominately smaller particles rather than larger
chunks all clump together. This would also result in better fluidization, as the larger chunks
would be harder to fluidized due to the greater mass of the particle. Seeing larger chunks in
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both soymilk and milk powder, this could explain why the soymilk powder has a smaller
charge-mass ratio than chickpea flour, which should not be the case if a larger protein

content results in a greater charge-mass ratio.

Results for this analysis show that not only does particle size, distribution, and shape play
key roles in determining charge-mass ratio of particles, but particle shape is more influential

than particle size.
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Chapter 5. Mathematical Modelling

To compare experimental results, mathematical modelling was completed to obtain the

work functions of the powders.

For the math modelling to be successful, appropriate collision values had to be obtained for
each particle type. Factors that would affect the collision number would be particle shape,
particle size, type of airflow (laminar/turbulent), shape of airflow pathway, and coagulation
of particles. While calculating the mean collision number would provide more accurate
results within the math modelling to account for all the variables mentioned above;
obtaining exact equations, research articles, and theoretical background that was necessary
was found to be out of the scope and timing for this project. The mean collision number was
determined by comparing the mean collision numbers found in a research paper written by
Matsusaka. The velocity and pipe length was approximately the same as the values used in
the real time experiments completed in section 4, therefore the mean collision number
obtained in the paper, 3, was used as an estimate value (Matsusaka et. al, 2002). Future
research will have to be completed to obtain exact collision numbers to display mathematical

modelling more accurately.

The efficiency of charging also had to be calculated in order to obtain the contact potential
difference. Matsuda formulated an equation to solve for collision number and can be

rearranged to solve for the efficiency of the charging, as seen in equation 15.

T[Dz%a‘rticle (15)

3mpaieripeﬂ )
4mpparticle Dparticle v

k =

25n, (1 +
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A diagram showing how equation 6 from section 2 and equation 15 are being implemented
is shown using the flowchart in figure 26. The mathematical modelling was carried out for

each individual pure powder, the calculated values can be seen in table 8.

Figure 25 a-b. a) Flow chart for math modelling of work function of particles and charge-
mass ratio and b) Replica of flow chart equations in place of word description for variables.
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Table 8. Mathematical Modelling Results for Pure Powders, Sifted Size Ranges, and Flour
Mixture Ratios

Pure Powders
Powder | Particle | Protein | Experimental | Mean Charging Contact
Type Size | Content, | Charge-Mass | Collision | Efficiency, k Potential
wt% Ratio (uC/g) | Number (eq. 15) Difference (V)
Wheat | 21.725 13.3 1.95 3 856x 1072 | 6.78x107°
Flour
Chickpea | 18.053 22 6.54 3 9.25x 1072 2.20x 1075
Flour
Milk 16.703 26.9 2.31 3 7.21 x 1072 7.21x10°°
Powder
Soymilk | 11.182 51 4.82 3 437 x 1072 1.62 x 107>
Powder
Soy 24.294 96.7 7.65 3 856x 1072 | 3.45x107°
Protein

The mathematical modelling shows a linear relationship between the contact potential
difference and charge-mass ratio, where both will increase with respect to each other. This
can be seen in Figure 26, where soy protein can be seen as having the highest charge-mass
ratio and contact potential difference. Inversely, the wheat flour has one of the lowest
charge-mass ratios and contact potential difference. Looking at the particle-to-wall collision
modelling done by Matsuda (equation 6 from section 2.4) as the contact potential difference
increases, the charge-mass ratio should increase additionally. This can be seen in other
research written by Trigwell et al. In the literature they studied the tribocharging of coal
versus other minerals for separation and used work function as one of the ways to discern a

change. When looking at the results, things such as surface oxidation/contamination,
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humidity and other external factors that are also factors of tribocharging charge-mass ratios

were factors changing or transforming work function (Trigwell et al,, 2001).

In addition, Figure 26 also displays the protein in wt% beside each data point, the modelling
also shows a linear relationship between protein content and contact potential difference,
with the exception of chickpea flour. As stated above in section 4.4.5. possible reasons for

this outlying powder type could be size and shape of the particle.
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Figure 26. Graph displaying relationship between calculations of contact potential difference
from math modelling and undried pure powder charge-mass ratios. The wt% of protein
content for each powder type is present beside the data point.

Removal of the chickpea flour was completed and results for both contact potential
difference and charge-mass ratio were analyzed. As shown in Figure 27, both contact
potential difference and charge-mass ratio increase proportionally as the protein content
increases. This matches the data collected and research articles mentioned in previous

sections, confirming results obtained by the real time experiments.
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Figure 27. Graph displaying protein content (wt%) vs. charge-mass ratio and contact
potential difference with the removal of outlying data point (chickpea flour).

As of current time, no new conclusions can be drawn from the mathematical modelling. With
future work including a calculated collision number, the effect of particle charge on contact

potential difference and work function could be completed.
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Chapter 6. Conclusions and Future Work

The objective of this thesis was to create a system that had consistent mass delivery and
tribo-charge measurement. This was with the purpose of running tests with multiple food-
grade powders and analyzing the chemical/physical make-up of the powders and their
relation to the protein content of the particles. There was 3 different mass delivery systems
designed and created. The current mass delivery system is able to constantly provide
transport of the powder particles, however it is not able to confirm consistent flow rate for
the particle delivery. For charge measurement, an online and offline system had been
designed to collect the charge of the particles. The currently used set-up for trials was the
offline system, as the online was not able to be fully sealed and had the capability to cause

electrical failures.

Trial runs were executed with the current offline mass delivery and charge measurement
system, and environmental factors such as particle size, mixture ratios, airflow rate, and
protein content were compared and analyzed. After running tests conclusions have been

made.

e Dried powder creates a higher charge-mass ratio than undried pure powders, due to
the flowability of the powder creating a higher mass and the removal of moisture
decreasing the electrical resistivity of the powders.

e Particles with smaller diameter sizes have a higher charge-mass ratio than particles
with a larger mean particle size. Theories for why this would occur include the effect

of turbulent flow vs. inertia, a greater number of particles resulting in a greater
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collision number, or reduction of surface area causing the charge collected per surface
area to be more concentrated or greater.

Powder mixtures will have a charge-mass ratio in between the range of the initial
pure powders mixed. In addition, as the amount of powder with a higher charge-mass
ratio increases, the charge-mass ratio of the whole mixture will increase. While the
initial belief was the relationship should be linear, the coagulation or aggregation of
particles cause variances in the charge-mass ratio.

As airflow increases, charge-mass ratio increases, due to influences of impact force of
particle and collisions numbers caused by the turbulent airflow pathways. It should
be noted, there is no optimal or “set” airflow.

Particle protein content is directly proportional to charge-mass ratio, as the protein
content increases, the charge-mass ratio increases. Chickpea flour was an outlying
powder type that did not fit the relationship, due to particle size and shape. From this
data however, it was concluded that particle shape was more influential in charge per

particles, than particle size.

Mathematical modelling was also used to determine the effect of the work function for the
particles. It was concluded that as the charge-mass ratio increased, the contact potential
difference increased respectively. In addition, it was seen that as the protein content
increased, the contact potential difference increased respectively. Explanations for both
results had already been mentioned in the real time experiments, and seeing as these results
as well were already anticipated, no new conclusions could be drawn from the math

modeling.
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In conclusion, tribocharging can be seen as a dangerous process when it comes to safety in
certain machine operated work environments. But, in industries such as the pharmaceutical,
automotive, and more notably the food industry - tribocharging can be seen to have massive
benefits and create smooth-operating processes. In order for this to occur it is important to
note the effects of the physical and chemical properties that could affect the powders used

in the tribocharging process.

Further research should be conducted to determine the effects of humidity on tribo-charging
and how it can be correlated with protein content results or other environmental factors.
Another external factor to be tested would be acidity and basicity to determine functional
groups within powders and then correlate them with charge. In addition, calculations to find
the exact mean collision numbers for different particles and their external factors could
result in more accurate or precise modelling for the effect of particle charge on contact

potential difference and work function could.
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Chapter 7. Appendix A

7.1. 3D CAD Drawings

Figure 28. 3D CAD drawing of auger used in the screw feeder for mass delivery design 1.

Figure 29. 3D CAD Drawing for bottom half of screw feeder and hopper for mass delivery

designs 1 and 2.
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Figure 30.3D CAD drawing of hopper holder used for mass delivery design 1.

Figure 31. 3D CAD drawing for the hopper holder used for mass delivery design 2 and 3.
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Figure 32. 3D CAD drawing for tube used for connection to screw feeder and the hopper in

mass delivery design 1 and 2.

Figure 33. 3D CAD drawing or spacers on the current charge measurement container used

to attach clasps.
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Figure 34. 3D CAD drawing of the bottom and top lids for the charge measurement design 2

container used to hold the Faraday Cup.

Figure 35. 3D CAD drawing for lid used on Faraday cup for charge measurement design 1

and 2.
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Figure 36. for addition to figure 30's container top used to allow access to the cable

connected to the Faraday Cup

Figure 37. for a sleeve used to provide an airtight seal to the Faraday Cup lid shown in figure

30. This is used in tandem with figure 34, spacers connected to the sleeve.
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Figure 38. 3D CAD drawing for spacers attached to faraday sleeve (figure 33). Used to

provide airtight seal to Faraday Cup and Faraday Cup lid (figure 31).

Figure 39. 3D CAD drawing for connection for hopper to tube used in mass delivery design

3.
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Figure 40. 3D CAD drawing for hopper lid with connection to airflow used in all mass delivery

designs. The addition of the O-ring cutout was only inputted in design 3.

Figure 41. 3D CAD drawing for filter lid used on the top of the mass delivery container lid

(figure 30). Used to allow air to escape the container.
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Figure 42. 3D CAD drawing for opposite side of the hopper lid (figure 36), used to provide

an airtight seal. This was designed for mass delivery system 3.
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7.2. Manufacturing 2D-Drawings for Parts
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Figure 44. Manufacturing 2D-drawing for bottom half of screw feeder and hopper for mass

delivery designs 1 and 2.

78



|
257.81
)
%
I

- et
Francesca Madan ZUZlDT—Uﬂ
B BTy

103.03 Funnel_Holder

= ‘:w-m B

m
T 2 T 3 T ‘ T 0 T 0 T T

R332

R14 .
/v
c
| @ |
e
e L 3

- £ T [ et i
Francesca Madan 2023-07-05|
B By

F Hopper_Holder

T 3 T 3 O I 0 O T 7 T

| 11

Figure 46. Manufacturing 2d-drawing for the hopper holder used for mass delivery design 2

and 3.
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Figure 47. Manufacturing 2D-drawing for tube used for connection to screw feeder and the

hopper in mass delivery design 1 and 2.
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Figure 48. Manufacturing 2D-drawing for spacers on the current charge measurement

container used to attach clasps.
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Figure 49. Manufacturing 2D-drawing for the bottom of the charge measurement container

in design 2 holding the Faraday Cup.
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Figure 50. Manufacturing ZD-drawing for the top of the charge measurement container in

design 2 holding the Faraday Cup.
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Figure 51. Manufacturing 2D-drawing for lid used on Faraday cup for charge measurement

design 1 and 2.
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Figure 52. Manufacturing 2D-drawing for addition to figure 31's container top used to

allow access to the cable connected to the Faraday Cup.
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Figure 53. Manufacturing 2D-drawing for a sleeve used to provide an airtight seal to the
Faraday Cup lid shown in figure 32. This is used in tandem with figure 34, spacers connected

to the sleeve.
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Figure 54. Manufacturing Z2D-drawing for spacers attached to faraday sleeve (figure 33).

Used to provide airtight seal to Faraday Cup and Faraday Cup lid (figure 32).
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Figure 55. Manufacturing 2D-drawing for connection for hopper to tube used in mass

delivery design 3.
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Figure 56. Manufacturing 2D-drawing for hopper lid with connection to airflow used in all

mass delivery designs. The addition of the O-ring cutout was only inputted in design 3.
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Figure 57. Manufacturing 2D-drawing for filter lid used on the top of the mass delivery

container lid (figure 31). Used to allow air to escape the container.
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Figure 58. Manufacturing ZD-drawing for opposite side of the hopper lid (figure 37), used to

provide an airtight seal. This was designed for mass delivery system 3.
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