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ABSTRACT

Arctic oil spills are particularly detrimental as they could
cause extensive ice melting in addition to the environmental
pollution they create. Floating oil slicks amongst ice floes absorb
ambient energy and transfer that energy to the ice to aggravate
melting in the thaw season. However, few studies have been
undertaken to reveal how oil-ice interactions impact ice melting.
This research employs a measurement technique to investigate
the heat transfer pathways from oil slicks to the ice. Dual-
luminescence imaging and particle imaging velocimetry (PIV) in
a side cooled cavity is performed for temperature and velocity
measurements of Toluene, respectively. Dual-luminescence
imaging captured the spatial temperature distribution of the fuel.
Consecutive imaging of the seeding particles in PIV provided the
spatial velocity field of the fuel in the cavity. The results show
that the convective field is directly coupled with the temperature
field, i.e., the temperature difference instigates a flow in the
liquid. Successful implementation of the two measuring
techniques together is a step toward analyzing heat transfer
pathways in a liquid fuel adjacent to an ice body, indicating the
extent of melting.

Keywords: Luminescence technique, dual-luminescence
imaging, particle-based velocimetry, simultaneous temperature,
and velocity field measurement

NOMENCLATURE
Vr Red image output of a camera
Vg Blue image output of a camera
G Geometric factor
Iz, Luminescent intensity of Eu(hfc);
Ipc Luminescent intensity of PCA
N Camera shot noise
T Temperature
S Intensity ratio

A B Coefficients from first-order polynomial
or Temperature sensitivity

Subscripts

ij Pixel location of camera output

1. INTRODUCTION

Tons of oil or chemicals are accidentally released into the
environment each year [1]. Accidents around coastal areas can
harm the environment and have a negative impact on nature.
Arctic oil spills are particularly detrimental as they could
potentially cause extensive ice melting in addition to the
environmental pollution they create [2]. A large-scale spill in the
Arctic waters, similar to the Deepwater Horizon spill in 2012,
could trigger ice sheet deterioration and negatively impact
climate cycles globally [3]. Floating oil slicks amongst ice floes
absorb ambient energy, i.e., sunlight or energy sources created
by cleanup operations such as in situ burning and transfer that
energy to the ice to aggravate melting in the thaw season.
However, only a few studies have been undertaken to reveal how
oil-ice interaction impacts ice melting [4-6]. In particular,
melting caused by an adjacent immiscible liquid layer and heat
transfer to ice in such a condition is not well understood, and
basic temperature and velocity field measurements are required
to understand the heat transfer mechanisms of an immiscible
layer. This research employs a newly developed simultaneous
temperature and velocity field measurement technique to
investigate the coupling between temperature and velocity field
of a fuel layer cooled on the side. A two-dimensional temperature
measurement of the fuel is performed by developing dual-
luminescence imaging [7]. The two luminescent probes used in
dual-luminescence  imaging have different fluorescent
characteristics: one of the two luminescent probes emits a
temperature-dependent luminescence, another probe outputs
temperature-independent luminescence. The luminescent peaks
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of the two probes should lie at different wavelengths so that each
luminescent output can be acquired by different color images
using a high-speed color camera. By taking the ratio of the
different color images, spatiotemporal temperature information
of the liquid fuel can be extracted [8]. One challenge in terms of
the luminescent technique is the dynamic motion of ice as it is
melting. The ice-melting moves the geometric position of the ice,
especially the interface between the ice and the oil. Because of
this dynamic motion, dual-luminescence imaging, which is able
to capture temperature information over moving objects, is
chosen as a unique diagnostic tool. However, the focus of the
current study is the development of this technique for a liquid
fuel layer without the presence of ice. Determining the two
luminescent probes used to measure the spatiotemporal
temperature of the fuel is one of the essential requirements for
establishing this luminescent imaging technique. Toluene is
selected to represent the spilled oil, which is immiscible in water
as most hydrocarbon petroleum fuels are. Europium-based and
Pyrene-based luminescent probes are dissolved into Toluene to
create the dual-luminescence oil. Colored-seeding particles were
mixed into pure Toluene to capture the velocity field of the liquid
phase via a particle-based velocimetry technique. A combination
of the two measurements for dual-luminescence oil in a side
cooled cavity was performed to capture both temperature and
velocity field information. In this research, the temperature
measurement and velocity field measurement were conducted
separately as the first step. In future works, simultaneous
temperature and velocity field measurements of an immiscible
layer adjacent to ice will be conducted. The side cooled cavity
used here, simply imitates the ice-oil interface except for the ice
melting, which will be added to future experiments. The current
results show that the convective field is directly coupled with the
temperature field, i.e., the temperature difference instigates a
flow in the oil. Successful implementation of the two
measurement techniques together is a step toward analyzing heat
transfer pathways in a liquid fuel adjacent to an ice body,
providing insight into the extent of the melting.

2. BACKGROUND
2.1 Dual-Luminescence Imaging
Dual-luminescence imaging is a luminescent technique for

temperature measurement. The experimental setup of dual-
luminescence imaging consists of an excitation light source,
dual-luminescence liquid, and a color camera. Dual-
luminescence liquid absorbs excitation energy from the light
source and emits two different emissions. The color camera
captures the fluorescent emissions from the dual-luminescence
liquid as luminescent outputs. Consider the luminescent outputs
from an arbitrary pixel, ij, on an image chip of the color camera,
where the image chip has m by n pixels (i =1, 2, ..., m, and j =
1,2, ..., n). At this pixel, the outputs from the blue image, Vg;;,
and the red image, Vg;;, can be described as:

Vrij = Gij X Igy;(T) + Nyj (1.a)

Vij = Gij X Ipcij + Nyj (1.b)

where I, and Ip. are the luminescent outputs from europium
tris [3-heptafluoropropylhydroxymethylene-camphorate]
(Eu(hfc);), and 1-pyrenecarboxylic acid (PCA), respectively.
Because Eu(hfc); is a temperature-sensitive luminescent probe,
Igy,, is temperature-dependent [9]. This is indicated by the
functional notation (T), in Equation 1-a. N indicates the
camera shot noise at the pixel ij. The noise factor can be obtained
by collecting dark images or images without illumination. By
taking an average of multiple noise images, the mean of the shot
noise can be obtained. Here, G;; is the geometric factor, which
is a function of the pixel location. It is related to the shape and
location of a liquid in an image frame, the non-uniformity of the
illumination source, and the distance of the liquid and camera.
Because the shape and location of a liquid can be changed during
the measurement, the three factors above will be time-dependent.
To remove G;; from Equation 1, the luminescent ratio shown in
Equation 2 was taken.

Sij = (Vaij = N,)/ (Vsij = N,)) = Igwij(T) /Ipcij 2
Equation 2 cancels the geometric factor and gives the
temperature-dependent output [7]. The function S can be
obtained by dividing the red by the blue images after subtracting
the mean shot noise. Therefore, the temperature distribution is
obtained through an image that is expressed by S. At a pixel
where Ig,;; and Ip¢;; are zero or low signal, the ratio of the
two showing Equation 2 would give plus or minus infinity. To
avoid this processing error, a threshold can be assigned. For
instance, if Igy;; or Ipc;; is lower than the mean shot noise, the
ratio, S;j, is assigned zero value.

The intensity ratio monotonically decreases with temperature
rise. The relationship between the intensity ratio and
temperature, 7, can be expressed by the 1st order polynomial:

S=A+BXT 3)
where A and B are coefficients of the 1% order polynomial.
These coefficients can be determined by experimental
temperature calibration. The coefficient, B, is defined as the
temperature sensitivity, or:

or =B “)
In this research, the temperature sensitivity of dual-luminescent
oil is calculated using in-situ calibration based on the measured
temperature by thermocouples.

2.2 Particle-based velocimetry

Particle image velocimetry (PIV) is a common technique for
non-intrusive, quantitative, and qualitative flow visualization. In
PIV, a thin sheet of light illuminates fluid containing reflective
and neutrally buoyant seeding particles. The illuminated seeding
particle visualizes a motion of the fluid, either gaseous or liquid.
A digital image sensor, which is positioned parallel to the sheet
of light, captures the motion of the particles. Two consecutive
images of the illuminated plane are captured in most PIV.
Particle displacement between consecutive images provides
velocities in the sheet. In PIV calculation, the particle
displacement for groups of particles allows evaluation of the
cross-correlation of many small sub-images based on
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interrogation areas. This correlation evaluation yields the most
probable displacement for a group of particles displacement.
3. Simultaneous Temperature and Velocity Field

Measurement
3.1 Dual-Luminescence Oil

Dual-luminescence oil consists of an organic solvent and
two luminescent probes. The organic solvent imitates the liquid
fuel under an ice-melting environment. Two luminescent probes
for dual-luminescence imaging were dissolved into the solvent.
One of the two luminescent probes provides a temperature-
dependent luminescent output. The other luminescent probe is
independent of the temperature. Two luminescent probes have
luminescent outputs that can be separated from each other in
terms of a wavelength to detect by the color camera's channels.
The resultant combination of the luminescent probes and the
solvent as a dual-luminescence oil is Eu(hfc)s, PCA, and
Toluene. The organic solvent mimicking the fuel of liquid hydro
carbonate was selected as Toluene. For the temperature-
insensitive luminescent probe, PCA was selected because this
luminescent probe has less temperature sensitivity than Eu(hfc)s.

A spectrometer performed spectral measurement with a
thermal stage, which controls stage temperature to characterize
the dual-luminescent oi. Figure 1 shows the spectra of the dual-
luminescence oil. Two luminescent peaks exist at 400 and 610
nm. The peak at a shorter wavelength, which was obtained from
PCA, was temperature insensitive. On the contrary, the peak at a
higher wavelength obtained from Eu(hfc); was temperature
sensitive due to the thermal quenching [2]. Both peaks were
matched with the blue and red images of the camera.

The temperature calibration was conducted to characterize the
temperature sensitivity of the developed dual-luminescence oil.
The temperature varied from 0 to 20 degrees Celsius for the
calibration. Figure 2 shows the temperature calibration plot of
the dual-luminescence oil. The calculated temperature
sensitivities of dual-luminescence oil was -0.4 [%/C]. Here, the
temperature sensitivity is defined as a slope of the temperature
calibration, and the steeper slope gives a higher temperature-
sensitive image.
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DUAL-LUMINESCENCE OIL BETWEEM TEMPERATURE
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3.2 Colored seeding particles

Hollow glass microspheres were mixed into dual-
luminescence oil as colored-seeding particles. The mean
diameter of the seeding particles varies from 5 - 20 um. The
density of the seeding particles is 0.67 g/cc. Fluorescein was used
to color the particles to give particles luminescent output [10—
12]. Fluorescein was dissolved into dichloromethane. The
concentration of the solution is 1 mM. Seeding particles were
soaked in the solution. Then, dichloromethane was evaporated to
prepare the colored-seeding particles. The colored seeding
particle was mixed into pure Toluene with 1 mg/cc
concentration.

3.3 Measurement system

For the development of simultaneous temperature and
velocity field measurement, the side cooled cavity was selected.
In the side-cooled cavity, natural convection due to the
temperature difference between the cool side and other sides
induced the velocity field and temperature distribution. This
experiment setup imitated the ice-oil interface in which ice
cooled the adjacent oil a Peltier cooler was used to mimic low
temperatures of an ice surface. A rectangle quartz cuvette
contains dual-luminescence oil. The dimension of this cavity was
45 x 50 x 10 mm. All equipment for this experiment were placed
in an environmental chamber that could control the temperature.
The environmental chamber maintained the ambient temperature
surrounding the experimental setup at 20 degrees Celsius. Peltier
cooler was set to 0 degrees Celsius and was attached to one side
of the cuvette.The other sides were exposed by the ambient
temperature. The experiment setup of dual-luminescence
imaging is shown in figure 3. Consecutive images were acquired
to obtain temporal information over the side-cooled cavity
during the experiment. Seeding particles for particle-based
velocimetry were mixed into the pure Toluene, and the particles'
consecutive imaging provided the spatial velocity field of the oil
in the cavity.
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The temperature distribution was obtained by dual-
luminescence imaging. The optimum concentrations of the two
luminescent probes were obtained based on the adjustment of the
intensity levels from the two luminescent probes. This procedure
gave the two luminescent outputs from each probe similar in the
intensity level, and the temperature sensitivity of the two
intensities' ratio was high enough for the spatiotemporal
imaging. For the excitation light source, two UV-LED light
sources excited the dual-luminescence oil at 365 nm. The slits
width of this excitation was 2 mm. A high-speed color camera
captured a time series of images during temperature
measurement. An optical long-pass filter was placed on the
optical path of the camerato cut off the wavelength shorter than
420 nm. The frame rate was 100 Hz. The equilibrium condition
of natural convection in the cuevete was achieved by waiting for
1 hour. A 1-sec period after this one hour time was recorded and
processed to obtain the results. Three thermocouples monitor
the temperature in the dual-luminescence oil. For in-situ
temperature calibration of dual-luminescence oil, those
thermocouples are used.

The velocity field was obtained by the PIV measurement using
colored seeing particles. The experimental setup is shown in
figure 4, which is very similar to the temperature measurement
except for the dual-luminescent oil. Instead of dual-luminescent
oil, pure Toluene with colored seeding particles was used. Three
thermocouples monitored the temperature of the Toluene. During
the recording, thermocouples were removed to reduce the
disturbance of the flow.
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FIGURE 3: EXPERIMENTAL SETUP OF THE SIDE
COOLED CAVITY OF DUAL-LUMINESCENCE IMAGING
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FIGURE 4: EXPERIMENT SETUP OF THE SIDE
COOLED CAVITY OF PIV WITH COLORED SEEDING
PARTICLES.

4. Spatial temperature and velocity field
4.1 Temperature distribution

Figure 5 shows the temperature distribution in the side-
cooled cavity captured by dual-luminescence imaging. 100
images (1-sec period) were averaged to minimize the shot noise
of the camera. The three thermocouples, which were used for
temperature monitoring, are covered by black color in this figure.
Cooled Toluene is seen along the cooled side and at the bottom
of the cavity. The upper area is at a higher temperature marked
by warmer colors. The colder temperature near the bottom was
around zero degree Celsius. Three thermocouples monitored the
temperature of the cooled Toluene. The monitored temperature
by thermocouples were 9.5, 14.3, and 18.3 degrees Celsius from
the bottom to the top. Those temperatures matched with the
temperaturethat was captured by the dual-luminescence imaging.
Some spots indicated colder areas, where are highlighted by
circles,which are caused by coagulated particles in Toluene. The
coagulated particles were excited by the light sources and
emitted blue wavelength. Hence, even image rationing could not
cancel out measurement errors as a geometric factor. This
measurement error will be vanished by careful mixing of the
seeding particle.
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FIGURE 5: TIME-AVERAGED TEMPERATURE

DISTRIBUTION OF THE SIDE COOLED CAVITY
CAPTURED BY DUAL-LUMINESCENCE IMAGING

4.2 Velocity field

In this work, a GUI-based open-source tool (PIVlab) for PIV
analyses in MATLAB was utilized [13]. The tool takes
advantage of several built-in MATLAB features and eases
subsequent data processing by providing a close link to the
popular MATLAB user interface. Figure 6 shows the velocity
magnitude field over the side cooled cavity calculated by the PIV
method. Higher velocity vectors can be seen near the cooled side
of the cavity. This higher velocity field is derived by the
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temperature difference between the oil and the cooled side. This
temperature difference induced large circulation in the cavity.
Figure 7 shows the raw image used for the PIV analysis. The red
square indicates the area where fewer seeding particles are
distributed. The cooled side area was expected to have a higher
velocity toward the cavity bottom. However, this velocity field
could not be observed due to the fewer particles. This area is one
of the important areas to investigate the heat transfer pathway
from the cooled side and the adjacent oil. Therefore, more
particles need to be added to improve the measurement accuracy
over this interesting area. Also, the camera setup should magnify
this area to improve spatial resolution for future work.
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FIGURE 6: VELOCITY VECTORS AND MAGNITUDE
FIELD OF THE SIDE COOLED CAVITY CAPTURED BY
PARTICLE-BASED VELOCIMETRY
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FIGURE 7: SINGLE RAW IMAGE OF THE SIDE
COOLED CAVITY CAPTURED BY PARTICLE-BASED
VELOCIMETRY METHOD.

5. CONCLUSION

A new simultaneous temperature and velocity measurement
technique was developed by combining dual-luminescence
imaging and particle-based velocimetry. Toluene, which imitates
the spilled oil over the ice sea, dissolves two luminescent probes

for dual-luminescence imaging. One of the two luminescent
probes is temperature-sensitive, and another one is temperature-
insensitive. Fluorescein colored seeding particles to allow the
green channel of the color camera to capture the luminescent
intensity of the colored particles. As the first step of this work,
two measurements were conducted separately. In the future, two
measurements will be conducted simultaneously. The developed
measurement system simultaneously extracted 2-D temperature
and velocity field over the side cooled cavity. That extracted
information will be substantial to analyze the heat transfer
pathway in a liquid fuel adjacent to ice, resulting from the ice-
melting acceleration. The side-cooled cavity simply imitated the
ice-oil interface without dynamic motion due to the ice melting.
As the final goal of this measurement method, development,
simultaneous measurement under the ice-melting condition will
be conducted.
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