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Abstract

There is, nowadays, a large shift to high temperature operations in many applications such

as indugrial processes, power plants, and especially in the energy storage applications to
reach a higher efficiencyAlthough some current thermal insulation materials show an
excell ent performance, they eith®@0O0 dfjonjot w
have a poothermal conductivitghigherthan 0.7 I+ ) at such high temperatures.
Therefore, there is a strong need for developing advanced high temperature thermal
insul ation designs that withstand dgoadgh t en
performance (thermal conductivity lower than 0.17 I + ) at such high
temperatures. The aim of the present thesis is to achieve a new design of high temperature
thermal insulation made with mategddaving high opacifying performandkat tolerde

high temperatures while having the minimum heat loss. At high temperatures, radiative

heat transfer dominates over conduction and convection. Thus, the thesis focuses on the
radiative heat transfer through the thermal insulation. To come up higi+@erformance

insulation design, first a multilayer insulatiéMLI) design consisting of highly reflective

shields placed in a low thermal conductive medium was considered. The performance of

MLI design to suppress the radiation was invegédin the viewpoint of materials A

novel methodology was created to evaluate the performance of any types of material as
shields in MLI designlt was revealed that maximizing reflectivity of the shields would

result in a minimunradiatve heatransfer Then it was shown that metals as the highly

reflective materials are the best options among the investigated matéoaisver,they



will oxidize or, worse, melt at high temperatwewhich indicatesthe performance
limitation of multilayer insilation designln an example insulation structure, only one
shield of opper could lower thermal conductivity to Ol I  + . Howeverit turns

into copper oxide at high temperatures and 125 shieldomber oxide were needed to
reach the same thermal conductivity which indicatepthetical challenge with metals in

high temperature MLI designsherefore, volumetric extinction design wamsidereds

an alternative design. Volumetric design includeéarge number of absorbing/scattering
particles implanted into a low thermal conductive medium to suppress the radiation at high
temperatures. Based on the Rayleigh theory, a numerical model was developed to predict
the performance o& wide range of matels in volumetric insulation desigmA novel
methodology was developed to have a comprehensive investigation of materials to identify
the most well performing material§he investigatiorindicatedthat nommetals such as
some oxides show a better perfamee to extinct the radiation a volumetric approach

The results indicated that metal oxides perform mostly better than metals which is in favor
of radiation extinction at high temperatur@s.the end the Lorentascillatormodel was
usedto understad how some materials are performing better than others to attenuate the
radiation.In other words,tis model is usefub capture the main effects on the opacifying

behaviour of the materials.
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Chapter 1

| ntroducti on

Thermal insulation, for many yeatssattracted many interests duet®vast demand in

many various industries such as HVAC market, buildings, thermal energy storage units,
chemical process systems, pipelines, and space industry.

Thermal insulation referto a low thermal conductity materal, or a specific structuref
combined materialghat reduce the heat transfer rate significantly between the system
and the ambierdr between two regions of a systefdthough the main benefit of thermal
insulation is to decrease the heat losses and running expenses, using a proper insulation
design provides many other advantages such as; controlling the system temperature
resulting in a better operation control, lowg heat lossesand protecting the system from
corrosion, extreme ambient temperature and vibrgfipn

The selection of the type of thermal insulation depends on many thermal and physical
propertes to be considered. The main factors are:

1 Low effective thermal conductivity whiclquantifiesthe capability of the insulation
system to block the heat flow.

1 Low density which determines the mass of material per unit volume which affects the
design of nsulation system.

1 High compressive strength which determines the durability of the insulation and its

resistance against external pressures and vibration.
1



Another important factor to be considered is the service temperature range which is the
temperature range within which the insulation performs properly and sustains all its
properties. Norcombustible, nottoxic, norrcorrosive, ease of installation arelistance
against moisture are other significant characteristics for thermal insy2tion

There is, nowadays, a large shift to high temperature operatiamaniy applications such

as industrial processes, power plants, and specially in the energy storage applications
[3][4][5][6][7]. For power plant applicationgn increase in the temperatugenerally
results inan increasethermalefficiency. In terms of energy storage, energy can be stored
with a high density and the rowtidp efficiency can behigher at high temperatur§s).
Therefore, there is a strong etk for developing advanced high temperature thermal
insulation designs that withstand high temperatures (above 4Q0énd have a good
performanceat suchhigh temperatures Before reviewing the current thermal insulation

systemsit is necessary to dedloe the function of heat transfer in thermal insulation.

1.1 Heat transfer in thermal insulation

Understandinghte teat transfer mechanism through the thermal insulation mediof is
fundamental importanceijnceit will help guide the insulation design tinimize heat
transfer rate through the medium.

Heat transport through a medium occurs via three mantexluction, convection and
radiation. Conduction heat transfer is the transport of internal energy duertscopic

collisions and movements of energy carriers such as atoms, molecules, electrons and



phonons. In a porous medium, conduction heat transfer occurs through the gaseous and
solid phasef8]. However, reducing the scale of pores limits the motion of molecules and
decreases the gaseous heat conduction. The reason is that the gaseous heat conduction is
highly dependent orhe ratio of the pore scale and the mean free path of gas molecules
which is the mean distance traveled by a molecule before colliding with other molecules.

If the pore size is less than the mean free path of the gas, the gaseous heat conduction
reduces sigificantly [9]. The convection heat transfer is caused by the bulk motion of gas

or liquid molecules which transports the energy. Most insulation materials have small
enough gas volumes that the cotti@n heat can be negligible. However, for insulation
materials with high porosity and large pores, the convection effeais need to be
included Radiation heat transfer is due to the exchange of electromagnetic radiation
(photons) caused by thermallydunced motion in materials. It happens through the
emission, absorption and scattering (including reflection, refraction, diffraction and re
scattering of energy) mechanisfd®]. Unlike conduction and convection, radiation can
betransferedin the absence of matter and can travel a large distance before transferring
its energy.

To describe the heat transfer rate passing through a slab of thermal insulation, assume that
the bottom surface is exposed to a high temperature and the top suafatans a lowr
temperature. The ordimensional total heat flux that flows through the medium can be

describdby Fouri erds | aw as:



Q JY (1.9
0

n
Where'Q is the effective thermalonductivity in[7 |+ ,0in[l ]is thethickness
of the mediunmalong which théneat flows'Yin [+] is the temperature difference between
the bottom and the top surfade.this formulationQ is an effective property, and not a
material propertywhich captures many details of the heat transfer behavior of the system
(including material transport properties, geometry, ef®) considers all three heat
transfer modes and includes conductivermal conductivity®@ ), convective thermal
conductivity (Q ) and radiative thermal conductivitit ) as:

T Q Q Q (1.2)

The heat transfer coefficiens a parameter that defines how wedat flows through a
series of thermal resistancesand n be defined by Newtonds
that the heat transfer rate from an objective to its surrounding is proportional to the
temperature differemc between themThe heat transfer coefficient is defined through
Ne wt d¢aw 6fsooling as:

n Q v 7Yy (1.3)
where'Q is the heat transfer coefficient if [ + , “Y and”Y in [+] are the
temperature of the objective and its surrounding, respectively.

EquatingFour i er 6 s | aVow eoalidg, aNosvsytheeffedivee heat transfer

coefficient can be expressed as:



Q
0 2 (1.4)
U

Equation {.4) includes all three heat transfer modes.

The St ef an BagMestthe madiativehegiowesfram a blackbody. This law
indicates that the total emissive power of a blackbody (the total energy per time per surface
area over all wavelength) is progional to the farth power of its temperature as:

o Y (1.5)

Where, e v X pmmt 7 1 + isthe Stefan Boltzmann constant &ieh [+] is
the temperature of the blackbody. Real bodies emit a fraction of bladkiot emissive

power which depends on their emissivity;Then, the radiative power from a real body is:

o -Y (1.6)
Consideringthe slab of thermal insulation mentioned before, the simple radiative heat
exchange from its hot bottom to the camp surface wouldbe:

n - .Y Y a.7)
where- is the effective emissivity dhe insulation medium.

In thermal insulation, the convective heat transfer can be neglected. The reason is that
convection happens due to the bulk movement of molecules of fluids@stdnsulation
materials have small enough gas volumes that the convection heat can be laeegligib
Considering the radiation and conduction heat transfer modes in thermal insulation,
radiaton dominates oveconductionat high temperatureszhenconvection is not present
in the medium To support thiswe consider a slab of insulation that is mamsd at

temperaturé€Y in the bottom and its top surface has temperatui¥ ¢ty  "Y). We want
5



to show the contribution of radiation and conduction to the heat flux by incrésamgl
"Y with a constant temperature difference¥s¥ p 1 ® . To do this, we calculate the
conductive and radiative heat flux by fairly assuming that the thermal covitdu is

o) ™71+ - T3t ¢(astypical values for a well performing thermal

insulationmaterial[11]) and the thickness of insulationis p TA | by:

o) Y 'Y FO
I N

Figure 11 showsthe temperature dependency of the conductive and radiative heat flux
which were calculated based on the assumptions. As can be seen, the contribution for
conduction is relatively constant (by assumitgt *Q is constant) by increasing
temperature, whereas the radiation heat flux increases significantlyakioyg -

constant Although radiation has a small contribution at room temperatures, it begins to
dominate over conduction by raising temperaturehst tonductive heat flux can be

neglected at high temperatures.
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Figurel.1. Temperature dependency of the conductive and radiative heat flux.
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As explained, by @nsidering that the insulation material has a low thermal conductivity,
the heat loss by the conduction and convection can be negtechgdred to the radiative
heat losswhen it comes to high temperatures. Therefore, the focus of the thesis is tb contro
the radiative heat transfer through the medium at high temperatures.
Now if we assume that the thermal insulation is exposed to a high temperature and radiation
is the only way by which thermal energy can be transferred, then we can express the
connecton between effective thermal conductivity and the radiative heat transfer
coefficient by considering equatio(3), (1.4), and L.7) as:

o) - .Y Y

n . .
a2 ] 18
v o 2 ~ Y - Y (1.8)

Where 'Q is the effective radiation heat transfer coefficient divd in [+] is a

representative average‘afand”Y as”Y YOY 'Y Y Jt.

Equation {.8) shows the relationship between the effective thermal conductivitand

the effective emissivity and indicates that the effective emissivity is the most important
parameter to evaluate the performance of thermal insulatiohigh temperatures
Therefore, it is important to design a thermal insulation system with the lowest effective

emissivity to minimize theadiativeheat loss.

1.2 Current thermal insulation systems

There are several methods to design hpghformancethermal insulation with a low
thermal conductivity such as; aghievinga porous structureinside the insulation material

and filling the poresvith a low thermal conductive gas or air, 2) producing vacuum inside
7



the insulation, 3) embeddingpacifiersin the insulation mediunThe first two methods
supress conduction and convection, whereas the third method suppresses the radiation.
Accordingly, somenhigh-performancahermal insulatiordesigrs have been developed to
minimizethe heat lossAmong then, some new developments such as vacuum insulation
panels (VIPs), multilayer radiation shield thermal insulation systems (MLI), and aerogels
can be mentioned. Aerogels are one of the newest thermal insulating materials which have
a low density lfigh porosity) and low thermal conductivity (around O[@3i  + )

[12]. Theheat transfer through the aerogels can be defined by solid skeleton conduction,
gaseous conductivity through porosities, and radiative heat transfer. Dueaodissaled
porosity, theconvectioncan be ignored in aerogel thermal insulations. Theretloecheat
transfer dependsonsiderablyon the thermal and optical properties of the materiald use

in the aerogels. Although, aerogels a@nsidered a®ne of the promising thermal
insulation materials because of their low thermal conductivity, thermsistance
degradation of aerogels is one of their drawbacks whicitibutedto some physical
changes in their porosity structure ovene [13]. Based orthe literature, the thermal
stability of most commonly used aerogels is reported torked in rangeg P TT X 18

which seriously limits the application of aerogels at high temperdtLdg45][16][17].

Vacuum insillation panelgVIPs) are another type of néyvdeveloped thermahsulations

with a low thermal conductivity typically between 0.60402[7 | +  [18][19]. Most

of the commercial VIP products have operational temperature lower thars 1(JQ9J.

VIPsconsist ofan evacuated opeporous core material placed inside a multilayer envelope

8



and getters and desiccants. The function of core is physscgdportinghe envelope while
maintaining the vacuum level inside the panel. The pore size of core material needs to be
very smallto reduce thggaseousonductivity (heat conduction that happens through the
gas phase)An open pore structure is preferable to easily allow the evacuation of gas.
Fumed silica, silica aeroggiplyurethane foam, fiberglass, and fiber/powder composites
are some most commonly used core materia8[20][21]. The envelope normally
consists of three thin layers: the outer prote layer protects the panel against physical
damages, the, the barrier layer which supports the insulation from transmission of moisture,
air, and other gases and the inner sealing layer which seals the core rfie8H{aal.

Getters and desiccants absorb the moisame gases inside the panel to maintain the

vacuum level. Figure 2 shows the schematic of a typical VIP.

Getter/desiccant opacifier core Heat sealed flange

I— Protective layer
—— Barrier layer Multilayer envelope
Sealing layer
Figurel.2. Schematic of a typical VIRL.8].
In VIPs, radiation is an important heat transfer mode due to the vacuum conditions. In some

advanced VIPs, absorbing/scattering particles such as silicon carbide, carbon black and

titanium dioxide are added to the reo material to reduce the radiative heat transfer



[18][22][23]. An increase irthe density of the core material results in increasing solid
conduction while decreasing the radiatikensfer contributiosince the optical density of

the medium increaseslthough VIPs have desirable thermal insulation properties, high
thermal resistan¢and low density, their application in high temperature processes has still
remained limited. Thenain limitations for VIPs are their high cost in comparison to current
insulation materials and their susceptibility to mechanical damages which decrease their
reliability and eclipse theiigh performanc§20].

A multilayer radiation shield thermal insulation system (Mtdhsists of highly reflective

thin shields placed parallel to each other to suppress radiation heat transfer and low thermal
conductive spacers are arranged in between the shields. The spacers need to be selected
from a material with a low enough thermabncluctivity such that the conduction
contribution remains low compared to the radiative contribution. In MLI systems, the heat
transfer occurs by solid and gas conduction and radiation simultaneously. The results of
studies show that themissivity of shitd has a significant influence on the effective
thermal conductivity24]. According to the literature, MLI systems have been a subject of
interest to not only high temperature applications but also cryogenic condiijniligh
temperature MLI materials normally haveximum gerational temperature of 1000 8
Although MLI systems have a very low thermal conductivity (lower thafh

[7 1 + )[26], they are not a good option for ultra high temperatures (above 1000

3 ) as metallic reflective shields cannot survive at such high temperatures (they will

oxidize or melt in the worst case).

10



Ultratherm isa commercial example of ligh efficiency thermal insulation that has a
microporous structure. This insulation desigiliags fumed silica nanopatrticles as an
opacifier inside its structure to suppress the radiation. Ultratherm not only has a lower
thermal conductivity compared to other microporous insulation materials (lower than
d 7 I+ ) butalso shows a higheompressive strength. Although his insulation
material maintains a good thermal resistance at high temperatures up 30 980Q), it is

not a good option for ultra high temperatures (above 180

There are several conventional high temperature themsalation materials such as
mineral wool, insulating fire bricks, and refractory fiber glass. High temperature mineral
wool insulation is a type of fibrous material that is created by mineral or rock materials.
High temperature mineral wool insulatioratgials have gootemperature resistanagth
operatng temperature up to 1600 3 8 Although they can withstand very high
temperatures, they have a poor thermal conductivity compared to the newly developed
thermal insulation design$27][82]. High temperature mineral wool insulation is
commonly used in high temperature industrial processes due to its high thermal resistance.
Insulating fire bricks is another type of high temperature insulation material that has
operating temperature as highl®90 3 depending on their classification. Insulating fire
bricks are shaped refractory products and aluminium silicateeigftheir most commonly

used forns. They have a porous structure which lowers their thermal conductivity
substantially. Generallyheir thermal conductivity depends on the chemical composition,
pore structure and the dendi®g]. Similar to mineral wool insulation, insulating fire bricks

11



have a poor thermal conductivity compéite other new insulation materials. They are
widely used in industrial applications, especially in furnace atgr or combustion
chamberlinings [82]. Refractory glass fiber insulation materials are a high temperature
insulation product. They are usually produced with different dengity (c v i ¢ )

which influences their effective thermal conductivity. Thaimadvantage of refractory
glass fiber insulation is its high thermal resistance. However, its thermal conductivity

increases significantly with increasing the temperd2®g

1.3 Research gap and objectives

Figure 1.3 shows the thermal conductivity of sevetarentinsulation materialsas a

function of temperature.

0.7 —————
Refractory glass fiber [28] e !
¥ 06 Insulating fire bricks [82] /,"/ ,"
‘“g.. Mineral wool [82]
2 0.5
-~ 0 MLI [25]
frms
>
2 —VIP [17]
5 04
5 Aerogel [11]
c -
§ 03 —U\tratherm[s’l]»’ -
© p
£
|-
£ o2
'_
0.1
0
o Group 1 g4, 1000 1500 2000

Temperature (K)

Figurel.3. Temperature dependency of thermal conductivity for some insulagoerials.
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The current thermal insulation materials can be classified into two main gthaggst
group is the high performance thermal insulation materialsrémesent a satisfactory
performancefor suppressing heat flow resulting in a low therroahductivity (mostly

lower than 0.1[7 I+ ).. However,their service temperature range is lower than
1000 3 andthey are not suitable for hightemperature The second group is high
temperature thermal insulation materials with a high thermal resistance at high
temperatures, however their thermal conductivity is high compared to the first group. As
shown in Figure 1.3, their thermal conductivity increaseh mitreasing the temperature
which disqualifies therfor suppressinghe heat flow at high temperatur@erefore, the
research gap in this field the development of a new generation of high performance
high temperature thermal insulatioraterialswhich presents excellent thermasulation
properties (low thermal conductiviground 0.1[7 |+  at high temperaturgset
withstandultra-high temperature@bovel000 3 ).

In the present work, two research objectives have lstablished according to the
research gap that exists in the field of high temperature thermal insulattorthermal
insulation designs, multilayered insulation design (MLI) and volumetric extindésign,

have been considered to investigate their performbiaténg from a materias point of

view. Theaim is tocreate a methodology tonderstand the behaviour of materials when
we use them in eadatesign. For this purposkst, the most importantaterialproperties
affecting radiation suppression ar@letermined Based on thatthe best performing

materials for each desigare identifiedand their applicability to high temperatures is

13



assessedAccordingly,the main research goal is the development wiagerialsfocused
pathway to improve the performance of high temperature thermal insulation by suppression
of radiative transport ande specify the objectives as:

1 Objective 1 todevelop a methodology to mhet the performance of Multilayered
Shielding Insulation Design to suppress radiation. We will show that reflectance of
shields is a main material property that determines the performance of the insulation
design in the view of radiative transport. Thee will generate a universal
performance plot of reflectance to identify thegh-performancematerials to
suppress radiation. Finally, we will highlight the practical limits of MLI design for
high temperature applications and will select the volumetrigdes an alternative
approach.

1 Objective 2 to developa methodology to investigate the performance of
Volumetric Extinction Design to suppress radiation. It will be shown that extinction
coefficient is the main material property to evaluate the pedoaa of volumetric
design. We will develop a universal performance plot for extinction coefficient by
which we can compare materials. Then we identify promising materials with a

strong opacifying performance which can withstand high temperatures.

1.4 Thesis outline

The general aim of this thesis isitoprove the performance of high temperature thermal
insulation byfocusing onthe role ofthe optical propertiesf the constituent materials in

suppressing the radiative transpditte ultimate goal is to guide the developm&imiovel
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high temperature high performance thermal insulation design that exhibits superior thermal
and physical properties at high temperatures.

Chapter 2presents the background information and literatuveeve for thetwo thermal
insulation designsonsidered in this workl) Multilayered Shielding Design and 2)
Volumetric Extinction Design.

Chapter Xovers the first research objective asdlievoted to the Multilayered Shielding
Design which consists ofighly reflective shields placed in a low thermal conductive
medium. A theoretical analysis has been done to build a model to describe the performance
of multilayered insulation design. The model indicates that the reflectivity of shields is the
most imporant factor to be considered for attenuating the incident radiation. Based on the
model the performance of some representative materials is investigated to idemtibgthe

well performing materials to use as a shield. This investigation demonstrates the
performance limits of the multilayered design and indicates the importance of developing
a new design that presents an excellent performaneétdouatethe radiation at high
temperature

Chapter 4s related to the second research objectiveexpihirs the performance of the
secondt her mal i nsul ati oextincloedeghngndivabumet ralc
approach Volumetric design includes a large number of absorbaagtering particles
implanted into a low thermal conductive medium to suppressrdbdetion at high
temperatures. Based on the Rayleigh themngmerical model is developed to predict the

performance of volumetric insulation designthe viewpoint of materialThe model
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investigates the performance of some representative materiads tas particles inside the

medium. The numerical analysis is done based on:

9 Reduced extinction coefficient as a function of refractive index and extinction index

(absorptive index).

1 Spectral extinction coefficient as a function of wavelength in thiblgisand the

infrared spectrum region.

9 Rosseland mean extinction coefficient and Planck mean extinction coefficient as a

function of temperature.

The Lorenz model is also used &valuate thenaineffects on the opacifying performance

of materials

Chapter5 summarizes the important results of the work and discusses the future work that

could be done on the proposed thermal insulation design in this thesis.
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Chapter 2
Li teratureamcecvbawkgr ound

In this chaptertwo high temperature thermal insulation designs are introduced. As
mentioned in chapter one, the radiative heat transfer dominates over conductive and
convective heat transfer modes at high temperatures. Therefore, this &hayes onhe

mechanisnof radiation suppression gach design.

2.1 Multilayered shielding design

A multilayer radiation shielding thermal insulation (MLI) system comprises multiple
highly reflective thin shields which are assembled parallel to each other with several layers
of low thermal conductive spacers in between them (as shown in Figure 1). The aim of
using reflective radiation shields is to reduce the rate of radiative heat transfer.
Additionally, the spacers need to be selected from a material with a low enough thermal
conducivity such that the conduction contribution remains low compared to the radiative
contribution. To simplify the understanding of function of shields for attenuating the
radiati on, | et 6s consider two i nf withiate shi
non-participating medium (such as air or vacuum) in between them. The shields are
assumed to be opaqaach thatheir transmittance is negligible. In the view of radiative

heat transfer, it is most convenient to picture the heat transfer in teenaiésafete number

of energy bundles or rays that propagate energy through the system. If we assume that the

surfaces are opague and transmission is negligible, then when the rays hit the first surface
17



they will be either absorbed or reflected. If thdaetivity of the shield is for example 0.5,

then 50% of the rays will be reflected and 50% of them will be absorbed. If the ray is
absorbed, it means that the shield will be thermalized and then the absorbed ray will be re
emitted in the condition of radige equilibrium. The emission direction might be forward

or backward. If we assume that the shield is isothermal and has the same emissivity in both
sides, then 50% of the rays will be emitted forward and 50% of them will be emitted
backward. Thereforet can be concluded that after a single interaction with the first shield
25% of rays can reach the second shield by assuming that the first shield has 50%
reflectivity. Now if we assume that the shield has a higher reflectivity around 90%, then
only 5% ofthe incident rays reach the second shield. And by embedding multiple highly
reflective shields inside the insulation medium, the chance for the incident rays to penetrate
through the medium is very low which demonstrates the excellent function of mu#daye

shielding design to attenuate the radiation.

Forward re-emission

T3
, ; Irradiation
Backw arc]13 relfj\ectlc?n L K Multilayer shielding design /
ackward re-emission

Figure2.1. Multilayerinsulation design and its function to attenuate an incident ray.
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As explained, the reflectivity of shields is the most importardrpater to consider in order

to reach the highest insulating performance and it will be explained in detail in chapter 3.
The idea of using reflective shields into the insulation medium was developed in 1950s
[30] and since then it has been attracted the interest of many researchers in a wide range of
fields from low temperatures (cryogenic process engineetidg)32][33] to high
temperatures such as high temperature thermal energgestand space field84][35].
Numerous experimeat and numerical studies have been done to investigate the
performance of MLI systems and to enhance their performance by optimizing some
parameters such as layer density and number, and the speeial and structure.

Since the temperature is a higimfluential parameter in the performance of MLI systems,

it is attempted to review the progress in MLI systems in two sections of low temperature

(for cryogenic applications) and high temperature applications.

211 Low temperature MLI

Vacuum nultilayer insulaion systems are one of the most effective insulation elements
used in cryogenic applicationBhe cryogenic temperature range is normally fnor+

to absolute zerf86], thereforewhich is much lower thathehigh temperature applications
which arethe scope of the thesiblowever,even thoughradiation islow at cryogenic
temperaturest dominatesover conduction/convection duettee vacuum environment. In

the field of space cryogenic, radiative heansfar becomes important since vacuum
condition exists. Therefore, MLIs are a good option for such low temperature applications

to insulate the systems from radiation heat [8&d. In an ideal MLI design, the insulation
19



consists multiple separated floating shields in a high vacuum environinemwt.
conductive spacers are needeglace between the shields so that they do not touch each
other. Accordingly, therare commonlystill gas molecules in the spacers so that gas and
solid conductions need to be considered together with radiation even at vacuum conditions
[37]. In the low temperature MLI systems, some techniques such as netting spacers or
embossedpacers have been used to lower the contact area between spacers and the shields
to decrease the conductive heat transfer. In a study done by M. Takes[8Ht alnovel
Non-InterlayerContactSpacer MLI (NICSMLI) has been introduced in ced to
minimize the conductive heat transfer. In this design, they use separated spacer segments
made ofpolyethereketonéhat are attached in a special way in which the contact area can

be considered negligible. As figure 2 shows, instead of using a conventional method of
fastening films in which the spacers and shields are attached by stitching, they use the
separated space and the spacers are pined vertically to each other by placing the shields
between them. In their design, six reflective shields were attached by four vertical beams
of spacers and the temperature of the outer and inner surfaces were 300 andA77
rectangular boibff calorimeter was used to evaluate the thermal performance of the new
NICS-MLI. Experimental results revealed that the heat loss of NMLE was much

smaller than a conventional multilayered insulation and the effebttrenal conductiny

of NICSMLI reduced toogpv pmm 7 1+
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Figure2.2. Structure of a conventional MLI (a) and the novel NHRISI (b) [31].

In a theoretical and experimental study, B. Wang g82l.investigated the influence of

layer density, spacer material and thickness on the performance of a Variable Density
Multilayer Insulation (VDMLI) in a temperature range)ofx o v @ . Considering that
increasing the temperature results in increasing the thermal conductivity, they divided the
MLI medium into three parts in the thickness direction. Part 1 was exposed v a lo
temperature while part 3 was adjacent to the high temperature environment. Their
numerical results indicated that the number of shields at the part that was close to a high
temperature needed to be higher compared to the part that was adjacent tal the col
temperature. In their analysis, the optimum configuration waenvihe number of spacer
layersbetween every two shields wasg & part 1 (with 4 shields)and then it lowered
gradually in part 2, reaching to two and maintained at this number in th® (@& shown

in figure 3).
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Figure2.3. Distribution of layer density in the optimized struct{82].

They showed that using the optimized configuration (using Dacron net as spacer and layer
density of & bp &fp @ v 1 A UTA O dor part 1, 2, 3, respectively) lowered the
effectivethermal onductivityfromeg v pmm 71 + too® pm 71 +

compared to a conventional case using-wowen fiber cloth as spacer with the uniform
layer density@ & 1 A UFA Oid the all parts). Moreover, the heat flux reduced frgn

tor® 7 | in the optimum case. They found that using Dacron net as spacer instead
of nonwoven fiber cloth lowered the effective heat transfevby Rinder the same layer
density distribution. Their results also revealed that layer density @f A UTAD O
resulted in the lowest heat transfer coefficient in all cases of uniform configurations. This
has an agreement with the results of investigation done by B. Den{38{ al.which they
evaluated the influence of | ayersdé number
on the thermal performance of theufegion in the temperature range)fX ¢ wa .

Their theoretical and experimental results indicated that layer densjtwbf A UTA © O
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led to the minimum effective thermal conductivity for80 number of layer (as shavin

figure 4). Furthermore, 5®@as the optimum number for all layer densities. In the view of
spacer and shields materials, they studied the performance of four different cases with two
different spacers and shields which is shown in TalleAs it can be seen, using Double

aluminized M/lar as shield and Fiberglass paper as spacer desitbasbeat flux and

thermal conductvity 19 o7 | andm cuvp Tt 71 + ], respectively.
0.24 - i . ] : . I I | I |
b v
—w¥— 50 layers/cm
0221 —m— 40 layers/cm |
—4— 30 layers/cm
—e— 25 layers/icm
__ 0201 —A— 20 layers/cm ]
< . . .
E N P
| 0/ i
E
x° I
0.16F Vs / _
- .
‘\A
)
o .//— \ -
012 3I0 ’ T : 1 . 1 \ 7‘0 ) 8'0

50 60
Number of layer

Figure2.4. Experimental effective thermal condwity vs. number of layers for different layer densities
[33].

Table2.1. Experimentakffective thermal conductivity and heat flux for four different c438%

Shield Spacer A7 i O a7 i+
Double-aluminized Mylar Fiberglass paper p& o AT @ T 0 LT TT @
Double-aluminized Mylar Dacron net UL MW & TTU T8I TT W

Aluminum foil Fiberglass paper TV ™ W M o p Y
Aluminum foil Dacron net 8 W™ w ™M@ quTdip Y
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2.1.2 High temperature MLI

In the previous section, the significant rolesbfelds, aswellas h e spacer 6s mat
structurein theevacuatedow temperature applicationgereshown.At high temperatures
(beyond o 1t 1® ]), radiation dominateswhich highlights the importance of shield
performance. A wide range of studies have been carried out to investigate and improve the
performance of high temperature MlTonsidering high temperatgesome materials

such as fibrous, microporous and refractory materials can be used as high temjmevature
conductive spacers. In terms of thermal shields, the literature studies show that the
emissivity of shields have a great influence on the effethigemal conductivityIn the

field of hypersonic vehicles, T. Ji et 84] developed a twalimensional model to predict

the total heat transfer rate in the MLI systems at high temperatures. In their work, ceramic
screens coated with gold were used as reflective shields (with thickmesiofi ) inside

a fibrous medium. Bkeeping the thickness of MLI design@agti | , they investigated

the influence ol  p Tip Pando tnumber of insulation layerd (O AIAEE AT AO

0 p) on the temperaturef the cold sideFigure2.5 demonstrates the effect of number

of shields on théemperature of the cold side (bottom surface) which indicates that
increasing the number of | ayers woul dnoét
there is an optimum number (18 layers in this investigation). The fact ihéhtitickness

of the #ields is considerable in their investigation dhe shields are made of materials

with higher thermal conductivity than the spacer and as their number increases the
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contribution of conductive heat transfer becomes important. They also found that the layo

of shields wouldnét affect considerably th

Foo

600

500

400

300

Bottom Surface Temperature / K

0 500 1000 1500 2000 2500
Time /s

Figure2.5. Cold side temperature vs. time for various insulation laja#s

Due to the study done by M. Spinnler et §B5], a numerical model of combined
conductive and radiative heat transfer within a medium separated by shields was developed
to study the thermal performance of the system at arpundt3t]. In their investigation,

they considered two spacers of fibrous and mpmus materials and two shields of low
reflective stainless steel- (  1@) and high reflective gold -( T8t ). Their
theoretical model was based on the energy conservatidrochst that the MLI medium

was divided intoQnumber of sections and in every section there were isottiermai
optically thinspacer layersi(-number of spacers) placed between two adjacent shields

(shown in figures).
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Figure2.6. The structure of the insulation design with k sections including N 1§38}s

Figure7. (a) demonstrates their theoretical and experimental result akthenicfiber

spacer (&ffil) with and without gold and stainless steel shields, while figug) shows

the results for the miceporous spacer under the conditiowofti | spacer, four number

of shields placing with the same distance (the first shielduwvasi away fromthe hot

side). Figurer. (a) shows that the results of experiments had a good agreement with the
theoretical values. Based on figuiga), embedding four golden shields inside the fibrous
insulation could lower the effective thermal conductivity sigaifity at high
temperatures, while at low temperatures it had a minor effect. This demonstrates that
reflective shields perform effectively at high temperatures at which the radiatioinates

the heat transfer rate. The results for migooous insulatiorffigure 7. (b)) reveal some
important differences A's can be seen, the results
correspondence with that of experiments
the behaviour of reflective shields inside a highly absorbing spacer. Based on their report,
the mean extiction coefficientf (Y x m 1 ]) of ceramicfiber and micreporous

material way 1 wagdo &t 1 , respectively. Comparing figurés (a) and (b), it
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can be interpreted that the influence of shields lowers substantially with enhancing opacity
of the hsulation medium. They also reported that in the cold side, radiation had a low
allocation of the total heat flux (5%) for the highly absorber spacer while this value was
15% for the ceramifiber spacer. This shows that at high temperatures, opticadi thi
micro-porous spaceraremore effective to suppress the radiation than the optically thin

fibrous spacereven including the highly reflective shields.
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Figure2.7. Effective thermal conductivity véemperature (dashed line: experimental value, solid line:

numerical value). a) Ceramfiber spacer; b) Microporous spa¢ab].

So far, the function of multilayered insulation design to attenuate the radiation was
explained and an overview of previous studies on this design was given. As concluded, the
main point about MLI design is tremissivity (orreflectivity) of the shieldswhich will

be discussed in details in chapter 3). Chapter 3 will theoretically explain that metals are the
most optimum materials with having the highest reflectivity to use as shields inside the

MLI and will show the limitations of using metals at utigh temperatures which affects
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the performance of the MLI system over time. Accordingly, this vearksiders another

thermalinsulationdesign, named volumetric insulation design, as an alternative option.

2.2 Volumetric extinction design

The alterative desigconsidered in the present work is the volumetric extinction design
which utilizes radiativiy participating (absorbing/scattering) media dispersed throughout
the volume of the insulation medium. Figursi®wsthe volumetric design adopted in this
work which includes a large number of very small particles inside the insulation which act
as radiant barrier teupresghe radiation inside the insulation medium. The function of
particles is so that when an electromagnetic watgeparticlesnsidethe mediun, a part

of it will be propagated trough the medium by scattering and another part will be absorbed
by particlesand then reemittedisotropically. Eventually, theadiationwill be spread out
throughout the insulation ant$ intensity will be graduallyeduced after interacting with

a large number of particles. The higher absorbing/scattering ability that particles have, the

higher radiation attenuation occurs.
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Figure2.8. Volumetricextinction design and its function to attenuate an incident ray.

Many insulation structures such as aerogels exhibit a good thermal performance at low
temperaturesrhere thermal conductivities below 7 |+ ] are routinely achieved
However, their(effective) thermal conductivityincreasessignificantly with increasing
temperature, as the radiation becomes dominant over the conduction and a method is
needed tosupressthe radiation. Embedding opacifier particles inside the insulation
medium is an effdive method to enhance the thermal performance of insulation at high
temperatures by increasing the effective extinction coefficient. Y. Lei[@8hlembedded
naro-filler graphene oxide into the silica aerogel bed to reach a lower thermal conguctivit
Their results showed that thermal conductivity of the composite silica/graphene oxide
aerogel reduced from 23% compared to a regular silica aerogel. They also found that the
new composite aerogels had a higher mechanical strength. Due a study doferay J.

[39], infrared opacifiers were added to the fumed silica to maintain the thermal
conductivity low at high temperatures. They investigated the effect of adding four different
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types of opacifiers (SiC, BN, ZrSiOKTs) compared to the pure fumed silica. Thegulés
showed that thenass specifiextinction coefficienincreasedaignificantly, as can be seen

in figure 9. SiC was the optimum material in a wide range of wavelength among the
investigated materials. They also showed that composite of SiC/fumedwiliche mass

ratio of ¢ v ISIC with the particle size af8t ¢ @I had the highestpecificextinction

coefficient among the other numbers of mass ratio and particles sizes.
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Figure2.9. Effective extintion coefficient as a function of temperature for fumed silica comprising
opacifiers with 20 wt%; a) pure fumed silica, b) SiC, c) BN, d) ZS&p KTs [39].

X. Wang et al]40] built a model to investigate the effect of various types of opacifiers
(carbon black, coal ash, SiC, TiQAI20s, and ZrQ) with different particle sizesg(

¥ ‘ & ) on the radiative performance of silica aerogel/opacifier composite. Their results
revealed that the performance apacifier depended significantly on the temperature.
Figure2.10 shows the Rosseland mean extinction coefficient as a function of teéorpera

As shown, carbon had the highest extinction ability over the whole temperature range.
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However, the carbon black structure changéh increagd temperature which makes it
unsuitable to use at high temperatures. SiC and coal ash were, therefalepfbenthe
optimum ogcifiers at high temperatures. Their investigation also indicated that there was
an optimum diameter at various temperataeshown in Figure 11t can be seen théte
radiative thermal conductivity of the wopacified silica aemel istT@tm ¢zl +  at
om® and increases significantly with increasing the temperature, reaching
™c7il o+ at p o t#t. While, opacifing the aerogel with SiC decreases the
radiative thermal conductivity substantially, especially at high temperatures. Loading SiC
with diameters oft, otvhphp, and¢ * & lowers the thermal conductivity ta8t v ¢ T

TS @ HTBT @ gTBT X g1t w capdmBt wt DI+ |, respectively ap o TT-.

Based on the fact that there is a temperature gradient inside the medium in the thickness
direction, they suggested that developing a nsdttion design with either different
opacifiertypes oroneopacifierwith various particle sizes would be optimum. Therefore,
they embedded SiC with different particles sizes 0b, and@ ‘ & inside the silica
aerogel as shown in figure21Their simulatiorbased result showed that the radiative
thermal onductivity of the new design lowergdp Eompared to the optimum uniform

design.
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Figure2.10. Rosseland mean extinction coefficient as a function of temperature for various silica
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Figure2.12. SiC particle size distribution in the thickness direcfii.
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A similar work was carried out by J. Zhao et[dll]. Mie theory wasused to investigate

the influence obpacifiermaterial, particle diameter, and physical form on the Rosseland
mean extinction coefficient at high temperatures. Based on the results of their model,
carbonblack was the optimal material for the temperabhegl®w@ 1T # , while for higher
temperatures, SiC showed a better performance as a radiant barrier (shown in3figure 1
(a)). In the view of particle size, they investigated the performance of SiC with different
particle diameters over the temperaturegeaafo 1 11w 1T & . Figure B. (b) shows that
particle diameter of ti isthe optimum value for temperature lower thart 7 , while

for higher temperature, diameter @ft i is the optimum number to reach the highest
Rosseland extinction coefficient. Regarding the opacifier shape, oblate spheroid showed
the maximum ability to extinct the radiation compered to the spherical, cylindrical and

cubic shapes.
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Figure2.13. Rosseland mean extinction coefficient as a function of temperature; a) various opacifier

particles loaded in silica aerogel, b) silica aerogel/SiC composite with various SiC partic[d Kizes
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An overview of preious studiesindicatesthat MLI design works welin cryogenic
applicationsand especially when a vacuum environment presi@@§86][87]. Even
though MLI designshave an excellent thermal conductivifsnostly lower than0.1

[7 1 + ) they have maximum operational temperature of 100 since they
normally consistof metal shield$35][25]. On the other hand pacified thermal insulation
takes advantage of opacifying particles to suppress radiation. A comparison kalthiden
design andan opacified microporous matal showed thatnhancing the opacity of
insulation medium is more effective than shielding it to suppress rad[@6hnAnother
important point regarding the previous studies is that even though numerous studies have
been done to enhance the performance of MLI desigrolumetric approach by trying
different materials, there is not a universal methodology by which every material can be
evaluatedHens, this work presents a novel methodology for each design which is useful

to have a comprehensive comparison and etialufor any types of material.
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Chapter 3
Mul ti |l ayer i1 nsulation design

Chapter 3 is devoted to the multilayered shielding design and presents a theoretical analysis
to describe the performance of multilayered insulation design. As mentioned in chapter 2,
a multilayer thermal insulation includes multiple layersaifiation skelds separated by
spacers Since this thesis focuses on high temperature conditions, the performance of
shields to block the radiatiggropagationnside the insulation medium consideredThe
complex index of refraction of different materidies beenused to determine their
performance to suppress the radiatiororder to identify the optimal materials with the

highest performance.

3.1 Minimizing the radiative heat transfer in MLI systems

To describe the radiative heat transfer phenomenon througlystesns we consider a
radiation shield placed between two large parallel plates of emissivitiemd -
maintained at uniform temperatures of and “Y, respectively.- ; and- j are the
emissivities of the radiation shield facing plates (1) aBf (espectively.Thermal
resistance netwoskare a usefuvay to describe the resistance of systems to the flow of
heat which depends on the geometry and the thermal properties of the syaethermal

resistance circuit of the mentioned geometishmsvnin figure 3.1.
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Figure3.1. Thermal resistance network of a radiation shield placed between two plates.

Considering that all surfaces are gréeir optical properties arendependent fo
wavelength)and diffuse(their optical properties are independent of directiding one

dimensionafadiative heat flow through the geometry can be defined as:

. O ©
N Y Y, Y, Y Y
ey ey (3.1)
p - P P -h P -nh p p_ -
"5 O b6 -50 -36 OB -0
WhereO ,"Y andO Y are the potentials at nodes 1 and 2 b are the

areas of surface 1, 2, and 3, a@d and™O are the view factors form surfaceto
surfacep andc, respectivelyThe view factor from surfaddo surface O ) isexplained

asthe fraction of diffuse energy leavisgrface and directly reaches surface

The second part of the Equation 3.1 applies only for gray diffuse plates and an important

guestion that might appear here is that how strict is the gray and diffuse aes@nhp
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fact, if the plates are infinitely wide and edenensional heat flow is considered, the same
result applies for the specular surfaces or even for any directional dependence of
reflectance. Regarding the wavelength dependency, where the graytsswuomes in

here is that the emissivity of plates has a single value and are not a function of wavelength.
For nongray surfaces, the procedure is that the emissivity used in the Equation 3.1 must
be spectrally averaged. TR&anck distribution can be sed to obtain the total emissivity
which is spectrally averaged over the whole wavelength (the procedure ofPlesiok
distribution to reach a total value will be explained in Chapter 4) Pldnrek distribution

is a function of temperature; therefoigg temperature of the surface is needed to calculate
the total emissivity of that surface. On the other hand, the temperature distribution is not
specified until the Equation 3.1 is solved. Accordingly, the temperature of surfaces can be
defined iterativel. One suggestion is that the temperature distribution can be guessed (it
could be for example linear), the total emissivity can be then evaluated based on the
temperature assumption. Then the heat flow will be defined. Based on the heat flow and
the thernal resistance circuit, the temperature of each surface will be specified and can be
used as a new guess. This procedure will be continued iteratively until the values converge.

If we assumethdD O pand0 0 O 0, then equatioB.1l simplifies to:

e b D o (32)
“ h
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Equation3.2 is valid when we have one shield between two parallel plates. If we consider
that two parallel plateare separated hy number ofradigion shields, the radiative power

becomes:

O”
- 33
PP L2, e P b,  G3

When we assume that the emissivities of the radiation shields are all equalg the

emissivity of top and bottom platese different from the shields, equation 3.3 reduces to:

0 P P ., Q (34)

. o, Y Y
V] 3.5
According to theradiative heat exchangeetween two surface ( -, 07

“Y ), we can specify:

P

0 pz

3.6
< @9

Where s the effective emissivity of the system. Additionally, if we assume that the top

and the bottom surfaceseablackbodies, equatid3 reduces to:
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3 3.7

In chapter 1, it was indicated that mustbedecreaseto minimize the heat loss. Equation
3.7 shows that increasing the number of radiative shields or decreasing their emissivity

would decrease the effective emissivity of the system.

The radiative shields are assumed to be opaque so that the transmission is negligible.
Therefore, the relationshigetween the absorptivity § of the shields and their reflectivity

(") can be expressed as:

| p 7 (3.8)
Due to Kirchhoffés | aw, the relationship

gray diffuse surface is:

Y - Y (3.9)

Considering equations&and 39, we can express:

- p 7 (3.10)
Equation 3.10 shows that emissivity lowers with an increase in reflectivity. Considering
equations 3.7 and 3.10, it can be concluded that radiative shields having the highest
reflectivity would result in the lowest radiative heat transfer. The complex infle
refraction as a fundamental material property which governs the interaction with

electromagnetic waves can be used to investigate the performance of materials to reflect
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the incidentadiation To come up witlthe high performanceaterials with having a high
reflection, it is important to investigate the connection between the reflection and the

complex index of refraction.

3.2 Reflectivity investigation

When an electromagnetic wave encounters the interface betimeemmedia, both
reflection and refraction may happen as shown in fig2e—and— are the incidence

angle and rigected angle, while..is the angle of refraction.

Medium 1

ny, ky

Medium 2

ny, ky

Figure3.2. Interaction of the electromagnetic wave at an interface between two fb@dia

Now we assume that medium 1 is the main medium and medium 2 is the radiative shield
(surfacg . We start with an opticall ytcensderot h su
the effect of roughnes¥hereforethe surface is speculamdthe reflective angle is equal

to the incident angel. In order to investigate the reflection of the electromagnetic wave at
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the interface of the medium and the surface, the comptiex of refraction for both of

them is required to be specified (equatiali).

¢ & M (3.11)

¢ and'Q are the real and imaginary parts of the refractive index which are denoted as the
refractive index andabsorptiveindex, respectively. The subscript stands forthe
wavelength which shows that the refractive index tnedabsorptive indeare spectral

parameters and depend on the wavelength.

For unpolarized incident radiation, the specular reflectivity of a ray on a surface at angle
—can be taken as an average of the parpbitrized reflectivity and the perpendicular

polarized reflectivity, which can be determireg[10]:

. O A+

. OEL .. 215

T 3EER L (3.13)

o= 7 = (3.14)
C

These are known [@%. ThHe reatoms@d bétweern tieelrefidctedoangse

and the refraction angle can be describgd he Snead: | 6s | aw
i Q¢ .& §¢) (315)
i ¢ ¢ W '
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Subscript 1 is with respect to the medium, while subscript 2 refers to the s@fades

complex since the relation described in equadidb is complex.

Considering equation3.12-3.15, the reflectivity forthe normal incidege in which the

angle ofincident beam is zere{ ) can be expressed @9]:

"h —— — (3.16)

If we consider that rays pass through a medium which is air or vacduum g andQ

m and coincide with a material with & “Q/@quatiorB.16, then, reduces to:

. & p
" _— 3.17
h E p Q (3.17)

" expresses the connection between the normal reflectivity of the incident rays and the
optical properties of the surface. Providing a surface plot is helpful to describe the
relationship betweetthe two independent parameters éofand ‘Qand the designated
dependent parameter’ofh . Figure3.3 demonstrates the surface plot of normal reflectivity

as a function of¢ and’Qand shows at what range éfand’Q normal reflectivity is high

or vice versa.
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Figure3.3. Normal reflectivity as a function of n and k.
Until now, only the beam with the angle of zero has been considered and normal reflectivity
was discussed. To be more general, the directionality of the incident radiation needs to be
taken into accounBy considering the polar angle of the incident riays air or a vacuum,
the alternative forms f F r e s n efbr thespamallel refiettivity and the perpendicular

reflectivity can be predicted §42]:

z

>

vp_ N OE+O0A+ ., (3.18)
N OETOAE g
AT-0 n A
oo T 3.19
h AT-© n n (3.19)
where
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(3.20)

A g ¢ Q OEFR 11 & 0 OER (3.21)

Then, in order to obtain the spectral hemispherical reflectivity, the directional reflectivity

can be integrated over the hemispHé®j as:

” ”

” " _QOEL . — QOEL (3.22)

Equation 3.22 expresses the spectral hemispherical reflectivity which is in fact a function
of refractive index and absorptive index of shiel&fggure 3.4 depicts thesurface plot of
hemispherical reflectivity as a function ©fand¢ which is a univesal performance plot

for MLI design and allows us to understand at what ranieaatlé we have the maximum
reflectivity. As it can be seen in thigyure, the graph of the hemispherical reflectivity is
relatively similar to that of the normakflectivity, but more comprehensive, since the

hemispherical reflectivity includes all incident waves with all angles.
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Figure3.4. Hemispherical reflectivity as a function of n and k.
In section 3.1 it \as revealed that the higher the reflectivity the radiation shields are, the
lower radiative losses through the insulation system. Accordingly, the mais &@iroome
identify materias with having the highest reflectivity toseas reflective shields inside the
insulationmedium For this purposehe hemispherical reflectivity plot has been usea
performance plofor MLI designto evaluate the performance of different materigats.
various representative materiats curve ofQas a function o€ has been plottednd
merged with the hemispherical reflectivity mép see wheresach curve lies in the
hemispherical reflectivity plofThe materials thdie within the maximum refleadn region

(yellow region in the map) atben identifiedas thewell performingmaterias. The result
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of investigation of different materials has been shown in fiQube The references of

investigated materials are listed in Table 4.Ciapter 4

2 Metals

10 y
< z
X g
[0 [0}
E T
210’ g
g £
(o] )
3 @
Q £
< £

10°

10°
Refractive index, n
a

Simple oxides

Absorptive index, k
Hemispherical reflectivity

Refractive index, n

b
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Other compounds
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Figure3.5. Evaluation of different materials performance based on the connection between the
hemispherical reflectivity and their complex index of refraction for; a) metals, b) oxides, and c) other
compmunds. d) shows the most reflective materials vs. the least reflectives.
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Figure 3.5 shows the performance of various materials to reflect the radiation in the
wavelength range of® p mti . Materials have been classified into three different
groups of; netals, simple oxides and other compounds. As can be seen, metals lie in the
maximum region of hemispherical reflectivity (figure 3.5. (a)) which indicates that metals
have a much higher reflectivity compared to the-naatals such as oxides, clays, nitade

or other compounds (figure 3.5. (b) and figure 3.5. (c)). This reveals that multilayer
insulation system works best with metals that have the highest reflectivity to minimize the
radiative lossesAn overview of studies on the MLI design indicates thatats are the

most commonly used materias shieldsn this desigri30][34]. Our methodology in fact
provides a comprehensive investigation on a wide range of materials in different types and
proves that metals are the best option to reflect the radiation. The present methodology ca
also be used thave a comparison between the metals to find the most reflectivénone.
spite of the fact that metals possess a very high reflectivity, using them as highly reflective
shields in the MLI design have two main limits at high temperattifesfirst limit is that

most of the metals have melting temperature lower ¢hanm #t which disqualifies them

for using in the ultrnigh temperature applications. Table 8sits themelting point of
several metalf83]. The second and the most important limit with respect to metals is that
they have the tendency to oxidize at high tempera{de8§45]. The nickel oxide scale
growth, for example, as a function of time and temperature is shown in figuf463.6
which indicates that increasing the temperature accelerates the oxidation rate substantially.

Oxidization influences the surface properties of metals and lowers their reflectivity
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significantly. At high temperatures, metals which al®wn as the highest reflective
materials will turn into the metal oxides which are considered as the worst materials in the
view of high reflectivity (as demonstrated in figure 3.5. (d)). Taking Al and Cu, for
example, as two of the most effective matsriar suppressing the radiation, they will
change into AlOs and CuO, respectively, at high temperatures which are quite ineffective
materials to reflect the radiation (figure 3.7). Therefore, the multilayer insulation design is
fated to be either unsabble (if using metals as radiative shields) or-nptimal (if using
nortmetals with lower reflectivity as shields) at high temperatUreat is why MLI design

is often used in spacecraft, cryogenics and other applications in vacuum where oxidization
is not a problem[31][86][87]. For use in high temperature applications, the MLI is
suggested to utilize vacuum technologies which are high in cost and susceptible to

mechanical damages.

Table3.1. Metals melting poinf83].

Metal Meltinég point Metal Melting point
Aluminum 933 Iron 1811
Copper 1358 Dysprosium 1680
Gold 1337 Erbium 1802
Silver 1235 Ruthenium 2607
Molybdenum 2896 Rhenium 3459
Nickel 1726 Lead 600
Platinum 2041 Bismuth 544
Titanium 1941 Cadmium 594
Tungsten 3695 Chromium 2180
Zinc 693 Cobalt 1768
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Figure3.7. The hemisphericakflectivity of Al and Cu vs. their oxides, &)z and CuO.
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3.3 Application of the theory to the MLI design

So far,the radiative heat transfer phenomenon through the MLI system was described
through a modednd the reflectivity of several materials was stddin this section, we
explain how to apply the theory to the MLI design to calculate the performance of a given
material, as reflective shields for suppressing the radiation. For this purpose, we set a goal
which is coming up with an insulation desigatthasa good effective thermal conductivity
(lowertharD.l 7 i+ ])athigh temperatures. For example, we consider an insulation
material that hasan effective thermal conductivity lower than 0.0B | + ] at
temperaturéY p ¢ X ©. By applying theaheory presented in the previous sections, we
study the performance of four representative materials, Al and Cu as highly reflective
materials and ADs and CuO as poorly reflective materials. For each material, we
calculated the number of shields treheeded to reac 7+

If we assume that the thickness of the insulatign 75A | and one side of it is exposed to

a high temperature 6¥ p ¢ x ©, while the other side is at the room temperati¥e (

¢ wy ), then we can calculate the effective emissivity bgiranging Equation 1.8 as:

< T8t Y TBITTU O
0,Y Y 'Y Y TUHX PTT Y PCXOEOYPYPGCXO

To calculate the number of shields that is needed to reach @t 1t y fost the emisivity
of the shields must be determined. We Hgeations 3.1-8.22 to determine the spectral
normal and the spectral hemispherical reflectivities for each material. Considering that the

shields are opaque (no transmittance), emissivity of the shieldbecalefined using
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Equation 3.10. Figure 3.8 demonstrates the reBuliSu, CuO, Al, and AbOs. The right
Y -axis shows the blackbody spectral hemispherical emissive power (Planck function) that

is calculated for different temperatures.
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Figure3.8. Spectral normal emissivity and spectral hemispherical emissivity as a function of wavelength
for a) Cu, b) CuO, c) Al, d) AkOs.

To determine the total emissivity at a specific temperature se¢he Planck function to
have a spectrally averaged of emissivity over the range of wavelength (the procedure is
similar to Equation 4.14 in Chapter 4). Therefore, the total normal emysaiuit total
hemispherical emissivitgre weighted by the blackbp@mission spectrum and can be

expressed, respectively.as

w -hO "YQ_ . -0 "YQ_ 3
) lO "Y’Q — ” "Y ( ’ )
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~0 YaQ_ . -0 YQ_ (3.24)
lO "Y'Q i ” "Y
The total normal emissivity and total hemispherical emissi@ity Al, Cu2O and AbOs

were calculated using Equations3ghd 3.2 for the wavelength range a® p Tt |

The results are shown in Figure 3.9.
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Figure3.9. The total normal emissivity and total hemispherical emissivity as a function of temperature for
a) Cu, b) CuO, c) Al, d) AkOs.

As can be seen Figure 3.9the total emissivity of these materials is not a strong fancti

of temperatureThereforewe canuse a single value of total emissivity calculate the

number of shields that is needed to re&ch 18t Y7 1 +

. We assume that the top

and bottom surfaces have emissivity of 0.5+- ™ and there ar&@ number of

reflective shields between them. According to Equation-3.4¢an be defined as:
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) P P _ (3.25)

For Cu, the average valsief total hemispherical emissivigndtotal normalemissivity
are0.008 and 0.006 while therange ofemissivityreported in the literaturs 0.(2-0.07

(see Table 3.[B5]). As we see, the calculated total emissivity of Cu is lower than the range
reported in the literature. The reason might be that we considered the spad@satity in

the wavelength range o p mif{ to calculate the total emissivity and Cu has a very
low emissivity in this range, while for lower wavelengths it has a much higher emissivity.
Using thetotal hemispherical emissivity of Cu in Equatio2&.the number of Cu shields
that we needto place inside the insulation teach@ mt @7 i + (-

T8t 1T Y @an be calculated as:

z S _S
= p n&nmomnwp

For CuO, the average valsef total hemispherical emissivigndtotal normd emissivity
are 0.8 and 0.84, respectiveBoth values arén the range ofvalues reported in the
literature(0.77 0.87) Using the total hemispherical emissivity ofQuin Equation 26,
the number o€wO shields needed to rea&d t@t Y71 + (- 8T 1T ) @an

be determined as:

3 P : £ £ P T[8TT[UZO'T[8% % p
0 c c pPCa&Y pcu
Z = p T[STHL)ZG@ P
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With respect to Al, the average values of total hemispherical emissivitiotidormal
emissivity are 0.2 and 0.017, respectivelWhile, therange ofvaluesin the literature is

0.020.06 Using the total hemispherical valube number oAl shieldscan be defined as:

b b P p
p Z - . P p TIMEO— — P
0 c T[EBC’ T ¢dtyoo
Z = p n&nmomccp

Finally, for Al.Oz, the average valgef total hemispherical emissivity and total normal
emissivityare 0.9 and.95 However, this value is much higher than the reported value in
the literature(0.2-0.31) The reasomight be that we assumed that®@d is completely
opaquein our calculationswhile in fact a layer of aluminum oxide has a certain amount
of transmittance in the infrared region which cannot be negl¢8#d unless it is a very
thick slab of material. Térefore, we consider two casesfd$Os to calculatehe number

of shields. In the first case, we consider a very thick layer of fluf@; so that there is no
transmittance. Hence, the value of total emissivity is 0.9 and the numAkiGafshields

can & defined as:

p Zﬂﬂp pT[81T[UZO'Lp

. = - o5 P
0 c ”EBC’ L] puUBX PUT
4 - P T[8TT[UZO'@ P

In the second case, we consider that Al partially oxidizes and there is a thin laygdof Al
Therefore, by using an average valuespfissivities reported in the literatufe T1& )
[85], the number ofAl.O3 shields that isieeded to hav& w7l E (-

T3t 1t | is:
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Figure3.10. Transmittance of a layer of Abs with different thicknesses as a function of wavelergtj.

Table3.2. Emissivity of material§35].

Material Emissivity-literature Emissivity-calculated ~ Emissivity-calculated
values values & wi i 1 i Jnn values & 1 v i)ui
Al 0.02 0.06 0.022 0.017
Cu 0.02 0.07 0.008 0.006
Al;Os 0.2 0.31 0.9 0.95
Cw.O 0.77_0.87 0.8 0.84

Results of calculated number of shields for the investigated materials are shown in Table
3.3. As can be seen, usiB@ndl numbers of Al and Cu, respectively, inside the insulation
medium can decrease the thermal conductivity@oy7 |+ which shovs the
excellent performance of pure metals. However, they will oxidize at high temperatures and
an oxide layer would form on their surface which lowers their performance significantly.

Forming a layer o€wO on the Cu surface would increase the neededauof shields
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from 1to 125. With respect to Al, forming #&in and thck layer of oxide on its surface

would increase the number of shiefdsm 3to 27 and 154respectively.

Table3.3. Number of shieldeaeeded to be placed in a slab of insulation with thickness of 10 [cm] to reach
HHH 8 ﬁ i’ é at4|| é 8

Material Number of shields
Cu 1
Cu0O 125
Al 3
Thin layer of AbO3 154
Thick layer of AbO3 27

Accordingly, it seems that with metals, a relatively small number of shields are needed to
meet the target thermal conductivity value. HoweNahould bekeptin mind that the real
challenge is that metal s don oheywdlexidizecor m wel
mdt, in worst case. On the other hand, oxides that are naturally stable materials at high
temperatures, do not have a good performance at suppressing the radiation since they have
a low reflectivity. Therefore, even though MLI approaelems to be theoretically feasible

in that using small number of metals results in a very low thermal conducthétye are

practical challenges that necessitates the search for an alternative approach for suppressing

the radiation at high temperatures.
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Chapter 4
Vol umetric extinction design

The performance of MLI design at high temperatures suasmarizedn Chapter 2. The
theoretical analysis showed that the MLI design is fateditteer be inappropriate or
insufficient at high temperatures. Volumetric iagtion is an alternative approach for
suppressing radiative transport at high temperatures. Chapter 4 investigates the

performance of the volumetric extinction design through a theoretical approach.

4.1 Minimizing the radiative heat transfer in the volumetric
extinction design

The volumetric approach utilizes radiatively participating (absorbing/scattering) particles
dispersed throughout a legonductivity host medium. The function of the design to
suppress the radiation was discussed in chapter 2. To describe the radiative heat transfer
through the system, consider a simple configuration of a participating medium placed
between two infinite gray diffuse pgks with emissivities and- maintained at uniform

temperatures ofY and”Y, respectivelyFigure 4.1).

T, , €

Ty, 6

Figure4.1. A participating medium with a mean extinction coefficien{) placedbetween two infinite
gray diffuse plates.
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Considering that the participating media is optically thick, thedmensional radiative

heat flux through the design can be descrixsd2]:

2 . 4.1)
% 20 _£ _£ Y '

p S

I

wherel is the Rosseland mean extinction coefficient which is spectrally averaged of
spectral extinction coefficierit, , over wavelengths (will be explained in section 4.3) and

0 is the thickness. As we will see in section 4hg Rosseland mean extinction coefficie

is a function of temperature and it can be calculated at a representative temperature inside
a nongray medium not for the whole medium, since the medium is not isothermal.
However, if we assume that the medium is gray, the extinction coefficientasunottion

of wavelength then we just havanstead of in Equation 4.1.

In the volumetric design, the extinction coefficient of the participating medium (which is

a volumetric property) is the most important parameter to control the heat traatsfer r
Due to equation 4.1ncreasing the extinction coefficient decreases the radiative heat

transfer Therefore, the aim is to maximize the extinction coeffictérihe design.

4.2 Spectral extinction coefficient by Rayleigh theory
The spectralextinction oefficient is a combination ahe spectral absorptionl( and

spectral scattering coefficient () [10] as:

ren, (4.2)
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Effective absorption and scattering coefficients for clouds of particles can be determined

by different theories. To select the suitable theory, it is important to define the state of
scattering (dependent or independent). In case of dependent scattering, scattering from
surrounding particles affects the scattering behavior of a given partiakeviikas the
Anefairel do effect) and also interferes with
Afarel do effect. F o r , the kleararicen ibtevgdkerpattelestis s c at t
considered to be sufficiently large so that each of pastislexposed to a parallel beam of

light, and there isan enough space for each particle to have an independent scattering
pattern without any disturbance byrroundingparticles.The state of scattering depends

on two variables; 1) size parameter, anddymefraction[10]. Size parameter is a non
dimensional scaling parameter which compares the size of the particles to the wavelength
of the incident radiation. For spherical particles, size parameter is expressed as the ratio of

the perimeter of the particle with diameketo the wavelength of the light (equation 4.3).

S (4.3)

For a cloud of particles with a single size, the volume fraction can be defined as:

vy @ e
Q ———— U “— (4.4)
W ¢
wherel (number densityls number of particles per a given volurkéure 4.410] shows
the regionsof dependent and independent scattering as a function of size parameter and
volume fraction. As can be seen, the Agald and farfiled effects play a more important

role at larger particle volunfeactions.
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Figure4.2. Dependent and independent scattering regions based on size parameter and volume fraction
[10].

Considering Figure 4.2, the simpteondition is when the size of particles is much smaller
than the wavelength of radiation and the volume fraction is vey low (lower than 0.006
approximately) which guarantees independent scattering. In this case, the Rayleigh theory
can be used to deteime theabsorption and scattering coefficiertf particles. In the
Rayleigh theory, the particle size is assumed to be much smaller than the wavelength of
the incident radiation (  “ @_ 1 [47]).

The absorption and scattering coefficients can be expressed in terms of the particle

density and therosssections of an individual particle as:

74

whered ; and6 j aretheabsorption and scattering cross sections,lapdand0 j are

efficiency factors with respetbd absorption and scattering, respeay [10]. “ — is the
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geometrical cross section with respect to a sphere of diabetéfficiency factors for
scattering and absorption are ratio of scattering and absorption per the geometrical cross
section of particles. Generally, the scattering and absorption efficiency factors are
dependent on the orientation of the particles andsthie of polarization of the incident

light beam. However, for spherical particles, their efficiency factors are not dependent of

these parameters because of the symniéiy

Based on th®ayleigh theory) ; and0 j can be defined g40]:

it l'IJ 8 p 3 é m

= _ 4.6
Up g & o € z o ( )
0 & os—P - @ (4.7)
Un T, 3 o "fﬂ .

Subscript 1 is with respect to thestmedium, while subscript 2 refers to tparticles.
Based on equations 4.6 and 4.%ah be noted that j is proportional tq , while D f is
proportional to, . Since, is assumed to be very small in the Rayleigh theory, scattering
by small paticles may be neglected as compared with absorpd@ah Therefore, the
spectral extinction coefficient is approximately equal to the spectral absorption coefficient

as:

(4.8)
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For simplification, we assume that participating particles are dispersed in a non
participating host medium such as air or vacuém ( ph"Q ). Then, equation 4.7 can

be rewritten as[10]:

. ¢tO N0
ll _ & 0O ¢ 1t 7Q (4.9)

If we plug0 § from equation 4.9 into equation 4.8, thiencan expressed §42]:

T Q" O O]
¢ 0 ¢ 1t7Q (4.10)

Equation 4.10 can be written as a function of volume fraction instead of particle diameter.
Then, considering equations 4.4 and 4.10, the spectral extinction coefficient can be

determined as:

Q.
ol h ¢ Q0 ¢ 1 7Q (4.1)

N1Q

Therefore, in the Rayleigh theory that holds for very small particles, the absorption
coefficient only depends on the volume fraction of particles not on the particle size
distribution.

As mentioned in the previous section, the target is to maximizextirection coefficient

of the design in order to minimize the radiative losses. As can be seen in equation 4.11, the
extinction coefficient is a function of volume fraction, wavelength, and the real and the

imaginary parts of the refractive index. To haaegeneral investigation whicis
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independent ofolume fraction and wavelength, we can introduce the reduced form of the
extinction coefficient which is only a function of materials propereand™Q as:
£ Q

0 \ 7 T
(ps Q ¢ 1€ Q (4.12)

I |,-o’|_“

Equation 4.12 states the connection between the reduced extinction coefficient of the
design and the two independent parametetsarfdQ Figure 4.3showsa surface plot of
reduced extinction coefficient as a functionioandQ indicating at what range ot and

"Qthe reduced extinction coefficient is highn fact, Figure 4.3 represents novel
performance plot for the volumetrabesign which is usaf to evaluate the opacifying
performance ofiny types of materialt is seen thatvhen™Qis around 1.4 and is lower

than around 2, reduced extinction coefficient has the highest value.

v

Absorptive index, k
&
Reduced extinction coefficient, Iog1 o(ﬂ)\ /(f/A)

L 10° 102
Refractive index, n

Figure4.3. Reduced extinction coefficient as a function of n and k.
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4.3 Materials investigation based on spectral and mean
extinction coefficients

In previous studies, the performance of some materials such@sg AO2, SiC and ZrQ
asopacifying patricles has been investigated. They indicated that SiC is one the materials
that has a desirable opacifying performance. Even though the opacifying performance of
several materials have been evaluated in the past studies, they did not prgercal
methodologyby which every material can be evaluatEayure 4.3 allows us to consider
different groups of materials and to have a comprehensive comparison between them.
Therefog, the performance of different materials can be evaluated tanfatérials with
having the maximum ability of radiation extinctiomuse as dispersedamifier particles

For various representative materials, a curvi®as$ a function of has been plotted and
superimposed ontile reduced spectraxtinction coefficienmap to see wheithe curve

of each materialies. The materials that lie on the maximusmtinctionregion are the
optimal materialsThe result has been shown in figdrd which is classified into metals,
oxides, and other compoundxluding some nitrides, carbides, perovskites and so on
Table 4.1 shows the list of references for the investigated matéiedcurves in figure
4.4are prepared for wavelength in rage-0® * a. The investigation shows that:

1 Unlike the MLI desig that was shown to work best with metals, there are many
non-metal materials that exhibit a very effective performance for attenuating the
radiation, yet withstand the extremely high temperatures. Among the investigated
materials some oxides such ag®# clays, and some perovskites such as LaFeO

show a good performance.
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1 A comparison between the metals and their oxides shows that oxides have a higher
performance as opacifiers in the volumetric design. In Chapter 3 it was
demonstrated that ADz and CuO have a very poor performance in the MLI design
compared to Al and Cu which indicates the limitation of the MLI design at high
temperatures. The investigation of the volumetric extinction design, in contrast,
shows that A0z and CuO perform even bettehan Al and Cu which indicates
that their oxidization at high temperatures is in favor of the radiation extinction.

1 Even though some materials such as Dysprosium (Dy), Erbium (Er) and Thulium
(Tm) which are located at a high region of the map represent a good extinction

ability, they are metals and they will not survive at high temperatures.
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Figure4.4. Evaluation of different materials performance based on their optical properties and the reduced
extinction coefficient color map.
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Table4.1. List of thereferences used to export the data of refractive index and absorptive index of

materials.
Material Reference Material Reference
Al 05 [49] yA(®)} [50]
Ce02 [49] Ag [51]
FeOs [49] Cu [51]
FeO4 [49] Al [51]
ZnO [49] W [51]
MoOs [52] Ti [51]
SIO; [53] Pt [51]
TiO> [54] Pd [51]
HfO, [55] Mo [56]
Y203 [57] Ni [58]
llite [59] Rh [60]
Montmorillonite [59] Zr [59]
Kaolinite [59] B4C [61]
CuGa$S [62] ZrN [63]
GaAs [64] SiC [65]
GaP [64] AIN [66], [67]
HfN [68] BaTiO; [69]
AION [70] Dy [67]
Er [71], [67] Ru [67],[72]
Tm [67],[73] TaOs [74]
Fe [56] SizNg [75]
Ta [56] LaFeQ [76]
Si [77] LaMnG; [76]
Zn [59] LaCrGs [76]
SiO [78]

The reduced extinction coefficient figure is a general map which investigates materials in

a gener al

way

and

doesnot

s h o Wwhe extinetion n f |

coefficient determines how strongly a substance attenuates the incident rabiation

scattering and absorption. In other words, the extinction coefficient is a measure of the

suppressiomf radiative energy as it travels through the medamd changes strongly by

changing the wavelength of the radiatidime next step is to investigatee influence of
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wavelength on the extinction coefficient of materials. In other words, we will show the
performance of materials to extinct the radiation with different wavelengths. The spectral
extinction coefficient was calculated for each materialasguming that the particles
volume fraction istg® P and the diameter of particles gsttil | . Figure 4.5 shows
comparison between the spectral extinction coefficiéntsof different materials as a
function of wavelengthThe right y-axis shows the lackbody spectral hemispherical
emissive power curvefO ) for temperatures of 2000, 1500, 100 (dashed lines)
Blackbody emissive power is a function of temperature and wavelength and is higher at
high temperaturewhich indicates that the highezmperature objectives have, the more
radiation are emitted at shorter wavelengifse blackbody emissive power curniesve
beenused to have a meaningful comparison between the materials behavior in a particular
temperature. As the aim is to assess thigyabf materials to extinct the radiation at high
temperatures, the blackbody emissive power curve with respé¢t tq 1t Ut is more
favorable to compare the materiads can be seen in figure 4.5 (a), the spectral extinction
coefficient of metals wées remarkably by changing the wavelength. Although their
extinction coefficient is low at large wavelengttiseytend to have a very high extinction
coefficient at low wavelengths which is favorable since there is a higher emissive power at
wavelengthsaround 13 * @, for the temperature 6% ¢ 1 TTUT. HOowever, metals are

not good options for such high temperatures since most of them will melt. Moreover, even
if their melting point is above the intended operating temperature, they will likely still not

survive due to oxidation. Figure 4.5 (b) depitigtithere are some high attenuating oxides
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with having high extinction coefficients such ag®g ZrO,, and ZnO. F€)s, for example

hasa very high spectral extinction coefficient within the entire wavelength range, even
higher than all investigated metalComparing metals with their oxides, it can be seen that
for most metals their oxides have higher extinction coefficients (figure 4.5 (d)) which
indicates that oxides may perform even better than metals at high temperatures. Among
the other compoundsiglure 4.5 (c)) also there are several good materials with high
extinction coefficients. ZrN, BC, SiC, HfN, and some perovskites such as LaFeO3 and
LaMnO3 are shown as effective materials to attenuate the radiation. Montmorillonite, illite
and kaolinite @ys also have a very high extinction coefficient in the middle infrared region

(3-10 1 ), however, their ability to extinct the shorter wavelengths is lower than some

others.
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Figure4.5. Spectral extinction coefficient as a function of wavelength for different types of opacifier.

Figure 4.6 also demonstrai@somparison between the spectral extinction coefficients of
different materials as a function of waengthtogether with the Rosseland function

¢ O X O) in the righty-axis for temperatures of 2000, 1500, 10®J (dashed lines)
These curves are useful when we aim for calculating the Rosseland mean extinction

coefficient that we will see late
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Figure4.6. Spectral extinction coefficient as a function of wavelenggfether with the Rosseland function

So far, the materials have been assessed by their spectral extoetificients in a range

of wavelengtk. It was seen that the extinction coefficient of materials can vary
significantly withwavelength Therefore, for the evaluation of total extinction coefficient
for the entire range of wavelengths convenient to lsmearextinctioncoefficients such

as Rosseland mean extinction coefficient Blahckmeanextinction coefficient which are
spectrally averaged over the range of wavelengt®|[10]. The mean extinction
coefficients ae beneficial to assess the overall decay rateesfadiation intensity in the
medium.

In the present study, the Rosseland extinction coefficient andPldngck extinction
coefficient, as local radiative properties, are used to investigate the ratieditvransfer

through themedium. They are local properties since their values change over the thickness
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as the gradients changehe Rosseland mean extinction coefficient works reasonably well
for optically thick mediaf( & | p) in which radiation wouwl be attenuated in a short path,
while Planck mean extinction coefficient is valid for optically thin situations{L p)

[42]. Therefore, they can vary by several orders of magnitude. It should be mentioned that
Rosseland mean extinction coefficient is more appropriate here #iecdiffusion
approximatiorhas been useid calculate the heat flux through a slab of materiabéas

in Equation 4.1), whereas Planck mean extinction coefficient is the more appropriate
spectral averaging to calculate the emission from a surface to a free space.

The Rosseland extinction coefficient is defined42§[10]:

—a

0 “ 86 o A Qig—.,Y
O Q_ <Y - - Q. (4.13)
- AeB.y p

P e
Ty f

—a

Wherg O and! ‘O are blackbody spectral emissive power and blackbody total emissive
power, T is temperature, 6 T WLULCEMT w& Ffi i and O

ip 1T oPx8.xTheT O 'O is found by differentiatingPlancld s | aw afte
substitutingY O7X, 7.

The Planck mean extinction coefficient is weighted by the blackbody emission spectrum

and can be expressad[42][10]:

10O YQ_ . 1 0 "YQ_
'O "Y’Q_ ” "Y

(4.14)

whereO can bedetermined by42]:
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¢'#
A Qg—"Y P

(4.15)

Rosseland and Planck mean extinction coefficients as a function of temperature have been
calculated for all materials and asbown in figure 4.7. For metals (figure 4.7 (a)), the
results of Rosseland mean extinction coefficient is close to that of Planck mean extinction
coefficient for low temperature. However, the values of édanean are higher at high
temperatures. The reas that metals have a larger optical thickness at high temperatures
since their spectral extinction coefficients are high at shorter wavelengths where blackbody
emissive power is high. Therefore, the results of Rosseland mean can be more trustful at
higher temperatures. For oxides that have a roughly spectrally flat profile @fer all
wavelengths, there is a good agreement between the results of Rosseland extinction
coefficient and that of Plak mean extinction coefficient (as shown in figure 4)).(On

the contrary, the spectral extinction coefficient of ZiSIO,, andY 203 varies sufficiently

with wavelength. Henceheresults of Rosseland and Ptarmean extinction coefficients

are quite different. To obtain a mean extinction coefficient for materials that are optically
thick in some wavelengths and optically thin in other regions, one approach is applying a
Rosseland mean over the optically thielgions of spectrum and a Planck mean over the
optically thin portions [79]. For BaTiQ, SiN4, AION, and Clays, Rosseland mean
extinction coef fi ci ehknean rebdtsn Astit wasghoerebefove, t h

clayshave alarge extinction coefficient in wavelengthsl® ‘ & and a low extinction
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coefficient at shorter wavelength €5 ‘ & which is the reason of disagreement.
However, there is good agreement for the other materials in the group of other compounds.
Figure 4.7, in general, indicates that some materials suchz:@s, Z&0,, ZnO, AbOs,

LaFeQ, LaMnGs, and some rare metals dilDysprosium and Erbium have a high mean
extinction coefficient over the whole range of temperature. Among them, oxides and
perovskites are good options to usepacifyingparticles inside the insulation since they

are stable at high temperatures.
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Figure4.7. Rosseland mean and Planck mean extinction coefficients of materials as a function of
temperature.

At this point, the performance of different groups of materials asiftgr particles inside

the volumetric extinction design was investigated. It was revealed that the ability of
materials for attenuating the radiation strongly depends on their complex index of
refraction under the same physical properties and conditRefactive index and
absorptive index of representative materials were exported form the literature to use in the
model in or order tadentify themostwell performingmaterials It was shown that the
performance of materials to suppress radiation styotgibends on their refractive index

and absorptive indekn fact,the shape of the complex refractive index curve for a material
depends on the different absorption lines and bands within a material. It was seen that some
materials are performing bettdrain others to attenuate radiation due to some effects such
as their absorption lines and bands in the spectrum range. These are a complex function of

the electronic and vibrational structure of the material. To capture the main effects, we can
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consider asimple harmonic oscillator moddh the present work, Lorentz model is used
to calculate the frequency dependeoftcesal and imaginary parts of the complex dielectric
constant. Then, the compledielectric constant of a medium can be related to its cexnpl

refractive indexo evaluate thepacifyingperformance

4.4 Lorentz oscillator model

The Lorentz oscillator model is a model that considers atoms as oscillating electric dipoles
which emit and absorb electromagnetic waves at discrete frequencies. To provide a simple
explanation for the Lorentz oscillator model, we consider the case oina letectron that

is connected to the nucleus with a hypothetical spring representing a restoring force (shown
in Figure 4.8). Since the nucleus has a heavy mass compared to the electron, we assume
that it stays stationery, whereas, the electron oscillaaek and forth at the resonant
frequency 1( ) creating an electric dipole which varies with the time. Figure 4.8
demonstrates the connection between the time varying displacement of the election (
from its equilibrium position and the diplog ¢ ) [80]. The dipole model can be used to
understand the behaviour of the atom when an eadtetectromagnetic wave at frequency

1 hits it. The external wave applies forces to the atom and drives the oscillations. If the
frequency of the external wave, coincides with any of the resonant frequencies of the
atom] , the resonance phenomerm@ppens and the energy of the wave will be absorbed

and reemitted by the atom. Jf does not coincide with any of the atom, the medium
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shows a transparent behaviour without having absorption. However, the velocity of the

wave decreases as a resultfitiple scattering process.

Figure4.8. An oscillating dipole (atom) comprising a heavy positive charge (nucleus) connected to a light
negative charge (bound electrg&d].

The general explanation of dipole oscillator model was given and now we want to
determine the refractive index and absorptive index as a function of frequency by using the
model. To do this, first we calculate tfi@guency dependence of complex dielectric
constant.

The Lorentzanodelexpressethe complexdielectric constanas[80]:

T
4.16
P P : : o (4.16)

wherel ,1 and...are the damping rate, plasma frequency and the electric susceptibility,
respectively.The concept of damping teri)(is a result of the fact that the energy of the

oscillating electric dipoles lowers by collisional processes. The electric suscep(ibility
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is another important term in the Lorentz model. If we apply an electric field to a material,
the electrons will be displaced, producing several dipoles. The electric susceptibility is a
nontdimensional parameter that states the magnitude of poianzatcase of applying an
electric field. The higher electric susceptibility of materials, the more displacement of
electrons and the higher ability of polarization. The plasma frequency is the frequency of
oscillation ofelectronion in the plasma whichs a natural gas of heavy ions and light
electrons.

We can splitthe complexdielectric constant into the real part { ), and the imaginary

part{ 1 ) to obtain[80]:

(4.17)

[ p

107 (4.18)

[ Y

The complex dielectric constant of a medium can be connectedcmniiglex refraction
index according to:

£ T (4.19)

Then, the real and imaginary parts of complex refraction index can be caldhlatiegh

[80]:
. p _
= 4.20
3 i f ToT (4.20)
. p _
Q0 — 4.21
i T T T ( )
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Which shows that if we know the real and imaginary parts of dielectric constant, we can
obtain the reahnd imaginary parts of complex refraction index.

Figure 49 [80] helps us tdhave a general understanding about the typical shapeaoid

T as a function of angular frequency (due to equations 4.17 and 4.18) and shows the
reaction of a diple oscillator at frequencies close to resonance. In this example, the dipole
oscillator has p MTWOL.. ®] PT'UWOF uv'YOdG and] represent

the low and high limits gf 7 and are defined as:

f 1 mkf p .. 1— (4.22)

T B kT p ... (4.23)

The subscript fAstodo stands for Astatico.
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Figure4.9. The real and imaginary parts of complex dielectric constant as a function of fred@@ncy
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Figure 4.9 demonstrates the frequency dependence of the real and imaginary parts of
dielectric constant. & can be seen, has a strong peak centered at the resonance
frequency, and represents the absorption width of frequency at | y ¢. Forf

curve, it increases from the low frequency limif of, hitting a maximum value at

i [ 7¢. It then drops suddenly and reaches its minimum value af| rc.

Finally, it increases again to reach the high frequency vaiue {80].

In this section, the approach is to change the four effective variahlesiof ,| and..,

to predict how they affect the complex index of refraction in order to reach the desirable
and™Q For thispurpose, we have selected four different typical values for each variable.
There are four steps and in each step, we kept three variables constant and changed one
variable to investigate the influence of that variable& and™Q As our interest rangef o
wavelength i9.510 * &, we consider the corresponded angular frequency that is in range
PRIY pTm o PpT i W ( ¢“ OFE _whered is speed of light in vacuum

andg¢ is the refractive index of the medium).

1 Step 1: Investigating the influence ofo on= and

To investigate the influence pf on the behavior af andQ we kept ,1 and.. fixed

and changed . All selected values of are in the rang of angular frequency
PR Y pmm o pT I WM. The selected values and the results are shown in
figure 4.10. As it shows, increasing the resonant frequency from & i @M to
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28 p 1 i WM not only decreases the peak valueg aind ‘Qsignificantly but also
lowers the values af before the peak. Moreover, the lower resonant frequency, the lager
range of frequency in which tlieandQfluctuate. In the view of the extinction coefficient
map plot, increasing shrinks the curvef Qvs ¢ and shifts the right side of the curve

towards down.
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Figure4.10. Effect of resonant frequency on the behavior of n and k.

1 Step 2: Investigating the influence ofz on= and

To assess the effect pfon the behavior of andQ we kept ,1 and...fixed and
changed . To have fairly typical values of the damping rateve have selected four values
off m8tp 8ty hBtx hY . Figure 411 demonstrates the selected numbers

of parameters and their results. It can be seen that an increase in the dampnegu#s
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in decreasing the peak &fand™Qas a function of frequency, and also broadening their

lines which agrees with the explanations[&D]. In terms of color map, enhancing

contracts the curve divs¢ towards its center keeping the overall shape unchanged.
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Figure4.11. Effect of damping term on the behavior of n and k.

1 Step 3: Investigating the influence of on= and|

To study the influence of.on the behavior of andQ we maintained ,7 and]

constant and changed The selected numbers are tabulated in the figur2 aswell as

the results. The results indicate that increasing the electric susceptibility lowers the range

of frequency in which thé and Qfluctuate. However,..affects the behavior af andQ

only after their peaks and doesndét make ar

peaks values remain unchanged with changing the electric susceptibility. Regarding the
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surface plot, enhancingshifts theleft side of the' Q¢ curve towards the light and down,

while keeping the right side of the curve unaffected.
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Figure4.12. Effect of electric susceptibility on the behavior of n and k.

1 Step 4: Investigating the influence ofo | on= and

To investigate the influence df on the behavior o andQ we changed by
keeping ,1 and...constant. As shown in figure¥, the complex refractive indices
increase and peak at higher values with increasing the plasma frequency. In addition,
the larger plasma frequency, the wider fluctuation frequency toward the higher values.
According to the reduced extinction coefficigniot, increasing  broadenghe left

side of theQ¢ curve and shifts slightly the whole curve towards the +ight
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Figure4.13. Effect of plasma frequency on the behavior of n and k.

4.5 Application of the theory to the volumetric extinction
design

Previously,the radiative heat transfer phenomenon through the volumetric design was
described and it was revealed that the extinction coefficient of the medium must increase
to lower the radiate heat transfer through the medium. Based on the Rayleigh theory, a
model was built to describe the opacifying performance of several materials as dispersed
particles throughout the insulation medium and it was shown that some materials have a
better attnuating performance compared to others. Therefore, the Lorentz oscillator model
was used to capture the main effects onagp&cifying performance of materials. In this
section, we will explain how to apply the theory to the volumetric design and wililatd

the performance of two representative materials, as dispersed particles inside the main
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medium for suppressing the radiation. Similar to our approach in Section 3.3, we set a goal
which is coming up with an insulation design that has an effectesentid conductivity

lower than 0.087 | + ] at temperatur€Y p ¢ x ©. By applying the theory
presented in the previous sections, we study the performance of two representative
materials, F€O4 and SiQ. For each material, we calculated the amount kfrae fraction

thatis neededtoread® T8t Y7 i +

In Section 3.3, we saw that if we assume that the thickness of the insulgtiordi$ and

one side of it is exposed to a high temperaturérof p ¢ x ©, and the other side is at

the room temerature (Y ¢ w ¢ ), then the effective emissivity has to be lower than
T8 T vtwreachQ ™A Y7 1+

To calculate the amount of volume fraction that is needed to reach 8t 1t y fast the
needed amount of the Rosseland mean extinction coefficient must be deterfiEned.
mentionedefore Rosseland mean extinction coefficient is a Ipcapertywhich changes
through the thickness of insulation since the temperature changeswver, we assume

that the value oRosseland mean extinction coefficiéniot changing much through the
thickness and ansidering Equation 4.1, we can define the effective emissivity of the

volumetric design as:

(4.24)
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If we assume that the optically thick insulation medium is paced between two gray diffuse

plates with emissivity of 0.5, we can calculate the Rosseland mean extinction coefficient

as:
heen . P @iwugs w@
"AEETD ¢ TV P
f, oy & U T® 8 xup fta
T

Therefore, the Rosseland mean extinction coefficient of the insulation must be higher than
g xuvprmi to obtainQ 1@t Y7 i + . Now we calculate the amount of
volume fraction that is needed if we use the dispersed particles@f¢eSiO, throughout

the host medium (is assumed to be vacuum or air). Figure 4.6 shows the Rosseland mean
extinction coefficient of some oxides as a function of temperature which is calculated for

a volume fraction ofi® B As mentioned, the Rosseland meatinction coefficienis a

local property and its value changes over the thickness as the gradients change. Therefore,
we pick an average representative valueRotkselandextinction coefficient which is
approximately 903.09 and 1.06  for FesO4 andSiO,, respectively. These values are
calculated for a volume fraction afp B and since the volume fraction is a constant value

(not a function of wavelength and temperature), we can calculate volume fraction of each

material toreach, ¢& x up fti P simply as:

C& XLpPT TAITIP
w TI81 W

G TBT T ¢ X8 X P

& Xupm T8I
P8t v

" C& L Xépg o X b
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According to Figure 4.2, embeddingsBa particles with the volume fraction aig x P

and size parameter of lower than 0.1 into the host medium is quite applicable to still remain
at the region of independent scattering. Whereas, loadingp@ificles with the volume
fraction of ¢ o @ &nd size parameter of lower than 0.1 would violateintlependent
scattering assumption in the Rayleigh theory. Therefore, it can be concluded that it is not
applicable to make an insulation material having effective thermal conductivity of 0.08
71 + which is made of Si@with the volume fraction ot o @.Fhe results are

summarized in Table 4.2.

Table4.2. The volume fraction of particles needed in a slab of insulation with thickness of 10 [cm] to reach
"HH ﬁ ll’ é at T21273 [K]

Material Particles volume fraction
FesO4 0.27 %
SiO, 236 %

We can use the oscillator Lorentz model to evaluate the radiation extinction performance
of SIG; and to introduce a new hypothetical material that shows a better opacifying
behaviour compared to SiOThe approach is to change the Lorentz oscillator parameters
of SiO,( R H or.)toreach a highgRosseland mean extinction coefficiefirst, we

need to define the Lorentz oscillator parameters 06.SIO do this, we considered the
complex refractive index of Si@s a function of wavelength and by trial and error we tried
tofind] A R and..in order to reach the same n and k ugingations 4.17.21. It was

found that the Lorentz oscillator parametersiof c¢8tgo wp m OA® N

p8 v pmt OA@A h p pmn OA@ and... pwould give almost the sanie
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andQas SiQ as demonstrated iRigure 4.14This figure showshat Lorentz modewas

able to modethe complex refractive index @&iO, successfully. Even though Lorentz
oscillator model is not the most accurate method to mtuebptical properties of
materials, it helps us to develop a general trend for materiats is close to their actual
optical trend (as what we did for Si@r example) Therefog, it can be said that the
accuracy of Lorentz model is enough to capture the materials optical properties in our work

and other accurate detailed models might notbe needed.

Experimental results for SiO2 Theoretical results for SiO2
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Figure4.14. Complex refractive index of Sias a function of wavelength calculated by experimgs&p
and Lorentz model.

Now by knowingthe Lorentz oscillator parameters of $ie can try to reach a
desirablen andk by changing the Lorentz oscillator parameters. The goal is to find a
hypothetical material having a higher Rdasd extinction coefficient. Based on the
investigation in section 4.4, we know thatreasing broadens the curve dié
towards the rightip. We can use this result to move the initial curve ob $@ards

the high extinction region. Figure %.1(a) shows the actu#bé curve of SiQ with the
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Lorentz oscillator parameters of Browpm OAA | p& U

pmm OAA , 1 p pm OAA and .. p. Figures 4.5 indicates that
increasing the plasma frequency frgpg v p m OAQ@ (Figure 4.15. (a)) to
po pmn OA@ (Figure 4.5. (d)) enhances the Rosseland extinction coefficient
more than 10% front@® x| touv @xi . It should be mentioned that the
Rosseland extinction coefficient is calculated¥at p ¢ X ©. To increas¢ more,

we can change and’ . In section 4.4, it was seen that increasingand’ shrinks the
curve towards the center. This is in the favour in this case since the cufe iof
Figure 4.5. (d) is located around the maximumimygand increasing and’ shrinks

the curve and moves it towards the high region of extinction coefficient. Figue 4.1
demonstrates that increasing and| from ¢c8tp wp m OA@A and p

pmm OAA (Figure4.B.(a))tou pm OAA andv pm OA@ (Figure
4.16. (d)), respectively, will enhande fromu & x| top Yy ol . Finally,
Figure 4.7 shows that if we decreasefrom pto 1,1 increases fronp (&p ol

to ¢ o@ i . Whereas, increasing.from p to o results in decrasing! from

o Wy ol top p&p xI . The reason is thahhancing. shifts the left side of the

Q¢ curve towards down, moving it away from the high region zone in the color map.

Therefore, we can conclude that a material with having v

pmt OAA po pmmt OAA , 1 v prn OAA and .. T
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performs strongly better thaBiO; to extinct he radiation as the Rosseland extinction

coefficient enhances from® xi  to¢ o mi

Figure4.15. Influence ofo _on the opacifing behavior of the material.

Figure4.16. Influenceofo a nd o 0 nying bekavia @f the material.
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