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Abstract 

Thermotropic materials offer the potential to provide a low cost, passive overheat 

protection mechanism for glazed, polymer collectors. A series of numerical studies of 

thermotropic materials are conducted to develop a theoretical basis for the selection and 

design of phase change thermotropic materials for polymer collectors.  

The optical requirements for a thermotropic material to provide overheat 

protection are identified by modeling a polymer, flat plate collector with a thermotropic 

material. In the clear state, high solar-weighted transmittance (≥80%, preferably ≥85%) is 

necessary to maintain high optical efficiency for the collector.  In the translucent state, 

high solar-weighted reflectance is necessary to limit the stagnation temperature of the 

collector to less than the material temperature limit of commodity polymers.  To protect 

an absorber of polypropylene, material temperature limit of 115 °C, the solar-weighted 

reflectance of the thermotropic material must be ≥50%.  Other commodity polymers 

require higher levels of reflectance in the translucent state.  

To determine how to achieve these optical requirements, the radiative transfer 

within thermotropic materials is modeled with a Monte Carlo ray tracing algorithm.  A 

parametric study of the radiative transfer in thermotropic materials is conducted. The 

results are presented as dimensionless plots of transmittance and reflectance as a function 

of the overall optical thickness τL, the scattering albedo ω, and the particle size parameter 

x.  The study demonstrates that to achieve ≥85% transmittance in the clear state, the 

optical thickness must be low. To achieve ≥50% reflectance in the translucent state 

necessitates a significant increase in optical thickness with temperature. Additionally, the 
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material must have small particles (x ≤ 2.5) and be weakly absorbing (ω ≥ 0.990). For 

example, for a size parameter of 2, the optical thickness in the clear state must be ≤0.35. 

The optical thickness in the translucent state must be ≥10 for a scattering albedo of 0.995. 

The data contained in these dimensionless plots can be used to identify and 

optimize thermotropic materials. A method for indentifying potential thermotropic 

material combinations is presented.  Some potential thermotropic materials identified are 

poly(ethylene-co-vinyl acetate) in a matrix of poly(methyl methacrylate), n-

hexatriacontane in a matrix of polycarbonate, hydroxystearic acid in poly(methyl 

methacrylate), and low molecular weight polyethylene in a matrix of poly(methyl 

methacrylate). To demonstrate optimizing a thermotropic material, low molecular mass 

polyethylene in poly(methyl methacrylate) is further investigated through a case study. 

The solar-weighted transmittance and reflectance for this combination are predicted as a 

function of thickness and volume fraction of particles.  To achieve a solar-weighted 

transmittance of ~85% in the clear state and a solar-weighted reflectance in the 

translucent state of ~50%, with 200 nm radius particles, the slab thickness should be 

1 mm and the volume fraction should be 15%.  

Using encapsulated particles in a thermotropic material is also investigated. The 

transmittance and reflectance of hydroxystearic acid in poly(methyl methacrylate) are 

predicted as a function of shell refractive index, shell thickness, and particle volume 

fraction. The study demonstrates that a thermotropic material with encapsulated particles 

can achieve the optical requirements for use in a solar collector. Additionally, the study 
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reveals that a wide range of shell relative refractive indices, from 0.95 to 1.0, and 

thicknesses, up to 35 nm, provide acceptable optical performance. 
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1 Introduction 

1.1 Polymer Solar Collectors 

The National Renewable Energy Laboratory projects that with current technology, 

solar thermal systems could provide more than 85% of the energy required for hot water 

in the United States [1].  Despite this potential, nearly 100% of the energy for hot water 

and space heating is met with fossil fuel sources [1]. A switch from water heated by fossil 

fuels to water heated by solar energy would result in a significant decrease in greenhouse 

emissions. It has been estimated that if solar hot water systems were utilized on half of 

American homes and two-thirds of American commercial buildings, the end-use fuel 

savings would exceed 147 TWhr, saving $8.4 billion per year and reducing the CO2 

emissions in the building sector by 2-3% [1].   

The main limiting factor for the adoption of solar thermal systems is the high 

initial cost [2, 3]. Over the past decade there has been an international effort to reduce the 

cost of solar thermal collectors for domestic hot water and space heating through the 

development of polymeric absorbers and glazings [2, 4-14].  The most probable design 

for a glazed polymer collector is a fat plate construction [15]. Commodity polymers are 

low cost, light weight, and are amendable to high-volume, low cost manufacturing 

processes [13] and thus offer the potential to reduce the initial cost of the collector – by 

as much as 50% [14, 16, 17]. However, in a solar thermal collector, the material 

temperature limit of these polymers can be exceeded in the summer months or during 

dormant periods [18-20]. During these periods, the temperature of the absorber can 
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exceed 150 °C [21]. The material temperature limit of most commodity polymers is 

between 80 and 120 °C [22]. Consequently, a low cost and passive overheat protection 

mechanism is needed. One means for providing overheat protection is with thermotropic 

materials which are the focus of this dissertation. In particular, phase change 

thermotropic materials are investigated for this application. 

1.2 Phase Change Thermotropic Materials 

 The defining characteristic of thermotropic materials is optical properties 

(transmittance, reflectance, and absorptance) that are a function of temperature [23, 24] 

(Figure 1-1). Overheat protection is provided for the underlying polymer absorber when 

the thermotropic layer changes from highly transparent (referred to as the clear state) to 

highly reflective (the translucent state) when the absorber temperature approaches its 

material temperature limit.  This change in optical properties is achieved through 

volumetric radiation scattering.  Phase change thermotropic materials have small 

particles, collectively referred to as the scattering domain, embedded in an optically 

matched matrix material. In the clear state, the particles are in the solid phase and 

refractive indices of the two materials match. Consequently, radiation is not scattered. In 

the translucent state, the particles are in the liquid phase. The change in phase causes a 

change in their refractive  
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Figure 1-1 Temperature dependency of the optical properties of thermotropic materials. 

index. Consequently, the refractive indices of the particles and matrix materials do not 

match, radiation is scattered, and the reflectance is increased.  

Prior material development of these materials has relied on a time intensive 

empirical approach and has meet with only limited success [23-34].  This limited success 

is due, in part, to a lack of guidance from theoretical studies on the effects of material 

choice, particle size, volume fraction, and material thickness on the optical behavior of 

the thermotropic material in the clear and translucent state.  Prior theoretical studies of 

radiative transfer in thermotropic materials [35, 36] are limited to modeling specific 

materials and do not provide much guidance for designing thermotropic materials.  The 

most notable contribution from these studies is the recommendation of Nitz et al. that the 

particle radius should be 100 to 300 nm [35].   

1.3 Objective and Scope of the Dissertation 

The objective of the present study is to develop a theoretical basis for the design 

of phase change thermotropic materials for polymer collectors.  This dissertation consists 

of a series of papers (published or submitted for publication) detailing the studies 

undertaken to accomplish this objective. Thus, each chapter has its own introduction, 

T

(%)

ρTT

τTT
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State
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conclusions, and reference list. A common bibliography is provided at the end of the 

dissertation.  

Chapter 2 specifies the optical properties a thermotropic material must have to 

provide overheat protection for a polymer collector.  To identify these optical 

requirements, a glazed flat plate, polymer collector with a thermotropic material on 

absorber is modeled.  The model is used to determine the effect of the solar-weighted 

transmittance of a thermotropic material in the clear state has on the optical efficiency of 

the collector, and the effect of the solar-weighted reflectance of a thermotropic material 

in the translucent state has on stagnation temperature of the collector. From this analysis, 

the required solar-weighted reflectance in the translucent state to provide overheat 

protection for various polymer absorber materials is identified. These optical 

requirements provide the context in which the remaining parts of the study are 

interpreted.  

Chapters 3-5 develop the theoretic knowledge base necessary to identify and 

design a phase change thermotropic material capable of achieving the requirements 

outlined in Chapter 2. The radiative transfer within a thermotropic material is model via a 

Monte Carlo ray tracing algorithm. The model is used to investigate the effects of 

constituent material properties (refractive index and absorptive index) and fabrication 

parameters (particle size, volume fraction, and thickness) on the optical properties of 

thermotropic materials.   

Chapter 3 is focused on identifying potential thermotropic material combinations 

(matrix and scattering domain). The optical properties are predicted at a wavelength of 
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589 nm because there is a plethora of polymer refractive index data at that wavelength, 

and because it is near the peak intensity of the solar spectrum. A method for identifying 

thermotropic materials from relative refractive index data is presented.  A number of 

potential thermotropic material combinations are identified.  

Chapter 4 expands the study of Chapter 3 to model thermotropic materials across 

the solar spectrum. A parametric study of radiative transfer in thermotropic materials is 

conducted and the results are presented in dimensionless form. Thus, thermotropic 

materials can be identified using the process outlined in Chapter 3 and optimized using 

the results of Chapter 4 as is illustrated through a case study.  

Chapter 5 details the first numerical evaluation of radiative transfer in a 

thermotropic material with encapsulated particles.  Encapsulation of the phase change 

material prior to combining with the matrix is one means to control the particle size.  The 

optical properties in the clear and translucent state are predicted as a function of shell 

thickness, shell refractive index, and volume fraction of particles. The study demonstrates 

that a thermotropic material with encapsulated particles can achieve the optical 

requirements for use in a solar collector and outlines, for the potential thermotropic 

material investigated, the acceptable combinations of shell thickness and refractive index.  

Chapter 6 summarizes the findings of Chapters 2-5, provides concluding remarks 

on the dissertation, and considerations for future work. Lastly, the appendix presents the 

results of preliminary material development initiated from the studies of Chapters 2-5.  

The data contained in the appendix includes the refractive index as a function of 
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temperature for various polymers, fabrication processing parameters, and transmittance 

and reflectance data as a function of temperature.  
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2 The Effect of a Thermotropic Material on the Optical Efficiency and 

Stagnation Temperature of a Polymer Flat Plate Solar Collector 

Published in the ASME Journal of Solar Energy Engineering 

 

2.1 Summary 

Solar hot water and space heating systems constructed of commodity polymers 

have the potential to reduce the initial cost of solar thermal systems.  However, a polymer 

absorber must be prevented from exceeding its maximum service temperature during 

stagnation.  Here the addition of a thermotropic material to the surface of the absorber is 

considered.  The thermotropic layer provides passive overheat protection by switching 

from high transmittance during normal operation to high reflectance if the temperature of 

the absorber becomes too high. A one dimensional model of a glazed, flat-plate collector 

with a polymer absorber and thermotropic material is used to determine the effects of the 

optical properties of the thermotropic material on the optical efficiency and the stagnation 

temperature of a collector.  A key result is identification of the reflectance in the 

translucent state required to provide overheat protection for potential polymer absorber 

materials. For example, the reflectance of a thermotropic material in the translucent state 

should be greater than or equal to 52% for a polypropylene absorber which has a 

maximum service temperature of 115 °C.  
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2.2 Introduction 

The global market penetration of solar thermal hot water and space heating 

systems remains far below its potential in part because of the high initial cost relative to 

conventional gas and electric systems [1, 2]. To lower initial and installation costs, there 

is an international effort to develop flat plate collectors with polymer absorbers [1, 3-14].  

One of the challenges in this development effort is prevention of the polymer absorber 

from exceeding its material temperature limit, especially for glazed collectors during 

stagnation. Operating for extended periods of time at temperatures greater than the 

material service temperature leads to a degradation in the mechanical properties of the 

absorber and ultimately to structural failure.  Numerous approaches for overheat 

protection have been proposed [15-29], including the addition of a thermotropic material 

to the surface of the absorber [25-37]. The optical properties (transmittance and 

reflectance) of thermotropic materials change with temperature [36, 37]. Passive overheat 

protection is provided when the thermotropic material switches from a state of high 

transmittance (referred to as the clear state) at temperatures less than the material limit of 

the absorber, to a state of high reflectance (referred to as the translucent state) at 

temperatures near the material’s limit, as illustrated in Figure 2-1.  Ideally, the switch (or 

transition) from the clear to the translucent state (which occurs at the switching 

temperature) would be a step function at the material temperature limit of the absorber.  

The shape of the transition curve in Figure 2-1 is for illustration only and occurs over a 

narrow temperature range.  If a thermotropic material has non-ideal switching behavior,  
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Figure 2-1 Temperature dependency of the optical properties of thermotropic materials 

i.e. it switches at too low a temperature or over a large temperature range, the collector 

will be less efficient during operation. 

The focus of efforts to develop thermotropic materials for solar collectors is phase 

change thermotropic materials [26-36]. These materials can be applied in a thin layer on 

top of the absorber.  They have discrete particles, collectively referred to as the scattering 

domain, embedded in a matrix material. In the clear state, the refractive indices of the 

particles and matrix are equal and radiation propagates through the material without 

being scattered. In the translucent state, the particles change phase which causes a change 

in their refractive index and creates a mismatch between the refractive index indices of 

the matrix and the particles.  The particles scatter the radiation, and the material reflects a 

portion of the incident solar radiation, thereby reducing the radiation at the absorber.  To 

date, the best performing, in terms of change in transmittance with temperature, phase 

change thermotropic materials consist of an alkane mixture [26] or paraffin wax [38] 

scattering domain embedded in an acrylate based UV resin matrix. For the alkane mixture 

scattering domain, the solar weighted transmittance changed from 75% and 69% at 20C  
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Figure 2-2 Representative efficiency curves for a collector with- and without a thermotropic material. Dashed 
vertical lines represent a step change from clear to translucent state. Abscissa location of change depends 
on ambient conditions and Tswitch. 

to 54% and 41%, respectively, above 45C [26]. For the paraffin scattering domain, the 

solar-weighted transmittance changed from 73 at 20°C to 49% at 70°C [38]. 

To illustrate the effect of adding a thermotropic layer to the absorber of a non 

concentrating solar thermal collector, we show a hypothetical efficiency curve for two 

collectors, one with- and one without a thermotropic material, in Figure 2-2. The 

collector with a thermotropic layer has two distinct regimes depending on the state of the 

thermotropic material. Ideally, when the thermotropic material is in the clear state, the 

efficiency of the collector is identical to the efficiency of the same collector without a 

thermotropic material. When the thermotropic material is in the translucent state, the 

efficiency of the collector is lower, but the absorber is protected from overheating. 

 Two questions arise in designing thermotropic materials for application to 

polymer collectors. What is the detrimental impact on optical efficiency during normal 

operation (i.e., in the clear state)? What are the required optical properties in the 

translucent state to prevent overheating?  Wallner, et al. [25] calculated the useful energy 

gain of a glazed, polymer collector as a function of absorber temperature for the 

boundary conditions of 1200 W·m
-2

 direct, normal insolation, no wind, and an ambient 
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temperature of 30°C at a working fluid flow rate of 50 kg m
-2

 h
-1

. Transmittances from 85 

to 90% in the clear state and from 10 to 60% in the translucent state were considered. 

From this analysis, it was recommended that the transmittance in the clear state be ≥85ºC 

and that the transmittance in the translucent state be ≤60ºC. Achieving both of these 

recommendations has proven difficult for phase change thermotropic materials developed 

to date [26, 30, 33, 38]. The recommended maximum transmittance in the translucent 

state was determined by identifying the transmittance at which the efficiency was zero at 

an absorber temperature of ~130ºC. However, in their analysis, the absorber temperature 

was prescribed a priori and was thus incorrectly decoupled from the boundary conditions. 

Therefore, further consideration of the question is warranted. 

 In the present study, we develop a one-dimensional model of a glazed, flat plate 

collector with a polymer absorber coated with a thin layer of thermotropic material. The 

model is applied to illustrate the impact of the optical properties of a thermotropic 

material on the collector optical efficiency in the clear state and stagnation temperature in 

the translucent state.  The transition between states is not considered.  From this analysis, 

we recommend the normal-hemispherical, solar-weighted reflectance of a thermotropic 

material in its translucent state required to provide overheat protection for solar absorbers 

fabricated from various polymeric materials.   

2.3 Analysis 

The representative, glazed, polymer collector modeled is shown in Figure 2-3.  

Table 2-1 lists the assumed material properties and geometric parameters of the collector.   
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Figure 2-3 Schematic cross-sectional view of the modeled collector 

 

Table 2-1 Material properties and geometric parameters of the collector 

Component τsolar τIR εIR 
L 

(mm) 

k 

(W·m
-1

·K
-1

) 

Glazing 82 0 90 4 0.2 

TT Layer Variable 0 90 1 0.2 

Absorber 0 0 90 10 0.2 

Back 

Insulation 
N/A N/A N/A 50 0.038 

Edge 

Insulation 
N/A N/A N/A 30 0.038 

 

Tilt Angle 30°     

Lgap 10 mm    

Aperture Area 2 m
2 

    

 

The material properties are representative of commercial materials.  The glazing has a 

solar weighted transmittance of 82%, typical of polycarbonate or poly(methyl 

methacrylate) glazing materials [39, 40]. The diffuse reflectance of the glazing ρg,d is 

assumed to be 15% [41].  The polymer absorber is non-selective with a normal incidence, 

solar-weighted absorptivity of 90%; representative of polymer absorbers based on data 

from unglazed polymer collectors [42, 43].  A thermal conductivity of 0.2 W·m
-1

·K
-1

 is 

assumed for the polymer components; this value represents unfilled polymers [40]. A 

thermal conductivity of 0.038 W·m
-1

·K
-1

 is assumed for the insulation; typical of 

Lg
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collector insulating materials [40, 44]. The thermotropic layer is assumed to be 1 mm 

thick and placed directly on top surface of the absorber.  The collector is positioned at a 

tilt angle of 30°; a value representative of residential roofs. 

 The boundary conditions for an energy balance on the collector represent a worst 

case scenario for overheating, i.e. they induce higher stagnation temperatures, and thus 

give more stringent requirements for the thermotropic material. The incident solar 

radiation is assumed to be direct, normal at 1200 W·m
-2

. The ambient and sky 

temperatures are 43°C.  There is no wind.  

It is assumed that the thermotropic material does not absorb radiation in the solar 

spectrum.  Additionally, it is assumed that the thermotropic material and the glazing are 

opaque to the infrared radiation emitted by the absorber. These assumptions lead to a 

conservative estimate of the required reflectance to protect the absorber. 

The stagnation temperature is determined based on a one-dimensional energy 

balance on the collector assuming normal incidence, 

   ambALnu TTUGq   . (2.1) 

Where qu is the useful energy output of a collector per unit area, and ()n is the optical 

efficiency at normal incidence. The loss term is expressed as the product of the 

temperature dependent overall loss coefficient UL and the difference in absorber and 

ambient temperatures.   

When there is no flow through the collector or when the thermal losses are equal 

to the solar gain, the useful energy qu is zero and the stagnation temperature of the 

absorber is determined from an iterative solution [45] of 
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 
amb

L

n
stag T

U

G
T 


. (2.2) 

By considering the impact of optical properties on the stagnation temperature, we 

interpret the results to determine the reflectance in the translucent state required to limit 

the stagnation temperature to less than the service temperature of the absorber.  This 

approach, as differentiated from the analysis in [25], provides guidance on selection of 

material properties.  

The overall heat transfer coefficient UL is calculated using the resistance network 

shown in Figure 2-4. The convective resistance between the glazing and absorber is based 

on the Nusselt-Rayleigh number correlation for natural convection between inclined flat 

plates developed by Hollands et al. [46]. Heat loss from the glazing to the ambient 

environment is treated as the natural convection from a vertical plate [47] plus radiation 

to the sky [48]. This estimate yields high stagnation temperatures because convective 

cooling due to wind is neglected. Radiative transfer between the top surface of the 

thermotropic layer and the bottom surface of the glazing is calculated using the radiative 

heat transfer coefficient for radiative exchange between parallel plates with a view factor 

of one [48]. A semi-gray approximation is used for the radiative properties of the 

component surfaces with the radiative properties assumed constant in the solar spectrum 

(250 ≤ λ ≤ 3000nm) and infrared spectrum (λ ≥ 3000nm). The radiative properties in the 

solar spectrum and infrared spectrum are listed in Table 2-1 for the relevant components. 

Conduction through the thermotropic material, absorber, glazing, back insulation, and 

edge insulation is determined based on the thermal conductivity and thickness for each 

component listed in Table 2-1. For the stated assumptions, the overall heat transfer  
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Figure 2-4 Resistance network used to calculate the overall heat transfer coefficient 

coefficient is calculated to be 7 W·m
-2

·K
-1

 at stagnation for a collector with a 

thermotropic material which has a reflectance in the translucent state of zero.  

The transmittance-absorptance product (τα)n for a collector with a thermotropic 

material on the top surface of the absorber is 

 
 

'1

'1

, 




dg

g

n



 . (2.3) 

Where the overall reflectance of the thermotropic material-absorber laminate ρ’ is 

 
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2

. (2.4) 

Equations (3) and (4) were derived using a radiostiy analysis. The derivation is provided 

in the Appendix. If ρTT = 0 and τTT = 1, i.e. there is no thermotropic layer, eq. (2.4) 

reduces to ρ’ = (1-αA) and eq. (2.3) reduces to conventional expression for the 

transmittance-absorptance product of a glazed flat plate collector [45]. With the exception 

of the absorber absorptivity αA, the optical properties in eqs. (2.3) and (2.4) are the 

overall (surface and volumetric) optical properties of the component. Equation (2.4) can 

be used for any collector with a plane-parallel thermotropic layer (absorbing or non-

absorbing) on a plane-parallel absorber. Equations (2.3) and (2.4) are also used to 

G(τα)

Rcond
Rconv Rconv

Rcond

Rrad Rrad

Rcond
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determine the effect of the transmittance of a thermotropic material in the clear state on 

the optical efficiency of the collector.  

2.4 Results 

Figure 2-5 shows the optical efficiency of the collector (the normal, 

transmittance-absorptance product) as a function of the solar-weighted [49], normal-

hemispherical transmittance of a thermotropic material in the clear state. If there is no 

thermotropic material (i.e. τTT,CS = 1), the optical efficiency is 0.75. The addition of a 

thermotropic material with a solar-weighted transmittance of 80% to the absorber is 

predicted to decrease the optical efficiency to 0.62.  To have an optical efficiency 

equivalent to the average (0.692) of the similar (glazed without a selective surface 

absorber and with a heat transfer coefficient between 6 and 8 W·m
-2

·K
-1

) collectors 

certified by the SRCC [43], the required transmittance in the clear state is 90%.  

Although a reduction in the collector optical efficiency is not desirable, without overheat 

protection most polymer absorbers will reach a temperature that exceeds the material 

temperature limit. 

 

Figure 2-5 Collector optical efficiency versus the transmittance of a thermotropic material in its clear state 
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Figure 2-6 Predicted stagnation temperature as a function of the reflectance of the thermotropic material in 
its translucent state. Solid line represents nominal collector parameters 

Figure 2-6 shows the stagnation temperature of the absorber as a function of the 

solar-weighted, normal-hemispherical reflectance of a thermotropic material in the 

translucent state. This figure can be used to determine the reflectance required to limit the 

stagnation temperature to less than the material temperature limit. As stated previously, 

these recommendations are based on extreme ambient conditions, including high solar 

irradiance, high ambient temperature and no wind.  Thus the recommended reflectance is 

higher than would be required if the stagnation temperature were lower due to convective 

cooling by wind or for cooler, less sunny conditions.  For the current case, if the absorber 

material temperature limit is 100°C, Figure 2-6 shows that the reflectance of the 

thermotropic material in the translucent state must be ≥65% to protect the absorber. 

Without any overheat protection, the stagnation temperature is 160°C.  

Table 2-2 lists potential absorber polymers [50], the material temperature limit 

(represented by relative thermal index or heat distortion temperature), and the required  
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Table 2-2 Reflectance for a thermotropic material in its translucent state to provide overheat protection for 
potential absorber materials 

Polymer TTI THDT ρTT,TS Type 

ABS 60 - 65 <98 92 - 89% C 

PE 65 80 89% C 

AC 90 120 72% C 

PEX 100 - 65% C 

CPVC - 100 65% C 

PPO 105 145 61% E 

PP 115 143 52% C 

PVDF 150 118 49% P 

PC 130 132 37% E 

PSU 150 180 14% P 

PPS 200 260 NR P 

PEEK 250 315 NR P 

C: Commodity polymer; E: Engineering polymer; P: Performance 
polymer; NR: overheat protection Not Required 

 

reflectance in the translucent state for a thermotropic material to provide adequate 

overheat protection for the assumed boundary conditions. The relative thermal index and 

the heat distortion temperature have both been suggested as the temperature limit for 

polymer absorbers [27, 51]. The relative thermal index is the temperature at which there 

is 50% reduction in mechanical properties (impact resistance, strength, or stiffness) after 

100,000 hours of conditioning at that temperature [52]. The heat distortion temperature is 

the temperature at which a test specimen deflects a specified distance under a specified 

bending load [53]. Because the relative thermal index includes the long term effects of 

high temperature on the mechanical properties of a polymer, we recommended it be used 

as the material temperature limit. The heat distortion temperature should be used only if it 

is less than the relative thermal index or if the relative thermal index data are unavailable.  
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The polymers in Table 2-2 are classified as performance, engineering, or 

commodity polymers. The classification of a polymer depends on the material 

temperature limit and the material cost [12]. A performance polymer refers to 

thermoplastics with a temperature limit generally greater than 150°C and which cost 

$5.50 to 14+ per kg (€4-10+). Engineering polymers have temperature limits between 

100 and 150 C and cost between $2.75 and 5.50 per kg (€2-4). Commodity polymers 

generally have maximum operation temperatures around 100°C and cost less than $2.75 

per kg (≤€2) [12]. 

As shown in Table 2-2, absorbers made of performance polymers such as PSU 

and PPS require little (ρTT,TS ≥ 14% for PSU) to no (for PPS) overheat protection. 

However, to maximize the reduction in the cost of the collector created by switching to 

polymer components, commodity polymers must be utilized. For a polypropylene 

absorber, the commodity polymer with the highest relative thermal index (115°C), the 

reflectance of a thermotropic layer in the translucent state should be ≥52% in order for a 

thermotropic material to provide adequate overheat protection. Other commodity 

polymers such as CPVC and PEX require even higher reflectance (≥65%) from a 

thermotropic material in its translucent state.   

The sensitivity of the recommended reflectance of a thermotropic material to 

modifications in collector design is indicated in Figure 2-6 by the dashed lines which 

represent a ±10% change to the ratio of the transmittance-absorptance product to the 

overall heat transfer coefficient. The recommended reflectance for a thermotropic 

material is sensitive to a change in this ratio when the absorber has a high temperature 
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limit. For example, if the transmittance-absorptance product is increased by 10% (e.g. by 

having a glazing with a transmittance of 90.2% rather than 82%), the required reflectance 

for a thermotropic material in the translucent state increases from 14 to 24% for a PSU 

absorber. For absorber polymers with a lower temperature limit (T ≤ 80 C), the 

recommended reflectance is insensitive to a ±10% change in this ratio. For example, for a 

10% increase in the ratio, the required reflectance for a thermotropic material in the 

translucent state increases from 89 to 90% to protect a PE absorber, which has a material 

temperature limit of 65°C. 

2.5 Conclusion  

The present study applies a one dimensional model of a flat plate, polymer, solar 

collector with a thermotropic material to quantify the effect of the optical properties of 

the thermotropic material on the optical efficiency and stagnation temperature of the 

collector.  The results show that for ambient conditions that stress the collector (hot and 

sunny with no wind), the requirements for a thermotropic material to successfully provide 

overheat protection are stringent.  In agreement with the prior recommendations [25], the 

thermotropic material must be highly transparent in the clear state to maintain high 

overall optical efficiency of the collector during normal operation. The optical 

requirement for a thermotropic material in its translucent state is much more stringent 

that previously recommended, particularly for commodity polymer absorbers. High solar-

weighted reflectance in the translucent state is necessary for a thermotropic material to 

adequately provide overheat protection for a commodity polymer absorber.  The 

recommended reflectance is on the order of 50% if the absorber is polypropylene. For 
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absorbers fabricated from other commodity polymers, all of which have lower material 

temperature limits, the recommended reflectance of a thermotropic material is higher. 

The dual requirements of high transmittance in the clear state and high reflectance in the 

translucent state pose stringent requirements on the development of thermotropic 

materials for this application.   
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2.7 Nomenclature 

 

G insolation W·m
-2 

k thermal conductivity W·m
-1

·K
-1 

L thickness m 

qu useful energy W·m
-2

 

R thermal resistance K·m
2
·W

-1 

T temperature K 

UL overall heat transfer coefficient W·m
-2

·K
-1

 

Greek Symbols 

α surface absorptivity  % 

ε surface emissivity % 

η efficiency % 

λ wavelength nm 

ρ volumetric reflectance % 

ρ' overall reflectance of thermotropic 

layer-absorber laminate 
% 

τ volumetric transmittance % 
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(τα)n normal irradiance transmittance-

absorptance product 
% 

Subscripts 

A absorber  

amb ambient  

b bottom surface  

BI back insulation  

CS clear state  

cond conduction  

conv convection  

d diffuse  

EI edge insulation  

g glazing  

gap air gap between glazing and thermotropic layer 

HDT heat distortion temperature  

IR infrared spectrum  

rad radiation  

solar solar-weighted  

switch switching  

t top surface  

TI relative thermal index  

TS translucent state  

TT Thermotropic  

Abbreviations  

ABS Acrylonitrile-butadiene-styrene  

AC Acetal copolymer  

CPVC Chlorinated poly(vinyl chloride)  

PC Polycarbonate  

PE Polyethylene  

PEEK Poly(ether ether ketone)  
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PEX Crosslinked Polyethylene  

PP Polypropylene  

PPO Poly(phenylene oxide)  

PPS Poly(phenylene sulfide)  

PSU Polysulfone  

PVDF Poly(vinylidene fluoride)  
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2.8 Appendix 

This appendix presents the derivation of the transmittance-absorptance product 

for a collector with a thermotropic material on the absorber. In this analysis, the normal-

hemispherical optical properties of the thermotropic material are assumed equal to the 

diffuse-hemispherical optical properties. The key difference between the transmittance-

absorptance product of a collector with- and without a thermotropic material is the 

overall reflectance and absorptance of the thermotropic material-absorber laminate.  

Figure 2-7 shows the irradiances and radiosities of the laminate system. The 

irradiances and radiosities are drawn at an angle for clarity. The irradiance on the top 

surface of the absorber HTT is taken to be unity. The radiosity leaving the top surface of 

the thermotropic material JTT is the overall reflectance of the laminate system ρ’ and is 

equal to fraction of HTT reflected by the thermotropic material plus the fraction of the 

radiosity leaving the absorber surface JA that is transmitted through the thermotropic 

material, 

ATTTTATTTTTTTT JJHJ   . (2.6) 

The irradiance on the surface of the absorber HA is equal to the fraction of HTT 

transmitted through the thermotropic material plus the fraction of JA reflected back to the 

absorber, 

ATTTTATTTTTTA JJHH   . (2.7) 

The radiosity leaving the surface of the absorber JA is equal to the irradiance incident on 

the absorber times the reflectivity (equal to one minus the absorptivity) of the absorber, 

  AAA HJ  1 . (2.8) 
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Figure 2-7 Schematic drawing of radiosities and irradiances used to determine the overall reflectance of the 
thermotropic material-absorber laminate 

Thus there are three equations and three unknowns. Substituting Eq. 2.7 into Eq. 2.8 and 

solving for JA yields, 

  ATT

TTA
AJ








11
. (2.9) 

Substituting the express for JA into Eq. 2.6 yields the equation for the overall reflectance 

of laminate system, 

 
 ATT

ATT
TTTTJ











11

1
'

2

. (2.10) 

The overall absorptance of the thermotropic material-absorber laminate is one minus the 

overall reflectance. To determine the transmittance-absorptance product for the collector, 

the overall reflectance and absorptance of the laminate are used in the place of the 

reflectivity and absorptivity of the absorber in the equation for the transmittance-

absorptance product of a glazed, flat plate collector [41]. 

 

 

 

  

HTT

HA

JTT

JA Thermotropic Material

Absorber
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3 Selection of Thermotropic Materials for Overheat Protection of 

Polymer Absorbers 

Published in the Journal of Solar Energy 

3.1 Summary 

Thermotropic materials offer the potential to provide passive overheat protection for 

polymer solar absorbers.  These materials are comprised of a matrix in which a second material, 

referred to as the scattering domain, is dispersed as small particles. Overheat protection is 

provided by a change in transmittance and reflectance at elevated temperature. The magnitude of 

this change depends on the change in the relative refractive index between the matrix and the 

scattering domain, the volume fraction and size of the dispersed particles, and the thickness of the 

material. To predict the effect of these parameters on the normal-hemispherical transmittance and 

reflectance, thermotropic materials are modeled as a non-absorbing slab comprised of discrete, 

anisotropic scattering, spherical particles embedded in a matrix material. A Monte Carlo ray 

tracing algorithm predicts the transmittance and reflectance of the slab. The model predictions are 

compared with: the analytical solution for a slab of non-absorbing, non-scattering media, and the 

measured transmittance of 0.3 mm thick polymer samples containing 400 nm particles.  A 

parametric study of the effects of the design parameters on the transmittance is presented to 

identify potential material combinations which will produce a thermotropic composite capable of 

providing overheat protection for flat plate solar collectors.  Relatively short chain alkanes or low 

molecular mass polyethylene in a matrix of polycarbonate are identified as promising materials.  
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3.2 Introduction 

Residential buildings account for approximately 27% and 22% of total energy 

consumption in the EU [1] and the U.S. [2], respectively, and are a major contributor to global 

emissions of CO2 due to the reliance on fossil fuels for electricity and heating [1, 2]. Solar 

thermal systems have tremendous potential to displace the use of fossil fuels as an energy source 

in residential buildings because a large fraction of energy consumption is for space heating and 

hot water. In northern and central European countries, such as Denmark, Germany, and Austria, 

86 to 92% of household energy consumption is for space heating and hot water [3]. In the U.S., 

57% of the energy consumed in residential buildings is for space heating and hot water [4]. 

Despite the potential of using solar thermal systems to meet space heating and hot water 

loads, currently <1% of the energy consumed in EU [3]and U.S. [5] buildings is provided by 

solar. One impediment to greater market penetration is the high cost of systems [5, 6], particularly 

for moderate and cold climate regions. In the U.S., the cost to install a residential solar water 

heater capable of producing 190 to 380 liters of hot water per day is reported to range from 

$6,000 to $10,000 [5]. The National Renewable Energy Laboratory (NREL) predicts that if the 

cost could be lowered to $1,000-$3,000, without compromising durability or performance, solar 

water heaters would be at break-even cost with natural gas, and the market for solar thermal 

would be transformed [5]. The need to develop low-cost solar collectors is more acute for space 

heating, which requires larger collector areas. 

One pathway to achieve significant cost savings is development of polymeric 

collectors suitable for all climate zones [5, 7-9]. Currently, most of the solar thermal 

collectors intended for space heating and domestic hot water use copper absorbers with 

wavelength selective coatings and a low-iron glass cover. Polymeric collectors offer the 



 

39 

 

potential to significantly reduce the installed cost (at least 50%) by reducing the material 

and manufacturing costs and by reducing the weight of the collector which in turn 

reduces the cost of installation [5, 10]. Polymer collectors are the norm for pool heating, 

but unglazed and un-insulated pool collectors are not suitable for building applications in 

cool climates. One of the most relevant impediments to the development of glazed, 

polymer collectors is overheating of the absorber in the summer or during long dormant 

periods (e.g., when the homeowners are on vacation) [5, 11, 12]. The relative thermal 

index [13] has been suggested as a recommended maximum service temperature for 

polymer absorbers [14]. However, with relative thermal indices between 80 and 120 °C 

[15], the maximum service temperature of polymer absorbers can easily be exceeded 

under the conditions discussed. A low cost, passive overheat protection mechanism is 

needed to successfully launch glazed polymer collectors to the market.   

Numerous approaches to overheat protection have been suggested for flat plate 

collectors.  They can be divided into two broad categories: 1) those that increase thermal 

losses from the collector, and 2) those that decrease incident radiation at the absorber. 

Methods for increasing the thermal losses include various approaches to circulate cooling 

fluid through the collector [16-23], venting [18, 24-30], and evaporative cooling [24]. 

These methods often require additional hardware, active control, and increase parasitic 

energy.  Venting is ineffective unless it can be implemented above and below the 

absorber plate [24]. However venting below the collector necessitates the removal of 

insulation which decreases collector performance during times when overheat protection 

is not needed. Venting may also introduce atmospheric contaminants and moisture into 
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the collector thus degrading performance and potentially promoting material degradation 

[18]. Evaporative cooling is effective when combined with venting [24], but requires 

active pumping to maintain a saturated evaporation surface.  

Methods for decreasing the incident radiation at the absorber include shading 

systems [18], prismatic glazing [31], and the addition of thermotropic material to either 

the glazing or absorber [11, 12, 32, 33].  Shading systems and prismatic glazing both 

require active control.  

Thermotropic materials hold out the promise of low cost, passive overheat 

protection [11, 12, 33, 34].  By definition, the transmittance and reflectance of these 

materials depend on temperature [35, 36]. Overheat protection is provided when the 

material switches from highly transparent below the switching temperature to reflective 

above this temperature (Figure 3-1).  In normal operation of a collector, the transmission 

of incident solar radiation through the thermotropic material is high and the collector 

operates at high efficiency. When overheat protection is needed, a significant portion of 

the incident radiation is reflected by the thermotropic material, thus preventing the 

absorber from exceeding its maximum service temperature.  The high transmittance state 

is referred to as the clear state while the high reflectance state is referred to as the 

translucent state. The thermotropic material can be added to the glazing or the absorber 

but is most effective if it is in direct contact with the absorber [37]. 

For a thermotropic material to be used for overheat protection it must withstand 

temperatures below freezing (for cool climates) to temperatures near the relative thermal index of 

the absorber material. The switching temperature of the thermotropic material should be slightly 

less than the relative thermal index of the absorber material. The switch should occur over a small  
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Figure 3-1 Desired change in optical properties with temperature for thermotropic materials used for 
overheat protection in polymer solar collectors. 

temperature range, and it must be reliable over many repetitions. It has been suggested that to 

provide adequate overheat protection while minimizing any detrimental effect of the thermotropic 

material on the collector efficiency during normal operation, a thermotropic material should have 

a solar-weighted transmittance ≥85% in the clear state and ≤60% in the translucent state [37]. 

The focus of efforts to develop thermotropic materials for solar collectors is phase 

change thermotropic materials [32, 33, 38]. These materials have discrete particles, 

collectively referred to as the scattering domain, embedded in a matrix material. As 

illustrated by Figure 3-2, ideally, below the switching temperature, the refractive indices 

of the particles and matrix are equal and the relative index of refraction, m, 

matrix

particle

n

n
m  ,  (3.1) 

equals unity. In this situation, radiation propagates through the material unattenuated (assuming 

absorption is negligible). Above the switching temperature, the particles change phase and the 

refractive indices are unequal (m ≠ 1); radiation is scattered by the particles and the material 

reflects a portion of the incident solar radiation. The most significant change in relative refractive 

index occurs when the scattering domain melts because it is across the phase change that the most  
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                           (a)                     (b) 

Figure 3-2 Schematic of radiation scattering by phase change thermotropic materials in the (a) clear state 
(Ideally, m = 1) and the (b) translucent state (m ≠ 1). Note: radiation reflected at the interface is shown at an 
angle for clarity. 

significant change in density, ρ, and thus refractive index of the scattering domain, nparticle, occurs. 

The matrix material, however, should remain in the solid phase and thus undergo very little 

change in refractive index, nmatrix.  

In addition to relative refractive index, the size of the particles is an important parameter. 

The particle size is expressed in dimensionless form as the particle size parameter x:  



a
x

2
 . (3.2) 

In eq. (3.2), a is the particle radius and λ is the wavelength of the incident radiation. The larger 

the value of x, the more effectively radiation will be scattered by the particles, but the angle 

between the incident and scattered directions will be smaller [39]. Conversely, the smaller the 

value of x, the less effectively radiation will be scattered, but the angle between the incident and 

scattered directions will be larger [39]. Thermotropic materials rely on multiple scattering events 

to effect significant change in the optical properties; therefore, the volume fraction of particles, fv, 

and the thickness, L, of the material influence the transmittance and reflectance. In phase change 

thermotropic materials, only the relative refractive index, m, is a function of temperature. Volume 

fraction, thickness, and particle size are independent of temperature. 

Incident

Radiation

T < Tparticle, melt

m = 1
T > Tparticle, melt

m ≠ 1

Transmitted 

Radiation

Incident

Radiation

Transmitted 

Radiation

Reflected 

Radiation
Reflected 

Radiation



 

43 

 

Prior theoretical studies of radiative transfer in thermotropic materials have examined the 

effects of particle size [40, 41], and material thickness [41] but have been restricted to specific 

materials. Nitz, et al. [40] suggest a particle radius of 150 to 350 nm to achieve maximum 

reflectance in the translucent state. Wilson and Eck [41]  predict that the solar-weighted, normal-

hemispherical transmittance of a non-absorbing material with m = 1.06, a particle radius of 500 

nm, and a volume fraction of 40% will decrease from 83.7% at L = 1 μm to 40.3% at L = 1600 

μm. However, this prediction must be used carefully as the assumption of independent scattering 

is likely invalid at the high volume fraction considered. The identification of potential 

thermotropic material combinations based on the relative refractive index of the two materials in 

the clear and translucent state has not been considered in prior work and is one focus of the 

present work. 

This paper provides a theoretical basis for the identification of thermotropic material 

combinations.  To achieve this objective, a parametric study of radiative transfer in thermotropic 

materials is conducted, and the results of the study are presented in dimensionless form. The 

thermotropic materials are modeled as a thin, non-absorbing slab containing spherical particles. 

The transmittance and reflectance of the slab are determined by a Monte Carlo ray tracing 

algorithm. The process of using the dimensionless results to identify potential thermotropic 

material combinations is discussed and utilized to identify promising combinations. 

3.3 Model 

The thermotropic material is modeled as a slab of uniform thickness, L, irradiated on the 

z = 0 interface at normal incidence with monochromatic radiation of wavelength, λ (Figure 3-3). 

The slab comprises a matrix material with index of refraction, nmatrix, and monodispersed, 

randomly distributed, spherical particles with radius, a, and index of refraction, nparticle, at a  
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Figure 3-3 The computational domain. Arrows indicate the 2D tracking process of the Monte Carlo ray 
tracing algorithm. Actual simulation is in 3D. 

volume fraction, fv.  Independent scattering by the particles is assumed and volumetric absorption 

is neglected. The assumption of independent scattering is valid when the average distance 

between particles divided by λ is greater than 0.5 [42]. For the range of particle sizes considered 

(0.5 ≤ x ≤ 7), this ratio is greater than 0.5 for fv ≤ 10% [42]. The material is modeled as non-

absorbing because it is undesirable for a thermotropic material to absorb a significant portion of 

the incident radiation. To neglect absorption, the scattering albedo, ω 




 s , (3.3) 

of the material must be near unity. For ω ≈ 1, the extinction coefficient, β, must approximate the 

scattering coefficient, σs; this requirement implies that the dominate means of radiation 

attenuation is scattering. For thin polymer thermotropic materials, attenuation is expected to be 

dominated by scattering for much of the visible and near infrared spectrum because polymers 

which have high transmittance in the solar spectrum, and thus are suitable candidates for the 

matrix material, are weak absorbers at those wavelengths. For example, Khashan and Nassif 

(2001) [43] report a spectral absorptance of less than 2% for a 2.4 mm thick sample of 

poly(methyl methacrylate) for 400 ≤ λ ≤ 1000 nm. The wavelengths at which suitable polymers 
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are stronger absorbers are generally less than 400 nm (due to electron excitation) or greater than 

1000 nm (due to vibration of atoms or chemical bonds). 

At the interface of the slab and the surrounding media (air), radiation can be reflected or 

transmitted, due to a difference in refractive index of the air and the slab. To calculate the 

reflectivity of the interface, a refractive index of 1.5, which is representative of the data reported 

for polymers [44], is used in the model (the only exception is for experimental validation of the 

model as described in section 3).  Inside the slab, the radiation propagates until incident upon an 

embedded particle. The particle scatters the radiation. The process of scattering and internal 

reflections is repeated, as shown in Figure 3-3, until the radiation is either transmitted through 

the slab (the radiation exits at z = L) or reflected out of the slab (radiation exits at z = 0). Specular 

reflection is assumed at the interface. 

Volumetric scattering and reflection are governed by the radiative transfer equation 

(RTE). The RTE is an integral-differential equation which describes the change in radiative 

intensity, I, along the direction of propagation, ŝ. For a non-absorbing, non-emitting medium 

irradiated with monochromatic radiation, the RTE is 

    iii
s

s dsssII
ds

dI

i

 


ˆ,ˆˆ
4

4




 . (3.4) 

The first term on the right hand side of eq. (3.4), the product of the scattering coefficient, σs, and 

radiative intensity, I, represents the radiative intensity scattered out of ŝ. Physically σs is the 

inverse of the mean free path length travelled by a ray of radiation before being scattered. The 

second term is the radiative intensity scattered into ŝ from all other directions, ŝi. The integrand of 

the second term includes the scattering phase function, Φ, which describes the probability that 

radiation from ŝi will be scattered into ŝ.  
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The RTE is often expressed in terms of the dimensionless optical thickness. The overall 

optical thickness, τL, of a non-absorbing material of thickness, L, with randomly distributed 

particles of constant radius, a, is: 

L
a

Qf
L sv

sL
4

3
  , (3.5) 

where Qs is the scattering efficiency factor of a single particle. Qs and Φ are determined by Mie 

theory. Mie theory is a solution to Maxwell’s equations for an electromagnetic wave that is 

incident upon a single spherical particle embedded in non-absorbing medium [45]. Qs and Φ are 

functions of m and x. 

A collision Monte Carlo ray tracing technique [46, 47]  is used to solve the RTE. Monte 

Carlo ray tracing techniques track individual photon packages of radiation, referred to as rays, as 

each photon package propagates through and interacts with the material. The paths of many 

individual rays (10
5
 – 10

7
) must be tracked to obtain statistically relevant results. 

The algorithm begins by launching a ray at normal incidence at the interface of z = 0 

(Figure 3-3). The reflectivity of the interface and the probability of the ray being reflected are 

calculated by applying the Fresnel equations for normal incidence. If the ray is reflected, the 

reflectance count, Nr, is incremented and a new ray is launched. If the ray is transmitted through 

the z = 0 interface, the path length lσ travelled by the ray is determined by the random number Rσ 

between zero and unity. 



















 R
l

s

1
ln

1
. (3.6) 

If lσ < L, the ray is scattered and the scattering angle, θ, is found by inverting eq. (3.7): 

  ''sin'
2

1

0'







 dR 


 . (3.7) 
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The inversion of eq. (3.7) is obtained through numerical integration at intervals of 0.026 radians 

(~1.5°). Scattered angles within the integration interval are determined by linear interpolation. 

The scattering phase function, Φ, is calculated by the Mie scattering program BHMIE [45]. The 

azimuth angle, ψ, of scattered radiation is determined by the random number Rψ: 

 R2 . (3.8) 

Together θ and ψ describe the direction of the ray after scattering. A new lσ is calculated, and the 

position vector is updated. The scattering algorithm of eqs. (3.6) – (3.8) is repeated until the ray 

intersects an interface (either the z =0 or z=L interface). When a ray intersects an interface, the 

transmissivity of the interface, as a function of the incidence angle is calculated, and another 

random number is generated. If the generated random number is less than the transmissivity of 

the interface for the incident angle, the ray is transmitted through the interface. The transmittance 

count, Nt, is incremented when a ray is transmitted through the z = L interface.  Similarly, the 

reflectance count, Nr, is incremented when a ray is transmitted through the z = 0 interface. If the 

generated random number is greater than the transmissivity of the interface, the ray is reflected 

and the scattering algorithm is continued. After N rays, monochromatic, normal-hemispherical 

reflectance,  ,   and transmittance,   , of the slab are determined by, 

N

N r ;   
N

N t . (3.9) 

Subsequently, the spectral, normal-hemispherical transmittance and reflectance are referred to as 

transmittance and reflectance unless otherwise noted.  

3.4 Model Validation 

For validation, the model predictions are compared with the analytical solution for a slab 

of non-absorbing, non-scattering medium, and the measured transmittance of thin polymer 

samples containing particles. To represent a thermotropic material in the translucent state, the 
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samples were prepared with different scattering domain materials. These materials have different 

refractive indices and thus different values of m are obtained. Because in phase change 

thermotropic materials, m is a function of temperature, evaluating the model at different values of 

m is equivalent to modeling a thermotropic material at various temperatures.  

3.4.1 Comparison to Analytical Solution  

The analytical solution for the reflectance and transmittance of a slab of non-absorbing, 

non-scattering (m = 1 or fv = 0) medium is given in standard reference texts, e.g. [48]. This 

medium represents the ideal clear state. For n = 1.50, the analytical solutions for transmittance 

and reflectance are 92.31% and 7.69%, respectively. The model predicts = 92.30% and  = 

7.70%. Figure 3-4 shows the agreement of the Monte Carlo predictions to the analytical solution. 

At 10
4
 rays, The Monte Carlo prediction agrees to within 0.1% of the analytical solution. To 

validate the number of rays used in subsequent simulations, Figure 3-4 also shows the 

convergence of a highly scattering scenario (m = 0.96, x = 2.5, L = 0.5 mm, and fv = 10%). The 

simulation converges at 4x10
4
 rays to <0.1% of the value at 10

7
 rays. For all reported simulations, 

5x10
5
 rays are tracked. 

 

 

Figure 3-4 Predicted transmittance versus number of rays. (a) Agreement of predicted transmittance to 
analytical solution for a non-scattering, non-absorbing material with nmatrix = 1.50. (b) Convergence of 
transmittance for a highly scattering scenario of m = 0.9 
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3.4.2 Sample Fabrication and Experimental Procedure 

For the experimental validation, 0.3 mm thick samples with a matrix of polyvinyl acetate 

(PVA) (nmatrix = 1.47 at 23 °C [44]) and 200 nm radius particles were prepared. Relative indices of 

refraction, m, of 0.973, 1.014, and 1.083 were obtained by using scattering domains of silica (n = 

1.43, manufacture provided: bangslabs.com), poly (methyl methacrylate) (PMMA) (n = 1.491, 

[49]), and polystyrene (PS) (n = 1.592, [49]), respectively. All refractive index values are for a 

wavelength of 589 nm. For each value of m, samples were prepared at a volume fraction of fv = 

9.6 %. Samples with m = 1.083 (PS particles in PVA) were also fabricated at volume fractions of 

5 and 13.5%. Since m ≠ 1, the samples represent a thermotropic material that has changed to the 

translucent state. The scattering albedos of the samples were calculated to between 0.973 and 

0.999 and thus radiation attenuation is expected to be dominated by scattering. One sample was 

prepared without scattering domains (100% matrix material) to represent m = 1. All samples were 

prepared by an aqueous emulsion of PVA and the scattering domain material. The mixture was 

allowed to equilibrate for one hour before one gram of the mixture was spread onto a 3.8 cm 

diameter form. The samples were dried on the form at ambient temperature in a fume hood for 20 

hours.  

For each combination of m and fv, three samples were prepared. The normal-

hemispherical, spectral transmittance of each sample was measured using a Lambda 1050 

spectrophotometer equipped with a 150 mm integrating sphere. Based on the manufacturer’s 

specifications, the instrument has a photometric accuracy of ±0.003A in the visible spectrum and 

a wavelength accuracy of ±0.08 nm in the UV/VIS.  All measurements were made at 24 °C and 

repeated twice. The data reported in Figure 3-5 and Figure 3-6 represent the average for that 
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combination m and fv. The 95% confidence integral about the mean is indicated by the uncertainty 

bars.  

3.4.3 Comparison to Experimental Data 

Figure 3-5 compares predicted and measured transmittance at fv = 9.6% as a function of 

m. The model predictions are within 8% of the measured data. There is a greater discrepancy 

between the predicted and the measured value as m approaches unity. Because the model 

prediction at m = 1 is in excellent agreement with the analytical solution for a non-scattering (m = 

1 or fv = 0%) and non-absorbing material, the increased discrepancy near m = 1 is attributed to 

defects in the samples. The samples of m ≠ 1 also have defects but the radiation scattering caused 

by the defects is minor compared to the scattering due to the embedded particles and, therefore, 

the model more accurately predicts the transmittance of these samples. For m = 1.014, the 

prediction is within 5 percentage points of the measured value and for m = 1.083 the model 

predications are within 1 percentage point. The measured and predicted monochromatic 

transmittance have a maximum of 85% and 92%, respectively, at m = 1. As the mismatch in 

refractive indices increases (m < 1 or m > 1), the transmittance decreases. At m = 1.083, the 

measured transmittance is 52% and the predicted transmittance is 51%.  

 

Figure 3-5 Model predictions compared to measured transmittance for fv = 9.6%, a = 200 nm, and L = 
0.3mm. The uncertainty bars represent 95% confidence interval. 
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Figure 3-6 Model predictions compared to measured transmittance for m = 1.083, a = 200 nm, and L = 
0.3mm. . The uncertainty bars represent 95% confidence interval. 

Figure 3-6 shows the predicted and measured monochromatic transmittances as a 

function of volume fraction, fv, for m = 1.083. The transmittance decreases with increasing fv from 

a measured value of 59% (60% predicted) at fv = 5% to 48% (46% predicted) at fv = 13.5%. The 

difference between the model prediction and the measured values is within two percentage points. 

3.5 Results and Discussion 

To examine the effects of geometry and material properties on the predicted spectral, 

volumetric transmittance of thermotropic materials, we constructed the dimensionless plot shown 

in Figure 3-7of transmittance versus optical thickness for various particle size parameters. The 

value of Figure 3-7 is that it can be used either to select the two materials that comprise a 

thermotropic composite based on desired performance criteria (e.g., high transmittance in the 

clear state and low transmittance in the translucent state), or to predict the transmittance of a 

specific combination of materials in the clear and translucent states. The transmittance of the 

composite material is a function of optical thickness, τL, and particle size parameter, x. For phase 

change thermotropic materials, τL is a function of temperature while x is a function of particle size  
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Figure 3-7 Predicted monochromatic transmittance plotted with respect to τL and x. 

and incident wavelength. The optical thickness is determined using eq. (3.5). The value of 

scattering efficiency factor, Qs, required for this calculation is provided, for the convenience of 

the reader, in Figure 3-8 as a function of the relative index of refraction, m, [45]. The temperature 

dependency of τL is through the temperature dependent value of m.  To help identify potential 

scattering domain and matrix material combinations, the refractive index (at a wavelength of 

589nm) as a function of temperature is shown in Figure 3-9 for potential scattering domain 

materials and in Figure 3-10 for potential matrix materials. The refractive indices are calculated 

by using the Lorentz and Lorenz equation (shown here solved for the refractive index), and 
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Figure 3-8 Scattering efficiency factor plotted with respect to m. The results are from Mie theory for a single 
particle (Bohren and Huffman, 1998). 

 

Figure 3-9 Predicted refractive index versus temperature for potential scattering domain polymers. EVA 14% 
–  poly(ethylene-co-vinyl acetate), 14% wt vinyl acetate; PE wax – low molecular weight (M = 1 kg/mol) 
polyethylene; PEO – polyethylene oxide;  n-Hexa. – n-Hexatriacontane; PE-co-MA – poly(ethylene-co-
methacrylic acid), 4% wt methacrylic acid 

the temperature dependent density, ρ, data from Walsh and Zoller (1995) [50]. The molar 

refractivity, R, is calculated by summing the contributions of the functional groups present in the 

molecule [51-53].  

First consider the selection of materials to meet desired criteria, for example the criteria 

suggested by Wallner, et al. (2008) [37]: the solar-weighted transmittance should be ≥85% in the 

clear state and ≤60% in the translucent state.  Using a particle size of x = 2.5, Figure 3-7 shows τL 

should be ≤ 0.47 to achieve spectral transmittance ≥ 85% in the clear state, and τL should be ≥ 

3.68 to achieve spectral transmittance ≤60% in the translucent state. Potential thermotropic  
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Figure 3-10 Predicted refractive index versus temperature for potential matrix polymers. PMMA – 
poly(methyl methacrylate); PC – polycarbonate; PVC – poly(vinyl chloride); PAN – polyacrylonitrile; PP – 
polypropylene. 

material combinations can then be identified by using Figure 3-9 and Figure 3-10 and eq. (3.1) to 

determine the relative refractive index as a function of temperature. Then Figure 3-8 and eq. (3.5) 

are used to calculate the optical thickness as a function of temperature. Using this approach, one 

potential material combination is poly(ethylene-co-vinyl acetate) (EVA) in a matrix of 

poly(methyl methacrylate) (PMMA). For this material combination, the relative refractive is 

calculated to be m30°C = 0.989 in the clear state and m110°C = 0.958 in the translucent state. To 

achieve the desired optical thickness in each state for this material combination, one option is to 

use a volume fraction of fv = 10% and a thickness of L = 0.75 mm.  In this case, the optical 

thickness increases from 0.3 at 30 °C to 4.2 at 110 °C which corresponds to a decrease in 

transmittance, as shown in Figure 3-11, from 87% to 58%. Another potential thermotropic 

combination is n-hexatriacontane (C36H74) in a matrix of polycarbonate (m30°C = 0.9777; m110°C = 

0.907). For fv = 5% and L = 0.5 mm, the optical thickness increases from 0.4 at 30 °C to 6.6 at 

110 °C (Figure 3-11). Correspondingly, the transmittance decreases from 86% at 30 °C to 52% at 

110 °C. Additionally, this combination of materials is expected to have a sharp change in 

transmittance with temperature because n-hexatriacontane has a distinct melting temperature for a 

polymer (Figure 3-9). 
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Figure 3-11 Predicted transmittance (at λ = 589 nm) vs. temperature for n-hexatriacontane in a matrix of PC 
(x = 2.5, fv = 5%, L = 0.5mm); EVA in a matrix of PMMA (x = 2.5, fv = 10%, L = 0.75mm); and PEO in a 
matrix of iPP (x = 2.5, fv = 10%, L = 1.0mm). 

Now consider the use of Figure 3-7 to predict the transmittance of a specific 

combination of scattering domain and matrix materials. For example, consider the selection of  

poly(ethylene oxide) as the scattering domain and polypropylene as the matrix material.  This 

selection is reasonable because the refractive indices match at 30 °C (m = 1.005). Using Figure 

3-9 and Figure 3-10, the relative refractive index is found to be 0.974 at 93 °C. For L = 1.0 mm, 

fv = 10%, and x = 2.5, the overall optical thickness is 0.08 at 30 °C and 2.55 at 93 °C. Using 

Figure 3-7, the predicted  

transmittance is 91.1% at 30 °C and 65% at 93 °C as shown by Figure 3-11. Repeating the 

process, Figure 3-7 can be used to predict the transmittance as a function of temperature for 

other thickness, volume fraction, and particle size combinations. 

To further illustrate how the selection of the matrix and scattering domain materials 

affects the transmittance of the thermotropic composite, Figure 3-12 is presented. This figure 

shows the transmittance as a function of relative refractive index, m, for three volume fractions, fv 

= {2.5%, 5%, 10%}. For this figure, a particle radius of 187 nm is selected in accordance with the 

recommendation of Nitz, et al. (1998) [35]. At an incident wavelength of 589 nm, this particle 

radius corresponds to a particle size parameter of 2. The thickness of L = 1mm is representative  
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Figure 3-12 Predicted transmittance as a function of relative refractive index for a = 187 nm, λ = 589 nm, 
and L = 1 mm. 

of published phase change thermotropic materials [33, 54]. Figure 3-12 shows that transmittance 

is more sensitive to a change in relative refractive index than to volume fraction. For example, at 

m = 0.97, doubling the volume fraction (from fv = 5% to 10%) corresponds to a 14% decrease in 

transmittance. However decreasing the relative refractive index by only 5%  

(from m = 0.97 to 0.92) results in a 38% decrease in transmittance, at fv = 5%. Therefore, Figure 

3-12 demonstrates how crucial the selection of both materials is on the effectiveness of a 

thermotropic material. A potential scattering domain material cannot be vetted based solely on its 

change in refractive index with temperature, but consideration must also be given to the matrix 

material with which it will be combined.  

3.6 Conclusion 

Thermotropic materials have the potential to provide a means for passive overheat 

protection of polymer solar absorbers because their optical properties depend on temperature. The 

present work presents a parametric study of radiative transfer in thermotropic materials. This 

study provides a theoretical basis for the selection of scattering domain and matrix material 

combinations based on a model of radiative transfer in a matrix containing a dispersed phase of 

particles.   
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The model results show the importance of the relative refractive index of the two 

materials in assuring a change in transmittance with temperature.  Based on optical properties, 

potential thermotropic material combinations are identified for use as overheat protection: 

poly(ethylene-co-vinyl acetate) as the scattering domain material in a matrix of poly(methyl 

methacrylate), and relatively short chain alkanes such as n-hexatriacontane in a matrix of 

polycarbonate. Other potential thermotropic material combinations can be identified using the 

process outlined in the text.  Additional considerations for selecting materials include crystallinity 

and manufacturing compatibility of the constituents. 
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3.8 Nomenclature 

Latin Symbols 

  a radius of scattering domain (nm) 

  fv  volume fraction of scattering domains (%) 

  I radiative intensity (W·m
-2

·sr
-1

) 

  L material thickness (mm) 

  lσ path length travelled by ray (mm) 

  m relative index of refraction 

  M molar mass (kg·mol
-1

) 

  nparticle refractive index of scattering domains material 

  nmatrix refractive index of matrix material 

  N total number of rays used in Monte Carlo simulation 

  Nr number of rays reflected 
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  Nt number of rays transmitted 

  Qs scattering efficiency factor 

  R molar refractivity (cm
3
·mol

-1
) 

  Rσ random number used to determine the path length  

  Rθ  random number used to determine the scattering angle  

  Rψ random number used to determine the azimuth 

  ŝ unit vector describing direction of ray 

  ŝi unit vector describing direction of radiation before being scattered into ŝ 

  x particle size parameter 

  z direction of material thickness 

Greek Symbols 

  β extinction coefficient (mm
-1

) 

  θ scattering angle (radians) 

  λ wavelength of incident radiation (nm) 

  ρ density (kg·m
-3

) 

`ρ slab reflectance (%)  

  σs scattering coefficient (mm
-1

) 

  τL overall optical thickness 

`τ slab transmittance (%) 

`τsolar solar-weighted transmittance (%) 

  Φ scattering phase function 

  ψ azimuth angle (radians) 

  Ω Solid angle (sr) 

  ω scattering albedo 
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4 A Parametric Numerical Study of Optical Behavior of Thermotropic 

Materials for Solar Thermal Collectors 

Published in the ASME Journal of Heat Transfer 

 

4.1 Summary 

A Monte Carlo model is applied to determinate the steady state, solar-weighted 

optical properties of potential thermotropic composite materials for overheat protection of 

polymer solar absorbers. The key results are dimensionless plots of normal-hemispherical 

transmittance, reflectance and absorptance as a function of particle size parameter, 

scattering albedo, and overall optical thickness. The optical behavior of thermotropic 

materials at different temperatures is represented by a change in the relative refractive 

index which affects the scattering albedo and optical thickness. At low temperatures 

where overheat protection is not required, referred to as the clear state, the overall optical 

thickness should be less than 0.3 to ensure high transmittance for the preferred particle 

size parameter of 2. At higher temperatures where overheat protection is required, 

referred to as the translucent state, the overall optical thickness should be greater than 10 

and the scattering albedo should be greater than 0.995 to achieve 50% reflectance. A case 

study of low molecular weighted polyethylene in poly(methyl methacrylate) is presented 

to illustrate use of the results to guide the design of thermotropic materials.
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4.2 Introduction 

Hot water accounts for 18% of energy consumption in residential buildings in the 

United States [1]. Depending on the aperture area, tank volume, hot water demand, and 

geographic location, domestic solar thermal hot water systems can provide 40 to over 

95% of the hot water energy requirements [2]. Despite this potential, adoption of solar 

thermal collectors for domestic hot water has been limited by the payback period required 

to recoup the initial system cost [3, 4].  

Glazed solar thermal collectors constructed of commodity polymers offer the 

potential to reduce the initial cost [3, 5-7], but overheat protection of the absorber is 

required to avoid exceeding the maximum allowable temperature of the polymer [8-10]. 

The relative thermal index, defined as the temperature at which there is 50% reduction in 

mechanical properties (impact resistance, strength, or stiffness) after conditioning 

100,000 hours at that temperature [11], is recommended as the maximum allowable 

temperature for polymers for this application [12]. Commodity polymers such as 

polyethylene (PE) and polypropylene (PP) have a relative thermal index of 105 and 

115°C, respectively [13]. Such temperatures could easily be exceeded during periods 

when there is no hot water demand, referred to as stagnation.  Simulations of glazed 

polymer collectors in Phoenix, AZ and Minneapolis, MN indicate that stagnation 

temperatures could exceed 100°C for 2169 and 1012 hours per year, respectively [8].  
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One proposed approach to control the temperature of polymer absorbers is the 

addition of a thin layer of thermotropic material to the surface of the absorber [9, 14, 15]. 

Thermotropic materials are dispersed media with optical properties that change as a 

function of temperature [16, 17]. Ideally when the temperature of a solar absorber is 

lower than the relative thermal index, the thermotropic material is in a ‘clear state’ 

characterized by high transmittance. When the temperature of the absorber approaches 

the relative thermal index, the thermotropic material switches from the clear to a 

‘translucent state’, characterized by low transmittance and high reflectance. It has been 

suggested that a thermotropic material should have a solar weighted transmittance ≥85% 

in the clear state and ≤60% in the translucent state [15]. However, the recommendation of 

60% transmittance in the translucent state is for a maximum absorber temperature of 130 

°C which exceeds the relative thermal index temperature of many commodity polymers. 

Using the relative thermal index of polypropylene, the solar-weighted reflectance in the 

translucent state should be ≥50% to prevent the stagnation temperature from exceeding 

115 °C for the worst case conditions (1200 W/m
2
 normal irradiation, ambient temperature 

of 30 °C, no wind) suggested by [15].  

The focus of efforts to develop thermotropic materials for solar collectors is phase 

change thermotropic materials [14, 18-20]. As illustrated in Figure 4-1, these materials 

have discrete particles, collectively referred to as the scattering domain, embedded in an 

optically clear matrix material. Ideally, in the clear state, the refractive indices of the two 

materials are equivalent and the real part of the relative index of refraction, m, is equal to 

matrix

particle

n

n
m   (4.1) 
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Figure 4-1 Schematic of radiation scattering by phase change thermotropic materials in the (a) clear state 
and (b) translucent state. Reflection is shown at an angle for clarity. 

unity. In this situation, volumetric scattering by the particles is insignificant and 

transmission in the solar spectrum is excellent. At or near the thermal index temperature, 

the scattering domain undergoes a phase change which is accompanied by a significant 

change in density and thus refractive index.  In this case, m ≠ 1 and transmittance is 

reduced significantly due to the increase in volumetric reflection (Figure 4-1b). The 

change in refractive index with density is described by the Lorentz-Lorenz equation [21, 

22]. In a single scattering event, most of the radiation is forward scattered, in accordance 

with the scattering phase function, at small angles relative to the direction of propagation 

of the incident radiation. However, at each scattering event, a fraction of the radiation 

incident on the particle is scattered toward the irradiated interface of the thermotropic 

material (Figure 4-1), and thus multiple scattering events yield a cumulative increase in 

reflectance.  

 To date, numerous phase change thermotropic materials have been evaluated [17-

20, 23-30], but none meets the dual requirements of high transmittance in the clear state 

and high reflectance in the translucent state. Muehling, et al. [25] used a mixture of 
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n-octadecane/n-eicosane/n-docosane/n-tetracosane as the scattering domain in an 

acrylate-based UV curable resin, at a 6% weight concentration of particles and a sample 

thickness of 1.7 mm. The two samples with the most significant change in solar-weighted 

transmittance changed from 75% and 69% in the clear state to 54% and 41%, 

respectively, in the translucent state [25]. The material has been commercialized as 

Solardim®-Eco (http://www.thermotropic-polymers.com/). Resch, et al. [18] utilized a 

wax for the scattering domain and a UV-cured resin for the matrix. The material was 0.8 

mm thick and contained 5% weight concentration of particles. The best performing 

samples, based on a change in transmittance with temperature, had solar-weighted 

transmittances of 87% and 83% in the clear state, and 75 and 69%, respectively, in the 

translucent state [18]. In a study of 36 unspecified material combinations, the two 

combinations with the most significant change in solar-weighted transmittance changed 

from 80 and 77% in the clear state to 68% and 64%, respectively, in the translucent state 

[20]. In the study, all samples were prepared at a thickness of 0.9 mm and a weight 

fraction of 5% of scattering domain material [20]. A recent study by the same research 

group considered 24 scattering domain materials and 7 matrix materials. The matrix 

materials consisted of both thermoplastics and UV curable resins. From these two groups 

of materials, 43 combinations were evaluated. Samples 0.8 mm (UV curable resin matrix) 

or 0.9 mm (thermoplastic matrix) thick were fabricated at a theoretical weight faction of 

5% of scattering domain material [29]. The resulting materials did not perform 

significantly better than previous thermotropic materials. The best performing samples, 

were glycerine monostearate in a matrix of polyester acrylate (`τsolar = 76% to 67%) and 
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fatty acids in a matrix of aromatic urethane acrylate (`τsolar = 79% to 71%), epoxy 

acrylate (`τsolar = 72% to 60%), or polyester acrylate (`τsolar = 79% to 65%) [29]. The 

limited change in transmittance was attributed to the large particle diameter (1 to 100 μm) 

[19, 30-32] and sample defects [30, 32]. Nitz, et al. [33] suggest using a particle radius of 

150 to 350 nm to achieve maximum reflectance in the translucent state.  

Development of thermotropic materials based solely on an empirical approach 

employing extensive laboratory tests performed on numerous variants of existing 

materials has met with limited success. This limitation is due, in part, because of a poor 

understanding of the effects of material choice, particle size, volume fraction, and slab 

thickness on the optical behaviour in the clear state versus the translucent state. In prior 

work, the authors suggest potential thermotropic material combinations based on 

predictions of the normal-hemispherical transmittance in both states at 589 nm for non-

absorbing slabs [14]. The present work expands the model to consider absorption and 

provides a parametric examination of the effects of the relative refractive index, m, the 

particle size parameter, x,  



a
x

2
  (4.2) 

the absorptive index, k, the thickness, L, and the volume fraction of the disperse phase, fv, 

on the  normal-hemispherical transmittance, reflectance, and absorptance (for the solar 

spectrum) in the clear and the translucent states.  Results are presented in dimensionless 

form in terms of the particle size parameter, x, the scattering albedo, ω, and the overall 

optical thickness, τL. The model captures the steady state behavior in the two states. 

Interpretation of the results is illustrated through presentation of a case study of low 
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molecular weight (<1k) polyethylene (PE) dispersed in a matrix of poly(methyl 

methacrylate) (PMMA). The spectral refractive indices of the two materials are obtained 

from the literature [34, 35]. The spectral absorptive index is determined experimentally as 

discussed in section 4.5.2.  

4.3 Model Description 

 The thermotropic material is modeled, as shown in Figure 4-2, as a slab of 

uniform thickness, L, irradiated with collimated radiation of wavelength, λ, at normal 

incidence. The slab comprises a matrix material with complex index of refraction, Nmatrix, 

matrixmatrixmatrix iknN   (4.3) 

and monodispersed, randomly distributed, spherical particles with radius, a, and complex 

index of refraction, Nparticle, 

particleparticleparticle iknN   (4.4) 

at a volume fraction, fv.  

 

 

Figure 4-2 The modeling domain. 

 

 



 

72 

 

The major assumptions of the model are as follows. 

1.  The thermotropic material is isothermal and at steady state. The model 

represents a thermotropic material at different temperatures by a change in the 

relative refractive index. This change in relative refractive index causes a 

change in the scattering albedo and optical thickness. The scope of the study 

excludes the transient transition between the clear and translucent states. 

While understanding the transient heat transfer and phase change within the 

material is relevant as the material switches from the clear to the translucent 

state, it is not necessary to capture the transient process to identify materials 

that are most promising for future development.   

2. Particles are monodisperse, randomly distributed and spherical.  The 

assumption of spherical particles is supported by microscopic images of 

synthesized melt mix polymer blends [27, 36, 37].  At the low volume 

fractions of practical interest (fv < 20%), spheres are formed preferentially in 

the mixing process to minimize the free energy of the dispersed particles. 

3. Particles scatter radiation independently. This assumption is valid when the 

distance between particles is greater than half the wavelength of incident 

radiation [38]. For example, if fv = 15% then x should be ≥2 and if fv = 10% 

then x should be ≥1.5 [38]. 

4. The thermotropic material is cold. At a maximum temperature of ~423 K, the 

temperature of the thermotropic material is an order of magnitude lower than 

the effective black body temperature of the sun (5777 K). Therefore emission 
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by the thermotropic material does not significantly contribute to the optical 

properties of the material in the solar spectrum. 

5. A matrix refractive index of 1.50, representative of many polymers [39], is 

assumed.  

6. The surrounding media is assumed to be air with a refractive index of one.  

7. Specular reflection at the interface is assumed. 

 Volumetric scattering and absorption within the slab are governed by the equation 

of radiative transfer (RTE), which describes the change in radiative intensity, I, along the 

direction of propagation [40-42]. Neglecting reemission, the RTE is  

      dsssII
d

dI
ii

ˆ,ˆˆ
4

4
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
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where the overall optical thickness, τL, is 

 LeffsL   ,,,   (4.6) 

and the scattering albedo, ω, is 

 









,,

,

effs

s


 . (4.7) 

The first term on the right hand side of eq. (4.5) is the attenuated radiative intensity of 

wavelength, λ. The second term describes the radiative intensity scattered into the 

direction of interest, ŝ, from all other directions. The integrand of the second term 

includes the scattering phase function, Φ, which describes the probability that radiation 

from ŝi will be scattered into ŝ. For disperse media with monodisperse particles, the 

scattering coefficient, σs, and effective absorption coefficient, κeff, reduce to the forms 

shown in eq. (4.8) and (4.9) [43, 44], respectively 
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 The Mie theory based code BHMIE [45] is used to calculate the scattering 

efficiency factor, Qs, the extinction efficiency factor, Qext, and scattering phase function. 

Mie theory is a solution to Maxwell’s equations for an electromagnetic wave incident 

upon a single spherical particle, and the results are valid for the ranges of kmatrix (<10
-4

) 

and x (<15) investigated in the present work [46, 47]. The inputs to Mie theory are m, x, 

and kparticle.  

 A pathlength Monte Carlo ray tracing algorithm is used to solve the RTE and 

calculate the normal-hemispherical transmittance, reflectance, and absorptance of the 

slab. Monte Carlo ray tracing techniques are stochastic methods which track individual 

photon packages of radiation, referred to as rays, as each photon package propagates 

through and interacts with the medium. The paths of many individual rays must be 

tracked to obtain statistically relevant results. Detailed explanation of the various Monte 

Carlo techniques can be found in standard monographs such as [48] and [49]. In the 

present work, only the key points relevant to modeling a thermotropic material are 

discussed. 

 The term pathlength Monte Carlo technique is used as in [49] to refer to a 

technique which calculates the path length traveled by the ray using σs. The ray is 

scattered at the end of the path length. To determine the scattered angle, θ, corresponding 

to the generated random number, Rθ, the cumulative distribution equation, 
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 ddR   , (4.10) 

is inverted through numerical integration. To determine scattering angles between the 

integration points, linear interpolation is used. A linear approximation within a 0.026 

radian integration interval was found to provide a smooth curve. The linearity of the 

cumulative distribution function between the integration points was checked for accuracy 

by refining the interval of integration to 0.0014 radians. Absorption occurs along the 

entire path length. This method is referred to as energy partitioning in [48]. The process 

of volumetric scattering and absorption is truncated when the energy of the ray reaches 

0.01% of its initial value. When a ray intersects an interface, the reflectivity of the 

interface is determined, as a function of the incidence angle, by the full Fresnel equations 

[50].  

The predictions of the model are presented in terms of the relevant dimensionless 

parameters, x, τL, and ω. Although the scattering phase function is a function of m and x, 

for the range of m relevant for thermotropic materials (0.9 ≤ m ≤ 1.1), the scattering 

phase function is more strongly dependent on x than m. This dependency is exemplified 

by the dependency of the asymmetry factor, g,  

  








4

cos
4

1
cos dg . (4.11) 

on the particle size parameter. For a constant m, g increases from 0.04 to 0.95 as x 

increases from 0.5 to 7, but for a constant x and 0.9 ≤ m ≤ 1.1, g changes by ≤0.01. This 

change in g with respect to m has a little effect on the model predictions. Thus the results 
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can be expressed as a function of x. The asymmetry factor and range for 0.9 ≤ m ≤ 1.1 is 

reported for each particle size.  

4.4 Model Validation 

To validate the Monte Carlo code, the predictions of the model are compared to 

the solution for the transmittance and reflectance of a gray, isothermal, cold, scattering 

media irradiated with collimated [51] or diffuse radiation [52].  

In Table 4-1, the model predictions are compared to the exact transmittance of a 

non-absorbing media (ω = 1) of overall optical thicknesses of 1, 2, 5, and 10 [51]. 

Isotropic and anisotropic scattering are considered. For anisotropic scattering, the linear 

anisotropic phase functions 

\cos1;cos5.01 21 p     (4.12) 

are used. Model predictions are in excellent agreement with the analytical solution. 

Table 4-1 Comparison of model predictions to exact solution for a scattering, non-absorbing medium 

Φ τL ω `τexact (%) `τMC (%) 
Isotropic 1 1 34.13 34.12 

Isotropic 2 1 51.75 51.81 

Isotropic 5 1 73.87 73.82 

Isotropic 10 1 85.3 85.25 

1 + 0.5cosθ 1 1 29.24 28.92 

1 + 0.5cosθ 2 1 46.54 46.23 

1 + 0.5cosθ 5 1 69.97 69.7 

1 + 0.5cosθ 10 1 82.79 82.61 

1 + cosθ 1 1 23.55 23 

1 + cosθ 2 1 40.06 39.42 

1 + cosθ 5 1 64.71 64.22 

1 + cosθ 10 1 79.24 78.8 
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(a) 

 
(b) 

Figure 4-3 Comparison of model predictions to benchmark solution for (a) transmittance and (b) reflectance. 
(1) Φ=F; ρ=0.0; τL = 2; (2) Φ=F; ρ=0.0; τL = 5; (3) Φ=F; ρ=0.5; τL = 2; (4) Φ=F; ρ=0.5; τL = 5; (5) Φ=B; 
ρ=0.0; τL = 2; (6) Φ=B; ρ=0.0; τL = 5; (7) Φ=B; ρ=0 

In Figure 4-3, the model predictions are compared to the transmittance and 

reflectance of an absorbing and anisotropic scattering medium [52] which has been used 

as a benchmark solution [53, 54]. A P-11 spherical harmonics approximation was used to 

solve the problem. At the τ = τL boundary, the medium is bounded by either a transparent 

interface (ρ = 0) or a specular reflecting interface (ρ = 0.5). A strongly forward scattering 

(representative of m = 1.2, x = 10) and a strongly back scattering (representative of m = 

∞, x = 1) phase function are considered. The phase functions are approximated using a 27 

term and a 6 term Legendre polynomial for the forward and backward scattering 

functions, respectively [52, 53]. Overall optical thickness of 2 and 5, and scattering 

albedos between 0.7 and 1 are examined. Again, there is excellent agreement between the  
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(a) 

 
(b) 

Figure 4-4 Transmittance for m = 0.98, x = 2.5,  λ = 550 nm, L = 3.5 mm, k = 10-6 and fv = 10% versus: (a) 
number of rays for a truncation value of 0.0001; (b) truncation value for 5x105 rays. 

model predictions and the benchmark solutions with less than 0.3 percentage point 

difference between the two. 

The effect of the number of rays and the truncation value on the predicted 

transmittance materials was evaluated for m = 0.98, x = 2.5, λ = 550 nm, L = 3.5 mm, k = 

10
-6

 and fv = 10% as shown in Figure 4-4. At a truncation value of 0.01%, the simulation 

converges at 2.5x10
4
 rays to <0.4% of the transmittance at 5x10

6
 rays (Figure 4-4a). 

When using 5x10
5
 rays, the simulation converges at a truncation value of 1% to within 

0.1% of the predicted value at a truncation value of 0.0001% (Figure 4-4b). All 

simulations used 5x10
5
 rays and a truncation value of 0.01%. 
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4.5 Results and Discussion 

4.5.1 Parametric Study 

The results are presented in dimensionless form for 0.5 ≤ x ≤ 15, 0 ≤ τL ≤ 30, and 

0.75 ≤ ω ≤ 1. The dimensionless results are interpreted to identify potential thermotropic 

material combinations and to optimize the volume fraction, thickness, and particle size 

for the best optical performance in the clear and translucent states. This process of 

selection and optimization is demonstrated through a case study.  

A change in x is equivalent to examining a thermotropic material with fixed 

particle radius at different wavelengths or conversely, a thermotropic material at one 

wavelength but with different particle radii. An increase in τL corresponds to an increase 

in L, fv, k, or |1 - m|. For a phase change thermotropic material with fixed L, fv, and k, τL 

increases with temperature in response to an increase in |1 - m|. Thus an increase in τL is 

equivalent to examining a thermotropic material at higher temperature. Physically, an 

increase in ω corresponds to an increase in fv or |1 - m|, or to a decrease in k. Since, for 

phase change materials, only |1 - m| depends on temperature, ω increases from the clear 

to the translucent state.  

The transmittance and reflectance, as a function of τL and ω, are given in Figure 

4-5 and Figure 4-6 for x = 2 and x = 7, respectively. These particle sizes are highlighted 

because, at the peak wavelength of the solar spectrum (550nm), they represent a particle 

radius inside (a = 175 nm for x = 2) and outside (a = 613 nm for x = 7) the particle radius 

range suggested by [33]. The plots for other values of x are provided in the Appendix. As 

is expected from Bouguer’s law, the transmittance decreases exponentially with  
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(a) 

 
(b) 

Figure 4-5 Normal-hemispherical (a) transmittance and (b) reflectance for x = 2 (g = 0.608±0.01). 

increasing τL. For both x = 2 and x = 7, the further ω is from unity, the faster is the rate of 

decrease in transmittance with increasing τL. Comparing Figure 4-5 to Figure 4-6, it is 

seen that transmittance decreases, and reflectance increases, more rapidly with respect to 

τL for smaller values of x. At a single scattering event, smaller particles back scatter a 

larger fraction of the incident radiation than larger particles. Thus the larger the particle, 

the more scattering events (higher τL) are required to effect a reduction in transmittance. 

For 0 ≤ τL ≤ 5, the reflectance increases sharply with increasing τL. At higher values of τL, 

reflectance is independent of τL. The point at which reflectance becomes independent of  
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(a) 

 
(b) 

Figure 4-6 Normal-hemispherical (a) transmittance and (b) reflectance for x = 7 (g = 0.946±0.003). 

τL depends on x.  Figure 4-5 and Figure 4-6 show that for each value of ω, except for 

ω = 1, the reflectance reaches an asymptote by τL = 10 for x = 2 and by τL = 15 for x = 7. 

Physically, reflectance becomes independent of τL because to increase τL without 

changing ω requires increasing L. The asymptote therefore indicates that there is a 

thickness at which back scattered radiation cannot escape the material before being 

absorbed.  

How |1 - m|, and therefore τL and ω, change with temperature is material specific, 

but the values of τL and ω in the clear state and translucent state can be identified for the 
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different values of x. The change in τL between the clear and translucent state should 

occur within a small temperature range. In the clear state, high transmittance is necessary 

to prevent a significant decrease in the optical efficiency of a solar collector. To achieve 

transmittance greater than 85% in the clear state, τL must be less than ~0.3 for x = 2. In 

the clear state for x = 2, the value of ω is less important than the value of τL because at 

low values of τL there is little difference between the ω curves. For x = 7, the value of τL 

to achieve >85% transmittance depends on ω. If ω = 0.75, τL must be <0.25, but if ω = 1, 

τL must be <2.2.  To achieve ≥50% reflectance in the translucent state for x = 2 and ω = 

0.995, τL must be ≥10. For x = 7 and ω = 0.995, the reflectance asymptotes to 27% which 

corresponds to a stagnation temperature of 138°C for the collector and conditions of [15] 

(if the spectral reflectance at x = 7 is representative of the solar-weighted reflectance).  

The reduction in transmittance from the clear to the translucent state must 

correspond to an increase in reflectance. If the thermotropic layer absorbs a significant 

portion of the incident radiation, it may overheat. For instance, although the transmittance 

for x = 2, τL = 5, and ω = 0.75 is 5% and therefore seems likely to provide adequate 

overheat protection, the absorption is 88%. Thus the thermotropic layer would behave 

like an absorber. Even at ω = 0.99, the absorptance is 20%. Therefore to achieve high 

reflectance and to avoid significant absorption in the translucent state, ω should be 

≥0.995 for much of the solar spectrum. Because absorption is driven by the matrix 

material for low fv, to achieve ω ≈ 1 the absorptive index of the matrix material must be 

small. This requirement limits the selection of the matrix material to optical quality 
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polymers [55] which have high transmittance in the visible and near infrared spectrum, 

such as poly(methyl methacrylate) and polycarbonate [55, 56].  

4.5.2 Case Study 

Having outlined the dimensionless material requirements, the results of the 

parametric study can be used to design thermotropic materials. To illustrate this design 

process, a case study thermotropic material is investigated. In addition to the assumptions 

outlined for the model, the following assumptions are assumed specifically for the case 

study: 

1. The particle radius is 200 nm.  

2. The predicted change in refractive index at 589 nm [14] for the two materials 

is applied at all wavelengths considered because data are not available for 

multiple wavelengths. 

3. The asymptotic value of the available data (1.488) [35] is used for the 

refractive index of PE for wavelengths greater than 1500 nm.  

4. The absorptive index for low molecular weight PE is assumed equivalent to 

PMMA because of a lack of data for the absorptive index of low molecular 

weight PE in the solar spectrum. 

5. The absorptive index is not a function of temperature. Absorption in polymers 

depends primarily on the molecular structure. In the ultraviolet and visible 

spectra, absorption is caused by electron transitions, while at infrared 

wavelengths absorption is caused by vibrational transitions [55]. The 
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temperature range of interest for overheat protection (<120°C) is not sufficient 

to alter the molecular structure of PMMA. 

The first step of the design process is to identify a potential scattering domain and 

matrix combination. Low molecular weight PE in a matrix of PMMA is selected for 

several reasons. At room temperature, the refractive indices of low molecular weight PE 

[35] and PMMA [34] are very similar and |1 – m| ≤ 0.01.  Thus the material combination 

is expected to perform well in the clear state. The refractive index of low molecular 

weight PE changes significantly with temperature whereas the refractive index of PMMA 

is stable [14]. Thus reflection is expected to increase in the translucent state.   

Next, the absorptive index must be considered. Figure 4-7 shows the calculated 

spectral absorptive index of PMMA. The absorptive index is <10
-8

 for λ < 900, and 

generally increases with wavelength for λ >1000 nm with local peaks at λ =1190, 1400, 

and 1700 nm. The absorptive index of PMMA was calculated by the standard method of 

determining absorptive index from the normal-hemispherical data of a homogeneous 

material [46, 57, 58]. The refractive index of PMMA for 400 ≤ λ ≤ 1100 nm is taken from 

[34]. For λ ≥ 1100 nm, the asymptotic value of data, 1.483, is used. The normal-

hemispherical transmittance of five 100% PMMA samples was measured in repeated 

tests for 250 ≤ λ ≤ 2500 nm using a PerkinElmer Lambda 1050 spectrophotometer 

equipped with a 150 mm integrating sphere. In the visible spectrum the 

spectrophotometer has a photometric accuracy of ±0.003A at 5A and ±0.002A at 0.5A. 

The wavelength accuracy is ±0.08 nm in the UV/VIS and ±0.30 nm in the NIR. The  
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Figure 4-7 The calculated absorptive index for PMMA and the measured normal-hemispherical 
transmittance for a 5.9 mm thick sample. 

thicknesses of the samples are 3.1, 3.3, 5.9, 9.3, and 9.6 mm. Figure 4-7 also shows the 

measured transmittance data for the 5.9 mm thick sample. 

The thickness, L, and volume fraction, fv, of the PE/PMMA composite are initially 

taken to be 1 mm and 5%, respectively, to be representative of values reported in the 

literature for phase change thermotropic materials [18, 20, 25]. In the clear state (30°C), 

because m is near unity and k is low, τL is ≤ 0.07 for 400 ≤ λ ≤ 1250 nm. The predicted 

relative decrease in the refractive index of PE and PMMA from 30 to 110°C is 7 and 1%, 

respectively [14]. Therefore in the translucent state (110°C), τL is calculated to be ≥ 1 for 

400 ≤ λ ≤ 1000 nm and ≥ 3 for 400 ≤ λ ≤ 650 nm. The scattering albedo is between 1 and 

0.918 for 400 ≤ λ ≤ 1250 nm. The dimensionless model results are used to predict the 

spectral, normal-hemispherical transmittance, reflectance, and absorptance of the 

PE/PMMA blend at eleven wavelengths between 400 and 2500 nm. To calculate the 

solar-weighted, normal-hemispherical optical properties for an air mass of 1.5, a stepwise 

approximation of the spectral transmittance and reflectance curves is used.  

Figure 4-8 shows the predicted spectral, normal-hemispherical transmittance and 

reflectance of the PE/PMMA blend in the clear (30°C) and translucent (110°C) states for  
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(a) 

 
(b) 

Figure 4-8 Spectral, normal-hemispherical (a) transmittance and (b) reflectance in the clear and translucent 
states for low molecular weight PE in PMMA. fv = 5%; L = 1 mm. 

L = 1.0 mm and fv = 5%. In the clear state, there is negligible reduction in transmittance 

from the measured value of 92% for pure PMMA for 400 ≤ λ ≤ 1200 nm. In the 

translucent state, the transmittance is reduced to ~60% between 400 ≤ λ ≤ 900 nm. 

Because ω ≈ 1, the decrease in transmittance corresponds to a significant increase in 

reflectance from ~8% in the clear state to ~40% in the translucent state. The solar-

weighted transmittance is 85% and 57% in the clear and translucent states, respectively. 

The next step in designing the thermotropic material is to determine the effects of 

L and fv on the solar weighted transmittance and reflectance (Figure 4-9 and Figure 4-10) 

and to optimize them for the desired optical performance. In the clear state (Figure 4-9a 

and Figure 4-10a), the solar-weighted transmittance decreases with increasing L and fv.  
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(a) 

 
(b) 

Figure 4-9 Effects of thickness in the (a) clear and (b) translucent states for low molecular weight PE in 
PMMA for fv = 5%. 

For the range of L and fv investigated, the transmittance is more sensitive to L. The solar 

weighted transmittance for fv = 5% decreases from 87% at L = 0.5mm to 77% at 

L = 5mm. In comparison, the transmittance for L = 1mm decreases from 85% at fv = 2.5% 

to 83% at fv = 15%. In the translucent state (Figure 4-9b and Figure 4-10b) both L and fv 

significantly affect the solar-weighted reflectance. An increase in L from 0.5 to 5 mm 

increases the reflectance from 26 to 53%. An increase in fv from 2.5 to 15% increases the 

reflectance from 25 to 49%. Thickness also has a significant effect on solar weighted 

absorption. The absorption increases from 6% for L = 0.5 mm to 19% for L = 5 mm. 

Increasing fv marginally increases absorption.  
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(a) 

 
(b) 

Figure 4-10 Effects of volume fraction in the (a) clear and (b) translucent states for L = 1 mm. 

Thus, for the combination of low molecular weight PE in PMMA to provide 

maximum overheat protection while attaining a clear state solar-weighted transmittance 

of 85%, L should be 1 mm and fv should be 10%. This combination would limit the 

stagnation temperature, of the collector in [15] to 122 °C. To limit the stagnation 

temperature to 115 °C, the solar-weighted reflectance in the translucent state must be 

50%. To achieve this translucent state reflectance, L should be 1mm and fv should be 

15%. However, this combination has a clear state solar-weighted transmittance slightly 

less than the goal of 85%.  
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4.6 Conclusion 

The present study uses a Monte Carlo model to guide the selection of phase 

change thermotropic materials for overheat protection of polymer solar absorbers.  The 

steady state, solar-weighted optical properties (transmittance, reflectance, and 

absorptance) of potential thermotropic composite materials are evaluated in two states, 

referred to as the clear and translucent state.  The states are differentiated by differences 

in transmittance due to differences the relative refractive index. The transient transition 

between the two states is not considered.  

A parametric study of effects of the dimensionless particle size parameter, optical 

thickness, and scattering albedo on the normal-hemispherical transmittance, reflectance, 

and absorptance in the solar spectrum of thermotropic materials is provided. For a 

particle size parameter of 2, the optical thickness should be less than ~0.3 to achieve a 

spectral transmittance greater than 85%. The optical thickness should be greater than 10 

(for a scattering albedo of 0.995) to increase the reflectance to ≥50% in the translucent 

state. For the reduction in transmittance to correspond to an increase in reflectance and 

not absorption, the scattering albedo must be greater than 0.995 in the translucent state. 

To achieve a scattering albedo of approximately one, it is recommended that the matrix 

polymer be an optical quality polymer such as polycarbonate or poly(methyl 

methacrylate).  

From the requirements for optical thickness in the clear and translucent states, low 

molecular weight polyethylene in a matrix of poly(methyl methacrylate) is identified as a 

promising combination for a phase change thermotropic material. For these materials and 
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a particle radius of 200 nm, the thickness should be 1.0 mm and the volume fraction 

should be 15% to limit the stagnation temperature to less than 115°C. This combination 

of variables significantly decreases the solar weighted transmittance from 83% in the 

clear state to 41% in the translucent state. As is desired, the solar weighted reflectance 

significantly increases from the clear to the translucent state (9 to 49%), and the solar 

weighted absorptance remains low in both states (9% in the clear state and 10% in the 

translucent state).  

The results provide guidance to selection and design of thermotropic materials but 

additional research will be needed to evaluate the manufacturability and performance of 

the potential materials, including the transient heat transfer associated with a solar 

collector application.    
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4.8 Nomenclature 

a radius of scattering domain (nm) 

E irradiance (W/m
2
/nm) 

fv volume fraction of scattering domains (%) 

g asymmetry factor 

I radiative intensity (W/m
2
/sr) 

T temperature (°C) 

i imaginary number 

k absorptive coefficient 
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L material thickness (mm) 

m relative index of refraction 

N complex index of refraction 

n refractive index 

Qext extinction efficiency factor 

Qs scattering efficiency factor 

Rθ Random number used to determined scattered angle 

ŝ unit vector describing direction of ray 

ŝi unit vector describing direction of radiation before being scattered into ŝ 

x particle size parameter 

z direction into the thermotropic material 

`α absorptance (%) 

θ scattering angle (radians) 

κeff effective absorptive coefficient (mm
-1

) 

λ wavelength of incident radiation (nm) 

`ρ normal-hemispherical reflectance (%) 

ρ interface reflectivity (%) 

σs scattering coefficient (mm
-1

) 

τL optical thickness 

τ normal-hemispherical transmittance (%) 

Φ scattering phase function 

ω scattering albedo 

Ω solid angle (sr) 

Subscripts 

matrix property of the matrix material 

particle  property of the scattering domain material 

solar solar weighted 

λ wavelength dependent 
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4.9 Appendix 

This appendix provides additional numerical data for particle size parameters of 0.5, 1.0, 

1.5, 2.5, 3.0, 3.5, 5.0, 10.0, 12.5, and 15 for 0 ≤ τL ≤ 30 and 0.75 ≤ ω ≤ 1.0 (Figure 4-11 to 

Figure 4-20). The mean value and the range of the asymmetry factor for 0.9 ≤ m ≤ 1.1 is also 

provided for each x. Data for particle size parameters of 2.0 and 7.0 are presented in the body of 

the paper. 

  

(a) (b) 

Figure 4-11 Normal-hemispherical (a) transmittance and (b) reflectance for x = 0.5 (g = 0.041 ± 0.001). 

 

  

(a) (b) 

Figure 4-12 Normal-hemispherical (a) transmittance and (b) reflectance for x = 1.0 (g = 0.168 ± 0.003). 
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(a) (b) 

Figure 4-13 Normal-hemispherical (a) transmittance and (b) reflectance for x = 1.5 (g = 0.385 ± 0.008). 

 

  

(a) (b) 

Figure 4-14 Normal-hemispherical (a) transmittance and (b) reflectance for x = 2.5 (g = 0.739 ± 0.01). 
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(a) (b) 

Figure 4-15 Normal-hemispherical (a) transmittance and (b) reflectance for x = 3.0 (g = 0.794 ± 0.005). 

 

  

(a) (b) 

Figure 4-16 Normal-hemispherical (a) transmittance and (b) reflectance for x = 3.5 (g = 0.836 ± 0.005). 
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(a) (b) 

Figure 4-17 Normal-hemispherical (a) transmittance and (b) reflectance for x = 5.0 (g = 0.907 ± 0.001). 

 

  

(a) (b) 

Figure 4-18 Normal-hemispherical (a) transmittance and (b) reflectance for x = 10.0 (g = 0.967 ± 0.003). 
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(a) (b) 

Figure 4-19 Normal-hemispherical (a) transmittance and (b) reflectance for x = 12.5 (g = 0.976 ± 0.004). 

 

  

(a) (b) 

Figure 4-20 Normal-hemispherical (a) transmittance and (b) reflectance for x = 15.0 (g = 0.981 ± 0.005). 
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5 Numerical Evaluation of Encapsulated Phase Change Particles for a 

Thermotropic Material 

To be submitted 

5.1 Summary 

Phase change thermotropic materials have been proposed as a low cost method of 

providing passive overheat protection for polymer solar thermal absorbers. One challenge 

to the development of these materials is controlling the size of the phase change particles 

dispersed within the matrix material. Here we explore encapsulation as a means to 

resolve this challenge with a focus on the selection of materials, including the 

encapsulating shell, to achieve desirable optical behavior.  Hydroxystearic acid particles 

in a matrix of poly(methyl methacrylate) is down selected from candidate materials based 

on its optical properties and the melt temperature of the dispersed phase.  The optical 

properties (normal-hemispherical transmittance, reflectance and absorptance) of this 

material as a function of the particle volume fraction and properties of the encapsulation 

shell are predicted using a Monte Carlo ray tracing model.   A range of shell relative 

refractive indices, from 0.95 to 1, and thicknesses, up to 35 nm, can be employed to 

achieve greater than 80% transmittance in the clear state and greater than 50% reflectance 

in the translucent state.  

5.2 Introduction 

Over the past decade there has been an international effort to substantially reduce 

the cost of solar thermal collectors for domestic hot water and space heating through the 
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development of polymeric absorbers and glazings [1-12]. The goal is to use commodity 

plastics, such as polypropylene, which are amenable to high-volume, low-cost 

manufacturing processes. The challenge is to overcome the limitation of relatively low 

service temperature (100°C) of these materials because solar absorbers can exceed the 

service temperature of commodity polymers during the summer months or during 

dormant periods (e.g., when the homeowners are on vacation) [13-15].  Numerous 

approaches to provide overheat protection have been suggested [13, 16-29], including the 

passive approach considered in the present work of adding a phase-change thermotropic 

material to the top surface of the polymer absorber [13, 15, 26-28, 30-37]. Overheat 

protection is provided when the thermotropic layer changes from highly transparent 

(referred to as the clear state) to highly reflective (the translucent state) as the absorber 

approaches its service temperature. The solar-weighted transmittance in the clear state 

impacts the optical efficiency of the collector. The solar-weighted reflectance in the 

translucent state dictates the level of overheat protection provided and thus the choice of 

absorber material [14]. 

Phase change thermotropic materials consist of particles, collectively referred to 

as the scattering domain, of a phase change material embedded in a stable and optically 

matched matrix material. The phase change temperature should be slightly lower than the 

service temperature of the polymer absorber.  In the clear state, the particles are solid and 

their refractive index should match the refractive index of the matrix material so that 

incident radiation is not scattered. A solar-weighted transmittance greater than 80% is 

desirable to maintain high optical efficiency during solar collection [13, 14].  In the 
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translucent state, the particles melt which causes a change in refractive index. This 

change creates a mismatch in the refractive index between the particles and the matrix. 

Consequently, radiation is scattered and transmittance is reduced due to an increase in 

reflectance. The reflectance in the translucent state required to protect the absorber 

depends on ambient conditions, the collector design, and the polymer used for the 

absorber [14]. A solar-weighted reflectance greater than 50% is required to adequately 

protect a polypropylene absorber (service temperature of 115ºC). Other commodity 

polymers such as cross-linked polyethylene, which has a service temperature of 100ºC, 

require higher reflectance (≥65%) [14].   

Based on a review of the scientific literature and to our knowledge, material 

development efforts have failed to yield phase change thermotropic materials that meet 

the dual requirements of high transmittance in the clear state and adequate reflectance in 

the translucent state. The best performance, in terms of decrease in transmittance with 

temperature, was achieved by Weber et al. with ethylene-co-glycidyl methacrylate 

(8%wt) in polyamide, fatty acids in epoxy acrylate, and fatty acids in polyester acrylate 

[30, 31]. In the clear state, the measured solar-weighted transmittances were 79, 72, and 

79%, respectively. In the translucent state, the solar-weighted transmittances were 63, 60, 

and 65%, respectively [30]. These thermotropic materials failed to achieve the desired 

optical performance in part because of the inability to control the particle size distribution 

within the matrix.  The developers report a particle radius distribution of 500 to 5,000 nm 

in materials which were fabricated via melt mixing. The mean particle radius is even 
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larger and the particle size distribution more disperse, 500 to 50,000 nm, for thermotropic 

materials fabricated via mixing in a UV curable matrix [31].  

The numerical analysis of Nitz et al. [38] of an unspecified thermotropic material 

(the constituent materials were not provided) suggests a particle radius of 150 nm for 

peak reflectance in the translucent state.  Gladen et al. developed a set of dimensionless 

plots that can be used to select particle size for any material.  In general, particle radius 

from 100 to 500 nm are desired.  Smaller particles are undesirable because they do not 

effectively scatter incident solar radiation.  Larger particles are undesirable because they 

preferentially forward scatter incident radiation resulting in lower reflectance.  For 

example, for a 1 mm thick slab of poly(methyl methacrylate) (PMMA) with 10% by 

volume of low molecular weight 200 nm polyethylene particles yields a solar weighted 

reflectance in the translucent state of 43%.  For 500, 1000, and 5000 nm, particles, the 

solar reflectance decreases to 41%, 38%, and 27%, respectively.  

The challenge of fabricating thermotropic materials with submicron particles lies 

in the lack of direct control over the particle size during manufacture, which involves 

mixing the scattering domain with the matrix. The particle size is a function of numerous 

parameters. For example, in melt mixing, the particle size depends on the viscosity of the 

materials, the blending temperature, mixing speed, and the percent mass of scattering 

domain material.  Particularly challenging is obtaining small particles for blends with a 

high volume fraction (>10%) of the disperse phase and for blends with a large difference 

in viscosity between the two materials, as is the case for thermotropic materials. 
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One approach suggested to control the particle size is encapsulation of the phase 

change material prior to mixing with the matrix material [26]. Research on encapsulation 

[39-41] demonstrates that paraffin waxes (or alkanes) and fatty acids, which are 

promising scattering domain materials for thermotropic materials [27, 30], can be 

encapsulated at the submicron scale [26, 42-52] with a narrow particle size distribution 

[43, 48, 52-54]. Encapsulation is possible with a wide range of shell materials including 

poly(methyl methacrylate) [48-50, 55, 56], polycarbonate [42, 57], urea-formaldehyde 

[41, 58], melamine-formaldehyde [41, 45, 59], polyurea [43, 60], polystyrene [44, 53], 

acrylonitrile-styrene [57], acrylonitrile-styrene-butadiene [57], poly(styrene-co-methyl 

methylacrylic) [47], and silica [46, 61, 62].  The wall thickness, which also affects the 

optical properties of the particle, can be controlled [43, 63, 64].  

To-date, two studies of thermotropic materials with encapsulated particles have 

been conducted [26, 52]. In these studies, it was assumed that the best practice is to 

match the shell refractive index as closely as possible to the matrix.  Muehling, et al. [26] 

encapsulated a mixture of n-octadecane/n-eicosane/n-docosane/n-tetracosane in a cross-

linked polymer shell of vinyl monomers methyl methacrylate (MMA, 90 wt%) and 

ethylene glycol dimethacrylate (EGDMA, 10 wt%, cross-linking agent). By varying the 

percent weight of shell and core material, 200 nm (40%/60% ratio) to 800 nm (80%/20% 

ratio) radius particles were fabricated. The shell thickness was 35 – 40 nm. The 

encapsulated particles were dispersed in a 1.7 mm thick, acrylate-based resin matrix. For 

the two best performing samples, the solar weighted transmittance changed from 75% 

and 69% at 20C to 54% and 41%, respectively, above 45C [26]. Weber, et al. 
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encapsulated a paraffin wax (melting temperature of 55°C) in a shell consisting of a 

copolymer of MMA and EGDMA or a copolymer of MMA, EGDMA and isobornyl 

methacrylate (iBoMA) [52]. The particles had a mean radius of 177 nm for wax 

encapsulated in MMA-EGDMA and 244 nm for wax encapsulated in MMA-EGDMA-

iBoMA. The shell thicknesses were 50 and 65 nm, respectively. The encapsulated 

particles were dispersed in a 0.9 mm thick, UV cured polyester acrylate matrix [52]. The 

thermotropic materials had a solar-weighted transmittance of 73 and 69%, respectively at 

20°C and 49% (for both) at 70°C [52]. Previously Weber, et al. [32] reported an 

insignificant change in transmittance for the same phase change/matrix material 

combination with unencapsulated particles. The primary difference between the two 

studies is the particle size [52]. Although both studies of thermotropic materials with 

encapsulated particles [26, 52] show improved optical performance (in terms of change in 

optical properties with temperature), neither produced a thermotropic material which 

meets the requirements for providing overheat protection.  

The objective of the present numerical study is to evaluate the effects of the shell 

refractive index, shell thickness, and volume fraction of particles on the optical 

performance of a thermotropic material with encapsulated particles. 

5.3 Material Selection 

The phase change/matrix material combination considered in this study was 

identified following the approach described in [15, 27] for selecting potential 

thermotropic materials with unencapsulated particles.  Our study considers overheat 

protection of a polypropylene absorber, such that the transmittance in the clear state must 
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be greater than 80% and the reflectance in the translucent state must be greater than 50% 

[14].  These optical performance requirements are the starting point for material 

selection. 

Transmittance and reflectance data as a function of overall optical thickness τL, 

scattering albedo ω, and the particle size parameter x are provided in Gladen, et al. [15]. 

In identifying matrix/phase change combinations, absorption was neglected (ω = 1) 

because at 589 nm, the wavelength for which the refractive index of many polymers is 

available, most polymers are weakly absorbing.  The particle size parameter was selected 

to assure that the particle radius is less than 500 nm.  For a wavelength 589 nm, a particle 

size parameter x of 2.5 was selected. The corresponding particle radius a is 234 nm.  

Given the desired optical performance and the particle size parameter, the optical 

thickness for the clear state and translucent state was determined from the data provided 

in [15] : 

8.0L  clear state. 

8L  translucent state. (5.1) 

Neglecting absorption, the optical thickness can be defined as a function of the efficiency 

factor Qs, the particle volume fraction fv, and the thickness of the thermotropic layer L: 

a

LfQ vs
L

75.0
 . (5.2) 

These terms are described in greater detail in the Model Description section.  The process 

of identifying thermotropic materials consists of determining the combinations of 

scattering efficiency factor Qs, volume fraction fv, and thickness L which satisfy the 

optical thickness criteria.   
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The scattering efficiency factor is a function of the relative refractive index 

between the matrix and the phase change material, and thus is the only parameter which 

is a function of temperature.  It can be calculated using a Mie scattering code, such as the 

one provided by Bohren and Huffman [65], or determined from the data shown in Fig. 8 

(Qs as a function of m and x) of [27].  The scattering efficiency factor Qs was evaluated 

for the potential combinations of matrix and phase change materials.  The matrix 

materials of poly(methyl methacrylate) and polycarbonate were considered, because they 

are high clarity, low absorbing polymers required for the matrix material [15]. The 

scattering domain materials considered were drawn from the list provided Weber, et al. 

[30] because refractive index data in the solid and liquid phases at a wavelength of 

589 nm are provided.  From this list of phase change materials, the materials were down 

selected based on a melting temperature between 75 and 100 °C.  Table 5-1 and Table 

5-2 list the phase change materials from this down selection, along with the relative 

refractive indices for each combination in PMMA (Table 5-1) or PC (Table 5-2) and the 

scattering efficiency factor for a size parameter of 2.5. 

Given the data provided in Table 5-1 and Table 5-2, the overall optical thickness 

was calculated for various combinations of volume fraction fv and thickness L. An upper 

bound of 3mm was set for the thickness because of manufacturing considerations for co-

extrusion of the absorber and the thermotropic material.  An upper bound on volume 

fraction was set at 20% for practical considerations for manufacture.  Moreover, larger 

volume fractions are above the limit for independent scattering [66]. The calculated 

optical thickness in each state is compared to the required optical thickness set by the  
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Table 5-1  Relative refractive index and scattering efficiency factor for a matrix of PMMA, n = 1.4919 (29°C); 
n = 1.4824 (90°C) 

Phase Change Material 
Tmelt 

(°C) 

mc-m 

(T=29 °C) 

Qs 

(T=29 °C) 

mc-m 

 (T>Tmelt) 

Qs 

(T>Tmelt) 

Paraffin, high-molecular 

weight 
86 1.0148 2.065E-03 0.9680 9.265E-03 

Hydrogenated castor oil  87 1.0074 5.130E-04 0.9862 1.743E-03 

Hydroxystearic acid  78 1.0054 2.727E-04 0.9734 6.431E-03 

Fatty acid ester 81 1.0095 8.469E-04 0.9761 5.203E-03 

Hydrogenated castor oil  86 1.0068 4.329E-04 0.9849 2.099E-03 

E-co-BA (17%)-co-MAH 

(3.1%) 
90 1.0007 4.564E-06 0.9842 2.099E-03 

E-co-MA (16%)-co-

MAH (3.1%) 
87 1.0021 4.113E-05 0.9849 2.099E-03 

E-co-MA (20%)-co-

MAH (0.3%) 
82 1.0007 4.564E-06 0.9835 2.487E-03 

E-co-VA (28%) 77 0.9974 6.279E-05 0.9835 2.487E-03 

 

 

Table 5-2 Relative refractive index and scattering efficiency factor for a matrix of PC, n = 1.5847 (29°C); n = 
1.5773 (90°C) 

Phase Change Material 
Tmelt 

(°C) 

mc-m 

(T=29 °C) 

Qs 

(T=29 °C) 

mc-m 

 (T>Tmelt) 

Qs 

(T>Tmelt) 

Paraffin, high-molecular 

weight 
86 0.9554 1.783E-02 0.9098 7.012E-02 

Hydrogenated castor oil  87 0.9484 2.373E-02 0.9269 4.675E-02 

 hydroxystearic acid  78 0.9466 2.537E-02 0.9149 6.275E-02 

Fatty acid ester 81 0.9503 2.205E-02 0.9174 5.920E-02 

Hydrogenated castor oil  86 0.9478 2.427E-02 0.9256 4.833E-02 

E-co-BA (17%)-co-MAH 

(3.1%) 
90 0.9421 2.972E-02 0.9250 4.913E-02 

E-co-MA (16%)-co-MAH 

(3.1%) 
87 0.9434 2.843E-02 0.9256 4.833E-02 

E-co-MA (20%)-co-MAH 

(0.3%) 
82 0.9421 2.972E-02 0.9244 4.993E-02 

E-co-VA (28%) 77 0.9390 3.290E-02 0.9244 4.993E-02 
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optical performance criteria, and the materials are further down selected. 

Using this selection process, a promising combination is hydroxystearic acid 

(HSA), a fatty acid derivative, in a matrix of PMMA (mc-m,CS = 1.0054 at T=29°C; mc-

m,TS = 0.9734 T ≈ 80 C).  At a volume fraction of particles of 18%, and a slab thickness 

of 3mm, the transmittance in the clear state is 80% (optical thickness of 0.49) and the 

reflectance in the translucent state is 51% (scattering albedo of 0.998, optical thickness of 

11). These values of volume fraction and thickness are used as a baseline for the present 

study of encapsulated particles. The core radius is fixed at 234nm, and the thickness of 

the slab is fixed at 3 mm.  

A Monte Carlo ray tracing model is used to predict the optical properties. In 

addition to the baseline of volume fraction of 18%, volume fractions of 16 and 20% are 

considered. Shell relative refractive indices from 0.95 to 1.05 and shell thicknesses up to 

94 nm are investigated.  To interpret the results, the relative refractive index of the shell 

ms-m is assumed to be constant with temperature because the shell material does not go 

through a phase change. 

5.4 Model Description 

An overview of the governing equations and the model are given with an 

emphasis on the modifications to a prior model of thermotropic materials without 

encapsulation [15, 27] to include encapsulated particles. The primary difference between 

modeling a thermotropic material with encapsulated particles and a thermotropic material 

with unencapsulated particles is the calculation of the scattering properties of a particle. 
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Figure 5-1 The modeling domain 

The thermotropic material is modeled, as shown in Figure 5-1, as a slab of 

uniform thickness L irradiated with collimated radiation of wavelength λ = 589 nm at 

normal incidence. An incident wavelength of 589 nm is used because it is near the peak 

intensity of the solar spectrum and because the refractive index of many potential 

scattering domain materials as a function of temperature is known at this wavelength 

[30].  The slab comprises a matrix material with complex index of refraction Nmatrix 

matrixmatrixmatrix iknN  , (5.3) 

and monodispersed, randomly distributed, spherical particles with core radius a and 

complex index of refraction Ncore 

corecorecore iknN  . (5.4) 

The core is encapsulated with a shell of radius b and complex index of refraction Nshell 

shellshellshell iknN  . (5.5) 

The real portion of the relative refractive index is defined as, 

matrix

core
mc

n

n
m   (5.6) 

for the core, and  

L

z = 0

z = L

Matrix of 

complex 

refractive 

index
nmatrix- ikmatrix

Core of radius a and 

complex refractive 

index
ncore- ikcore

Interface 

Collimated radiation 

of wavelength λ at 

normal incidence

Shell of radius b and 

complex refractive 

index
nshell- ikshell
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matrix

shell
ms

n

n
m   (5.7) 

for the shell. The ratio of the refractive index of the shell to the core,  

core

shell
cs

n

n
m   (5.8) 

is an important parameter in assessing performance. The particle volume fraction fv is 

defined as the ratio of the volume occupied by the particles (core plus shell) to the total 

volume. The shell thickness tshell is the radius of the shell minus the radius of the core. 

The major assumptions of the model are:  

 The thermotropic material is isothermal and at steady state. The model represents 

a thermotropic material at different temperatures by a change in the relative 

refractive index of the core.  

 Emission by the thermotropic material is neglected. At a maximum temperature of 

~423 K, the temperature of the thermotropic material is an order of magnitude 

lower than the effective black body temperature of the sun (5777 K). Therefore 

emission by the thermotropic material does not significantly contribute to the 

optical properties of the material 589 nm.  

 Particles scatter radiation independently. This assumption is valid when the 

distance between particles is greater than half the wavelength of incident radiation 

[66]. At 589 nm and a particle size parameter of 2.5 to 5, the volume fraction 

must be ≤~20% to meet this criterion [66].  

 Particles are the only source of radiation scattering which requires an optically 

clear matrix material. 
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 The shell has uniform thickness. 

Volumetric scattering and absorption within the slab are governed by the equation 

of radiative transfer (RTE), which describes the change in radiative intensity, I, along the 

direction of propagation [67-69]. The RTE is given by  

      dsssII
d

dI
ii

ˆ,ˆˆ
4

4





 (5.9) 

where reemission is neglected. The overall optical thickness of the slab, which indicates 

how strongly the slab attenuates radiation, is 

 LeffsL   . (5.10) 

The scattering albedo of the slab, which indicates the extent of attenuation of radiation 

via scattering or absorption, is 

 effs

s







 . (5.11) 

A scattering albedo of one indicates no absorption; zero indicates no scattering. For 

disperse media with monodisperse particles, the scattering coefficient σs and effective 

absorption coefficient κeff reduce to the forms shown in eqs. (5.12) and (5.13) [70, 71], 

respectively. 

b

Qf sv
s

75.0
,   (5.12) 

 
b

QQfk sextvmatrix
eff




75.04
,




   (5.13) 

 The difference between modeling a thermotropic material with encapsulated 

particles and one with unencapsulated particles is the calculation the extinction Qext and 

scattering Qs efficiency factors and the scattering phase function Φ. Qualitatively, 
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scattering by a particle can be conceptualized by subdividing the particle into small 

regions which behave as oscillating dipole moments in the presence of an applied 

oscillating electromagnetic field [65]. The oscillating dipoles radiate radiation (wavelets) 

in all directions. The amplitude and phase of the induced dipole moment, and in turn the 

wavelets, depends on the particle refractive index and the local electromagnetic field. The 

scattered electromagnetic field outside the particle (which determines Qext, Qs, and Φ) is 

the superposition of the wavelets. For encapsulated particles, the shell radiates wavelets 

of different amplitude and phase than those radiated by the core. These additional 

wavelets increase the possibility for mutual enhancement and cancellation with the other 

scattered wavelets. Therefore, both the thickness and the refractive index of the shell 

affect radiation scattered by a particle and ultimately the optical properties of the slab.  

The extension of the Mie solution to Maxwell’s equations for encapsulated 

spherical particles was first obtained by [72]. Using this extension, Bohren and Huffman 

developed the computer program BHCOAT [65], which is used in the present study, to 

calculate Qext, Qs, and Φ for an encapsulated particle.  To calculate Qext, Qs, and Φ, the 

refractive index of the core ncore, shell nshell, and matrix nmatrix, the absorptive index of the 

core kcore and shell kshell, and the particle size parameter of the core 



a
xcore

2
  (5.14) 

and shell  



b
xshell

2
  (5.15) 
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are specified. The measured refractive index of PMMA is 1.4919 and 1.4824, at 29°C 

and 90°C, respectively.  The absorptive index at 589 nm is 3.1x10
-7

 [73].  The refractive 

index for HSA is 1.50 at 29°C and 1.443 above its transition temperature [30]. The 

absorptive index for HSA is not reported in [30], thus it is assumed to be equivalent to the 

matrix, as is the shell absorptive index.  The Mie solution to Maxwell’s equations is valid 

for the ranges of kmatrix (<10
-4

) and xshell (<15) investigated in the present work [74, 75].  

A pathlength Monte Carlo ray tracing algorithm uses the values of Qext, Qs, and Φ 

for a particle and stochastically solves the RTE to calculate the normal-hemispherical 

transmittance, reflectance, and absorptance of the slab containing many particles. 

Explanation of Monte Carlo techniques can be found in standard monographs such as 

[76] and [77]. 

5.5 Results and Discussion 

The optical properties of the selected thermotropic material with encapsulated 

particles are presented, in Figure 5-2 to Figure 5-4, in the form of contour plots of 

transmittance in the clear state (ms-m = 1.0054, representing operation below the phase 

change temperature of the core at 78 °C) and reflectance in translucent state (ms-m = 

0.9734, representing operation at or above the phase change temperature of the core) with 

respect to the thickness tshell and the relative refractive index ms-m of the shell for particle 

volume fractions of 18 (the baseline), 20, and 16%, respectively. For convenience, the 

shell relative-to-the-core refractive index ms-c is shown on the right ordinate.  In 

interpreting these contour plots, note that for each volume fraction, the particle radius  
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(a) (b) 

Figure 5-2 Transmittance in the clear state, mc-m,CS = 1.0054 at T = 29°C, and (b) reflectance in the 
translucent state, mc-m,TS = 0.9734 at T > 78°C for HSA in PMMA at a volume fraction of 18% and thickness 
of 3 mm. The lightly shaded area indicates the region of acceptable transmittance (a) and reflectance (b). 
The darker shaded area in (b) is the solution space. 

increases and the number of particles decreases as the shell thickness is increased. The 

transmittance and reflectance of an equivalent thermotropic material with unencapsulated 

particles is indicated along the left ordinate (tshell = 0). Moreover, encapsulated particles 

behave as unencapsulated particles when the index of refraction of the shell equals that of 

the matrix, ms-m = 1, or that of the core, ms-c = 1 (an unlikely option since the melt 

temperature of the encapsulant should be above that of the phase change material).  

As discussed previously, we define a solution space for the thermotropic material 

as the region of the plot in which transmittance is greater than 80% in the clear state and 

reflectance is greater than 50% reflectance in the translucent state [14].  For the baseline 

volume fraction of 18%, the regions of acceptable transmittance (Figure 5-2a) and 

reflectance (Figure 5-2b) are shaded in light gray.  The confluence of these two regions, 

which represents the solution space for a slab thickness of 3 mm, is indicated by the 

darker overlaid shading in Figure 5-2b.  The solution space encompasses shell relative  
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(a) (b) 

Figure 5-3 Transmittance in the clear state, mc-m,CS = 1.0054 at T = 29°C, and (b) reflectance in the 
translucent state, mc-m,TS = 0.9734 at T > 78°C for HSA in PMMA at a volume fraction of 20% and thickness 
of 3 mm. The lightly shaded area indicates the region of acceptable transmittance (a) and reflectance (b). 
The darker shaded area in (b) is the solution space. 

refractive indices from 0.95 to 1.015. However, for shell relative refractive indices 

greater than 0.99, the shell must be so thin (<10nm) that encapsulation is prohibitive.  For 

shell relative refractive indices from 0.97 to 0.98, shell thickness up to 20 nm are 

acceptable. In addition to the benefit of improved control of particle size, encapsulation 

improves the optical performance due to the interaction between the scattered wavelets of 

the shell and core which, for some combinations, cancel each other and produce a lower 

scattering efficiency factor than that for unencapsulated particles. If the core relative 

refractive index is greater than one, the lower scattering efficiency factors occurs at shell 

relative refractive indices less than one and vice versa.  This lower scattering efficiency 

factor is beneficial in the clear state because it results in higher transmittance.  For 

example, at a shell relative refractive index of 0.975 and a shell thickness of 20 nm, the 

transmittance in the clear state (m = 1.0054) is 83% compared to 80% with 

unencapsulated particles.  The reflectance in the translucent state (m = 0.9734) is 51%  
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(a) (b) 

Figure 5-4 Transmittance in the clear state, mc-m,CS = 1.0054 at T = 29°C, and (b) reflectance in the 
translucent state, mc-m,TS = 0.9734 at T > 78°C for HSA in PMMA at a volume fraction of 16% and thickness 
of 3 mm. The lightly shaded area indicates the region of acceptable transmittance (a) and reflectance (b). 
The darker shaded area in (b) is the solution space. 

with or without encapsulation, assuming the size of the particles can be controlled in both 

cases. 

Increasing the particle volume fraction increases the optical thickness of the slab. 

Thus, as shown in Figure 5-3, the region of acceptable transmittance decreases and the 

region of acceptable reflectance increases with an increase in volume fraction from the 

baseline of 18% to 20%. At 20% volume fraction, the range of acceptable shell relative 

refractive index is slightly less than for 18%, but thicker shells are acceptable. For 

example, for shell relative refractive indices from 0.9675 to 0.99, it is acceptable to use a 

20 nm thick shell. At a shell relative refractive index of 0.97 and a thickness of 20 nm, 

the transmittance in the clear state is 81% and the reflectance in the translucent state is 

53% compared to a transmittance of 79% and reflectance of 53% for unencapsulated 

particles Conceivably, the volume fraction could be increased beyond 20% to access 

more regions of the solution space. However, a volume fraction of 20% is at the upper 
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bound for the assumption of independent scattering. Additionally, high volume fractions 

may have fabrication challenges such as agglomeration of the disperse phase during 

mixing with the matrix.  

As shown by Figure 5-4, decreasing the volume fraction from the baseline 

reduces significantly the size of the solution space. The reduction in solution space 

compared to 18 and 20% volume fraction is attributed to a decrease in optical thickness 

that reduces the region of acceptable reflectance in the translucent state.  However, even 

at 16% volume fraction, encapsulation, with the shell thickness and relative refractive 

index combinations in the solution space, is beneficial since unencapsulated particles 

provide a transmittance of 82% in the clear state, but only 49% reflectance in the 

translucent state.   

The solution spaces in Figure 5-2 to Figure 5-4 point to selection of shell 

materials with relative index of refraction from 0.95 to 1 corresponding to refractive 

indices from 1.417 to 1.4919.  Additionally, the shell must have a melting temperature 

greater than the processing temperature of PMMA (~150 °C). One potential shell 

material is fused silica (n = 1.458) [78], because it meets both criteria and because it has 

been used as an encapsulate for phase change materials [46, 61, 62].   
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5.6 Conclusion 

 The present study uses a Monte Carlo ray tracing algorithm to guide the design of 

encapsulated phase change materials for use in a thermotropic material. A method is 

outlined to down select potential thermotropic material combinations from relative 

refractive index data to obtain a target optical performance of greater than 80% 

transmittance in the clear state and greater than 50% reflectance in the translucent state. 

Through this process, hydroxystearic acid in poly(methyl methacrylate) is identified as a 

promising thermotropic material. The steady-state, optical properties for this combination 

with encapsulated particles are predicted at a wavelength of 589 nm as a function of the 

shell relative refractive index, shell thickness, and particle volume fraction. The core 

radius is fixed at 234 nm.  To obtain the target optical performance with encapsulated 

particles, shell relative refractive indices from 0.95 to 1 and shell thickness up to 35 nm 

are acceptable.  

 Thus, the study demonstrates that thermotropic materials with encapsulated 

particles can achieve the optical requirements for use in a solar thermal collector. 

Additionally, the study reveals that, contrary to the prior assumption that only shell 

materials with a refractive index approximately equal to the matrix refractive index are 

acceptable, a wide range of shell refractive indices are acceptable. 
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5.8 Nomenclature  

Latin Symbols 
  

a Core radius m 

b Shell radius m 

fv Volume fraction (%) 

i Imaginary number  

I Radiative intensity W/m
2
/sr 

k Absorptive index - 

L Slab thickness m 

m Relative Refractive Index - 

n Real part of refractive index - 

N Complex refractive index - 

Qext Extinction efficiency factor - 

Qs Scattering efficiency factor - 

ŝ unit vector describing direction of ray  

ŝi 
unit vector describing direction of radiation before  

being scattered into ŝ 

tshell Shell thickness m 

x Size parameter - 

Greek Symbols   

θ scattering angle radians 

κeff effective absorptive coefficient mm
-1

 

λ wavelength of incident radiation nm 

σs scattering coefficient  mm
-1

 

τL Overall optical thickness - 
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Φ scattering phase function - 

ω scattering albedo - 

Ω solid angle  sr 

Subscripts   

core Denotes property of the core  

c-m Core-relative-to-the-matrix  

matrix Denotes property of the matrix  

shell Denotes property of the shell  

s-c Shell-relative-to-the-core  

s-m Shell-relative-to-the-matrix  
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6 Conclusion 

6.1 Summary 

This dissertation presents a numerical evaluation of thermotropic materials.  

These studies represent a significant advancement in the development of these materials. 

Previously, researchers had to rely on a time intensive, empirical approach. Now; 

however, there is a theoretical basis for the design and development of thermotropic 

materials.  

The optical requirements for a thermotropic material to provide overheat 

protection were outlined by modeling a polymer, flat plate solar collector with a 

thermotropic material on the absorber. The optical requirement for a thermotropic 

material in the clear state was identified by relating the transmittance of a thermotropic 

material in the clear state to the optical efficiency of the collector.  High solar-weighted 

transmittance (>~85%) is necessary to have an optical efficiency approximately equal to 

single glazed, flat plate collectors with non-selective absorbers rated by the SRCC.  The 

optical requirement for a thermotropic material in the translucent state was identified by 

relating the stagnation temperature of the collector to the solar-weighted reflectance of 

the thermotropic material in its translucent state.  The boundary conditions for this 

analysis were selected to represent a worst case scenario for overheating, i.e. induce 

higher stagnation temperatures.  High solar-weighted reflectance in the translucent state 

is necessary for a thermotropic material to adequately provide overheat protection for a 

commodity polymer absorber. For a polypropylene absorber, the solar-weighted 

reflectance needs to be on the order of 50%. For absorbers constructed from other 
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commodity polymers, which have lower service temperatures, the reflectance must be 

higher.  These optical requirements give researchers a metric with which to assess the 

efficacy of thermotropic materials in providing overheat protection. The analysis also 

demonstrates that the optical requirements for a thermotropic material in a solar thermal 

collector are more stringent than previously articulated. 

To determine how to achieve these stringent optical requirements the radiative 

transfer within a thermotropic material was modeled. The thermotropic material was 

model as a cold, isothermal slab with monodisperse, randomly distributed spherical 

particles. The thermotropic material was modeled at different temperatures by a change 

in the relative refractive index between the particles and the matrix. A Monte Carlo ray 

tracing program was used to predict the normal-hemispherical transmittance, reflectance, 

and absorptance of the slab. The model was validated by comparison to experimental data 

and analytical benchmark solutions. Both unencapsulated and encapsulated particles were 

investigated. 

A parametric study of the effects of material properties (refractive index and 

absorptive index) and fabrication properties (particle radius, slab thickness, particle 

volume fraction) on the optical properties of thermotropic materials was conducted. The 

results are presented in dimensionless form as a function of overall optical thickness τL, 

scattering albedo ω, and particle size parameter x.  This data can be used to either select a 

scattering domain/matrix combination based on desired performance criteria, or to predict 

the optical properties in the clear and translucent state of a specific combination of 

materials for various combinations of particle radius, volume fraction, and thickness.   
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The parametric study demonstrates that to have high transmittance in the clear 

state, the optical thickness must be low. To achieve high reflectance in the translucent 

state, a significant change in optical thickness must occur, the particles must be small 

(x ≤ 2.5 for ω = 0.995), and the scattering albedo must be greater than or equal to 0.990. 

For example, for a particle size parameter of two, the optical thickness must be ≤0.35 in 

the clear state to achieve a spectral transmittance greater than 85%. The optical thickness 

must be ≥10 (for a scattering albedo of 0.995) in the translucent state to achieve a spectral 

reflectance greater than 50%.  To achieve a scattering albedo near unity necessitates 

using a low absorption polymer, such as poly(methyl acrylate), polycarbonate, or 

clarified polypropylene, as a matrix material.  

A method for indentifying potential thermotropic materials using the 

dimensionless data is presented. This method provides a means to replace the trial and 

error methodology previously employed. Some potential thermotropic material 

combinations identified are poly(ethylene-co-vinyl acetate)  in a matrix of poly(methyl 

methacrylate), n-hexatriacontane in a matrix of polycarbonate, hydroxystearic acid in 

poly(methyl methacrylate), and low molecular weight polyethylene in a matrix of 

poly(methyl methacrylate). 

Low molecular weighted polyethylene in poly(methyl methacrylate) was further 

investigated through a case study to demonstrate how to optimize thermotropic materials 

with the parametric study data. For this combination and a particle radius of 200 nm 

(x = 2.13 at λ = 589 nm), the effects of thickness and volume fraction on the solar-

weighted transmittance, reflectance, and absorptance were investigated. To achieve a 
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solar-weighted transmittance in the clear state ≥85% and a solar-weighted reflectance in 

the translucent state ≥50%, the thickness should be 1 mm and the volume fraction should 

be 15%.  

Lastly, the effects of using encapsulated particles in a thermotropic material were 

investigated. Encapsulated particles are of interest because encapsulation may provide a 

means to precisely control the particle size and thus to obtain the small particles 

necessary for ≥50% reflectance in the translucent state. The normal-hemispherical 

transmittance in the clear state and reflectance in the translucent state were predicted as a 

function of shell relative refractive index, shell thickness, and particle volume fraction at 

a wavelength of 589 nm for hydroxystearic acid in poly(methyl methacrylate). 

The study demonstrates that a thermotropic material with encapsulated particles 

can achieve the required optical performance. Additionally, the study reveals that, 

contrary to the prior assumption that the shell relative refractive index be equal to one, a 

wide range of shell refractive indices are acceptable. For hydroxystearic acid in 

poly(methyl methacrylate), shell relative refractive indices from 0.95 to 1 and shell 

thickness up to 35 nm are acceptable.  

6.2 Future Considerations 

Future research into thermotropic materials is recommended primarily in material 

fabrication, but there are also intriguing avenues for further research modeling a 

thermotropic material in flat plate collector, modeling the non-normal radiative properties 

of thermotropic materials, and modeling the radiative transfer in a polydisperse 

thermotropic material.  
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With the theoretical basis for the development of thermotropic materials outlined, 

material development should be the primary concern of future research. The appendix 

contains the results of the preliminary material development.  The information contained 

in the appendix, as well as the numerical results of the dissertation, can be used to guide 

future material development. One of the ways to expedite material development is to 

develop an in-house means of measuring the refractive index as a function of 

temperature. Having such a capability will aid in identifying potential thermotropic 

material combinations and in optimizing the combinations that have already been 

identified, particularly those identified through the Lorentz-Lorenz equation.  

From an optical perspective, the most promising material combination for future 

research is paraffin wax (alkane) or low molecular weight polyethylene (PE) in a matrix 

of PMMA or clarified PP. Therefore, these combinations are recommended as the 

primary direction for future material development.  A fabrication challenge associated 

with using paraffin wax or low molecular weight polyethylene as the scattering domain is 

the difference, with the matrix material, in viscosity in the melt phase and in coefficient 

of thermal expansion. The former makes blending a challenge and leads to the formation 

of large particles in the blend. The latter aids in vacuole formation.  Encapsulation may 

help overcome both of these challenges. If unencapsulated particles are investigated, a 

compatibilizer, such as a poly(ethylene-co-vinyl acetate) (EVA), may be required.  Using 

a compatibilizer will result in a narrower particle size distribution, smaller mean 

diameter, and may reduce the likelihood of vacuole formation than blending the two 

materials by themselves.   
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In the present study the effects of the steady-state, optical properties of a 

thermotropic material in the clear and translucent state on the collector optical efficiency 

and stagnation temperature are considered. Modeling the transient behavior of the 

thermotropic material in the collector would better quantify the acceptable switching 

behavior between the two states. To capture the transient behavior of the thermotropic 

material and its effects on the collector performance requires modeling the collector, the 

ambient conditions, and the load requirements. Additionally, the heat transfer within the 

thermotropic material coupled to the melting of the particles and to the optical properties 

of the thermotropic material must be modeled within the larger collector/system model.  

The numerical results of the present work are limited to normal incidence. 

However, in a solar collector, the thermotropic material is often irradiated at non-normal 

incidence. A numerical evaluation of the non-normal optical properties of thermotropic 

materials is recommended. The ability to handle non-normal incidence angles has been 

incorporated into the current Monte Carlo model.  

Lastly, the present work is restricted to thermotropic materials with monodisperse 

particles. This restriction was implemented because the objective of the study was to 

focus on the particle size, and because a polydispersion can be represented as a 

monodispersion through a weighted radius, such as the Sauter mean diameter.  However, 

the thermotropic materials fabricated will be polydisperse. Therefore, knowing the effects 

of dispersion on the optical properties and knowing the dispersity at which the 

monodisperse approximation is no longer valid will help guide the fabrication process. 

The Monte Carlo model used in the present can be expanded to model polydisperse 
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thermotropic materials by weighting the cumulative distribution function for the size 

parameter by the particle distribution function.  
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A Appendix  

A.1 Introduction 

This appendix details the preliminary material development which has been 

focused on various types of poly(ethylene-co-vinyl acetate) (EVA) in a matrix of 

polypropylene (PP) or poly(methyl methacrylate) (PMMA) and low molecular weight 

polyethylene in polycarbonate.  These material combinations were investigated because 

the model predicts they should have a decrease in transmittance with temperature.  

Additionally, EVA in PMMA has been reported to have a change in optical properties 

with temperature [1-3], and the refractive index and melt temperature of EVA can be 

adjusted by changing the percent weight of vinyl acetate in the copolymer or by changing 

the tacticity.   

The preliminary material development has produced two thermotropic materials 

which have a decrease in transmittance with temperature: EVA (33%wt VA) in PMMA 

and EVA (14%wt) in PP. Currently, however, these materials do not meet the optical 

requirements for overheat protection in a polymer collector.  The preliminary 

development of low molecular weight PE in PC has revealed some challenges to 

successfully producing a thermotropic material. The transmittance increases with 

temperature. Recommendations are given to improve the optical performance. Based on 

the model predictions, this combination (or low molecular weight PE in PMMA or PP) 

should be given prior in future material development because it is the most likely 

combination to obtain ≥85% transmittance in the clear state and ≥50% reflectance in the 

translucent state.  Low molecular weight PE has a much larger change in refractive index 

with temperature than EVA.   

Table A-1 lists all the materials associated with the project, the material source, 

and the application. The structure of this appendix is in three main parts. First, the 

method and the results for determining the complex refractive index of the various 

materials are presented. Second, the methods for blending and hot pressing the identified 

material combinations into samples are presented.  Third, the experimental analysis of the  
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Table A-1 Materials associated with the thermotropic material project 

Material Abbreviation Source Application 

Isotactic Polypropylene iPP 
Donated - Agility NX Clear PP 

Agility NX5502-12 

Matrix Material with 

EVA/ absorptive index 

/refractive index 

Poly(methyl 

methacrylate) – 

commercial sheet 

cPMMA Plexiglass – Scrap from ME shop 
absorptive index 

measurement 

Polycarbonate – 

commercial sheet 
cPC Makrolon – Scrap from ME Shop 

absorptive index 

measurement 

Poly(methyl 

methacrylate) –  

low viscosity 

lvPMMA 

Donated by RTP Company: Flow 

rate of 27g/10min @ 300°C and 

1.2kg; Tg =76°C 

Matrix Material with 

EVA 

Polycarbonate –  

low viscosity 
lvPC 

Donated by RTP Company: (RTP 

300HF) – Flow rate of 22g/10min 

@ 300°C and 1.2kg 

Matrix Material with PE 

Poly(methyl 

methacrylate) – M17 
M17PMMA 

From Hillmyer group – Elf. 

Atochem Plexiglass (M17) 

Refractive index 

measurement 

Polycarbonate mPC From Hillmyer group 
Refractive index 

measurement 

Poly(ethylene-co-vinyl 

acetate) (14% VA) – 

Commercial 

cEVA14 
Scientific Polymer Products, inc. 

(CAT#243) 

Scattering domain in 

iPP/absorptive 

index/refractive index 

Poly(ethylene-co-vinyl 

acetate) (33% VA) – 

Commercial 

cEVA33 
Scientific Polymer Products, inc. 

(CAT#245) 

Scattering domain in 

lvPMMA/ absorptive 

index/refractive index 

Poly(ethylene-co-vinyl 

acetate) (14% VA) – 

ROMP 

rEVA14 Polymerized by Youngmin 

Potential scattering 

domain material/ 

refractive index 

Poly(ethylene-co-vinyl 

acetate) (33% VA) – 

ROMP 

rEVA33 Polymerized by Youngmin 

Potential scattering 

domain material/ 

refractive index 

Random tacticity 

poly(ethylene-co-vinyl 

acetate) 

rmEVA Polymerized by Youngmin 

Potential scattering 

domain material/ 

refractive index 

atactic poly(ethylene-co-

vinyl acetate) 
aEVA Polymerized by Youngmin 

Potential scattering 

domain material/ 

refractive index 

Isotactic poly(ethylene-

co-vinyl acetate) 
iEVA Polymerized by Youngmin 

Potential scattering 

domain material/ 

refractive index 

Low molecular weight 

(~3k) polyethylene 
PE Sigma Aldrich (CAS: 9002-88-4) 

Scattering domain in 

lvPC 

Hextriacontane Hexa. Sigma Aldrich (CAS: 630-06-8) 
Potential scattering 

domain material 

ICO wax polyethylene 

520 
ICO PE Donated by RTP company 

Potential scattering 

domain material – 

possibly branched PE 

Poly(ethylene-co-

methacrylic acid) 
EMA 

Sigma Aldrich  

(CAS: 25053-53-6) 

Potential scattering 

domain material 
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samples is presented. This analysis includes scanning electron microscopy of the blends 

and measurement of the temperature dependent optical properties.  

Special thanks needs to be given to Dr. Matthew Atkinson of 3M who measured 

the refractive index of the polymers as a function of temperature, to Dr. Youngmin Lee 

who polymerized some of the EVA and help prepare the samples for the refractive index 

measurements, and to Christopher Thurber who helped make the blends in the twin screw 

extruder, and preformed the microtoming and SEM imaging of the blends. Chris also has 

been a tremendous resource on polymer blending. 

A.2 Refractive Index Measurements 

This section details how the refractive index of PMMA, PC, and various types of 

EVA were measured as a function of temperature. The room temperature absorptive 

index was also measured.  

A.2.1 Measurement Methods 

Table A-2 lists the samples that had their refractive indices measured, along with 

the corresponding melt (Tmelt) or glass transition (Tg) temperature, type of sample (free 

standing film or film on silicon), and sample thickness. Some materials (rmEVa, aEVA, 

iEVA) were prepared as thin films on silicon because there was not sufficient material 

available to make a free standing film. Other materials (cEVA14, iPP) were prepared as 

free standing films because they do not readily dissolve and thus are difficult to make 

into a film on silicon. Some materials (rEVA14, cEVA33, M17PMMA, and mPC) were 

prepared as free standing films and thin films on silicon to determine if there was a 

difference in the measurements between the two types of samples. 

The refractive index of the samples was measured using a Metricon Model 2010 

Prism Coupler configured with the heated prism clamp and thermal controller.  The 

coupling head held the sample in contact with the prism at 30-40 psi. Measurement were 

taken in the transverse-electric (TE) orientation at wavelengths of 532, 405, and 633 nm.  

Measurements were taken from 25 to 150 °C in 5°C increments. If 150 °C could not be 

reached, the maximum measurement temperature was the temperature at which the  
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Table A-2 Samples for refractive index measurement 

Material Type of Sample Tg (°C) Tmelt (°C) Thickness 

cEVA14 F -- 90 0.33 mm 

cEVA33 F/S -- 60 0.31  mm /20 μm 

rEVA14 F/S -- 100 0.11  mm /20 μm 

rEVA33 F -- 50 0.38  mm 

rmEVA S -- -- 20 μm 

aEVA S -- 50 20 μm 

iEVA S -- 80 20 μm 

M17PMMA F/S 100 -- 0.4  mm /20 μm 

mPC F/S 150 -- 0.42  mm /20 μm 

iPP F -- 160 0.38  mm 

F – Free standing Film; S – Film on Silicon Wafer 

 

 

software ceased automatic calculations of the refractive index. The cessation usually 

corresponded to the sample flowing away from the prism. The data was used to 

determine the Cauchy coefficients as a function of temperature. 

The absorptive index of cPMMA, cPC, cEVA14, and cEVA33 were measured 

using the transmittance method [4, 5]. For cPMMA and cPC, the transmittance of 

commercially prepared sheets was measured. For cPMMA, the sheets were 3.1, 3.3 5.85, 

9.34, and 9.6 mm thick. For PC, the sheets were 1.5, 3.1, and 9.2 mm thick.  For 

cEVA14, ~0.975 mm samples were prepared via hot pressing. For cEVA33, ~0.96 mm 

samples were prepared via hot pressing. The spectral absorptive index was calculated 

from the measured transmittance data and the spectral refractive index calculated by the 

Cauchy equation. For wavelengths greater than 1000nm, the approximate limit Cauchy 

equation, the refractive index was fixed at the 1000 nm value. 

A.2.2 Refractive Index Results 

The temperature dependent refractive index measurements are validated by 

comparison to published data for PMMA [6, 7] and PC [6]. Figure A-1a,b compares the 

refractive index for temperatures from 30 to 140 °C at a wavelength of 578nm to the data  
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(a) (b) 

Figure A-1 Comparison of (a) PC and (b) free standing film M17PMMA refractive index measurements to [6] 

 

Table A-3 Comparison of free standing film M17PMMA measurements to [7] 

 430 nm (g-line) 486 nm (F-line)  546 nm (e-line) 588 nm (d-line) 656 nm (C-line) 

T (°C) UofM [7] UofM [7]  UofM [7] UofM [7] UofM [7] 

25 1.5065 1.5018 1.5007 1.4970  1.4954 1.4931 1.4924 1.4910 1.4884 1.4885 

30 1.5061 1.5011 1.5003 1.4963  1.4950 1.4924 1.4920 1.4904 1.4879 1.4879 

35 1.5054 1.5004 1.4996 1.4956  1.4944 1.4919 1.4914 1.4897 1.4875 1.4873 

40 1.5049 1.4999 1.4991 1.4951  1.4938 1.4911 1.4908 1.4891 11.4867 1.4865 

45 1.5045 1.4992 .4986 1.4943  1.4933 1.4905 1.4902 1.4884 1.4860 1.4859 

50 1.5036 1.4985 1.4976 1.4937  1.4923 1.4899 1.4893 1.4878 1.4853 1.4853 

 

reported by [6]. The measured values compare well to the published data.  For PMMA, 

the measured data is within 0.0015 of the published data. For PC, the measured data is 

within 0.001 of the published data, and below 120 °C, the two data sets are even closer.  

Table A-3 compares the refractive index of PMMA for temperatures from 25 to 50 °C at 

five wavelengths in the visible spectrum to the data reported by [7]. There is a greater 

discrepancy between the measured data and the data from [7] than the measured data and 

the data from [6]. For wavelengths of 430 and 486 nm, there is approximately a 0.004 to 

0.005 difference.  For wavelengths greater than 486 nm, the difference is less than 

0.0025. 

Figure A-2 to Figure A-11 report the refractive index data of the polymers 

measured by 3M. Data is not available for the rEVA14 and mPC films on silicon because 
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the surfaces of these samples were too rough for optical coupling to the prism. 

Additionally, confocal microscopy showed that the rEVA14 film was not continuous. For 

the two polymers, cEVA33 and M17PMMA, with refractive index data from a free 

standing sample and a thin film on silicon, the data from the two sample preparations are 

slightly different.  The most notable aspects of the refractive index data of Figure A-2 to 

Figure A-11 are: iEVA is the only type of EVA which has a sharp change in refractive 

index at a temperature appropriate for providing overheat protection (~90°C), and 

cEVA14 and rEVA14 have the largest change in refractive index.   

 

Figure A-2 cEVA refractive index as a function of temperature 

  

Figure A-3 cEVA (a) free standing film and (b) film on silicon refractive index as a function of temperature 
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Figure A-4 rEVA14 refractive index as a function of temperature 

 

Figure A-5 rEVA33 refractive index as a function of temperature 
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Figure A-6 rmEVA refractive index as a function of temperature 

 

Figure A-7 aEVA refractive index as a function of temperature 

20 40 60 80 100 120 140
1.4

1.45

1.5

1.55

1.6

Temperature 
o
C

R
e

fr
a

c
ti
v
e

 I
n

d
e

x

 

 

405 nm

532 nm

633 nm

20 40 60 80 100 120 140
1.4

1.45

1.5

1.55

1.6

Temperature 
o
C

R
e

fr
a

c
ti
v
e

 I
n

d
e

x

 

 

405 nm

532 nm

633 nm



 

163 

 

 

Figure A-8 iEVA refractive index as a function of temperature 

 

  

Figure A-9 M17PMMA (a) free standing film and (b) film on silicon refractive index as a function of 
temperature 
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Figure A-10 mPC refractive index as a function of temperature 

 

Figure A-11 iPP refractive index as a function of temperature 

Figure A-12 to Figure A-14 shows the relative refractive index for each potential 

scattering domain in PMMA, iPP, and PC respectively at a wavelength of 533 nm. For 

the same matrix material, the various scattering domain materials have similar relative 

refractive index at temperatures ≥90  C (~0.975 in PMMA, 0.9725 in PP, 0.915 in PC).  

Thus, the selection of combinations for fabrication was primarily determined by how 

closely the relative refractive index is to unity at 30 °C. Additionally, the selection was 

limited to commercially available materials because relatively a large quantity of material 

(minimum 100 to 150g) is necessary for blending in the TSE.  Commercial EVA14 in iPP  
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Figure A-12 Relative refractive index for a matrix of PMMA (533 nm) 

 

Figure A-13 Relative refractive index for a matrix of iPP (533 nm) 
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Figure A-14 Relative refractive index for a matrix of PC (533 nm) 

and cEVA33 in PMMA were selected. For the non-commercial materials, iEVA in 

PMMA looks promising. Below 80 °C, the relative refractive index of this combination is 

within 0.001 of unity which should have high transmittance (Figure A-12). At ~90 °C, 

there is a sharp decrease in the relative refractive index. However, at the last data point, 

the relative refractive index is only 0.974. Thus like the other thermotropic combinations 

with EVA, a relatively thick slab (~3mm) and a high volume fraction (>15%) are 

necessary to obtain >50% reflectance in the translucent state. 

Figure A-15 and Figure A-16 show the absorptive index of cPMMA, cPC, 

cEVA14, and cEVA33. As expected, the absorptive index of cPMMA and cPC are low 

(<1x10
-6
) for 350 ≤ λ ≤ 1000nm. The absorptive index of both types of EVA are <1x10

-5
 

for 350 ≤ λ ≤ 1000nm.  
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Figure A-15 Absorptive index for cPC and cPMMA 

 

Figure A-16 Absorptive index for cEVA14 and cEVA33 

 

A.3 Thermotropic Material Fabrication 

Prior to mixing and hot pressing, the polymers were dried in a vacuum oven 

overnight. The scattering domain and matrix material were blended via melt mixing with 

a PRISM Twin Screw Extruder (TSE) 16 TC. Commercial EVA14 and cEVA33 were 

blended with their respective matrix materials at a mass fraction of 10%.  Based on the 

Lorenz-Lorentz prediction of refractive index for low molecular weight PE (~3k) 

(predicted to be 1.54), it was mixed with lvPC at volume fractions of 2 and 7%. However, 
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after the testing with PE in lvPC was completed, Weber, et al. [8] published a measured 

refractive index of paraffin wax, which is similar to low molecular weight PE, of ~1.50 at 

room temperature. The refractive index of the low molecular weight PE should be 

measured, and the matrix material adjusted (to PMMA or iPP) if necessary. 

The blending temperatures and mixing speed for cEVA14 in iPP and cEVA14 in 

lvPMMA are shown in Figure A-17. The temperatures, starting at the temperature read 

out in the lower right hand corner of Figure A-17 and moving clock-wise, for low 

molecular weight PE in lvPC are 215, 220, 230, 230, 225, error (TC was not working at 

time of mixing), 235, 236, and 230 °C. The mixing speed was 34 RPM.  Pure matrix 

material (iPP, lvPMMA, and lvPC) was also processed through the TSE. 

Blending cEVA14 in iPP resulted in a blend that came out as clear as the pure 

iPP. The cEVA33 in lvPMMA came out slightly whiter than the lvPMMA. The PE in 

lvPC blend extruded out of the mixer a white color. Blending PE in lvPC was more 

challenging than blending EVA with iPP or lvPMMA, because of the difference in 

viscosity. The TSE had difficulty extruding the PE/PC blend. It extruded the blend 

slowly, and it appeared to extrude a core material with liquid layer surrounding it. 

However, SEM analysis revealed that the two materials did mix, but that the particle size 

is much larger for PE in lvPC than EVA in iPP or lvPMMA.  

The blends were hot pressed into free standing films. The resulting films are 

pictured in Figure A-18, and the processing conditions are summarized in Table A-4. The 

blends with EVA were pressed into films 0.95 thick. Poly(ethylene-co-vinyl acetate) 

(14%wt VA) in iPP was also pressed into a 3 mm thick film. The PE in lvPC blend was 

pressed into a film 0.25 mm thick. Commercial EVA14 in iPP was robust to the pressing  

  
(a) (b) 

Figure A-17 TSE processing temperatures for (a) cEVA14 in iPP (b) cEVA33 in lvPMMA 
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(a) (b) 

 
(c) 

Figure A-18 Pictures of samples. Control (100% matrix material) is left sample in each picture. (a) cEVA14 in 
iPP; (b) cEVA33 in lvPMMA; (c) PE in lvPC 

 

Table A-4 Hot press processing parameters 

Material T (°C) 
Preheat 

(min.) 

Press Force 

(lbs) 

Press Time 

(min) 
Quench 

cEVA14/iPP 180 6 3000 3 Water cooled on old press 

cEVA33/lvPMMA 

210  

(probably 

could be less. 

~180) 

7 3000 3 

Let cool on forms on the 

table for 7 min. then 

removed from forms and 

continued to let cool 

sitting on table 

PE/lvPC 

250  

(probably 

could be less) 

5 3000 3 Water cooled on old press 
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Figure A-19 Sample defect for cEVA33 in lvPMMA: the white areas in right sample. Left sample is the 
control 

process. Numerous combinations of pressing temperature, preheat time, and cooling 

method resulted in satisfactory samples. Commercial EVA33 in lvPMMA was highly 

sensitive to the pressing processing. The main sample defect was large white areas in the 

film as shown by Figure A-19. A slow cooling rate was found to be the best method to 

minimize the appearance of these white areas. Changing other parameters such as the 

pressing temperature and preheat time had little to no effect on these white areas. Low 

molecular mass PE in lvPC was successfully pressed into a free standing film, but the 

resulting film was a white color (Figure A-17c). 

A.4 Experimental Analysis 

A.4.1 SEM Analysis 

Scanning electron microscopy images of the blends were taken after processing in 

the TSE to determine the particle size distribution. To prepare the samples for SEM, the 

samples were first whittled to a point using a razor. Then the point was cryo-microtomed 

at -160  C using a glass knife cutting at 2μm increments. Next the disperse phase was 

washed out via an 11 hour soak in a solvent. Toluene at 60 °C was used as the solvent for 

cEVA14 in iPP. N-heptane was used for cEVA33 in lvPMMA. Low molecular mass PE 

in lvPC was not washed out because the interface between the particle and the matrix 

needed to be examined for the presence of vacuoles. Lastly, the samples were mounted 
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on SEM sample platforms using carbon tape and coated with a 50 angstrom platinum 

coating. A JSM-6500F JEOL Field Emission Scanning Electron Microscope set at 5 kV 

was used to take the images. Images at two to four locations were taken.  

Figure A-20 to Figure A-22 show the SEM images of the blends. From the 

images, one can see that the disperse phase is spherical. Qualitatively, cEVA14 in iPP 

(Figure A-20) has the smallest particle size. Low molecular weight PE in lvPC (Figure 

A-22) has, qualitatively, the largest particle size; on the order of a couple microns. Of 

note is the rough surface of the cEVA14 in iPP (Figure A-20). It is hypothesized that the 

bumps on the surface are the recondensation of cEVA14.  After the disperse phase was 

washed out, the sample was allowed to cool in the toluene. Thus, it is possible that some 

of the cEVA14 dropped out of suspension and recondensed on the surface of the sample. 

Because of the rough surface, it is possible that the particle size estimated from the 

images is underestimated.  

The particle diameters were measured using ImageJ software. The 5000X 

magnification images were used to determine the particle size. For cEVA14 in iPP, 500 

particles were measured. For cEVA33 in lvPMMA, 279 particles were measured. Figure 

A-23 and Figure A-24 show the particle distribution histograms for cEVA14 in iPP and 

cEVA33 in lvPMMA, respectively.  The bin size was determined by taking the difference 

between the maximum and minimum particle diameters and dividing it by the square root 

of the number of particles measured. The Sauter mean diameter of the blends was 212 nm 

for cEVA14 in iPP and 681 nm for cEVA33 in lvPMMA.  In addition to having a smaller 

mean particle diameter, cEVA14 in iPP has a much narrower particle distribution than 

cEVA in lvPMMA. The smaller distribution is probably because the viscosities in the 

melt phase are more similar for cEVA14 and iPP than cEVA33 and lvPMMA. 
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(a) (b) 

Figure A-20 cEVA14 in iPP at (a) 1000x and (b) 5000x 

  
(a) (b) 

Figure A-21 cEVA33 in lvPMMA at (a) 1000x and (b) 5000x 

  
(a) (b) 

Figure A-22 low molecular weight PE in lvPC at (a) 950x and (b) 3300x 
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Figure A-23 Particle size distribution for cEVA14 in iPP 

 

Figure A-24 Particle size distribution for cEVA33 in PMMA 

 

A.4.2 Spectroscopy Analysis 

The spectral, normal-hemispherical transmittance and reflectance of the blends 

were measured from 250 to 2400 nm at 24 °C and above the melting temperature of the 

scattering domain material using a Perkin-Elmer Lambda 1050 spectrophotometer 

equipped with a 150 mm integrating sphere.  For elevated temperature measurements, the 

samples were heated with a hot plate, shown schematically in Figure A-25.  The hot plate 

consists of a one inch thick copper plate heated by four resistance heaters. The copper 

0

10

20

30

40

50

60

70

1-
20

21
-4

0

41
-6

0

61
-8

0

81
-1

00

10
1

-1
20

12
1

-1
40

14
1

-1
60

16
1

-1
80

18
1

-2
00

20
1

-2
20

22
1

-2
40

24
1

-2
60

26
1

-2
80

28
1

-3
00

30
1

-3
20

32
1

-3
40

34
1

-3
60

36
1

-3
80

38
1

-4
00

C
o

u
n

t

Diameter (nm)

0
5

10
15
20
25
30
35
40
45
50

1
-1

25

12
6

-2
50

25
1

-3
75

37
6

-5
00

50
1

-6
25

62
6

-7
50

75
1

-8
75

87
6

-1
00

0

1
0

0
1-

1
1

2
5

1
1

2
6-

1
2

5
0

1
2

5
1-

1
3

7
5

1
3

7
6-

1
5

0
0

1
5

0
1-

1
6

2
5

1
6

2
6-

1
7

5
0

1
7

5
1-

1
8

7
5

1
8

7
6-

2
0

0
0

2
0

0
1-

2
1

2
5

2
1

2
6-

2
2

5
0

C
o

u
n

t

Diameter (nm)



 

174 

 

plate has a measurement window which allows the radiation from the spectrophotometer 

to irradiate the sample. For reflectance measurements, the beam from the 

spectrophotometer must be reduced via the common beam mask (CBM) to the 

approximate size of the measurement window (a CBM of ~18%) and aligned to be 

centered on the window. The temperature of the hot plate is controlled by an Omega 

CN4416 temperature controller.  The temperature distribution of the copper plate was 

measured at various locations and determined to be within one degree Celsius.   

The relationship between the hot stage temperature and the sample temperature is 

shown in Figure A-26. Figure A-26 was made by embedding thermocouples in ~1mm 

thick piece of iPP, and measuring the temperature of the polymer as a function of the set 

temperature.  The peaks for each steady state region correspond to the sample 

temperature over the copper, i.e. the maximum temperature of the sample. The low points 

of each steady state region correspond to the sample temperature over the measurement 

window, i.e. it is the temperature of the portion of the sample being measured.  The set 

temperatures for cEVA14 in iPP and cEVA33 in lvPMMA were 110 °C and 100 °C,  

 

Figure A-25 Side and front schematic views of the hot stage 
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Figure A-26 Relationship between the hot stage set temperature and the sample temperature 

respectively. These set temperatures correspond to sample temperatures of approximately 

100 and 92 °C, respectively.  The set temperature for low molecular weight PE in lvPC 

was 120 °C. 

The transmittance and reflectance of the blends are shown in Figure A-27 to 

Figure A-29.  Both cEVA14 in iPP and cEVA33 in lvPMMA demonstrate a decrease in 

transmittance and an increase in reflectance with temperature. The solar-weighted 

transmittance of cEVA14 in iPP decreases from 83.5% at 24 °C to 69% at 100 °C. The 

solar weighted reflectance increases from 9.5 to 27%. The transmittance in the clear state 

is acceptable.  The reflectance in the translucent state is too low to provide overheat 

protection for commodity polymer absorbers. The addition of cEVA14 to iPP did not 

reduce the transmittance in the clear state relative to the control sample of 100% iPP 

which had a solar-weighted transmittance of 82.5%. Thus, it may be possible to increase 

the volume fraction of cEVA14 in iPP to increase the reflectance in the translucent state 

while maintaining high transmittance in the clear state. For the 3 mm thick sample of 

cEVA14 in iPP, the solar-weighted transmittance is 70% at 24 °C and 48% at 100 °C. 

The solar weighted reflectance increased from 13.5 to 38%. The solar weighted 

transmittance of the control sample of iPP is 69% at 24 °C and 71.5% at 100 °C.  The 

solar weighted reflectance remained constant at 13.5%. 

Figure A-28 shows the transmittance and reflectance for cEVA33 in lvPMMA. 

The solar-weighted transmittance of cEVA33 in lvPMMA decreases from 78 to 64%.  
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(a) (b) 

Figure A-27 (a) Transmittance and (b) reflectance for cEVA14 in iPP and control iPP 

 

  
(a) (b) 

Figure A-28 (a) Transmittance and (b) reflectance for cEVA33 in lvPMMA and control lvPMMA 

The solar-weighted reflectance of cEVA33 in lvPMMA increases from 11 to 23%. For 

cEVA33 in lvPMMA, the transmittance in the clear state is lower than desired. Further 

refinement in the fabrication process may improve the transmittance in state because the 

sample still had remnants of the white area defect. The control lvPMMA sample has a 

solar-weighted transmittance of 83% which also could be improved; a 3 mm thick sample 

of commercial lvPMMA has a measured solar-weighted transmittance of 85%. The 

reflectance is in the translucent state is too low to provide overheat protection for a 

commodity polymer absorber. 

Figure A-29 shows the measured transmittance for PE in lvPC.  As expected from 

the white color of the sample, the transmittance at room temperature is relatively low.  At 

elevated temperature, the transmittance of the blend increases.  The solar-weighted 

transmittance of the blend increases from 61.5% at 24 °C to 69% at a set temperature of  
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(a) (b) 

Figure A-29 (a) Transmittance and (b) reflectance for low molecular weight PE in lvPC and control lvPC 

120 °C. The control sample of lvPC has a solar-weighted transmittance of 8%. The solar-

weighted reflectance decreases from 38% to 28%. The mostly likely cause of the increase 

transmittance is the presence of vacuoles around the disperse phase in the clear state. The 

vacuoles may be created during cooling of the blend. Since the blends are mixed above 

their melt temperatures, when they cool, they contract at different rates. If the low 

molecular mass PE contracts more than the lvPC, which is likely, it may pull away from 

the lvPC interface; thus, creating ‘encapsulated’ particles in the clear state which have a 

‘shell’ with a refractive index equal to one. In the translucent state, the PE expands to fill 

the void.  Transmittance would increase if the vacuole/particle in the clear state scatters 

radiation more strongly than the just the particle in the translucent state. Weber, et al. [9] 

also reported an increase in transmittance with temperature for a paraffin wax (which is 

similar to low molecular weight PE) in an acrylate based matrix. The cause was radiation 

scattering by vacuoles in the clear state.  When the percentage of particles with vacuoles 

was minimize, transmittance decreased with temperature [9]. 

To investigate the possibility of vacuoles, the PE in lvPC blend was analyzed via 

SEM without washing out the disperse phase. Figure A-22 shows that most particles have 

a vacuole surrounding it. However, there is there is a possibility that these vacuoles were 

created during microtoming process. Thus the SEM analysis is inconclusive. However, 

vacuoles are the most probably cause of the increase in transmittance with temperature. 

Two solutions to reduce the number of vacuoles are to use compatibilizers or to 

encapsulate the PE. A potential compatibilizer is poly(ethylene-co-vinyl acetate). 
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Experimentation is required to determine the percent weight of vinyl acetate that is most 

efficacious.  In addition to potentially reducing the number of vacuoles, compatibilizers 

also reduce the mean particle size and the size distribution [10]. As detailed in chapter 5, 

encapsulation is an intriguing avenue for future research. However, before encapsulated 

particles of low molecular weighted PE in a thermotropic material can be modeled, an 

accurate measurement of the refractive index of low molecular weight PE must be taken.  

A challenge to using encapsulation is finding an encapsulant which will retain structural 

integrity through the melt mixing process.  
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