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Simple, accurate, and precise measurements of thermal diffusivity
in liquids using a thermal-wave cavity

J. A. Balderas-Lópeza) and A. Mandelisb)

Photothermal and Optoelectronic Diagnostics Laboratories (PODL), Department of Mechanical and
Industrial Engineering, University of Toronto, 5 King’s College Road, Toronto, Ontario M5R 3G8, Canada

~Received 31 October 2000; accepted for publication 23 March 2001!

A simple methodology for the direct measurement of the thermal wavelength using a thermal-wave
cavity, and its application to the evaluation of the thermal diffusivity of liquids is described. The
simplicity and robustness of this technique lie in itsrelative measurement features for both the
thermal-wave phase and cavity length, thus eliminating the need for taking into account
difficult-to-quantify and time-consuming instrumental phase shifts. Two liquid samples were used:
distilled water and ethylene glycol. Excellent agreement was found with reported results in the
literature. Theaccuracy of the thermal diffusivity measurements using the new methodology
originates in the use of only difference measurements in the thermal-wave phase and cavity length.
Measurementprecisionis directly related to the corresponding precision on the measurement of the
thermal wavelength. ©2001 American Institute of Physics.@DOI: 10.1063/1.1372677#
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I. INTRODUCTION

The development of the thermal-wave cavity~TWC! and
its applications for measurements of thermophysical prop
ties for gases and liquids1–5 appears to be a significant in
strumental advance in the field of photothermal techniq
~PTs!. The common principle of these techniques consist
measuring the temperature fluctuations in a sample as a
sult of nonradiative deexcitation processes, which take p
following the absorption of intensity-modulated radiatio
Unlike conventional PT techniques, which use varia
modulation frequencies,6–10 the TWC methodology allows
the possibility of monitoring the spatial behavior of the the
mal wave generated at a single modulation frequency w
distinct noise-reduction advantages over multifreque
scans, due to the constant narrow detection bandwidth
addition, the requirement of signal normalization by the
strumental transfer function is avoided. The final result i
measurable improvement in signal stability and signal-
noise ratio.2

Various schemes for thermal diffusivity evaluation v
the TWC theory are in use. Some of these schemes inv
the fitting of the experimental cavity-scan data set as a fu
tion of cavity length.3,5 Other TWC methods involveindirect
evaluation of the thermal wavelength by~TW! measuring the
cavity lengths at which the thermal wave has extrema.2,4 In
this article the feasibility ofdirectly measuring the therma
wavelength is examined. The new methodology involves
direct determination of the relative cavity lengths where
thermal wave has its first two extrema. For this purpose,
thermal-wave phase in the TWC is used. Owing to
simple requirement of measuring only two points, the adv

a!On leave from Centro de Investigacio´n en Ciencia Aplicada y Tecnologia
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D. F., Mexico.
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tages of this methodology in terms of measurement time
precision are evident. The precision of the technique is
rectly related to the precision with which the relevant cav
lengths can be measured. The methodology was applie
the measurement of the thermal diffusivity for two pure li
uids: distilled water and ethylene glycol. The agreement w
reported results was excellent, with the additional advant
of improved measurement precision.

II. THEORY

It has been shown that the pyroelectric sign
V(L,a l ,v) in the TWC, Fig. 1, is given by the
expression1,2,5

V~L,a l ,v!5Const~v!3
e2s l L

12g lsg lpe22s l L
, ~1!

wherev52p f is the angular modulation frequency,L is the
cavity length, ands l is the complex thermal diffusion coef
ficient, defined by

s l5~11 i !Av/2a l . ~2!

Here,a l is the thermal diffusivity of the liquid sample. Th
interfacial thermal coefficientsg jk are defined as

g jk5
~12bjk!

~11bjk!
, ~3!

wherebjk5ej /ek is a thermal coupling coefficient, the rati
of thermal effusivities of mediaj andk; the subscriptss, p,
andl refer to the thermal-wave source~a plane metallic light
absorber, such as a copper or aluminum strip; see Fig. 1!, the
pyroelectric material, and the liquid sample, respectively.

Considering that for typical cavity lengths in liquid me
dia uexp(22sl L)u!1 ~a limiting condition easily obtained fo
liquids!,5 Eq. ~1! can be written more simply as

V~L,a l ,v!5Const~v!3exp~2s lL !. ~4!
9 © 2001 American Institute of Physics
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Equation~4! is the complex representation of an expone
tially damped wave, the wavelength of which is defin
as1,2,4

lTW52Apa l

f
, ~5!

and can be used for thermal diffusivity measurements. F
Eq. ~5!, the thermal diffusivity can be easily evaluated as

a l5S lTW

2 D 2 f

p
. ~6!

In fact, Eq.~6! shows that only partial cavity scans up to ha
a thermal wavelength are necessary for this purpose.

As is well known, the thermal-wave phase lag is a m
sure of the delay occurring between signal generation~pho-
tothermal excitation! and detection. Consequently, the e
perimental lock-in amplifier~LIA ! demodulated output phas
can be written as

DFLIA 5Ap f

a l
L1DF. ~7!

In this expression, (p f /a l)
1/2L is the phase lag due t

thermal-wave diffusion across the sample@obtained directly
from Eq.~4!#; DF is an instrumental phase lag due to syst
electronics ~preamplifier, pyroelectric material, LIA cir
cuitry, etc.!. Equation~7! can be written more convenientl
using the thermal wavelength definition, Eq.~5!:

DFLIA 5S 2p

lTW
DL1DF. ~8!

Adjusting the reference phase in such a way that for t
given cavity lengthsL1 andL2 , DFLIA assumes the value
2p and1p, Eq. ~8! yields the following equations:

FIG. 1. Schematic cross section of the TWC configuration experime
setup.~a! Cylindrical thermal-wave emitter head containing the aluminu
foil optical absorber;~b! the photothermal chamber with the optical fiber;~c!
and ~d! container walls;~e! liquid sample filling the thermal-wave cavity
and~f! dielectric substrate. The bottom surface of the PVDF was attache
a copper plate, which acted as electric contact and support.
Downloaded 18 Jul 2008 to 128.100.49.17. Redistribution subject to AIP
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2p5
2p

lTW
L11DF, ~9a!

1p5
2p

lTW
L21DF. ~9b!

From Eqs.~9a! and ~9b!, it is easy to show thatDL5L2

2L15lTW . The practical idea behind Eqs.~9a! and ~9b! is
to take advantage of the apparent LIA phase discontin
~an artifact of the multivaluedness of complex number!,
which occurs after the complex thermal-wave signal vec
completes one full cycle~2p phase rotation! as a function of
cavity length. It is clear that by measuring the TWC leng
difference between two adjacent phase ‘‘discontinuities
the thermal wavelength can be measured directly. Operat
ally, the one-half thermal wavelength required for the th
mal diffusivity evaluation through Eq.~6! is obtained by
measuring the cavity length difference between the po
where the phase takes on the values2p and 0. The simplic-
ity and robustness of this technique lie in its relative me
surement features for both the thermal-wave phase and
ity length, thus eliminating the need for taking into accou
difficult-to-quantify instrumental phase shifts.

III. EXPERIMENT

The experimental setup, shown in Fig. 1, consisted of
IR ~806mm! semiconductor laser~Opto Power Corporation!,
operated at 200 mW. The intensity-modulated laser lig
electronically chopped by the internal oscillator of th
lock-in amplifier~SR-830!, was incident on an aluminum foi
~80 mm thick and 1 cm in diameter!. Thermal waves gener
ated in this foil were measured by a pyroelectric PVDF d
tector, 150-mm-thick Kynar piezofilm, placed parallel to, an
across from, the aluminum foil. The aluminum foil wa
mounted on a micrometer stage to allow changing its rela
distance from the polyvinylidene difluoride~PVDF! surface
with 10 mm resolution.5 Amplitude and phase signals ob
tained as a function of cavity length were preamplifi
~ITHACO model 1201!, then they were sent to the lock-i
amplifier for further amplification and demodulation an
stored for further analysis.

Two pure liquids~distilled water and ethylene glycol!
were used. The TWC container was filled with the cor
sponding sample, as schematically shown in Fig. 1. Ther
waves of several wavelengths were generated inside the
uids by using various modulation frequencies~Tables I and
II !. The corresponding half thermal wavelengths were

al

to

TABLE I. Thermal wavelengths and the corresponding thermal diffusivit
for distilled water.

Modulation
frequency~Hz! lTW/2 ~cm! a3102 ~cm2/s!

2.0 0.048060.0005 0.146660.0031
2.5 0.042060.0005 0.140460.0033
3.0 0.039060.0005 0.145260.0037
3.5 0.036060.0005 0.144460.0040
4.0 0.033060.0005 0.138760.0042
4.5 0.031060.0005 0.137660.0044
5.0 0.030060.0005 0.143260.0048
 license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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2651Rev. Sci. Instrum., Vol. 72, No. 6, June 2001 Thermal diffusivity in liquids
taineddirectly by measuring the cavity-length increase b
tween the onset of a phase ‘‘jump’’ from2p and the attain-
ment of the zero value.5 The cavity-length scan was carrie
out in 10mm steps. All measurements were made at 24
as determined by a thermocouple immersed in the liqu
This temperature was only 1° higher than room tempera
and represents the dc temperature rise inside the TWC du
a complete experiment. The reported standard deviation
this work were calculated as the experimental error on
thermal wavelength by using the standard formula for er
propagation11 in Eq. ~6!.

IV. RESULTS AND DISCUSSION

In Fig. 2, typical behavior of the thermal-wave phase
shown for distilled water and three different reference pha
DF at 2 Hz. It is evident from Fig. 2 that the arbitrary re
erence phase can be conveniently chosen so as to sca
actly through two adjacent phase ‘‘discontinuities,’’ in ord
to keep the extent of the cavity scan to a minimum. Th
discontinuities are shown for the two studied samples at
same modulation frequency~2 Hz! in Figs. 3~a! and 3~b!.

To investigate the fidelity of the technique, the therm
wave phases resulting from cavity-length scans at two mo
lation frequencies~2 and 5 Hz! are shown in Fig. 4 for the

TABLE II. Thermal wavelengths and the corresponding thermal diffus
ties for ethylene glycol.

Modulation
frequency~Hz! lTW/2 ~cm! a3102 ~cm2/s!

2.0 0.038060.0005 0.091960.0024
2.5 0.034060.0005 0.092060.0027
3.0 0.031060.0005 0.091860.0030
3.5 0.029060.0005 0.093760.0032
4.0 0.027060.0005 0.092860.0034
4.5 0.025060.0005 0.089560.0036
5.0 0.024060.0005 0.091760.0038

FIG. 2. TWC signal phases for distilled water at 2 Hz and three differ
reference phases:~s! 0°, ~h! 27°, and~n! 114°. The jumps are deliberatel
shown as discontinuities between2p and 2p1« radians; andp and p
2« rad.
Downloaded 18 Jul 2008 to 128.100.49.17. Redistribution subject to AIP
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ethylene glycol sample. For each case, the half ther
wavelength was directly obtained by measuring the dista
between the first phase discontinuity~phase equals2p! and
the phase curve’s intersection with theX axis ~phase equals
0!, as the cavity length was varied. The results are sum
rized in each second column of Tables I and II. The cor
sponding thermal diffusivities obtained from these valu
were recorded in each third column of Tables I and II. F

t

FIG. 3. TWC signal phases for ethylene glycol~a! and distilled water~b! at
2 Hz. The reference phases used were 110° and 114°, respectively.

FIG. 4. TWC signal phases for ethylene glycol at two modulation frequ
cies.~s! corresponds to 2 Hz and~h! corresponds to 5 Hz. The referenc
phases used were 110° and 65°, respectively.
 license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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comparison, the thermal diffusivity reported for distille
water12 is 0.001 456 cm2/s ~at 24 °C! and the corresponding
value for ethylene glycol13 is 0.000 939 cm2/s ~at 20 °C!.

It is evident from Fig. 4 that the phase deviates from
expected linear behavior at moderately high frequencie~5
Hz!. This deviation is the result of the exponentially damp
nature of the thermal-wave amplitude@Eq. ~4!#. With the
diminishing strength of the conductive thermal wave at lo
cavity lengths, other mechanisms start to emerge, spe
cally, radiative heat transfer.3,14 Therefore, the measureme
accuracy of higher-frequency TWC results may be somew
compromised.

The precision in the thermal diffusivity values measur
by the presented methodology is controlled by the ability
measure the corresponding thermal wavelength, as is evi
from the results summarized in Tables I and II. At low
modulation frequencies the thermal wavelength is longer,
sulting in an improvement in measurement resolution fo
given total scan of the micrometer stage, even in the p
ence of the higher 1/f noise. This conclusion favors the us
of low modulation frequencies for measurements of therm
wavelength by means of the present methodology. Ob
ously, there are limitations in using very low frequencie
such as sensor sensitivity and noise, three-dimensional
mal diffusion effects, and longer LIA time constants. For
modulation frequency of 2 Hz, a 1 s LIA time constant was
adequate. Through Eq.~6! it is possible to calculate the stan
dard deviation on the thermal diffusivity measured by me
of this methodology by estimating the corresponding st
dard deviation on the measured thermal-wave length.

To our knowledge, this new measurement methodolo
has the virtue of being the simplest reported photother
technique foraccurate and precisemeasurements of the the
mal diffusivity in liquids, as it involves only relative mea
surements to yield absolute diffusivity values. Adding to
high sensitivity, it exhibits excellent potential for applic
Downloaded 18 Jul 2008 to 128.100.49.17. Redistribution subject to AIP
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tions in diverse thermophysical and thermochemical stud
of fluid substances, such as oxidation, dissolved gas con
tration, and thermodynamic phase transitions. A major
vantage of this new methodology is the minimum time
quired to make a thermal diffusivity measurement~about 3
min!. This, in turn, is a consequence of the simple expe
mental requirement to determine only two relative cav
lengths and a very simple theoretical relation to the therm
wavelength given by Eqs.~9a! and ~9b!.
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