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Abstract

MODELING EFFECT OF MICROSTRUCTURE ON THE PERFORMAEOF
FIBROUS HEAT INSULATION
By Raghu Raja Simha Arambakam, M.S.
A dissertation submitted in partial fulfillment tfe requirements for the degree of Doctor

of Philosophy at Virginia Commonwealth University.

Virginia Commonwealth University, 2013

Major Director: Dr. Hooman Vahedi Tafreshi
Associate Professor, Mechanical and Nuclear Engimge

Heat insulation is the process of blocking the ¢fanof thermal energy between
objects at different temperatures. Heat transfeuscdue to conduction, convection, or
radiation, as well as any combination of theseethmechanisms. Fibrous insulations can
completely suppress the convective mode of heasfiea for most applications, and also
help to reduce the conductive and radiative mode®ine extent. In this study, an attempt
has been made to computationally predict the effe€tmicrostructural parameters (e.g.,

fiber diameter, fiber orientation and porosity) the insulation performance of fibrous

XV
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XVi
materials. The flexible simulation method develofredhis work can potentially be used
to custom-design optimal multi-component fibroussulation media for different
applications.

With regards to modeling conductive heat transtercomputationally-feasible
simulation method is developed that allows one tedit the effects of each
microstructural parameter on the transfer of heabss a fibrous insulation. This was
achieved by combining analytical calculations fanduction through interstitial fluid
(e.g., air) with numerical simulations for condoctithrough fibrous structures.

With regards to modeling radiative heat transf@thbMonte Carlo Ray Tracing
and Electromagnetic Wave Theory were implementediw simulations. The modeling
methods developed in this work are flexible towlEimulating the performance of media
made up of different combinations of fibers witHfelient materials or dimensions at
different operating temperatures. For example, siotulations demonstrate that fiber
diameter plays an important role in blocking radmtheat transfer. In particular, it was
shown that there exists an optimum fiber diametemfhich maximum insulation against
radiative transfer is achieved. The optimum fibemteter is different for fibers made of
different materials and also depends on the meaapdgature of the media.

The contributions of conduction and radiation hganhsfer predicted using the
above techniques are combined to define a totaimleresistance value for media with
different microstructures. Such a capability can dfegreat interest for design and

optimization of the overall performance of fibrauedia for different applications.
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Chapter 1 General Introduction

1.1 Background Information

Heat insulation is the process of blocking transierthermal energy between
objects at different temperatures. Heat transfeuec due conduction, convection, or
radiation as well as any combination of these thmmxhanisms. Conduction can be
reduced by eliminating the physical contact betw#®n objects. Convection can be
suppressed by suppressing the fluid motion (viaiém for instance), and radiation can
be minimized by minimizing the view factor betwettre surfaces. Fibrous insulations
can reduce conductive and radiative heat transfevden surfaces. More importantly,
they can efficiently eradicate convective mode ehthtransfer for most applications,
thanks to the significant friction that is causedtheir constituent fibers against natural
convection (Nield and Bejan, 1998).

Contribution of conduction or radiation to the alérate of heat transfer through
a fibrous medium can vary depending on the phygcaperties of the fibers and the
operating temperature of the surfaces. In additfon,choosing a suitable insulation
material for a given application, one has to comsichany other factors such as the

available space between the walls or the structteddility of the media for the given
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2
environment etc. Therefore, it is important to beleato custom-design optimal

insulations for different applications. For suctesign process to be effective, it must be
based on a mathematical platform that provides tijaige predictions of the
contribution of each and every microstructural paeter of constituent fibers to the heat
transfer through the media. While the physics @theansfer in porous media has been
studied in numerous studies in the past, an aagubait yet computationally-feasible,
method for design and optimization of an actuatipob has not been proposed yet.
Insulation materials can be broadly classified fiotar different categories and the
use of different materials depend on the applicafithe most common type of insulation
is loose fill insulation. This type of insulatios usually made by loosely filling the
insulation cavity with fibers made of fiber glassineral wool or cellulose. These
insulations are commonly used as residential itismaThe second type of material is
batt or blanket insulation. These are materialsailsumade of glass or mineral wool
fibers which are laid down as blankets in the farfrbatts or rolls. The third kind of
material is rigid board insulation. They are uspathade of polystyrene, polyiso,
polyurethane or fiber glass. This kind of materglusually preferred for applications
where the strength of the insulation structurerigi@l and also where the place available
for insulation is limited. Another form of insulati material is the spray foam insulation.
These insulations are usually obtained by sprapimigstyrene, polyiso or polyurethane
in molten form at the place of application direc\t'so materials like aerogel are being
used for high temperature insulations where pla@glability is limited. However it is

not popular yet due to being more expensive tharother insulation materials.
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3
Fiber-based materials represent the single langestiator of heat insulation in

residential and industrial applications. Applicati@f fibrous media extends from
ordinary building insulations to the expensive higmperature insulation materials
deployed in the aerospace industry, such as Alurfibexrs used in reusable launch
vehicles for reentry flights. The large surfaceaaoé the fibers provides enough friction
to suppress the convection, leaving radiation amtlaction to be the only modes of heat
transfer in fibrous insulation materials. Contribatof the latter modes of heat transfer,
of course, depends on the temperatures imposetieoméaterial—conduction becomes
almost negligible when working with high temperatirWhile radiative heat transfer is
generally important in high-temperature, conducthieat transfer is often the mechanism
by which heat transfers through fibrous materialgemperatures near or below room
temperature. The gist of most of the work in litara has been to treat the insulation
material as a lumped system and study their heatlation performance. Radiative
transfer mostly occurs through the void spaces éetwthe fibers in an insulation
medium. The usual approach to such methods is topote an effective thermal
conductivity value which includes the contributiof conduction and radiation heat
transfer, and to estimate the net heat transfeyugir the insulation material using
Fourier's law treating the heat transfer as a difin process. The main drawback of
using such approaches for the treatment of thipleduradiative — conductive heat
transfer is its inability to predict the heat triarsof low SVF insulations. The heat
transfer through the insulation materials decreasethe SVF of the material decreases,

when predicted using the diffusion approximatiorawdver experimental observations
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4
report that as SVF decreases the heat transfaughrthe material first decreases till it

reaches an optimum value and then increases. Fkiigd to the fact that the contribution

of radiative transfer increases non-linearly at BVFs.

1.2 Heat Transfer in Insulation Materials
1.2.1 Convection Heat Transfer

When a temperature gradient is enforced betweenoffposite sides of a
rectangular cavity in the direction of gravity, tbelder (denser) fluid tends to move to
the bottom of the enclosure (see Figure 1.1). fhisiral convection should overcome
the viscous resistance of the fluid to motion. Taekative importance of viscous and
gravitational forces is often characterized by RmH number. At low Rayleigh
numbers, the viscous forces dominate the grawtatidorces and free convection is

suppressed. Free convection starts as Rayleigh emumbreases. Rayleigh number is

given as:
3
Ra— 9PATL (1.1)
av

For the case of a rectangular cavity wiity L >> 1, the critical value of Rayleigh
number above which advection becomes importanf @8 1At Rayleigh numbers greater
than 1708 counter-rotating flow circulation pateeroommonly known as Rayleigh—

Benard cells start to form (see Figure 1.2).
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Figure 1.1: Rectangular cavity heated from below, Ra<1708cbiovection takes place.

The terms stable and instable systems are alsotaseescribe heat transfer in
regime | (Ra<1708) and Il (Ra>1708). In stable hematsfer system, convection does not

take place.
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Figure 1.2: Rectangular cavity heated from below, Ra>1708 aBeieells start to appear.

For an empty rectangular cavity (no fibers includaedthe analysis) with a

temperature difference of 900K across its thicki{&ss1200 K andl.=300 K) Rayleigh
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6
number remains below 1708 for thicknesses up tatabd cm, i.e., free convection is

negligible even without the fibers as far as thekiess is less than 1.1 cm.
For free convection in porous media, the Rayleigmber is defined differently
(Nield and Bejan, 1999):

_ p9BKLAT

MLy,

K
pC,

Ra’™ (1.2)

wherea,, = . For the geometry shown in Figure 1.1, when filgth porous media,

The critical Rayleigh number for a porous mediuhg Rayleigh number above which

convection is expected to occur, is abbtit(Nield and Bejan, 1999). Performing an
order of magnitude analysis for heat transfer betwevo walls with a temperature

difference on the order of 100 K and a spacinghenorder of 0.01 m filled with a fibrous

insulation having a fiber diameter on the ordefl®fum, and SVF of about 1% (with air

as the interstitial fluid), one obtains a Rayleraimber on the order of magnitude of 0.1.
Therefore, one expects convective heat transfbe toegligible for such media as long as
their thickness (spacing between the walls) istleas 1 m, on order of magnitude, which
practically covers most applications of fibrousulasions. Note that in the above analysis
permeability was obtained from the equations gikgn(Spielmann and Goren, 1968).
Decreasing the fiber diameter or increasing the 8dktices the permeability of a fibrous
medium and therefore, suppresses the convectiom fevther. Conversely, decreasing
the SVF or increasing the fiber diameter incredalsesnedia’s permeability and therefore

reduces the thickness above which convection lsmger negligible.
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1.2.2 Conduction Heat Transfer

Conductive heat transfer occurs through the fibemsl the interstitial fluid.
Therefore, an effective thermal conductivity, whiohludes the contributions of the solid
and the interstitial fluid, is often defined andedsn discussing the performance of an
insulation material. The effective thermal condutyi of a fiborous material is greatly
influenced by its microstructural parameters sueBaid volume fraction (SVF), thermal
conductivity of the solid fibers and the interstitifluid, fiber diameter, and fiber
orientation. Obviously, for media consisting of mothan one type of fibers, i.e.,
composite insulation media, there are more paraseitdluencing the insulation
performance (Mohammadi, 2003a)).

Conductive heat transfer through fibrous insulatioaterials has been studied
analytically, numerically, and experimentally. Aytatal models have been developed
and compared with experiment to predict thermallatson properties in terms of SVF
and thermal conductivity of solid and interstitiglhases by (Bankvall, 1973;
Bhattacharya, 1980) amongst others. There areaadatytical studies dealing with the
effects of fiber orientation and fiber length orettmal conductivity (see for instance
(Furmanski, 1991; Fu and Mai, 2003)). There areo altimerous predominantly
experimental studies reporting on the thermal ssah properties of different fibrous
materials obtained, for instance, by a guardedplaie apparatus (Mohammadi, 2003b;
Vallabh, 2008). In such studies, performance ofrttaerial in blocking conductive and
radiative heat transfer is often lumped togethetha form of an effective conduction—

radiation thermal conductivity (Mohammadi, 2003ballébh, 2008). Improved testing
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procedures and more advanced macroscale numelitailaions have also been

developed for studying the combined conductionatiin heat transfer through fibrous
media with a specific attention to the effects péating temperature and pressure on the
performance of high-temperature insulations by (ghat al., 2008a; Zhanget al.,

2008b).

1.2.3 Radiative Heat Transfer

Radiative heat transfer through fibrous insulatrmoaterials is often estimated
using the Radiative Transfer Equation (RTE), in akhihe medium is assumed to be a
pseudo-continuum (Walters and Buckius 1992). Th& KsTa highly involved integro-
differential equation that can only be solved nuoadly. The solution procedure for this
equation may need Monte Carlo Ray Tracing (MCRXpeeimental, and/or analytical
calculations to obtain the radiative characterss(e.g., scattering phase function) of the
media under consideration. Two major approaches haften been considered for
determining radiative properties of fibrous insidat media. The first approach is to
analytically determine the radiative propertiesath individual fiber (or particle) using,
for instance, the Electromagnetic wave theory (&g theory), and then generalize the
properties for the whole medium accounting fornterphology (Larkin and Churchill
1959, Jeandeét al. 1993, Lee 1994, Cunnington and Lee 1996 and L&8)19The
second approach is to experimentally obtain trattande and reflectance values for the
fibrous medium and extract its radiative propertiesan inverse method for solving the

RTE (Milandrié al. 2002, Nicolauet al. 1994 and Larkin and Churchill 1959). MCRT
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has also been used to estimate the radiative prep@f fibrous insulation media or to

directly calculate the temperature or heat fluaigystem in the absence of a continuum
phase (i.e., the air entrapped between the fid€syuard and Baillis 2005, Singh and
Kaviany 2006, Coquard and Baillis 2004 and Kumat &en 1990).

An IR energy beam looses energy as it travels tiiraufibrous medium due to
scattering and absorption, and gains energy dire-doattering and fiber emission along
its path. Equation for conservation of energy alangiven path (direction) with which
one can tally the change in energy in a given toador a small wavelength interval is

called Radiative Transfer Equation (RTE) (Howetldl., 2011).

dl - i47r
AR o [ H@o(@)do (1.3)

0-0
The radiative heat that transfers across a fibnesislation material can be estimated by
solving the RTE. In order to obtain these propsrteth theoretical and experimental
methods have been considered in the past. Inveeserntination of the radiative
properties of an insulation material has been damed using the heat transmittance data
obtained from experiments (McKay al., 1984). The general approach in such studies
has been to assume a common form of phase funiikene.g., Henyey—Greenstein
phase function) and parametrically vary the scaigjeand absorption coefficients to
make predictions of the RTE match experimental disligandri et al. 2002; Baillis and
Sacadura, 2000).

According to the electromagnetic theory, fiber deden and temperature are the

most important parameters that the treatment ofatigd transfer hinges upon. The
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electromagnetic theory is well established and Ibesn widely used to describe the

interaction of an IR ray with cylindrical objectsiid and Greenberg, 1966; Liou, 1972).
A so-called size parameter (x) is defined to relate the radiation wavelength.(i.e

temperature) to the fiber diameter (Howetlal., 2011):

s (1.4)

Size parameter determines the nature of the irtterabetween IR radiation and a fiber
in fibrous medium (see Table 1.1). kof>1, geometric optics can be used for modeling
the IR—fiber interaction. Monte Carlo ray tracinfpish uses geometric optics treatment
of IR can be used to predict the temperature or fieathrough a fibrous medium in the
absence of the interstitial fluid (e.g., air). Kkat1l, one needs to use the electromagnetic
theory to predict the radiative properties of thsulation material and calculate the rate
of heat transfer. For many common applicationsloblis insulations, the size parameter
is about one X~1). For such cases, the Mie theory was previousgdus predict the

radiative properties of the insulation materiale€].1989).

Table 1.1: Summary of modeling techniques based on size peeam

Size modeling technique | scattering treatment assumption
parameter

%>10 MCRT laws of geometric Wavel_ength_smalle
optics than fiber diameter

wavelength
10> x> 0.1 | electromagnetic theory Mie scattering theorgomparable to fibe

diameter

x<0.1 electromagnetic theory Rayleigh scattering wavellength‘greate'
theory than fiber diameter
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When one of the above techniques is used to deterrtiie radiative flux

transmitted through the insulation media, anotleemtcalledtransmittance is defined
which is the ratio of total energy received by #ivek and the total energy emitted by the
source. In order to better describe the radiatioocgss, extinction, scattering and
absorption cross-sections and scattering phaséidnsmeed to be defined.

The scattering cross-section (C_,) is a hypothetical area which describes the

likelihood of radiation being scattered by a paeticThe scattering cross-section is
different from the geometrical cross-section of artiple and it depends on the
wavelength of light, refractive index of the fibeand fiber diameter. Similarly the

absorption cross-section (C,,) is a hypothetical area which describes the Iic@d of

radiation being scattered by a particle. The surabsforption and scattering coefficients

is called the extinction coefficientC(,). Phase function®) is a non-dimensional

parameter which is used to describe the angularilion of scattered radiation
(Howell € al. 2011 and Modest 2003). The values of radiativierties defined above
are a function of temperature, refractive indextled material, fiber orientation, fiber
diameter and fiber refractive indekhe refractive index of the fibers' parent mateisal
wavelength dependent. At a given temperature, ttseeeparticular wavelength for the
emitted IR which carries the greatest energy. Pleiak wavelength is computed using
Planck’s law. It is computationally very expensteeconduct the simulations at each and
every wavelengths emitted at a given temperatuneréfore, the optical properties used
for the simulations are obtained at the peak wangle associated to the temperature.

Impurities can also be important to determining rhiiative properties of a substance. It
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was recognized that impurities can affect the tadiabehavior of a glass fiber (by

altering the refractive index) as observed by (bark957), for instance. However, this
effect is not included in the current study.

When the scenario of heat transfer through fibiogalation materials is studied,
it is obvious that the radiative beam incident lo@ taterial heats up the fibers inside the
insulation medium. When the fibers’ temperaturesnge the fibers start to emit
radiation too. In theory it is assumed that whenfthers are spaced at a certain distance
from each other, it can be assumed that the raydeehby the fibers do not affect the
emission process by the neighboring fibers. Suclassumption is callethdependent
scattering assumption. This assumption can be safely made for low SVREenas. On
the other hand for high SVF materials this assuompbireaks down and the interaction
between the rays emitted by the fibers must beuatedl. Such cases where the IR
interactions are not neglected are groupedependent scattering regime.

Another common assumption made in such studidsaisthe fibers are infinitely
long. This assumption is made to avoid complicatedhputations involving the IR
interaction with the sharp fiber edges when shibers are considered. In spite of such
assumptions being made the existing theory for eding the radiative properties are

proved to make accurate predictions (Lee 1989).

1.3 Virtual Microstructures

To perform micro-scale simulation of heat trangfeough fibrous materials, one

needs to construct a computational domain thatmbkes the media’s microstructure (see
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Figure 1.3). The internal structure of disorderdgmtous materials can be considered to

fall into one of three main categories: unidirectb structures, where axes of all
cylindrical fibers are parallel with one anothempi@man and Goren 1968), layered
structures, where axes of cylindrical fibers liendamly in parallel planes often
perpendicular to a fluid flow (Wanegt al. 2007), and three-dimensionally isotropic
structures, where fibers axes can be randomly mdem any direction in 3-D space
(Clague and Phillips 1997) (see Figure 1.3). Filberthe structures shown in Figure 1.3
a—d are allowed to have random in-plane orientatibat somewhat controlled through-
plane orientations. These fibers have a zero mbeyugh-plane orientation, but the
standard deviation about this mean value varia®s fdato 45 degrees from one structure
to another. Note that a standard deviation of 4§res represents a random through-
plane orientation. Therefore, structures with tigioplane standard deviation of 45
degrees are three-dimensionally isotropic (FiguBsll The structures shown in Figure
1.3 e—h resemble fibrous media with layered micoastires (i.e., no through-plane
orientations). The fibers in these structures hewero mean in-plane orientation, but a
standard deviation about this mean value that saiiem O to 45 degrees from one
structure to another. The media generation proégesbased on the so called p-
randomness algorithm (Pourdeyhieti al. 2006). In the current study, a polydisperse
fibrous structure was not used because it doesaddt any additional value to the
methods developed here. Polydisperse fibrous stestcan be simulated with the

methods developed here at expense of extra CPU ®okydisperse simulations will
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require fiber diameter distributions to be empilicabtained and input to the model

(case specific, lacking universality).

Random in-plane but varying through-plane fibegotations

Figure 1.3: Fibrous media with random in-plane fiber oriersas but different through-plane fiber
orientations having standard deviations of O de@a¢el5 degrees (b), 30 degrees (c), and 45 deddee
fibrous media with zero through-plane fiber origimtas but different in-plane fiber orientations ey

standard deviations of 0 degree (e), 15 degree3(fiegrees (g), and 45 degrees (h).

1.4 Objective of the Work

The objective of this work is to build a design ltdor insulation material
development. A simulation method which can be usgdnsulation manufacturers to
optimize the microstructure of an insulation matehefore manufacturing the material

for a specific application (temperature range,khéss ...) was developed.
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In the current study, different modes of heat tiansvere isolated and the

material’s microstructural parameters’ influencetba heat transport through a fibrous
structure is investigated at steady state. Thislystis focused on developing 3-D
simulation algorithms for modeling radiative hegnisfer via MCRT and Mie theory.
The work also includes a study of the influencegebmetrical parameters of a fibrous
insulation on conductive heat transfer. The studg antails a comprehensive study on
heat transfer through multi-component layered,(cemposite) insulation materials. The
proposed computational approach allows one to gdeothe contributions of solid
structure in the total conductive heat transfemfrihat of the interstitial fluid and study
them separately.

In Chapter 2 numerical simulations to study the@fe thermal conductivity of
fibrous media with different microstructural paraers are presented. Assuming that the
heat transfer through the interstitial fluid is @peendent of the geometrical parameters of
the solid phase (for when the porosity is held tam$, the energy equation was solved
only for the solid structures, and the resultinduea were used to predict the effective
thermal conductivity of the whole media. This treant allows the user to drastically
reduce the computational cost of such simulatidfsect of different microstructural
parameters on heat conduction was also studied.

In Chapter 3, a Monte Carlo Ray Tracing (MCRT) demion technique is
developed to study steady-state radiative heatsfeanthrough fibrous insulation
materials. Scattering within the realm of geometitics is incorporated into the MCRT

simulations using Snell’'s Law for ray refractionb&rs’ optical properties are obtained
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from Fresnel's law and Beer's law based on theantifve index of the material. Two

different treatments of “high” and “low” conducttigs are considered for the fibers and
their effects are discussed. A comprehensive paerstidy was performed.

Chapter 4 focusses on development of a dual-scatgetationally-feasible 3-D
method to simulate the transfer of radiative héabugh fibrous media comprised of
fibers with different diameters and orientationbeTradiative properties of the media are
calculated using Mie theory and are used in theid®iad Transfer Equation (RTE)
equation for computing the attenuation and augntientaf an InfraRed ray’s energy as
it travels through a fibrous medium.

In Chapter 5, the techniques developed in Chaptend Chapter 4 are used to
predict heat transfer through virtual multi-componhébrous insulations. The method
involves computing the conduction and radiationstasace of the media individually and
combining them using method of parallel resistartoesbtain a total thermal resistance
value.

In Chapter 6 the conclusions drawn from the wokk @nesented followed by the

author’'s recommendations for future study.
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Chapter 2 Modeling Steady State Conduction in Fibrous Media*

2.1 Introduction

To better investigate the effects of microstrudtparameters on the performance
of fibrous insulation materials exposed to condigctiheat flow, microscale 3-D
simulations are developed. Such a simulation metlogy is valuable as it allows one to
isolate the effect of each individual parameter sidly its influence on the performance
of the whole media (i.e., the fibrous structure #melinterstitial fluid). Since heat transfer
through the interstitial fluid takes place indepemnitly from the geometrical parameters of
the solid phase (for a given porosity), the enexgyation was solved for the solid phase
(fibrous structure) only. The conductivity valudstained for the solid structure can then
be easily combined with the conductivity of theenstitial fluid to predict the effective
thermal conductivity of the whole media if needé€bhis treatment allows us to
significantly reduce the computational cost of ssainulations (compared to the case
where air is included in the simulations), and ¢lhgrto make a comprehensive parameter

study feasible. In particular, with this treatmemne can consider much larger

! Contents of this section have been published irarticle entitled “A simple simulation method for
designing fibrous insulation materials”, by R. Ataakam, H.V. Tafreshi, and B. Pourdeyhirkfaterials
and Design 44, 99 (2013).
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computational domains for simulation to reducedtatistical errors associated with each

simulation, and consequently produce a large siomalataset.

2.2 Conduction in FibrousMedia

Conductive heat travels through both the fibersthednterstitial fluid (often air).
Conductive heat transfer formulations for porouslimere often developed considering
heat flowing in parallel or series paths. When Heat is assumed to occur in a series
mode, then flow of thermal energy is assumed taoat sequence through a series of
layers. Conductive heat transfer is said to ocauparallel mode if the flow of heat is
described through simultaneous parallel paths tiraihe medium. In calculations the
thermal conductance of each path is added to darietal rate of heat flow through the
entire medium (Bankvall, 1973; Bhattacharya, 1980)e most basic expression (Eg.
(2.1)) for defining an effective thermal condudiyvin porous media is developed based
on a weighted average of the thermal conductivalues of the fibers and interstitial
fluid (Bankvall, 1973; Bhattacharya, 1980), and thieansfer is assumed to occur in a
parallel mode through solid and the interstitiaidl
ke = ak; +(1-a)k, (2.1)
The major problem with this equation is that ituaees the solid phase to act like a solid
block connecting the heat source to the heat siegglecting the fact that heat has to flow
through a number of small fiber-to-fiber contaceas before it can reach the sink.

Therefore, one can expect that the testk, in the above equation significantly over-

predicts the conductivity of the solid phase. Teeosid term in the right-hand side of Eq.

www.manaraa.com



19
(2.1), on the other hand, is expected to be quiterate in predicting the conductivity of

the fluid phase. This is because the interstitialdf does connect the source and sink
plates with no considerable bottle-necks in the flea path, at least for most practical

fibrous structures (i.e., porous media with veny kolid volume fractions).

2.2.1 Modeling Conductive Heat Transfer in Fibrous Media

An in-house MATLAB code was developed to generabeofis structures with
different structural parameters—uvirtual fibrousdmewith controlled porosity, thickness,
and fiber diameter, as well as fibers in-plane #raigh-plane orientations (see Figure
1.3). Due to the randomness of the generation psp@ach simulation is repeated at least
three times to reduce the statistical uncertaifty® results presented. After each fibrous
structure is produced, a script file is producedtfee GAMBIT software in which the
actual SVF of the structure is measured and alsteshed using tetrahedral elements and
exported to the Fluent code for heat transfer ¢aficns.

The fibrous structures were considered to be sartoli between a hot and cold
plate as shown in Figure 2.1. A temperature gradeermposed across the thickness of
the media by assigning different temperatures ¢ohibt and cold plates. The steady-state
heat equation is solved for the flow of conductieat through the fibers using the Fluent

CFD code.

0T 0o0°T 07T
st oo T =0
ox~ oy o0z

(2.2)

www.manaraa.com



20

Symmetry Boundarie

Co\d P ‘ate

Figure 2.1: An example of the computational domains used & gtudy with corresponding boundary
conditions. The fibrous structure shown here hashaisotropic fiber orientation (i.e., three-dimanrslly

random fiber orientations).

Symmetry boundary condition has been consideredafiotateral boundaries of the
simulation domain. Although no plane of symmetry @tually exist in a disordered
fibrous structure, the error associated with sutto@ndary condition is negligibly small
when a large computational domain is consideredhersimulations as the heat flow is
mainly in the direction of the macroscopic tempemtgradient (i.e., through-plane
direction) (Wanget al., 2007). The boundary conditions considered in therent
simulations are shown in Figure 2.1. An arbitrabef thermal conductivity of 0.2 W/m-
K (polypropylene) and a fiber diameter ofiB were considered unless otherwise
specified. The temperatures of the hot and colteplare also arbitrarily chosen to be
330K and 300K, respectively. Since no air is coasad in the calculations, heat transfer

between the hot and cold plates is due only to gotah in the solid phase.

k. ::TLT (2.3)
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whereq is the heat flux computed using Fludnis the thickness of the mediudjs the

area of one of the heat plates an@lis the imposed temperature difference between the
plates.

Thermal and electrical conductivities of a fibrataucture are greatly influenced
by the fiber-to-fiber contact area at the fibersdssover points (Faesset al., 2005;
Zhang and Yi, 2008; Zhagt al., 2009; Zhouwet al., 2012). Depending on the process by
which a fibrous mat is produced, the fiber-to-fimeintact area may be negligibly small
(e.g., when the fibers are perfectly cylindrical)considerable large (e.g., when the fibers
are at a melt state during the mat formation arse fiogether at the crossover points, or
bonded together via an adhesive). Accurate detatrom of the fiber-to-fiber contact
area in fibrous mats is a challenge, as it dependso many parameters such as material
of the fibers and the fiber formation process (diger spinning process) as well as the
mat formation and mat consolidation processesatoea few. It is therefore, unlikely
that a universal correlation for the fiber-to-fibeontact area can be developed. To
circumvent this problem when modeling the fibersohhare perfectly round, the fibers
were allowed to interpenetrate into one anothex [8gure 2.2).

A restriction on the allowable distance betweenakes of two fibers was placed
at their crossover points to somehow control theerxof fiber-fiber interpenetration.

The allowable distance between two fibers is nonetlisionalized using the fiber

diameterd, and is shown here with. This simple treatment allows us to simulate a

fibrous structure consisting of perfectly roundefib, but yet produce finite contact areas

for the flow of conductive heat.
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a)

SU70 5.0kV 8.4mm x900 SE(M) 3/24/2011 15:09° ' ' 50.0um

Figure 2.2: An example of a fiber-to-fiber contact in a reahmoven fabric (a); (b) interpenetrating fibers

considered to model an actual fiber-to-fiber contAcof 0.9 is considered here.

To investigate if the allowable distance affect® tbtructure generation process, a
separate MATLAB code has been developed to comfhdemean and the standard
deviation of the fiber orientations for each gerentastructure. Once the fiber statistics
are computed, histograms for fibers’ in-plane amdough-plane orientations are
generated and compared with the input distributi¢ese Figure 2.3). The media

considered in this figure have 3-D isotropic randstmuctures with a constant SVF of
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5%. It can be seen that the input and output fdyentation distributions are in good

agreements.
Ad value in the range 00.9<d" < 0.9% has been used for the remainder of the

simulations reported in this paper. Note that $tmes generated with @ values greater

than 0.95 can be hard to mesh. Note also that asianed earlier, fiber-to-fiber contact
area depends strongly on the material of the filaex$ the manufacturing process by
which they are produced. Therefore, to take fulWaadage of the simulation method

developed in this work, one has to first calibridte model with experiment to obtain the

appropriated” for his/her specific media. Once the model is catiéd, it can be used to

guantitatively study the effects of different mishauctural parameters on the material’s
performance. Even in the absence of such calibratiee current results can still be used
for design and development of new insulation me&dequalitatively manner.

It is worth mentioning that the total volume of thlerous structures was obtained by
numerically calculating the volume of the voidsvbetn the fibers and subtracting it
from the simulation domain using the GAMBIT softwalas opposed to adding up the
volume of the individual fibers). Therefore, theedapping volumes between the

interpenetrating fibers will not be counted twice.

2.2.2Simulation Setup
Solution of Eg. (2.2) provides the temperaturehaf fibers and consequently, the
total heat flux through the fibrous media. An ex#npf such calculations is shown in

Figure 2.4a. Before performing the parameter study,series of computational
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experiments were performed to ensure that theteegtithe calculations are not affected

by the choice of REV or the density of the tetraaétheshes.
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Figure 2.3: Comparison between the input and output in-pland through-plane fiber orientation

distributions for different values.
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Therefore the solid phase thermal conductivity €D 3sotropic fibrous structures was

computed with given average microstructural paransedf o« =5% andd, =8um, but

varied the x—z dimensions (the dimension normath® heat flow) of the REV from

200x 20Cum to 700x 70Cum. For this study, a thickness 80Qumfor the computational

domain and 30 grid points around the circular csesgion of each fiber was used. As
can be seen in Figure 2.4b, statistical uncertaoftyhe simulation results becomes
negligible for any x—z dimensions greater than al390x 30(um.

The virtual insulation media were meshed with tegdral elements with uniform
mesh texture all over the computational domain. €Hect of mesh density on the
effective thermal conductivity was studied by varythe grid interval size in such a way
to obtain 10, 13, 18 and 27 grid points aroundciheular cross-section of the fibers (see
Figure 2.4 c). These results indicate that 13 gaohts around each fiber (the value used
in the remainder of this paper) is sufficient tdas mesh-independent results. Note that
with coarser mesh sizes, one may have difficultgimreg the structures.

In addition to monitoring the residual values assed with the energy equation
during the iterative solution procedure, the h&at ¥alues at both the hot and cold plates
was also monitored. The simulations are consideydze converged when the heat flux
values at these plates perfectly match with on¢hemndconservation of energy) and also

they no longer change upon additional iterations.
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Figure 2.4: An example of fiber temperature calculations wét to blue representing hot to cold is shown

in (). Influence of domain size and mesh densityh®rmal conductivity prediction for a typical fdus

structure is shown in (b) and (c), respectively.
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In Figure 2.5, a comparison is given between tkalte of the current simulations

and those of Vassat al., 2008, in which the fiber-to-fiber contacts wereated with a
convective boundary condition. To better isolate #ifects of SVF, the conductivity
values obtained for solid fibrous structurdesare normalized by that obtained for media
with an SVF of 10%. The media considered for tluisparison have 3-D isotropic fiber

orientations. Good qualitative agreement with the approaches is evident.

IF e Ref. [23]
| ——>—— Current simulations
0.8F
S 0.6f
N
> B
x =
0.4F
0.2F
I ol ] ] T -
0 2 4 6 8 10
SVF (%)

Figure 2.5: A comparison between normalized conductivity valebtained from the current numerical

simulations and those of Vassal et al., 2008.Kffer each SVF has been normalized with the valug, of

for SVF=10% d(f:lO%). The media considered for this comparison haizki8etropic fiber orientation.
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2.3 Results and Discussions

The results presented in this section are obtausetdy a fiber diameter ofudn in
simulation domains with a thickness of 3@®and in-plane dimensions 600x 50(um,
unless otherwise stated. To study the influencdibafrs’ through-plane orientation, a
series of fibrous structures with identical parametbut different through-plane fiber
orientations were generated. The in-plane fibeerdation distribution considered for
these structures has a 45-degree standard devaiout a zero mean value (i.e., random
in-plane fiber orientations). Figure 2.6a shows efffective thermal conductivity of the
media with varying through-plane fiber orientatiofiscan be seen that increasing the
through-plane orientation of the fibers increasesdffective thermal conductivity of the
solid structure. This is because increasing fibdrgugh-plane orientation increases the
probability that heat flows along the length of fiteers as opposed to travelling in the
transverse directions and so needing to go thrtheglimarrow fiber-to-fiber contact areas.
For completeness of the presentation, the inputcarplut fiber orientation distributions
for each case have been reported.

Simulations of media with different in-plane fiberientations are shown in
Figure 2.6b. The media considered for these simamathave through-plane fiber
orientation distributions with a zero mean valud anl5-degree standard deviation (i.e.,
almost layered structures). It can be seen thalane orientation of the fibers has no
noticeable influence on the effective thermal canidity of the structure. It is also
interesting to note that although there are morabrar of fiber-to-fiber contacts in media

with random in-plane fiber orientations (i.e., timedia with a standard deviation of 45
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degrees for the fibers in-plane orientation distiiifin) in comparison to those with

aligned fibers (i.e., media with standard deviationuch less than 45 degrees for the
fibers in-plane orientation distribution), the aage fiber-to-fiber contact area is larger
when the fibers are aligned. The total number lbérfito-fiber contacts in the domains
was computed and it was found that as the standevéhtion of the fibers’ in-plane
orientation distribution increases from 15 to 45grées, the number of fiber-fiber
contacts increase by about 25%. However, the agevagrlap volume between any two
fibers (proportional to the average contact areevden two fibers) reduces by a factor of
3 to 5 leading to almost no influence on the materithermal conductivity. For
completeness of the presentation, the input andudditoer orientation distributions for
each case have been reported.

The effect of varying fiber diameter on conducyvis studied in Figure 2.7a. It
can be seen that fiber diameter considerably affdoe performance of an insulation
medium. This can be explained by considering tletfaat increasing the fiber diameter,
for a given SVF, reduces the number of fiber-t@filcontacts thereby reducing the
number of bottle necks on the heat flow paths ftbenhot plate to the cold plate, while
increasing the area of each contact on averageurd=ig.7b shows the influence of
varying solid volume fraction of the media. As esfael, conductivity of the structure
significantly increases by increasing the SVF. T¢osclusion was drawn based on the
fact that the conductivity of the interstitial ftlis always less than that of the solid phase.
Note however that, if the interstitial fluid happgeto be more conducting than the solid

phase, then the conductivity of the material desgsavith increasing its SVF.
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Figure 2.6: Effect of varying the through-plane & in-plane (b) fiber orientations on conducivaf

fibrous structures. Input and output fiber orieiotat distributions are shown below each plot for

comparison.
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Varying the SVF or fiber diameter did not show amjuence on the in-plane or through-

plane fiber orientation distributions (not showm bwevity). Similar trends are predicted

by the analytical formulations given in Bankval®783 and Bhattacharya, 1980.
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Figure 2.7: Effects of fiber diameter (a) and solid volumecfran (b) on thermal conductivity of fibrous

structures for media with 3-D isotropic fiber ottiations.
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The solid structure conductivity values obtaineahrfrthese simulations can easily

be used to compute the effective thermal condugtiof the insulation material as a
whole using Eq. (2.1). Figure 2.8 shows the efiecthermal conductivity of insulation
media made of different materials such as alumingtajnless steel, glass, and
polypropylene with air as the interstitial fluidhrfthe purpose of comparison. It can be
seen that microstructural parameters of the fibsiuscture have insignificant influence
on the insulation performance of the materialhg tonductivity of the solid material is

close to that of air.

—=—— aluminum (k= 202.3 W/m-K)
———— stainless steel (k- 16W/m-K)
10t —@— dlass (k=1.5W/m-K)
——— polypropylene (k= 0.2W/m-K)
SVF=5%,d;=8um

- 3-D isotropic media

10

K, (W/M-K )

10"

6
SVF (%)
Figure 2.8: Effective thermal conductivity of fibrous insulati media made of different materials as a

function of SVF. The intestinal fluid is air.

It is important to mention that there are somethtnons to the simple simulation

and design method presented here. First and fotesnesshould note that the simulation
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strategy presented here is developed for when tr@uctive heat transfer is the

dominant mode of heat transfer. When working wiémnyvhigh temperatures, radiation
will also contribute to heat transfer across thaliaméZhanget al., 2008b). The major

limitation of the current modeling approach is thia¢ structure generation algorithm

needs to be calibrated with experiment to obtaguitable d” value. However, once the
tool is calibrated it can readily be used for desig new products. The other limitation

of the model is the case where fibers barely tauoh another at the crossovers. In this
case, ad value very close to one should be used for gemgydtie fibrous structures.
Large d values results in structures which are hard to meireover, narrowing the

range of acceptabld’ values (say 0.956& <0.97) may affect the orientation distribution

of the fibers (due to which the fiber orientatiastdbution was monitored for the case of

0.9<d"<0.95 throughout the paper). Although not a linitat of the simulation
methodology, simulating thick media requires sigaiit computational memory. The
current simulation approach can also be modifiechtalel media with crimped fibers or

fiber made of more than one material, i.e., mudtihponent fibers.

2.4 Conclusionsfor Conduction Heat Transfer

An easy-to-implement simulation methodology is deped to study the role of
microscale geometry of a fibrous material on itsfggenance as an insulation medium.
The simulation results presented here can be usalitajively (or quantitatively after
calibration) to better design and develop fibrousiterials for insulating against

conductive heat transfer. The results of the coirnremmerical simulations indicate that
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heat conduction through solid fibrous structureseases by increasing the solid volume

fraction, fiber diameter, and fibers’ through-plamentations. The in-plane orientation
of the fibers, on the other hand, did not seemhmmasany significant influence on the
material’s conductivity. It was also shown that therostructural parameters of fibrous
insulations have negligible influence on the maiériperformance if the conductivity of

the solid phase is close to that of the interstilied, as expected.
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Chapter 3 Simulation of Radiative Heat Transfer via Monte Carlo Ray

Tracing’

3.1 Introduction

The general procedure in MCRT is to emit a largeloer of energy bundles from
randomly selected locations and directions fromegisurface, and then trace their
propagation through the medium until they exit ttemain, or are exhausted due to
absorption. Parameters needed for MCRT in fibrousdien include the basic
microstructural parameters of the material suchb&s diameter, fiber optical properties,
material porosity and thickness. MCRT can therefwgaised in developing fundamental
relationships between a material’s thermal perferteaand its microstructural building
blocks. The major restriction of the MCRT in fibsomedia is that it requires the fiber
diameter to be large compared to the wavelengttihefincoming radiation, so that the
rules of geometrical optics can be applied (Coquand Balillis, 2005; Coquard and

Baillis, 2006). When the principles of geometridio@re no longer applicable, as is the

Z Contents of this section have been published iarticle entitled “A Monte Carlo Simulation of Radive
Heat Through Fibrous Media: Effects of Boundary @itons and Microstructural Parameters”, by R.
Arambakam, S.A. Hosseini, H.V. Tafreshi, and B. fdleyhimi, International Journal of Thermal Sciences
50, 935 (2011); and part in “Analytical Monte CarloyR@racing simulation of radiative heat transfer
through bimodal fibrous insulations with translucébers”, by R. Arambakam, H.V. Tafreshi, and B.
Pourdeyhimi]nternational Journal of Heat and Mass Transfer 55, 7234 (2012).
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case for nanofiber media, Mie or Rayleigh scattprtheory should be considered

(Cunnington and Lee, 1996).

As the in-plane dimensions of the insulation matsriare usually much larger
compared to the thickness of the material, it isgotationally expensive for simulating
the entire insulation material. Therefore only abBrortion of the insulation in the in-
plane direction can be subjected to computatiomallstions. In order to do so it is
necessary to impose boundary conditions that cimctafely approximate the extended
domain as a representative domain using periodgymmetric boundary conditions. To
the author’'s knowledge, treatment of the energydagi interaction with the periodic or
symmetry boundary conditions for the MCRT method wat established.

In order to establish these boundary conditionsgdianeonsisting of specularly
reflecting opaque fibers having unimodal/bimoddiefi diameter distributions were
considered. The simulations were conducted in 2fBer@d geometries. Once the
boundary conditions were established they were otightly tested using the 2-D
geometries. After the validity of these boundarynhditons were tested the MCRT
method was then extended to simulate radiativestearin 3-D disordered virtual fibrous
media with unimodal and/or bimodal fiber diametéstributions consisting of fibers
whose surfaces are specularly reflective, and rarslucent to Infrared (IR) radiation.
Scattering within the realm of geometric optics warporated into the current MCRT
simulations using Snell’'s Law for ray refractionb&rs’ optical properties are obtained

from Fresnel's law and Beer’s law based on theaotifve index of the material. Two
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different treatments of “high” and “low” conducttigs were considered for the fibers and

their effects were studied.

3.2 Problem Setup and Boundary Conditions

The first step to simulating radiative heat trangsfgough fibrous materials is to
construct a computational domain that resemblesrtééia’s microstructure. Here, 2-D
simulation domains were considered in which fibare arranged in square arrays as

shown in Figure 3.1.

Domain boundaries

Heat Source
JUIS JBdH

Thickness

Figure 3.1: A schematic illustration showing the 2-D simulatidomains considered in the current study.

To model fibrous materials with different propestiea MATLAB program was

developed that generates 2-D simulation domainghenbasis of the parameters of
interest such as Solid Volume Fraction (SVF), fibdemeter, and media’s thickness.
Because of the inherent symmetry present in ther fdsrangement, only one row of
fibers is considered for the simulations (see Fddil). Symmetric or periodic boundary

conditions are considered for the upper and lowembdaries, and their corresponding
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results are compared with one another. The soundeiak boundaries are assumed to be

perfect absorbers/emitters, and kept at constampeeatures oTs=1200K andl.=300K,
respectively. Fibers are opaque with specular sarfand their diameters are considered
to be greater than géh to permit neglecting diffraction effects in thenslations, as the
wavelength of the IR radiation emitted from a htghmperature heat source (1200K here)
is much smaller than 30um (Argento and Bouvard,6).98ccording to (Argento and
Bouvard, 1996), for the geometrical optics to beuaate, wavelength of the thermal

radiation and diameter of the fiber must satisfe trelationshiggd, /4 <10. For

instance, for a fiber diameter of 30um, wavelengththe thermal energy should be
smaller than 9.42um for the geometric optics t@applicable. With such an upper limit

and at a temperature df =120K , almost 94% of the thermal radiation emitted from
the source is in the band & ,,,, according to Planck’s law (Incropeeaal., 2006).

This means that 94% of the energy emitted fromsihverce can be correctly modeled
using the algorithm presented here. It is also kvanentioning that, although the sink
temperature is 300K and there are probably mo@sassociated with using geometric
optics for rays emitted at such a temperaturesihle has practically no influence on the
results since the radiative energy is proportidoahe fourth power of the temperature.
As it will be seen later that the minimum temperatattained by the fibers is around
700K indicating that at least 80% of the energytdiby the fibers has a wavelength

less than9.42um. The above procedure is summarized in the flowtcstawwn in Figure

3.2.
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For each ray emitted from a point source (eithemfra fiber or the heat source),

the MATLAB code computes the trajectory of its patirough the domain, as it
penetrates into the medium and undergoes refleatiooss the surface of the fibers. This
ray tracing algorithm is used for calculation didi-to-source, fiber-to-sink and fiber-to-
fiber view factors, as well as energy transmittaticeugh the media. Fiber-to-fiber view

factor F,; is the fraction of radiation energy emitted froibef i that is intercepted by
fiber j. Similarly, fiber-to-source view factoF, , and fiber-to-sink view factorF, .are

fractions of radiation energy emitted from fibethat are intercepted by source or sink
plates, respectively. In view factor calculatioays are emitted from the fibers, and no
reflection or refraction event from the fibers, smj or sink is considered. Note that the
fibrous media are modeled as “participating medma'the context of radiative heat
transfer, and therefore for the transmittance datmns, the amount of radiation energy
emitted by the source as well as that emitted leyfibers is computed. The rays are
allowed to undergo subsequent scattering eventhegstravel through the media until
they eventually reach the sink plate. Rays loseesenergy every time they encounter a
fiber. When the ray intersects with the fiber,sitreflected with the same incident angle
(this is same in the case of symmetry boundariesedly. When the ray intersects with
the sink or source, it ends path.

The ray tracing process is shown in Figure 3.3 vayimmetric and periodic
boundary conditions for better illustration. Noteat the symmetry boundary condition
treats the rays as a perfect reflector, i.e., toedent rays will get specularly reflected

with the exact same intensity. The periodic boupdan the other hand, translates the
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incident ray to the alternate side of the domaiifevbreserving the angle and intensity of

the ray.

Start with fiber and
media properties

'

Construct the
simulation domain

v

Compute fiber-to-source,
fiber-to-sink and inter-fiber
view factors

v

Obtain temperature of
each fiber

v

Compute transmittance

v

Figure 3.2: Flow chart summarizing the simulation steps.

a) Symmetry boundary condition

b) Periodic boundary condition

AN ENEN

Figure 3.3: An example of rays traced through a simulation gionwith symmetry (a) and periodic (b)

boundary conditions.
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After the view factors are calculated, steady-state fiberperatures are obtained by

solving the conservation of energy equation. For a given fiber one can write:
DR @ -TH+R (G -T)+F (T'-T9)=0 (3.1)
j=1

whereT, , T, , andT, represent temperature of the hot plate, cold plate, and the fibers,

respectively. Writing the conservation of energy for each fib&rerdomainn equations
for n unknowns (fiber temperatures) are obtained. These equations canttba m

matrix formAx B =C , where:

n

Z F1, p Fl,h + Flc _F1.2 .......... —FLn
j=1(i#])
Fou z F2,i+F2h+F2c .......... -F,,
j=13i=])
A= .......... ’
.......... Z Fn,j +F,+F,.
- j=1(i#]) i
_Tl4_
TZ4
B= ,
T4
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| I:1,hTh4 + I:l,cTc4 |
I:2,hTh4 + FZpTc4

andC =]’

I:n,hTh4 + I:n,cTc4
It must be noted that with periodic or symmetric boundary conditions, @@ lexclude

the view factorF;, corresponding to the rays that were emitted from a fiber and

intercepted by the very same fiber, from the view factor surométliagonal elements)
in matrix A. This is especially important when the medium islenaf fibers which are
arranged in ordered configurations. In the case of randomly distribbted this effect
may only affect the fibers close to the symmetry boundarie$ Vi periodic boundary
conditions in disordered media, the effect is even less pronounckd kisetihood of a
ray emitted from a fiber getting intercepted by itsetéafeentering the domain is quite
small. The above equation is numerically solved in MATLAB. Now thital tenergy

received by the sink is calculated and normalized by the total energgemi

3.2.1 Validation of the Method
To verify the accuracy of the view factor calculations, a sngplse for which an
analytical expression exists was simulated. View factotifergeometry shown in Figure

3.4a can be obtained using Eq. (3.2) (Incrogeseh., 2006):

F,,=(d/s)cos' @ /sy - @ &) (3.2)
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A simulation domain was setup which was similar to the one showigure 3.4a (one

single fiber in a domain with symmetry or periodic boundary conditidhe fraction of
radiation energy released from the source boundary and received Hibdhe is

calculated. Witld =10 s=20, a view factor ofF, ; =0.64 was obtained, which is in
excellent agreement with Eq. (3.2). Note that, according to this equation, viewfa¢

(and therefor&, ) is independent of the distance between the fibers and the source,

which has also been observed from the simulation results.

For further validation of the algorithm, a row of fibers placetiveen a hot and
cold plate as shown in Figure 3.4b was considered. Temperature didrsedt steady-
state can be calculated by writing the conservation of radiamnergy for the fibers.
Here, the energy received by the fibers from the hot plate slheulshlanced by that

emitted to the cold plate:

AF T =T = AF (T =T (3.3)
where F, , is the view factor for rays emitted from the fibers anceiread by the hot
plate, andA; is the surface area of a given fiber (note /&, , = AF, ;). Because of
the existing geometrical symmetryF, =F, .. Eq. (3.3) therefore results in

T =T'+TY /2.
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a) b)

PPO-

Heat source
Heat sink

OO000O0 -

OO00O
el

Black fibers

Figure 3.4: Schematic of the cases considered here for validatf a) view factor calculation, and b)

steady-state temperature calculation.

Radiative heat transfer in the above geometry was computed arlgera f

temperature off, =1010K with the plate temperatures &f =1200K andT, = 300K was

obtained, which is the same as what one obtains using Eq. (3.2gtindiexcellent
agreement between the simulations and analytical calculatiorssworth mentioning

that if the view factoF;is not excluded from the summation given in matrix A, with

symmetry or periodic boundary conditions, a wrong temperature poediaill be
obtained from the simulations. It is also interesting to note #taprding to Eq. (3.3),
temperature of the fibers is independent of the numerical valudeolview factor
between the fibers and the heat source (sink). This has also beervea in the
simulation results.

To further assess if periodic and symmetry boundary conditions araecty

represent an extended domain, the temperature profiles obtainedafrome-row
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simulation domain are compared to the ones having periodic or dyimrbeundary

conditions (Figure 3.3 a, b), with that of an extended twelve-row donsagh@wvn in
Figure 3.5. The medium considered in these simulations has a $% afd a thickness

of 1.36 mm, with fibers having a diameter of 30um. Similaffy,view factors are

excluded from the calculations, even though they are mostly zefibéos far from the
boundaries. Temperature predictions obtained from these calculatenshawn in
Figure 3.5b. Temperature of each row in the extended model matctiestlpewith
those obtained from the abovementioned one-row simulation domains wiir eit
periodic or symmetric boundary conditions (Figure 3.3 a, b). Also hateperiodic and
symmetry boundary conditions result in identical temperature gsafil the simulations

considered here.

3.2.2 Testing of the M odel

For the sake of simplicity, an averaged diameter represegsicty fiber diameter
distribution was assumed. Unless otherwise stated, fibers withméssiety of 0.3
considered and a minimum diameter ofuB0 was used. The source and sink
temperatures are considered to be 1200K and 300K, respectively.
In Figure 3.6, temperature profiles in three different media avitber diameter of 30um
but different SVFs of 5, 10, and 15% was compared. It can be sdeterh@erature
decreases across the thickness. It is interesting to notdthmatgh distance between the
fibers and the source increases by decreasing SVF, their somgsrchange only very

slightly (note that the media’s thickness increases by dsiog the SVF when the fiber
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diameter and their count are kept constant). This can be explaireh&igering the fact

that radiation is the only mode of heat transfer in the cdalonk&(no conduction through
the air), and the rays intensity is preserved no matter hovhégrttavel through the

media until they encounter with a fiber.

1150, Extended Domairn
O Symmetry BC
X

Periodic BC

1100

1050

I
o
o
(@]

950F SVF =5%
d. =30pm
ooof &M

Temperature (K)

850

800
b)
NIRRT INENENENTY ENRNENENEN SRR SRS SUSTETEE SSR

200 400 600 800 1000 1200 1400
Thickness (micrometer)
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o_l | | | | | | | |

Figure 3.5: An example of the extended simulation domainsafa] its fiber temperature profile (b).
Temperature profiles obtained from simulations vatte-row domains shown in Figure 3 are also added

for comparison.
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To study the effects of material’s thickness on the backsichperature of the

insulation media, six different media with different thicknessesevsimulated. Figure
3.7, shows the backside temperature (temperature of the last rdle dfbers) of
different fibrous insulators with different thicknesses, but ideht®dFs and fiber
diameters of 5% and 30um, respectively. It can be seen that thetdmapkrature

decreases by increasing the material’s thickness, as expected.

i —a—— SVF=5%
1100 —a— SVF=10%
i —@—— SVF=15%
glOOOj
S i
= [
& 900
o |
< i
(3]
= i
8007
[ di =30pm
700
| I SR NSRRI ST S
0 300 600 900 1200

Thickness (micrometer)

Figure 3.6: Temperatures of individual fibers across thicknetshree different media with respective

SVFs of 5%, 10%, and 15%, but identical fiber ditan®

Figure 3.8 compares the steady-state energy transmittémoagh fibrous
insulation materials with different thicknesses and SVFs, forrdibeith different

absorptivity values. It can be seen that transmittance desreétbeincreasing thickness,
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SVF, and absorptivity. This is because increasing the thickness leroEthe media

increases the number of times a ray may encounter a fiber before exiting #ia.dom

9501
g i
o 900
= I
T
g [
S 850
g
E |
@ 800}
| |
| SVF =5%
[ d; =30um
7501 | | | | |

I B —_— —_— —_— —_— 1
200 400 600 800 1000 1200 14Q
Thickness (micrometer)

Figure 3.7: Effect of thickness of insulation media on the en@t’s back (last fiber row) temperatures.

The decrease in energy transmittance due to absorptivity iecisasterpreted as
follows. The energy received by the sink is a combination of thegeenitted from the
source (having a temperature of 1200K) and that emitted from thie {heving different
temperatures ranging from, say 1150 to 700K). Fibers with low piibgby (i.e., low
emissivity but high reflectivity), can efficiently transmieflect) the high-energy rays
emitted from the high-temperature source through the media, butdheyt efficiently
emitting rays themselves. On the contrary, fibers with high pbsiy (i.e., high
emissivity but low reflectivity), can efficiently emit dteir own temperature (less than

the source temperature), but they do not allow the high-energy rays from theteayete
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through the media. As a ray’s energy is proportional to the fourth paivets

temperature, it can be expected that the contribution of the eeengted from the
source be greater than that from the fibers, and therefioees that reflect better lead to
higher transmittance.

Figure 3.9 shows the effect of fiber diameter on the steadg-stdiation
transmittance versus SVF. Twelve fibers per row were usethé simulations reported
in this figure. It can be seen that transmittance is independdiiieofdiameter when
number of fibers and SVF are kept constant. This is because bwysmgehe fiber
diameter in this condition, the simulation domain increases élsame scaling factor,
and so the resulting transmittance remains unchanged. This eftdd be attributed to
the nature of 2-D ordered simulation domains. When the thickness anda@\kept
constant, decreasing the fiber diameter leads to an incretiseriamber of fibers, which
in turn, leads to an increase in the specific surface areheomedium. In the 2-D
simulations reported here, number of fibers is kept constant, viailéhickness where
allowed to change.

Bimodal fibrous media where two different fiber diameters aegl tis represent
each fiber species were also studied. Figure 3.10a shows aasichéinstration of the

fiber arrangement considered in the simulations. For the sakeewfybronly the case

where the fine i, ) and coarser( ) number fractions are identical, and are equal to 0.5 is
considered. We vary, however, the coarse-to-fine fiber dianattes R, , from 1 to 12.
Figure 3.10b, shows temperature profiles obtained for media havingffen¢ntR, but

identical SVF, fine fiber diameter, and number of fibers per layer.
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Figure 3.8: Influence of thickness (a), fiber absorptivity,(apd SVF (c) on energy transmittance.
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Figure 3.9: Effect of fiber diameter on transmittance as acfiom of SVF. Note that the number of fibers

is kept constant, but the thickness of the medéldsved to vary.

As can be seen, media thickness increases by incrégsinthe fibers’ temperature,

however, stays almost the same regardless of the media’s SVF.
Figure 3.11 compares the steady-state radiation transmittarmegh fibrous

insulation materials with differef®, . Note that total number of fibers are kept constant
and is equal to 12 per row. It can be seen that by increaRingrom 2 to 12,

transmittance increases by about 25%. This indicates that tttarsmi is weakly
dependent on the coarse-to-fine fiber diameter ratios. Note dgatirhére the total
number of fibers are fixed. It was speculated fRawill have a much strong influence of
transmittance, if the number of fibers where allowed to decmseresult of increasing

R, when SVF and thickness are kept constant. After through validatiotestirtty of the
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MCRT technique it was extended to simulate radiative heatfératisrough fibrous

insulation materials.
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Figure 3.10: a) a schematic illustration of bimodal fibrous needonsidered in the current study. b)

Temperature profiles obtained from simulating bimlofibrous media with different coarse-to-fine fibe

diameter ratios.
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Figure 3.11: Influence of coarse-to-fine fiber diameter ratio energy transmittance through media with a

fixed SVF, number of fibers, and a fine fiber numfraction.

3.3MCRT simulation of Radiative heat in 3-D Fibrous media made of translucent
fibers

To perform microscale simulation of radiative heat transfer girofibrous
materials (i.e., simulations in the absence of a continuum phase acales comparable
to fiber dimensions), one needs to construct a computational domairegbathles the
media’s microstructure described in Section 1.3. To model fibrousrialat with
different properties, a MATHEMATICA program was developed tmegate 3-D
simulation domains on the basis of the parameters of interest, susblid volume
fraction (SVF), fiber diameter, the media’s thickness, porosithd in-plane and/or

through-plane orientation (see Figure 1.3).
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Periodic boundary conditions are considered for the treatment yd§ ra

encountering the boundaries. The in-plane size of the simulation mdar@insidered to
be much larger than the length scale of the system, fiber diartwetainimize statistical
errors associated with the simulation domain size. The sourceirdntaindaries are
assumed to be perfect absorbers/emitters, and are kept at ctersigertatures ofs=850

K and T.=308 K, respectively. A MATLAB program which uses the virtual fibrous
structures and computes the trajectory of the rays through tha masdideveloped. The
fibers’ refractive index used in the current study (glasssjbis obtained from the work
of (Larkin, 1957; Larkin and Churchill, 1959). Diameter of the fibers rswered to be
greater than 2Qum for the geometric optics assumption to be valid (Argento and
Bouvard, 1996). The sink plate’s temperature is 308 K, and there are prcoaibé
minor errors associated with using geometric optics for modéinmeg interactions
between the fibers and rays emitted at such a temperatunevidr, in comparison to the
source plate, the contribution of the sink plate in the final heatolr fiber temperature
values is quite insignificant. This is because the intensity dfatigse energy is
proportional to the fourth power of temperature, and so the rate ofraester is more
sensitive to the source plate’s temperature.

For each ray emitted from a point source (either from a tbdhhe heat source),
the MATLAB code computes the trajectory of its path through the domain as itgiese
the medium and undergoes reflection across the surface of the fisers shown in
Figure 3.12. In this figure, the red lines show the trajectogndR ray traveling through

the medium, whereas the blue and gray cylinders represent coarsme fibers. To
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better visualize how the periodic boundary conditions are implemengetqyhs shown

with a black line every time it exits from a periodic boundanyg aeenters from the
opposite side of the box.

A ray undergoes a series of reflection or transmittance eweniisits energy
reaches a negligible value, or till the ray encounters thesaursink boundaries. Once
the intersection of a ray with a fiber is known, the angle betwiee incoming ray and

the normal to the cylinder at that intersection point, i.e., angléen@flencel , is
computed. Using Snell's law (Eq. (3.4)), the angle of refoacti can then be easily

obtained (see Figure 3.13a) as:

6, =sin™ {M} (3.4)
n2

r source

flne fiber

Figure 3.12: Visualization of the trajectory of a ray tracedoailgh a bimodal fibrous medium for
illustration. The ray is shown in red color. Blatikes show the ray changing position when periodic

boundaries are encountered. Coarse and fine filvershown with blue and gray colors, respectively.
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With these angles available, the absorptive or reflective natuhe fiber to the IR ray is

computed using Fresnel’s Eq. (3.5) to Eq. (3.8). The reflectivity andnrissivity of the
interface to the parallel and perpendicular components of an I&e&ayiven by Eq. (3.5)

, EQ. (3.6), Eq.(3.7), and EQ.(3.8), respectively (Bohren and Huffman, 1983).

tan@ -6,

p 20l -6) (3.5)
tan@ +6,)
sin@ -6,)

S o M o 3.6
P Sin@ +6,) (3.6)
(- 2sing, co9, (3.7)

sin(@, +6,)cosf, -6, )

_ 2sing, cod), (3.9)
L sin@ +4,) |

With the above components computed, the effectfleativity and transmissivity of the

interface can be calculated to be the mean valiethe squares of parallel and

perpendicular componentp,, = (p”+pf)/2 and,, =(t*+t?)/2. Note that these

mean values should satisfy the relatigg+t2,(n,/n)(cost, /co® ¥ . If a ray

undergoes a transmittance event, the intensithefriansmitted light is computed using
Beer’s law, which is given as (Zappe, 2010):

| =1,e% (3.9)
Here, the valuex =47k /Ais given by the imaginary part of the complex refirge
index, andd, is the distance travelled by the energy bundledmshe fiber before it exits

it from the other side (see Figure 3.13a). Oncaltrection of the refracted ray inside the
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fiber is determined, the point where the ray eflits fiber can be obtained, and the

normal to the fiber at that point can be compui#ith this information, one can use
Snell's law to determine the angle of the outgaisg

In the MCRT method, a random point of emissiofx,, y,,z,)and the normal

direction vector{a,b,c] at that point are generated on the surface inidersion (fiber

or source/sink plate). Note that IR rays can oatgnfrom the fibers’ surface as well as
fiber interior. For the sake of simplicity, onlyetltase where the IR rays to originate from
the surface of the fibers was considered. Alsasiomlicity, it was assumed that the rays
travel outwards to avoid complicated calculatioralohg with internal reflections within

a fiber. Also, when IR radiation encounters the difpa fiber with a certain angle of
incidence angle, it undergoes total internal reiters. Such situations are not expected to
occur too often and so are ignored. With the oregnd direction of the ray known, one
can obtain the equation of the line that describesay, as (see Figure 3.13b):

(%=X /a=(y-Yy,)/b=(z-2z)/c=t (3.10)

Let C be any circular fiber having a radius of, with any arbitrary location and
orientation. LetA(X,,Y,,Z,)and B(X;,Ys.Z; ) be the centers of the circular ends of the

fibers, andP(xP,yP,zP)be any point on the surface of the cylinder. Thasiats form a

triangleABP . Assumal,, d,, and d,be the distances betweekand B, Pand A, and

Pand B, respectively, i.e.:

d1:\/(XB'XA)2+(yB'yA)2+(ZB'ZA)2 (3.11)
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d2 =\/(XP-XA)2+(yP-yA)2+(ZP-ZA)2 (3.12)

dy =0 %)+ (Yo - o)+ (25 - %,)° (3.13)
The area of the triangl&BP is given as:

A=rd /2 (3.14)
Let p=(d,+d,+d,)/2be one half of the triangle’s perimeter. Using Hesdformula,

the area of the triangle can also be found as:

A, =+/p(p-d;)(p-d,)(p-ds) (3.15)
With Eqg. (3.14) and Eqg. (3.15) one can obtain aoression for the coordinates of any
arbitrary pointP which lies on the infinitely long cylinder shown fiigure 3.13b, as:
A-A=0 (3.16)
The distance from the middle point of the fibersata any point on the cylinder must be
finite for the point to lie within the simulatiorok. Assume for a moment that the point
P is at one end of the cylinder, then the distanegveen pointdv and P can be

considered as:

q:\/r2+(XA'XM)2+(yA'yM)2+(ZA'ZM)2 (3-17)
Now, if point P is considered to be the intersection point betwbercylinder and a ray

originated fromO(x,, ¥,,Z,)with a normalized direction vecta;b,c] , one can describe

point P in parametric form as:

(%-X)/a=(y-y,)/b=(z-2z)/c=t, (3.18)
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With Eqg. (3.16) and Eq. (3.18), one can obtain tedues for t each representing

coordinates of an intersection point between the aad the cylinder. The distance
betweenM and any pointP must be less than or equal ¢pfor a particular point

D(X5,Yy,Z,)to be the point of intersection of the ray andfther within the simulation
domain. After the two intersections of a ray andyéndrical surfacd(x;,Y,,z,)and
D'(Xy .Yy, 2Z,) are computed, (see Figure 3.13d), the actualsettion point (the one

on the side facing the ray’s origin) is obtained pigking the intersection point

D(%,,Yp,2,) Which is located at the shortest distance fromahegin of the ray. The
pointD’'(X, Yy, Z, ) Which is located further away from the origin shbuhot be

considered as the intersection point. This is beeauray entering the fiber undergoes a

refraction process, thereby changing its directamards poin©'(x,, Y,,2,) (see Figure

3.13d).

The direction vector of the reflected ray is congputby first obtaining the

coordinates of poinQ(xQ,yQ,zQ)Which is the projection of the intersection poimt@
the fiber axis (the coordinates of poi@t(xQ,yQ,zQ) can be obtained by projecting the

vectorAD onto the fiber axi®B). The normal vector to the fiber surface at thapof

intersection[n,,n ,n,] is then obtained using poin® andD. The direction of the

reflected ray can then be calculated using thecgfin matrix given by Eq. (3.19).

2 2 2
N, +n; +n; -2n,n, -2n.n,
2 2 2
-2n,n, -Ny+ N, +n; -2n,n, (3.19)
2 2 2
-2n.n, -2n,n, -N; + N+ N
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Figure 3.13: Schematic of a ray through a fiber (a); fiber gothts (b); ray reflection from a fiber (c); and

intersections of a ray with the fiber surface (d).
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When a ray does not intersect with the fibersitite encounters a periodic boundary or

reaches the sink (or source) plate. If a ray entssara periodic boundary, it exits the
domain at that particular point but reenters frdva vpposite side of the simulation box
with the same direction vector. This process isatpd until the ray’s energy reaches a
negligible value, or it encounters the source/siokndaries.

When the intersection of a ray and a fiber is fouadrandom numbeR is
generated in the closed interval of O to 1. If tldue of Ris less than the interface

transmissivity (obtained from Fresnel's equatiotisn the ray is transmitted through the
fiber and emitted with an intensity calculated gsthe fiber absorptivity from Beer’s
law. The intensity of the transmitted ray dependstlee distance that the ray travels

inside the fibed, , as well as the value of the imaginary part of réfeactive index. The

origin and direction of the emitted ray is deteradnusing Snell’'s Law. On the other

hand, if the value of the random numiiRrs greater than the fiber transmissivity, the ray

is assumed to be reflected specularly. The remimdethe ray tracing procedure is
described in Section 3.2.

Two different treatments for the variations of teenperature of a fiber along its
length were considered. To model a high-condugtifitter, a single temperature for the
entire length of the fiber is calculated accordingeq. (3.1). For fibers which are not
highly conductive, however, a new modeling strategg developed. In this case, each
fiber was divided into some number of segments each segment was treated as an
individual fiber with a uniform temperature. Thiscreases the number of fibers in the

domain, and consequently slows down the simulatiblzsvever, it allows the fibers to
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attain a semi-continuous temperature gradient albeg lengths. For these calculations,

rather than dividing the fibers into segments altmgr axes—the most obvious but yet
computationally least efficient method—they wdreesd in the direction of the imposed
temperature gradient (i.e., tkalirection). This means that fibers with a gredteough-
plane orientation will be divided into a larger nogn of segments. Obviously, fibers with
no through-plane orientations, like the fibers agdred media, will not be divided into
fiber segments (see Figure 3.14). This segmentalgorithm has been motivated based
on the fact that fibers with a greater through-planentation attain a greater temperature
gradient along their lengths, and so must be ddvzidéo a larger number of segments for
accurate temperature calculations in comparisoh flbers with a smaller through-plane
orientation. In the calculation with such fibers, a better accuracy is needed, 250 rays

from each fiber segment were emitted (as oppos8Q@0 from the entire fiber).

~———— thickness —

direction of the temperature gradient

Figure 3.14: A schematic drawing showing the fibers divideaidifferent number of segments depending

on their position and through-plane orientations.
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3.3.1 Validation of the Method

Apart from the validation studies performed for tase of 2-D fibrous media,
additional validation was performed to ensure tbeusacy and reliability of the MCRT
procedure.In order to validate the view factor gkdtions in 3-D, a simple 3-D geometry
of two perpendicular cylinders with a given separatt the centers, as shown in Figure
3.15 was simulated. An analytical expression exwtshis case (Incropera et al., 2006),

and is shown in the following equations:

F.,=0.178(X /2.59% [ X )** exp{ 0.537 In( X [§* )if L( X<  (3.20)
and
F.,=0.178X /2.59P% [ X )** exp(2.034 In( X [J* )if L( X> (3.21)

whereL=I1/r,C=c/r, and X =2.42 - 2.24 With | =200 pm,c = 75 pum, and =15
pm. The simulations predict a value of 0.049, whighn perfect agreement with the
value (0.049) obtained from the above analyticgbregsions. Note that the periodic
boundary conditions used in the simulations weraed off when this validation study
was performed, since the cylinders in this conteaste a finite length, and the periodic
boundaries represent infinitely long fibers.

A series of trial simulations were also conductecensure that the results of the
computations are independent of the number of eayidted from the source plate or
fibers. An example of such calculations is showfrigure 3.16. For these calculations, a
fibrous structure with a domain size of 5300<832 um, an SVF of 5%, and a fiber

diameter of 2Qum was used.
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Figure 3.15: A simple configuration considered for validatiohvaew factor calculation in 3-D.

The number of rays emitted from each fiber wasedafrom 50 up to 2500 and the
temperature of the fibers was monitored (for altot®5 fibers in the domain). The fiber
temperatures obtained by emitting a different numbk rays from each fiber are
compared with those obtained by emitting the maxmmumber of rays (2500 rays per
fiber), and shown in Figure 3.16. It can be seat for any number of rays per fiber
greater than 250, the calculation error is less thlaout 2%. Hence 250 rays per fiber
were used as a default value for the remaindehefimulations presented here. Similar
studies were conducted for the transmittance vahsewell (not shown for the sake of
brevity). They all indicated that emitting 250 rdysm the fibers or the source plate leads
to acceptable results.

In order to verify the accuracy of the implemergatof the physics of geometric
optics in the code the following analysis was caméd. It is a well-known phenomenon
that extinction of IR occurs due to the shape efdbattering objects and of course due to

the material (Bohren and Huffman, 1983). Therefboie expected that as the SVF of the
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material increases, the transmittance of the nateraches to a minimum value and then

starts to increase.

0.1
= S0 rays 3-D Random Isotropic
A 100 rays d;=20um
0.08- o 250 rays o SVF = 5%
e 500 rays
8 | > 1000 rays
& 0.06f
= "
~ B (] O
|_"— -
g 00, o =
':j | O & - o
0.02f
of
1 1 1 1 1 ! 1

0 10 20 30 40 50 60
Fiber Number

Figure 3.16: Effects of number of rays emitted from a high-aactiVity fiber on its predicted steady-state

temperature.

To study this effect of SVF on radiation transnmtta of the medium, a modified
form of the 2-D ray tracing code was used. The £ap tracing code was modified to
incorporate scattering in the geometric optics tlifas seen in Figure 3.13). The study
started with choosing 2-D simulation domains2&Qumx 25Qum . Fibers were randomly
generated in the domain to resemble the case efsfivith zero in-plane and through-
plane angles (see Figure 3.17). Different simutatiomains ware studied starting with a
minimum SVF of 2.5%. The value of SVF was increased SVF of 55% (see Figure
3.17b) and to further increase the SVF beyond 56%as assumed that fibers in the

center of the simulation domain merge to form agbigfiber see Figure 3.17c. The
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diameter of the fiber situated at the center waseimsed until the SVF of the domain

reached 85%. A hot plate temperature of 800 K awcdld plate temperature of 300 K
were used. The fibers were assumed to be madeas$ gind the refractive index was
obtained from the work of Larkin, 1957. A fiber thater of 20 um was used.

From Figure 3.18 it can be seen that as SVF ofrtedium increases from 2.5%
to 100% the transmittance of the medium first de@ses and then increases. This can be
explained based on the fact that after an SVF &b,5he number of scatters in the
medium decrease as the SVF increases. The traaso&tiof the medium at 100% is
calculated using Beer’s law (Eq. (3.9)) after comgaging for the reflection losses of the
IR due to interaction with the glass surface. Tdeslof energy due to reflection of light

from two surfaces of the glass slab is calculateddmputing the reflectivity 6, ) of the

glass using the following equation:

(n - n2)2
Py=T"5 (3.22)

(n+ny)
Heren, is the refractive index of the medium from whitte IR originates and; is the
refractive index of the medium into which the IRe¥s.

To better examine the accuracy of the simulatitmsyesults were compared with

those obtained from the two-flux model (see Apperl. The two-flux model treats the
radiative heat transfer through a participating imedas a 1-D problem in the direction

of the thickness.
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Q
O oo ©

Figure 3.17: Simulation domains containing 2-D translucent glfilsers with SVFs of (a) 10%, (b) 55%,

(c) 65% and (d) 85%.

Radiative heat transfer through fibrous insulatioaterials was investigated theoretically
and experimentally by (Larkin, 1957). Transmissineasurements were conducted with

source temperatures varying from 370 to 700 K, evttie sink plate was held at the room

temperature.
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Figure 3.18: Effect of SVF on the transmittance of the fibronsdia made of glass fibers.

The collected data were interpreted in terms of the-flux approximation
method for solving the RTE. The materials were @as=sl to be isotropic and
homogenous with radiative heat propagating in thevérd and backward directions
only, as described in the two-flux approximationtiogl. Heat flux transmitted through
the fibrous materials (provided by Owens-Corningeffglass Corporation) was measured
by (Larkin, 1957) and utilized to compute the seidtty and absorption cross-sections.
The materials used in the study included fiberglbges A and B as well as and
unbounded glass fibers with different diametershsag 2.5, 5, 10, 20 and 35 um. It is
worth mentioning that although Larkin (Larkin, 195¥d not investigate the effects of
impurities on the radiative properties of his medme observed traces of carbon
impurities in the glass fibers used in his expenmé&lsing the two flux model, (Larkin,

1957) developed an equation for radiative heat filugugh fibrous media.
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R TE M )

JM?-N? +|v|

6.(0)=

(3.23)

{V N2 M} 2n| M2-N2

JMZ-NZ+M

Numerical values for M and P are experimentallyaot#d by (Larkin, 1957) for glass
fibers with a diameter of 20 um at a temperaturatafO0 K. The value dfl is computed
from Eq. A-5 of Appendix A. Results of this equaticnormalized with the total flux
values emitted by the source plate, are addedgor&i3.19 for comparison. As can be
seen in this figure, the MCRT method and the two-finethod show similar trends for
the variations of the radiation transmittance v8WF. More importantly, considering the
very different nature of the two methods, and taet that both methods are based on
series of simplifying assumptions, one can arga¢ tte general agreement between the

two methods is acceptable.

1
i ——8—— Numerical Simulation
i ——@—— Two-Flux Model
0.8 3-D Random Isotropic
i df:20pm
8 0.6l
'.(E |
€ i
% i
= 0'4,_
0.2
[ 1 1 L L Ll
0 2 4 6 8 10
SVF (%)

Figure 3.19: A comparison between transmittance values obtéfmad current numerical simulations with
low-conductivity fibers and the two-flux model. Timeedia have a SVF of 5% with 3-D isotropic fiber

orientations.
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3.4 Results and Discussion

Unless otherwise stated, fibers with a diamete2@fim were considered (fine
fiber diameter in the case of bimodal media). Tineugations are conducted in domains
with a thickness of 832 um and in-plane dimensioh&00x 50C um. The source and
sink temperatures are considered to be 850 K aBdK30espectively. The absorptivity,
reflectivity, and transmissivity values for eachdr are calculated using Fresnel's Law
and Beer’'s Law for each fiber-ray interaction. Dioethe random media generation
process, each simulation is repeated at least thmes to reduce statistical uncertainties
in the results presented.

To study the influence of in-plane and through-plamientation of the fibers on
the insulation performance of fibrous materialssexies of fibrous structures with
identical parameters but different fiber orientaiovere generated (Figure 1.3). Figure
3.20a shows the temperature profile across medtadifferent degrees of through-plane
fiber orientation (structures shown in Figure 1@®aThese fibers are assumed to have a
low conductivity, and therefore, develop a non-amif temperature profile along their
lengths. It can be seen that through-plane oriemtabf the fibers has no significant
influence on the temperature profile across thektiéss of the fibrous structure.
Increasing the through-plane orientation of theerf#y however, increases the IR
transmittance through the materials as can be iseEigure 3.20b. This conclusion is in
agreement with the work of (Lee, 1989) who usedtedenagnetic wave theory to predict
performance of fibrous insulation materials. Nobattin calculating the temperature

profile across the thickness, the domain is dividieid a number of slices and the
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temperature of each slice is obtained by mass-weigaveraging of the temperatures of

the fiber segments within the slice. For the cddayered media (media with no through-
plane fiber orientation), the layer temperature te&en as the slice temperature.

The simulation results for media having layeredictires (structures shown in
Figure 1.3) with different in-plane fiber orientatis are shown in Figure 3.20c—d. It can
be seen that the fibers’ in-plane orientation hasnfluence on the temperature profile
across the thickness of the media. The transmataasults also show no dependence of
the in-plane orientation of the fibers. This iscals agreement with the previous results
by (Lee, 1989). Note that, since fibers in layestductures have no through-plane
orientations, they attain uniform temperatures gldmeir lengths independent of their
conductivity values. Interestingly, increasing fiteer conductivity for media with non-
zero through-plane fiber orientations tends totdlatthe temperature profile across the
material’s thickness, leading to a more uniform penature distribution across the
thickness (see Figure 3.20e). This effect is ndgegwhen the fibers’ through-plane
orientation of the fibers is quite small (say, anstard deviation of 15 degrees or less),
but becomes noticeable through-plane orientatiotremses. This effect somewhat
resembles the problem of heat conduction througlolal wall where increasing the
conductivity of the wall reduces the temperaturadgnt across the thickness. Figure
3.20f shows the IR transmittance results for theecaf highly conductive fibers with
different through-plane fiber orientations. Compgrithese results with those shown in
Figure 3.20b, one can conclude that the effecibefrfconductivity on IR transmittance is

negligibly small. Slightly higher transmittance wat (less than 3% higher) from
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simulations conducted without the high fiber contduty assumption may be attributed

to the fact that maximum fiber temperature is gslighhigher for this case, and the
intensity of the heat flux emitted from the fibéb®ing proportional to the fourth power
of fiber temperature) is slightly higher. Note agé#hat in the transmittance calculations,
the energy received by the sink includes the energiyted from both the fibers and the
source plate (Boulett al., 1993).

To better compare and discuss the differences wbdan the results shown in
Figure 3.20a and 3.20e, the temperature of thigigrany fibers from within the structure
were compared (shown with different colors in theset of Figure 3.21a). The
comparison is between the fiber temperatures oddawith and without the high-
conductivity assumption for the fibers. For a befthistration, one of the fibers is
randomly taken from the left side of the domainafnthe source plate), one from the
right side of the domain (near the sink plate), #mthird is chosen such that in spans
across the thickness. It can obviously be seenvitithtthe high-conductivity assumption,
the fibers have uniform temperatures along theigtles, while the in the absence of such
an assumption, some temperature gradients arelisgtb along the fibers. More
interestingly, it can be seen that higher maximempgeratures (on the left side of the
domain) and lower minimum temperatures (on thetrigthe of the domain) are obtained
when fibers are less conductive, which is in agm@nwvith the results obtained for the
whole media. For convenience, the temperaturelpso§hown in Figure 3.20a and 3.20e
for media with a through-plane standard deviatidn4b degrees were isolated and

compared them with one another in Figure 3.21b.
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It can be seen that average temperature of theewtmadia remains almost constant,

independent of the fiber conductivity, although pemature distribution is more flat with
high-conductivity fibers. It is worth noting thaedt and fluid flow in fibrous structures
similar to that shown in Figure 1.3e can be studisthg 2-D disordered domains, as
there are no temperature gradients in the directidhe fiber axes. With the heat transfer
performance of an insulation material being indejeen of the in-plane orientation of the
fibers (Figure 3.20c and 3.20d), one can conclddd simulations devised in 2-D
disordered domains can reliably provide predictiatith accuracy equal to those of 3-D
simulations conducted for layered media, but widlsier math and faster CPU times.
Similar simulations can also be conducted using @dizred geometries. However, in the
ordered geometries, the thickness of the mediadls a multiple of the thickness of the
unit cell (see (Arambakaset al., 2011) for more information).

To study the influence of SVF on heat transmittaacd fibers’ temperature, a
series of media with different SVFs were simulat@ly layered media (shown in
Figure 1.3h) and media with 3-D isotropic randotwefi orientations (shown in Figure
1.3d), with both high-conductivity and low-condwity fibers were studied. As
expected, temperature decreases across the théckdewever, it is interesting to note
that, as SVF increases, temperature of the fidesecto the source increases, while that
of the fibers farther away from the source decredsee Figure 3.22). The underlying
physics behind this effect seems to be the fadt #tehigher SVFs, fibers closer to the
source better block the IR rays, thereby shieldimeggremainder of the fibers. This causes

these fibers to attain higher temperatures, ansktiotoser to the sink to remain colder.
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From heat transmittance calculations (Figure 3.202d and 3.22f), it can be

concluded that increasing the SVF results in aeds® in the heat transmittance through
the media, as there will be more fibers blockindjract path from the source to the sink.

As mentioned earlier, a slight increase in tranemde is observed when a low

conductivity is assumed for the fibers. Note alsat the layered media can better block
the IR transmittance, indicating again that decrgpthe through-plane orientation of the

fibers results in better heat insulation.

Fibrous materials with bimodal fiber diameter dimitions were also studied. For
the sake of simplicity, fibers are assumed to lieeeifine or coarse (no actual diameter
distribution), as shown in Figure 3.12. Additioqerameters that must be introduced to
the simulations are the mass fraction of the forecparse) fibers, and the coarse-to-fine

fiber-diameter rati&®, . The fine fiber diameter in all the bimodal sintidas is kept
constant atd, =20um. Figure 3.23a shows temperature profiles obdaiioe media
having a coarse mass fraction of 0.5 but differBpt. The SVF of the media is kept

constant at 7.5%, and the fibers have orientatmite in-plane and through-plane
standard deviations of 45 and 15 degrees, respct{ve., the structures are almost
layered). The media are assumed to be made updaductivity fibers. As can be seen

in Figure 3.21a, increasinB, results in an effect similar to that caused byuogtg the

SVF in Figure 3.22—reduction of the temperaturadgnt across the thickness.

However, the effect oR, on the temperature profile seems to be less praeslithan

that of SVF. This effect can be explained by coasid) the fact that increasify ,
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when all other microstructural parameters (e.g.F5ae kept constant, results in fibrous

geometries with fewer fibers shielding the sinkt@le&Bimilar calculations conducted for
media made up of high-conductivity fibers resulitetess noticeable differences between
the two cases studied. The transmittance valuethéotwo cases dis equal to 2 and 3
are found to be 0.610 and 0.625, respectivelycatdig a slight increase in transmittance
with increasingRy. Increasing the mass fraction of coarse fibergmie coarse-to-fine
fiber-diameter ratio is kept constant, results iflagter temperature profile across the
thickness (see Figure 3.23b). A slight increaséhen IR transmittance is also observed
when increasingn. from 0 to 0.5, with the corresponding values d@20. and 0.625,
respectively. The transmittance values for the cd$egh-conductivity fibers were found

to be almost 3% lower than the above values fordonductivity fibers.

3.5 Conclusionsfor Radiation heat transfer using MCRT

Most of the studies reported on radiative heatsfiemthrough a fibrous material
treat the medium as a continuum, with the effe€issanicrostructural parameters (fiber
diameter, fiber emissivity, material’s porosity..unped together in the form of a series
of macroscale material coefficients such as ametitin coefficient. The objective of the
current work was to develop an analytical, and @mpmutationally feasible, simulation
method to isolate each individual microstructuratgmeter of a fibrous material, and
study its influence on the insulation performantéhe medium. The current simulations
were conducted in 3-D disordered fibrous media witiimodal and/or bimodal fiber

diameter distributions.
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The effects of the fiber conductivity are includedthe current radiation modeling by

considering two different scenarios of high-condutt or low-conductivity fibers.It was
found that for media with non-zero through-plandefi orientations, increasing
conductivity of the fibers lowers the temperatuiffedence across the media’s thickness.
The current results indicate that heat flux throwgliibrous medium decreases with
increasing solid volume fraction of the fiberswias also observed that IR transmittance
increases with increasing through-plane orientatbithe fibers, but is independent of
their in-plane orientations. The fibers in-plandlaugh-plane orientations were found to
have negligible effect on the temperature profdeoas the media’s thickness unless the
fibers are highly conductive. The results obtairfemm simulating bimodal fibrous
structures indicate that increasing the fiber-digmndissimilarity, or the mass fraction of
the coarse fibers, slightly increases the radiatransmittance through the media, and
accordingly reduces the temperature gradient achesthickness. The simulation results
are compared with those from the two-flux model atiter studies in the literature, and

good agreement is observed.
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Chapter 4 A Dual-Scale 3-D Approach for Modeling Radiative Heat

Transfer in Fibrous Insulations®

4.1 Introduction

In this chapter, a dual-scale computationally-felesB-D method is developed to
simulate the transfer of radiative heat throughdiis media comprised of fibers with
different diameters and orientations. The simutetietart by generating a virtual fibrous
material with specified microstructural propertiesd then compute the radiative
properties of each fiber (i.e., effective phasectiom, as well as scattering and absorption
coefficients) in the structure using the Mie Saattg theory. Considering independent
scattering formulations for the fibrous media (n@edith high porosities), the radiative
properties of the insulation material are computgdumming up the radiative properties
of each individual fiber, after transforming theagk function values from the fiber's
local 3-D coordinates system to a fixed global domates system. The radiative
properties of the media are then used in the Radidtransfer Equation (RTE) equation,

an integro-differential equation obtained for corpg the attenuation and augmentation

3 Contents of this section have been published inaditle entitled “Dual-Scale 3-D Approach for
Modeling Radiative Heat Transfer In Fibrous Insiolas”, by R. Arambakam, H.V. Tafreshi, and B.
Pourdeyhimi]nternational Journal of Heat and Mass Transfer 64, 1109 (2013).
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of an InfraRed ray’s energy as it travels througtibeous medium. Using the Discrete

Ordinate Method (DOM), the RTE is then discretizatb a system of twenty-four
coupled partial differential equations and solvedierically using the FlexPDE program

to obtain the amount of heat transfer through titeesthickness of the media.

4.2 Macroscale Formulations

In order to compute the radiative properties ofulason media, a virtual
geometry of the media’s microstructure is first g@ted using an in-house MATLAB
code. The MATLAB code was developed to generate §fBulation domains on the
basis of the parameters of interest, such as soligme fraction (SVF), fiber diameter,
the media’s thickness, in-plane and/or through-lamnientation (Figure 1.3). When
generating the virtual fibrous structures, caredtiention was paid to assure that the
fibers are located at a certain specified distainoe each other, and the distance is
determined by the clearance parameter (Lee, 19849. radiative properties of such
structures can be computed using electromagnetimryhand the radiative heat transfer
through the material can be predicted using thed®ad Transfer Equation.

The RTE (Eq. (1.3)), being an integro-differenteduation, is hard to solve
numerically or analytically. However, the Discreigdinates Method (DOM) can be
utilized to simplify and solve the equation numaliy. In the DOM method, the integral
term in the RTE (which is the term describing imzitradiation from all the directions)
is approximated by a weighted sum of intensitiegteced in different directions. In the

current work, DOM equations were considered in éhseattering directions in each
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guadrant (known as the S4 approximation) and aheedousing the FlexPDE finite

element program from FlexPDE Inc. Using the S4 appnation Eq. (1.3) simplifies to a
system of 24 coupled partial differential equatidgBsequations for intensity in each
guadrant of the simulation domain, see Figure 4The integral term in Eq. (1.3) is
replaced by a summation term with weight factoiby using the quadrature formulation

of Chandrasekhar, 1960. The RTE in DOM can be ewids:

dx d|p+dy dl dz dl - 5 dl - dl

24
= C,—L2=—pl_+xl, AR
dS dx dey dez A“ pdy+ P 4z Blp+x ;pp p

(4.1)
Here Ap : I_5>p andCﬁ:p are the direction cosines of the incident radiatibhe subscripp

represents the number of angles considered in @®&.DThe quadrature weight and

direction cosines are obtained based on the pmlieted directions in the S4
approximation, for which the intensity fielcfp() is to be calculated.

Eq. (4.1) can numerically be solved using a gengeaitial differential equation
solver, subject to the boundary conditions at thece and sink given as:
I, (x=0)=¢l, (4.2)
I, (x=t)=¢l,. (4.3)
where x=0and x=t are the locations of the source and sink platspectively with a

value of ¢ =1 . The boundary conditions on the lateral sidethefsimulation domain are

symmetry boundary conditions. Note that the ch@tsymmetry or periodic boundary
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condition makes no difference for the geometriessmered in the study—insulation

material placed between two infinitely large palvalls (see Figure 4.2).

A =1[0.2958,0.2958,0.9082]
A, = [0.9082,0.2958,0.2958]

A, = [0.2958,0.9082,0.2958]

Figure 4.1: Scattering directions in 3-D for DOM. Radiatiorsisattered in 24 directions in 3-D space.

This is because temperature gradient is only inthiekness direction making the heat
flow in lateral directions insignificant. For tharae reason, one could also expect that the
macroscale calculations in 2-D and 3-D resultsdentical solutions (phase function
calculations must be in 3-D). Nevertheless, todrettmphasize on the generality and
completeness of the simulation approach all calicuapresented in this paper are

conducted in 3-D domains (see Figure 4.3).
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v%;gl

Figure 4.2: An example of fibrous media considered in this kvofhe in-plane and through-plane

orientation of the fibers are random.

Figure 4.3: The simulation domain and its boundary conditions.
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4.3 Microscale For mulations

Numerical values fas ,«, fand ® can be obtained by computing the extinction

cross-sectiorCq, and scattering cross-sectioig,, which are the effective fiber cross-
sectional areas that encounter a beam of incidelitrton and have the unit of areb. is

the scattering phase function of each individubaéffiinside the media, and it gives the
probability of light incident on the fiber beingagtered into any arbitrary direction in 3-D

space owell et al., 2017).

==yC 4.4
o sz=1 sca, f ( )
1 N
K:VZCabS,f (4.5)
f=1
1 N
=1 2Ceu (4.6)
f=1
dC
D== ] (4.7)
O i dQ

These parameters are influenced by the fibersutineplane orientation angle, diameter,
complex refractive index, wavelength of the incid#R, and the refractive index of

material surrounding the fibers (i.e., air).

4.3.1 Radiative Properties of a Single Fiber
The equations for the interaction of an IR ray watHiber are developed in a
coordinate system with reference to the fiber (Bohand Huffman, 1983). Therefore, the

angle with which the IR is incident on the fibedahe direction of the scattered radiation
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are defined with respect to the fiber (see Figud@(Bohren and Huffman, 1983). Since

different fibers have different orientations, th@eatations of the fiber, incident IR and
scattered IR must be defined in a global coordisgttem (see Figure 4.4b) to estimate
the radiative properties of the insulation mediusnaawhole. To transform the angles
from a fixed coordinate system to the material dow@te system Lee has derived a set of
trigonometric relations (Bohren and Huffman, 1983)e angles defined in terms of the
fibers’ coordinate system (local coordinate systarah be related to the material’s

coordinate system (global coordinate system) asKegure 4.4 for angle descriptions):

cosg. = sip=R-R =R ‘R, (4.8)

cosy=R R, (4.9)

cos&':M (4.10)
sin® ¢

The radiation scattered by a fiber propagates albagurface of a cone, and the

scattering angler{) has a maximum possible value for a specifiedrfdreentation €, )

and this maximum scattering angke, (,) is given by the following relation.

cosyy,, = min(2co§¢c— 1,2 co§ ca§)- ) (4.11)

For the complete derivation of the above equattbesreaders are referred to Lee, 1994.
After the coordinate transformations have been ntaderadiative parameters of the

fibrous media are now expressed in terms of anglesd ¢. (in the global coordinates
system) rather than in terms gfand ¢ (in the local coordinates system). However the

anglenis determined by the directions of the S4 approxiona
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radiation

Figure 4.4: Schematic of a fiber oriented in its local cooedensystem (a) and the material’s coordinate

system (b).

After the virtual fibrous structures are producadlATLAB code was developed
to compute the orientation of the fibers in the dom As the orientation of each
individual fiber inside the domain is determinduk torresponding,.is computed based
on the incident IR direction. With this angle cortgaly all possible directions in which an
IR ray can be scattered by the fiber can be detexthi After these directions are

obtained, the algorithm checks if any of these ibsScattering directions coincide with
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the pre-defined DOM directions. If it is determintbat a fiber with a random orientation

can scatter in any of the 24 possible DOM diredjotnen the corresponding phase
function (®) value is computed using the angle (calculated using the above
transformations). After the value mis calculated the correspondirfjs computed and
used for calculating the radiative properties @f fiber. This procedure is repeated for all
the fibers in the virtual microstructure.

The scattering cross-section of a fiber for paraled perpendicularly polarized

electric components of incident IR is given as:

2d, Ninay

Cons =5 Il 2+l @.12)
2d,

Conn =5+ 255 () @.13)

Similarly the extinction cross-section of a fiber parallel and perpendicularly polarized

electric components of incident IR is given as:

2d, Nhna
C.. =—R {|b01| 2me} (4.14)
n=1
2d, Nhna
Couri = Re{laonl + 22 am} (4.15)

After the scattering and absorption cross-sectayesknown an absorption cross-section

can be computed using the following equations:

Cabs,l = Cext,l - Csca,l (4-16)

Cabs,ll = Cext,ll - Csca,ll (4-17)
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The differential scattering cross-sectiodC(, d<)), which is used for computing the

phase function, is obtained from the following eitpzs:

dC,., _ .y
dQ  z*sindsirf ¢,

77| (4.18)

dC
i __ 4 irg (4.19)
dQ  z*sindsirt ¢,

(4.20)

- dQ dQ

dC,, _l dCsca,I + dCsca,ll
dQ 2

The differential scattering cross-section is thergg scattered per unit time into a unit
solid angle along a directién, which is specified by the angle and 7, for unit

incident irradiance (Bohren and Huffman, 1983).eAthe values of scattering, extinction
and absorption cross-sections of each fiber fortthe incident IR polarizations are

computed, the average values of each of the cexg®ns are calculated. These average

values are used in the calculations shown in E4) @4 Eq. (4.7). The values far, b,
a,, b,, T+ and T, are computed using the electromagnetic wave th¢seg the

Appendix for the formulations and Figure 4.4b fomplete description of the anglés
nand ¢.). It is important to note that the upper limit fibre summationsnf.y) in the
above equations (Eq. (4.12) — Eq.(4.15)) are deterinby the diameter of the fibers and

the wavelength of the IR ray which are related oy &.21) (Bohren and Huffman,

1983).

1

n.. =X+4x®+2 (4.21)
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Note that the length of the summation is directiggortional to the fiber diameter and

inversely proportional to the wavelength of theréy.

After the microscale radiative properties of thierdus media are obtained, the
RTE (macroscale) is solved numerically using thexPDE software. Solution of the
RTE vyields the distribution of intensity in eachradition of the utilized DOM
approximation (S4 in the present study). A sampbmta@ur plot of the intensity
distribution in an insulation medium with a fibelaocheter of 7um, 3-D isotropic fiber

orientation, SVF of 0.5%, and a thickness of 1.2i€shown in Figure 4.5.

4.3.2 Validation

For the finite element calculations (solution o tRTE), the simulation domains
were meshed using 16,000-25,000 tetrahedron cks [Figure 4.3). A series of trial
simulations were conducted prior to collecting demion data to ensure that results are

not affected by the choice of mesh size.

I (W/m?)

481.699
409.089
336.479
263.869
191.259
118.65

46.0396

Figure 4.5: An example of the intensity contour plots obtaifreain the macroscale simulations.
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To verify the accuracy of the analytical resultg phase function values obtained

from current calculations for a medium with a filsBameter of 1 pm, a through-plane
and in-plane fiber orientations of 5 and 45 degrezspectively, are compared with those
reported in (Lee, 1994) (note that the phase fonads independent of SVF and thickness
of the insulation material) (Lee, 1990). Good gahagreement between the two works
is evident (Figure 4.6a), which allows one to egtéime current method to compute the
radiative properties of media with different midrostural parameters.

In Figure 4.6b the transmittance results from tin@ent simulations are compared
to the semi-empirical transmittance values obtaitwsd Houston and Korpela for
fiberglass insulations with an SVF of 0.33%, a méhar diameter of 7.45 um, and a
thickness of 3.8 cm (Houston and Korpela, 1982}th&ir work, the authors analytically
calculated the flux of conductive heat through itheedia. The heat flux through their
media was also measured experimentally, which deduthe contribution of both the
conduction and radiation. The heat flux resultsHofuston and Korpela are shown in
Appendix B for reference. Subtracting the theosglyccalculated conduction heat flux
from their experimental data, an estimate of tlamdmitted radiative heat flux values
were obtained and normalized by the incident ramhaheat flux values to obtain the
values ofr for comparison with the current simulation res@Rgyure 4.6b). To generate
these simulation results, virtual fibrous structus close as possible to the actual
fiberglass media used in the experiments reportggHouston and Korpela, 1982) were
produced (the through-plane and in-plane fibermtatons were estimated to be about 15

and 45 degrees, respectively, for the lack morairate information). The refractive
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index data for the temperature range used in themis simulations was obtained from

the work of Hsieh and Su, 1979 (see Appendix GQHervalues). From Figure 4.6b it can
be seen that the current simulations produce mesuith reasonable agreement with the

results reported in (Houston and Korpela, 1982).

4.4 Results and Discussion

A thorough parameter study is conducted in thiskworstudy the influence of
different microstructural parameters on heat insaaperformance of a fibrous material.
Unless otherwise stated, fibers with a diametef pin were used throughout this study.
The simulations are conducted in domains with aktiess of 12 mm and in-plane
dimensions of5x5 mm. The source and sink temperatures are consdiderbe 479 K
and 300K, respectively. The absorption coefficiestiattering coefficient and the phase
function for the media are computed using the Meagtering theory.

To study the influence of fiber diameter on insiolatperformance of fibrous
materials, a series of fibrous structures with iokeh parameters but different fiber
diameters were generated. Fibers in these strigcane allowed to have 3-D isotropic
orientations. It can be seen in Figure 4.7a théibas diameter increases from 0.75 um to
20 um the heat transmittance first decreases aed #tarts to increase. Similar
conclusions were made in the work of Larkin and IChili (1959). However, the optimal
fiber diameter at which best radiation insulatioancbe achieved depends on the

application temperature, and has not been quahtgieviously. It can be seen from
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Figure 4.7b that as the operating temperature asefrom about 410 K to about 725 K,

the optimal fiber diameter decreases from abouti@uabout 3um.

3
25 —current simulation
" s Lee (1990)
2 di=1um
15° wavelength=1pm
through-plane std. dev. = 5 degrees
1 in-plane std. dev. = 45 degrees -

50 100 150
observation angle (deg.

0.07p
b) m Houston and Korpela (1982)
0.06F —&—— current simulations
0.05F u
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Figure 4.6: a) Comparison between the current phase functbﬂn() calculations and those of Lee, 1989

for a single fiber. b) comparison between transmite values obtained from current simulations apnde

reported in Houston and Korpela, 1982.
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Figure 4.7: a) Transmittance values for media with differeiitef diameters at different operating
temperatures, b) optimal fiber diameter as a fonctf temperature. The structures are 3-D isotroyib

an SVF of 0.5% and a thickness of 1.2 cm.
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To study the influence of fibers’ through-planeentiation on the performance of

insulation media, a series of fibrous structurethvidentical parameters but different
fiber orientations were generated, and their peréorce at a temperature of 479 K
(chosen arbitrarily) was computed. In these stmestufibers were allowed to have
random in-plane orientations, but their throughaplarientations are controlled. These
fibers have a zero mean through-plane orientabohthe standard deviation about this
mean value varies from 0 to 45 degrees. Note thethiadard deviation of 45 degrees
represents a random through-plane orientation.cttres with random in-plane and
through-plane orientations are referred to as thieeensionally isotropic.

Figure 4.8a shows the transmittance through theianedh different through-
plane fiber orientations. It can be seen that asutih-plane orientation of the fibers
increases from 0 to 45 degree, the transmittamoaigih the material increases by about
40%. Therefore, one can conclude that media witallstmrough-plane fiber orientations
are better insulators. This conclusion is also gneament with the predictions of the
MCRT simulations conducted for media made of miesaed fibers as well as the
results of Lee and coworkers (Lee, 1989 and 1990).

To further investigate if the optimal fiber diameteported in Figure 4.7 is
affected by the orientation of the fibers, a semdssimulations for materials with
different fiber diameters and orientations at &dixemperature of 479 K were conducted
(see Figure 4.8b). It can be seen that the opfiilmet diameter at a given temperature is
not affected by the fiber orientation. The bestiaadn insulation is obtained when the

through-plane fiber orientation is zero.
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Figure 4.8: a) Effect of varying through-plane fiber orientats on IR transmittance, b) effects of fiber

orientation on transmittance for fibers with diffat diameters. The media simulated here have ramaom

plane fiber orientations but varied through-planiermations. A fiber diameter of 7 um, an SVF &%,

and a thickness of 1.2 cm were considered.

To study the influence of SVF on the radiation iaon performance, a series of

fibrous structures with identical parameters bfedént SVFs were generated. Fibers in
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the structures were allowed to have random isatropientations. It can be seen from

Figure 4.9 that as SVF increases the heat trarsmétdecreases. This is due to the fact
that value of the extinction coefficient of the meethcreases with SVF. In Figure 4.9 the
investigation of the effect of thickness on heauiation can be seen. For these results,
SVF, fiber diameter and fiber orientation were hetthstant and the thickness of the
material was varied from 1 mm to 12 mm. It can bensthat radiation transmittance
decreases as thickness increases. Note that SVEhakihess will not influence the
optimal fiber diameter (Figure 4.7) due to the féett the equations used for computing
the radiative properties of the fibers (Eq. (4.8¢ (4.20)) do not depend on SVF or

thickness.

4.5 Comparison of transmittance values obtained from MCRT and RTE methods
To compare the dual-scale modeling approach focutating radiation heat

transfer with the MCRT method, the fibrous struetuused for MCRT calculations in
Figure 3.19 and Figure 3.20f were considered. Thal-dcale approach was used to
compute the radiation transmittance through thesectsres. The same value of
refractive index which was used for the MCRT stwihs used here. Figure 4.10 shows a
comparison of transmittance values obtained usi@RW and the dual-scale approach.
In Figure 4.10a variation of transmittance with Sigfpresented and can be seen that the
two approaches show a very good agreement. Fosake of completeness, in Figure

4.10b the variation of transmittance with throudane orientation is presented and a
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good agreement can be observed. However it camteel in both these comparisons the

values of transmittance computed using the dudésggproach are higher.

0.8

0.6

0.4

0.2

thickness (mm)
0 2 4 6 8 10 12

——a—— thickness
—e— SVF

- 3D random isotropy
[ d=7pm

| SVF=0.5%

[ Ta™479K

| thickness=12mm

-Fiber glass

0.2 0.4 0.6 0.8 1
SVF (%)

Figure 4.9: Transmittance values for media with varying SVH ahickness having 3-D isotropic

structures. The fiber diameter is 7 um.

Comparing the MCRT and the RTE methods of predictadiation heat transfer

in fibrous insulation materials, advantages andrtsbming of both the methods are

outlined. The advantages of MCRT method are theatiad transfer through the

insulation material can be computed directly withthe need for solving an integro-

differential equation (the Radiative Transfer Edquat which is needed for the

alternative approach. Refractive index of the ffhierthe only radiative properties needed

for the calculations.
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Figure 4.10: Comparison of transmittance values calculatedgu8#CRT and dual-scale approach for

media with varying (a) SVF and (b) through-planieiotations.

Different fiber geometries like elliptical, trilobacylindrical etc. can be simulated. Few
of the shortcomings of MCRT are that it is compiotadlly expensive compared to RTE

method. Allowable fiber diameter range is limiteg the operating temperature. MCRT
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becomes inaccurate for fibers comparable in sizéheowavelength of the IR radiation.

The advantages of the electromagnetic wave theéasydomputationally less expensive
compared to MCRT. Wide range of fiber diameters loarsimulated as the temperature
does not limit the lowest possible fiber diametelowever this method has its
shortcomings too. It requires solving the RTE-ariegro-differential equation.
Complicated math is involved in the calculationtlué radiative properties. The accuracy
of the method depends on the numerical procedweé wsdiscretize and solve the RTE.
Fiber geometry is limited to cylindrical or maybé most elliptical fibers and the

scattering directions need to be approximateddbwirsg the RTE.

4.6 Conclusionsfor Dual-Scale Modeling Approach

A dual-scale approach is developed in this workredict how different fibrous
structures perform as insulation media in a quatinté manner. The dual-scale nature of
the method presented here allows one to devise uwatignally-feasible simulations for
media made up of thousands of fibers (i.e., theadhickness of the material). This
methodology can be adopted for design and developrokinsulation materials for
different applications.

The parameter study revealed that for media witlierdint microstructural
properties, increasing SVF, thickness, or fibelnsbtigh-plane orientation, increases the
amount of radiation heat transfer through insutatidMoreover, it was found, and

guantified, that there exists a fiber diameter idrich heat transfer through a fibrous
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media is minimal. For glass fibers in a temperanargge of about 340 to 750 K, best

insulation performance was with fibers having am#ger of about 3 to 10 um.
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Chapter 5 Heat Transfer in Multi-Component Fibrous I nsulations’

5.1 Introduction

Heat generally transfers across a medium via a owtibn of conduction,
convection, and radiation. As mentioned earlieCiapter 1, heat transfer via convection
is often negligible in a typical fibrous insulatiobnlike convection, conduction is an
important contributor in the total heat transfeross a fibrous insulation, and has been
extensively studied in the past decades. Numermadytical (e.g., Bankvall, 1973;
Bhattacharya, 1980; Furmanski, 1991) and experiai¢atg., Cunnington and Lee, 1996
and Zhanget al., 2008) studies have been conducted to defineremntieonductivity for
the combined solid and the fluid (interstitial ppsonductivities in a fibrous insulation.
Fortunately, for high-porosity insulation media kwvigir as the interstitial fluid, the
analysis is quite simple, as the contribution of %olid phase in the overall heat
conduction is often non-existent. However, if thertmal conductivity of the fibers’
material is high in comparison to that of air (esgeel or aluminum fibers in air), or if the

porosity of the media is not high enough, thenpiaperties of the solid fibrous structure

* Contents of this section have been submitted jmumnal for publication as an article titled “Moited
Performance of Multi-Component Fibrous Insulatiagainst Conductive and Radiative Heat Transfer”, by
R. Arambakam, H.V. Tafreshi, and B. Pourdeyhimiernational Journal of Heat and Mass Transfer.
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(e.g., fiber diameter, fibers in-plane or throudane orientations etc.) should be

considered in the analysis. See Chapter 2 fordhgptete description of the technique.

In contrast to conduction and convection, estingatite contribution of radiative
heat transfer in heat transfer through a fibrossiletion is not straightforward. This is
because radiative properties of a fibrous mediung.,(escattering phase function,
absorption cross section, or scattering cross @ectstrongly depend on both the
geometry and the material of the fibers. These gmegs are nonlinear functions of
temperature and are very different for fibers @nitical geometry but made of different
parent materials, for instance. Figure 5.1 showsraparison between refractive index
values for copper (Brewster, 1992), glass (Hsied &u, 1979), and mineral wool

(Ljungdhalet al., 1991) as a function of temperature.

102§—
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Figure5.1: Refractive indices of copper, glass and mineradlvad different temperatures.
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The most traditional method to predict performaatea fibrous insulation treats

radiation heat transfer in a porous medium as fgidn process. In this method, a
radiation thermal conductivity using the Rosselapgroximation is defined and used in
conjunction with the thermal conductivity of the texal to estimate its insulation
performance (Tong and Tien, 1980). On a paralletky radiative heat transfer in a
fibrous medium has also been studied using thed®adiTransfer Equation (RTE) (Eq.
(4.1)), which is a mathematical representationhef ¢conservation of energy written for
an IR beam that travels in a given direction. Ralkes the change in the beam’s energy
due to absorption and scattering in different dioexs along its path. Obviously, the
radiative properties of the media must be knowmteethe RTE can be solved. Extensive
research has been carried out to calculate thekative properties using the theory of
electromagnetic waves (see e.g., Bohren and Huffd@83; Lee, 1989, 1990 and 1994).
As the RTE is a complicated integro-differentialuation, it can only be solved via
approximate methods. The Discrete Ordinates Me{i@@dM), for instance, has been
widely used to replace the integral term in the RWEh a summation. The DOM
converts the RTE to a set of coupled differentiguaions which can be solved
numerically (Chandrasekhar, 1960).

In this regard, a simulation technique was devalopbere an accurate RTE
solution via the DOM’s S4 approximation has beetamied for insulation media as thick
as several centimeters or more, without excessor@patational requirements (see
Chapter 4). The flexibility of this computationalethod allows us to investigate

insulation performance of media made up of fibeith \materials and diameters, as will
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be seen later. A special attribute of the simutatieethod developed in this work, is that

it can easily be utilized to predict the insulatimgrformance of media made up of fibers
from different materials, orientations and diam®&tédtr can also be used to simulate the
effect of blending dissimilar fibers or layeringeth over each other, among many others.
Such a capability can be of great interest forglesind development of new insulation
products where a combination of fibers with diff#grdimensions or material are used to
perhaps improve the mechanical strength of theodi®rstructure, among many other

properties.

5.2 Combining Conduction and Radiation

Once the conduction (Chapter 2) and radiation corapts (Chapter 4) of the heat
fluxes across an insulation is obtained (see pusvigections), one can obtain a total
conduction—radiation thermal conductivity to be dige for the media assuming that
media’s resistance to conduction and radiationileetresistors in a parallel configuration

(see Figure 5.2). Therefore, the total resistandeett flow can be obtained as:

-1
1 1
I%o’[al = A{ + j| (51)
Rcond Rrad
L T,-T. . : -
where R, =——and R_, = are thermal resistance to conductive and radiative

Kt A Ofag A
heat flows, respectively. The radiation flux values abtained from the simulation

technique outlined in Chapter 4. The total heat lar be computed using Fourier’s law

of heat transfer that is rewritten in terms of the abota thermal resistances as:
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Figure5.2: Schematic of the thermal resistance model consitleere.

5.3 Results and Discussion
Before we further discuss our simulations of multi-compbriasulations, a

validation study is presented to better examine tfweiracy of our calculations. Figure
5.3 shows a comparison between the experimentalofi&tauston and Korpela obtained
for fiberglass insulations and our simulation of the sanedia. These authors reported
their fiberglass media to have an SVF of 0.33%, amféger diameter of 7.45 um, a
thickness of 3.8 cm. Their experiments were conducteddat transfer between two
parallel plates with a fixed sink temperature of 285bkt a adjustable source
temperature. To produce our simulation data, we gestbrattual fibrous structures that
resemble the actual fiberglass media of Houston argéda, 1982 as closely as possible,

based on the information provide in the paper by thesigors. In the absence of detailed
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information about the fiber in-plane/through-plane orieotest, we assumed that the

media tested by Houston and Korpela had perhapsivediatplanar structures with
random in-plane fiber orientation distribution. We #fere used standard deviations of
45 and 15 degrees about zero mean values for the ia-pfahthrough-plane orientations
of the fibers. The refractive index data for the tempeeatange shown in Figure 5.3 was
obtained from the work of Hsieh and Su, 1979. For theulsition results shown in
Figure 5.3, we considered air conductivity valuesnadeerage temperature of the source
and sink (i.e., for a sink temperature of 285 K and@temperatures of 309 K, 337 K,
365 K, and 393 K we used air conductivity values.6262, 0.0273, 0.0282, and 0.0292
W/m-K, respectively) (Incroperet al., 2006). For glass fibers a conductivity value of 1.5
W/m-K was used. We combined the contributions of cotidn and radiation (obtained
from our simulations) as discussed in Section 5.2. Gageement can be observed

between our numerical results and the experimentaladdaiauston and Korpela, 1982.

5.3.1 Fiber Material versus Fiber Diameter

As discussed earlier (see Figure 5.1), radiative propesfiesfiber are greatly
influenced by its material. In this sub-section, wenpare insulation performance of
media made of either mineral wool or glass with differBbér diameters. For this
comparison, we generated a series of single-compor@ou$ structures with identical
parameters but made different fiber diameters. Fibers igetlstructures have 3-D

isotropic orientations. A thickness of 12 mm is coesd for the insulations. The in-
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plane dimensions of the simulation domain are dmrsid to be5x5 mm. The source

and sink temperatures are considered to be 479 I3@Did, respectively.

1
i | Houston and Korpela (1982)
- ——W—— current study
_0.8F
s B
x |
E |
mg | d, =7.45um
0.6 0,=0.33%
" thickness=3.8 cm
| in-plane std. dev. = 45
L through-plane std. dev. =1
N !

—_—
o'éOO 320 340 360 380 400
source temperature (K)

Figure 5.3: Comparison between the experimental thermal egsistvalues of Houston and Korpela, 1982

and our simulations.

As can be seen in Figure 5.4, total thermal resistamareases with fiber diameter
from 0.75 pum to about 5-7um, but starts to decreasevaftds. Similar observation was
reported in the papers by Larkin and Churchill, 1959Kkc and Timusk, 1984; and
Gibsonet al., 2007. The optimal fiber diameter for best heat ingas about 5um for
mineral wool fibers and 7um for glass fibers (see Figu4a)5In the remainder of the
calculations, we used air (0.032 W/m-K) and fibers (1.5nW for both glass and
mineral wool) conductivity values obtained at an agertemperature of 390 K. For the

radiative properties, however, we used the fibers refaatidex (from Hsieh and Su for
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glass and Ljungdatdt al. for mineral wool) at the source temperature (479 K), bsxau

of the 4" power dependence of radiative transfer on temperature ffio¢ surfaces
making a stronger contribution to the total radiatieatih

In Figure 5.4b, the radiationR{g) and conduction R.ng) thermal resistance
values for the cases shown in Figure 5a are preseapatately for better comparison. It
can be seen from this figure that resistance to radidteat is higher than that against
conductive heat when the media is made of small ficespecially for mineral wool.
Resistance to conduction and radiation are almosiléqumedia with a fiber diameter
of about 10um (for the structural and thermal conditicmssidered here). Media with
larger fiber diameters tend to block radiative heat mesh effectively as can be seen in

Figure 5.4b.

5.3.2 Insulations with Dissimilar Fibers

In this section, the influence of fiber dissimilaritygtb in terms of diameter and
material, on insulation performance of composite fibrousdien is studied. A total
thickness of 12 mm is considered for the virtual insoatnedia (spacing between the

source and sink walls). A total SVF of =1% for the whole media was also assumed.

Similarly, in-plane dimensions dx5 mm are as well as source and sink temperatures

of 479 K and 300 K, respectively, are consideredHersimulations.
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Figure 5.4: Thermal resistance values for media with diffefdsgr diameters and materials for source and

sink temperatures of 479 and 300 K, respectively gfad their individual radiation and conduction

components (b).
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5.3.2.1 Mediawith Bimodal Diameter Distributions of Same M aterial

In simulating blended media with bimodal fiber diaeradistribution (see Figure
5.5) made of same material, we considered the finesfivéh a diameter of 5 and 7 um
for media made of mineral wool and glass fibers, respagtiFigure 5.6 shows the
effect of R, on the total thermal resistance of the bimodal fibrmedia. A blend
configuration for media with two different through-plane filmgientations (zero-mean
through-plane orientations with standard deviationsbadirid 45 degrees) is simulated.

In constructing the virtual fibrous insulations, we siolered a coarse-fiber mass

fraction value of 75% and total SVF af, =1%. It can be seen in Figure 5.6a that
increasingR,; while keeping all other parameters constant, deeeshe total thermal
resistance of the media. This effect can be explameaonsidering the information
shown in Figure 5.4: when the total SVF is held tams media with higheR; have less

number of 5 um fibers (fibers which are very efficient imdiing radiative heat).
Although not shown in Figure 5.6a for the sake of byewite in fact simulated multi-

component media having coarse fibers as thick as 5QR#10), to mimic insulation

media for which mechanical stability of the fibrous stune is important. A thermal
resistance value oR_, = 0.18 was obtained from the simulations with fibeasihg a
through-plane standard deviation of 15 degrees, indgatigain that the insulation

performance of a medium is mostly determined by the mumrob most efficient fibers

(i.e., the 5 um fibers here) in the media.
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Figure 5.5: An example of the virtual fibrous structures proed in this study (a) and its finite element
simulation domain (b). The medium shown here haer@ mean through-plane orientation with a 15-

degree standard deviation.

Note also that the small hump R, values neamRR; =4 can also be explained using

the information in Figure 5.4, where a slight increastihé thermal resistance is observed
for fiber diameters near 20 um.

The above conclusions are obtained for when the firegdilare chosen to be the
most efficient fibers (5um for mineral wool fibers). To denimate such cases where

fine fiber diameter is smaller than the optimal fiber ddéten, we used a fine fiber
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diameter of 2 um and varieR, in Figure 5.6b. It can be seen that thermal resistanc

slowly increase untilR, =3 and then starts to decrease. This trend is agaibuitid to

the optimal fiber diameter for mineral wool being 5pme(ségure 5.4). Here, we have
also considered media with different through-plane fibeEmations to investigate if the
fiber orientation affects the above conclusions. As loanseen in Figure 5.6, fibrous
structures with smaller through-plane orientation areebedt insulating heat transfer.
However, the above conclusions are not affected bintpéane orientation of the fibers.
For the completeness of the study, we have also cmuipthe effects of
separating fibers of different diameters into layers stacketbp of each other instead of
homogenously blending them across the thicknessir&i§.7shows the fibrous medium
and finite element simulation domain considered for tayered-media simulations
(compare with that in Figure 5.5). For modeling layeireglations, we solve the RTE
for each separate layer, and use their layer-specifiatragliproperties £,0,f and ® ).
Boundary conditions similar to those specified in &tpns (5.3) and (5.4) are used at the
source and sink boundaries. At the interface betweentwlo layers, the radiation

intensity and its derivatives are considered to batidal for both layers:

Ip(o-c’Kwﬂc’ch)

ntt Ip(o-f Ko By ’(Df) (5.3)

intf

i di, (o .k, By ,qaf)|
intf d(ﬂ

dlp(ac,Kc,,b’c,d)c)
dp

(5.4)

intf

where ¢ here represents any of the three Cartesian coordirstensgirections.
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Figure 5.6: Thermal resistance values for media made of minesal fibers of different diameters with a

constant mc of 0.75 in the blended configuratiothwi fine fiber diameter of 5 um (a) and 2 um (b).

Here we also study the effects of varyimg on insulation performance of bimodal

media. In this case, we started by generating laybmaodal media with fine and coarse
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fiber layer thicknesses of 3 mm and 9 mm respectinmlydifferent SVFs for the coarse-

fiber layer leading to different coarse-fiber mass fractibiwte that in this case the total

SVF of the media will not remain constant. We held toarse-to-fine fiber diameter

constant atR, =3with a fine fiber diameter of 5 um. The media considére@ have 3-

D isotropic fiber orientations. It can be seen from Fegb.8 that total thermal resistance

of the media increases as SVF of the coarse-fiber lageeases frome, =0.25%to

a. =1%. This is simply because increasing increases the total SV of the media.

5mm

TAYAVAY, Xt
SRR
)

Figure 5.7: An example of the layered fibrous structures poediin this study (a) and its finite element

simulation domain (b). The medium shown here haer@ mean through-plane orientation with a 15-

degree standard deviation.
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To further explore the effects of increasing the mass fnaaif the coarse fibers

(for instance), we blended the coarse and fine fibersarabove layered media (Figure
5.7a) and repeated the simulations, while maintair@lhgther parameters the same.
These results are also added to Figure 5.8 for compafisom this figure it can be seen
that blended or layered configurations of fibers exhibitost identical heat insulation
performance. This can be explained by the fact tleaetiuations used for the calculation
of the radiative properties of the media are not a funadiofiber position (Bohren and
Huffman, 1983). We also reversed the position of the &né coarse fiber layers with
respect to the heat source and observed similar theesiatance values indicating that
the order by which the layers of different properties taeked next to one another does
not influence the steady state performance of the mé&tia.result is in agreement with

the work of Tianet al., 2012.

5.3.2.2 Media with Bimodal Diameter Distributions from Different Materials

In this section, we consider bimodal media made uplends of fibers from
different materials (glass and mineral wool). As mentibaarlier thermal resistance of
glass and mineral wool fibers are very different abperating temperature of about 479
K (see Figure 5.4). Here we consider bimodal media thighfine fibers made of mineral
wool with a diameter of 5um and the coarse fibers neddgass. In Figure 5.9, we vary

the coarse-to-fine fiber diametd®, from 1 to 5 while keepingm, at 50%. From this
figure, it can be seen that as tify increases the thermal resistance of the material

decreases.
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Figure 5.8: Thermal resistance values for media made of mineoal fibers with different coarse-fiber

mass fractions but a constant Rcf of 3 in the ddehand layered configurations with a fine fibeardeter

of 5 um. The coarse-fiber solid volume fractian changes with changin, .

Again, referring to Figure 5.4, it can be seen thataral wool fibers with a diameter of
5um are better insulators compared to glass fibers obtmey diameter ranging from 5

to 25um.

5.4 Conclusionsfor modeling heat transfer in multi-component fibrousinsulations

The study presented here demonstrates the possiotitgleveloping 3-D
geometries resembling the microstructure of a fibrosslation to be used in simulating
the performance of such media when composed of diffexe@mibinations of fibers in

terms of both the materials and dimensions. Such abdédp is believed to be of great
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value to manufacturers of fibrous insulations in reducthg cost of design and

optimization of new insulation materials. Our simwatimethod is designed for high-
porosity insulation media with air as the interstifiaid conduction where conduction

through the solid structure is minimal.
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Figure 5.9: Thermal resistance values of bimodal blend mediia avfine fiber diameter of 5um, a coarse-
fiber mass fraction of 0.5, and differéRg values. The fine and coarse fibers are minerall\aod glass

fibers, respectively.

Considering media made of different mass fractions of gladsmineral wool fibers with
different diameters, we showed that virtual 3-D fibrouscstmes (incorporating fiber-
level information) can be used to obtain radiative prige of such media (e.g.,
scattering phase function, scattering coefficient, dybiption coefficient) via the Mie

scattering theory, and thereby predict the radiatiomponent of heat flux through
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insulation media by solving the RTE-DOM equatiofiie novelty of the simulation

method presented here is that it is well suited fotarnsdesign of insulation media for
different applications.

From the parameter study conducted here, it was adedlthat materials with
glass or mineral wool fibers offer maximum thermal resise when comprised of fibers
with a diameter of about 5-7um (for a source temperatudd ® K). It was also found
that layered and blended fibrous multi-component irigwla exhibit similar
performance. It was also found that the stacking sespu€eones not affect the thermal

resistance of layered media, in agreement with prevstudies (Tieret al. 2012).
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Chapter 6 Overall Conclusonsand Future Work

In this work, the effect of materials’ microstructure oa gerformance of fibrous
heat insulation was investigated. Heat transfer viadaotion was investigated using a
computational technique developed by us which @&asabhe to drastically reduce the
computational size of the simulation domain (ChapjeiR2diation heat transfer, on the
other hand, was investigated using the Monte Carlp Racing technique and also via
solution of the Radiative Transfer Equation (Chapterand@ 4). In Chapter 5, the
simulation techniques developed in Chapters 2—4 wenabined to predict the thermal
resistance of multi-component fibrous insulation materidlhe simulation techniques
developed in this dissertation allow one to compomaily predict the insulation
performance of materials made up of different combinatioihéibers with different
materials or dimensions. Such a capability can be reatginterest for design and

optimization of new insulation products.

The following conclusions can be drawn from the gtaonducted here:
e Heat conduction through the solid fibrous structureseim®es by increasing the

material’s solid volume fraction, fiber diameter, andef# through-plane
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orientations. The in-plane orientation of the fibers,th@ other hand, did not

show any significant influence on the material’s cotightg.

It was also observed that the microstructural parameteftorous insulations
have negligible influence on the material’'s performaiftiee conductivity of the
solid phase is close to that of the interstitial fluid

From the radiation heat transfer simulations it was eskthat IR transmittance
through the media increases with increasing througheplorientation of the
fibers, but is independent of their in-plane orientations

With regard to the role of fiber diameter, it was found: ti@re exists a fiber
diameter for which heat transfer through a fibrous medimiiimal, ranging
between 3 to 10 um for glass fibers operating in a ésatpre range of about
400-750 K. For mineral wool fibers, this optimal fibeamieter at a temperature
of 479 K was observed to be 5 um.

Increasing the fiber diameter dissimilarity affects tmermal insulation capability
of a material. It is obvious from the above conclugiuat if the material consists
of a greater number of fibers with the optimal fiber ditenethe material is a
good insulator.

The contribution of conduction and radiation heat fiem® the total heat transfer
through the insulation material depends on its fibeamditer, through-plane

orientation, SVF and thickness.
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From the parameter study conducted here, the followieg racommendations for

designing optimal heat insulation:

Table 6.1: Recommendations for optimal insulation design

: . L : design
increasing radiation conduction .
recommendation
solid vc_)Iume decrease increase find the optimum
fraction
fiber diameter ha§ a unique increases find the optimum
optimal value
in-plane orientation no effect no effect does not matter
through-plane . . reduce the throught
: : increase increase . :
orientation plane orientation
. . fiber diameter , find optimum
fiber dissimilarity increases
dependent blend
fiber-to-fiber : reduce fiber-to-
no effect increases .
contact fiber contact

There are several topics of research arising from this whigh could be pursued:
e This work can directly be extended to study effectsdiffierent fiber cross-
sectional shapes on the heat insulation performanite ahaterials.
e In this study refractive index of the fiber material istaaned at the source
temperature. However a more accurate prediction oftradibeat transfer can be
made if the fiber refractive index is obtained for the fiteenperature and hence

should be explored.
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e The interstitial fluid in the current simulations issamed to be vacuum or air.

This method can also be extended to cases wherenderbis used as the
interstitial phase.

e Another assumption made in this work was the indepeindscattering
assumption. An approach relaxing this assumptionaseth on including the
effects of dependent scattering. This work can be egten predicting
insulation performance of denser fibrous insulations wiependent scattering
effects are included.

e This work can also be extended to conduct a transieity on heat transfer in
insulation materials. The time dependent effects oflaotion and radiation on
the heat insulation can be studied. This is espgdmportant for problems like
shuttle re-entry.

e The current simulation approach can also be modifieantmlel media with

crimped fibers
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Appendix A®

Two Flux Model

In the two flux model, it is assumed that rays scabdy in the forward and
backward directions. The fraction of the energy in thevéod and backward directions

are represented bly, andB,, respectively, with the condition that+ B, =1. Leti,, and
i,, represent the monochromatic radiant flux towards th& and the source plates,

respectively. If n represents the number of scattering bodies (fibers hereumpe

volume, then the rate of changeigfin the directiorx is given as:

di . . .
d_j(l = _n(SS), + Saﬂ)lﬂ,l + nFeﬂSSllﬂl + nBest;,lzz + nngt g, (l_) (A-1)

where Ais the wavelengthA is the emitting area of a fiber in the insulatian, is the
emissivity, andg,(4,T)is the Planck’s radiation function, which provides #meergy

radiated at each wave length for a body. The scattandgabsorption cross sections are

shown byS; and S,. Scattering (or absorption) cross section is definatiegraction of

energy scattered (or absorbed) from a beam carrying afusitergy per unit area normal

to the direction of propagation. Integrating Eq. A-1 roedd wavelengths, using the

® Contents of this appendix have been publishediarticle entitied “Analytical Monte Carlo Ray Tiag
simulation of radiative heat transfer through bimlofibrous insulations with translucent fibers”, By
Arambakam, H.V. Tafreshi, and B. Pourdeyhitmternational Journal of Heat and Mass Transfer 55,
7234 (2012).
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Kirchoff's law (S,=¢A,), and Planck’s radiation functiq-rg(/i,T)d/l = oT", we

obtain the total flux transmitted from the sink to Hoeirce as:

Z—iﬂ =-n(B,S,+S,)q +nB.S,q, +nS,oT* (A-2)

whereq, = J'il(/l)d/l , which represents the radiant power per unit area travebm the

sink to the source. (Larkin, 1957) divided the rag@&tparameters into three groups

defined as follows:

M =(nB,S; +S,) (A-3)
N =nB_S, (A-4)
P=M-N=nS, (A-5)

Here M, N and P are the interception, scattering,adosrption cross sections, for a unit

volume of an insulation medium, respectively. Therefore:

da,

v =-Mg, + Ng, + PoT* (A-6)

By solving the flux equations in the absence of irdeemission, (Larkin, 1957)
developed an equation for the heat flux transmittahoeugh an insulation material as

follows:

¢, (0) = 2VM* -~ N’ NYERNER (_1)n M?Z-N?-M g2 VMmN (A-7)
VM?-N? +M Py VMZ=N?+M

The values of N, M and P can be obtained from Figule-A.3 respectively.
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Appendix B°

Equations of Electromagnetic Theory

The scalar wave equation is a PDE and the solutionteraction of an IR wave with a
cylinder can be mathematically found using separatiomariables and is a function of
the fiber diameter, fiber through-plane orientation anglegr refractive index, and
wavelength (Bohren and Huffman, 1983). A polarizedwRve is composed of two
mutually perpendicular electric and magnetic wavessofution to the wave cylinder
interaction for such cases is given by a set of venttindrical harmonics (Bohren and
Huffman, 1983). The IR wave incident on a cylindritiaer can be grouped into two
cases depending upon whether the electric or maguetitponent of the wave is
polarized parallel or perpendicular to the fiber axise Talation between incident and

scattered intensity wave can be written in a matritatian as, (Bohren and Huffman,

1983)
( E. j = e%” ,—2 glk(rsinge —z cosk: )(Tl T4j{ E, j (B-1)
= 7kr sing,. T, T,)LE,
where
T,=b, + ZZ b, coqnr) (B-2)
n=1

® Contents of this appendix have been publishednirasicle entitled “Dual-Scale 3-D Approach for
Modeling Radiative Heat Transfer In Fibrous Insiolas”, by R. Arambakam, H.V. Tafreshi, and B.
Pourdeyhimi)nternational Journal of Heat and Mass Transfer 64, 1109 (2013).
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T2 =g t+ 22 a, COS( I’l?]) (B-3)
n=1
T,=-2i iam sin(nz) (B-4)
n=1
T,=-2i i b, sin(ny) (B-5)
n=1

are the elements of the scattering matrix given inBefj. This mathematical framework
is built around the assumption that the fiber is ibdily long (length to diameter ratio is
very high). The energy of scattered wave at large mistérom the fiber, when the

electric wave is parallel to the cylinder axis is gil®y/ the expression

o0

EIs :_Z En[anNn+ianIMn]

(B-6)
The expansion coefficiends, and b, can be expressed in terms of Henkel and Bessel

functions as follows.

The individual terms in the above equation are gagn

B, = &[ mPE3; ()3, (&) -3, (7) 31(€)] (8-9)
£2

C, = ncowﬁJn(ﬁ)Jn(E)[%— j (B-10)
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=ncosgid_(7)H (& i -

D, = wnan(n)Hn(é)[ﬁz j (B-11)
V, =& 3, () H, (€) -3, () i (€)] (B-12)
W, =i&[ 73, (7)Hp(£)-£31 (7). (€)] (B-13)

where £ = xsing, ,7j=x/m? —cos ¢, andx=kd, /2.

Similarly for the case where the magnetic componepaisllel to the cylinder axis, the

scattered wave is given by the expression

IIs z En[lanIIM +b NIl n] (B'14)

N=—c0
Here M, and N, are the vector cylindrical harmonics and the corresipgnexpansion
coefficients are given as

_AV,-iC,D,

_ B-15

B WV, +|D2 ( )
CW +AD

b, = S St t A > (B-16)
WV, +iD?

where A =ié[ £3](7)3, (£)-73, (7) 31(

iy
S—
[—
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Appendix C’

Experimental Results of Houston and Korpela

case | T1(K) | T>(K) dc R Or de | error (%)
1 308.8 | 285.2] 16.41] 1094 27.35 28.49 4
2 337.3| 285.3| 37.78 285 66.28 68.86 3.7
3 365.2 | 285.6] 59.49 5275 112.24 116/66 3.6
4 392.7 | 285.7| 8336 83.3¢ 166.J2 173/56 3.¢

Table C-1: Calculated contribution from conductigg (W/m?) and radiatiorgs (W/m?) to the total fluxgr
(W/m?) compared to the experimentally measured heatcfiudV/n7’). T, andT, are the hot plate and cold
plate temperature respectively. The values arefif@rglass with a bulk density of 8.82 kg/mlaced

between two plates of emissivity 0.83 and with lagan thickness of 3.8 cm.

" The values of heat flux in this appendix are otsdifrom the paper, “Heat Transfer through Fibesgla
Insulation”, by R. L. Houston and S. A. KorpeRroceedings of the 7" International Heat Transfer
Conference, Munchen, Federal Republic of Germany, 499 (1982).
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Appendix D®

Refractive Indices of Glass at Different Temperature

wavelength| temperature n k
2.5 1159.1074 1.492 1.13E-05
3 965.9228333 1.494 1.07E-04
4 724.442125| 1.497 1.69E-04

4.95 585.407777
5.36 540.628451}
5.77 502.2129116 1.31 4.00E-02
5.9 491.1472034 1.32 4.00E-02
6.05 478.97 1.33 5.00E-02
6.2 467.3820161 1.32 4.00E-02
6.36 455.623978 1.31 4.00E-02
6.52 444.443021%5 1.28 3.00E-02
6.7 432.5027612 1.26 3.00E-02
6.89 420.5759797 1.23 3.00E-02
7.08 409.2893362 1.21 4.00E-02
7.29 397.4991084 1.17 5.00E-02
7.51 385.8546605 1.13 7.00E-02
7.75 373.9056129 1.07 1.20E-01

8 362.2210625 1 1.50E-01
8.26 350.819431 0.79 3.00E-01
8.55 338.9202924 0.78 5.80E-01
8.85 327.4314689 0.92 8.50E-01
9.18 315.6610566 1.05 1.08E-02
9.53 304.0680488 1.6 1.24E-02
9.92 292.1137601 1.85 9.50E-01
10.33 280.5196999 2.01 8.50E-01

1.5 1.60E-03
1.4 2.00E-02

=10 TOUIT 0

ST O TV =TIV [ N[V TUT

O T WO TO) T O 4=

Table D-1: Refractive indices of glass at different tempeamsu

8 The values of refractive indices in this Appendise obtained from the paper, “Thermal Radiative
Properties of Glass from 0.32 to 206pum”, by C.KieHsand K.C. SuSol. Energy 22, 37 (1979).
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Appendix E°

Refractive Indices of Mineral Wool at Different Temperasure

wavelength) temperature n k
3 965.9228333 - -
3.5 827.9338571 - -
4 724.442125 - -
4.5 643.9485556 - -
5 579.5537 1.53 | 1.45E-02
6 482.9614167 | 1.526 | 2.32E-02
6.5 445.8105385 | 1.491 | 2.98E-02
6.8 426.1424265 | 1.458 | 3.29E-02
7 413.9669286 | 1.436 | 4.09E-02
7.2 402.4678472 | 1.411 | 4.74E-02
7.4 391.5903378 | 1.385 | 5.51E-02
7.6 381.2853289 | 1.348 | 6.15E-02
7.8 371.5087821 | 1.303 | 7.86E-02
8 362.2210625 | 1.26 | 9.98E-02
8.2 353.3864024 | 1.202 | 1.26E-01
8.4 344.9724405 | 1.137 | 1.70E-01
8.6 336.9498256 | 1.082 | 2.48E-01
8.8 329.291875 | 1.032 | 3.55E-01
9 321.9742778 | 1.001 | 4.93E-01
9.2 314.974837 | 1.009 | 6.53E-01
9.4 308.2732447 1.07 | 8.15E-01
9.6 301.8508854 | 1.178 | 9.47E-01
9.8 295.6906633 | 1.307 | 1.04E+00
10 289.77685 1.436 | 1.09E+00

Table E-1: Refractive indices of mineral wool at differentrigeratures (trial 1)

® The values of refractive indices in this Appendie obtained from the paper, “Ribbing, Infrared i€t
Constants of Mineral Wool Raw Materials”, by G. hgdhal, J. Fellman and C. G. RibbidgNon-Cryst.

Solids 136, 137 (1991).
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wavelength| temperature n k

3 965.9228 - -

3.5 827.9339 1.558 9.42E-(
4 724.4421 1.549| 9.60E-Q
4.5 643.9486 1.536] 1.08E-(
5 579.5537 1.519| 1.20E-(
6 482.9614 1.468| 2.03E-(
6.5 445.8105 1.437, 2.81E-(
6.8 426.1424 1.407| 3.00E-(
7 413.9669 1.388| 3.86E-Q
7.2 402.4678 1.364| 4.59E-(
7.4 391.5903 1.343 5.44E-(
7.6 381.2853 1.311] 6.02E-(
7.8 371.5088 1.27| 7.67E-C
8 362.2211 1.232| 9.82E-Q
8.2 353.3864 1.183 1.23E-(
8.4 344.9724 1.125 1.65E-(
8.6 336.9498 1.075 2.36E-(
8.8 329.2919 1.03| 3.36E-C
9 321.9743 1.004| 4.70E-(
9.2 314.9748 1.019 6.24E-(
9.4 308.2732 1.089 7.78E-(
9.6 301.8509 1.211 8.97E-(
9.8 295.6907 1.352] 9.66E-(
10 289.7769 1.489 9.94E-C
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Table E-2: Refractive indices of mineral wool at differentrijgeratures (trial 2)
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wavelength| temperature  n k

3 965.9228 - -

3.5 827.9339 1.567] 7.89E-0
4 724.4421 1.56| 8.44E-0
4.5 643.9486 1.547] 8.94E-0
5 579.5537 1.532| 1.01E-0
6 482.9614 1.483| 1.69E-0
6.5 445.8105 1.453 2.34E-0
6.8 426.1424 1424 2.45E-0
7 413.9669 1.406| 3.24E-0
7.2 402.4678 1.383 3.93E-0
7.4 391.5903 1.362] 4.73E-0
7.6 381.2853 1.331] 5.31E-0
7.8 371.5088 1.291] 6.97E-0
8 362.2211 1.255| 9.03E-0
8.2 353.3864 1.208 1.15E-0
8.4 344.9724 1.151] 1.55E-0
8.6 336.9498 1.104f 2.22E-0
8.8 329.2919 1.062] 3.17E-0
9 321.9743 1.036| 4.44E-0
9.2 314.9748 1.049 5.95E-0
9.4 308.2732 1.117 7.48E-0
9.6 301.8509 1.235 8.65E-0
9.8 295.6907 1.374 9.36E-0
10 289.7769 1.512] 9.64E-0
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Table E-3: Refractive indices of mineral wool at differentrijgeratures (trial 3)
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wavelength| temperature  n k
3 965.9228 - -
3.5 827.9339 - -
4 724.4421 1.568| 1.61E-0R
4.5 643.9486 1553 1.83E-02
5 579.5537 1.534| 2.05E-0p
6 482.9614 1.481| 2.78E-0p
6.5 445.8105 1.443  3.31E-02
6.8 426.1424 1.414, 3.85E-02
7 413.9669 1.392| 4.30E-0p
7.2 402.4678 1.368 4.81E-02
7.4 391.5903 1.339) 5.44E-02
7.6 381.2853 1.304/ 6.26E-02
7.8 371.5088 1.263  7.44E-02
8 362.2211 1.219| 8.67E-0R
8.2 353.3864 1.156/ 1.03E-01
8.4 344.9724 1.073  1.35E-01
8.6 336.9498 | 0.997] 2.12E-01
8.8 329.2919| 0.915 3.30E-01
9 321.9743 | 0.853| 4.96E-01
9.2 314.9748 | 0.846) 6.88E-01
9.4 308.2732| 0.902 8.87E-01
9.6 301.8509 1.024 1.063
9.8 295.6907 1.193 1.191
10 289.7769 1.377 1.263
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Table E-4: Refractive indices of mineral wool at differentrijgeratures (trial 4)
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wavelength| temperature  n k

3 965.9228 1.477| 8.06E-0B
3.5 827.9339 1.465 1.02E-02
4 724.4421 1.45 1.30E-02
4.5 643.9486 1.432] 1.59E-02
5 579.5537 1.409| 1.86E-0p
6 482.9614 1.342| 2.62E-0p
6.5 445.8105 1.289 3.51E-02
6.8 426.1424 1.249 4.43E-02
7 413.9669 1.219| 5.21E-0p
7.2 402.4678 1.183 6.19E-02
7.4 391.5903 1.165 8.27E-02
7.6 381.2853 1.098 9.06E-02
7.8 371.5088 1.044] 1.06E-01
8 362.2211 | 0.959| 1.29E-01
8.2 353.3864 | 0.849 2.21E-01
8.4 344.9724 | 0.746| 3.74E-01
8.6 336.9498 | 0.704 5.66E-01
8.8 329.2919| 0.729 7.63E-01
9 321.9743 | 0.799| 9.33E-01
9.2 314.9748 0.88 1.105

9.4 308.2732 1.018 1.297

9.6 301.8509 1.248 1.45

9.8 295.6907 1.533 1.497

10 289.7769 1.787 1.44
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Table E-5: Refractive indices of mineral wool at differentmjgeratures (average values of refractive

indices given in Tables E-1—4). These values were used for the computatio@hapter 5.
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