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A discussion on the use of the thermal wave interferdfia®l) for the monitoring of the transient

of hydrocarbon in air is presented. The thermal wave signal was modeled using the
logarithm-mixing model for the thermal diffusivity of a two-phase gas system in which the
hydrocarbon vapor concentration in the air-filled TWI cell is a varying function of time. The time
varying hydrocarbon vapor concentration was described assuming the simple Fick’s model for mass
diffusion of the hydrocarbon vapor in the stagnant air column of the TWI cell. The transient TWI
signal amplitude data fitting yielded two parameters, namely, the saturation concentration and the
characteristic diffusion time. From the corresponding values of the diffusion time the hydrocarbon
mass diffusivities were straightforwardly obtained. 2003 American Institute of Physics.

[DOI: 10.1063/1.1520331

I. INTRODUCTION measure the thermal diffusivity of the resulting air:hydrocar-
bon vapor mixture. In this article, we address ourselves to
The concept of thermal wave interference introduced bythe quantitative understanding of the transient TWI data of
Bennett and Patlyin the early 1980s has gained consider-air:hydrocarbon vapor mixtures.
able interest in recent years after Shen and Marfdkhse
demonstrated feasibility of the pyroelectric detection of a)|. METHODOLOGY
thermal wave propagating across the air gap formed between

a pyroelectric sensor and a thin aluminum-film wall acting as . '€ TWI experimental setup has been discussed in detail

the source of thermal waves. As a consequence, a growinﬂ'sewhere and it is schematically shown in Fig. 1. It consists
' a temperature-controlled closed glass cell in which the

number of papers have recently applied this technique to th‘Ig'WI' losed. At the b t the Il th .
investigation of the thermal properties of gas&sand Is enclosed. At the bottom of the glass cell there Is a

liquids.” The thermal wave interferend@WI) method con- scre_wed reservoir qf 30-mm diameter on which _18 ml of the
quid hydrocarbon is poured. The vapors resulting from the

sists essentially of recording the temperature fluctuation oh d b . t bient t i diff
the pyroelectric sensor as a function of the cavity gap Iength.y rocarbon evaporation at ambient temperature CiuSes

This fact renders this technique as a well-suited method fo'ltho the air cell, filling the TWI cavity with the resulting

gas and liquid samples analysis. One of the immediate applalr:hydrocarbon vapor mixture. The TWI cavity of variable

cations of the TWI technique aimed at the evaluation of the‘(jzgttnclssl;or:g?dcgﬁtsﬁ%in %ggtg:iﬁ@:(fo!ﬂac% alepggﬁé
thermal diffusivity of air:hydrocarbon vapor mixtur&s® In 9 polyviny

difluoride film with Al metalized surfaces. The surface of this

these experiments, a liquid portion of the hydrocarbon undeAI foil facing the inner glass tube space is painted with black

investigation is placed inside the cell in which the initially . ; .
air-filled TWI cavity is assembled. The hydrocarbon vapormk so that it acts as a light absorber. The second glass tube

) . . . .attached to the right glass cell end guides a nylon cylinder on
.res.ultlng from the gvaporatlon process diffuses into t_he aIEop of which the pyroelectric sensor is assembled. This nylon
inside the_ wi cavny. As a result, th? the,”“a' propgrnes OfcyIinder is coupled to a translational stage so that the dis-
the resulting gas mixture change_: W'_th tlme,_ folloyvmg thetanceL between the Al foil and the pyroelectric sensor can
changes of the vapor concentration in the air. This procesge \arjed. The vertical distance between the center of the
evolves with time until the hydrocarbon vapor inside the Ce”resulting TWI cavity and the liquid hydrocarbon level at the

reaches saturation. Once saturation is reached, the TWI Sigottom reservoir is equal to 7 cm, whereas the vertical air

nal is recorded as a function of the cavity length in order to.q,mn extending from the liquid level to the top of the glass
cell is equal to 10 cm. The light beam from a 20 mW He-Ne
dElectronic mail: japlima@uent.br laser(Meredith Instrumenjs modulated at 10 Hz by means
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FIG. 1. Schematic view of the experimental TWI setup. X
Time (s)

of a mechanical choppdModel 650 EG&QG, impinges on  FIG. 2. Time evolution of the room-temperature TWI signal amplitude, nor-
the black-painted outer surface of the Al foil. The thermalmalized to its initialt=0 value, of the different hydrocarbon samples. The
waves thus generated propagate back and forth between tﬁ@id curves in this plot correspond to the experimental data fitting to the
Al foil and the pyroelectric sensor. The temperature rises a?XpreSSion the following. expression/yy=exp{ ~L(rflaq) *q (af aa) *

. py . ' . p . . g _1

the pyroelectric surface, is probed using a lock-in amplifier

(Model 5210 EG&QG. The resulting voltage/ is propor-

tional to the average temperature rise in the pyroelectric sen- To quantitatively describe the behavior of the experi-

sor. This, in turn, is proportional td(L), so that the result- mental data shown in Fig. 2 we assume that the TWI is

ing measurable voltage may be written(&efs. 5-9 adequately described by E@) in which the thermal diffu-
e sivity is a time-dependent function of the hydrocarbon con-
V:VOe—72L(ra (1)  centration in the air. To model the time dependence of the
1-ve thermal diffusivity, we resort to the kinetic theory of gas

where V, is a complex function containing the frequency miXtheS-lo'll Due to the complexity of the theoretical ex-
response of the pyroelectric sensor signal and geometricR€ssion for_the thermal cpnductlvny predicted by the kinetic
parameters. Here, we note that the pyroelectric sensor outplftéory, empirical expressions are often used to analyze the
voltage depends explicitly on the modulation frequency andXPerimental data. Among these, the most widely used is the
the cavity lengthL. The basic idea of the steady-state TwI SO-called logarithm mixintf for the thermal conductivity. In
technique consists of using a lock-in detection technique téis model, the thermal conductivity for the binary mixture
recording the realin-phas¢ and imaginary(quadrature  Of components 1 and 2 is written as

parts. ofV, or, equiyalently, its amplitude and .phase, as a K:K<11* n)XK? 3)
function of the cavity length.. From the resulting depen-

dence of the pyroelectric signal voltage on the cavity lengthWhere 7 denotes the concentration of Gas(fgdrocarbon

the thermal diffusivity is obtained from two different meth- vapoy in the reference Gas (air). As discussed in Ref. 12,
ods. One of them is based upon the fact thatlthgéepen-  the logarithm-mixing model for the thermal conductivity is
dence of Eq(1) is such that their in-phase and quadraturequite adequate for the case of a random distribution of a
signals exhibit maxima and minima according to Refs. 3two-phase system. Combining the effective thermal conduc-

and 4. tivity with the expression for the heat capacity per unit vol-
ume for the binary mixture, namely,
Ill. RESULTS AND DISCUSSION pc=(pC)y(1— ) +(pC)ay @)

In Fig. 2, we show a typical time evolution of the TWI we can readily express the thermal diffusivity of the binary
signal amplitude for different air:hydrocarbon mixtures re-gas mixture in terms of the thermal properties of the con-
corded for a fixed cavity length df=2 mm. These measure- gtjtyents gases. One gets
ments were carried out at ambient temperai@&°C) and
pressurg760 mm Hg with the laboratory relative humidity w=a A"
at 60%. The signal decay as a function of time is reflecting Y1+(2-1)- 7)’
the changes of the gas thermal diffusivity with time as Auhere we have introduced the parameteand ¢ defined as
result of the changes of the hydrocarbon vapor concentration
in the air until a saturated mixture is formed. For the present Ko (pC)2

experimental situation, the gas layer in our TWI cavity may - K_l "~ (pC)y’ C)
be considered as thermally thick so that EL).reduces to

®

1w Equation(5) is the basic equation we assume to describe the
V=Vyxe Hr=Vyxe Hmfla™ (2)  transient behavior of our air:hydrocarbon mixtures. The ther-
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TABLE |. Values of the fitting parameterg, and r as obtained from the room-temperature TWI signal
amplitude data fitting. The values of the hydrocarbons diffusion coefficients iD aiere calculated fronD
= L§/27, whereL . was taken to be equal to the length of the gas column above the liquid reservoir, namely,

L.=10cm.
Hydrocarbon 7o 79 D (cn?/s) D jiterature (CMP/S)

n-Penthane 0.534+0.002 580.818% 0.0861+0.0004 0.0842
2.5061

n-Hexane 0.349+0.001 701.5513 0.0713:0.0006 0.0732
5.3165

n-Heptane 0.062+0.0001 793.0834F 0.0630+0.0002 0.0674
3.54688

mal diffusivity time dependence comes from the fact that thehe diffusion time = from the data fitting were 5813 s,
hydrocarbon concentration in the air-filled TWI cell varies 702+5 s, and 7934s, for n-pentane, n-hexane, and
with time until saturation is reached. To model the time evon-heptane, respectively. From these values,afie can esti-
lution of the hydrocarbon concentration in the TWI cell, we mate the corresponding hydrocarbon diffusion coefficient in
assume the simple Fick's model for mass diffusion of hydro-air from D=L2/27. For instance, fon-pentane, the value we
carbon vapor in the stagnant air of the TWI cell. For the sakeyot for D was 0.0861 0.0004 crd/s. This value is in good
of simplicity, we assume that the relevant part of the diffu-agreement with the ones reported in the literatiré, for
sion process sensed by the TWI cavity corresponds to thg-pentane, namelyD =0.0842 cri/s. The same procedure
hydrocarbon diffusion along the air column above the liquidwas adopted with the other two hydrocarbons investigated.
reservoir shown in Fig. 1. Denoting lzthe coordinate along  |n Table |, we summarize the results of our TWI signal am-
the gas column, and assuming a Fickian diffusion, the equglitude data fitting. Also included in this table are the values
tion describing the hydrocarbon vapor diffusion in the TWI of the mass diffusion coefficient for the different hydrocar-

cell may be written as bons reported in the literature. These results indicate that the
P 2 above model provides an adequate description of the tran-
n J°n . . .
i D 2 (7) sient TWI signal behavior.

whereD is the mass diffusion coefficierimass diffusivity ~ 1V. CONCLUSIONS
of the hydrocarbon in air. The solution to the mass diffusion

In this article, we have addressed the quantitative de-
equation is discussed in several teXts:>Solving Eq.(7) for d

e X ) ) scription of the TWI monitoring of the transients of hydro-
the gas column. gbove the liquid reservoir of Fig. 1, with thecarbon the evaporation kinetics in air. The TWI signal was
boundary condition that the partlcl.e fluxDanloz at the _ modeled assuming the logarithm-mixing model for the hy-
bottom of the gas column is proportional to the concentrationy, .o on vapor:air mixture in which the hydrocarbon vapor
differenceo— 7, where, is the hydrﬁcarbon_ vliapor sall- concentration is a function of time. The time evolution of the
ration concentration, we may write the spatially averaged,yocarhon vapor concentration in the air-filed TWI cell
hydrocarbon concentration as was described assuming the simple Fick’s model for mass
()= no(1—e V"), (8)  diffusion of the hydrocarbon vapor in the §tagnant air col-
umn of the TWI cell. The transient TWI signal amplitude

wherer is the hydrocarbon vapor diffusion time in our sys- data fitting yielded two parameters, namely, the saturation

tem, defined as=L:/2D, in which L is the characteristic concentrationzg, and the characteristic diffusion time

length of our gas column. To test the above model for the- o, the corresponding values of the hydrocarbon mass

description of the transient TWI behavior, we have applied ity sjvities were straightforwardly obtained. We believe the

to the different set of measurements. The solid curves in Fi%esults presented in this article not only fill the lack of dis-

2 represent the results of the normalizéa its initial t=0  ¢,sqjon on the transient TWI signal description but also sug-

value TWI signal amplitude data fitting to the theoretical gest a framework for investigating a wide range of applica-

expression, tions involving transient diffusion, such as the monitoring of
Vy=e~ L(rrf/aair)llz[(aair/a)lIZ_ 1] 9) soll gnd pl_ants respiration kinetics, and pollutant diffusion in

ambient air.

in which the time-dependent thermal diffusivity is given

by Eq. (5) with » given by Eq.(8). Here, we note that &t ACKNOWLEDGMENTS
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