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Abstract In this article, the authors first introduced a the-

oretical model dealing with unsteady-state heat conduction in

porous fabric to assess the effects due to local convection

during the testing. A few important issues are analyzed

including the criterion for local thermal equilibrium in the

fibrous materials and the confidence time region (tmin–tmax)

during measuring process. The influence due to different heat

source capacities can be ignored if the measuring time is

greater than the minimum time duration tmin, yet the heat loss

via outside surface becomes negligible if the testing duration

is below the maximum allowable value tmax. Accordingly an

apparatus that can simultaneously measure two thermophys-

ical properties (the thermal conductivity k and thermal diffu-

sivity a) of fibrous materials is developed in this study, which

then leads to the determination of the volumetric capacity via

qC = k/a. In order to minimize the influence of potential local

micro heat convection and the contact resistance during heat

transfer, some background, and stacking materials are adopted

in the apparatus. The error range of the apparatus is estimated

empirically based on the data from measuring some Perspex

samples. Finally four kinds of polyester nonwoven fabrics

with different porosities are tested using the device and the

data analyzed and compared with theoretical predictions.

Keywords Unsteady-state thermal test � Porous media �
Theoretical analysis � Local heat convection �
Local thermal equilibrium

List of symbols

a Thermal diffusivity (m2 s-1)

Ap Pore surface area (m2)

asf The specific surface area of porous materials

(m-1)

Fn(x) Eigenfunction

he Interstitial heat transfer coefficient (Wm-2 K-1)

h Thermometer’s position (m)

k Thermal conductivity [Wm-1 K-1]

l Fibrous material thickness in Fig. 1 and Fig. 3 (m)

Nn Norm

Nurh Nusselt number

q(x, t) Heat flux (Wm-2)

rh Hydraulic radius, DVp/DAp (m)

Sp Sparrow number, Sp ¼ Nurhðkf=keÞðL=rhÞ2
t Time (s)

tmax Confidence time region (s)

T(x, t) Temperature excess (K)

T0 Initial temperature (K)

U
! Velocity vector of fluid

V Volume (m3)

V Heat transfer coefficient (Wm-2 K-1)

X Space coordinate in x direction (m)

Greek symbols

e Porosity of fibrous material e = Vf/V

cn Eigenvalue

qC Heat capacity/unit volume (Jm-3 K-1)

st Lag time of the temperature gradient (s)

sq Lag time of the heat flux (s)

se se ¼ ð1� eÞ qCh isst=qC
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Subscripts

b Background material

f Fluid phase

s Solid phase

Introduction

Porous fibrous materials exhibit complex behaviors in

mechanical [1, 2], thermal [3, 4], optical [5, 6], and elec-

trical [7] processes. Recently, Pan [3, 8, 9] proposed a new

concept ‘‘fibrous soft matter’’ to represent the fibrous

materials by highlighting their multiphase nature and var-

iable properties. In thermal aspect, porous fibrous materials

are widely used for heat protection applications such as in

fire-fighting suit [10] and in building thermal insulation

[11], and the desirable thermophysical properties of the

fibrous materials are the essential reason for their wide

acceptance, so measuring and evaluating such properties

are critical for material selection and design.

Fibrous materials as multi-phase media consist mainly

of fiber and moistured air. Therefore, the heat transfer

process in such materials is very complex, either in single

heat conduction where multiple components of fiber,

moisture, and air and intricate interfacial phenomena

between them are involved, or much more so in a com-

bined process including heat conduction, convection, and

radiation. Although, researchers [12–18] have developed

certain theories on heat transfers in porous multi-phase

materials and established the heat transfer equations at the

representative elementary volume (REV) scales that can

explicitly describe single or combined heat transfer

mechanisms in such porous materials, the structural flexi-

bility and compressibility of fibrous materials have posed

new challenges to the validity of those theories.

In experimental approaches, at present, the steady-state

methods [19, 20] such as guarded hot plate (GHP) and the

dynamic methods [21–24] are the dominant tools for

homogenous materials thermophysical measurement, GHP

is the most frequently used method for fibrous materials,

but several factors significantly influence the test accuracy

and reliability. First, long time is required for fibrous

material to reach steady-state conditions before measure-

ments can be taken, but such long time leads to evaporation

of the moisture within and thus significantly alters the

material properties. Also most established methods are

developed for measuring the thermal conductivity only,

and unable to test other important parameters such as the

thermal diffusivity and volumetric capacity which are

critical in accounting for the transient behaviors, as eluci-

dated in more detail later in this article. Next, even at the

steady-state, heat transfer in a fibrous sample usually takes

place in a combined form of heat conduction, convection,

and radiation during a test because the temperature dif-

ference between the two side of the sample is normally

kept at 10–20� in such measurement schemes [25, 26], too

high to neglect the convection and radiation, the so-called

thermal conductivity thought tested is actually a more

complex parameter. Finally it is not easy to maintain such

constant temperature difference between the sample during

test due to the inevitable fluctuations in the external envi-

ronment [27].

To overcome the problems, Kubicar et al. [28, 29]

proposed a step-wise method to quickly measure the ther-

mal properties of continuous media based on the unsteady-

state heat conduction theories. Zuo et al. [30] from the

group adopted this method for fibrous materials and set up

an apparatus in which the sample size is properly deter-

mined to minimize the test errors resulted from the

boundary heat loss [31]. However, this method suffers

other discrepancies because of the interference of the

thermal contact resistance caused by having to use multi-

layer stacking samples and the associated residual local

natural convection.

In this article, the authors developed a theoretical model

dealing with the multi-layer unsteady-state heat conduction

to assess the effect due to local convection during the

testing. A few important issues are then analyzed including

the criterion of local thermal equilibrium (LTE) in fibrous

materials and the confidence time region (tmin–tmax) during

the measuring process. Accordingly an unsteady-state

apparatus that can simultaneously measure two thermo-

physical properties (the thermal conductivity k, thermal

diffusivity a), then the volumetric capacity using qC = k/a

is introduced in this article. In order to minimize the

influence of potential local micro heat convection and

contact resistance during heat transfer, some background,

and stacking materials are adopted in the apparatus. The

error range of the apparatus is estimated empirically based

on the data from measuring some Perspex samples. Finally

four kinds of PET nonwoven fabrics with different

Heat source

q2 q1

Part 1 Part 2 Part 3

Background
material

Background
material

0 l
x

Fibrous material

Fig. 1 The model of the unsteady-state method
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densities are tested using the device and the data analyzed

and compared with theoretical predictions.

Heat transfer process in porous fibrous materials

Heat transfers dealt with in this article focus on the low

heat flux density and small temperature gradient, so that the

heat radiation can be ignored because of its marginal

impact. According to the theories of heat conduction and

convection in fibrous materials, the governing equations of

such heat transfers are as follows [12, 13]:

e qCh ifoTfðx; tÞ
ot

þ qCh if U
!�rTf

¼ er � ðkfrTfÞ þ heasfðTs � TfÞ ð1aÞ

ð1� eÞ qCh isoTsðx; tÞ
ot

¼ ð1� eÞr � ðksrTsÞ � heasfðTs

� TfÞ
ð1bÞ

where, Tf(x, t) for the fluid phase and Ts(x, t) for the solid

are the two volume averaged temperatures over the

representative element volumes associated with each

point regardless of whether that point is located in the

solid phase, fluid phase, or on the interface. Both of them

can be defined as in Ref. [32]:

Tfðx; tÞ ¼
1

Vf

Z

Vf

TdV Tsðx; tÞ ¼
1

Vs

Z

Vs

TdV

where Vf and Vs are the volumes of fluid and solid phases

within the averaging volume V. Based on the energy

conversion Q = CmDT, the heat exchange between the

solid and fluid in the fibrous material system can be shown as:

qCh ifDVp
oTf

ot
¼ heDApðTs � TfÞ ð1cÞ

where e = Vf/V is the porosity, qCh if , qCh is , kf and ksare

the volumetric capacity and thermal conductivity of the

fluid and solid, respectively; he is the interstitial heat

transfer coefficient between the two phases; U
!

is the fluid

velocity vector; asf is the specific surface area of the porous

materials, DVp and DAp are the volume and surface area of

a mean pore. So the heat transfer equations set for the

fibrous material can be obtained from Eqs. 1a–c as:

where parameter st ¼ DVp qCh if=DAphe ¼ rh qCh if=he,

with rh = DVp/DAp as the pore hydraulic radius. The lag

time st is the phase-lag in the temperature gradient. Once

the parameters in Eq. 2 are known under given initial and

boundary conditions, the heat transfer process in fibrous

materials can be solved.

Further, when the local temperatures of the adjacent fluid

and solid phases are equal to each other, i.e., Tf(x, t) =

Ts(x, t), the lag time st ! 0. The heat transfer process is then

considered to have reached the local thermal equilibrium

(LTE), and the heat transfer process in Eq. 2 can be simpli-

fied into a one-equation model:

qC
oT

ot
þ qCh if U

!�rT ¼ r � ðkrTÞ ð3Þ

where k ¼ ekf þ ð1� eÞks , qC ¼ e qCh ifþð1� eÞ qCh is
are, respectively, the thermal conductivity and volumetric

capacity of the fibrous material.

In most practical conditions, the difference between

temperatures Ts and Tf of the two phases is negligible so

that the heat transfer in fibrous materials can be viewed as

at LTE (see more in The criterion of local thermal equi-

librium (LTE)), Eq. 3 can be applied directly to describing

such heat transfer process. Three parameters (the thermal

conductivity k, volumetric capacity qC, and the fluid

velocity U
!

) collectively determine the heat transfer process

according to Eq. 3. Therefore, measurement of the ther-

mophysical properties (k and qC) is a foundational and

important work. Considering most existing instruments

focus on measuring the thermal conductivity k only, an

apparatus specially designed for simultaneously testing

both the thermal conductivity k and the volumetric capacity

qC is introduced below.

Theoretical model and measuring apparatus

The measurement principle

The illustration of the proposed new unsteady-state test

method is shown in Fig. 1. Part 1 is the added background

material with infinite thickness; Part 2 is the fibrous

material (thickness l) under testing, and Part 3 consists of

the same background material as Part 1. The initial tem-

perature T0 = 0 at t = 0 is the same everywhere in the

ð1� eÞ qCh isoTs

ot þ e qCh ifoTf

ot þ qCh if U
!�rTf

¼ er � ðkfrTfÞ þ ð1� eÞr � ðksrTsÞ
Tsðx; tÞ ¼ Tfðx; tÞ þ st

oTfðx; tÞ
ot

�
ð2Þ
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model. At time t [ 0, the heat source releases a constant

heat flux q0 = q1 ? q2, with q1 to one side and q2 to the

other as shown.

The governing equations of the temperatures T1 (in Part

1), T2 (in Part 2), T3(in Part 3) in the system are shown as:

ab

o2T1

ox2
¼ oT1

ot
�1� x� 0 ð4aÞ

a
o2T2

ox2
¼ oT2

ot
0� x� l ð4bÞ

ab

o2T3

ox2
¼ oT3

ot
l� x� þ1 ð4cÞ

The initial conditions (t = 0) are given by:

T1ðx; tÞjt¼0 ¼ T2ðx; tÞjt¼0 ¼ T3ðx; tÞjt¼0 ¼ 0 ð5aÞ

The outer boundary (x! �1) conditions are:

T1ðx; tÞjx!�1 ¼ T3ðx; tÞjx!þ1 ¼ 0 ð5bÞ

The inner boundary (x = 0 and x = l) conditions:

T1ðx; tÞjx¼0 ¼ T2ðx; tÞjx¼0 ð5cÞ

q2 ¼ kb

oT1ðx; tÞjx¼0

ox
ð5dÞ

q1 ¼ �k
oT2ðx; tÞjx¼0

ox
ð5eÞ

T2ðx; tÞjx¼l ¼ T3ðx; tÞjx¼l ð5fÞ

k
oT2ðx; tÞjx¼l

ox
¼ kb

oT3ðx; tÞjx¼l

ox
ð5gÞ

The temperature distribution in each part can thus be

derived under given conditions by solving the above

corresponding equations using, for instance, the Laplace

methods [33]:

T1ðx; tÞ ¼
2q0

kþ

X1
n¼0

k�

kþ

� �2n ffiffi
t
p

iUc

�xþ 2nl
ffiffiffiffiffiffiffiffiffiffi
ab=a

p
2
ffiffiffiffiffiffi
abt
p

 !"

�k�

kþ
iUc

�xþ ð2nþ 1Þl
ffiffiffiffiffiffiffiffiffiffi
ab=a

p
2
ffiffiffiffiffiffi
abt
p

 !#
�1� x� 0

ð6aÞ

T2ðx; tÞ ¼
2q0

kþ

X1
n¼0

k�

kþ

� �2n ffiffi
t
p

iUc
xþ 2nl

2
ffiffiffiffi
at
p

� �
� k�

kþ
iUc

�

� �xþ ð2nþ 1Þl
2
ffiffiffiffi
at
p

� ��
0� x� l ð6bÞ

T3ðx;tÞ¼
2q0

kþ
1�k�

kþ

� �X1
n¼0

k�

kþ

� �2n ffiffi
t
p

iUc

� x� lþð2nþ1Þl
ffiffiffiffiffiffiffiffiffiffi
ab=a

p
2
ffiffiffiffiffiffi
abt
p

 !
l�x�þ1

ð6cÞ

where kþ ¼ kb=
ffiffiffiffiffi
ab
p þ k=

ffiffiffi
a
p

,k� ¼ kb=
ffiffiffiffiffi
ab
p � k=

ffiffiffi
a
p

, k, a

and kb, ab are thermal conductivity and thermal diffusivity of

the fibrous material and the background material, respec-

tively, in addition to iUcðuÞ ¼ p�1=2 expð�u2Þ � uErfcðuÞ.

The measuring apparatus

According to the analysis above, a test apparatus is set up

in the lab as illustrated in Fig. 2. The apparatus includes

three parts: the sample heating unit (SHU), the data

acquisition unit (DAU), and a computer for data analysis.

Thickness of the fibrous material is usually too small to

reach the critical thicknesses 0.002–0.01 m [29, 30, 34].

So, to meet the thickness requirement, the sample-box

(total thickness h) is composed of the fibrous material of

thickness l, and the stacking material of the same type as

the background ones. Therefore, the SHU unit consists of

the sample-box, background material, heating circuit, and

preheat circuit (used to preheat and stabilize the power

source to avoid voltage surge when initiating the heat

circuit). A membrane heat source in the heating circuit is

a flexible nickel foil film 0.1 9 0.1 m with an electric

resistant (18.6 X) to match the preheat resistant required

by the preheat circuit and its thickness is less than

0.1 mm. The area size of the sample-box and background

material are both 0.1 9 0.1 m, the same as the heat

source, and the background material thickness are set as

0.05 m in order to minimize the contact thermal resis-

tance and boundary heat loss. The combined influence of

heat source capacity and boundary heat loss are discussed

in a later section.

DAU is made up of both the data acquisition and a

thermometer placed at the centerline between the sample-

box and the background surface so that the sample-box

temperature can be measured and recorded by the computer

at a sampling frequency 4 Hz.

The stacking material is needed when the thickness of

fibrous material is thinner than 0.002 m. In this case, the

temperature equation at the thermometer’s location

(x = h [ l) can be derived from Eq. 6c as:

T3ðh; tÞ ¼
2q0

kþ
1� k�

kþ

� �X1
n¼0

k�

kþ

� �2n ffiffi
t
p

iUc

� h� lþ ð2nþ 1Þl
ffiffiffiffiffiffiffiffiffiffi
ab=a

p
2
ffiffiffiffiffiffi
abt
p

 !
l\h\þ1

ð7Þ

When the thickness of fibrous material is in the range

0.002–0.01 m, there is no need for the stacking material, so

h = l and Eq. 7 is reduced into:
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T3ðh; tÞ ¼
2q0

kþ
1� k�

kþ

� �X1
n¼0

k�

kþ

� �2n ffiffi
t
p

iUc

� ð2nþ 1Þl
2
ffiffiffiffi
at
p

� �
h ¼ l ð8Þ

The thermophysical properties can be firstly estimated

from the experimental temperature curves using Eqs. 7–8

by data-fitting methods [29, 30] in such steps: choosing

appropriate time window and interval in the temperature

curve and then dividing this curve into n time windows; in

each time window, the thermal conductivity kp (p = 1,

2,…, n) and thermal diffusivity ap can be derived from

Eqs. 7–8 by the least square methods and then the volu-

metric capacity calculated as qCp = kp/ap; and then, the

obtained values of the three properties (kp, ap, and qCp) are,

separately, plotted along with the mean time of each cor-

responding time window, and then the confidence time

region (tminx * tmax) of each curve can be determined (see

details in The determination of confidence time region

(tmin*tmax) below); finally the average values over this

region (tminx * tmax) are the results of the thermophysical

properties of the sample tested.

Important parameters

To assure the reliability of the data obtained, a few issues

have to be settled. First, it has to be sure the measurement

is done when the multi-phase sample tested is under local

thermal equilibrium. Also the heat losses due to the dif-

ferent heat source capacity and limited system size, as

opposed to the semi-infinite assumption implied in all the

theories used, are within allowable range. In addition, a

heat source with proper heat flux is used in the test so that

the potential local heat convection becomes negligible.

The criterion of local thermal equilibrium (LTE)

The solid and fluid phases in a fibrous material exchange

heat during the heat conduction processing and such

exchange determines the condition of local thermal equi-

librium (LTE). Once at LTE, the heat exchange between

the two phases reaches a dynamic equilibrium and the

temperatures of the two phases become equal, Ts = Tf. At

this moment, a fibrous material can be treated as equivalent

as a thermally homogenous material in macro-scale, so that

the heat conduction in the fibrous material can be described

by Eqs. 4–8 and these equations become valid for the

apparatus.

As shown in Fig. 3, the fibrous material (thickness l) is

in close contact with a planar heat source at x = 0 so that

x = l can be treated as an adiabatic surface. When t [ 0,

the heat source heats up the fibrous material with a constant

heat flux. According to Eq. 2: Tsðx; tÞ � Tfðx; tÞ ¼ st
oTfðx;tÞ

ot ,

i.e., the temperature difference between the solid and fluid

Ts-Tf is the product of both the lag time st and the tem-

perature change rate qTf/qt. Here st is the intrinsic property

of the fibrous material, but qTf/qt relates to the boundary

conditions and reaches the maximum value at the adiabatic

surface. Therefore at the adiabatic surface, the temperature

difference Ts-Tf achieves the maximum and the system

deviates most from the LTE. So we can adjust the adiabatic

surface (x = l) to examine the conditions for reaching the

LTE state.

The general solution of heat transfer equations Eq. 2 for

non-flow or with negligible flow are given in Refs. [14, 15],

so the fluid phase temperature equation of the sample in

Fig. 3 can be derived based on the given boundary condi-

tions (the planar heat source S(x0, t) = q0 d(x-0), where

the Dirac delta function d(x-0) = 1 when x = 0, other-

wise d(x-0) = 0):

Stacking material

Background material

Background material

Fibrous material

DC

Data acquisition Computer 
processing system

Sample-box

Heating 
circuit   

Preheat 
circuit

Preheat 
resistance Stabilized 

source
Two-way 

switch

Heat source

Thermometer

+
–

Fig. 2 The schematic diagram

of measuring apparatus

x

Adiabatic surface

Heat flux q0

0

x

l

Fig. 3 The schema of the fibrous materials
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Tfðx; tÞ ¼
X1
n¼0

q0FnðxÞ
qCNnðsq þ seÞxn

� �2xn þ ðxn þ anÞeðxn�anÞt þ ðxn � anÞe�ðxnþanÞt

2ðx2
n � a2

nÞ

� �

ð9Þ

where the eigenfunctions for the adiabatic boundary

conditions are Fn(x) = cos(npx/l) that yield the

eigenvalues cn ¼ ðnp=lÞ2ke=qC for n = 0, 1, 2,…, and

the Norm is Nn = l (n = 0), and Nn = l/2 (n [ 0). Other

parameters appearing in Eq. 9 are:

am ¼
1

2ðsqþ seÞ
1þ cnstð Þ xn

¼ cn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� st

2ðsqþ seÞ
� 1

2cnðsqþ seÞ

� �2

� 1� st

ðsqþ seÞ

����
����

s

where sq is interpreted as the relaxation time resulting from

the fast-transient effect due to thermal inertia and is named

as the phase-lag of the heat flux, and can be expressed as

sq & CsRcDVs/DAs [18, 35]. st is a parameter to describe

the time delay in temperature gradient across the differ-

ential phase defined in Eq. 2 and can be expressed in terms

of the dimensionless parameter Sp as st ¼ l2 qCh if=ðkSpÞ,
where the Sparrow number Sp = hl2/(krh) as defined in

Refs. [14] which can also be rewritten as the function of the

Nusselt number as Sp = Nurh(kf/k)(l/rh)2,where Nurh =

hrh/kf. The third delay time se can then be defined as

se ¼ ð1� eÞ qCh isst=qC.

According to Eqs. 2 and 9, the dimensionless tempera-

ture curves of the fluid Tf and solid Ts are plotted against

the dimensionless time at/l2 in Fig. 4, as a function of the

Sp values. The authors can find that, for a given material,

the solid and fluid temperatures are closer with a greater

Sp; and once Sp is beyond a certain level (Sp [ 500 in this

case), the temperature difference between two phases can

be ignored and the heat transfer can be deemed at the LTE

condition. So the Sp number is an important parameter in

verifying the existence of the local thermal equilibrium in

the porous materials.

For fibrous materials, their Sp values can be calculated

from Sp = Nurh(kf/k)(l/rh)2, where Nurh & 1 for fibrous

materials with various pore shapes, kf and k are the thermal

conductivities of still air (0.03 Wm-1 K-1, [36]) and fibrous

materials (0.05–0.5 Wm-1 K-1 [37]), respectively. The

thicknesses of the fibrous materials l are around 0.03–0.1 m

for most applications. In addition, the hydraulic radius

rh = DVp/DAp = (4pr3/3)/(4pr2) = r/3 and the pore diam-

eter r vary over 50–500 lm [38]. Thus, the estimated range

for Sp values is 1.1 9 103–1.25 9 105. Consequently Tf and

Ts in the fibrous materials are nearly equal such that the

system is at the LTE condition. Equations 4–8, as the theo-

retical basis, can be used for this apparatus.

The determination of confidence time region (tmin–tmax)

In the set-up in Fig. 1, the background materials are

assumed as a semi-infinite slab. Also an ideal heat source is

assumed with a negligible thickness and made of the same

material as the samples tested [34]. This is clearly not the

case in the actual apparatus shown in Fig. 5, where all the

outside surfaces (Surfaces I–VI) directly contact and

exchange the heat with the surrounding atmosphere.

Meanwhile the heat source owns considerable thickness

with different thermophysical properties from the samples.

According to Ref. [39], the heat loss via outside surface

becomes negligible if the testing duration is below a crit-

ical value tmax. On the other hand, the influence due to the

different heat source capacities can be ignored if the

measuring time is greater than another time duration tmin. It

0.000 0.003 0.006 0.009 0.012 0.015 0.018 0.021
0.00

0.02
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0.08

0.10
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0.16

 Fluid temperature
 Solid temperature
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SP = 100

kT
/q

0l

at/l2

∞

Fig. 4 The fluid and solid dimensionless temperature curve with

three different Sp values (Sp = 100, 500, and ?) at x = 0 when the

sample was chosen as l = 0.01 m, kf = 0.025 Wm-1 K-1,

qCf = 1.21 9 103J m-3 K-1, ks = 0.1 Wm-1 K-1, qCs = 6 9

105J m-3 K-1, the porosity e = 0.7 and q0 = 100 Wm-2

Heat source

Side view

Surface III

Surface IV
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y y

I
Surface
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V
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x Z
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Fig. 5 The schematic diagram of the actual apparatus
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was thus define (tmin–tmax) as the confidence time region,

satisfying the equation:

ktmin

E � kT

kT

����
���� ¼ ktmax

E � kT

kT

����
���� ¼ 1% ð10Þ

where ktmin

E and ktmax

E are the thermal conductivities, esti-

mated from the temperature curve thus including the heat

source effect and boundary heat loss; and the constant kT

represents the theoretical value without the errors.

All the calculations are done using the software package

ANSYS, establishing a 3-D model of SHU in Fig. 5 and

choosing the Solid 90 as the space element. The properties

of the sample and background material are listed in

Table 1, while the thermal conductivity and thermal dif-

fusivity of the heat source are set as 59.5 Wm-1 K-1 and

1.5 9 10-5 m2 s-1, respectively. The thickness of the heat

source membrane, the sample and background material is

set as 0.0001, 0.005, and 0.05 m, respectively, with the

same area size 0.1 9 0.1 m. The contact thermal resistance

between them is ignored, and the heat flux from the heat

source is q0 = 100 Wm-2 and the heat transfer coefficient

with the surrounding air is set as v = 10 Wm-2 K-1.

During the calculations, when changing the value of one

parameter within its range, others are fixed at the default

values in the above table. First record the temperature data

at the centerline of the interface between the sample and

the background materials; then utilize the data to fit

parameter kt
E by Eqs. 7–8, and determine the confidence

time region (tmin–tmax) from Eq. 10. Through a series of

calculation iterations, the temperature data were found to

converge to an exactly value, when the mesh size is smaller

than 1 9 10-5 m and time interval is shorter than 0.01 s.

In Fig. 6, corresponding to each curve, the region (tmin–

tmax) data are plotted against a chosen parameter while

others kept constant. For instance, it is shown that the tmax

values increase with either the thermal diffusivity a of the

sample or the thermal conductivity kb of the background

material while decrease with the sample thermal conduc-

tivity k and the diffusivity ab of the background material.

Whereas the tmin values increase with the thermal con-

ductivity k, the diffusivity a of the sample and ab of the

background material but decrease with kb of the back-

ground material. In other words, for given samples,

selecting a background material with large thermal

Table 1 Thermophysical properties of sample and background material

Parameter k/Wm-1 K-1 a 9 10-6/m2s-1 kb/Wm-1 K-1 ab 9 10-6/m2 s-1

Range 0.03–0.3 0.1–1 0.03–0.6 0.1–2

Default Value 0.15 0.5 0.3 1
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Fig. 6 The effect of

thermophysical properties of the

sample and background material

on tmin * tmax
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conductivity kb yet small diffusivity ab can expand the

confidence time region (tmin–tmax). Thus, for the apparatus,

Perspex is chosen as the background material for its

desirable combination in thermophysical properties.

Once Perspex is chosen as the background material, the

range of confidence time region (tmin–tmax) is determined

by k and a of the sample materials, and is found to be

30–210 s for most fibrous materials.

Choosing the heat flux of the heat source

Natural heat convection in fibrous materials may be excited

when a large heat flux goes through it. According to Ref.

[30], after tests at different heat flux values, it was found

that when the heat flux of heat source is smaller than

100 Wm-2, heat conduction becomes the dominant heat

transfer form in the fibrous material. Therefore, the heat

flux of the apparatus is set at 100 Wm-2.

Overall accuracy of the measuring apparatus

In order to verify the reliability of this apparatus, the

Perspex as a testing material is measured using this appa-

ratus. Its actual thermophysical properties are given in Ref.

[29] (thermal conductivity 0.187 Wm-1 K-1, thermal dif-

fusivity 1.08 9 10-7 m2 s-1, and volumetric capacity

1.75 9 106 J m-3 K-1). The data were averaged over

three testing repeats and the relative errors (|measured

value-actual value|/actual value) calculated shown in

Table 2. The relative errors vary from 1.71 to 3.72% so the

measured thermal properties for the Perspex agree well

with the reference values. The reliability of the apparatus

for solid homogenous materials is thus demonstrated.

Applying the apparatus to fibrous materials

The authors selected four kinds of PET (polyester) non-

woven fabrics as the samples to measure the thermophys-

ical properties with the apparatus and their basic

parameters are shown in Table 3 where Fabrics A-I and B-I

require the stacking material (Perspex 0.002 m) to fill the

sample-box to reach the desirable thickness for using

Eq. 7, whereas A-II and B-II, already with proper

thickness, can be measured directly without the stacking

material and calculate the results using Eq. 8.

Each sample was tested in five repeats this round under

the same standard experimental conditions of temperature

20 �C and relative humidity 65%. It was first calculated the

parameters k and a from Eqs. 7 and 8 using the recorded

temperature data. The same parameters were also obtained

experimentally by taking the average values in the confi-

dence time region. Figure 7a and b shows the calculated

and experimental values of thermal conductivity for sample

AI: Fig. 7a is the curve from the calculations by ANSYS

considering both the heat source effect and the heat loss,

while Fig. 7b provides the experimental values measured

using the present apparatus. Clearly both curves match with

each other very well within the confidence time region

around 36.5–192.5 s. The confidence time regions

determined for other three types samples [AII, BI, and BII]

are: 34.5–190.5 s, 30.5–200.5 s, and 30.5–202.5 s,

respectively.

The actual results are illustrated in Fig. 8 and also

summarized in Table 4. First it can be seen that, as shown

in both cases with and without the stacking material, the

test reproducibility is satisfactory with the confidence

interval 5% for thin (A-I and B-I) and thick (A-II and B-II),

or low density (B-I and B-II), and high density samples (A-

I and A-II).

From the data we also find that the high-density samples

(A-I, A-II) possess greater thermal conductivity and volu-

metric heat capacity but smaller thermal diffusivity, as

dictated by qC ¼ k=a, than the low density ones (B-I and

B-II). Such influence of material density on the thermal

properties derived is relatively easy to explain in the

samples used here where the air and PET fibers are mixed

homogenously and the heat transfer is at LTE condition so

that the authors can use an effective hypothetical simple

material (homogenous with single component and phase)

to represent the original multiphase sample. Using the

thermal properties of each component (air and PET fiber)

listed in Table 5 with data drawn from Refs. [40, 41], the

tested results in Table 4 are in fact consistent with

the predictions given by Wang and Pan in [3] that with the

increase of PET content, the thermal conductivity (k) and

Table 2 Measured value and relative error of the Perspex samples

kb/Wm-1 K-1 ab 9 10-7/

m2 s-1
qbC 9 106/

J m-3 K-1

Measure value 0.193 1.12 1.72

Relative error (%) 3.23 3.72 1.71

Table 3 Basic physical parameters of samples

Number Thickness/

m

Bulk density/

kg m-3
Surface density/

kg m-2
Porosity/

%*

A-I 0.002 198.83 0.398 80.2

A-II 0.004 198.83 0.795 80.2

B-I 0.002 18.38 0.037 98.1

B-II 0.004 18.38 0.074 98.1

* Porosity is derived from e = (1-qbulk/qparticle) 9 100%
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Fig. 8 The tested results of four

samples (A-I, A-II, B-I, and

B-II)

Table 4 Measured mean thermophysical properties of the samples

Test

number

k 9 10-2/

Wm-1 K-1
a 9 10-7/

m2 s-1
qC 9 105/

J m-3 K-1

A-I 6.36 1.46 4.38

A-II 6.26 1.36 4.61

B-I 4.38 1.85 2.38

B-II 4.50 1.95 2.30

Table 5 Thermal properties of each component in samples

Sample component k/Wm-1 K-1 a/m2 s-1 qC/Jm-3 K-1

Air 0.03 2.48 9 10-5 1.21 9 103

PET 0.19 1.01 9 10-7 1.88 9 106
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volumetric heat capacity (qC) grow while the thermal

diffusivity (a) reduces.

Conclusions

Three thermophysical properties (k, a, and qC) of fibrous

material are the essential parameters to describe a heat

transfer process, noting the interconnections among them

through qC = k/a. An unsteady-state apparatus that can

measure/determine these parameters much more quickly is

introduced in this paper. Comparing with the steady-state

methods and the existing transient methods, it utilizes the

stacking and background materials to decrease the inter-

ferences of potential local heat convection in porous media

and the contact thermal resistance during measurement.

Since the Sp numbers for most fibrous materials are around

1.1 9 103–1.25 9 105, such that heat transfer in such

porous materials usually takes place at LTE condition and

the experimental temperature distributions in both solid

(Ts) and fluid (Tf) phases can be treated as equal. We then

developed a theoretical model to analyze the heat source

effect and the heat loss at the boundaries. By setting up an

allowable error limit, we defined a confidence time region

(tmin * tmax): the influence due to different heat source

capacities can be ignored if the measuring time is greater

than tmin, and the heat loss via outside surface becomes

negligible if the testing duration is below tmax. It is also

established in this work that tmin * tmax is around

30–210 s for most fibrous materials. Four kinds of poly-

ester nonwovens were collected for testing by this appa-

ratus and good repeatability was achieved. The

experimental data agreed well with the theoretical predic-

tions. Our results also confirmed the critical role the

material density plays in determining the thermal behavior

of porous materials.
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