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In this letter, we describe a novel methodology for fabricating inexpensive
environmentally-friendly fluorescent microparticles for quantitative surface flow vi-
sualization. Particles are synthesized from natural white beeswax and a highly di-
luted solution of a nontoxic fluorescent red dye. Bead fluorescence exhibits a long
lifetime in adverse conditions, such as exposure to weathering agents, and is en-
hanced by Ultra Violet radiation. The fluorescent eco-particles are integrated in a
particle image velocimetry study of circular hydraulic jump to demonstrate their
feasibility in tracing complex surface flows. Copyright 2013 Author(s). This ar-
ticle is distributed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4794797]

Quantitative flow visualization techniques, such as particle image velocimetry (PIV), are based
on seeding the fluid with small tracers and analyzing consecutive images of their motion.1 These
methodologies are highly dependent on the ability of the particles to reliably trace the flow and
on the image quality, which, in turn, is severely affected by particles’ visibility. The latter is of
fundamental importance for particle tracing systems in outdoor measurements, where unpredictable
flow and light settings, variable topography of the fluid free surface, light reflections, and restrictions
in tracer deployment are relevant.8 Beyond being visible in outdoor conditions, surface tracers for
environmental studies should be nontoxic, buoyant, and chemically stable and should have low
detection limit and negligible sorption affinity to natural substrates.13

In this framework, considerable efforts have been devoted to the fabrication of fluorescent
particle tracers with dimensions ranging from few tens of nanometers to few millimeters for
integration in traditional PIV;16 total internal reflection velocimetry;9 three-dimensional interfa-
cial PIV;21 and particle streak velocimetry.10, 17 These studies demonstrate the potential of using
fluorescence for reducing the effect of adverse illumination and support the feasibility of syn-
thesizing inexpensive particle tracers for laboratory controlled flow experiments. Nevertheless,
environmentally-friendly and neutrally buoyant fluorescent tracers for surface flow physics analysis
are yet to be developed.

In this letter, we describe a novel methodology for fabricating inexpensive environmentally-
friendly fluorescent particles for quantitative flow visualization. Particles are synthesized from natural
beeswax and a highly diluted solution of a nontoxic fluorescent red dye. The fabrication procedure
allows for adjusting the size of the particles from tens of microns up to a few millimeters and
their density from positively to negatively-buoyant with respect to water. An array of experimental
techniques is employed to conduct a thorough characterization of the fluorescence and morphology
of the tracers. In addition, ad-hoc experiments are designed to assess the fluorescence response due
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to Ultra Violet (UV) exposure and thermal processes. A proof-of-concept PIV study is conducted
to illustrate the integration of the novel particle tracers in existing velocimetry methods for surface
flow analysis.

Particles are synthesized from natural white beeswax pellets purchased from Stakich Inc.,
MI., whose density is approximately equal to 0.95 g/cm3. A batch of 20 g of beads is obtained by
melting 23 g of wax at 60◦ − 65◦ C through a thermostatic bath and by stirring them at 350 rpm
until melting is achieved. A 6 × 10−3 μg/l diluted solution is prepared from nontoxic Fluorescent
FWT Red Dye Concentrate, Cole Parmer R©. A volume of 8 ml of diluted solution and 1 ml of sur-
factant Polysorbate-20, 1.1 g/cm3 in density, are added to the melted wax and stirred at 350 rpm
until homogeneous mixing is achieved. The emulsion is then poured in 100 ml of hot water at
60◦ − 65◦ C and kept under stirring at 600 rpm for 3 − 4 minutes to facilitate the formation of wax
drops. After drop formation, 125 ml of cold water at 5◦ C are added to the mixture and stirring is
stopped. Cold water produces the instantaneous cooling of the wax drops that solidify and migrate
to the surface of the suspension. Particles are then collected through filtering with a 20 μm sieve and
desiccated with silica gel for 48 hrs. The diameters of the beads obtained with a stirring frequency
of 600 rpm range from less than 20 to 500 μm. In particular, 40% of the particles lie in the range
250 − 420 μm. The size of the beads can be adjusted by regulating the frequency of the rotation
of the magnetic stirrer in the emulsion of wax and hot water. Specifically, higher frequencies lead
to smaller particles, whereas frequencies as low as 300 rpm produce particles of a few millimeters.
Particles are positively buoyant in water, yet, negatively-buoyant beads can be obtained by follow-
ing a similar fabrication procedure where quantities of calcium carbonate of density in the range
2.7 − 2.8 g/cm3 are added to the emulsion of beeswax and fluorescent solution. Due to the low
affinity of beeswax for calcium carbonate, diluted solutions of surfactant should be added to the
emulsion and stirring performed for several minutes. The amount of calcium carbonate added to the
emulsion can be adjusted to vary the density of the particles. In particular, particles are found to
sink in water when amounts of calcium carbonate greater than 5 mg are released in the 100 ml hot
emulsion. Advanced fabrication methods for mechanical emulsification based on high pressure or
ultrasound homogenizers, microporous membranes, and microfluidizers22 are expected to be relevant
towards the massive production of fluorescent particle tracers of highly controlled shape and size.
However, the need for regulating the temperature of the beeswax emulsion to guarantee the complete
mixing of the matrix with the dye is anticipated to pose severe challenges in adapting such advanced
methods.

When compared with the state of the art on tracers for surface flow physics analysis, the
proposed fluorescent beeswax particles demonstrate several advantages. Differently from polyethy-
lene, titanium, aluminum, and silver particles typically used in PIV,14, 18 beeswax is biodegradable
with natural biodegradation time of 28 days.7 Moreover, fluorescent FWT Red Dye Concentrate is
nontoxic in contrast with fluorescent tracers traditionally used in environmental studies, such as
Rhodamine WT, Rhodamine B, and Fluorescein.13 Finally, the proposed particles can be inexpen-
sively fabricated at a limited cost of 0.025 $/g in contrast with commercially available fluorescent
particles, whose costs3 range from 0.8 $/g to 9.9 $/g.

The morphology of the synthesized particles is studied by using scanning electron microscopy
(SEM). Fluorescent particles with diameters ranging from 250 to 420 μm are coated with a 50 nm
layer of gold and analyzed through the Hitachi S-3400N VP-SEM. Images are acquired by setting
the accelerating voltage to 5 kV and the working distance to 10.9 mm. Figure 1 displays three
SEM images at 270 x, 1.7 kx, and 95 kx magnification, respectively. Particles’ shape is found to be
approximately spherical with surface microfeatures attributable to the instantaneous cooling of the
wax emulsion during fabrication. Moreover, Figure 1 offers evidence that the fabrication method
produces particles of comparable size and shape as indicated above. The particle microstructure
is studied by analyzing the diffraction spectra of both the beads and the unprocessed beeswax.
X-ray spectra of beeswax pellets and fluorescent particles, measured using Rigaku Miniflex X-Ray
Diffractometer and recording at diffraction angles from 10◦ to 70◦, are found to be similar (peaks in
unprocessed wax and fluorescent particles’ spectra occur at the same diffraction angles: 2φ = 19◦,
21◦, 24◦, 30◦, 36◦, 40◦, 47◦, and 52◦ and the variation between the two spectra is at most 20% at each
peak) thus confirming the minimal presence of dye in the bead matrix. In addition, characteristic
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FIG. 1. SEM picture of the fluorescent particles. (a) low magnification image of an individual particle; (b) higher magnification
view displaying surface morphology details; and (c) low magnification image of a group of beads.
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FIG. 2. Fluorescence spectra measured with PTI Quanta Master 40 spectrofluorometer. Solid lines are emission spectra for
diluted solutions of the fluorescent dye; spectra are multiplied by 100 for legibility. Dashed-dotted blue line refers to the
beads excitation spectrum and dashed red line to the beads emission spectrum.

peaks in the diffraction spectra suggest that polycrystalline structure and crystal size of beeswax4

are preserved during the fabrication procedure.
The characterization of the particle fluorescence is performed by conducting excitation and

emission scans of solutions at different concentrations of Fluorescent FWT Red Dye and particle
samples with PTI Quanta Master 40 spectrofluorometer. Specifically, diluted liquid solutions are
prepared by varying the dye concentration from 0.01 to 0.1 μg/l. The emission scan of liquid solutions
with excitation at 450 nm results in the spectra displayed in Figure 2, where emissions are multiplied
by 100 for improved readability. It is noted that more diluted solutions lead to higher fluorescence
quantum yields accompanied by shifts towards lower wavelengths. Such behavior is attributed to
collisional quenching effects which are typical of the rhodamine-family dyes.6, 11, 12 Figure 2 also
reports the emission and excitation scans for a volume of 2 ml of melted fluorescent particles.
Notably, particles present a broad excitation spectrum which allows for stronger fluorescence under
a wide range of wavelengths. This is crucial for conducting experiments in natural flow systems
where sunlight can be used as the excitation source.18–20 In addition, particle emission spectrum
is shifted towards lower wavelengths with a higher peak as compared to diluted solutions of the
fluorescent dye. This is likely due to collisional effects’ reduction from mixing wax and water with
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the highly diluted dye solution during the fabrication procedure, which contributes to decreasing the
concentration of fluorophore molecules in the particles.

The effects of weathering agents on the lifetime and intensity of the particle fluorescence
emissions are assessed by exposing beads to high-energy radiations and hot water and periodically
measuring their emission through GloMax R©-Multi Jr fluorometer. These nondestructive experiments
are performed on the solid unmelted beads and, thus, preserve the total surface subject to external
agents. The effect of high-energy light on the particle fluorescence is studied by continuously
exposing ten samples of 0.5 g of beads to an 8 W UV lamp, 365 nm in wavelength, for two weeks.
During the experiment, beads are stored in ten labeled petri dishes in an opaque environment at
15 cm below the UV lamp. Each sample is transferred in plastic methacrylate 10 × 10 mm cuvette
containers to perform the measurement. Before testing, samples are tapped to guarantee that the
particles are closely packed in the cuvettes and, therefore, limit the presence of voids that may bias
the optical data. The intensity of the fluorescence emission is measured with two optical kits: the
green module (excitation wavelength: 525 nm and emission wavelength: 580 − 640 nm) and the
UV-GFP module (excitation wavelength: 365 nm and emission wavelength: 515 − 570 nm). Every
other day, five acquisitions are taken at intervals of two seconds with both optical modules on each
sample and averaged to characterize the sample behavior. Unexpectedly, the data recorded at the end
of the two weeks are on average three times the initial values recorded with the green module and
two times the values obtained with the UV-GFP kit.

Such time dependence is studied by performing a repeated measures analysis of variance on
the collected data (ten particle samples and seven repeated measures for each sample). The analysis
reveals a statistically significant time-effect (level of significance <0.0001) suggesting that exposure
to UV light modulates particle fluorescence. An additional test performed with PTI Quanta Master
40 spectrofluorometer at the end of the UV ray exposure allows for further investigating the increase
in the emissions. Specifically, four samples of particles previously exposed to UV light are melted
and used for emission scanning. The peak of the emission spectrum is shifted to 592 nm and the
intensity is comparable to the maximum intensity detectable by the instrument (3.76 × 106 1/s).
Such phenomena are likely attributed to photobleaching effects induced by the high-energy rays
which tend to degrade fluorophore molecules.5, 15 A decrease in fluorescing molecules leads to
reduced collisional quenching and, therefore, higher fluorescence quantum yield. These conclusions
are confirmed by visual inspection of UV-exposed beads which present a faded pink coloring,
suggesting that fluorophore molecules in the external layer of the particles are degraded by the
high-energy light radiation.

The effect of hot water on particle fluorescence is evaluated by deploying a sample of 0.5 g of
beads in 100 ml of tap water at 50◦ C. Particles are continuously kept in hot water and under magnetic
stirring at 350 rpm for 12 hours a day for two weeks. Fluorescence measurements are performed by
filtering the suspension, desiccating the beads with silica gel for a few hours, and then transferring the
sample in a methacrylate cuvette for acquisitions with GloMax R©-Multi Jr fluorometer. Every other
day, the emission intensities of the samples are analyzed following the procedure presented above.
In particular, values measured with the green module are reduced of 91% and data recorded with the
UV-GFP kit show a decrease of 84%. An additional test performed on the melted material with PTI
Quanta Master 40 spectrofluorometer does not display significant peaks in the emission spectrum.
More specifically, the material is not fluorescent when excited under a broad range of wavelengths.
This suggests that fluorophore molecules are degraded and washed out during the thermal treatment
as qualitatively confirmed by the opaque cyan coloring of the beads at the end of the experiment.

The ability of the particles to trace complex surface flows is investigated by performing a
proof-of-concept PIV laboratory experiment on the circular hydraulic jump generated by a water
jet impacting a rigid wall. Hydraulic jump is studied using the setup in Figure 3, where water is
recirculated through a piping system via a submersible Beckett Corp G210AG20 210 GPH pump
and regulated through a diverting three-port ball valve and a butterfly valve. An electronic GPI
A109GMN025NA1 digital flow meter is placed at proper distances from the valves to monitor the
flow discharge. The jet is spread out from a brass straight-hose tapered nozzle, whose output diameter,
2a, is equal to 5 mm. The nozzle is located 5 cm above a horizontal 30 × 30 cm polycarbonate plate.
The plate rests on the bottom of a water tank through four aluminum legs; the lower side of the plate
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FIG. 3. Left, experimental setup for the circular hydraulic jump experiment and right, snapshots depicting particle tracer
ejection on the horizontal plate.

is covered with opaque material to enhance the fluorescence of the beads and improve their visibility.
The depth of the water on the horizontal surface, d, is set to 2.5 mm through aluminum L-brackets
installed along the edges of the plate. During each experiment, a few grams of fluorescent particles
are seeded into the flow through an injection system and ejected through the nozzle onto the plate. A
fluorescent 50 W lamp placed along a side of the water tank at 5 cm from the water surface excites
the particle fluorescence. Figure 3 shows the particle motion for a representative case scored with a
CMOS Canon VIXIA HG20 camcorder at approximately 50 cm from the plate.

PIV analysis are conducted with an IDT MotionPro 3 Series 1 k × 1 k pixel color CMOS camera
placed at 14 cm from the plate for image acquisition. Camera acquisition frequency is set to 300 Hz,
exposure time to 2353 μs, and sensor gain to +6 dB. PIV experiments are performed by varying the
flow rate from 2.5 × 10−5 to 6.7 × 10−5 m3/s in increments of 0.8 × 10−5 m3/s. After acquisition, a
sequence of 50 frames sampled at intervals of 6.67 ms from the entire sequence of 2000 frames of
a single experiment is used for processing. The sequence of 50 frames illustrates the trajectory of
the particles from the impact of the water jet to few centimeters outside the circle. The processed
field of view is equal to 7 × 8 cm where the physical dimension of 1 cm corresponds to 122 pixels
in images. The sequence of frames is analyzed through ed-PIV software. Each image is subdivided
into 32 × 32 pixels interrogation regions and cross-correlation is performed using a multi-pass fast
Fourier transform.

For the analysis, a polar coordinate system is defined such that the origin is located at the
center of the impact of the jet and the angle θ spans from 0◦ to 180◦, see Figure 4. After PIV
processing, the radial component of the flow velocity is obtained and averaged over the 50 pairs
of frames. Figure 4 depicts the contours of the time-averaged radial velocity field for the flow
discharge 5.83 × 10−5 m3/s. It is observed that the velocity inside the circular jump is much larger
than outside; thus, particles in this inner region are scored as oblate ellipses, limiting the accuracy
of PIV therein. This results in null velocity values inside the circular jump, see the blue contours
inside the jump showed in Figure 4. Higher camera acquisition frequencies would be necessary to
obtain better quality pictures and apply PIV inside the circle. On the other hand, particles are clearly
visible outside the jump and they allow for reliably estimating the velocity field. The radial velocity
field is experimentally estimated by computing time-averaged radial velocity profiles as a function
of the distance from the jet impact for sectors of 10◦ spanning from θ = 45◦ to θ = 135◦, see
Figure 4. Such sectors are selected due to the fact that they are located underneath the camera
lens and are not affected by optical distortion and scarce illumination issues. The maximum radial
velocity value in the 90◦ sector is referred to as U and the radius at which it is attained is termed rmax.
As a validation of PIV measurement, Fig. 5 compares the direct measurement of the flow discharge
Q� with its estimate Q = U(2πrmaxd) obtained PIV data. Results reported therein indicate that ratio
between PIV and direct measurement is 0.860 with a standard deviation of 0.239, thus supporting
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FIG. 4. Radial flow velocity field for the circular hydraulic jump experiment depicting the polar coordinate system used for
analysis. Flow discharge is 5.8 × 10−5 m3/s.

the feasibility of using the proposed particles to study hydraulic jump especially for smaller values
of flow discharges.

To further investigate the potential of the proposed tracers in studying surface flow physics,
PIV images are further analyzed to extract the radius of the circular jump23 rj, which is then used
in conjunction with the estimate of the flow discharge Q to partially validate the model presented in
Ref. 23. Specifically, it therein demonstrated that rj depends on relevant flow parameters through

rjd2ga2

Q2
+ a2

2π2rjd
= 0.01676

[(rj

a

)3
R−1 + 0.1826

]−1

(1)

for (rj/a)R−1/3 ≥ 0.3155, and

rjd2ga2

Q2
+ a2

2π2rjd
= 0.10132 − 0.1297

(rj

a

) 3
2

R− 1
2 (2)

for (rj/a)R−1/3 < 0.3155, where g is the gravitational acceleration and R is the jet Reynolds number,
which is defined as R = Q/νa with ν being the kinematic viscosity of water. Comparison with
theoretical results is presented in Figure 5 where relations (1) and (2) are presented as a solid curve
and markers refer to experimental results. Following Ref. 2, the left hand sides of Eqs. (1) and (2) are
plotted against (rj/a)3R−1 to facilitate comparison. The theoretical prediction in Ref. 23 is found to
generally overestimate experimental results with an error which increases as the Reynolds number
increases. Similar evidence is reported in Ref. 23, where measurements are obtained without using
a PIV system, yet, discrepancies between experimental and theoretical results observed therein are
smaller than those found in this study. Such discrepancies may be due to theoretical factors, such as
neglecting fluid surface tension,2 and experimental uncertainties associated to PIV practice, including
spatial heterogeneities in particle seeding, light reflections from the water surface, distortions from
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FIG. 5. Left, validation of the velocity measurement obtained using PIV. Right, comparison between theoretical prediction
as proposed in Ref. 23, solid line, and experimental observations, markers, obtained from PIV measurements.

the camera lenses, and unfavorable illumination conditions as compared to the high acquisition
frequency.

In conclusion, we presented a novel procedure for fabricating low-cost, high-visibility, and
environmentally-friendly particle tracers for surface flow investigations. Particle fluorescence was
found to exhibit a long lifetime and to be enhanced by high-energy illumination which is typical
of natural settings. A proof-of-concept PIV experiment conducted on the circular hydraulic jump
generated by a water jet impacting a rigid wall demonstrated the feasibility of the tracer in measuring
surface velocity in complex flows.
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