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A discussion on the use of the thermal wave interference~TWI! 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#
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I. INTRODUCTION

The concept of thermal wave interference introduced
Bennett and Patty1 in the early 1980s has gained conside
able interest in recent years after Shen and Mandelis2 have
demonstrated feasibility of the pyroelectric detection o
thermal wave propagating across the air gap formed betw
a pyroelectric sensor and a thin aluminum-film wall acting
the source of thermal waves. As a consequence, a grow
number of papers have recently applied this technique to
investigation of the thermal properties of gases3–6 and
liquids.7 The thermal wave interference~TWI! method con-
sists essentially of recording the temperature fluctuation
the pyroelectric sensor as a function of the cavity gap len
This fact renders this technique as a well-suited method
gas and liquid samples analysis. One of the immediate ap
cations of the TWI technique aimed at the evaluation of
thermal diffusivity of air:hydrocarbon vapor mixtures.4–6 In
these experiments, a liquid portion of the hydrocarbon un
investigation is placed inside the cell in which the initial
air-filled TWI cavity is assembled. The hydrocarbon vap
resulting from the evaporation process diffuses into the
inside the TWI cavity. As a result, the thermal properties
the resulting gas mixture change with time, following t
changes of the vapor concentration in the air. This proc
evolves with time until the hydrocarbon vapor inside the c
reaches saturation. Once saturation is reached, the TWI
nal is recorded as a function of the cavity length in order

a!Electronic mail: japlima@uenf.br
4330034-6748/2003/74(1)/433/4/$20.00
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measure the thermal diffusivity of the resulting air:hydroc
bon vapor mixture. In this article, we address ourselves
the quantitative understanding of the transient TWI data
air:hydrocarbon vapor mixtures.

II. METHODOLOGY

The TWI experimental setup has been discussed in de
elsewhere and it is schematically shown in Fig. 1. It cons
of a temperature-controlled closed glass cell in which
TWI is enclosed. At the bottom of the glass cell there is
screwed reservoir of 30-mm diameter on which 18 ml of t
liquid hydrocarbon is poured. The vapors resulting from t
hydrocarbon evaporation at ambient temperature diffu
into the air cell, filling the TWI cavity with the resulting
air:hydrocarbon vapor mixture. The TWI cavity of variab
length is formed between a 15-mm-thick Al foil and a pyro-
electric sensor consisting of a 25-mm-thick polyvinyledene
difluoride film with Al metalized surfaces. The surface of th
Al foil facing the inner glass tube space is painted with bla
ink so that it acts as a light absorber. The second glass
attached to the right glass cell end guides a nylon cylinder
top of which the pyroelectric sensor is assembled. This ny
cylinder is coupled to a translational stage so that the
tanceL between the Al foil and the pyroelectric sensor c
be varied. The vertical distance between the center of
resulting TWI cavity and the liquid hydrocarbon level at th
bottom reservoir is equal to 7 cm, whereas the vertical
column extending from the liquid level to the top of the gla
cell is equal to 10 cm. The light beam from a 20 mW He-N
laser~Meredith Instruments!, modulated at 10 Hz by mean
© 2003 American Institute of Physics
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 This art
of a mechanical chopper~Model 650 EG&G!, impinges on
the black-painted outer surface of the Al foil. The therm
waves thus generated propagate back and forth betwee
Al foil and the pyroelectric sensor. The temperature rises
the pyroelectric surface, is probed using a lock-in amplifi
~Model 5210 EG&G!. The resulting voltageV is propor-
tional to the average temperature rise in the pyroelectric s
sor. This, in turn, is proportional toT(L), so that the result-
ing measurable voltage may be written as~Refs. 5–9!

V5V0

e2Ls

12ge22Ls , ~1!

where V0 is a complex function containing the frequen
response of the pyroelectric sensor signal and geomet
parameters. Here, we note that the pyroelectric sensor ou
voltage depends explicitly on the modulation frequency a
the cavity lengthL. The basic idea of the steady-state TW
technique consists of using a lock-in detection technique
recording the real~in-phase! and imaginary~quadrature!
parts of V, or, equivalently, its amplitude and phase, as
function of the cavity lengthL. From the resulting depen
dence of the pyroelectric signal voltage on the cavity leng
the thermal diffusivity is obtained from two different meth
ods. One of them is based upon the fact that theL depen-
dence of Eq.~1! is such that their in-phase and quadratu
signals exhibit maxima and minima according to Refs
and 4.

III. RESULTS AND DISCUSSION

In Fig. 2, we show a typical time evolution of the TW
signal amplitude for different air:hydrocarbon mixtures r
corded for a fixed cavity length ofL52 mm. These measure
ments were carried out at ambient temperature~23 °C! and
pressure~760 mm Hg! with the laboratory relative humidity
at 60%. The signal decay as a function of time is reflect
the changes of the gas thermal diffusivity with time as
result of the changes of the hydrocarbon vapor concentra
in the air until a saturated mixture is formed. For the pres
experimental situation, the gas layer in our TWI cavity m
be considered as thermally thick so that Eq.~1! reduces to

V5V03e2L/m5V03e2L~p f /a!1/2
. ~2!

FIG. 1. Schematic view of the experimental TWI setup.
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To quantitatively describe the behavior of the expe
mental data shown in Fig. 2 we assume that the TWI
adequately described by Eq.~2! in which the thermal diffu-
sivity is a time-dependent function of the hydrocarbon co
centration in the air. To model the time dependence of
thermal diffusivity, we resort to the kinetic theory of ga
mixtures.10,11 Due to the complexity of the theoretical ex
pression for the thermal conductivity predicted by the kine
theory, empirical expressions are often used to analyze
experimental data. Among these, the most widely used is
so-called logarithm mixing12 for the thermal conductivity. In
this model, the thermal conductivity for the binary mixtu
of components 1 and 2 is written as

k5k1
~12h!3k2

h , ~3!

where h denotes the concentration of Gas 2~hydrocarbon
vapor! in the reference Gas 1~air!. As discussed in Ref. 12
the logarithm-mixing model for the thermal conductivity
quite adequate for the case of a random distribution o
two-phase system. Combining the effective thermal cond
tivity with the expression for the heat capacity per unit vo
ume for the binary mixture, namely,

rc5~rc!1~12h!1~rc!2h ~4!

we can readily express the thermal diffusivity of the bina
gas mixture in terms of the thermal properties of the co
stituents gases. One gets

a5a1

ln

~11~z21!•h!
, ~5!

where we have introduced the parametersl andz defined as

l5
k2

k1
, z5

~rc!2

~rc!1
. ~6!

Equation~5! is the basic equation we assume to describe
transient behavior of our air:hydrocarbon mixtures. The th

FIG. 2. Time evolution of the room-temperature TWI signal amplitude, n
malized to its initialt50 value, of the different hydrocarbon samples. T
solid curves in this plot correspond to the experimental data fitting to
expression the following expression:VN5exp$2L(pf/aair)

1/2@(a/aair)
1/2

21#%.
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TABLE I. Values of the fitting parametersh0 and t as obtained from the room-temperature TWI sign
amplitude data fitting. The values of the hydrocarbons diffusion coefficients in airD were calculated fromD
5Lc

2/2t, whereLc was taken to be equal to the length of the gas column above the liquid reservoir, na
Lc510 cm.

Hydrocarbon h0 t~s! D ~cm2/s! D literature ~cm2/s!

n-Penthane 0.53460.002 580.81876
2.5061

0.086160.0004 0.0842

n-Hexane 0.34960.001 701.55136
5.3165

0.071360.0006 0.0732

n-Heptane 0.06260.0001 793.08346
3.54688

0.063060.0002 0.0674
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Pq,
mal diffusivity time dependence comes from the fact that
hydrocarbon concentration in the air-filled TWI cell vari
with time until saturation is reached. To model the time ev
lution of the hydrocarbon concentration in the TWI cell, w
assume the simple Fick’s model for mass diffusion of hyd
carbon vapor in the stagnant air of the TWI cell. For the sa
of simplicity, we assume that the relevant part of the dif
sion process sensed by the TWI cavity corresponds to
hydrocarbon diffusion along the air column above the liqu
reservoir shown in Fig. 1. Denoting byz the coordinate along
the gas column, and assuming a Fickian diffusion, the eq
tion describing the hydrocarbon vapor diffusion in the TW
cell may be written as

]h

]t
5D

]2h

]z2 , ~7!

whereD is the mass diffusion coefficient~mass diffusivity!
of the hydrocarbon in air. The solution to the mass diffus
equation is discussed in several texts.13–15Solving Eq.~7! for
the gas column above the liquid reservoir of Fig. 1, with t
boundary condition that the particle flux2D]h/]z at the
bottom of the gas column is proportional to the concentrat
differenceh02h, whereh0 is the hydrocarbon vapor satu
ration concentration, we may write the spatially averag
hydrocarbon concentration as

h~ t !5h0~12e2t/t!, ~8!

wheret is the hydrocarbon vapor diffusion time in our sy
tem, defined ast5Lc

2/2D, in which Lc is the characteristic
length of our gas column. To test the above model for
description of the transient TWI behavior, we have applie
to the different set of measurements. The solid curves in
2 represent the results of the normalized~to its initial t50
value! TWI signal amplitude data fitting to the theoretic
expression,

VN5e2L~p f /aair!
1/2

@~aair /a!1/221# ~9!

in which the time-dependent thermal diffusivitya is given
by Eq. ~5! with h given by Eq.~8!. Here, we note that att
50, the TWI signal is simply that of an air-filled cavity. I
carrying out the data fitting to Eq.~9!, the only parameters
left as adjustable parameters in the data fitting proced
were h0 and t. All the other physical properties values in
volved in Eq.~5!, namely, thermal conductivity and heat c
pacity per unit volume for the hydrocarbon and air, we
taken from the literature~see Ref. 16!. The values we got for
 indicated in the article. Reuse of AIP content is subje

150.163.34.35 On: Tue, 1
e

-

-
e
-
e

a-

n

n

d

e
it
g.

re

the diffusion timet from the data fitting were 58163 s,
70265 s, and 79364 s, for n-pentane, n-hexane, and
n-heptane, respectively. From these values oft, we can esti-
mate the corresponding hydrocarbon diffusion coefficien
air from D5Lc

2/2t. For instance, forn-pentane, the value we
got for D was 0.086160.0004 cm2/s. This value is in good
agreement with the ones reported in the literature,17,18 for
n-pentane, namely,D50.0842 cm2/s. The same procedur
was adopted with the other two hydrocarbons investiga
In Table I, we summarize the results of our TWI signal a
plitude data fitting. Also included in this table are the valu
of the mass diffusion coefficient for the different hydroca
bons reported in the literature. These results indicate that
above model provides an adequate description of the t
sient TWI signal behavior.

IV. CONCLUSIONS

In this article, we have addressed the quantitative
scription of the TWI monitoring of the transients of hydro
carbon the evaporation kinetics in air. The TWI signal w
modeled assuming the logarithm-mixing model for the h
drocarbon vapor:air mixture in which the hydrocarbon vap
concentration is a function of time. The time evolution of t
hydrocarbon vapor concentration in the air-filled TWI ce
was described assuming the simple Fick’s model for m
diffusion of the hydrocarbon vapor in the stagnant air c
umn of the TWI cell. The transient TWI signal amplitud
data fitting yielded two parameters, namely, the satura
concentrationh0 , and the characteristic diffusion timet.
From the corresponding values oft, the hydrocarbon mas
diffusivities were straightforwardly obtained. We believe t
results presented in this article not only fill the lack of d
cussion on the transient TWI signal description but also s
gest a framework for investigating a wide range of applic
tions involving transient diffusion, such as the monitoring
soil and plants respiration kinetics, and pollutant diffusion
ambient air.
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