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Abstract
The transient plane source (TPS) technique, also referred as the Hot Disk method, has been widely used due to its ability 
to measure the thermal properties of an extensive range of materials (solids, liquids, and powder). Recently, it has been 
recognized that typical Hot Disk sensors can influence TPS results of thermally insulating materials and lead to an overes-
timation of thermal conductivity. Although improvements have been proposed, they have not yet been implemented in the 
commercial TPS, leaving researchers with non-standardized modifications or options provided by a commercial Hot Disk 
apparatus. An empirical study of thermally insulating materials such as extruded polystyrene (XPS) and aerogel blanket is 
conducted in order to address the factors that affect the reliability of thermal conductivity k obtained using the commercial 
TPS apparatus. Sensor size, input power, duration of the measurements, applied pressure, and, in the case of anisotropic 
materials, heat capacity are investigated, and the results are compared with those using a Heat Flow Meter apparatus. The 
effect of sensor size on the k value is ascribed to heat loss through connecting leads and is more pronounced in smaller sensors 
and in materials with lower k values. In the case of XPS and aerogel, the effect becomes minimal for sensors with a radius 
r ≥ 6.4 mm. The low input power yields a high scattering of the results and should be avoided. Applied contact pressure and 
the tested region of the specimen play an important role in experiments with low-density fibrous materials due to the large 
percentage of heat being transferred by radiation and the heterogeneous nature of the samples, respectively. Additionally, the 
sensitivity of anisotropic measurements to the value of the material’s volumetric heat capacity (ρCp) is shown, emphasizing 
the need for the precise determination.

Keywords Transient plane source (TPS) · Hot Disk sensor · Thermally insulating material · Aerogel · Thermal 
conductivity · Anisotropic material · Specific heat capacity

1 Introduction

The development of modern engineering applications, such 
as heat flow management in the semiconductor industry, 
insulation for space shuttles, and home insulation using 
various building materials, is quickly increasing the need 
for novel thermally insulating materials with a ultra-low 

thermal conductivity due to demands for energy efficiency 
and energy conservation. Traditional steady-state methods 
used to determine thermal transmission properties by means 
of a Heat Flow Meter apparatus [1] and heat flux measure-
ments and thermal transmission properties by means of a 
guarded-hot-plate apparatus [2] are considered to be accu-
rate techniques for thermal characterization; however, they 
take a long time to perform and require large samples. Mean-
while, with the development of new materials, frequently 
only small specimens can be produced, making them incom-
patible with the aforementioned techniques because of their 
size. Alternatively, transient methods such as the laser flash 
method [3], 3ω method [4], hotwire method [5], and tran-
sient plane source (TPS) method [6] can evaluate thermal 
properties at a much faster rate, and they can be used for 
samples of even a few millimeters.

 * Hsin Wang 
 wangh2@ornl.gov

1 Materials Science and Technology Division, Oak Ridge 
National Laboratory, One Bethel Valley Road, Oak Ridge, 
TN 37830, USA

2 Energy and Transportation Science Division, Oak Ridge 
National Laboratory, One Bethel Valley Road, Oak Ridge, 
TN 37830, USA

http://orcid.org/0000-0001-9466-1245
http://crossmark.crossref.org/dialog/?doi=10.1007/s10934-020-00956-3&domain=pdf


1792 Journal of Porous Materials (2020) 27:1791–1800

1 3

Among these techniques, commercially available TPS, 
commonly referred as the Hot Disk method [7–10], has been 
one of the most widely adopted tools in recent years. This 
method has been used for a broad range of materials including 
bulk solids and thin films [8, 11–13], powders [14], and liquids 
[15, 16]. Furthermore, Hot Disk can test isotropic as well as 
anisotropic samples [6, 17], which is especially important for 
low-density fibrous or cellulous thermal insulating materials, 
where fiber alignment introduces differences in thermal con-
ductivity in axial and radial directions [18].

In the case of thermally insulating materials [19–22], it was 
recently found that commonly used Hot Disk sensors can affect 
TPS results and sometimes lead to an overestimation of thermal 
conductivity [23–25]. The finite thermal mass of the sensors 
was proposed as one of the reasons for the potential error [23, 
24], and a number of articles that focused on the effect of Hot 
Disk sensors using numerical simulations were published [11, 
24, 26]. Although a few improvements to the TPS technique 
have been proposed [12, 23, 26, 27], these improvements are 
either only theoretically established or have not been commer-
cially implemented. This situation still leaves most researchers 
with only the capabilities that a commercial Hot Disk Thermal 
Constants Analyzer can provide, raising questions about the 
methodology for the evaluation of thermal properties of iso-
tropic and anisotropic thermally insulating materials. Due to 
the nature of the Hot Disk method in which the heat source is 
also a temperature sensor, it generally prefers homogeneous/iso-
tropic materials. When a material is anisotropic, i.e., the thermal 
conductivity in the X–Y plane is different from the Z direction, 
the special anisotropic measurement mode must be used. Some 
“super” insulation materials [18, 28, 29] have anisotropic ther-
mal properties, and therefore, measurements and analyses using 
the TPS method must be treated with care.

The present work attempts to focus on factors that need to be 
considered and decisions that need to be made to get accurate 
data using the Hot Disk apparatus. This is done by means of 
experimental evaluation and analysis of the effects of various 
user-defined parameters (sensor size, input power, duration of the 
measurements, applied pressure, and, in the case of anisotropic 
material, heat capacity) on the thermal conductivity of commer-
cial thermally insulating materials such as extruded polystyrene 
(XPS) of different thicknesses and aerogel blanket. The thermal 
conductivity values of these materials obtained using the Heat 
Flow Meter method were used to validate the Hot Disk results.

2  Experimental

2.1  Principle of Hot Disk technique

The typical setup of the Hot Disk experiment is to pass a 
constant current, with an input power P0 defined by the user, 
through a Hot Disk sensor and then simultaneously record 

the change in resistance. The technique uses a double spiral 
sensor made from nickel sealed between two thin Kapton or 
mica sheets. The sensor acts both as a heater and as a tem-
perature sensor, and normally it is sandwiched between two 
pieces of identical samples to be tested. The behavior of a 
Hot Disk sensor during the transient period can be expressed 
using time-dependent resistance R(t) [7]:

where R0 is a resistance of a Hot Disk sensor before the tran-
sient recording, a is the temperature coefficient of resistance 
(TCR), ΔT(τ) is the time-dependent temperature increase of 
the Hot Disk sensor, t is the time that has passed since the 
beginning of the transient, θ is the characteristic time, r is 
the radius of the Hot Disk sensor, and α is the thermal dif-
fusivity of the tested material.

By recording the change in resistance of the sensor, its 
temperature increase as a function of time is obtained, which 
is related to the thermal properties of the surrounding mate-
rial [30]:

where k is the thermal conductivity of the tested material 
and D(τ) is a dimensionless time function that takes into 
account the conducting pattern of the disk-shaped sensor, 
which consists of n number of concentric rings; D(τ) is 
defined elsewhere [7, 30]. One of the key assumptions of 
the TPS theory is that the sensor is placed in the infinite 
medium, which means that the propagation of generated heat 
should not reach the external boundaries of the sample dur-
ing the experiment. This requirement is typically satisfied 
if the distance from any point of the sensor to any point on 
the surface of the sample is larger than the parameter of a 
probing depth ∆p = 2(αt)1/2.

Based on Eq. (2), the temperature increase of the sensor 
during the transient period should be linearly proportional to 
a function D(τ). Therefore, it must be possible to fit ΔT as a 
function of D(τ) with a straight line as long as the relation-
ship between t and τ is known. In other words, characteristic 
time θ can be used as a fitting parameter, and its value for the 
best fit is used to calculate the thermal diffusivity α of the 
sample, as shown in Eq. (1). The slope of the obtained line is 
P0(π3/2rk)−1, which is used to extract a thermal conductivity k.

2.2  Anisotropic materials

Equation (2) describes the situation when the tested material 
is isotropic, implying that the radial and the axial thermal 

(1)

⎧
⎪
⎨
⎪
⎩

R(t) = R0[1 + aΔT(�)]

� = (t∕�)1∕2

� = r2∕�

(2)ΔT(�) = P0(�
3∕2

rk)−1D(�),



1793Journal of Porous Materials (2020) 27:1791–1800 

1 3

conductivities of the sample are the same (kradial = kaxial = k or 
kx = ky = kz = k, where the x- and y-axes are in the plane of the 
sensor). In cases where the specimen is anisotropic and its 
thermal properties are the same along x- and y-axes but dif-
ferent from those along z-axis (kx = ky ≠ kz), the temperature 
increase of a Hot Disk sensor surrounded by this material as 
a function of time is described as

where kx and kz are the thermal conductivities along the 
x-axis and z-axis, respectively, τx = (t/θx)1/2, and θx = r2/αx. 
Accordingly, θx is used as a fitting parameter to calculate 
thermal diffusivity αx along the x-axis. Next, the previously 
determined volumetric heat capacity (ρCp) is required to cal-
culate kx = αxρCp. Finally, kz is obtained from determined kx 
and the slope of the line described in Eq. (3) [6, 17].

2.3  Materials and methods

The thermal properties of the investigated materials were 
measured by a Hot Disk thermal constant analyzer (Hot 
Disk Inc., Sweden). A TPS 3500 Hot Disk system with a 
bridge circuit, a digital voltmeter, and a data analysis module 
was used. Hot Disk Kapton sensors with radii of 2.001 mm, 

(3)ΔT(�x) = P0[�
3∕2

r(kxkz)
1∕2]−1D(�x),

3.189 mm, 6.403 mm, 9.719 mm, 9.868 mm, and 14.61 mm 
were used. The input power and the duration of the measure-
ment were selected such that the requirements of a probing 
depth and a characteristic time were met. An experimental 
setup is illustrated in Fig. 1a, b. Measurements were repeated 
three to five times for each set of parameters. Experiments 
were performed at room temperature and ambient condi-
tions under stainless steel cover to avoid temperature fluctua-
tions from drafts of air to the sample. The times between the 
measurements were long enough to avoid any temperature 
drift, which was measured for 40 s before every test.

The reference mild steel SIS2343, extruded polystyrene 
(XPS) foam, and aerogel blanket were investigated as rep-
resentative materials. The steel sample was a cylinder with 
a 50 mm diameter and a 20 mm thickness and was provided 
by Hot Disk AB. The XPS samples were purchased in three 
thicknesses of 20 mm, 10 mm, and 5 mm, and the aerogel 
blanket had a thickness of 10 mm. XPS and aerogel samples 
were cut to have 50 × 50  mm2 surface area. The steel, XPS, 
and aerogel samples are shown in Fig. 1c.

Parameters such as sensor size, output power, dura-
tion of the experiment, applied pressure, and volumetric 
heat capacity were tested in either isotropic or anisotropic 
mode. A contact pressure of 3.6 kPa (unless specified oth-
erwise) was always applied using free weight to guarantee 

Fig. 1  a Hot disk setup depicting hot disk sensor sandwiched between 
two 20 mm thick extruded polystyrene (XPS) samples to form a sam-
ple-sensor-sample arrangement. Brass free weight is used to ensure 
a good contact between the sensor and the samples. A stainless steel 
cover is used to avoid temperature fluctuations caused by drafts of air 
during the experiment. b Double spiral sensor (radius r = 9.719 mm) 

sealed by Kapton on top of the XPS sample. c Set of samples used in 
the investigation (from left to right): 20 mm thick mild steel SIS2343, 
XPS foams (20, 10, and 5 mm thick), and 10 mm thick aerogel blan-
ket. The steel sample had a diameter of 50 mm; the other samples had 
a surface area of 50 × 50  mm2
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reproducibility. When one or more parameters were kept 
constant during the experiment, its value was listed in the 
captions to the corresponding figure. Analyses of the experi-
ments were based on Eq. (2) for isotropic mode, and on 
Eq. (3) for anisotropic mode.

The thermal conductivities of XPS and aerogel were 
compared with those obtained using a Heat Flow Meter 
apparatus (HFMA). The HFMA tests were conducted on 
30 cm × 30 cm samples at thicknesses of 5, 10, and 20 mm 
for XPS and 10 mm for aerogel. The HFMA tests were con-
ducted according to ASTM C518-17 [1].

The specific heat capacities (Cp) of XPS and aerogel blan-
ket were measured using a TA Instruments Q2000 Differen-
tial Scanning Calorimeter (DSC) in the temperature range of 
– 100 to 100 °C at 20 °C min−1. Tzero hermetic aluminum 
pans and lids were used during the DSC runs. An empty 
pan with lid served as a reference, and a sapphire was used 
as a standard. Two samples of XPS (2.60 mg and 4.25 mg) 
and two samples of aerogel (7.87 mg and 10.34 mg) were 
run three times. The heating and cooling were performed in 
air, and upon completion of the heating cycle, the samples 
were held at a maximum temperature for 20 min before the 
cooling cycle was started.

3  Results and discussion

3.1  Isotropic measurements

The thermal conductivity of a reference material (mild steel 
SIS2343) was measured at room temperature and in iso-
tropic mode using sensors with different radii to confirm 
the reliability of the Hot Disk thermal constants analyzer 
and to obtain a baseline for a measurement’s variation as a 
function of the sensor size. As shown in Fig. 2, the thermal 
conductivity of the steel sample averaged over the investi-
gated sensor sizes was kSteel = 13.66 ± 0.15 W mK−1 (1.2% 
variation), which was in a good agreement with the value 
of 13.61 ± 0.018 W mK−1 (0.13%) that was provided by Hot 
Disk AB using a sensor with the radius of r = 6.4 mm.

Figure 2 also compares the results for three different 
thicknesses of XPS with the XPS thermal conductivity kXPS 
obtained for the same three thicknesses using Heat Flow 
Meter apparatus. The 5 mm thick XPS was only measured 
using the three smallest Hot Disk sensors because the use of 
larger sensors would lead to violation of the model assump-
tion of infinite material (i.e., the available probing depth 
was smaller than thermal penetration depth). The situation 

Fig. 2  Thermal conductivity k 
of steel, extruded polystyrene 
(XPS), and aerogel blanket 
(thicknesses are indicated) as 
a function of Hot Disk sensor 
radius measured in isotropic 
mode. A 20 mm thick aerogel 
was made by stacking two 
10 mm thick samples. Standard 
deviations were obtained from 
the experiments of various dura-
tions and input powers. Applied 
pressure was kept at 3.6 kPa. 
Dotted horizontal lines indicate 
the range of thermal conduc-
tivity of XPS and aerogel 
obtained using Heat Flow Meter 
apparatus
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is the same in tests of the 10 mm thick XPS using the larg-
est sensor with a radius of r = 14.6 mm. In this case, the 
propagation of heat reaches the external sample boundaries, 
leading to the effects of the surrounding air and its ther-
mal conductivity on the transient recording; as a result, the 
kXPS obtained with this sensor is noticeably lower than the 
average value and below the value from Heat Flow Meter. 
Excluding the results for the largest sensor, thermal con-
ductivity stayed constant as a function of thickness and 
sensor size within 3.5%: kXPS = 0.0289 ± 0.001 W mK−1, 
which was comparable to the Heat Flow Meter results of 
0.028 ± 0.001 W mK−1 (3.6%).

Unlike XPS, aerogel appeared to be the most sensitive 
material to the size of the sensors. As shown in Fig. 2, 
after an initial decrease of ca. 20% for smaller sensors 
(from 0.0316 W mK−1 for r = 2.0 mm to 0.0263 W mK−1 
for r = 6.4 mm), the measured kAerogel stabilized at an 
average value of 0.0258 ± 0.001  W  mK−1 (3.9%) for 
r = 6.4–9.8 mm. One possible cause of the decreasing 
trend in thermal conductivity as a function of sensor size 
is heat loss through the connecting leads to the double spi-
ral. Since the connecting leads are the same for all sensor 
sizes, the heat losses through these leads have a greater 
effect on the results obtained using Hot Disk sensors 
with a smaller radius than using the sensors with a larger 
radius. As a result, due to a larger amount of heat loss 
for the smaller sensors, the experiments yielded appar-
ent thermal conductivity values that were higher for the 
smaller sensors than for the larger ones. For sufficiently 
large sensors, the relative influence of heat loss through 
the connecting wires will be negligible compared with 
the total heating power in the experiment, and the thermal 
conductivity will not change with the radius, as shown in 
Fig. 2 for r ≥ 6.4 mm.

In Fig. 2, XPS showed a trend similar to that of aerogel 
for 2.0 mm ≤ r ≤ 6.4 mm, but the change in magnitude of 
thermal conductivity was much smaller. Since the “true” 
thermal conductivity of XPS is higher than that of aero-
gel (indicated by Heat Flow Meter results), the variation in 
the magnitude of thermal conductivity with sensor radius 
becomes less due to a smaller relative amount of heat loss 
to the connecting wires. It can also be concluded that the 
effects of heat loss through connecting wires for sufficiently 
conducting materials cannot be observed. The results for 
stainless steel indicate this trend.

Even though an aerogel did not show a dependence on 
thickness within 3%, measured values of thermal conductiv-
ity were significantly higher than those obtained with a Heat 
Flow Meter, which were 0.0169 ± 0.0007 W mK−1 (4.1%). 
Aerogel poses several challenges that can contribute to this 
observed discrepancy that are discussed further; however, 
other parameters that have an effect on Hot Disk experiments 
when testing thermally insulating materials are discussed 
first.

3.2  Influence of input power and experiment 
duration

Figure 3 shows the thermal conductivity k of XPS and aero-
gel as a function of (a) input power and (b) duration of the 
measurement. To make comparison of these materials eas-
ier, the values were normalized to the average conductivity 
calculated based on the results measured by the Hot Disk 
technique and shown in Fig. 2. According to Fig. 3a, lower 
power measurements led to larger fluctuations of k, which 
was the result of a higher noise level. Since a Hot Disk sen-
sor is also a resistance thermometer, use of low input power 
implies low current through the sensor, and low current, in 

Fig. 3  Normalized thermal conductivity k of extruded polystyrene 
(XPS) and aerogel as a function of a input power and b duration of 
the measurement obtained in isotropic mode. Inset of a highlights 
the difference between the noise levels of the temperature reading 
when using lower and higher input power. Thermal conductivity 

was normalized to the average values calculated from Fig.  2. k val-
ues obtained at the lowest power (1 or 2 mW) were excluded from 
calculations of the average values. Standard deviation was based on 
five repetitions under the same conditions. A sensor with a radius of 
6.4 mm was used, and the applied pressure was kept at 3.6 kPa



1796 Journal of Porous Materials (2020) 27:1791–1800

1 3

turn, makes the recording of the change in resistance (tem-
perature) less precise (see inset of Fig. 3a); therefore, caution 
is needed when selecting the input power. Meanwhile, this 
parameter did not affect thermal conductivity values above 
the limit of the low power (1–2 mW in the case of XPS and 
aerogel), the variation of thermal conductivity of XPS for 
all three thicknesses from 5 to 15 mW of input power was 
only ± 2% relative to the average value, which is within the 
instrument uncertainty of 2–5%, and the fluctuation of the 
values at each input power was ca. 1% for XPS and less than 
0.01% for aerogel. A similar conclusion can be applied to 
the parameter of experiment duration (Fig. 3b): the materials 
did not show a dependence on the duration at given power 
as long as the low power was avoided.

3.3  The effect of applied pressure and position 
on kAerogel

Although aerogel thermal conductivity was not subject to 
changes as a function of input power and experiment dura-
tion within less than a percent (Fig. 3), an applied pressure 
necessary for a good contact between samples and a sensor 
was shown to strongly influence the measured value due to 
the material’s compressibility. Since the relative change in 
thermal conductivity is considered, determined trends were 
valid even though the “true” values of thermal conductivity 
can be different from the measured ones. Figure 4a high-
lights the variations in the kAerogel as a function of applied 
pressure for the three smallest sensors. Larger sensors 
were not shown since their values were close to the k value 
obtained with r = 6.4 mm within 4%, as shown in Fig. 2. 
Thermal conductivity rapidly decreased with an increase 
in applied pressure until reaching a stable value within 3% 
for pressure of ca. 3–6.5 kPa. This behavior can be under-
stood by noting that the Hot Disk measures apparent ther-
mal conductivity, which implies a heat transfer consisting of 
solid conduction, gas conduction, and radiation. Insulating 

low-density fibrous materials, such as that investigated here 
with aerogel blanket, allow a large percentage of heat trans-
fer by radiation, which is strongly dependent on a material’s 
density [31, 32]. Therefore, an increase of density causes a 
reduction in radiant heat flow, and simultaneously, leads to 
an increase of solid conduction. Figure 4a shows that the 
thermal conductivity of aerogel blanket as a function of 
applied pressure first decreases and then plateaus. Therefore, 
it was concluded that, initially (i.e. pressure of ca. 0–3 kPa), 
the decrease in a radiant transfer is stronger than the increase 
in a solid conduction; however, at higher applied pressure 
(ca. 3–6.5 kPa) a plateau-like region appears due to a com-
parable magnitude of the decrease in radiant transfer and 
increase in solid conduction.

Another feature that must be considered in evaluation of 
thermally insulating low-density fibrous materials is their 
homogeneity. Due to the availability of various sensor sizes 
for the Hot Disk Apparatus, the instrument allows a local 
volume of the samples to be probed and tested if the mate-
rial is heterogeneous. Figure 4b denotes the importance of 
this aspect, showing variation in kAerogel with the position 
on top and bottom sides of aerogel sample using sensor of 
r = 2.0 mm. Variation of the thermal conductivity with the 
position on the sample does not show a specific trend and 
could be attributed to the nonuniform fiber distribution and 
inhomogeneous structure of the sample. However, alternat-
ing from one side of the sample to the other while probing 
the same spot tends to show a smaller apparent k value for 
the top side (see Fig. 4b and its inset), in which six out nine 
positions showed a lower thermal conductivity at the top 
than at the bottom side. Upon visual and physical inspection, 
the top side was found to be denser, apparently due to the 
conditions required to produce continuous aerogel blankets 
during manufacturing. Thus, the observed trend is attributed 
to a smaller heat transfer by means of radiation through the 
volume closer to the denser top side when compared with 
the bottom side.

Fig. 4  a Thermal conductiv-
ity k of 10 mm thick aerogel 
blanket measured in isotropic 
mode as a function of a applied 
pressure (using three different 
sensor sizes, as indicated by the 
radius r) and b position on the 
specimen (using the sensor with 
the r = 2.0 mm and a pressure of 
3.6 kPa; positions and appear-
ance of the specimen are shown 
in the inset). Standard deviation 
was based on 3 repetitions 
under the same conditions
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3.4  Anisotropic measurements

Regarding the discrepancy between kAerogel obtained using 
the Hot Disk method and Heat Flow Meter noted previously 
in Fig. 2, the Hot Disk results were obtained at a fixed pres-
sure and fixed samples arrangement using isotropic mode, 
which assumes direction-independent thermal conductivity. 
However, if the material is anisotropic, this mode will lead 
to a volume-averaged k value that is often approximately 
the mean value between radial and axial thermal conduc-
tivities. Hot Disk also allows to perform evaluation of the 
thermal properties of anisotropic materials in a like man-
ner; however, it requires the same k in x- and y-directions 
that are responsible for radial thermal conductivity (x- and 
y-axis are in the plane of a Hot Disk sensor). The technique 
can be applied when kx = ky ≠ kz (or kradial ≠ kaxial) but not if 
kx ≠ ky ≠ kz. A priori knowledge of volumetric heat capac-
ity ρCp of the sample is also necessary. If ρCp is known, 
one can also use anisotropic mode to check the properties 
when whether the material is isotropic or not is uncertain. 
Inversely, if radial and axial k are known, anisotropic meas-
urements can be used to determine volumetric heat capacity.

The steps described in Sect. 2.2 were followed to ana-
lyze the experimental data, and the dependence of thermal 
conductivity on volumetric heat capacity was obtained by 
manually changing the ρCp value by 0.01 MJ m−3 K−1 steps 
in the described calculations. The correct heat capacity was 
based on the DSC measurement at room temperature. In 
such manner, Fig. 5 highlights the sensitivity of anisotropic 
mode of the Hot Disk technique to the heat capacity and 
emphasizes the necessity of precise determination of mate-
rial’s heat capacity.

An example is shown in Fig. 5a, where XPS specimens 
of two thicknesses were measured in anisotropic mode 

using various values of ρCp. The inset of Fig. 5a shows 
the experimentally determined specific heat capacity of 
XPS measured with a DSC and its corresponding best lin-
ear fit. The two XPS samples were run three times each, 
and the inset shows the average values of all six measure-
ments. According to the linear fit of Cp (T), the specific heat 
capacity of XPS at 25 °C was Cp ≈ 1511 J kg−1 K−1, which 
agreed well with typical values of 1450–1500 J kg−1 K−1 
[32–35]. Using an apparent density of investigated samples 
of ρ ≈ 25.2 kg m−3 and obtained Cp, the volumetric heat 
capacity was calculated to be ρCp ≈ 0.38  MJm−3 K−1. In 
this situation, kaxial = 0.0279 ± 0.0007 W mK−1 and kradial 
= 0.0281 ± 0.0004 W mK−1 averaged over the two thick-
nesses. These values correlate with the results of Hot Disk 
experiments in isotropic mode (Fig. 2) as well as with the 
Heat Flow Meter data shown in Fig. 5a, confirming the iso-
tropic or quasi-isotropic nature of the material. Additionally, 
Fig. 5a highlights the importance of having a precise heat 
capacity value because, for example, even a small change in 
ρCp from 0.38 to 0.35 MJ m−3 K−1 will lead to the values of 
kaxial = 0.0303 W mK−1 and kradial = 0.0259 W mK−1 (aver-
age values for two thicknesses), suggesting the material is 
anisotropic.

In contrast to XPS, axial and radial thermal conductivities 
of aerogel blanket can be expected to be different. Typically, 
pristine aerogel must be mixed with the fibers to give it flex-
ibility in order to make an aerogel blanket, such as the one 
investigated in this work. Consequently, differences in the 
heat propagation along the fibers relative to the direction 
perpendicular to the fibers are possible. Figure 5b displays 
kaxial and kradial values of 10 mm thick aerogel as a function 
of volumetric heat capacity as well as the results of a Heat 
Flow Meter. The inset in Fig. 5b shows the specific heat 
capacity of the aerogel blanket measured with a DSC as a 

Fig. 5  Thermal conductivity k of a extruded polystyrene (XPS) and b 
aerogel blanket (10 mm thick; applied pressure is 3.6 kPa) measured 
in anisotropic mode as a function of predetermined volumetric heat 
capacity ρCp. Dotted horizontal lines indicate the range of thermal 
conductivity obtained using a Heat Flow Meter apparatus. Standard 
deviation was based on five repetitions under the same conditions. A 

sensor with a radius of 6.4 mm was used. Insets show experimentally 
determined specific heat capacity curves and corresponding best lin-
ear fits. Inset a is the average of six measurements (two XPS sam-
ples × three repetitions). Inset b is the average of three measurements 
for each aerogel sample
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function of temperature. The inset shows two Cp curves cor-
responding to two aerogel samples, in which each of them 
was measured three times. Difference in the specific heat 
capacity of the two samples can be attributed to the different 
ratios of the components blended in the material. By nature, 
the aerogel blanket is a composite material made from vari-
ous forms of silica, fibers, and additives. The distribution 
of these components within the blanket is unknown, but the 
heterogeneity of the specimen was earlier noted in Fig. 4b. 
Sample preparation for the DSC measurements could also 
have affected the composition since the material easily col-
lapses and crumbles.

According to the linear fit of Cp (T) for both cases, specific 
heat capacity of the aerogel blanket at 25 °C was determined 
to be Cp

1 ≈ 1235 J kg−1 K−1 and Cp
2 ≈ 971 J kg−1 K−1. 

Using an apparent density of ρ ≈ 161 kg m−3, the volumetric 
heat capacity was calculated to be ρCp

1 ≈ 0.20 MJ m−3 K−1 
and ρCp

2 ≈ 0.16 MJ m−3 K−1. According to Fig. 5b, k1
axial 

0.0185 ± 0.0002 W mK−1 and k1
radial = 0.0377 ± 0.0003 W m

K−1 in the first case, while k2
axial = 0.0231 ± 0.0002 W mK−1 

and k2
radial = 0.0302 ± 0.0003 W mK−1 in the second case. 

The axial thermal conductivity of sample 1 is closer to the 
value from the Heat Flow Meter (0.0169 ± 0.0007 W mK−1), 
and the measured specific heat capacity is noticeably more 
repeatable than in the case of sample 2 (see standard devia-
tion in the inset of Fig. 5b). This behavior highlights the 
need to test multiple samples from different locations for 
anisotropic and inhomogeneous materials such as aerogel, 
and in the present situation, it shows that sample 1 more 
closely resembles the structure and composition of the aero-
gel blanket specimen used with the Heat Flow Meter appa-
ratus. Therefore, further discussion is focused on the results 
of sample 1.

The axial thermal conductivity k1
axial of the aerogel blan-

ket is within 10% of the value obtained using a Heat Flow 
Meter, while the radial component is over two times higher. 
This situation can be explained by the nature of the measure-
ments taken by the Heat Flow Meter apparatus. The instru-
ment establishes steady-state one-dimensional heat flow 
through the sample, avoiding transverse heat flow [1]; thus, 
it only evaluates thermal properties in one specific direc-
tion. In the present study, the experiments were performed 
in the through-thickness direction, which matched the axial 
direction in the Hot Disk experiments, thus yielding similar 
results between kaxial from Hot Disk and k from Heat Flow 
Meter, and showing the effectiveness of Hot Disk method 
in estimation of thermal conductivity in the case of a low-
density and anisotropic insulation like aerogel blanket. The 
fact that kradial was also obtained using the Hot Disk Appara-
tus allowed the anisotropy ratio to be evaluated as kradial/kaxial 
≈ 2.2.

Based on these findings, the following factors should be 
considered to ensure the reliability of test results.

• Knowing whether the material is anisotropic or isotropic 
is crucial, as was demonstrated with the aerogel sample; 
if this is not known, the material can be tested using the 
Hot Disk method provided its volumetric heat capacity 
was determined in the separate experiment.

• Tests of multiple samples of anisotropic and inhomoge-
neous materials such as the aerogel blanket are necessary 
due to variations in their structure and composition.

• If the material is compressible, as in the case of low-den-
sity fibrous materials, the applied pressure used to ensure 
a good sample-sensor contact needs to be taken into 
account because higher pressure leads to lower apparent 
thermal conductivity due to a reduction in radiant heat 
flow.

• Hot Disk sensors of different sizes will probe different 
volumes of the sample; therefore, the material’s homo-
geneity should be considered. If the material is inhomo-
geneous, smaller sensor sizes can be used to test the level 
of heterogeneity, while the sensors closer to the sample 
dimensions will evaluate a thermal conductivity of the 
sample as a whole.

• Caution is needed when choosing the input power: low 
input power (below 3 mW in the case of XPS and aero-
gel) should be avoided since it leads to a low signal-
to-noise ratio when recording the temperature change, 
which converts into a large scattering of calculated ther-
mal conductivity values. Above this limit, input power 
and the duration of the measurements do not affect the 
resulting thermal conductivity values.

4  Conclusions

In the present investigation, the Hot Disk technique was 
applied to a set of isotropic and anisotropic thermally insu-
lating materials to measure their thermal properties. The 
results were then compared with values obtained using a 
Heat Flow Meter to demonstrate the capability of a system-
atic method to test small low-thermal-conductivity samples 
using only the capabilities of the commercially available sys-
tem. The sensor size was shown to affect the apparent ther-
mal conductivity k of such materials, which was assigned to 
heat loss through the connecting leads. The effect increased 
for smaller sensor sizes and for materials with a lower k 
value; however, both XPS and aerogel blanket showed sta-
ble results for sensors with a radius r ≥ 6.4 mm. Low input 
power causes the recording of a temperature change to be 
noisy and less precise. Applied contact pressure and the 
tested region of the specimen played an important role in 
TPS experiments with low-density fibrous materials due to 
a large percentage of heat transfer by radiation and the het-
erogeneous nature of the samples, respectively. Additionally, 
the sensitivity of anisotropic measurements to the value of a 
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material’s heat capacity was shown, emphasizing the need 
for a precise determination of ρCp.
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