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Low thermal conductivity in packed bed adsorbers is a crucial challenge facing widespread adoption of
low-grade heat adsorption thermal energy storage systems. In this work, thermal conductivities of
2-mm diameter AQSOA FAM-Z02 packed bed adsorbers with different numbers of adsorbent layers are
measured, using a NETZSCH HFM 436/3/1E Lambda, in the temperature range of 10–80 �C and under
atmospheric pressure. Effects of thermal contact resistance (TCR) between the adsorbent particles and
the bed metal surfaces are deconvoluted from the total thermal resistance. Effective thermal conductiv-
ities of the adsorber packed bed are 0.188 and 0.204 Wm�1 K�1 at temperatures of 10 and 80 �C,
respectively. It is observed that the relative importance of TCR compared to the total thermal resistance
of a monolayer FAM-Z02 packed bed, is 67% at 25 �C and under contact pressure of 0.7 kPa, which is
significant and should be considered in the design of adsorption systems.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Concerns over increase in global primary energy consumption
[1], greenhouse gas emissions, climate change [2], enormous
amount of wasted energy [3], and dependency on the conventional
fossil fuel energy resources [4] have made researchers eager for
seeking low-grade heat driven sustainable heating and cooling
methods. Adsorption technologies, including adsorption thermal
energy storage (ATES) [5], adsorption cooling systems [6], adsorp-
tion heat pumps [7], and desiccant air conditioning systems [8],
can steer the energy sources toward low-carbon sustainable alter-
natives, e.g., thermal solar, industrial low-grade waste-heat and
geothermal energy. ATES can contribute to a significant reduction
in the global energy consumption by storing energy of heat sources
with intermittent nature, such as solar energy or waste heat, offer-
ing high energy storage density and low heat loss. Using non-toxic
and non-polluting refrigerants are other environmental benefits
that increase attractiveness of ATES. However, the low thermal
conductivity of adsorbent materials (0.1–0.8 Wm�1 K�1 [9]) and
high thermal contact resistance between adsorbent and adsorber
bed heat exchanger surfaces, hereinafter called TCR, suppress the
overall performance and reduce the competitiveness of the avail-
able ATES systems.
To tackle the low heat transfer inside the adsorber beds, using
composite adsorbents with high thermal conductive additives
was found a practical solution [10]. To this end, granular activated
carbon with aluminum additives [11], activated carbon with CaCl2
[12], consolidated NaX Zeolite with expanded natural graphite
[13], and silica gel-expanded graphite [14] were studied. Consoli-
dated composite adsorbents increase the heat transfer rate in the
adsorber beds, however, they may decrease the mass transfer rate
[10]. In contrast, a thin layer (less than 1 mm) of coated adsorbent
on the metal surface of an adsorber bed: (i) increases the mass
transfer between the adsorbate and coated adsorbent, (ii) reduces
the pressure drop inside the bed, and (iii) provides a higher heat
transfer rate by reducing the TCR between the adsorbent and metal
surface of adsorber bed [15].

Consolidated high conductive composites and coated adsorbent
increase the heat transfer, whereas granular packed beds provide
higher performance in terms of volumetric cooling power (i.e. cool-
ing power divided by volume) and energy storage density (i.e.
stored energy divided by volume) for adsorption systems [16].
Freni et al. [16] compared identical heat exchangers, one with
0.1 mm thickness coated adsorbent and the other one with
0.6–0.7 mm diameter loose grain AQSOA FAM-Z02 and showed
that even though coated bed provided faster water uptake rate,
the granular adsorber offered higher volumetric cooling power.

To study the heat transfer performance of a packed bed adsor-
ber, TCR and effective thermal conductivity of the packed bed
should be measured and modeled properly. Importance of TCR
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Nomenclature

A surface area of the packed bed, cm2

ATES adsorption thermal energy storage
dp adsorbent particle diameter, mm
f calib calibration factor of the heat flux transducer, W m�2

V�1

HFM heat flowmeter
k thermal conductivity, W m�1 K�1

ktot packed bed total thermal conductivity (effects of TCR is
included.), W m�1 K�1

keff ;bed packed bed effective (medium) thermal conductivity
(effects of TCR is not included.), W m�1 K�1

L packed bed length (thickness), mm
x water uptake, kg kgads�1

n number of adsorbent layers
P gas pressure, Pa
Pcontact contact pressure at the contact of adsorbent particle and

the metal surface, Pa
_Q heat flow, W
R thermal resistance, K W�1

Ras�p thermal contact resistance between the aluminum
sheet and the particles, K W�1

Rbed packed bed effective thermal resistance (excluding the
TCR), K W�1

Rp thermal resistance of adsorbent particle, K W�1

Rp�p thermal contact resistance between the particles, K W�1

Rtot packed bed total thermal resistance (including the TCR),
K W�1

t time, s
T temperature, K
T1 temperature of the upper hot plate of the heat flowme-

ter, K
T2 temperature of the lower cold plate of the heat flowme-

ter, K
TCR thermal contact resistance, K W�1

V heat flux transducer output, V

Subscripts
as aluminum sheet
bed packed bed
contact at the contact of adsorbent particles and the heat ex-

changer metal surface
eff effective
p adsorbent particle
tot total
w water
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has been raised in the literature [17–19], but little has been shown
regarding the measurement and modeling of TCR inside the adsor-
ber bed. Based on the test procedure for flat surfaces developed by
Antonetti and Yovanovich [20], Wang et al. [21] measured the TCR
between the heat exchanger surface and zeolite granule adsorbent
with diameters of 0.297, 0.149 and 0.074 mm by heat flux ratio-
measuring instrument, under vacuum pressure. A correlation fitted
to their experimental data [21] was fed into an empirical lumped
analytical model for thermal conductivity of a silica gel packed
bed, developed by Rezk et al. [22]. Sharafian et al. [19] experimen-
tally showed that the ratio of TCR to the total thermal resistance
could be as high as 26% at 37 �C, for a consolidated block of silica
gel-PVP on a metal substrate.

Thermal conductivity measurement methods used for various
adsorbent materials are listed in Table 1. Bjurström et al. [23] mea-
sured thermal conductivity of moist silica gel particles by transient
Table 1
Thermal conductivity measurement techniques used for adsorbent materials in the literat

Ref. Measurement
method

Standard Adsorbent Adso
confi

[23] Transient hot strip/
transient plane source

ISO22007-2 Silica gel Pack
pour
(40 �

[26] Silica gel + CaCl2 + 20 wt%
graphite flakes

Com

[24] Transient hot wire ASTM C1113 Silica gel KSK + 20 wt% CaCl2 Com

[27] Silica gel + 36.6 wt% CaCl2+
binder Al(OH)3

Com

[28] AQSOA FAM-Z02 –

[29] Laser flash ASTM E1461-13 AQSOA FAM-Z01 Coat
[30] Guarded-hot plate BS-874 Monolithic carbon

(sample LM127)
Mon
coar

[19] ASTM E1530 Silica gel + PVP with a
metallic substrate

Com
hot strips method and effective thermal conductivity of a dry
packed bed of silica gel through a steady-state measurement, using
a custom-built annular test bed. Tanashev and Aristov [24] mea-
sured thermal conductivity of a composite of KSK silica gel and
CaCl2 by the transient hot wire method at 290–330 K and atmo-
spheric pressure. They showed that thermal conductivity of the
composite increased from 0.112 to 0.216 Wm�1 K�1 when water
uptake was raised from 0.01 to 0.58 kg kgads�1 . Tanashev et al. [25]
later showed that their reported thermal conductivity of the com-
posites of silica gel and salts, under atmospheric pressure, could be
used in the closed adsorption systems as well, since their results
showed that thermal conductivity was a stronger function of
uptake rather than vapor pressure and temperature.

Due to the adsorption heat released by adsorbents, the mea-
sured temperature difference in the unsteady thermal conductivity
measurement is smaller than that of the test with no adsorption
ure.

rbent
guration

Uptake,
kg kgads�1

Temperature,
K

Thermal
conductivity,
W m�1 K�1

Importance of
TCR (TCR Rtot

�1)

ed bed (silica gels are
ed in a cell
60 � 10 mm)

0 295 0.147 –
0.329 295 0.265 –

posite 0.18 308 0.41 –

posite 0.01 293 0.112 ± 0.007 –
0.58 293 0.216 ± 0.012 –

posite 0.053 363 0.12 –
0.286 363 0.227 –
– 303 0.117 –
– 363 0.128 –

ed (0.3 mm thickness) – 293 0.376 –
olithic with
se powders

– 293 0.45 –
– 393 0.4 –

posite – 310 0.282 0.26
– 321 0.240 0.05
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heat, which results in higher thermal conductivity [31]. To elimi-
nate the above-mentioned error in the thermal conductivity mea-
surement of adsorbent materials, steady-state measurements have
been found more practical [31]. Sharafian et al. [19] conducted a
steady state measurement with a custom-built guarded-hot plate
device to measure the thermal conductivity of consolidated silica
gel-PVP samples with volume of 25.4 � 25.4 � 6.6 mm3.

Effective heat and mass transfer properties of an adsorber bed
are strongly dependent on the size of the adsorber bed [9]. Water
uptake rate and thermal conductivity measurements of small
amount of adsorbent material, less than 0.1 kg, can only show an
ideal design and, instead, a large-scale measurement is essential
to realistically study the heat and mass transfer in a packed bed
adsorber. Table 2 shows the difference between thermal conduc-
tivity of solid grain and packed bed of adsorbent materials,
reported in the Ref. [9]. Hence, in this work, a steady-state heat
flow meter with a test chamber volume of 305 � 305 � 100 mm3

was selected to measure thermal conductivity of a large-scale
packed bed.

AQSOA FAM-Z02, hereinafter called FAM-Z02, is a synthetic
zeolite-based adsorbent material with high durability (reported
60,000 cycles) and high adsorption capacity (6-fold higher than
that of A-type silica gel), developed by Mitsubishi Chemical Ltd
[32,28]. Coated and loose grain FAM-Z02 were recently utilized
in adsorption systems and showed promising performance
[16,33–37]. Showing successful operation, it is desirable to carry
out precise measurement of thermal conductivity of FAM-Z02, at
different temperature and water uptake, to better analyze and
optimize adsorption systems using FAM-Z02/water as the working
pair.

Little information is available concerning thermal properties of
FAM-Z02, listed in Table 3. Okamoto et al. [29] used transient hot
wire method to measure thermal conductivity of FAM-Z02 powder.
They reported thermal conductivity of 0.117 and 0.128 Wm�1 K�1

at 303 and 363 K, respectively. Effective thermal conductivity of
coated FAM-Z02 with a clay as the binder was studied by
Frazzica et al. [38]. They reported effective thermal conductivity
of 0.28 Wm�1 K�1 for 0.6 mm coated FAM-Z02 [38] .

Girnik and Aristov [34] studied the kinetics of different number
of layers (n = 2, 4, and 8) of FAM-Z02 grains, using large tempera-
ture jump method, which was developed by Aristov et al. [40]. To
the authors’ knowledge, there is no experimental data regarding
thermal conductivity of a packed bed of FAM-Z02 at various tem-
peratures, uptake, contact pressure and number of layers, available
in the literature.

This study aims to provide the first set of experimental data on
the effective thermal conductivity of 2-mm diameter FAM-Z02
packed beds, for different numbers of adsorbent layers, tempera-
tures, and contact pressures. To measure thermal conductivity of
a loose grain packed bed adsorber, heat flow meter method is
Table 2
Comparison between thermal conductivity of a solid grain adsorbent and a packed
bed adsorber reported in the literature [9].

Adsorbent material Adsorbent configuration Thermal conductivity,
W m�1 K�1

Zeolite Solid grain 0.18–0.4
Granular bed (H2O) 0.03–0.15

Silica gel Solid grain 0.37–0.8
Granular bed 0.05–0.2
Granular bed (H2O) 0.04–0.26

Activated carbon Solid grain 0.54
Granular bed 0.3–0.5
Granular bed (methanol) 0.14–0.17
applied as a reliable steady state measurement method for low
conductive materials. The TCR between the adsorbent particles
and the heat exchange media is deconvoluted from the total bed
resistance to study the relative importance of TCR in packed beds.
2. Experimental study

In this study, a heat flow meter apparatus (HFM 436/3/1E
Lambda, NETZSCH Instruments) was used for steady-state thermal
conductivity measurements of packed bed adsorbers. The HFM can
measure samples with thermal conductivities of 0.002 to
2.0 Wm�1 K�1, with an accuracy of ±1–3%. The HFM, shown in
Fig. 1a, can apply a variable external load on the sample (see
Fig. 1b), to control the contact pressure and ensure a uniform
contact between the upper and lower plates and the sample,
throughout the plate surface. Heat-flow transducers (flux gages)
are installed in the center of the test chamber and far from the
frame. Measurements were carried out at mean temperatures from
10 to 80 �C and 20 K temperature difference between the hot
(upper) and cold (lower) plates.

Packed beds of 2 mm diameter FAM-Z02 spherical particles
were prepared with 1, 2, 4 and 6 layers. Similar to a real finned
adsorber bed, the adsorbent particles were randomly packed, and
as shown in Fig. 1c and d, adsorbent layers were sandwiched
between two aluminum sheets (305 � 305 � 0.4 mm3). Narrow
adhesive-back EPDM foam strips (Neoprene/EPDM/SBR foam with
closed cell), which restricted water and air from being exchanged
between the packed bed and the environment [41], were attached
around the perimeter of the lower aluminum sheet, forming a
frame to hold the adsorbent particles (see Fig. 1c and e). Measure-
ments were carried out after the adsorbents reached the equilib-
rium at the room condition (24 �C and 35% RH). Afterwards, the
custom-built sample holder was covered with the upper aluminum
sheet and was placed in the test chamber, where it was pressed
between the hot and cold plates under the preset contact pressure.
Since there was no air exchange between the packed bed and the
test chamber environment, if all the water that was in the air inside
the packed bed had been adsorbed, the adsorbent water content
would have changed only by 1.5 � 10�5 kg kgads�1 . At 80 �C, the air
could hold an additional 0.28 kg mair

�3 of water vapor. If this all
had came from the adsorbent, the water content would have
decreased by 5.3 � 10�4 kg kgads�1 . Thus, the adsorbent water uptake
showed negligible change. As shown in Fig. 1d and e, two auxiliary
K-type thermocouples were attached to the aluminum sheets,
adjacent to the adsorbent medium, to eliminate the effects of the
thermal resistance of the aluminum sheets as well as the TCR
between the hot/cold plates and aluminum sheets.

The HFM was configured to heat the samples from the top to
avoid the natural convection [42,43]. Moreover, natural convection
in the packed beds with small voids is negligible [44]. The mea-
sured thermal resistance was the total thermal resistance between
the isothermal surfaces at temperatures of T1 and T2 (see Fig. 2a).
The associated thermal resistance network of the 4-layer packed
bed adsorber is illustrated in Fig. 2b and the total thermal resis-
tance of n-layer packed bed adsorber is as follows:

Rtot ¼ Lbed=ðktotAÞ ¼ 2Ras�p þ nRp þ ðn� 1ÞRp�p ¼ 2Ras�p þ Rbed

¼ TCRþ Rbed

ð1Þ
where Ras�p is the thermal contact resistance between the alu-
minum sheet and the particles and Rp�p is the thermal contact
resistances between the adsorbent particles. TCR accounts for the
total thermal contact resistance of upper and lower aluminum
sheets and adsorbent particle (2Ras�p). The maximum measurement



Table 3
Properties of SAPO-34 CHA and FAM-Z02 (commercial SAPO-34 CHA).

Ref. Adsorbent Adsorbent
configuration

Specific heat
capacity, J kg�1 K�1

Bulk density, kg m�3 Thermal conductivity,
W m�1 K�1

Thermal diffusivity,
m2 s�1

[29] FAM-Z02 Powder 822 (303 K)
942 (363 K)

600–700 0.117 (303 K)
0.128 (343 K)

2.19 � 10�7

2.09 � 10�7

[38] FAM-Z02 + 18.5 wt% Bentonite
clay + 1.5 wt% micro carbon fiber

Coated (0.4 mm)
Coated (0.6 mm)

900 – 0.44
0.28

–

[39] SAPO-34 CHA + Al Composite 900 1510 9 ± 1 6.62 � 10�6

Fig. 1. (a) View of instrument and (b) schematic of the NETZSCH HFM 436/3/1 Lambda, (c) schematic of the adsorbent particles inside the HFM test chamber, (d) arrangement
of adsorbents between two aluminum sheets, and (e) attached K-type thermocouples to the inner surface of the lower aluminum sheet, and the frame made of EPDM
adhesive-back foam strips, used as the sample holder.

Fig. 2. (a) 4-layer packed bed sandwiched between two aluminum sheets and hot and cold plates and (b) equivalent thermal resistance network of the 4-layer packed bed
between the attached thermocouples, at temperatures of T1 and T2.
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Fig. 4. Packed bed effective thermal conductivity versus the mean temperature,
with water uptake of 0.30 ± 0.02 kg kgads�1 and under contact pressure of 0.7 kPa.
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uncertainties of thermal conductivity and thermal resistance are 7–
8% and 7% respectively (see Appendix A).

Design and optimization of a packed bed adsorber require the
knowledge of the effective thermal conductivity of the adsorbent
packed bed medium, which is keff ;bed ¼ Lbed=ðARbedÞ. The bulk ther-
mal resistance of the packed bed medium, Rbed, includes the bulk
thermal resistance of the adsorbent particle, Rp, and the contact
resistance between the particles, Rp�p. Thus, the measured effec-
tive thermal conductivity of the packed bed, keff ;bed, is independent
of the properties of the heat exchanger surface and can be used
for 2-mm FAM-Z02 randomly packed beds in different heat
exchanger designs, but under the same operating conditions. To
this end, TCR should be deconvoluted from the measured total
resistance ;Rtot . By measuring the total thermal resistances for
(at least) two different numbers of adsorbent layers (i.e. different
bed thicknesses), it is possible to deconvolute the TCR from the
total resistance. In this method, at each mean temperature, an
identical TCR is assumed for different bed thicknesses, due to
the similarities in microstructure and bed arrangement. Therefore,
the TCR and effective thermal conductivity of packed bed medium
are calculated from Eq. (2), for two-thickness method or multiple-
thickness method [45], and the slope and intercept of the line
fitted to the Rtot versus the bed thickness are 1=ðkeff ;bedAÞ and
TCR, respectively.

Rtot;1 ¼ TCRþ L1
keff ;bedA

Rtot;2 ¼ TCRþ L2
keff ;bedA

keff ;bed ¼ ðL2 � L1Þ
AðRtot;2 � Rtot;1Þ

ð2Þ
3. Results and discussion

Rtot � A versus the bed thickness (or number of the adsorbent
layers) for 2-mm FAM-Z02 packed bed adsorber at three tempera-
tures of 25, 60 and 80 �C is plotted in Fig. 3. Rtot � A decreases with
the temperature of the bed, since the adsorbent thermal conductiv-
ity and packed bed total thermal conductivity increase with a rise
in the mean temperature. As illustrated in Fig. 3, Rtot � A increases
with an increase in the number of layers (bed thickness). To find
the packed bed effective thermal conductivity, the effects of TCR
should be deconvoluted from the packed bed total thermal resis-
tance, as discussed in Section 2. Hence, keff ;bed and TCR are extracted
from the slope and intercept of the linear fit to Fig. 3.
Fig. 3. Rtot � A versus bed thickness of 2-mm FAM-Z02 packed beds for 1, 2, 4, and 6
layers, with water uptake of 0.30 ± 0.02 kg kgads�1 , at temperatures of 25, 60 and 80 �C
under contact pressures of 0.7 kPa.
Changes in keff ;bed versus the bed mean temperature is plotted in
Fig. 4, in which the effects of the TCR is deconvoluted. Effective
thermal conductivity of the 2-mm diameter FAM-Z02 randomly-
packed bed adsorber varies between 0.1878 and 0.2043Wm�1K�1,
and slightly increases with an increase in temperature. Since the
measurements were performed at atmospheric pressure, the
measured thermal conductivity can be used for open adsorption
systems, including open ATES and desiccant air conditioning
and dehumidification systems. For closed adsorption systems,
these measured thermal conductivity values may lead to an
overestimation of performance.

The relative importance of TCR to the total thermal resistance of
a 2-mm FAM-Z02 packed bed is shown in Fig. 5, for temperatures
varying between 10 and 80 �C and number of layers of 1, 2, 4, and
6. The contact pressure on the hot and cold plates, Pcontact , is 0.7 kPa.
At 25 �C and atmospheric pressure, TCR forms 67% of the total ther-
mal resistance of a monolayer of FAM-Z02, which clearly shows the
significant importance of TCR in the packed bed adsorbers. As
expected, TCR becomes more important for lower number of layers
of adsorbent and at lower temperatures. Since higher uptake rate
and higher specific cooling power are achieved for the monolayer
of adsorbent materials, TCR is a serious issue which should be
taken into consideration. TCR decreases 54%, when temperature
increases from 25 to 80 �C. This is due, in part, to the higher
thermal conductivity of air at higher temperatures. Since porosity
in a packed bed of spheres is larger near its boundaries [46,47],
and the filling gas (air) has higher share of contact area with the
Fig. 5. Measured values for relative importance of TCR to the total thermal
resistance at temperatures of 10 to 80 �C, contact pressure of 0.7 kPa and for 1, 2, 4,
and 6 layers of FAM-Z02 with water uptake of 0.30 ± 0.02 kg kgads�1 .



M. Rouhani et al. / International Journal of Heat and Mass Transfer 123 (2018) 1204–1211 1209
aluminum sheets, the increase in the air thermal conductivity has
more effect on the thermal contact conductance ð1=TCRÞ, compared
to the effective thermal conductivity of packed bed medium. The
other sources of this increase in TCR are unclear, but it could be
due to the changes in packed bed configuration and contact points
at higher temperatures.

The measured values of TCR � A for two contact pressures of 0.7
and 1.4 kPa are plotted in Fig. 6. By increasing the contact pressure
(compression), TCR � A decreases due to a better contact between
adsorbent and the heat exchanger surface. This reduction in
TCR � A, due to the higher contact pressure, is faded away by
increasing the temperature; TCR � A increases by 6% and less than
1.5% at 10 and 80 �C, respectively, when the contact pressure
increases by 0.7 kPa from 0.7 to 1.4 kPa.

Additionally, effect of temperature cycling on the total thermal
conductivity, ktot (see Eq. (1)), was investigated for a 6-layer
FAM-Z02 packed bed adsorber. As shown in Fig. 7a, the packed
bed adsorber was subjected to 4 cycles between 25 and 80 �C. Dur-
ing the temperature cycles, subtle changes in ktot are discerned
(Fig. 7b), i.e., maximum relative difference in ktot is 1% for both
temperatures. This indicates the good repeatability of the measure-
Fig. 6. Effect of contact pressure on the measured TCR � A for 2-mm FAM-Z02
packed bed with water uptake of 0.30 ± 0.02 kg kgads�1 .

Fig. 7. (a) Cyclic temperature changes between 25 �C and 80 �C, and (b) effects of cycli
packed beds with water uptake of 0.30 ± 0.02 kg kgads�1 and under 0.7 kPa contact pressu
ments and negligible hysteresis effects in the water uptake and
thermal conductivity of FAM-Z02, as expected and widely reported
in the literature [28], [48]. The measured ktot is 0.143 Wm�1 K�1

(compared to keff ;bed of 0.195 Wm�1 K�1) at 25 �C and
0.164 Wm�1 K�1 (compared to keff ;bed of 0.204 Wm�1 K�1) at
80 �C; the difference between the total thermal conductivity and
the effective thermal conductivity is due to the TCR.

4. Conclusions

In this study, total thermal conductivity of a 2 mm-diameter
FAM-Z02 packed adsorber bed was measured by HFM, at temper-
atures of 10 to 80 �C and number of adsorbent layers of 1, 2, 4
and 6 and under contact pressures of 0.7 and 1.4 kPa. Effects of
TCR were deconvoluted from the total thermal resistance of the
packed bed adsorber and the relative importance of TCR to the total
thermal resistance was demonstrated. TCR=Rtot of a monolayer
2-mm FAM-Z02 packed bed, was 67% at 25 �C. Effective thermal
conductivity of the FAM-Z02 randomly packed bed was
0.188–0.204 Wm�1 K�1 for temperatures between 10 and 80 �C.
Increasing the compression pressure from 0.7 to 1.4 kPa decreased
the TCR � A by 6% for mean temperature of 10 �C and 1.5% for mean
temperature of 80 �C. Absence of hysteresis effect and repeatability
of the thermal conductivity measurement of the FAM-Z02 loose
grain packed bed were proved for 4 heating–cooling cycles
between temperatures of 25 and 80 �C.
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Appendix A. Measurement uncertainty

The operational definition of thermal conductivity, for HFM
measurement, is obtained from the following equation (ASTM C 518),
c temperature change on the total thermal conductivity of 6-layer 2 mm FAM-Z02
re.



Table A1
Accuracies and relative error of HFM measurements.

dLbedðcmÞ dTð�CÞ dVðlVÞ df calib
f calib

� �
dLbed
Lbed

� �
dV
V

� �
dðDTÞ
DT

0.01 1 (external
thermocouple)

5 0.01 0.008–0.036 2 � 10�4 0.05
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k ¼ f calibVLbed
DT

ðA1Þ

where f calib½W=ðm2VÞ� is the calibration factor, and V ½V� is the heat
flux transducer output. Therefore, According to the uncertainty
propagation [49], the systematic error of the thermal conductivity
is as follows,

dk
k

¼ df calib
f calib

� �2

þ dV
V

� �2

þ dLbed
Lbed

� �2

þ dðDTÞ
DT

� �2
" #1=2

ðA2Þ

where the last term in the right-hand side of this equation is calcu-
lated as follows,

dðDTÞ
DT

¼ dT1

DT

� �2

þ dT2

DT

� �2
" #1=2

ðA3Þ

The accuracies and relative errors of bed thickness, heat flux mea-
surement and calibration factor (supplied by the manufacturer)
and external thermocouples are listed in Table A1. The systematic
uncertainty of thermal conductivity is 7–8%. The difference between
the thermal conductivity uncertainty of the experiment and the
reported value by manufacturer is due to the thermocouple accu-
racy of the external thermocouples (±1 �C) compared to that of
the embedded thermocouples in HFM (±0.01 �C). As mentioned
before, external thermocouples are used to eliminate the effect of
thermal contact resistance between the hot/cold plate and the
sample.

Similarly, uncertainty of thermal resistance is calculated as
follows,

dR
R

¼ df calib
f calib

� �2

þ dV
V

� �2

þ dðDTÞ
DT

� �2
" #1=2

ðA4Þ

Therefore, the maximum systematic uncertainty of thermal resis-
tance is 7%. The random error from the repeatability measurement
is negligible.
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