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Abstract: A new photopyroelectric detection configuration is proposed in order to measure the
thermal effusivity of porous solids. Compared with the previously reported detection scheme this
configuration makes use of a transparent window in front of the pyroelectric sensor. In such a way,
the heat losses by convection at the sensor’s irradiated surface are eliminated, and consequently, the
conduction remains the only process responsible for the heat propagation in the whole detection
cell. In the paper, the mathematical model for this new configuration is developed, with the main
conclusion that the sample’s thermal effusivity can be finally obtained via a fitting procedure with
only two fitting parameters (instead of three as previously reported); in such a way, the possible
degeneracy of the results is eliminated. The suitability of the method is demonstrated with application
on some porous building materials and cellulose-based pressed powders.

Keywords: photothermal techniques; photopyroelectric calorimetry; thermal effusivity; porous
solids; building materials

1. Introduction

During the last few decades, the photopyroelectric (PPE) technique has been shown to
be a very suitable method for the thermal characterization of a large class of condensed
matter materials [1-4]. The compatibility of the PPE technique with homogeneous materials
with well-defined properties (liquids and liquid mixtures, various types of solids—metals,
semiconductors, magnets, etc.), as well as with non-homogeneous products with complex
structures (such as composite materials, foodstuffs, agricultural and biological products,
or drugs) has been proven [5,6]. The main advantages of this technique were found to
be its simplicity, high sensitivity, non-destructive character, and adaptability to practical
restrictions imposed by the experimental requirements.

The best-suited samples for PPE investigations are the liquids because the thermal
contact between a liquid sample and a solid sensor is perfect, and consequently, accurate
results are expected [6]. When investigating solids, a coupling fluid is used between the
sensor and sample in order to ensure good thermal contact [7,8]. However, the coupling
fluid can be used only for non-porous solids because, for porous materials, any type of
liquid or paste coupling fluid will penetrate the sample, and the obtained result will be
false. The only alternative to investigate from a thermal point of view, such as porous
samples by PPE method, is to replace the liquid /paste coupling fluid between the sensor
and sample with a layer of air.

The first attempt to use air as a coupling fluid in a PPE experiment was proposed
by Salazar et al. [1]. The method is based on the front detection configuration (FPPE).
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The method uses thin opaque pyroelectric sensors and leads to the direct measurement of
the sample’s thermal effusivity by performing a fit of the experimental data (phase of the
FPPE signal vs. modulation frequency of radiation) with three fitting parameters: sample’s
thermal effusivity, heat losses by convection at the irradiated surface, and air gap thickness
between sensor and sample. This method has been shown to be very useful for thermal
investigation of a large class of solid materials. However, this configuration has a clear
limitation: due to the multiparametric fitting procedure, sometimes the solutions of the fit
can degenerate. Consequently, a lot of attention must be paid to reduce or eliminate the
degeneracy of the results. The first method to control the degeneracy is to limit the variation
range of two fitting parameters, namely (i) heat losses by convection and (ii) thickness of
the air gap between the sensor and sample [9]. Generally, the air gap thickness between
the porous sample and sensor can be estimated microscopically by analyzing the sample’s
roughness. Concerning the heat losses by convection, it depends on the experimental setup,
mainly on the design of the detection cell (the quantity of air in contact with the sensor’s
irradiated surface), on the thickness of the sensor, and on the power and diameter of the
laser beam. In conclusion, its estimation is more difficult, and its elimination as a parameter
in the fitting procedure (if possible) seems to be an important step to guarantee the unicity
of the result obtained for the sample’s thermal effusivity.

This is, in fact, the purpose of this paper: to improve Salazar’s method [1] by eliminat-
ing one fitting parameter (the heat losses by convection). This improvement is performed
experimentally by a new design of the detection cell. The large quantity of air in front of
the irradiated sensor is eliminated by inserting a front glass window. The remaining thin
layer of air will act as a coupling fluid between the sensor and the transparent window,
but no heat propagation by convection will take place. This change leads practically to a
new configuration of the detection cell, and consequently, a new theoretical model must
be elaborated. Some measurements on solids with known values of thermal effusivity
will validate the new theoretical approach. Investigations on several porous building
materials will prove the suitability of this new method in a field of increasing interest: heat
transfer in building materials in an unsteady state regime. The thermal effusivity of some
cellulose-based pressed powders, representing another example of porous solids, was also
measured.

2. Theory and Mathematical Simulations

The schematic view of the new proposed detection cell, together with the mathematical
solutions for the temperature field in each layer of the detection cell, is displayed in Figure 1.
The difference between this detection cell and the one proposed in Ref. [1] is the addition
of the semi-infinite transparent material in front of the opaque sensor. From a theoretical
point of view, the presence of this window means the addition of two new layers (coupling
fluid cfI-air and the semi-infinite transparent material). Even if this detection cell is more
complicated (compared with the one reported in [1]), it has the advantage that the only
mechanism considered for heat propagation is heat conduction. It is also worth noting
that (due to its transparency) the window in front of the sensor will bring no limitations
concerning the experimental frequency range because the incident light will be absorbed
by the same opaque surface of the sensor.

In order to obtain the PPE signal, one must solve the classical system of heat diffu-
sion equations with particular conditions of continuity for temperature and heat flux at
interfaces, as requested by the configuration described in Figure 1. The calculations are
standard [3-6], and we will herein present only the particularities connected with the new
configuration.
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Figure 1. Schematic presentation of the detection cell.
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In Equations (1)-(4), classical notations have been used: bj; = ¢;/e; represents the
effusivity ratio at the ij interface, 0; = (1 + i)a; where a; = (nf/ocj)l/ 2 represents the reciprocal
of the thermal diffusion length in the j material. The subscripts p, s, a denote the pyroelectric
sensor, sample, and air layers, respectively.

The quantity C can be obtained by using the relationships for flux and temperature
continuity at x = 0 and x = Ly interfaces. After some algebra and considering that the two
coupling fluids are air (bfp, bss = 0), we obtain

_ H 1
o Kp(fp 1—e-e 20vLp

©)

where H represents the light intensity absorbed by the irradiated sample’s surface at x = 0.
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In order to eliminate the parameters connected with the experimental setup, a normal-
ization measurement (without a sample) is necessary.
Finally, we will obtain for the normalized PPE signal the relationship:

V., — (Ty(x))  1+ee %k 1—€e 20k o
e <T,,(x)>n C1—ee 2Ly q + e Ly
where
bpa —1
/ pa
- 7
© T bt @)

Equation (6) indicates that the normalized PPE signal is, as expected, a complex
quantity. Both amplitude and phase of the signal can be used in order to obtain the
sample’s thermal effusivity via a fitting procedure with only two fitting parameters: the
sample’s thermal effusivity, 5, and the coupling fluid’s thickness Lp,. It is important to
mention that the final result does not depend on the thermal and geometrical parameters
of the semi-infinite material in front of the sensor and the coupling fluid ¢/;. During the
experiment, we will use the phase of the normalized PPE signal as a source of information
because, as it is wellknown, it is less noisy than the amplitude [5,6].

Figure 2a,b contains mathematical simulations for the phase of the PPE signal as
described by Equation (6) for some typical effusivity (e;) (Figure 2a) and coupling fluid’s
thickness (Lp) (Figure 2b) values.

015t
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Figure 2. Mathematical simulations for the phase of the PPE signal as described by Equation (6), for
(a) es = 500 Ws2m 2K~ and air gap thickness Lpp =5 pm; 10 pm; 15 pm; and (b) Ly =10 pm and e
=200 Ws7m 2K "1; 500 Ws>m2K~1; 1000 Ws>m 2K~ 1.
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3. Experimental

The experimental setup was typical for PPE experiments [5,6,10]. The radiation source
was a 100 mW YAG laser. The modulation frequency range (5-250 Hz) and the diameter
of the laser beam (8 mm) were selected to assure the approximation for one-directional
propagation of heat through the detection cell. The pyroelectric sensor was 15 x 15 mm?
area LiTaOj3 single crystals (400 pm and 100 um thick and provided with Cr-Au electrodes
on both sides). The semi-infinite transparent window in front of the sensor was a 5 mm
thick quartz glass, transparent in both visible and near-infrared (NIR). In such a way, any
additional heat source generated in the window by the absorption of the IR radiation
emitted by the heated sensor’s surface is eliminated. An SR-830 lock-in amplifier was used
for data acquisition, and a PC was used for data processing. The measurement consisted,
in fact, of a scan of the phase of the FPPE signal as a function of the modulation frequency.
The information is collected from the phase of the signal (and not from the amplitude)
because, as mentioned before, the phase is less noisy than the amplitude of the signal. All
the measurements have been performed at room temperature, and the S/N ratio for all
the measurements was better than 100. The uncertainties in the thermal effusivities were
calculated from the RMS deviation of the measured data compared with the fitting curve.
They are generally in the range of 2.5-3%. The uncertainties in La were always lower than
1 pm.

As samples, we selected firstly two “classical” samples with rather low values for
thermal effusivity (Teflon and wood) in order to support the validity of the method. As an
application, some porous building materials of large interest in construction (clay bricks,
autoclaved aerated concrete, limestone), encompassing a rather large scale of thermal
effusivity values (100-1200 Ws!/2m~2K~1), have been investigated. The geometry of the
building materials used in experiments was 1 cm? flat surface in contact with the sensor
and with a thickness larger than 5 mm.

Fired clay bricks are porous materials [11] whose thermal characteristics [12] are influ-
enced by volume, size, distribution of pores, materials anisotropy [13], firing temperature,
and chemical and mineralogical composition of raw materials. Depending on the per-
centage, type, and size of the pore-forming agent, the pores have irregular shapes, are
elongated, and are orientated parallel to the extrusion direction. In the case of autoclaved
aerated concrete (AAC), the pores are rounded or spherical [12,13], with more uniform
distribution in the sample mass compared with clay bricks.

Usually, the pores of fired clay bricks and AAC are less than 3 mm in diameter [11,14].
They can be closed or open and interconnected, which makes them sensitive to water
absorption. Consequently, the measurement of these materials by using the standard PPE
method (using coupling fluid) is clearly not recommended.

The commercially available powders of pure Lignin-L (alkali, Sigma Aldrich, Burligton,
MA, USA) and pure Methylcellulose-M (Sigma Aldrich) are used for the preparation of
cellulose-pressed powders. Equal amounts of lignin and methyl cellulose are taken and
ground using an agate mortar for 30 min to obtain a cellulose-mixed lignin sample (ML).
These powders are pressed into pellets (13 mm in diameter) by giving a load of 10 Tons for
5 min using Specac manual hydraulic press (using 13 mm Evacuable Pellet Die, Orpington,
UK). The thickness of L, M, and ML samples measured using digital vernier (Beta 1651
L200/DGT) are 2.40 mm, 3.82 mm, and 5.44 mm, respectively. The camphor soot (ca-
soot) powder obtained by the incomplete combustion of camphor tablets and diesel soot
(die-soot) powder collected from exhaust pipes of the internal combustion engines is
also pressed into pellets of 13 mm diameter by giving a load of 10 Tons for 5 min in the
hydraulic press. The thickness of the pellets of camphor soot and diesel soot is 2.17 mm
and 1.51 mm, respectively. The soot samples are rich in various allotropes of carbon like
graphene, fullerenes, amorphous carbon, graphite, and multi-walled and single-walled
carbon nanotubes [15-17]. Their size is found to be in the range of 20-60 nm [15,17].
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4. Results

Figure 3 displays a typical measurement performed for a brick sample over a large
frequency range. The behavior of the phase of the FPPE signal for the sample (brick) and
for normalization are displayed. The behavior of the normalized phase is obtained by the
difference of the two curves.

0.0 4
02 .,
oal T = normalization
%,
-0.6- C

0.8 5

PPE phase/rad
5
1

1.8 : :
10 100

Modulation frequency/Hz
Figure 3. Frequency behavior of the phase of the PPE signal as obtained for a brick sample.
In fact, experimentally, one of the most important decisions is to select the thickness

of the pyroelectric sensor used in the experiment. Figure 4 displays the results obtained
for two “classical” samples, Teflon and wood, and for two thicknesses of the pyroelectric

sensor.
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g — wood—sensor 100um
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Figure 4. Behavior of the normalized FPPE phase as a function of the modulation frequency for
wood and Teflon samples and for two thicknesses of the pyroelectric sensor, 400pm and 100 um,
respectively.

The values of the thermal effusivity of wood and Teflon, obtained for the two sen-
sor’s thicknesses, are in good agreement, and they are also in agreement with literature
data (600740 Ws2m 2K~ for Teflon [5,18,19] and 470-679 Ws2m 2K~ for wood [18,19],
respectively). However, for further investigations, we selected the 100 pm thick LiTaO3
sensor mainly because it allows measurements in a higher frequency range. Sometimes,
samples, such as pressed powders, cannot be obtained with large enough thicknesses, and
consequently, the theoretical request of a thermally thick sample cannot be satisfied at low
frequencies.

The results obtained for some brick samples are displayed in Figures 5 and 6.
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Figure 5. Frequency behavior of the normalized phase of the FPPE signal as obtained for two bricks,
detected in a direction parallel and perpendicular to the extrusion direction.

samplel

e =640+ 18 Ws!?m2K !, La=23um
— sample2

e=720=21 Ws'?m—2K-!, La=23um

sample3

e =690 +21 Ws'"?m2K~!, La=25um

sampled

e=692+21 Ws!?m2K!, La=51um

sample5

e =657 +20 Ws!?m2K~!, La=353um

10 20 50 100
Modulation Frequency [Hz]

Figure 6. Frequency behavior of the normalized phase of the FPPE signal as obtained for several
bricks, all detected in a direction parallel with the extrusion direction.

The results presented in Figure 5 are in agreement with the literature data

(510-1079 Wsim2K~1 [19-22]. At the same time, there is a clear difference between
the values of the thermal effusivity along or perpendicular to the extrusion direction.

One of the main problems when using the PPE method for investigating building
materials is the non-uniformity of the investigated materials (which could be measured as
a whole with other methods—the hot plate method, for example). Bricks are generally non-
uniform inhomogeneous materials, and the application of a method such as PPE, which is
sensitive just to the “local” properties of the material in contact with the sensor, can raise
some questions of validity. This is why we investigated several pieces (subsamples) of a
brick to check for the degree of inhomogeneity. The results are presented in Figure 6.

As results from Figure 6, the obtained average thermal effusivity is 680 £ 32 Wszm 2K},
which indicates that the thermal effusivity of the brick can be determined with a precision
expressed as reproducibility of 13% at a 95% confidence level. This is despite the fact that
the measurements have to be performed on different parts of a relatively inhomogeneous
material. The standard deviations of effusivities determined for each brick piece are about
3%. For the hot plate method, reports indicate reproducibilities of 5.5% (95% confidence
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level). The presented level of precision supports the PPE technique as a suitable test method
for porous samples, including relatively inhomogeneous samples such as brick.

Figure 7 contains the results obtained on other building materials of interest: auto-
claved aerated concrete and limestone. As mentioned above, autoclaved aerated concrete
(AACQ) is a building material used in masonry or framed buildings due to its good thermal
performance. It has large pores, uniformly distributed in the mass of the sample [22-25].
Due to the large quantity of air inside the material, the value of the thermal effusivity is
rather low, as resulted from Figure 7. The obtained result is in good agreement with the
literature data (361 Ws2m 2K~ [19]).

Limestone was selected for investigations not only because it is a building material of
interest but also because it can be easily processed as a sample with various geometries.
It is well-known that the classical method used by specialists for thermal investigations
of building materials is the hot-plate method. This method gives the value of the thermal
conductivity of a sample in a stationary thermal regime, but it requests some typical
geometry of the investigated sample. Unfortunately, often, the samples under investigation
already have a pre-elaborated geometry that does not fit with the requests of the hot-plate
equipment. In such cases, a method such as PPE, which is independent of the sample’s
geometry, can be a solution. Going back to limestone, it was selected as a sample in our
experiments because it can be processed with geometries requested by both PPE and
classical hot-plate methods, allowing for a comparison of the results, if necessary. The
result for the thermal effusivity obtained by the PPE method is in agreement with the
literature data (1182 Ws2m 2K~ [19]).

0.15

— acerate concrete
e=340 £ 11 Ws"’m™ K™, La=29um
— limestone

b 12 ~21r—1 o
0.05 e=1230+35Ws'"m K ", La=12um

normalized PPE phase [rad]

5 10 20 50 100
Modulation Frequency [Hz]

Figure 7. Frequency behavior of the normalized phase of the FPPE signal as obtained for AAC and
limestone.

Figures 8 and 9 contain the results obtained on some pressed powders (cellulose—
lignin mixtures and soot-based materials, respectively). These materials were selected
for investigations because they constitute another example of porous solids. At the same
time, a lot of air is incorporated into their structure, and consequently, the value of the
thermal effusivity is rather low, testing the limits of the proposed PPE method. As a result
of Figures 7-9, values of thermal effusivity in the range of 118-246 Wszm 2K~ have been
obtained. As a comparison, Sanja et al. reported values of thermal effusivity of cellulose
knitted fabrics in the range 80-120 Ws%m’zK’1 [23], but, of course, these values depend
on the granulation of powders, the pressure used for obtaining the pills, etc.
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Figure 8. Frequency behavior of the normalized phase of the FPPE signal as obtained for cellulose—
lignin mixtures.
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Figure 9. Frequency behavior of the normalized phase of the FPPE signal as obtained for soot-based
samples.

5. Conclusions

In the paper, a new photopyroelectric detection configuration is proposed in order to
measure the thermal effusivity of porous solids. Compared with the previously reported
detection configurations [1], this one eliminates the heat losses by convection at the sensor’s
irradiated surface by making use of a transparent window in front of the pyroelectric sensor.
The mathematical model developed in the paper for this new configuration demonstrates
that the sample’s thermal effusivity can be obtained via a fitting procedure with only two
fitting parameters (instead of three as previously reported): the sample’s thermal effusivity
and the air gap thickness between the sensor and sample. Considering that the air gap
thickness between the sensor and sample can be estimated microscopically (by measuring
the sample’s surface roughness), it seems that the possible degeneracy of the results is
eliminated.

As predicted by theory, the performed experiments confirm that the sensitivity of the
method increases with decreasing the thicknesses of the pyroelectric sensor and air gap
between sensor and sample. As expected, the sensitivity of the method increases with
increasing the sample’s thermal effusivity value. However, the method can be used for in-
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vestigations of samples with low thermal effusivities (140 Wszm 2K~ 1—in the experiments
with pressed powders).

The suitability of the method is demonstrated with application on some porous build-
ing materials and some cellulose-based pressed powders. Concerning the selection of this
class of (building) materials, it is well-known that accurate estimation of thermophysical
parameters of building materials is critical for the evaluation and improvement of energy
efficiency in the building sector. Unfortunately, until now, the building materials char-
acterization was mainly limited to the study of the thermal conductivity and the energy
performance of buildings in a steady-state regime. Thermal effusivity used for the evalu-
ation of heat transfer in an unsteady-state regime has received less attention so far. The
thermal regime of a building can be considered for a limited time interval as stationary,
but for 24 h, with significant temperature variations in a day/night cycle, the conditions
are non-stationary. Thermal effusivity is an essential parameter for the evaluation of the
thermal inertia of materials and optimizing the structure of envelope members in order to
increase thermal comfort in buildings by avoiding overheating and reducing the energy
demand for heating and cooling [25,26]. This is why its correct and accurate measurement
becomes very important.

The results for the investigated building materials samples are in good agreement
with the available literature data. Similarly, the results obtained for pressed powders
proved that this type of material can also be investigated from a thermal point of view
by the PPE technique in the proposed configuration. Due to the fact that the value of
the thermal effusivity of these materials is rather low (they contain a lot of air in their
structure), these pressed powders constitute test materials for the lower limit of the thermal
effusivity that can be investigated by the proposed method. It resulted that values around

100 Ws2m2K~! can be correctly measured with enough accuracy. Unfortunately, no
comparison of the results obtained by PPE on these pressed powders with literature data
is possible because the value of the thermal effusivity depends on the granulation and
pressure used during the sample processing.

Finally, we want to stress once more the statement that porous solids belong to a
class of materials that are very difficult to be investigated by PPE. To our knowledge,
porous solids represent the only type of materials belonging to condensed matter that
were not taken into consideration (until recently) as potential samples for PPE calorimetric
investigations [27-29]; this is due to the fact that it is practically impossible to perform a
good thermal contact between two solids when one is porous. Consequently, the alternative
method proposed in this paper for their thermal characterization completes the area of
application of the PPE method. However, even this method can be improved; work is in
progress with experiments in a new PPE configuration that allows the direct measurement
of two thermal parameters (thermal effusivity and diffusivity) of porous solids by using
fitting procedures involving only one fitting parameter. Such a configuration allows a
complete thermal characterization (all static and dynamic thermal parameters are obtained)
of the porous material and, at the same time, constitutes a warranty for the unicity of
the solution.
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