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Chapter 1: Introduction

1.1 High Voltage Contact Electrophoresis

Electric fields have been used to manipulate charged water droplets in insulating oils since the
early 1900s. Robert A. Millikan studied the movement of charged droplets in a uniform electric
field to determine the charge of an electron.! Electrostatic dehydrators have been used in the
petroleum sector to separate water from crude oil mixtures.2 Applying strong electric fields to
moving emulsions has been shown to induce the clustering and coalescence of scattered water
droplets.? In atmospheric science, the effects of electric fields on droplet impact and coalescence
have been examined to elucidate the evolution of cloud droplet size distribution for rain
enhancement and fog elimination.*® More recently, electric fields have been used to control
charged droplets in inkjet printers,® electrowetting devices,” and solute delivery for biological
applications.2 Control of charged droplets has also been used in microfluidic devices.®*® For
example, electric fields have been used to move droplets across streamlines,***° induce or prohibit
droplet coalescence,*?'%” or move droplets against the flow in small channels.!® Other
applications regarding electrical manipulation of charged droplets includes surface dewetting,®

droplet formation,?>?! electroporation of cells,?>% and simulating emulsion stability.?*

In all above cases, the measurement of charge acquired by the droplet is of fundamental
interest as the charge determines the coalescence behavior, direction, and magnitude of movement.
A limiting prediction derived by Maxwell? for the amount of charge Q a perfectly conducting

sphere acquires upon contacting a planar electrode is given as

2 3 2
Q= 3T €0 E (1.1



where a is the radius of the sphere, E is the applied electric field, and ¢, is the permittivity of the
surrounding fluid. Though the acquired charge of a droplet has mostly followed this dependence,
for unclear reasons experimental corroboration of this theoretical quantity remains elusive. For
example, metal particles have been observed to obtain less charge than Maxwell predicted.?6-%

Deviations between recent work and charge predicted by Maxwell were as high as 66%.2

Aqueous droplets have also been observed to acquire less charge than predicted by
Maxwell 21720233133 The derived prediction is based on a perfectly conducting spherical particle
contacting a planar electrode, however droplets are less conductive compared to metal particles
which may affect the redistribution of charges on the surface of the droplet. Additionally, droplets
are deformable and form Taylor cones as they approach electrodes.®*-* Other discrepancies from
theory include droplets acquiring different amount of charge at positive and negative electrodes®3-
33,3642 and an observed time-dependence of droplet charge during the application of high voltage
and concurrent droplet bouncing.®** Justification for these deviations from Maxwell’s prediction

remains unclear.

Extant theory for the charge a droplet or metal particle acquires considers only the electric
properties of the conducting sphere and the surrounding insulating fluid. An implicit assumption
by Maxwell and previously mentioned studies has been that the effect of external environmental
conditions, specifically the ambient air humidity, is negligible during the charging process of
droplets or metal spheres. However, there are important reasons to suspect that the ambient
humidity might play a role. At much larger scales, high voltage transmission lines are used to
transmit electrical energy from generators to substations, and numerous studies have examined
efficiency of transmission networks** and methods to detect and reduce “current leakage” of

contaminated transmission lines under high humidity.**° In regard to droplet electrophoresis for



lab-on-a-chip systems, Yang et al.® recently examined how induced surface charges on plastic or
glass cuvettes varied with ambient humidity and thus affect the charge acquired by a droplet inside
the cuvette, however, no mechanism was provided for the effect of humidity on cuvette surface

charge development and subsequently droplet charge acquisition.

1.2 Chemical Engineering Education

In recent years, colleges and universities have accepted the challenge to broaden participation and
diversity across STEM fields and more specifically, the engineering profession. Studies have
shown the need for diversity in engineering for creating an engineering workforce that’s
representative of the U.S. population, providing access to social and economic capital obtained
through an engineering degree, and contributing towards innovative and socially conscious
engineering solutions.*” The pandemic-induced transition to remote instruction, however, has
contributed to declining matriculation rates in engineering*® and many undergraduate students are
reportedly struggling to stay committed and engaged in their courses.*® These challenges

emphasize the need to increase recruitment and retention of diverse students into the discipline.

One pathway towards this goal is through introductory design experiences that bridge the gap
between fundamental engineering concepts and application, enabling students to acquire technical
skills and apply practical knowledge to new methods and non-conventional challenges.>®>? These
experiences are particularly impactful for underrepresented students in engineering due to their

relatable context®°* and ability to enhance self-confidence, fulfillment, and community.>*->8

Typical introductory engineering classes require students to have prior knowledge of advanced
mathematical and physical concepts. These prerequisites complicate efforts to create entry-level,
introductory pedagogy for engineering or non-engineering students. Although course activities

expose students to the engineering discipline, they lack the hands-on component commonly used

3



to enrich learning.®® Many introductory-level courses do not offer students a laboratory experience
since authentic engineering exercises often involve large and hazardous processes in addition to
extensive laboratory and calculation time that may not be practical for first-year studies.®
Additionally, introductory math and science courses that are competitive and lack engagement can
deter students from pursuing an engineering degree.®*®3 However, engineering design and
problem-solving activities that use comprehensive teaching strategies to challenge students to
innovate have proven to be more effective in engaging and inspiring students, contributing to

recruitment and retention in engineering disciplines.®*°

1.3 Goals and Outline of This Dissertation

This dissertation is split into two objectives: (1) to better understand the effect of relative humidity
(RH) on charge transfer between metal electrodes and water droplets and (2) to assess the impact
of The Design of Coffee®, a general education, introductory chemical engineering course, on non-
STEM students’ ability to understand fundamental chemical engineering principles and the impact
of the course on their decision to major in STEM disciplines. Towards the first objective regarding

humidity, the following questions are addressed in Chapter 2 and Chapter 3:
o Why are positive charges generated between a metal-metal junction under sufficient
applied voltage?
o How does the positive charge accumulated change with time and relative humidity?
o How do these positive charges compare to the surface charge of a cuvette apparatus?
o Can the accumulated positive charge change the droplet charge ratio (Q,/Q_)?

The charge dynamics of a metal clip-metal electrode pair for different applied voltages,
different metal-metal connections, and varied humidity are examined in Chapter 2. Examination
of charge induced by applying a high voltage to a metal electrode via a metal alligator clip reveals

that the expected capacitive charge after high voltage application is followed by an increase in



charge at sufficient humidity levels. The excess charge persists after removing the applied voltage
and physically removing the electrode from the Faraday cup for all metal connections. The results
are interpreted in terms of a corona-onset, water ionization mechanism where the volume of space
at the corners of the electrode produces the necessary field strength to ionize water molecules by
collision. Positive water ions formed during the collision drift towards the Faraday cup and give
rise to a continuous unipolar current measured by the nanocoulombmeter connected to the Faraday
cup. A scaling analysis suggests that the surface charge of positive ions from corona onset is of
comparable magnitude to the surface charge density of the high voltage electrode in a droplet

cuvette apparatus.

Chapter 3 investigates the effect of ambient air humidity on the experimental parallel-
electrode apparatus and the droplet charge ratio. Previous studies have implicitly assumed that
external environmental conditions are negligible during the charging process of water droplets,
however, our results indicate that the charge on the apparatus increases with time and relative
humidity. Further experiments examined the positive and negative charge acquired by a droplet
from 40% RH to 100% RH and revealed that the average droplet charge disparity is reduced to
1.10 at 100% RH from 1.49 at 60% RH. Following the results of chapter 2, the generated positive
ions are hypothesized to remain either on the air-oil interface or diffuse into the oil and quickly
move to the oppositely charged electrode in the absence of the Faraday cup. A scaling analysis
indicates that the surface charge density of positive ions on the interface is orders of magnitude
larger than the surface charge density of the HV electrode, however, the extent to which the ion-
induced non-uniform electric field penetrates the oil is unclear. The charge accumulation results
presented in this chapter offer insight towards the reported time-dependence of droplet charge

acquisition.



The following questions regarding the impact of The Design of Coffee (TDOC) on students’
gains in achievement and decisions to major in STEM are addressed in Chapter 4 and Chapter 5:
o Are first-year non-STEM students more likely to change into STEM majors after taking
The Design of Coffee compared to first-year non-STEM students that took a
comparable introductory food science course?
o How does the laboratory component of The Design of Coffee influence student’s
decisions to pursue a chemical engineering degree?

o Can first-year non-STEM students gain a better understanding of fundamental fluid

mechanics after performing experiments with an AeroPress coffee brewer?

The effect of The Design of Coffee on first-year non-STEM students transitioning into and
persisting in STEM majors is presented in Chapter 4. Students were divided into two groups:
“STEM leaning” for students that took a “core” STEM course during their first year, and “STEM
avoiding” for students that did not take a “core” STEM course in their first year. A detailed
statistical analysis comparing both groups revealed that STEM leaning students were significantly
more likely to change into and graduate in STEM majors after taking TDOC, compared to STEM
leaning students that took the comparable introductory food science course, prior to pandemic-
initiated remote instruction in Spring 2020 (58.1% vs. 39.3%, p = 0.042). At least 12 students
were found to have changed their major into chemical or biochemical engineering after taking
TDOC since the course was piloted in 2014 and have since graduated. Students that were available
for interviews spoke of the significant impact this course played in changing the trajectory of their

academic journey and career.

Chapter 5 investigates the effect of a fluid mechanics laboratory module in TDOC, titled
“Pressure Driven Flow through Coffee Grounds”, on students’ gains in achievement towards

learning objectives on Darcy’s Law and communication and interpretation of technical data.



Students performed hands-on experiments with an AeroPress brewer that allowed them to
simultaneously measure the manually applied pressure difference and the resulting flow rate of
brewed coffee. Multiple-choice quizzes were administered before and after the laboratory session
and classification of educational learning objectives for each quiz question was determined
following Bloom’s Taxonomy.” Approximately 1/4" of the student population showed
statistically significant improvement on the “Apply” questions (p=0.0005 & p=0.0132) after
participating in the laboratory activities. Students were additionally required to plot their flow rate
for different applied pressures and different grind sizes and interpret their data in the context of
Darcy’s Law. Over 50% of the population scored “good” or above on graphing and interpreting
their technical data. A brief discussion on how the AeroPress module can be incorporated into

existing first-year classes concludes this chapter.

Finally, Chapter 6 summarizes the key results of this work and presents potential areas for

future investigation.



Chapter 2: High Voltage Electrodes in Moist Air Accumulate Charge that is
Retained After Removing the Electric Field

2.1 Abstract
Applying a high voltage to a metal electrode that is disconnected from a circuit rapidly induces a
capacitive charge, which quickly relaxes after removing the applied voltage. Here, we report that
if the electrode is placed in air at sufficiently high relative humidity and provided the connection
between the high-voltage supply and the electrode is composed of two different metals, then the
expected capacitive charge is followed by a gradual increase in charge. Surprisingly, this extra
charge persists after removal of the applied voltage and even after physically removing the
electrode from the Faraday cup used to measure the charge. We report the median charge, average
charge rate, and residual charge for different applied voltages, different metal-metal connections,
and varied humidity. We interpret the results in terms of a proposed water ionization mechanism,
and we discuss the implications of the findings for high voltage fluidic systems.
2.2 Introduction

High voltage electric fields are used for a variety of systems and applications, including in
lab-on-a-chip devices that require droplet merging?®, mixing®®, cell sorting®®, inkjet printing®®, and
various biological applications.?"® Many research groups®14313241.68.71 have also examined the
electrophoresis of charged droplets in a high voltage, parallel-electrode system to probe the
mechanism of droplet charge acquisition. A limiting prediction derived by Maxwell?® for the

amount of charge Q a perfectly conducting sphere acquires from contacting a planar electrode is

2 3 2
Q= 3T 80 E (2.1)

where a is the radius of the sphere, E is the applied electric field, and ¢, is the permittivity of the

surrounding fluid. Although experiments with charged droplet electrophoresis have generally

8



corroborated these predictions, frequent deviations from theory have been encountereg?3!-33:36.39-
42 even for solid conducting spheres.?:7273

According to Maxwell’s theory, the magnitude of the charge acquired by the sphere should
be independent of the polarity of the electrode, but numerous studies have indicated that droplets
acquire more positive charge than negative charge for the same values of a and |§ | For example,
Eow et al.®! examined the phenomena of drop deformation and break-up under applied electric
fields during the translation of a drop between two electrodes. For all applied electric fields tested,
the velocity of the droplet after contacting the positive electrode was larger than the velocity after
contacting the negative electrode. Jung et al.*? studied the electrical charging of a water droplet at
an electrode and observed a larger velocity of the droplet after contacting the positive electrode
compared to the velocity from the negative electrode, indicating that the droplet regularly acquired
more positive charge than negative charge. Im et al.*® examined the charging process of a bouncing
droplet using a high-resolution electrometer and an image analysis method. They reported the
negatively charged droplet velocity as 5.1 £ 0.08 cm/s (n = 77) and the positively charged droplet
velocity as 5.9 + 0.03 cm/s (n = 64). Elton et al.}* presented a current regression technique to
measure the charge transferred to a droplet for a range of applied potentials and found that the
positive charge was on average 69% greater than the negative charge. Finally, Elton et al.*?
investigated the effect of droplet conductivity on the formation of bumps and craters on electrodes
during charge transfer. They demonstrated that Joule heating due to high current densities during
the charge transfer event locally melts the electrode, and the expansion of the plasma jet during
dielectric breakdown pushes the molten material outwards whereupon it cools and solidifies to
form a crater. For the range of KCI concentrations tested, the ratio of positive charge acquired over

negative charge acquired by a droplet was always greater than unity. The bump and crater model



provided no explanation, however, for why the droplets received more positive than negative
charge.

In addition to this charging asymmetry, a pronounced time-dependence of the droplet
charge has also been observed.*3% Elton et al.*3 conducted a bounce-by-bounce analysis of droplet
charge acquired after contacting an electrode, and they observed on average a 2.5% decrease in
positive charge acquired and a 0.8% decrease in negative charge per 30 seconds of applied high
voltage and concurrent droplet bouncing. No explanation was provided for this trend. Taken
together, all of the forementioned results indicate that there exists some unidentified confounding
factor in the high voltage systems that causes systematic deviations from the theoretical prediction
of Maxwell’s charge.

One recurring theme is that none of the work listed above considered or reported the
ambient air humidity. This omission is not surprising, since extant theory for the charge considers
only the electric properties of the droplet and insulating fluid it is immersed in, not the surrounding
air. There are important reasons to suspect that the ambient humidity might play a role, however.
At much larger scales, high voltage transmission lines are used to transmit electrical energy from
generators to substations, and numerous studies have examined efficiency of transmission
networks*® and methods to reduce “current leakage” of contaminated transmission lines under high
humidity.** More specifically for lab-on—chip systems, Yang et al.®* examined how induced
surface charges on plastic or glass cuvettes varied with ambient humidity and thus affect the charge
acquired by a droplet inside the cuvette. They also observed time-dependent changes in droplet
charge acquisition from surface charges and reported a decrease in the absolute difference between
negative and positive charges acquired at each electrode as relative humidity increased. In trials

over 50%RH, the effect of surface charges was minimized and the charge disparity was
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significantly decreased. In their work, however, no mechanism is provided for the effect of
humidity on surface charge development on the cuvette apparatus.

The goal of this chapter is to address the role of ambient humidity on charge acquisition in
high voltage systems. Toward this goal, we investigated a simplified system of just a single metal
electrode suspended in air in an otherwise empty Faraday cup.

Surprisingly, applying a high voltage potential to this seemingly simple system yielded
anomalous charge dynamics, provided two criteria are satisfied: the ambient humidity is
sufficiently high, and a metal-metal junction between two metals is present. We show that although
the applied voltage is constant, the measured voltage and thus charge in the Faraday cup increase
with time depending on the magnitude of the applied voltage and the relative humidity (RH).
Furthermore, in trials where charge accumulation occurred, residual charge was left in the Faraday
cup after shutting off the potential, and even after removing the metal electrode. This observation
suggests that the positive charge accumulated during the trial does not remain on the metal
electrode but remains on the surface of the Faraday cup itself. We hypothesize that the results are
consistent with a corona onset or ‘dark discharge’’* mechanism in humid air, and we discuss the
implications for droplet charge acquisition experiments in high voltage systems.

2.3 Experimental Methods

The experimental setup for measuring charge under varied relative humidity conditions is
illustrated in Fig. 2.1a. A Faraday cup was placed inside a 0.29 m® glove box (approximately 0.9
m x 0.6 m x 0.5 m) with petri dishes of saturated salt solutions to control the humidity. The
Faraday cup (Advanced Energy Monroe, Model 284/22A) consisted of two concentric metal cups

with a 1-inch insulating expanded polystyrene layer between them. The inner metal cup is directly

11



connected to a nanocoulombmeter (Advanced Energy, Model 284) whereas the outer metal cup is

connected to ground.

(a) Glove Box ﬁ

High Voltage ) _
Power Supply Alligator Clip Hygrometer

Electrode ——| === Nanocoulombmeter

Faraday Cup —a
] Insulator

solution

Petri dishes with salt )

12
(b) -® 8t (c) e

9 @ T
) o G °l o
£ s e S o &
o R 0“_4- e ®

3r @ 2

0

0 L 1 L " I
1 2 3 4 5 6 0 150 300 450 600 750 900

Voltage (V) Area (mm2)

Figure 1. (a) Schematic of experimental setup. The nanocoulombmeter reads the charge of the metal(s)
in the Faraday Cup. (b) The steady induced charge of a stainless-steel alligator clip attached to a copper
electrode (400 mm?) for different applied voltages at 50% relative humidity. There are 30 trials for each
voltage (Nyo; = 150). The red dashed line is the linear regression. (¢) The steady induced charge of a
stainless-steel alligator clip attached to different-size copper electrodes at 50% relative humidity and
3.3 kV applied potential. There are 3 trials for each tested area Ny, = 18. The blue dashed line is the
linear regression.

When a charged object is placed inside the Faraday cup, current is generated by electrons
moving in response to the charged object. This current passes through the nanocoulombmeter, a
charge amplifier that contains an operational amplifier (op-amp) integrator. In the op-amp

integrating circuit, the output voltage is the integration of the input voltage over time. Placing a

12



charged object in the Faraday cup generates the input voltage for the circuit and integration is
achieved by charging or discharging the capacitor in the feedback loop. Since Q = CV, the output
voltage of the op-amp integrator is directly proportional to the charge of the object in the Faraday
cup.

Preliminary validation experiments were conducted to test the impacts of applied voltage
and area of the metal electrode in relatively dry air. The classic expression for capacitive charge

in a parallel plate configuration is

= , (2.2)

where C is the capacitance, Q is the charge stored in a capacitor, VV is the voltage, ¢, is the
permittivity of free space, € is the permittivity of air, A is the area of the electrode, and d is the
distance between the plates.”® In our experimental apparatus, the relevant charge Q is the charge

in the Faraday cup quantified by the nanocoulombmeter, denoted as @, while A is the area of the

electrode and d is the distance between the electrode and the inner metal cup. Although our
geometry is more complicated, we use Eq. 2.2 as an estimate to interpret the charge in the Faraday
cup and test whether it scales linearly with voltage and electrode area.

The analog output voltage signal from the nanocoulombmeter was recorded using a digital
acquisition card at a rate of 1 kHz and recorded using LabVIEW software. Before starting a new
experiment, the inner metal cup was wiped clean of debris with acetone and the meter was tared
using a momentary contact switch which discharges the integrator.

Metal sheets (Copper, Zinc, Aluminum, Nickel, Titanium) were cut into 50 mm long, 8
mm wide, and 1mm thick electrodes. For preliminary area validation tests, a Imm-thick copper

sheet was cut into separate rectangles, with dimensions 75 mm? (10 mm x 7.5 mm), 150 mm? (10
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mm x 15 mm), 200 mm? (20 mm x 10 mm), 300 mm? (10 mm x 30 mm), 400 mm? (20 mm X
20 mm), and 800 mm? (20 mm x 40 mm). Prior to each experiment, the metal electrode and
alligator clip were sonicated in isopropanol, acetone, then water individually for 10 minutes each
before being dried with pure nitrogen gas.

Saturated salt solutions of KNOs, NH4Cl, NaCl, K.COgz, and KC,H30> were prepared in
1L of DI water (18.2 MQ/cm) and were distributed roughly equally between Petri dishes. In order
to maintain 30%, 50%, 70%, 80%, 90%, and 95% RH in the glove box’®, the petri dishes of solution
were left in the glove box overnight, approximately 12 hours. Experiments were initiated after the
hygrometer (Fisher Scientific) maintained the desired relative humidity for an hour.

Before conducting a trial, a metal alligator clip was connected to the high voltage power supply
(Trek 610E) by an insulated copper wire and an electrode was held in place at the mouth of the
alligator clip. The metal alligator clip and electrode were suspended in the Faraday cup by the
insulated copper wire, without touching the inner cup surface. For each experiment, the meter was
tared before background data was collected. After 5 seconds, high voltage was applied to the metal
clip-electrode pair for either 1 minute for copper electrodes or 5 minutes for aluminum, titanium,
nickel, and zinc electrodes. Once the time limit was reached, the high voltage was shut off and the
alligator clip and electrode were removed from the Faraday cup. Data collection continued for 5
to 60 more seconds before concluding the trial. All metal-metal combinations tested in this study

are shown in Table 2.1.
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Inspected Metal Combination Shape Tested Tested # of
Voltage(s) | %RH Experiments
(kV)
clip - electrode 15-55 | 50-100 603
Stainless-Steel - Copper clip - tape 3.3 30 -100 16
clip - clip 3.3 100 6
clip - plate 3.3 100 16
Stainless-Steel — Stainless-Steel | clip - tape 3.3 100 44
clip - electrode 3.3 100 14
clip - tape 3.3 100 9
Copper - Aluminum clip - foil 3.3 100 3
clip - electrode 3.3 100 9
Copper - Nickel clip - electrode 3.3 100 9
Copper - Titanium clip - electrode 3.3 100 7
Copper - Zinc clip - electrode 3.3 100 5
Copper - Lead clip - electrode 3.3 100 5
Copper - Tin clip - electrode 3.3 100 14
clip - electrode 3.3 50, 100 21
Copper - Copper clip - wire 3.3 100 6
clip - tape 3.3 50, 100 48
clip - clip 3.3 100 10
Copper — Stainless-Steel clip - plate 3.3 100 5

Table 2.1. Relative humidity and number of experiments for all metal-metal combinations.

2.4 Results

Our preliminary validation experiments corroborated the validity of equation 2, at least for

sufficiently low voltages and relative humidities. With a 1 kV step increase in applied potential, a

linear relationship was observed between the applied potential and the measured charge in the

Faraday cup (Fig. 2.1b). A linear increase with electrode area at constant applied potential was

likewise observed (Fig. 2.1c). The larger amount of apparent noise in the area plot was presumably

due to small sizing variations (+ 5%) in the metal electrodes. It is important to note that all trials

in Figure 1b,c were conducted at 50% relative humidity; at higher RH, as shown below, the

assumption of a single charge value after application of the high voltage no longer holds.
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A representative trial of the transient dynamics of charge acquired by a stainless-steel
alligator clip and copper electrode at 50% RH and 95% RH reveal a significant impact of humidity
(Fig. 2.2). With the relative humidity maintained at 50%, application of a 3.5 kV potential to the
clip and electrode after 5 seconds immediately induced a positive capacitive charge (+Q.qp), in
this case approximately 7 nC (Fig. 2.2b). For the duration of the applied voltage, the charge in the
Faraday cup remained constant at 7 nC. After 60 seconds, the applied voltage was removed and
the charge in the Faraday cup immediately dropped by the equal and opposite decapacitive charge
(—Qcap)- as expected for a capacitive charge in a system connected to ground. After approximately
90 seconds from the beginning of the trial, the clip and electrode are removed from the Faraday

cup, with no apparent impact on the near-zero charge, as expected.
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Figure 2.2. (a) Representative example of charge acquired by a stainless-steel alligator clip and copper
electrode in the Faraday cup at 50% relative humidity. Yellow regions denote time periods where the high
voltage is deactivated; the green region denotes the time period when the high voltage is applied; the red
region denotes the time period after the electrode and clip were physically removed from the cup. (b)
Representative example of charge acquired by the same clip-electrode pair in the Faraday cup at 95%

relative humidity. Colors same as in (a).

Qualitatively different results were obtained at 95% RH using the same electrode system
(Fig. 2.2b). After the potential was applied, the charge in the Faraday cup immediately jumped to
a similar capacitive charge near 7 nC. In contrast to the 50% RH trial, however, the measured
charge steadily increased over the duration of the applied voltage, increasing to about 15 nC over

60 seconds, i.e., more than doubling. No visual or auditory evidence of dielectric breakdown was
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observed during the high voltage application. Upon removal of the high voltage, the charge in the
cup immediately dropped by an amount close to the initial capacitive charge of 7 nC, but leaving
a significant residual charge of 15 nC, denoted here as Q,esigua;- A further 30 seconds after
removal of the high voltage field, the stainless-steel clip and copper electrode were both physically
removed from the Faraday cup; surprisingly, the residual charge in the cup remained unaffected
by the removal. We emphasize that this behavior is very different from what occurs when a charged
object (e.g., a piece of plastic with static charge) is removed from Faraday cup, since removal of
the charged object causes the measured charge in the cup to return to zero. The implication of the
data in Fig. 2.2b is that the charge associated with Q,.¢;4uq: 1S NOt 0N the metal clip nor electrode
but is instead on the Faraday cup itself. At no point during the 95% relative humidity trial did the
charge in the Faraday cup return to zero during our measurements. This observation suggests that
the charge in the cup would remain indefinitely, provided no adjustments are made to the system.

Further experiments confirmed that the behavior illustrated in Fig. 2.2 is qualitatively
reproducible under a wide range of conditions. Representative trials of charge acquired by a
stainless-steel alligator clip and copper electrode at different applied potentials are shown in Fig.
2.3. At 50% relative humidity, voltages ranging from 1.5 kV to 5.5 kV were applied to the clip and
electrode for 60 seconds. For the duration of each applied voltage, the charge in the Faraday cup
remained constant, with the magnitude of the induced charge proportional to the applied voltage
as expected via Eq. (2.2) (Fig. 2.3a). In each case, after the applied voltage was removed, the
charge measured in the Faraday cup immediately decreased back to zero. In contrast, the trials at
90% relative humidity revealed a voltage dependence (Fig. 2.3b). Here, the charge remained
constant over the 60 seconds that 1.5 kV and 2.5 kV were applied. However, in the trial for 3.5

kV, the charge slowly increased with time. A faster increase was observed for 4.5 kV. For the 5.5
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kV trial, the charge accumulation was most rapid and then, approximately 62 seconds after
application of the high voltage, the rate of charge accumulation suddenly and drastically increased
before the applied potential was deactivated. We emphasize that no alterations to the Faraday cup
or the electrode occurred while the potential was applied. Similar to the result highlighted in Fig.
2.2b, here for the trials with a positive charge rate (3.5kV, 4.5kV, 5.5kV), the residual charge was

clearly non-zero, with the magnitude of the residual charge proportional to the applied potential.

(a) 50% Relative Humidity

Time (s)

(b) 95% Relative Humidity
28 HVI T T HV on T T IHV
24 1

20r
16 -
121

Qf (nC)

Time (s)
Figure 2.3. Representative trials of charge acquired by a stainless-steel alligator clip and copper electrode
in the Faraday cup at 1.5 kV, 2.5kV, 3.5 kV, 45 kV, and 5.5 kV. (a) 50% relative humidity (b) 95%
relative humidity. Vertical dashed lines indicate when the potential is applied and removed.

19



To probe the mechanism about the charge accumulation and residual charge, we performed
a systematic series of replicate experiments to test the quantitative reproducibility of the charge
dynamics observed in Fig. 2.3, again using a stainless-steel clip and copper electrode. For each of
the 5 voltages (1.5kV, 2.5kV, 3.5kV, 4.5kV, and 5.5kV) tested, 30 trials each were conducted at
50%, 70%, 80%, and 90% RH. The median charge and average rate at 50% RH and 90% RH are
plotted in Fig. 2.4. The median charge was calculated by considering only the charge
measurements during the 60 second application of the high voltage . The average charge rate was
calculated by using a linear regression to the charge data over the 60 seconds the potential was
applied; note this procedure yields only an estimate of the average charge rate for the highest
voltages in trials that exhibited large variations in the slope (as illustrated in the 5.5 kV curve in
Fig. 2.3b).

At 50% relative humidity, the median charges for all five voltages tested were highly
consistent across 30 trial replicates, with standard deviations on the order of 1072 nC (Fig. 2.4a).
At 90% RH, however, the distribution of median charge is wider (Fig. 2.4b). For the 1.5 kV and
2.5 kV trials, the distribution around the median charge at 90% RH had comparable standard
deviations as 50% RH. For 3.5 kV and 4.5 kV trials, the median charge distribution is slightly
wider, with an order of magnitude increase in standard deviation between the two voltages at 90%
RH. Trials at 5.5 kV had the largest median charge distribution range, from 13 nC to 119 nC; 20
out of 30 trials had a distinctly different median charge value, showing the irreproducibility at high
(90%) relative humidity. Similar RH-dependent behavior was observed with the rate of charge
(Fig. 2.4c,d). At 50% RH, the average charge rates for all voltages tested were nominally zero, on

the order of 102 nC/s, resembling a normal distribution (Fig. 2.4c). At 90% RH (Fig. 2.4d), trials

20



50% Relative Humidity 90% Relative Humidity

(a) (b)
15 ‘ ‘ | 20 ‘ : : :
5.5kV 4.5kV
) 1.5kV 210 * @10
=107 25kv“§ 6 = 1.5kV ? 6
Y— [} [ v
o 24 © 10t /2.5kV i
= = 10 £
5 | 35KV 5, 5 5
'CE) 5t ‘/4 5kV 15 12 'g ‘3./5KV 86 9.0 94 98 102
> Median Charge (nC) S 5t Median Charge (nC)
z ‘ z 5.5kV
I : )
0 | 0 | II ‘ ‘ ‘ ] ‘
0 00 120 0 20 40 60 80 100 120
Medlan Charge (nC) Median Charge (nC)
(c) (d)
127 10 :
240 =4 .5kV
) 10+ w 8¢t 'g
g < 2
= 8 = 5 °
u— . 6 o
[s] e} £
5 © o Z 0
o 8 4+ -0.01 0 0.01 0.02 0.03 -
g 4+ ] g 5.ka Average Rate (nC/s)
r 7Y 1 W |
JLL Il A1 LU mn e
-2 -1 0 1 2 3 0 1 2 3 4
Average Rate (nC/s) 103 Average Rate (nC/s)

Figure 2.4. (a,b) Histograms of the median induced charge for a stainless-steel alligator clip and copper
electrode for (a) 50% relative humidity and (b) 90% relative humidity. (c, d) Histograms of the average
charge accumulation rate for a stainless-steel alligator clip and copper electrode for (c) 50% relative
humidity and (d) 90% relative humidity. In each, the colors denote different applied voltages: black,
1.5 kV; red, 2.5 kV; blue, 3.5kV; green, 4.5 kV; and orange, 5.5 kV.
at < 4.5 kV appear as one lumped distribution around zero nC/s. Upon closer inspection, the
average charge rate for these trials falls between -0.015 to 0.027 nC/s, an order of magnitude larger
than the 50% RH rates, with standard deviations between 0.001 nC/s and 0.011 nC/s. At 5.5 kV,
trials exhibit a wide distribution ranging from 1 nC/s to 4.5 nC/s. The irreproducibility of the rate

of charge accumulation for 5.5 kV is evident by the low count numbers over the range of rate

values and large standard deviation (1.11 nC/s), consistent with the irreproducibility of median
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charge at 5.5kV. Overall, trials at 90% RH had greater median charges and average charge rates
despite the increase in deviation at higher voltages.

The charge data in Fig. 2.4 highlighted the results at 50% and 90% RH. A summary of the
initial charge rate for all four tested RH values, comprising 600 trials in total, is presented in Fig.
2.5a. Here, we focus on the initial rate of charge accumulation (immediately after t=0), omitting
the sudden accelerations in the charge rate typically observed at high voltages and high RH. For
the 1.5 kV and 2.5 kV trials, the charge rate increased with increasing relative humidity, although
the rate for each humidity tested mostly remained on the order of 10 nC/s. At higher voltages,

the increase in rate with increasing humidity was larger for each 1 kV step.
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Figure 2.5. (a) Initial charge accumulation rate for different applied voltages at different relative
humidity. All trials were conducted with a stainless-steel alligator clip and a copper electrode. For each
relative humidity at a specific applied voltage, 30 trials were conducted (N;,; = 120). At each applied
potential, data points are offset horizontally for clarity. (b) Absolute charge rate for different positive
(orange) and negative (purple) applied voltages at 100% relative humidity. There are 3 trials for each
positive and negative applied voltage (N, = 30).

The initial charge rate for negative applied potentials at 100% RH was also examined (Fig.
2.5b). Similar to the results of positive applied potentials, an increase in charge rate as the applied

negative voltage is increased was observed. Below 3.5 kV, differences in rate between negative
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HV and positive HV were less than an order of magnitude, but the negative charge rates were
approximately two orders of magnitude larger than positive charge rates above 3.5 kV. This result
suggests a strong polarity dependence in the mechanism driving the high-humidity charge
accumulation.

The above experimental results all involved a stainless-steel alligator clip and a copper
electrode. We initially hypothesized that similar results would be obtained for any type of
conductive metallic electrode, but our experimental tests with different types of metals reveal a
pronounced sensitivity to the type of metal. Specifically, we tested an isolated copper alligator clip
not clipped to any electrode, as well as a copper clip connected to either a copper, aluminum,
nickel, titanium, or a zinc electrode (Fig. 2.6). At 50% RH, the stand-alone copper clip and all
copper clip / metal electrode pairs exhibited nominally zero charge rates, on the order of 10 nC/s
(data not shown). Similar results were observed for the stand-alone copper clip at 95% RH (Fig.
2.6a, black). Presumably due to the smaller surface area, the median charge of the clip by itself
was approximately 66% lower than the median charge of the clip-electrode pairs. In contrast, at
95% RH the five tested metal electrodes all had positive charge rates over the 5 minutes the
potential was applied and non-zero residual charge once the potential was removed (Fig. 2.6a). We
hypothesize that the copper clip — copper electrode pair (Fig. 2.6a, red) exhibited a lower charge
rate than the other metal pairs due to similar metal composition between the clip and electrode,
although we cannot rule out the possibility of minor composition differences. The results of the
dissimilar metal clip-electrode pairs indicates that charge accumulation does not only occur

between the SS clip and copper electrode.
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Figure 2.6. (a) Representative examples of charge accumulation for an isolated copper alligator clip
(black points) or for different copper alligator clip-metal electrode pairs (respective colored points).
Vertical dashed lines indicate when the potential was applied and removed. (b) Boxplots of the rate of
charge accumulation for the types of metal connections illustrated in (a). There are 7 trials in each
column. For clarity, each data point is randomly offset horizontally from the center of the column. All
trials were at 3.3kV applied potential and 100% relative humidity.

Fig. 2.6b shows the equivalent charge rate for all isolated copper clip and clip-electrode
pair trials at 95% RH. The isolated copper clip trials had nominally zero charge rates. Regardless
of the humidity conditions, no charge rate larger than 5 x 10 nC/s was ever observed for the
isolated clip. For similar and dissimilar metal connections at 100% RH, charge accumulation was
detected. While the copper clip-copper electrode junction exhibited some positive charge rates, the
rate was often less than 6 x 10 nC/s. Compared to an isolated clip or similar metal connection,
dissimilar metal connections were observed to have consistent positive charge rates as well as the
largest magnitude of charge accumulation. One recurring feature exhibited in all experiments was
that the residual charge appeared to have a similar magnitude to the charge accumulated over the
duration of the applied high voltage, independent of the capacitive charge acquired immediately
after the application of the high voltage. To assess this relationship quantitatively, we first analyzed

the relationship between the capacitive charge and the decapacitive charge, identified in Fig. 2.2,
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for N = 850 trials (Fig. 2.7a), consisting of a range of metal-metal combinations shown in Table
2.1. The capacitive and decapacitive charges all mostly lie on the line with slope of unity,
indicating that the capacitive charge experienced when the voltage is applied is equal to the
decapacitive charge after deactivation, regardless of metal composition, size, or shape, relative
humidity, duration of trial, rate of charge accumulation, or residual charge. The relationship
between the residual charge left in the cup and the integral of the charge rate over the time the high
voltage is applied is shown in Fig. 2.7b. All N=250 trials in this figure are trials in which charge
accumulation occurred, i.e., where Qf was greater than 1x107 nC/s. The trials are at 50%-100%
relative humidity and are composed of all metal-metal combinations. The data are well fit by the

line with slope of unity, indicating that the value of the residual charge is equivalent to the integral

(a) (b)
21 ‘ ‘ . . - 180
(]
181 1 150 1
~ 15¢ 1 & 12071
o 2
= ~
a12t s S 90t
® k=]
O ‘n
g 8
9 c 60
6 30!
3 : : : : : 0 ' ' - - :
3 6 9 12 15 18 21 0 30 60 90 120 150 18(
+Qcap (nC) fo dt (nC)

Figure 2.7. (a) Correlation between the induced capacitive charge (+Qcap) and subsequent decapacitive
charge (—Qcap) for N = 850 trials. Shades of blue represent different types of metal clip — metal electrode
pairs. Solid line indicates slope of unity. (b) Correlation between the residual charge (Q ) and the

integral of the charge accumulation rate (Qy) over the duration of applied potential for N = 250 trials.
Shades of purple represent different types of metal clip — metal electrode pairs. Solid line indicates slope
of unity.

residual
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of the charge rate while the potential is applied. In other words, the charge accumulated over the
length of time the potential is applied, charge excess to the capacitive charge, is exactly equal to
the residual charge left in the Faraday cup.

We emphasize that in all the previous experiments, we never observed any visible or
audible corona discharge. A corona is a weakly luminous, partially ionized gas discharge, which
usually appears at atmospheric pressure near sharp points, edges, or thin wires of one electrode
where the electric field is sufficiently large.”"""® In our set-up, the sharp corners of the rectangular
copper electrode potentially generate the non-uniform electric fields necessary to initiate corona.
To probe in our system what voltages are necessary to induce a visible corona in our apparatus,
we systematically increased the applied voltage while holding relative humidity constant, until
visual and auditory effects were apparent (Fig. 2.8). The visual corona threshold remained
relatively constant at approximately 6.95 kV to 7.0 kV for lower humidities. Above 80% RH, we
observed a gradual decrease in threshold voltage, albeit dropping only 0.2 kV from 50% RH to
100% RH. Importantly, all trials reported in Figs 2.1 through 2.6 were conducted at potentials well

below the visible corona threshold.
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Figure 2.8. Visual corona threshold for a copper electrode and stainless-steel clip in the Faraday
cup for 50%-100% relative humidity. Visible corona refers to light and sound.
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2.5 Discussion
From the data collected, it is evident that high humidity, sufficient applied potential, and a
dissimilar metal connection are needed to observe charge accumulation. The obvious question is:
why? What is the mechanism of charge accumulation?

There are a few potential mechanisms that do not seem to align with our observations.
Ducati et al.”® offer an ion partitioning mechanism for their charge accumulation observations on
a metal electrode. Their physical setup includes isolated, cylindrical metal samples placed within
an outer copper-plated-brass cylinder, separated by polyethylene foam rings. An aluminum box
fitted for gas circulation is used to alter the relative humidity and no voltage was applied to either
metal throughout their study. They describe the charge buildup on the isolated metal as water
molecules contributing OH- or H+ ions to the oxide-coated metal surface. Depending on the oxide
layer’s nature and state, metal charging under high humidity is the outcome of surface reactions
where adsorption and desorption of water carries charge to and from the metal surface, imparting
excess charge to the isolated metal. Ducati et al. also examined charging on a SS-dielectric-
aluminum dissimilar metal capacitor where the dielectric between the metals had a high capacity
of water vapor absorption. According to the ion partitioning mechanism, the ions segregate onto
the two pieces of metal so the metal system itself remains electrically neutral. In our experiments,
however, a potential is applied to the isolated electrode and the charge apparently accumulates on
the Faraday cup itself (as evidenced by the retention of charge in the Faraday cup even after the
electrode is removed). Similarly, Lax et al.2% also observed accumulation of voltage on isolated
metal cylinders during high relative humidity exposure, both in controlled lab conditions and

ambient outdoor conditions. Their physical setup is similar to that used by Ducati et al., with no
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voltage applied to any metals in their work; however, they tested and compared several metals and
metal composites. Lax et al. reported voltage accumulation between two dissimilar metals in cases
where RH > 60% and observed 0.65 V accumulate on the zinc cylinder after approximately 1600s,
a significantly longer time scale compared to our work. No charge measurements were reported
and a mechanism for voltage accumulation was not provided . Given these ambiguities and
experimental differences, it is difficult to rationalize our results in terms of ion partitioning near
the metal-metal interface.

Another potential mechanism involves dielectric breakdown of the humid air between the
copper electrode and the steel Faraday cup. Here, we assess the two common types of dielectric
breakdown mechanisms: Townsend® (occurs in uniform electric fields) and corona (occurs in non-
uniform electric fields). Both mechanisms are initiated with an electron avalanche, where electrons
are initially generated either from UV irradiation of the cathode’” (Townsend) or from a small
volume of space at the anode that produces a high enough field strength to cause ionization by
collision (corona).” In an electric field, these electrons are accelerated toward the anode and
collide with molecules, generating successive avalanches where the head is made of electrons and
the long tail is populated by positive ions. The space charge of slow-moving positive ions enhances
the electric field between the electrodes and results in rapid current growth, leading to breakdown.

The experimentally determined relation between the breakdown electric field strength and
the pressure spacing product (pd) for Townsend discharge is usually referred to as the Paschen
curve.””8 Given our gap distance (3 cm) and pressure spacing product (30.4 bar mm), the
breakdown voltage for our interelectrode air gap determined by Paschen’s curve would be 100kV,
two orders of magnitude greater than our tested voltages (1.5 kV - 5.5 kV). Considering humidity,

studies have shown that the breakdown voltage of air increases with increasing relative
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humidity,3-#8 suggesting that if currents were responsible, we would see less charge accumulation
at higher humidities — the opposite of our observations. In combination with the observed lack of
any audible noise or light in all trials, plus our experimental corroboration that corona discharges
did occur at much higher applied potentials, we conclude that our experiments occurred at field
strengths below the breakdown regime for the uniform electric field gap space.

Although no visible corona were observed, another possibility is that a “pre-corona”
current or “pre-breakdown regime current” was instead responsible for the observed charged
accumulation. The average current growth to breakdown (pre-breakdown regime) as a function of
the applied voltage for uniform electric fields was qualitatively described by Townsend. Initially,
there is a proportional increase in the current as the applied voltage is increased, which
qualitatively matches our results in Fig. 5. In regard to the effect of humidity, a reduction of
electrons’ kinetic energy due to frequent collision with H,0 has been observed in humid air.%
Consequently, higher electric fields, keeping interelectrode distance and electrode geometries
constant, are required to initiate electron avalanches and subsequent current growth during pre-
breakdown. Our results indicate the opposite; holding applied voltage constant, an increase in
current was observed as the relative humidity increased. Therefore, it is difficult to interpret
observed charge accumulation in terms of the pre-breakdown regime of the Townsend mechanism.

DC corona discharge behavior is likewise affected by changes in relative humidity. As the
relative humidity in the air gap between electrodes is increased, three key trends are observed: (1)
the corona onset voltage decreased®®®°, (2) the steady corona current increased for low DC
voltages (< 7 kV for d = 1cm)®®°2and decreased for high DC voltages®>*1:%-1% and (3) the positive
ions’ mobility decreased® 92999 |n our work, the corona onset current (charge rate in Fig 2.5a)

at 5.5 kV, 70%RH was comparable to the onset current at 3.5 kV, 90% RH indicating an increase
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in relative humidity decreased the voltage required to initiate the observed current, corroborating
the first key trend described above. For each voltage tested, the corona onset current increased
with increasing relative humidity as observed by previously mentioned studies.®°?

Under DC voltages, ionization products have sufficient time to wander in the gap and
accumulate in space.® This ion drift contributes to the continuous unipolar current in the initial
stage of corona discharge.'®® While electrons are responsible for the total current at the anode
surface, positive ions carry the total discharge current away from the anode since negative ions
have lower mobility.1%2 A steady positive current under DC voltages is similarly observed in our
work. As the applied voltage increased from 1.5 kV to 5.5 kV for a 1 cm gap space, an increase in
the onset current was measured. This relationship, discussed in previous studies®®°2°° is due to
the increase in the electric field at the surface of the anode which leads to an increase in the total
positive space charge, more ionizing collisions, and a greater number of charged ions contributing
to the onset current.®

A key point is that the current induced by the negative HV was two to three orders of
magnitude larger than current induced by positive HV, at least for potentials 3.5 kV and above (cf.
Fig. 2.5b). This difference is possibly explained by the additional contribution from free electrons
to the negative corona current,® as well as a lower susceptibility of negative ions to hydration
compared to positive ions at high relative humidity.%® Importantly, for both negative and positive
corona, the effect of ion mobility on corona current at high humidity was found to be negligible
for low applied voltages.®*1% Rather, the ease with which ions are generated has a considerable
impact on the humid corona current. Mass spectrometry of ions extracted from corona discharges

at high humidity indicate that the dominant positive ions are [H;0]* - [H,0],, which are formed
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from water clusters, [H,0],, with 2 < n < 6.1%1% Compared to other common air molecules, water
clusters have been found to have lower ionization potentials.10°1%

To summarize, we interpret the observed charge accumulation in the Faraday cup in terms
of the following mechanism (cf. Fig. 2.9). (1) A small volume of space at the corners of the copper
electrode produces the necessary field strength for ionization by collision, producing a free
electron and an ion. The resulting free electron is driven towards the electrode generating electron
avalanches along the way (Fig. 2.9, steps 1 and 2). (2) Positive ions formed during the collisions
drift towards the Faraday cup whereas negative ions remain close to the anode surface (Fig. 2.9,
step 3). (3) Positive ion drift gives rise to a continuous unipolar current (corona onset current)
measured by the nanocoulombmeter. (4) The positive ions remain on the Faraday cup and the total
charge accumulated is recorded as Q,csiguai- (5) At higher humidities (increasing from 50% to
90%), large water clusters are formed. These clusters have lower ionization potentials compared
to common air constituents, which reduces the work required to generate ions. (6) Holding voltage
constant, the total positive space charge and ionizing collisions increase, and a greater number of
positive ions contribute to the onset current at high humidity. (7) lons remain in the Faraday cup
after the electrode is removed (Fig. 2.9, step 4).

A shortcoming of this proposed mechanism, however, is that it does not explain how metal-
metal junctions contribute to the observed charge accumulation. We emphasize that the alligator
clip by itself did not induce any charge accumulation, even though it also has sharp corners and
teeth that should induce a strongly non-uniform electric field. It remains unclear what the
mechanistic role of the metal-metal junction is in triggering or modulating the charge accumulation

at high humidity.
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Figure 2.9. Schematic of corona onset mechanism for charge accumulation of the copper HV electrode in
the Faraday cup.

Although the precise mechanism is not fully elucidated, there are clear practical
implications for systems that use high voltage to manipulate lab-on-a-chip systems. For example,
droplet electrophoresis in high voltages could be affected by the corona onset current if the
laboratory humidity is sufficiently high. A scaling analysis provides an estimate whether this ‘extra
charge’ in the system might affect droplet charge acquisition experiments. Specifically, a standard
droplet apparatus used in previous studies®333%-4.72 includes two parallel-plate electrodes,
separated by a dielectric fluid, that are placed in a cuvette. The surface charge density on the
positive high voltage electrode in the cuvette apparatus can be estimated using Gauss’ Law as ¢ =
ee, E where ¢ is the dielectric constant of the insulating oil between the electrodes, ¢, is the
vacuum permittivity of space, and E is the electric field strength. For E ~ 10° V/m, € ~ 1, and ¢,
~ 101! F/m, the induced surface charge density on the +HV electrode is estimate o,;pc¢r0qe ~ 107

C/m?. Given that the positive ions generated by the corona onset current remain on the Faraday
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cup (cathode), we hypothesize that in the absence of a Faraday cup, positive ions will remain on
the grounded electrode side of the cuvette apparatus. Thus, the corona-induced surface charge
density can be estimated by o = Q/A where Q is the total charge of positive ions from the corona
onset current discharge and A is the surface area of the cuvette side. For Q ~ 10° C, chosen to
reflect the typical values observed in Figs. 2.2-2.8, and a typical cuvette area, A ~ 10 m?, the
surface charge density on the cuvette is estimated as o,,ye¢te ~ 10° C/m?, a full order of magnitude
larger than the charge directly induced on the electrode via application of the electric field. This
conservative scaling estimate suggests that the generation of positive ions from the corona onset
is not negligible, warranting further investigation of this possible confounding factor on droplet
electrophoresis experiments.

There are several other complications. The above scaling analysis neglects the observed
time-dependence of the total positive charge generated during corona initiation, i.e., the
accumulated residual charge in the cup increases with time. Additionally, this analysis assumes
that positive ions generated by corona discharge are fixed at one side of the cuvette apparatus.
Although the exact location of these ions is currently unknown, positive residual charges left near
the cuvette apparatus may lead to deviations between the applied electric field and the measured
electric field. As these charges accumulate, the time-dependent changes of the electric field
imposed on the droplet will impact the droplet’s acquired charge and cause deviations from
Maxwell’s theory. Future investigations are needed to quantify the effect of corona onset current
on the electric field distribution of droplet charge acquisition apparatuses and the subsequent effect
on a droplet’s acquired charge. Nevertheless, the observations discussed in this work offer a

possible explanation to the reported change in the droplet acquired charge over time.33°
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2.6 Conclusion

We have examined the charge of a metal alligator clip and metal electrode isolated in a Faraday
cup at different applied potentials and relative humidity for 850 total trials. As the relative humidity
increased, charge accumulation occurred, and residual charge was left in the Faraday cup even
after deactivating the applied high voltage and physically removing the electrode. This
phenomenon was not specific to copper and stainless steel as charge accumulation was observed
between a copper alligator clip and copper, nickel, zinc, aluminum, and titanium electrodes. We
rationalize our results in the context of corona onset discharge (dark discharge) and the subsequent
unipolar steady current generated by collision-induced positive ion formation and drift towards the
Faraday cup. The increase of charge rate with relative humidity was reported for all trials and our
findings agree well with the literature.

Although the detailed charging mechanism remains unclear, the results presented here lead
to an important practical conclusion: the ambient humidity can affect laboratory experiments in
situations where one might not expect. To reduce undesirable variation in charge effects for high
voltage systems using metal electrodes, e.g., microfluidic and lab-on-a-chip devices®1>2369.70
researchers should conduct experiments under conditions of low ambient humidity. Neglecting the
effects of ambient humidity could lead to unanticipated or erratic electrophoretic behavior. For
practical applications, the results presented here are of fundamental interest for electrostatic
precipitators and unipolar aerosol charging where relative humidity is known to affect gas

discharge phenomena and electrostatic characteristics of devices.3%1%
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Chapter 3: The Effect of Relative Humidity on Charge Acquired by Water
Drops in Oil

3.1 Abstract

A water drop in an insulating fluid acquires charge when it contacts an electrode. Experimental
measurements of the charge acquired by the drop, however, have been confounded by
irreproducibility, a significant asymmetry in positive versus negative charges acquired at either
electrode, and a transient drift in the droplet charge versus time. Previous work, dating back to
Maxwell, has always implicitly assumed that the external environmental conditions have no effect
on the charging process of water droplets. Contrary to that assumption, we report that the ambient
humidity strongly affects the charge acquired by the drop, with the positive/negative charge ratio
varying from 1.49 to 1.10 as humidity increases from 60% to 100%. Systematic experiments using
a Faraday cup indicate that significant amounts of charge accumulate on the exterior of the
experimental apparatus itself in the presence of sufficiently high and humidities and applied
voltages (>3 kV). A scaling analysis indicates this exterior surface charge on the apparatus is much
larger than the ostensible surface charge on the electrode due to the applied field, and we
hypothesize that charge ‘leaks’ into the oil and affects the observed droplet charge. The humidity-
dependent charge accumulation process provides a possible explanation for the difficulties in
quantitatively corroborating Maxwell's prediction for the charging dynamics of droplets contacting

a planar electrode.

3.2 Introduction
When immersed in an insulating fluid subjected to a high voltage electric field, a water droplet
will acquire a charge after contact with an electrode.311:2568.107.108 The charged droplet will then be

propelled towards the opposing electrode provided the electric field is sufficient. After reaching
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this electrode, the droplet acquires an opposite charge, reversing direction to return to the original
electrode. This cycle allows the object to oscillate or “bounce back and forth” between the two
electrodes. The magnitude of the charge acquired by the droplet is of fundamental interest for
understanding droplet motion and coalescence. Maxwell?® derived the maximum amount of charge

a perfectly conducting sphere can acquire from contacting a planar electrode, given as

Z 3 2
Q= §n gg,a’E (3.1

where a is the radius of the sphere, E is the applied electric field, and ¢, is the permittivity of the
surrounding fluid. A key aspect of this prediction is that the magnitude of the charge is predicted

to the same regardless of whether the droplet contacts a positively or negatively charged electrode.

Numerous research groups®11:14.2631-333637.39.41.426871 haye studied the electrophoresis of
charged droplets in a high voltage, parallel-electrode system to investigate how droplets acquire
charge. Although charged droplet electrophoresis has generally followed Maxwell’s theory,
studies have indicated that droplets acquire more positive charge than negative charge for the same
values of a and E 831-33,33.36337,39,41.42 For example, Eow et al.®! and Jung et al.3? observed that the
velocity of the droplet after contacting the positive electrode was larger than the velocity after
contacting the negative electrode, indicating that the droplet regularly acquired more positive
charge than negative charge for all voltages tested. Likewise, the ratio of positive charge to
negative charge acquired by a droplet for a range of KCI concentrations was investigated by Elton

et al.*? and found to always be greater than unity.

This charging asymmetry is not restricted to liquid droplets, as metal spheres have also been
observed to obtain more positive charge than negative charge. Drews et al.?® performed similar

high voltage experiments on a conductive sphere and noted variations in the charge acquired by
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the particle at different electrodes. They speculated that the differences were due to small
imperfections on the electrode surfaces that influenced the charge transfer process; however, they

provided no clear mechanism for this discrepancy.

Another mysterious observation is that a pronounced time-dependence of the droplet charge
also occurs. Recently, Elton et al.*®* conducted a bounce-by-bounce analysis of droplet charge
acquired after contacting an electrode, and they observed on average a 2.5% decrease in positive
charge acquired and a 0.8% decrease in negative charge per 30 seconds of applied high voltage
and concurrent droplet bouncing. Additionally, Yang et al.>® observed an increase in the droplet
chare ratio after 10 minutes of droplet oscillation in the applied electric field. Neither group

provided an explanation for this trend.

In all of the above work, an implicit assumption has been that the effect of relative humidity is
negligible during the charging process of water droplets. Evidence that ambient humidity affects
the amount of charge on a single piece of metal was investigated in Chapter 2. Yang et al.*® also
probed the effect of humid air on induced surface charges of plastic or glass cuvettes and the
resulting impact on the charge acquired by a droplet inside the cuvette. They reported a decrease
in the absolute difference between negative and positive charges acquired at each electrode as
relative humidity increased. In their work, however, no mechanism is provided for the effect of

humidity on surface charge development on the cuvette apparatus.

In this work, we demonstrate that the charge on the entire parallel-electrode apparatus increases
with increasing humidity. We use saturated salt solutions to set the ambient air humidity between
40% and 100% and quantify charge on the system using a Faraday cup and nanocoulombmeter.
We present evidence that the amount of apparatus charge is not negligible: a scaling analysis

indicates that the surface charge density of ions on the interface is orders of magnitude larger than
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the ostensible surface charge density on the oil-immersed electrode due to the applied high voltage.
Further experiments examining the positive and negative charge acquired by a droplet in the same
humidity range revealed that the droplet charge disparity is reduced at high humidity. We discuss
how the effect of relative humidity on the system provides a possible explanation for the reported
charge time-dependence, and we discuss practical implications for devices that use electrodes to

manipulate charged droplets.

3.3 Experimental Methods

The experimental setup for measuring charge under varied relative humidity conditions is
illustrated in Fig. 3.1a. The setup is similar to that reported in Chapter 2; the main difference is
that an entire apparatus for examining droplet motion is placed in the Faraday cup, rather than a
single piece of metal. In brief, the cuvette apparatus is suspended in a Faraday cup and all contents
are enclosed in a glove box. Saturated salt solutions of KNO3, NH4Cl, NaCl, K>COs, and KC2H30>
were prepared in 1L of DI water (18.2 MQ/cm) and were distributed roughly equally between Petri
dishes. In order to maintain 40%, 60%, 80%, and 100% RH in the glove box™® (approximately 0.9
m X 0.6 m x 0.5 m), the petri dishes of solution were left undisturbed overnight, for more than 12
hours. Experiments were initiated after the hygrometer (Fisher Scientific) maintained the desired

relative humidity for at least one hour.
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Figure 3.1. (a) Schematic of experimental setup. (b) Position vs time for a DI water droplet captured by

the high-speed camera. (c) Charge of the cuvette apparatus vs time captured by the nanocoulombmeter

Thin (50 nm) film gold electrodes 1 mm wide and 20 mm long were deposited on glass (1mm
thick) substrates using standard photolithography techniques. Photoresist (S1318) was deposited
on the glass substrate prior to mask alignment and gold deposition. A 12 x 12 x 45 mm?®
polystyrene cuvette was cleaned with N, gas and isopropanol before placing two electrodes 8 mm

apart with nonconductive rubber spacers at the top and bottom of the electrodes. The cuvette was

39



filled with 100 cSt silicone oil (Sigma-Aldrich), an insulating fluid, used as provided. Copper tape
was used to connect one electrode to a DC high-voltage power supply (Trek model 610E) and the
other electrode through an electrometer (Keithley 6514) to ground. All experiments described here

used an applied voltage of 3.3 kV, since our primary focus is on elucidating the effect of humidity.
The corresponding electric field is approximated as E = g where V' is the applied voltage and

H=8 mm is the distance between the electrodes, yielding an electric field of 4.1 kV/cm for our
experiments. Video of the oscillating water droplet was recorded at 500 frames per second using

a Phantom v7.3 camera.

After 3.3kV was applied, a 2.5 pL DI water droplet (Millipore-grade, 18.2 MQ cm) was
manually pipetted between the electrodes using a micropipette. This volume of droplet typically
had a spherical diameter of 1.68 mm. After the insertion of the droplet, the typical observed
behavior is as follows. Initially, the droplet is attracted to one electrode where it makes contact,
acquires a charge, and is subsequently repelled to the other electrode. This sequence of events is
then repeated at the opposite electrode. Gravity and a slight density difference between water and
oil causes the droplet to slowly sink toward the bottom of the cuvette, but positive dielectrophoretic
forces!® keep the droplet from sinking further past the bottom of the gold electrode. The droplet
thereafter oscillates in approximately the same vertical position for the remainder of the
experiment. In a typical experiment, the droplet was allowed to bounce back and forth for 40 min,
representing hundreds to thousands of individual charge transfer events. At the end of each
experiment, the droplet was removed with a pipette and the electrodes were washed with
isopropanol, acetone, and water to remove the silicone oil. A portion of a representative droplet

trajectory is shown in Fig. 3.1b; note that in this example there is clearly a discrepancy in velocity
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from left to right (moving in positive electric field direction) versus right to left (moving in

negative electric field direction).

A standard force balance technique was used to determine the charge on the droplet using the
horizontal component of the observed trajectory.!632363%41 To symmarize, the electrostatic force
(Fg = QE) is balanced with the drag force (F, = 4muaU) during periods of constant velocity. In
the limit of an inviscid droplet (u, <« ), the Hadamard-Rybczynski correction factor A is 1110111

ampal

The resulting droplet charge is given as Q = -

where u is the silicone oil viscosity, a is the

droplet radius, U is the droplet velocity, and E is the applied electric field. The droplet velocity
was calculated using image analysis on the droplet centroid position between each frame of the
recorded video. Since droplets deform near the electrodes, the position was determined via the

centroid of the bounding box around the detected droplet pixels.

The charge on the entire cuvette apparatus was measured using a Faraday cup and
nanocoulombmeter. The Faraday cup (Advanced Energy Monroe, Model 284/22A) consisted of
two concentric metal cups with a 1-inch insulating expanded polystyrene layer between them. The
inner metal cup is directly connected to the nanocoulombmeter (Advanced Energy, Model 284)
whereas the outer metal cup is connected to ground. The maximum charge the nanocoulombmeter
can read is 200 nC. An example output from the nanocoulombmeter is shown in Fig. 3.1c, where
the charge in the Faraday cup is recorded using a digital acquisition card at a rate of 2 kHz via

LabVIEW software. The charge rate (Qf) was calculated using linear regression on the Faraday

cup charge over the time between the application and removal of high voltage polarization. For
each relative humidity, 3 trials were conducted for the cuvette apparatus and measurements of

charge on the system were recorded at 10-minute intervals up to 40 minutes. At each 10-minute
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interval, 4 measurements of both positive and negative charge on the droplet were recorded. After
each experiment, the inner metal cup was wiped clean of debris with acetone and the meter was
tared using a momentary contact switch which discharges the integrator.

3.4 Results

A representative trial of the transient dynamics of charge measured on the cuvette apparatus at
40%, 60%, 80%, and 100% RH reveals a significant impact of humidity (Fig. 3.2a). At 40% RH,
application of the high voltage caused a jump in charge up to 5 nC as expected considering an
amount of capacitive charge was immediately induced on the apparatus (consistent with results in
Chapter 2). After the high voltage was removed, the charge on the apparatus dropped to zero.
There was no measurable change in charge on the apparatus over the 40-minute duration of high
voltage application. In contrast, a 0.1% increase in charge over time was observed for some trials
at 60% RH. Further increase in relative humidity to 80% resulted in an approximate 2 orders of
magnitude increase in the recorded charge rate compared to 60% (3.81 x 102 nC/s vs. 7 x 10
nC/s). At 100% RH, the nanocoulombmeter reached the peak charge capacity after only 8 minutes,

recording the largest rate of charge amongst all humidity trials at 1.28 nC/s.
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Figure 3.2. (a) Representative trials for charge of the cuvette apparatus for 40%, 60%, 80%, and 100%
RH over 40 minutes. (b) Charge rate of the cuvette apparatus for 40%, 60%, 80%, and 100% RH at 5
minutes (orange — only for 100% RH), 10 minutes (green), 20 minutes (red), 30 minutes (blue), and 40
minutes (gray). Each box plot contains 5 trials.

Measurements of charge on the cuvette apparatus at 10-minute intervals are shown in Fig.
3.2b. There was no obvious correlation between Q'f and time elapsed for both 40% RH and 60%

RH, although the average charge rate at 60% RH was over 90% larger than at 40%RH at every
interval. At 80% RH, in contrast, the charge rates were up to 2 orders of magnitude larger than
the lower humidities. Moreover, a 166% increase in rate occurred over the duration of 40 minutes.
Finally, the rapid charging at 100% RH meant that the maximum charge limit on the
nanocoulombmeter was exceeded before 10 minutes had passed, so the charge rate was instead
recorded at 5 minutes. Consistent with Fig. 3.2a, the charge rate at 100% RH was significantly

larger than the lower humidities at all intervals, ranging from 0.11 nC/s to 1.6 nC/s.

To assess the potential effect of the cuvette apparatus charge on droplet charge acquisition
over time, the positive and negative charges acquired by the droplet were calculated from the video
of its motion (Fig. 3.3 (a-d)). The charge acquired by aqueous droplets was normalized by the
predicted Maxwell charge given in (1) to enable comparison of different experiments. Each

boxplot in Fig. 3.3 (a-d) represents 4 individual charge calculations for a single droplet from the
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start of the interval to a minute afterwards for 3 trials (12 total charge calculations per boxplot).
Each trial was conducted with a new set of electrodes and a new droplet. Measured charges were
only around 60% of the predicted Maxwell charge on average. For all tested humidities and time-
intervals, the droplet’s average positive charge was greater than its negative charge. One key
observation is that the average positive charge decreased consistently over 40 minutes at 80% RH
(Fig. 3.3c). The remainder of the humidities had no consistent trend. This result is similar to the
average charge rate of the cuvette apparatus, where trials at 80% RH had a consistent increase in

rate over 40 minutes.

Another observation is that the negative charges acquired by the droplet had more outliers
compared to the positive charge. Most of these outliers occur at the lower end of the negative
charge distribution and are most likely due to charge events where the droplet acquires
significantly less negative charge than previous and subsequent bounces.3 The reason that the low
charge events occur at a larger magnitude at the negative electrode compared to the positive
electrode remains unclear. Despite this result, the average negative charge acquired by the droplet
increased by 48% as the relative humidity increased from 60% to 100% RH, unlike the average

normalized positive charge which remained relatively constant for the same humidity range.

For all trials, the droplet charge ratio (Q, /Q_) was above unity, indicating that the droplet
acquires a higher positive charge than negative charge (Fig. 3.3e). From 40% to 60% RH, the
droplet charge ratio increased at all time steps, but from 60% to 100% RH, the ratio decreased,

with an average charge ratio of 1.10 + 0.10 at 100% RH.
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Figure 3.3. Positive (red) and negative (blue) charges acquired during contact by 2.5 pL deionized water
droplets in a 0.4125 kV/mm electric field at () 40% RH, (b) 60% RH, (c) 80% RH, and (d) 100%RH for
10, 20, 30 and 40 minutes. (e) Droplet charge ratio for all tested relative humidities at each time step.
Dashed line represents equivalent positive and negative charge acquired by a DI water droplet. Each box
plot contains 12 trials.
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Figure 3.4 summarizes these trends by showing the relationship between the droplet charge
ratio and the rate of charge on the cuvette apparatus. In general, the average droplet charge ratio
exponentially decreased as the charge on the cuvette apparatus increased with time. This reduced
charge disparity can be attributed to the increase in the negative droplet charge from 60% to
100% RH, while the positive charge remained relatively consistent. No obvious trend between
the droplet charge ratio and apparatus charge rate was observed over the duration of a 40-minute

trial of a specified relative humidity (cf. Fig. 3.4).

— 1.6 =
W 40% RH
Q A 60% RH
O+ @® 80% RH
b A ® 100% RH
@) AA
o " g
oc O
() O
o % o
©
< 1.2
o @ 10 minut ’
- minutes
2 @ 20 minutes ”
o @ 30 minutes
8 1 @ 40 minutes ©
D .0 T T T T
1073 10~= 1077 10°
Qr (nC/sec)

Figure 3.4. Average droplet charge ratio vs cuvette apparatus average charge rate for 40% RH (square),
60% RH (triangle), 80% RH (circle), and 100% RH (diamond) at 10 minutes (green), 20 minutes (red), 30
minutes (blue), and 40 minutes (gray).

3.4 Discussion

Our results challenge an unrecognized implicit assumption about the effect of external
environmental conditions on droplet charge acquisition in high voltage systems. Upon increasing
the ambient air humidity, the charge on the cuvette apparatus increased, and the observed disparity

between positive and negative droplet charge was reduced. These observations raise the following
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questions: Why does the charge on the cuvette apparatus increase as the relative humidity

increases? And how does this affect the charge acquired by the droplet?

Our previous work examined the charge on an isolated metal clip-electrode junction in a
Faraday cup at different applied potentials and relative humidity (cf. Chapter 2). As the relative
humidity increased, more charge accumulation occurred, and corresponding amounts of residual
charge were left in the Faraday cup even after deactivating the applied high voltage and physically
removing the electrode. The results were rationalized in the context of a corona onset discharge
and the subsequent unipolar steady current generated by collision-induced positive ion formation,
specifically water cluster ions, and drift towards the Faraday cup. We hypothesize that this
mechanism also occurs for the cuvette system since a metal clip-metal electrode junction is present
in the apparatus.

Both the previous experiments on the isolated metal electrode and the current study on the
entire cuvette apparatus exhibited charge accumulation at high relative humidity. One key
difference between these studies is the length of time the potential is applied. Here, the high voltage
remained activated for 40 minutes, compared to 1 to 3 minutes in the previous work. Further
examination revealed that the average charge rate of the cuvette apparatus was comparable to the
average charge rate of the isolated electrode at low relative humidity (40%-50%). At high relative
humidity, however, the charge rate of the cuvette system was an order of magnitude larger than
the charge rate of the isolated metal junction, presumably due to the presence of the additional
materials and silicone oil and their corresponding increased amount of surface area. The difference
in material components, and different dielectric constants, may also impact the physical
distribution of the positive ions. Rather than solely remaining on the Faraday cup surface, as in the

isolated electrode case, positive ions could potentially rest on the cuvette surface, however, it is
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unlikely that charge on the plastic exterior would have any effect on the equipotential metal
electrode, since that potential is governed by the HV apparatus.

In the absence of a Faraday cup, we hypothesize that the positive ions will remain on the
exposed oil-air interface and leak into the oil. In low humidity, where no ions are generated from
corona discharge, the permittivity difference between the silicone oil and the humid air causes the
electric field to bow downward, resembling a shallow parabola.’'? The effect of this non-
uniformity will have minimal impact on an oscillating droplet provided electrophoresis occurs well
below the oil-air interface.'*? However, positive ions generated from corona discharge in humid
air will migrate quickly to the oil-air interface and accumulate on the surface, contributing to the
depth and intensity of the non-uniform electric field, potentially impacting the droplet in our

experiments.

A scaling analysis indicates that the surface charge density of ions on the oil-air interface is of
comparable magnitude to the surface charge density of the HV electrode. Focusing first on the
induced charge on the oil-immersed metal electrode, the surface charge density can be estimated
using the ostensible applied electric field strength and Gauss’ Law, o = €¢g,E, where € is the
dielectric constant of the insulating oil between the electrodes, ¢, is the vacuum permittivity of
space, and E = 4.1 kV/cm is the electric field strength. For such field strengths of O(1) kV/cm, ¢
~ 1, and g, ~ 10" F/m, the surface charge density of the HV electrode is oy, ~ 10° C/m2. In
contrast, the corona-onset-induced surface charge density on the cuvette exterior can be estimated
by ¢ = Q/A, where @ is the total charge of positive ions from the current discharge (as measured
by the Faraday cup) and A is the surface area of the cuvette. e. For Q ~ 10° C and A ~ 10 m?, the
surface charge density on the cuvette exterior is gg, ¢ ~ 10 C/m?. Considering the charge

proportional to the relative fraction of the air-oil interface area to the cuvette surface area
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), Ointerface ~ 10° CIm? This conservative scaling estimate suggests that the

generation of positive ions from the corona onset may have significant impacts on the electric field
distribution, considering the comparable order of magnitude in surface charge densities between

the interface and the powered electrode.

Since the positively ionized molecules contain mass when they travel through the oil, they
produce a flow in the dielectric medium, known as an EHD flow.'**!* During this process, a non-
uniform electric field is also formed. Amir et al.'** investigated emulsion properties of silicone oil
after water ion injection and the resulting ionic wind and found that ions diffused a depth of 23
mm, a comparable depth in our experimental apparatus from the oil-air interface to the position of
the oscillating droplet. The effect of non-uniform electric fields on droplet charge acquisition,
however, was not examined. Moreover, the magnitude of the EHD flow around the path of a
charged droplet was investigated!*? and was found to be less than an order of 10”7 m/s for silicone
oil, whereas the translational velocity of the charged droplet is on an order of 102 m/s. Therefore,
they concluded that the EHD flow has little effect on the electrophoretic motion of the charged
droplet but the magnitude and asymmetry of positive to negative ions may induce a flow that can

potentially affect the droplet motion in our study.

Constant injection of positive ions into the dielectric medium could impact the conductivity of
the oil. A computational study by Dobrovolskii et al.}!® suggested that the enhanced conductivity
of silicone oil via ions in the bulk liquid will increase the charge a droplet acquires. In our work,
positive and negative charge acquired at 100% RH was much larger than at 40%RH, in accord
with this finding. Positive ions that penetrate the surface of the oil can also diffuse quickly to the
oppositely charged electrode and form an electrostatic boundary layer.*” This boundary layer will

shield the ground electrode and reduce the electric field impacting the droplet, consequently
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modifying the amount of charge the droplet acquires. It remains unclear, however, how the electric
field would change or the extent to which the generated non-uniformity penetrates the oil.
Additionally, Q is not constant with time, as the generated positive charge increases with time and

the exact location of the newly generated positive ions is not clear.

Overall, droplet charge acquisition depends on the space charge density of the surrounding
fluid!® and the external electric field.® The addition of positive water ions may distort the space
charge density distribution and external electric field in ways not fully understood currently. More
work is needed to examine exactly how accumulated charges effect the external field and to what
depth this effect propagates. Additionally, studies on the exact droplet charge acquisition process
in a parallel-plate electrode system and the role of the non-uniform electric field are needed.
Nonetheless, the results presented here clearly demonstrate that external environmental conditions
can affect and reduce droplet charge disparity and provide a possible explanation for reported time-

dependence of charge acquisition. 3%

A key practical implication of our results is that changes in ambient air humidity may affect
the charge transfer process between a droplet and an electrode. Since extant theory says nothing
about the ambient humidity, most researchers will not control or monitor the ambient humidity in
their experiments. Considering the lack of humidity control in lab environments and the variation
of moisture in the air on a day-to-day basis, the changing environmental conditions could be
responsible for the inconsistencies reported. Furthermore, the observations presented here could
be of importance to emulsification processes of continuous fluids with higher viscosity and lower
electrical conductivity.!*>® Many emulsion formation processes rely on flow-induced droplet
breakup or chemical alteration of each phase however both procedures have their own

limitations.2%-122 Electro-emulsification of oil via corona discharge, however, provides a reliable
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alternative to the aforementioned methods and the work presented here may offer insight towards
optimization. Relative humidity effects on droplet charge acquisition may be relevant in other

applications such as electrocoalescers!!'8, lab-on-a-chip®!?, and biological mechanisms.1?412
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Chapter 4: Impact of The Design of Coffee, A General Education Chemical
Engineering Course, on Students’ Decisions to Major in STEM Disciplines

4.1 Abstract

The Design of Coffee is a popular general education course offered by the Department of Chemical
Engineering at UC Davis, enrolling more than 1800 students/yr, that uses the roasting and brewing
of coffee to teach chemical engineering principles to a broad audience. It was recently voted as the
number one course by students in the "Best of Davis" yearly contest, placing ahead of other popular
general education courses at UC Davis. Freshman design courses, like The Design of Coffee, are
used to recruit and retain diverse students in STEM majors. These courses are intended to help
students discover science and engineering majors as possible choices, especially among student

populations who are unfamiliar with these majors.

Survey data have suggested that there have been students who have switched into the chemical
engineering major at UC Davis because of this course. In this study, the effects of this course on
first-year “non-STEM majors” were investigated. It was hypothesized that first-year non-STEM
students taking The Design of Coffee would be more likely to change into STEM majors due to
the course’s experiential and approachable nature as compared to first-year non-STEM students
that did not take this course but a comparable introductory food science course. To test this
hypothesis, we performed a detailed statistical analysis comparing the two groups. Additionally,
students who switched into chemical engineering after taking The Design of Coffee were identified
and interviewed in order to probe particular aspects of the course that were influential in their

decision to change majors.

At least 12 students were found have changed their major into chemical or biochemical

engineering after taking The Design of Coffee since the course was piloted in 2014 and have since
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graduated. Those that we had the opportunity to interview spoke to the significant impact this
course played in changing the trajectory of their academic journey and their career. More broadly
speaking, non-STEM first-year students taking this course and had taken or were concurrently
enrolled in a “core” STEM course such as introductory chemistry or biology were significantly
more likely to change into and graduate in STEM majors as compared to students taking a
comparable introductory food science course prior to pandemic-initiated remote instruction
beginning in Spring 2020 (58.1% vs. 39.3%, p = 0.042). While the remote instruction period
eroded this impact, it is our hope and expectation that as most classes at UC Davis have returned
to in-person instruction, students taking The Design of Coffee will once again be motivated to
change into and persist in STEM majors, adding much needed talent to the pool of perspective

scientists and engineers.

4.2 Introduction and Motivation

Introductory design experiences are recommended by the National Academy of Engineering for
recruiting and retaining students into STEM and engineering in particular.®® These experiences
have the potential to be particularly impactful for students underrepresented in STEM in part due
to their use of relatable contexts®*4, opportunities to apply theory to practice®*12-130 and ability
to impart gains in self-efficacy, sense of satisfaction, community, and belonging.®>-°8 Students who
participate in project-based learning experiences such as introductory design experiences are
generally motivated by the experience and have a better understanding of the complexities of
professional practice.’®! In one such project-based learning experience, the investigators noted a

gain in positive attitudes towards the mechanical engineering discipline.®

Typical engineering classes, including introductory classes, require students to have prior

knowledge of advanced mathematical and physical concepts. Many introductory courses are
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lecture-based and may be supplemented with discussion sections and presentations by guest
speakers or alumni. While these activities offer students exposure to the engineering discipline,
they lack the hands-on component commonly used to enhance learning.*® Many introductory-level
courses do not offer students a laboratory experience since first-year students lack the background
necessary to apply engineering principles, and many activities would require extensive laboratory
and calculation time.®® Additionally, it has been shown that highly competitive introductory math
and science courses that lack engagement may discourage students from earning a STEM degree.®*
For example, it has been shown that struggles in first year chemistry courses have been an
important factor in students’ decisions not to pursue an engineering degree.®>%® Leveraging
instructional strategies that challenge students to innovate and invent, such as engineering design
and problem solving, has been shown to better engage and motivate students, helping to attract

and retain students in STEM disciplines.546°

At UC Davis, The Design of Coffee is a popular®®, large enrollment (> 1800 students/year),
general education course offered by the Department of Chemical Engineering that uses the roasting
and brewing of coffee to teach chemical engineering principles to a broad audience. There are no
pre-requisites for this course, and students are not assumed to have any prior knowledge of physics,
chemistry, or calculus beyond what they may have seen in high school in order to participate in
activities and learn concepts. Course objectives include demonstrating what a chemical engineer
does (and how they think), introducing students to core chemical engineering principles and skills,
enabling students to clearly communicate technical data via graphs and tables, and using data to
draw conclusions. The over-arching goals for the course are to cultivate student’s interest in
chemical engineering and broader STEM disciplines/classes and to encourage students to consider

pursuing a career in STEM.
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In this course, students attend a weekly lecture, complete short pre-lab quizzes, participate
in a weekly laboratory session following steps outlined in the lab manual specially written for this
course®®, and work in groups to complete lab reports. The relationship between chemical
engineering and post-harvesting coffee is discussed in lecture while the pre-lab quizzes briefly go
over essential lab information that students must complete prior to lab participation. Labs are
divided into two distinct parts: analysis and design. In the analysis labs, students focus on
performing “engineering analysis” on one core chemical engineering concept. These concepts
include process flow diagrams, mass conservation, the effects of chemical reactions, conservation

of energy, flux, mass transfer, fluid mechanics, colloids, and viscosity.

After students have a grasp of chemical engineering analysis, the remaining lab sessions
focus on different aspects of design through open-ended design trials. The design labs cover
optimization of brew parameters, scaling up from a cup to a liter of coffee, and economics of
roasting and brewing coffee. Once each of the previously mentioned labs are completed, students
submit lab reports that contain graphs and tables of their numerical data and brief paragraphs
discussing their interpretations. Everything culminates in the last lab where students compete in
the engineering design challenge: to make the best tasting cup of coffee with the least amount of
energy. The benefit of this challenge is to expose students to open-ended design problems that

have multiple solutions.

Anecdotal reports and preliminary survey data suggested that The Design of Coffee
(TDOC) has a positive impact on recruitment of students into STEM majors. Accordingly, we
sought to rigorously test the hypothesis that freshmen who were not originally enrolled in a STEM
major would indeed ultimately transfer into a STEM major at a higher rate after taking TDOC

compared to a control group who did not. To test this hypothesis, we needed to identify a well-
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defined control group, ideally of students who had taken a general education class on a similar
topic without a hands-on laboratory component. At UC Dauvis, there is such a course, titled Food
Science, Folklore and Health (FSFH), which is an introductory, no-prerequisite course with the
same number of units and comparable enrollment numbers, offered by the Department of Food
Science and Technology. The goals of FSFH are to provide students with a good understanding of
modern-day foods and their properties, as well as to examine ancient and modern food folklore
using modern science related to health and well-being. In this course, students attend two lectures
each week that are taught from PowerPoint slides, and they complete several quizzes, two
midterms, and a final exam. The topics covered in this course include (i) the societal development
of conventional, natural, and organics foods, (ii) the social science perspective of what food
represents, (iii) animal & plant fats, oils, proteins, and enzymes, (iv) food groups such as fruits,
vegetables, and dairy, (v) toxicants, poisons, and nutrients in food and food safety, (vi) beverages

& stimulants, and (vii) historical and current uses of medicinal plants.

Many students in non-STEM majors take TDOC or FSFH to fulfill in part their science and
engineering general education requirement. Fig. 4.1 shows a breakdown of students’ major
category at the time that they actually took the respective course. From 2014 to Fall 2023, a total
of 12,194 students took TDOC, while 13,510 took FSFH. The distribution of majors was also
comparable, with economics and biology in the top two. Here, the College of Agricultural and
Environmental Sciences (AE&S) includes animal science, food science, plant sciences, nutrition,
and environmental science & management, all of which are classified as STEM majors. Majors

classified as non-STEM include economics, social sciences, humanities, communication, and art
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& design, which make up approximately 45% of all students that took TDOC (Fig. 4.1a) and

approximately 34% of all students that took FSFH (Fig. 4.1b).

(a) The Design of Coffee (b) Food Science Folklore and Health
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Figure 4.1. The major category for students who took (a) The Design of Coffee (n = 12,194) or (b) Food
Science Folklore and Health (n = 13,510), both over the time period from 2014 to Fall Quarter 2023. A&ES
is an abbreviation for Agricultural and Environmental Sciences.

In this study, we sought to quantify the impact of The Design of Coffee on recruiting students
into STEM disciplines, as well as more specifically into chemical engineering. It was hypothesized
that first-year students originally enrolled in non-STEM majors who took TDOC would be more
likely to change their major into a STEM major, due to the experiential and approachable nature
of the course, when compared to non-STEM students who did not take TDOC but instead took
Food Science Folklore and Health. To test this hypothesis, we performed a detailed statistical
analysis comparing the two groups. Furthermore, we also identified students who had graduated
with a degree in chemical or biochemical engineering, or were currently in our program, after
taking the TDOC and performed qualitative interviews to identify aspects of The Design of Coffee

that were particularly impactful.
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4.3 Methods

In order to evaluate the impact of The Design of Coffee on students not enrolled in STEM majors,
data was collected from the transcripts of students (i) who matriculated to UC Dauvis in Fall 2013
or later (so that they would have had a chance to take TDOC), (ii) have since graduated from UC
Davis, (iii) were not enrolled in a STEM degree program upon admission to UC Davis, and (iv)
who took The Design of Coffee or Food Science Folklore and Health during their first year. The
Center for Educational Effectiveness at UC Davis had produced a list of STEM degree programs,
aligned with the NSF definition for such programs?32, that was used for this study. The purpose of
restricting this study to students who took TDOC during their first year (many sophomore, junior,
and senior students also take the course) was to focus on students who had the most time to change
their choice of major if motivated to do so. Transcripts from individuals who did not meet the

above criteria were excluded from the study.

Students whose transcripts met the above criteria were separated into two groups: A)
students who took a “core” STEM course during their first year before or while taking TDOC or
FSFH, named “STEM leaning” and B) students who did not take any “core” STEM courses during
their first year, named “STEM avoiding”. “Core” STEM courses were defined as courses in the
general chemistry and general biology series at UC Davis. The purpose of defining these groups
was to differentiate between students who may have had thoughts about entering a STEM program
from students whose first-year coursework indicated that they had little to no interest in pursuing
a STEM degree. The impact of a large enrollment introductory science course on both groups was

assessed. Table 4.1 summarizes these student groups under investigation.
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STEM STEM

Characteristic leaning avoiding
(n=230) (n=1,483)

First-year student at UC Davis during the 2013-14 academic year or

later:

Graduated from UC Dauvis:

Were enrolled in a STEM major during their first year: NO NO

Took The Design of Coffee or Food Science Folklore and Health
during their first year:

Took a “core” STEM course during their first year before or while NO
taking a non-core STEM course:

Table 4.1. Student groups under investigation.

For both groups, data was obtained for students graduating before pandemic-related remote
instruction began (students graduating Fall 2019 and earlier) and for students that would have been
impacted by remote instruction. Due to the constraints on the population studied of (i) being in
their first year when they took TDOC or FSFH and (ii) having since graduated from UC Dauvis, all
students would have taken either of the non-core STEM courses before remote instruction began
in Spring 2020. However, any impacts of remote instruction on the students’ choices to complete
degree programs in STEM majors were evaluated. The statistical significance of the variation in
type of bachelor's degree earned across the cohorts was determined using chi-squared tests of

independence on 2x2 contingency tables with o. = 0.05 (see Appendix B).

A secondary objective of this study was to evaluate the influence of The Design of Coffee on
students who had not previously considered chemical engineering in particular as a possible choice
of major. Therefore, all the students who graduated with a chemical or biochemical engineering
degree and took the general education version of TDOC course prior to switching into the major
were identified and contacted with a request to be interviewed for this study. Twelve individuals

met these criteria and seven agreed to be interviewed and share their experiences. Students were
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encouraged to participate in an in-person or online interview but were also given the option to
complete a survey. One interview was conducted in-person, five were conducted online, and one
survey was requested and returned via email. The 10—20-minute interview was conducted by one

or two investigators (Questions are in Appendix A.)

4.4 Results and Discussion

Impact of The Design of Coffee on First-Year Non-STEM Majors

Fig. 4.2 shows the results for both student groups under investigation in which the percentage of

students who graduated with a STEM degree vs a non-STEM degree was tabulated.
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Figure 4.2. STEM vs. Non-STEM major graduation results for students under investigation. The
percentage of students graduating with bachelor’s degrees in STEM fields vs. non-STEM fields is shown
for students who took The Design of Coffee (green) vs. students who did not take The Design of Coffee
(black) for (a) STEM leaning and (b) STEM avoiding groups.

In the STEM leaning group (n = 230), the number of students who took TDOC (n = 134)
and received a bachelor’s degree in a STEM field was 10% higher than students who did not take
TDOC (n =96) but took FSFH. This would suggest that students may have been influenced by the
coffee course to switch into a STEM program. However, this result was not found to be statistically

significant (p = 0.146). In the STEM avoiding group (n = 1483), the number of students who took
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TDOC (n=1100) and received a bachelor’s degree in STEM was 2% higher than students who did

not take the course (n = 383), however, this result was also not statistically significant (p = 0.153).

If students took a core STEM course during their first year (STEM leaning), taking TDOC
was found to have a larger positive impact on students’ decision to switch into STEM majors
compared to students that did not take a core STEM course during their first year (STEM
avoiding). This result could suggest that taking the course strengthened STEM leaning students to
continue their path towards a STEM degree program. The percentage of students graduating in
STEM majors for the STEM avoiding group is significantly lower than that of the STEM leaning
group which may imply that students in the STEM avoiding group had little to no interest in
pursuing a career in STEM based on their first-year coursework, however, some students may have
been motivated by The Design of Coffee to take STEM courses later in their academic tenure or

switch into a STEM major.

To assess the effect of the pandemic-induced switch to remote learning, data for both
groups were divided into pre-pandemic (graduated before Fall 2019 - solely experienced in-person
instruction), and mid-pandemic (impacted by remote instruction). Importantly, in all cases, courses
taken by this population during their first year, including STEM courses, were not impacted by the
pandemic and were taught in-person. However, courses taken after the first year may have
switched to remote instruction. The results of the pandemic’s effect on the percentage of students

in this study graduating in STEM fields are shown in Fig. 4.3.
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Figure 4.3. STEM major graduation results for students before and during the pandemic. The
percentage of students graduating with bachelor’s degrees in STEM fields pre-pandemic vs mid-pandemic
is shown for students who took The Design of Coffee (green) vs. students who did not take The Design of
Coffee (black) for (a) STEM leaning and (b) STEM avoiding groups. Note that the result for the STEM
leaning group is statistically significant (p = 0.042).

Prior to the pandemic, the number of students that graduated in STEM majors and took The
Design of Coffee course was approximately 20% larger than students that did not take the course
for the STEM leaning group (Fig. 4.3a). The 20% increase in STEM graduates was statistically
significant (p = 0.042). This suggests that TDOC had a positive impact on students choosing and
graduating in STEM majors prior to (and including) Fall 2019. However, during the pandemic,
participating in the course (or not) showed no significant difference on the number of students that
graduated in STEM (p = 0.864). The percentage of STEM graduates before and during the
pandemic remained relatively the same for students that did not take TDOC, but a 16.4% drop
occurred in the number of STEM graduates that did take the course between pre-pandemic and
mid-pandemic years. This decrease, although not statistically significant (p = 0.068), may have
indicated potentially negative impacts of transitioning to remote instruction on students graduating

in STEM.
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Recent studies have shown that the pandemic has had adverse effects on undergraduate
students in STEM. Students reported difficulty maintaining commitment and engagement in their
courses after the transition to remote instruction.*® Pronounced levels of depression and
generalized anxiety, as well as math anxiety, were also reported for STEM students during online
learning which may have led to delaying or suspending future STEM coursework and ultimately
deterring students from obtaining a bachelor’s degree in STEM. 1% Additionally, the pandemic
has contributed to an increasingly competitive STEM job market adding financial and health
insurance concerns to academic anxieties.®*® Despite students’ participation in The Design of
Coffee before the pandemic, the results for the STEM leaning group show that the detrimental
effects of the pandemic in students later academic years overshadowed any potentially positive
impact of the course. It is our hope that the significant impact of TDOC on students’ changing into
STEM majors will once again be realized as most instruction returns to fully in-person at UC

Davis.

For the STEM avoiding group, no statistically significant difference was observed in the
number of students graduating in STEM between students that did or did not take The Design of
Coffee before the pandemic (p = 0.655) (Fig. 4.3b). The same result holds true for students
graduating in STEM during the pandemic (p = 0.166), although a 2% increase in STEM graduates
was observed for students that took the course. This observed increase could be attributed to
students’ tendencies to gravitate towards higher-paying majors during adverse economic
conditions.®*” However, results for the STEM avoiding group suggest that the pandemic and

subsequent shift to remote instruction had little to no effect on students transitioning to STEM.
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Interviews with Current and Former Chemical/Biochemical Engineering Students Who Changed

into the Major After Taking The Design of Coffee

Five major themes were identified from the interviews with current and former chemical or
biochemical engineering students who switched into the major after taking The Design of Coffee,

and they are discussed below.

1. Diverse applications of chemical engineering presented during opening lecture

One of the main aspects of the course that impacted students’ decision to transition to chemical or
biochemical engineering was the opening lecture. Most of the interviewees mentioned that they
“had no idea” what chemical engineering was and that it has a variety of career paths such as food,
cosmetics, and pharmaceuticals. One of the students mentioned she was interested in skin care and
was not aware that this industry was related to chemical engineering. She pointed out that she was
fascinated when the instructor had referred to a chemical engineer friend working at Neutrogena.
Another student mentioned that the course was the reason why she changed her major to chemical
engineering, since she always wanted to work with food, and it was only during the class and the
opening lecture that she learned about the connection between engineering and the food industry.
This shows the importance and potential impact of exposing a bigger and more diverse audience
to what chemical engineering is, whether it be in a course like The Design of Coffee or in another

setting.
2. Application of engineering to daily life activities

For most of the students, TDOC influenced their decision to switch majors (see Appendix C).
Besides the opening lecture, another aspect of the course that impacted their decision was the

application of engineering to daily life activities such as brewing coffee. One of the students
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mentioned enjoying the process of conducting a material balance for coffee, from green coffee
beans to brew, and understanding how applying different brewing and roasting methods altered
the material balance and taste. The application of material balances to any process was not
previously considered by the student, and this exercise was particularly influential in drawing him
into biochemical engineering. In addition to TDOC, the chemical engineering department at UC
Davis offers additional classes related to food applications. One of the students mentioned that she
also participated in a pilot class for The Design of Cocktails (an upper division chemical
engineering course at UC Davis), and she enjoyed the fact that chemical engineering concepts

were so broadly applicable.

3. Hands-on Activities and Design Project

Another aspect of the course that influenced students’ decisions to switch majors was the
laboratory component and the final design project. One student mentioned the social aspect of the
class since she had to work with senior students. Another student stated the appeal of the coffee
laboratory sessions was the illustration of the engineering thought process and emphasis on

improving products and designs.

The student for which The Design of Coffee course did not influence the decision to switch
majors (see Appendix C) stated that even though the class was enjoyable, she felt that “...it is a
misrepresentation of how in-depth chemical engineering is - mass balance is relatable but there’s
so much more to that”. It is important to emphasize that TDOC has a version for chemical
engineering majors, which covers more in-depth concepts compared to the general education

version.
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4. Previous exposure to science/engineering

Two students reported not being exposed to science or engineering during high school. One
attended a performing arts magnet high school. She mentioned that she was enrolled in the Honors
section of The Design of Coffee, which has the laboratory component led by the professors instead
of teaching assistants. She found these professors more approachable and ‘“not scary”. The
interaction with professors in a low-stress environment provided her the opportunity to learn more
about the major, which was one of the reasons for her decision to pursue a degree in chemical

engineering.

Another student who transferred from community college with an associate’s degree in
math and chemistry and was pursuing a degree in chemistry while taking TDOC, reported that
before enrolling at UC Davis she did not know what engineering was. She was always “scared” of
engineering and thought she “could not do it”. She enrolled in TDOC because she wanted to work
in the pharmaceutical industry and one of the advisors at UC Davis mentioned that chemical
engineering was one of the options to work in this industry. The counselor advised her to enroll in
TDOC in order to gain experience in an engineering discipline. While the opening lecture
corroborated the counselor’s statements about the pharmaceutical industry, the class also provided

her with more perspectives on chemical engineering.

For the interviewees who had previously been exposed to science and engineering in high
school, they had not previously considered engineering because (i) they were interested in other
topics at the time they applied for college, (ii) did not know what engineering led to, or (iii) had

family who earned degrees in other engineering majors and had jobs that seemed “boring”.
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5. Satisfaction with major

All interviewees were satisfied with their decision to switch their major into chemical or
biochemical engineering (see Appendix C). For most of the students the program was “hard”, but
it helped them to acquire skills and the engineering mindset required for their jobs. Core
engineering disciplines helped them to develop their ability to work hard, think critically, and

“figure anything out”.

Although all interviewees were initially enrolled in a STEM major, this qualitative result
revealed significant reasons for students to change their degree to chemical and biochemical
engineering. Among the reasons for students to consider majoring in chemical engineering are the
acquired understanding on the range of industrial applications that a chemical engineering degree
offers and the connection between engineering and daily life activities. These two aspects seem to

be crucial to individuals choosing chemical engineering as a possible career path.

4.5 Conclusion

The Design of Coffee is a unique large-enrollment general education chemical engineering course
that has exposed a large number of students to basic (chemical) engineering principles since its
inception. At least 12 students have changed their major into chemical or biochemical engineering
after taking this course and have since graduated. Those that we had the opportunity to interview
spoke to the significant impact this course played in changing the trajectory of their academic
journey and their career despite initial fears of engineering rigor. More broadly speaking, non-
STEM first-year students taking this course were significantly more likely to change into and
graduate in STEM majors as compared to students taking a comparable introductory food science
course prior to pandemic-initiated remote instruction beginning in Spring 2020. While the impact

of remote instruction has eroded this impact, it is our hope and expectation that as most classes at
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UC Davis have returned to in-person instruction, students taking this course will again be
motivated to change into and persist in STEM majors, adding much needed talent to the pool of

perspective scientists and engineers.
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Chapter 5: Using an AeroPress Coffee Brewer to Teach Fluid Mechanics to
non-STEM Students

5.1 Abstract

Fluid mechanics is a cornerstone of chemical engineering, but courses in fluid mechanics typically
require students to have prior knowledge of advanced mathematical and physical concepts. These
prerequisites complicate efforts to create entry-level, introductory fluid mechanics pedagogy for
engineering or non-engineering students. Here, we describe a laboratory module called “Pressure
Driven Flow through Coffee Grounds”, which is offered as a part of a general education, no-
prerequisite class titled “The Design of Coffee: An Introduction to Chemical Engineering”, a
course which regularly enrolls over 500 students each academic quarter at the University of
California Davis. In this laboratory session, students perform hands-on experiments with an
“AeroPress” brewer that allows students to simultaneously measure the manually applied pressure
difference and the resulting flow rate of brewed coffee. After the experiment, students are expected
to have learned how to: (1) relate the concepts of pressure and flow rate using Darcy’s Law, (2)
assess how the flow rate affects the strength and quantity of the brewed coffee, and (3) clearly
communicate technical data via graphs. We measured gains in achievement of these first two
learning objectives using quizzes administered before and after the lab session, and we assessed
the third learning objective by comparisons of submitted graphs versus a standardized rubric. We
present statistical analyses of achievement in each category, and we further discuss how the
AeroPress module can be incorporated into existing first-year classes tailored to different cohorts

of students.
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5.2 Introduction

Instructional laboratories are vital in bridging the gap between fundamental engineering concepts
and application by allowing students to gain technical capabilities and apply practical knowledge
to new techniques and non-conventional problems.>°? Students engaging in introductory design
experiences tend to be highly motivated by the process and gain a better understanding of the
intricacies involved in professional practice.> For any laboratory, the educational goals include
(1) conceptual understanding (how well laboratory activities aid students’ ability to comprehend
and resolve problems associated with fundamental concepts taught in the classroom), (2) design
skills (the degree to which laboratory exercises enhance students’ capacity to address open-ended
problems by creating and building novel objects or processes, (3) professional skills (how well
students become acquainted with technical skills required for professional practice), and (4) social
skills (the degree to which students learn how to communicate and effectively execute engineering
activities in groups).>*

The implementation of laboratory instruction to supplement lecture-based teaching in fluid
mechanics has been studied by several universities and research groups. Mandavgane*® organized
an assignment with a competition called “Fun with Fluid” (FwF) with four segments including
designing a problem statement, the laboratory component, and a final presentation. Students
worked in groups consisting of five members: three second-year chemical engineering students,
one senior chemical engineering student, and a fifth member from outside the chemical
engineering department. The main objective of the FwWF segment was to encourage students to
think outside the box and students reported their initial perception of fluid mechanics changed
from “difficult” to “playful”. Munro®*® used the Design-Build-Test (DBT) concept to create a

novel fluid mechanics experiment for junior-level chemical engineering students where teams are
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presented with an objective involving designing, building, and testing a pump and piping system
to transport a liquid with known and measurable properties. Results from a post-experiment survey
indicated that students viewed the experiment as an effective learning tool that helped reinforce
the principles learned in the fluid mechanics lectures. Han and Ugaz*° described their effort to
address challenges associated with implementing laboratory exercises in large classrooms within
the traditional allotted time for a lecture. They developed three mini-labs focused on fluid
mechanics concepts including friction losses in pipes, flow measurements, and centrifugal pump
analysis for junior-level students. Their survey results indicated that 50% of students “learn more
in @ mini-lab than a typical homework assignment”, however, students also expressed that the
mini-labs were “too long and repetitive”, and the extra workload added by mini-labs in addition to
homework assignments was concerning.

As the above examples illustrate, typically fluid mechanics is taught in the 3™ year of the
chemical engineering curriculum. If institutions choose to add laboratory exercises to the course,
students are required to have prior knowledge of advanced mathematical and physical concepts.
These prerequisites complicate efforts to create entry-level, introductory fluid mechanics lab
pedagogy for engineering students. Additionally, creating an authentic chemical engineering
exercise for first-year students can be challenging considering that the field often involves large
and occasionally hazardous processes. Provided these hurdles are overcome, stimulating activities
would still require substantial laboratory time that may not be practical for first-year students’
studies.

A few institutions, however, have managed to implement first-year fluid mechanics laboratory
experiments. Fraser'* designed and implemented four experiments covering transport phenomena

and reaction Kinetics for first-year chemical engineering students. In their fluid flow lab, students
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verified the Hagen-Poiseuille law by using a syringe to apply pressure to fluids of varying viscosity
through a pipe system. Students reported that the experiment helped them appreciate the Bernoulli
equation they’d previously learned in physics. More recently, Hohn®® described a hands-on
experiment where students studied the phenomenon of carbonated soft drinks losing their fizz.
Students were able to apply gas adsorption principles towards a practical application early in their
college studies in an effort to increase retention and student’s enthusiasm for chemical engineering.
While the experiment was received well by most students, the project was found to be challenging
due to loosely defined project goals from the open-ended nature of implementation. These studies,
however, were conducted during a time when enrollment in chemical engineering was increasing
with each passing year. After the switch to remote learning, chemical engineering matriculation
rates have been declining*®, emphasizing the need to increase recruitment of students into the
discipline.

As detailed in chapter 4, The Design of Coffee: An Introduction to Chemical Engineering is a
general education course offered by the Department of Chemical Engineering that uses the roasting
and brewing of coffee to teach chemical engineering principles to both engineering and non-
engineering students.®® The course fulfills many non-STEM majors’ science and engineering
general education requirement at UC Davis. Fig. 5.1 shows a breakdown of students’ major
category for the 2020-2021 academic year and a pie chart conveying the percentage of students in
STEM and non-STEM majors. Majors classified as non-STEM include economics, sociology,
psychology, communication, political science, and design, which make up approximately 49% of
all students that took the coffee course. No students that participated in The Design of Coffee during

the 2020-2021 academic year were engineering majors.
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Figure 5.1. Student’s major category for The Design of Coffee (n = 1,845) in the 2020-2021 academic year.
A&ES stands for College of Agricultural and Environmental Sciences. STEM majors (36%) include
Physics, Chemistry, Computer Science, A&ES, Math, and Biology. Non-STEM majors (49%) include
Economics, Social Sciences, Communication, Art & Design, and Humanities.

To our knowledge, little work has examined the challenge of teaching fluid mechanics to
non-STEM students. The goal of his paper is to describe a coffee-based methodology for
introducing fluid mechanics to non-STEM students and to provide a quantitative assessment of
pedagogical efficacy. Specifically, this study focuses on the fluid mechanics laboratory module
called “Pressure Driven Flow through Coffee Grounds” in The Design of Coffee. This lab has three
main learning objectives: (1) relate the concepts of pressure and flow rate using Darcy’s Law, (2)
assess how the flow rate affects the strength and quantity of the brewed coffee, and (3) clearly

communicate technical data via graphs and interpret results.

73



5.3 Fluid Mechanics Laboratory Module

Prior to the laboratory session, students attended a lecture covering basic fluid mechanics
principles and its relationship to post-harvesting coffee. Students that attended the lecture in-
person were registered in ECH 1 and students that watched the lecture from pre-recorded videos
were registered in ECH 1Y. Both groups completed the pre-lab quiz, which covers essential lab
and safety information, and participated in the same fluid mechanics lab module. Each laboratory
station had access to the following equipment: an AeroPress, an electric kettle, a bathroom scale,
and a ruler. An AeroPress is an immersion-style coffee maker where medium to fine ground coffee
is immersed in a chamber for a short brew time. Pressure is applied to the plunger to extract the
brewed coffee through a micro-filter.1¥> An example of using the AeroPress in the laboratory is
provided in Fig. 5.2. The lab consists of two major parts. Part A examines Darcy’s law and

pressure, while Part B examines the concept of permeability. Darcy’s Law'*® is defined as
Kk , AP
Q= AT (5.1)
where Q is the flow rate of brewed coffee, k is the permeability of the porous ground coffee, u is
the viscosity, A is cross-sectional area of the porous medium, and ATP is the pressure gradient or

pressure difference over a thickness L of the bed of ground coffee. Teaching assistants reviewed
safety guidelines before students conducted any experiments. For Part A, each group was
instructed to perform three brews at different applied pressures with the AeroPress. For all three

brews, the grind size of coffee was consistently medium.
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Figure 5.2. Experimental set-up for brewing coffee with an AeroPress. (a) The glass mug is placed on a
bathroom scale to measure the pressure applied while extracting coffee. (b) A close-up image of coffee
dispensed into the glass mug. (c) Measurement of the coffee puck that remains after all coffee has been
dispensed from the AeroPress.

Students adjusted the plunger so that the reservoir was at the maximum volume with the rubber
stopper still inside the cylinder. The AeroPress is placed plunger-down so the open cylinder portion
is face up. After heating up water, students added a pre-measured amount of coffee grounds and
hot water to the open cylinder. Students were instructed to make sure all the coffee grounds were
wet, and the mixture was stirred briefly. A filter was placed in the cap before the cap was secured
on top of the open cylinder. Students then wait for the desired amount of extraction time before
quickly and carefully inverting the AeroPress onto a glass mug placed on a bathroom scale. As the

plunger is pressed down, brewed coffee is pushed out while the bathroom scale is used to measure
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the applied force. The force applied by a student (F},,,4) and the area of the AeroPress (A) were

used to calculate the pressure difference

AP = “hand (5.2)

The three applied pressures were defined as “gentle” (201bs), “moderate” (301bs), and “strong”
(401bs). Students were instructed to maintain the same force while dispensing coffee with the
AeroPress and to record the time required to dispense the fluid. The mass of brewed coffee

(Maispensea), density (p, approximated as the density of water), and time to dispense the coffee

(taispense) Were used to calculate the average flowrate as

Q _ Mdispensed (53)

" P taispense
After all coffee had been dispensed, students inverted the AeroPress and pushed the remainder
of the plunger out to reveal a coffee puck of thickness L (Fig. 5.2c). For part B, students were to
focus on permeability via the effect of grind size. One AeroPress brew was conducted with fine
coffee grounds while another was conducted with coarse coffee grounds. Both brews used the
same “moderate” force as defined in part A. After the lab was completed, students then worked

together in their groups to complete the lab report.

5.4 Methods

In order to evaluate the impact of the laboratory module towards the first two learning objectives,
a short quiz was given to the students both before the lab and one week later prior after they had
submitted their lab report. The quiz included 3 questions, with 3 minutes total to answer, and no
indication of correct or incorrect answers was given to students. Students took the quiz by
themselves, without discussing ideas with their peers, and only one answer was correct for each
question. The quizzes were designed to be quick to complete so students would have little time to
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contemplate. Of the 5 choices available, we included an “I don’t know” option to encourage

students not to guess the correct answer but to answer honestly, within their capability and

knowledge. Quiz questions are shown in Figure 3. The pre-quiz was administered 5 minutes before

the laboratory session began and post-quiz was administered a week after the module was

completed (Fig. 5.4). We emphasize that the pre- and post-quizzes were identical, but students

received no feedback from the pre-quiz and therefore did not know if their answers were correct

or not.

e

evaluate

analyze

apply
understand

remember

) |

—_—

Q1: What is pressure? What is flowrate?

(a) Pressure is force/area and flowrate is volume/time.

(b) Pressure is volume/time and flowrate is forcef/area.

(c) Pressure is weight and flowrate is area/time.

(d) Pressure is mass times acceleration and flowrate is volume/time.
(e) | don't know

Q2: According to Darcy's law, if you double the amount of coffee grounds in
an AeroPress, and if you apply the same pressure, then the flow rate will...
(a) ...decrease by 50%

(b) ...increase by 50%

(c) ...double

(d) ...be unaffected

(e) ...I don't know

Q3: If you decrease the grind size to make the coffee stronger in an
AeroPress, then to obtain the same flow rate you will need to...

(a) ...push harder because the permeability is lower
(b} ...push more gently because the permeability is larger
(c) ...push more gently because the permeability is lower
(d) ...push harder because the permeability is larger

(e) ...l don't know

Figure 5.3. Pre-quiz/post-quiz multiple choice questions. The order of answer choices was randomized
when presented to students. The triangle represents Bloom’s Taxonomy hierarchy (repurposed from
https://cft.vanderbilt.edu/guides-sub-pages/blooms-taxonomy/)
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Figure 5.4. Course week flow with quiz intervention (hexagons). A typical lab week consists of the flow
chart elements in green. Lab report assessment was divided into communication and interpretation of
technical data collected during the lab.

The classification of educational learning objectives for each quiz question was determined
following Bloom’s Taxonomy®’ (Fig. 5.3). For question 1, defining the units for pressure and
flowrate falls under the “Remember” category (Level 1) since it involves recognizing or
remembering terms without necessarily understanding what they mean. Questions 2 and 3 fall
under the “Apply” category (Level 3) as students need to use their acquired knowledge of flow
rate and pressure, and the relationship between them given a change in grind size or mass, to solve
problems in new situations. One purpose of the interventional assessment is to draw comparisons
between the control question (i.e., participation in the lab should have minimal effect on students’
improvement of question 1 given that lab participation was not necessary for answering the
question) and the intervention within the same cohort of students.

The statistical significance of student’s gains in achievement after completing the Pre- and
Post-quizzes was determined using McNemar tests (y? test) on 2x2 contingency tables at
significance level @ = 0.05. The y? test statistic was calculated using values in the pre-quiz-

correct/post-quiz-incorrect quadrant and the pre-quiz-incorrect/post-quiz-correct quadrant. Care
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was taken so that only the results of students who did both the pre-quiz and the post-quiz were

evaluated. Mean, standard deviation, and time to completion were reported for both quizzes.

Towards the third learning objective, a scatter plot of the flow rate versus the pressure gradient,

generated by each team for their lab report, was evaluated according to a predetermined rubric

shown in Table 5.1. Additionally, students were asked to answer the following questions on their

lab report: (1) Why did your coarse and fine grind flow rates not fall on the same line as the medium

grind? (2) Which parameter in Darcy’s Law differs with grind size? Student responses were graded

on a qualitative scale depending on accuracy and completion. Example scores are shown in Table

5.2.
Category Excellent Good Fair Poor
(15-13) (12-9) (8-5) (<5)
Y-axis is correctly labeled “Flowrate” or One correct axis label, one incorrect Both axis labels are incorrect. No axis labels.
Axis Labels “Q”. axis label.
X-axis is correctly labeled “Pressure
Gradient” or “AP/L”.
(20-16) (15-11) (10-6) (<5)
Y-axis units are correct and in the axis Y-axis units are correct and in the axis Both axes' units are incorrect No units.
Units label (cm3/s). label. but are in the axis label.
X-axis units are correct and in the axis X-axis units are incorrect but in the
label (psi/cm). axis label.
(30-25) (24-18) (17-11) (<10)
Fine, medium, and course grind sizes Medium grind size is clearly All grind sizes have the same No legend,
Legend clearly distinguished with a different color distinguished. color or marker and a non- distinguished markers
or marker and descriptive label. Fine and coarse grind sizes have no descript distinction is made in nor descriptive label.
distinction. text.
(10) (0)
Points or markers used to represent No points or markers
Markers L X
individual experimental measurements. (data represented as a
line).
(10-8) (7-5) (3) (<3)
Appropriate font size and marker size. Appropriate font size and markers are Font size and marker size are lllegible font size and
Visibility All markers are clearly visible and within within the bounds of the graph; too small. All markers are marker size. Markers
the bounds of the graph. however, marker size is too small. within the bounds of the are not within the
graph. graph bounds.
(s) (0)
Aesthetics | No gridlines and simple white background. Gridlines present and
colored background.

Table 5.1. Rubric for assessing communication of technical data.
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Excellent

“The coarse and [fine] coffee ground flow rates did not fall on the same line because

the medium ground coffee has a different surface area to volume ratio than the coarsely
grounded coffee. According to Darcy’s law the surface area to volume ratio can affect the
flow rate (movement of fluid), that’s why their flow rates were different and their points did
not fall on the same line on the scatter plot graph. In terms of Darcy’s law the grind size
changes how permeable the coffee grounds. Changing the grind size, changes how

much available surface area there is to slow down the movement of fluid.”

Good

“Darcy's Law indicates that the smaller the coffee particle, the lower the permeability.
The grind size is related to the K value (that is K). As a result, changing the grind size
changes the factor K, and the flow rate will not be the same for different grind sizes”

Fair

“The coarse and fine grind flow rates didn’t fall on the same line because the
water went through the more porous (coarse) faster than the fine grind. The flow
rate differs with grind size.”

Poor

“The coarse and medium grind flow rates do not fall on the same line because there is larger
surface area with the medium grind, therefore the extraction rate will be quicker than the
coarse grind.”

Table 5.2. Example scores for student’s responses to lab report questions.

5.5 Results and Discussion

Descriptive statistics of the pre- and post-quiz for 275 students are shown in Table 5.3. Regarding

the pre-quiz, s

tudents in both 1 and 1Y groups scored < 60% on average with ECH 1 students

having a higher mean than ECH 1Y students. Post-quiz results reveal that students scored above

60% on average, greater than the results for the pre-quiz. In all cases, students on average

completed the

quiz in less than half the time allotted (180 seconds).

N =275 Mean | Median | Mode Standard Deviation Average Completion Time (s)
ECH 1 Pre-Quiz 1.83 2 2 0.82 82
ECH 1 Post-Quiz 1.98 2 2 0.89 75
ECH 1Y Pre-Quiz 1.72 2 2 0.81 78
ECH 1Y Post-Quiz | 1.88 2 2 0.9 73

Table 5.3. Mean, median, mode, standard deviation, and average time to complete the pre/post quiz for
ECH 1 (The Design of Coffee course with in-person lecture) and ECH 1Y (The Design of Coffee course
with online lectures).
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Fig. 5.5 shows the results of the statistical analysis and contingency tables for each pie chart.
For question 1 (Fig. 5.5a), over 80% of students (222 out of 275) selected the correct answer on
both the pre-quiz and the post-quiz. Students that showed improvement (scored incorrect on the
pre-quiz and correct on the post-quiz) after participation in the lab made up 6% of the total number
of students. This result was not significant (p = 0.132), which was expected given that answering
this question correctly should be minimally affected by lab participation. Approximately 10% of
students went from correct to incorrect which was larger than the percentage of students that

showed improvement (6%). This difference was statistically insignificant.

(b)

Q2

(c)

Q3

25%>

o1 Post-Quiz Q2 Post-Quiz Q3 Post-Quiz
Total Total Total
Pre-Quiz | Correct | Incorrect Pre-Quiz | Correct | Incorrect Pre-Quiz | Correct | Incorrect

Carrect

Incorrect

Total

239

249

Correct

26

Incarrect

275

Total

141

Correct

134

Incorrect

275

Total

m Correct on pre-quiz &
Incorrect on post-quiz

Incorrect on pre-quiz &

. M Incorrect on both quizzes
Correct on post-quiz

B Correct on both quizzes

Figure 5.5. Student outcomes for pre-quiz and post-quiz on (a) Question 1, (b) Question 2, and (c) Question
3. P-values for each question are shown below pie charts. (d,e,f) 2x2 Contingency tables for pre-quiz/post-
quiz multiple choice questions

For question 2 (Fig. 5.5b), 38% of students (106 out of 275) selected the correct answer on
both quizzes, an approximately 40% decrease compared to question 1. Given that question 2
required that students apply their understanding, rather than remembering a definition, it is
unsurprising that a lower fraction of students selected the correct answer. More importantly, the
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survey indicated that the laboratory experience had a significant positive impact on understanding.
About 1/4th of students (71 out of 275) showed improvement after participation in the lab, which
was a statistically significant result (p = 0.0005). Students that made no improvement between the
pre-quiz and post-quiz on question 2 consisted of 23% of the total student population, compared
to 3% in question 1. The rise was anticipated due to the increase in “order of thinking” from
memorization to applying knowledge in new situations [bloom ref].

Question 3 was the most challenging question, for which only 19% of students (53 out of 275)
selected the correct answer on both quizzes, compared to 38% question 2 (Fig. 5.5c). Similar to
the result of question 2, a quarter of students (68 out of 275) showed improvement after
participating in the lab. This result was statistically significant as well (p = 0.0132), however, 41%
of students (112 out of 275) scored incorrect on both quizzes, compared to 23% in question 2 and
3% in question 1. For all questions, the percentage of students that answered correctly on the pre-

quiz and incorrectly on the post-quiz was between 10% and 15%.

Communicating and Interpreting Technical Data

Students were required to plot their flow rate for different applied pressures and different grind
sizes. An example graph generated by a student is shown in Fig. 5.6. Approximately 59% of
student lab groups scored “good” or above on their graphing and communication of data (Fig.
5.7a). Students struggled the most with clearly distinguishing points with different parameters
(grind size, pressure gradient), producing a comprehensive legend identifying parameters for
different data points, as well as using the correct units for pressure gradient. A majority of students
assumed that the pressure applied (AP) was equivalent to the pressure gradient (AP/L). In regard
to the lab report questions (interpreting technical data), an “excellent" response needed to identify

that the surface to volume ratio differs with grind size, the surface area to volume ratio affects the
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movement of fluid through particles, and the permeability parameter (k) in Darcy’s Law changes
with grind size. In Fig. 5.7b, 33% of students scored “excellent” on their interpretation of the data
while approximately 26% of students scored “good”. Students struggled most with distinguishing
between the surface area of coffee grounds and the cross-sectional area in Darcy’s Law (4) as well
as misidentifying flow rate (Q) as the parameter that is related to grind size. While the flow rate
was affected by the grind size, the permeability is the parameter that accounts for changes in grind
size. In both interpreting and communicating the data, more than half of the students scored “good”

or above.
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Figure 5.6. Flowrate vs. pressure gradient for 3 moderate grind size brews (black dots), 1 fine grind size
brew (red diamond), and 1 coarse grind size brew (green diamond) using an AeroPress.
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Figure 5.7. Scores for 195 lab groups regarding (a) communicating and (b) interpreting technical data.

5.6 Conclusion

Brewing coffee in an AeroPress can be used as a hands-on activity in a general education
engineering course or a chemical engineering introductory course to teach fundamental fluid
mechanics to both engineers and non-engineers. Our results indicate that students show statistically
significant gains in achievement and understanding after participating in the laboratory module.
This laboratory module allows students to investigate a common way to brew coffee using
engineering analysis, potentially reducing barriers to entering engineering due to perceived rigor.
Early experiences with good communication and interpretation practices simultaneously exposes
students to realistic situations and engineering concepts rather than waiting until later in their
academic tenure. Conducting this module does not require a chemical-grade lab space, considering
no hazardous chemicals are used, and the cost of implementation is relatively cheap (~$200 for
each lab group). Typically, the “Pressure Driven Flow Through Coffee Grounds” laboratory

module is completed in 2-hour sessions for approximately 36 students which may be too long to
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implement in a traditional lecture time. Elements of the lab, however, can be picked out to be used

in shorter time frames.
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Chapter 6: Concluding Remarks and Future Work

6.1 Summary of Main Conclusions

This thesis investigated the effect of relative humidity on charge transfer between metal electrodes
and water droplets and the impact of The Design of Coffee on non-STEM students’ ability to
understand fundamental chemical engineering principles and the impact of the course on their

decision to major in STEM disciplines. The main results are as follows:

o As the relative humidity increased,

o charge accumulation of a metal clip-metal electrode pair occurred, and residual
charge was left in the Faraday cup even after deactivating the applied high voltage
and physically removing the electrode.

o the charge on the cuvette apparatus increased, and the observed disparity between
positive and negative droplet charge was reduced.

o At least 12 students have changed their major to chemical or biochemical engineering after
taking The Design of Coffee and have since graduated.

o Non-STEM first-year students taking The Design of Coffee were significantly more likely
to change into and graduate in STEM majors as compared to students taking a comparable
introductory food science course prior to the pandemic.

o Approximately 25% of students show statistically significant gains in the interventional
assessment and over 50% of students scored “good” or above at communicating and
interpreting their technical data after participating in the Fluid Mechanics laboratory
module on Darcy’s Law.

In conclusion, we show that the ambient air humidity’s effect on droplet charge acquisition is
not negligible, contrary to Maxwell’s implicit assumption. Importantly, the relative humidity plays
a role in the corona onset discharge and the subsequent unipolar steady current generated by
collision-induced positive ion formation. The addition of positive ions may distort the space charge
density distribution and external electric field imposed on the droplet. In regard to chemical
engineering education, The Design of Coffee is a unique large-enrollment general education

chemical engineering course that has exposed a large number of students to basic engineering
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principles since its inception. The course allows non-engineering students to investigate a common
way to brew coffee using engineering analysis, potentially reducing barriers to entering

engineering due to perceived rigor.

6.2 Relative Humidity and Crater Formation

Previous work®’#2 on droplet charge acquisition focused predominantly on crater formations that
occur on the electrode surface in silicone oil. These were theorized to form due to dielectric
breakdown of the insulating fluid during charge transfer between metal electrodes and aqueous
droplets (or solid particles) leading to transient melting and permanent deformation of the electrode
surface. These studies, however, did not consider relative humidity. A natural course of action,
therefore, is to test if there is a relationship between crater formation and ambient humidity

conditions.

One hypothesis is that if the dielectric breakdown strength of the surrounding fluid governs
crater formation, fluids with different dielectric strengths should vyield different crater
morphologies. Preliminary research®’ has provided some evidence of crater formation differences
with the dielectric breakdown strength of the surrounding fluid (air vs silicone oil) for a metal
sphere. As discussed in Chapter 2, the breakdown voltage of air increases with increasing relative
humidity; however, in silicone oil, high relative humidity leads to a drastic decrease in dielectric
breakdown strength.!** Subsequently, changes in the ambient air humidity should produce

morphological differences in crater formation on electrodes in the high voltage cuvette apparatus.

An extension of this hypothesis would be to systematically test fluids of different dielectric
breakdown strength. Table 6.1 lists four fluids with different dielectric strengths to be tested. The

same methodology as described by Elton et al. can be followed, with either high speed video or
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photon counting performed concurrently with current density measurements, and post situ

characterization of the craters via SEM and AFM.

Fluid Breakdown Strength
(kV/mm)
Silicone Oil 154
Transformer Dielectric Fluid 29
Castor Qil 65
Toluene 199

Table 6.1. Dielectric breakdown strengths for proposed fluids to be tested. (CRC Handbook of Chem.)

6.3 Impact of Perception, Motivation, and Identity of External Transfer Students on Their
Success in Chemical Engineering

One pathway to increasing diversity in engineering is through transfer students (internal transfers

from within the university and external transfers from 2-year community colleges) given that a

considerable number of underrepresented students that have earned their bachelor’s degrees in

engineering began post-secondary education at community colleges.** As transfer rates have been

declining®, this pathway has not lived up to its true potential, restricting access to engineering

bachelor’s degrees.

For students who have successfully transferred, completing a degree in engineering heavily
relies on a complex combination of social and academic factors. Studies have reported transfer
students’ decline in grades (“transfer shock™) after they enter a university which can delay progress
in engineering degree programs where classes build off each other in sequential order. For transfer
and non-transfer students, an engaging first-year engineering experience has been shown to play a
critical role in excitement, retention, and satisfaction in engineering.'*® Recent studies on first-year

engineering experiences for transfer students have been reported but little work has been done to
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explore the intersecting social identities of transfer students outside of race and gender. An
intersectional approach to chemical engineering education research would contribute to closing
the gap in our understanding of how diverse transfer students navigate engineering pathways and
highlight areas in the first-year curriculum where additional support is needed. In my future

research, | would like to address the following research questions:

o What is the perception of chemical engineering (rigor, climate, careers, and definition of
chemical engineering) for first-year transfer students prior to and after taking their
introduction to chemical engineering course?

o What is the relationship between a student’s success in their first year, their perception of
chemical engineering, and their motivation to persist in the discipline?

o How do these categories vary across the students’ intersecting social identities and compare
to first-time-in-college (FTIC) students?

Overall, the results and findings of my educational research (Chapters 4 and 5) suggest that
introducing chemical engineering principles in a non-traditional chemical engineering context with
implementation of hands-on experiments increases students’ understanding of chemical
engineering principles and has the potential to increase recruitment of non-STEM students to
engineering. Although this research focuses on internal transfer students (students admitted to UC
Davis transferring into and graduating with a STEM degree) after participation in the introductory
chemical engineering course, | plan to supplement this work by exploring intersectional social
identities of internal and external transfer students and assess the contribution of introductory

engineering courses and first-year curriculum on recruiting and retaining these diverse students.

Towards the goal of increasing recruitment and retention of students in undergraduate chemical
engineering programs, the proposed studies will investigate the relationship between FTIC,

internal, and external transfer students’ perceptions of chemical engineering, success in the
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academic first-year, and changes in motivation to persist through the program for students with

intersectional social identities. The categories are defined below:

1. Logistics (to determine student cohorts)
i.  Transfer entry time (academic semester) and previous department (internal) or
institution (external)?
ii.  First course taken after transfer?
1. Social Identities? (Race, gender, disability, sexual orientation, household income,
college generation status)
2. Perception
1. Climate (Historical legacy of inclusion and exclusion of various intersectional
groups? Current numerical representation of intersectional groups in faculty or
student body? Behavioral climate regarding inter-group relations in the
department?)
ii.  Rigor (How demanding is pursuing a degree in chemical engineering? What are the
academic challenges you anticipate encountering while studying?)
iii.  Definition of chemical engineering (What do chemical engineers do?)
iv.  Careers (In what industry sectors are chemical engineers found?)
3. Success
1.  Academic performance (GPA)
ii.  Self-evaluation
iii.  Percentage of students that remained in the department, transferred to another
college, or dropped out of the university during their first year
4. Motivation
1.  Intrinsic (internal drive to learn and to experience stimulation, emotional
connection to chemical engineering)
ii.  Extrinsic (external motivation driven by external rewards or punishments)

Combinations of these categories will form the specific research question addressed in a study
(e.g., Study 1: Impact of First-Year Coursework on the Motivation of Intersectional Transfer
Students in Chemical Engineering). Methods of data collection include developing cohorts across
student types (FTIC, internal transfer, and external transfer) and academic start year. Transcript
data will be collected to quantify success metrics (GPA, percentages of students’ academic

standing). Surveys and questionnaires will be implemented regarding social identity, perception
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(pre- and post-first year), and motivation (pre- and post-first year). Depending on the sample size
of the investigated groups, individual student interviews or focus groups may be conducted
provided consent is obtained. Quantitative and qualitative data will be analyzed using appropriate

statistical tests and coded responses respectively.

Outside of pedagogical research, | plan to recruit students interested in chemical engineering
education pedagogy to work with me in developing hands-on, coffee experiments and modules at
other institutions for first-year students. Concepts of the first-year curriculum that could be
strengthened by simple coffee roasting and brewing experiments will be identified in an effort to
increase students’ understanding and engagement in their early studies. Students that participate
in this collaborative effort will gain a deeper understanding of educational theories and practices,
develop interdisciplinary skills regarding technology, psychology, sociology, and engineering, and

enhance their graduate school applications if pursuing a graduate degree in education is desired.

6.4 Final Remarks

The work presented here presents several new questions which require further investigation of
high voltage parallel-electrode systems. More work is needed to understand the effect of corona-
induced charge accumulation on the space charge density distribution and external electric field
within the dielectric fluid and how this distortion impacts droplet charge acquisition. Importantly,
the observations reported here have practical applications for devices which use electric fields to

manipulate charged particles and droplets under varying humidity.
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Appendix

A: Interview Questions

1.

Do you recall what year (freshman, sophomore, etc.) and quarter you took ECH 17 If so,
when?

What was your major while taking ECH 1?

(If answer to question 2 is not an engineering major). Why did you not consider majoring
in engineering before this point in your plan of study?

Were you exposed to science/engineering principles in high school? If so to what extent?

Did ECH 1 impact your decision to switch majors?

(If the answer is yes), Which aspects/topics of the course were influential in your
decision to switch into chemical/biochemical engineering?

(If the answer is no). Were there particular aspects of ECH 1 you feel helped confirm
your decision or push you towards chemical/biochemical engineering?

Are you satisfied with your decision of switching majors into chemical or biochemical
engineering?

When did you graduate?

Can you describe your current position (if applicable).

B: Contingency Tables

Table B.1. Contingency Table for STEM leaning group

Observed Values

STEM | NON-STEM Total

ECH 1 TRUE 66 68 134
ECH 1 FALSE 38 58 96
Total 104 126 230

Expected Values

STEM | NON-STEM Total

ECH1TRUE | 60.59 73.41 134
ECH1FALSE| 4341 52.59 96
Total 104 126 230
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Table B.2. Contingency Table for STEM avoiding group

Observed Values

STEM NON-STEM Total
ECH 1 TRUE 104 996 1100
ECH 1 FALSE 27 356 383
Total 131 1352 1483

Expected Values
STEM NON-STEM Total
ECH1TRUE | 97.17 1002.83 1100
ECH1FALSE | 33.83 349.17 383
Total 131 1351 1483

Table B.3. Contingency Table for STEM leaning group prior to the pandemic (solely

experienced in-person instruction)

Observed Values

STEM NON-STEM Total

ECH 1 TRUE 36 26 62
ECH 1 FALSE 22 34 56
Total 58 60 118

Expected Values

STEM | NON-STEM Total

ECH1TRUE | 30.47 31.53 62

ECH1FALSE | 27.53 28.47 56
Total 58 60 118

Table B.4. Contingency Table for STEM avoiding group prior to the pandemic (solely

experienced in-person instruction)

Observed Values

STEM | NON-STEM Total
ECH 1 TRUE 30 342 372
ECH 1 FALSE 10 135 145
Total 40 477 517

Expected Values
STEM | NON-STEM Total
ECH1TRUE | 28.78 343.22 372
ECH1FALSE | 11.22 133.78 145
Total 40 477 517
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Table B.5. Contingency Table for STEM leaning group during the pandemic (impacted by
remote instruction)

Observed Values

STEM | NON-STEM Total

ECH 1 TRUE 30 42 712
ECH 1 FALSE 16 24 40
Total 46 66 112

Expected Values

STEM | NON-STEM Total

ECH 1 TRUE 29.57 42.43 72
ECH 1 FALSE 16.43 23.57 40
Total 46 66 112

Table B.6. Contingency Table for STEM avoiding group during the pandemic (impacted by
remote instruction)

Observed Values

STEM | NON-STEM Total

ECH 1 TRUE 74 654 728
ECH 1 FALSE 17 221 238
Total 91 875 996

Expected Values

STEM | NON-STEM Total

ECH1TRUE | 68.58 659.42 728
ECH1FALSE | 2242 215.58 238
Total 91 875 996
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C: Summary of interviewee’s responses

Quarter Year of TDOC
Student Previous of taking Grad. influence  Satisfaction Major
major taking TDOC year switch of  with major
TDOC majors?
1 Biochemistry Fall Firstyear - Influenced Yes Chénmglcal
2 Undeclared, o First year 2018 Influenced Yes Chemical
Agriculture. Eng.
3 Chemistry Winter  Firstyear 2021 Influenced Yes Chénmglcal
Undeclared, :
4 Physical Winter  Firstyear 2019 Influenced Yes Chénmlcal
Sciences g.
5 Microbiology =~ Winter  Firstyear 2020 Maybe® Yesd B'O‘g‘ﬁg'cal
6 Chemistry Winter  Firstyear® 2018 Influenced Yes Chénmdcal
Wildlife fish _ ) )
7 conservation ~ Spring  Firstyear 2019 .D'd not Yes Biochemical
i influence Eng.
biology

4First year at UC Davis (transfer student)

b Currently a sophomore student

¢ Not entirely sure, but think that the course had some influence

d Satisfied with courses, however, feel that the program did not prepare for jobs in industry
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