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Abstract Radiative heat transfer could be a significant

contribution to the total heat transfer within the highly

porous materials. This article reports on the use of a con-

ventional instrument, viz. Fourier transform infrared

(FTIR) spectroscopy, for the characterization of radiative

heat properties of fiber assemblies with low bulk densities.

Experimental measurements on spectral transmission with

FTIR were performed on five types of fiber assemblies

commonly used for insulating materials. From the mea-

surements, radiative heat conductivity was determined by

calculating extinction coefficient using Beer’s Law and

applying the diffusion approximation approach. Bulk

density, fiber arrangement, and temperature influences to

radiative heat transfer were discussed. Results show that

radiative heat conductivity decreases with bulk density and

that of the random arranged fiber assemblies shows lower

radiative heat conductivity than the random ball and par-

allel arranged fiber assemblies. Radiative heat conductivity

is proportional to the cubic temperature. The existing the-

oretical model was modified by comparing theoretical and

experimental radiative heat conductivity results.

Keywords Radiative heat transfer � FTIR � Fiber

assembly � Bulk density � Arrangement � Temperature

Introduction

In the fibrous materials, it is well known that heat energy

can be transferred by several ways: conduction, convec-

tion, and radiation [1]. Many researchers [2–4] have proved

by experiments that no convection occurs even at the very

low material density, as the small size of the pores and

tortuous nature of air channels prevent heat convection

effectively. Therefore, with the absence of heat convection,

conduction, and radiation are the two modes of heat

transfer through fiber assemblies. Heat radiation takes a

great proportion at high temperatures [4–6] or at very low

material densities [7–10].

Models developed by some researchers [2, 11–13] pre-

dict that radiation through fiber assemblies is affected by

several factors, which are fiber volume percentage, fiber

radius, temperature, and fiber emissivity. Wu et al. [14]

investigated the influence of the above parameters on

radiative heat transfer systematically based on the model of

Farnworth [2], and observed that fiber volume percentage,

fiber radius, and temperature are the most important factors

affecting radiative heat transfer. Du et al. [15] discussed

porosity distribution effect on radiative heat transfer of

fiber assemblies by applying a BFGS quasi-Newton opti-

mization procedure. Strong et al. [16] and Davis et al. [17]

considered the fiber orientation influence on radiation heat

transfer in their models.

There are generally two ways for measuring radiative

heat transfer of fiber assemblies. They are indirect and

direct methods. Mohammadi et al. [18] obtained the radi-

ative conductivity by subtracting the solid and air con-

ductivity, calculated from the previous model developed by

Frick [3], from the total effective conductivity measured by

the hot plate method. Hu et al. [19] reported a testing

apparatus to characterize the infrared radiation properties
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by measuring the infrared intensity changes on the two

surfaces of fabrics. Zhang et al. [20] developed a Fourier

transform infrared spectral radiometer to measure the

infrared radiation through fabrics. The latter two direct

methods can not get the common index of radiative heat

conductivity.

Fourier transform infrared spectroscopy is the most

widely used techniques in the polymer industry for its

characterization of polymers [21–23]. Recently, FTIR has

also been applied to evaluate radiative heat transfer prop-

erty of foams [24], films [25] or nonwovens [26]. In this

article, we will utilize the method to investigate radiative

heat transfer of fiber assemblies with low densities, com-

monly used as filling materials.

Experimental

Materials

Five types of fiber assemblies were selected for the exper-

iment, listed in Table 1. They were all commercial battings.

The materials were uniformly filled in identical aluminum

hollow cylinders. These cylinders were 10 mm thick and

20 mm in inner diameter. Before testing, the fiber assem-

blies were conditioned in an air conditioned room with the

temperature at 20 ± 0.5 �C and humidity at 65 ± 5% for at

least 24 h. The following measurements were conducted at

the temperature of 20 �C, except for when studying tem-

perature influence on radiative heat transfer.

Theory

For intermediate temperature (200–500 K) applications,

most heat energy radiates in the spectral range between

approximately 2 and 15 lm. Usually, a Fourier transform

infrared spectrometer (FTIR) was used to measure the

transmittance spectrum of an insulation sample. The mea-

suring schematic diagram is shown in Fig. 1. According to

Beer’s law [28], for a homogeneous sample, the spectral

extinction coefficient can be got from the transmittance

percentage.

Cek ¼
� lnðskÞ

L
ð1Þ

where Ce,k is the spectral extinction coefficient, L is the

thickness of the sample, and sk is the spectral transmittance

percentage.

The spectral transmission percentage (sk) is the ratio of

the intensity transmitted through the sample (Ik) to the

intensity incident (Iok) on the sample.

sk ¼
Ik
Iok

ð2Þ

Then, the Rosseland approximation can be used to

calculate the Rosseland mean extinction coefficient (re,R):

1
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where eb,k is the spectral blackbody emissive power, eb is

the total emissive power of a black body, and T is the

medium temperature.

Finally, the radiative heat conductivity is derived from

the following analysis. In practical applications, the optical

thickness of heat insulation is typically very large. The

optical thickness (s) is defined as the extinction coefficient

times the physical thickness of the insulation. For an

optically thick medium (s � 1), radiation travels only a

short distance before being scattered or absorbed. The local

intensity is the result of radiation from the neighboring

area. Then, the energy transfer can be approximated as

diffusion process. The radiative heat flux (qr) can be

written as:

qrðxÞ ¼ �
4

3re;R

oeb

ox
¼ � 4

3re;R

oðrT4Þ
ox

¼ �16rT3

3re;R

oT

ox

¼ �kr
oT

ox
ð4Þ

Table 1 Information of the chosen materials

Fibers Average fineness/lm Curl density/unit/cm Fiber density/g/cm3 Fiber emissivitya

Wool 23.5 4.68 1.32 0.8

Cashmere 15.6 3.5 1.28 0.8

Polyester 33.5 2.5 1.38 0.8

Goose Down – – 0.98 0.8

Kapok 19 – 0.029 0.8

a We assume the thermal emissivities of wool, goose down, and cashmere are the same as that of keratin, the emissivity of which was reported to

be 0.8 (http://www.optotherm.com/emiss-table.htm), the thermal emissivity of kapok is regarded as the same as that of cotton as that of cellulose

[27]. Polyester fiber is reported to be between 0.75 and 0.85 [27] (a middle value of 0.8 is used for later analysis)
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where eb is the blackbody emissive power, r is the Stefan–

Boltzmann constant, and kr is the radiative heat

conductivity.

From the Eqs. 1–4, it can be seen that the radiative heat

conductivity can be obtained by measuring the spectral

transmission percentage.

FTIR method

Fourier transform infrared spectral transmission was mea-

sured on a Nicolet 5700 FTIR spectrometer. First, H2O and

CO2 influences were eliminated from the background. All

the samples were measured over a wave number range

from 4000 to 400 cm-1, corresponding to the wavelength

range from 2.5 to 25 lm. The spectral transmittance was

registered at a revolution of 4 cm-1, and the number of

scans was 16.

Results and discussion

Spectral transmission

The five types of fiber assemblies with three levels of bulk

density (0.0032, 0.0064, and 0.0096 g/cm3) were filled in

the hollow cylinders. The spectral transmission percentages

of the fibrous assemblies at the three bulk densities are

plotted in Figs. 2, 3, and 4, and the results are the average

of five tests. We can observe the following:

(1) Goose down and kapok have much lower spectral

transmission than other fibers. For example, at the

bulk density of 0.0032 g/cm3, the spectral transmis-

sion of goose down and kapok range from 0 to 3%,

however, that of wool and polyester show the

variation between 1.7 and 30.6%.

(2) The spectral transmission decreases with increasing

bulk density of the fiber assemblies, and the rate of

the decrease slows down at higher bulk density. For

instance, at the bulk density of 0.0032 g/cm3, the

spectral transmission of wool ranges from 1.4 to

13.2%; at 0.0064 g/cm3 bulk density, it ranges from

0.05 to 3.8%; while at 0.0094 g/cm3 bulk density, it

only varies from 0.0001 to 1.5%.

(3) The spectral transmission ranking of polyester, wool,

and cashmere shows direct relation with their fine-

ness. The coarser the fiber, the higher is the spectral

transmission. Kapok and goose down show the lowest

spectral transmission.

Radiative heat conductivity

Bulk density influence on radiative heat conductivity

of fiber assemblies

As shown in Fig. 5, radiative heat conductivity decreases

with the increase of bulk density and the decrease rate is

slower at higher bulk density. The radiative heat conduc-

tivity ranking of polyester, wool, and cashmere shows

direct relation with their fineness. The finer the fiber, the

lower is the radiative heat conductivity. It is also noted that

kapok and goose down display the lowest and approxi-

mately equal radiative heat conductivity values. The lower

value of kapok is due to its super low fiber density shown

in Table 1, resulting in higher fiber volume fraction, pre-

venting radiative heat transfer, while that of goose down is

IoI
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Fig. 1 Schematic of infrared radiation transmission through a sample
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Fig. 2 Spectral transmission at the bulk density of 0.0032 g/cm3:

a for polyester, wool, and cashmere; b for down and kapok

Study on radiative heat transfer property 787

123



attributed to its special structure, consisted of plenty of

interconnected velvet flowers and the flowers have large

quality of down branches, which subdivides the fiber

assembly porosity into sufficient small pores, preventing

the transfer of radiative heat effectively.

Fiber arrangement influence on radiative

heat conductivity of fiber assemblies

Radiative heat transfer property of wool fiber assembly in

three forms of arrangements was investigated as well.

Figure 6 shows the preparation of the samples, made by

hand. In order to get the uniform fiber assemblies, higher

densities (0.016, 0.019, and 0.022 g/cm3) were chosen in this

experiment. The random ball arranged fiber assembly is

made of balls within the diameter of 1 mm. As shown in

Fig. 7, the random ball arranged fiber assembly shows the

highest radiative heat conductivity, as the large pores

between the balls lead to higher spectral transmission. That

the parallel arranged fiber assembly shows higher radiative

heat conductivity than the random arranged one can be

explained from the aspect that the straight air channels exist

in the former one, which is also beneficial for spectral

transmission. The above indicates that random arrangement

is still the best way to prevent radiative heat transfer. The

investigation also reveals that radiative heat transfer is not

only dependent on fiber volume fraction, but also related to

the property of porosity, such as shape, tortuous nature, and

distribution.
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Fig. 3 Spectral transmission at the bulk density of 0.0064 g/cm3:

a for polyester, wool, and cashmere; b for down and kapok

0

1

2

3

4

5

400

(a)

(b)

1600 2800 4000

Wavenumber/cm–1

Wavenumber/cm–1

Sp
ec

tr
al

 tr
an

sm
is

si
on

/%

Polyester

Wool

Cashmere

0

0.06

0.12

0.18

0.24

400 1600 2800 4000

Sp
ec

tr
al

 tr
an

sm
is

si
on

/%

Down

Kapok

Fig. 4 Spectral transmission at the bulk density of 0.0096 g/cm3:

a for polyester, wool, and cashmere; b for down and kapok
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Fig. 5 Radiative heat conductivity of the five types of fiber assem-
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Temperature influence on radiative heat conductivity

of fiber assemblies

Figure 8 plots the radiative heat conductivity at various

temperatures for the five types of fiber assemblies at the bulk

density of 0.0064 g/cm3. It can be seen that the radiative heat

conductivity rises faster and faster with the increase of

temperature. Since the Rosseland mean extinction coeffi-

cient is almost independent of temperature according to

Eq. 4, the radiative heat conductivity is approximately pro-

portional to the cubic temperature.

Theoretical model modification

The radiative heat conductivity can be obtained from the

following equation, according to the studies by previous

researchers [2, 17, 18].

Kr ¼ CrT3 R

ef
ð5Þ

f ¼ q
qf

ð6Þ

where R is the radius of fiber, e is the emissivity of the

fiber, f is the volume fraction of fiber assembly, q is the

bulk density of fiber assembly, qf is the fiber density, r is

the Boltzmann constant, T is the temperature, and C is the

constant determined by fiber orientation.

Farnworth [2] derived the constant C = 8 for random

arranged fiber assemblies. In Strong et al.’s model [17], the

constant C = 8.38 and C = 10.17 are determined for

three-dimensional random-oriented fibers and for the case

in which the fibers are randomly oriented in planes per-

pendicular to the temperature gradient, respectively. In

Davis and Birkebak’s model [18], the constant C ranges

from 10.8 to 13.6, when the material is optically thick and

the angle between axis of the fiber and the direction normal

to the material surface is 45�.

In this study, we determined the value of C in Eq. 5 by

plotting the value of radiative heat conductivity (Kr)

obtained from the FTIR method against rT3(R/ef), as

shown in Fig. 9. The data of goose down are not used here

as it is difficult to determine the radius of it for calculation.

We can get the best linear fitting with C = 3.135. The

value is smaller than the theoretical value got by previous

(c) (a) (b) 

Fig. 6 Wool fiber assembly in three forms of arrangements:

a random arranged, b random ball arranged, and c parallel arranged.
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researchers. The reason is that the measurement involves

the effect of scattering of radiation, while this effect was

neglected by the previous studies.

Conclusions

Fourier transform infrared spectroscopy technique was

applied to measure radiative heat transfer properties of

fiber assemblies for applications in an intermediate tem-

perature range. Spectral transmission was obtained with

FTIR for five types of fiber assemblies with low densities.

From the measurements, the radiative heat conductivity

was calculated. Based on the results, the following con-

clusions can be obtained:

1. Bulk density was found to be a significant factor

influencing the radiation heat transfer of fiber assem-

blies. The radiative thermal conductivity was found to

decrease with the increase of bulk density.

2. The radiative thermal conductivity was also found to

depend significantly on the fiber arrangement of fiber

assemblies. Random arranged fiber assemblies can

prevent radiative heat transfer more effectively than

the random ball and parallel arranged fiber assemblies.

3. The radiative heat conductivity increases with the

increase of temperature and is approximately propor-

tional to the cubic temperature.

4. The constant item in the previous model was modified

to be 3.14 by comparing experimental and theoretical

radiative heat conductivity results, smaller than the

values got by previous researchers.
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