Thermal wave physics: principles and

applications to the characterization of liquids

Ernesto Marin'
CICATA-IPN, Legaria 694, Col. Irrigacién,

Meéxico D.F., C.P. 11500, México

(Recebido: 28 de novembro de 2004)
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1 Introduction

The conduction of heat is a diffusion-like process, where the thermal energy, in
the case of solids, is mainly transported by phonons, the quanta of lattice vibrations,
and/or free electrons. In the case of fluids (i.e. liquids and gases) this process occurs
through the movement of atoms and molecules in a more complicated form due to
the presence of other hydrodynamic effects, such as heat convection.

It has been shown by many authors that the diffusion of thermal energy in a
periodically heated material is well described in terms of thermal waves. These
waves have become of great interest for the explanation of the photoacoustic (PA)
effect and other photothermal (PT) phenomena, on which many non-destructive
measurement techniques are based [1]. The PA and PT techniques represent a group
of high-sensitivity methods based on a photo-induced change in the thermal state
of a sample. The periodic absorption of energy without re-emission losses leads to
sample heating, which at the same time induces changes in temperature-dependent
parameters of the sample itself and/or of the surrounding medium. The detection of
these changes is the basis of the different experimental techniques from which many
applications are reported in the last 30 years [1].

Despite the growing interest, the application of PT methods to liquids character-
ization, which is of considerable interest in several fields, for example in environmen-
tal studies, has remained limited, in comparison with studies in the solid and gas
phase. This is somewhat contradictory since the modern history of the PT science
began with the works of Rosencwaig [2] related, among other applications, to (qual-
itative) measurement of absorption spectra of some liquid samples, such as blood.
Since then, most of the work with liquids involved remote refractive index modula-
tion techniques, such as the PT phase shift technique [3], thermal lens [4] and PT
optical beam deflection [5]. More recently, so called open methods have been used
successfully in several applications, such as the Piezoelectric Optothermal Window
(OW) [6] for spectroscopic measurements and the Photopyroelectric (PPE) method
[7-13] for thermal characterization and phase transition detection. In this work we
will discuss the use of novel alternative experimental variants for measurement of
optical and thermal properties of liquids, namely the Thermal Wave Interferometry
(TWI), a technique based so far in PPE detection of thermal waves propagating
through the sample, and an open cell PA configuration.

Due to the fact that in the PT methods the heat sources follow the periodic
modulation of the excitation light beam, many authors have adopted the principles
of wave physics that have been used in the explanation of other periodic phenomena
to interpret their experimental results. The wave treatment of heat propagation is
also used to demonstrate the occurrence of phenomena that may be regarded as
reflection, refraction, interference, and scattering effects in PA and PT experiments
[1, 14], as we will see in the next section.
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This paper is organized as follows: Firstly the mathematics underlying the ther-
mal wave concept will be described, as well as some historical facts and basic exper-
iments, including the recent proposed technique based in thermal wave interference
and its application to thermal characterization of liquids. In section 3 the features
of one of the most successful techniques based in thermal waves, namely the photoa-
coustic method, will be described and the criteria for neglecting convective effects
when doing with liquid samples will be derived. Some recent applications concerning
the detection of low amounts of contaminants (or dopants) in water, and thermal
characterization of liquids will be presented too, with conclusions in section 4.

2 Thermal wave physics

2.1 Historical remarks

In the PT techniques thermal waves are generated in a given sample by means
of a periodically varying heat source. Suppose that the time-duration of the light
pulses is much larger than the relaxation time of the system (the build-up time
necessary for the onset of a heat flux after a temperature gradient is imposed on a
sample) so that the parabolic heat diffusion equation can be used successfully [15].
The changes in samples temperature or in temperature depending parameters can
be monitored. These changes depend, among others, on the optical and the thermal
properties of the samples material. Therefore, among their several applications,
one active area of research nowadays is devoted to their use for the optical and
thermal characterisation of materials [16]. Although Angstrom in 1861 proposed
a temperature-wave method for measuring the thermal diffusivity of a solid in a
form of a rod [17], it was not until the 1970s that practical applications of PT
techniques have appeared motivated mainly by the works of Alan Rosencwaig [2,
18] in a new emerging field of Photoacoustic Spectroscopy (PAS), a technique based
in the Photoacoustic (PA) effect, discovered approximately one century before by
Alexander Graham Bell [19], and investigated by relevant scientists of that times
such as Rontgen [20], Tyndall [21] and Rayleigh [22] (It is worth to remember the
early work of Viengerov in the 1930s [23] dealing with the so-called optoacoustic
effect in gases, a field of active current investigation [1]). Consequently with the
development of PAS and other PT techniques, the use of a wave treatment of heat
dates from the 1980s [24], although the concept of thermal wave was first appeared
about hundred years before when Fourier [25] showed that expanding temperature
distributions as series of waves could solve heat conduction problems. Fourier, as well
as Poisson, have used equations identical to those used today in describing thermal
waves in order to estimate the thermal properties at the earth crust, making use of
the daily periodical temperature oscillations [25, 26].

In what follows we will briefly present a mathematical appraisal of thermal waves,
before describing an experiment based in Fouriers proposals. Although this paper
is mainly concerned with applications in the liquid phase, we will initially limit the
general analysis to the case of solid materials. Then, in section 3, special features
concerning the work with liquids will be discussed.
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2.2 The mathematics of thermal waves

In this section we will follow a phenomenological approach to describe the basic
features of thermal waves. A more analytical approach, leading to the same results,
can be found for example in Mandelis [27]. The starting point will be the heat
diffusion equation. Consider an isotropic homogeneous semi-infinite solid, whose
surface is heated uniformly (in such a way that the one-dimensional approach used
in what follows is valid) by a light source of periodically modulated intensity Io(1+
cos(wt))/2, where Iy is the intensity of the light source, w = 27 f is the angular
modulation frequency, and t is the time. The temperature distribution 7'(x, t) within
the solid can be obtained by solving the homogeneous heat diffusion equation, which
can be written as

0?T(x,t) 10T (x,t)

—_— — p— 1
Ll LD g mo.n0 1)
with the boundary condition
oT (z,t) B I, ,
_kT l,_o= Re {E exp (zwt)} (2)

which express that the thermal energy generated at the surface of the solid (for
example by the absorption of light) is dissipated into its bulk by diffusion.

In the above equations ¢ = (—1)1/ 2 is the imaginary constant and « is the
thermal diffusivity and k is the thermal conductivity, related to other important
thermal parameters through

€= kpc:%zpc\/a (3)

where, € is the thermal effusivity, p the density and c the specific heat. The product
C' = pc is referred as the specific Heat Capacity or as Heat capacity per unit volume.
An extended explanation of the physical relevance of these parameters, governing
the generation and propagation of heat in solids, can be found in many books,
monographs, and articles to which the reader can be referred [1, 14, 28-30]. It
is worth to remember only that the specific heat, with characterizes the materials
ability to store heat, describe static problems, where temperature is independent
on time and position, whereas the conductivity is the one required when leading
with steady problems, i.e. when the temperature does not vary over time. Thermal
conductivity is defined by the Fourier’s law [28] of heat conduction, which in one
dimension poses

oT 8(x, t) (4)

x

where ¢(z,t) is the heat flux and T'(x,t) the temperature field, both dependent on
time, ¢, and position, x, coordinates. Thermal conductivity measures, therefore, the
heat flowing in unit time through a unit area of a unit thickness material with a
temperature difference of one degree between its opposite faces [29].

q(z,t)=—k
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A time-varying phenomenon, on the other hand, is described by the differential
equation of heat diffusion (energy conservation law), as given by Eq. (1), also
requiring the knowledge of thermal diffusivity and effusivity. The former is the
quantity associated with the speed of propagation of heat in a material during time
changes of its temperature, while the thermal effusivity measures the material’s
ability to exchange heat with the environment and the thermal inertia of a material,
as will be seen later.

The solution of physical interest of the problem given by Egs. (1) and (2) for
applications in PT techniques is the one related to the time dependent component.
If we separate this component from the spatial distribution, the temperature can be
expressed as:

T (z,t) = Re[O (z) exp(iwt)] (5)
Substituting in Eq. (1) we obtain
20 (x
TOW) o) =0 (6)
where
qz\ﬁzuﬂ')\/%:“:” ")
and
=y (®)

The general solution of Eq. (6) using the condition (2) has the form

wo-gen(Del(E45)] o

This equation has the meaning of a plane wave. Like other waves it has an
oscillatory spatial dependence of the form exp(igzr), with a wave vector ¢ given by
Eq. (7). Because it has several wave-like features, Eq. (9) represents a thermal or
temperature wave propagating with phase velocity vy given by:

v =wp = V2w (10)

The parameter u represents the thermal diffusion length of the thermal wave,
i.e. the distance at which the propagated wave amplitude decays e times its value
at x = 0. As can be seen from Eq. (8), it depends on the thermal diffusivity and on
the light modulation frequency. Eq. (9) represents, therefore, an attenuated wave.
For a given sample the attenuation of a propagating thermal wave varies following
the changes in the periodicity of the heat source. The product 27u is the thermal
wavelength. Between the light excitation and the thermal response of the sample
there is a phase-lag given by the term (x/u + 7/4) in the complex exponent.
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Since Eq. (6) is a linear ordinary differential equation describing the motion of a
thermal wave, then the superposition of solutions will be also a solution of it. This
superposition represents a group of waves with angular frequencies in the interval
w, w+dw travelling in space with a group velocity:

1
Vg = gom = 2V 20w = 2vy (11)

dw

where qr = Re(q).

2.3 An experiment based in thermal wave propagation in soils

The following is a simple example of a PT experiment. The surface of the earth
is exposed to more or less regular daily temperature fluctuations, owing to different
causes, that can differ appreciable from day to day, from season to season and from
region to region. As a consequence, air and soil temperatures generally exhibit a
diurnal cycle with a period T'= 27 /w of near 24 hours. From Egs. (10) and (6) we
can obtain the temperature variations 7'(z,t) with time,t, and with depth below the
surface, x, i.e,

T(x,t) = 2;\0/5 exp (—%) Re {exp |:—Z' (% + wt + %)} } (12)

Measuring T'(x,t) as a function of time ¢ at different distances  from the earth
surface and fitting the results to Eq. (12), allow ones the determination of parameters
like the period of the temperature oscillations, the soils thermal diffusion length and
its thermal diffusivity, as proposed earlier by Fourier.

As mentioned in a recent paper [31], the knowledge of thermal properties can be
of particular importance in the case of soils, because the role that they play to our
food, shelter and well-being. McIntosh and Sharratt discuss also the features of a
possible student experiment related to the conduction of heat in soils excited by a
natural periodically time dependent source, namely the daily periodical oscillations
in earth temperature which can be denoted as thermal waves. In my Laboratory
such an experiment was designed and a device was constructed for automatic mea-
surements of the daily time air temperature variations as well as of the daily time
temperature variations at different depths beneath the soil surface [32].

Our measurements were performed using solid-state temperature sensors incor-
porated into a computer-controlled probe [32]. In Fig. 1 we show the hourly soil
temperature measured at various depths,z , beneath the soil surface during 24 hours
at Mars 6, 2002, a typical clear winter day in Havana, Cuba, as well as the hourly
air temperature at the same location.
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Fig. 1. Soil temperature as a function of time at different depths, x, beneath the earth
surface and hourly air temperature. The solid curves represent best fits to Eq. (12).
The air temperature (x=0) versus time curve is also represented for comparison [32].

In the figure we can see the phase shift as well as the attenuation of the tem-
perature waves with depth, as well as their dependence on soil thermal properties,
in particular its thermal diffusivity. One can easily see the attenuation of the tem-
perature wave (i.e. the reduction in the wave amplitude) as well as the phase shift
between the maximum and minimum values of the curves with depth. From the fits
the obtained value for the angular frequency was w = (0.256 + 0.008)h~!. One can
observe that the variation in the air temperature is approximately sinusoidal, but
that obvious differences exist: Although the period of the temperature oscillation
was T = 27 /w = (24.54+0.03)h, the maximum and minimum of the air temperature
do not occur half of an oscillation (about 12 hours) apart. The principal cause of this
behavior is the deviation of the heat source from the assumed harmonic function
of time. However, taking into account the good agreement between the obtained
value for the period and the expected value for this magnitude, i.e. one day, our
approximation can be consider as a good assumption. From the mean value of the
thermal diffusion lengths, soils thermal diffusivity can be calculated using Eq. (8).
We have obtained, o = (0.002240.0008)cm? /s, in agreement with previous reported
values [33]. It is worth to notice that this value is an effective value for the ther-
mal diffusivity of soil, in reality a depth dependent parameter, which was considered
constant in our model. Inspired in the above mentioned work of MclIntosh and Shar-
ratt and taking into account the above described results, we have developed several
exercises to introduce undergraduate students of physics and engineering in the very
fascinating fields of thermal wave physics [32].
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The experimental arrangement can also be useful for soil scientists, for example
for recovering soil moisture from thermal properties measurements [33].

2.4 Behaviour at interfaces

As other kind of waves, thermal waves experience reflection and refraction. The
characteristic coefficients for these phenomena are determined by the thermal effu-
sivity values of the involved media using the thermal wave Eq. (12). When thermal
waves propagate between the surface of two media with different thermal effusiv-
ity, then their interfere in the same way as electromagnetic, acoustic or mechanical
waves do, a behaviour that can be exploited in numerous applications [1].

2.4.1 Reflection and refraction of thermal waves

Consider two regions, 1 and 2. One can show using Eq. (12), applying the boundary
conditions of continuity of temperature and heat flux at the interface and performing
some straightforward calculations, that the reflection and transmission coefficients
for the thermal wave at the interface for normal incidence can be written as [1, 14]:

1-b
- - 1
R 1+ (13)
and
2
T=_—_"_ 14
1+b (14)
where
€1
b=— 15
. (15)

is the ratio of the media thermal effusivities (thermal effusivity can be regarded,
therefore, as a measure of the thermal mismatch between the two media).

Several applications of these results are discussed for example by Almond and
Patel [1] where other thermal wave effects are also described, such as scattering
at finite boundary and objects. In the next section an experiment is presented,
demonstrating how the above results can be applied to describe the propagation
of thermal waves through a media limited by two thermal “mirrors” experiencing
interference.

2.4.2 An experiment with thermal waves: interference

Principles of Thermal wave Interference: in Fig. 2 is showed schematically
a typical experimental set-up. It consists of cavity of variable length containing a
sample, denoted formerly as thermal wave resonator [34-37] and then as thermal
wave interferometer (TWI) [38-43].
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The cavity is formed between a thin (15um thick) Al foil and a Photopyroelectric
(PPE) sensor (25um thick polyvinyledene difluoride (PVDF) film with Al metalized
surfaces), both 5mm in diameter. A laser light beam modulated by means of a me-
chanical chopper impinges on the black-painted outer surface of the Al foil, which
acts as a light absorber. Following the absorption of the modulated light beam,
the Al foil temperature fluctuates periodically at the modulation frequency of the
incident beam thereby launching a thermal wave into the gas filled cell. The ther-
mal waves thus generated propagate back and forth between the Al foil and the
pyroelectric sensor separated by a distance L. On striking the gas-Al and gas-sensor
boundaries, the thermal waves are partially reflected, and interference between the
reflected and incident wave trains will set in. As discussed elsewhere [34-43] with
more details the temperature rise resulting from the superposition of all arriving
waves can be measured at the pyroelectric surface as a function of the gas layer
thickness.

Metalized

Temperature Sensors Signal
_ l CLiquid N . W
| |. Sample ]

Modulated | I
Light Flux

[

el Variable -
— p —

Fig. 2. Schematic view of the thermal wave interferometer described in the text, showing
the principles of thermal wave interferometry (see for example Refs. 35-38).

This temperature can be estimated using the following phenomenological model
[35]. Consider the situation depicted in Fig. 2. A gas layer of thickness L is sand-
wiched between the Al foil and a pyroelectric sensor. The outer surface of the Al
film is heated by a light source of periodically modulated intensity Io(1+ cos(wt))/2,
where Iy is the light source intensity and w = 27 f is the angular modulation fre-
quency. The temperature distribution 7'(x,¢) within the gas region along the longi-
tudinal x co-ordinate, following the periodic heating of the Al foil, can be obtained
by solving the heat diffusion equation with the boundary condition that the heat
generated at the solid surface by light absorption is dissipated in the gas by diffusion.
Accordingly, this solution is similar to Eq. (12), i.e.,
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T(x,t) = To exp(—qz) exp(iww) = L exp(—%) exp [—i <§ - L)]

2e,\/w 2e,\/w 4—t
(16)

where €4 is the thermal effusivity of the gas, ¢ = (iw/ ag)l/ 2, ay is the gas thermal
diffusivity and g = (2a,/w)/? represents the thermal wave diffusion length in the
gas.

Consider now the propagation of a plane thermal wave described by Eq. (19)
through the gas medium (denoted by g) contained between the media A (correspond-
ing to the Al foil) and P (corresponding to the PVDF sensor). The temperature at
the surface © = L is obtained by summing all the waves arriving at this point in
the following way (for the sake of simplicity, from now on the term exp(iwt) will be
omitted in the calculations).

T(L)=T1+To+... + Tn="Ty [e*qL + Rya + Rype 3L 4 4 (RyaRyp)" e~ il

(17)
where Ty = Io/(2€gw1/2) is the gas temperature at x = 0, and Ry4 and Ryp are the
reflection coefficients at the interfaces gas-Al and gas-PVDF, respectively, as given
by Eq. (13). Summing up the geometric series in Eq. (17) one gets:

T(L) _ TO eXp(_qL)

1 —vexp(—2¢qL) (18)

where we have written v = RgaRyp. The temperature rise given by Eq. (30) induces
an electric field between the two opposite surfaces of the PVDF sensor. The Real
(in-Phase) and Imaginary (Quadrature) parts of the resulting voltage V', as well as
its Amplitude and Phase, can be determined by lock-in based detection as a function
of the cavity length L.

Fig. 3 shows results obtained [35] for the air-filled cavity at ambient pressure and
temperature. Fig. 3a shows the In-Phase (In-P) signal as a function of the cavity
length (L), whereas in Fig.3b the Quadrature (Q) signal vs. L is plotted. The solid
and dashed lines represent respectively the best fit of the experimental data to the
real and imaginary parts of the voltage given by the sensor, which is proportional
to the temperature expressed by Eq. (18). The thermal diffusivity was taken as
adjustable parameter. The value we got was o = 0.244 + 0.007cm?/s, which is in
good agreement with reported values [30].
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Fig. 3. In-Phase (a) and Quadrature (b) signals measured for air. The solid curves are the
best-fit results to the real and imaginary parts of equation (30) respectively(after[35]).

Thermal wave interference was first discussed by Bennett and Patty [44], and
was explored then by Shen and Mandelis [34] who succeeded in demonstrating the
feasibility of the pyroelectric detection of a thermal wave propagating across an air
gap formed between a pyroelectric sensor and a foil of another material (i.e. Alu-
minum) acting as the source of thermal waves. More recently the usefulness of this
detection scheme for the monitoring of mass diffusion in air was demonstrated by
Lima et al [40], as well as it capabilities to perform the thermal characterization of
gases [38] and their mixtures [36, 37]. The potential use of this experimental configu-
ration for fuel analysis, as doing by the above-mentioned Brazilian group, have been
recognized elsewhere [43]. This is perhaps one of the most promising applications
of TWI seen nowadays. Some results concerning thermal characterization of liquids
are presented next.

Measurement of thermal properties of liquids: there is an expanded de-
mand for reliable and precise measurements of basic properties of a wide range
of liquid mixtures in use today or generated by nature or modern industry, the
knowledge of which can lead to a better understanding of the physical and chemical
processes governing their production. The situation is particularly critical in the
case of thermal properties such as thermal diffusivity and effusivity, for which only
few determinations have been reported. The TWI technique can play an important
role in this field, since the method is relatively simple, fast, of good accuracy, and
involves small temperature oscillations, which do not affect the sample properties
during their measurement.
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Fig. 4. Schema of a typical thermal wave interferometer designed for measurement
of the thermal properties in liquids [39].

The experimental set-up reported for this purpose is similar to that shown in
Fig. 2, but in this case the air filling the TWI cavity must be replaced by the
investigated liquid sample [39]. For this purpose the following variant was adopted
(see Fig. 4). The TWI consists of a roughly 100ml gas bottle with a cap screwed
on its top. Two glass tubes of inner diameter 10mm are inserted and soldered at
the bottom and the cap. The lower glass tube supports a 25um thick PVDF-PPE
sensor, with its outer side painted black to ensure good light absorption, on which
a modulated (f = 1Hz) laser beam (20mW Ar-Ion) impinges generating thermal
waves. It plays a role similar to that of the Al foil in the former configuration but
also permits the monitoring of the laser intensity. The second glass tube guides a
nylon cylinder on top of which a second PVDF-PPE sensor is glued. This is the
temperature sensor. The nylon cylinder is attached to a translation stage allowing
the variation of the gap between both sensors. Small holes on the top cap allow
the filling of the TWI Cell with the sample, and its removal. A thin layer of silicon
rubber on the lateral sides of the sensors prevents short-circuiting.

Fig. 5 shows the results obtained by Lima et al [39] for the amplitude of the
TWI signal as a function of the cavity length for a sample of Glycerine at 25°C.
The solid curve represents the best fit to Eq. (18). It is worth to notice that in
the mentioned work the authors have taken into account the frequency dependence
of the parameter 7, as result in the case of thermally thin pyroelectric sensors (a
sample becomes thermally thin when the modulation frequency has a value so that
the thermal diffusion length in the sample is greater than its thickness. In other
case it becomes thermally thick).
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This dependence can be obtained straightforward solving the system of heat
diffusion equations for the given experimental configuration [39]. In this way thermal
diffusivity and effusivity were obtained as adjustable parameters. Table 1 shows the
obtained results for glycerine, distilled water and light oil. Balderas et al [44] have
also reported measurements of thermal diffusivity of liquids using the same principle
and more recently by means of PA instead of PPE detection of thermal waves.
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Fig. 5. Typical results obtained in the case of distilled water. Amplitude of the TWI signal
as a function of the cavity length. The solid curve is the best fit to Eq. (18) [39].
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Fig. 6. Thermal diffusivity as a function of Glycerine concentration (parts per volume)
in water. The solid curve is the best fit to Eq. (19) [39].
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Thermal diffusivity (10~*cm?s-1) | Thermal effusivity(W s'/2cm=2 K1)
Sample | This work | Literature values? This work Literature values?
Water 15.8 14.0 0.1429 0.1582
Glycerine 9.9 9.38 0.092 0.0933
Light oli 10.0 8.8 0.0575 0.050
PVDF - 5.4 - 0.0559

Table 1. Measured values of the thermal diffusivity and effusivity for some
samples using the TWI. Literature values are also shown for comparison. (b) after
reference 30.

These results suggest that the proposed TWI technique may indeed become a
quite useful technique for the investigation of the thermal properties of liquids and
several works in this direction are under progress. One obvious and perhaps more
practical application of this method would be the case of liquid mixtures, as doing
in another work by Lima et al [41]. The authors have measured, using the above
described procedure, the thermal diffusivity of several Glycerine-Water mixtures.
The results are shown in Fig. 6. They were fitted to the expression for the effective
thermal diffusivity of a mixture given by the series-mixing model [45], after which
this magnitude can be expressed as:

a1

1G] [ (8 1)

in which ay (ag) refer to the thermal diffusivity of water (glycerine) and the para-

(19)

o =

meter \ = kg /k; is the glycerine-to-water thermal conductivity ratio.We note from
(19) that A is the only unknown parameter. The values of a; and a9 are obtained
from the extreme values of the thermal diffusivity data in Fig. 6 at x = 0 and
x = 1 respectively. Thus, in carrying on the data fitting the authors have left A
as the single adjustable parameter from which, using the literature value for the
water thermal conductivity, they got ko = 2.4mW/ecmK for the glycerine thermal
conductivity, a value quite close to that reported in the literature [46].

3 The photoacoustic technique

In the last years scientists have witnessed the development of several PT tech-
niques for different applications. The rest of this paper focuses on the PA technique,
which, as described above, since the late seventies was incorporated to the great
number of existing analytical tools. Respecting spectroscopic techniques, PAS has
the advantage that it measure directly the absorbed light, which is advantageous
in the case of very low absorbing samples such as the ones that will be described
later. This property can also be applied for thermal characterization. The fact that
the thermal diffusion length is frequency dependent is another advantage of the PA
technique with respect to non-photothermal methods that can be used for depth
profiling and the investigation of multiplayer samples.
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This is the basis of some experiments concerning thermal effusivity measurement
in liquids, where the system formed by a liquid and a reference solid sample can be
regarded as a two layer one, as seen below.

3.1 The basics of photoacoustic spectroscopy

This technique looks directly at the heat generated in a sample due to non-
radiant deexcitation. In a conventional arrangement, a sample is enclosed in an
airtight cell and exposed to an intensity modulated light beam. As a result of the
periodic heating of the sample thermal waves are generated. They propagate to the
enclosed air inducing pressure oscillations at the chopping frequency that can be
detected by a sensitive microphone. The PA signal depends on the way that heat is
generated inside the sample and diffuses through the material. The signal depends,
therefore, on the optical and thermal properties of the sample, as well as on those
characterizing the non-radiant light into heat conversion mechanisms.

A great variety of PA detection schemes exist [47]. This work has dealt with open
PA cell (OPC) configurations. This measurement configuration represents an open
cell in the sense that the sample is mounted in the outer side of the PA air chamber,
where the PA signal is detected (see Fig. 7). One of the typical experimental
arrangements [48] consists on a laser, whose monochromatic light beam is modulated
with a mechanical chopper and impinges onto a metallic (Al), light absorbing foil,
which is fixed onto the cell with vacuum grease to seal the air chamber. The liquid
sample is held on the Al support using a Teflon O-Ring, as represented in the figure.

The modulated light beam impinges the support generating a voltage signal V()
(depending on the thermal properties of the liquid sample) in the microphone whose
amplitude and phase are measured as functions of frequency by means of a Lock-
In Amplifier, synchronized to the chopper frequency and interfaced to a personal
computer. The voltage given by the microphone is proportional to the pressure
fluctuation P(t) in the gas region, following the periodic heating of the sample.
This kind of configuration has been applied in the past to the study of dynamic
processes in liquid layers [49], measurement of thermal effusivity of solids [50], and
more recently for measurement of the heat capacity per unit volume in solids [51,52],
among others.

As mentioned, the experimental configuration of Fig. 7 is suitable for experi-
ments with liquid samples. For the calculation of the PA signal one resorts to the
Rosencwaig and Gerscho model [18] for its generation, after which the temperature
field in the gas is calculated solving the system of heat diffusion equations in the
gas, support and sample regions, and imposing the properly boundary conditions.
Using the temperature value the pressure fluctuations in the PA chamber, as well
as the microphone voltage response are calculated using appropriate expressions, as
discussed elsewhere.



160 Revista Ciéncias Exatas e Naturais, Vol. 6, n° 2, Jul/Dez 2004

The solution of this problem is well discussed in several works, but the heat dif-
fusion equation, in a form in which it is widely used in the photothermal science and
technique (Eq. (1)) cannot be always applied when convective effects are present, as
can be occur nearby the frontiers of the liquid and the gas of Fig. 7 with the solid
support. In what follows we will seen, on the basis of the similarity theory, when
such an assertion is valid. Delgado-Vasallo and Marin [53] reported such an analysis
in PA experiments recently for the first time.
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Fig. 7. Schematic view of the open photoacoustic cell described in the text. 1- Teflon
O-Ring; 2- Liquid sample; 3- Al-Foil; 4- Condenser Microphone; 5- Glass window;
6- Photoacoustic cell body.

3.1.1 Differential equations describing convection in a fluid

The process of convection in an incompressible single-phase medium is described
by the system of differential equations shown in Table 2 [54], featuring an infinite
amount of processes. In order to single out any of them and to determine it uniquely,
the equations must be supplemented by boundary and initial conditions, given a
mathematical description of the considered phenomenon.

Heat transfer Econd: —kVT 5607“,: RAT T =T(7,t)

Bnergy VI — 2% =~ =g+ VT Q= 0Q(7.1)
Motion G =y VPV, = 6 V)

Continuity Voo =0

Table 2. Summary of the differential equations of convection for incompressible
fluids in three dimensions. The meaning of the different parameters is given in the
text. The symbol D/dt represents a total derivative, i.e. D/dt = 0/0t +w -V
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In these equations, q represents the rate of heat flux (i.e. the quantity of heat
transferred through unit area per unit time normal to the isothermal surface), h is the
heat transfer coefficient, 2w a vector describing the fluid velocity, g the acceleration
of gravity, p is the fluid density, P the specific pressure of the fluid on the volume
element surface and v = p/p, the quotient of the fluid viscosity to its density, is
referred as the kinematical viscosity.

3.1.2 Ciriteria of similarity

The system of differential equations given above includes a great number of
variables. Efforts to solve them analytically run into many difficulties. On the other
hand, in experimental studies, in order to investigate the effect of any variable of
the properties of the entire process, all the others must be maintained constant.
On addition, the investigator must be sure that the results obtained by means of
the given apparatus or scale model are applicable to similar processes. The theory
of similarity [54] helps to resolve difficulties of this kind. In this theory the terms
present in the convection equations can be united in dimensionless groups, for which
one select scales of reduction. Substituting these values in the equations of Table
I and after some rearrangements, one obtains other dimensionless terms with dis-
similar physical parameters [55]. These terms are referred as the similarity criteria.
The most important of them for the purposes of this paper is the Rayleigh number,
given by

Ra = gl3 BATya (20)

where [g and ATy are the liquid thickness and its mean temperature respectively
and [ is the coefficient of volumetric expansion of the fluid.

3.1.3 A criterion for neglecting convective effects

Consider a homogeneous fluid in contact with a solid (the samples support in
our example), with a temperature difference AT in between, and suppose that there
exists only free convection. Since there is a thin layer of stationary fluid at the
surface of the support, Fouriers Law of heat conduction,

dr

dcond = _k% (21)
as well as Newtons law of convection,
Geonv = hAL (22)

apply to this layer at the interface. The premise is that the one-dimensional treat-
ment is allowed.

In accordance to Eq. (20), one gets, for a flow of heat through a thin layer of a
fluid of thickness ¢ in contact with a solid, to the expression:

k
qcond = _EAT (23)
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where AT is the difference of temperature between a fluid and a solid surface. The
total rate of flux through the fluid will be then given by the sum of equations (21)
and (22), i.e.

B k _ (k=ho)k  kegk B k

q= (h — 5) AT = _TEAT = —75AT = —sCEAT (24)
where koq = k — ho is the so-called equivalent thermal conductivity, which accounts
for the transport of heat through the passage by both conduction and convection.
It is easy to show that Eq. (23), having the form similar to the Fouriers law, leads
to Eq. (20) when convection is neglected. The relation e, = keq/k characterizes
the effect of convection. As shown by the similarity theory [55], this quantity is a
function of the Ra number. The dependence of ¢, from Ra has been plotted from
experimental data obtained by various researches [55] for several cases. One can see
that for low values of the argument,

Ra < 103 (25)

the value of the function is e, = 1, meaning that for those values the transfer of heat
through the fluid is due only to its thermal conductivity, i.e., keg = k (see Eq. (5)).
For higher values of Ra the heat transfer by convection begin to play a significant
role.

3.1.4 The Rayleigh number in photoacoustic experiments

One can demonstrate that the values of the Rayleigh number for a typical expe-
rimental configuration [48] are of the order of 1071 and 1072 for a 10~ 3cm? sample of
distilled water and for the air filling a 1¢m long cylindrical cavity of a 0.5¢m diameter
PA chamber, respectively. For the calculation ATy was taken as 103K, a typical
mean temperature in the thin layer of stationary liquid (or gas) on the supports
surface. Under these conditions, the thermal diffusion model can be applied without
doubt in PA experiments with liquids.

3.2 Measurement of liquids thermal effusivity

Measurement of the thermal effusivity of liquids by PAs was reported for the
first time by Balderas et al [56] using the compact and well recognized variant of
OPC, in which the front air gap of an electret microphone, adjacent to its metalized
electret membrane, is used directly as the PA chamber. However, the reported appli-
cation is limited to the case of transparent liquids. More recently, and inspired in a
previously reported method for thermal effusivity measurements in solids, Delgado-
Vasallo and Marin have reported a PA experiment which allows the determination
of this parameter for both, light absorbing and optically transparent liquid samples
[67]. Their experimental configuration is the same as in Fig. 7.
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The basics of the proposed methodology is the measurement of a reference sample
signal (due to the Al foil along) as well as the PA signal due to the Al-liquid sample
system, both as a function of the modulation frequency in a range where the Al is
thermally thin and the liquid sample thermally thick. Fitting the obtained results
to the expressions derived using the RG model the samples thermal effusivity can
be obtained with great accuracy.

00sf <. .
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Fig. 8. Photoacoustic Signal-Amplitude vs. modulation frequency for Al (open circles) and
for the Al-Water system (full circles) (after Ref. 48).

Fig. 8 shows the amplitude of the PA signal as a function of the frequency for
the Al foil and for the Al-Water system. As we can see, the amplitude of the Al
signal is greater than that of the Al sample system for low frequencies (up to 130H z
approximately).

This behavior is due to the fact that the heat developed by the absorption of
radiation at the Al front side will flow through the foil to the sample, which acts as
a heat sink. As a result the temperature (and consequently the pressure fluctuation
in the PA cell) will be less than that for the situation in which no liquid is present.
Table 3 shows the obtained results for several liquids, which are coherent with values
reported the literature.

Measured effusivity Reported values
Liquid sample (1O4WS%K71m72) (104W8%K71m72>

Petroleum 0.04740.007 0.046%
Water 0.1544-0.020 0.159¢
Diffusion-pump oil 0.044+0.006 0.045°
Glycerol 0.104+0.010 0.943°
Ethanol 0.064+0.009 0.058%

Black drawing ink 0.057£0.008 Not found

Table 3. Measured thermal effusivities using PA detection and Iiferature reported
values. (a) From reference 48, (b) from reference 30
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3.3 Measurement of liquids thermal diffusivity

In this application, a transparent glass window, allowing the passage of the
laser radiation through the liquid sample, must substitute the Al foil. As the PA
signal depends on the absorbed energy, for optically transparent samples no signal
will be expected. On the other hand, if the sample absorbs electromagnetic radia-
tion, a signal must be appear whose magnitude will be proportional to the absorbed
energy. This is the key idea behind the following method. Using the RG model
for the generation of the PA signal, Delgado-Vasallo et al [57] have demonstrated
that the normalized PA signal, obtained by dividing the actually signal by those
corresponding to a highly absorbed sample, such as black ink, depends in a straight-
forward manner on the product of the optical absorption coefficient of the sample
at a given wavelength and the thermal diffusion length of the sample at the used
light modulation frequency. In most cases the investigated samples are transparent
to the laser radiation and a colorimetric procedure is applied to give colour to the
liquid, using low concentrations of the reagents so that thermal diffusivity (and con-
sequently thermal diffusion length) becomes unaltered. For the measurement of the
thermal diffusivity of ethanol, Delgado-Vasallo et al have resorted to methylthion-
inium chloride, well known as methylene blue (C16H138CIN3S), as a colorant. This
powder, when it is dissolved in ethanol, gives a broad absorption band near the
excitation wavelength of 632.8nm of the used He-Ne laser. The optical absorption
coefficient, 3, of the solution was determined using a conventional visible light spec-
trophotometer. From the obtained value of the product Gu at a frequency of 10H 2z
the thermal diffusivity of ethanol was calculated as 0.79 + 0.15¢m? /s, in agreement
with literature values. Similar procedure can be employed for other liquids aided
with properly colorimetric methods.

3.4 Determination of traces in liquids

The above principle was used by the Delgado-Vasallo et al to propose a method
for the determination of low concentrations of solutes in liquid solutions [57, 58].
Test samples were aqueous solutions containing various concentrations of chromium
(VI) (thermal properties of distilled water are well known). A series of calibration
standards was prepared using a suitable calorimetric procedure, namely the 1,5-
diphenylcarbazide method [59], to obtain a broad absorption band centred near
the excitation wavelength used in our experiments, the 514nm line of an Ar-ion
laser, whose radiation was modulated at the frequency of 1Hz by a mechanical
chopper. Care must be taken in order to maintain the solution thermal properties
fixed. That is achieved by the use of low concentrations of the reagents. Fig. 9
shows the calibration curve from which the Cr-VI concentration in a test sample
can be determined. The detection limits in the measurements was 0.2umol/L at the
used wavelength. With the increasing human awareness regarding environmental
problems, the detection of pollutant elements in water has gained importance.
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In particular, the determination of Chromium (VI) in water is a field currently
of considerable interest due to Cr (VI) toxicity to live organisms, including humans.
Their maximum allowed value in drinking water (0.9umol/L) [60] is well resolved in
the above described experiment as well as the detection limits of Optical Spectropho-
tometry [61] , showing the potential of PAS for sensitive spectroscopic measurements
in liquids. Similar results were obtained by Lima et al using the Optothermal Win-
dow Method (OW) [62]. They used a very similar procedure proposed before by
Helander [6].

Normalized Amplitude

0 s 1m0 %0 2w
Cr{V1) Concentration (umal/L)

Fig. 9. Normalized Photoacoustic Signal as a function of Cr-VI concentration in water [54].

Recently Delgado-Vasallo et al have used the same method for the determination
of the total iron content in Corn Meal [63]. The determination of this element in
food is of considerable interest because several foods are currently enriched with it
at proper levels in order to increase the resistance of people, after consummation, to
several diseases, such as anaemia. The obtained results agree very well with those
obtained using the conventional optical spectrophotometric technique, showing the
possibilities of a new variant to perform this kind of measurements, with the advan-
tage of a higher sensitivity and increment in the range of appreciable absorbance.
Measurements were aided with the well-known AACC 40-41A colorimetric method.
A Fe concentration of 4.2 + 0.4ppm was detected in commercial samples.

4 Concluding remarks

The conduction of heat in the presence of a periodically time-dependent source,
commonly encountered in photothermal techniques, was discussed, as well as some
applications related to experiments with liquids. For this purpose it has been shown,
on the basis of the similarity theory, that heat convection effects can be neglected
in PA experiments when the cell dimensions are such that the Rayleigh number
become much lower than 103. The presented analysis can be extended, with proper
modifications, to other PT approaches.
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Thermal wave physics has fulfilled its expectative, since its rediscover in the
past century. For the characterization of liquids novel developments deserves spe-
cial attention. The TWI technique, in particular, is extremely attractive, as has
been recognized elsewhere [16, 45], because of its capabilities to perform thermal
properties measurement and to monitoring transient processes, among others. The
ancient PAS technique has also encountered novel applications concerning thermal
properties determination, but most promising is its capability to detect low levels
of contaminants in liquids, i.e. water. In this direction, the use of compact laser
sources (for example, semiconductor lasers available on the market at relatively low
cost) is an appropriate choice for enhancing the sensitivity of the proposed method
for determination of trace amounts of contaminants in water. Diode-laser sources
make available the possibility of constructing compact devices, suitable for in-field
measurements. This work should represent a new step to understand some ways by
which thermal wave physics can be applied for the quantitative characterization of
liquid samples.
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