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Transient Methods of Thermal
Properties Measurement on
Fibrous Materials
Fibrous material is a complex porous medium and steady test methods are the main test
approaches we currently depend on to study the heat transfer properties. The application
of unsteady test methods on fibrous material is still not mature. In this paper, some
systematic studies are taken to investigate this problem. By analyzing the main factors
impacting the test results, it is found that the local heat convection potentially excited by
imposing test temperature can be avoided by limiting the internal temperature gradient
and the so-called dual-phase lagging effects are negligible so that the feasibility of the
unsteady test method is verified via both theoretical analysis and experimental
data. �DOI: 10.1115/1.4000049�
Introduction
Fibrous material has excellent thermal insulation property in

ddition to its flexibility, low density, and formability �1�. As a
esult, their applications are no longer limited in apparel, but also
ncreasingly in various engineering heat insulation areas.

The basic constituents of a fibrous material include fiber and
ften-moistured air forming an intricate multiphase and multiscale
ystem. The fiber were arranged in the space by certain porous
orms yielding numerous interconnected voids that are filled by
he air. Once the heat flow passing through the material, a com-
lex thermal transfer process will take place in the material. From
he microview, the heat flow is delivered alternately between the
ir and the fiber. The microheat flows seem to be random and even
haotic. But at macrosystem level, the heat flow transferring from
ne side to the other side is both regular and continuous, which
re the so-called effective behaviors �2–8�.

Therefore, for practical engineering applications, the complex
icrothermal processes are often not the major interest when we

escribe the material heat transfer performance. Instead, we focus
hiefly on the effective thermal behavior with the macroview.

Over the years, lots of researches have been reported investiga-
ions on heat transport in porous fibrous materials. As in many
ther cases, such investigations largely follow two tracks either
heoretical prediction or experimental examination or both, which
enerated a rich body of knowledge in the effective thermal be-
aviors of fibrous material �2,3,6,7,9–17�. Needless to say, much
emains to be done.

In terms of instrumental measurement, the effective thermal
onductivity of fibrous sheets �fabrics� is tested by the guarded hot
late method as recommended by the ASME Standard �18,19�.
owever the guarded hot plate is based on the principle of ther-
al equilibrium and it works best when the tested specimen can

each the steady-state quickly. For porous materials such as fab-
ics, where the multiphase renders the heat equalizing process
low and unstable, the conventional steady-state techniques be-
ome ineffective and even inaccurate. Since 1987, Martin and
amb �20�, Schneider and Hoschke �21�, and Jirsak et al. �22�
uccessively explored the application of unsteady transient meth-
ds to fibrous materials.

However, researchers held controversial opinions on whether
brous material can be tested through the unsteady method. Jirsak
t al. �22� pointed out in his paper that the test result of effective
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thermal conductivity �by using unsteady method� was unreliable
due to the heat convection inside the material invoked by the
temperature gradient applied during testing. All such transient
methods are based on thermal conduction theories and, hence,
unable to deal with the coupling of conduction and convection
�23–25� and lead to non-negligible testing errors. Another recent
issue has to do with the so-called dual-phase lagging �DPL� ef-
fects in porous materials �26,27�, i.e., temperature change and heat
wave flow both take time yet the classic Fourier’s law implies an
instantaneous local thermal equilibrium �zero transfer time�.
Based on a new testing scheme we developed recently �28�, the
aim of this paper is to examine the influences of such issues so as
to establish the unsteady methods as a viable and preferred testing
approach to fibrous materials.

2 The Hypothesis of Local Thermal Equilibrium
Fibrous material is a two-phase system with solid and gas com-

position. If the assumption of local thermal equilibrium is valid,
then we can use the one-equation model in Eq. �1� to express the
heat transfer process �26,27�

���c
��T�
�t

= � · �keff · ��T�� �1�

where keff is the equivalent �or effective� thermal conductivity.
This one-equation model is necessary for analyzing the thermal
properties testing. The factors affecting the hypothesis of local
thermal equilibrium include the difference in physical properties
of the two phases, the volume fraction of each phase, the heat
transfer coefficient, and the heat exchange area between the two
phases. According to the research of Minkowycz et al. �29�, the
local thermal equilibrium, if the Sp number Nurh

�kf /keff��L /rh�2 is
great than 100, the condition of the local thermal equilibrium is
satisfied for all practical applications where h, L, and rh are the
interstitial heat transfer coefficient, porous layer thickness, and the
hydraulic radius, respectively. The Nusselt number Nurh

is nearly
constant: �10 for conduction case and �0.9 for incompressible
laminar flow in the pores. For most fibrous materials, the ratio of
kair /keff is usually greater than 1/4, so if the test is designed in
such that L /rh�20 the local thermal equilibrium will be valid in
fibrous material.

3 Selection of Transient Method
Among the unsteady thermal tests, transient method is the most

preferred in which a thermal perturbation is imposed at a given

location of the measured material; the thermal response to this
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isturbance is recorded in another designated location. The corre-
ponding thermal properties parameters can thus be calculated us-
ng the established theoretical law. According to the form of the
eat source, it can be subdivided into a variety of testing methods
o we must choose a testing method suitable to fibrous materials.

In terms of the heat source type, linear and surface heat source
hapes are usually the available options in transient method. The
inear option offers a very large aspect ratio in order to reduce the
nfluence of heat loss at both ends. The thin slender shape how-
ver often causes the heat probe to bend just under its own weight.
f we apply a tension to maintain a straight state, there may form

local stress concentration at the interface between the heat
ource and the material. Fibrous materials are very soft and easily
eform under a small press themselves; the linear heat probe may
ot be a good choice and the testing probe in planner shape would
t least alleviate such problems.

The heating mode of the heat source is also an important pa-
ameter. The pores inside the fibrous material are connected to-
ether. If the heating rate is too abrupt, it will cause a dramatic
xpansion of air in the material so as to generate forced local
onvection, which will alter the property of the material. There-
ore, we selected the stepwise mode, a relatively smooth way, over
ther pulse profiles.

In summary, this study chose the stepwise transient heating
ode with a metal foil probe to form the measurement apparatus

or testing the fibrous materials. The stepwise transient method
as examined in several studies �30,31� for its several advantages:

n theory at least, the stepwise transient method can measure the
hermal conductivity and thermal diffusivity of the materials si-

ultaneously. It used a thin surface heat source, which can gen-
rate constant heat flow in testing. Furthermore, the stepwise tran-
ient method brings much less impact on the sample tested,
ompared to other unsteady methods �5,32–41�.

Fig. 1 Measuring principle of stepwise transient method
Fig. 2 The schematic dia
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4 Measurement Principle
The measuring principle for the stepwise transient method is

shown in Fig. 1. Assuming the local thermal equilibrium, and a
specimen with infinite size and uniform initial temperature T0
when a constant heat flux starts at x=0 and t�0, the temperature
distribution inside any point in the sample will depend only on the
distance x between the measurement point and the heat source and
the time t, and can thus be treated as a one-dimensional problem.
Equation �1� will reduce into the classic Fourier’s law with the
solution for the prescribed boundary and initial conditions as

T�x,t� = T0 +
q

k�	at

�

1/2

exp	−
x2

4at

 −

x

2
erfc	 x

�4at

� �2�

k �T

�x


x=0

= �q t � 0

0 t � 0
� �3�

where T�x , t� is the temperature at position x and time t, q is the
flux of heat source, k is the thermal conductivity, and a is the
thermal diffusivity.

The temperature profile T�x , t� in Eq. �2� is a time-domain func-
tion, which can be measured by the thermometer and recorded by
a computer. The thermal conductivity k and the thermal diffusivity
a of the sample can be found by superimposing Eq. �2� on the
recorded temperature-time curve using appropriate fitting tech-
niques.

5 The Test Apparatus
The schematic diagram shown in Fig. 2 is the test apparatus we

recently developed �28�. The main framework of the testing appa-
ratus consists of two plates with guard-bars. These guard-bars are
fixed on plate B and plate A can be moved up and down along
with the guard-bars. Multiple specimens are required in one test to
form two stacks of the same thickness, which are placed between
the plate A and plate B with the heat source located at the center
as shown. The sheet heat source made of metal foil with 17.3 �
electric resistance. The size of the heat source is 90�90 mm2 and
thickness less than 0.1 mm. Owing to the tiny thickness of the
heat source, its volume heat capacity can be ignored so that the
output power of the heat source can be considered as equal to the
input electric power. Given the symmetry of the system, the ther-
mal flow generated from the heat source will be uniformly distrib-
uted to the up and down sample stacks provided that, first, the
buoyant influence is small and only takes place after a certain
time.

The sample temperature response is measured and recorded by
a computer data acquisition modules through the temperature sen-
sor placed inside the sample in the figure. In our testing, the sam-
pling frequency is four times per second.
gram of test apparatus
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The test specimens are all in sheet form and are stacked up to
ake up the required total thickness up to 3.5 cm to fill the space.
urthermore, additional air residing in between the fabric layers
oses collectively as a potential error source. Still, due to the
orous and flexible nature of the fabrics, the density and thus the
hermophysical properties of the fibrous material are closely re-
ated to the external pressure �23�. As a result, an appropriately
efined pressure has to be applied on the sample stacks to
tabilize/standardize the thickness of the sample piles. A constant
ressure P of 792 Pa is exerted onto the samples uniformly
hrough plate A for all tests in this study.

Estimating the Measurement Time
The sample size in establishing Eq. �2� of heat conduction is

ssumed to be infinite and, obviously, this assumption cannot be
ealized in an actual experiment. Comparing with the theory, the
ctual sample with limited size has additional boundaries �bound-
ry I and boundary II�, as illustrated in Fig. 3. For easier treatment
ithout losing generality, we assume the YZ plane as the actual

quare sample of equal sides W with sensor located at the center
nd the XZ plane represents the thickness L with sensor at dis-
ance H from the heat source. Because of the planer symmetry, all
he edges in the YZ plane will be of the boundary I type and in the
hickness direction, the boundary II type.

Because of its limited size, the temperature distribution in an
ctual sample cannot be described by Eq. �2�. However, it is easily
onceivable that upon heating, it will take some time tm before the
eat can reach the boundaries for the influence caused by limited
ample size to realize. That is to say, if we take the measurement
ithin the period t� tm, the difference � f between the actual ex-
eriment and theory will be small enough to be negligible and
hen Eq. �2� becomes valid to use in estimating the sample thermal
roperties k and a.

In general, the difference � f is a function related to sample

Fig. 3 The actual sample in the experiment
ype, size, testing time, etc., as expressed in Eq. �4�.

ournal of Heat Transfer
� f = �TE − TT�/�TT − T0� = f�L,W,H,k,a,q,	I,	II,t� �4�

where TE is the temperature in the actual sample and TT is the
corresponding temperature in infinite medium defined in Eq. �2�,
at given �x , t�, 	I and 	II are the heat transfer coefficients at
boundary I and boundary II, respectively. When �� f� is small
enough than a critical value � fa, TE will be close enough to TT
such that we can use Eq. �2� in the test. Therefore �� fm��� fa is a
logical criterion to be used for the tm determination, where �� fm� is
the maximum value of �� f� at time t= tm and � fa is the allowable
testing error.

In calculation of � fm, TT and TE must be obtained first. TT can
be calculated from Eq. �2� and TE can be estimated here by nu-
merical approaches as the following. For heat transfer in a finite
sample in 3D mode, the temperature field will be governed by Eq.
�5�, which can be solved under certain boundary conditions using
either the finite difference method �FDM� or the finite element
method �FEM� to obtain TE. Once the temperature field is solved
and � fm value can be calculated from Eq. �4� at t= tm

�T

�t
=

�2T

�x2 +
�2T

�y2 +
�2T

�z2 �5�

Boundary I leads to the heat transfer between sample and air
and according to the natural convection conditions, we can take
the convective heat transfer coefficient as 10 W m−2 C−1 �42�.
Boundary II reflects the heat transfer between the sample and the
plates as the plate is made of metal, which has much greater
thermal conductivity and heat capacity than the polymeric
samples tested, so it can be considered that there is no temperature
gradient at the interface between the sample and the plate, i.e.,
sample has little disturbance on the temperature field of the plate.

However the distance between the sensor and heat source has to
be carefully chosen, for the farther away the sensor from heat
source, the greater impact is caused by boundary II on tempera-
ture measured. In this article the distance between sensors and
heat source will not be more than 5 mm. So in the calculations we
assume that the distance between the sensor and the heat source
H=5 nm in order to ensure that the calculation result can be valid
on all tests. The thickness for each stack of the samples is L
=35 nm.

The value of TE in 3D heat transfer mode can be calculated by
using ANSYS finite element software and the impact of material
thermal properties on system � fm is analyzed and shown in Fig. 4.
From the results, the smaller the thermal conductivity and/or the
greater the thermal diffusion coefficient, the greater the deviation
of �� fm�. According to the range of fiber thermophysical param-
eters, we use k=0.025 W /m°C and a=5�10−7 m2 s−1 in the
calculation of tm in order to suit most fibrous samples tested.

Next we are to determine the maximum testing time tm, which
will allow �� fm��� fa. As shown in Fig. 5, we calculated �� f�
versus time according to the chosen k and a. The flux of the heat
source used in the calculation is q=20.0 wm−2. From Fig. 5, we
know as expected that �� f� increases monotonically with the mea-
surement time. If we take � fa=0.05%, then tm will be about 202 s.

The next question is whether the magnitude of q has any impact
on tm, so we again conducted the abovementioned numerical
analysis by using different q values. Based on the result in Fig. 5,
we used the value of �� f� at time point 202 s in Fig. 6 and see that
the impact of q on �� f� is very limited that it can be ignored. From
q=20 W m−2 to 20 W m−2, all the calculated results of �� f� are
less than the given threshold � fa. We thus come to the conclusion
that tm can be treated as independent of the power of the heat
source in our test conditions. In order to simplify the test, we used
tm=200 s for all the samples in the study.

7 The Accuracy of Test Apparatus
In order to check the reliability of the test apparatus, we chose
perspex as a standard sample for the validation. The size of per-

MARCH 2010, Vol. 132 / 032601-3
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pex is 90�90�35 mm3 and the distance H is 4.53 mm.
hrough the fitting method mentioned in Ref. �30�, we obtained

he thermal property parameters of the perspex samples as shown
n Table 1.

Both thermal properties for the perspex samples from our tests
gree well with the reference values from literature and the errors
ange from 2% to 3.94%. The reliability of our test device for
olid sheets materials are thus confirmed.

Apply Stepwise Transient Method on Fiber
aterials
The additional difficulty in measuring the thermal properties of

brous materials or any porous media with interconnected pores,
ies in the fact that a fibrous material is a mixed multiphase system
f fiber and air residing in the pores. Once the temperature gradi-
nt gets large enough in the testing process, the air inside the

Fig. 4 The impact of material

Fig. 5 The influence of t on ��f�
Fig. 6 The influence of q on ��f�

32601-4 / Vol. 132, MARCH 2010
fibrous material will begin to move around and the convective
heat transfer takes place, which completely changes the nature of
the heat transfer and renders Eq. �2� for thermal conductivity only
no longer valid �25�. In other words, two issues have to be dealt
with in testing a fibrous material—the boundary influence and
convective heat loss.

In this paper, three kinds of fibrous material �nonwoven, twill,
and knit velvet� are used in the testing. All samples are balanced
for 24 h under standard environment with temperature of 20°C
and relative humidity of 65%.

For the thickness of the fabrics is very small, in order to
achieve the required thickness for testing, fabric samples must be
stacked together to 35 mm on both sides of the heat source and the
temperature sensor is placed inside the upper stack as discussed
before. The samples and test parameters are shown in Table 2.

To further examine the potential convective heat transfer, we
tested the samples under two different temperature gradients. If
there is no convection, then the parameters k and a, as derived by
fitting Eq. �2�, should remain constant with time. We used two
different flux values of heat source in the testing of the nonwoven
fabric samples as shown in Fig. 7. Since the sample resistant is
given, different heat flux will generate different temperature gra-
dients, in this case by nine times. When the heat density q
=20.6 W m−2, both effective thermal conductivity and thermal
diffusivity, largely remain the same with some random fluctuation
around the mean value in different fitting time sections t̄. Note that
each fitting time is t� tm so as to eliminate the boundary influ-

rmophysical properties on �fm

Table 1 Results comparison of thermal property parameters
for perspex

k
�W m−1 K−1�

cv
�J g−1 K−1�

a
�m2 s−1�

Measured value 0.195 1.37 1.22�10−7

Reference value1 0.191 1.35 1.22�10−7

Relative error �%�2 2.09 1.71 3.94

�1� Reference value is under 20°C from Ref. �43�.
�2� Relative error= �measured value–reference value�/reference value �%�. The at-
mosphere temperature is 18°C.

Table 2 The samples and test parameters

Sample
Fabric weight

�g /m2�
H1

�mm�

Nonwoven 4.852 3.38
Twill 143.1 3.08
Knit velvet 203.5 3.30
the
�1� H is the distance in Fig. 3, averaged over several measurements.

Transactions of the ASME
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nce. However, these properties now increase monotonously and
xceed those at low heat load under a much higher heat load q
185.5 wm−2 showing an increase in heat loss due ostensibly to
onvection. It is interesting that the initial values of the properties
n this case would be smaller than those at low heat flux: This may
eveal that when the sample is still at room temperature, which is
oo high a heat impact that actually impedes the heat transfer until
he sample temperature rises to a certain level.

In conclusion, to avoid both the sample boundary and heat con-
ection influence, the testing conditions for fibrous materials in-
lude appropriately low heat flux q=20.6 W m−2 and within a
ime limit t� tm.

The test results of all three fibrous samples are given in Fig. 8
nd each data point is a result of five repeats. From the results we
an see the nonwoven fabric has the smallest effective thermal
onductivity k and thermal diffusivity a among the three fabrics.

hereas the twill fabric exhibits higher effective thermal conduc-
ivity k yet lower thermal diffusion coefficient a than the knit
elvet. Parameter k describes the medium’s thermal conduction
erformance under the steady-state condition but a=k /cv de-
cribes the temperature diffusion ratio under the unsteady-state
ondition, so these two parameters have different application
elds. In our test, both k and a are simultaneously measured,
hich can completely describe the fabric sample thermal perfor-
ance in all cases.
Different fabric samples have different dispersion of test re-

ults. In effective thermal conductivity aspect, the coefficient of
ariation �CV� value for nonwoven fabric and knitting velvet are
2.0% and 6.9%, respectively, which are bigger than twill fabric
CV=3.2%�. However in the thermal diffusion coefficient aspect,
he CV value for nonwoven fabric and knitting velvet are larger
han twill fabric with 9.8%, 9.5%, and 4.3%, respectively, which
xplains twill fabric has better uniform structure and stability than

Fig. 7 The testing results for nonwove
onwoven fabric and knitting velvet.

ournal of Heat Transfer
9 Conclusion
In this paper, we have studied the application of unsteady ther-

mal properties methods on fiber material. We first demonstrated
that the local heat convection potentially excited by imposing test
temperature can be avoided by controlling the heat density q and
the DPL effects are normally negligible in practical measurements
of fibrous materials. By both numerical analysis and experimental
validation, we have demonstrated that our unsteady measurement
approach, the stepwise transient heating mode with a metal foil
probe, can be used to test the effective thermal conductivity and
thermal diffusion coefficient of various fibrous materials.

Nomenclature
a 
 thermal diffusivity, m2 s−1

	 
 heat transfer coefficient
c 
 heat capacity, J kg−1 C−1

cv 
 volume heat capacity, J m−3 C−1

h 
 heat transfer coefficient, W m−2 C−1

k 
 thermal conductivity, W m−1 C−1

kair 
 thermal conductivity of air, W m−1 C−1

keff 
 equivalent �or effective� thermal conductivity,
W m−1 C−1

H 
 distance between the sensor and the heat
source, m

L 
 thickness, m
Nurh 
 Nusselt number

� 
 density, kg m−3

q 
 heat flux, W m−2

rh 
 hydraulic radius, m
T 
 temperature, C

T0 
 initial temperature, C

bric under different heat source power
TE 
 temperature in the actual sample

MARCH 2010, Vol. 132 / 032601-5



R

ang

0

TT 
 temperature in infinite medium
t 
 time, s

tm 
 maximum test time, s
t̄ 
 mean value in different fitting time sections
x 
 distance between the measurement point and

the heat source, m
� f 
 difference between the actual experiment and

theory
� fa 
 critical value of � f

�� fm� 
 maximum value of �� f�
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