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High-Precision and High-Resolution Measurements
of Thermal Diffusivity and Infrared Emissivity
of Water–Methanol Mixtures Using a Pyroelectric
Thermal Wave Resonator Cavity: Frequency-Scan
Approach
A. Matvienko1 and A. Mandelis1,2
Received January 21, 2005
The thermal diffusivity and effective infrared emissivity of water–methanol mixtures were measured at atmospheric pressure and ambient temperature using a pyroelectric thermal-wave resonator cavity. The applied frequency-scan method allows
keeping the cavity length ﬁxed, which eliminates instrumental errors and substantially improves the precision and accuracy of the measurements. A theoretical model
describing conduction and radiation heat transfer in the cavity was developed. The
model predictions and the frequency-scan experimental data were compared, showing excellent agreement. The measurements were performed for methanol volume
fractions of 0, 0.5, 1, 2, 5, 10, 20, 40, 75, and 100%. The ﬁtted thermal diffusivity
and effective emissivity vs. concentration results of the mixtures were compared to
literature theoretical and experimental data. The maximum resolution of 0.5% by
volume of methanol in water by means of the thermal-wave cavity method is the
highest reported to date using thermophysical techniques. Semi-empirical expressions for the mixture thermal diffusivity and infrared emissivity as functions of
methanol concentration have been introduced. The expression for infrared emissivity is consistent with the physical principle of detailed balance (Kirchhoff’s law).
The expression for thermal diffusivity was found to describe the data satisfactorily
over the entire methanol volume-fraction range.
KEY WORDS: infrared emissivity; methanol; mixtures; photopyroelectric technique; thermal diffusivity; thermal-wave resonator cavity; water.
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1. INTRODUCTION
The thermophysical properties of liquids and liquid mixtures play a fundamental role in a wide spectrum of industrial processes. Among other mixtures, water–alcohol solutions are of special interest, mostly in chemical,
food, and environmental applications. Up to now, a variety of techniques
have been employed for the measurement of the thermal diffusivity of
alcohols and water–alcohol mixtures [1–14]. Photon correlation spectroscopy has been used in measurements of pure alcohols and their binary
mixtures [1, 2]. The thermal diffusivity of different kinds of water mixtures including those with alcohols has been investigated by the laserinduced thermal grating technique [3, 4]. Thermal lens spectroscopy has
been applied to the measurement of some alcohols and their water mixtures [5]. The thermal diffusivity of various alcohols has been measured
using photoacoustic detection [6, 7]. Overall, the lowest concentration of
alcohol in water measured in the aforementioned works was always greater
than 10% v/v. More recently, photopyroelectric methods have been successfully employed for accurate and precise measurements of thermal diffusivity [8–13]. A common application of these techniques lies in monitoring
the behavior of the thermal-wave ﬁeld generated in a liquid using photopyroelectric sensors.
Since the introduction of the thermal-wave resonator cavity (TWRC)
[14], this experimentally simple photothermal technique and its various
modiﬁcations have become increasingly popular for high precision thermal-diffusivity measurements in liquids. Its high sensitivity to the thermal
diffusivity of the intracavity sample relies on the exponential dependence
of the transmitted thermal-wave ﬁeld on modulation frequency. The
schemes for thermal-diffusivity evaluation via a TWRC usually involve
ﬁtting of the experimental data as a function of cavity length or modulation frequency. Recent applications of this technique to the water–
methanol system [12] yielded thermal-diffusivity measurements up to 0.5%
v/v concentration of methanol in water. However, the measurements of
concentrations using the cavity scan mode [12] are limited by irreproducibility due to hysteresis in the moving (mechanical) parts of the measurement cell, which control cavity length.
Theoretically, polar liquid mixtures such as methanol in water exhibit
anomalous behavior at a very low solvent concentration, as monitored by
physicochemical methods [15]. To date there has been no reported thermophysical method accurate enough to study the thermal transport property (i.e., thermal diffusivity) of very low concentration mixtures. The main
goal of the present study is to develop a sensitive ultrahigh resolution
technique for thermal-diffusivity measurements of water–alcohol mixtures
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at low concentrations. In terms of future applications, environmental pollution concerns require the introduction of simple, robust, inexpensive sensors, which can monitor water quality in remote locations in real time.
The proposed system can eventually be implemented into a self-contained
in situ liquid pollution monitor.
2. THEORETICAL MODEL
The sideways cross section of a thermal-wave cavity scheme is presented in Fig. 1. The aluminum ﬁlm converts the optical energy of the
modulated laser beam into thermal waves. The induced temperature oscillations are conducted and radiated into the liquid and detected by the
pyroelectric sensor (PVDF ﬁlm).
The temperature ﬁeld inside every element of the cavity can be
described by the one-dimensional heat conduction equation:
∂2
1 ∂
1
T (x, t) −
T (x, t) = − q (x, t)
2
α ∂t
k
∂x

(1)

where q is the heat source density [W · m−3 ], α is the thermal diffusivity
of the material [m2 · s−1 ], and k is the thermal conductivity [W · m−1 · K−1 ].
Taking the Fourier transform with appropriate boundary conditions results
in the angular frequency (ω)-dependent thermal-wave equation:
d2
1
T (x, ω) − σ 2 T (x, ω) = − Q (x, ω)
2
k
dx

Fig. 1. Thermal-wave cavity scheme.

(2)

840

Matvienko and Mandelis

where
 
σ = (1 + i) ω 2α

(3)

The parameter σ has the units of m−1 and the physical meaning of a dispersive complex wave-number element.
The equation for each layer of the system (Fig. 2) in the absence of
a heat source can be written as
d2
Tn (x, ω) − σn2 Tn (x, ω) = 0
dx 2

(4)

where the parameter σn (Eq. (3)) includes the thermal diffusivity αn of the
n-th layer. Comparison of the simple thermal-wave model [16], which takes
into account only conduction heat transfer in the cavity, with experimental results shows that the model is unable to describe the signals obtained
from the cavity ﬁlled with water. To improve this model, we took into
account radiation heat transfer inside the cavity. The radiation heat transfer ﬂux FIR at the aluminum ﬁlm-water interface into the cavity can be
written as
FIR = σSB εw Tw4 (Ls , ω)

(5)

where σSB = 5.67 × 10−8 W · m−2 · K−4 is the Stefan–Boltzmann constant
and 0 ≤ εw ≤ 1 is the spectrally averaged infrared emissivity of water. Tw is
the water temperature at the boundary Ls , which includes a small oscillating component at angular frequency ω. In other words, the temperature is
the sum of d.c. and a.c. components. The a.c. temperature is much smaller
than the d.c. temperature, so the temperature expression can be linearized
as follows:
Tw (t) = Twdc + Twac exp (iωt)
4 + 4T 3 T
Tw4 (t) = [Twdc + Twac exp (iωt)]4 ≈ Twdc
wdc wac exp (iωt)

(6)

The a.c. component of infrared ﬂux in the liquid layer becomes
3
FIR ≈ 4σSB εw Twdc
Twac ≡ H Twac

(7)

From this point on, we consider only a.c. components of temperature and
ﬂux omitting the ac subscript. The boundary conditions across and in
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Fig. 2. Schematic geometry of the thermal-wave resonant cavity (TWRC) used
in this work.

between the various layers S, W, P, T (Fig. 2) and at the exterior boundaries can be written as

I0
dTs 
=
(a) −ks

dx x = 0 2
(b)

Ts (Ls ) = Tw (Ls )

(c)

ks

(d)

Tw (Ls + Lw ) = Tp (Ls + Lw )

(e)
(f)
(g)
(h)



dTs 
dTw 
=
k
− H Tw (Ls )
w
dx x=Ls
dx x=Ls



dTp 
dTw 
kw
= kp
+ He Tw (Ls )
dx x=Ls +Lw
dx x=Ls +Lw




Tp Ls + Lw + Lp = Tt Ls + Lw + Lp


dTp 
dTt 
kp
=
k
t
dx x=Ls +Lw +Lp
dx x=Ls +Lw +Lp

dTt 
kt
=0
dx x=Ls +Lw +Lp +Lt

(8)

It is obvious that the infrared (radiative) heat ﬂux emitted at the aluminum ﬁlm-water (“incidence”) interface into the cavity, i.e., at the location
L = Ls (Eq. (8c)), can reach the opposite boundary at L = Ls + Lw (Eq.
(8e)) with no losses only if it is fully re-absorbed and re-emitted across
the intermediate ﬂuid layer. This may be possible for liquids with a very
high infrared absorption coefﬁcient combined with a very high emissivity,
such as water [17–20]. For other liquids, for example, water–alcohol mixtures, which have a lower absorption coefﬁcient (Fig. 3), the infrared ﬂux
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Fig. 3. Infrared absorption coefﬁcient for water and methanol (From Ref. [17]).

emitted at the incidence interface can only be partly absorbed by the ﬂuid
due to weaker absorption. In a manner similar to the deﬁnition of the heat
transfer coefﬁcient H at the incidence interface of the cavity, Eq. (7), we
introduce the effective heat transfer coefﬁcient He at the opposite interface
in the form of an optical Beer–Lambert function, which takes into account
this absorption in Eq. (8e):
3
exp(−∆βLw )
He = 4σSB εw Twdc

(9)

Here ∆β is the difference between the spectrally averaged (mean) absorption coefﬁcient of water, βw , and that of the liquid mixture, βm :
∆β = βw − βm

(10)

Solving the system of four equations (Eq. (4)) in regions S, W, P, T
(Fig. 2), subject to boundary conditions (Eq. (8)), results in a thermalwave distribution expression for each layer. Finally, the relation between
the modulated temperature of the PVDF ﬁlm and the measured signal can
be expressed as

1
V (ω) = S (ω)
Tp (x, ω)dx
(11)
Lp Lp
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where S(ω) is an instrumental transfer function factor. The expression for
the PVDF signal thus becomes

V (ω)= 
1−e−2Ls σs

S (ω)


H
kw σw



 


1−e−2Lw σw kpHσep + 2bwp e−Lw σw
1−e−Lp σp Ytp +Xtp e−Lp σp





e e−2Lw σw P
1−e−2Lw σw Qtp + 1+e−2Lw σw bwp Ptp − k2H
tp +bwp Ptp Qsw +Qtp Psw
w σw

2I0
kw σw σp

(12)
where

 
σj = (1 + i) ω 2αj ,
k i σi
,
kj σj

 

Xij = 1 − bij + 1 + bij e−2Li σi ,
 


Yij = 1 + bij + 1 − bij e−2Li σi ,
bij =

(13)

Pij = Yij + Xij e−2Lj σj ,
Qij = Yij − Xij e−2Lj σj .
The instrumental factor S(ω) can be experimentally normalized out by taking the ratio of the cavity signal to the photopyroelectric signal produced
by direct laser light incident on the PVDF sensor. The analytical expression
for the voltage in this case can be strictly derived just by putting Lw = 0,
Ls = 0, H = 0, and He = 0 in Eq. (12). The thermal diffusivity of the liquid
can be easily obtained by ﬁtting the theory to the ratio of the experimental
data of the measured PVDF signals for these two conﬁgurations.
3. EXPERIMENTAL METHODOLOGY
The experimental TWRC setup was designed for the measurement of
thermal diffusivity of liquid samples (Fig. 4). It consisted of the measurement cell (Fig. 4b), a diode laser (λ = 809.6 nm), a laser controller
(Coherent, Model 6060), and a lock-in ampliﬁer (Stanford Research Systems SR830). The intensity of the laser light was modulated using the
internal oscillator of the lock-in ampliﬁer. The laser beam was incident
on 100 µm-thick aluminum ﬁlm, which converted the optical waves to
thermal waves propagating through the liquid sample. A pyroelectric ﬁlm
(Measurement Specialties, Inc. 52 µm-thick Ni–Al PVDF ﬁlm) detected
the temperature oscillations and produced the output signal measured by
the lock-in ampliﬁer. The design involves ﬁxed dimensions of the cavity length for obtaining reproducible measurements with various types of
liquid solutions.
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Fig. 4. Experimental setup: (a) schematic cross section; (b) actual sensor.

Software appropriate for automation of the experimental system was
also developed using Matlab tools in order to control the experimental devices and collect data. In this manner data could be obtained and
results viewed in real time. It was important to choose the optimal value
of cavity length for thermophysical measurements of ﬂuid mixtures. The
shorter the cavity length, the better the output signal. At the same time,
however, it was necessary to provide enough intracavity space in order to
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extricate the liquid sample from the cavity with a pipette and introduce
fresh liquid. The main requirement in experiments with a series of water
mixtures was that the nickel–aluminum electrode coating of the PVDF
element should not oxidize in order to keep the experimental transfer
function constant throughout the entire set of measurements. So the measurement cell was constructed taking into account the need to change the
sample without moving the cavity walls. In this study, we used a cavity
length L = 0.6 mm for the water mixture measurements.
Frequency-scan measurements with the thermal-wave cavity ﬁlled with
air were performed. The thermal diffusivity of air is well known, so these
experimental data were ﬁtted to the theoretical expression (Eq. (12)), in
order to determine the length of the cavity and unknown thermal properties of the materials used in the cavity construction, i.e., the thermal diffusivity and thermal conductivity of aluminum foil, aluminum substrate, and
pyroelectric ﬁlm (Table I). The comparison between the experimental data
and the curves calculated for air using the ﬁtted parameters is shown in
Fig. 5. Here, cavity length L = 0.6 mm, thermal diffusivity of air α = 2.18 ×
10−5 m2 · s−1 , and thermal conductivity of air k = 2.62 × 10−2 W · m−1 · K−1 .
It can be seen that the curves calculated according to simple conduction
and combined conduction-radiation theory coincide, so the radiation component can be omitted in the case of an air sample. This is so because
the infrared emissivity of polished aluminum is very low (ε ≈ 0.038–0.06)
[19]; therefore, radiation heat transfer in the cavity is very weak and consequently the radiation heat transfer coefﬁcients H and He in Eq. (12)
become negligible. As discussed earlier, the instrumental factor was normalized out by taking the ratio of the cavity signal to the photopyroelectric signal produced by direct laser light incident on the PVDF sensor. The
ﬁtted parameters were further used as known values in the determination
of the thermal diffusivity of the liquid samples.
Frequency-scan experiments with distilled water samples were then
performed. It was found that the accuracy of the measurements is considerably affected by a number of factors, such as the ﬂatness of the aluminum ﬁlm, the thermal properties of materials (actually obtained by air
Table I.

Fitted Thermal Properties of Materials
α (m2 · s−1 )

Aluminum ﬁlm
PVDF
Aluminum substrate

8.7 × 10−5
7.6 × 10−8
8.4 × 10−5

k (W·m−1 · K−1 )
28
0.19
104

846

Matvienko and Mandelis

Fig. 5. Experimental and theoretical curves versus the square root of modulation
frequency at the cavity length L = 0.6 mm. Sample: Air; (a) amplitude ratio; (b) phase
difference.

data ﬁtting) used for setup construction, and especially the ﬂuctuations of
ambient temperature. To ensure adequate temperature control, the setup
was equipped with a thermocouple, which monitored the mean d.c. temperature of the sample during the measurements. This temperature did
not exceed 3 ◦ C above the ambient temperature throughout the entire set
of measurements. Taking into account the relatively high thermal diffusivity of water, one can deduce that the d.c. temperature gradient over
the full cavity length was very small. According to simple theoretical estimations [21] the maximum a.c. temperature amplitude, obviously located
on the upper side of the aluminum ﬁlm-liquid interface (Fig. 1), did not
exceed 0.15 ◦ C. These conditions make the temperature stability of the
experiment very reliable. The experiments were sensitive to surrounding
vibrations, perhaps due to the piezoelectric properties of PVDF; therefore,
the most sensitive measurements were carried out only after hours in the
absence of other laboratory personnel. To test the absence of piezoelectric
contributions from our measurements at signal levels characteristic of the
PVDF response to laser photothermal excitation, frequency-scanned signals obtained with the cavity in air and under direct light incidence on
the PVDF sensor were found to exhibit purely thermal-wave (pyroelectric)
character. This fact, coupled with the apparent absence of microphonic
response from the sensor, was taken as proof of purely pyroelectric behavior. It is, however, possible that the signal baseline noise level was limited by residual piezoelectric noise. Other important quality factors include
water purity and oxidation condition of the PVDF sensor. Oxidation of its
metal layer in contact with the ﬂuid reduces the lifetime of the ﬁlm and
affects the signal substantially.

Thermal Diffusivity of Water–Methanol with Thermal-Wave Resonator Cavity

847

Fig. 6. Experimental and theoretical curves versus the square root of modulation frequency at the cavity length L = 0.6 mm. Sample: Water; (a) amplitude ratio; (b) phase
difference.

Typical frequency-scan results for pure distilled water are presented
in Fig. 6. Here, the cavity length L = 0.6 mm, heat transfer coefﬁcient
H = He = 5.3 W · m−2 · K−1 , thermal diffusivity of water α = 1.430 ×
10−7 m2 · s−1 , thermal conductivity of water k = 0.603 W · m−1 · K−1 , and
the thermal properties of the cavity materials are presented in Table I.
Unlike the straight-line behavior predicted by a purely conductive mechanism [14], the amplitude and phase saturate beyond a certain modulation frequency, as the thermal diffusion depth decreases and radiation heat
transfer across the cavity starts to dominate. The water layer adjacent to
the incidence interface becomes the main source of radiation heat ﬂux,
since the water infrared emisivity coefﬁcient is εw ≈ 0.96 to 0.99 [19, 20],
which is much higher than that of polished aluminum. The developed
model is in excellent agreement with the experimental data. Here again,
the instrumental factor was normalized out in the usual manner. Examples
of frequency-scan results for various cavity lengths are shown in Fig. 7.
The larger the cavity length, the smaller the conduction heat ﬂux reaching the sensor. As a result, the radiation component starts to dominate
at lower frequencies. The amplitude and phase become frequency independent horizontal lines in this region, which conﬁrms the absence of a frequency-dependent conduction mechanism.
Frequency-scan experiments with water–methanol mixtures of various concentrations were subsequently performed. The main issue for
the optimization of measurement precision in these experiments was the
reproducibility of the measurements, especially at very low methanol
concentrations. Figures 8a and b depict the results of frequency scans
for mixtures of several concentrations. Two consecutive measurements of
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Fig. 7. Frequency scans for water for different cavity lengths, (a) amplitude and
(b) phase.
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Fig. 8. Frequency-scan amplitudes (a, c) and phases (b, d) for water–methanol mixtures
of different concentrations. Curves (c, d) are a subset of (a, b) corresponding to low
concentrations.
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the same concentration were performed for every mixture to show the
reproducibility and ensure that the difference between the curves of the
same concentration does not exceed the difference due to concentration
change, especially for the low concentration region. Results for the concentration range 0–2% v/v are presented in Fig. 8c and d. In these ﬁgures, only the part of the curves in the frequency range 3.24–3.42 Hz is
shown to enhance resolution. The ﬁgures show the good reproducibility
of the measurements and the excellent resolution of the TWRC sensor for
concentrations as low as 0.5% v/v of methanol in water, which becomes
the lowest resolved mixture concentration in the frequency-scan measurements. In conclusion, the highest possible resolution of the method is
0.5% v/v concentration, which is actually the same as the lowest measured mixture concentration reported in the literature using the same type
of sensor [12]. Although the system resolution to low concentrations of
methanol in water remains the same as the earlier work from this laboratory, the cavity-length-scan method used by those authors [12] is not
optimal for precise measurements of a series of mixtures involving ultralow concentrations. Differences in a cavity length on the order of 10µm
during sequential measurements lead to a signiﬁcant shift in the output
signal (∼5–10%), which may dominate differences due to concentration
changes. The frequency-scan method and the cell design applied in this
work allow keeping the cavity length ﬁxed throughout measurements of an
entire series of mixtures, which eliminates instrumental cavity-length errors
and substantially improves measurement precision and accuracy.
4. EFFECTIVE THERMAL DIFFUSIVITY OF WATER-METHANOL
MIXTURES
The thermal diffusivities of water–methanol mixtures were obtained
by ﬁtting the analytical model, Eqs. (12) and (13), to the frequency-scan
data. The obtained diffusivity values vs. the concentration of mixtures at
temperature T = 23◦ C are presented in Fig. 9. The very good instrumental stability and the resulting excellent signal reproducibility are evident.
However, the resolution does not exceed 0.5% v/v concentration due to
the aforementioned limitations, such as temperature ﬂuctuations, ambient vibrations, etc. It should be noted that our results using the TWRC
method exhibit substantially higher mixture resolution (≥0.5% v/v) than
the laser-induced thermal grating technique [3] (≥24% v/v).
An important issue in the investigation of thermal properties of mixtures is the theoretical prediction of thermal diffusivity proﬁles versus concentration. While numerous predictive methods have been proposed for the
estimation of the thermal conductivity of liquid mixtures [22–26], only few
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Fig. 9. (a) Thermal diffusivity versus concentration of methanol in water. (b) A subset of
(a) corresponding to low concentrations. Continuous lines correspond to best ﬁts to the
modiﬁed Jordan correlation, Eq. (14).

correlations for thermal diffusivity are presented in the literature [13]. For
instance, Ref. [13] uses the expression for the thermal conductivity of a
series-mixing model [27] to describe the thermal conductivity of a ﬂuid
mixture. However, the abovementioned expression is only valid for granular (two-phase) solid-ﬂuid materials in which thermal transport occurs
perpendicular to the solid component/ﬂuid component arrangement (minimum conductivity). Most popular among the thermal-conductivity predictive methods are empirical correlations, such as the harmonic model [22],
the Jordan correlation [23, 24], and the characterization-factor model [24].
Other models, e.g., corresponding to equation-of-state principles [25] or to
regression equations [26], require extensive mathematical treatment.
Figure 9 presents the comparison of the thermal-diffusivity proﬁle
measured in this study to a new empirical model based on the Jordan correlation [24] for thermal conductivity. The expression for the modiﬁed Jordan correlation can be written in the form:
α=

v v
k1 1 k2 2 {exp (γ [k1 − 3k2 ])}v1 v2

v1 αk11 + v2 αk22

(14)

where subscripts (1) and (2) stand for water and methanol, respectively; γ
is an empirical constant; v1,2 , α1,2 and k1,2 are the volume fractions, thermal diffusivities, and thermal conductivities of the pure mixture components, respectively; and k1 > k2 . Here we use the accepted relation between
thermal conductivity, k, and thermal diffusivity, α, of the liquid mixture:
k = αρc

(15)
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where ρ is the density and c is the speciﬁc heat capacity at constant pressure of the mixture. A simple weighted additive law for the heat capacity
per unit volume was also used in Eq. (14):
ρc = v1 ρ1 c1 + v2 ρ2 c2 = v1

k1
k2
+ v2
α1
α2

(16)

where c1,2 and ρ1,2 correspond to the pure components of the mixture.
Also, we use the volume fraction representation, instead of the mass fractions used in earlier reports [23, 24]. The modiﬁed Jordan correlation
gives a very good approximation for our data, which can be seen in
Fig. 9. Here, the thermal parameters of water α1 = (1.4252 ± 0.0014) ×
10−7 m2 · s−1 , k1 = 0.603 W · m−1 · K−1 , thermal parameters of methanol
α2 = (0.972 ± 0.0075) × 10−7 m2 · s−1 , k2 = 0.210 W · m−1 · K−1 . In this case,
the empirical constant γ was the only adjustable parameter and found
to be 7.43 m · K · W−1 from the best ﬁt to Eq. (14). It should be noted
that the correlation described by Eq. (14) shows the best agreement to
the data among all the empirical relations discussed above. In conclusion,
Eq. (14) can adequately describe the thermal diffusivity of water–methanol
mixtures over the full range 0 ≤ v2 ≤ 1.
5. EFFECTIVE EMISSIVITY OF WATER MIXTURES
One of the unknown parameters in Eq. (12) is the infrared emissivity
of a liquid sample εw . This parameter along with the difference in absorption coefﬁcients between pure water and a mixture deﬁnes the radiation
heat transfer coefﬁcient He , W · m−2 · K−1 , (Eq. (9)). The actual emissivity value of liquids is an experimentally difﬁcult parameter to measure.
For pure water the emissivity is well known [19, 20], while few reports on
the emissivity of hydrocarbons exist in the literature [28, 29]. Instead, it
is common to assume the emissivity coefﬁcient of alcohols to be close to
that of water and to range between 0.9 and 1.0 [28–30]. In this study, we
deﬁne the effective emissivity as a Beer–Lambert function:
εe = εw exp(− βLw ),

(17)

with β given by Eq. (10). The effective emissivity reﬂects the change in
the radiative heat ﬂux reaching the bottom of a thermal-wave cavity ﬁlled
with a water–alcohol mixture compared to that ﬁlled with pure water.
Figure 10 is a plot of the effective emissivity of water–methanol mixtures
as a function of methanol concentration obtained using the ﬁtting of the
experimental data set to the conduction-radiation thermal-wave cavity theory, Eq. (12). The infrared absorption coefﬁcient of methanol is less than
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Fig. 10. Effective emissivity vs. concentration of methanol in water.

that of water in the IR spectrum (Fig. 3); therefore, the absorption coefﬁcient of water–methanol mixtures is also lower. It is generally expected
that the lower the absorption coefﬁcient of the mixture compared to water,
the lower the infrared emission coefﬁcient at thermal equilibrium, in agreement with Kirchhoff’s law [31]. Equation (10) expresses trends satisfactorily consistent with Kirchhoff’s law, since ∆β [v2 ] = βw − βm [v2 ] increases
with increasing methanol concentration [v2 ], leading to a decreasing effective emissivity εe [v2 ]. This trend is consistent with the expected decreasing
effective absorptivity of the mixture by virtue of Kirchhoff’s law, and it is
clearly observed in Fig. 10. It should be noted that the value of the measured emissivity for pure water is very close to the literature data [19, 20].
Results for emissivity values reported in the literature are usually
obtained using IR thermography and thus are spectrally limited by the
bandwidth of the IR camera, for example, 3–12 µm [28] and 8–12 µm [30].
The present photopyroelectric technique can detect the infrared ﬂux integrated over the entire IR spectrum on account of the effectively inﬁnite
spectral bandwidth of the thermal (pyroelectric) detector, which makes it
very promising for measurements of the true emissivity of liquids over the
entire infrared spectrum, in closer agreement to the theoretical deﬁnition
of this property. Moreover, use of Eq. (12) and photopyroelectric measure-
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ments of He or εe can yield values of the mean infrared absorption/emission coefﬁcient, βm [v2 ], of water–methanol or other liquid mixtures using
Eqs. (9) or (17). These kinds of measurements are very difﬁcult, or impossible, to carry out with conventional techniques.
6. CONCLUSIONS
Photopyroelectric frequency scans using a TWRC and a novel theoretical conduction–radiation model have proven to be a robust tool for the
simultaneous determination of thermal diffusivity and effective infrared
emissivity of water–methanol mixtures. The ﬁxed dimensions of the cavity
setup allow measurements of water mixtures with methanol at low concentrations. The instrumental transfer function is accounted for by using
a photopyroelectric frequency scan of the open cavity. The frequencyscan measurements show maximum resolution of the photothermal signal in water at the level of 0.5% mixture by volume of methanol. This
is the highest thermopysical component resolution of the water–methanol
mixture reported to date. The method features simultaneous determination of the effective spectrally-averaged infrared emissivity of the water–
methanol mixture, an otherwise difﬁcult, or impossible, measurement when
using conventional thermophysical, or other, techniques. Semi-empirical
expressions for the mixture thermal diffusivity and infrared emissivity as
functions of methanol concentration have been introduced. The expression for infrared emissivity is consistent with the physical principle of
detailed balance (Kirchhoff’s law). The expression for thermal diffusivity was found to explain the data satisfactorily over the entire methanol
volume-fraction range 0 ≤ v 2 ≤ 1. Straightforward application of the present method appears to be promising for dual measurements of diffusivity
and effective emissivity of other liquids and liquid mixtures.
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