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simultaneous measurement method of thermometry and velocimetry for the immiscible liquid. The
manuscript describes the components of the development of simultaneous measurements.

In this manuscript, we prepared the dual-luminescent solution with the colored-seeding particles,
which gives three different luminescent intensities. The color camera captures those three intensities
by three color channels simultaneously. The image processing provides the temperature distribution
by the dual-luminescence imaging as well as the velocity field by the particle imaging velocimetry.
As the demonstration of the developed measurement method, the temperature and velocity field of

the natural convection was captured.
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Abstract

Arctic oil spills are particularly detrimental as they cause extensive ice melting in addition to

the environmental pollution they create. However, few studies have been undertaken to reveal how

oil-ice interactions impact ice melting. A simultaneous measurement method is developed to

investigate the heat transfer pathways from oil slicks to ice. Functional luminescent probes are

dissolved in a liquid immiscible with water, which imitates spilled oil. Another luminescent probe is

added to seeding particles in order to increase their luminescent intensity. Dual-luminescence imaging

and particle imaging velocimetry (PIV) are combined into a single simultaneous measurement method.

The developed measurement system shows simultaneous temperature and velocity measurements for

natural convection of the immiscible liquid. Successful implementation of the two measurement

techniques together is a step toward analyzing heat transfer pathways in a spilled oil adjacent to an ice

body, which indicates the extent of melting.
Keywords: Luminescence technique, dual-luminescence imaging, particle imaging velocimetry,

simultaneous temperature, and velocity field measurement

Nomenclature
Vg [V] Red image
Vg [V] Blue image
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G [-]

Ipu [count]
Ipc [count]
N [count]
T [°d

R [-]

A [-]

B [1/°(]

C [1/°C]]
Cr [-]

o [%]

4 [mm/sec]
Vi [mm/sec]
s [mm]

t [sec]
Xy [-]

o [-]

Geometric factor

Temperature-dependent luminescent intensity

Temperature independent luminescent intensity

Noise of camera image

Temperature measured by the dual-luminescence imaging

Ratio of luminescent images between the temperature-dependent/independent

Constant by second polynomial fitting for dual-luminescence imaging

Constant by second polynomial fitting for dual-luminescence imaging

Constant by second polynomial fitting for dual-luminescence imaging

Cross-correlation between the luminance-intensities

Temperature sensitivity of dual-luminescence imaging

Velocity vector

Velocity magnitude

Seeding particle displacement

Measurement time

Location of measurement coordinate

Conversion factor between the imaging plane and the visualized physical plane



Subscripts
[-]; j Pixel location of camera images

[=].y Direction of measurement coordinate

1. Introduction

Tons of oil or chemicals are accidentally released into the environment each year [1].

Accidents around coastal areas harm the environment and have a negative impact on nature. Arctic oil

spills are particularly detrimental as they can cause extensive ice melting in addition to the

environmental pollution they create [2,3]. Floating oil slicks surrounding ice floes absorb energy from

sunlight. However, only a few studies have been undertaken to reveal how oil-ice interactions impact

ice melting [4-6]. In particular, melting caused by an adjacent immiscible liquid layer and heat transfer

to ice is not well understood. Therefore, simultaneous temperature and velocity measurements in flow

fields are required to understand the heat transfer mechanisms for an immiscible liquid layer.

Several works in the literature introduce methods to simultaneously measure both temperature

and velocity to investigate heat transfer mechanisms in fluids [7]. The existing methods obtain the

temperature in the fluid using dissolved functional chemicals. These methods generally measure

velocity in the fluid by tracking dispersed particles in the liquid solution. For instance, Laser-Induced

Fluorescence (LIF) relies on dispersed water-soluble luminescent probes in the liquid, which provide



temperature-sensitive fluorescence, to measure the temperature of an aqueous solution [8]. The LIF

and particle-based velocimetry combination provides both temperature and velocity fields [9—11]. The

experimental setup for simultaneous LIF and Particle Imaging Velocimetry (PIV) is generally complex,

requiring extensive test equipment. Because images must be captured using multiple cameras for LIF

and PIV, optical alignment and image registration require substantial post-processing [12].

Additionally, while the primary measurement target of LIF is aqueous solutions, research dealing with

the temperature measurement for solvents such as oils and organic solvents is limited [7]. Molecular

Tagging Velocimetry (MTV) and Thermometry (MTT) also capture the temperature and velocity field

of a liquid simultaneously [13,14]. Thermochromic Liquid Crystal (LC) coupled up with PIV converts

the color change of the LC to temperature [15]. These existing simultaneous measurement methods

also use dissolved probes within a solvent. The use of dissolved probes allows for effective pixel-

based measurements through the collection of fluorescent intensity or color change information from

the liquid solution. While the high spatial resolution of these measurement methods is a large

advantage, the type of the liquid solution and measurable temperature range is limited. In theory, these

measurement methods function with all aqueous solvents, but organic solvents and oils pose

challenges in terms of finding appropriate luminescent probes. Additionally, the measurable

temperature range is narrow, as temperatures around zero degrees Celsius are not measurable. Particle-

based thermometry is coupled with velocimetry utilizing functional particles for simultaneous
4



temperature and velocity measurement in fluids instead of the dissolved functional chemical in a

solvent. Temperature Sensitive Particles (TSPs) are doped with luminescent probes that can be used

to measure the temperature of fluids [7,16]. The seeding particles dispersed into the liquid solution

give temperature-dependent luminescent intensity and can be used as tracers for particle-based

velocimetry. The disadvantage of this particle-based temperature and velocity measurement is that the

spatial resolution depends on the spacing between temperature-dependent luminescent particles. Areas

between these particles must be interpolated, and so the average distance between these particles

determines the spatial resolution of the temperature measurement.

In this research, a new simultaneous temperature and velocity field measurement method is

developed by combining dual-luminescence imaging and PIV. The details of the developed

measurement method are explained in sections 2 and 3. Dual-luminescence imaging gives

spatiotemporal temperature information in both a liquid and a liquid-solid mixture [17]. 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 emits a

temperature-independent luminescence. The luminescent peaks of the two probes lie at different

wavelengths so that each luminescent peak can be acquired by a different color channel in a high-

speed color camera. Each channel provides a different color image and by taking the ratio of the

different color images, spatiotemporal temperature information of the liquid can be extracted [18].
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One challenge in terms of applying a luminescent technique to study oil-ice interactions is the dynamic

motion of ice as it is melting. As ice melts, its position changes, and with it the interface between the

ice and the oil. Because of this dynamic motion, dual-luminescence imaging, which can capture

temperature information over moving objects, is chosen as a unique diagnostic tool. 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 particles allow for the visualization of the motion of a liquid. In this study, fluorescent PIV is

combined with dual-luminescence imaging. The emission wavelength of the seeding particle must be

separable from the fluorescence of the two luminescent probes in dual-luminescence imaging so that

a separate channel of the high-speed camera can capture the luminescence from the colored seeding

particles. If both dual-luminescent signals are separable from the seeding particle luminescence, a

color camera can capture all luminescent emissions in separate red, green, and blue channels.

In this study, the immiscible liquid is prepared by dissolving two luminescent probes with

distinct emission peaks. The luminescent seeding particles are then mixed with the prepared

luminescent solution. A spectral measurement of the luminescent solution with the seeding particles

is performed to confirm that the three emission peaks of the prepared solution match the sensor

response of the color camera. The spectral measurement also allows for the determination of the

temperature sensitivity of the luminescent solution. The behavior of flow with natural convection in a
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side-cooled cavity is measured to demonstrate the developed simultaneous measurement method. The

side-cooled cavity used here simply imitates a simplified version of the ice-oil interface without the

melting process. The current results show that the convective field is directly coupled with the

temperature field, i.e., the temperature difference instigates flow in the oil. Successful implementation

of the two measurement techniques together is a step toward analyzing heat transfer pathways in a

spilled oil adjacent to an ice body, providing insight into the melting extent.

2. Background of luminescent imaging method

2.1. Dual-Luminescence Imaging

The dual-luminescence imaging system is composed of an excitation light source, dual-

luminescent liquid, and a color camera. The dual-luminescent immiscible liquid consists of

temperature-dependent/independent luminescent probes. Under the excitation light, the dual-

luminescent immiscible liquid absorbs energy. The dual-luminescent immiscible liquid subsequently

emits light with two different peak wavelengths. The color camera captures the emitted fluorescence

from the dual-luminescence immiscible liquid as luminescent intensities.

Consider the luminescent intensities 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, 7j,

the luminescent intensities from the blue image, Vg;j, and the red image, Vg;;, can be described as:



Vrij = Gij * Igy;j(T) + Nyj (1)

Vgij = Gij * Ipcij + Nij ()
where I, and [p; are the Iuminescent intensities from europium tris [3-
heptafluoropropylhydroxymethylene-camphorate] (Eu(hfc)s), and 1-pyrenecarboxylic acid (PCA),
respectively. Because Eu(hfc); is a temperature-sensitive luminescent probe, Ig,, has temperature
dependency [19]. The functional notation (T), indicates the temperature sensitivity of the
luminescent probe in equation 1. N indicates the camera shot noise at the pixel ij. The base shot noise
can be obtained by collecting images without illumination. By taking an average of multiple noise

images, the base shot noise can be obtained. Here, the geometric factor, G;;, is a function of the pixel

js
location. It is related to the shape and location of a liquid in an image frame, the nonuniformity of the
illumination source, and the distance between the liquid and camera. Because the shape and location
of a liquid can be changed during the measurement, the three factors above are time-dependent. To
extract G;; from the luminescent image, a luminescent ratio shown in equation 3 is taken.
Rij = (Vaij = Ny)/ (Veij = Niy) = Ipuij (T) /Ipci 3)

Equation 3 allows for the canceling out of the geometric factor, giving a temperature-dependent
intensity. As an image, R gives a temperature distribution. It can be obtained by taking the ratio of

the red and blue images after subtracting the mean shot noise. At a pixel where Ig,;; and Ip¢;; are

near or equal to zero, the ratio of the two shown equation 3 would be undefined. To avoid this
8



processing error, a threshold can be assigned. For instance, if Igy;; or Ipc;; are lower than the mean
shot noise, the ratio, R, is assigned to be zero.
The intensity ratio exhibits a quadratic dependence on temperature. The relationship between

the intensity ratio and temperature, 7, can be expressed by a second-order polynomial [20]:

R=A+B-T+C(C-T? 4)
where A, B, and C are coefficients of the second-order polynomial. These coefficients can be
determined via experimental temperature calibration. The coefficient o7, or temperature sensitivity is
defined as in equation 5:

dR
aT=d—T=B+2CT(%) (5)

In this research, the temperature sensitivity of the dual-luminescent immiscible liquid is calculated via

a priori calibration based on the temperature measured by thermocouples.

2.2. Particle image velocimetry

Particle image velocimetry (PIV) is a non-intrusive diagnostic tool that gives quantitative
velocity information of a flow field. A thin light sheet illuminates seeding particles in the target fluid.
The illuminated seeding particle allow for the visualization of the motion of the fluid, which can be

either gaseous or liquid. A digital image sensor, which is positioned perpendicular to the sheet of light,



captures the motion of the particles. Two consecutive images of the illuminated plane are then captured
with a time interval A¢ between them. The displacement of particles between the consecutive images
can be used to calculate velocities of the particles within the illuminated sheet over the time interval
At [21]. The captured images are segmented into a number of small portions referred to as integration
windows. The seeding particles in the integration window move to a new location within the time
interval. This displacement is defined as As = (4x, 4y). Here, 4x and Ay are the displacement
components with respect to the horizontal and vertical direction, respectively. The velocity vector, V,
at a location (x, y) is derived by dividing the displacement, 4s, by time, A4t:

V(x,y) = a% (6)
where a is the conversion factor between the imaging plane and the visualized physical plane. In a
PIV method, the particle displacement, 4s, for groups of particles allows for the evaluation of the
image via cross-correlation of many small sub-images based on the interrogation windows. This
correlation evaluation yields the most probable displacement for a group of particles. The cross-
correlation, Cr, between the luminance-intensity distribution, /i(x, y), at time ¢, and the luminance-
intensity distribution, I»(x, y), at time ¢ + At is calculated based on the luminescence-intensity
distribution of the consecutive images by the equation:

Cr(Ax,Ay) = ff L, y) L (x + Ax,y + Ay)dxdy (7)

The cross-correlation forms a distribution and has a peak determining the average of the displacement
10



of the particles, 4s, within a window. Then, the velocity vector for the x and y direction can be

calculated as follows:

A

Ve(y) =5 )
A

Vy(y) =5 9)

where V, and V), are the x and y components of the velocity vector, respectively. Finally, the whole

velocity vector of all interrogation windows is computed to obtain the velocity field. The velocity

magnitude over the flow field is calculated by the equation:

mmw=ﬁumm+wmw2 (10)

3. Simultaneous Temperature and Velocity Field Measurement

3.1. Dual-Luminescent immiscible liquid

For the dual-luminescence imaging of a liquid adjacent to ice, the spilled oil must be
immiscible to water and dissolve the luminescent probes. In this research, toluene was selected to
satisfy both these requirements. The concentration of the toluene in this work was 1 mM. Toluene as
this dual-luminescent immiscible liquid contained two dissolved luminescent probes and colored
seeding particles. One of the two luminescent probes provided temperature-dependent luminescence.
The intensity of the other luminescent probe was independent of temperature. The two luminescent

probes had peak luminescent emissions that could be separated from each other in terms of wavelength

11



so that they could be detected by different channels in a color camera. The two luminescent probes

used in the dual-luminescent immiscible liquid were Eu(hfc)s (Sigma-Aldrich Corp., St. Louis, MO,

USA), and PCA (Sigma-Aldrich Corp., St. Louis, MO, USA). PCA was selected for the temperature-

independent luminescent probe because this luminescent probe has less temperature-dependence than

Eu(hfc)s. Hollow glass microspheres (Cospheric, Santa Barbara, CA, USA) were mixed into the dual-

luminescent immiscible liquid as colored seeding particles. The mean diameter of the seeding particles

varied from 5 to 20 um. The density of the seeding particles was 0.67 g/cc. Pyranine (Alpha Aesar,

Tewksbury, MA, USA) was used to color the particles to give particles luminescence. It was dissolved

in dichloromethane. The seeding particles were soaked in the dichloromethane. Then the

dichloromethane was evaporated to prepare the colored seeding particles.

A spectrometer with a thermal stage was used to perform a temperature calibration of the dual

luminescent immiscible liquid. The thermal stage controlled the temperature of the dual-luminescent

immiscible liquid with the colored seeding particles. Figure 1 shows the absorption and emission

spectra of the dual-luminescent toluene. Luminescent peaks are seen at 410, 510, and 610 nm. The

peak at 410nm came from PCA. The peak at 610nm was due to Eu(hfc)s;. Those emission peaks can

be acquired by the blue and red channels of the color camera. The emission from Pyranine is located

at 510nm, between the peaks of the dual-luminescent toluene. During the temperature calibration, the

temperature of the toluene changed from -10 to 20 “C. The spectrometer captured the emission from
12



the developed dual-luminescence immiscible liquid. The emission of Eu(hfc); changed its luminescent

intensity during the calibration due to its temperature dependency [19]. The luminescent intensity was

calculated by integrating the spectral output over a S0nm window centered at the emission peaks.

Figure 2 shows the temperature calibration plot of the dual-luminescence toluene. The luminescent

intensities from the luminescent probes were found by integrating the signal over the wavelength range

from 430 - 480 nm for Ip. and from 580 - 630 nm for I, . The calculated temperature sensitivity of

the dual-luminescence immiscible liquid using equation 5 was -6.1 [%] at T=5 °C. Here, error bars

on each calibration point are based on the standard deviation from the three measurements with a 95%

confidence interval.

13
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3.2. Measurement system

The flow regime selected for the demonstration of the simultaneous temperature and velocity

field measurement was natural convection in a rectangle cavity. The measurement system is

schematically described in Figure 3. The flow field was induced by a temperature difference between

the Peltier cooler and the dual-luminescent toluene. The temperature difference was provided by

cooling one side of the rectangle cavity. Natural convection occurred, which resulted in a 2-D velocity

field and temperature distribution in the cavity. The measurement conditions imitate a simplified ice-

oil interface in which the ice cools the adjacent oil but does not melt.

A rectangular quartz cuvette was used as the cavity and contained the dual-luminescent

immiscible liquid with colored seeding particles. The inner dimensions of the cavity were 40 x 50 x

10 mm. The volume of the dual-luminescent immiscible liquid was 15 ml. The measurement system

was placed in an environmental chamber that controlled the ambient temperature inside the chamber.

The ambient temperature of the environment was set to 18 “C. The Peltier cooler was set -20 C to

cool down one side of the cavity, with the remaining sides exposed to the ambient air.

The temperature distribution inside the cavity was obtained by the dual-luminescence imaging

method (see section 2.1). The concentration of the two luminescent probes were 0.2 mM for Eu(hfc);

and 0.6 mM for PCA. The colored seeding particles had a concentration of 0.5 pg/ml in the dual-

luminescent immiscible liquid. Two 365nm UV-LED light sources excited the dual-luminescent

15



immiscible liquid and the seeding particles from the bottom and the side of the cavity. Excitation light

was only allowed through 2mm slits on the bottom and side of the cavity. A high-speed color camera

(MEMRECAM HX-7S, NAC Image Technology, Inc.) captured a time series of images during the

simultaneous measurement. An optical long-pass filter was placed in front of the camera lens to cut

off wavelengths shorter than 430 nm, which prevented the excitation light from entering the camera,

as shown in Figure 3. The camera frame rate was 100 Hz and 40 total images were captured. The

camera acquired images for two different purposes. The first was to track how the flow field changed

with time. The second was to capture the flow field once it had reached steady state. To observe the

change in the flow field, the camera acquired images for 200 seconds immediately after the Peltier

cooler was placed on one side of the cavity. The detailed data processing procedure is explained in

section 3.3. Before image acquisition for the steady flow field measurement began, thermocouple

measurements confirmed that the temperature distribution had reached a steady-state. The

thermocouple was removed from the liquid during image acquisition so as not to disturb the flow

inside the cavity.
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Figure 3 Schematic of dual-luminescence imaging and PIV measurement system.

3.3. Image processing

Figure 4 shows the image processing procedure for the dual-luminescence imaging and PIV.

The color camera captures the image with three different image sensors, red, green, and blue. The red

and blue images are used for dual-luminescence imaging to measure the temperature distribution of

the liquid. The green images track the motion of the seeding particles. These consecutive images are

used for PIV analysis.

The red image contains the temperature-sensitive luminescent intensity from the Eu(hfc); as

well as the temperature- independent intensity such as reflected light. The blue image has only the

temperature- independent intensity from PCA. The intensity ratio, the red image divided by the blue

image, allows for extraction of the temperature-sensitive luminescent intensity. The luminescent

17



intensity ratio is calibrated by using temperature data captured by thermocouples. An a priori

temperature calibration of the dual-luminescent immiscible liquid was performed for the

demonstration. One hundred images were time-averaged to minimize the camera noise for each

calibration temperature point.

PIV analysis used two consecutive green images to obtain a single velocity field. The green

sensor in the camera captured the glare of the Pyranine-colored seeding particles distributed over the

liquid. Because of the wide excitation range of the green channel of the camera, the green images

contained the luminescence from the dual-luminescent immiscible liquid. An edge detection algorithm

separated the intensity of the seeding particles from that of the dual-luminescent liquid. Binarized

images were then used to identify the location of the seeding particles for PIV analysis. This processing

was applied using built-in code in MATLAB before performing the PIV analysis. In this work, a GUI-

based open-source tool (PIVIab) for PIV analyses in MATLAB was utilized [22]. 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.
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Figure 4 Image processing of dual-luminescence imaging and PIV.

4. Temperature and velocity field

4.1. Steady flow field

Figure 5 shows the temperature contour in the side cooled cavity at steady-state captured by

dual-luminescence imaging as well as the superimposed velocity vectors calculated by PIV. The

contour lines were drawn for 2.0°C intervals. The image acquisition started 30 min after cooling began.

Thermocouples monitored the temperature in the cavity to ensure a steady-state had been reached.

Thermocouples were removed from the cavity during the image acquisition. Because of overlap

between the red, green, and blue channels of the color camera, pyranine luminescence leaked into the

red and blue images. As a result, luminescent intensity near the seeding particles was removed from

both the red and blue images. Image reconstruction using the least square method filled the gap left

19



by the removal of this luminescent intensity [23,24]. 40 consecutive red and blue images were time-

averaged to minimize the random noise of the camera before taking the intensity ratio. A spatial filter

that averaged over 10 pixel x 10 pixel squares was applied to the raw intensity images. The image

captured the 25 mm x 50 mm cavity with 880 pixels x 1530 pixels. The spatial resolution of the

captured image was 32 mm/pixel in the x-direction and 28 mm/pixel in the y-direction. The top surface

of the dual-luminescent liquid was open to the environment, and due to surface tension, exhibited

some curvature. Due to this curvature and light reflection, the image around this free surface was

blurred. Because of this, the image near the free surface was removed. This corresponded to

approximately 1 mm in the vertical direction. This removal means the steep temperature gradient near

the free surface was not observed. The left bottom corner of the quartz cuvette reflected the excitation

light as well. Due to the high intensity of excitation light source present there, taking the ratio of the

blue and red images could not completely cancel out the geometric factor of the illumination. Thus,

there is a higher measurement uncertainty, which led to the apparently warmer temperature zone in

the bottom left corner of the images. However, the overall temperature distribution on the cavity was

successfully obtained. Lower temperature toluene is clearly visible along the cooled side. The

temperature difference in turn induced a density gradient, which caused the colder toluene to sink to

the bottom, which is what is seen in the temperature distributions. This is consistent with what is

expected for buoyancy-driven flow inside a cavity. The colder temperature near the bottom of the
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cavity was around -15 °C. The side of the cavity between the toluene and the Peltier cooler worked as

an insulator. Because of this insulation, there is a slight temperature difference between the Peltier

cooler and the toluene near the cooled side of the cavity. The other three sides of the cavity warmed

up other areas of the toluene, which caused it to rise to the surface. The warmer temperature near the

top surface was around 15 °C. The slight temperature difference between the ambient temperature and

the toluene near the free surface was caused by the cropped zone mentioned above.
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Figure 5 Temperature distribution of the side cooled cavity at steady-state captured by dual-

luminescence imaging and velocity vectors calculated using PIV.

Figure 6 shows the vector field and the velocity magnitude over the side cooled cavity

calculated using PIV. The spatial resolution of the binarized image was the same as the initially

captured image. The binarized images were calculated within each interrogation window of 64 x 64

pixels with a 50% overlap for each ambient interrogation window. The spatial resolution of the PIV
21



analysis was 50 x 118elements. The spatial resolution for the velocity vector was 0.5 mm in the y-

direction and 0.4 mm in the x-direction. This resolution was too coarse to resolve the velocity gradient

within the velocity boundary layer on the cooled side. Higher velocity vectors can be seen near the

cooled side of the cavity. This higher velocity field is due to the density gradient caused by the

temperature variation. This temperature difference drove the circulation through the entire cavity.

Qualitatively speaking, both the thermal boundary layer zone and the velocity boundary layer zone

were observed near the cooled wall. The thermal boundary layer was thinner in the x-direction than

the velocity boundary layer. This is expected for a boundary layer with a Prandtl number greater than

1. The Prandtl number of toluene is between 7 — 9 for the temperature range in the cavity.

V = 3.2 mm/sec

N
Velocity magnitude [mm/s]

Figure 6 Velocity vectors and velocity magnitude field of the side cooled cavity at steady-state

captured by PIV.
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4.2.  Flow field with the time evolution

Figures 7 — 9 show the development of the flow field with temperature contours and velocity

vectors. The first temperature contour was from 10 sec after cooling began, and the following

temperature contours indicate the flow field at 100 sec and 200 sec after cooling. The contour lines

were drawn for 1.0°C intervals. The image processing for all figures was the same as for the steady-

state flow field. A patchy temperature distribution was observed for all flow fields. This is due to low-

intensity red images. Compared to the steady-state flow field, the temperature was higher, which

corresponded to lower intensity from Eu(hfc); and a lower signal in the red channel. This could

theoretically be remedied by lowering the frame rate, but 100 Hz was the slowest possible frame rate

for the high-speed camera used in this demonstration. This undesired result is a limitation of the

experimental equipment rather than the experiment method.

Figures 10 — 12 show the development of the velocity of the flow field. The velocity fields

were unaffected by the higher temperatures because of the temperature- independent nature of

Pyranine. Compared to the steady-state, higher magnitude velocity vectors along the cooled side were

observed, especially at the beginning of the cooling. Due to the more significant density gradient

caused by the temperature difference between the toluene and the cooled side, the flow exhibited

higher acceleration. The faster velocity flow created a thicker velocity boundary layer. The thickness

of the velocity boundary layer got thinner over time.
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Figure 7 Development of the flow field with temperature contours and velocity vectors 10 sec

after the cooling.
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Figure 8 Development of the flow field with temperature contours and velocity vectors 100 sec

after the cooling.
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Figure 9 Development of the flow field with temperature contours and velocity vectors 200 sec

after the cooling.
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Figure 10 Development of the flow field with velocity magnitude contours and velocity vectors

10 sec after the cooling.
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Figure 11 Development of the flow field with velocity magnitude contours and velocity vectors

100 sec after the cooling.

V=32 mmisec
4

o
Velocity magnitude [mm/s]

Figure 12 Development of the flow field with velocity magnitude contours and velocity vectors

200 sec after the cooling.
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5. Conclusion

A new simultaneous temperature and velocity measurement technique was developed by

combining dual-luminescence imaging and particle-based velocimetry. For the dual-luminescence

imaging, a dual-luminescent solution was developed. Toluene was selected as the immiscible liquid

that imitates spilled oil over sea ice. Two luminescent probes were dissolved in toluene for dual-

luminescence imaging. One of the two luminescent probes is temperature-sensitive, and another one

is temperature-insensitive. Europium tris [3-heptafluoropropylhydroxymethylene-camphorate]

(Eu(hfc)s) was used for the temperature-sensitive luminescent probe, and 1-pyrenecarboxylic acid

(PCA) was used for the temperature-insensitive probe. Hollow glass beads were colored with Pyranine

to provide the luminescent intensity for seeding particles. Spectroscopic measurement confirmed that

the luminescent spectra of the dual-luminescent solution with seeding particles had three peaks which

matched the sensor response of the color camera. Two luminescent intensities of the dual-luminescent

solution were captured by separate channels of a high-speed color camera. The remaining channel of

the color camera captured the luminescent intensity of Pyranine-colored seeding particles for particle-

based velocimetry.

As a demonstration of the developed simultaneous measurement method, a single cooled

cavity was selected to capture the temperature and velocity distributions over the flow field. The single

side-cooled cavity exhibited flow due to natural convection. Both steady and unsteady flow
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measurements of this natural convection were collected with the simultaneous measurement technique.

The developed measurement system simultaneously extracted 2-D temperature and velocity field

information for the side cooled cavity. The extracted information is useful for analyzing the heat

transfer pathway for spilled oil adjacent to ice, resulting in accelerated melting of this ice. The side-

cooled cavity imitates the ice-oil interface without dynamic motion due to ice melting. As the final

goal of this measurement method, simultaneous temperature and velocity field measurements of an

immiscible layer adjacent to ice while it is melting will be conducted.
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