
ABSTRACT 

 

VALLABH, RAHUL: Thermal Barrier Properties of Flame Resistant Nonwovens (Under 

the direction of Dr. Pam Banks-Lee). 

 

Heat flux through nonwovens takes place by conduction through air and fibers, infrared 

radiation and also by convection. Radiation heat transfer is found to be the dominant 

mode of heat transfer at temperatures higher than 400-500K [18]. Convection heat 

transfer is negligible in nonwovens due to the small size of the pores and tortuous nature 

of air channels. Therefore, for optically thick nonwoven material, effective thermal 

conductivity is given by the sum of its conduction and radiation components. In this 

research two methods were identified to determine radiative thermal conductivity.  

 

In the first method, effective (total) thermal conductivity of needlepunched samples made 

from Nomex fibers was determined by using a Guarded Hot Plate instrument, while the 

conduction component was calculated by employing equations developed by Stark and 

Fricke [15]. The radiative thermal conductivity (radiation component of effective thermal 

conductivity) was then determined by subtracting the conduction component from the 

effective thermal conductivity.  

 

In the second method radiation component of effective thermal conductivity was 

calculated using the extinction coefficient of samples. The extinction coefficient was 



determined by using direct transmission measurements made using a Fourier Transform 

InfraRed (FTIR) spectrometer.  

Results showed that while radiation was the dominant mode of heat transfer at 

temperatures higher than 530 K, the conduction component of effective thermal 

conductivity did not change much in the range of densities tested. Empirical models were 

developed for predicting the temperature difference across thickness of the fabric and the 

radiative thermal conductivity with R-square values of 0.94 and 0.88 respectively. Fabric 

density, fabric thickness, fiber fineness, fiber length, mean pore size and applied 

temperature were found to have significant effect on the effective thermal conductivity 

and its radiation component of needlepunched nonwoven samples. 

A high correlation between the results of Method 1 (Guarded Hot Plate) and Method 2 

(FTIR) was not seen. However, the absorbance measurements made using the FTIR 

spectrometer were found to have significant effect on the radiative thermal conductivity. 
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1. INTRODUCTION 

 

Thermal insulators may be defined as those materials or combination of materials, with 

air or evacuated spaces, which will retard the transfer of heat with reasonable 

effectiveness. Heat flux passing through a participating medium may generally be 

represented by several mechanisms: free and forced convection, conduction and 

radiation. Insulators can be generally classified into two types: one where solid is the 

continuous medium with the void space being dispersed bubbles, and another consisting 

of a matrix of solid fibers held together by a suitable bonding agent.  

 

Fibrous materials are commonly used as thermal insulation in many engineering systems 

due to their effect in reducing the radiation heat transfer. Under normal atmospheric 

condition fibers in the medium suppress convection, therefore radiations and conduction 

heat transfer are both important even at the moderate temperatures of about 300 – 400 K 

[24]. Radiation heat transfer is found to be the dominant mode of heat transfer at 

temperatures higher than 400-500K [18]. Needlepunched nonwovens, due to their bulk 

internal voids, are generally good insulators and are widely used for insulation purposes. 

Two distinctly different classes of solution to heat transfer problem have been attempted. 

In the first class of solutions, researchers developed an effective thermal conductivity 

model based on the superposition of gas, solid and apparent radiative thermal 

conductivities, based on the optically thick assumption, and compared with measured 

effective thermal conductivities of samples. In the second class of solutions, researchers 
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calculated approximate analytical or numerical solutions for heat transfer through 

insulation materials.  

High temperature stability of fabrics is usually associated with flame resistance, a 

property that may also be achieved with conventional fabrics by using appropriate 

finishing treatments.  Through the development of synthetic materials, a whole range of 

heat resistant products have been produced. These products are based on the development 

of polymers exhibiting good thermal properties. Nomex fibers, which are inherently 

flame resistant, are used in this research where heat transfer though needlepunched 

nonwovens has been studied at temperatures higher than 530 K. 

The effects of fiber and fabric properties on heat transfer through the nonwovens are 

investigated in this study. This research focuses on developing empirical models, which 

will allow predicting the radiative heat transfer using fiber and fabric properties. A semi-

empirical method to determine the radiative heat transfer is also investigated in this 

research.  

 



 3

2. LITERATURE REVIEW  

 

2.1 General Heat Transfer Theory 

 

When energy is transferred from one body to another by virtue of a temperature 

difference existing between them, it is said that heat is transferred. The existence of a 

temperature difference is a distinctive feature of thermal energy, which governs the rate 

of heat transfer. There are many processes where transmission of heat either within a 

body or between a body and its surroundings is desirable, and they are all subject to the 

laws of thermodynamics. Since the transfer of heat is in reality a transfer of energy, it 

necessarily follows the law of conservation of energy, i.e. that the heat emitted by a high 

temperature region is exactly equally to the heat absorbed by the low-temperature region. 

In the simplest of terms, the discipline of heat transfer is concerned with only two things: 

temperature, and the flow of heat. Temperature represents the amount of thermal energy 

available, whereas heat flow represents the movement of thermal energy from place to 

place.   

 

2.2 Modes of Heat Transfer 

In the study of heat transfer, it is customary to consider three distinct modes of heat 

transfer:  conduction, convection, and radiation.  In most problems of engineering 

importance it is rare for one mode of heat transfer to exist by itself.  The analysis of a 

heat transfer problem often requires dealing with two or three modes of heat transfer 
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simultaneously.  Below a brief qualitative description of these three distinct modes of 

heat transfer is presented [1]. 

 

2.2.1 Conduction 

Thermal conduction is the mode of heat transfer in which energy exchange takes place 

from the higher temperature to that of the lower temperature by kinetic motion or direct 

impact of molecules.  Higher temperatures are associated with higher molecular energies 

and when molecules with higher energy collide with lower energy molecules the transfer 

of energy takes place. The simplest conduction heat transfer can be describes as “one 

dimensional heat flow” depicted in Figure 1.  The empirical law of heat conduction is 

named after Joseph Fourier [1-3] who used it in his analytical theory of heat.  This law 

states that the rate of heat flow by conduction in a given direction is given as 

dx
dTk

A
Qq x

x −==                 (1) 

where, qx: heat flux in the positive x direction, W/m2 

           Qx: rate of heat flow through area A in positive x direction, W 

            A: area, m2 

k: thermal conductivity (the quantity of heat transmitted per unit time per 

unit area per unit temperature gradient), W/m°K 

          
dx
dT : temperature gradient in x direction, °K/m. 
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Figure1. Heat Conduction through a slab [4]. 

2.2.2 Convection 

 
When fluid flows over a solid body or inside a channel and temperatures of the fluid and 

the solid surfaces are different, heat transfer between the fluid and the solid surface takes 

place as a consequence of the motion of fluid relative to the surface.  This mechanism of 

heat transfer is called convection. Convection heat transfer can be classified according to 

the nature of fluid flow such as a fan shown in Figure 2a. In natural (or free) convection 

as shown in Figure 2b, flow is induced by buoyancy forces, which arise from density 

differences caused by temperature variation in the fluid. 
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Figure 2. Convection regimes for flow near a hot sphere: (a) Forced convection, 

strong streaming motion. (b) Free convection due to buoyancy alone [4]. 

 

When heat transfer occurs between a solid surface and its adjacent fluid, as seen in Figure 

3, the rate of heat flow is conveniently described by equation 2. 

 

Figure 3.  Heat transfer by convection from a hot wall to a cold fluid [2]. 

 

Hot

Hot

(b) No fan

(a) Big fan



 7

)TT(hT*hq fw −=∆=                (2) 

where  q: heat flux from the hot wall to the cold fluid, W/m2 

∆T: temperature difference between the surface of wall and fluid mass, °K 

 h: heat transfer coefficient, W/m2°K 

          Tw: temperature of the wall, °K 

           Tf: temperature of the fluid, °K. 

 

Equation 2, generally known as Newton’s law of cooling, finds its application in all 

forms of convective heat transfer [2].  

2.2.3 Radiation 

The radiation mode of heat transfer involves the transfer of heat by electromagnetic 

radiations that arise due to the temperature of the body. Most energy of this type is in the 

infrared region of the electromagnetic spectrum although some of it is in the visible 

region [5, 6]. The term thermal radiation is frequently used to distinguish this form of 

electromagnetic radiation from other forms such as radio waves, x-rays, or gamma rays. 

Unlike conduction which requires a medium, radiation is an electromagnetic 

phenomenon and travels easily through a vacuum at the speed of light.  Most gases 

transmit nearly all-incident radiation, but liquids, even clean water, rapidly attenuate 

radiation.  When a large proportion of the incident radiation is attenuated within a very 

short distance from the surface, radiation is said to be either absorbed or emitted by the 

surface [5, 6]. 

The net rate of heat flux from an opaque surface equals the total energy emitted and 

reflected minus the total energy absorbed from the surroundings. A perfect or black body 
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surface emits at a maximum rate and, correspondingly, absorbs all incident radiation. 

Experiments by J. Stefan in 1879 and theory by L. Boltzmann in 1884 showed that a 

black surface emits radiant energy at a rate that is proportional to the fourth power of the 

absolute temperature of the surface.  If a black surface has area A and temperature T, its 

radiant emission is given by Equation 3 [2, 4, 5]. 

4
b ATE σ= , W or Btu/hr               (3) 

where σ, the Stefan Boltzmann constant, is 

σ = 5.67 x 10-8 W/m2K4 = 1.712 x 10-9 Btu/hr ft2 K4. 

The radiation flux emitted by a real body at an absolute temperature T is always less than 

that of the black body emissive power Eb and is given by Equation 4. 

4
b TEq εσ=ε=                 (4) 

In the Equation 4, the emissivity, ε, is between zero and 1 [5].  For all real bodies the 
emissivity is always less than 1.  If a radiation flux, q

inc
, is incident on a black body, it is 

completely absorbed by the black body.  However, if the radiation flux, q
inc

, is incident 

on a real body, then the energy absorbed, q
abs

, by the body is given by 

incabs qq α=                  (5) 

 

where absorptivity, α, is between zero and 1[5, 6]. The absorptivity of a body is generally 

different from its emissivity, ε. However, in many practical applications, α is assumed to 

be equal to ε to simplify the analysis [6]. 
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2.2.3.1 Radiation Exchange 

 
When two bodies at different temperature “see” each other, heat is exchanged between 

them by radiation [2].  Figure 4 shows a small, hot, opaque plate of surface area A1, 

emissivity, ε1, maintained at an absolute temperature T1 and exposed to a large 

surrounding A2, at an absolute temperature T2. Here A2 >>A1. 

 

Figure 4.  Radiation exchange between a surface A1 and its surroundings [2]. 

 

The space between them contains air transparent to thermal radiation. The radiation 

energy emitted by surface A1 is given by 

4
b ATE σ= .                 (6)  

In a real body 

4
b TEq εσ=ε= , or                (7) 

4
1111 TAq σε=  .                (8) 
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Then radiation flux emitted by the surrounding area is αT2

4, which is also the radiation 

flux on the surface A1.  Hence, the radiation energy absorbed by the surface A1 is 

4
2112 TAq σα= .                (9) 

The net radiation heat loss at surface A1 is  

4
211

4
111 TATAQ σα−σε= .             (10) 

For ε1=α1, Equation 10 simplifies to 

)TT(AQ 4
2

4
111 −σε=               (11) 

 
which provides the expression for calculating the radiation heat exchange between a 

small surface element A1 and its surrounding at T2 .  A positive value of Q implies heat 

loss from surface A1, and the negative value implies heat gain.  

In Figure 5 shown below, the physical situation implies that part of the radiation leaves 

surface A1 and reaches surface A2, while the remaining radiation is lost  

Figure 5.  Radiation exchange between surfaces A1 and A2 [2]. 
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to the surroundings.  Similar considerations apply for radiation leaving surface A2.   

The analysis of radiation heat exchange between two surfaces for such a case should 

include the effect of the orientation of the surfaces, the contribution of radiation from the 

surroundings and the reflection of radiation at the surfaces.  It is assumed that the 

radiation flux from the surrounding is negligible compared to those from surfaces A1 and 

A2. Thus the net radiation heat transfer Q, at surface A1, can be expressed in the form of 

Equation 12. 

)TT(AFQ 4
2

4
111 −σ=               (12) 

where F1 is a factor that includes the effect of the surfaces and the orientation of their 

emissivities. 

2.2.3.2 Radiation Heat Transfer Coefficient 

To simplify the heat transfer calculations, it may be possible, under very restrictive 

conditions to define a radiation heat transfer coefficient, hr, analogous to the convection 

heat transfer coefficient, as 

)TT(hq 21r1 −= .              (13) 

From equation 11, 

)TT(AQ 4
2

4
111 −σε= . 

If 121 TTT <<− , equation 11 can be linearized as 

)TT(T4AQ 21
3

111 −σε≅  

)TT(T4
A
Qq 211

3
1

1
1 −σε==              (14) 
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A comparison of equations (13) and (14) reveals that for the specific case given by 

equation (11), radiation heat transfer coefficient hr can be defined as 

σε= 1
3

1r T4h .               (15)  

 

2.2.3.3 Absorptivity, Reflectivity, and Transmissivity 

 Figure 6 shows the general case of a surface receiving radiation from the 

surroundings, usually called irradiation.  The received radiant energy flux can be denoted 

by G if it is total, by Gλ if it is at a specific wavelength, and by Gλ,θ,Φ if it is at a specific 

wavelength and in a specific direction [4].   

 

Figure 6.  Schematic of a Surface Receiving Irradiation and Splitting it into Absorbed, 

Reflected, and Transmitted Portions [4] 

 

Semi-transparent 
Material 

Irradiation from the 
environment, G (W/m2) 

Reflected energy 
ρG 

Absorbed energy
αG 

Transmitted energy
τG 



 13

When radiation energy impinges on a surface, a portion of it is absorbed, a portion is 

reflected, and a portion is transmitted. If the transmitted energy is negligible, the surface 

is said to be opaque to irradiation. If a measurable amount of energy is transmitted the 

surface is called semi-transparent.  Most surfaces are opaque. In opaque surfaces, 

incident radiation is absorbed within a thin surface layer perhaps one or two microns 

thick [37].  

 

Whenever radiant energy is incident upon any surface, part may be absorbed, part may be 

reflected, and part may be transmitted through the receiving body. 

Since, there is no other path of energy, the total irradiation is equal to the sum of the three 

dimensionless coefficients. Also, the ratio, must sum to unity at all levels, i.e.  

1=τ+ρ+α                (16)  

where 

α = fraction of incident radiation absorbed = absorptivity  

ρ = fraction of incident radiation reflected = reflectivity  

τ = fraction of incident radiation transmitted = transmissivity 

 

2.2.3.4 Diffuse and Specular Emittance and Reflection 

Energy emitted by a surface, together with the portion of an incoming ray of energy that 

is reflected from another non-black may leave the body diffusely or specularly. Figure 7 

shows how radiation might be reflected in these various ways. A mirror reflects visible 

radiation in an almost perfectly specular fashion. When reflection or emission is diffuse, 

there is no preferred direction for outgoing rays. 
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Figure7. Specular and Diffuse reflection [6] 

 

Whether the surface is microscopically rough or smooth has a tremendous impact upon 

the subsequent reflection of a beam of light. Mirrors are typically smooth surfaces, even 

at the microscopic levels. As such, they offer each individual ray of light the same 

orientation. However, most objects, which reflect light, are not smooth at the microscopic 

level. Each ray therefore strikes a surface with a different orientation. The character of 

emittance or reflection of a surface is also influenced by the wavelength of the radiation 

[6]. 
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2.3 Modes of Heat Transfer in Nonwovens 

One of the major applications of nonwoven fiber systems is their use as thermal 

insulation materials.  Heat flux passing through a participating medium may in general be 

represented by several mechanisms: free and force convection, conduction through solid 

fibers, conduction through air in the inter-fiber spaces, and radiation [7].  Therefore, the 

heat transfer equation can be written as 

 

q
t  

=  q
f   

+ q
g  

+ q
fr 

+
 
q
fo

+ q
r             

(17)        
 

 

where       
q
t   

=  time rate of total heat flux, 

          q
f  

= time rate of  total conductive heat flux, 

          q
g  

=  time rate of  total gaseous heat flux, 

           q
fr 

=  time rate of  total free or natural convective heat flux,
 

          
q
fo 

=  time rate of  total forced convective heat flux, and 

          q
r   

=  time rate of  total radiative heat flux. 

Most of the research in this area has concentrated on the relative contribution of these 

processes. 

 

2.3.1 Conduction 

Conduction through fibrous material must occur by a tortuous path through points of 

fiber-to-fiber contact.  Experiments of Hager and Steer [8] showed that fiber conduction 
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accounts for only 0.3% of the total heat transfer.  Strong, et al [9], studying glass fiber 

systems, found that solid conduction could account for 6-7% of the total.  However they 

obtained these results with highly compressed samples (solidities 10-19%). Therefore a 

large degree of fiber-fiber contact might be expected. Stuart and Holcomb [10] published 

data for polyester and polypropylene nonwovens showing an increased role in fiber 

conduction at high solidities. 

Farnworth [11] uses the following equation to predict heat transfer by conduction in 

batting material. 

fa fkkfk +−= )1(               (18) 

where k is combined conductivities of air and fiber 

          ka is conductivity of air 

          kf is conductivity of fiber, and 

          f is volume fraction of fibers. 

This model assumes unidirectional heat flow and does not take into account the 

orientation of fibers. 

Studies by Kelly [13] and Kawabata [12] showed that the anisotropy of the component 

fibers must be considered when modeling the thermal conductivity of a fabric. Kawabata 

[12] reported that thermal conductivities along fiber axis are in the range of 1~8 W/m°K, 

and that transverse to the fiber axis conductivities are in the range 0.1~0.6 W/m°K. 

Thermal conductivity of single fiber along its axes is about ten times as great as heat 

conductivity in a direction transverse to the fiber axis. Thermal anisotropy and its 

implications on the effects of fiber orientation within the web become especially 

interesting when considering hollow fibers. 
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The model proposed by Woo, et al, [14] to account for air and fiber thermal conduction 

through nonwovens includes both fiber anisotropic and fabric orthotropic effects and 

assumes net heat flow perpendicular to the fabric plane. The effects of fiber anisotropy 

however, are weak compared to the influence of fiber polar orientation [14]. The 

analytical formulation of the model is as follows: 
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where koz is the thermal conductivity through the fabric, ka is the thermal conductivity of 

air, k1 and k11 are the thermal conductivities of fibers along and across their axes 

respectively, Xf is the fiber volume fraction, α is the anisotropy factor, cos2Φ is the polar 

orientation parameter, L is the fabric thickness, and d is the fiber diameter.  

 

Fricke and Stark [15] showed that in non-evacuated fibrous insulations the combined 

solid and gaseous thermal conductivity ksg is underestimated if the thermal conductivity 

of the gas kg and thermal conductivity of the solid fibers ks are superimposed linearly. It 

was reported that ksg> ks + kg for densities ρ higher than 5 kg m-3. 
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Fricke and Stark [15] developed a basic model where ksg can be calculated for specimens 

with any fiber orientation by use of a parameter Z, which represents the fraction of all 

fibers oriented perpendicularly to the macroscopic heat flow. As in Bhattacharya’s [16] 

model, the following were assumed: 

(i) The fibrous insulation can be approximated as a homogeneous medium of 

thermal conductivity ksg. 

(ii) Interactions between fibers influencing ksg can be averaged over a unit       

volume, a cell. 

(iii) Any individual fiber is assumed to be a spheroid whose major axis is very 

large compared with the minor axis. 

The basic model for thermal conductivity ksg
BM is given by: 
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where  ksg
BM is the basic model for thermal conductivity due to gas and solid (conduction 

component of effective (total) thermal conductivity 

ks is the thermal conductivity of the solid material 

 Vr is the ratio of the volume of fiber and gas 

 Z is the part of all fibers, which are oriented perpendicular to the microscopic heat 

            flow (for randomly oriented fibers Z = 0.66), and 

Cr is the ratio of thermal conductivity of gas to thermal conductivity of solid 

material. 
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An improved model by Fricke and Stark [15] also takes into account the thermal 

resistance of the contacts between the fibers. The model uses cell configurations, in 

which the contact resistance between two neighboring fibers can be modeled by statistical 

considerations. The thermal conductivity of the solid phase, the gas and the coupling 

effects is calculated using the thermal resistances as shown in Figure 8. 

 

 

 

 

 

 

 

Figure 8.  Circuit diagram of the thermal resistances (R) of basic model (BM), contact 

    (ct) and gas (g). 

 

In the Figure 8, RBM is the resistance due to the basic model for calculating ksg, Rct is the 

resistance due to fiber-to-fiber contact and Rg is the resistance due to gas. Using the 

series-parallel arrangement Fricke [15] developed an improved modified model. In the 

improved model to calculate the conduction component of effective (total) thermal 

conductivity, ksg
MMC  is given by equation 21. 
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where m is the height of the fiber-gas cell in units of fiber diameter 

            o+1 is the area of a fiber-gas cell in units of the contact area ( Act) 

     r is the radius of a fiber 

 act is the fiber-to-fiber contact radius  

 A is a connection parameter. 

   

2.3.2 Convection 

Hager and Steere [8], using polyvinylidene chloride fiber systems, and Farnworth [11], 

using polyester and polypropylene systems, reported results demonstrating that the fiber 

array eliminates free convection. Woo et al., conducted studies on melt blown and 

needle-punched nonwovens for apparel thermal insulation and found no evidence to 

indicate convective heat transfer even in low density nonwoven fabrics. Woo et al., 

conducted an experiment where they measured heat flow rates, first with the heat sink 

configured for the heat to flow in an upward direction, and then configured to flow 

downwards. The results were not found to be significantly different. These results 

suggested that convection is possible in fibrous insulations only when the solid fiber 

fraction is exceedingly small, typically less than 1% by volume. Otherwise, air cells 

formed within the web structure are too small to support natural convection or air 

turbulence. Sufficient fabric thickness (with sufficient large voids) is required to induce 

free convection currents [19]. Farnworth [11] also conducted similar test using low 

density samples with fiber volume fractions of 0.2% and 0.4% and found that the 

convection mode of heat transfer was non existent even though the conditions of his 
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experiment favored convection in that the batting density was low and uneven, and the 

temperature difference across the thickness was large.  

 

2.3.3 Radiation  

There exist little similarity between radiant heat transfer and the other modes of heat 

transfer; that is, conduction and convection.  In a physical sense there are significant 

differences because radiation is transported by electromagnetic waves while conduction 

and convection involve contact between micro and macroscopic particles of matter. 

Radiation transfer through porous insulation occurs by direct transmission through the 

"holes", by scattering and by absorption and re-radiation.  Scattering occurs when 

electromagnetic waves encounter a discontinuity in refractive index.  For fibrous 

materials this occurs at the surface of the fibers [17]. In a bed of fibers, a part of the heat 

transferred by radiation is either absorbed or scattered by intervening fibers. As a 

consequence, radiation emitted from one point will be diminished when it reaches a 

second point by an amount greater than expected by simple expanding spherical surface 

effects. The radiation absorbed is then reradiated from a surface of different temperature 

[10]. 

The thermal effectiveness of low-to-moderate bulk density fiber insulations arises from 

the ability of the fibers to strongly suppress radiative energy transported by scattering and 

absorption. A model proposed by strong. et al., predicts that the rate of radiative heat 

transfer through a bed of fibers is directly proportional to fiber diameter and inversely 

proportional to the volume fraction of the fibers in the fiber assembly [9]. Martin and 

Lamb summarized that the following factors influenced the radiation component of heat 
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transfer [7]: (a) the temperature of the fibers – radiative heat transfer varies directly with 

the fourth power of absolute temperature, (b) fiber size – radiation is suppressed by fibers 

with smaller diameter, (c) fiber volume fraction - there is less heat transfer by radiation 

though dense fiber assemblies and (d) emissivity of fibers and bounding surfaces – 

presence of reflective surfaces reduces radiative heat transfer. In a non-evacuated 

insulation the thermal conductivity of air represents a lower limit on the heat transferred 

through nonwovens, and the only way the insulating property of nonwovens can be 

enhanced without removing the air is by decreasing the radiation component. 

Although at moderate temperatures the ratio of radiant-to-total heat transfer is strongly 

dependent upon the insulation morphology and operating environment, such as in 

vacuum or a gas, radiation is typically the major mode of heat transfer in high-porosity 

insulations at temperatures in excess of 400-500 K [18]. 

Lee and Cunnington [19] modeled the radiative thermal conductivity of an optically thick 

medium by a diffusion approximation in which the spectral extinction properties are 

calculated by a rigorous treatment of the fiber medium scattering phase function and the 

composition of the fiber material. Lee and Cunnington [19] modified the classic diffusion 

model, commonly used for optically thick, non-scattering media, to account for the effect 

of scattering by fibers and absorption by the matrix medium (air). 

The effective total thermal conductivity can be defined based on the total heat flux and 

the temperature gradient across the specimen as: 

TqLkeff ∆= /                (22) 

Where q is the total heat flux,  

 L is the thickness of the specimen, and 
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          ∆T is the temperature gradient. 

According to Lee and Cunnington [19], in the limit of large optical thickness, equation 22 

reduces to  

creff kkk +=                (23) 

indicating that heat transfer by radiation and conduction are additive for optically thick 

fibrous insulation. 

The total heat transfer through a fiber medium without convection includes radiation and 

conduction from both gas and solid phases. By using the diffusion approximation and the 

radiative conductivity, the energy equation for heat transfer by combined radiation and 

conduction may be written as 
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+ .             (24) 

 

The total heat transfer through a fiber matrix of thickness L between two boundaries with 

emittance ε1 and ε2 and  temperatures T1 and T2 was derived by Lee and Cunnington [18] 

as  
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L00 Γ=τ  is the optical depth and Г0 is the total extinction coefficient that includes 

contributions from the fibers and the matrix medium (air). The equation for total 

extinction coefficient can be found in Lee and Cunnington’s [19] work. 

 

To calculate the radiative thermal conductivity kr, Stark and Fricke [15] performed IR-

optical measurements with a commercial FTIR-spectrometer in the wavelength region of 

2.5 – 4.5 µm. The effective spectral mass-specific extinction coefficient as a function of 

wavelength, e*(Λ) can be derived from the reflection and transmission measurements 

using an integrating sphere. The effective specific extinction coefficient e*(T), as a 

function of temperature can be calculated using the Rosseland distribution function 

fR(Λ,T) [15] using the following equations: 
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where  

cL is the velocity of light in vacuum 

 h is the Planck’s constant 

kB is the Boltzmann’s constant 

 Λ is the wavelength 

 T is the temperature. 
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Stark and Fricke [15] used the effective specific extinction coefficient e*(T) to calculate 

the radiative thermal conductivity using the following equation: 
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=              (29) 

where 

Tr  is the mean radiative temperature  

 ε is the emissivity of the plates 

 σ is the Stefan-Boltzmann constant 

 n is the refractive index of the specimen 

 L is the thickness of the specimen 

 m is the mass per unit area of the specimen. 

 

Mohammadi et al [34] determined the thermal conductivity of multi-layered nonwoven 

insulation having glass and ceramic layers at temperature ranging from 430 to 480 °C. 

Thermal conductivity due to the conduction mechanism was determined using Fricke’s 

equation (equation 19 mentioned earlier in section 2.3.1). Mohammadi et al [34], also 

determined the overall effective thermal conductivity using Guarded Hot Plate 

instrument. The results of Fricke’s equation and over all effective thermal conductivity 

were used to estimate the radiative thermal conductivity. In their study, Mohammadi et al 

[34] found that at high temperatures, thermal radiation dominates heat transfer in the 

samples. 
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In order to determine conduction component of effective thermal conductivity for multi-

layered nonwovens Mohammadi et al, considered an analogous circuit model in series as 

shown in Figure 9. 

 

 

 

 

 

 

 

Figure 9.  Schematic diagram of Circuit Model for Multilayer Nonwoven. 

 

The thermal conductivity of multilayered nonwoven was determined by using equation 

30. 
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where, RT is the total thermal resistance of the sample, while Ri, is the resistance of the 

individual layers. The resistance is defined by d/k, where d is the thickness of the sample 

and k is the thermal conductivity. In their study, Mohammadi et al [34] found that at high 

temperatures, thermal radiation dominated heat transfer in the samples 
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2.4 Methods for Determining Effective Thermal Conductivity 

 
The effective thermal conductivity for nonwovens is defined as the heat flux per unit area 

resulting from a unit temperature difference imposed across a unit thickness of material. 

Methods for determining effective thermal conductivity of nonwovens can be broadly 

classified in two groups: Static method and Dynamic method.  

 

2.4.1 Static Method 

In the static method thermal conductivity measurements are usually made with 

instruments in which a known heat flux is directed through a known area and thickness of 

the sample. The resulting temperature difference across the thickness of the sample is 

measured at regular intervals of time until steady state conditions are reached. This 

method is accurate but very time consuming due to the time taken to reach steady state 

condition. A modification of this method [7] shown in Figure 10 uses two conductors in 

series, one a standard material with know thermal conductivity and the other sample 

whose thermal conductivity is to be determined.  

 

 

 

 

 

 

 

Figure 10. Steady State Conduction of Heat through Two Solid Slabs in Series 
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The unknown thermal conductivity can be determined easily by measuring the 

temperature difference across the two materials at the center of the samples where the 

heat flux Q can be assumed to be normal to the face of the samples. A second assumption 

is that at the center, the heat flux is the same for the test and standard samples, so that the 

thermal conductivity of the test sample is obtained from equation 31. 
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=               (31) 

 

where k1 and k2 are the thermal conductivities of the standard and the test material 

respectively. Martin and Lamb [7] used this method to determine the thermal 

conductivity of nonwovens. 

 

2.4.2 Dynamic Method 

The dynamic method measures the transient process during the heating of the sample, 

whereas the static process offers the results after the heating process is stabilized. It is 

less direct to determine thermal conductivity k in a dynamic method. In order to 

determine thermal conductivity, the thermal diffusivity α needs to be found, that can be 

derived from a temperature-time graph obtained through experimention using a dynamic 

method [36]. Once the thermal diffusivity is available, the thermal conductivity can be 

calculated using equation 32. 

 

ρα= ck                (32) 
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where k is the thermal conductivity (W/mk), c is the specific heat of the measured 

material (J/KgK), and ρ is the specific weight of the measured material (kg/m3). 

 

2.5 Factors Affecting Effective Thermal Conductivity in Nonwovens 

 

2.5.1 Fiber Type 

Wang, et al. [20] tried to reduce the radiative heat transfer in lightweight fibrous 

insulations by constructing insulations from hollow fibers and also from fibers that were 

coated by a thin dielectric layer. They determined that hollow fibers exhibited higher 

backscattering (scattering of thermal radiations away from direction of heat flow) and 

also higher extinction efficiencies (rate of absorption of thermal radiations) than solid 

fibers. The hollow fibers were found to exhibit higher extinction coefficient, and 

insulations made from hollow fibers were more efficient in preventing radiative heat loss 

than those made from solid fibers with the same outside diameter. On the other hand 

Coating solid fibers with thin dielectric films does not appreciably enhance the radiative 

extinction characteristics, unless the coating is thick or has a high index of refraction.  

 

The absolute value of the thermal conductivity of the component fiber affects the overall 

thermal conductivity of fabrics made from it. Woo et al [14] found that needlepunched 

nonwovens made from Nomex and wet-laid nonwovens made from cotton displayed 

relatively higher thermal conductivity in comparison with nonwovens with nonwovens 

having same levels of fiber volume fraction.. Woo et al [14] concluded that this was due 

to the higher thermal conductivities of fibers. 



 30

Fineness of the component fibers is a factor influencing both conduction and radiation 

mode of heat transfer in nonwovens. Holcombe [21] suggested that the low thermal 

conductivity observed with nonwovens containing small fibers resulted from the 

increased fiber surface area available for absorption of radiations. Woo, et al. [14], 

expected the effect of fiber fineness on conductive conductivity to be small for the range 

of fiber volume fraction considered in their study [14]. Although the model (equation 19) 

developed by Woo et al [14] predicted that the diameter of component fibers did play a 

role in determining the number of layers in the unit fabric structure, Woo et al [14] found 

that the impact on effective thermal conductivity was negligible. The model proposed by 

Strong et al. [9], predicts that the rate of radiative heat transfer through a bed of fibers is 

directly proportional to fiber diameter. Woo, et al. [14], in their work showed that melt 

blown nonwovens produced with fine fibers (2.5 microns) have less radiative 

conductivity, compared with melt blows made with coarser fibers (10.3 microns). These 

findings were consistent with other studies that found fiber diameter to be a major 

geometric parameter controlling the absorption of radiative thermal energy [7, 11, 22].  

 

2.5.2 Bulk Density 

 

Nonwovens fabrics typically show first a decrease and then an increase in the effective 

(total) thermal conductivity with decreasing bulk density. Heat transfer by radiation or 

convection is generally known to be appreciable only for low bulk densities (fiber 

fraction less than 3% and 1% respectively) [14]. Above 3% fiber volume fraction, 

thermal transmittance increases with the solidity of the web structure. Woo et al [14] 
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concluded that for intermediate volume fractions (between 3 and 20%), air and solid 

conduction is the dominant transfer mode. Woo et al [14] also stated that fiber-to-fiber 

conduction is said to be significant only when fiber fraction exceeds 20% [14]. A model 

proposed by Strong et al. [9], predicts that the rate of radiative heat transfer though a bed 

of fibers is inversely proportional to the solidity (bulk density) of the fiber assembly. 

Marin and Lamb [7] observed a similar trend with a decrease in thermal conductivity 

with increase in bulk density and a complete elimination of radiation at higher solidities. 

 

2.5.3 Fiber Orientation  

 

The directionality of individual fibers in a nonwoven fabric can be described in two  

ways: fiber orientation with respect to the machine direction or transverse to the fabric 

plane (x-y plane), and fiber orientation with respect to the polar axis or axis perpendicular 

to the fabric plane (z-axis).  Bogaty, et al. [23], in 1957 found that at a given bulk density, 

fabric conductance was not very sensitive to fiber conductance when the fibers were 

arranged parallel to the fabric surface. They also summarized that conductance must 

occur through alternate layers of fiber and air [23]. As the number of normal fibers was 

increased, the fabric conductivity became somewhat more dependent on fiber 

conductivity, especially at higher bulk densities [23]. Woo, et al., in their model predicted 

that thermal conductivity will increase significantly as the polar orientation (z-axis) 

parameter increases. This is because the thermal conductivity of the fiber along the fiber 

axis contributes more to the overall thermal conductivity as the fibers align along the 

direction of heat flow. Lee [24] developed a radiation model to evaluate the effect of fiber 
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orientation on the radiative heat transfer through fibrous media between planar diffuse 

boundaries. The analysis revealed that polar orientation of the fibers strongly influenced 

both backscatter factor and radiative heat transfer. They also concluded that radiative heat 

transfer is independent of the azimuthal (x-y plane) direction of the fibers. For fibers 

oriented parallel to the boundaries, backscattering of radiation is highest which results in 

minimum radiative heat transfer. If the fibers are oriented perpendicular to the 

boundaries, there is no backscattering of radiations and radiative heat transfer is affected 

only by the absorption coefficient. This then results in the highest radiative heat transfer 

[24]. 

 

2.5.4 Air Permeability 

 

Air permeability was thought to be an essential part of any thermal insulation parameters. 

Pierce and Rees investigated this effect and found that for low-density fleece made from 

textile fibers, the thermal resistance approaches that of still air [25]. In such cases, they 

concluded that heat transfer by radiation and convection modes must be extremely small, 

with the transfer being almost entirely by conduction through air and fibers in the 

structure. On the other hand, lowering the density made the structure more porous so that 

the radiation through and convection within the sample contributed more towards total 

heat flow. Gardner, et al. [26], established direct relationship between airflow resistance 

by needlepunched nonwoven fabrics and their thermal resistance. As the airflow 

resistance increased, the resistance to heat flow by nonwovens also increased. Epps [27] 

determined that both air permeability and thermal transmittance decreased with 
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increasing number of fabric layers. Among the fabrics they studied, needlepunched 

nonwovens consistently had higher air permeability. It was also suggested that the fabric 

construction was a stronger determinant of air permeability than fiber type. They found 

that when the fabrics were layered, the values of both air permeability and thermal 

transmittance declined regardless of fiber type or fabric construction. Obendorf and 

Smith [28] from their experiments on linear low density polyethylene and polyester air 

laid structure found that fine fiber diameter structures had higher thermal resistance. This 

was due to the reduction in convective heat loss caused by a more tortuous air flow path 

and higher fiber surface area.  

 

However most of the nonwovens that were studied had very low bulk densities and the 

reason for an effect on effective (total) thermal conductivity was because of the larger air 

space present. Grewal [29, 35] investigated higher bulk densities and found that airflow 

resistance did not have a significant effect on or correlate well with effective thermal 

conductivity of the needlepunched nonwovens. Although higher airflow resistance lead to 

higher effective thermal conductivity, the trend he concluded was an interaction effect of 

airflow resistance and bulk density as a higher bulk density also leads to a higher value of 

airflow resistance. Banks-Lee et al [43] used general linear regression models to 

determine the relationship between thermal conductivity and specific air permeability of 

heterogeneous, needlepunched nonwoven samples that were made from ceramic and 

glass fiber webs. Air permeability was found to be greater than 95 percent significant in 

predicting the thermal conductivity of the nonwoven samples [43]. 
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2.5.5 Needlepunching Process 

 

Needlepunching is a process of bonding nonwoven web structures by mechanically 

interlocking the fibers within the web. Barbed needles, mounted on a vertically 

reciprocating needle board, carry fibers into the web and then withdraw, leaving the 

fibers entangled. The needles on the needle board are spaced in a non-aligned 

arrangement and are designed to grab the fibers during the downward stroke and release 

the fibers as the needle board is withdrawn. By varying the strokes per minute, rate of 

advance of the web, and the degree of penetration of the needles, a wide range of fabric 

densities can be achieved. Looms that needle on both sides simultaneously are available 

for higher production rates. The web structure used can be either carded or air-laid. 

 

Needlepunching parameters such as the needling density, needle penetration depth, etc 

influence the properties of fabric such as its bulk density, air permeability, etc. The first 

published scientific work in this area was that of Pierce and Rees in which they studied 

experimental production methods and some properties of needled fabrics [30]. Similar 

work has also been done by Tong [31]. 

 

2.5.5.1  Effect of Needling Density 

As the amount of needling increases the needled web’s basis weight produced from a 

particular carded web decreases. At the same time, there is an increase in the bulk density 

of the fabric [29]. A more highly needled fabric also shows greater coherence and 
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strength. The air permeability of the needlepunched fabric decreases with increasing 

needling density [29].  

 

2.5.5.2 Effect of the Needle Penetration Depth 

As needle penetration increases, the amount of spreading of the fabric increases and a 

decrease in the basis weight of the fabric is observed. The modulus and tenacity also 

increase and go through a maximum before decreasing. The reason suggested for the 

change in the properties is due to the greater extent of fiber entanglement as the needling 

penetration increases. At low needle penetration depth, the needle might not be able to 

penetrate through the entire thickness of the web and thus fibers at the surface away from 

the needle board may not be fully entangled. The needle penetration depth also affects the 

fibers in the Z-direction. A greater penetration pulls more fibers inside the fiber matrix, 

aligning them parallel to the direction of heat flow. Since fibers have about 10 times 

higher thermal conductivity value in their axial direction than across the axis [32], greater 

orientation in the direction of heat flow leads to higher value of apparent thermal 

conductivity. This affect is confirmed in the literature review [14, 23, 29]. 

 

 

2.5.5.3 Effect of Number of Passes 

It was found that the fabric could withstand more needling without a loss in strength 

when needling was carried out in more passes through the machine. Needling in several 

passes also led to a more regular fabric in appearance [33]. Two sided needling has a 
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similar effect on the thickness and bulk density of the batt as needling with higher 

needling density.  

 

2.5.5.4 Effect of Number of Barbs 

Mohammadi et al [34] studied the effect of number of barbs on radiation heat transfer in 

multilayer nonwovens having glass and ceramic layers and found that with an increase in 

the number of barbs, the radiation in the samples declined. This is attributed to the 

increase in both packing density and tortuosity of the samples. However, this is true only 

up to a point. As the packing density continues to increase, the structure of nonwoven 

begins to behave more and more like a solid, i.e., conduction and not radiation becomes 

the dominant mode of heat transfer. 
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2.6 Fourier Transform Infrared Spectroscopy 

 
An FT-IR Spectrometer is an instrument, which acquires broadband near infrared, NIR to 

FTIR spectra. Unlike a dispersive instrument, i.e. grating monochromator or 

spectrograph, FT-IR spectrometer collects all wavelengths simultaneously. In an FT-IR 

spectrometer, infrared spectra is obtained by first collecting an interferogram of a sample 

signal using an interferometer, and then performing a Fourier Transform (FT) on the 

interferogram [38].  

 

 

 

 

 

 

 

 

Figure11.  Schematic Diagram of a Generic Michelson Interferometer. 

 

An FT-IR is typically based on a Michelson Interferometer; an example is shown in 

Figure.8. The interferometer consists of a beam splitter, a fixed mirror (mirror 1), and a 

moving mirror (mirror 2) that translates back and forth, very precisely. The beam splitter 

is made of a special material that transmits half of the radiation striking it and reflects the 

other half. Radiation from the source strikes the beam splitter and separates into two 

beams. One beam is transmitted through the beam splitter to the fixed mirror and the 
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second is reflected off the beam splitter to the moving mirror. The fixed and moving 

mirrors reflect the radiation back to the beamsplitter which recombines the two reflected 

beams before passing through the sample and to the detector [38]. 

 

Transmittance is often obtained for conventional nonscattering materials by comparing 

the intensity of the incoming radiation directly with the intensityof the detected 

transmitted radiation. However, when the scattering and transmitting or reflecting 

materials are measured, an integrating sphere should be used. 

 

An ideal integrating sphere is a spherical cavity that has an internal surface, which is a 

perfect diffuse reflector. Any incident light is distributed uniformly over the surface of 

the sphere after the first reflection [39]. A photodetector in the side of the sphere 

measures radiant flux at the wall. Radiant flux at the wall is proportional to the total 

amount of light entering the sphere. Transmissivity of a sample in an ideal integrating 

sphere is measured as a ratio of the flux measured with a sample in the entrance port to 

the flux measured without a sample in the entrance port. Similarly, reflectivity is a ratio 

of flux with a sample to flux without a sample. The position of sample is different in case 

of measuring transmissivity and reflectivity as shown in Figure 12 .  
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 Figure 12a. Integrating Sphere set for Transmittance Measurement [40] 

 

 

 

 

 

 

 

 

Figure 12b.  Integrating Sphere set up for Reflectance Measurement [40] 

 

A real integrating sphere is never perfectly ideal. Problems with real spheres include 

coatings that are not perfectly diffuse reflectors and overfill errors. Substitution errors 

also occur in reflectance measurements because the sample is substituted for a portion of 

the sphere wall. Since a portion of the wall is changed, error occurs when equations do 

not compensate for this difference. Ojala et al. [41] used a conservation of energy 
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analysis to derive equations for spectral transmissivity and reflectivity that account for 

overfill and substitution error. 

 

Carr et al. [42] used a FTIR spectrophotometer and an integrating sphere to measure the 

absorptivity of woven and knitted fabric samples. The study involved the investigation of 

the effect of fiber type, fabric weight, moisture regain, fabric construction and fabric 

color on the spectral absorptivities (αλ), integrated average absortivities and overall 

radiant efficiencies for fabric samples irradiated by blackbody emitters. Among other 

observations it was found that as the fabric weight increased, the spectral absorptivities 

increased significantly until fabric weight reached about 100 g/m2. Carr et al. [2] also 

found that fiber type, fabric construction, and dyeing had small effects on spectral 

absorptivites. This study was primarily conducted using cotton and polyester fabrics. 

Absorptivites for polyester fabrics were slightly lower than for cotton, nylon and rayon. 

Stark and Fricke [15] performed IR-optical measurements using a commercial FTIR 

spectrometer with an integrating attachment. These measurements were used to 

determine the radiative thermal conductivity of the fibrous materials. 
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3. Methodology 

 
3.1 Materials  

In this research Nomex fibers with 2 different fiber fineness, 1.67 dtex (1.5 denier) 

and 2.22 dtex (2 denier) and two different cut lengths 5.08 cm (2 inches) and 7.62 (3 

inches) were used to make needlepunched samples.  

 

3.2 Web Preparation 

Air-laid fiber webs with random fiber orientation were prepared using a Rando 

Webber Basis weights of the webs were between 115-125 g/m2.  

 
 
3.3 Needlepunching 

The webs were bonded using a James Hunter needle-punching Machine.  A total of 

575 needles were placed on the board, which has dimensions of 33 cm * 26 cm.  The 

speed of the machine for all samples was 114 strokes per minute.  The needles used 

were supplied by Foster Needles. The needles had 3 barbs with the following 

specifications: 15 x 18 x 40 x 3 RBA.  

 

Individual webs prepared using Rando Webber were needlepunched on one side with 

a single needling pass. The needle penetration depth was set to assure that needles 

penetrate through the entire thickness of the web. Two or three such needled webs 

were layered together and needlepunched once more. 

 

3.4 Design of Experiment 

The samples were prepared using three different Nomex fibers: 1.67 dtex x 5.08 cm 

(1.5 denier x 2 inches), 2.22 dtex x 5.08 cm (2.0 denier x 2 inches), and 2.22 dtex x 
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7.62 cm (2.0 denier x 3 inches). Table 1 below describes different samples prepared 

for this research. 

 

Table 1. Sample Construction Parameters 
 

 
Sample 

Fiber Fineness 
dtex (denier) 

Fiber Length 
cm (inches) 

Number of 
Layers 

Na2 1.67 (1.5) 5.08 (2) 2 
Na3 1.67 (1.5) 5.08 (2) 3 
Nb2 2.22 (2.0) 5.08 (2) 2 

Nb3 2.22 (2.0) 5.08 (2) 3 

Nc2 2.22 (2.0) 7.62 (3) 2 

Nc3 2.22 (2.0) 7.62 (3) 3 
 
 
 
3.5 Fabric Basis Weight and Density 

Samples were prepared by cutting the needlepunched fabrics in a circular shape with a 

diameter of 20.32 cm (8 inches). Weight of each samples was determined in grams 

using an electronic weighting balance. Sample weights were then divided by fabric 

area to determine the basis weights. The basis weights were then divided by thickness  

to obtain fabric densities. 

 

3.6 Fabric Thickness 

The thickness of each nonwoven sample was measured using SDL Thickness Gauge. 

The presser foot was held tangent to the surface of the nonwoven sample in order to 

make sure no pressure was applied. The presser foot with an area of 3.488 cm2 were 

used to measure thickness at 10 different locations over the surface of 22.32 cm (8 

inches) diameter sample. The average of thickness reading at 10 different locations 

was recorded as the fabric thickness. 
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3.7 Porosity 

Porosity, P is calculated using equation 33 [37] 

                     (33) 

 

Where 

 ρ - Density of fabric sample 

ρo - fiber density (for Nomex ρo = 1.37 g/cm3 [44]). 

 

3.8 Mean Pore Size 

In order to determine the mean pore size the following equation was used [37].  

 

                                  (34) 
 

 
where, 

Φ - Fiber diameter 

V – Fractional volume occupied by fibers. 

 

Dp may be considered as an equivalent mean pore size of a fibrous insulation in the 

range 1µ to 760 mm of Hg [35] in the theory of both air conduction and radiation heat 

transfer. Fractional volume occupied by fibers, V was determined by equation 35. 

 

V = 1- P                     (35) 

 

The fiber diameter was calculated using the fiber geometry and fiber fineness values. 

0

1
ρ
ρ

−=p

V
Dp

Φ
= 785.0
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3.9 Determination of Effective Thermal Conductivity 

 
Holometrix Guarded Hot Plate instrument (model GHP-200) was used to determine 

effective thermal conductivity of samples. The model GHP-200, which conforms to 

ASTM C177 and ISO 2582 specifications, is designed to accommodate material 

samples up to 5.04 cm (2 inches) in thickness. The samples must be 22.32 cm (8 

inches) in diameter. Because of the versatility of GHP-200, this instrument can be 

used to determine thermal performance of a variety of materials over a very broad 

range of temperatures and environmental conditions. Any test temperature between –

180 and +650°C (93 - 923 K) can be reached with a test environment of air, vacuum, 

or inert gas [1].  

With the model GHP-200, two identical nonwoven samples to be tested are placed on 

either side of the main/guard heater assembly as shown in Figure 13. The main 

heater/guard assembly consists of a 10 cm diameter inner (main) heater surrounded by 

an annular 20.32 cm diameter, separately controlled, guard heater. The function of the 

guard heater is to minimize radial heat flow to or from the main heater, thereby 

forcing all the heat generated in the main heater to flow axially though the two test 

samples. The guard heater accomplishes this by maintaining the same temperature as 

the main heater through the use of a thermopile. 

Thus the only temperature difference is between the main heater and the auxiliary 

heaters. Hence heat energy flows only in the direction of the auxiliary heaters from 

the main heat and not towards the guard heater. A 16-junction thermopile with 

junctions attached alternately to the main heater and guard heater measures the 

average temperature difference between the two heaters. If the guard heater is cooler 
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than the main heater/guard assembly, the GHP-200 automatically adjusts power to the 

guard heater to increase its temperature to that of the main heater. 

 

 

Figure 13. Schematic Diagram of Guarded Hot Plate Instrument (model GHP-200) 

 

 
Auxiliary heaters are placed between the sample and the heat sink to control the 

temperature. Auxiliary heaters are often referred to as the “cold side” heaters, since 

they control the cold side surface temperature of the sample, while the “hot side” of 

the sample is the surface adjacent to the main/guard heater assembly. With model 
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GHP-200, the “hot side” of the sample is not temperature controlled. Instead, the 

electrical power input to the main heater is fixed, and the main heater temperature 

during steady-state operation, is higher than the cold side temperature of the sample. 

Each auxiliary heater contacts the heat sink on the sample side away from the 

main/guard heater as shown in Figure 13. The heat sinks are cooled by water flowing 

through them.  The test stack assembly is surrounded by loose fill vermiculite 

insulation to minimize heat loss to the surrounding from the radial surfaces of the 

heaters and samples. An outer guard heater surrounding the main/guard heater 

assembly and the auxiliary heater also minimizes the heat loss from the radial 

surfaces. 

In order to prevent the sample from being crushed due to the weight of the plates in 

the Guarded Hot Plate instrument, the samples were mounted on three high 

temperature resistant cylindrical spacers shown in Figure 14. The spacers prevent any 

pressure being applied on the sample due to the weight of the heater plates.  

 

 

 

 

 

 

 

Figure 14. Fabric sample used for Guarded Hot Plate Test 

 

3.9.1 Thermocouples 

The temperature gradient through the samples is determined with chrome/alumel 

thermocouples. Eight thermocouples are used to measure the hot and cold surface 

Spacer 

Sample 
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temperatures of the two samples. Each heater surface facing the test samples contains 

two thermocouples, one with its junction at the center and one in the surrounding 

guard area. 

 

The thermocouples give a millivolt read-out on the manual read-out unit connected to 

the Guarded Hot Plate Instrument. The millivolt reading is converted into temperature 

reading using Temperature-Electromotive Force table (ASTM E230). A layout of the 

thermocouples in the heater surface is shown in Figure 15. 

 

 

 

 
 
 
 

(a) 

 
 

 

 

 

(b) 

 

 

 
 
 
 
 
 

 
(c) 
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3
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(d) 
 
 

Figure 15.  Layout of Thermocouples in the Heaters 

 

3.9.2 Effective Thermal Conductivity 

The “hot side” and “cold side” temperatures are recorded every 1 hour until a state of 

thermal equilibrium is achieved. It typically required 10-11 hours before thermal 

equilibrium was achieved. The effective thermal conductivity was determined from 

measurements of final surface temperatures, the power input to the main heater, and 

the geometry of the test samples as shown in equation 36 

 

( ) ( ) 







∆+∆

=
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eff d/Td/T
1

S
Qk                  (36) 

where  

keff  is the effective thermal conductivity (W/mK) 

Q is the heat generated by the electrical source (W) 

S is the main heater surface area (0.00835 m2) 

d is the thickness of upper and lower samples being tested (m) 

∆T is the temperature gradient (K). 

 

2

1
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3.10 Determination of Radiation Component of Effective Thermal Conductivity 

 
Two methods were used to determine the radiation component of effective (total) 

thermal conductivity. 

 

3.10.1 Method I 

 

In the first method the radiation component was determined by subtracting the 

conduction component from the effective thermal conductivity. This method assumes 

that the convection mode of heat transfer is negligible in nonwovens due to the small 

size and tortuous nature of the pore.  

The effective thermal conductivity was determined using the guarded hot plate 

instrument described in the previous section. To determine the conduction component 

equation 20 generated by Fricke [15] was used as mentioned earlier in Section 2.3.1 

 

kc or 
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where, 

ksg
BM is the combined solid and gaseous thermal conductivity (conduction 

component) 

ks is the thermal conductivity of the solid material 

Vr is ratio of the volume of fiber and gas 

Cr is the ratio of thermal conductivity of gas to thermal conductivity of solid material 

Z is the fractional part of all fibers which are oriented perpendicular to the 

microscopic heat flow. 
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The thermal conductivity value of the solid fiber material, ks= 0.0337 W/mK was 

obtained from the Nomex Fiber catalog provided by Dupont. The value of thermal 

conductivity of air, 0.024 W/mK, along with the thermal conductivity of solid 

material ks was used to calculate Cr. Vr, which is the ratio of the volume of the fiber 

and gas is calculated using equation 37. 

)(
V

0
r ρ−ρ

ρ
=                           (37) 

Where  

ρ : density of the nonwoven fabric 

ρo: density of fiber. 

 

As mentioned in the literature effective (total) thermal conductivity is the sum of 

conduction and the radiation component of heat transfer. However, the convection 

component is negligible in nonwovens having fiber volume fraction greater than 1% 

[14]. The radiation component was thus determined by subtracting the conduction 

component from the effective (total) thermal conductivity. 

 

3.10.2 Method II 

In the second method used to determine the radiation component of effective thermal 

conductivity, absorbance measurements were made on Nicolet Nexus 470 Fourier 

Transform InfraRed Spectrophotometer. The absorbance measurements were then 

used to determine the radiation thermal conductivity (radiation component). 

  

The integrating sphere attachment described in Section 2.6, was not available, 

therefore the test were carried out without the use of integrating sphere. As explained 
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in Section 2.6 direct transmittance measurements were made. The samples were tested 

in transmission mode as shown in Figure 16. 

 

 

 
 
 
 
 
 

Figure 16. Schematic Diagram of Sample Being Tested on the FTIR Spectrometer 
 
 

As shown in Figure 16, infrared radiations with intensity of I0λ are incident on a 

nonwoven sample with thickness of “d”. The incident infrared radiations had a 

wavelength range from 2.5 – 20 µm. Iλ was the intensity of the infrared radiations 

transmitted through the sample. The transmitted radiations are detected allowing the 

instrument to determine the amount of radiations absorbed by the sample being tested. 

Figure 17 below shows an example of the output received from the test. 

 
Figure 17 Absorbance versus Wavenumber from FTIR Spectrometer 

λ0I
λISource Detector
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The output obtained from the FTIR test gives the absorbance at different wavelengths 

(wavenumber is the reciprocal of wavelength) in the range of 2.5 – 20 µm. 

Absorbance values at 1868 intervals between 2.5 – 20 µm were extracted. The 

extinction coefficient was then calculated for each wavelength interval using Beer’s 

Law. 

 

Beer’s law 

Beer’s law defines the relation between the intensity of the incident and transmitted 

infrared radiations. The relation enables the calculation of extinction coefficient as 

shown in equation 38. 

dE
0 eII −= λλ                    (38) 

Where, Iλ Intensity of transmitted IR radiation  

 I0λ Intensity of incident IR radiation 

 E extinction coefficient of the sample 

 d path length (thickness of the sample) 

 

The extinction coefficient was then normalized over the density of the sample to give 

mass specific extinction coefficient as a function of wavelength, e*(Λ). In order to 

find the mass specific extinction coefficient at the mean radiative temperature, e*(T) 

was calculated using the following equations. 

 

               (27) 
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Where e*(T) and e*(Λ) are mass specific extinction coefficients as a function of 

temperature and wavelength respectively. fR(Λ,T), the Rosseland distribution 

function, is defined by equation 28. 

                        

               (28) 

 

where  

cL: velocity of light in vacuum 

h: Planck’s constant 

kB: Boltzmann’s constant 

 Λ: wavelength 

 T: temperature 

 

The temperature used is the mean radiative temperature which is function the “hot 

side” and “cold side” temperature as observed in the Guarded Hot Plate instrument at 

steady state condition. The mean radiative temperature, Tr was calculated using 

equation 39 [15], 
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where Tr: mean radiative temperature 

 Th: “hot side” temperature  

 Tc: “cold side’ temperature. 
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The radiative thermal conductivity, kr (radiation component) was then calculated 

using equation 40 [15]. 

                      (40) 

 

where Tr: mean radiative temperature 

σ: Stefan-Boltzmann constant 

n: refractive index of the specimen 

E(T): extinction coefficient at temperature T (T=Tr). 
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4. RESULTS AND DISCUSSION 

 

Results are presented here based on the use of two methods used in determining the 

radiation component of effective thermal conductivity. Within Method I, the effects of 

material parameters on the radiation component will be discussed and statistical results 

will be reported. Finally results from Methods I and II will be compared. 

 

4.1 Determination of Radiative Thermal Conductivity (Method I) 

 

Employing Method I, the conduction component (kc) of effective thermal conductivity 

was calculated using Fricke’s thermal conductivity (equation 20) outlined earlier. The 

values of Z, the fraction of fibers orientated perpendicular to the direction of heat flow 

used to calculate the conduction component were 0.67, 0.90 and 0.95. As shown in Table 

2, for the range of densities studied in this research, thermal conductivity of each sample 

remained fairly constant for all values of Z (0.67, 0.90 and 0.95). Thus there appears to 

be no difference in kc at higher values of Z. Fricke [15] and Bhattacharya [16] in their 

work have mentioned the value of Z=0.67 for random fiber orientation. These two factors 

led to the use of Z=0.67 for all remaining calculations and analysis. 

Results of the calculations showed that the thermal conductivity of all the samples were 

approximately equal ranging from 0.02415 to 0.02424 W/mK with a CV% of 0.125. An 

increase in the conduction component with an increase in the bulk density was not very 

prominent due to the limited range of densities studied in this research. 
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Sample
Density, 
kg/m3

kc at 
Z=0.67, 
W/mK

kc at 
Z=0.90, 
W/mK

kc at 
Z=0.95, 
W/mK

kr at 
Z=0.67, 
W/mK

36.41 0.02422 0.02421 0.02421 0.05900
38.23 0.02423 0.02422 0.02422 0.05560
37.64 0.02423 0.02422 0.02421 0.05691

27.60 0.02417 0.02416 0.02416 0.05910
28.50 0.02417 0.02416 0.02416 0.05919
32.01 0.02419 0.02418 0.02418 0.06203

33.78 0.02421 0.02420 0.02420 0.06119
33.78 0.02420 0.02419 0.02419 0.06307
39.34 0.02424 0.02423 0.02422 0.05954

26.62 0.02416 0.02415 0.02415 0.06512
25.63 0.02415 0.02415 0.02415 0.06616
24.26 0.02415 0.02414 0.02414 0.06799

28.41 0.02417 0.02416 0.02416 0.06498
28.41 0.02417 0.02416 0.02416 0.06646
26.66 0.02416 0.02415 0.02415 0.06633

26.80 0.02416 0.02415 0.02415 0.06336
26.44 0.02416 0.02415 0.02415 0.06354
25.28 0.02415 0.02415 0.02414 0.06393

N c3

N c2

N a3

N a2

N b3

N b2

Table 2.  Conduction Component of Effective Thermal Conductivity 

at Different Values of Z 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Unlike the general close proximity of the calculated value of the conduction component, 

the radiative thermal conductivities (radiation component of effective thermal 

conductivity) shown in Table 2 were found to be more variable with values ranging from 

0.05560 to 0.06799 W/mK. In Method I, since effective thermal conductivity has been 

defined as the sum of its conduction and radiation components, much of the variations 

observed in effective thermal conductivity is explained by the variations in its radiation 

component. 
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Comparing the radiative thermal conductivity and the effective thermal conductivity, it 

was found that approximately 69 to 75% of the heat transfer through nonwoven 

insulation took place by the radiation mode. As seen in Figure 18, the conduction 

component of the effective thermal conductivity remained fairly constant for all samples, 

whereas the radiation component showed considerable variations and was about 3 times 

that of the conduction component. Thus, radiation was the dominant mode of heat 

transfer for the applied temperature used and the range of densities studied. This is 

consistent with the fact that the radiation mode of heat transfer increases nonlinearly with 

increase in temperature [10].  This also agrees with the fact stated in the literature earlier 

that radiation is the dominant mode of heat transfer at temperatures in excess of 400-

500K [18]. 

 

 

 

 

 

 

 

 

 

 

Figure 18.  Radiation and Conduction Components of Effective Thermal Conductivity for 

samples Na2, Na3, Nb2, Nc2, and Nc3.  
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4.2 Empirical Model for Radiation Component of Effective Thermal 

Conductivity 

 
The empirical models discussed in this section are based on the measurements made on 

the Guarded Hot Plate instrument and Method I used to determine the radiative thermal 

conductivity, kr. 

 

The variables used in the models are 

DEN  Density of fabric in Kg/m3 

THICK  Fabric Thickness, mm 

AT  Applied Temperature in Kelvin 

DT  Temperature difference between the hot and the cold side of sample 

SIZE  Fiber Fineness, dtex 

LEN  Fiber length, cm 

LAY  Number of layers 

ABSORB Absorbance value using FTIR spectrometer 

FTIR  kr (FTIR) 

KR  kr  (GHP) 

Statistical analysis was used to study the effect of fiber and fabric structure parameters on 

radiation component of effective thermal conductivity. Results are shown in Table 3  
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Table 3.  Statistical Analysis for Model 1 Based on Results Obtained using Method I 
 
 

Model 1 
 

                                          The GLM Procedure 
 
Dependent Variable: KR 
 
                                Sum of 
Source               DF         Squares     Mean Square    F Value    Pr > F 
 
Model                 5      0.00037536      0.00007507      39.18    <.0001 
 
Error                22      0.00004216      0.00000192 
 
Corrected Total      27      0.00041751 
 
 
                      R-Square     Coeff Var      Root MSE     KR33 Mean 
 
                      0.899031      2.217439      0.001384      0.062426 
 
 
Source               DF       Type I SS     Mean Square    F Value    Pr > F 
 
DEN                   1      0.00025179      0.00025179     131.40    <.0001 
DT                    1      0.00003906      0.00003906      20.38    0.0002 
AT                    1      0.00000696      0.00000696       3.63    0.0698 
SIZE                  1      0.00004577      0.00004577      23.88    <.0001 
THICK                 1      0.00003178      0.00003178      16.59    0.0005 
 
 
Source               DF     Type III SS     Mean Square    F Value    Pr > F 
 
DEN                   1      0.00006458      0.00006458      33.70    <.0001 
DT                    1      0.00001318      0.00001318       6.88    0.0155 
AT                    1      0.00001358      0.00001358       7.09    0.0142 
SIZE                  1      0.00003357      0.00003357      17.52    0.0004 
THICK                 1      0.00003178      0.00003178      16.59    0.0005 
 
 
                                   Standard 
Parameter         Estimate           Error    t Value    Pr > |t| 
 
Intercept     0.0169597901      0.01606858       1.06      0.3027 
DEN           -.0004811549      0.00008288      -5.81      <.0001 
DT            -.0001800952      0.00006866      -2.62      0.0155 
AT            0.0000968484      0.00003638       2.66      0.0142 
SIZE          0.0048942368      0.00116933       4.19      0.0004 
THICK         0.0024906846      0.00061158       4.07      0.0005 
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Table 4.  Statistical Analysis for Model 2 Based on Results Obtained using Method I 
 
 
Model 2. 

 
 
                                          The GLM Procedure 
 
Dependent Variable: DT 
 
                                 Sum of 
Source                DF         Squares     Mean Square    F Value    Pr > F 
 
Model                  5     3427.557516      685.511503      70.11    <.0001 
 
Error                 22      215.112127        9.777824 
 
Corrected Total       27     3642.669643 
 
 
             R-Square     Coeff Var      Root MSE       DT Mean 
 
             0.940947      2.049740      3.126951      152.5536 
 
 
Source                DF       Type I SS     Mean Square    F Value    Pr > F 
 
THICK                  1     2639.006992     2639.006992     269.90    <.0001 
DEN                    1      264.325313      264.325313      27.03    <.0001 
AT                     1      331.345743      331.345743      33.89    <.0001 
LEN                    1        2.810005        2.810005       0.29    0.5973 
LAY                    1      190.069461      190.069461      19.44    0.0002 
 
 
Source                DF     Type III SS     Mean Square    F Value    Pr > F 
 
THICK                  1     619.6163116     619.6163116      63.37    <.0001 
DEN                    1     348.1204044     348.1204044      35.60    <.0001 
AT                     1     140.7655141     140.7655141      14.40    0.0010 
LEN                    1     146.6303171     146.6303171      15.00    0.0008 
LAY                    1     190.0694613     190.0694613      19.44    0.0002 
 
 
                  Standard 
Parameter         Estimate           Error    t Value    Pr > |t| 
 
Intercept     -150.7382904     30.48414261      -4.94      <.0001 
THICK           13.4478959      1.68932817       7.96      <.0001 
DEN              1.8780560      0.31474939       5.97      <.0001 
AT               0.2488285      0.06558026       3.79      0.0010 
LAY              4.0660106      1.04997203       3.87      0.0008 
LEN            -17.4298050      3.95327898      -4.41      0.0002 
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Table 5.  Statistical Analysis for Model 3 Based on Results Obtained using Method I 
 

Model 3. 
 

The GLM Procedure 
 
 
Dependent Variable: KR 
 
                                 Sum of 
Source                DF         Squares     Mean Square    F Value    Pr > F 
 
Model                  5      0.00036918      0.00007384      33.61    <.0001 
 
Error                 22      0.00004834      0.00000220 
 
Corrected Total       27      0.00041751 
 
 
               R-Square     Coeff Var      Root MSE     KR33 Mean 
 
               0.884229      2.374418      0.001482      0.062426 
 
 
Source                 DF       Type I SS     Mean Square    F Value    Pr > F 
 
DEN                     1      0.00025179      0.00025179     114.60    <.0001 
DT2                     1      0.00005167      0.00005167      23.52    <.0001 
AT                      1      0.00000149      0.00000149       0.68    0.4191 
SIZE                    1      0.00004439      0.00004439      20.20    0.0002 
THICK                   1      0.00001984      0.00001984       9.03    0.0065 
 
 
Source                 DF     Type III SS     Mean Square    F Value    Pr > F 
 
DEN                     1      0.00005199      0.00005199      23.66    <.0001 
DT2                     1      0.00000700      0.00000700       3.19    0.0880 
AT                      1      0.00000978      0.00000978       4.45    0.0464 
SIZE                    1      0.00003128      0.00003128      14.24    0.0010 
THICK                   1      0.00001984      0.00001984       9.03    0.0065 
 
 
                         Standard 
Parameter         Estimate           Error      t Value    Pr > |t| 
 
Intercept     0.0155198176      0.01991444       0.78      0.4441 
DEN           -.0004782070      0.00009831      -4.86      <.0001 
DT2           -.0001924921      0.00010783      -1.79      0.0880 
AT            0.0001015048      0.00004810       2.11      0.0464 
SIZE          0.0047636277      0.00126254       3.77      0.0010 
THICK         0.0025841780      0.00085990       3.01      0.0065 
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4.2.1 Model 1 

 

Model 1 which is a linear model was developed to predict the radiative thermal 

conductivity, kr. The estimated model is defined in equation 41. 

 

KR =  0.0049*SIZE + 0.0025*THICK +0.0001*AT – 0.0002*DT – 0.0005*DEN      

+ 0.0169              (41) 

 

The model had R-square value of 0.90. Fabric density (DEN) was found to have the 

highest mean square value indicating that maximum proportion of the variation in the 

response is explained by the variation in the fabric density (DEN). All the variables were 

found to be significant with at least 98% confidence level. The comparison between 

observed and predicted values is shown in Figure 19.  

 

 

 

 

 

 

 

 

 

 

Figure 19. Predicted vs. Observed Values for Model 1 
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Figure 20.  Scatter Plot of Predicted Value versus the Observed Values of Radiative 
Thermal Conductivity 

 

 

Figure 19 and 20 show that the predicted values obtained from Model 1 were very close 

to the observed values of radiative thermal conductivity. A more detailed statistical 

analysis can be found in the Table 3.  

In order to predict the radiative thermal conductivity using Model 1 temperature 

difference (DT) values are required. This would mean testing the samples on the Guarded 

Hot Plate instrument, which is very time consuming. Therefore, Model 2 was developed 

in order to predict the temperature difference between the “hot side” and “cold side” of 

the sample. 
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4.2.2 Model 2 

 

Model 2 that predicts the temperature difference (DT) is described in equation 42. 

 

DT = 13.45*THICK + 1.88*DEN + 0.25*AT + 4.07*LEN - 17.43*LAY - 150.74      (42)           

    

The model had a R-square value of 0.94. The mean square, F values and P values for the 

variables are shown in Table 4. All other parameters were found to be significant with at 

least 99% confidence level. Fabric thickness was found to have the highest mean square 

value indicating that the largest proportion of the variations in the response was explained 

by fabric thickness. 

 

The observed and predicted values of temperature difference between the “hot side” and 

“cold side” of the sample is shown in Figure 21. The scatter plot shown in Figure 24 

indicate that the predicted values obtained by using Model 2 are very close to the 

observed values of temperature difference (DT) 
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Figure 21.  Observed vs. Predicted Value of Temperature Difference 

 
 

4.2.3 Model 3 
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difference DT2, is described in equation 43. 

 

KR =  0.0048*SIZE + 0.0026*THICK + 0.0001*AT – 0.0005*DEN – 0.0002*DT2  

+ 0.0155                          (43) 
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The model had an R-square value of 0.88. From the statistical analysis it can be 

suggested with at least 91 percent confidence that predicted temperature difference had a 

significant effect on the radiative thermal conductivity. All the other variables were found 

to be significant with at least 95 percent confidence level. Fabric density has the highest 

mean square value indicating that the largest proportion of variation in the radiative 

thermal conductivity is explained by the variations in fabric density. 

 

The predicted values obtained by using Model 3 were found to be very close to observed 

values of radiative thermal conductivity is shown in Figure 22.  

 

 

 

 

 
 
 
 
 
 
 

 
 
 
 
 

Figure 22. Predicted vs. Observed Values of Radiation Component using Model 3 
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4.3 Effect of Bulk Density 

One of the most important factors influencing the effective (total) thermal conductivity 

and its radiation component is density of nonwoven fabric. It was found that the radiation 

component of effective thermal conductivity decreases linearly with increase in the 

density. Statistical analysis shown in Table 3 also showed that density has a significant 

influence on the radiative thermal conductivity. 

The decrease in the radiation component can be explained by the fact that, as the density 

of the nonwoven fabric increases, the packing density increases making the fibrous 

structure more packed. This causes the mean free path, which is defined as the distance 

traveled by a photon before hitting the surface of the surrounding fibers, to decrease thus 

causing a decrease in the heat transfer due to radiation mode. A corresponding decrease 

in the effective thermal conductivity was also seen, because the conduction component 

remained fairly constant with the change densities.  

 

 

 

 

 

 

 

 

 

Figure 23. Effect of Fabric Density on the Radiative Thermal Conductivity kr 
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Figure 23 shows the effect of density on effective thermal conductivity and its radiation 

component. As the density increases, an overall decrease in the effective thermal 

conductivity and the radiation component is observed. 

 

The literature however, points out that effective thermal conductivity decreases with 

increase in the fabric density only up to a point [34]. As the packing density continues to 

increase the structure starts behaving more and more like a solid, at which point 

conduction and not radiation becomes the dominant mode of heat transfer. The effective 

thermal conductivity increases due to an increase in the conduction mode of heat transfer. 

A similar U shape trend was not observed in this research because of the limited range of 

densities studied.  

 

4.4   Effect of Fabric Thickness 

 

Statistical analysis showed that the radiation component of effective thermal conductivity 

decreased as the thickness of the fabric increased. From statistical analysis, summarized 

in Table 3, it can be suggested with at least 99% confidence level, that fabric thickness 

had a significant effect on the radiation component. As evident from Model 1, which 

predicts temperature difference between the “hot side” and “cold side” of the sample at 

steady state, as the fabric thickness increased, the temperature difference increased. Since 

the predicted value of temperature difference was used in Model 3 to predict the radiation 

component, the overall effect was a decrease in the radiation component of effective 

thermal conductivity with an increase in fabric thickness. Model 1 indicated thickness to 
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be the most significant variable in predicting the temperature difference, while Model 3 

indicates thickness to be the third most significant parameter in predicting the radiation 

component of effective thermal conductivity. 

 

The above occurrence can be explained by the fact that as the fabric thickness increases, 

radiation heat transfer decreases due to more scattering and absorption. The temperature 

profile departs from linearity as the exchange of infrared radiation between two elemental 

surfaces within the bed is reduced by shadowing [10], which arises from absorption and 

scattering by fibers in its path.  

 

4.5 Effect of Fiber Fineness 

 

Nonwoven samples made from finer (lower denier) fibers were found to have lower 

effective thermal conductivity. This occurrence is described in Table 6, where sample test 

results for Na2 and Nb2 are shown. While the number of layers and fiber length in both the 

samples are the same, Nb2 is made from 2.22 dtex (2.0 denier) fibers while Na2 is made 

from 1.67 dtex (1.5 denier) fibers. While the densities of both the samples are very close, 

the mean pore size was found to be lower for Na2 than Nb2. Both effective thermal 

conductivity and its radiation component were found to be lower for Na2, which was 

made using lower denier fibers. A similar trend was observed for samples Na3 and Nb3 as 

shown in Table 7. Na3, which was made using lower denier fibers, was found to have 

lower effective thermal conductivity and a lower radiation component of heat transfer. 
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Table 6.  Comparison Between Sample Na2 and Nb2 

Sample Thickness, 
10-3 m 

Density, 
kg/m3 Porosity Mean Pore 

Size,  10-6 m 

Applied 
Temp, 

°K 
∆T, °K k eff, 

W/mK 
kr , 

W/mK 

9.00 27.60 0.980 483.25 559.0 150.0 0.0833 0.0591 
9.00 28.50 0.979 467.85 563.5 150.0 0.0834 0.0592 N a2 
8.00 32.01 0.977 416.62 567.0 140.5 0.0862 0.0620 

Average 8.67 29.37 0.98 455.91 563.17 146.83 0.0843 0.0601 
CV% 6.66 7.94 0.17 7.65 0.71 3.74 1.99 2.77 

                  
9.75 26.62 0.981 577.70 571.0 155.5 0.0893 0.0651 
9.75 25.63 0.981 600.13 556.0 154.0 0.0903 0.0662 N b2 
9.75 24.26 0.982 633.87 564.5 151.5 0.0921 0.0680 

Average 9.75 25.50 0.98 603.90 563.83 153.67 0.0906 0.0664 
CV% 0.00 4.64 0.09 4.68 1.33 1.32 1.60 2.19 

 

 

Table 7.  Comparison Between Sample Na3 and Nb3 

Sample Thickness, 
10-3 m 

Density, 
kg/m3 Porosity Mean Pore 

Size, 10-6 m 

Applied 
Temp, 

°K 
∆T, °K keff,W/mK kr , 

W/mK 

10.50 36.41 0.973 366.31 563.0 168.5 0.0832 0.0590 
10.00 38.23 0.972 348.87 565.5 169.0 0.0798 0.0556 N a3 
10.00 37.64 0.973 354.30 566.5 164.5 0.0811 0.0569 

Average 10.17 37.42 0.97 356.49 565.00 167.33 0.0814 0.0572 
CV% 2.84 2.48 0.07 2.50 0.32 1.47 2.10 3.00 

                  
9.00 33.78 0.975 455.23 564.5 144.5 0.0854 0.0612 

10.00 33.78 0.975 455.23 558.0 158.0 0.0873 0.0631 N b3 
10.00 39.34 0.971 390.96 569.5 164.0 0.0838 0.0595 

Average 9.67 35.63 0.97 433.81 564.00 155.50 0.0855 0.0613 
CV% 5.97 9.00 0.24 8.55 1.02 6.42 2.05 2.88 

 

 

This occurrence can be explained by the fact that lower denier fibers have smaller 

diameter and thus nonwoven fabric will have larger surface area within its structure as 

compared to nonwoven fabrics having the same density but made from higher denier 

fibers. This larger surface area leads to more scattering of thermal radiations. The mean 
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pore size in the nonwoven is also smaller when made from lower denier fibers. Smaller 

mean pore size also leads to reduced heat transfer by radiation mode.  

 

4.6 Effect of Fiber Length 

 
Two fiber lengths were used to prepare the samples. Sample Nb3 was made using 5.08 cm 

(2.0 inch) fibers, while Nc3 was made using 7.62 cm (3.0 inch) fibers. Effective thermal 

conductivities as well as the radiation components in samples Nb3 and Nc3 are compared 

in Table 8. Effective thermal conductivity and the radiation component were found to be 

higher in sample Nc3 that was made with longer fibers. However, higher radiative thermal 

conductivity in sample Nc3 cannot be solely attributed to use of longer fibers. The higher 

radiative thermal conductivity in case of sample Nc3 can also be attributed to lower 

density of sample Nc3 when compared to that of sample Nb3. Statistical analysis in Table 3 

indicate that fiber length did not have any direct effect on radiative thermal conductivity. 

 

Table 8. Comparison between Sample Nb3 and Nc3 

 

Sample Thickness, 
10-3 m 

Density, 
kg/m3 Porosity Mean Pore 

Size,  10-6 m 

Applied 
Temp, 

°K 
∆T, °K k eff, 

W/mK 
kr , 

W/mK 

9.00 33.78 0.975 455.23 564.5 144.5 0.0854 0.0612 
10.00 33.78 0.975 455.23 558.0 158.0 0.0873 0.0631 N b3 
10.00 39.34 0.971 390.96 569.5 164.0 0.0838 0.0595 

Average 9.67 35.63 0.97 433.81 564.00 155.50 0.0855 0.0613 
CV% 5.97 9.00 0.24 8.55 1.02 6.42 2.05 2.88 

           
10.00 28.41 0.979 541.23 564.0 153.5 0.0892 0.0650 
10.00 28.41 0.979 541.23 568.5 151.0 0.0906 0.0665 N c3 
10.00 26.66 0.981 576.94 566.5 153.0 0.0905 0.0663 

Average 10.00 27.83 0.98 553.13 566.33 152.50 0.0901 0.0659 
CV% 0.00 3.65 0.08 3.73 0.40 0.87 0.90 1.24 
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4.7 Effect of Mean Pore Size 

 

One of the most important parameters influencing radiation heat transfer in nonwovens is 

mean pore size. From the test results it was found that as the size of the pores increased, 

the radiation component of effective thermal conductivity increased. Due to the increase 

in the radiation component, the effective thermal conductivity was also found to increase 

with increase in mean pore size. The influence of mean pore size on the radiative thermal 

conductivity, kr is shown in Figure 24. There was an overall increase in the radiation 

component with increase in mean pore size. Figure 4 shows the effect of mean pore size 

on the radiative thermal conductivity kr over applied temperature range between 556-

572K. 

 

 

 

 

 

 

 

 

 

 

 

Figure 24 Effect of Mean Pore Size on Radiative Thermal Conductivity kr 

(Applied Temperature Range 556 – 572 K) 
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Similar trend was also seen over applied temperature ranges between 541 – 546 K and 

577 – 594 K. The increase in the radiation component of effect thermal conductivity can 

be explained by the fact that as the mean pore size increase, more photons can pass 

through the open spaces between the fibers leading to increased heat transfer due to 

radiation. Mean pore size depends upon other parameters including the fabric porosity 

and fiber diameter.  

 

4.8 Effect of Applied Temperature 

 
As mentioned earlier in the literature review at higher temperatures radiation is the 

dominant mode of heat transfer especially in nonwovens. The effect of applied 

temperature was studied by testing a single sample at different applied temperatures. The 

results shown in Figure 25 indicate that the radiation heat transfer increased with increase 

in the applied temperature. Statistical analysis shown in Table 3 also suggested that 

applied temperature had a significant effect on the radiative thermal conductivity, kr.  
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Figure 25.  Effect of Applied Temperature on Radiative Thermal Conductivity kr 

 

The reason for such an occurrence is that radiation energy emitted by a body increases 

exponentially with increase in the temperature [37]. Therefore, as the applied temperature 
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Samples
Thickness 

10-3 m
Density 
kg/m3

Applied 
Temperature  

°K

kr (Method I) 
W/mk

kr (Method II) 
W/mK

9.00 28.50 563.50 0.05919 0.06294
9.00 26.21 545.00 0.06420 0.05982
9.00 27.60 559.00 0.05910 0.06032
8.00 32.01 567.00 0.06205 0.06013

10.00 38.22 565.50 0.05560 0.06425
10.00 37.64 566.50 0.05691 0.06611
10.50 35.99 580.50 0.06024 0.06973

9.75 26.62 571.00 0.06512 0.06950
9.75 25.63 556.00 0.06616 0.06272

9.00 34.88 564.50 0.06118 0.06061
10.00 33.78 558.00 0.06308 0.06458
10.00 39.33 569.50 0.05953 0.06702

8.00 26.80 560.50 0.06335 0.05689
8.00 26.44 564.50 0.06354 0.06211
8.00 25.28 556.00 0.06393 0.06063

10.00 28.27 566.50 0.06505 0.07073
10.00 28.41 568.50 0.06646 0.07355
10.00 26.65 564.00 0.06632 0.06941

N c2

N b3

N a2

N a3

N b2

N b3

determined from Method I and II are given in Table 9.  A comparison of the radiative 

thermal conductivity obtained using both methods is shown in Figure 26. The difference 

between average values of kr determined using the two methods was found to be 

approximately 6 percent. However, statistical analysis showed that this difference was 

significant and also that the correlation between the two results was very low (0.24) as 

shown in Figure 27.  

 

Table 9.  Radiative Thermal Conductivity Values Determined Using Method I and II 
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R2 = 0.0581
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Figure 26.  Comparison of Radiative Thermal Conductivity Values Determined using 

Method I and II 

 

 

Figure 27. Scatter Plot of radiation thermal conductivity values obtained from Method I 

versus Method II 
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The difference and poor correlation between the results obtained from methods I and II 

can be attributed to the fact that direct transmission/absorbance measurements were made 

using the FTIR spectrometer without an integrating sphere attachment. Beer’s Law used 

to determine the extinction coefficient is also based on direct transmission measurements. 

However, direct transmission measurements are only reliable for non-scattering samples. 

Owing to the tortuous nature of the pores and the random orientation of fibers in a 

nonwoven, a lot of scattering takes places as infrared radiations pass through a nonwoven 

sample. Therefore for nonwovens, hemispherical transmission and reflectance 

measurements made using an integrating sphere would have given more reliable results.  

 

Although the results obtained from the two methods had poor correction, the absorbance 

measurements made on a FTIR spectrometer were valid readings. The absorbance of the 

sample when tested in a direct transmission mode was found to have a significant effect 

on the effective thermal conductivity as shown in the model described in the next section. 

 

4.10 Model 4 

An empirical model was developed which included absorbance as an independent 

variable. The model is described in equation 44. 

 

KR =  0.0026*THICK + 0.00007*AT + 0.0035*SIZE – 0.0002*DEN – 0.0002*DT  

        –0.0055*ABSORB + 0.0496            (44)  
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The model had a R-square Value of 0.87. Statistical analysis showed that the absorbance 

value was significant with at least 99 percent confidence level. Other variables were 

found to be significant with a confidence level of at least 94 percent. More detailed 

statistical analysis can be found in the Appendix section. 

The observed and the predicted values are plotted in the graph shown in Figure 28 

 

 

 

 

 

 

 

 

 

 

Figure 28.  Observed vs. Predicted Value of Radiative Thermal Conductivity from  

 Model 4  

 

 

4.11 Model 5 

 

Another model was developed in which the interaction effect between fabric density and 

absorbance was used. The model had a R-square value of 0.85. The model is described in 

equation 45. 
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KR = 0.002* THICK – 0.0001*DT + 0.004*SIZE – 0.00006*(DEN*ABSORB)      (45) 

 

In this model, the interaction term (DEN*ABSORB) was found to have the highest mean 

square value, indicating that the greatest proportion of the variation in the radiative 

thermal conductivity was explained by the variable DEN*ABSORB. All the variables in 

this model were found to be significant with at least 99 percent confidence. Detailed 

statistical analysis of this model can be found in the Appendix section. 
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5. CONCLUSION 

 

In the range of fabric densities tested the conduction component was fairly constant in 

the samples tested. Results of the calculations showed that the thermal conductivity of 

all the samples were approximately equal ranging from 0.02415 to 0.02424 W/mK 

with a CV% of 0.125 for densities ranging between 24.26 and 38.23 kg/m3. Since 

convection mode of heat transfer was negligible in the samples, the variations in the 

effective thermal conductivity were largely explained by the variations in the radiative 

thermal conductivity. 

 

In the range of the applied temperature used, radiation was found to be a dominant 

mode of heat transfer and was found to be almost 3 times that the conduction 

component of effective thermal conductivity.  

 

Fabric density was found to be a significant factor influencing the radiation 

component of effective thermal conductivity. The radiative thermal conductivity was 

found to decrease with increase in the fabric density.   

 

Statistical analysis showed that as fabric thickness increased the temperature 

difference between the “hot side” and “cold side” of the sample increased.  

Nonwoven samples made from finer (lower denier) fibers were found to have lower 

radiative thermal conductivity. Samples made form 1.67 dtex (1.5 denier) fibers were 

found to have reduced radiation heat transfer when compared to samples made from 

courser 2.22 dtex (2.0 denier) fibers.  
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Increasing the length of the fibers used to prepare the samples caused the radiation 

component of the effective thermal conductivity to decrease.  

 

Radiative thermal conductivity of a sample was found to depend significantly on the 

size of the pores. Increase in the mean pore size was found to cause an increase in the 

radiation mode of heat transfer. Similar trends were seen over three different applied 

temperature ranges.  

 

Radiative thermal conductivity was also found to increase with increase in the applied 

temperature. 

 

Comparison of the radiative thermal conductivity obtained using Method I (GHP) and 

Method II (FTIR) showed the two averages to be only 6 percent different, however 

poor correlation was found between the radiative thermal conductivity values 

obtained from the two methods. This can be attributed to the fact that spectral 

absorption measurements were made without an integrating sphere attachment.  

Empirical models were developed for predicting the radiation component of effective 

thermal conductivity kr. Model 2 which predicts the temperature difference was 

developed with a R-square value of 0.94. Predicted value of temperature difference 

was used in Model 3 to help estimate the radiative thermal conductivity, thus 

eliminating the need to test the sample on the Guarded Hot Plate instrument to 

measure the temperature difference. Model 3 was found to have R-square value of 

0.88.  

 

Fabric density, fabric thickness, fiber fineness, number of layer, applied temperature, 

temperature difference across fabric thickness and the predicted temperature 
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difference were found to be at least 91 percent significant in predicting the radiative 

thermal conductivity. 

 

Absorbance values of the samples measured on the FTIR spectrometer were found to 

be highly significant in predicting the radiative thermal conductivity. Model 5 showed 

that interaction term (DEN * ABSORB) was able to explain maximum proportion of 

variation in the predicted radiation component of effective thermal conductivity.  
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6. RECOMMENDATIONS FOR FUTURE WORK 

 

• Since nonwovens scattering infrared radiations, spectral hemispherical transmittance 

should be measured using an integrating sphere attachment. Accurate measurement of 

hemispherical transmittance will allow the use of a more complex three-flux equation 

to calculate the extinction coefficient instead of Beer’s Law equation. 

 

• The conduction component of effective thermal conductivity was found to fairly 

constant in the range of fabric densities tested. A wider range of densities should be 

employed to study the behavior of the conduction component. 
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Appendix A: Statistical Analysis for Model 4 
 
 
 

 
The GLM Procedure 

 
 
Dependent Variable: KR 
 
                   Sum of 
Source       DF    Squares     Mean Square    F Value    Pr > F 
 
Model        6     0.00031182   0.00005197      31.46    <.0001 
 
Error        28    0.00004626   0.00000165 
 
Corrected Total   34    0.00035808 
 
 
               R-Square     Coeff Var      Root MSE       KR Mean 
 
               0.870812      2.065475      0.001285      0.062230 
 
 
 
Source       DF       Type I SS     Mean Square    F Value    Pr > F 
 
THICK         1      0.00000222      0.00000222       1.34    0.2562 
DEN           1      0.00021018      0.00021018     127.22    <.0001 
AT            1      0.00000217      0.00000217       1.31    0.2620 
DT            1      0.00002980      0.00002980      18.04    0.0002 
SIZE          1      0.00005867      0.00005867      35.51    <.0001 
absorb        1      0.00000879      0.00000879       5.32    0.0287 
 
 
 
Source       DF     Type III SS     Mean Square    F Value    Pr > F 
 
THICK         1      0.00003494      0.00003494      21.15    <.0001 
DEN           1      0.00000741      0.00000741       4.48    0.0432 
AT            1      0.00000631      0.00000631       3.82    0.0608 
DT            1      0.00002367      0.00002367      14.33    0.0007 
SIZE          1      0.00003962      0.00003962      23.98    <.0001 
absorb        1      0.00000879      0.00000879       5.32    0.0287 
 
 
 
                                     Standard 
Parameter         Estimate           Error    t Value    Pr > |t| 
 
Intercept     0.0496449762      0.01846801       2.69      0.0120 
THICK         0.0026337073      0.00057272       4.60      <.0001 
DEN           -.0002052026      0.00009691      -2.12      0.0432 
AT            0.0000722421      0.00003698       1.95      0.0608 
DT            -.0001633633      0.00004316      -3.79      0.0007 
SIZE          0.0035282575      0.00072053       4.90      <.0001 
absorb        -.0055156469      0.00239161      -2.31      0.0287 
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Observation         Observed          Predicted           Residual 
 
  1           0.05560048         0.05604416        -0.00044368 
      2           0.05560048         0.05680916        -0.00120868 
      3           0.05691067         0.05791039        -0.00099972 
      4           0.05691067         0.05701673        -0.00010607 
      5           0.06023601         0.05786384         0.00237217 
      6           0.06023601         0.06019302         0.00004298 
      7           0.05918677         0.06058326        -0.00139648 
      8           0.05918677         0.06056427        -0.00137750 
      9           0.06419778         0.06288894         0.00130884 
     10           0.06419778         0.06355509         0.00064269 
     11           0.05909965         0.06015878        -0.00105913 
     12           0.05909965         0.06104354        -0.00194388 
     13           0.06205450         0.05930257         0.00275193 
     14           0.06202637         0.06060983         0.00141654 
     15           0.06118455         0.06136057        -0.00017602 
     16           0.06118455         0.06227564        -0.00109109 
     17           0.06308132         0.06148459         0.00159673 
     18           0.06308132         0.06364140        -0.00056008 
     19           0.05953232         0.05948171         0.00005061 
     20           0.05953232         0.06038522        -0.00085290 
     21           0.06511805         0.06487083         0.00024721 
     22           0.06511805         0.06569480        -0.00057676 
     23           0.06615795         0.06497501         0.00118294 
     24           0.06615795         0.06526676         0.00089119 
     25           0.06505064         0.06541731        -0.00036667 
     26           0.06505064         0.06480590         0.00024475 
     27           0.06645606         0.06677483        -0.00031877 
     28           0.06645606         0.06538704         0.00106902 
     29           0.06632372         0.06548757         0.00083615 
     30           0.06632372         0.06654183        -0.00021811 
     31           0.06335212         0.06291609         0.00043604 
     32           0.06335212         0.06249779         0.00085433 
     33           0.06353784         0.06516540        -0.00162756 
     34           0.06353784         0.06311592         0.00042193 
     35           0.06392708         0.06597004        -0.00204296 

 

 

 

Sum of Residuals                         0.00000000 
Sum of Squared Residuals                 0.00004626 
Sum of Squared Residuals - Error SS     -0.00000000 
First Order Autocorrelation             -0.06490477 
Durbin-Watson D                          2.03533082 
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Appendix B: Statistical Analysis for Model 5 

 

                                          The GLM Procedure 
 
Dependent Variable: KR 
 
                        Sum of 
Source          DF    Squares     Mean Square    F Value    Pr > F 
 
Model            4    0.00030421   0.00007605      42.36    <.0001 
 
Error          30    0.00005387   0.00000180 
 
Corrected Total   34    0.00035808 
 
 
 
      R-Square     Coeff Var      Root MSE       KR Mean 
 
      0.849569      2.153252      0.001340      0.062230 
 
 
 
 
Source      DF       Type I SS     Mean Square    F Value    Pr > F 
 
THICK        1      0.00000222      0.00000222       1.24    0.2750 
DT           1      0.00013229      0.00013229      73.68    <.0001 
SIZE         1      0.00010730      0.00010730      59.76    <.0001 
DEN*absorb   1      0.00006241      0.00006241      34.76    <.0001 
 
 
 
Source      DF     Type III SS     Mean Square    F Value    Pr > F 
 
THICK        1      0.00003610      0.00003610      20.11    <.0001 
DT           1      0.00001521      0.00001521       8.47    0.0067 
SIZE         1      0.00005938      0.00005938      33.07    <.0001 
DEN*absorb   1      0.00006241      0.00006241      34.76    <.0001 
 
 
 
                                    Standard 
 Parameter          Estimate           Error    t Value    Pr > |t| 
 
 Intercept      0.0647517097      0.00428587      15.11      <.0001 
 THICK          0.0018930176      0.00042216       4.48      <.0001 
 DT             -.0001216569      0.00004179      -2.91      0.0067 
 SIZE           0.0040637428      0.00070665       5.75      <.0001 
 DEN*absorb     -.0000596302      0.00001011      -5.90      <.0001 
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Sample Thickness, 
10-3 m

Density, 
kg/m3 Porosity Mean Pore 

Size,  10-6m
Applied 

Temp, °K ∆T, °K k eff, W/mK kc at Z=0.67, 
W/mK

kr at Z=0.67, 
W/mK

kc at Z=0.90, 
W/mK

kr at Z=0.90, 
W/mK

kc at Z=o.95, 
W/mK

kr at Z=0.95, 
W/mK

10.5 34.42 0.9749 387.44 577.0 167.5 0.0866 0.0242 0.0624 0.0242 0.0624 0.0242 0.0624
10.5 35.93 0.9738 371.11 593.5 171.5 0.0842 0.0242 0.0600 0.0242 0.0600 0.0242 0.0600
10.5 34.35 0.9749 388.22 580.5 171.0 0.0845 0.0242 0.0602 0.0242 0.0602 0.0242 0.0603
10.5 36.41 0.9734 366.31 563.0 168.5 0.0832 0.0242 0.0590 0.0242 0.0590 0.0242 0.0590
10 38.23 0.9721 348.87 565.5 169.0 0.0798 0.0242 0.0556 0.0242 0.0556 0.0242 0.0556
10 37.64 0.9725 354.30 566.5 164.5 0.0811 0.0242 0.0569 0.0242 0.0569 0.0242 0.0569

9 27.60 0.9799 483.25 559.0 150.0 0.0833 0.0242 0.0591 0.0242 0.0591 0.0242 0.0591
9 28.50 0.9792 467.85 563.5 150.0 0.0834 0.0242 0.0592 0.0242 0.0592 0.0242 0.0592
9 26.21 0.9809 508.85 545.0 139.0 0.0884 0.0242 0.0642 0.0242 0.0642 0.0241 0.0642
8 32.01 0.9766 416.62 536.0 134.5 0.0803 0.0242 0.0561 0.0242 0.0561 0.0242 0.0561
8 32.01 0.9766 416.62 545.5 137.0 0.0809 0.0242 0.0567 0.0242 0.0567 0.0242 0.0567
8 32.01 0.9766 416.62 567.0 140.5 0.0862 0.0242 0.0620 0.0242 0.0620 0.0242 0.0620
8 32.01 0.9766 416.62 559.0 138.0 0.0838 0.0242 0.0596 0.0242 0.0596 0.0242 0.0596

9 33.78 0.9753 455.23 564.5 144.5 0.0854 0.0242 0.0612 0.0242 0.0612 0.0242 0.0612
10 33.78 0.9753 455.23 558.0 158.0 0.0873 0.0242 0.0631 0.0242 0.0631 0.0242 0.0631
10 39.34 0.9713 390.96 569.5 164.0 0.0838 0.0242 0.0595 0.0242 0.0595 0.0242 0.0595

9.75 26.62 0.9806 577.70 571.0 155.5 0.0893 0.0242 0.0651 0.0242 0.0651 0.0242 0.0651
9.75 25.63 0.9813 600.13 556.0 154.0 0.0903 0.0242 0.0662 0.0241 0.0662 0.0241 0.0662
9.75 24.26 0.9823 633.87 564.5 151.5 0.0921 0.0241 0.0680 0.0241 0.0680 0.0241 0.0680

9 22.98 0.9832 669.09 541.5 134.0 0.0936 0.0241 0.0695 0.0241 0.0695 0.0241 0.0695
9.75 26.62 0.9806 577.70 585.0 163.0 0.0915 0.0242 0.0673 0.0242 0.0673 0.0242 0.0674
9.75 24.26 0.9823 633.87 571.5 154.5 0.0925 0.0241 0.0683 0.0241 0.0683 0.0241 0.0683

10 28.41 0.9793 541.23 564.0 153.5 0.0892 0.0242 0.0650 0.0242 0.0650 0.0242 0.0650
10 28.41 0.9793 541.23 568.5 151.0 0.0906 0.0242 0.0665 0.0242 0.0665 0.0242 0.0665
10 26.66 0.9805 576.94 566.5 153.0 0.0905 0.0242 0.0663 0.0242 0.0663 0.0242 0.0663

8 26.80 0.9804 573.78 560.5 149.0 0.0875 0.0242 0.0634 0.0242 0.0634 0.0242 0.0634
8 26.44 0.9807 581.74 564.5 145.5 0.0877 0.0242 0.0635 0.0242 0.0635 0.0242 0.0635
8 25.28 0.9815 608.36 556.0 139.5 0.0881 0.0242 0.0639 0.0241 0.0639 0.0241 0.0639

N c3

N c2

N a3

N a2

N b3

N b2

Appendix C: Test Results (GHP) of all samples 
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Appendix D: Test Results (FTIR) of all Samples 

 

 

Samples
Thickness, 

10-3 m
Density, 
kg/m3 Porosity

Mean Pore 
Size,  10-6 m

Applied 
Temp, °K ∆T, °K

k eff 

W/mK
kr   

W/mK
kr (FTIR) 
W/mK

10.0 38.5 0.9719 346.38 566 171 0.0798 0.0556 0.0643
10.0 37.9 0.9723 351.49 565 167 0.0798 0.0556 0.0643
10.0 37.8 0.9724 353.17 567 161 0.0811 0.05691 0.0661
10.0 37.5 0.9726 355.43 566 168 0.0811 0.05691 0.0649
10.0 35.9 0.9738 371.05 580 170 0.0845 0.06024 0.0697
11.0 36.0 0.9737 370.12 581 172 0.0845 0.06024 0.0698

9.0 28.8 0.9790 463.67 565 151 0.0834 0.05919 0.0629
9.0 28.2 0.9794 472.11 562 149 0.0834 0.05919 0.0617
9.0 27.0 0.9803 494.28 546 139 0.0884 0.0642 0.0598
9.0 25.4 0.9814 524.20 544 139 0.0884 0.0642 0.0603
9.0 27.6 0.9799 483.87 560 151 0.0833 0.0591 0.0603
9.0 27.6 0.9798 482.65 558 149 0.0833 0.0591 0.0613
8.0 32.2 0.9765 413.63 570 144 0.0862 0.06205 0.0601
8.0 31.8 0.9768 419.62 564 137 0.0862 0.06203 0.0600

9.0 34.3 0.9749 388.34 562 147 0.0854 0.06118 0.0606
9.0 35.4 0.9742 376.60 567 142 0.0854 0.06118 0.0635
10.0 35.8 0.9739 372.61 556 156 0.0873 0.06308 0.0646
10.0 31.8 0.9768 419.75 560 160 0.0873 0.06308 0.0670
10.0 40.1 0.9707 332.56 571 167 0.0838 0.05953 0.0670
10.0 38.6 0.9719 345.84 568 161 0.0838 0.05953 0.0665

9.5 27.6 0.9799 483.17 573 154 0.0893 0.06512 0.0695
10.0 25.6 0.9813 520.31 569 157 0.0893 0.06512 0.0703
9.5 25.4 0.9814 524.40 554 149 0.0903 0.06616 0.0627
10.0 25.8 0.9812 516.48 558 159 0.0903 0.06616 0.0668

10.0 28.1 0.9795 474.58 569 156 0.0892 0.06505 0.0707
10.0 28.4 0.9792 468.90 564 151 0.0892 0.06505 0.0676
10.0 28.6 0.9791 466.44 571 149 0.0906 0.06646 0.0736
10.0 28.2 0.9794 472.56 566 153 0.0906 0.06646 0.0695
10.0 27.2 0.9801 489.56 566 155 0.0905 0.06632 0.0694
10.0 26.1 0.9810 511.73 562 151 0.0905 0.06632 0.0695

8.0 27.9 0.9796 478.32 562 144 0.0875 0.06335 0.0569
8.0 25.7 0.9812 518.49 559 154 0.0875 0.06335 0.0590
8.0 26.4 0.9807 504.75 567 142 0.0877 0.06354 0.0621
8.0 26.5 0.9807 504.18 562 149 0.0877 0.06354 0.0603
8.0 25.3 0.9816 527.93 557 139 0.0881 0.06393 0.0606
8.0 25.3 0.9815 527.31 555 140 0.0881 0.06393 0.0610

Nc3

Nc2

Na3

Na2

Nb3

Nb2
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