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ABSTRACT

Significant demand exists for solar thermal heat in the mid-temperature ranges (120 oC –
220 oC). Generating heat in this range requires expensive optics or vacuum systems in order to
utilize the diluted solar energy flux reaching the earth’s surface. Current flat plate solar collectors
have significant heat losses and achieving higher temperatures without using concentrating
optics remains a challenge. In this work, we designed a prototype flat plate collector using silicaaerogel. Optically Transparent Thermally Insulating silica aerogel with its high transmittance and
low thermal conductivity is used as a volumetric shield. The prototype collector was subjected to
ambient testing conditions during the months of winter. The collector reached the temperatures
of 220 oC and a future prototype design is proposed to incorporate large aerogel monoliths for
scaled up applications. This work opens up possibilities solar energy being harnessed in
intermediate temperature range using a non-concentrated flat plate collector.
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CHAPTER I
INTRODUCTION

The energy reaching the surface of the earth from the sun is more than the energy
consumed by humans [1]. With energy policies of the developed and developing countries
shifting more towards utilization of renewable energy sources, solar energy holds the potential to
address the demand. The potential for solar energy as a resource is an order of magnitude greater
than both the fossil-based and other renewable energy sources combined. In addition to raising
concerns about climate change, the world’s growing need for energy is also driving the demand
for higher efficiency solar energy conversion technologies. Today we use energy from the sun
for space-heating, heating hot water, driving industrial processes, desalination, electricity
generation, thermophotovoltaics, air conditioning cycles and driving other thermal energy
conversion systems [2]. Extensive work is being carried out throughout the world to develop
more efficient solar receivers which would capture more sunlight and decrease thermal losses.
Solar thermal energy conversion in which sunlight is first captured in the form of heat
then converted to other form of energy has huge potential. Thermal energy storage can be
coupled with such conversion systems to increase systems that can be dispatched depending on
the demand of the energy flow. National Renewable Energy Lab estimated United states
consumed more than 627 Twh annually of thermal energy in the intermediate temperature range
(120-220 oC) [3]. The consumption is 3 order magnitude higher than the total renewable energy
generation capability. Therefore, there is a need for solar receivers to operate in that temperature

1

range. The current solar thermal technologies rely on utilizing optical concentrators, vacuum
enclosures and spectrally selective surfaces in order to focus the diluted solar flux and reach the
desired intermediate temperatures. Convective losses become dominant in the intermediate
temperature range therefore evacuated transparent enclosures are used to increase receiver
efficiency [4]. However, maintaining the vacuum can be a challenge during the lifetime of the
system. Therefore, if vacuum enclosures can be replaced by other materials the cost and
maintenance of the system can be greatly reduced.
First, it is important to understand the current energy landscape and the future predictions
of consumption. Then understanding solar collectors is necessary since they are the key
components of the design. Since this work is part of University of Tennessee at Chattanooga’s
effort in development of an aerogel lab and its application, an overview of the work is also
provided.

Current energy landscape
The energy generated in the world can be divided into three categories: Fossil-fuel,
renewables and others. Fossil fuels account for coal, petroleum, natural gas and nuclear power
generation; renewables include solar, geothermal, hydro, biomass and others; include the rest.
According to International Energy Agency in 2018, out of 19 TW of power consumption, fossil
fuel accounts for 80% of energy supply, nuclear is 4.9%, biofuels and waste is 9.8%, hydro is
2.5% and others is 1.7% [5].
Energy demand in the world is expected to rise by 28% between the years of 2015 to
2040 [6]. Electricity being the highest in demand out of that, with global electricity demand
growing by 4% in 2018 to more than 23 000 TWh [7]. In order to cope with that demand,
renewable energy sources hold a massive potential. As illustrated in Fig.1 [7] the rise in the
2

production of renewable energy particularly solar thermal energy has doubled in the past decade.
The projection by German Advisory Council on global change estimates that solar power will
become one of the most dominant form of energy by turn of the 21st century. Therefore, novel
ideas and strategies are needed to increase the efficiency of the next generation of solar receivers.

Figure 1

Projected global energy demand (source: from the Royal Society of Chemistry’s
paper by Yu [8] based on renewable energy scenario to 2040, published by the
European Renewable Energy Council, and reports of the German Advisory
Council on global change

Capturing solar energy can be divided into two mechanisms: Concentrated and nonconcentrated. Concentrated thermal plants require expensive optics and reflectors to concentrate
the sunlight to the receiver. Currently there are roughly 1815 MWac of concentrated solar power
plants in operation throughout United States. One issue with concentrated systems is that it can
only collect direct radiation and in order to operate at higher efficiency and be cost effective, the
plants needs to be built in size of 100 MW or higher [9]. Non-concentrated systems are directly
3

exposed to sunlight and can capture total solar radiation, i.e. direct and diffuse radiation. For
lower temperatures (<100 oC) simple flat plate collectors are used, spectrally selective surfaces
and vacuum enclosures are employed for higher temperatures.
The collection and conversion of solar to thermal will depend on the collector design,
intended use and the amount of direct and diffuse radiation absorbed by the collector. Figure 2
highlights different mechanisms utilized to capture and convert solar energy for various
applications [2].

Hot Water
Air
Solar
Thermal
Steam
Desalination
Solar Energy
(Sun)

Electricity

Photovoltaic
Hot Water
Electricity
Thermal
Photovoltaic
Hot Water
Figure 2

Types of solar energy conversion

Solar energy is captured using different types of collectors which convert the radiation
into internal energy just like a heat exchanger. The next section explores different types of solar
collectors and briefly goes over their intended use.
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Different types of solar collectors
Flat plate is one of the most common and primitive type of collectors and they are
employed in majority of the solar installations throughout the world. They are typically cheap
and easy to maintain as compared to other solar collectors. Recent advances in insulation and
spectrally selective coating technology have made flat plate collectors more efficient for low
temperature applications. There are different types of solar collectors based on the principle of
operation and needs of energy. As mentioned before solar collectors can be divided into two
categories: Concentrating and Non-Concentrating. Concentrating collectors consists of lenses or
mirrors to concentrate the light to the receiver. Non- concentrating receivers usually have a large
absorbing surface with the heat being extracted by fluid loop attached to the bottom of the
absorber plate. For weather protection a transparent glass or plate is attached over the absorbing
surface and to prevent heat loss the receiver is insulated on the all sides. Evacuated tube is the
new addition to this list of receivers. The different types of solar collectors and their typical
schematic are shown in Fig. 3a-b [2].

Figure 3a

Types of solar collectors
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Figure 3b

Schematic of different types of solar collectors

Each type of collector has different efficiencies and areas of application, Table 3 shows
application and temperature ranges for different collectors [2].
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Table 1
Various solar collectors and their applications
Type of Collector

Temperature
Range (C)
80-100

Stationary

Evacuated-tube
Collector

120-150

Stationary

Parabolic-trough
Collector

150-300

Single-axis
tracking

Parabolic-dish Collector

100-1000

Two-axes
tracking

Electricity generation and
industrial process heat

Linear Fresnel Collector

60-250

Single-axis
tracking

Industrial process heat

Heliostat field collector

100-1500

Two-axes
tracking

Electricity generation and
industrial process heat

Flat- Plate Collector

Motion

Application area
Low
temperature
heat
output. Space heating and
domestic water heating
Low
temperature
heat
output. Space heating,
domestic water heating,
solar cooling, desalination
and industrial process
Industrial process heat

Ideal receivers will absorb all of the incoming sunlight with no thermal losses to the
environment. Achieving this is thermodynamically impossible, therefore special spectrally
selective coatings and black surfaces are typically used in the receiver in order to increase
absorption. Various strategies are incorporated in order to reduce heat losses, typical receivers
have glass or glass filled with vacuum as a barrier between the absorber and the environment
such as evacuated tube collectors.
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Evacuated tube collectors
Evacuated tube receiver as shown in figure 4, typically consisting of glass tubes with
absorbing surface and fluid pipes inside. The vacuum inside the glass tube suppresses the
convection loss. The fins are also typically covered with selective coating to enhance solar
absorbance and lower thermal emittance. The heat is transferred via convection to the internal
heat transfer fluid which in turn heats the manifold.

Figure 4

Schematic of evacuated tube collector (open source)

Although compared to flat-plate collectors, evacuated tubes are more efficient as seen in
Figure 5, due to the vacuum inside the glass tubes they are more expensive and harder to
maintain. The design of an evacuated FPC remains a challenge for this reason, evacuating the
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large perimeter of the flat plate geometry is quite difficult so companies such as Corning Glass
Works created a tubular geometry.

Figure 5

Collector efficiency of flat plate collector and evacuated tube collector [10].
Evacuated tube collectors operate at higher target temperatures than any other
collector

Within the mid temperature range significant demand and market opportunity is
available. Non-evacuated flat plate collectors are limited to 120o C due to high convection and
conduction losses and evacuated tube collectors are restricted by the cost due to maintenance of a
reliable vacuum system [11, 12]. Therefore, there is a need for flat plate collector which can
operate in mid temperature range, these collectors can also be used for space heating and cooling
by the use of a non-electric double effect absorption chiller.
In this thesis I study the effects of using low scattering, transparent silica-based aerogel
as a volumetric radiation shield in a custom designed simple solar thermal receiver to harvest
heat in intermediate temperature range (120-220 oC). Aerogel acts as an artificial greenhouse
medium and traps in the heat by reducing thermal emission. This work demonstrates the receiver
9

is able to reach stagnation temperatures of over 200 oC under ambient conditions. The data is
collected experimentally on clear days at University of Tennessee at Chattanooga campus. Two
different receiver configurations are used in order to understand the efficiency of the receiver.
The design process work includes design, prototype, testing and scaled up version of a better
prototype.

Current research at University of Tennessee and thesis objectives
Research on studying the effects of aerogel at University of Tennessee at Chattanooga
began after Dr. Sungwoo Yang joined the Chemical Engineering faculty. The multidisciplinary
team established has been conducting research on using and producing aerogel for variety of
applications in tandem with his past colleagues at MIT. This thesis is part of the overall aerogel
research being conducted currently and building on the work done at MIT [13]. The future
research goals for the team include developing high transmittance ambient dried aerogel, solar
cooker based on aerogel and the insulation properties of aerogel are also being studied by the
research team. The primary objective of the thesis was to build a simple prototype flat plate solar
collector which demonstrated that solar energy can be harvested over 200 oC using silica-based
aerogel. The experimental collection of data demonstrated the viability of using aerogel in a solar
collector. The secondary objective was to build a large critical point dryer in order to produce
large monoliths of silica aerogel. The monoliths produced will be largest by any academic
institution and it will allow further development of larger solar collector. Also, studying and
improving the mechanical properties of TMOS aerogel are the future research goals.
In Chapter 1, Introduction and current energy landscape and different types of solar
collectors is discussed.
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In Chapter 2, the overview of aerogel and silica-based aerogel is introduced. Different
applications of Aerogel are covered in this chapter.
In Chapter 3, the synthesis of TMOS aerogel is discussed. The design for the critical
point dryer is also discussed in this chapter. The methodology for experimental data collection is
presented with the experimental solar receiver design, optical measurements of Silica-Aerogel
and different receiver configurations.
In Chapter 4, Conclusions and recommendations are made. This chapter also includes the
limitations of the thesis and future work for building a larger receiver.
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CHAPTER II
LITERATURE REVIEW AND BACKGROUND

Literature review
Several concepts of using Aerogel in solar thermal applications have been proposed and
studies conducted in the past, but almost all the work has been focused on effects of sol-gel
process on the structure of aerogel. Also, investigations have been conducted on chemical
precursors and different aging conditions, and various drying conditions to control the pore and
particle network process, theoretical performance of aerogel as Transparent Insulation Material
(TIM), and space heating. Even though aerogel was first produced in 1931, after almost 85 years
aerogel is only provided commercially by a handful of manufacturers in the world such as the
North American manufacturers Cabot Corporation and Aspen Aerogels, both located in
Massachusetts and the largest manufacturers in the world. Their product line only involves
granular aerogel, as manufacturing crack free monolithic aerogel is difficult and time consuming.
Commercial application of aerogel is currently dominated by Aerogel-based blankets, with
steady increase in academic studies being conducted for other applications. Since the 1980’s
several papers have investigated using aerogel as an insulation material and for glazing windows
with aerogel tile.
Burratti and Moretti [14] demonstrated experimentally that monolithic aerogel between
two 4mm float glass reduces heat loss by 62% as compared to conventional windows used in
Italy and the European Union. Reim. M et al. [15] used granular silica aerogels as glazing,
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sandwiching it between low-e coated glass panes using krypton gas as a filling to optimize heat
transfer. Achieving U-value below 0.5 W/m2 K with thickness of 50 mm. Berardi, U et al. [16]
conducted an extensive energy audit by retrofitting an educational building with different types
of aerogel enhanced materials. Stahl Th. et al. [17] developed aerogel based insulation rendering
material using aerogel granules for exterior and interior applications. Demilecamps, A et al, [18]
developed organic-inorganic aerogel with resistance to humidity and thermal conductivity of
0.021 W/(mK). Masera, G et al. [19] retrofitted a residential building with aerogel based textile
wallpaper for thermal insulation . The experimental results reported lower heal loss values from
the wall. Chen. K et al. [20] developed a truss-core sandwich panel filled with granular aerogel
to enhance the mechanical strength and thermal insulation. Sletnes, M et al. [21] conducted a
feasibility study of incorporating fiber reinforced aerogel insulation materials. By integrating
aerogel insulating blankets in building components under uniaxial compression and humidity,
16% decrease in thermal conductivity was observed. The result dictated that for wider
application of aerogel, tolerance to humidity needs to be improved upon.
Only a few papers have studied using aerogels for solar thermal receivers; most of these
papers use it for low temperature applications and theoretical modeling. Gunay A et al. [22] used
hydrophobic and hydrophilic aerogel in solar receiver reaching up to 120o C and 52 % receiver
efficiency. Weinstein, L et al. [23] designed a hybrid electric and thermal solar receiver enabled
by transparent aerogel and spectrally selective light pipe. Their model predicted 26% efficiency.
McEnaney, K et al. [24] modeled an aerogel based solar thermal receiver reaching the same
theoretical efficiency as vacuum-gap receivers.
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Overview of aerogel
Aerogels are characterized as a group of extremely light and porous solid materials. They
are transparent across the visible light yet thermally opaque and therefore demonstrate very high
thermal insulation property. The optically transparent thermally insulated (OTTI) nature of
aerogels allows it to act as a greenhouse medium, letting in the sunlight and trapping the heat.
This property allows aerogel to act as a volumetric shield making it very attractive for solar
thermal collector applications. Volumetric shields use porous mediums which can absorb
incoming radiation spreading it over the volume of the material and reducing the surface
temperature, re- irradiation and related convection losses. Although there are different types of
aerogels available, throughout this thesis we are interested in Silica aerogel.

Silica-aerogel
Silica-aerogel is one of the lightest materials known to man and can be less dense than
air. Silica is an oxide of silicon, with an empirical formula of SiO2. Silica-aerogels are usually
manufactured through a sol-gel process and critical point drying is used to extract all the solvent
[25]. The production breakthrough for silica aerogel was discovered in 1931 by Kistler when he
demonstrated that stage structures can be achieved by removing liquid in a supercritical process
[26]. The detailed synthesis of OTTI aerogel is described further below in next chapter. As seen
in figure 6, the solid network is formed by silica particles which aggregate to form secondary
particles. This interconnected network creates a structure which is ~99% porous. The great
advantage aerogel has over other porous material is that porosity and inner surface area can be
tailored independently of each other.

14

Figure 6

Structure of the Silica Aerogel

With pore sizes smaller than the mean free path of air the solid and thermal conductivity
of aerogel is low. The thermal conductivity of aerogel is lower than that of air at ambient
temperature [27]. In infrared wavelengths, the radiative thermal conductivity is also very low due
to high absorption by silica particles, the particles reradiate the incident radiation [25]. The
typical physical properties of silica aerogel are listed below in Table 1 [28-34].
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Table 2
Physical properties of silica aerogels
Property

Silica-based
Aerogel

Comment

Density

0.002-0.5 g/cm3

Inner Surface Area

400-1500 m2/g

Solid percentage in
Volume

0.13-15%

Mean Pore diameter

~20 nm

Particle diameter

2-5 nm

Index of refraction

1.007-1.24

Thermal tolerance

500o C

Poisson's Ratio

0.2

Young's Modulus

0.1-300 MPa

Tensile Strength
Transmittance

16 KPa
95-99 %

Thermal conductivity

Most common density is 0.1g/cm3
(ρair = 0.001g/cm3)
As determined by nitrogen
adsorption/desorption A cubic
centimeter of an aerogel has about the
same surface area as one soccer field)
Typically, 5 % (95 % free space)
As determined by nitrogen
adsorption/desorption (varies with
density)
Determined by transmission electron
microscopy
Very low for solid material (nair=
1.004)
Shrinkage begins slowly at 500 oC,
increases with increasing temperature.
Melting point is ~1200oC
Independent of density, similar to
dense silica. Determined using
ultrasonic methods.
Very small (<104) compared to dense
silica
For density of 0.1 g/cm3

~ 0.02 W/mK
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Very low thermal conductivity. 2 cm
slab provides the same insulation as 30
panes of glass

Aerogel applications
Aerogels can be used for many applications due to its unique properties; aerogels are
most commonly used for thermal insulation. Figure 7 shows the overview of different aerogel
applications.

Figure 7

Different applications of aerogels [33, 35]

Aerogel has been used commercially as thermal insulation blankets for high temperature
insulation, for instance, it is used in PATHFINDER MARS mission in order to insulate the
Sojourner Mars rover. The temperature dropped down to -67 oC during the mission, while a
stable inside temperature of 21 oC, was maintained. This protected sensitive electronics of the
rover from damage due to the cold [32, 36].
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CHAPTER III
METHODOLOGY AND DISCUSSION

Optically Transparent and Thermally Insulating (OTTI) aerogel
Silica aerogel has been known to be a very insulating material because of its nanoporous
structure which allows it to reduce solid conduction and gas phase convection [18]. With pore
diameter (~20 nm) and low density (0.002-0.5 g/cm3) heat transfer by gaseous and solid
conduction is very minimal [15]. The pore diameter is smaller than the wavelength of the
infrared photons therefore extinction of heat radiation is caused by absorption. Thermal radiation
is primary heat transfer mechanism in aerogels, at ambient temperatures [37]. Optical
transparency of aerogels is due to the pore size being much smaller than that of the wavelength
of visible light. Due to its optical transparency thermal radiation can reach the absorber with
thermal emission from the absorber being re-radiated back to the absorber at a lower
temperature. Aerogels can be used as a volumetric radiation shield in a solar thermal receiver,
the recycling of radiation allows aerogel to be spectrally selective, paired with its lower thermal
conductivity the outer surface of the aerogel has significantly lower temperature than the
absorber. Utilizing this unique property to act as a greenhouse medium, OTTI aerogel reduces
overall rate of heat loss and allows the system to operate at higher efficiency with having high
solar transparency. The need for spectrally selective surface or vacuum enclosure is eliminated
by using aerogel. With experimental modeling, it is validated that OTTI aerogel-based collectors
equivalently or outperform vacuum receivers.
18

Heat transfer within aerogel
Heat is transferred within aerogel via three methods: conduction, convection and
radiation. Figure 8 illustrates a simplified image of how three modes of heat transfer occur within
Aerogel.

Figure 8

Heat transfer within Aerogel [38]

Conductive heat transfer is caused by the motion of microscopic energy carriers. This
motion causes high speed molecules to transfer energy to low speed molecules during collision;
which is known as heat transfer by conduction. As aerogel is porous material with solid and gas
composition, heat transfer by conduction is further divided by solid and gaseous heat conduction.
Solid conduction via the silicon dioxide skeleton and gas molecules is suppressed due to its
extremely low density and complex three-dimensional structure. The complex structure
lengthens the path and complexity of heat transfer. Gaseous conduction is a result of collision of
molecules. The pore diameter (~10 nm) for aerogel is lower than mean free path of the gas
molecules. The mean free path of air is about 69 nm under standard pressure and temperature
19

conditions. The lower value of the pore size restricts the free movement of molecules, therefore
gaseous heat conduction is negligible.
Heat transfer via convection occurs due to the macroscopic movement within the fluid,
this movement causes the mixture of the cold and hot part of the fluid causing heat transfer
within the fluid. For porous materials with pore diameters lower than 4mm, heat transfer via
convection is absent. This is a result of mean free path of gas molecules (~100 nm) being higher
than that of aerogel (~10 nm).
When an object is subjected to heat, it emits radiant energy. This radiant energy is
transferred to cold body which is known as heat transfer by radiation. Heat transfer by radiation
can be scattered, absorbed, reflected. Since silica aerogel are transparent in certain wavelengths,
radiation becomes dominant mode of heat transfer within aerogel due to its high temperature
applications, it can have significant impact on the effective thermal conductivity. In order to
understand the thermal radiation heat transfer within aerogel, radiative transfer equation (RTE) is
used [38].
𝑑𝐼𝜆 (Ω)
𝑑𝑥

= −𝐾𝑒𝜆 𝐼𝜆 (Ω) + 𝐾𝑎𝜆 𝐼𝑏𝜆 +

𝐾𝑠𝜆
4𝜋

4𝜋

∫0 𝐼𝜆 (Ω′ )𝑝𝜆 (Ω′ → Ω)𝑑Ω′

(1)

Where 𝐾𝑒𝜆 is spectral extinction coefficient, I is the spectral intensity,  is the wavelength,  is
the direction, 𝐾𝑎𝜆 is the absorption coefficient, 𝐼𝑏𝜆 is the spectral blackbody intensity, 𝑝𝜆 is the
phase function, 𝐾𝑠𝜆 is the scattering coefficient.
RTE is a non-linear integro-differential equation. Analytical solution does not exist
except for simple cases. Therefore, some approximations are needed to the solution. The
common way to solve is to treat the medium as optically thick, which means the radiation travels
only short distance before being absorbed and scattered. This simplifies the RTE and diffusion
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relationship is established by transforming the radiant energy. The diffusion approximation is
also referred as Rossland diffusion approximation shown below:

16𝑛2 𝜎𝑇 3 𝜕𝑇

𝑞𝑟 (𝑥) =

3𝜎𝑒,𝑅

𝜕𝑥

(2)

Where 𝜎𝑒,𝑅 is the Rossland mean extinction coefficient, 𝜎 is the Stefan-Boltzman constant, n is
the refractive index of material. 𝜎𝑒,𝑅 is calculated by the spectral extinction coefficient, T is the
radiative temperature. It is convenient to calculate the radiative thermal conductivity through
Rossland diffusion approximation due to its simple form but in order to get more accurate
solutions discrete ordinate method (DOM) needs to be used. DOM has no optically thick
assumptions. Solved previously during Dr. Yang’s research, DOM is coupled with heat equation
to solve the RTE in order to get the effective thermal conductivity. Heat equation is shown
below:
d
dx

dT

(k dx − q r ) = 0

∞

.

𝑞𝑟 = ∫0 ∫4𝜋 𝐼𝜆 (Ω)𝑑Ω𝑑𝜆

(3)

(4)

Where k is thermal conductivity, T is temperature and qr is the radiative heat flux.
Spectral extinction coefficient was used as an input to solve RTE. Spectral extinction coefficient
is the sum of the scattering and absorption and will be discussed further below.
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Optical measurements and characterization
The opacity of medium is dependent on its extinction coefficient β which is described by
Beer’s Law:
𝑑𝐼
𝑑𝑥

= −𝛽𝐼

(5)

Where, I is the intensity of radiation in x direction, 𝛽 is the Rayleigh scattering coefficient.
Beer’s law focuses on a single propagation direction. Although convenient to use, Beers
law’s is inaccurate as aerogel is a highly scattering medium as seen in figure 14, Beer’s Law
does not account for both scattering and absorption. Therefore 1-D radiative transfer equation is
used. Dr. Yang’s previous paper describes the modeling in detail about the model for 1-D
RTE[25]. In this thesis RTE model is applied to the silica aerogel using the absorption and
scattering coefficient which were back solved using experimental transmittance and reflectance
data. Experimental optical measurements were taken using an Agilent Cary 5000 UV-VisibleNIR spectrophotometer which is equipped with an integrating sphere (internal DRA-2500,
Agilent). The wavelength range covered was 300 to 2500 nm. The experimental results are
plotted in figure 12-13. Throughout the measurements the sample was kept normal to incident
light using specially designed Aerogel sample holder in order to avoid Fresnel special reflection.
The aerogel sample holders can be seen in Figure 10-11. These sample holders were designed to
hold various sizes of aerogel.
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Figure 9

Light propagation through aerogel, Intensity of light within the aerogel layer
depends on the distance into the layer z and the polar angle θ as shown on the
right [39]

Figure 10

Aerogel holder for Transmittance measurement. Aerogel sample is placed with
the mirrors surrounding from all sides and incident light hitting middle of the
sample
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Figure 11

Aerogel Holder for reflectance measurement. The sample is placed on the
platform and then placed inside the UV-VIS NIR in order to make the sample
incident to the incoming light

Figure 12

Spectral Transmission of TMOS aerogel sample. Blue line represents the
experimental transmittance of the sample. Yellow region is AM 1.5 standard solar
spectrum. The red dotted line is the cumulative loss in transmittance, with
increased wavelength the cumulative loss is increased due to high scattering
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Figure 13

Spectral Reflectance of TMOS Aerogel Sample. Blue line is collected
experimentally with in the 300-2500 nm wavelength. Reflectance becomes less
dominant at higher wavelength due to high scattering

The intrinsic absorbance of silica is lower in the visible region (400-700 nm). Therefore,
transmittance in the visible region is primarily attenuated by scattering effects. As seen in figure
12 at shorter wavelength scattering is dominant. Scattering will increase reflectance and reduce
transmittance due to backscattering of photons. In infrared spectrum (700- 2500 nm), scattering
becomes less important. Due to this, the developed TMOS Aerogel demonstrates nearly 94%
transmittance in infrared spectrum with cumulative loss increasing towards the higher
wavelength.
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Synthesis of OTTI aerogel
Number of techniques exist to fabricate silica aerogels. All of these techniques involve
polymerization of sol. Aerogel was synthesized by a one-step sol-gel polymerization method.

Figure 14

Steps of Silica aerogel with the method of supercritical drying [40]

Step 1: Tetramethooxysilane (TMOS) is polymerized using an ammonia solution (NH3 , 2.0 M in
Methanol) in order to promote hydrolysis and condensation reactions. Methanol is used to dilute
TMOS and then mixed into a second mixture of NH3 and water. The molar ratio of the mixture
was NH3:TMOS:water:Methanol = 0.0348:1:4:6.42.

Step 2: The solution is poured into a plastic container for gelation. Gelation results from the
formation of an alcohol bridged network due to polycondensation reaction which increases the
viscosity.

Step 3: The solution is aged for 1 week during which the polycondenstation reaction continues
until the wet gel is transformed into a solid mass. After 1 week of aging the wet gel also
undergoes solvent exchange process using ethanol for three days before the drying step.
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Step 4: The drying of the wet gel is achieved by supercritical drying process, during which the
liquid is removed. This is one of the most crucial processes and it is important to dry the wet
gels slowly in order to minimize the capillary pressure and produce monoliths without cracks.
When liquid starts to evaporate from the wet gel, compressive forces start to rise around the
pores of the wet gels and this surface tension can cause the structure of the gel to collapse. In
order to avoid that, the gel is transformed into a supercritical fluid where the surface tension
ceases to form. Figure 15 shows the pressure-temperature cycle during the supercritical drying
process. The cycle path is shown in the top part of the figure 15.
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Figure 15

Pressure-temperature correlation for solid- liquid-vapor phase equilibrium
diagram [35]. The path shown does not cross any phase boundary, instead it
passes through the critical point into the super critical region where the distinction
of phases does not apply

Super critical drying is done using a critical point dryer (CPD) and ethanol is added to
remove the water. Ethanol is then removed using high pressure liquid carbon dioxide. The liquid
carbon dioxide is subjected to heat, reaching beyond its critical point (31.1 oC , 73.9 bar), the
pressure is then bleeded from the chamber gradually to the atmospheric pressure. The monoliths
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are removed in the end from the chamber. The aerogel recipe produced in terms of molar ratio is
shown in Table 3

Table 3
Molar ratio for the TMOS Aerogel
NH4OH

TMOS

H2O

Methanol

0.0348

1

4

6.42

The Aerogel samples used in the initial phase of data collection were produced at MIT
(figure 12) and shipped to UTC. This was done due to the supercritical dryer malfunction and
sample size restrictions at UTC. After taking the picture of the samples, ImageJ was used in
order to measure the thickness of the sample. Table 4 shows the measured thickness and
diameter of the samples. The dimensions of the blackbody absorber are also provided in Table 2

Table 4
Sample thickness of Silica Aerogels

Sample 1
Sample 2
Sample 3
Sample 4
Blackbody Absorber

Thickness (mm)
5.597 ± 0.018
5.312 ± 0.015
6.323 ± 0.012
8.375 ± 0.011
1.701 ± 0.008
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Diameter (mm)
53.327 ± 0.012
53.401 ± 0.009
54.565 ± 0.014
53.133 ± 0.017
55.009 ± 0.004

Figure 16

The four samples used during the data collection procedure

Design of the Critical Point Dryer (CPD)
Commercial critical point dryers tend to be costly and are restricted by chamber size thus
restricting the production of larger monoliths for aerogel. And since the secondary goal of the
thesis was to design a better prototype of the solar receiver, larger monoliths were required. A
critical point dryer was designed and fabricated at University of Tennessee at Chattanooga. The
largest chamber size (8” D) available commercially is sold by Tousimis (Automegasamdri®938) [41]. In order to facilitate future research with TMOS aerogel the critical point dryer
designed has a chamber size of 10” x 10” x 4”. CAD design of the CPD is shown in Figure 17.
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Automatic controls are not incorporated in order to save cost, the entire control system is manual
with liquid CO2 being used in CPD process because of its critical point being at low temperature
(31.1 0C).
The CPD is made of 304 stainless steel, to control the temperature Cold/Hot plate (AHP1200CPV, Thermoelectric Cooling America Corporation) is used. ASME-code fast-acting
pressure-relief valve (McMaster-Carr) set at 2000 psi is also attached to the top of the CPD as
part of the safety measure. There are three easy set flow adjustment valves (McMaster-Carr)
attached to back-flow-prevention inline hydraulic valves for inlet of CO2, purging stage, bleeding
stage.

Figure 17

Cad design of critical point dryer
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Figure 18

Fabricated critical point dryer

OTTI aerogel based solar receiver design
OTTI aerogel is used as a greenhouse medium in the solar receiver built shown in Figure
19. OTTI Aerogel is placed directly on top of a blackbody absorber, which is made of copper
sheet and carefully coated with non-selective high temperature black paint known as Pyromark,
Tempil. The black paint increases the solar absorptance of the blackbody absorber to 0.97 and
the thermal emittance to 0.85~0.9 [42]. The OTTI aerogel and blackbody absorber are placed
inside an aluminum reflective aperture with two Type K thermocouples (5TC-KK-K30-36,
Omega Engineering) are attached to the bottom and in between the OTTI Aerogel and blackbody
absorber to measure the temperature. Since the production of OTTI aerogel was restricted to D=
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55mm due to supercritical dryer size constraints, the absorber plate is fabricated to match the
Aerogel size in order to reduce thermal side losses. Different thicknesses of Aerogel are achieved
by stacking samples in the aperture. The unevacuated area of the solar receiver is insulated with
uniform thickness of commercially available high temperature ceramic insulation (Ceramic fiber
insulation, Grainger).
In order to understand the effects of using the monoliths for a better prototype in the
future, two receiver designs are studied. The schematic of the first receiver design as shown in
Figure 17 does not include a glass cover over the aerogel. The Aerogel monolith is placed over
the absorber and then exposed directly to sunlight. The second receiver design includes a low
iron glass cover as a glazing material, placed on top of the aerogel. As the larger prototype will
be built with glass cover to protect the aerogel, this setup contributed in determining the collector
performance. The entire setup of the experimental test bed is portable and can be seen in figure
21.

Figure 19

Schematic of solar receiver configuration without glass cover
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Figure 20

Schematic of solar receiver configuration with glass cover

Figure 21

Experimental solar receiver on University of Tennessee at Chattanooga campus
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Figure 22

Inside of the solar receiver without the aerogel sample

Figure 23

Portable experimental testbed with DAQ
35

During the construction of the receiver special attention is needed for handling aerogel.
Aerogel by nature has compressive and tensile strength but is still extremely fragile. Aerogel
monoliths if mishandled are susceptible to cracking due to its weak mechanical properties.
Aerogel holds the weight of low iron glass used during this prototype without cracking as seen in
Figure 24. Although the added glass layer reduces transmittance, it protects the aerogel from
weather conditions.

Figure 24

OTTI Aerogel with the black body absorber and low-iron glass cover

Chattanooga is located in Northern hemisphere at 35.0456o N, 85. 3097o W latitude. To
increase collector performance, the tilt should be increased by 15o facing south in winter and 10o
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lower in summer to match the changing zenith angle. The collector is fixed on a tilt angle of 50o
facing south since all the data collection was done during the months of January-March.
The solar collector after being placed in direct sun immediately starts to gain energy by
absorbing the incident solar flux which is transmitted through the OTTI aerogel into the absorber
plate. The amount of incident solar flux is increased due to aerogel or the glass layer being flush
with the top of the receiver. For an unglazed solar collector with a ~20 mm slab of aerogel the
temperature reaches 140 oC within 30 minutes and starts to stagnate to 170oC within an hour.
The stagnation temperature corresponds to the maximum temperature a collector can achieve.
The temperature readings are taken at two different points, the temperature of the bottom of the
plate is of interest, in the future design the heat will be transferred to another medium via the
bottom of the plate. For a ~20 mm unglazed sample the rise in temperature corresponding to
different thicknesses can be seen in Appendix A.

200.000
180.000

Temperature (oC)

160.000
140.000
120.000
Bottom of the plate

100.000
80.000

Top of the plate

60.000
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40.000
20.000

Figure 25

1:55 PM

1:51 PM

1:47 PM

1:43 PM

1:39 PM

1:35 PM

1:31 PM

1:27 PM

1:23 PM

0.000

Time of the Day
Experimental data (unglazed), the plot shows measured values 54 min runtime on
March 30th 2019, OTTI thickness of ~19.281 mm
37

During the data collection process various thickness were incorporated into the receiver
ranging from ~5-25 mm. Two measurements are taken for same thickness with and without a
glass cover. The summary of the data collection can be seen in Table 5-6. Since the data was
collected on different days, weather condition is not constant and measurement for ambient
temperature, wind speed and relative humidity is also recorded as well. As a pyrometer was not
incorporated to measure the real-time solar flux on the receiver it is assumed 1000 W/m2k for
simplicity purpose.

Table 5
Summary of the experimental data collection for solar receiver without glass cover

Sample
Thickness
5.3125
5.597
6.323
8.3751
14.69
19.281
25.6081

Day
2/27/2019
3/7/2019
3/6/2019
2/9/2019
3/17/2019
3/28/2019
3/30/2019

Time of
the day
12:34 PM
12:38 PM
1:58 PM
2:07 PM
4:00 PM
1:23 PM
1:30 PM

Experimental Data (Without Glass Cover)
Stagnation Temp Stagnation Temp
Ambient
Run time
Top (C)
Bottom (C)
Temperature (C)
1 hr 33 min
120.737
106.005
11
52 min
116.754
105.301
15
54 min
133.087
114.517
14
1 hour 19 min
135.181
121.178
16
44 min
157.39
133.916
16
45 min
178.403
164
18
54 min
225.642
213.971
19

Wind Relative
Speed Humidity
2 mph
59
2 mph
51
7 mph
39
11 mph
47
3 mph
47
5 mph
51
8 mph
58

Table 6
Summary of the experimental data collection for solar receiver with glass cover
Experimental Data ( With Glass Cover)
Sample
Thickness
5.3125
5.597
6.323
8.3751
14.69
19.281
25.6081

Day
1/24/2019
1/25/2019
2/8/2019
2/10/2019
2/13/2019
3/29/2019
3/31/2019

Time of
Stagnation Temp Stagnation Temp
Ambient
Wind Relative
the day
Run time
Top (C)
Bottom (C)
Temperature (C) Speed Humidity
1:58 PM 1 hour 3 min
110.566
100.701
16
8 mph
69
2:12 PM
47 min
103.183
99.62
14
6 mph
55
11:26 PM
50 min
122.399
113.769
9
12 mph
65
12:07 PM 1 hour 15min
124.181
121.178
16
11 mph
47
1:37 PM 1 hour 7 min
140.848
138.609
3
5 mph
50
1:30 PM
50 min
163.178
151.25
18
3 mph
59
2:11 PM
49 min
210.137
199.332
20
14 mph
60
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Even with data being collected during the month of winter, the solar collector manages to
reach stagnation temperature within 80 minutes. The stagnation temperature for flat plate
collector is limited to 120 oC, the proposed solar collector surpasses that temperature within 30
minutes for aerogel thickness higher than ~8mm. The unglazed experimental data for same
thickness reaches higher stagnation temperature then glazed solar collector due to some
transmission losses from the glass cover. The experimental results for the glazed and unglazed
setting are plotted in figure 26.
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Figure 26

Experimental stagnation temperature with Aerogel thickness performance
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The efficiency for any solar receiver can be defined as the ratio of delivered heat to
receiver divided by the incident sunlight received by the receiver. The simple expression of
receiver efficiency is expressed below:
𝑄ℎ

𝜂𝑟𝑒𝑐 = 𝑄

𝑠,𝑟𝑒𝑐

=

𝑄𝑎𝑏𝑠−𝑄𝐿𝑜𝑠𝑠

(6)

𝑄𝑠,𝑟𝑒𝑐

Where, 𝑄ℎ is the delivered heat, 𝑄𝑠,𝑟𝑒𝑐 is the standard solar flux on the receiver (e.g. AM1.5
direct + circumsolar value of 900 W/m2), Qabs is the absorbed sunlight, Qloss is the heat loss by
the receiver.
Qabs is obtained by the product of collector Area Ac, the transmittance (τ) and the absorptance (α)
of absorber plate and solar flux i.e.,
Qabs = (τ α) 𝑄𝑠,𝑟𝑒𝑐

(7)

And 𝑄𝐿𝑜𝑠𝑠 is the product of area Ac, the overall heat loss coefficient and the difference between
the absorber and ambient temperature.
Qloss = Ac hl (Tabs – Tamb)

(8)

Where, hl is the overall heat loss coefficient, Tabs is the absorber temperature and Tamb is the
ambient temperature.
Dividing equation (8) by the Ac and 𝑄𝑠,𝑟𝑒𝑐 , the instantaneous efficiency is found using equation
below:
𝛈=𝜏∙𝛼−

ℎ𝑙 (𝑇𝑎𝑏𝑠 −𝑇𝑎𝑚𝑏 )
𝑄𝑠,𝑟𝑒𝑐

(9)

The overall heat loss is calculated using equation 10-10a
𝑘

ℎ𝑙 = 𝑁𝑢 𝑑
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(10)

Where k is the thermal conductivity, d is thickness of the aerogel sample. The thermal
conductivity for silica aerogel at ambient temperature was calculated to be 0.027 W/m2k. Nu is
the Nusselt number which is treated as 1 due to negligible convective heat transfer.
The experimental heat transfer coefficient is calculated by the power required by the receiver to
maintain the absorber temperature at stagnation.
𝑞

ℎ𝑙 = 𝐴 𝑖𝑛
𝑑𝑇
𝑐

(11)

Where, qin is the input power, Ac is the aperture area and dT is the absorber and ambient
temperature difference.
For a glazed system equation 9 changes into equation 11
η=𝜏∙𝛼−

ℎ𝑙 (𝑇𝑎𝑏𝑠 −𝑇𝑎𝑚𝑏 )
𝜏𝑔 𝑄𝑠,𝑟𝑒𝑐

(12)

Where 𝜏𝑔 is the transmittance of glass ~0.92.
The heat loss as a function of temperature is plotted in Figure 26 calculated from the
equation 11. At higher operating temperature the heat loss becomes minimal, this is the best case
scenario with data taken from the experimental measurements. As the solar flux is kept constant
at 1000 W/m2k, which will not be the case during outdoor measurements on different days, these
values will differ with solar flux.
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Figure 27

Experimental heat loss coefficient versus temperature

Thermal performance of a flat-plate collector depends on the thermal and optical
properties. The lower the transmittance absorptance product the lower the efficiency. This is why
the transmissivity of the aerogel is a key factor on receiver performance. Using equations 6-10,
the efficiency for a ~25 mm aerogel the receiver is able to reach 55% efficiency at 40 oC and the
efficiency decreases as the temperature goes higher. With thicker aerogel the suppression of heat
loss increases but transmittance will decrease which will affect the efficiency of the receiver
(Figure 26). As the receiver reaches higher temperatures thermal and parasitic heat loss starts to
dominate and the efficiency goes down. Instantaneous experimental absorber efficiency for
various thickness of aerogel is computed in Figure 29-30.
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Coefficient of heat loss versus aerogel thickness
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Absorber efficiency (unglazed) in terms of the temperature difference between
absorber and surroundings
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The absorber efficiency for the glazed system is lower than that of unglazed system as
seen in Figure 22 due to transmittance losses from the top layer of glass. It is noted that there
approximately 5% loss of efficiency, which is not significant for added layer of protection for
aerogel. This loss can be further decreased by using a different type of protective layer for
aerogel with higher transmittance than glass.
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Figure 30

Absorber efficiency (glazed) in terms of the temperature difference between
absorber and surroundings

Limitations of the study
Ideal flat plate collectors testing standards are well established. The performance of flat
plate collector is measured by exposing the absorber plate to a fluid loop and measuring
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incoming solar radiation, the inlet and outlet fluid temperature and the flow rate. Due the initial
size restrictions (<55mm) of the Aerogel sample, the prototype built does not include a fluid
loop. Due to this shortcoming, only stagnation temperature measurements were taken of the
absorber plate. The next prototype discussed in Appendix B will incorporate closed-loop control
as well as a pyrometer to measure the incoming solar radiation.
In practice, unevacuated TMOS aerogel needs to be sealed from the environment. Water
vapor in the air can cause aerogel to condense which in turn could damage the structure of the
TMOS aerogel. Unless, hydrophobic TMOS aerogel is developed with similar transmittance
values. Longevity analysis also needs to be carried out as lifecycle time for solar thermal receiver
is 25 years.
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CHAPTER IV
CONCLUSION AND FUTURE WORK

Conclusion
Aerogel based flat plate receiver prototype developed in this work achieved equivalent
efficiency as an evacuated tube receiver. The flat plate design will aid in solving the challenges
involved with evacuated tube collectors, which are restricted by its tubular geometry. Flat plate
geometries has the benefit of utilizing larger area by elimination of tubes and reducing shading
from the tubes. The experimental prototype built reached stagnation temperature of 220 oC with
~20 mm Aerogel. This satisfies the range of mid temperature (120-220 oC) energy demand.
1) The optimal thickness recommended for future applications falls between 20-25 mm, this
thickness is not ideal but with proper insulation techniques, it can work as a volumetric
shield to suppress heat loss and operate at higher target temperature.
2) Critical point dryer was built, which will allow the team to produce larger monolithic
aerogel for future research.
3) The black absorber used in the system as oppose to selective surface can reduce system
cost.
4) The temperatures achieved during testing of the prototype opened up possibilities of using
this solar thermal receiver in a system with a double effect absorption chiller for air
conditioning of buildings.
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5) It is also worth noting that during the prototyping process, cost analysis has not been
conducted and in order to truly make commercial aerogel based solar collector a thorough
life cycle cost analysis needs to be conducted. .
OTTI Aerogel based solar receivers are very promising technology to be used in energy
conversion process. Commercial manufacturers can utilize the process of making an Aerogel tile
with wide range of target temperature applications. The cost of manufacturing and processing
must be assessed in order to truly see the in-depth analysis of Aerogel based receivers, and its
wide spread deployment. Mechanical properties must also be enhanced in order to increase the
versatile usage of OTTI Aerogel. The future of this research involves building a larger prototype
of solar collector and testing it with ambient testing conditions as seen in Appendix B. The larger
prototype will allow testing for domestic hot water heating and study the nature of commercial
size flat plate receiver. Pushing forward this technology opens the door to solar thermal energy
being a primary player in generating clean energy. Solar energy can have significant impact on
tackling climate change, access to clean water and access to clean energy wherever the sun
shines.

47

REFERENCES

[1]

N. S. Lewis. (2007) Toward Cost-Effective Solar Energy Use. Science. 798-801.
Available: https://www.jstor.org/stable/20038948

[2]

S. A. Kalogirou, "Solar thermal collectors and applications," Progress in Energy and
Combustion Science, vol. 30, no. 3, pp. 231-295, 2004.

[3]

C. T. Parthiv Kurup, "Initial Investigation into the Potential of CSP Industrial Process
Heat for the Southwest United States," Natioanl Renewable Energy Lab, Tehnical Report
2015.

[4]

L. Weinstein, D. Kraemer, K. McEnaney, and G. Chen, "Optical cavity for improved
performance of solar receivers in solar-thermal systems," Solar Energy, vol. 108, no. C,
pp. 69-79, 2014.

[5]

"Key World Statistics," ed. International Energy Agency, 2018.

[6]

L. Doman. (2017, 3/26/2019). Today in Energy [Webpage]. Available:
https://www.eia.gov/todayinenergy/detail.php?id=32912

[7]

I. E. Agency, "Electricity generation from renewables by source," ed. International
Energy Agency, 2018.

[8]

M. Yu, Y.-Z. Long, B. Sun, and Z. Fan, "Recent advances in solar cells based on onedimensional nanostructure arrays," Nanoscale, 10.1039/C2NR30437F vol. 4, no. 9, pp.
2783-2796, 2012.

[9]

(2018). Concentrating Solar Power. Available:
https://www.seia.org/initiatives/concentrating-solar-power

[10]

M. Grahovac, P. Liedl, J. Frisch, and P. Tzscheutschler, "Simplified Solar Collector
Model: Hourly Simulation of Solar Boundary Condition for Multi-Energy Optimization,"
2010.

[11]

G. E. Cohen, D. W. Kearney, and G. J. Kolb, "Final Report on the Operation and
Maintenance Improvement Program for Concentrating Solar Power Plants," United
States1999, Available: http://inis.iaea.org/search/search.aspx?orig_q=RN:30053616.

[12]

S. Harrison and C. A. Cruickshank, "A review of strategies for the control of high
temperature stagnation in solar collectors and systems," Energy Procedia, vol. 30, pp.
793-804, 2012/01/01/ 2012.
48

[13]

L. Zhao et al., "Harnessing Heat Beyond 200 °C from Unconcentrated Sunlight with
Nonevacuated Transparent Aerogels," ACS nano, vol. 13, no. 7, pp. 7508-7516, 2019.

[14]

C. Buratti and E. Moretti, "Glazing systems with silica aerogel for energy savings in
buildings," Applied Energy, vol. 98, pp. 396-403, 2012.

[15]

M. Reim et al., "Highly insulating aerogel glazing for solar energy usage," Solar Energy,
vol. 72, no. 1, pp. 21-29, 2002.

[16]

U. Berardi, "The benefits of using aerogel-enhanced systems in building retrofits,"
Energy Procedia, vol. 134, pp. 626-635, 2017.

[17]

T. Stahl, S. Brunner, M. Zimmermann, and K. Ghazi Wakili, "Thermo-hygric properties
of a newly developed aerogel based insulation rendering for both exterior and interior
applications," Energy & Buildings, 2011.

[18]

A. Demilecamps, M. Alves, A. Rigacci, G. Reichenauer, and T. Budtova,
"Nanostructured interpenetrated organic-inorganic aerogels with thermal superinsulating
properties," Journal of Non-Crystalline Solids, vol. 452, pp. 259-265, 2016.

[19]

G. Masera et al., "Development of a Super-insulating, Aerogel-based Textile Wallpaper
for the Indoor Energy Retrofit of Existing Residential Buildings," vol. 180, ed: Elsevier
Ltd, 2017, pp. 1139-1149.

[20]

K. Chen, A. Neugebauer, T. Goutierre, A. Tang, L. Glicksman, and L. J. Gibson,
"Mechanical and thermal performance of aerogel-filled sandwich panels for building
insulation," Energy and Buildings, vol. 76, pp. 336-346, 2014/06/01/ 2014.

[21]

M. Sletnes, B. P. Jelle, and B. Risholt, "Feasibility study of novel integrated aerogel
solutions," Energy Procedia, vol. 132, no. C, pp. 327-332, 2017.

[22]

A. A. Günay et al., "Optically Transparent Thermally Insulating Silica Aerogels for Solar
Thermal Insulation," ACS applied materials & interfaces, vol. 10, no. 15, pp. 1260312611, 2018.

[23]

L. A. Weinstein et al., "A Hybrid Electric and Thermal Solar Receiver," Joule, vol. 2, no.
5, pp. 962-975, 2018/05/16/ 2018.

[24]

L. W. Kenneth McEnaneya, Daniel Kraemera, Hadi Ghasemib, Gang Chen, "Aerogelbased solar thermal receivers," Nano Energy, no. 40, pp. 180-186, 2017. 19 May 2017

[25]

L. Zhao, S. Yang, B. Bhatia, E. Strobach, and E. N. Wang, "Modeling silica aerogel
optical performance by determining its radiative properties," AIP Advances, vol. 6, no. 2,
2016.

[26]

S. S. Kistler, "Coherent Expanded Aerogels and Jellies," Nature, vol. 127, no. 3211, p.
741, 1931.
49

[27]

A. Soleimani Dorcheh and M. H. Abbasi, "Silica aerogel; synthesis, properties and
characterization," Journal of Materials Processing Technology, vol. 199, no. 1, pp. 1026, 2008/04/01/ 2008.

[28]

B. S. K. Gorle, I. Smirnova, and W. Arlt, Adsorptive crystallization of benzoic acid in
aerogels from supercritical solutions. 2010, pp. 249-257.

[29]

L. W. Hrubesh, "Aerogel applications," Journal of Non-Crystalline Solids, vol. 225, pp.
335-342, 1998.

[30]

S. S. Kistler and A. G. Caldwell, "Thermal Conductivity of Silica Aërogel," Industrial &
Engineering Chemistry, vol. 26, no. 6, pp. 658-662, 1934.

[31]

M. Sachithanadam, Silica Aerogel Composites Novel Fabrication Methods, 1st ed. 2016.
ed. (Engineering Materials). Singapore: Springer Singapore, 2016.

[32]

Aerogels Handbook (Advances in Sol-Gel Derived Materials and Technologies). New
York, NY: Springer New York, 2011.

[33]

A. Soleimani Dorcheh and M. H. Abbasi, "Silica aerogel; synthesis, properties and
characterization (Book review)," vol. 199, ed, 2008, pp. 10-26.

[34]

M. Moner-Girona, A. Roig, E. Molins, and J. Llibre, "Sol-Gel Route to Direct Formation
of Silica Aerogel Microparticles Using Supercritical Solvents," Journal of Sol-Gel
Science and Technology, vol. 26, no. 1, pp. 645-649, 2003.

[35]

J. L. Gurav, I.-K. Jung, H.-H. Park, E. S. Kang, and D. Y. Nadargi, "Silica Aerogel:
Synthesis and Applications," Journal of Nanomaterials, vol. 2010, no. 2010, 2010.

[36]

M. Roesle, P. Good, V. Coskun, and A. Steinfeld, "Analysis of Conduction Heat Loss
From a Parabolic Trough Solar Receiver with Active Vacuum by Direct Simulation
Monte Carlo," Numerical Heat Transfer; Part A: Applications, vol. 62, no. 5, pp. 432444, 2012.

[37]

U. Heinemann, R. Caps, and J. Fricke, "Radiation-conduction interaction: an
investigation on silica aerogels," International Journal of Heat and Mass Transfer, vol.
39, no. 10, pp. 2115-2130, 1996/07/01/ 1996.

[38]

Y.-L. He and T. Xie, "Advances of thermal conductivity models of nanoscale silica
aerogel insulation material," Applied Thermal Engineering, vol. 81, pp. 28-50,
2015/04/25/ 2015.

[39]

L. Zhao et al., "Theoretical and experimental investigation of haze in transparent
aerogels," Optics Express, vol. 27, no. 4, pp. A39-A50, 2019/02/18 2019.

[40]

T. Błaszczyński, A. Ślosarczyk, and M. Morawski, "Synthesis of Silica Aerogel by
Supercritical Drying Method," vol. 57, ed: Elsevier Ltd, 2013, pp. 200-206.
50

[41]

Tousimis, "Touchscreen series C for 8" waffers," ed.

[42]

C. K. Ho, A. R. Mahoney, A. Ambrosini, M. Bencomo, A. Hall, and T. N. Lambert,
"Characterization of Pyromark 2500 for High-Temperature Solar Receivers," no. 44816,
pp. 509-518, 2012.

51

APPENDIX A
EXPERIMENTAL DATA COLLECTION FIGURES
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EXPERIMENTAL DATA COLLECTION PROCEDURE
The experimental data is collected on different dates and times, these are mentioned in
Table 5-6 in main text. The step by step procedure for experimental data collection is listed
below.
Step 1: Mobile experimental setup is faced in the South direction with receiver facing incident to
Sun
Step 2: Type K thermocouple connection is checked before placing the OTTI aerogel sample
Step 3: Aerogel is loaded into the receiver and receiver is covered.
Step 4: Glass cover is placed on top of the aerogel
Step 5: Data acquisition is started as soon as the cover of the receiver is lifted.
Step 6: Data is collected until stagnations temperature is reached.
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Experimental data (unglazed, the plot shows measured values for 93 min runtime
on February 27th 2019, OTTI thickness of 5.3125 mm

53

Absorber plate temperature (oC)

120
100
80
60

Bottom of the plate

40

Top of the plate
Ambient temperature

20

2:58 PM

2:53 PM

2:48 PM

2:43 PM

2:38 PM

2:33 PM

2:28 PM

2:23 PM

2:18 PM

2:13 PM

2:08 PM

2:03 PM

1:58 PM

0

Time of the Day
Figure A-2

Experimental data (glazed), the plot shows measured values for 63 min runtime
on January 24th 2019, OTTI thickness of 5.3125 mm
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Figure A-3

Experimental data, the plot shows measured values for 47 min runtime on January
25th 2019, OTTI thickness of 5.597 mm
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Experimental data (unglazed), the plot shows measured values for 52 min runtime
on March 7th 2019, OTTI thickness of 5.597 mm
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Experimental data (unglazed), the plot shows measured values for 79 min runtime
on March 6th 2019, OTTI thickness of 6.323 mm
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Figure A-6

Experimental data (glazed), the plot shows measured values for 50 min runtime
on February 8th 2019, OTTI thickness of 6.323 mm
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Figure A-7

Experimental data (Unglazed), the plot shows measured values for 79 min
runtime on February 9th 2019, OTTI thickness of 8.3751 mm
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Experimental data (glazed), the plot shows measured values for 67 min runtime
on February 13th 2019, OTTI thickness of 14.69 mm
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Experimental data (unglazed), the plot shows measured values for 44 min runtime
on March 17th 2019, OTTI thickness of 14.69 mm
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Experimental data (unglazed), the plot shows measured values for 45 min runtime
on March 28th 2019, OTTI thickness of 19.2851 mm
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Figure A-11

Experimental data (glazed), the plot shows measured values 50 min runtime on
March 29th 2019, OTTI thickness of 19.2851 mm
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Experimental data (unglazed), the plot shows measured values 54 min runtime on
March 30th 2019, OTTI thickness of 25.6081 mm
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APPENDIX B
FUTURE PROTOTYPE
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Due to limitations of the existing prototype e a new prototype is proposed for further
studies. The prototype discussed in this Appendix will incorporate two slabs of 10” W x 10”L x
1” D OTTI aerogel monoliths designed using the CPD built in this thesis. As seen in Figure B-1

Figure B-1

CAD drawing of proposed flat plate collector prototype for further studies

The dimensions of the prototype will allow to incorporate 1 inch of insulation on all sides
and the bottom in order to reduce the heat loss. A low iron glass cover will be used and sealed to
protect the aerogel from weather conditions. The dimensions are mentioned in Figure B-2.
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Figure B-2

Dimensions of the proposed flat plate collector

As mentioned in the main section, it is important to study the receiver under flow
conditions. Therefore, the proposed receiver is designed in such a way that a fluid loop in the
bottom will allow the absorber plate to transfer energy to the liquid. This setting will allow for
the receiver to be compared to commercially available solar thermal collectors and also open
doors for size scalability of OTTI aerogel-based receivers. The schematic for future testing is
shown in Figure B-3.

62

Figure B-3

Schematic for testing prototype (National Renewable Energy Lab)
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