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1 Introduction

Fibrous material has excellent thermal insulation property in
addition to its flexibility, low density, and formability [1]. As a
result, their applications are no longer limited in apparel, but also
increasingly in various engineering heat insulation areas.

The basic constituents of a fibrous material include fiber and
often-moistured air forming an intricate multiphase and multiscale
system. The fiber were arranged in the space by certain porous
forms yielding numerous interconnected voids that are filled by
the air. Once the heat flow passing through the material, a com-
plex thermal transfer process will take place in the material. From
the microview, the heat flow is delivered alternately between the
air and the fiber. The microheat flows seem to be random and even
chaotic. But at macrosystem level, the heat flow transferring from
one side to the other side is both regular and continuous, which
are the so-called effective behaviors [2—-8].

Therefore, for practical engineering applications, the complex
microthermal processes are often not the major interest when we
describe the material heat transfer performance. Instead, we focus
chiefly on the effective thermal behavior with the macroview.

Over the years, lots of researches have been reported investiga-
tions on heat transport in porous fibrous materials. As in many
other cases, such investigations largely follow two tracks either
theoretical prediction or experimental examination or both, which
generated a rich body of knowledge in the effective thermal be-
haviors of fibrous material [2,3,6,7,9-17]. Needless to say, much
remains to be done.

In terms of instrumental measurement, the effective thermal
conductivity of fibrous sheets (fabrics) is tested by the guarded hot
plate method as recommended by the ASME Standard [18,19].
However the guarded hot plate is based on the principle of ther-
mal equilibrium and it works best when the tested specimen can
reach the steady-state quickly. For porous materials such as fab-
rics, where the multiphase renders the heat equalizing process
slow and unstable, the conventional steady-state techniques be-
come ineffective and even inaccurate. Since 1987, Martin and
Lamb [20], Schneider and Hoschke [21], and Jirsak et al. [22]
successively explored the application of unsteady transient meth-
ods to fibrous materials.

However, researchers held controversial opinions on whether
fibrous material can be tested through the unsteady method. Jirsak
et al. [22] pointed out in his paper that the test result of effective

Contributed by the Heat Transfer Division of ASME for publication in the Jour-
NAL OF HEAT TRANSFER. Manuscript received February 13, 2009; final manuscript
received July 28, 2009; published online December 23, 2009. Editor: Yogesh Jaluria.

Journal of Heat Transfer

Copyright © 2010 by ASME

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]

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]

(D = k- VT m

where kg 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 Nu,, (k¢/ k) (L/ )7 is
great than 100, the condition of the local thermal equilibrium is
satisfied for all practical applications where h, L, and r; are the
interstitial heat transfer coefficient, porous layer thickness, and the
hydraulic radius, respectively. The Nusselt number Nu,, is nearly
constant: ~10 for conduction case and ~0.9 for incompressible
laminar flow in the pores. For most fibrous materials, the ratio of
ki kee 1 usually greater than 1/4, so if the test is designed in
such that L/r,>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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Fig. 1 Measuring principle of stepwise transient method

disturbance is recorded in another designated location. The corre-
sponding thermal properties parameters can thus be calculated us-
ing the established theoretical law. According to the form of the
heat source, it can be subdivided into a variety of testing methods
so we must choose a testing method suitable to fibrous materials.

In terms of the heat source type, linear and surface heat source
shapes are usually the available options in transient method. The
linear option offers a very large aspect ratio in order to reduce the
influence of heat loss at both ends. The thin slender shape how-
ever often causes the heat probe to bend just under its own weight.
If we apply a tension to maintain a straight state, there may form
a local stress concentration at the interface between the heat
source and the material. Fibrous materials are very soft and easily
deform under a small press themselves; the linear heat probe may
not be a good choice and the testing probe in planner shape would
at least alleviate such problems.

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

In summary, this study chose the stepwise transient heating
mode with a metal foil probe to form the measurement apparatus
for testing the fibrous materials. The stepwise transient method
was examined in several studies [30,31] for its several advantages:
In theory at least, the stepwise transient method can measure the
thermal conductivity and thermal diffusivity of the materials si-
multaneously. It used a thin surface heat source, which can gen-
erate constant heat flow in testing. Furthermore, the stepwise tran-
sient method brings much less impact on the sample tested,
compared to other unsteady methods [5,32-41].
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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 7,
when a constant heat flux starts at x=0 and >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 ¢, 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

q) [at\"? ( xz) X X
T,t)=Ty+-1 | — - — |- Zerfe| — 2
(0) = To+ 3 (W) vl R ol | B

aT
k —_
ax

g t>0
= 3)
0 =0
where T(x,7) is the temperature at position x and time 7, g is the
flux of heat source, k is the thermal conductivity, and a is the
thermal diffusivity.

The temperature profile T(x,) 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.

x=0

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 X 90 mm? 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.

Temperature
Sensor

Data recordor

3

|™—Heat source

Fig. 2 The schematic diagram of test apparatus

032601-2 / Vol. 132, MARCH 2010

Transactions of the ASME



X
Boundary I1
4 ~
T
Y
Heat source
Front view
Z 3
Boundary I
w2
i B
Temperature
sensor &
=
o
o Y
Top view

Fig. 3 The actual sample in the experiment

The test specimens are all in sheet form and are stacked up to
make up the required total thickness up to 3.5 cm to fill the space.
Furthermore, additional air residing in between the fabric layers
poses collectively as a potential error source. Still, due to the
porous and flexible nature of the fabrics, the density and thus the
thermophysical properties of the fibrous material are closely re-
lated to the external pressure [23]. As a result, an appropriately
defined pressure has to be applied on the sample stacks to
stabilize/standardize the thickness of the sample piles. A constant
pressure P of 792 Pa is exerted onto the samples uniformly
through plate A for all tests in this study.

6 Estimating the Measurement Time

The sample size in establishing Eq. (2) of heat conduction is
assumed to be infinite and, obviously, this assumption cannot be
realized in an actual experiment. Comparing with the theory, the
actual sample with limited size has additional boundaries (bound-
ary I and boundary I1), as illustrated in Fig. 3. For easier treatment
without losing generality, we assume the YZ plane as the actual
square sample of equal sides W with sensor located at the center
and the XZ plane represents the thickness L with sensor at dis-
tance H from the heat source. Because of the planer symmetry, all
the edges in the YZ plane will be of the boundary I type and in the
thickness direction, the boundary II type.

Because of its limited size, the temperature distribution in an
actual sample cannot be described by Eq. (2). However, it is easily
conceivable that upon heating, it will take some time ¢,, before the
heat can reach the boundaries for the influence caused by limited
sample size to realize. That is to say, if we take the measurement
within the period <, the difference A, between the actual ex-
periment and theory will be small enough to be negligible and
then Eq. (2) becomes valid to use in estimating the sample thermal
properties k and a.

In general, the difference Ay is a function related to sample
type, size, testing time, etc., as expressed in Eq. (4).

Journal of Heat Transfer

Afz (TE - TT)/(TT_ TO) =f(L, W’H’k’a7q7 ﬁI’BIht) (4)

where T is the temperature in the actual sample and T is the
corresponding temperature in infinite medium defined in Eq. (2),
at given (x,7), B; and By are the heat transfer coefficients at
boundary I and boundary II, respectively. When |Af| is small
enough than a critical value Az, Tg will be close enough to T
such that we can use Eq. (2) in the test. Therefore |Ag,|<Af, is a
logical criterion to be used for the 7,, determination, where |Afm| is
the maximum value of |Af| at time t=t,, and A, is the allowable
testing error.

In calculation of Ay, Ty and T must be obtained first. Ty can
be calculated from Eq. (2) and Tg 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 7. Once the temperature field is solved
and Ay, value can be calculated from Eq. (4) at t=t,,

aT FT FT &FT
=5t 5+t (5)
at  dx°  dy- Iz

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~! [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 Tf in 3D heat transfer mode can be calculated by
using ANSYS finite element software and the impact of material
thermal properties on system A, 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 |Afm\. According to the range of fiber thermophysical param-
eters, we use k=0.025 W/m°C and a=5%X10"7 m?s~! in the
calculation of ¢#,, in order to suit most fibrous samples tested.

Next we are to determine the maximum testing time ¢,,, which
will allow \Afm|<Aﬁ,. As shown in Fig. 5, we calculated |Af|
versus time according to the chosen k and a. The flux of the heat
source used in the calculation is g=20.0 wm™2. From Fig. 5, we
know as expected that |Af| increases monotonically with the mea-
surement time. If we take A, =0.05%, then t,, will be about 202 s.

The next question is whether the magnitude of ¢ has any impact
on t,, so we again conducted the abovementioned numerical
analysis by using different g values. Based on the result in Fig. 5,
we used the value of |Af| at time point 202 s in Fig. 6 and see that
the impact of ¢ on \Af\ is very limited that it can be ignored. From
¢=20 Wm™ to 20 W m™ all the calculated results of |A] are
less than the given threshold A,. We thus come to the conclusion
that #,, can be treated as independent of the power of the heat
source in our test conditions. In order to simplify the test, we used
t,,=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-
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Fig. 4 The impact of material thermophysical properties on Ay,

spex is 90X 90X 35 mm?® and the distance H is 4.53 mm.
Through the fitting method mentioned in Ref. [30], we obtained
the thermal property parameters of the perspex samples as shown
in Table 1.

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

8 Apply Stepwise Transient Method on Fiber
Materials

The additional difficulty in measuring the thermal properties of
fibrous materials or any porous media with interconnected pores,
lies in the fact that a fibrous material is a mixed multiphase system
of fiber and air residing in the pores. Once the temperature gradi-
ent gets large enough in the testing process, the air inside the
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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 ¢
=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 7. Note that
each fitting time is 7<<t,, so as to eliminate the boundary influ-

Table 1 Results comparison of thermal property parameters
for perspex
k c, a
Wm' K 0g'K) m?s)
Measured value 0.195 1.37 1.22x 1077
Reference value! 0.191 1.35 1.22x 1077
Relative error (%) 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

Fabric weight H'
Sample (g/m?) (mm)
Nonwoven 4.852 3.38
Twill 143.1 3.08
Knit velvet 203.5 3.30

(1) H is the distance in Fig. 3, averaged over several measurements.
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Fig. 7 The testing results for nonwoven fabric under different heat source power

ence. However, these properties now increase monotonously and
exceed those at low heat load under a much higher heat load ¢
=185.5 wm™2 showing an increase in heat loss due ostensibly to
convection. It is interesting that the initial values of the properties
in this case would be smaller than those at low heat flux: This may
reveal that when the sample is still at room temperature, which is
too high a heat impact that actually impedes the heat transfer until
the sample temperature rises to a certain level.

In conclusion, to avoid both the sample boundary and heat con-
vection influence, the testing conditions for fibrous materials in-
clude appropriately low heat flux ¢=20.6 W m™2 and within a
time limit <t,,,.

The test results of all three fibrous samples are given in Fig. 8
and each data point is a result of five repeats. From the results we
can see the nonwoven fabric has the smallest effective thermal
conductivity k and thermal diffusivity a among the three fabrics.
Whereas the twill fabric exhibits higher effective thermal conduc-
tivity k yet lower thermal diffusion coefficient a than the knit
velvet. Parameter k describes the medium’s thermal conduction
performance under the steady-state condition but a=k/c, de-
scribes the temperature diffusion ratio under the unsteady-state
condition, so these two parameters have different application
fields. In our test, both k and a are simultaneously measured,
which can completely describe the fabric sample thermal perfor-
mance in all cases.

Different fabric samples have different dispersion of test re-
sults. In effective thermal conductivity aspect, the coefficient of
variation (CV) value for nonwoven fabric and knitting velvet are
12.0% and 6.9%, respectively, which are bigger than twill fabric
(CV=3.2%). However in the thermal diffusion coefficient aspect,
the CV value for nonwoven fabric and knitting velvet are larger
than twill fabric with 9.8%, 9.5%, and 4.3%, respectively, which
explains twill fabric has better uniform structure and stability than
nonwoven fabric and knitting velvet.

Journal 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 g 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, m? s~
B = heat transfer coefficient
¢ = heat capacity, J kg~! C!

» = volume heat capacity, J m™> C!

)
|

h = heat transfer coefficient, W m=2 C~!
k = thermal conductivity, W m~! C~!
kyir = thermal conductivity of air, W m~' C~!
kesr = equivalent (or effective) thermal conductivity,
Wm™ C!
H = distance between the sensor and the heat
source, m
L = thickness, m
Nu, = Nusselt number
p = density, kg m™
g = heat flux, W m™>
r, = hydraulic radius, m
T = temperature, C
T, = initial temperature, C
Tr = temperature in the actual sample

MARCH 2010, Vol. 132 / 032601-5



a6 1.65x10”
) :
: 1.50x10” -
0.06
1.35x107 -
< 0.05 4 " g
# oz 1.20x10” -
% 004+ S 1.05x10” - !
803 : 9.00x10° - }
} 7.50x10° 1
0.02 T T T T T T
nonwoven twill knitting velvet nonwoven will knitting velvet
Samples Samples
7.00x10°
L]
6.00x10° -
—~ 5.00x10°
x
? 5
£ 4.00x10" 4
S
N
> 5
O 3.00x10" 1 )
L]
2.00x10° -
T T T
nonwoven mwill knitting velvet
Samples
Fig. 8 The test result of fiber materials (the range is +/- standard deviation of the test result)
Ty = temperature in infinite medium [10] Wang, J., Carson, J. K., North, M. F., and Cleland, D. J., 2006, “A New
t = time. s Approach to Modelling the Effective Thermal Conductivity of Heterogeneous
? . Materials,” Int. J. Heat Mass Transfer, 49, pp. 3075-3083.
t,, = maximum test time, s [11] Rocha, R. P. A, and Cruz, M. E., 2001, “Computation of the Effective Con-
7 = mean value in different fitting time sections ductivity of Unidirectional Fibrous Composite(s)With an Interfacial Thermal
— q; : Resistance,” Numer. Heat Transfer Part A, 39(2), pp. 179-203.
o dﬁSt?lnce between the measurement point and [12] Fu, ., and Mai, Y., 2003, “Thermal Conductivity of Misaligned Short-Fiber-
t ‘e eat source, m X Reinforced Polymer Composites,” J. Appl. Polym. Sci., 88, pp. 1497-1505.
A, = difference between the actual experiment and [13] Zou, M. Q., Yu, B., Zhang, D., and Ma, Y., 2003, “Study on Optimization of
theory Transverse Thermal Conductivities of Unidirectional Composites,” ASME J.
A, = criti Heat Transfer, 125(6), pp. 980-987.
fa = critical value of A [14] Ning, Q. G., and Chou, T. W., 1995, “Closed-Form Solutions of the Inplane
|Afm| = maximum value of |Af| Effective Thermal-Conductivities of Woven-Fabric Composites,” Compos.
Sci. Technol., 55(1), pp. 41-48.
[15] Dasgupta, A., Agarwal, R. K., and Bhandarkar, S. M., 1996, “Three-
References Dimensional Modeling of Woven-Fabric Composites for Effective Thermo-

[1] Pan, N., He, J., and Yu, J., 2007, “Fibrous Materials as Soft Matter,” Text. Res.
J., 77(4), pp. 205-213.

[2] Layeghi, M., 2008, “Numerical Analysis of Wooden Porous Media Effects on
Heat Transfer From a Staggered Tube Bundle,” ASME J. Heat Transfer,
130(1), p. 014501.

[3] Sakamoto, H., and Kulacki, F. A., 2008, “Effective Thermal Diffusivity of
Porous Media in the Wall Vicinity,” ASME J. Heat Transfer, 130(2), p.
022601.

[4] Rencz, M., 2003, “New Possibilities in the Thermal Evaluation, Offered by
Transient Testing,” Microelectron. J., 34(3), pp. 171-177.

[5] Li, C. H., Williams, W., Buongiorno, J., Hu, L.-W., and Peterson, G. P., 2008,
“Transient and Steady-State Experimental Comparison Study of Effective
Thermal Conductivity of Al,O;/Water Nanofluids,” ASME J. Heat Transfer,
130(4), p. 042407.

[6] Wang, M., and Pan, N., 2008, “Modeling and Prediction of the Effective Ther-
mal Conductivity of Random Open-Cell Porous Foams,” Int. J. Heat Mass
Transfer, 51(5-6), pp. 1325-1331.

[7] Wang, M., Wang, J., Pan, N., and Chen, S., 2007, “Mesoscopic Predictions of
the Effective Thermal Conductivity for Microscale Random Porous Media,”
Phys. Rev. E, 75(3), p. 036702.

[8] Wang, M., and Pan, N., 2008, “Predictions of Effective Physical Properties of
Complex Multiphase Materials,” Mater. Sci. Eng. R., 63(1), pp. 1-30.

[9] Christon, M., Burns, P. J., and Sommerfeld, R. A., 1994, “Quasi-Steady Tem-
perature Gradient Metamorphism in Idealized Dry Snow,” Numer. Heat Trans-
fer, Part A, 25(3), pp. 259-278.

032601-6 / Vol. 132, MARCH 2010

Mechanical and Thermal Properties,” Compos. Sci. Technol., 56(3), pp. 209—
223.

[16] Woo, S. S., Shalev, 1., and Barker, R. L., 1994, “Heat and Moisture Transfer
Through Nonwoven Fabrics. I. Heat Transfer,” Text. Res. J., 64(3), pp. 149—
162.

[17] Wang, M., He, J., Yu, J., and Pan, N., 2007, “Lattice Boltzmann Modeling of
the Effective Thermal Conductivity for Fibrous Materials,” Int. J. Therm. Sci.,
46, pp. 848-855.

[18] Huang, J., 2006, “Sweating Guarded Hot Plate Test Method,” Polym. Test.,
25, pp. 709-716.

[19] Mathis, N., and Chandler, C., 2000, “Orientation and Position Dependant
Thermal Conductivity,” J. Cellular Plastics, 36(4), pp. 327-336.

[20] Martin, J. R., and Lamb, G. E. R., 1987, “Measurement of Thermal Conduc-
tivity of Nonwovens Using a Dynamic Method,” Text. Res. J., 57(12), pp.
721-7217.

[21] Schneider, A. M., and Hoschke, B. N., 1992, “Heat Transfer Through Moist
Fabrics,” Text. Res. J., 62(2), pp. 61-66.

[22] Jirsak, O., Gok, T., Ozipek, B., and Pan, N., 1998, “Comparing Dynamic and
Static Methods for Measuring Thermal Conductive Properties of Textiles,”
Text. Res. J., 68(1), pp. 47-56.

[23] Jirsak, O., Sadikoglu, T. G., Ozipek, B., and Pan, N., 2000, “Thermo-
Insulating Properties of Perpendicular-Laid Versus Cross-Laid Lofty Non-
woven Fabrics,” Text. Res. J., 70(2), pp. 121-128.

[24] Pakdee, W., and Rattanadecho, P., 2006, “Unsteady Effects on Natural Con-
vective Heat Transfer Through Porous Media in Cavity Due to Top Surface

Transactions of the ASME



Partial Convection,” Appl. Therm. Eng., 26, pp. 2316-2326.

[25] Sun, G., Yoo, H. S., Zhang, X. S., and Pan, N., 2000, “Radiant Protective and
Transport Properties of Fabrics Used by Wildland Firefighters,” Text. Res. J.,
70(7), pp. 567-573.

[26] Tzou, D., 1995, “A Unified Field Approach for Heat Conduction From Macro-
to Micro-Scales,” ASME J. Heat Transfer, 117(1), pp. 8-16.

[27] Wang, L., and Wei, X., 2008, “Equivalence Between Dual-Phase-Lagging and
Two-Phase-System Heat Conduction Processes,” Int. J. Heat Mass Transfer,
51(7-8), pp. 1751-1756.

[28] Zuo, L., Zhu, S., and Pan, N., 2009, “Determination of Sample Size for Step-
Wise Transient Thermal Tests,” Polym. Test., 28, pp. 307-314.

[29] Minkowycz, W., Haji-Sheikh, A., and Vafai, K., 1999, “On Departure From
Local Thermal Equilibrium in Porous Media Due to a Rapidly Changing Heat
Source: The Sparrow Number,” Int. J. Heat Mass Transfer, 42(18), pp. 3373~
3385.

[30] Kubicdr, L., and Bohéc, V., 2000, “A Step-Wise Method for Measuring Ther-
mophysical Parameters of Materials,” Meas. Sci. Technol., 11, pp. 252-258.

[31] Kubigdr, L., Bohdg, V., and Vretendr, V., 2002, “Transient Methods for the
Measurement of Thermophysical Properties: The Pulse Transient Method,”
High Temp. - High Press., 34(5), pp. 505-514.

[32] Milano, G., Scarpa, F., Righini, F., and Bussolino, G. C., 2001, “Ten Years of
Parameter Estimation Applied to Dynamic Thermophysical Property Measure-
ments,” Int. J. Thermophys., 22(4), pp. 1227-1240.

[33] Papa, J., Albano, C., Baré, W., Navarro, O., Galdrraga, D., and Zannin, F,,
2002, “An Unsteady State Method for the Measurement of Polymer Thermal
Diffusivity I. Development of a Cell,” Eur. Polym. J., 38(10), pp. 2109-2117.

[34] Hammerschmidt, U., 2004, “Quasi-Steady State Method: Uncertainty Assess-

Journal of Heat Transfer

ment,” Int. J. Thermophys., 25(4), pp. 1163-1185.

[35] Kalogiannakis, G., Hemelrijck, D. V., and Assche, G. V., 2004, “Measure-
ments of Thermal Properties of Carbon/Epoxy and Glass/Epoxy Using Modu-
lated Temperature Differential Scanning Calorimetry,” J. Compos. Mater.,
38(2), pp. 163-175.

[36] Boh4g, V., Dieska, P., and Kubigér, L., 2007, “The Heat Loss Effect at the
Measurements by Transient Pulse Method,” Measurement, 7(3), pp. 24-27.

[37] Gutierrez, G., and Rodriguez, R., 2007, “Conductivity Measurement of Fer-
rofluid Using Transient Hot Wire Method,” ASME International Mechanical
Engineering Congress and Exposition, Seattle, WA.

[38] Bai, S.-Y., Tang, Z.-A., Huang, Z.-X., Yu, J., and Wang, J.-Q., 2008, “Thermal
Conductivity Measurement of Submicron-Thick Aluminium Oxide Thin Films
by a Transient Thermo-Reflectance Technique,” Chin. Phys. Lett., 25(2), pp.
593-596.

[39] Solorzano, E., Rodriguez-Perez, M. A., and de Saja, J. A., 2008, “Thermal
Conductivity of Cellular Metals Measured by the Transient Plane Sour
Method,” Adv. Eng. Mater., 10(4), pp. 371-377.

[40] Sabuga, W., and Hammerschmidt, U., 1995, “A New Method for the Evalua-
tion of Thermal Conductivity and Thermal Diffusivity From Transient Hot
Strip Measurements,” Int. J. Thermophys., 16(2), pp. 557-565.

[41] Bohac, V., Kubicar, L., and Vretenar, V., 2003, “Use of the Pulse Transient
Method to Investigate the Thermal Properties of Two Porous Materials,” High
Temp. - High Press., 35-36(1), pp. 67-74.

[42] Holman, J. P., 1997, Heat Transfer, McGraw-Hill, New York.

[43] Tye, R. P., Kubi&dr, L., and Lockmuller, N., 2005, “The Development of a
Standard for Contact Transient Methods of Measurement of Thermophysical
Properties,” Int. J. Thermophys., 26(6), pp. 1917-1938.

MARCH 2010, Vol. 132 / 032601-7



