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ABSTRACT: Kiton red 620 (KR620) doped polystyrene latex
microspheres (PSLs) were synthesized via soap-free emulsion
polymerization to be utilized as a relatively nontoxic, fluorescent
seed material for airflow characterization experiments. Poly-
(styrene-co-styrenesulfonate) was used as the PSL matrix to
promote KR620 incorporation. Additionally, a bicarbonate buffer
and poly(diallyldimethylammonium chloride), polyD, cationic
polymer were added to the reaction solution to stabilize the pH
and potentially influence the electrostatic interactions between the
PSLs and dye molecules. A design of experiments (DOE) approach
was used to efficiently investigate the variation of these materials.
Using a 4-factor, 2-level response surface design with a center point,
a series of experiments were performed to determine the
dependence of these factors on particle diameter, diameter size
distribution, fluorescent emission intensity, and KR620 retention. Using statistical analysis, the factors and factor interactions that
most significantly affect the outputs were identified. These particles enabled velocity measurements to be made much closer to
walls and surfaces than previously. Based on these results, KR620-doped PSLs may be utilized to simultaneously measure the
velocity and mixing concentration, among other airflow parameters, in complex flows.
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1. INTRODUCTION

Microparticles are commonly used as a seed material in wind

assumed to be equal to the velocity of the surrounding fluid.
Traditional seed materials include smoke, olive oil, kerosene,
and diethylhexylsebacate (DEHS). Polystyrene latex micro-
sphere particles (PSLs) have also been used extensively as seed
materials for PIV and LDV measurements due to their low
aerodynamic diameter and high refractive index, which results
in higher intensity Mie scattering when they are illuminated
with laser light.* Although these properties enable the seed
material to closely emulate the flow characteristics and be
readily detected, measurements made close to a surface are
difficult to perform due to the reflectivity of the surface itself.
With fluorescent particles, near-surface imaging and PIV
measurements are possible.” The fluorescent PIV technique
uses an optical filter to block all surface reflections and only
transmits the longer wavelength fluorescent light from seed

tunnel testing to measure airflow velocity. Two common
measurement techniques include particle image velocimetry
(PIV) and laser Doppler velocimetry (LDV)."” In both
techniques, a laser irradiates particles seeded in the flow. The
particles then elastically scatter the light. In PIV, a camera takes
pictures of an area of a flow field illuminated by a pulsed laser.
The position of the seed particles in sequential images is used
to determine velocities, enabling planar data analysis of
turbulence levels, length scales, coherent flow structures, flow-
induced forces, and moments. In LDV, two laser beams cross
and interfere to create a fringe pattern which is used to
determine point-wise velocities from the frequency of light
scattered by the particles.’

Good seed materials for PIV and LDV must have a small
aerodynamic diameter and a high index of refraction.”
Aerodynamic diameter is an indicator of how well a seed
particle velocity matches that of the surrounding fluid. If the
aerodynamic diameter is small, the particle velocity can be
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particles. Similarly, wind tunnel researchers are interested in
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being able to accurately measure the airflow velocity
simultaneously with other airflow characteristics, i.e., temper-
ature, concentration, etc. For example, noise in hot jets has a
contribution from temgerature fluctuations in a term due to
turbulent enthalpy flux.” Therefore, if the thermal properties of
an airflow can be accurately determined, modifications can be
made to the hot jets to mitigate these fluctuations. Additionally,
knowledge about local temperature in an airflow can give
information about density or pressure through the ideal gas law.

PSLs are synthesized using either dispersion’ ’ or
emulsion'® polymerization. Additional methods related to
emulsion polymerization include soap-free or surfactant-free
emulsion polymerization. In aqueous emulsion polymerization,
a water-insoluble monomer is polymerized using a radical
initiator that introduces surface-active chemical species.
Potassium persulfate, for which the decomposition kinetics
are well-known,'"'* is commonly used as the radical initiator,
although more stable radicals, such as TEMPO," have been
investigated. This aqueous-phase polymerization process results
in relatively low molecular weight polymeric species, 10° g/
mol,” which coagulate until enough surface active groups are
present to stabilize a colloidal dispersion through electrostatic
interactions. Through this process, PSLs can be synthesized
with particle diameters up to several microns with relatively
narrow size distribution and without the need to introduce
smaller seed particles. Although there remain many unanswered
questions regarding the mechanism of particle growth in these
polymerization reactions, recent results suggest that competi-
tion between particle nuclei for available monomer and radical
species occurs until all the reactive species are consumed.'*
Microphase inversion of polystyrene oligomer nuclei (20—30
nm) into a water:acetone solution enabled observation of in
situ particle diameter determination as the polystyrene nuclei
were stabilized without the need for mechanical agitation. To
observe the competitive kinetics of particle growth, 300 nm
polystyrene seed particles were introduced early in the
polymerization reaction. Within 48 h, two particle diameter
modes, observed by dynamic light scattering (DLS), merged
into a single mode slightly greater than 300 nm. By observing
the growth rates of the polystyrene nuclei relative to the
polystyrene seed particles, the authors were able to verify that
the polystyrene nuclei were growing significantly faster in radius
than the polystyrene seed particles."* This work suggests that
once polystyrene oligomer nuclei are formed the particle size
distribution should increase until a threshold radius is reached
where the particles are stabilized, i.e, no further coagulation
occurs. PSLs with diameters >3 pm were synthesized by
extending the oligomer nucleation period through a dropwise
monomer addition procedure conducted in methanol." In this
process, fewer oligomer nuclei were formed, relative to
batchwise PSL synthesis, and subsequent monomer addition
resulted in particle growth rather than additional nuclei
generation.

In typical emulsion polymerization, the stable colloidal
particle radius depends upon several parameters: monomer
concentration, initiator concentration, the presence of a
dispersion stabilizer, and reaction temperature, among other
variables. Initiator concentration and the relative concentration
of initiator to monomer have been reported to be primary
factors dictating the ultimate PSL diameter, with an average
surface area for each sulfate group being required to stabilize
the PSLs.'® Coagulation resulting in particle growth will occur
when polystyrene nuclei with average surface area per sulfate

groups exceed a critical value. Radical decomposition of
potassium persulfate followed by polymerization initiation
results in incorporation of sulfate groups within the particle
nucleus, most likely present on the particle surface.
Incorporation of greater amounts of initiator decreases the
polystyrene oligomer length and increases the degree of sulfate
functionalization resulting in smaller particles. As the surface
area has a quadratic dependence on radius and volume has a
cubic dependence on radius, increasing the initiator concen-
tration will stabilize a greater surface area of generated PSLs,
resulting in a lower average radius.

Equally important is the ionic strength of the aqueous
solution. Increasing ionic strength, including ions generated
from addition of the initiator, increases the particle diameter
requisite to initiate coagulation. Goodwin et al. determined the
range of ionic strengths amenable to formation of polystyrene
PLSs in aqueous solutions to be from 1077 to 107> M."”
Variation of the electrolyte composition indicated further
interactions depending on the charge of the cationic and
anionic species.

For PSLs to be used as seed material in LIF experiments, the
integration of highly fluorescent dyes in the PSLs at
concentrations great enough to enable detection in the airflow
is critical. Several techniques have been utilized to incorporate
dye materials in particles and can basically be split into two
approaches, incorporation of the dye during particle synthesis
and incorporation after particle synthesis. Incorporation of dye
onto existing particles can be achieved on just the surface
through adsorption'®™ or into the particle matrix by particle
swelling followed by solvent exchange.m’22 However, these
methodologies do not yield particles with homogeneous
distribution of dye within the particle matrix; ie., there is
likely a concentration gradient with the greatest concentration
at the particle surface and the lowest concentration at the
particle core. Similarly, since the dye addition is a secondary
process, there may be inconsistent dye concentration between
particles. Incorporation of the dye during the particle synthesis
should enable even distribution of the dye throughout the
particle matrix.”® This is of significance since signal uniformity,
along with narrow particle size distribution, will improve the
accuracy of collected LIF data. This has been successfully
demonstrated on much smaller particles generated through
miniemulsion polymerization techniques.”** In fact, Taniguchi
et al. observed a more even dye distribution within particles
that had a pyrene dye encapsulated within the particle polymer
matrix when compared to a pyrene dye that was covalently
bound in the polymer backbone.”® We previously reported the
incorporation of numerous species (mostly xanthene deriva-
tives) into PSLs during particle synthesis.””** Both dichloro-
fluorescein (DCF) and members of the thodamine family were
found to readily incorporate into the PSLs during the synthesis
process. Despite having desirable experimental characteristics,
some of these dyes have been classified as potentially toxic and
carcino%enic by the International Agency for Research on
Cancer.”” Therefore, many dyes, rhodamines in particular, are
not likely to be used for wind tunnel testing. Kiton Red 620
(KR620, Figure 1), however, is a potentially promising dye for
use in a LIF seed material due to its nontoxicity (it is used as a
dye for textiles and in some foods)*”*" as well as its strong
spectral properties and demonstrated temperature depend-
ence.

In this work, KR620-doped PSLs were synthesized via
emulsifier-free emulsion polymerization. Initial experimentation
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Figure 1. Structure of Kiton Red 620 (KR620).

with PSL synthesis indicated that the pH of the solution
changed from approximately 7 to less than 3. This likely
resulted in the formation of surface hgdroxyl functionalities due
to the hydrolysis of sulfate groups.” Therefore, inclusion of
sodium bicarbonate was evaluated as an approach to maintain a
stable pH throughout the polymerization reaction. Initial
experimentation with incorporation of KR620 into PSLs was
not successful, potentially due to the anionic charge present in
the KR620 molecule. This could arise from electrostatic
repulsion by sulfate, hydroxyl, or other anionic groups that
populate the PSL surface. Similarly, rhodamine 6G, which is a
cation, was determined to not readily adsorb on the surface of
particles with surface cationic functionalities.'® Likewise, the
association of malachite green with particles was found to
depend on the surface charge of the particle.'” To reduce
variability, both initiator concentration and stir speed were held
constant; these experimental parameters have been demon-
strated to impact PSL size and size distribution.’” With all of
these experimental variables, a design of experiments (DOE)
was utilized to most efliciently explore the design space. The
DOE method involves conducting a series of tests in which
purposeful changes are made to input variables of a system.
Then, the effects on output variables are measured. This
method is designed to maximize the amount of information
gained with a minimum number of experiments. This is done
by varying factors simultaneously, instead of individually.”

2. EXPERIMENTAL SECTION

Design of Experiments Parameters. The above
procedure involves many variables that could affect the results
of the reaction. Therefore, design of experiments was utilized to
investigate the effect of four factors: the mole ratio of
styrenesulfonate, SS, to styrene (SS/S), and the amounts of
KR620, polydiallyldimethylammonium chloride (polyD), and
sodium bicarbonate buffer used in the reaction. The design
used was a 4-factor, 2-level, response surface design with 8
center points (Table 1). For these experiments, the four factors
were varied between a “high” level and a “low” level, + and—
signs in Table 1. This gives a total of 16 combinations.
Additionally, 8 center points were included, indicated as “M” in
Table 1. Center points are tests for which each factor is held at
the halfway point between the “high” and “low” levels. These
center points were included to provide statistical power by
estimating the repeatability of the experiments. They also
provide a third point in addition to the “high” and “low” point,
which allows one to move past a linear regression and estimate
curvature.”® In order to synthesize the necessary number of
batches, two reactors were required. Therefore, the design
included blocking the experiments for each reactor, which
enabled elimination of unforeseen discrepancies in the results
obtained from each reactor. Similarly, the order in which each
experimental run was performed was randomized (see

Table 1. Design of Experiments’ Synthetic Outline for Each
Factor

experiment # run# block KR620 SS/Sratio PolyD NaHCO,

PSL-1 14 2 - - - -

PSL-2 1 +

PSL-3 8 1 - - -

PSL-4 23 2 + - -

PSL-5 S 1 - +

PSL-6 20 2 + +

PSL-7 21 2 - +

PSL-8 4 1 + + -

PSL-9 10 1 - - - +
PSL-10 18 2 + - - +
PSL-11 17 2 - + - +
PSL-12 12 1 + + +
PSL-13 22 2 - + +
PSL-14 2 1 + + +
PSL-15 7 1 - + + +
PSL-16 16 2 + + + +
PSL-17 1 M M M M
PSL-18 3 1 M M M M
PSL-19 1 M M M M
PSL-20 11 1 M M M M
PSL-21 13 2 M M M M
PSL-22 24 2 M M M M
PSL-23 15 2 M M M M
PSL-24 19 2 M M M M

Experiment # vs Run # columns in Table 1) to remove any
systemic errors in the data collected and enable thorough
evaluation of the contributions from each factor. After
completing each experiment, several output variables were
measured. These included measurements of the particle size
and distribution, the relative fluorescent signal, and the amount
of leaching that occurred. PSL characterization results were
utilized to generate a model for each response factor. All of the
variables for a quadratic fit were initially considered, with only
those generating significant p values, values used to ascertain
the statistical significance of each model term, retained in the
model.

The range for the low and high levels for each factor needed
to be determined prior to starting the experiments. On the basis
of previous experience,”’ conservative ranges that would still
result in changes to the experimental outcome were identified
(Table 2). For midpoint experiments, the values for each factor

Table 2. Range for Each Factor Evaluated in the DOE
Experimental Outline

factor low level mid level high level
Kiton red 620, mg S 27.5 S0
SS/S molar ratio 0 0.03 0.06
PolyD, g 0 0.5 1.0
NaHCO,, g 0 0.75 L5

are simply the middle of the experimental range. All of the
quantities were calculated for a target solution volume of 250
mL. The responses identified, where a response is the result
from characterization of the PSLs, along with the target for each
response are indicated in Table 3. The goal for particle size was
selected based on a typical particle size for use in airflow
seeding, while the goal for particle size distribution was based
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Table 3. DOE Response Parameters and Goals

response goal
mean particle diameter 1 yum
particle size distribution (i.e, magnitude of standard minimize
deviation (0)) o (<25%)
fluorescent emission maximize
dye retention (ret%) maximize
leach solution absorbance at 400 nm minimize

on an attempt to minimize the propagation of error in particle
size to error in measured airflow properties. Maximizing the
fluorescent emission would enable the greatest signal-to-noise
ratio. The dye retention response is the percentage of KR620
retained within the PSLs after leaching experiments. Measuring
the Rayleigh scattering of the filtrate solution from leaching
experiments at 400 nm provides insight into the portion of
soluble polymeric material, which is undesirable, generated
during the PSL synthesis.

Materials and Instrumentation. Styrene (Sigma-Aldrich)
was distilled prior to use to remove the inhibitor, 4-tert-
butylcatechol. The remaining reagents were used as received.
Particle size measurements were conducted on a Particle Sizing
System model 780 AccuSizer.

Polystyrene Microsphere Synthesis and Character-
ization—Small Scale. The synthesis of PSLs was done in a
batchwise process, with batch volumes of approximately 250
mL (see Table S1 in Supporting Information for the actual
quantities used in each experimental run). A 500 mL reaction
kettle was fitted with a mechanical stir rod, a water-cooled
condensation column, and a nitrogen inlet. The reaction kettle
lid was secured and sealed to the kettle by using a small amount
of vacuum grease and a fitted clamp. The kettle was placed in
an oil bath that also contained a thermocouple to track and
control its temperature. As previously mentioned, two reaction
setups located adjacent to one another to minimize environ-
mental factor impact were utilized to complete all of the
synthetic trials outlined in the DOE matrix.

Although each synthetic trial was slightly different depending
on what parameters were being evaluated, a general description
is provided. Sodium bicarbonate (the amount depending upon
the synthetic trial) was added to a beaker containing deionized
water (250 mL, 18 MQ). A portion of the buffer/water solution
(approximately S0 mL) was placed in a beaker and sparged
with nitrogen (N,) at a high flow rate for approximately 30 min
to remove any dissolved oxygen in the solution, at which point
8 mL of the sparged buffer solution was placed in a small
beaker, covered, and placed in an oven at 70 °C. Concurrent to
this, a portion of the buffer solution (approximately 50 mL)
was added to the reaction kettle. KR620 (the amount
depending upon the synthetic trial) was mixed into 100 mL
of the buffer solution and added to the reaction kettle. PolyD
(the amount depending upon the synthetic trial) was rinsed
into the reaction kettle with S0 mL of the buffer solution.
Styrene (freshly distilled) and styrenesulfonate (the quantity of
both components depended upon the synthetic trial) were then
added to the reaction kettle. The remaining sparged buffer
solution was used to rinse any residues into the kettle. The
mixture in the kettle was sparged with N, and stirred at 60 rpm
for approximately 60 min. Once the sparging was complete, the
N, gas flow rate was reduced, the sparging tube replaced with a
N, source to maintain an inert atmosphere, and the stir rate
increased to 250 rpm. The temperature of the hot plate was

then set to 90 °C; based on previous empirical results, an oil
bath temperature of approximately 90 °C resulted in a reaction
solution temperature of 70 °C. After thermal equilibration,
approximately 0.2 g of K,S,05 was added to the 8 mL of
heated, sparged solution and subsequently added to the
reaction kettle. The mixture was stirred at 250 rpm at constant
temperature under an inert atmosphere for approximately 21 h.
This duration was selected based on the literature'* and
previous experience indicating that the particle size distribution
continues to decrease over at least a 19 h period, if not longer.
Next, the kettle was allowed to cool to ambient temperature,
and the solution was poured through a funnel using cheese
cloth to capture any large agglomerates of polystyrene material.

As can be seen in Table 1, the composition of the midpoint
experiments (PSL batches PSL-17 to PSL-24) was identical.
This was performed to both ascertain curvature for relation-
ships between the low level and high level conditions for each
factor and to evaluate reproducibility. In addition to this, several
of the PSL batches were ran in duplicate, with some
compositions, especially those that did not yield PSLs upon
the first attempt, being ran in triplicate.

Polystyrene Microsphere Synthesis and Character-
ization—Large Scale. The ultimate goal of this work was to
identify reaction conditions most likely to yield highly
fluorescent particles that were approximately 1 ym in diameter
and exhibited minimal leaching of the dye into the suspension
solution, water (Table 2). These conditions, once determined
by the design of experiments statistical analysis, were utilized to
scale up and synthesize an 8X larger batch (approximately 2 L
at 9 wt % solids) of KR620-doped PSLs for use in air flow
seeding experiments, described below. The synthetic procedure
for generation of PSLs of controlled diameter on this scale has
been previously reported®* but was modified for this work.
Briefly, a large reaction kettle, fitted inside a heating mantle,
was outfitted with a thermocouple, mechanical stir paddle, a
water-cooled condenser, and a sparging tube. The kettle was
charged with approximately 2 L of deionized water (250 mL, 18
MQ), freshly distilled styrene (187 g), sodium bicarbonate (12
g), polyD (0.8 g), KR620 (0.4 g), and styrenesulfonate (20 g).
This solution was heated to 70 °C and sparged with N, (400
sccm) for 45 min while being stirred at 150 rpm. Approximately
30 mL of deionized water was placed in a beaker which was
heated to approximately 70 °C. After sparging, the sparging
tube was replaced with a coldfinger, and the N, flow was
diverted through the thermocouple adapter at the same flow
rate to maintain an inert atmosphere over the reaction solution.
The stir rate was increased to 250 rpm, and 1.6 g of K,S,0; was
added to 30 mL of heated water and subsequently added to the
reaction kettle. The reaction was stirred for 21 h, cooled to
ambient temperature, and poured through cheesecloth to
remove large agglomerated polystyrene materials.

Spectroscopic Characterization of PSLs. Fluorescent
emission of each batch of PSLs was collected by preparing a
microscope slide through soaking in 2 N NaOH for
approximately 10 min followed by applying a layer of particle
solution to the slide and drying in an oven. The slide was
placed below a low power, continuous wave Nd:YAG laser that
passed through a concave lens to broaden the beam.
Fluorescent emission was collected by a fiber optic after
passing through a Semrock 532 nm notch filter. The fiber optic
transferred the signal to an Ocean Optics HR2000
spectrometer, and the data were analyzed using SpectraSuite
software. The collected spectra were processed by subtracting
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Figure 2. Experimental PIV test setup.

the background intensity and correcting for the relative spectral
response of the detection system.’

Several additional factors were involved in order to enable
accurate comparison of the spectral data. The thickness of the
sample plays a large role in signal strength. Therefore,
approximately 0.2 mL of the PSL suspension was used for
sample generation. The solution was manually spread using a
glass pipet over approximately the same surface area of the
prepared slide to minimize local variation in concentration.
Still, the location of excitation on the sample can affect the
measured signal strength with fluorescent intensity varying as
much as 50% for different surface regions. Great care was taken
to ascertain an average fluorescent emission intensity on the
PSL-covered surface; however, the relative fluorescent emission
intensity should be considered a largely qualitative measure-
ment. The measurements were collected in this manner to best
represent the particle state when present in a wind tunnel
environment, where the solvent is understood to rapidly
evaporate due to expansion resulting in dry particles.

Microscopic Characterization of PSLs. To prepare
samples for optical characterization, approximately 15 mL of
the PSL solution was centrifuged (Thermo Scientific Sorvall
ST8) at 3000 rpm for S—10 min. The supernatant was poured
off, and the PSLs were dispersed in deionized water (18 MQ)
followed by sonication for approximately 2 min. Approximately
0.2 mL of the solution was deposited onto glass slides that had
been cleaned in a 2 N NaOH aqueous solution for 10 min. The
solution was spread over the glass slide surface and allowed to
evaporate. Optical micrographs were collected using an AXIO
Imager.Z1M (Zeiss) equipped with an AxioCam MRcS camera.
Confocal fluorescence micrographs were collected on the same
instrument outfitted with an LSM S Exciter that provided
excitation at 543 nm. A 560 nm long pass filter was utilized to
only collect fluorescent emission. The optical gain necessary to
attenuate the intensity of each image to a common value was
recorded in order to enable comparison of the relative intensity
of the collected fluorescent images.

20718

Kiton Red Leaching Studies. A leaching study was
conducted to determine if KR620 was successfully incorporated
into the PSLs or simply dissolved in the solution. To assess this,
a PSL suspension (10 mL) was placed in a centrifuge tube and
spun at 4500 rpm for 45 min (Centra CL3). The absorption
spectrum of the centrifugate was collected on a PerkinElmer
Lambda 900 UV spectrometer. Two factors were determined
from the collected spectrum, the dye concentration and the
degree of light scattering. To determine the dye concentration,
a Beer—Lambert plot of KR620 absorbance values (4,,,, = 564
nm) at known concentrations was generated to determine the
molar extinction coefficient € = 110 mM ™' cm™ (an € of 118
mM ™' cm™! in ethanol was reported from Exciton).*® This was
used to determine the KR620 concentration in the centrifugate.
The collected spectra were corrected for Rayleigh scattering to
determine the absorbance at A, arising solely from KR620.
Calculated concentrations were then compared to the KR620
concentration in the PSL batch to determine a % dye retention
value (ret%) according to

[KR620], — [KR620];
[KR620],

ret% = 100%*

(1)

where [KR620], and [KR620] g are the KR620 concentrations
calculated for the PSL batch and the centrifugate, respectively.
For this work, a lower concentration of KR620 in the
centrifugate did not necessarily indicate greater retention of
the dye in the PSL. This arose from the possibility of KR620
being retained in agglomerated polystyrene material from the
reaction kettle. In that case, the ret% value would be high,
indicating that the solution concentration of KR620 was low.
Therefore, both ret% and fluorescent emission intensity values
were considered to ascertain the actual KR620 loading of the
PSLs.

The generation of water-soluble colloidal material was not
desired, and the amount of Rayleigh scattering by the
centrifugate was assumed to be related to the production of
these unwanted materials. The absorbance at 400 nm of spectra
not corrected for scattering was used to compare the extent of
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water-soluble colloidal material synthesis in each batch. At this
wavelength, the Rayleigh scattering due to water is neglible for
the 1 cm path length quartz cuvettes used in this work.

KR620 PIV and Signal Characterization Experiments.
The PIV data included in this paper were recorded from the
experimental setup seen in Figure 2. Tests used either one or
two Photron SA1.1 Fastcam high-speed cameras with a 1024 X
1024 pixel resolution and 12-bit intensity digitization. The
cameras were positioned above and below the airflow and
perpendicular to the laser sheet for 2D PIV. Two Sigma 105
mm f/2.8 EX DG macrolenses were used with the cameras to
obtain a close-up image of the flow. The camera fields of view
for all experiments were approximately 30 X 30 mm®

For fluorescence imaging, a2 560 nm long pass filter (Omega
Optical, 560 HLP) was attached to the lens, blocking out all
Mie-scattered light from the particles and only allowing
particle-emitted fluorescent light to be captured by the camera.
A 527 nm dual-head Nd:YLF laser (Photonics model DM30)
was used at approximately 23 m]J/pulse to illuminate the flow
and was controlled simultaneously with the camera by
LaVision’s DaVis software (package V), recording at 2.5 kHz
for time-resolved images. Finally, an f = —20 mm cylindrical
lens was used to form a thin laser sheet at the nozzle exit in the
orientation depicted in Figure 2. The laser sheet measured
approximately 125 mm thick and 3.5 cm wide in the
measurement plane at the nozzle exit. The cameras imaged a
region of flow about 8 cm from the nozzle exit.

The KR620-doped PSL particles were seeded using two Air-
0-Swiss 7146 ultrasonic humidifiers. Seed was introduced well
upstream of the nozzle exit into the blower inlet, where it mixed
with the air at room temperature and flowed through a nozzle
of 6 cm exit diameter. The airflow at the exit for the PIV tests in
this paper was about 33 m/s, corresponding to a Reynolds
number per meter of approximately 2 000 000 m™*. Before each
test, the KR620 particle solution was mixed in equal
proportions with distilled water and was sonicated for 15 min
in an L&R Quantrex 90H ultrasonic disruptor to prevent
particle agglomeration. The mixture was then removed from
the disruptor and placed immediately into the vaporizer. The
two-camera setup seen in Figure 2 was used to image Mie-
scattered and fluorescent light simultaneously. Camera 2 was
placed on a 3-axis traverse and 3-axis camera mount so that it
could be maneuvered to image the same particles in the flow.

In these tests, the near-surface flow over a blunt leading edge
flat aluminum plate was measured. As seen in Figure 3A, the
plate was oriented parallel to the flow exiting the nozzle and
perpendicular to the incident laser sheet. The dimensions of the

A B

1mm

Nozzle Exi

Laser sheet
6.4cm
Flat Plate

3.3cm

Figure 3. (a) Parallel flat plate orientation and (b) plate dimensions.
Flow is out of the page.

flat plate are shown in Figure 3B. For these tests, a set of 2000
double-frame fluorescent images were obtained with the filter
over the lens of camera 1, and another 2000 double-frame
images were simultaneously recorded by Camera 2 of the Mie-
scattered signal. Then, the filter was quickly removed, and
another 2000 double-frame images were recorded of the Mie-
scattered signal.

3. RESULTS AND DISCUSSION

PSL Synthesis and Characterization. PSLs were
generated as aqueous suspensions at approximately 9 wt %
solids. Although only three different KR620 concentrations
were utilized throughout this work, the resultant particle
solution appearances varied considerably. The solution color
varied from white, indicating no retention of KR620, to deep
purple and various shades in between. After the PSLs were
synthesized, large agglomerated polystyrene particles were
observed that were strongly adhered to the stir paddle on
several occasions indicating that the styrene had not been fully
dispersed in the solution. In a few instances that the solution
was very light in color, the polystyrene agglomerate was deeply
colored, indicating that the dye had preferentially segregated
into the amorphous polystyrene. The solution opacity changed
from empirically transparent, indicating no particle formation,
to cloudy, indicating either particle synthesis or emulsion
formation. For compositions that provided relatively large
particles, ie., particle diameter >0.65 pm, after 24 h, particle
formation would be apparent from settling of PSLs in the
bottom of the sample bottle. An emulsion, with soluble
polymeric materials, would not undergo this gravitational
settling. As an example, Figure 4 displays the particle size

15000
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10000
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7500 7.
5000 -

2500
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Figure 4. Particle size histograms for PSL-1 (solid line) and PSL-18
(dashed line). The insets are photographs of the PSL-1 (A) and PSL-
18 (B) solutions after sitting undisturbed for several weeks.

histograms from two PSL batches generated in this work, PSL-1
and PSL-18. As can be seen from the inset images, the larger
particles have settled to the bottom of the bottle in Figure 4A,
while the smaller particles remained suspended in Figure 4B.
Several spectral properties of the PSLs were determined:
fluorescent emission intensity of dried PSL samples as well as
absorbance from KR620 and Rayleigh scattering at 400 nm
from leach experiment solutions. The fluorescent emission was
determined in the dried state (Figure SA) to best reflect the
state in which these PSLs would be used for airflow seeding in
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Figure S. (A) Fluorescence emission spectrum of dried PSLs from
PSL-8. (B) Absorbance spectra of centrifugate from leaching
experiments on PSL-9 (black solid line), PSL-4 (black dashed line),
and PSL-3 (gray solid line) displaying high dye retention, low dye
retention, and a large concentration of water-soluble polymeric
materials, respectively.

wind tunnel experiments. From leaching experiments, the dye
retention (ret%) was determined by measuring the absorbance
arising from KR620 in the centrifugate (Figure SB) and using
an experimentally determined molar extinction coefficient (& =
110 mM™' cm™) to calculate dye concentration. Rayleigh
scattering arising from soluble polymeric material was also
determined in this solution by observing the absorbance at 400
nm, a wavelength where no absorbance arises from either
KR620 or polystyrene. Combined, all of these characterization
experiments were utilized as responses for DOE analysis (Table
4).

Single Factor Influence—Kiton Red Concentration.
On the basis of preliminary experiments, attempts to
incorporate KR620 into PSLs comprised solely of polystyrene
did not yield viable fluorescent PSLs. Nevertheless, the impact
that inclusion of KR620 over the concentration range studied in
this work has on the polymerization and particle synthesis was
critical to understanding how incorporation of other
components changed the PSL dispersion properties. As can
be seen from Table 4, PSL batches PSL-1 and PSL-2, consisting
of the low and high KR620 concentration factor limits,
respectively, exhibited significantly different properties. For
PSL-1, approximately 1 pm particles were generated, and
although the determined dye retention is high, the fluorescent
emission is relatively low. The relative scattering at 400 nm, a
qualitative measure of the amount of solubilized, micellar
oligomeric materials, was low. PSL-2, generated with the high
KR620 concentration, had a much lower particle size, 0.58 ym,
and a much greater relative scattering value at 400 nm. Both of
these results indicated that the presence of KR620 was
disrupting the polymerization process, potentially due to the
charged nature of the dye. Although the leaching study
indicated that the dye was retained (87% retention), the
relative fluorescent emission was very low. This indicated that
the KR620 was not initially captured by the PSLs during
synthesis and likely was retained in the agglomerated
polystyrene material adhered to the stir paddle. Thus, without
additional components to retain the KR620 while not further
disrupting the polymerization, the pure polystyrene micro-

Table 4. PSL Characterization Results

mean particle relative relative
diameter fluorescent scattering at
experiment # (um) emission (au) ret% 400 nm (au)

PSL-1 0.97 + 0.13 0.01 97% 0.05
PSL-2 0.58 + 0.10 0.02 88% 0.20
PSL-3 0.59 + 0.09 0.07 23% 0.80
PSL-4 0.60 + 0.18 0.43 13% 0.17
PSL-S 0.74 £ 0.37 0.01 100% 0.26
PSL-6 0.66 + 0.54 0.01 92% 0.45
PSL-7 - - - -

PSL-8 1.36 + 0.60 0.52 54% 0.16
PSL-9 0.71 + 0.20 0.10 84% 0.21
PSL-10 0.65 + 0.30 0.02 57% 0.28
PSL-11 0.77 £ 0.99 0.89 26% 0.71
PSL-12 0.58 + 0.19 0.63 15% 0.54
PSL-13 0.70 + 0.29 0.00 100% 0.30
PSL-14 1.59 + 1.14 0.11 89% 0.30
PSL-15 0.90 + 0.83 0.33 22% 0.44
PSL-16 - - - -

PSL-17 0.62 + 0.19 0.34 —16% 0.59
PSL-18 0.63 + 0.31 1.00 20% 0.76
PSL-19 0.60 + 0.10 0.90 —26% 0.52
PSL-20 0.59 + 0.10 0.40 20% 0.51
PSL-21 0.77 + 0.27 0.74 —31% 0.53
PSL-22 0.61 + 0.26 0.34 48% 0.72
PSL-23 0.59 + 0.13 0.85 46% 0.47
PSL-24 0.64 + 0.11 0.78 37% 1.00

spheres were determined to be unable to retain KR620 in a
sufficient quantity to yield highly fluorescent particles while
maintaining stable particle synthesis conditions. Although there
are other single factor influences that could be considered
regarding their influence on the polymerization, they were not
evaluated in this work as they would not yield fluorescent
particles.

Before discussing multiple factor influences, it is important to
discuss how well the response factors accurately measure the
intended PSL properties. Of particular importance is the
correlation between fluorescent emission intensity and ret%.
This is of interest since, for some compositions, there are three
places KR620 could be most strongly associated: with the PSLs,
the aqueous phase, or the large insoluble polystyrene
agglomerate. Likewise, collection and comparison of solid-
state fluorescent emission properties is extremely difficult, and
as was mentioned in the Experimental Section, great care was
taken to collect fluorescent emission values representative of
the prepared samples. When plotted against each other, these
two response factors exhibited an inverse relationship with
some of the highest ret% values arising from PSL compositions
with the lowest relative fluorescent emission values (data not
shown). This indicated that, for these compositions, a majority
of the dye was retained within the PSL agglomerate. This was
an important result and was considered when analyzing dual
and multifactor influences as described below.

Dual Factor Influences. Comparison of two factor
influences was relatively straightforward since the combinations
of greatest relevance had KR620 concentration as one of the
factors. Addition of styrenesulfonate, at low KR620 concen-
trations, PSL-3, resulted in a significant reduction in particle
size and an increase in relative scattering at 400 nm. Similarly,
the dye retention dropped precipitously. All of these results
indicated that the addition of styrenesulfonate increased the
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solubility of the polymeric materials. Interestingly, the relative
fluorescent emission increased slightly. One possibility is that
the presence of the styrenesulfonate enabled better dispersion
of the KR620 in the polymeric matrix once dried. At high
KR620 and styrenesulfonate concentrations, PSL-4, the particle
size is approximately the same as PSL-2, batch with the same
KR620 concentration and no styrenesulfonate. Although the
relative fluorescent emission increased by a factor of 36, the
retention was very low.

PolyD was incorporated in the dispersion for the purpose of
electrostatically trapping KR620 molecules within the PSLs.
Since PSLs synthesized via dispersion polymerization using
potassium persulfate decomposition as a radical source are
known to have surfaces populated by sulfate groups, the polyD
should preferentially interact at the particle surface. This
interaction was envisioned to generate an electrostatic double
layer at the PSL surface that would prevent KR620 molecules
from diffusing out of the PSLs once generated. To determine
whether this approach was successful or not, batches PSL-1 and
PSL-5 can be compared. As can be seen in Table 4, although
the particle size is reduced slightly and the standard deviation
increased along with the relative scattering at 400 nm, the dye
retention was maintained if not improved slightly. The relative
fluorescent emission was low, which would be expected at this
KR620 concentration. The decreased particle size and increased
standard deviation and scattering values could arise from the
polyD acting to solubilize small oligomeric species similar to
what was observed with incorporation of styrenesulfonate. At
high KR620 and polyD concentrations, PSL-6, the particle size
increased slightly as did the relative scattering at 400 nm.
Although the determined ret% increased slightly, relative to
PSL-2, the relative fluorescent emission actually decreased.
Therefore, the addition of polyD was not enough to prevent
destabilization of the dispersion polymerization arising from
increased KR620 concentration.

Although it has been reported that KR620 emission is
relatively insensitive to pH,”” preliminary results indicated that
the fluorescent properties of KR620-doped PSLs were
influenced by pH with a slightly basic pH yielding higher
fluorescent emission intensity. As the pH of the PSL solution
without any additional components, i.e., a dispersion generated
from styrene monomer and potassium persulfate alone, was
determined to be slightly acidic, a slightly basic buffer system,
sodium bicarbonate, was utilized in this work. When the buffer
was included at low KR620 concentrations, PSL-9, the relative
scattering at 400 nm increased, relative to PSL-1, suggesting an
increase in soluble polymeric material. Although the ret%
decreased (84%) relative to PSL-1, the relative fluorescent
emission increased 8 times, which is significant considering the
fact that the dye concentration did not change. With the
inclusion of the buffer at the high KR620 concentration range,
PSL-10, there was a slight decrease in particle size, relative to
PSL-9, as well as a decrease in fluorescent emission intensity,
which is surprising considering that PSL-10 was generated with
an order of magnitude greater KR620 than PSL-9. The ret%
also decreased, relative to PSL-9, suggesting again that the PSLs
cannot retain all of the dye at this KR620 loading level.

Multifactor Influences. On the basis of all of the dual-
factor influenced properties identified here, there are several
combinations of materials that could be anticipated to provide
both promising PSLs and poor performing PSLs with respect to
target particle size, dye retention, etc. For example, it could be
anticipated that PSLs generated with both polyD and buffer

should have moderate fluorescent emission properties,
relatively high % retention values, and potentially low scattered
light values. This combination was included in the DOE test
matrix and corresponds to batches PSL-13 and PSL-14 for low
and high KR620 concentrations, respectively. Surprisingly, PSL-
13 did not exhibit improved properties relative to PSL-1 (batch
comprised of only styrene and KR620), PSL-S (batch
comprised of styrene, KR620, and polyD), or PSL-9 (batch
comprised of styrene, KR620, and buffer). PSL-14, however,
exhibited properties that were superior, in most cases, to PSLs
generated at this KR620 concentration without any other
constituent, with just polyD, or with just the buffer: PSL-2,
PSL-6, and PSL-10, respectively. Although the relative
fluorescent emission was not great, it was higher than that
determined for the other batches just mentioned, even though
the KR620 concentration was equivalent in all cases. The
results for PSL-14 suggested that the KR620 had a stronger
affinity to associate with the PSLs, relative to the amorphous
polymeric material. The % retention for PSL-14 was also
comparable to these other batches.

As the intent of inclusion of both SS and polyD was to
generate an electrostatic double layer that would act as a barrier
to KR620 diffusion out of the PSLs, comparison of these
batches was of interest. PSL-7 and PSL-8 are the combinations
of these constituents at low and high KR620 concentrations,
respectively. Inexplicably, no particles were synthesized under
the conditions in PSL-7. The synthesis was repeated three
times with no formation of particles. PSL-8, however, did result
in particle fabrication with diameters >1 pm. Additionally, the
fluorescent emission was greatest for PSL-8, relative to PSL-2
(batch consisting of only styrene and KR620), PSL-4 (batch
consisting of styrene, SS, and KR620), and PSL-6 (batch
consisting of styrene, polyD, and KR620). Although the %
retention is somewhat lower in PSL-8, relative to PSL-2 or PSL-
6, the very low fluorescent emission intensities measured for
these two batches suggest that a majority of the dye had
diffused into the amorphous polystyrene material retained in
the reaction kettle. The relative scattering at 400 nm was also
low for PSL-8, which suggested that a less significant portion of
water-soluble material was generated under these reaction
conditions.

Conversely, it could be envisioned that, based on the results
from dual interactions described above, the combination of SS
and buffer should result in very poor performing PSLs. These
combinations are represented by PSL-11 and PSL-12 for low
and high KR620 concentrations, respectively. Although both
batches exhibited high fluorescent emission values, both also
exhibited very low % retention values. Scattering at 400 nm was
high in both cases indicating a significant formation of soluble
polymeric material. Similar to what has been discussed before,
the mean particle diameter was smaller for PSL-12, relative to
PSL-11, again suggesting that, without introduction of
components to preferentially interact with the KR620, the
dye disrupts the polymerization reaction resulting in smaller
particles.

Several of the PSL batch formulations were repeated
including the midpoint formulations as well as other batches
to ascertain variability in the resultant PSL properties. As can be
seen in Table 4, even though the experimental parameters were
nearly identical, the results from the midpoint experiments
were variable. This is an important result and indicated that,
upon transition to the large batch synthesis, some variability
between predicted results and actual results should be expected.
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Figure 6. Surface plots of the empirical models for (A) mean particle diameter, (B) relative fluorescent emission, (C) retention %, and (D) relative
scattering at 400 nm. These responses were plotted against PolyD mass and SS/S ratio at low, midrange, and high concentrations of KR620 and are
indicated on the plots as yellow, orange, and red surfaces, respectively. The NaHCOj; concentration was maximized in every case.

Likewise, this variability was anticipated to result in greater
uncertainty in the DOE modeling of the response factors (see
below). Although the particle size for these experiments was
relatively consistent with an average value of 0.63 + 0.09 pm,
the normalized emission, ret% value, and normalized
absorbance at 400 nm all varied considerably. The ret% values
were low in all cases, and the normalized absorbance at 400 nm
was high indicating that this composition was not amenable to
generation of reliable PSLs capable of incorporating KR620
successfully. Similarly, the composition for PSL-6 was repeated
with the PSL diameter determined to be 0.66 + 0.54 ym and
0.74 &+ 0.15 um for the first and second batches, respectively.
The other PSL parameters for these two batches exhibited
similar agreement. As was previously mentioned, the

compositions for PSL-7 and PSL-16 were generated in triplicate

as the first attempt did not yield PSLs. These two compositions

did not yield PSLs in any of the three attempts, and it was

determined that these conditions were simply not amenable to
particle generation.

To examine these multifactor influences further, statistical
analysis was performed on the collected response parameter
values using the input parameters and response factors
described in Tables 2 and 3, respectively. PSL-7 and PSL-16
conditions were ignored in this analysis as they did not yield
PSLs that could be characterized. By correlating each input with
a response, the relative influence the input parameter
conditions had on each response factor was determined.
Model surfaces were generated indicating the expected value for
each response calculated from relevant input parameter
conditions (Figure 6). All of these plots were calculated at

20722

the upper NaHCO; concentration limit and the indicated
KR620 concentration. The standard deviation and correlation
coefficients of the resultant models for each response factor are
reported in Table 5. Interestingly, NaHCO; was determined to

Table S. DOE Model Fit Statistics

standard correlation coefficient
response factor deviation (R?)
mean particle diameter (um) 0.19 0.58
standard deviation, ¢ (um) 0.15 0.68
relative fluorescent emission 0.16 0.82
(au)
ret% 0.24 0.73
relative scattering at 400 nm 0.15 0.73
(au)

impact only the relative fluorescent emission (Figure 6B). The
mean particle diameter was determined to have no dependence
on the presence of styrenesulfonate (Figure 6A). This response
model had the lowest correlation coefficient (R* = 0.58), which,
based on further review of the associated p-values for all of the
model parameters, indicated that there were likely a myriad of
weak relationships between the input parameters and the mean
particle diameter. The model for ret% did not have any relevant
terms associating with the presence of PolyD. This result may
be somewhat ambiguous since, as mentioned previously, the ret
% values must be considered along with the relative fluorescent
emission values to ascertain the amount of KR620 retained in
the particles. The inverse nature of the relationship between
these two factors was reproduced in their corresponding
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models with the midrange KR620 concentration plots
calculated to be the greatest relative fluorescent emission and
lowest ret% surfaces. The standard deviation for the ret% model
was large (0.24), likely due to the KR620 retained within the
agglomerated polystyrene not being considered in the
calculation of this response factor. The “relative scattering at
400 nm” response factor was determined to have the greatest
number of input parameter dependencies (Figure 6D). This
correlated well with the empirical relationships discussed
previously indicating that each of the input parameters
influence the stability of the synthesis emulsion and the
solubility of small styrene oligomers.

Optical Characterization. Samples of PSLs dispersed on
microscope slides were prepared, and optical and fluorescent
emission micrographs were collected on them (Figure 7). As
can be seen in Figure 7A, the PSLs generated from the PSL-1
formulation were relatively uniform in size. This correlated well
with the low particle diameter standard deviation (13%)
measured for this composition and resulted in more favorable
monolayer formation relative to PSL-6 and PSL-9 samples with
standard deviation values of 81% and 28%, respectively. The

NS

E
5 pm
.

Figure 7. Optical and confocal fluorescent micrographs of (A and E)
PSL-1, (B and F) PSL-6, (C and G) PSL-9, and (D and H) PSL-24
collected from prepared glass slide samples. The scale bars in A and E
correspond to all of the optical and confocal images, respectively. Note
the brightness and contrast of the confocal images were modified for
visualization purposes.

.
'

confocal fluorescent images of these samples, however, clearly
show the spherical nature of all of the imaged batches and also
demonstrate the relative uniformity of the emission intensity
from individual particles. Although the relative emission
intensities for PSL-1 and PSL-6 were measured to be low,
0.01 in both cases, the fluorescent emission was readily resolved
on the confocal microscope. In an effort to compare the relative
emission intensities collected on the confocal microscope, the
optical gain was noted for each image collected. The optical
gain was the lowest for PSL-24; i.e., the fluorescent emission
intensity was the greatest, which was in agreement with the
relative emission intensity values determined using the
Nd:YAG laser excitation described previously.

Large Batch Synthesis. On the basis of the DOE analysis,
necessary quantities for each component utilized for synthesis
of the KR620-doped PSLs were identified. Using these
conditions (see Experimental Section), a 2 L batch of PSLs,
at 9 wt % organic material, was synthesized. The resultant mean
particle diameter, predicted to be 1.06 + 0.28 um, was
determined to be 0.87 + 0.31 um. The particle size distribution
appeared to be bimodal with one distribution of PSLs centered
at approximately 0.6 ym and another distribution centered at
approximately 1.1 ym (see Supporting Information, Figure S1).
As there is a significant mass difference in these two particle
distributions, the majority of the particle mass was represented
by the larger diameter distribution indicating that, although the
population of the lower diameter population was significant,
these reaction conditions favored the larger particle size mode.
Since the airflow visualization experiments will be insensitive to
a majority of the PSLs in the smaller diameter distribution, the
effective standard deviation of the detected particle size was
significantly lower than 0.31 ym.

Flow Measurement Demonstration. The flow and PIV
instrumentation discussed above were used for comparison of
Mie scattering and fluorescence imaging of the particles. For
these tests, the lens aperture for the fluorescent camera was set
at /4, while the aperture for the Mie camera was set at /22
(attenuating the signal by a factor of about 30 compared to the
fluorescent camera) due to the brighter Mie signal. The
resulting raw images are shown in Figure 8. As can be seen,
there was considerable laser flare in the Mie-scattering image
near the plate surface. Additionally, reflections from other
objects in the test section appeared in the free streamflow,
which drastically reduced the signal-to-noise ratio (SNR) of the
images and impeded particle tracking. It is important to note
that the collected Mie-scattering images represented a "worst-
case scenario.” Typically, several techniques would have been
implemented to reduce laser flare, reflections, and other
anomalies. None of these techniques were utilized in this
work in order to ascertain the differences between the Mie-
scattered and fluorescent emission signals. The bottom-left
panel of Figure 8 shows that the use of fluorescent particles
with an optical filter that blocks the laser’s wavelength
completely eliminated this laser flare. The plate surface was
visible in the fluorescent images due to a combination of
Raman scattering off of the aluminum and particles attached to
the surface. However, this signal was low and did not leak onto
neighboring pixels away from the plate surface and therefore
did not decrease the SNR of the particles in the flow.

When these images were processed to obtain velocity
vectors, the differences were clear. Figure 8 displays the
average streamwise velocity vectors of 2000 images from each
technique. The detrimental effects of reflections and laser flare
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Figure 8. PIV with flat plate raw images for Mie-scattering (A) and fluorescent light (B) for the region of flow above the plate. Corresponding
average streamwise velocity contours from the Mie-scattering (C) and fluorescent light (D) data.

can be clearly seen in the Mie images, both in the free stream
and near the surface of the plate, where velocities were
erroneously calculated to be over 10 m/s through the plate
surface. The fluorescent data did not show such effects and gave
an accurate measurement of the flow, approaching zero at the
surface as expected. These tests demonstrated successful
fluorescence imaging and PIV processing of the KR620-
doped PSL particles in an airflow over 30 m/s, a first for
fluorescent dye-doped PSL particles.

4. CONCLUSION

In this work, combined efforts to modify PSLs to include a
fluorescent dye, KR620, along with development of measure-
ment capabilities demonstrate the potential to gain access to
more information with respect to airflow properties, boundary
layer interactions, etc. To retain the dye within the PSLs,
electrostatic interactions were utilized via incorporation of
anionic functionalities within the polymer matrix and utilization
of a cationic polyelectrolyte. In combination, these species
formed an electrostatic double layer that prevented the anionic
dye from leaching out of the polymer matrix. Additionally, the
use of a buffer was determined to be of significance to retain the
fluorescent properties of the dye once embedded. The use of
design of experiments enabled efficient exploration of the
design space that would have otherwise been unmanageable
due to the large number of experimental variables. Ultimately,
an optimal composition was identified and utilized to
synthesize a relatively large batch, approximately 2 L, of
KR620-doped PSLs that were used to conduct laser-induced
fluorimetry airflow measurements. The fluorescent response
from these particles mitigated the compromise of near-wall data
that is commonplace in flow visualization experiments and will
likely yield further understanding of airflow behavior deeper in
the boundary layer.
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