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Optimization
Nano titanium dioxide (TiO2) with excellent capabilities of refraction and absorption has been acknowl-
edged as an efficient enhancer of radiative thermal insulation performance of fibrous materials. Based on
the layer-by-layer (LBL) assembling technique, nano TiO2 was successfully assembled on the fibre surface
of fibrous insulations to form nano TiO2 assembled fibrous insulations. To obtain quantitative predictions
of radiative thermal insulation enhancement of nano TiO2 on fibrous insulations, numerical methods of
radiative thermal properties were presented by combining the Rosseland equation, precise Mie theory
and subtractive Kramers-Kronig relation. For validation purposes, we fabricated samples with different
loading levels of nano TiO2 and observed good agreement of radiative thermal conductivity between
the measurements and our predictions. The fundamental parameters of the numerical method, including
fibre diameter, loading level of nano TiO2 and infrared transmittances, were experimentally measured
through scanning electron microscopy (SEM), thermogravimetric (TG) analysis and Fourier transform
infrared (FTIR) spectroscopy, respectively. The influence of loading nano TiO2 was analysed, which pre-
sented an almost 43% reduction of the radiative thermal conductivity when the loading level of nano
TiO2 was 5.7 wt.%. The effect of fibre diameter on radiative thermal properties was also investigated to
minimize the radiative thermal conductivity. A further 6% reduction of radiative thermal conductivity
was predicted by optimizing the fibre diameter. The optimal fibre diameter was decreased from 1.7–
2.0 lm for pure fibrous insulations to 0.9–1.0 lm for nano TiO2 assembled fibrous insulations, which fell
within the nanometre scale and could be implemented by using electrospinning technique in experiment.
The methods of loading nano TiO2 and optimizing the diameter of fibrous insulations demonstrated in
this paper could serve as very useful references for enhancing radiative thermal performance and reduc-
ing heat loss in practical engineering applications.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Fibrous insulations with high porosity and nano or micro struc-
ture (diameter of 10 nm–10 lm) [1–3] have drawn growing atten-
tion due to their excellent mechanical properties and shielding
heat conduction performance [4–7]. One promising usage of
fibrous insulations is acting as fillers in composite materials [8]
to improve thermal insulations, such as high performance thermal
insulators [9] and vacuum insulation panels [10] in industrial and
construction areas. However, radiative thermal flux may be signif-
icant as fibrous insulations are used at high temperatures [11]. To
block high-temperature radiation and thereby reduce the total
heat flow, nano opacifiers with excellent capabilities of refraction
and absorption, such as titanium dioxide (TiO2) [12], carbon (C)
[13], and silicon carbide (SiC) [14], are generally loaded on the fibre
surfaces of fibrous insulations.

Considerable research efforts have been devoted to blocking the
radiation of fibrous materials through loading nano TiO2 on the
fibre surfaces of fibrous insulations [15]. Zhao et al. [16] investi-
gated extinction capacity enhancement of nylon 6 fibrous insula-
tions with and without nano TiO2. The results indicated that the
extinction coefficient of TiO2 assembled nylon 6 fibrous insulations
can be increased to 220 cm�1, which is much greater than that of
pure nylon 6 fibrous membrane (25 cm�1). Wu et al. [17] experi-
mentally studied the thermal radiative properties of fibrous PVA
(polyvinyl alcohol) films with and without nano TiO2. The results
indicated that the loading of nano TiO2 could decrease the radiative
thermal conductivity of the PVA fibrous materials by almost 30%.
Zu et al. [18] experimentally measured the thermal conductivity
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of an Al2O3 aerogel/mullite fibre composite. They found that the
introduction of nano TiO2 can significantly decrease the thermal
conductivity from 0.13 to 0.058 W�m�1�K�1 at 800 �C and from
0.21 to 0.11 W�m�1�K�1 at 1200 �C.

These above experimental investigations used the experimental
method to obtain the thermal radiative properties of nano TiO2

assembled fibrous insulations. However, it is very difficult or extre-
mely time-consuming to experimentally measure the thermal
radiative properties of fibrous insulations under various conditions
(e.g., different fibre diameters or different working temperatures)
[19]. Therefore, efforts on exploring an effective theoretical
method are needed to predict and optimize the thermal insulation
performances of nano TiO2 assembled fibrous insulations.

It is extremely difficult for commonly used theoretical methods
to calculate radiative thermal properties due to the uncertain sur-
faces of nano TiO2 assembled fibres. Nano TiO2 with diameters of
several nanometres assembled on the fibre surface (�1 lm in
diameter) is stochastically distributed with high porosity (nearly
80%). One feasible approach is to first address the optical proper-
ties (e.g., optical constant or emissivity) [20] of given TiO2 loading
levels, thereby serving as the fundamental parameters to predict
the radiative thermal properties. Unlike the smooth surfaces of
pure fibres, nano TiO2 assembled ones are composite fibres and
exhibit rough surface (viz., nanolayer) with a nano porous struc-
ture, as shown in Fig. 1. This derives two other key parameters,
i.e., loading level and porosity of nano TiO2, which influence the
optical and thermo-physical properties of fibrous insulations. Con-
sidering that the porosity is increased with the increase in the
loading level under the experimental assembling process, a
single-valued function relation between loading level and porosity
is assumed, even for various fibre diameters.

The fibre diameter plays a key role in influencing the thermal
radiative properties of fibrous insulations, and an optimal diameter
exists for the best radiative blocking properties [21–23]. Tong and
Tien [24] studied the effect of fibre diameter on the radiative ther-
mal conductivity of silicate fibrous materials based on a two-flux
analytical model. A minimum radiative thermal conductivity was
found at the optimal diameters of 2.8 and 3.2 lm for pure silica
fibre and silicate fibre, respectively. Arambakam et al. [25] anal-
ysed the effect of fibre diameter on radiative heat transfer through
fibrous insulations based on transmittance results and used a Dis-
crete Ordinate Method (DOM). They found that 3–10 lm was the
optimal diameter of glass fibre for minimal radiation heat transfer
in the temperature range of 340–750 K. They then investigated the
influences on effective thermal conductivity of fibrous materials by
establishing a simulation methodology [26], which predicted opti-
mal fibre diameter for best heat insulation is about 5 lm for min-
eral wool fibres and 7 lm for glass fibres at 300 K.

In our previous study [3] the modelling of optical constants and
radiative properties of fibrous insulations were presented by com-
bining experimental transmittances, Mie theory [27], subtractive
Fig. 1. Comparison of surface morphologies
Kramers-Kronig relation [28] and radiation theory [29]. The results
indicated that the optimal diameters of Poly(vinylidene fluoride)
(PVDF) insulations were 1.7–2.0 lm, and approximately 25%
decrease of radiative thermal conductivities could be obtained by
regulating the fibre diameter to the optimized value.

It can be concluded that the previous researches mainly concen-
trated on predicting the optimal fibre diameter for the minimum
thermal conductivity of porous insulations by using the modelling.
However, the predicted fibre with optimal diameter may be not
implemented in experiments owing to the preparation technology
of materials. For instance, the predicted optimal diameter of silica
fibrous insulations was 2.8 lm [30], which was beyond the range
of the existing silica fibres (i.e. 5–20 lm). Similarly, the predicted
optimal diameter of PVDF fibrous insulations was 2.0 lm in Ref.
[3], which was also beyond the range of the existing electrospun
PVDF fibres (i.e. 0.2–1.0 lm). Therefore, regulating the optimal
fibre diameter for the minimum thermal conductivity has current
significance for obtaining the ideal fibres in experiment. Assem-
bling nanoparticles onto the fibre surface seems to be a feasible
method, as this not only improves the radiation insulation but also
alters the spectral optical constants. The thermal radiative proper-
ties of composite fibres could be modified and regulated by the
nanoparticle coating, which provides a possible way to regulate
the optimal fibre diameter to fit the existing materials in
experiment.

The previous researches on the optimal diameter for the mini-
mum thermal conductivity mainly were conducted concerning a
single type of fibres. When it comes to composite fibres (e.g. fibres
loading nanoparticles), there are very limited reported studies. In
this communication so as to further block the radiative flux and
thereby improve the thermal insulation of PVDF fibrous insula-
tions, the surface of PVDF fibres was assembled with a porous layer
of nano TiO2. The modelling for the optical constants and radiative
properties of the composited TiO2/PVDF fibres was presented. The
optimal fibre diameter was predicted and also feasible for the
existing materials in experiment by regulating the loading level
of TiO2 nanoparticles.

2. Numerical methods

2.1. Thermal radiation models

Nano TiO2 assembled fibrous insulations with excellent capabil-
ities of refraction and absorption are extremely optically thick
media when used as thermal insulating materials. In this situation,
radiative heat transfer can be modelled based on the Fourier law of
heat conduction, which is called the diffusion approximation
method, as determined by the Rosseland equation [29,31]

kr ¼ 16n2
TrT

3

3beT
ð1Þ
of fibres and nano TiO2 assembled ones.
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where T is the temperature, r = 5.67 � 10�8 W�m�2�K�4 is the
Stefan-Boltzmann constant, and nT is the temperature-dependent
effective refractive index, which can be calculated as follows [32]

nT ¼
Z 1

0

1
nck

@Ebk

@Eb
dk

� ��1

ð2Þ

where nck is the spectral refractive index of the composite, which
can be approximately calculated by nck ¼

Pm
i¼1nikmi, where nik is

the spectral refractive index of component i (e.g. composite nanofi-
bres or air), concerning to the air within the composite nk equals to
1, mi is the volume fraction of component i. Ebk is the spectral black-
body emissive power calculated by Planck’s law, and Eb is the black
body emissive power, defined as [29]

EbkðT; kÞ ¼ 2phc20
n2
Tk

5½ehc0=nTkkT � 1� ð3Þ

Eb ¼ n2
TrT

4 ð4Þ
where h = 6.626 � 10�34 m2�kg�s�1 is Planck’s constant,
co = 2.998 � 108 m�s�1 is the light speed in a vacuum, and
k = 1.38 � 10�23 J�K�1 is the Boltzmann constant.

In Eq. (1), beT is the Rosseland mean extinction coefficient,
which indicates the temperature-dependent mean extinction capa-
bility, expressed as [33]

beT ¼
Z 1

0

1
bek

@Ebk

@Eb
dk

� ��1

ð5Þ

where the spectral extinction coefficient, bek, represents an overall
value of extinction capacity by considering the attenuation in heat
flux direction while neglecting the parts of vertical directions
[33]. bek can be calculated for various spectral lengths by [34]

bek ¼
Z xf2

xf1

Z nf2

nf1

Z 1

0
2rQekNðrðRf ÞÞdrd2F ð6Þ

where d2F and N(r(Rf)) are the orientation distribution and number
size distribution, and the limits of integration (x, f) denote the
range of the angular orientation of fibres.

As PVDF fibres are infinite cylinders and vertical to the direction
of the thickness, bek can be expressed as

bek ¼ 4Qekmf =pd ð7Þ

where mf is the volume fraction, d is the fibre diameter, and Qek is the
extinction efficiency.
2.2. Extinction efficiencies

The extinction efficiency is a non-dimensional and
temperature-independent parameter indicating the capacities of
absorbing and scattering light as the light goes through a fibre.
Regarding composite fibres, such as nano TiO2 assembled ones,
Qek should be a combination of extinction efficiencies of compo-
nents, viz. TiO2 spherical nanoparticles (Qek,s) and infinite cylindri-
cal fibres (Qek,c). Their scattering geometries from an incident light
are shown in Fig. 2. The classic Mie scattering theory for spherical
particles and cylindrical fibres [28,35] can be used to calculate Qek,s

and Qek,c respectively

Qek;s ¼
2
x2

Re
X1
j¼1

ð2jþ 1Þðaj þ bjÞ
" #

ð8Þ

Qek;c ¼
1
x
Re ða0 þ b0Þ þ 2

X1
n¼1

ðan þ bnÞ
" #

ð9Þ
where Re is the symbol of real part, x = pd/k is the size factor, aj and
bj are the Mie coefficients of a sphere, and an and bn are the Mie
coefficients of a cylinder. As radiation heat flux is vertically incident
on spherical and cylindrical particles, these Mie coefficients can be
respectively expressed as

aj ¼
½DjðmxÞ=mþ j=x�JjðxÞ � Jj�1ðxÞ
½DjðmxÞ=mþ j=x�YjðxÞ � Yj�1ðxÞ

ð10Þ

bj ¼
½mDjðmxÞ þ j=x�JjðxÞ � Jj�1ðxÞ
½mDjðmxÞ þ j=x�YjðxÞ � Yj�1ðxÞ

ð11Þ

an ¼ ½DnðmxÞ=mþ n=x�JnðxÞ � Jn�1ðxÞ
½DnðmxÞ=mþ n=x�HnðxÞ � Hn�1ðxÞ

ð12Þ

bn ¼ ½mDnðmxÞ þ n=x�JnðxÞ � Jn�1ðxÞ
½mDnðmxÞ þ n=x�HnðxÞ � Hn�1ðxÞ

ð13Þ

where Jn and Yn are the first and second kind of Ricatti-Bessel func-
tion, respectively, which are internal functions in the MATLAB soft-
ware. Hn = Jn + i�Yn is the first kind Hankel function, Dj and Dn are the
recurrence relation for computations, which is satisfied with the
flowing logarithmic derivatives:

Dj�1ðxÞ ¼ j
x
� 1
ðj=xÞ þ DjðxÞ ð14Þ

Dn�1ðxÞ ¼ n� 1
x

� 1
ðn=xÞ þ DnðxÞ ð15Þ

During the calculation of extinction efficiency, the optical con-
stant (m) consists of the refractive index (nk) and absorption index
(jk) [36], which indicate the scattering and absorption capabilities
of fibrous materials, respectively. Fig. 3(a) and (b) shows the
extinction efficiencies of spherical TiO2 nanoparticles and cylindri-
cal PVDF fibres, based on Eqs. (8) and (9) respectively. The spectral
optical constants of TiO2 particles (ms) and PVDF fibres (mf) are
referred to Ref. [36] and Ref. [3] respectively. The diameters of
the spheres and the cylinders are presented as 0.01 lm and
1 lm, respectively.

It can be observed that with the increase in the wavelength, the
extinction efficiencies of TiO2 particles and PVDF fibres present a
similar trend, increased firstly and then decreased with a maxi-
mum value. The maximum extinction efficiency exists at wave-
length of �0.01 lm for TiO2 particles, and �1 lm for PVDF fibres.
However, the extinction efficiency of TiO2 particles get close to
zero beyond a wavelength of 0.1 lm. According to Wien’s displace-
ment law [37], the majority of the radiative flux occurs at a wave-
length of �8 lm for the temperature range of 300–400 K.
Therefore below a wavelength of 0.1 lm the radiative flux could
be completely neglected. When the extinction efficiency of spher-
ical particles is considered as a superimposed value by multiplying
the quantity of nano TiO2, the extinction coefficient by Eqs. (5)–(7)
would be obtained with zero at 300–400 K. However, in fact the
extinction coefficient of nano TiO2 should be a value with equal
magnitude when compared with that of cylindrical fibres, rather
than zero. This difference may be caused by the existence of the
internal scattering radiation within the porous layer of nano
TiO2, which would be considerably increasing the extinction
efficiency.

Therefore, concerning to nano TiO2 assembled fibres, the extinc-
tion efficiency is not merely a simple superimposed value. In order
to precisely evaluate the extinction capacity of nano TiO2 assem-
bled fibres, an integrated structure of the composite fibre is
assumed. Regarding the integrated structure, as shown in Fig. 1,
nano TiO2 is well assembled on the surface of cylindrical fibres
with one certain loading level, thickness and porosity of TiO2



Fig. 2. Scattering geometry for nano TiO2 assembled fibres from incident radiation.

Fig. 3. Extinction efficiencies for various wavelengths. (a) Nano TiO2, (b) fibre.
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nanolayers. The numerical predictions of extinction efficiencies
and radiative thermal conductivities would be based on the inte-
grated structure by Eq. (9).

2.3. Optical constants

Based on our previous investigation of m of fibrous insulations,
two calculating relations between nk and jk indices were built to
obtain unique numeric solutions of mk with the wavelength rang-
ing between 2.5 and 25 lm. Ignoring internal scattering radiation
between fibres and opacifiers, a relation combining the extinction
coefficient and Beer’s law [38] could be obtained:

Qek ¼ �pdInðskÞ
4Lmf

ð16Þ

where L is the thickness, and sk is the experimental spectral trans-
mittance. Combined with Eq. (9), a relation between nk and jk could
be established.

Besides the above equation, another equation of nk and jk can
be provided by the subtractive Kramers-Kronig relation [28,38]:

nðkÞ ¼ nðkiÞ þ 2ðk2i � k2Þ
p

P
Z 1

0

k0jðk0Þ
ðk2 � k20Þðk2i � k20Þ

dk0 ð17Þ
where ki is the initial wavelength. In the numerical calculation,
ki = 0.5 lm, and n(ki) is the initial refractive index. Regarding a com-
posite fibre, n(ki) is a combination of components by multiplying
their ratios. As such, n(ki) of nano TiO2 assembled fibres can be
expressed as
nðkiÞ ¼ nf ðkiÞwo þ noðkiÞð1�woÞ ð18Þ
where nf(ki) and no(ki) are the initial refractive indices of fibre and
nano TiO2, respectively. In the numerical calculation, no(ki) = 2.75
and nf(ki) = 1.41 [3]. wo is the loading level of nano TiO2 and can
be obtained through experimental measurements.

Uniqueness analysis of optical constants is the key approach to
evaluate the reliability of the numerical results. For spherical par-
ticles, Milham et al. [40] and Ruan et al. [39] performed uniqueness
analysis by determining valid uniqueness regions of 0 � k � (2
+2.4x)0.5 and 10�2 � x � 2. For cylindrical fibres, we concluded that
the solutions nk and jk of PVDF fibres were unique as the diameter
was less than dc of 1.06 lm. Therefore, to ensure unique solution
optical constants by using the numerical method, the fibres would
be prepared by using electrospinning technology.
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3. Samples and experimental procedure

In this work, PVDF fibrous insulations produced by means of
electrospinning technology [3] were used as the basic material
with a primary average fibre of 520 nm. Nano TiO2 (�99.99%,
diameter �10 nm, purchased from Xuancheng Jingrui New Mate-
rial Co. Ltd., China) was assembled on the surface of the as-
prepared PVDF fibres by the layer-by-layer self-assembly tech-
nique [41], as shown in Fig. 4. First, negatively charged PVDF
fibrous insulation was immersed into anionic poly(acrylic acid)
(PAA from Damao Co. Ltd., China) solution for 15 min and three
times in pure water for 1 min each time. Second, the PAA-
attached PVDF fibres were placed into cationic TiO2 solution for
15 min and three times in pure water for 1 min each time. Finally,
the two procedures were repeated until n layers of TiO2 were
assembled. Three samples of fibrous insulations with different
TiO2 layers (TL2–TL6) were prepared by regulating the assembling
times (viz., 2, 4 and 6 layers, respectively).

The microstructure of the samples was measured by using a
field emission scanning electron microscope (FESEM, model JSM-
7001F from JEOL Co., Japan). Fig. 5(a) and (b) shows the SEM
images of PVDF fibres (TL0) and nano TiO2 assembled ones (TL2)
respectively. The surface morphology of nano TiO2 assembled
fibres presented apparently rough, when compared with pure
fibres with a smooth surface morphology. This rough surface was
in fact a layer of porous nano TiO2, and the porosity in this layer
can be calculated by

u ¼ 1� d2 � d2
i

d2

,
ðmo=mf Þðqf =qoÞ

1=½1� ðd2 � d2
i Þ=d2�

ð19Þ

where di = 0.52 lm is the diameter of the pure PVDF fibre, mo/mf is
mass ratio of nano TiO2 to fibre, and qf/qo is the mass ratio of fibre
to nano TiO2.

The diameter distribution was then obtained by Nano-measurer
software from 50 fibre diameters, and the average fibre diameter
(d) was obtained by normal curve fitting, as shown in Fig. 5(b).
The average diameters of TL2, TL4 and TL6 were 0.55, 0.58 and
0.582 lm, respectively. The diameter standard deviation of TL0 is
0.096 lm, which is greater than that of TL2–TL6, with 0.056,
0.051 and 0.058 respectively. This is because with the increase in
fibre diameter, the specific surface area of the fibres decreases,
which would also decrease the access to having the fibres assem-
bled with the nano TiO2. Therefore, after the TiO2 assembling pro-
cess, the diameters of TiO2 assembled fibres (TL2–TL6) would get
close to the average fibre diameter, which indicates a smaller stan-
dard deviation than that of pure fibres (TL0).

A thickness gauge from Chen Lu Co. Ltd., China, was used to
obtain the thickness (L) of nano TiO2 assembled fibrous insulations.
Fig. 4. Schematic of layer-by-lay
The thicknesses were 33, 35 and 34 lm for TL2, TL4 and TL6,
respectively.

A thermal gravimetric analyser (TGA, model 400, PerkinElmer,
U.S.) was employed to determine the composition of nano TiO2

assembled fibrous insulations. The samples were tested at a heat-
ing rate of 10 �C/min up to 800 �C, and under a nitrogen flow rate of
50 mL/min. The TGA thermograms of TL0–TL6 is shown in Fig. 6. It
can be seen that the pure PVDF fibres were completely decom-
posed at 800 �C, while the nano TiO2 assembled ones were decom-
posed with residual. Herein, the weight percentages of the residual
are the mass ratios of nano TiO2 to composite fibres, which can be
calculated by

wo ¼ mo

mi

� 100% ð20Þ

wheremo is the mass of TiO2 (i.e., the residual mass),mi is the initial
mass of composite fibres. Then the mass contents of TiO2 (i.e., the
loading levels) were obtained with 1.84, 5.30 and 5.70 wt.% for
TL2, TL4 and TL6, respectively, as listed in Table 1.

A Fourier transform infrared (FTIR) spectroscopy gauge (model
Tensor27 from Bruker Co., Germany) was used to test the infrared
spectral transmittances (sk). The testing values of transmittances
were obtained by averaging two measurements at the front and
reverse sides of samples [3]. The experimental deviations from
the average transmittances (TL4) were shown in Fig. 7(a), which
presents deviations in a range of 0.8–5.6%. Fig. 7(b) shows the aver-
age spectral transmittances of TL0–TL6 for various wavelengths of
2.5–25 lm. It can be seen that the transmittances significantly
fluctuated with wavelengths. TL2–TL6 presented smaller transmit-
tances than TL0. This is because nano TiO2 exhibits strong absorp-
tion and scattering abilities toward radiative light. Considering a
central wavelength of �7 lm for the temperature of 400 K [37],
Fig. 7(c) compares transmittances of TL4 and TL6 in a wavelength
range of 6–8 lm. In these wavelengths, it seems that the average
transmittances of TL6 are generally greater than that of TL4. How-
ever, it always exists a spectral transmittance that is in the scope of
both TL4 and TL6 when taking experimental deviations into con-
sideration. Therefore, the difference of transmittances between
TL4 and TL6 would be insignificant.
4. Results and discussion

4.1. Validation of theoretical models of radiative thermal conductivity

Based on the spectral transmittances of nano TiO2 assembled
fibrous insulations, the optical constants (viz., absorption index
and refractive index) could be numerically calculated by Eqs.
(16)–(18), as shown in Fig. 8. According to optical theories, the
er self-assembly technique.



Fig. 5. (a) SEM image of fibres and (b) TiO2 assembled ones, (c) normalized diameter distribution of fibres and (d) TiO2 assembled ones.

Fig. 6. TGA thermograms of fibres and TiO2 assembled ones.
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sum of the transmittance, absorption and scattering ratio is 1. This
indicates that as the PVDF fibres present greater transmittance,
they should show a smaller absorption index and/or refractive
Table 1
Structural properties of nano TiO2 assembled fibrous insulations.

Samples Average diameter (lm) Std. Dev of diameter (lm) Loading level of T

TL0 0.520 0.096 –
TL2 0.554 0.056 1.84
TL4 0.580 0.051 5.30
TL6 0.582 0.058 5.70
index after assembling TiO2. It is consistent with the transmit-
tances in Fig. 7, which shows TL0 has a smaller optical constant
as it presents a greater transmittance.

Based on the measured transmittances and Beer’s Law, the
experimental extinction efficiency could be calculated from Eq.
(16), and radiative thermal conductivity could be respectively
expressed as

kr;s ¼ 16rn2
TT

3

3beT;s
ð21Þ

where beT,s is the experimental mean extinction coefficient

beT;s ¼
Z 1

0

1
bek;s

@Ebk

@Eb
dk

� ��1

ð22Þ

where bek,s is the experimental spectral extinction coefficient,
which can be calculated by Eq. (7).

Fig. 9(a) and (b) compares the numerical radiative thermal con-
ductivities of TL0–TL6 from the present model and experimental
data at 300 and 400 K. The properties used in the simulations
include the diameter, thickness, and volume fraction of TL0–TL6.
The present predictions of TL0 are slightly lower (nearly 2%) than
the experimental data, which may be due to the diversity of exper-
imental diameters as the diameter is averaged in the simulations.
iO2 (%) Thickness (lm) Volume fraction of fibres (%) Porosity of TiO2 (%)

36 3.00 –
33 3.02 90.3
35 3.09 84.0
34 3.10 83.3



Fig. 7. Measured spectral transmittances for various wavelengths. (a) Example (TL4) of transmittances with deviations, (b) transmittances of TL0–TL6 in 2.5–25 lm,
(c) comparisons of transmittances between TL4 and TL6 in 6.0–8.0 lm.

Fig. 8. Predicted optical constants for various wavelengths.
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Note that the calculated results of radiative thermal conductivities
of TL2–TL6 agree well with the experimental ones, which shows
smaller difference than that of TL0. It may be caused by the smaller
standard deviations of TL2–TL6 (i.e. 0.056, 0.051 and 0.058 lm
respectively) than that of TL0 (i.e. 0.096 lm). Although the uncer-
tainty of TiO2 diameter would also influence the difference
between numerical and experimental results, this influence should
be less significant than that caused by the diameter deviation of
composite fibres.

Fig. 9(b) shows that the radiative thermal conductivity at 400 K
presents a slight increase (only 0.93%) from TL4 to TL6. This is con-
sistent with the comparison of transmittances in Fig. 7(c), which
indicates that the transmittances of TL6 are slightly greater than
that of TL4. Note that the 0.93% difference of the radiative thermal
conductivity between TL4 and TL6 is smaller than the experimental
deviations of both TL4 (2.0%) and TL6 (1.6%). Therefore, it is reason-
able to assume that TL4 and TL6 have approximately equal radia-
tive thermal conductivities, although an average 0.93% increase
from TL4 to TL6. This means concerning to TL4 with a loading level
of 5.3%, a further assembly of nano TiO2 would have an insignifi-
cant effect on the radiative thermal conductivity. This is consistent
with the experimental results by Caps et al. [42], which indicated
that Al-coating could increase the extinction capacity of
polypropylen fibres to a maximum value of �800 m2�kg�1.



Fig. 9. Comparison of calculated and measured radiative thermal conductivity. (a) 300 K, (b) 400 K.
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4.2. Prediction of radiative properties of nano TiO2 assembled fibrous
insulation

Based on the refractive index of nano TiO2 assembled fibres
(Fig. 8(b)), the temperature-dependent effective refractive index
of TL0–TL6 could be predicted by Eq. (2), shown in Fig. 10. The
effective refractive index ranging in 1.02–1.05 shows an increasing
trend with the elevated temperature of 300–400 K. In general, the
nano TiO2 assembled fibres present greater effective refractive
index than the pure ones.

Fig. 11(a) shows the experimental extinction coefficients of
TL0–TL6 for various wavelengths of 2.5–25 lm, and Fig. 11(b)–(d)
shows the numerical ones by Eq. (7). The properties used in the
simulations include fibre volume fraction vf = 3.0%, temperature
T = 300 K, diameter d = 0.5 lm for Fig. 11(b), d = 1.0 lm for Fig. 11
(c) or d = 2.0 lm for Fig. 11(d). Concerning to experimental diame-
ters the extinction coefficients present the minimum for pure
fibres, and increase from TL2 to TL6. The extinction coefficients
of 1.0 lm ranging from 50 to 650 cm�1 are remarkably influenced
by infrared spectra, which are essentially determined by the intrin-
sic properties of materials. By comparison analysis, the fluctuation
amplitude of extinction coefficients decreases with the increase in
the diameter. It could also be deduced by Eq. (7), when bigger
diameter turns to smaller extinction coefficient and even smaller
fluctuation amplitude. However, the overall extinction coefficient
is around 300 cm�1 for both d = 1.0 lm and d = 2.0 lm.
Fig. 10. Predicted temperature-dependent effective refractive index.
Fig. 12 shows the Rosseland mean extinction coefficients of
TL0–TL6 for various diameters ranging from 0.3–5.0 lm by Eq.
(5). The properties used in the simulations include fibre volume
fraction vf = 3.0% and temperature T = 300 K or T = 400 K. A para-
bola with the opening upward is presented for the Rosseland mean
extinction coefficients, which indicates a maximum mean extinc-
tion coefficient when the diameter is at the peak value of the para-
bolic curve (i.e., optimal diameter). The optimal diameter
decreases successively with TL0–TL6, although the maximum
mean extinction coefficients at 300 and 400 K both range from
250 to 340 cm�1.

Fig. 13 shows the radiative thermal conductivity of TL0–TL6 for
various diameters ranging from 0.3 to 5.0 lm by Eq. (1). The prop-
erties used in the simulations include fibre volume fraction vf =
3.0% and temperature T = 300 K or T = 400 K. The radiative thermal
conductivity at 300 K ranges from 0.22–0.43 mW�m�1�K�1, while it
ranges from 0.56 to 1.12 mW�m�1�K�1 at 400 K. A parabola with
the opening downward is presented for the radiative thermal con-
ductivity, which indicates minimum radiative thermal conductiv-
ity at the optimal diameter.
4.3. Optimization of radiative thermal conductivity of nano TiO2

assembled fibrous insulation

Based on the influence of diameter on the radiative thermal
conductivity, the diameter is optimized to obtain the optimal
diameter and minimum radiative thermal conductivity of TL0–
TL6 for various temperatures, as shown in Fig. 14(a) and (b) respec-
tively. The property used in the simulations is fibre volume fraction
vf = 3.0%.

With the increase in the temperature, the optimal diameter
decreases while the minimum radiative thermal conductivity
increases. The optimal diameters of TL0–TL6 are 2.0, 1.5, 1.1 and
1.0 lm at 300 K, and decrease to about 1.7, 1.2, 0.9 and 0.9 lm at
400 K. The decrease trend is similar to that of fused silica fibres
[32], with an optimal diameter dropping from 8.3 lm at 300 K to
3.1 lm at 1000 K. This is mainly due to a decrease in the peak
wavelength with an elevated temperature [37]. It can be seen from
Fig. 14(a) that the optimal diameter of nano TiO2 assembled fibres
was 0.9–1.0 lm, which is nearly twice smaller than that of pure
ones (i.e., 1.7–2.0 lm). It indicates that the optimal diameter of
PVDF fibres could be obtained in the nano scale through assem-
bling nano TiO2.

Fig. 14(b) shows that the minimum thermal conductivities of
TL0–TL6 are increased from a range of 0.22–0.3 mW�m�1�K�1 at
300 K to 0.55–0.73 mW�m�1�K�1 at 400 K. Note that the minimum
radiative thermal conductivities of TL4 and TL6 are approximately



Fig. 11. Predicted infrared spectral extinction coefficient. (a) Experimental diameter, (b) 0.5 lm, (c) 1.0 lm, (d) 2.0 lm.

Fig. 12. Rosseland mean extinction coefficient for various diameters. (a) 300 K, (b) 400 K.
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equal, rising from 0.22 mW�m�1�K�1 at 300 K to 0.55 mW�m�1�K�1

at 400 K. This is consistent with the indication from Fig. 9(b),
which shows that a further assembling of nano TiO2 has an
insignificant effect on the thermal conductivity after a loading level
of 5.3 wt.% (TL4).

To evaluate the enhancement of radiative thermal insulation of
fibrous insulations through assembling nano TiO2 and/or optimiz-
ing diameter, two reduction percentages of radiative thermal con-
ductivity are introduced: Pk1 for the reduction percentages of
assembling nano TiO2, and Pk1 for the reduction percentages of
optimizing diameter. They are determined by

Pk1 ¼ kr;eðTLsÞ � kr;eðTL0Þ
kr;eðTL0Þ � 100%; ðs ¼ 2;4;6Þ ð23Þ

Pk2 ¼ kr;e � kr;op
kr;e

� 100% ð24Þ
where subscript e indicates the experimental value and op indicates
the optimal value.

Fig. 15(a) shows Pk1 for various loading levels at 300 and 400 K
by Eq. (23). It can be observed that with the increase in the loading
level, the reduction percentage of radiative thermal conductivity
increases. For instance, these percentages are 26%, 42% and 43%
at 300 K, a slight greater than 22%, 35% and 35% at 400 K, at loading
levels of 1.84%, 5.30% and 5.7% respectively. Note that through
assembling nano TiO2, a 43% reduction in the radiative thermal
conductivity is remarkable, when compared with a reduction by
some other opacifiers. For instance, carbon opacifiers [43] were
reported to obtain a 33% reduction in the radiative thermal con-
ductivity of porous media. A direct addition of nano TiO2 into a
homogeneous matrix also contributed to only 20% enhancement
in shielding the radiative performance [44]. It seems that com-
positing nano TiO2 using assembly technique could obtain a
greater reduction than that by direct addition of nano TiO2. This



Fig. 13. Radiative thermal conductivity for various diameters. (a) 300 K, (b) 400 K.

Fig. 14. Optimized results for various temperatures. (a) Optimal diameter, (b) minimum radiative conductivity.

Fig. 15. Reduction percentage of radiative thermal conductivity of fibres and TiO2 assembled ones. (a) Pk1, (b) Pk2.
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is because the internal scattering radiation in the TiO2 layer con-
tributes to an increment of the extinction capacity.

It should be noted that the reductions in radiative performance
were approximately equal for loading levels of 5.3% (TL4) and 5.7%
(TL6). This indicates that a maximum reduction of radiative perfor-
mance could be obtained at a loading level of 5.3%. Therefore,
assembly of nano TiO2 with a thickness of �60 nm seems to be suf-
ficient to enhance the shielding radiative performance of PVDF
fibres. A similar result was obtained by Caps et al. [42], which indi-
cated that a coating thickness of �80 nm Al opacifiers could be
used to cover the polypropylen microfibre effectively.
Fig. 15(b) shows Pk2 for various loading levels at 300 and 400 K
by Eq. (24). With the increase in the loading level of nano TiO2, the
reduction percentage of radiative thermal conductivity by optimiz-
ing fibre diameter decreases. For instance, from TL0 to TL6 these
percentages decrease from 25% to 6 % at 300 K, while from 17%
to 4% at 400 K. This is because with the increase in the loading
level, the difference between the experimental diameter and the
optimal diameter deceases. For instance at 300 K, the experimental
diameter and the optimal diameter of TL0 are 0.52 and 2.0 lm,
while those of TL6 are 0.582 and 0.9 lm respectively. Apparently
the diameter difference of TL6 is much smaller than that of TL0.
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This would contribute a smaller reduction in the radiative thermal
conductivity with the increase in the loading level [3].

5. Conclusions

A numerical model was presented for the predictions of radia-
tive thermal properties of nano TiO2 assembled fibrous insulations.
To ensure the validation of the numerical model and to provide the
fundamental parameters, nano TiO2 assembled fibrous insulations
with different TiO2 loading levels were experimentally prepared
and characterized. The effects of TiO2 loading level and fibre diam-
eter on radiative thermal properties were analysed to investigate
the mechanism of radiative thermal transfer of nano TiO2 assem-
bled insulations. The radiative thermal conductivity could be
decreased by assembling nano TiO2 and/or optimizing diameters.
The nano TiO2 led to a significant enhancement of radiative ther-
mal insulation for fibrous insulations, i.e., an almost 43% reduction
of radiative thermal conductivity. A further 6% decrease of radia-
tive thermal conductivity could be obtained by optimizing the
diameter. By introducing nano TiO2, the optimal fibre diameter
could be reduced from 1.7–2.0 lm to 0.9–1.0 lm, which indicated
that the optimal fibre diameter in the experimental scope (i.e. 0.2–
1.0 lm) could be achieved through assembling nano TiO2.
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