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RESUMEN

Este trabajo de tesis, estructurado en seis capitulos, engloba el uso y aplicaciones de
algunas técnicas no-destructivas que involucran la generacion y propagacion de calor
y la medicidn del campo de temperatura resultante en un medio. De aqui, en el primer
capitulo se describen los fundamentos de la transferencia de calor, haciendo énfasis en
las ecuaciones que rigen este fendmeno y los principales pardmetros termofisicos
involucrados. Entre estas ecuaciones pueden mencionarse la ley de Fourier, la de
enfriamiento de Newton y la ley de Stefan-Boltzman que describen el flujo de calor en
los mecanismos de conduccidn, conveccion y radiacion, respectivamente, asi como la
ecuacion de difusion de calor, que permite calcular el campo de temperatura en
fendmenos no estacionarios y describir la dinamica de la transferencia de calor en un

cuerpo. Esta ecuacion puede escribirse como:

02T  9%T | 9T pcdT 10T
=VT =—=-—
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y es el pilar fundamental o el punto de partida de las teorias y técnicas que fueron
usadas en este trabajo. En esta ecuacion, k es la conductividad térmica que mide la
habilidad de un cuerpo para conducir el calor, cuyas unidades son Wm™K?, a es la
difusividad térmica que mide la tasa de propagacion de calor a través del cuerpo, sus
unidades son m?s?, p es la densidad y c es el calor especifico (JKg*K™), definido
como la cantidad de calor requerido para incrementar en un grado de temperatura una
unidad de masa. En el caso particular en que un cuerpo homogéneo e isétropico semi-
infinito es calentado periddica y uniformemente en su superficie por la absorcion de un

haz de luz monocromaético de intensidad I = %IO(I + cos wt), la solucién de la

ecuacion de difusion de calor en la direccion x, sujeta a una condicion de flujo en la

superficie, se puede expresar como:

. w ' 5
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Esta ecuacion representa la distribucion de la temperatura a través del cuerpo en
cualquier instante de tiempo en la direccion x. e = /pck es la efusividad térmica

(Ws?m2K™1), que indica la habilidad del cuerpo para intercambiar calor o energia con

el ambiente.

En este manuscrito los pardmetros térmicos e, k y a fueron medidos en diferentes
medios y usando diferentes técnicas cuyo potencial de aplicacién esta direccionado a
los procesos de certificacion y control de calidad en distintos campos de la industria.

En el segundo capitulo se describen las técnicas que fueron utilizadas, que son:

e La fotoacustica
e La fotopiroeléctrica
e Latermografia infrarroja

e El método del alambre caliente transitorio.

El tercer capitulo tiene por objetivo medir las propiedades térmicas de mezclas liquidas
de heptano/isooctano en funcion de su indice de octanaje (Ol, por sus iniciales en
inglés), que estima el rendimiento real auto-detonante del combustible en los motores
modernos, asi como la conductividad térmica de las componentes puras en fase gaseosa
de algunos alcanos, con el fin de contribuir en las normas de certificacion del indice de
octanaje. Para esto, se midié la k a través del método del hilo caliente transitorio
(Transient Hot Wire, THW) y la e por medio de la técnica fotopiroeléctrica frontal
(Front Photopyroelectric, FPPE). Luego, @ y C = pc fueron calculadas utilizando las
relaciones a = (k/e)? y C = e?/k, respectivamente, donde C es la capacidad
calorifica por unidad de volumen. Se evalué el comportamiento de los parametros
térmicos en funcion del 10 considerando como valores limites el 10 del heptano que es
igual a 0 y del isooctano que es igual a 100. Se midieron diferentes mezclas de estos
alcanos variando la fraccion de masa del isooctano en heptano en 0, 20, 40, 60, 80 y
100 %, que ademas corresponden en nuamero con el 10 de cada mezcla. Las curvas
obtenidas con los parametros termicos medidos y calculados para cada fraccion de
masa del isooctano en heptano demostraron la sensibilidad de los mismos a la deteccién
de posibles asociaciones moleculares en las mezclas binarias de hidrocarburos liquidos.
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También se muestra en este capitulo que la THW es adecuada para estudiar el efecto
sobre la conductividad térmica de aire saturado con vapor de diferentes hidrocarburos
(n-alcanos). Se muestra que existe una proporcionalidad entre la conductividad térmica
de este vapor en funcion del nimero de atomos de carbono que componen la cadena

molecular.

El objetivo del cuarto capitulo es medir la efusividad térmica y espectros de absorcion
oOptica en el infrarrojo de muestras de aceite de café organico y convencional con el fin
de encontrar posibles criterios de discriminacion entre estos tipos de muestras. Los
pardmetros térmicos guardan una estrecha relacion con las caracteristicas morfo-
anatomicas de un material de origen vegetal las cuales a su vez son parcialmente
definidas por el proceso de produccién agricola al que es sometido. La efusividad
térmica es un parametro que ha sido usado para caracterizar la calidad de algunos
alimentos. Por lo tanto, inicialmente se hizo un analisis del perfil de acidos grasos
mediante cromatografia de gases, asi como un analisis fisico-quimico de densidad e
indice de acidez para verificar la pureza del aceite extraido. Se utilizo la espectroscopia
fotoacustica infrarroja por transformada de Fourier complementada con el anélisis de
componentes principales para identificar las posibles diferencias entre las intensidades
de las bandas de absorcién relacionadas con los grupos funcionales. Se midid la
efusividad térmica usando la técnica FPPE, reconocida por su alta sensibilidad y
precision en la obtencion de este parametro. Se realizd una comparacién entre las
variables fisicas de las muestras de aceite extraidas de granos de café organicos y
convencionales, principalmente de la efusividad térmica soportada por los parametros
fisico-quimicos también obtenidos, lo que permitio observar ligeras diferencias entre
estos tipos de muestras de aceite demostrando que este parametro puede ser usado
como un criterio de discriminacion entre muestras de aceite extraido de café cultivado

en diferentes tipos de agriculturas como son la convencional y la organica.

El quinto capitulo tiene por objetivo determinar el ancho de una interface o grieta entre
dos medios diferentes a través de su resistencia térmica de contacto usando termografia
infrarroja Lock-in con calentamiento puntual, asi como la conductividad térmica de

fluidos (gases y liquidos) que llenan la interface. Para ello, inicialmente se propuso una
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expresion analitica para la temperatura superficial de los dos medios (de conductividad
y difusividad térmica diferentes) cuando uno de ellos es iluminado por un léaser
enfocado y modulado en intensidad. Se realizé un andlisis de como las conductividades
térmicas de los dos medios afectan la sensibilidad para determinar la resistencia téermica
de contacto, considerando un medio con valor de conductividad térmica superior e
inferior respecto de la conductividad térmica del medio sobre el cual incide el haz del
laser. Utilizando una camara infrarroja, se obtuvieron los termogramas de amplitud y
fase de la temperatura superficial de los dos medios con un espesor de interfaz
calibrado. Ajustando un perfil de amplitud de temperatura a la expresion analitica fue
posible obtener el valor de resistencia térmica de la interfaz. Este valor nos permitié
encontrar el ancho de la interfaz utilizando la conocida relacion Ry, = L/kg;., donde
Ry, es la resistencia térmica, L el espesor de la interfaz y k.. €s la conductividad
térmica del aire. Los valores obtenidos coinciden con los valores nominales de la
calibracion validando la expresion analitica que se propone. Por otro lado,
aprovechando la definicién de R, se propone un método para medir la conductividad
térmica de fluidos (gases y liquidos) contenidos en la interfaz. Inicialmente se hicieron
simulaciones numeéricas para evaluar la sensibilidad de la discontinuidad del campo de
temperatura a la conductividad térmica del fluido que llena la interfaz entre dos
materiales de iguales propiedades fisicas, esto por simplicidad en el caso practico. A
través del andlisis de sensibilidad se establecio un material ideal que permitiera hacer
mediciones de conductividad térmica de fluidos que estuvieran en el rango de 0.01 a
1Wm™K1, rango en que se encuentra este parametro en la mayoria de los fluidos. Se
propuso una interfaz en forma de cufia para hacer las mediciones a diferentes espesores
en un solo experimento, haciéndolo mas eficiente y reduciendo el error experimental
en comparacion a una interfaz completamente paralela. El procedimiento experimental
consistié en medir la Ry, de la interfaz en cufia en diferentes puntos a lo largo de la
misma (esto es, a diferentes espesores) mediante el método de termografia infrarroja
Lock-in con calentamiento puntual a temperatura ambiente y presion atmosférica.
Posteriormente los valores nominales del espesor son representados en funcién de la
resistencia térmica en una curva L Vs. Ry, de la cual se obtiene una relacién lineal
cuya pendiente es el valor de la conductividad térmica del fluido (kfy,i40) que llena la
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interfaz. EI método se comprobo llenando la interfaz con los fluidos: aire, etilenglicol
y agua, que son regularmente usados como fluidos de calibracion en otras técnicas de
caracterizacion térmica. Los resultados obtenidos de conductividad térmica concuerdan

con los valores reportados para estos fluidos validando el método.

Finalmente, el sexto capitulo de este manuscrito tiene por objetivo medir la difusividad
térmica en el plano de muestras solidas en movimiento a velocidad constante usando
termografia infrarroja. Esta dinamica de movimiento imita el caso de la produccion en
linea en fabricas en la que esta propiedad térmica podria ser utilizada como parametro
de control de calidad. El experimento consiste en calentar continuamente la muestra en
movimiento con un laser puntual enfocado, que permanece en reposo, y registrar la
temperatura de la superficie de la muestra mediante una camara infrarroja. Se utilizo
una expresion analitica para la temperatura superficial de la muestra en movimiento
que involucra principalmente el parametro de difusividad térmica de la muestra en las
direcciones x y y. Considerando el estado estable, una velocidad constante de
movimiento y el espacio de deteccion de la camara infrarroja, se hicieron un conjunto
de simulaciones numéricas para evaluar la forma del campo de temperatura superficial,
los tiempos en los que se alcanza el estacionario y el comportamiento de los perfiles
longitudinales y transversales a la direccion del movimiento. A partir de estas
simulaciones se establecieron tres relaciones lineales simples cuyas pendientes son
dependientes de la difusividad térmica en la direccion del movimiento de la muestra y
en la direccion perpendicular a este, cada una de estas relaciones fueron establecidas
independientemente y definidas como: ElI metodo de las parabolas, del perfil
longitudinal y del perfil transversal. Estos tres métodos lineales tienen la ventaja de no
verse afectados por las pérdidas de calor por conveccién y radiacion, y son validos
tanto para muestras opacas como semitransparentes. Los métodos lineales permitieron
establecer una relacion dependiente de la velocidad para la longitud de difusion del
calor a lo largo de las direcciones x y y. Se hicieron mediciones sobre un amplio
conjunto de muestras de calibracién evaluando diferentes regimenes de respuesta
térmico y opacidad en materiales isétropos y uno anisotropo que confirmaron la validez
de los métodos, que también son validos cuando la muestra esta en reposo y el laser

escanea su superficie a velocidad constante.
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En este manuscrito la ciencia aplicada es la principal protagonista y se centra en la
aplicacion de algunas técnicas no destructivas para la caracterizacion térmica. Estos
métodos que surgen en los laboratorios de investigacion buscan prosperar en
aplicaciones practicas en diferentes campos ya sea como innovaciones, nuevas

tecnologias 0 como apoyo a los métodos ya estandarizados y regulados.
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ABSTRACT

This work is focused on the use of non-destructive techniques and methods that seek
to contribute to specific applications for the industry and research fields, and it is
composed of six chapters. Chapter one presents some theoretical fundaments and main
concepts that are the basis of what is presented in this manuscript. Chapter two presents
the principles of the methods and techniques used and their application. In the third
chapter, measurements of the thermal transport properties of heptane/isooctane
mixtures in the liquid phase at room temperature and atmospheric pressure were made
showing the relationship between these properties and the octane number. The thermal
effusivity and thermal conductivity were determined by the front photopyroelectric
technique and the transient hot wire method, respectively. Then, the thermal diffusivity
and the heat capacity per unit volume were calculated using the well-known
relationships. The calculated thermal parameters proved to be sensitive to detect
possible molecular associations in binary hydrocarbon liquid mixtures. It will also be
shown in this chapter that the hot-wire technique is also suitable to study the effect on

thermal conductivity of the diffusion of hydrocarbon vapor in air.

In the fourth chapter, oil samples extracted from organic and conventional coffee beans
were studied in order to find a possible criterion for discrimination between these types
of oil samples through the thermal effusivity, a parameter that was measured using the
front photopyroelectric technique. A fatty acids profile analysis was done using gas
chromatography as well as a physicochemical analysis of density and acidity index to
verify the oil purity. Additionally, Mid-Infrared Fourier Transform Photoacoustic
Spectroscopy aided by Principal Component Analysis was used to identify differences

between the intensities of the absorption bands related to functional groups.

In the first part of the fifth chapter, a method is proposed to measure the thermal contact
resistance at the vertical interface between two mediums or blocks using lock-in
infrared thermography with laser spot heating. An analytical expression is proposed for
the surface temperature of the two media when one of them is illuminated by a focused,

intensity modulated laser. An analysis is done on how the thermal conductivities of the
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two-media affect the sensitivity to determine the thermal contact resistance. Using an
infrared camera, the amplitude and phase thermographs of the surface temperature of
the two media with a calibrated interface thickness, were obtained. Fitting one
particular temperature amplitude profile to the analytical expression it was possible to
obtain the thermal resistance value of the interface. This value allowed us to find the
width of the interface using the well-known relationship Rin=L/kair. The values obtained
were in agreement with the nominal values of calibration. Taking advantage of the R
definition, in a second part of this chapter a method to measure the thermal conductivity
of fluids (gases and liquids) is proposed, considering that the narrow interface between
the two materials is filled by the fluid. The Ru is measured for different known
thicknesses, L, of the fluid by lock-in infrared thermography. The thermal conductivity
is obtained directly from the slope of the straight line L vs Rw. The method was tested
by filling the interface with the fluids air, ethylene glycol and water. The results
obtained agree very well with the values reported for these fluids.

Finally, in the sixth chapter an experimental setup is proposed based on infrared
thermography to determine the in-plane thermal diffusivity of samples that are moving
at constant velocity, imitating the case of in-line production in factories, in which this
thermal property could be used like a quality control parameter. The experiment
consists in heating the moving sample with a focused laser spot, which remains at rest,
and recording the sample’s surface temperature by an infrared camera. An analytical
expression for the surface temperature of the moving sample has been obtained. Three
simple linear relationships with slopes dependent on the thermal diffusivity in the
direction of the sample movement and in the perpendicular direction were used. These
three linear methods, which are not disturbed by heat losses by convection and
radiation, are valid for both opaque and semitransparent samples. Measurements
performed on calibrated samples confirm the validity of the methods, which are also

valid when the sample is at rest and the laser spot scans its surface at constant velocity.
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INTRODUCTION

The present work was done towards obtaining the PhD degree in Advanced Technology
by the Centro de Investigacion en Ciencia Aplicada y Tecnologia Avanzada
(CICATA)-IPN, Mexico City-Mexico, and the PhD degree in Physics by the
Universidad del Pais Vasco (UPV/EHU), Bilbao-Spain. Two of the eight study
semesters were spent at the UPV/EHU and the other six at CICATA, within the frame
of a collaborative research program between both institutions. Applied science is the
main protagonist of this thesis, whose goal is mainly focused on demonstrating the
possibilities of different photothermal techniques to perform non-destructive

characterization of samples in different fields of research and industry.

Non-destructive testing is very attractive in various fields of application because it uses
methods and techniques that do not permanently affect the physical, mechanical,
geometric and chemical properties of the material being tested. In other words, when
the inspection, testing or evaluation process is completed the investigated material can
still be used for the purpose for which it was made, unlike methods that are destructive

in nature, and therefore testing is done on selected samples rather than the required one
[1].

The hierarchical map shown below synthetizes the techniques used in this work and

the applications for which they were applied in each chapter.
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GENERAL OBJECTIVE

To demonstrate that photothermal methods such as the photoacoustic, the

photopyroelectric and the IR thermography techniques are suitable for non-destructive

characterization of materials in applications related to certification and quality control

of products.

PARTICULAR OBJECTIVES

To measure the thermal properties of heptane/isooctane mixtures in the liquid
as a function of its octane number, as well as the gas phases of the pure
components, in order to achieve certification rules for octane number rating.
To measure the thermal effusivity and optical absorption spectra in the IR of
organic and conventional coffee oil samples in order to find a possible criterion
for discrimination between these types of oil samples using photothermal
techniques.

To determine the width at the vertical interface or crack between two different
media using LIT with laser spot heating through its thermal contact resistance,
as well as the thermal conductivity of fluids (gases and liquids) than fill the
narrow interface.

To measure the in-plane thermal diffusivity of solid samples in motion at

constant velocity using infrared thermography.
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CHAPTER 1
THEORETICAL FUNDAMENTALS

This chapter shows the fundamental concepts behind this work. It gives a brief
description of the heat transfer mechanisms by conduction, convection and radiation,
as well as the equation of heat diffusion and the thermophysical parameters involved

in it.

1.1 About heat transfer

Heat transfer can be defined as energy in transit due to a temperature difference. [2].
This process always occurs from the hottest to the coldest region and stops when both
reach an equilibrium temperature. There are three heat transfer mechanisms, namely
conduction, convection, and radiation, which are described by Fourier's law, Newton's
cooling law (for natural convection), and Stefan-Boltzman's law, respectively. A

combination of these heat transfer mechanisms may even be present in one medium

[3].

1.2 Heat transfer by the conduction mechanism

When there is a temperature difference in a body a transfer of energy is generated from
the most energetic particles to the adjacent less energetic ones, product of their
interactions. Conduction takes place in different phases of a substance, in solids, liquids
and gases. In the last two it is due to collisions and the diffusion of molecules during
their movement and in solids it is mainly due to the vibration of atoms and molecules
in the crystalline network or to the movement of electric charge carriers [3], e.g.
electrons. The way to quantify this heat transfer mechanism was proposed empirically
by mathematician Joseph Fourier in 1822 in his book Théorie Analytique de la Chaleur
[4]. He proposed a law that bears his name Fourier's law, which states that the heat
flux per unit area or heat flux density [Wm2] resulting from thermal conduction is
proportional to the magnitude of the temperature gradient and opposite to it in sign. If

we call the constant of proportionality, k, then
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dT R
Qcond = _ka [Wm 2] (1-1)

where k is called Thermal Conductivity and is a measure of a material’s ability to
conduct heat. Its units are Wm™K™, This transport parameter takes a characteristic
value for each material. Equation 1.1 tell us that if the temperature decreases with x, q
will be positive-it will flow in the x-direction. If T increases with x, q will be negative-
it will flow opposite the x-direction. Equation 1.1 is the one-dimensional form of

Fourier’s law[5].

For one-dimensional steady state conduction in extended samples of homogeneous and
isotropic materials and for small temperature gradients, Fourier’s law can be integrated

in each direction to its potential form. In rectangular coordinates it reads:

T, —T:; k AT
Qcond = k=*—= ZAT = R_th = heona AT (1-2)

X2—X1

(the signus minus was eliminated because only the magnitude of the heat flux density
was considered here). Here Ty and T2 represent two planar isotherms at positions x1 and

X2, respectively, with L = x, — x4, and Ry, is called the thermal resistance. The
parameter h.onq = k/L = 1/R;, has been incorporated as the Conduction Heat

Transfer coefficient.

1.3 Heat transfer by the convective mechanism

Consider a cool gas flows past a warm body. The fluid immediately adjacent to the
body forms a thin slowed-down region called a boundary layer. Heat is conducted into
this layer, which sweeps it away and, farther downstream, mixes it into the stream. We
call such processes of carrying heat away by a moving fluid convection. Thus,
convection is the transfer of energy between a solid surface and an adjacent moving
fluid. In the absence of any massive movement of fluid, the heat transfer that occurs is
by conduction only. In 1701, Isaac Newton considered the convective process and

suggested that the cooling would such that

— T, — Ty (1.3)
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where T, is the body temperature and T, that of the oncoming fluid. This statement
suggests that energy is flowing from the body. But if the energy of the body is
constantly replenished, the body temperature need not change, then the heat flux will
be

QxTy,—T, [W] (1.4)
This equation can be rewritten in terms of ¢ = Q/A as

Gconv = heonv(Tp — Te) [Wm-z] (1-5)

This is the steady-state form of Newton’s Law of cooling, as it is usually quoted [5].
The constant h,,,,, is the Convective Heat Transfer Coefficient and is a parameter that
is determined experimentally, whose value depends on all the variables that influence
convection, such as the geometric configuration at the surface, the nature of the

movement of the fluid, its properties and its massive velocity.

1.4 Heat transfer by the radiation mechanism

Thermal radiation is the energy emitted by matter at a finite temperature. Regardless
of the state of matter, radiation can be attributed to the accelerated motion of charged
particles of constituent atoms or molecules. The energy of the radiation field is
transported by electromagnetic waves (photons). The energy flux depends upon the
temperature of the body and the nature of its surface. While the transfer of energy by
conduction or convection requires the presence of a material medium, radiation doesn't.
In fact, radiation transfer occurs more efficiently in the vacuum [2]. Thermal radiation
occurs in a range of the electromagnetic spectrum between 0.1 to 1000 pum.

Black bodies. The black body or perfect thermal radiator is a body which absorbs all
energy that reaches it and reflects nothing, but this is only an idealization, in nature
there are no perfect black bodies. Suppose that a radiant heat flux density, Qrad, falls
upon a translucent plate that is not black. A fraction Ay, called Absorptance, is absorbed
in the body; a fraction R, called the Reflectance, is reflected from it; and a fraction T,
called the Transmittance, passes through. Thus, neglecting re-emission of energy from
a body by means of fluorescence or other similar process,
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1=A4,+R+T (1.6)
This equation is valid for radiation of all wavelengths at any temperature:
1 S Ab/1 + R?\ + T)\ (17)

If all radiant energy incident on a black body is absorbed, then A, = 1and R, =T, =
0. Furthermore, the energy flux density emitted from a black body reaches a theoretical
maximum, which is given by the Stefan-Boltzmann law that represents the flux of
energy radiated from a black body as:

qp(T) = oT* (1.8)

This law was established experimentally by Stefan in 1879 and explained by
Boltzmann on the basis of thermodynamics arguments in 1884. Here the Stefan-
Boltzmann constant, ¢, is 5.670400x10® W/m?K*, and T is the absolute temperature.
Likewise, non-black bodies emit less radiation than black bodies. Therefore, the heat
flux density emitted by a real surface is less than that emitted by a black body at the

same temperature, given by
Graq = €0T* (1.9)

where ¢ is a radiative property at the surface called Emissivity, with values in the range

of 0 < ¢ < 1 and is a dimensionless parameter [5].

Radiant heat exchange. Suppose a continuous energy exchange between a body of
emissivity ¢ and temperature Tp, and an isothermal surface that surrounds it with

temperature Tm. Here the radiation heat flow density is given by
Qrad = SO_(TI;} - T‘f?l) (1.10)

but the non-linearity of the equation presented is not very convenient to manipulate in
heat transfer problems. Therefore, if small differences are assumed between the body
and the medium, a Taylor series expansion around the temperature of the medium

allows to obtain a linear relationship of the form:

Qraad = 4€UT173 (Tb - Tm) = hyaa (Tb - Tm) (1-11)
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where h,.,4 is defined as Radiation Heat Transfer Coefficient [6].

1.5 Thermal contact resistance

In the event that two perfectly smooth surfaces are brought into contact, an ideal contact
will occur at each point of both surfaces, in the ideal case, but in reality this assumption
Is not easy to achieve experimentally because even the smoothest surfaces end up being
rough when examined microscopically encountering a numberless number of valleys

and peaks as shown schematically in Figure 1.1.

Interstitial Interstitial %

heat transfer heat transfer Temperature

gradient

e

Contact-Solid Contact-Solid

conduction conduction 4
7§

Figure 1.1 Contact Interface between two solids surfaces. Example of microscopic
view.

By joining the two surfaces through compression, the peaks will form a good contact
between the surfaces of the materials used, while the valleys will form air voids that
can be seen as thermal insulation regions due to the low conductivity of this gas. Hence
an interface between the materials is considered, and it offers some resistance to heat
transfer. Thermal radiation across the gaps is inefficient. This resistance per unit area
of the interface is known as Thermal Contact Resistance, Ri. The heat transfer through

the interface can be expressed by analogy to Newton’s law, as
Gint = henATine (1.12)

where AT;,, is the effective temperature difference at the interface. The parameter hyy,,

is the interfacial Conductance and can be expressed as,

hep, = ~nt (1.13)

ATint
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and it's related to the Rin by

1 L
R =m-=1

. [M2KW-1] (1.14)

where L is the average gap width in the points (if known) of non-contact between the
two surfaces, and k is the thermal conductivity of the air in this case. Note that R
represents the thermal contact resistance per unit area. The thermal resistance for the

entire interface is obtained by dividing Rw by the apparent area of that interface [3,5].

1.6 Heat diffusion equation

To establish the analytical expression governing heat transfer in a body subject to non-
stationary heating or cooling, Fourier's law must be combined with the energy
conservation law or heat flux balance, bearing in mind that temperature will depend on
both spatial and time coordinates. Therefore, considering a body with isotropic thermal
conductivity and assuming that there is no heat generation inside, we have in Cartesian

coordinates the following expression,

92T n 9°T n 9°T

ax2 | 9y? | 8z2 k ot  a ot (1.15)

This equation is known as the heat diffusion equation or the second Fourier equation;
where a = k/pc is the thermal diffusivity, which has units of m?s, and is defined as
a rate of heat propagation through the body. It is also a thermal parameter of its own
that is related to its thermal conductivity, specific heat (c, JKg*K™) and density (p,
Kgm). The specific heat is the amount of heat required to increase the temperature of
a unit mass of substance by one degree. In particular, for the one-dimensional case

where the heat flow is only in the x-direction, Equation 1.15 is rewritten as:

——-==0 (1.16)

Considering a semi-infinite solid subjected on the surface to heating by a

monochromatic light beam of modulated intensity I:

I =~1(1+ cos wt) (1.17)
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where lo is the intensity of light; w=2xzf"is the angular modulation frequency and t the
time; and considering that light is absorbed in its totality by the solid, the condition of
continuity of flux on the surface will be:
dT Io i
—k T |xmo = Re [2esot] (1.18)
Applying this condition, the solution of the one-dimensional diffusion equation is

lo X/ i(wt-X/ —
T(x,t) = st Y el (@t="/u="/4) (1.19)

in which u = (a/mf)/?, called Thermal diffusion length, is the distance at which the
wavelength decays 63% or e times from its initial value on the surface [7]. Equation
1.19 is often called a thermal-wave. In steady state, leaving aside the harmonic
temporal dependence of T, this equation depends only on the spatial coordinate x. The

amplitude and phase, considering the concept of the phasor, can be written as follows,

. I, x I, X
Amplitude (T (x)) = 2 Tocka /n = v € /u (1.20)
Phase (T(x)) = e /C/ut"/2 (1.21)

where e = \/pﬁ is denoted as thermal effusivity, whose units are. Thermal effusivity
describes a body’s ability to exchange heat or energy with the environment [8,9,10].
Note that A;,, = 2mu is the wavelength of the thermal wave, so that the thermal wave
is fully damped within one thermal wavelength. From Equation 1.19, if the temperature
is measured as a function of frequency at a given distance from the sample’s surface,
it is possible to determine the thermal diffusivity of the material. On the other hand,

measurement of the surface temperature allows the thermal effusivity determination.

Another solution to the diffusion equation of particular interest in photothermal studies
Is the response to a short excitation pulse, from which, information about the thermal
diffusivity of the material is obtained. It consists of heating the sample surface for a
short time (milliseconds) with a high power (kW) and then monitoring the cooling

process of the heated surface. Then, considering a semi-infinite, homogeneous and
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isotropic sample which is affected by a pulse Dirac delta ), of energy density @, (Jm°

2), the flow continuity condition can be written as:

dar
—ka lx=0 = Qoa(t) (1.22)

Under this condition the solution to Equation 1.16 has an analytical solution, in which

the evolution of the temperature after the pulse can be expressed as,

Qo _xz/ 2
T(x,t) = =€ " (1.23)

where u = +4at, is a measure of the depth of heat diffused into the sample at time t
[11,6].

It is important to mention that in the photothermal experiments the amplitude of the
thermal wave is often of a few mK, otherwise heating can affect the values of the
parameters to be measured. Due to these small values, photothermal signals are often
very polluted buy noise. Therefore, a technique to extract useful information from a
very noisy environment is necessary for data acquisition: Lock-in synchronous or

phase-sensitive detection.

1.7 Phase-Sensitive Detection

It is a process by means of which it is possible to recover a digital signal oscillating in
time at a given frequency and that is in an environment of very low signal-to-noise
ratio, rejecting any other signal that has a different frequency than the one of interest.
Basically, in this process two signals are involved: the signal with the information and
a reference signal (at the frequency of interest), both generally sinusoidal. This process
is the basis for the operation of a Lock-in Amplifier. A trigonometric analysis of the

signals shows how this signal recovery process works.
Suppose the input signal with the information has the form [12]:

S(t) = Ssin(wt + ¢g) (1.24)
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where S is the signal amplitude, ¢ is the phase. Furthermore, considering a reference
signal that oscillates at the frequency of interest wr and a signal with a phase difference

of /2 with respect to the mentioned reference, respectively,
Sy(t) = S, sin(w,t + ¢,) (1.25)
S.'(t) = S, cos(w,t + ¢,) (1.26)
and multiplying the Equation 1.24 by 1.25 and 1.26, we have
S, () = S(©) * 5,(6) (1.27)
5,'(£) = S(8) % S,'(1) (1.28)
Now applying some trigonometric identities, you finally get it:

S*ZST cos([w + w, |t + @5 + ¢,) (1.29)

SxSy
2 COS([(U - wr]t + @5 — (pr) -

Sp(0) =

25 sin([w — w, ]t + @5 — @) (1.30)

S*Spl .
Sln([w + wr]t +¢s + (pr) T

50 =%

The diagram in Figure 1.2 represents how this process is done, considering passive
electronic elements that allow the introduction of phase shifts and the filtering of

signals.
S(t) O Sp(t) Low-pass filter —————O X
Sp & Low-pass filter ———o0 Y’
Sre o +1/2 J Sriw

Figure 1.2 General scheme of Phase-Sensitive Detection method.

If we consider w, = w , then the difference in the components in the Equations 1.29
and 1.30 will be a DC component. In addition, in the scheme a low-pass filter eliminates

the higher frequency components, therefore, we could represent the signals as:
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Sp(t) = S*zicos((ps — @) ~Scos(p) =X (1.31)

S*Syp!
2

S, (t) = sin(ps — @,) ~Ssin(p) =Y (1.32)

Now you have two outputs, one that is proportional to the cos ¢ and the other to the
sin ¢, which can be named X and Y, respectively. These two quantities represent the
signal as a vector relative to the lock-in reference oscillator. X is called the component
in phase and Y the component in quadrature, from which the amplitude of the resulting

signal can be obtained as well as phase, as follows,

Amplitude = VX? +Y? (1.33)
1 (Y
Phase = tan™?! (}) (1.34)
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CHAPTER 2

SOME USED PHOTOTHERMAL
METHODS AND TECHNIQUES

There is a universe of experimental techniques aimed at measuring thermal properties
of materials, among which we can mention the photothermal methods, which are
generally non-destructive and non-invasive, a particularity that makes them very
attractive. These techniques offer high sensitivity for the determination of optical and
thermal properties of materials, among others. They are based in a common principle
of generating and detecting thermal waves, but they differ in the way of generation and
detection. In this chapter the four photothermal techniques used in this work will be
described, namely the photoacoustic, the front photopyroelectric method and two
variants of active infrared thermography. One non-photothermal method, the hot wire
technique, was also used, so that it will be described too. The mathematics involved in
each case, as well as the experimental schemes that have been implemented for the

development of this investigation, will be briefly discussed.

2.1 Photoacoustic Technique

This technique is based on the photoacoustic effect which was discovered in 1880 by
Alexander Graham Bell [13]. This consists in the generation of an acoustic signal due
to the heating of a body by the absorption of light. One of the modalities of the
technique, widely used for thermal and optical characterization of materials uses a light
beam modulated in intensity to generate a periodic heat flow through of the sample,
which produces pressure changes in the adjacent gas through a mechanical expansion-
contraction effect of the later. A basic experimental arrangement of the photoacoustic
technique (PAT) based on this principle is schematically shown in Figure 2.1. In this
configuration the sample is inside a sealed cell containing air or other gas. The intensity
modulated beam of light impinges on a sample and generates the PA signal that is
detected by a microphone already enclosed in the cell.
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Sample ! Eil4as

Figure 2.1 Schematic of a Closed Photoacoustic Cell.

Rosencwaig-Gersho model. The theory describing the signal obtained from the
photoacoustic effect was enunciated in 1976 by Rosencwaig and Gersho and is known
as the heat diffusion or the RG model [14]. It is based on the assumption that periodic
heating of the surface of a sample results in a flow of heat through the sample to a gas
contained in a closed cell. This model considers the one-dimensional heat flow in the
airtight cell and demonstrates that only a relatively thin layer of air inside it, adjacent
to the surface of the solid (sample) and of thickness equal to one thermal wave
wavelength (2, ) in the gas, thermally responds to the periodic heat flow from it.
This air layer is heated and cooled alternately, behaving like a vibrating piston, so that

pressure changes generate an acoustic signal.

A microphone detects the average pressure generated in the cell. The sample of
thickness Is (Figure 2.2) is located in such a way that its front surface is exposed to the
gas (air) inside the cell and its rear side is in contact with a backing of thickness lp. The
length of the gas column, lg, is given by lg=L-ls-lo, where L is the whole cell length. It
is assumed that the gas and the backing material do not absorb light. The subscript i
represents the solid (s), the gas (g) and the backing material (b); w = 2rf denotes the
angular modulation frequency of the incident light beam and its intensity is given by
I = IyRe(1 + e'®?b).
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Figure 2.2 View of the cross section of the cylindrical photoacoustic cell, showing
the position of the sample, and backing material.

The density of heat produced at any point x due to the light absorbed is given by,
%ﬁn[oeﬁx(l + cos wt) (2.1)

where £ is the optical absorption coefficient of the solid sample (in cm™) for a given
wavelength and 7 is the efficiency at which the absorbed light is converted into heat. x
takes negative values as it extends through the solid from x=0 to x=-Is; with light
impacting on x=0. The equation of thermal diffusion due to the conduction mechanism
in the solid can be written as,

92Ts _ 1 9T
ax2  as ot

—AneP¥[1+e¢t]; —l;<x<0 (2.2)

where = f1yn/2k, . For backing and gas, the heat diffusion equations are given by:

asz _ iaTb .

o2 —a ot =l =1l <x< - (2.3)
and

0?Ty 1 0Ty

oxz  ag ot Osx<l (2.4)

Equations 2.2, 2.3 and 2.4 must be solved with the corresponding temperature and flow

continuity boundary conditions,

T,(0,t) = T,(0,¢) (2.5)
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Ty(=1,t) = Ty(=1, t) (2.6)

ar dT;

kg —2(0,8) = ks—=(0,1) (2.7)
ar dTy

kg—2(=Lt) = ks> (=L 1) (2.8)

Considering the isobaric expansion of the thin gas layer of thickness 2zug followed by
an adiabatic compression of the remaining gas caused by volume variation in the cell,
an analytical expression is obtained for the pressure variation inside the cell at room
temperature as a function of position and time. Q is defined as the explicit solution
obtained in x=0, thus,

0= nBIyY Py ((a—1)(b+1)e0sls—(a+1)(b—1)e—ffsls+z(b—a)e—ﬁls
T 2V2kslgagTo(B2-02) (g+1)(b+1)e%sls—(g—1)(b—1)e—Osls

) i@l (2.9)

where b = kyap/ksag; g = kgag/ksas; o=0-)B/2as o5 =1+ )as, as =

(nf/as)l/Z; k;, a; y a; are the thermal conductivity, the thermal diffusion coefficient

and the thermal diffusivity of the medium i.

With this model it is possible to do a kind of optical absorption spectroscopy if the PA
signal is measured as a function of the wavelength of the incident beam. The
advantages of PA spectroscopy respecting conventional optical spectroscopies are the
possibility of analyzing both optically very opaque and transparent samples, its
insensitivity to scattered light and the option it offers of making depth profiling using
the dependence of the thermal diffusion length on light modulation frequency.
Alternatively, if the wavelength of the incident beam is kept constant and the
modulation frequency is varied, it is possible to obtain information concerning to the

thermal properties of the sample [14].

Thermally thick and optically opaque/transparent sample. Equation 2.9 is a
complicated expression to interpret due to the large number of variables involved. In
order to make a simple analysis of this, the physics of the problem allows some
approximations to be made by comparing the relative values of the three characteristic
lengths involved, namely the thermal diffusion and the optical absorption lengths and

the thickness of the sample. These have already been considered by RG. One case of
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particular interest is that in which the sample is thermally thick and optically
opaque/transparent, that’s it, us < Ig; s < pgand ug < I lug > 1, where ug = 1/B
is the optical absorption length. Under these conditions the complex photoacoustic
signal can be rewritten as:

_ IoyPo jﬁ#s#g HUs
Q= 22Ty 2 (ks) (2.10)

Here, the signal is proportional to the optical absorption coefficient of the sample, £,
and therefore to its absorbance. It is also proportional to the product Sus. The first
proportionality means that spectroscopy is possible and the second one that only a layer

of thickness us contributes to the signal [15,16,17].

It is worth to be mentioned that other mechanisms [18,19] can also influence the
photoacoustic signal and that other photoacoustic cell configurations can be also used.
For example, if the sample substitutes the quartz window in Figure 2.1, we will have
the so-called open PA cell configuration [20]. In this configuration, there is a
competition between the mechanisms of heat diffusion and thermoelastic sample
bending that can be used to measure, simultaneously, both the thermal diffusivity and

the linear thermal expansion coefficient of the sample [21].

2.2 Photopyroelectric Technique

This photothermal technique is primarily named after the type of sensor (pyroelectric)
used to detect thermal waves. The pyroelectric effect consists in the spontaneous
change of polarization, Ps(t), on the surface perpendicular to the polar axis of a crystal,

which is proportional to the temperature variation, dT, as described by [22]:

dPs(t) = —pdT(t) (2.11)
where p is the pyroelectric coefficient of the material. In addition, from Equation 2.11,
it follows that the detector can generate a current I(t) given by

dar(t)
dt

1(t) = Ayp (2.12)
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where Ap is the detector area. Equation 2.12 is the simplest way to represent the
pyroelectricity phenomenon in terms of electric current, but it is important to note that
an equivalent electric circuit allows this phenomenon to be represented in terms of a

voltage generator.

This type of detectors turn out to be very efficient and sensitive to small temperature
variations, so that Coufal [23] and Mandelis [24] made use of them to obtain optical
absorption spectra of several samples to which a pyroelectric sensor was attached.
Later, Mandelis and Zver [25] proposed the theory of photopyroelectric spectroscopy
in solids, which was later approached and generalized by Chirtoc and Mihailescu (C-
M) [26, who proposed a general analytical expression for the complex
photopyroelectric signal in the one-dimensional case. To obtain this expression, a
multilayer arrangement like that proposed by RG was considered, as shown in Figure
2.3.

Pyroelectric (p)

Substrate (s) Window (w)
Backing (b) Sample (m)
. : Modulated
+ | Air/gas (g) light
beam (w, 1)
s
-00 -d4  -d3 -d2 X -d1 0 +00 >

Figure 2.3 Schematic view of the cross section of the photopyroelectric cell, showing
the position of the window, sample, pyroelectric sensor, substrate and backing material,
in the so-called Back Detection Configuration. Metallic electrodes (not shown in the

figure) are deposited on both sides of the pyroelectric sensor to measure the signal.

In this scheme, the cell is uniformly irradiated by a monochromatic light beam with
wavelength /4 and irradiance Ho [W/m?], which is periodically modulated in intensity at

the angular frequency w. A thermally thin and optically opaque electrode is assumed.
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The thermal wave generated in the sample by the absorption of light propagates from
the sample to adjacent layers producing a periodic temperature field in the pyroelectric
given by T,(x,t) = Tp(x)ei“’f, which is converted into an electrical signal by the
pyroelectric effect. Considering a ReC circuit [22] (Re is the electrical resistance and C
is the electrical capacity) equivalent to the sensor that is connected in parallel with the
current source (Equation 2.12), the voltage output of the pyroelectric will be:

V() = o B (T, (x))e (213)

€E(1+iwTEg)

where 7z = R, C is the electrical time constant and € is the dielectric constant of the
pyroelectric sensor. In order to find an expression for the temperature in the steady

state, the following system of heat diffusion equations must be solved

asz(x) iw _ .
e, —a—jT]-(x) =0, j=g,w,p,5s,b (2.14a)

2 .
% — ;i ' (x) = Hgiﬂe[ﬁ(xmn] n RHZkﬂ e~Plmel-B(x+ad)] (2 14p)

where £ is the optical absorption coefficient, R is the optical reflection coefficient at
the sample’s front surface and n,, is the light energy into heat conversion quantum
efficiency of the sample. In Equation 2.14b, the terms on the right-hand side represent
two heat sources in the sample due to the incident and reflected light waves. The

boundary conditions for temperature continuity at all interfaces are,
T;(i,j)) =T;(@. ), (i,)) = (g w),(w,m),(mp)(p,s) (s,b) (2.15)

and for the heat flux continuity,
d e s Qo ..
kis=Ti(,)) = ki =-T;(L, ) =0, (i,)) = (g, w), (w,m), (p,s),(s,b) (2.162)

d 0 -
kp 3= To(Ps1) = k3= T (py) = (1 = B) () mpe Pt (2.16)

In the above equations the term (i, j) represents the interface between regions i and j,
and n,- is the light into heat conversion quantum efficiency of the sensor, which arises

for the fraction of the light energy that can eventually reach it. Using Equations 2.14,

46



2.15 and 2.16 the following expression for the complex photopyroelectric voltage
response of the multilayer system shown in Figure 2.3 is obtained:

Gaptg
kp(1+iwTg)

V(t) = [eiwt (2.17)

where T is a dimensionless factor given by [26]:

['=eFm{2n (1-r2) W/ ef'm + RW e Fim]
—-[@=r)"n, —RA+r), — (A =R, W, M
+[@+r M, —RA-r), — (1 —Rn [W.M}S, (P -1)
+S_(P7'-1)]
X {[(bmp + 1)S4P = (bpp — 1)S_P W, M
(B = 1)S,P = (bop + 1)S_P-1|W.m~1) " (2.18)
with

W, = e®ww(byy, + 1) (bym + 1) + e oww(byy, — 1) (bym F 1),
WI = e®ww(bgy, + 1) (bymr™t + 1) + e~ (b, — 1) (bymr 1 F 1),
Sy = e%!s(bys + 1)(bsy £ 1) + €% (bys — 1) (bsy F 1),

Hy
€

=

M =emim P =e%b L G =

_kioi 8
9] k]O_; - -

N

Due to the large number of parameters present in Equation 2.18, it is difficult to obtain
quantitative information about optical or thermal parameters in a simple way. In order
to reduce it, C-M follow the procedure adopted by RG in which different
approximations of the complex equation are made relating the thickness, optical
absorption length and thermal diffusion length in each layer, as well as the relation of
the thermal effusivities bjj between the layers that are in contact. In this way, it was
possible to demonstrate that in this experimental configuration it is possible to obtain
information about g, a and e of the sample from an analysis of amplitude and phase
of the pyroelectric signal [26]. This configuration is colloquially known as Back-
detection (BPPE), since the temperature rise is detected by a pyroelectric sensor that is

in thermal contact with the rear surface of the sample (Figure 2.3). In the particular

47



case where the window and substrate are thermally thick and the absorption occurs
within a very thin opaque layer at the w/m interface (opaque sample), the expression
2.18 is reduced to [27]:

V(f) _ 2Gaptg
T kp(1+iwTE)
e—0mlm e?Plp +Rope PP —(14Rp)

(2.19)

(bwm+1)(bmp+1) e?PLP —RgyRimpe "PLP +(Rynpe “PLP —Rgpe ~7PLP)R e —20mlm

where R;; = (b;; — 1)/(b;j + 1) ; (i, j=s ,p, m, w, g). This equation depends only on
the thermal parameters a and e. It is worth mentioning that the parameter Rjj can be
strongly affected by factors such as slight misalignments and thermal mismatches

between sample and sensor.

Frontal-detection (FPPE) (also Known as Inverse Photopyroelectric Detection) [28].
In this method the most relevant thing is that light beam falls directly on the front face
of the pyroelectric sensor through the window and the samples is attached to its rear
side. As shown in Figure 2.3, the sensor is in intimate contact with the substrate at the

rear. The substrate in this case will be replaced by the sample, as shown in Figure 2.4.

S—»m
Modulated
light

- 4 beam (w, 1)
s
O O S
-00 -d4  -d3 -d2 X -d1 0 +00 >

Figure 2.4 View of the cross section of the photopyroelectric cell in FPPE, showing

the position of the window, pyroelectric sensor, substrate/sample and backing material.

This configuration is important because it allows studies on opaque materials, which
was complicated to do in BPPE that is limited to the study of liquids, gases or

semitransparent solids, ideal for the scheme considered in Figure 2.3. Maintaining the
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conditions of thermally thick for the window and the substrate, the expression obtained
for the voltage variation of the pyroelectric in FPPE is [29],

2Ga,tg 1 1-e PlpRg,(e727PP—e7Plp)
*
kp(1+iwtg)  (bwp+1) 1-RspRype 27PLp

V(f) = (2.20)

In order to eliminate the parameters related to instrumentation and thermo-optical
properties of the detection element, a normalization process is necessary. The best

reference signal is obtained using air instead of the sample. Assuming then that Ry, =

Rg4p = —1, one gets for the normalized signal:
L) =1-(1+ Rsp)e_Jpr (2.21)
if the whose amplitude and phase signal are given by,

V()] = {[(1 + Rsp)sin(apr)e"‘IPLP]2 + [1 - (1+ Rsp)cos(apr)e‘aPLP]2}1/2
(2.22)

and

(2.23)

(1+Rsp)sin(aplp)e PP )

= arctan
v, (1—(1+Rsp)cos(apzp)e‘“plp

respectively. In a typical experiment, the amplitude and phase are measured as a
function of the modulation frequency and the thermal effusivity, which is contained in
the Rsp term, is obtained through a fitting procedure in which Rsp can be left as fit

parameter in Equation 2.22 and 2.23. The e, will be then calculated by:

1+Rgp
s = €p
1-Rgp

e (2.24)

2.3 Active Infrared Thermography

Infrared thermography (IRT) consists of detecting the infrared radiation coming from
a medium or body using a suitable camera, and representing it as image known as
Thermogram. Although the phenomenon of infrared radiation was discovered in 1800
by Herschel, years had to pass to do research and technological developments with this

type of radiation, highlighting the development of the first mono-detector IR camera in
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1963 by AGA. Subsequently, since the last decade of the twentieth century there is
growing interest in the field of IRT, motivated by the emergence of Focal Plane Array
Cameras, which have high thermal sensitivity, and high spatial and temporal resolution
[30].

The methods and techniques based on IRT can be divided into two groups: passive and
active infrared thermography. In the first, a controlled external excitation source is not
used to generate an additional heat flow within the body under observation, i.e. only
natural heat sources are considered. In the second one, the sample under examination
Is heated by an external stimulus, a fact that allows studying the thermal response of
the body to such stimulation. There are different variants of active IRT depending on
the source of heat, which have been used in different fields of applied science to obtain
gualitative and quantitative information. Active IRT is used in this manuscript for the

thermal characterization of moving and static samples, as well as static interfaces.

2.3.1 Lock-in Thermography

This technique is a combination of the Phase-Sensitive Detection signal processing
method mentioned in section 1.7 and Active IRT. It consists of generating a thermal
wave in a material with a light beam modulated in intensity and recording the
temperature field produced on its surface with the help of an infrared camera with lock-
in incorporated capabilities synchronized with the light modulation frequency. A lock-
in processing on each pixel of the obtained thermogram sequence is carried out giving
as a final result an amplitude and phase thermogram. Lock-in thermography was first
described by Carlomagno and Berardi in 1976 [31], but it was not until the 1990s when
it was widely exploited with the development of the first Lock-in IR camera by Busse

[32]. These cameras generally use a lock-in correlation process [11].

The signal of the lock-in correlation process can be expressed as:
1 tin
Sie = afo F(OW(t)dt (2.25)

Where t;,, is a finite integration time, F(t) is the detected signal and W (t) is the

correlation function. In the discrete case (digital signal), the procedure consists of
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averaging the product of the values of F and W over n events during a lock-in period,
so that:

Sn = = Yites Fe Wi (2.26)

The W correlation function is generally harmonic. That is, if the function is symmetrical
and evaluated over a full period, the sum of all values is zero, suppressing the DC
contribution in the S,, signal. Considering now N periods in a synchronous process and

keeping the weights equal in each lock-in period, the lock-in correlation signal will be:

= Z =1 2k=1Fj Wi (2.27)

In camera-based systems, the camera is running at a certain frame rate, fi, converting
the surface temperature distribution (in two dimensions) into an image containing the
temperature information. It is important to mention that in lock-in thermography, as a
rule two channels are used (in phase and quadrature) that deliver two corresponding
signals from which amplitude and phase thermograms can be obtained. Figure 2.5 is a

schematic of the discrete lock-in correlation process [11].

e Heating power

frames ’ |
r. 1 5 ZZFkCOS[tk) =
2cos(t,)

N i M\

Figure 2.5 Principle of the lock-in correlation process in camera-based systems [33].

In the Figure, P is the maximum power of the periodic excitation source, and S*and SY
represent the in-phase and quadrature signals respectively from which the amplitude

and phase are obtained according to Equations 1.28 and 1.29.
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2.3.1.1 Thermal diffusivity by the slopes method

Using LIT it is possible to determine the thermal diffusivity parameter of slabs using
the Surface Thermal Wave technique as demonstrated by Zhang and Imhof in 1996
[34]. Taking their analysis as a reference, different proposals have been made to
measure this parameter using thermographic cameras, such as the one presented by
Mendioroz et al [35]. These authors make a mathematical development and present
linear relationships between the amplitude and phase of the signal and the distance
from a localized heat source that allow to determine a; of thin plates, considering also
the heat losses on their surfaces. Consider a semi-infinite, homogeneous and isotropic
slab that is illuminated with a focused beam of P, (W) power with a Gaussian
distribution of radius a (at. 1/e2) (Figure 2.6) that produces a heat flux on the surface

of the sample at z=0 given by

q(r) = 75e7 (2.28)

aze

z Modulated Gaussian
light beam (w, A)

r Heat losses

z=0 __dl

Z——ISJ Sample (S)(///

A x
L Heat losses

Figure 2.6 Schematic of a semi-infinite sample illuminated by a focused and
modulated light beam.

The equation of heat diffusion in the sample, in the stationary state, in cylindrical

coordinates r and z (without an angle dependence), is given by

0%Tae 10Ty , 02Ty 2 .
pw +; P + 5z O Ty =0; (2.29)
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where o = /iw/a,. It is subjected to the following flow continuity conditions on both

slab surfaces,

0Tqc Po  _2r2/q2
ks 0z ly=¢ + hoTaclzzo - ma? e~/ (230)
0Tqc
ks 92 - thaclzz—ls =0 (2.31)
z=-Ig

where hp and hy are the heat losses transfer coefficients on the upper and lower surface
of the sample, respectively, and ks is the thermal conductivity of the sample.
Considering the geometry of the problem the mentioned authors work in Hankel's space
to obtain the solution of the problem. In this space, Equations 2.28 to 2.31 can be

rewritten respectively as:

q(8) = 2e~0w"/8 (2.32)

P8 _ g7 (5,2) = 0 (2.33)
ks Tee| 4 hoTaclymg = g2eC0?/8 (2:34)
L Iy P (235)

where 7 = 8% + o2 and § is the Hankel's variable. The solution to Equation 2.33 is

given by:
T, (8,2) = A(8)ePr? + B(8)e Fn? (2.36)

where the variables A and B are obtained from the boundary conditions. The

temperature distribution in the sample is obtained using Hankel's inverse-transform as:
Tactr) = Jy 8)o(87)Tac(8,2)dS (2.37)

where Jo is the Bessel function of zero order. After some algebraic procedures, this
equation can be rewritten as [35]:
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e—(5a>2/8>< (1+H,)ePrlseBr? +(1-H,)e Prise=Bnz
B (1+Ho) (1 +Hy)ePhls—(1-Ho)(1-Hy)e Phls

(2.38)

Po
4tk

Tac(r,2) = 2= [ 6,(67) ds

inwhich Hy, = hy/ksBrand H; = h,y /ksBy. In the above equations the heat conduction
to the gas was neglected due to its low thermal conductivity, i.e. only heat losses by

convection and radiations have been considered.

As well as in the approximate cases presented in the Photoacoustics and
Photopyroelectric technique (Section 2.1 and 2.2), the following particular situations

are of interest here for the measurement of the thermal diffusivity:

Thermally thin slab. i.e I < pug, therefore, et%s = 1 + gl or etPrls =~ 14,1, and

ho = hy = h. The Equation 2.38 reduces to:

e~ (6a)?/8
B

Po
Akl

Tac (r) =

Jy 8J,(87) ds (2.39)

with ' = 62 + ¢’ and o'?=02 + (2h/k,l,). Note that the temperature oscillation
does not depend on z. Now considering a very focused excitation beam (a=0) and using
an asymptotic approximation for large r values (r — o), the Equation 2.39 is rewritten

as,

—0alpr

Py s 1 e —ionr
. - 00 = — — 1 .
Tac-enin(r ya=0) 4Tkl \/;\/O'IR+1'O'II NG € (2.40)

where ¢’ and ¢’; are the real and imaginary part of a. As can be seen, the phase has a

linear behaviour as a function of r whose slope is
my, =—0' (2.41)
In addition, taking the natural logarithm of the amplitude of the temperature multiplied
by the v/, a similar linear behavior is obtained as in the phase but whose slope is
MU0 (VP T e tnin (ro00a=0)) = O R (2.42)

It is important to mention that when one gets a, with one of the Equations, 2.41 or

2.42, alone, the value obtained tends to be underestimated or overestimated,
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respectively. However, the product of both slopes is independent of heat losses and

allows an optimal value of a, to be calculated from the product
Mgy X mln(\/?Tac—thin(r—’oo'azo)) - T[f/as (243)

Thermally thick slab. i.e Iy » us, therefore, e ~ 0 or e #rls ~ 0. Equation 2.38

reduces to:
_ P, o e—(6a)?/8
Tac—thick(rlz - 0) - 4mkg fO 5]0(57') Bh"'z_g d‘s (2-44)

The Equation 2.44 has no analytical solution even by doing a=0. Through numerical
simulations considering the absence of heat losses one comes to the conclusion that the

phase has a linear behavior as a function of r, whose slope is:

my, = —\nf /s (2.45)

Likewise, the natural logarithm of the amplitude of the temperature multiplied by r as

a function of r is linear with a slope:

MUn(rs+T ge—thick 7,2=0)) = —V f/as (2-46)

It is important to mention that the effect of heat losses in thick samples is small even
for samples with low thermal conductivity. Only at very low frequencies, less than 0.1
Hz, these losses should be considered [35,36].

2.3.1.2. Infinite vertical interface

In this section we present a method to measure the contact thermal resistance produced
by an infinite interface vertical, using LIT with laser spot heating. The main basis of
this method is to produce a heat flux across the interface that in turn causes an
asymmetry in the temperature field at the surface of the material induced by the effect
of the interface (also called Crack), that acts as a thermal resistance. The contact
thermal resistance assigned to the vertical interface causes a partial blockage of the heat
flow when the laser Spot is focused near the crack. This method has been of interest to
different authors since the 1990s, who have introduced multiple variations of it with

specific applications for the characterization of geometric parameters of a crack using
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continuous, pulsed and modulated excitation. In the case of Gaussian point excitation
using LIT, Pech-May et al obtained a semi-analytical solution for infinite vertical
interfaces using the Hankel transform [37]. They propose a semi-infinite and opaque

material with an infinite vertical interface placed in plane y=0. The surface of the
sample is illuminated by an ideal laser spot modulated in frequency, P(t) = %Po[l +

cos(wt)]. The center of the spot laser is located at a distance d from the interface (0,
d, 0), as shown in Figure 2.7. Adiabatic conditions are assumed on the sample surface,

so heat losses to the surrounding air are neglected.

4 Modulated Gaussian
I light beam (w, 4)

== — Radius,a

L v _

¥

e Interface

Sample (s)

*
Air Gap
Figure 2.7 Schematic of an infinite vertical interface inside a material being

illuminated with a focused and modulated laser beam.

First, authors consider that the medium is infinite, i.e. there is no surface and that the
excitation is point-like. Expressions for the spherical thermal wave T (x, y, z) generated

by the excitation and the waves scattered by the interface, T(x,y,z), and T (x,y,z) _,

are given by:
P, e 9Rc Py, oo —Bply—d|
T(xy,2) = ;20— =72 [ 8),(6r) —— d& (2.47)
T(x,,2)+ = P, [, 8],(8r)Ae Py ds; y>0 (2.48)
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T(x,y,2)- = P, [, 8],(8r)BePry ds; y<0 (2.49)

where R, = \/x2 + (y — d)? + z2 and r = Vx2 + z2. Expression 2.47 represents a
spherical wave in Hankel's space. The material temperature for y>0 and y<0, is given
by T.(x,y,z) =T(x,y,z) + T(x,y,z), and T_(x,y,z) =T(x,y,z) + T(x,y,2)_,
respectively. To determine the constants A and B in Equations 2.48 and 2.49, the
conditions of continuity of heat flow and discontinuity of the temperature at the
interface will be:

0Ty _ ., O
kst - ks - (2.50)
oT.
Ty — T—)y:o = Rthksa_; =0 (2.51)

where Ry is the thermal contact resistance of the interface or crack that is related to the
thickness of the air gap according to Equation 1.13. Now, the presence of the surface
of the sample is taken into account by applying the image method (assuming adiabatic
conditions at the surface) that means having a laser spot of double power. Finally, a
real circular Gaussian spot of a maximum power P, and radius a is considered, for
which the temperature inside the sample becomes the sum of the contribution of each

point of the Gaussian spot weighted by its intensity.

2[x§+(vo-d)?]

P, 0 (o0 -
Ti(xr Y, Z) = n2aZkg f—oo f—oo dedyO e a?
e 9Rdq Vo [ e~ Brlyol+lyD
X [ Y + kthhwfo 5]0(5Td)m dé (252)

where Ry = /(x —x0)% + (¥ — ¥0)2 + z2 and 4 = 1/ (x — x¢)? + z2. Equation 2.52
needs to be analyzed with numerical methods. In order to reduce the computational
cost, a temperature profile along the y-axis is considered, i.e. perpendicular to the
interface and through the center of the laser spot [11,37]:

2[roo-a?] | _or,

ffooo ffooo dxody, e a? R,

Po
m2a2kg

Ti (O, y, 0) =
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(50)? 2 B g a iy
+ Fo kR fooe_ 16 | (6a)]e ° rr
— 4mks ST thJo 0 2+ksRenPBh

16

x[1- Erfe (“2"233_#) — e2Prdgyfe (%ZZ‘”)] 5ds (2.53)

Here R, = \/xoz + (v — ¥0)?, I, is the modified Bessel function of zero order and Erfc
is the complementary error function. A numerical simulation allows to extract
information about the amplitude and phase of Equation 2.53, from which the R value
of the interface is mainly obtained due to the abrupt discontinuity of the temperature in

the plane y=0 as shown in Figure 2.8.

5 T T : T T T

Laser spot !
(radius, a) --0.2

__ Discontinuity

w

1 Discontinuity

In(|77) (a.u.)

§Interface

T T T T T T T T T T -1.4
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

y (mm)

Figure 2.8 Numerical simulation curves of the natural logarithm of the temperature
amplitude and phase showing the abrupt discontinuity of the temperature profile along
the y axis. Simulation parameters were ks = 15 W/mK, as = 4x10° m?/s, Ri, = 3.85%x10°
> m?K/W, a = 150 pm, d = 300 um and P, = 300 mW.

2.3.2 Pulsed Infrared Thermography with Laser Spot

It is a method that allows to measure the in-plane thermal diffusivity of a material, on
which a focused Gaussian pulse impinges generating a temperature gradient in the
surface plane. In 2001, Cernushi et al demonstrated that by monitoring the time
evolution of the spatial distribution of temperature on the rear surface of an isotropic
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and semi-infinite slab, it is possible to obtain the thermal diffusivity of that plane. This
is achieved by analyzing some spatial temperature profiles taken at different fixed times
after the excitation pulse. These profiles, which must pass through the center of the
laser spot, are fitted to a Gaussian function from which the time dependent standard
deviation term is obtained. The square of this term depends linearly on time with a
slope proportional to the in-plane thermal diffusivity [38,39,11].

Based on these works, Pech-May et al generalized the method considering
(an)isotropic, semi-infinite and semitransparent/opaque slabs [40]. They started from
a semi-transparent slab that is illuminated by a focused pulsed light beam and included
effects of multiple reflections, heat losses by convection and radiation on the slab

surfaces and transparency at infrared wavelengths.

Pulsed Gaussian
light beam (1)

l_ Heat losses

Figure 2.9 Schematic of a semi-infinite sample illuminated by a focused pulsed light
beam.

They then considered a semitransparent anisotropic slab of thickness Is, as shown in
Figure 2.9, illuminated by a circular Gaussian source of radius a (defined as the
distance at which the intensity is reduced by a factor of 1/e?) and intensity Po.
According to Beer-lambert's law and considering multiple reflections of the incident
beam, the power distribution inside the sample will be:

__ Py(1-R)(e BZ+Re~2Plsef7)
B 1-R2e~2Bls

Py (2.54)
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On the other hand, the equation of heat diffusion in terms of Laplace in Cartesian

coordinates for the slab on which P, falls, is given by:

92T 02T 02T =
xﬁ‘l_ kya_yz+ kzﬁ—SpCT = —

P—Oe—z(x2+y2)/a2 (1_R)ﬁ(e_ﬁz—Re_ZBlSeﬁz)
2ma?(1-R2e~2Pls)

k

(2.55)

where T is the Laplace transform of the sample temperature, s is the Laplace variable
and P, is the Laplace transform of the excitation beam. Considering a delta pulse
function, P,(t) = P,5(t), whose Laplace transform is P,(s) = Q,, the general solution

to Equation 2.54 can be written as:

T(x,y,2,5) = [ [ d\rdne A2 [AePr? + Be~Fr? + Ce™F7 + Eef?]
(2.56)

cAfl 2 . . .
where B; = /% , being A¢ and n¢ the Fourier variables and o the thermal

diffusivity. The coefficients C and E are given by:

_ 2 2\42
_ @ _(-R)p e"O e
2mk, (Bf°-B2) (1-R2e~2Pls)

0o (1-R)BRe-2Fls ¢~Of “+1yHa%/8

E= e 67 ree

The constants A and B in Equation 2.56 are determined from the boundary conditions

on the sample surfaces,

ke, 2L — AT|,e =0 (2.57)
0zlz=g
R N (2.58)

After applying the boundary conditions, the expression of the temperature inside the

sample in terms of Laplace is given by:

—(f24np2)a?/s

T o N @ (1-R)B ® (o —-i(A e
T(x,y,25) = 4n20kz (1-R2e2Bls) f—oo f—oo d)\fdnfe ) (31‘2_32) %
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[Aoeﬁfz-;Boe_BfZ + e_BZ_Re—Zﬁls (M + eﬁz>] (259)
A 0

where,

tom =)o+ ) o))

—
=y =) ) o +2)

B, = ePrls (,Bf +k£z) (_'B-I_k%) + ePls (,Bf _k%) (,3 +k£2)'

2 2

h h
EO :e_Bfls<ﬁf—k—> —eﬁfls<ﬁf+k_>

z ¥4

Now, if the sample is semitransparent to infrared spectrum, the signal obtained by the
IR detector is not only due to the surface of the sample but also because the bulk.
Defining y, as the effective infrared absorption coefficient of the sample, the signal

obtained in Laplace terms will be:
T(%,9,2,5) = A, ;" Ve e 7T (x,7,2,5)dz (2.60)

where A, is a variable that depends on several parameters involved in the experimental
methodology. Substituting the Equation 2.59 in 2.60 and applying the inverse Laplace
transform to that expression, the IR signal obtained by the detector for an anisotropic

sample becomes [41],

2x2 _ 2y?

2Q0(1 R) e a +8axt o a2+8ayt

A(t )\/a2+8axt\/

T(x,y,0,t) = (2.61)

2
a +8ayt

in which the function A(t) depends on the relatives values of the characteristic lengths
of the sample (thickness, optical absorption length and thermal diffusion length). The

cases of particular interest are:
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Thermally thick and optically opaque sample.

A(t) = ~ [\/% — eﬁze(h/ez)zE‘rfc (e%\/f)] (2.62)

1
z

Thermally thin and optically opaque sample.

2ht

1 —_—
A(t) = el e rcls (2.63)
Thermally thick and optically semi-transparent sample.

-1 Br
AR) = 2 (2.64)

It is important to mention that in the case of isotropic samples the thermal diffusivity
and conductivity are the same in all directions (a, = a, = a, ; k, = k,, = k), so that

Equation 2.61 remains valid.

In-plane Thermal diffusivity. The T (x, y, 0, t) signal suggests a Gaussian profile along
the x,y axes whose radius is given by a;? = a? + 8a;t, with i=x and y. The in-plane
thermal diffusivity of the sample along its main axes X, y, is obtained from the curve
a;%as a function of t (Different times after the laser pulse), which turns out to be a
straight line whose slope will be m = 8a;. This method is valid for homogeneous and
in-homogeneous slabs regardless of their optical properties and thickness, and it is not

affected by heat losses due to convection and radiation mechanisms.

2.4 Transient Hot Wire Method

The Transient Hot Wire (THW) is part of a group of methods that employ a transient
heat flow to determine the thermal conductivity, k, of a substance. It is based on heat
transfer by conduction and has been extensively applied to the study of liquids, powders
and gases since1931, when it was proposed by the first time by Stalhane and Pyk [42].
In this method, the heat is supplied by a controlled source to the material to be studied
and measurement of the temperature change caused by dissipation of heat through the
material allows to determine the thermal transport properties of the material [43].
Specifically, the THW consists of a cylindrical container in which the substance to be

investigated is located and on which an electrical conductive wire with known
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properties is immersed (Figure 2.10). A constant electric current is passed over it,
producing a Joule heating effect. The heat is dissipated to the sample by conduction
and it is possible to determine the k of the substance by analyzing the temperature of

the wire (sensor and heat source) as a function of time [44].

/__\ Source
P ey power +
44— |— Wire T
4+— Sample
\l_/ electrical current
44—

Figure 2.10 Cylindrical container cross-section view.
Hot wire model. The theory describing the heat transfer that takes place in the THW
considers an infinitely long and thin linear heat source, with a uniform temperature
distribution that transfers heat by conduction to a homogeneous and infinite medium.
Starting from Equation 1.15 and re-expressing it in cylindrical coordinates for the radial
coordinate r, one has:

22 (r2) =22 (2.65)

r or 5 aa

here, T =T, + AT is the temperature of the substance at time t, To is the initial
temperature, and AT is the temperature variation of the substance when it is heated. The

boundary conditions of the problem will be:

. T\ _ @ =07 =
Jim {r. (5)} = 3 r=0m=0 (2:66)
lim {AT (1, t)} =0 t=>0;r, = (2.67)
Ta—>00
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where q; is the heat flux per unit length. The solution to Equation 2.65 subjected to the
boundary conditions given by Equations 2.66 and 2.67 is well known. For sufficiently
large measuring times, such that t>>7,%/a=z, where 7, is the radius of the wire, and
neglecting heat losses by convection and radiation, the temperature variation as a
function of time is given by:

AT(t) =2 [ (35) - | (2.68)

Ta

here y=0,5772 is Euler's constant. The wire can act as a temperature sensor if its

electrical resistance is measured according to
R(t) = R,(1 + JAT) (2.69)

in which 7 is the temperature coefficient of the electrical resistance and R, is the initial
resistance of the wire. If a constant electric current, I, circulates through the wire over
time, there is a heating of the wire and therefore variations in its resistance, which by

Ohm's law will produce voltage variations over time. The latter will be given by:
V() = R() = R, (1 + IAT(£))I = Vo + R,IIAT(¢) (2.70)
where Vo=Ro I. Now, substituting Equation 2.69 in 2.70, we have:

AV(t) = V(£) = Vo = Ryl 2L [In (25) - 7] 2.71)

Tz
where q,=1?Ro/Lw, and Ly is the length of the wire. From Equation 2.71 it can be seen
that the slope of the linear region of the curve AV(t) Vs. In(t), is:

_ PR3
" AmkLy,

(2.72)

A multi-current approach described elsewhere [44] is used here to allow that the
selected linear region is the one that matches the conditions imposed by the theoretical
model associated to the technique. In this approach, the AV as a function of In(t) curves
are recorded for several values of the electrical current, 1. Then, the slopes m of the
linear regions of these curves are calculated and plotted as a function of I in a double
logarithmic graph. If, according to Equation 2.72 the slope of this graph is near to three,

64



then one can be sure that the selected linear regions in the curves of AV versus In(t)
are those in which the conditions imposed by the theoretical model are well satisfied.
One can see from Equation 2.72 that the m versus I® graph becomes a straight line with
a slope given by

_ Ry
- 4mkL,,

(2.73)

from which the thermal conductivity can be obtained straightforwardly if Ro, L,,, and

J are well known.
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CHAPTER 3

THERMAL CHARACTERIZATION OF
HEPTANE/ISOOCTANE MIXTURES

3.1 Particular objective.

To measure the thermal properties of heptane/isooctane mixtures in the liquid as a
function of its octane number, as well as the gas phases of the pure components, in

order to achieve certification rules for octane number rating.

3.2 Introduction.

The third chapter of this manuscript was motivated by the importance of the thermal
properties of n-alkenes (CnH2n+2) in the petrochemical industry for the optimization of
combustion processes and energy efficiency. For example, the development of a
standard fuel rating system is based upon the fuel detonation characteristics on a special
single engine with a variable compression ratio. Two pure substances were arbitrarily
chosen to calibrate the test machines, namely isooctane (n=8, one of the branched
carbon chain isomers of octane, the straight chain of 8 carbon atoms with no branching)
and heptane (n=7), to which “octane” numbers of 100 and 0 have been assigned [45],
respectively, being “octane” a general term used to indicate a fuel ability to resist
engine knock. The sensitivity of the fuel rating parameters on the thermodynamic
parameters has inspired the use of thermal properties, in particular the thermal
diffusivity, as figure of merit for fuel characterization. Cardoso et al [46] and Lima et
al.[47] used a thermal wave interferometer (TWI) or thermal wave resonator [48] to
measure the thermal diffusivity of the air/fuel vapors mixtures (hexane/isooctane) that
then correlated with the octane number [6]. The use of hexane instead of the widely
used heptane was justified by the simple reason that a larger variation of thermal
diffusivity as a function of concentration was observed for mixtures of

hexane/isooctane than for mixtures of heptane/isooctane. The fact that very little
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difference was observed in the value of thermal diffusivity for air saturated with the
heptane and isooctane vapors is further investigated in this work by measurements of
thermal conductivity for the same kind of samples. Also measurements of the thermal
transport properties of heptane/isooctane mixtures in the liquid phase at room
temperature and atmospheric pressure were performed. The thermal conductivity was
measured using the THW method and the thermal effusivity was determined by the
FPPE technique. Then, the thermal diffusivity and the heat capacity per unit volume
were calculated respectively using the well-known relationships a=(k/e)?> and C=ge?/k.
It is shown that a correlation between these parameters and the relative concentration
of the mixtures components (i.e. the octane number) exists, and that the obtained
thermal parameters proved to be sensitive to detect molecular associations in binary

hydrocarbon liquid mixtures.

3.3 Experimental set-ups

3.3.1 Hot wire system

The heat source is a 76.2 um diameter platinum wire (Alfa Aesar) of length L=70.5
mm, mounted on a Teflon support that is introduced into a 15 cm long and 3.54 cm
diameter glass cylindrical container. For measurements in the liquid phase the whole
wire is covered by the sample, whereas for vapor phase measurements 1 mL of the
liquid sample are carefully deposited below the wire’s support as shown schematically
in part b of the Figure 3.1.
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Figure 3.1 a) Schematic diagram of the experimental set-up for the hot wire system;

b) Sample container for measurements in gas phase.

The wire is heated by Joule’s effect using an electrical current stabilized power supply
(Keithley 2400) and the voltage drops are measured with a nanovoltmeter (Keithley
2182A). The sample container is thermally stabilized at 295 K (room temperature)
using a commercial thermal bath (Julabo FP50) not shown in the Figure 3.1 The
experimental system was previously tested by thermal conductivity measurements in
samples of air, distilled water, glycerol, ethylene glycol and methanol (see Table 3.1).

Obtained values for these well-known samples are given in Table 3.2.

Table 3.1. Samples used. All samples were used as provided, without further

purification.
) Initial mole fraction
Chemical name Source [49:50 _
purity / mol%
Glycerol J.T. Baker 99.9
Ethylene glycol J.T. Baker 99.9
Methanol J.T. Baker 99.9
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n-pentane Sigma Aldrich 98
n-hexane Sigma Aldrich > 95
n-heptane Sigma Aldrich 99
n-octane Sigma Aldrich 98
n-nonane Sigma Aldrich 98
n-decane Sigma Aldrich 98
Isooctane Sigma Aldrich >99

Table 3.2. Thermal conductivity and effusivity measured with the Hot-wire and the
Photopyroelectric Technique respectively for reference samples at room temperature,
T =295 K and atmospheric pressure, p = 0.077 MPa. The numbers after the sign +
represent the standard uncertainties. The maximum value for the relative standard
uncertainty of k is 2% for the liquid samples; while this value is increased to 4% for air
(it is a typical result for our hot wire experiments that uncertainties are greater for
measurements in the gas phase than for liquid samples). Maximum value for the
relative standard uncertainty of e is 0.6%. The thermal effusivity of air is not reported
because this substance was the reference sample used for thermal effusivity

measurements in liquids.

Test sample k (Wm2K?) Kit (WmTK?Y) e (Ws?m?K?) et (Ws?m2K™L)
Distilled water 0.60+0.01 0.59 [44] 1592+10 1582 [27]
Glycerol 0.289+0.005 0.288 (4 93145 929 51
Ethylene glycol ~ 0.254+0.005 0.252 [44] 810+4 805 [27]
Methanol 0.208+0.004 0.208 [441 621+4 62601

Air 0.026+0.001 0.026 [] -- --

3.3.2 Front Photopyroelectric configuration

Figure 3.2 shows schematically our experimental system. The radiation source is a 660
nm semiconductor laser (LASEVER LSR660ML-600) of 100 mW power, whose
intensity is periodically modulated (50% duty cycle) using the TTL output of a Lock-
in amplifier (SR830 - Stanford Research Systems). A thin sheet of polyvinylidene
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difluoride (PVDF) polymer foil [52] (52 um thick, thermal diffusivity a, = 0.58 x 107
m?™ [26] and thermal effusivity e, = 559.4 Ws¥2 m2 K™* [53]) with a sputtered
metallization at both sides was used as a PPE sensor. A lock-in amplifier was used for
measuring the amplitude and phase of the signal as a function of the modulation
frequency. The experimental system was calibrated by measuring the thermal effusivity
of glycerol, distilled water, and ethylene glycol, whose thermophysical parameters are
well-known (see Table 3.2 for calibration results). Sample aliquots of 500 pL were
used in each measurement (the diameter and thickness of the liquid column were 0.75
cm and 1.13 cm, respectively). Measurements have been performed at room
temperature (295 K) and great reproducibility was observed in a total of 10

measurements done for each sample.

Personal Lock-in Pyroelectric Cell
Computer Amplifier
Sample

|¥ l @ l 4T Container

N .
Ref] Pyroelectric
Sensor
Window
: I_ntensity modulated
;Iught beam
Diode .
Laser

Figure 3.2 Schematic diagram for FPPE configuration.

3.4 Results and discussion

3.4.1 Measurements in the gas phase

The thermal conductivity of air saturated with vapors of n-alkanes was measured.
Figure 3.3. shows results of a typical measurement for air saturated with isooctane
vapor done following the multi current methodology outlined in the section 2.4. The
voltage drop across the wire, AV, is plotted in Figure 3.3a as a function of In(t) for
several values of the heating current, 1. The solid curves are the best least squares linear
fit results. The slopes, m, obtained from these fits are represented in Figure 3.3b as a
function of I3. Again, the solid curve is the best least squares linear fit result, from

whose slope thermal conductivity is calculated using Equation 2.73.

70



O 60mA | ]
HERET & ZOmA =
O 80mA
v 90mA
14 - 4 ~
s = ]
< )
< 0.13021 |2
= o =
£ 1.6- ]
0.1300 1 W
G O GLARMAESS
0.1298 ‘ . . ; . 0.81 : . . —
0.007 0.050 0.368 2.718 15 3.0 45 6.0 7.5
t(s) r10* A%
a) b)

Figure 3.3 a) Voltage drop, 4V, as a function of In(t) for several values of the heating
current, I. The solid curves are the best least squares linear fit results; b) The slopes, m,
obtained from the linear fits of Figure 3.3a, as a function of 13. The solid curve is the

result of the best least squares linear fit.

The obtained thermal conductivities as a function of the number of carbon atoms in the
molecular chain, N are shown in Figure 3.4a and in Table 3.3. It can be seen that for
the normal alkanes the thermal conductivity is proportional to N. However, the
measured thermal conductivity of isooctane (triangle in Figure 3.4a) is near the value
obtained for heptane, what supports previously reported results [39]. Note that both the
normal alkane pentane and the branched alkane isooctane have five carbon atoms in
the straight part of their carbon chains, even though both have quite different
geometries. Although heat conduction in gas mixtures is a very complicated process
depending on several factors, the obtained result can be explained taking into account
the fact that heat conduction in gases is dominated by molecules diffusion during
evaporation, and this mechanism depends on the vapor pressure of the liquid, defined
as the equilibrium pressure of a vapor above its liquid in a closed container. Reported
vapor pressures of some alkanes are shown in Table 3.3. It can be seen that heptane
and isooctane show very similar values of this parameter, while it is quite different for

the other alkanes.

Table 3.3. Thermal conductivities, kvapor, Obtained for air saturated with alkanes vapors

at room temperature, T = 295 K and atmospheric pressure, p = 0.077 MPa (the numbers
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after the sign + represent the standard uncertainties). The maximum value for the
relative standard uncertainty is 5%. Also shown are the vapor pressures [54] of the n-
alkanes and isooctane (see Table 3.1 for purities), and the estimated molar fractions in
their mixtures with air. All solvents were used as provided, without additional
purification. The molar fractions were estimated under the ideal gas assumption as a
ratio of the partial pressure of the evaporated component and the total pressure within

the closed measurement cell.

Molar fraction in its

Vapor pressure Kvapor . . :
Alkane 3 A1 mixture with dry air

(kPa) (at 295K) (x10°Wm=K™) (mol%)
n-pentane 60.5 9.0+0,6 44
n-hexane 17.6 144+ 0.7 18.6
n-heptane 5.22 19.0+0.8 6.35
n-octane 1.55 22.0+0.9 1.97
n-nonane 0.53 246 £0.8 0.68
n-decane 0.19 25.8+0.9 0.25
isooctane 5.52 201 6.69

Figure 3.4b shows the correlation existing between the measured thermal conductivity
and the vapor pressure of the alkanes. It can be noticed the proximity of the points

corresponding to heptane and isooctane.
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Figure 3.4 a) Thermal conductivity of air saturated with vapors of n-alkanes as a
function of the number of carbon atoms in the straight part of the carbon atoms

molecule chain. The value corresponding to air (solid line) is showed for comparison;
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b) Thermal conductivity as a function of the vapor pressure (in a log-log scale for better
visualization). A good reproducibility was observed in several measurements. Thermal
conductivity uncertainties were calculated using the error due to the best least squares

linear fit shown in Figure 3.3b and error propagation in Equation 2.73.

Notice that as N increases, k tends to the value corresponding to air (red line). This
behavior can be explained using the same arguments given by Lima et al [55], if we
consider that the measured thermal conductivity is an effective value for the vapor-air
mixture and that the vapor molar concentration in air shows a considerable decrease
with N. Table 3.3 also shows the calculated molar fraction in the mixtures of the
hydrocarbon vapors with air in the hot wire cell with a total volume of 137.38 cm?. For
decane, this molar concentration becomes only 0.25 mol%, so that the measured

conductivity is similar to that of the air (showed with a continuous line in Figure 3.4a).

3.4.2 Measurements in the liquid phase

Table 3.4 shows the measured values of thermal conductivity and effusivity, as well as
the calculated values of thermal diffusivity and specific heat capacity for each isoctane
mass fraction percentage in heptane, wm, for mixtures in the liquid phase. Thermal
conductivity was measured using the multicurrent approach described before for the
THW method. Typical results are similar to those showed in Figure 3.3. A result of a
typical FPPE measurement is shown in Figure 3.5. It is showed the normalized phase
as a function of the frequency for a heptane/isooctane sample with wm =40 wnt%. As
discussed elsewhere [29], the use of the normalized amplitude for fitting is rather
complicated than fitting with the signal phase, so that the later was used here. In Figure
3.5 the red curve is the best least squares fit using Equation 2.23 leaving Ry, as a fitting
parameter, from which sample’s thermal effusivity is calculated by means of Equation
2.24. Experimental error was obtained using the error due to curve fitting and error
propagation in Equation 2.23. The very small uncertainties and the good reproducibility
obtained in several repetitions are typical for measurements in liquid samples in which
there is a very good thermal contact between sample and PPE detector. Literature
available values at atmospheric pressure for the thermal conductivity of the pure

compounds are indicated in Table 3.4. A good agreement is observed between
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measured and literature reported values. The last column of the table shows values of
the heat capacity per unit volume at constant pressure calculated from the available
reported values of the molar capacities [56]. They are greater than our measured values,
but it is worth to notice that uncertainties reported in Reference [56] span a very large

range between 2 and 20 %.
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Figure 3.5 Normalized phase as a function of the light modulation frequency for a

heptane/isooctane sample with Wy =40 wnt%.

Table 3.4 Thermal properties at room temperature, T=295 K and atmospheric pressure,
p =0.077 MPa for each isooctane mass fraction in heptane, wm, for mixtures in the
liquid phase. The numbers after the sign + represent the standard uncertainties. e and k
were measured by the FPPE and THW technique, respectively, while « and the C were
calculated using the well-known relationships a=(k/e)? and C=e?/k , respectively. The
maximum values for the relative standard uncertainties are 0.6%, 2%, 5%, and 3% for
e, k, aand C, respectively. Literature available values are shown below the measured
magnitudes for comparison.

%at 303 K and 0.1 MPa [57].° at 298 K and 0.1 MPa [58]. ¢at 293 K and 0.1 MPa [59].
dat 298 K and 0.1 MPa [60]. ¢ 303.6 K and 0.1 MPa [61].  calculated from the values
of the densities and molar heat capacities of the pure compounds and the molar heat

capacities excess values reported in Ref. [56] at 298 K and 0.1 MPa.
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The graphs of thermal properties as a function of the isooctane concentration, wm, in

heptane for mixtures in the liquid phase are showed in Figure 3.6. Parts a, b, c and d

correspond to thermal effusivity, conductivity, diffusivity and specific heat capacity,

respectively, as a function of wyn. As mentioned before, the octane number in these

mixtures correspond to the mass concentration of isooctane in heptane, being octane

number 100 associated to the pure isooctane sample.
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Figure 3.6 Thermal properties as a function of the isooctane mass fraction in heptane
for mixtures in the liquid phase. a) e, b) k, ¢) a and d) C. m Experimental points, A
reference [57], ¥ reference [58], ¢ reference [59], o reference [62]. Relative

uncertainties are about 2% in referenced points.

Dashed curves represent linear behavior of the thermal properties as a function of
concentration expected for non-associative mixtures [63]. As it is well-known [29],
concerning molecular association processes in binary liquid mixtures two classes of
liquids can be defined: “interacting” and “non-interacting”. The second case leads to
the so-called “non-associative” mixtures, for which values of the effective thermal
properties can be calculated from those of the components using a rule of additivity,
and deviations from the linearity are very small or even zero. In the case of associative
mixing (interacting liquids), there is no model to predict the thermal properties
behavior due to molecular associations [64] and deviations from linearity exist. As can
be seen from the Figure 3.6, thermal effusivity and conductivity show a small deviation
from the linearity when plotted against the relative concentration of the components,
being therefore less sensitive to the effect of molecular associations than thermal
diffusivity and specific heat capacity. However, although « and C seem to be more
sensitive molecular associations, the fact that their calculated values are not so different
from each other for the different concentrations indicates that these parameters do not

allow to distinguish between the strength of the liquids interaction. Nonetheless, note
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that the k and e measured values are different from each other at different relative
concentrations of the binary liquid constituents.

Figure 3.7 shows the excess values curves for the four thermal properties calculated as

T @)
where y, represents the thermal property, y,,,, is the measured value and y;;,, the value
obtained if the perfect additivity linear law for the mixtures is respected. Solid curves
are only shown for visualization purposes. The observed behavior supports the idea
that a process of molecular association is involved for this kind of mixture. Similar
behaviors have been observed before for other liquid mixtures as a result of thermal
properties measurement using the photopyroelectric technique [29,65,66,67,68].
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Figure 3.7 Excess values curves for the thermal properties as a function of the

concentration for heptane/isooctane mixtures.

Note in Figure 3.7 that the highest excess value obtained is for the thermal diffusivity
(~12%), followed by the specific heat capacity (~ 8%), while thermal effusivity and
conductivity are less influenced by the excess values (only ~ 3%). This result confirms
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those reported elsewhere [66] for systems that are notorious for forming molecular

associations.

3.5 Conclusions

It was demonstrated that the four main transport thermal properties, namely thermal
conductivity, diffusivity, effusivity and heat capacity per unit volume, allow the
detection of molecular associations in binary hydrocarbon mixtures. This was proved
for the case of mixtures of heptane and isooctane, substances that have been arbitrarily
chosen before calibrating the octane number test machines. Indeed, a correlation has
been found here between thermal properties and the octane number (namely the relative
concentration of the components in the mixture). The well-known Transient hot wire
technique for thermal conductivity measurements in liquids, aided with the less known
front photopyroelectric technique for thermal effusivity, are good candidates for this
kind of studies. It was also shown that the former technique is also suitable to study the
effect on thermal conductivity of the diffusion of hydrocarbon vapor in air. We
observed that the thermal conductivity of air saturated with n-alkane’s vapors depends
on the length of the linear chain of carbon atoms in the molecule, being almost the same

for the normal alkane heptane and for the branched alkane isooctane.
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CHAPTER 4

THERMAL EFFUSIVITY AND
INFRARED ABSORPTION SPECTRA OF
ORGANIC AND CONVENTIONAL
COFFEE OIL

4.1 Particular objective.
To measure the thermal effusivity and optical absorption spectra in the IR of organic
and conventional coffee oil samples in order to find a possible criterion for

discrimination between these types of oil samples using photothermal techniques.

4.2 Introduction

Nowadays, the organic agriculture has a high demand due to the benefits that it offers
for food safety and sustainability, due to the absence of pesticides and synthetic
fertilizers [69,70]. The certification process that provides a guarantee of traceability
and quality has facilitated the success of organic food in specialized markets [71].
There are companies that offer this kind of legitimization, such as Biotropico S.A.,
CERTIMEX S.C., SCS global services, CERES and BCS Oko-Garantie. Particularly
in Colombia, the organic coffee certification improves the socioeconomic condition on
the different actors in the productive chain, life quality and product sustainability [72].
Although the remunerations of organic agricultural practices are superior compared
with those of conventional methods, normally the certification processes can be quite
lengthy, complex and expensive, so that the potential economic profit of the small and
medium producers is reduced and delayed. Due to this reason, there is a great interest
for finding new certification methods [73]. In this context, the analysis of the

thermophysical parameters are an alternative, since they are directly related to structure
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and chemical composition of the material, which in the case of coffee beans depend on
the environmental conditions, plant variety, soil types, etc [74,75,76,77].

The Thermal effusivity is a thermophysical property that plays a very important role in
the thermal phenomena determining the behaviour of thermal waves at surfaces and
interfaces [78] and the sample’s thermal impedance value. This thermo-physical
parameter has been used before to characterize the quality of foods [29,79,80], among
other applications.

The PPE technique has been emerged as one of the most useful methods for thermal
characterization of materials [26]. Two main configurations exist. In the First one, the
back detection (BPPE) configuration, [81] an intensity modulated light beam impinges
on the front surface of a sample and a pyroelectric sensor is attached to the rear side.
This is a heat transmission configuration widely used for thermal diffusivity
measurements. In the second variant, the FPPE, the sample is attached to the rear side
of the sensor and the light beam impinges on the sensor front face, so that the sensor
acts as both a source of thermal waves propagating through the sensor-sample system,
and as the detector of them. Both configurations were described in section 2.2. The
FPPE configuration is one of the most used techniques for measuring the thermal
effusivity of liquid substances due to several factors, among them the small quantity of
sample required and the excellent thermal contact achieved between sample and
pyroelectric detector. This photothermal method has been used, among others, to
differentiate between corn, soy and avocado vegetable oils [82,83,84]. This fact
inspired the present work that explores the potential of the PPE technique for
discriminating between organic and conventional coffee oils by measuring their
thermal effusivity. This study is aided with measurements of the acidity index and
density of the oil. The gas chromatography technique was used to identify the purity
level of the extracted coffee oil and the fatty acids. Mid- Infrared Fourier Transform
Photoacoustic Spectroscopy (FTIR-PAS) aided by Principal Components Analysis
(PCA) [85,86] was used to find possible changes in functional groups due to the type

of coffee farming.
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4.3 Experimental and details

4.3.1 Coffee oil samples

Fruits from organic and conventional Coffea arabica plants (Caturra variety) were
collected in farms, which are located in Risaralda-Colombia between 1500 and 1700
meters above the sea level. The samples were identified as shown in Table 4.1. All
samples were subjected to the same wet pulping process [87] for reducing possible
differences in the beans due to the post-harvest treatments. After drying process, the
moisture content of the coffee beans was 12 %.

Table 4.1. Characteristics of the coffee samples.

Sample Type of crop Al?r::;de
Cl Conventional 1682
C2 1591
01 Organic 1639
02 g 1591

Oil extraction was made by the Soxhlet Method [88] using a SCHOTT DURAN
apparatus. The coffee in parchment was dried in an air-circulating oven for 6 hours at
378 K to achieve a moisture content of 5 %. The coffee beans were grinded and then
the particles with diameters between 500 and 710 pum were mechanically separated
using Test Sieves ASTME11 SERIES 6083992 and 6093828, respectively; 150 g of
the coffee powder and hexane (EMSURE ACS - 96%) were used in the solvent
extraction method. The hexane was subsequently removed using a rotary evaporator
(N-1110 EYELA). The density and acidity index were determined using the
Colombia’s standards NTC 336 (2016) [89] and NTC 218 (2011) [90], respectively.

4.3.2 Gas chromatography

The lipid compounds analysis of coffee oil was done using a commercial gas
chromatography coupled to mass spectrometry (GC-MS - QP2010 ULTRA,
SHIMADZU) with a C18 column (length: 60 mm, inner diameter: 0.32 mm) and
hydrogen carry gas with flow of 40 mL min™. An initial temperature of 373 K was
programmed for 4 min, after which it was elevated to 513 K at a rate of 3 K min™ and

kept constant for 10 min. The sample quantity was 1 pL and the volatile compounds
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were determined using the library present in the device. According to the Colombian
Technical Standards[91], a trans-methylation process of acid-catalyzed glycerides was
applied to the sample before the measurement.

4.3.3 Fourier Transform Infrared Photoacoustic Spectroscopy (FTIR-PAS)

A commercial spectrophotometer (IR Prestige-21 — SHIMADZU) was used to obtain
the optical absorption spectra in the mid-infrared range of the electromagnetic spectrum
between 400 to 4000 cm™*, and a commercial photoacoustic (PA) cell (MTEC300) with
a KBr window was used as the signal detector. The PA cell internal chamber was
purged with Helium for reducing the water vapor and CO. presence [92]. This enhances
the signal/noise ratio and avoids spectral interferences, which ensures the
reproducibility of the measurement. The oil amount deposited in the sample holder was
100 pL and 100 scans per sample were done to guarantee the data reliability. A simple
schematic diagram representing the coupling of PA cell and spectrophotometer is
shown in Figure 4.1.

Spectrophotometer - IR Prestige-21

Personal
Computer

N

PA cell - MTEC300 Heluim Gas

Al - container Sample

Figure 4.1 Schematic diagram of the experimental set-up for FTIR-PAS.

4.3.4 Front Photopyroelectric configuration

Figure 4.2 shows a schema of the experimental system. It is a scheme similar to the one

presented in Figure 3.2, with the main difference that here an external modulator was

used to modulate in intesity the light beam provided continuously by the laser. The

radiation source is an Argon ion laser (Modulaser, Stellar-Pro) of 20 mW power at a

wavelength of 488 nm and this light beam is modulated in intensity by an acousto-optic
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modulator (MT110 A1-VIS, AA-Opto-Electronics). A thin sheet of PVDF [52] (52 pm
thick, thermal diffusivity a, = 0.58 x 107 m?s™* and thermal effusivity e,, = 559.4 Ws'
m2 K1) was used as PE sensor. The sputtered metallization on both sides consists of
a 70 nm thick copper layer covered with a 10 nm thick nickel film, as stated by the
manufacturer. A lock-in amplifier (SR830 - Stanford Research Systems) was used for
measuring the amplitude and phase of the signal as a function of the modulation
frequency. The experimental system was calibrated by measuring the thermal effusivity
of glycerol (J.T. Baker 99.9 %), distilled water, ethylene glycol (J.T. Baker 99.9 %),
and castor oil (Profinas Ltda), whose thermophysical parameters are well-known.

500 pL of oil were used in each measurement. In order to ensure reproducibility and
minimal systematic error, 10 measurements per sample at room average temperature
(300 K) were done.

Personal Lock-in .
Computer Amplifier Pyroelectric Cell
Sample
& [ O O Container
Pyroelectric
Ref. /, Sensor
Window

+ y 4
. # ."""f;j/ Mirror

Acousto-optic
Ar-Laser modulator

Figure 4.2 Schematic diagram for FPPE configuration using acousto-optic
modulator.

4.4 Results and discussion
In all experiments described here, 10 measurements were performed for each group

mentioned in Table 4.1.

4.4.1. Extraction yield
In the oil extraction from organic and conventional coffee samples (coffea arabica -

Caturra variety) by the Soxhlet method, the minimum extraction time of five hours was
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determined experimentally by considering the specific instrumental component and
reagents. During this time, 70 cycles were achieved, enough to remove the solvent
soluble substances. The extraction yield of each sample is shown in Table 4.2. The
obtained values were between 12.6 and 14.4 %, in agreement with the reports of others
authors [93,94]. The samples were stored in amber glass bottles at room temperature
to prevent possible effects of photo-oxidation.

4.4.2. Density

The density of the samples was measured using a pycnometer. The obtained values are
shown in Table 4.2, which are of the same order of magnitude as other reported coffee
oil data [95,96].

4.4.3. Acidity index

The mass of potassium hydroxide necessary to neutralize the free fatty acids in 1g of
coffee crude oil was used to find the fatty acids percentage. This procedure was done
in triplicate in order to corroborate the data reproducibility. The obtained values
between 1.11 and 1.27 % are shown in Table 4.2, indicating a low presence of fatty
acids in all samples according to the Colombian Technical Standard NTC 218 (2011),
which define a range between 1 and 4 % of fatty acids in vegetable oils with these
features.

Table 4.2 Results of extraction yield, density and fatty acids percentage.

Sample Extraction yield (%) Density (g/mL) Fatt(% /SC'dS
Cl 13.9 0.933+£0.001 1.27+0.05
C2 14.4 0.940+0.001 1.23+0.08
o1 12.6 0.921+0.001 1.24+0.03
02 13.5 0.927+0.001 1.11+0.08

4.4.4. GC-MS

GC-MS was used to confirm the adequate extraction of the coffee oil by means of the
identification of lipid compounds. Table 4.3 shows the result of the retention time and
chromatographic peak area corresponding to seven fatty acids that were identified in

the samples of conventional and organic coffee oils using GC-MS.
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In both cases (organic and conventional), the majority of the compounds were palmitic
and linoleic fatty acids (79 % average). These values are in agreement with those
reported by [97], but small differences may be related to minimum impurities in the
column and perhaps to hexane (96 %-purity) traces, which would have been added in

the extraction of the methyl esters.

Table 4.3. Fatty acids composition of coffee oil by GC-MS.

Average area (%)

Maximu Fatty acid Average retention Organic Conventional
time (min) ) g
coffee oil coffee oil
1 Palmitic 33.85 42.2 41.8
2 Linoleic 39.07 37.2 37.2
3 Oleic 39.23 9.3 9.2
4 Elaidic 39.38 0.7 0.7
5 Stearic 40.04 6.9 7.5
6 Araquidic 45.78 2.9 2.9
7 Behenic 51.11 0.7 0.7

4.4.5. FTIR-PAS and PCA

There are not substantial differences between the FTIR-PAS spectra obtained for the
conventional and organic coffee oil samples. A typical FTIR-PAS spectrum from an
organic coffee oil sample is shown in Figure 4.3. The functional groups and modes of
vibration are shown in Table 4.4, according to the most observed prominent peaks. The
FTIR-PAS spectra of each sample, organic and conventional oil, showed maximum
values at the same wavenumbers. The absorption bands positions in the spectra agree
with those reported elsewhere [98,99,100,101].
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Figure 4.3 FTIR-PA spectrum obtained from an organic coffee oil sample group O2.

A weak peak between 3800 and 3100 cm™ was attributed to O—H bonds, indicating the
absence of free radicals and therefore low acidity. The bands between 2954 and 2854
cm correspond to CHs and CH: groups, identifying representative linear hydrocarbon
chains of the fatty acids that constitute the oil. The band at 2355 cm™ was associated
to COo. It is probably due to fails during the purging of the cell. The peak at 1747 cm’
! corresponds to the ester carbonyl of the triglycerides or phospholipids (C=0), while
the peak at 1651 cm™ can be related to the content of polyunsaturated fatty acids in the
molecule. On the other hand, the “fingerprint” of the sample is within the ranges from
1500 to 800 cm, in which small differences in the structure and constitution of the
molecule are manifested [102,103]. The C—H and CH3z bending of the methylene group
are related to the absorption bands at 1465, 1377, 1240 and 1161 cm™, while the band
at 1116 cm™ is attributed to C—O extension of the ester group in the triglycerides
molecule. Finally, the peak around 719 cm™ is representative of the presence of

carbohydrate radical from triglyceride structure of oils.
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Table 4.4. Optical absorption bands in the mid-infrared spectral region from FTIR-

PA spectra.
Absorption band Assignments
(cm™) Wavenumber range (cm™?) Functional group
3741,3650 3800-3100 O-H (Stretching)
2954 2989-2949 -C-H (CHg) (Stretching -asym)
2926 29492881 -C-H (CHy) (Stretching -asym)
2854 2881-2780 -C-H (CHy) (Stretching —sym)
9355 9950-2390 0O=C=0 (COy) (Stretching-
asym)

-C=0 (free fatty acid)
1747 1850-1677 (Stretching)
1651 1667-1625 C=C (cis) (Stretching)
1465 1486-1446 -C—H (CHy>) (Scissoring)
1377 1390-1371 -C-H (CHz) (Bending-sym)
1240 1290-1215 -C-H(CH) (Bending)
1161 1215-1147 -C-H (CH>) (Bending)
1116 1127-1111 -C-0O (ester) (Stretching)
719 802-630 -(CHa2)s- (Rocking)

In order to visualize differences between the spectra of organic and conventional coffee
oils, the PCA was applied. This statistical procedure gives an explanation to the data
variance with relation to non-correlated variables called principal components. The
PCA is widely used for identifying differences that are no easy to find directly in a
study with multiple variables [85,102]. Considering the altitude and the farming system
from twenty spectra of each sample the couples C1-O1 and C2-O2 were analyzed.
From Figure 4.4 the clusters of points were identified in the score plots corresponding
to the comparison of the first derivative spectra of the samples. This mathematical
operation over the spectra was used to compare the shape, not the intensity, of the PA

detection that can be affected by the sealing of the PA cell.
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Figure 4.4 Score plots from the PCA applied to spectra of the samples: a) C1 and O1,
and b) C2 and O2. * - conventional samples; o - organic samples.

Figures 4.4a and 4.4b show the distribution of the spectra in the space of the first and
second component, for each pair of samples. Components 1 and 2 explain the 96 % of
the variance of C1 and O1 spectra and the 89 % of the variance of C2 and O2 spectra
The point clouds associated to the oil spectra of conventional and organic coffee are

visibly separated.

4.4.6. Measurements of thermal effusivity with the PPE technique

The thermal effusivity of the coffee oil was measured using the procedure described in
Section 4.3.4. A typical result of PPE measurement is shown in Figure 4.5. The
normalized phase as a function of the frequency for an organic coffee oil sample is
shown. The solid curve is the best least squares linear fit using Equation 2.23, in which
Rsp is the only one fitting parameter, from which sample’s thermal effusivity is

calculated using Equation 2.24.
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Figure 4.5 Normalized phase as a function of the light modulation frequency for an
organic coffee oil sample.

Table 4.5 shows the mean values of 10 measurements of each oil sample that were

extracted from organic and conventional coffee beans.

Table 4.5. Mean values of thermal effusivity of the coffee oil samples.
Sample e (Ws"’m2K™)

C1l 604+4
C2 610+4
01 59243
02 59745

From this Table, it is possible to see that the thermal effusivity values are influenced
by the farming system, organic or conventional, which could be used as support for the
certification processes. To the best of our knowledge, there are no reported values of
the thermal effusivity of coffee oils. However, the parameters obtained in this work are
similar to those reported for castor oil (638 WsY?m2K* [104]), soy (614 Ws¥?m2K!
[82]), grape seeds (526 Ws'?m2K ! [83]) and avocado (568 Ws?m2K! [82]).
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Figure 4.6 Examination of the thermal and physicochemical properties of coffee oils.

The comparative graphs in the Figure 4.6 show that the thermal effusivity, the
extraction yield, the density and the acidity index of conventional coffee oil are larger

than that of organic coffee oil.

4.5 Conclusions

In this work, the thermal effusivity of coffee oil is reported for the first time. The
comparison of this parameter with other physicochemical properties demonstrates that
it can be used as a criterion for traceability and discrimination between organic and
conventional coffee. It has been also demonstrated that analyzing FTIR-PAS spectra
with PCA allowed discriminating between these two kinds of samples. However,
compared with IR spectroscopy, thermal effusivity measurements by the
photopyroelectric method are simpler. The experimental set-up can be easily
implemented in any laboratory using cheap instrumentation, samples loading and

removal is simple, and the experimental set-up can be implemented in a portable
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device, useful for in-field measurements. The here obtained results show the potential
of the proposed procedure for the certification process of coffee.
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CHAPTER 5

DETERMINATION OF THE WIDTH OF
AN INFINITE INTERFACE BETWEEN
TWO DIFFERENT SOLID MEDIA/
THERMAL CONDUCTIVITY OF FLUIDS
THAT FILL THE INTERFACE

5.1 Particular objective.
To determine the width at the vertical interface or crack between two different media
using LIT with laser spot heating through its thermal contact resistance, as well as the

thermal conductivity of fluids (gases and liquids) than fill the narrow interface.

5.2 Introduction

Narrow vertical cracks are difficult to detect using conventional nondestructive testing
methods like Liquid Penetrant, Magnetic Particle, Eddy Currents, Industrial
Radiography, Ultrasounds, and Electromagnetic Testing, among others [1]. Infrared
thermography has been applied as a noncontact, nonintrusive and health safe method
to detect near-surface defects by Kubiak [105]. Vibrothermography, Ultrasound
excited thermography, has been widely used to detect closed fissures and
characterization of shapes [106,107] but the main disadvantage of this technique is that
the ultrasonic transducer must be in contact with the sample, which reduces its
versatility. In a similar way, induction thermography uses electromagnetic pulses to
launch eddy currents in electrical conductors. The eddy currents generate heat by
resistive losses (Joule’s effect), which are larger at the crack position. The heat reaches
the surface and can be detected by an infrared camera. Subsurface flaws produce local

changes of the electrical current densities, which become visible in the thermographic
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images [108,109]. This method is restricted to electrically conductive materials, which
makes it a specific purpose technique.

Optically stimulated thermography is noncontact and applies to any kind of material,
but the presence of the defect produces just a perturbation of the existing surface
temperature field generated by the optical excitation. Moreover, the spatial shape of
the illumination strongly affects the detectability of defects. In the case of vertical
cracks, if the sample is excited by a homogeneous illumination producing a heat flux
perpendicular to the sample surface, the crack will barely disperse the heat flux thus
producing a negligible signature on the surface temperature distribution. Accordingly,
to detect vertical cracks an asymmetry in the heat flux must be produced: this can be
achieved by focusing laser spot close to the crack, whose thermal resistance partially
blocks the heat flux, thus inducing an asymmetry in the temperature field at both sides
of the fissure. This method was first used for imaging the presence of cracks [110,111].
In the last years, several approaches to characterize the crack (depth, length and width)
have been developed. For instance, by solving numerically the heat diffusion equation
in a homogeneous sample containing a vertical crack, the depth of the crack is retrieved
[112,113]. On the other hand, analytical solutions of the surface temperature can be
obtained for infinite cracks. By fitting the surface temperature measured by an infrared
camera to the model, the thermal resistance of the crack is obtained [37].

In this chapter, the thermal contact resistance at the vertical interface between two
different media was obtained following as reference the work developed by Pech-May
et. al in which, they considered only one medium with an infinite vertical interface as
it was shown in Section 2.3 [37, 11]. Here, the method proposed uses LIT with a laser
spot heating, which provides amplitude and phase thermograms with a very low noise
level. Considering an infinite interface, an analytical expression for the surface
temperature is proposed. Due to the different thermal properties of the two materials, a
singularity in the amplitude and phase of the temperature appears at the interface, even
if the thermal contact is perfect. The lack of thermal contact at the interface adds a
discontinuity in both amplitude and phase of the temperature. The goal is to measure
the thermal contact resistance R at the interface, which quantifies its width through
Equation 1.13. To do this, the experimental temperature profile across the interface is
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fitted to the analytical model. In the same way, interfaces with previously calibrated
widths were guaranteed to test the method. The agreement between the calibrated
thickness and the retrieved Ri confirms the validity of the method, which could be
useful to characterize the junction between two solids (e.g. welding) or in the quality
control of contacts between different parts of composite materials.

In the second part of this chapter a method to measure the thermal conductivity of fluids
(gases and liquids) using LIT with laser spot heating is proposed. This method consists
of considering that the narrow interface between the two media is filled by some fluid.
In the first part of this chapter it is assumed that the fluid that fills the interface that
separates the two media was air. The Thermal Resistance values obtained for each
calibration gap allowed to characterize its thickness using the thermal conductivity of
the air in the known relation, Rin=L/Kair. Considering now that any fluid, other than air,
completely fills the vertical interface and measuring the Rw across the interface at
different known thicknesses, L, the thermal conductivity of the fluid can be determined
from the slope of the straight line L vs Ri.

The most accepted method to measure the thermal conductivity of liquids and gases is
the THW, described in Section 2.4. This technique shows high accuracy and it has the
capacity to eliminate the errors due to convective effects that are always present in
these samples, due to the existence of buoyancy forces. Among the limitations of the
method are the difficulty to select the appropriate interval of the experimental curve
that matches the conditions imposed by the theoretical model describing the technique,
the relative high volume of sample required, the complexity of the electronic
apparatuses involved and the delicacy of the thin wire that limited the commercial
development of hot wire instruments [114].

LIT with laser spot heating has proven to be an efficient non-contact method to measure
thermal transport properties of solids, which to the best of our knowledge has not been
used for thermal characterization of gases and liquids. Therefore, the method proposed
here is innovative in the measurement of this thermal parameter in fluids using LIT,
which also has as its main advantage over THW the small amount of sample that is

required for a measurement, around 10-2cm?.
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Here, the theoretical and experimental details behind this method are described, whose
usefulness is demonstrated by measurements of the thermal conductivity of air, water

and ethylene glycol, some of the most common fluids.

5.3 Infinite vertical interface between two different media

5.3.1 Theory
We consider two semi-infinite and opaque materials with an infinite vertical interface

placed in plane y=0. Medium 1 is at y < 0 and medium 2 is at y > 0. The surface of
medium 2 is illuminated by a laser beam of power P(t) =%P0[1+cos(wt)],

modulated at a frequency f (@ =2=f). The center of the spot laser is located at a distance
d from the interface (0, d, 0), as shown in Figure 5.1. Adiabatic conditions are assumed

on the sample surface, heat losses to the surrounding air are neglected.

4 Modulated Gaussian
= light beam (w, )

W= Radius,a

wr
a y o
X Interface
. Medium 1 Medium2 |~
Gap

Figure 5.1 Schematic of an infinite vertical interface that divides two different media.

Focused and modulated laser beam impinges in medium number 2.

We start the calculation considering that the infinite interface separates 2 infinite
media. We consider a point-like heat source located in medium 2 at a distance d from
the interfae. The expressions for the spherical thermal wave T generated by the

excitation in medium 2 in the absence of an interface is given by [37]:
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And the thermal waves scattered at the interface in both media can be expressed as
[37]:

T_(x,y,2) = P, [ 8],(8r)AeFrY ds; y <0 (5.2)

T.(x,y,z) =P, fooo 5J,(6r)Be=P2Y ds; y>0 (5.3)

Where g; = /52 + q]?, with subscript j = 1,2. Expression 5.1 represents a spherical

wave in Hankel's space. The temperature of materials 1 and 2 fory <Oandy >0, is
givenby T, =T_and T, =T + T,, respectively. To determine constants A and B in
Equations 5.2 and 5.3, the conditions of continuity of flow and discontinuity of the
temperature in the interface are considered:

L I
kgl = kel (5.4)
aT:
(T, Tl)y 0 = Renk, ayz (5.5)
y=0
By solving Equations 5.4 and 5.5 we obtain,
e Fad 1
A= 2m Xk1/31+k2/32+Rthk1ﬁ1kzﬁz (5.6)
_ e=P2d % —k1B1+kaBa+Renk1B1k2 B2 (5.7)
4Tk B2 k1B1+kzB2+Renk1B1k2p2
Accordingly, the temperature inside each material is given by
Ti(x,y,2) = 12 |, 6Jo(6r)efYe P2, (5) ds (5.8)
-Bal
T,(x,v,z) = (5r)e 7 s + f 8],(6r)e Py e=B24f,(5) dS
(5.8a)
where
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f1(6) = (5.9)

—kq1B1+kzB2+Renk1 81k B2
) = L 5.10
fz( ) kzﬁz k1B1+k2B2+Renk1f1k2P2 ( )

Now, we consider that a free surface is located at plane z = 0 and we assume adiabatic
boundary conditions at the sample surface (z = 0). Under these hypothesis, we can
apply the image method to account for the sample surface, that results in having a laser
spot of double power. Finally, if we consider not an ideal point-like heat source but a
real circular Gaussian spot of a maximum power P, and radius a, then, the temperature
inside the sample is the sum of the contribution of each point of the Gaussian spot
weighted by its intensity.

_2[xf+o-a?]

Ti(x,y,2) = ZPO f f dxodyse @2 fooo 8], (8rg)ePrYe o (8) ds
(5.11a)
(8a)?
ePeZe™ 8
T,(x,vy,2z) = o kzj 6]0(67”1)Td6+

2[x+(o-a)?]

S5 00 dxodyse™ @@ [ 8],(8rp)e FYeFavof,(8) ds (5.11b)

thaz

where 7, = \/(x — x,)2 + z2 and r; = /x2+(y — d)2. Equations 5.11 represent the
temperature at any point of each material but its numerical evaluation is rather time
consuming since a triple integral is concerned. By considering the surface temperature
profile along the y-axis, i.e. perpendicular to the interface and crossing the center of the

laser spot, the order of the integrals drops, drastically reducing the computing time.

azﬁ%
_Ga)? ——~4—p2d+p
0 =2 (4]0

(aa)z

(8ly —dI)= dé +

TZ(O'y1 0) =
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Here I, is the modified Bessel function of order zero.

5.3.2 Simulations

The numerical simulations of Equation 5.12 are presented using two combinations of
the mediums concerning their thermal properties. In the first one, the material of the
medium 1 is a good thermal conductor, in relation to the material of medium 2
(intermediate thermal conductor). In second one, the material of the medium 1 is a bad
thermal conductor, in relation to the material of medium 2. The properties of medium
2, k and a were selected according to a real sample of AISI-304. The properties of
medium 1 were selected as those of Copper and Polyetheretherketone (PEEK), for
better and worse conductors than medium 2, respectively. The simulation parameters
are shown in Table 5.1. In all the simulations the illuminated material is material 2.
The value of the power Po was chosen guaranteeing a maximum variation of
temperature at the center of the spot of 15 K above the room temperature. Parameters

a, d, and f were selected following the rule established by Pech-May in Reference [37],
inwhich2a = d = u/2;, u = \Ja,/nf.

Table 5.1. Values of the parameters used in the computer simulations.

Material
Parameter Medium 2 Medium 1
AlSI1-304 Cu \ PEEK
k (Wm1K?) 15 [115] 40117 0.259 18]
a (m?s?) 4 x 10611171 117 x 1077 0.18 x 106 [116]

Po (W) 200 x 1073 - -

a (m) 150 x 106

d (m) 300 x 10°®

f (Hz) 3
Rin (M?KW) (0, 10°%, 10, 10°%)

According to Equation 1.13 and considering that the room temperature thermal
conductivity of air is kar = 0.025 WmK, the Rin values presented in Table 5.1
correspond to air gaps widths of 0, 0.25, 2.5, and 25 pum.
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Figure 5.2 shows the calculation of the natural logarithm of the temperature amplitude
In |T| and the phase ¢ along the y axis for an AISI-304 sample in contact with PEEK
material. The steel sample is illuminated by a Gaussian laser beam. Calculations have

been performed using Equation 5.12 and the parameters mentioned in Table 5.1.
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Figure 5.2 Simulation curves of the natural logarithm of the a) temperature amplitude,

In(|T|), and b) phase, @ (T), along the y axis for an illuminated AISI-304 sample in

contact with a PEEK sample. The effect of the thermal resistance R at the interface (y

= 0) is shown. — Rin=0; — Rn=10"°; — Rn=10* — Rin=10" [m?KW1].

In Figure 5.3, in the same way as Figure 5.2, the calculation of the natural logarithm of
the temperature amplitude In |T| and the phase ¢ along the y axis for an AlSI-304
sample in contact with Cu material is shown. It is worth noting that we are using the
natural logarithm of the temperature instead of the temperature itself since the former
accentuates the low temperature values (past the interface) with respect to the high

temperature values (around the laser spot).
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Figure 5.3 Simulation curves of the natural logarithm of the a) temperature amplitude,
In(|T]), and b) phase, ¢(T), along the y axis for an illuminated AlSI-304 sample in
contact with a Cu sample. — Rn=0; — Rn=10"%; — Rn=10"*; — Rn=103 [m*KW1].

As can be observed in Figures 5.2 and 5.3, the interface produces a singularity in both
In |T| and ¢ even when there is a perfect thermal contact (Rw = 0). However, if there
is a lack of adherence between the two media, an abrupt discontinuity appears. We have
used the same scale level in In |T'| and ¢ to clearly show that the jump at the interface
iIs much higher for the former. Accordingly, in this manuscript only the amplitude of
temperature will be treated in order to size the Ru. In this way, note that the height of

the jump in In |T| increases with R.

The main difference between Figures 5.2 and 5.3 is that for a fixed value of the thermal
resistance the jump in In |T| is higher if the material at the other side of the interface is
a good thermal conductor than a bad thermal conductor. For instance, the thermal
resistance of 10° m2KW, the pink lines in both figures, is barely distinguishable when
material 1 is a worse thermal conductor than AISI-304, but produces a more
distinguishable jump, around of 2.65 approximately if material 1 is a better thermal
conductor than AISI-304. This result can be explained after analyzing Equations 5.9
and 5.10, in which the thermal resistance is correlated to k, and k, through the factor
Rinko k4. This means that for a fixed value of material 2, the higher the value of k;, the
lower the Ry, value that can be detected.
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5.3.2.1 Sensitivity to discontinuity

In order to quantify the height of the temperature jump or discontinuity at the interface
position, expression 5.13 is used to measure the thermal contrast of this jump.
Temperature logarithms are used to highlight the differences. Note that this contrast is

independent of the laser power Po.

A= ln(|T2 (0.0.0)D - ln(|T1 (0,0,0)|) (5.13)

|Sizing limit _ Sizing limit

A(a.u.)
A(a.u.)

Detection threshold 7

10 107 10° 10°  10* 10° 107 10" 10° 10" 10° 10° 10°  10° 10° 10"
1. 2 1_2
R, (W'mK) R, (W m’K)
a) b)

Figure 5.4 Simulation curves of the A as a function of R, varying the thermal
properties of material 1 and keeping those of the material 2 fixed (AIS1-304). The lower

horizontal line indicates the threshold to detect the discontinuity at the interface and

the upper one the limit to size the discontinuity. — k1 = 0.4, a1 = 0.1; — ki = 1.26,
a1=0.32; —ki=4,01=1; — ki = 12.6, a1 = 3.2; — k1 = 40; 01 = 10, — k1 = 126; a1 =
32, — ki =400 [Wm™K™]; 02 =100 [x10°m?s?].

In Figure 5.4, simulations of the temperature contrast A as a function of the thermal

contact resistance R are shown. Here, the thermal conductivity of material 1 varies
from 0.4 (bad thermal conductors like polymers) to 400 Wm™K? (good thermal

conductors like copper) in multiplying steps of v/10. The corresponding thermal
diffusivity also varies in steps of v/10 from (0.1 to 100 ) x10%m?s™%. k and a of material

2 were kept fixed to the AISI-304 values. In Figure 5.4a the parameters considered in
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numerical calculations were taken from the Table 5.1. In Figure 5.4 it can be seen that
low R is better detected (produce higher A) when the material 1 is a good thermal
conductor than when it is an insulator or bad thermal conductor. For this reason, a
thermal resistance of 10° m?KW (equivalent to L = 0.25 um) remains undetected when
material 1 is a bad thermal conductor with k1 = 0.1 Wm™K* (Pink line in Figure 5.4a),
but produces a thermal contrast as high as A = 2.17 for ki1 = 400 Wm™K™ (Red line in
Figure 5.4a). On the other hand, note that for a given material 1 (a given color in Figure
5.4), there is a minimum Ry value below which the temperature contrast becomes
negligible and therefore the discontinuity at the interface remains undetected. Taking
into account the experimental noise, it was stablished a quite conservative detection
threshold when the temperature contrast is A = 0.2 (see Figure 5.4). Finally, as R
increases the temperature contrast rises monotonously, indicating that these air gaps
are easily detectable. However, as high A means that the temperature in material 1 is
very low, these wide air gaps cannot be sized precisely due to the experimental noise.
Accordingly, we have stablished a sizing threshold A = 4, which corresponds to a
temperature in material 1 around 15 mK. Accordingly, for higher thermal contrasts the
air gap is clearly identified but cannot be sized accurately. Figure 5.4b is a simulation
in which the value of the modulation frequency was increased by two orders of
magnitude, a fixed value of 100 Hz. In order to fulfill the relationship 2a =~ d = u/2,
which provides the best experimental conditions to size vertical cracks, the values of a
and d were reduced one order of magnitude: a = 30 um, d = 60 um. As can be seen in
the Figure 5.4b, the increase in frequency by two orders of magnitude, produces a
displacement of the A to lower R values by almost one order of magnitude. This result
means that high frequencies are better suited to detect and size extremely narrow
discontinuities. It is important to mention that although focusing a laser to a radius of
30 um and positioning its center at 60 um from the interface between two media is
simple, the spatial resolution of the current IR video cameras is not enough to work so
close to the interface. For instance, the IR camera used in this work has a microscope
lens reaching a resolution of 30 um by pixel, which is enough to work at frequencies

no greater than 10 Hz.

102



5.3.3 Results and discussion

In order to experimentally test the numerical simulation curves presented in Figures
5.2 and 5.3, a measurement system using LIT with focused laser beam has been
implemented. Figure 5.5 is a schema representative of the experimental set-up. As
excitation source, a continuous wave laser (532 nm) modulated in intensity by an
Acousto-Optic Modulator (AOM) was used. The modulation frequency was f = 0.4 Hz.
The laser beam is then focused onto the sample through a Germanium window and an
optical arrangement. The laser power was adjusted to obtain a similar temperature rise
at the center of the laser spot of about 5-10 K. The temperature field on the surface of
the sample is recorded by an infrared camera (FLIR, SC7500) that uses a microscope
lens to reach a spatial resolution of 30 um (pixel size). A Lock-in module adapted to
the camera allows processing thousands of thermograms, which are averaged giving
amplitude and phase thermograms of the surface temperature with a low noise level.
Averaging around 2x10* images at a frame rate of 350 images/s, the noise level of the
data is kept below 1 mK. The sample is composed of two parallelepiped blocks of
different material, 1 and 2. The surface of medium 2 is heated with a focused laser

beam at a distance d from the interface on the sample’s x-y plane as shown in the inset.

Reference
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Figure 5.5 Schematic diagram for measurements of R in the interface using LIT

with focused laser beam.
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In practical measurements to verify the method, calibrated thermal resistances at the
interface between two materials with different thermal properties were prepared. A
parallelepiped block of AISI-304 stainless steel (dimensions 3x3x3cm) was put in
contact under pressure with another parallelepiped piece of a different material. First,
like in simulations, a bad thermal conductor, PEEK block (dimensions 3x3x0.6cm) and
second, a good thermal conductor, Cu block (dimensions 3x3x3cm) were used. The
surfaces in contact have mirror like finishing. In order to calibrate the air gap between
the blocks, calibrated nickel tapes of micronic thickness were inserted between them
as shown in Figure 5.6. In the two configurations (PEEK/AISI-304 and Cu/AlSI-304)
the steel piece was illuminated, as in the simulations. A thin graphite layer of a few
microns thick was deposited onto the surface of the two materials in order to increase
the absorption to the heating laser and to make the emissivity to infrared equal and

homogenous in both materials.

Ni Tapes

A

Interface

Figure 5.6 Schematic representation of an infinite interface of calibrated width.

PEEK/AISI-304 combination. All measurements in this combination have been
performed under the same experimental parameters as shown in Table 5.2, which were

selected according to in the conclusions of the numerical simulations.

Table 5.2. Values of the parameters used in the PEEK/AISI-304 combination.

Parameter Value
Po (W) ~250 x 10°°
a (m) ~200 x 10®
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d (m) =350 x 10
f (Hz) 0.4

Using nickel tapes of calibrated thicknesses, different air gaps or interface widths were
guaranteed as L=0, 2.5, 5, 10, 20, 30 and 40 um. The amplitude thermogram shown in

Figure 5.7a corresponds to the direct contact between the two blocks, L=0 um.
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Figure 5.7 a) Amplitude thermogram at 0.4 Hz for an PEEK/AISI-304 combination at
L=0 um, and b) natural logarithm of the surface temperature amplitude along the y axis

for seven interface widths.

As can be observed, there is a horizontal line at the boundary between the two
materials. Unlike the case of infinite vertical cracks in the same material, where a clear
line indicates a thermal discontinuity and therefore a thermal resistance [37], in the case
of the junction between two different materials there is always a line indicating the
transition from a material to the other one, due to the difference in their thermal
properties. A comparison between the thermographs of L=0 pum and L=10 pm shows
that it is visually difficult to perceive a difference between them. Accordingly, it is
impossible to assess whether there is a perfect thermal contact or there is a thermal
resistance between them. Then, to size the thermal resistances, the profiles of In |T|
along the y axis for all air gaps were analyzed, which are plotted in Figure 5.7b Dots

are the experimental data that for each profile have been shifted to better appreciate the
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jump at the interface. They exhibit a very low noise level due to lock-in averaging.
Actually, at the longest distances shown in Figure 5.7b, y = -1 and 2.5 mm, the
temperature is around 20 mK, but, as was said before, the noise level remains lower
than 1 mK. The continuous lines are the least squares fits to Equation 5.12 using four
free parameters: Po, @, d and Rw. The retrieved thermal resistance values are R =
(2.3+2.9)x107°, (1.10+0.17)x10%, (1.64+0.15)x10*, (3.3+0.2)x10*, (8.4+0.3)x10*,
(1.14+0.05)x107 and (1.61+0.06)x10"3 m>KW-*, which correspond to the following air
gaps, L =0.57+0.71, 2.8+0.4, 4.1+0.4, 8.5+0.4, 21+1, 2941 and 41+2 pum respectively.
They are in good agreement with the nominal values of the nickel tapes thicknesses,
except for the case of direct contact between both blocks. Note that the uncertainty is
around 5% for interface widths verifying L > 10 um. However, as the width reduces
the uncertainty increases (9%, 15% and 124% for L = 5, 2.5 and O um, respectively).
This is due to the reduction in the temperature contrast at the interface. In the case of
direct contact (L = 0 um), the fitting procedure is able to give a value of the thermal
resistance, but the uncertainty is so high that the method cannot distinguish widths in
the range 0-1 um. This result is in agreement with the simulations given in Figure 5.2,
where for temperature contrasts below 0.2 the thermal resistance cannot be detected.
On the other hand, in all fittings the retrieved values of a and d are in the range d =
0.33-0.37 mm and a = 0.18-0.22 mm, which are very close to the values measured

optically.

Cu/AlISI-304 combination. In this combination the experimental parameters used are

shown in the next table,

Table 5.3 Values of the parameters used in Cu/AlSI-304 combination.

Parameter Value
Po (W) ~250 x 1073
a (m) ~150 x 10°®
d (m) ~300 x 10
f (Hz) 0.2

In this case the nickel tapes of calibrated thicknesses, were L =0, 1, 2.5, 5 and 10 pm.
The amplitude thermogram shown in Figure 5.8a corresponds to the direct contact
between the two blocks, L=0 pum.
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Figure 5.8 a) Amplitude thermogram at 0.2 Hz for an Cu/AlSI-304 combination at L=0
pum, and b) natural logarithm of the surface temperature amplitude along the y axis for

five interface widths.

As before, there is a clear border indicating the change of the thermal properties
between both materials, but looking at Figure 5.8a, it is not possible to evaluate whether
the thermal contact is perfect. Figure 5.8b shows the temperature profiles along the y
axis for five air gap widths: 0, 1, 2.5, 5 and 10 um. Dots are the experimental data and
the continuous lines are the least squares fits to Equation 5.12. Note that even for a
tight contact between the two blocks (L = 0 um) a net jump appears at the interface.
This result confirms the prediction of section 5.3.2 that extremely narrow cracks are
easily detected if the two materials are very good thermal conductors. The retrieved
value of its thermal resistance is Rin = (4.3+0.4)x10° m?KW, which corresponds to
an air gap of L =1.1+0.1 um. By fitting other perpendicular profiles on the same sample
interface, widths in the range 0.7 to 1.2 um were obtained in all cases. This is the closest
interface that we can manufacture in cm-scale metallic samples. Simulations indicate
that obtaining an almost perfect thermal contact in this combination using the same
experimental parameters requires the interface width to be L < 10 nm (see red line in
Figure 5.4a), which are not possible to machine. The fittings corresponding to the
remaining samples give the following thermal resistances, Rin = (7.4+0.6)x107,
(9.1+0.7)x107, (1.61+0.14)x10* and (2.4+0.3)x10* m?KW-1, which correspond to the
following air gap widths, L = 1.86+0.16, 2.27+0.18, 4.0+0.4 and 6.1+0.6 pm
respectively. In all fittings the retrieved values of a and d are in the range d = 0.27-0.33
mm and a = 0.13-0.17 mm, very close to the values measured optically. Although the
retrieved values of the air gap width are good, they are worse than those obtained in
the combination PEEK/AISI-304. The reason for that is associated to the temperature
data in the copper region as given in Figure 5.8b. On the one hand, far away from the
interface (-2 mm <y < -1 mm) the temperature level is around 10 mK for L = 0 and
falls down to 3 mK for L = 10 um. Therefore, they are noisier than in the case of PEEK.
This is due to the huge jump at the interface position when material 1 is a good thermal

conductor.
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On the other hand, near the interface (-0.5 mm <y < 0 mm) the temperature does not
exhibit the expected sharp discontinuity at the interface but a smooth transition
involving around 15 pixels. This result is due to the imperfect imaging system of the
IR camera (diffraction, multiple reflections or optical aberration). The so-called Point
Spread Function (PSF) describes the response of an imaging system to a point source
or point object, and depends on the lens quality [118]. This effect is more noticeable as
the temperature difference at the interface increases. Actually, this effect is also present
in the PEEK temperature data (see Figure 5.7b), but only involves 2 or 3 pixels.
Accordingly, the effect of the PSF is negligible in the fittings in the PEEK/AISI-304
couple, but becomes significant in the Cu/AlSI-304 ensemble. In this way, the retrieved
values of the thermal resistance are less accurate as the jump at the interface increases.
Both, the low temperature level together with the PSF are the reasons why we
established a sizing limit in Figure 5.4, indicating it is not possible to get accurate R
values when the temperature contrast verifies A > 4. This is just what happens for L >
5 um in the combination Cu/AlSI-304 for which the temperature contrast verifies A =
4.5-5, as can be seen in Figure 5.8b. This means that this method is not able to size air
gaps thicker than 5 um in this combination. Accordingly, the retrieved value for L=5
pum is still acceptable (L=4.0 um), but becomes just an estimation for L=10 pm (L=6.0

pum).

5.4 Thermal conductivity of fluids that fill interface between two media

In the first part of this chapter it was demonstrated that it is possible to characterize the
width of an infinite interface or crack between two media of different materials. The
work was based on the one developed by Pech-May et. al, in which both media were
of the same material. Therefore, in both works the relation R;;, = L/k was considered
to obtain the widths of each calibration gap predefined by means of tapes (calibrated
by manufacturer). Here the value of thermal conductivity used corresponded to the air
(fluid filling the interface) and the values of R;, were obtained by adjusting the

experimental curves to the expression 5.12, as already seen in section 5.3.3.

The simple relationship of thermal resistance to width
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L = Kfuia * Ren (5.14)

suggests a method for determining the thermal conductivity of a fluid that fills the
interface by measurement of the slope of the (true) L Vs. (retrieved) R;; curve. This
can be checked initially with the results obtained in section 5.3.3, in which a
combination of PEEK/AISI-304 materials with different interface widths was
measured. Figure 5.9 shows the nominal value of the air gap widths as a function of
the retrieved thermal resistance for this system.
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Figure 5.9 Nominal value of the air gap widths as a function of the retrieved thermal
resistance for a PEEK/AISI-304 combination. The solid curve is the best linear least

squares fit with a slope equal to k;,-.

As can be seen from Equation 5.14, the slope of this curve is the air thermal
conductivity, for which a value (0.0257 + 0.0008) Wm™K* was obtained, in agreement
with the literature reported value, k,;,-=0.026 Wm™K? [7]. The measurement
uncertainty of about 3% is adequate for thermal conductivity measurements [119]. This
result proves that the thermal conductivity of air can be measured using this
methodology that could be used to characterize other samples that fill the interfacial
cavity.
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5.4.1 Numerical simulations and sensitivity analysis

Figure 5.10 shows simulation curves obtained using equation 5.12. These are
calculations of the natural logarithm of the temperature amplitude In |T| along the y
axis for an AlISI-304/A1S1-304 combination with two substances (air and water (k=0.6
WmK™[44])) filling the interface gap. Water and air were selected as typical fluids
used in THW calibration, and their thermal conductivity ratings are separated by an
order of magnitude. Numerical calculations were performed for different widths of gap.
Values of the parameters used in the simulations are shown in Table 5.4. A typical
jump in the surface temperature profile is observed due to at the interface, which
increases with the gap width. The temperature difference at the discontinuity, AT, is
quantified in Figure 5.10 for the curves corresponding to the thinner and wider gaps.
This temperature jJump deserves a thorough analysis because it represents the signature
of the thermal resistance that is obtained by the fitting procedure described above. Note
that these values of AT are easily measurable by the thermographic camera (level noise
around 1 mK) and that when the air gap widths vary from 5 to 70 um there is a change
in AT (l.e. AT¢z0um) — AT(sumy) Of 3.3 K, a value that increases with the thermal
conductivity of the substance filling the gap (reaching 9.43 K for water, as shown in
Figure 5.10b). Note that, in the case of air, the drop is greater than that of water for a
width of 5um, which suggests a greater sensitivity to the width of the interface when it
Is very narrow. However, in both cases, the method is sufficiently sensitive over the
entire range of proposed nominal widths, being able to easily recover the thermal

resistance values corresponding to each gap width, as in Figure 5.9.

112



b)

Tareum=14.77K

| ATEm=3.79K
AT70um=18.07K

In(|71)

AT (70um)=13.22K

-4 T T -1 5 T : T E
-1 0 1 2 -1 0 1 2

¥ (mm) y (mm)
Figure 5.10 Simulation curves of the natural logarithm of the temperature amplitude,
In(|T]), along the y axis for an AIS1-304/AIS1-304 combination with a) air and b) water
as the substance filling the gap, for different gap widths. — L=5; — L=10; — L=20; —
L=40; — L=50 ; — L=70 [m2KW1].

Table 5.4. Values of the parameters used in the numerical simulations. Different power
values were chosen in each configuration to guarantee a maximum temperature on the

surface of 318 K as a good practical case.

Parameter Material
AISI-304 PEEK Al
k (Wm2K?) 15 [1%9] 0.259 [116] 238 []
o (m?s?) 4 x 107 [117] 0.18 x 1076 [116] 93 x 10 [
Po (W) 300 x 107 6.8 x 107 4.7
a (m) 150 x 10°®
d (m) 300 x 106
f (Hz) 0.5
L (m) (5, 10, 20, 40, 50, 70) x 107

In order to evaluate the sensitivity of the discontinuity of the temperature to the thermal
conductivity of the gap filling material, computer simulations of AT as a function of k
are shown in Figure 5.11. Although Equations 5.12 provide the general expression of
the temperature along the y-axis when the materials at both sides of the fluid are
different, the methodology is simpler if the same material is used in both media
(medium1 = medium 2 in Figure 5.6). Accordingly, in the following we set a; = a5,
and k; = k, = k in Equation 5.12, and we analyze three material combinations of low,
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intermediate and high conductivity: a) AISI-304/A1SI-304, b) PEEK/PEEK, and c)
Al/Al). Parameters used for simulations were shown in Table 5.4.
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Figure 5.11 Simulation curves of AT versus k for experimental combinations of a)
AISI-304/AISI-304, b) PEEK/PEEK and c) Al/Al. Dotted lines represent the limits of
k values of interest in this work, from 1 x 102 to 1 Wm™K!, which includes the range

of liquids and gases.

In Figure 5.11, the behavior of the curves at different widths are monotonous, but they
move in the direction of increasing k when the width of the gap rises. This allows
defining the most favorable measurement ranges of k in each configuration.
Considering the range of interest, the AISI-304/AIS1-304 combination presents the
greatest variation of AT as a function of k in 5, 10, 20 and 30 pm, as shown in figure
4a. The PEEK/PEEK combination favors measurements of smaller k values between
1x 101 to 1 x 102 WmK™L. The Al/Al combination shows a wide variation range of
AT as a function of k, showing clearly that this configuration is useful in the range from
1 to 100 WmK™. However, it is important to note that in practice it would not be
advisable to use this last configuration due to the huge power that must be applied to
medium 2 to obtain a good amplitude of the surface temperature field as was shown in

the simulation parameters in Table 5.4.
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5.4.2 Results and discussion.

As shown in Figure 5.9, the proposed method to determine the thermal conductivity of
a fluid filling an interface between two media works if the materials on both sides of
the interface are different. However, the implementation becomes much simpler using
the same material for both regions. Therefore, considering the stiffness and final finish
of the material, its thermal properties, and based on those obtained in the numerical
simulation curves, the AlISI-304/AIS1-304 combination has been chosen for physical
implementation. As the methodology has already been tested in Figure 5.9 with air, a
universal and very low thermal conductivity gas, we have chosen as test materials a
high thermal conductivity and universal liquid, water and ethylene glycol as an

intermediate thermal conductivity liquid.

The experimental configuration consists basically of the set-up depicted in Figure 5.5,
but the measurements were improved in order to achieve different widths of the
interface. For this, it is proposed to generate an interface in the form of a wedge, in
which the nominal values of the gap width along the x-axis are known. figure 5.12
shows the diagram of this configuration, which will allow continuous measurements as

we move along the x-axis.

v

Figure 5.12 Schematic representation of an infinite interface with shape of a wedge.
Showing the separating sheets (La and Ls) used to construct the gap between AISI-
304/AIS1-304 blocks.
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A wedged gap in AISI-304/AISI-304 combination was obtained by sandwiching two
AISI-304 sheets of different thicknesses (denoted in Figure 5.12 as La and Lg), between
the blocks, close to the ends. A moderate pressure was applied to the blocks to maintain
the different parts together but taking care to avoid false contact. The laser (Verdi-v6,
COHERENT, 532nm, power up to 6W) and camera (SC7000, FLIR) positions were
fixed, while the sample was displaced using a micrometer stage along x-axis with a 2
mm step. Due to the wedged shape of the cavity, for each position of the sample the
interface width at the location of the laser spot is different. The temperature amplitudes
along the transverse y-profile crossing the interface through the center of the laser spot
were recorded for different widths Li of the gap. Note that the wedged shape of the
cavity does not affect the measured thermal resistance, as the only temperature data
used to quantify the thermal resistance is the profile that crosses the center of the laser
spot. Typical values of laser power, frequency, radius and distance to the interface were
Po=200 mW, f=0.3 Hz, a =170 pum and d = 390 um, respectively. A layer of graphite
was deposited on the surface of the sample (x-y plane) to enhance and homogenize the
infrared emissivity over the entire surface, besides of increasing the absorption of the
excitation beam.

Figure 5.13a shows the amplitude thermograms for a sample of water filling the
interface with Lo = 75 pum and Ly = 10 pm, when the laser excites the surface at a
position where the water width is L = 60 pum. The natural logarithm of the surface

temperature amplitude along the y-axis for different widths is shown in Figure 5.13b.
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Figure 5.13 a) Amplitude thermogram at the surface for an AISI-304/AISI-304
combination whose interface is full of water and the laser is centered on the y-axis that
crosses the interface at L=60 um, and b) natural logarithm of the surface temperature
amplitude along the y-axis for eleven interface widths. The inserted values are the

thermal resistances (x10“m?KW1) retrieved from the fit to Equation 5.12.

The graphs in Figure 5.13b were shifted along the ordinate axis to better appreciate the
jumps at the interface, which is placed at y = 0. In all cases the modulation frequency
was at 0.3 Hz. The circles are experimental recorded data and the solid curves the best
fits using equation 5.12, from which R was obtained as fitting parameter of particular
interest. The parameters d, a, and P, are of less interest, however the retrieved values
allowed to verify the quality and consistency of the fitting as they were in excellent

agreement with the preset experimental conditions. Similar results are shown in Figure
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5.14 for ethylene-glycol (La= 50 pm and Lg = 20 um). The amplitude thermogram at
the surface was recorded at L = 35 um. The curves shown in b) were taken at f = 0.3
Hz.
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Figure 5.14 a) Amplitude thermogram at the surface for an AISI-304/AISI-304
combination whose interface is full of ethylene-glycol and the laser is centered on the
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y-axis that crosses the interface at L=35 um, and b) natural logarithm of the surface
temperature amplitude along the y-axis for six interface widths. The inserted values are

the thermal resistances (x10*m?KW-1) retrieved from the fit to Equation 5.12.

Figure 5.15 shows the linear behavior predicted by equation 5.14 when L as a function
of the retrieved thermal resistance R is plotted. Figure 5.15a is the experiment done
with water and (b) with ethylene-glycol. The solid curves are the best least squares
linear fits of the data from which ksquia Was obtained as the slope value. The obtained
values were Kwater = (0.618+0.003) Wm™K™ and Kethylene-giycol = (0.27+0.01) WmK?,
which are in good agreement with literature reported ones (Kwater = 0.6 Wm™K?, and
Kethylene-glycol = 0.26 Wm™K™ [7,44,120]). As we can see the measurement uncertainty
obtained with this improved configuration resulted in 1% and 4.6 % for the water and
ethylene-glycol thermal conductivity respectively, showing the accuracy of the
proposed method.
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Figure 5.15 L Vs. Ry for an interface full of a) water and b) ethylene-glycol. The

solid curves are the results of the best linear least squares fits.

5.5 Conclusions

The first part of this chapter addressed the issue of sizing the vertical interface between

two different media using lock-in thermography with laser spot heating. An analytical

expression for the surface temperature of the two-media when a modulated and

focused laser beam impacts near the interface was proposed. The interface between the

two media produces a singularity in the temperature field, just at the interface position,
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due to the difference in their thermal properties. Besides, if the thermal contact between
the two materials is not perfect, an abrupt discontinuity in the temperature at the
interface is added. The validity of the model has been tested experimentally by
performing lock-in thermography measurements on PEEK/AISI-304 and Cu/AISI-304
materials combinations with calibrated interface widths. By fitting the temperature
amplitude profiles across the interface to the model, the air gap width at the interface
was obtained. The good agreement between the optically calibrated width and the
retrieved one confirms the validity of the method. The results indicate that it is easier
to detect narrow interfaces in good thermal conductors than in insulators. Due to the
diffraction limit and the especial resolution of nowadays cameras, IR thermography is
restricted to size interfaces widths down to tenths of micron (R = 10° m?KW).
Characterizing interface widths in the nanometer scale (R ~ 108-10° m?KW1), as is
the case of grain boundaries in polycristaline samples or composite materials, requires
a high modulation frequencies (MHz) and a point-like laser spot. Modulated
photothermal reflectance (MPR) is an ideal technique to reach the nanometer limit. It
is worth mentioning that the method proposed in this manuscript is directly applicable
to MPR.

On the other hand, a new methodology for thermal conductivity measurements in gases
and liquids was proposed in the second part of this chapter. It uses lock-in infrared
thermography with laser spot heating for straightforward measurement of the thermal
conductivity of fluids that fill the interface between two solid materials. This is an
accurate (measurement uncertainty can be as small as 0.5%), fast (measurement takes
only some minutes) and non-contact method (both thermal excitation and detection
involve electromagnetic waves) that requires very small quantity of sample (about 10
2cmd), so that it offers significant advantages if compared to the conventional
techniques for thermal characterization of fluids such as the well-established transient

hot wire technique.
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CHAPTER 6

THERMAL DIFFUSIVITY OF SOLIDS IN
MOTION USING INFRARED
THERMOGRAPHY

6.1 Particular objective.
To measure the in-plane thermal diffusivity of solid samples in motion at constant

velocity using infrared thermography.

6.2 Introduction

The precise knowledge of the thermal diffusivity of materials is crucial in
understanding dynamic processes in thermal engineering. During the last decades,
many methods have been proposed to measure the thermal diffusivity of a wide variety
of materials and shapes: bulk, thin films on substrate, free-standing films, filaments,
etc [121]. In all these methods, the specimen under study remains at rest.

In this chapter it is proposed to use infrared thermography to measure the in-plane
thermal diffusivity of samples that are moving at constant velocity. This proposal
mimics the real case of in-line production or in-line quality control processes in
factories, where heterogeneities, i.e. local changes in the properties, must be detected
in real time, without stopping the production chain. Here, the experimental
configuration consists in heating the sample surface by a focused laser beam while the
surface temperature is recorded by an infrared camera. The method is based on
analyzing the surface temperature field in natural logarithm scale. Then, three simple
linear relations were found from which the thermal diffusivity can be obtained in a
straightforward way, i.e. avoiding delicate multiparametric fittings.

First, analyzing the two orthogonal temperature profiles (transverse, y, and
longitudinal, x, to the sample movement) that cross the centre of the laser spot, it is
demonstrated that, for a thermally thick and a thermally thin sample, the natural

logarithm of the temperature multiplied by the distance and the square root of the
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distance from the laser spot, respectively, have a linear behavior as a function of this
distance, y or x, with a different slope for each profile. These slopes are directly related
to the thermal diffusivity transverse, a,,, and parallel, a,, to the sample movement by
simple formulas involving the sample velocity. The third linear relation is obtained
from the analysis of the transverse profiles at a distance from the laser spot, where the
In(T) of each profile are parabolas and the inverse of the second order coefficient of
these parabolas is a linear function of the distance to the laser spot, X, as it was
demonstrated in static pulsed experiments [122]. From the slope of this straight line,
the thermal diffusivity transverse to the sample movement, «,,, can be obtained by a
simple relationship.

It is demonstrated that these methods are valid not only for opaque samples but also
for semitransparent materials. Moreover, a significant benefit of the above mentioned
linear relations is that they are not affected by heat losses by convection and radiation.
To check the ability of the method, measurements on calibrated samples covering a
wide range of thermal diffusivities (from insulators to good thermal conductors) were
done. The results we have obtained confirm the validity of the methods to measure the
thermal diffusivity accurately.

It is worth noting that these methods can be directly applied when the sample remains
at rest and the laser spot scans the sample at constant velocity, a method known as
Flying Spot infrared thermography proposed by Kubiak [123] and has been developed

by several research groups to detect cracks in a fast manner [112,122,124,125].

6.3 Theory

Initially, the case in which the sample is at rest is considered. We deal with an
anisotropic sample, illuminated by an extremely brief (Dirac) pulsed laser of energy Qo
and Gaussian profile of radius a (at 1/e?). The Cartesian reference frame coincides with
the principal axes of this anisotropic slab. The heat losses by convection and radiation
from the sample surface are considered. The surface temperature rise above the ambient

Is given by Equation 2.61 as was demonstrated in section 2.3.2, that is:
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where A(t) is a function that depends on the optical properties and thickness of the
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Now we consider the same anisotropic sample moving to the right along the x-axis at
constant velocity v, while a laser of power P, and Gaussian profile of radius a (at 1/e?)

remains at rest, as it is shown in Figure 6.1.

Direction of movement Ty
at constant velocity »
_>
4 i
< N 4
Laser spot
Sample v

Figure 6.1 Front surface representation of a sample moving to the right at constant
speed v, while the laser spot is at rest.

The laser is switched on at t = 0. The surface temperature at time t is given by the

convolution integral of Equation 2.61 as,

EIE SV L
_ a2+8ay(t—7) a“+8ay(t-1)
T(x,y,0,8) = 28 [FA(t = 1) e dt (6.1)
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6.3.1 Methods to measure the thermal diffusivity

Three methods to measure the thermal diffusivity of a sample that is moving at constant
velocity are proposed by analyzing the surface temperature in logarithmic scale. The
methods are valid once the steady-state has been stablished. Figure 6.2 shows the
simulations, using Equation 6.1, of the time needed for the sample to reach the steady-
state, t., as a function of the sample velocity. Calculations have been performed for
four materials covering a wide range of thermal diffusivities, from thermal insulators
(o = 0.1x10° m?s!) to good thermal conductors (a = 100x10° m?s™), using a = 0.1
mm and h = 0. As can be observed, this critical time decreases as the sample velocity
rises and as the thermal diffusivity decreases. As these methods are addressed to study
large surfaces in short times, we employ velocities v > 2 cms™. For these velocities, the

steady-state is reached in a few seconds, even for the most conducting samples.
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Figure 6.2 Simulations curves of tc Vs. v in four materials of different thermal

diffusivity. — o =0.1, — « =1, — « =10 and — « =100x10° m?s™%,

Now, simulations of the surface temperature field when the steady-state has been
stablished are presented. In Figure 3a the isotherms of In(T) for a sample (ax = 4x10®
m?s?, ay = 1x10° m%s?, e, = 3000 Ws%°m2Kt) moving to the right at v =2 cms™ are
presented. The sample is heated by a 0.1 W laser beam of radius a = 0.2 mm, which
remains at rest. Simulations are performed for negligible heat losses (h = 0). In Figure

3b we show the transverse profiles of In(T") at different longitudinal distances from the
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laser spot. As can be observed, the central profile (x = 0) is almost linear, but the shape
changes as x increases, in such a way that the transverse profiles become parabolas at
long distances from the laser spot. Finally, in Figure 3c we show the central
longitudinal profile (y = 0) of In(T"). Note the strong asymmetry of this profile in front

of and behind the laser spot.
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Figure 6.3 a) Simulations curves of the contour plots of the natural logarithm of the
surface temperature for a sample (ax = 4x10° m2s?, oy = 1x10° m2s?) heated by a 0.1W
laser beam of radius a = 0.2 mm and h = 0, when the steady-state has been stablished.
The sample is moving at v = 2 cm/s; b) Transverse profiles of In(T) at several
longitudinal distances, x, from the laser spot; ¢) Central longitudinal profile (y = 0) of

In(T).

In the following three methods to measure the thermal diffusivity that are based on the
analysis of the shape of the central transverse profile, the central longitudinal profile
and the transverse parabolas will be proposed. All of them lead to simple linear
relations, which have the advantage of avoiding complex and delicate multiparametric

fittings.

It is worth noting that the three methods are also valid in the experimental configuration
where the sample remains at rest while the laser is moving at constant velocity along a
straight line onto the sample surface. This is the so-called Flying Spot infrared
thermography, which in recent years has raised the interest of the IR thermography

community for quantitative characterization of large surfaces [122,124].

The central transverse profile method. The Figure 6.4a shows the simulations curves
of the central (x = 0) transverse profile of the natural logarithm of the surface
temperature using the Equation 6.1 for the same sample as in Figure 6.3, witha =0

and in the absence of heat losses (h = 0). Two cases are considered. (a) If the material
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Is opaque and thick, we have found that the natural logarithm of the temperature
multiplied by the transverse distance, In(Ty), behaves linearly as a function of the
transverse distance, y. (b) If the material is an opaque and thin sample, or is transparent,
the natural logarithm of the temperature multiplied by the square root of the transverse
distance, In(T'y%®) , is a linear function of the transverse distance. The origin of the
difference lies in the fact that the expression of the surface temperature for opaque and
thick samples shows an additional 1/+/t factor with respect to both opaque and thin
and transparent samples, as can be observed in Equations 2.62 an 2.63. The slope (m)

of these straight lines is related to the sample velocity, the transverse a,, and the

longitudinal a,,, thermal diffusivity through the simple formula:

m=+—

T2 jayay

(6.2)

In order to check the influence of heat losses on the central transverse profile, we have
performed simulations for realistic values of the heat losses coefficient at room
temperature. The results show that this profile remains unaffected by heat losses for
values of h coefficient as high as 100 Wm K1, We have also analyzed the effect of the
laser spot radius on the linear behavior of the central transverse profiles. In Figure 4b
we show simulations performed for the same thermally thick material as in Figure 4a.
As can be observed, far away from the laser spot the linearity is kept with the same
slope given by Equation 6.2. This conclusion is also valid for opaque and thin or
transparent samples. Accordingly, the thermal diffusivity along the transverse direction
with respect to the sample movement can be obtained in a simple manner using

Equation 6.2.
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Figure 6.4 a) Simulations curves of the central transverse profile of In(Ty) for an
opaque and thick sample (black curve) and In(Ty%>) for an opaque and thin sample or
a transparent sample (red curve). Simulations have been performed for the same sample
as in Figure 6.3 with a = 0 and h = 0; b) Effect of the laser spot radius on the central

transverse profile for opaque and thick samples.

On the other hand, the linear behavior shown in Figure 6.4a allows to define the thermal
diffusion lengths () along the transverse directions with respect to the laser movement
as the distance with respect to the laser spot for which In(Ty) decreases by a factor e.

This transverse thermal diffusion length is given by y; = 2a;/v with i =y and z. In

particular, £4 defines the depth penetration of the transient thermal energy in
experiments with a moving sample. Accordingly, a sample behaves as thermally thick

if its thickness L > 24, while it behaves as thermally thin if L < 0.544.

The central longitudinal profile method. Figure 6.5a shows the simulation curves of
the central (y = 0) longitudinal profile of the natural logarithm of the surface
temperature using Equation 6.1 for the same sample as in Figure 6.3, with a =0 and h
= 0. Unlike in the transverse profile there is no symmetry with respect to the laser
position. For x > 0, the curve is flat and lacks information on the sample thermal
diffusivity. For x < 0, there is a linear relation depending on the sample velocity and

thermal diffusivity. As before, two cases are considered. a) If the material is opaque
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and thick we have found that the natural logarithm of the temperature multiplied by the
longitudinal distance, In(Tx), behaves linearly as a function of the longitudinal
distance, x. b) If the material is an opaque and thin sample, or is transparent, we have
found that the natural logarithm of the temperature multiplied by the square root of the
longitudinal distance, In(Tx%®), is a linear function of the longitudinal distance. The
slope (m) of these straight lines is related to the sample velocity and longitudinal
thermal diffusivity, x, through the simple formula:

m=— (6.3)

Ax

Simulations performed for heat losses coefficients up to h = 100 Wm2K* do not reveal
any change in the slope of the straight line, indicating that this method is not affected
by heat losses. Moreover, the slope of the straight line is neither modified when
considering a realistic non-zero laser spot radius (see Figure 5b). These evidences
indicate that Equation 6.3 provides a simple and robust method to retrieve the thermal

diffusivity along the sample movement direction.
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Figure 6.5 a) Simulations curves of the central longitudinal profile of in(Tx) for an
opaque and thick sample (black curve) and In(Tx°>) for an opaque and thin sample or
atransparent sample (red curve). Simulations have been performed for the same sample
as in Figure 6.3 with a = 0 and h = 0. b) Effect of the laser spot radius on the central
longitudinal profile.
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The linear behavior shown in Figure 6.5a allows us to define the thermal diffusion
length along the longitudinal direction as the distance with respect to the laser spot for
which In(Tx) decreases by a factor e. This longitudinal thermal diffusion length is
given by u, = a,/v. Note that the depth penetration of heat in experiments with a
moving sample is different in the longitudinal and transverse directions, even for

isotropic samples.

The parabolas method. The Equation 2.61 gives the temperature field when the sample
is heated by a brief laser pulse of Gaussian profile. According to these equations, the
temperature along the x and y axes features Gaussian profiles for all times after the
laser pulse and therefore the natural logarithm of the temperature profiles along the
principal axes are parabolas

In(T(x,0,0,t)) = A(t) — C,(t)x?, (6.4a)

In(T(0,y,0,1)) = A(t) — C,(t)y?, (6.4b)
where the inverse of the second order coefficient of the parabolas is a linear function

2
of time: Ci(t) = a? + 4a;t with j = x and y. The slope (m;) of this linear relation gives
J

the thermal diffusivity: m; = 4q;. This method is neither affected by heat losses for h
< 100 Wm2K™, and provides an efficient tool to measure the thermal diffusivity of
isotropic and anisotropic solids [122]. As can be seen in Figure 6.3b, the transverse
profiles of In(T) become parabolas as we go away from the laser spot. Moreover,
numerical simulations performed varying ax, ay, @ and v show that the inverse of the
second order coefficient of those parabolas verifies the same linear relation as in static

flash measurements

12 —x=p} =L 4
C—y—2+4ayt—{x—vt}—2+vx (6.5)

This result indicates that the inverse of the second order coefficient of the parabolas is
a linear function of the distance to the laser spot, whose slope verifies:

m=22 (6.6)

4
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and the intercept is a2. This linearity provides a versatile method to retrieve the
transverse thermal diffusivity of a moving sample. It is worth noting that this result is
valid for the three kind of materials analyzed in Equations 2.62, 2.63 and 2.64,
regardless the laser power and the sample effusivity. Moreover, although heat losses
reduce the temperature rise of the sample, the coefficient of the second order of the
parabolas remains unaffected.

In order for the method to be applied properly we need to establish when the lateral
profiles of In(T) are parabolas satisfying Equation 6.4. In Figure 6.6 we show the
comparison of the quasi-parabola obtained from Equation 6.1 and the exact parabola
given by Equation 6.4. Simulations have been performed for the same sample as before
(ax = 4x10° m??t ay = 1x10% m?s?, e, = 3000 Ws®>m2K™), using the same
experimental parameters (0.1 W laser beam with radius a = 0.2 mm, heat losses
coefficient h = 0, velocity v = 2 cm/s and steady-state conditions). Two transverse
profiles of In(T) are shown: one for x = 4 mm and the other one for x = 6 mm. The
continuous lines correspond to the simulation curves of Equation 6.1 and the dotted

lines the simulations of Equation 6.4.

0_
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Figure 6.6 Simulations of the transverse profiles of In(T) for the same sample and
experimental parameters as in Figure 6.3. Continuous lines correspond to the quasi-
parabola given by Equation 6.1 and the dotted lines to the exact parabola given by

Equation 6.4.
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Now we want to determine the minimum distance from the laser spot, Xmin, for which
the difference between the quasi-parabola and the exact parabola is negligible.
Systematic numerical simulations performed by varying a and v indicate that if the

Péclet number, Pe, verifies

p, = Zmin 20, (6.7)

Ax

the difference is less than 0.05. To visualize the consequences of this result let us
consider a fixed sample velocity of 2 cm/s and two materials of extreme thermal
properties: a typical polymer (a = 0.1x10° m2s™) and copper (« = 100x10° m2s?).
According to Equation 6.7, in the case of the polymer the minimum distance to the

laser spot where the parabolas method can be applied is X;, = 0.1mm, whereas in the
case of copper this limit rises up to X, #10 cm. Consequently, when dealing with a

good thermal conductor it is required to use a quite high sample velocity to keep X,

in the order of a few millimeters.

6.4 Results and discussion

An experimental scheme implemented for IR thermography measurements is shown in
Figure 6.7, where the laser spot is kept fixed and the sample moves at constant velocity.
A CW laser (532 nm, up to 6 W) is focused at the sample surface by means of a 10 cm
focal length lens to a radius of about 200 um. A Ge window, which reflects visible light
and transmits IR wavelength, is used to prevent the scattered laser radiation from
reaching the IR camera. A small mirror, glued to the Ge window, directs the laser beam
onto the sample surface, perpendicularly. An IR camera (FLIR, model SC7500,
320 x 256 pixels, pitch 30 um and spectral band from 3 to 5 um) records the
temperature field at the sample surface. An IR microscope lens is used to improve the
spatial resolution of the IR camera to 30 um, with a field of view of
9.60 mm x 7.68 mm. The sample is mounted on a dynamic system (cart + track) that is
coupled to an electric engine to move the cart at constant speed in the range between
1.5and 15 cm/s.
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Figure 6.7 Schematic diagram for measurements with a moving sample and the laser

spot at rest.

The speed of the sample is measured by counting the number of frames between the
entrance and the exit of one end of the sample in the field of view of the camera and
taking into account the length of the sample and the frame rate of the camera. In this
way, the sample speed is measured with an uncertainty of less than 0.5%. We worked
at the maximum frame rate allowed by the IR camera: 330 frames/s at full frame and
up to 2000 frames/s applying a subwindowing (320 x 70 pixels). On the other hand, in
order to enhance the signal to noise ratio, several hundred of thermograms are averaged
after reaching the steady-state. For a comparison, in Figure 6.8 it is shown on the left
side a single thermogram and on the right side an average thermogram corresponding
to a AISI-304 (a), PEEK (b), and NICKEL (c) samples moving along the horizontal
axis. This remarkable noise reduction will allow us to retrieve the sample thermal

diffusivity with high accuracy.
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Figure 6.8 Single thermograms and averaged thermograms, respectively for an a)
AISI-304, b) PEEK, and c) NICKEL samples moving to the right.

To verify the validity of the three methods proposed in this work we have tested them
on some calibrated samples covering a wide range of thermal diffusivity values, from
thermal insulators (polymers) to good thermal conductors (metals): Polyether-ether-
ketone (PEEK), AISI-304, Ni, Zn and Al 2024-T6 alloy. We have also measured the
anisotropic thermal diffusivity of balsa wood. All these materials have been covered
by a thin graphite layer to enhance both the absorption to the laser and the IR
emissivity. The method was also tested on two semitransparent samples: orange
coloured Polymethyl-methacrylate (PMMA) and grey BK7 glass. Moreover, three thin
samples have also been tested: 0.25 mm thick PEEK and 0.20 mm thick AISI-304 and
Zn. Regarding the sample speed, for bad thermal conductors (polymers and glass)
sample speeds in the lower range of our track, 1.5 - 2.5 cm/s, were used. Contrarily, for
good thermal conductors higher speeds are better adapted: 6 cm/s for AISI1-304 up to
15 cm/s for Al alloy. As a rule of thumb, we can say that the most appropriate speed
for thermal diffusivity measurements produces a thermogram with an aspect ratio of

the pseudo-ellipses around 3:1, similar to that found in Figure 6.8a.

Figure 6.9 shows the transverse profiles of In(T) as a function of distance y
corresponding to the three samples shown in Figure 6.8. For the sake of clarity, only
eight transverse profiles, separated by 1 mm, are shown. Dots are the experimental data

and the continuous lines are the parabolic fits. As can be observed, the experimental
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profile at x = 1 mm, very close to the laser spot, differs from a parabola. Actually,

according to Equation 6.7, the minimum distance from the laser spot to fulfil a parabola

1.3 mm. This means that only transverse profiles at distances larger than 1.3

~
~

IS Xmin

mm will be used in the parabolas method.
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Figure 6.9 Transverse profiles of In(T) at eight distances from the laser spot centre (x)
for the a) AISI-304, b) PEEK, and c¢) NICKEL average thermograms shown in Figure

6.8. Dots are the experimental data and the continuous lines are the parabolic fits.

Figure 6.10 shows the inverse of the second order coefficient of the parabolas versus
the longitudinal distance for some of the calibrated materials used in this work. Dots
are the experimental data and the continuous lines are the linear fits. Figure 6.10a shows
the results for thermal insulators, which are very clean and Figure 6.10b for good
thermal conductors, for which the noise increases as the thermal diffusivity does. In
fact, we were unable to measure the thermal diffusivity of a copper sample due to the
poor signal to noise ratio. Then, using Equation 6.6 the thermal diffusivity is obtained.
The results, summarized in Table 6.1, agree with the literature values and confirm the
validity of the parabolas method. The uncertainty in the o values varies from less than
3% in thermal insulators up to 5-6% for good thermal conductors. It should be noted
that, according to Equation 6.5, the intercept of the linear fits in Figure 6.10 gives the
laser radius. Actually, for thermal insulators we obtain a laser radius in the range 0.2-
0.3 mm, very close to the optically measured value. For good thermal conductors,

instead, the sensitivity is not good enough to estimate the laser radius.
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Figure 6.10 Inverse of the parabolic coefficient versus the longitudinal distance for
some of the calibrated materials used in this work. Dots are the experimental data and

the continuous lines are the linear fits. a) Poor and b) good thermal conductors.

Tests on a piece of Balsa wood were done, which is a soft, low-density heterogeneous
material. As its thermal transport properties are anisotropic, measurements have been
performed in the direction perpendicular to the growth rings ({) and in the direction
parallel (||) to them. The retrieved values of the thermal diffusivity are given in Table

6.1. It is worth noting that for this heterogeneous material there are differences in the
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physical properties from tree to tree depending on the age, climate and moisture
[126,127]. That is the reason for the large dispersion of the literature values given in
Table 6.1. Anyway, a thermal anisotropy factor above 2, similar to that found in this

work, has been already reported [128].

Then, the central transverse profile method was tested. It was analysed on the same
averaged thermograms as those used for the parabolas method. Figure 6.11a shows the
central transverse profiles of In(Ty) for a thick Zn sample and of In(Ty%®) for two
thin plates (L = 0.2 mm) of Zn and AISI-304. Dots are the experimental data and the
continuous lines are the linear fits. By applying Equation 6.2, the transverse thermal
diffusivity is obtained. The results, which agree with the literature values, are

summarized in Table 6.1.
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Figure 6.11 a) Transverse profiles and b) longitudinal profiles in natural logarithm
scale for thick Zn (black curve) and for thin Zn (L = 0.2 mm) and AISI-304 (L = 0.2
mm) in red. Dots are the experimental data while the continuous lines are the linear
fits.

Finally, the central longitudinal profile method was tested. Figure 6.11b shows the
longitudinal profiles of In(Tx) and In(Tx%>) for the same three samples as in Figure
6.11a. Dots are the experimental data and the continuous lines are the linear fits. As
predicted by the theory (see Figure 6.5), for x > 0 there is a flat behaviour without any
information on the thermal diffusivity. For x < 0 there is a linear relation whose slope
gives the longitudinal thermal diffusivity by applying Equation 6.3. The results are

summarized in Table 6.1.
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Table 6.1. Retrieved thermal diffusivities using the three methods proposed in this
manuscript. The uncertainty varies from less than 3% for thermal insulators up to 5-

6% for good thermal conductors.

a

& & ¢ [x106 m?s?]
[x108 m%st]  [x108m?s?]  [x10° m%sY) (Literature)
Sample (Parabolas  (Transverse (Longitudinal [3.7.126.
method) profile) profile) 127128,129,130]
PEEK 0.19 - - 0.18
AlISI-304 4.0 4.0 4.1 4.0
Ni 21 22 20 22
Zn 43 43 40 42
Al 2024-T6 70 73 70 73
Balsa wood " 0.44 - - 0.30-0.51
Balsa wood - 0.22 - - 0.14-0.25
Colored PMMA 0.12 - - 0.11
BK7-glass 0.56 - - 0.5-0.6
PEEK (L =0.25 mm) 0.20 - - 0.18
AISI-304 (L = 0.2 mm) 3.9 39 4.0 4.0
Ni (L =0.2 mm) - 20 20 22
Zn (L=0.2 mm) - 45 45 42

As can be observed in Table 6.1, no results are given for insulators using both central
profiles methods. The reason for that is not a limitation of the method itself, but it is
related to the lower velocity limit of our setup (1.5 cm/s). At this speed the number of
points is too small to provide reliable thermal diffusivity values. For those materials

either velocities of a few mm/s or a higher spatial resolution are needed.

Before concluding, let us remark some drawbacks of the methods proposed in this
work. a) On the one hand, they are valid for quite big samples, since the steady state
must have been reached. Anyway, as these methods are addressed to in-line production
or in-line quality control processes, this is not a real limitation. b) On the other hand,
the two central profiles methods require a high spatial resolution to have enough
experimental data to clearly define the linear region. Accordingly, IR cameras with
high resolution (640 x 512 pixels or higher) and/or microscope lenses, leading to a
spatial resolution better than 30 um, are highly recommended. Note that the parabolas
method does not suffer from this limitation, since even with few data the second order

coefficient of the parabolas can be obtained accurately [131]. c) Besides, the central
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profiles methods are not valid when the thermal thickness of the specimen is
intermediate, i.e. neither thick nor thin. This issue can be overcome by selecting,
whenever it is possible, the appropriate velocity range: increasing the speed for the
sample to behave as thick or reducing it to approach the thermally thin limit. d) One of
the potential applications of these methods is to detect heterogeneities in-line
production. This application requires local thermal diffusivity measurement methods.
For this purpose, it is worth noting that the central profiles methods are preferable to
the parabolas method since the former only requires taking temperature data a few
millimetres around the laser spot, whereas the latter requires analysing the temperature

along a centimetre or more in the direction of the sample movement.

6.5 Conclusions

In this work three methods to measure the in-plane thermal diffusivity of isotropic and
anisotropic solids samples moving at constant velocity by analyzing the surface
temperature field in logarithmic scale were proposed. These methods are based on
simple linear relations, which avoid complex multiparametric fitting procedures.
Moreover, they are valid not only for opaque samples, but also for semitransparent ones

and they are not affected by heat losses by convection and radiation.
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GENERAL CONCLUSION

It was demonstrated that the photoacoustic, the photopyroelectric and the IR
thermography photothermal techniques are suitable for non-destructive
characterization of materials in applications related to inspection, certification and
quality control of products, which promote their use in the fields of agriculture, oil and
manufacturing industry, as innovative methods or to support those already standardized
and regulated. It has been shown that discrimination between organic and
inorganic/conventional coffee farming is possible by means of the IR photoacoustic
spectroscopy spectra and thermal effusivity values of oil extracted from coffee, being
this thermophysical parameter measured by the front photopyroelectric technique. The
same technique was used for thermal effusivity measurement in heptane/isooctane
liquids mixtures. Using the thermal conductivity of these samples obtained by the
transient hot wire technique, the thermal diffusivity and the heat capacity per unit
volume were determined using well-known relationships existing between these
parameters, so that a complete thermal characterization was possible. These parameters
shown to be sensitive to the possible non-associative effects between the components
of the mixtures. There is a correlation between the values of these parameters and the
octane number, that suggest alternative ways for hydrocarbons rating. Lastly, the IR
thermography technique was used to characterize vertical interface or cracks in a non-
destructive way (sizing of the cracks and thermal conductivity determination of the
fluid that they may contains) and for measurement of thermal diffusivity in samples in
motion, so that this parameter could be introduced as a control criterion in production

lines.
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