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The thermal wave interference technique~TWI! has been explored in recent years for the
investigation of the thermal and transport properties of gases and liquids. In this article we address
ourselves to the quantitative understanding of the transient thermal wave interference signal of
air:hydrocarbon vapor mixtures. This is the situation one faces when placing a given portion of
liquid hydrocarbon inside an initially air-filled thermal wave interference. What is observed in this
case is the thermal wave interference signal decay as a function of the time as a result of the change
of the gas thermal diffusivity with time due to the increase of the hydrocarbon vapor concentration
in air. In this article we show that value of the thermal diffusivity of the saturated mixture is readily
obtained from the saturation value of the normalized signal amplitude, without the need of
performing the conventionalL scan. © 2003 American Institute of Physics.
@DOI: 10.1063/1.1524008#
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I. INTRODUCTION

In recent years a growing number of articles have
cently applied thermal wave interference~TWI! to the inves-
tigation of the thermal properties of gases and liquids.1–6 The
TWI method consists essentially in recording the tempe
ture fluctuation of the pyroelectric sensor as a function of
cavity gap length. This fact renders this technique well sui
for gas and liquid samples analysis. One of the immed
applications of the TWI technique is to evaluate the therm
diffusivity of air:hydrocarbon vapor mixtures. In these e
periments a liquid portion of the hydrocarbon under inve
gation is placed inside the cell in which the initially air fille
TWI cavity is assembled. The hydrocarbon vapor result
from the evaporation process diffuses into the air inside
TWI cavity. As a result of this, the thermal properties of t
resulting gas mixture changes with time, following th
changes of the vapor concentration in the air. This proc
evolves with time until the hydrocarbon vapor inside the c
reaches saturation. In this article we explore the TWI sig
amplitude saturation value to determine the thermal diffus
ity of air:hydrocarbon vapor mixtures.

II. METHODOLOGY

Consider the typical experimental configuration used
the conventional TWI measurements of the thermal diffus
ity of, say, air:hydrocarbon mixtures, as shown in Fig. 1. T

a!Electronic mail: japlima@uenf.br
8420034-6748/2003/74(1)/842/3/$20.00
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TWI experimental setup has been discussed in detail e
where. It consists of a temperature-controlled closed g
cell, adequately adapted for gas exchange and control of
bient parameters, in which the TWI is enclosed. At the b
tom of the glass cell there is a screwed on reservoir of
mm diameter on which 18 ml of the liquid hydrocarbon
poured. The vapors resulting from the hydrocarbon evapo
tion at ambient temperature diffuse into the air cell, fillin
the TWI cavity with the resulting air:hydrocarbon vapor mi
ture. The TWI cavity of variable length is formed between
15-mm thick Al foil and a pyroelectric sensor consisting of
25-mm-thick polyvinyledene difluoride film with Al metal-
ized surfaces. The surface of this Al foil facing the inn
glass tube space is painted with black ink so that it acts a
light absorber. The second glass tube attached to the r
glass cell end guides a nylon cylinder on top of which t
pyroelectric sensor is assembled. This nylon cylinder
coupled to a translational stage so that the distanceL be-
tween the Al foil and the pyroelectric sensor can be vari
The light beam from a 20 mW He–Ne laser~Meredith In-
struments!, modulated at 10 Hz by means of a mechani
chopper~model 650 EG&G!, impinges on the black-painte
outer surface of the Al foil. The thermal waves thus gen
ated propagate back and forth between the Al foil and
pyroelectric sensor. The temperature rise at the pyroelec
surface is probed using a lock-in amplifier~model 5210
EG&G! interfaced to a personal computer. As discussed
Refs. 1–6, the method consists of measuring the tempera
fluctuation at the pyroelectric sensor as a function of the
layer thickness. To this end the pyroelectric sensor is
© 2003 American Institute of Physics
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sembled on a micrometer stage coupled to a computer
trolled stepping motor so that the cavity length can be var
For a step resolution of 5mm the time required for the scan
ning of a 5 mmlong cavity is roughly 4 min. The resulting
voltageV is proportional to the average temperature rise
the pyroelectric sensor. This, in turn, is proportional toT(L),
so that the resulting measurable voltage may be written

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 in 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 len
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 Refs. 3–4. The ot
method,5–7 consists simply in fitting the recorded signal am
plitude as a function ofL to Eq. ~1!, using standard data
fitting procedures.

Consider now the typical experimental situation i
volved in the TWI monitoring of hydrocarbon vapor diffu
sion in air. In these experiments a liquid portion of the h
drocarbon under investigation is placed inside the cell
which the initially air filled TWI cavity is assembled. Th
hydrocarbon vapor resulting from its evaporation diffus
into the air inside the TWI cavity. As a result of this, th
thermal properties of the resulting gas mixture change w
time, following the changes of the vapor concentration in
air. This process evolves with time until the hydrocarb
vapor inside the cell reaches saturation. Once saturatio
reached, the standard TWI~L-scan! procedure is then used t
measure the thermal diffusivity of the resulting mixture.

In Fig. 2 we show a typical time evolution of the TW
signal amplitude, normalized to its initial value, for differe

FIG. 1. Schematic view of the TWI.
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air:hydrocarbon mixtures recorded at 10 Hz modulation f
quency for a fixed cavity length ofL52 mm. These mea-
surements were carried out at ambient temperature~23 °C!
and pressure~760 mm Hg! with the laboratory relative hu-
midity at 60%. The signal decay as a function of time
reflecting the changes of the gas thermal diffusivity w
time as a result of the changes of the hydrocarbon va
concentration in air until a saturated mixture is formed. F
the experimental situation, the gas layer in our TWI cav
may be considered as thermally thick, that is,Ls@1. Ac-
cordingly, the pyroelectric sensor output voltage, as given
Eq. ~1!, reduces to

V5V0•e2L/m5V0•e2L~p f /a!1/2
. ~2!

It follows from Eq. ~2! that the decreasing the thermal diffu
sivity, as a result of the decrease of the gas thermal diffu
ity due to the hydrocarbon vapor diffusion into the origina
air filled cell, the TWI signal decreases exponentially. Equ
tion ~2! is the basic equation we assume to determine

FIG. 2. Time evolution~normalized signal! of the TWI signal correspond-
ing to different hydrocarbon samples.

FIG. 3. Time evolution of the thermal diffusivity ratio for two air:hydroca
bon mixtures.
ct to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:

3 May 2014 17:05:18



oce-

g

844 Rev. Sci. Instrum., Vol. 74, No. 1, January 2003 Lima et al.

 This article is copyrighted as
TABLE I. Thermal diffusivity of air:hydrocarbon mixtures at saturation, calculated by three different pr
dures.

Hydrocarbon

Air:hydrocarbon mixture thermal diffusivity~cm2/s!

Saturation data averaging Numerical data fitting Cavity length scannin

n-pentane 0.059762.031024 0.059467.031025 0.06960.002
n-hexane 0.080762.031024 0.081662.031024 0.11260.002
n-heptane 0.165263.031024 0.162262.031024 0.14860.003
n-octane 0.199964.031025 0.199661.031026 0.20160.003
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thermal diffusivity of our air:hydrocarbon mixtures. Att
50, Eq.~2! is simply that corresponding to the air-filled ce
so that the normalized voltageVN5V/Vair :

VN5exp$L~p f /aair!
1/2
•@12~aair /a!1/2#%. ~3!

Now, the factorL(p f /aair)
1/2 in the exponential is a well-

known value. For instance, for the current experimental s
ation in whichL52 mm andf 510 Hz, using the room tem
perature value of the air thermal diffusivity, namely,aair

50.22 cm2/s, it is equal to 2.39. Equation~3! can be
straightforwardly used to write the thermal diffusivity as

a

aair
5

1

F12
ln~VN!

L~p f /aair!
1/2G2 . ~4!

Equation~4! provides us with a simple relationship betwe
the thermal diffusivity of the gas mixture and the normaliz
TWI signal amplitude. In particular, we note that the value
the thermal diffusivity of the saturated mixture is read
obtained from the saturation value of normalized signal a
plitude, without the need of performing the conventionaL
scan, as in the previous articles.1–6 The use of this new pro
cedure to evaluate the thermal diffusivity of gas mixtures
the point we draw our attention to the remaining.

In Fig. 3, we present the time evolution of the therm
diffusivity ratio data for two of our typical air:hydrocarbo
mixtures. To find the saturation value of the thermal diff
sivity ratio, a/aair , we have adopted two procedures; a n
merical one, and another one based upon the averaging o
last five data points. The numerical evaluation of the satu
tion value was carried out by fitting the time evolution of t
thermal diffusivity ratio to an exponential decay, using t
Origin® 5.0 software. The corresponding saturation valu
we found from this procedure were 0.371 1260.000 89 and
0.907 1860.000 006, for n-hexane andn-octane, respec
tively. Substituting the room temperature air thermal diff
 indicated in the article. Reuse of AIP content is subje
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sivity by aair50.22 cm2/s, we then get the following value
for the thermal diffusivity of the air:n-hexane and air:n-
octane mixtures, respectively: 0.081660.000 02 cm2/s and
0.199660.000 001 cm2/s. In contrast, the averaging of th
last five data points yielded the following saturation valu
for the thermal diffusivity ratio: 0.368460.000 006 and
0.908 7460.000 006, for the case ofn-hexane andn-octane,
respectively. The corresponding values of the air mixtu
thermal diffusivities were 0.081660.0002 cm2/s and
0.199660.000 001 cm2/s, for the case of air:n-hexane and
air:n-octane mixtures, respectively. In Table I we summar
the results that we got for the thermal diffusivity of our a
r:hydrocarbon mixtures using both approaches.

III. CONCLUSIONS

The difference in the values of the air:hydrocarbon m
tures thermal diffusivity as obtained by the currently pr
posed approach and the conventionalL-scan method may be
summarized as follows. Forn-octane, there is no differenc
between the two methods. Forn-pentane,n-hexane, and
n-heptane the thermal diffusivities differ by 17%, 37%, a
9%, respectively. The main discrepancies appeared in
cases where the experimental data exhibited somewhat la
fluctuations, namely, the cases ofn-pentane andn-hexane.
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