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ABSTRACT 

Attenuation Coefficient Of Molten Salts: An Experimental Approach 

In order to make thermal solar power compete with the traditional sources of energy, the 

efficiency must increase and one way of doing it is by changing the operating fluid. Among the 

alternate fluids is the use of molten salts as a part of the process; either for thermal storage and 

later utilization for electrical production during the hours without sun or as a substitute of the 

operating fluid to provide higher temperatures resulting in better efficiency. The difficulty of using 

molten salts is the lack of physical properties in literature; such as viscosity, boiling point, vapor 

pressure and volumetric absorption of solar radiation, thus making the selection of a suitable salt 

a very difficult endeavor. As a part of the Multidisciplinary Research Initiative (MURI) of the 

Department of Energy in the project of High Operating Fluids, this work will focus on the optical 

properties of the molten salts (volumetric absorption). The objective of this Thesis is to design, 

build and test a device capable of measuring the light attenuation coefficient; which is directly 

related to volumetric absorption of solar radiation, as well as determine the attenuation coefficient 

of various eutectic systems for the ternary salt mixture of ZnCl2, NaCl and KCl.  

Based on the little existent literature, a device capable of measuring the attenuation 

coefficient was designed, built, validated and tested. This was done by projecting a stable beam 

of light simulating sun radiation through the molten salt sample and to a spectrometer with a 

wavelength range going from 400 nm to 1000 nm with operating temperatures going from 350oC 

to 600oC. This device is capable of controlling the thickness, from 1 to 60 mm, of the molten salt 

sample by a computer controlled linear stage with an accuracy of 0.1mm. Quartz was used as a 

container for the molten salts because of its high melting point and transparency. A ceramic heater 

was used as a heat source, which can heat up the sample to temperatures up to 1200 oC if necessary. 

Two validation tests for the device were done by measuring the light attenuation coefficient of 

clear water and extra virgin olive oil and then they were compared to the ones in literature.  

The eutectic systems were tested next; the results characterized the attenuation coefficient 

as a function of wavelength and temperature, something that no other experimental work has done 

before for this specific fluid. These values will help to determine an optimal operating fluid for 

high temperature thermal applications.  
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1. Introduction 

 

Renewable energies in the present are struggling to be competitive with the most 

traditional ways of producing electricity, such as natural gas, coal or oil derived substances. The 

cost of producing the same amount of electricity in a traditional way is lower than producing it 

with renewable energies. However, in the rate that the world is consuming these conventional 

fuels, they will end in a near future. An alternative to maintain the planet’s way of life without 

jeopardizing the environment is that renewable energies become competitive.  

Producing energy in a solar thermal plant is one of the most promising options. If used, it 

can reduce the production of greenhouse gases as well as the consumption of oil based fuels. 

Nevertheless, there are two main issues of working with solar energy, the first being the hours 

when the sun is not available. Electricity once is produced is very complicate to store, and without 

the thermal power of the sun the plant cannot run. The other issue is the efficiency, as now, solar 

thermal plants are less efficient and one of the reasons is the heat transfer fluid. The highest heat 

energy that can be transformed into electricity from the operating fluid is not enough to attain 

competitive efficiencies. This could change however if another fluid was used, that could reach 

higher temperatures and with a better heat transfer coefficient. As a result of this two problems 

several alternatives of what to use as a high temperature fluid arose. One of this being salts in 

liquid state. 

Molten salts at high temperatures however, are hardly recorded in literature and the 

physical information about them is limited. This makes the selection of the fluid a difficult 

endeavor. Properties as melting point, boiling point, viscosity, density, heat capacity, heat transfer 

coefficient and volumetric absorption of solar radiation are some of the characteristics that are 

needed to choose the most suitable fluid for solar thermal applications. The most important reason 
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why this fluid have not been tested yet is that they are new heat transfer fluids, and to work with 

new fluids at high temperatures, that are known to be corrosive is not an easy task. 

 

1.1 DOE – MURI Project 

 

The Department of Energy started an initiative to research alternatives for innovative heat 

transfer fluids to use in thermal solar power plants. This initiative (called MURI, Multidisciplinary 

University Research Initiative) has as objective the development of an innovative heat transfer 

fluid capable of reaching temperatures higher than 800 oC. This is done with the objective 

explained in the last section of improving the overall efficiency of a solar thermal plant thus 

making it competitive to conventional sources. [1] 

As a part of this project, this thesis is done to characterize what the research team of the 

University of Arizona proposes as thermal fluid: molten salts, more specifically chlorine based 

eutectic mixtures. The Department of Aerospace and Mechanical Engineering is in charge of 

screening the ternary and quaternary mixtures as well as characterizing them physically; finding 

properties such as: density, vapor pressure, viscosity and absorbance (directly related with the 

attenuation coefficient). 

 

1.2 Thesis Objective 

 

When working with any material at high temperatures, one of the most important 

characteristics to analyze is thermal radiation, at low temperatures is sometimes negligible, but 

once that an object reaches a high temperature (like the ones in this project), thermal radiation 

becomes important due to the equation that governs it that has a Temperature to the fourth power. 
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As explained before, this is a part of a project that has for objective the characterization 

of molten salts at high temperatures. This thesis specifically is going to focus on measuring the 

absorbance through the attenuation coefficient.  

Due to the lack of literature in this topic, and most of all due to the lack of experimental 

approaches of this property a device capable of measuring light transmittance of fluids at high 

temperatures needs to be designed, build and tested. The main objective of this thesis is the design 

of this device that through the measurement of light transmittance the attenuation coefficient will 

be determined. Also validate it by testing the experiment with known values from the literature 

and test it with the eutectic mixtures from the DOE – MURI project. All of this has to be done 

with safety as the most important part.  
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2. Background 

 

To start describing the experiment and to contextualize the results, first a theoretical 

background and a literature analysis is to be presented. Terms like molten salt, participating media, 

absorbance and light attenuation coefficient will be defined.  

 

2.1  Molten Salts 

 

Different types of fluids for heat transfer (either cooling or heating) have been used in 

solar thermal applications, such as thermal oils and water [2][3][4]. In the search for a better fluid 

and because of several of its thermal, chemical and physical properties, molten salts were 

potentially a better thermal fluid than water and other fluids used in the industry; one example is 

the lower vapor pressure that molten salts present in comparison to water and other materials [2], 

[5]–[7] 

In general, molten salts present a slightly higher thermal conductivity than thermal oils 

and water. The biggest advantage of using molten salts as a working fluid is the range of 

temperatures that molten salts can withstand; from expected melting point being around the 220oC 

to their boiling points being around the 900oC. Between these temperatures a variation of almost 

700 degrees is attainable, whereas with other fluids, there could be around 250 degrees of 

operating temperature range[3][4]. The literature proposes that molten salts also have a higher 

electrical conductance and are better ionic conductors; this as comparison with other working 

fluids in thermal processes such as water or thermal oils [7]. 

The molten salts used in this project are ternary eutectic systems. An eutectic system is 

defined as the chemical mixture of compounds or elements with a single chemical composition 

(in this project’s scope three compounds)  and with the lowest melting point; on a phase diagram 
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the eutectic point is given by determining the eutectic temperature (the lowest solidifying or 

melting temperature) and the correspondent composition [8] [2]. A lower melting point means 

better handling temperatures and a bigger temperature difference between melting and boiling 

point.  

 

2.2  Theory of Participating Media 
 

For the purpose of this study, semi-transparent liquids (also known as Translucent by 

some authors) will be analyzed on the spectrum relevant to heat transfer applications (UV – VIS 

– IR, from 200nm to 3000nm). These are liquids that allow electromagnetic waves to penetrate a 

certain distance inside of them; the liquid progressively absorbs radiation as the electromagnetic 

wave travels through it[9][10]. For these characteristics, it exist theoretical models capable to 

predict the behavior on some liquids or other participating media, this models will be reviewed 

further in this work.  

The molten salt mixtures in the scope of the project are homogeneous liquids and the 

thermal radiation traveling through them. There are three processes resulting of the interception 

of radiative energy and any object: absorption, transmission or reflection[10]. Subsequently, of 

the photons traveling through the medium there are three different mechanisms of which they can 

change their direction: Diffraction (changing in the path of a photon without collision), Reflection 

(When colliding with a particle a photon can be reflected from it), and Refraction (Changing of 

direction due to a change in the medium). The term given for these three mechanisms is scattering. 

In resume there are two ways a photon will stay in a semi-transparent media or particle: absorption 

and scattering; the sum of these two properties is known as attenuation or extinction coefficient. 

All three of this properties have a wavelength dependence [9][11]. 
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𝛽𝜆 = 𝜅𝜆 + 𝜎𝑠,𝜆 ,     (2.1) 

where  is the attenuation coefficient,  is the absorption coefficient, which describes how thermal 

radiation is transformed into internal energy of the medium, and s is the scattering coefficient, 

which is defined before as the change of direction of the radiation along a medium. Besides of 

having a wavelength dependence these coefficients depend on the properties of the medium, such 

as temperature, pressure and the composition of the material. Also, they have units of reciprocal 

length, because physically they represent the penetration of the wave through the medium and they 

are called linear or volumetric coefficients. The behavior of these properties along a path S is 

described by the Beer’s Law (also known as Bouguer’s or Lambert-Bouger’s Law). 

𝐼𝜆(𝑆)

𝐼𝜆(0)
= 𝑒−𝛽𝑆 ,     (2.2) 

where  is the incident intensity on a path S (with length units) for a given direction of a 

medium, S is the intensity at location S for the same direction and  is the attenuation 

coefficient described above. The ratio of both intensities is called transmissivity and is defined as 

the fraction of spectral incident energy that is transmitted across the medium.[9], [11] 

 

2.3  Theoretical Determination of Radiative Properties 

 

If a theoretical analysis of the Radiative Properties is made, it has to be done by evaluation 

from the electromagnetic (EM) wave theory. The thermal EM spectrum lies between the 0.1 m 

to 100 m, but as stated before for practical purposes, the interest of a thermal engineer lies 

between 0.4 and 20 m. To do a reliable analysis of the absorption in liquids, the wave nature of 

radiation transfer needs to be known to determine the spectral profile, this because particles and 

gases absorb and scatter radiation spectrally. The first one to talk about EM waves was Sir James 
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Clerk Maxwell that in 1864 showed the relationship between electric and magnetic fields. This 

theory is still valid to explain the light and radiative energy exchange at macroscopic level [9]. 

For studying EM energy and medium interaction a study in quantum mechanics needs to be made.  

Maxwell proposed a series of equations to explain and determine different radiative, 

optical and electrical properties considering the interaction between the EM wave and a medium. 

However, these equations provide a theoretical, “ideal-case”, for the real surfaces because of the 

nature of each medium it is required an experimental analysis. Following with the EM-wave 

propagation in conducting media, attenuation can be expressed by the complex refractive index 

�̅� = 𝑛 − 𝑖𝑘 (where n is the refractive index and k is the extinction coefficient). To solve for the 

coefficients the complex dielectric function must be known over the spectra of interest 𝜀 = 𝜀′ +

𝑖𝜀′′. In this case the equations are related and can be expressed to solve for the complex refractive 

index coefficients.[8] [9] 

𝑛2 =
1

2
(𝜀′ + √𝜀′2 + 𝜀′′2

) ,    (2.3) 

𝑘2 =
1

2
(𝜀′ + √𝜀′2 + 𝜀′′2

) ,    (2.4) 

these functions can be evaluated through a number of classical mechanical dispersion theories for 

macroscopic systems as explained by Mishchenko [13] or approximated by quantum mechanical 

models described by different authors [14] and by commercial computer programs such as 

Specair[15]. 

As seen, the Maxwell equations can help to give an accurate prediction of attenuation 

coefficient in ideal media and pure substances. Nevertheless, for the purpose of this research an 

experimental analysis is necessary as molten salts are not completely pure substances and are far 

of behaving as ideal media. For this reason, a compendium of the previous experimental works in 

approaching the light attenuation coefficient is presented. 



15 
 

 

2.4  Previous Experimental Works 
 

The scope of this study is to test the attenuation coefficient in molten salts; in this section 

an analysis of the most relevant literature in this topic will be presented. Even with the importance 

of molten salts, not a lot of literature is found to characterize physical properties at high 

temperatures. However, in the past a few tries of characterizing molten salts theoretically and a 

manual on how to analyze a molten salt physically was found with little experimental evidence. 

There are two important manuals that state specific procedures to characterize molten salts. The 

first written by George J. Janz in 1963 “Molten Salts Handbook” [6] that includes experimental 

analysis as well as molten salts properties, this handbook presents very practical correlations and 

set the basis of further analysis. The second one is “Molten Salts Techniques”[5] and is a four 

volume compendium on experimental approaches on how to characterize and analyze molten salts, 

in this compilation of 1983 Robert J. Gale and David G. Lovering tried to collect scientific articles 

of theoretical and experimental methods with molten salts as the working fluid. These two books 

are the basis of the entire experimental and theoretical framework that followed.  

Besides the two manuals there are important contributions to the experimental part of the 

molten salt light absorption analysis. At the beginning, some tries to measure absorption were only 

modifications of spectrometers; first Greenberg and Sundheim[16] talked about doing a 

modification of the Beckman DU Spectrometer, which was mostly used for biological and 

chemical analysis, by placing in a quartz cuvette the salt after being melted. This contribution was 

an important collaboration, but it was not easy to control the temperature, the molten salt sample 

distance was not accounted and it only analyzed a small portion of the spectrum. A little bit later 

Greenberg and Hallgren[17] continuing their previous work they talked about protecting the cell 

with a platinum screen; something that would prevent the corrosion, but it was more expensive. 
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Then, Arvin Quist designed a special furnace and cell to the Laser-Raman Spectroscope [5] [6], 

this modification could reach temperatures of 800oC and it helped him to characterize molten 

fluorides.  

After those modifications of spectrometers, William Drotning in 19977 as a part of Sandia 

National Laboratories and the Direct Absorption Receiver Project talked about using molten salts 

as a working fluid for solar collectors [20], he used hemispherical transmission and reflection 

schemes to measure the absorption of oxide particles suspended in a molten salt. Drotning was 

one of the first ones characterizing eutectic points of salt mixtures at higher temperatures[21]; he 

also suggested that using these oxide particles would increase the absorption in the solar spectrum 

of molten salts. Subsequently, the four volumes of the Molten Salts Techniques were published 

by Gale and Lovering [5] from 1983 to 1990. 

As stated by some of this authors and reinforced in the 1969 compendium edited by Gleb 

Mamantov “Infrared studies of molten salts have generally been unpopular in the past because of 

the corrosive action of such melts”[7]. Since the article of Greenberg and Hallgren, one of the 

main concerns was the cuvette material, a place to hold the salt that can withstand high 

temperatures and that can withstand such corrosion as well.[4] [8] 

Due to the research in material sciences and the improvement of the handling of quartz 

and ceramic heaters, in the latest years it became less difficult to do research in the molten salts 

area. Such is the article written by Jianzhong Li and Purnendu K. Dasgupta in 2000 [22], which 

describes the design of a non-expensive instrument capable of measuring absorption of molten 

salts in high temperatures. They presented a ceramic heater capable of handling temperatures 

around 1000oC, placed a quartz cuvette in it, and with optical fiber on both sides of the cuvette; 

one connected to a stable light source and the other to a spectrometer. With this device, they were 

capable of making an absorption spectrum of the analyzed salts. However, this device was not 
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capable of variate the thickness of the molten salt sample, thus making the attenuation coefficient 

approximation less accurate.  

In 2010, Passerini and McKrell designed an apparatus capable of measuring the light 

attenuation coefficient in nearly transparent molten salts [23]; this device, similarly to Li and 

Dasgupta’s apparatus, had a light source and a spectrometer connected by optical fiber. One major 

difference is the capability of controlling the thickness of the sample by using concentric movable 

quartz cuvettes and thus making a better approximation of the attenuation coefficient.  

As suggested by some authors, no extensive radiative thermal analysis of molten salts has 

been made. On the few experimental works found the authors often describe the problems of 

testing molten salts at high temperatures, such as corrosion, contamination, the problems related 

of working at elevated temperatures[7], [22]. This thesis as well as the experimental design 

proposed in it is based in this scientific articles and reports.  
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3. Experimental Scheme  

 

As a result of the lack of literature regarding the characterization of molten salts, an 

experimental approach to this problem was taken. Based on the literature presented in the last 

chapter and the experimental methods for determining the attenuation coefficient of liquids in high 

temperatures a design for direct transmission measurement was made. There were two important 

factor for determining this decision: safety, because the high temperature of the working fluid and 

the corrosive nature of the molten salts, the device had to ensure the integrity of the operators and 

of the laboratory; budget, the fact of having a fixed funding for this part of the project made the 

design the most inexpensive possible way without jeopardizing safety and accuracy of the 

measurements. 

Consequently, a design capable of melting the salts and measuring the transmittance of 

the sample at different thicknesses and temperatures was designed and built. Figure 3.1 shows the 

general design of the device that will be explained in more detail throughout this chapter.  

 

 

 

 

 

 

 

 

 

 

 Figure 3.1 General design of device 
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The operation of this device consists on shooting a collimated beam of a stable light with 

a spectral distribution similar to the sun’s spectrum through a molten salt sample which thickness 

is controlled by moving the inner cuvette up and down with a linear stage. Then, the transmitted 

light is collected by another collimating lens and through optical fiber to a spectrometer to be 

analyzed in a computer. The molten salt sample is inside the outer cuvette and is heated up by a 

ceramic furnace. This construction allows us to measure the incoming intensity without the sample 

and with the sample at different thicknesses in the desired temperature, to make the comparison 

of both of the intensities and using Beer’s Law (Eq 2.2) to determine the attenuation coefficient. 

In the following sections a description of each component of the experiment as well as the overall 

limitations of the present scheme is given. Also a validation measurement is given by determining 

the attenuation coefficient of a known fluid. 

3.1 Experimental Components Description 

 

The structure of the device was designed using aluminum extrusions and other parts of 

the company TSLOTS. These extrusions gave to the experiment a solid structure but also provided 

mobility due to the low weight.  The choice of using aluminum extrusions and materials from this 

company was made because of the easiness of using pieces that were already available for 

purchase; also it provided the mechanical stability to the model and it was available to handle the 

exposing temperatures of the assembly. Keeping the heating element and the salt sample protected 

and with a mechanical stability was one of the biggest concerns when designing the device, the 

other concerns were the capability to access to the molten salt sample once the experiment was 

over, to reach for the cuvette and take it out of the device. A SolidWorks design using TSLOTS 

is shown in Figure 3.2 and the actual model is shown in Figure 3.3. 



20 
 

 

Figure 3.2 SolidWorks design using TSLOTS components 

 

Figure 3.3 Structure of device using TSLOTS 
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Two transparent cuvettes were needed so the beam of light could go through them without 

a significant loss of intensity. The material found to give the optical specification and that could 

handle high temperatures without melting or deforming was quartz. The outer cuvette, which holds 

the salt sample, measured 2 ½ in of diameter and 5 in of length; the inner cuvette, which controls 

the thickness had a diameter of 1 ½ in and a length of 8 in; both of them with a polished quartz 

disk welded to the bottom, to improve optical clarity as shown in Figure 3.4.  

 

Figure 3.4 Transparent quartz cuvettes 

 

Because of the high working temperatures, a heat source capable to rise the sample up to 

a temperature of 1000 oC was needed. A ceramic heated circular element was chosen from the 

company Watlow due to the capability of working with these temperatures. To control this 

component a proportional-integral-derivative controller made by Watlow was purchased; this 
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control panel allows handling the furnace through computer software capable of being 

programmed beforehand and to run in autonomy. The working temperatures of the heat source 

range from ambient temperature to 1200 oC. The controlling temperature was measured by a 

Thermocouple K capable of measuring from -270 to 1300 oC. A picture of the heating device is 

shown in Figure 3.5. 

 

Figure 3.5 Ceramic heater with control panel 
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For the optical measurement a company called Stellarnet provided all of the components: 

light source, spectrometer, collimating lenses and optical fiber. The light source had to be a stable 

representation of the analyzed portion of the thermal spectrum of interest (from the UV to the near 

IR, shown in Figure 3.6); the chosen light was a tungsten-krypton bulb with 2800 Kelvin color 

temperature and with a stable spectrum going from 350 to 1700 nm. The spectrometer needed to 

be capable of measuring the incoming intensity for the analyzed spectrum, where most of the solar 

radiative thermal transfer occurs (as explained before from the UV to the near IR), the Black-

Comet spectrometer fulfilled this characteristics. It has a CCD Detector with a range of 220 to 

1100 nm and a resolution of 0.4 nm. The accuracy, although very high according to the 

specification manual of the company, is not needed to be very high due to the nature of the 

experiment where only a comparison between the two values is needed. This spectrometer is 

connected by an USB cable and is capable of recording the spectrum by computer software 

provided by Stellarnet, the recorded spectrum is then given as intensity counts in a generic output 

file for further analysis. In Figure 3.7 a picture of the spectrometer and light source is shown.  
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Figure 3.7 Spectrometer (black) and light source (yellow) 

 

Because the working temperatures of the salt samples are from 200 to 800 oC a base for 

the cuvette and the furnace were needed. To the experimental assembly two refractory bricks and 

a cuvette holder were added, all of them of an Alumina material with Silica bonds called SALI 

and provided by Zircar Ceramics as shown in Figure 3.8. This material has a maximum operating 

temperature of 1720 oC, higher than the highest working temperature of this experiment. Also, 

because of the low material density it did not add a lot of weight to the whole system.  
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Figure 3.8 Refractory materials 

 

The experimental set up required a quick and safe way to reach and grab the cuvette 

containing the molten salt sample before re-solidifying, in order to do this a pulley system was 

designed so that the furnace could be lifted up leaving the cuvette with the sample in the bottom 

part of the assembly so it could be reached and poured out of the cuvette. The pulley system 

consists on a crank connected through wires to two pulleys capable of pulling the furnace and 

furnace base up as seen in Figure 3.9.  
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Figure 3.9 Pulley system 

The inner cuvette helps as a controlling system for the thickness of the sample. This 

cuvette is capable of moving up and down thanks to a linear stage that with the help of a stainless 

steel ring holding the cuvette. The speed and position of the cuvette is given by a computer 

software of the same provider that the linear stage; Zaber Technologies (Figure 3.10). The model 

used in this assembly has an accuracy of 0.1 mm and a linear movement of 30 cm.  

Another addition to the original design was a fume hood. This was added to provide 

protection from the gases as a production of melting the salt and increasing its temperature. The 

hood was designed so that any unwanted emission from the salt was collected through the hole in 

the top and extracted by an exhaust previously installed in the laboratory. The fume hood with the 

snorkel connected to it is shown in Figure 3.11. 
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Figure 3.10 Linear stage with cuvette ring 

 
Figure 3.11 Fume hood with snorkel 
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3.2 Procedures 

 

The overall time that the experiment takes from the preparation stage to the final cleaning 

of cuvettes is around four hours. The preparation of the experiments includes making sure that the 

light source is aligned with the collimating lens of the spectrometer. This is done by comparing in 

the spectrometer software that the incident spectrum is the correct one. Once that the optical 

instruments are aligned the cuvettes are placed. The cuvettes at this point must be free of any dust 

or impurities that could affect the light transmission.  

After all the instruments are in place, the base spectra is recollected, this is to obtain the 

incident light spectrum without any sample at different temperatures; this step is done in order to 

account for the attenuation of the cuvettes as well as the furnace and cuvettes emission due to the 

high temperatures. For this step the cuvettes are raised to every working temperature and the 

spectrum is collected through the spectrometer software at the different thicknesses to be analyzed.  

Once that the cuvettes are back to a safe temperature, the solid salt sample is introduced 

into the outer cuvette and is slowly taken to melting temperature, this is done slowly to ensure an 

uniform temperature in the sample. This step usually takes over one hour. To ensure the salt is 

completely melted, the temperature is risen to an above-melting temperature for an appropriate 

amount of time; once that the salt is melted the light beam is capable to go through the sample and 

to the spectrometer sensor.  

With the melted sample, the spectrometer is now capable of measuring the light going 

across the salt. The incident light is measured three times with intervals of one second at every 

thickness to reduce error. Once that the incident spectrum is measured at every thickness; the 

sample is then taken to a higher temperature. The molten salt is taken in 50 degrees intervals from 

300 oC to 700 oC. After all of the incident light is measured at every temperature and every 
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thickness, the heating element is then turned off to let the sample cool down around solidifying 

temperature.  

When the salt sample reaches a temperature point that is safe to grab with the high 

temperature resistant gloves (around 250, 300 oC), the furnace is raised with the pulley system 

exposing the outer cuvette with the molten salt. The cuvette is then taken out by grabbing it with 

the gloves and poured it out to a special container. This is done to prevent the breakage of the 

quartz cuvette due to the change of volume of the solidifying salt and to make decrease the chances 

of salt remains in the cuvette. Once is safe to handle the cuvettes again, they are cleaned with 

water and other glass cleaning products.  

3.3 Validation Tests 

 

To ensure the validation of the experimental scheme, two tests were conducted with 

liquids with known attenuation coefficient. The first one was with water at room temperature and 

the second one was with an extra virgin olive oil. The two fluids’ attenuation coefficient was 

measured with the scheme determined in the last section; a variation of the transmittance thickness 

at a determined temperature point.  

For the water sample measurement, pure distilled water was used at room temperature (23 

oC) and the attenuation coefficient was compared with literature data. [24], [25]. The experimental 

procedure was as described in the last section, but only at room temperature. Incident light was 

measured with only the cuvettes, and then with the water sample at different lengths; afterwards 

the attenuation coefficient was obtained for each wavelength using Beer’s Law (Eq. 2.2). The 

comparison of the measured data and the published data are shown in Figure 3.12 with error of 

0.05 given by the standard deviation of the tests. 
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 As seen in this test, the experimental scheme works for a portion of the spectrum. 

Although the published data give values for wavelengths shorter than 300 nm, the measured data 

gave oscillating values, showing a limitation for the measurement explained in the next section. 
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This proves that this experimental approach is reliable in room temperatures; the next step is 

testing it at high temperatures with a known attenuation coefficient of a fluid.  

In Figure 3.13 the transmittance of extra virgin olive oil is presented, there are two 

important parts to note: first the increase in the transmittance around the 500 nm and then the 

decay of the transmittance fraction around the 670 nm wavelength (this is due to the yellowish 

color of the substance. These two features are also presented in the literature, although the 

comparison is done qualitatively, the similarities are evident. In Figure 3.14 the transmission 

spectra also presents the increasing around 500 nm and the peak around 670 nm.[26]  

 

Figure 3.14 Published transmission spectra of extra virgin olive oil from different Italian regions [26] 

 

3.4 Limitations 

 

One of the limitations encountered in the experiment is the wavelength range, the 

discordance between the light stable spectrum and the spectrometer wavelength is notable. 

Confirmed then by the water analysis explained in the last section; the wavelength range, where 
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is possible to get coherent and reliable results, is from 330 nm to 1100 nm. The range is then 

determined by the physical limitations of the light source and the spectrometer.  

The resolution of the spectrometer could also be another limitation for determining 

gradients in the attenuation coefficient at small variation of wavelengths. In the current 

configuration the resolution is around 0.5 nm. The analyzed salts however, are not expected to 

have big variations in the spectrum in ranges smaller than the resolution of the spectrometer. 

Continuing with the limitations given by the instruments, the other one could be the 

accuracy of linear stage to determine the movement of the inner cuvette (and thickness of the 

sample). In the technical specifications the linear stage is given an accuracy of 0.01 mm and 

because the smallest analyzed thickness is 1 mm this could also present an error when calculating 

the attenuation coefficient. Again, this error is not expected to be very significant. 

The laboratory emergency lights, as well as the computer screens and other small 

interference with light could reach the spectrometer sensor presenting minor changes in the results. 

To fix this, the furnace was placed in a way that the smallest amount of light possible could reach 

the sensor. The remaining errors seemed to be very small compared to the incident light projected 

by the light source and were ignored.  

The maximum attainable temperature is another of the limitations; the heating element 

can rise the temperature up to 1200 oC, but to talk about the highest temperature an analysis of the 

melting point of the other components needs to be done as well. The quartz cuvettes have a melting 

temperature around 1670 oC, the stainless steel ring that holds the inner cuvette can withstand 

temperatures up to 1400 oC and the refractory materials as stated before have a melting point of 

1720 oC. Therefore, the heater is the one that specifies the highest attainable temperature that is 

1200 oC. Although for this experiments it won’t be necessary to reach near those temperatures.  
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4. Results and Discussion 

 

In this section, the results of the measurements of the attenuation coefficient will be 

presented, as well as the analysis for each composition of the molten salts. This section will include 

some of the problems presented during the experiments and a general overview of the proposed 

solutions, as well as some suggestions for further experiments.  

4. 1 Salt Physical Information 

 

The analyzed salts were two eutectic mixtures of KCl, NaCl and ZnCl2. These salts were 

chosen because in their eutectic point they show a relative low melting point and a high boiling 

point giving a relatively big range of operating temperatures. Also, the components present low 

toxicity at the working temperatures and proportions. For the experiment objective they also show 

behaviors of semi-transparent media. 

The salts were provided by another team of the DOE-MURI project in charge of making 

the eutectic mixtures. The physical information given about the salt is presented in Table 4.1 

 

Mixture ZnCl2 KCl NaCl Melting point 

1 59.5% 21.9% 18.6% 213oC 

2 52.9% 33.7% 13.4% 204oC 

 

To conduct the experiments 250 grams of each mixture was used. This provided enough 

liquid to give a fluid thickness of 30 mm, which was enough to make the readings of the 

transmitted light at different thicknesses.  In Figures 4.1 and 4.2 the salt samples as the melted salt 

samples are shown.  

Table 4.1 Eutectic mixtures of salts (molar composition) 
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Figure 4.1 Eutectic mixture before being melt 

  

 

 

 

 

 

 

Figure 4.2 Mixtures after being melted 

 

 



35 
 

4.2 Data Analysis 

The spectrometer software is capable of reading the incoming light almost instantly 

(around 1ms) and store it as a data file. To eliminate errors; three measurements were made at 

each temperature (from 300oC to 600oC with 50 degrees increment) and at each of the eight 

different thickness, and then an average of this measurements was made. Each of the two mixtures 

was measured at least three times to assure repeatability of the experiment. To start the experiment, 

as explained in the last chapter, first a reading was made of the incident light with each one of the 

cuvettes but without the salt at each working temperature. This was done to eliminate any 

background radiation given by the furnace or the hot cuvettes; this radiation, notable high in the 

IR range at temperatures higher than 500oC (as seen in Figure 4.3), was measured and the 

difference between this spectrum and the ambient temperature one (Figure 4.3) was then 

subtracted from the molten salt spectrum at the given temperature.  This analysis gave as result 

the incident intensity, noted as Sand the spectrum of the incident light of the light source across 

only the cuvettes gave  in Beer’s Law (Eq. 2.2). 
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To determine the attenuation coefficient with Beer’s Law now that the two intensities and 

the distance (S) is known, a relationship can be made by graphing the negative natural logarithm 

of the ratio between intensities against the thickness of the sample (Eq. 4.1) and then adjusting it 

to a line; the slope of this line will give the attenuation coefficient of the given salt at a determined 

temperature.  

𝑆𝛽 = −𝐿𝑛 (
𝐼𝜆(𝑆)

𝐼𝜆(0)
) ,    (4.1) 

where I represents the intensities obtained by the experimental procedure and explained before, S 

is the thickness of the molten salt and  is the attenuation coefficient. This is done at each wave 

length for each temperature giving one attenuation coefficient. In the end, a spectral distribution 

of attenuation is obtained from this analysis for each working temperature. In Fig 4.4 an example 

of the linear regression is presented for mixture 2 at 450oC and for the wavelength at 762.4 nm.  

Figure 4.4 Linear regression for mixture 2 at 450 oC 

In this case, the attenuation coefficient is the slope of the line; this is 0.0455 with an error of 0.002 

given by the coefficient of determination (R2), which describes how close the points to the obtained 

equation are.  

y = 0.0455x + 0.3652
R² = 0.9536
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Following the same analysis, every wavelength was analyzed at each temperature to get 

the attenuation coefficient spectrum for both of the analyzed mixtures at every temperature, with 

an average coefficient of determination of 0.93 

A few examples of the results obtained by the described analysis are presented in the 

following figures and, the complete overview of the results is presented in the Appendix section 

of this work.  

 

Figure 4.5 Attenuation coefficient of mixture 1 at 450 oC 
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After the analysis explained before, the result is the attenuation coefficient as a function 

of wavelength and temperature; in Figures 4.5 and 4.6 the difference between the attenuation at 

the same temperature is presented; it is noted the different shape and the attenuated spectrum. 

While mixture one has a higher attenuation coefficient, it has it in a smaller range than mixture 

two. In Tables 4.2 and 4.3 the numerical values of this coefficient is presented, to keep coherent 

units, the attenuation coefficient has a unit of 1/cm; this represents the amount of extinguished 

light over one centimeter. The standard deviation was calculated with the three experiments of 

each mixture. 
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Figure 4.6 Attenuation coefficient of mixture 2 at 450 oC 

Table 4.2 and 4.3 Attenuation coefficient of mixture 1 and 2 at 450 oC 
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 Mixture 1 Mixture 2 

Wavelength 
(nm) 

Light Attenuation 
Coefficient (1/cm) 

Standard 
Deviation 

(1/cm) 

Light Attenuation 
Coefficient (1/cm) 

Standard 
Deviation 

(1/cm) 

360 0.0109 0.0075 0.0957 0.0657 

400 0.0460 0.0088 0.3328 0.0639 

430 0.0964 0.0103 0.6104 0.0650 

460 0.1462 0.0195 0.7360 0.0980 

500 0.3198 0.0255 0.9842 0.0784 

530 0.3860 0.0215 0.9398 0.0524 

560 0.4278 0.0185 0.8571 0.0370 

600 0.4523 0.0135 0.7844 0.0234 

630 0.4613 0.0143 0.6982 0.0217 

660 0.4577 0.0114 0.6130 0.0153 

700 0.4625 0.0124 0.5569 0.0149 

730 0.4548 0.0104 0.4814 0.0110 

760 0.4144 0.0104 0.4114 0.0103 

800 0.3967 0.0084 0.3680 0.0078 

830 0.3805 0.0097 0.3377 0.0086 

860 0.3567 0.0118 0.3149 0.0105 

900 0.3359 0.0126 0.2983 0.0112 

930 0.3157 0.0092 0.2797 0.0081 

960 0.2651 0.0121 0.2631 0.0120 

1000 0.2061 0.0094 0.2372 0.0109 

1030 0.1353 0.0077 0.2197 0.0124 

1060 0.0836 0.0108 0.1833 0.0237 

1110 0.0451 0.0082 0.1639 0.0298 

 

Another trend of both of the mixtures’ attenuation coefficient is that as a function of 

temperature, this coefficient tends to decrease. That means that as the temperature rises the fluid 

becomes more transparent and thus more light goes through. This is shown in Table 4.4 where the 

values of the attenuation coefficient are shown for a specific wavelength as a function of 

temperature.  
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Temperature (oC) 300 350 400 450 500 550 600 

Mixture 1 0.84825 0.73808 0.62791 0.61042 0.59292 0.47440 0.35587 

Mixture 2 0.35078 0.34597 0.3373 0.31976 0.26546 0.18436 0.16097 

 

In Figures 4.7 and 4.8 the attenuation coefficients of both of the mixtures are 

shown, the trend of a decreasing attenuation coefficient as the temperatures go up is consistent 

over the wavelength and temperature range. It is noted that even though the components are the 

same (KCl, NaCl and ZnCl2) the shapes of the spectral curve and the values of the coefficients 

are different. 
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Figure 4.7 Spectral distribution of the attenuation coefficient at different Temperatures for mixture 1 

Table 4.4 Attenuation (1/cm) at 760 nm of mixture 1 and 2 with changing temperature 
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4.3 Difficulties 

 

As explained in chapter 2 and 3 of this thesis, the experimentation with molten salts is not 

an easy endeavor; analyzing physical properties of high temperature fluids was demonstrated to 

be difficult through the years as some authors state it. This experimental setup was not the 

exception. Several difficulties appeared when trying to measure the optical properties of the 

mixtures.  

One of the problems encountered in the experiment was the increase of opacity of the 

cuvettes at high temperatures in a chlorine mixture. This is due to the attack of chloride alkali ions 

to the quartz cuvette. This phenomena although described by the literature before [7], [22], [23], 

some of the authors alleged that the effect is not significant[22], while others said that it depends 

of the time and the temperature that the cuvettes are exposed to the chloride ions. In the experiment 

0

0.1

0.2

0.3

0.4

0.5

0.6

330 430 530 630 730 830 930 1030 1130

A
tt

e
n

u
at

io
n

 C
o

e
ff

ic
ie

n
t 

(1
/c

m
)

Wavelength (nm)

Mixture 2

300 oC

350 oC

400 oC

450 oC

500 oC

550 oC

600 oC

Figure 4.8 Spectral distribution of the Attenuation Coefficient at different Temperatures for mixture 2 



42 
 

of this thesis, after just a few repetitions, the cuvettes presented a whitish color and started to lose 

their transparency. The analysis done in the experiment only required a comparison between two 

intensities the cuvettes could continue to function as long as they transmitted light, nevertheless 

some of them lost completely their transparency. None of the authors described a method to 

prevent this problem, and although some traditional cleaning strategies were used, the 

transparency of the cuvettes was not completely recovered.  

  

 

 

 

 

 

 

Fig 4.9 Cuvettes after exposure to the mixtures at high temperatures 

In Figure 4.9 the cuvettes with the evident loss of transparency are shown, at the left the 

outer cuvette right after the experiment and in the right the cuvettes after a couple of days in water 

and other household cleaning supplies.  

Another difficulty was the emissions of the fluid at temperatures higher than 600 oC, 

although with the fume hood functioning, the amount of vapors released by the salt was too much. 

The first concerned was the safety of the people operating the experiment and the second one was 

the mass lost due to the released vapors. Because not previous experiments were done with the 

exact composition of the salts, the amount of gaseous emissions was unknown; this brought the 
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decision that the highest operating temperature would be 600 oC. In Figure 4.10 the ensemble was 

brought to 750 oC where the gas emission was notable. 

 

 

 

 

 

 

 

 

Figure 4.10 Device at 750 oC, the fumes of the molten salt are notable 
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5. Summary and Conclusions 

As a part of the Multidisciplinary University Research Initiative of the Department of 

Energy, a device capable of measuring light transmittance for semi-transparent fluids at high 

temperatures was designed, built, validated and tested. The objective of this project is to find a 

suitable high temperature working fluid for solar application. This device is capable of working at 

a highest temperature of 1200 oC and is capable of measuring the light spectrum over the 

wavelength range of 360 nm – 1100 nm. This is done by direct measuring of the incident light 

through a working fluid and comparing it with the original incident light. The most important 

concern of this experimental setup was safety, consequently the operation of the experimental 

scheme is done completely by the computer, thus without any contact with the apparatus. This 

device was tested and validated with the attenuation coefficient spectrum of two know substances 

(water and extra virgin olive oil) and was used to measure the attenuation coefficient of two 

eutectic chlorine salt mixtures. The mixtures were tested from temperature ranges of 300 oC to 

600 oC with a 50 degrees increment. This is one of the first works that determined the attenuation 

coefficient of molten salts as a function of wavelength and temperature. Thus, as a result a plot 

and table for every temperature point for every mixture is presented as a function of the wavelength 

(from the UV to the near infrared region). The results presented in last chapter followed the 

expected tendency of semi-transparent media, which suggest that with increasing temperature the 

media becomes more transparent.  

In conclusion, the innovative design of this device showed positive results as it was 

capable of successfully completing the validations and experiments with staying at a considerate 

price. 

 

 



46 
 

5.1 Future Work 

 

During this experimental study, several difficulties arose that throughout the design phase 

of the project were not conceivable. In the next section a few suggestions for future work on this 

device are presented to aboard some of the problems as well as to consider new working fluids for 

solar applications. 

One of the first problems that should be boarded is the loss of transparency of the quartz 

cuvettes, for subsequent experiments a method to clean and reutilize the cuvettes to ensure 

transparency, thus having better transmittance of the fluid. Furthermore other materials could be 

considered to take the place of quartz such as sapphire.  

Although the light source of this experiment simulated the solar spectrum, there are light 

sources capable of replicate this spectrum in a larger wavelength range, from UV to far IR. This 

would also require a better spectrometer capable of such ranges thus increasing the cost of the 

device significantly. Similarly, a more ample range of temperature, specifically to reach higher 

temperatures would be of interest as well; to board this problem however, a more efficient way of 

disposing the fumes would be required. A study with bigger spectral and temperature range will 

be more meaningful for solar applications.  

In the first conception of the device, software capable of controlling all of the components 

of the apparatus was conceived. Because of compatibility issues and developer problems this was 

not possible, therefore three programs were used to completely operate the device (one for the 

spectrometer, one for the linear stage and the other one for the heating element). In future 

experiments, a LabView program could be established in order to control and read the data of the 

apparatus at once.  
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One of the weaknesses of this design is that it completely relies on the correct alignment 

of the light source with the spectrometer receptor. This could be improved by providing a more 

accurate alignment of the two optical pieces.   

In conclusion, a lot of the problems could be approached by doing small changes on the 

design of changing some of the equipment, but also a cost analysis should be done, because a 

broader operating range usually means more expensive equipment. 
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6. Appendix 

6.1 Mixture 1 Attenuation Coefficient 

 

 

300 oC  350 oC 

Wavelength 
(nm) 

Light Attenuation 
Coefficient (1/cm) 

SD 
(1/cm)  

Wavelength 
(nm) 

Light Attenuation 
Coefficient (1/cm) 

SD 
(1/cm) 

360 0.16287 0.08937  360 0.14438 0.07233 

400 0.66057 0.14317  400 0.51227 0.10506 

430 0.84825 0.18012  430 0.73808 0.17452 

460 0.99090 0.16180  460 0.89504 0.15302 

500 1.22589 0.18864  500 1.14515 0.16733 

530 1.22990 0.12256  530 1.12877 0.12324 

560 1.19861 0.09676  560 1.06976 0.09933 

600 1.14233 0.08171  600 1.00931 0.07521 

630 1.09909 0.07066  630 0.93973 0.06375 

660 1.03332 0.05904  660 0.86988 0.05451 

700 0.98326 0.05751  700 0.81605 0.04502 

730 0.92713 0.05258  730 0.75214 0.03613 

760 0.83422 0.05558  760 0.67137 0.03776 

800 0.77177 0.04812  800 0.61856 0.02918 

830 0.72825 0.05251  830 0.57908 0.03190 

860 0.69331 0.05101  860 0.55089 0.02548 

900 0.66418 0.05163  900 0.52377 0.02727 

930 0.63295 0.04668  930 0.49885 0.02344 

960 0.60614 0.05618  960 0.47419 0.02950 

1000 0.56889 0.05844  1000 0.43648 0.03088 

1030 0.52277 0.04812  1030 0.40539 0.02874 

1060 0.47637 0.04779  1060 0.36054 0.02103 

1110 0.42182 0.06297  1110 0.31696 0.04821 
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400 oC  450 oC 

Wavelength 
(nm) 

Light Attenuation 
Coefficient (1/cm) 

SD 
(1/cm)  

Wavelength 
(nm) 

Light Attenuation 
Coefficient (1/cm) 

SD 
(1/cm) 

360 0.12588 0.06432  360 0.0957 0.0657 

400 0.36397 0.02700  400 0.3328 0.0639 

430 0.62791 0.07216  430 0.6104 0.0650 

460 0.79918 0.07857  460 0.7360 0.0980 

500 1.06441 0.06474  500 0.9842 0.0784 

530 1.02763 0.04914  530 0.9398 0.0524 

560 0.94091 0.02833  560 0.8571 0.0370 

600 0.87630 0.01960  600 0.7844 0.0234 

630 0.78037 0.01693  630 0.6982 0.0217 

660 0.70645 0.01065  660 0.6130 0.0153 

700 0.64884 0.00972  700 0.5569 0.0149 

730 0.57715 0.00614  730 0.4814 0.0110 

760 0.50851 0.00558  760 0.4114 0.0103 

800 0.46535 0.00516  800 0.3680 0.0078 

830 0.42992 0.00528  830 0.3377 0.0086 

860 0.40847 0.00505  860 0.3149 0.0105 

900 0.38336 0.00561  900 0.2983 0.0112 

930 0.36475 0.00480  930 0.2797 0.0081 

960 0.34225 0.00558  960 0.2631 0.0120 

1000 0.30407 0.00742  1000 0.2372 0.0109 

1030 0.28800 0.00647  1030 0.2197 0.0124 

1060 0.24471 0.00670  1060 0.1833 0.0237 

1110 0.21211 0.02403  1110 0.1639 0.0298 

 

 

 

 

 



50 
 

 

 

500 oC  550 oC 

Wavelength 
(nm) 

Light Attenuation 
Coefficient (1/cm) 

SD 
(1/cm)  

Wavelength 
(nm) 

Light Attenuation 
Coefficient (1/cm) 

SD 
(1/cm) 

360 0.06550 0.06155  360 0.07486 0.05538 

400 0.30164 0.03138  400 0.28499 0.10070 

430 0.59292 0.02481  430 0.47440 0.09720 

460 0.67288 0.04989  460 0.52968 0.06005 

500 0.90403 0.04910  500 0.71232 0.06330 

530 0.85195 0.02721  530 0.69389 0.06148 

560 0.77335 0.01759  560 0.64338 0.06096 

600 0.69256 0.01352  600 0.58829 0.05161 

630 0.61598 0.01153  630 0.53528 0.05196 

660 0.51958 0.00807  660 0.46404 0.04958 

700 0.46501 0.00626  700 0.42617 0.05434 

730 0.38557 0.00581  730 0.36708 0.05019 

760 0.31434 0.00385  760 0.29746 0.05208 

800 0.27065 0.00390  800 0.25399 0.05391 

830 0.24558 0.00329  830 0.22859 0.05231 

860 0.22124 0.00248  860 0.20925 0.05590 

900 0.21327 0.00286  900 0.19808 0.05175 

930 0.19459 0.00242  930 0.18536 0.05728 

960 0.18387 0.00226  960 0.17696 0.05883 

1000 0.17029 0.00220  1000 0.16175 0.04640 

1030 0.15133 0.00217  1030 0.14628 0.03460 

1060 0.12188 0.00131  1060 0.12745 0.03797 

1110 0.11578 0.00592  1110 0.11846 0.03333 
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600 oC 

Wavelength 
(nm) 

Light Attenuation 
Coefficient (1/cm) 

SD 
(1/cm) 

360 0.08422 0.04350 

400 0.26833 0.12372 

430 0.35587 0.07808 

460 0.38648 0.11433 

500 0.52061 0.10797 

530 0.53583 0.11244 

560 0.51341 0.08982 

600 0.48402 0.09464 

630 0.45457 0.09628 

660 0.40850 0.09011 

700 0.38733 0.08553 

730 0.34860 0.08627 

760 0.28058 0.07749 

800 0.23734 0.06345 

830 0.21161 0.05850 

860 0.19726 0.05590 

900 0.18289 0.05685 

930 0.17613 0.04907 

960 0.17006 0.04465 

1000 0.15321 0.03390 

1030 0.14122 0.03598 

1060 0.13301 0.02840 

1110 0.12113 0.04073 
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6.2 Mixture 2 Attenuation Coefficient 
 

 

300 oC  350 oC 

Wavelength 
(nm) 

Light Attenuation 
Coefficient (1/cm) 

SD 
(1/cm) 

 
Wavelength 

(nm) 
Light Attenuation 
Coefficient (1/cm) 

SD 
(1/cm) 

360 0.0113 0.0058  360 0.0101 0.0051 

400 0.0551 0.0041  400 0.0601 0.0123 

430 0.1020 0.0117  430 0.1077 0.0255 

460 0.1670 0.0164  460 0.1667 0.0285 

500 0.3460 0.0210  500 0.3373 0.0493 

530 0.4204 0.0201  530 0.4254 0.0464 

560 0.4638 0.0140  560 0.4606 0.0428 

600 0.4930 0.0110  600 0.4948 0.0369 

630 0.5044 0.0109  630 0.5050 0.0343 

660 0.4996 0.0075  660 0.5051 0.0317 

700 0.5087 0.0076  700 0.5145 0.0284 

730 0.4964 0.0053  730 0.4959 0.0238 

760 0.4562 0.0050  760 0.4546 0.0256 

800 0.4436 0.0049  800 0.4510 0.0213 

830 0.4168 0.0051  830 0.4249 0.0234 

860 0.3987 0.0049  860 0.4075 0.0188 

900 0.3708 0.0054  900 0.3801 0.0198 

930 0.3428 0.0045  930 0.3475 0.0163 

960 0.2830 0.0046  960 0.2940 0.0183 

1000 0.2182 0.0053  1000 0.2286 0.0162 

1030 0.1453 0.0033  1030 0.1496 0.0106 

1060 0.0843 0.0023  1060 0.0828 0.0048 

1110 0.0511 0.0058  1110 0.0499 0.0076 
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400 oC  450 oC 

Wavelength 
(nm) 

Light Attenuation 
Coefficient (1/cm) 

SD 
(1/cm) 

 
Wavelength 

(nm) 
Light Attenuation 
Coefficient (1/cm) 

SD 
(1/cm) 

360 0.0110 0.0060  360 0.0109 0.0075 

400 0.0479 0.0104  400 0.0460 0.0088 

430 0.0939 0.0199  430 0.0964 0.0103 

460 0.1555 0.0254  460 0.1462 0.0195 

500 0.3151 0.0485  500 0.3198 0.0255 

530 0.4112 0.0410  530 0.3860 0.0215 

560 0.4445 0.0359  560 0.4278 0.0185 

600 0.4694 0.0336  600 0.4523 0.0135 

630 0.4775 0.0307  630 0.4613 0.0143 

660 0.4660 0.0266  660 0.4577 0.0114 

700 0.4733 0.0277  700 0.4625 0.0124 

730 0.4527 0.0257  730 0.4548 0.0104 

760 0.4186 0.0279  760 0.4144 0.0104 

800 0.4145 0.0258  800 0.3967 0.0084 

830 0.3895 0.0281  830 0.3805 0.0097 

860 0.3741 0.0275  860 0.3567 0.0118 

900 0.3477 0.0270  900 0.3359 0.0126 

930 0.3200 0.0236  930 0.3157 0.0092 

960 0.2687 0.0249  960 0.2651 0.0121 

1000 0.1973 0.0203  1000 0.2061 0.0094 

1030 0.1352 0.0124  1030 0.1353 0.0077 

1060 0.0754 0.0076  1060 0.0836 0.0108 

1110 0.0490 0.0073  1110 0.0451 0.0082 
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500 oC  550 oC 

Wavelength 
(nm) 

Light Attenuation 
Coefficient (1/cm) 

SD 
(1/cm) 

 
Wavelength 

(nm) 
Light Attenuation 
Coefficient (1/cm) 

SD 
(1/cm) 

360 0.0031 0.0029  360 0.0087 0.0064 

400 0.0421 0.0044  400 0.0229 0.0081 

430 0.0845 0.0035  430 0.0546 0.0112 

460 0.1270 0.0094  460 0.0761 0.0086 

500 0.2655 0.0144  500 0.1844 0.0164 

530 0.3211 0.0103  530 0.2417 0.0214 

560 0.3649 0.0083  560 0.2612 0.0247 

600 0.3753 0.0073  600 0.2763 0.0242 

630 0.3904 0.0073  630 0.2900 0.0281 

660 0.3892 0.0060  660 0.2992 0.0320 

700 0.3972 0.0053  700 0.3182 0.0406 

730 0.3822 0.0058  730 0.3198 0.0437 

760 0.3526 0.0043  760 0.2948 0.0516 

800 0.3411 0.0049  800 0.3034 0.0644 

830 0.3239 0.0043  830 0.2899 0.0663 

860 0.3128 0.0035  860 0.2762 0.0738 

900 0.3024 0.0041  900 0.2501 0.0653 

930 0.2778 0.0035  930 0.2314 0.0715 

960 0.2407 0.0030  960 0.1882 0.0626 

1000 0.1888 0.0024  1000 0.1512 0.0434 

1030 0.1220 0.0017  1030 0.0891 0.0211 

1060 0.0803 0.0009  1060 0.0510 0.0152 

1110 0.0460 0.0024  1110 0.0275 0.0077 
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600 oC 

Wavelength 
(nm) 

Light Attenuation 
Coefficient (1/cm) 

SD 
(1/cm) 

360 0.0072 0.0037 

400 0.0184 0.0085 

430 0.0464 0.0102 

460 0.0679 0.0201 

500 0.1610 0.0334 

530 0.2199 0.0461 

560 0.2423 0.0424 

600 0.2641 0.0516 

630 0.2742 0.0581 

660 0.2860 0.0631 

700 0.3085 0.0681 

730 0.3031 0.0750 

760 0.2799 0.0773 

800 0.2895 0.0774 

830 0.2748 0.0760 

860 0.2654 0.0752 

900 0.2385 0.0741 

930 0.2211 0.0616 

960 0.1826 0.0479 

1000 0.1414 0.0313 

1030 0.0837 0.0213 

1060 0.0494 0.0106 

1110 0.0263 0.0089 
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