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Abstract— A novel luminescent sensor that provides spatially 

and temporally resolved temperature information within ice is 

developed. The purpose of the sensor is to be able to study the 

fundamentals of freezing, melting, and ice removal systems in a 

controlled lab environment, to promote better systems for use in 

industry. The sensor relies on the luminescent output of 

pyranine, which produces two luminescent peaks within ice. The 

ratio of these peaks can be quantitatively related to temperature 

in both the solid and liquid phases. The sensor is calibrated using 

a spectrometer, and exhibits a temperature sensitivity of                   

-9.2±0.1%K-1 for the solid phase and 0.8±0.1%K-1 for the liquid 

phase The sensor is then applied to three separate experimental 

demonstrations. The first is surface temperature measurements 

of a heated thin rectangular prism. The second and third are 

internal temperature measurements of a wedge and cylinder in 

forced convection. All experimental measurements are 

qualitatively in agreement with expected heat transfer 

characteristics.   

Keywords— hydroxypyrene, spatiotemporal, temperature, phase 

change, self-referencing 

I. INTRODUCTION 

Ice formation, the freezing process, and ice melting and 

removal are complex phenomena that are relevant to a large 

number of industries and applications [1-4]. However, despite 

the fact that this area of study is so far-reaching, the number 

of tools to study fundamental ice dynamics is limited. This is 

especially true concerning measurement of phase change and 

internal temperature measurements. Many attempts to study 

icing are done using computational models, in bulk analysis, 

and analysis of how icing affects given properties, such as 

structural stability and aircraft performance [3-5]. While 

computational models can provide useful insights into ice 

dynamics, new simulation tools are constantly under 

development. These new tools require high-quality temporally 

and spatially resolved experimental data to validate them. 

Certain techniques can be used to measure the surface 

temperature of ice, such as the use of infrared camera 

technology, but this is limited to surface information and can 

exhibit low signal to noise ratios due to the low radiation 

output of ice. Newer techniques utilize the infrared absorption 

of ice to measure temperature [5], but this can require complex 

equipment and is unable to easily measure rapid changes in 

temperature. Other methods such as the use of thermocouples 

and other temperature probes provide highly accurate 

temporally resolved temperature data. However, these 

methods are intrusive and generally limited to single point 

measurements. 

In contrast, luminescent sensors provide a workaround for 

these issues, with spatially resolved information, high 

sensitivity, and high signal to noise ratio at low temperatures. 

As an optical method, luminescent sensors are non-intrusive, 

and can provide temporally resolved information. At a 

fundamental level, luminescent sensors relate the luminescent 

output of a molecule to some quantity of interest, such as pH, 

pressure, or temperature [6]. Currently, chemical luminescent 

sensors are used in a variety of applications to sense 

temperature, and are typically used to measure surface 

temperature or the temperature within a solution [7-10]. 

However, luminescent sensors are limited only by optical 

access, and so the transparency of ice provides a unique 

opportunity for the use of such sensors to measure internal 

temperature and phase changes. Such a sensor allows for 

better insight into a number of complex icing phenomena, as 

well as validation of computational icing models.  

This work describes the development and characterization 

of the sensor, as well as a simple validation test using various 

geometries to demonstrate internal heating measurements.  

II. NOVEL SENSOR DYNAMICS 

The novel luminescent sensor relies on hydroxypyrene, 

also known as pyranine, a pH sensitive molecule to extract 

temperature information from within ice. The use of pyranine 

as a luminescent sensor is well documented in the literature 

and is generally used to study pH in biological applications 

[11-13]. When dissolved in water and excited by 365nm light, 

the pyranine molecule emits light with two distinct 

luminescent peaks, one at 441nm and one at 511nm. These 

peaks are related to the two different forms of pyranine which 

exist in solution [13]. The protonated form emits light with a 

peak at 441nm and the deprotonated form emits light with a 

peak at 511nm. The luminescent spectrum of pyranine 

dissolved in distilled water is shown in Figure 1.  
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Fig. 1: The luminescent spectrum of pyranine dissolved in distilled 

water at 20oC is shown. There are two peaks, one at 441nm, and a 

much higher intensity peak at 511nm.  

 

As shown, the peak at 441nm is substantially lower in 

intensity than the peak at 511nm for liquid water at 20oC. This 

is because pyranine is a weak acid, and when dissolved in 

water, tends to deprotonate. The emission from the 

deprotonated form of pyranine is thus dominant. However, the 

ratio of the 441nm and the 511nm peaks is a function of 

solution makeup and can be used to extract temperature 

information in both the solid and liquid phases [14].  

A luminescent temperature sensor was created according 

to the recipe in [14], and characterized using spectral analysis. 

A small sample of luminescent water was placed on a 

temperature controller. The temperature was varied between   

-15o and 20oC, and spectral measurements were collected at 

various temperature points in both the liquid and solid phases. 

A schematic of the temperature calibration setup is shown in 

Figure 2. 

 
Fig. 2: The schematic of the temperature calibration setup using 

spectrometer and temperature-controlled stage is shown. 0.5mL of 

the luminescent ice sensor was placed onto the temperature 

controlled and excited by 365nm light.  

 

The spectra emitted by the luminescent ice sensor at various 

temperatures in the solid and liquid phases are shown in 

Figures 3 and 4 respectively. As shown, there is a clear change 

in the luminescent intensities at 441 and 511nm with changing 

temperature. This is true in both the solid and liquid phases. 

 

Fig. 3: The spectra of the luminescent ice sensor in the ice phase 

for various temperatures is shown. The peak at 441nm, which is 

visible as blue in color, decreases with increasing temperature. The 

peak at 511nm, which is green in color, increases with temperature.  

 
Fig. 4: The spectra of the luminescent sensor in the liquid phase 

for various temperatures is shown. Both the peak at 441nm and at 

511nm decrease with increasing temperature. However, the response 

of the peak at 441nm is less sensitive to temperature effects in the 

liquid phase than the peak at 511nm.  

 

The ratio between the intensities at the 441nm and the 

511nm peaks was taken to determine a calibration curve for 

the temperature in both the liquid and solid phases. Taking the 

ratio of the deprotonated peak intensity (511nm), 𝐼𝐷, over the 

protonated peak intensity (411nm), 𝐼𝑝, gives a linear trend in 

the solid phase as shown in Figure 5. Taking the inverse of 

this, 𝐼𝑃/𝐼𝐷, gives a linear trend in the liquid phase.  
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Fig. 5: Ratio of peak intensities as a function of temperature for the 

luminescent sensor in the solid phase (𝐼𝑃/𝐼𝐷, top) liquid phase (𝐼𝐷/𝐼𝑃, 

bottom) 

 

The sensitivity of the luminescent temperature sensor is 

defined as the slope of these linear fits and is -9.2±0.1%K-1 for 

the solid phase and 0.8±0.1%K-1 for the liquid phase. These 

calibration curves give a quantitative relationship between 

overall luminescent output of the sensor and its global 

temperature profile. Because the two peaks are distinct from 

one another in terms of visible color, a spectrometer is not 

necessary for temperature measurement. Instead, a color 

camera is able to separate the protonated and deprotonated 

peak emissions into blue and green channels, respectively. In 

this way, a color camera can be used to measure dynamic 

changes in temperature and phase by taking the ratio of the 

intensity outputs from its blue and green channels. Examples 

of this type of measurement are described in the following 

section.  

III. EXPERIMENTAL DEMONSTRATION 

Three experimental demonstrations were conducted using 

the novel luminescent sensor. The first was a measurement of 

the surface temperature of a thin rectangular prism as it was 

heated. The second and third were measurements of the 

internal temperature of an ice wedge and ice cylinder, 

respectively. All experiments were conducted using a 365nm 

LED illumination source from Thorlabs and a Photron high-

speed color camera. An a priori temperature calibration 

similar to that conducted in Section II was performed using 

the high-speed color camera instead of the spectrometer. This 

calibration was used to convert between images captured by 

the camera and temperature maps.  

A. Rectangular Prism heating 

A thin rectangular prism with dimensions 90mm x 10mm x 

1mm was created out of ice using the recipe in [14]. The ice 

rectangular prism was insulated on two sides using plastic rods 

and was placed onto a large aluminum block. Both the 

aluminum block and the ice rectangular prism were cooled to 

an initial temperature of -20oC. The ice rectangular prism was 

excited by the 365nm light source and images of the system 

were captured by the high-speed color camera at a frequency 

of 50Hz. The right side of the aluminum block was then heated 

to a temperature of approximately 70oC. A schematic of the 

experimental setup is shown in Figure 6 and images of the ice 

rectangular prism during the experiment as shown in Figure 7.  

 
Fig. 6: A schematic of the heated rectangular prism experimental 

setup is shown.  

 
Fig. 7: Images from the heated rectangular prism experiment are 

shown, arranged in increasing time order from top to bottom. The 

color of the sensor gradually shifts from blue to green during the 

experiment, showing the increase in temperature along the 

rectangular prism.  

 

As shown, the color of the sensor continually changes from 

blue to green during the experiment. The ratio intensity in the 

blue and green channels of the color camera was used to 

convert the images to temperature maps of the rectangular 

prism. The temperature map at various times during the 

experiment is shown in Figure 8.  

 
Fig. 8: Temperature profiles of the ice rectangular prism during 

heating are shown. There is a clear increase in temperature from right 

to left over time, and melting over the prism is visible. This melting 

line is indicated in black on the temperature maps.  

 

The behavior of the temperature map agrees well with 

expectations, as the temperature increases gradually from 

right to left, as the right side of the ice is heated. In addition, 

during the experiment, the ice prism melted. The melting front 

was detected by using the ratio of the blue and green channels 

and the a priori calibration of the sensor. The angle of the 

melting front is a product of non-uniform heating of the 

aluminum block and melting water running over the rest of the 

ice prism.  

B. Wedge Heating 

In order to measure the change in internal temperature of 

an ice object as it is exposed to forced convection, a 30o half 

angle wedge was created. The wedge was formed by creating 

a thin layer of luminescent ice between two larger layers of 

pure water ice. The transparency of the pure water ice allowed 

for optical measurement of the internal luminescent layer. The 



4 of 7 

wedge was mounted on a plastic insulating sting and exposed 

to 50oC air. A schematic of the wedge and its dimensions is 

shown in Figure 9.  

 
Fig. 9: A schematic of the wedge heating experiment is shown. The 

wedge model was created by placing a thin layer of the luminescent 

temperature sensor between blocks of pure water ice. This allowed 

for measurement of just the internal temperature of the wedge, as 

opposed to the surface temperature.  

 

During the experiment, images were captured at a 

frequency of 50 Hz using the color camera. The images were 

converted to temperature maps using the a priori temperature 

calibration. Images of the wedge at different times during the 

experiment are shown in Figure 10.  

 

 

 

 
Fig. 10: Time progression of temperature maps of the heated wedge 

are shown for t=1, 10, 20 and 30 seconds. Melting of the wedge is 

clearly visible on the bottom left of the image. 

 

 As shown, the wedge object heats from the outside in, 

demonstrating that the sensor is measuring the internal 

temperature of the wedge, not the surface temperature. The 

areas of highest heating are the corners of the model, which is 

expected, as these areas have the highest exposed surface area 

per unit mass of the entire model. Melting of the wedge is 

clearly visible in both the deformation of the model and the 

temperature maps.  

C. Cylindrical Heating 

t=1s 

t=30s 

t=10s 

t=20s 
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An additional experiment was conducted using a cylinder 

heated from the top with air at a temperature of 50oC. Again, 

the cylinder was created by forming a thin layer of 

luminescent ice between two layers of pure water ice. A 

schematic of the cylinder and its dimensions are shown in 

Figure 11. 

 
Fig. 11: A schematic of the cylinder heating experiment is shown. 

The cylinder model was created by placing a thin layer of the 

luminescent temperature sensor between blocks of pure water ice. 

This allowed for measurement of just the internal temperature of the 

cylinder, as opposed to the surface temperature. 

 

During the experiment, images were captured at a 

frequency of 50 Hz using the color camera. The images were 

converted to temperature maps using the a priori temperature 

calibration. Images of the cylinder at different times during 

the experiment are shown in Figure 12.  

 

 

 

 

 

 
Fig. 12: Images of the time progression of temperature maps of the 

heated cylinder are shown for t=1, 10, 20, 30 and 40 seconds. Melting 

is visible for the images taken at 30 and 40 seconds at the bottom of 

the cylinder. 

 

t=10s 

t=20s 

t=30s 

t=1s 

t=40s 
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As shown, the cylinder heats most rapidly from the top 

stagnation point, which is consistent with heat transfer for a 

non-rotating cylinder. The temperature profile is plotted as a 

function of angular position as shown in Figure 13.  

 

 
Fig. 13: (Above) A schematic showing the definition of angle θ and 

the total angle range plotted for the cylinder. The bottom portion of 

the cylinder was ignored as the temperature data is corrupted by the 

presence of the sting. (Below) Plot of surface temperature of cylinder 

as function of angle around cylinder.  

 

The initial temperature of the cylinder was uniform at -10oC. 

It was assumed that the heating of the cylinder due to 

conduction is much more rapid than the internal heat transfer 

due to conduction based on the rate of change of the measured 

temperature field. Thus, the temperature profile of the cylinder 

is an approximate estimate of the heat transfer as a function of 

angle around the cylinder. Figure 13 is qualitatively consistent 

with what is predicted by [15]. Differences between the exact 

analytical prediction and experimental observations are due to 

phase change and ablative effects as the cylinder melts, as well 

as the assumption that internal heat transfer occurs more 

slowly than convective heating.  

IV. DISCUSSION 

The novel luminescent temperature sensor embedded 

within ice is able to quantitatively relate luminescent output to 

a spatially and temporally resolved temperature map. The 

sensitivity of the novel sensor is substantially higher than most 

currently available luminescent sensors. The sensor is 

dynamic, and can be used to measure both ice surface 

temperature and internal temperature, as well as phase change. 

The sensor itself is versatile, and can be applied to any 

geometry than can be created out of ice. Because the sensor 

relies on the ratio between two luminescent outputs, it can be 

used in cases where the light source of the object of interest is 

in motion, or is changing in shape. This is done by using the 

motion-capturing technique developed by Sakaue, et al. [16].   

As with all luminescent sensors, the performance of the 

luminescent temperature sensor embedded within ice can be 

changed by modifying the recipe used to create it. Further 

investigation must be conducted in order to determine the 

optimal sensor recipe in terms of both sensitivity and overall 

intensity ratio. The mixture used to create the sensor may also 

have an impact on the water and ice properties, including 

density, freezing point, surface tension in the liquid phase, and 

yield stress in the solid phase. A thorough study must be 

conducted to determine the impact of the luminescent sensor 

mixture on solution and ice properties.  

V. CONCLUSIONS 

A novel luminescent temperature sensor was created using 

pyranine. The sensor was embedded within ice and was used 

to measure the surface temperature of and internal temperature 

within ice. The sensor exhibits temperature sensitivity of           

-9.2±0.1%K-1 between -15o and 0oC within the ice phase and 

0.8±0.1%K-1 between 0oC and 20oC within the liquid phase. 

This sensor can be used to provide spatially and temporally 

resolved temperature information on the surface of melting 

and ablating materials, and can be applied to measure the 

internal temperature of objects. Further studies using this 

luminescent sensor will be conducted on more complex 

geometries, more complicated icing conditions, and various 

flow and heat transfer phenomena.  
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