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Thermal diffusivity measurements in liquids using signal common-mode-
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A recently developed signal common-mode rejection demodulation signal methodMaggelis

et al, Rev. Sci. Instrum71, 2440(2000] has been used to make direct absolute thermal diffusivity
measurements in liquids using a thermal-wave cavity. This methodology combines the precision of
the thermal-wave cavity scan and the flexibility of modulation-frequency scan modes, along with
baseline suppression, yielding a high-resolution technique for thermal diffusivity measurements in
liquids. The thermal diffusivity of two pure liquid&istilled water and ethylene glygohas been
measured and good agreement has been obtained with values reported in the literatd@®1 ©
American Institute of Physics[DOI: 10.1063/1.1402136

I. INTRODUCTION tained. These formulas are further used for measuring the

thermal diffusivity of pure distilled water and ethylene
The thermophysical characterization of liquids plays anglycol.

important role in the control and improvement of physico-
chemical processes, notably in heat exchangers and in their
use as refrigerants and lubricants. Therefore the design Q

. . . 1. THEORY
experimental methodologies to measure thermophysica

properties of liquids becomes very relevant. Driven by these  The two-pulse configuration of the CMRD scheme is
requirements, a wide variety of photothermal techniques hashown in Fig. 1. It has been sholir? that the in-phase
been developed for thermal characterization of IIq&I_dSS (Yip) and quadrature\(q) demodulated lock-in Outputs from
Ever since the_introduction of the thermal-wave resonatogny experimental system driven by such a bimodal periodic
cavity (TWRC),” this experimentally simple photothermal pulse excitation with period are given by
technique and its various modifications and variants are be-
coming increasingly popular for high precision thermal dif- Y, =R Y(f)]=— %{cos<ﬂ) Sin(ﬂ)
fusivity measurements in fluidgases and liquigs —*° P ™ T T

In this article the application of a recently developed A
general signal generation and modulation schérfeo the +sin 7T_> sin(ﬂ)
measurement of the thermal diffusivities of two liquids using T T

)

T”Re[S(f )]+ sin

a TWRC is reported. When combined with lock-in amplifier Ty

(LIA) detection and signal demodulation, this scheme, —sin(7”Im[S(f )My, (1a
named common-mode rejection demodulat{@MRD), ex-

hibits a major advantage over conventional sinusoidal and 20 . [mA\] (7T
square-wave modulation methodologies due to its ability to ~ Yq=Im[Y(f)]=+ v S'”( T) 5'”(7)

suppress signal baselines generated by synchronous back-

ground modulation. This improves the dynamic range of the L[ TT mA\l [Ty
detection instrumentation substantially, thus increasing the —sm(T”Re[S(f )]_COS(T) sm( T)
overall measurement resolution. In the present work the ma-

jor adyantage of the CMRD mgthod_gver other photothermal +sin T2 }Im[S(f )]] , (1b)
techniques was found to be its ability to perform absolute T

thermal-diffusivity measurements without the requirement of ;oo f =
knowing the phase constant of the instrumental transfer func7-_l and r, are the two pulse widths, ar(f ) is the corre-

tion at any frequency and without the need for continuousyonding signal response of the experimental system to a
mechanical scanning of the sample cavity length. Some aNjngle pulse excitation at the same frequency. When the
lytical equations involving the thermal diffusivity of the fluid ~pMRD method is applied to a TWRC system, such as the
medium in terms of the two pulse widths of the bimodal one shown in Fig. 2, it is easy to show that the analytical
wave form for a fixed thermal-wave cavity length are ob-¢y.\ of the real and imaginary parts @&(f), when the
samplem (the liquid filling the intracavity spageis in the
dElectronic mail: abraham@mie.utoronto.ca thermally thick regime, can be written“as

1/T is the CMRD wave-form repetition frequency,
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FIG. 1. Optical excitation wave form consisting of a bimodal pulse applied

to a thermal wave resonator cavitfWRC). The horizontal time units are
expressed as a percentage of a full repetition pefiod, and 7, are the
corresponding square pulse widths, ang the center-to-center time delay.
Only one repetition period is presented for clarity.

C(f) [t | [t
R S(f)]= i exy{— a—L)sm(@(f)Jr a—L),
(2a)
C(f) p( [=f ) S( [ )
Im[S(f)]= - exp — a—L cog O(f)+ a—L ,
i (2b)

where C(f) is a complex constant involving instrumental

factors and thermal coupling coefficients at the liquid bound-

aries, andd (f ) is an instrumental phase shift largely due to
system electronicf.e., bothC(f) and®(f) involve com-

ponents of the instrumental transfer function. These factors
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FIG. 2. Cross section of the experimental TWRC setup used in this work.
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are, however, constant at fixed frequehdyurthermorel is
the thickness of the intracavity layer amg, is its thermal
diffusivity.

Based on these equations, it is possible to develop two
formulas (one for the in-phase and another one for the
quadraturg for the evaluation ofx,, for samplem. In these
formulas only the general characteristics of the bimodal
pulse and the cavity length are involved.

In a bimodal pulse excitation at fixed repetition fre-
quencyf=1/T and pulse widthg, and r,, with the center-
to-center time delayA as the only variable, Fig. 1, it is evi-
dent that Eqs(1a and (1b) can be simplified in the form

+ Pz(f,Tl,Tz)Sin(ﬂ_-r_A) y
(33

TA
Yip(A)=Py(f,71,75)CO Ea

wA (A
Yq(A)=Ps(f, 7, 72)C0 Bl —Py(f, 7, 72)sin =k
(3b)
where coefficient®(f,r,,7,) andP,(f,r,,7,), associated
with the LIA in-phase signal, and coefficien®(f,7q,7,)

andP,(f,r,7,), associated with the LIA quadrature signal,
are given by

200  [77y )]
Pl(f,rl,rz):—? sm(T)Jrsm T) R S(f)],
' ' (4a)

200 (77 775\ |
Pz(f,Tl,Tz):—7 SIH(T)—SIH(T> Im[S(f)],
' ' (4b)

200  [77y )]
P3(f,7-1,72)=—7 sm(T)Jrsm T) Im[S(f)],
' ' (40)

200 (77 (7T, ]
P4(f,7’1,7'2)=—7 SIH(T)—SI T Rd:S(f)]
' ' (4d)
Upon taking the ratio Py(f,71,7)/Py(f,71,7) and

Ps(f, 7, 7)/P4(f,71,7) and taking into account the ana-
lytical expressions for R&(f)] and InjYf)], given in Egs.
(2a) and(2b), the following expressions can be obtained

N AN R) o(f) (59
—L=tan *| == <|— ,
Xm P, Q
af P4Q
R TSC | I . D
\/amL tan 5. R o(f), (5b)
whereQ andR are constants defined by
. mTY . mTy 6
Q=sin| —| +sin —=|, (6a)
R= ) mTy . TTy 6b
=siIn T SN T . ( )

In principle, it is possible to evaluate the thermal diffusivity,
a, from Egs.(5a and(5by), if the values of the correspond-
ing parameters are known. In practice, however, this is a
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TABLE I. Thermal diffusivity values for distilled water obtained by means

moreover. the instrumental phase constér(tf ) are in- of the CMRD method using a TWRC. Two combinations of wave-form
’ repetition frequencies and pulse widths were useg.refers to thermal

YOlved' Howev?r’ itis po§3|ble to eXt_end EQSa) and_ (Sb) diffusivity evaluated by the use of E7a). a, refers to thermal diffusivity
in order to derive a relative expression for determining abwvaluated by the use of EGzb). AL =50 zm throughout.

solute values of thermal diffusivity using measurements at

difficult task because the absolute sample thickriessd,

two cavity lengths. Under these conditions the offsetting in- Ti”l‘e Sq}:jar:e'
fluence of the transfer-function phase const@f ) is also pulse widths ap aq
eliminated. Considering Eg$5a) and (5b) for the same bi- f (Hz) rl 75 (X1072) cnls (X1072) cnls
modal pulse excifcation, and for two differenF intracavity —, 5 25 0150 0156
lengths(sample thicknessgd ; andL,, we obtain the fol- 4 5 25 0.151 0.151
lowing results 2 10 20 0.142 0.144
) 4 10 20 0.145 0.146
_ 7Tf(|_2_ Ll) 7
“mTr [P R [P R|Z (78
tan t| o= —<|—tan *| = = _ o .
I P> Q P, Q mounted on a micrometer stage to allow changing its relative
T (Ly— L) distance from the PVDF surface with }0n resolution®
am=r %, Q 5, Q% (7b)  The in-phase and quadrature LIA signéBtanford Research
tan 1 5 _> —tan1(1—4 _” Systems, model SR 83@vere obtained as a function of the
I Ps R Ps R temporal separation between the centers of the bimodal pulse

wave form(Fig. 1). They were preamplified with a low-noise
Ithaco preamplifieiModel 2002, and then stored for further
analysis. Two pure liquidgdistilled water and ethylene gly-
has thickness.; . col) were used. All measurements were made at a tempera-

Based on Eqs(7a) and(7b) it is possible to develop an ture of 24 °C as determined by a thermocouple immersed in
experimental procedure to carry out absolute measurementde liquid. This temperature varied at most within a few
of the thermal diffusivity for a given liquid medium in the tenths of 1° during the experimental runs.
intracavity space of a TWRC instrument. As a first phase, The experimental methodology consisted of applying a
this experimental procedure involves the scanning of the LIAcenter-to-center separatiol, scan between two pulses with
in-phase and quadrature outputs for a given repetition frefixed pulse widthsr; and 7, (Fig. 1). Two different cavity
quency,f, as functions of the center-to-center time delay oflengths(sample thicknessgsvere used with fixed,—L;
the bimodal pulse width§pulse separationA (Fig. 1), for ~=AL=50um. To test the reliability of this methodology,
two cavity lengths with known difference,—L;. Follow-  two combinations of bimodal thermal-wave source pulse
ing this procedure the fits of the in-phase and quadrature datidths and two repetition frequencies were appli€ables |
to equations of the forn@3a) and (3b) are required_ In this and ”) Typlcal results from this procedure are shown for
manner theP; parameters, needed for the evaluation of Eqgsdistilled water in Figs. @) and 3b) for a repetition fre-

where the back superscript(=1, 2) refers to the in-phase
parametersP(f,7,,75) and P,(f,7,75), and quadrature
parameterd,(f,rq,7,) and P,(f,71,7) when the sample

(7a) and (7b), are obtained for each cavity length. The
remaining constant® andR are determined from Eq$6a)
and (6b) once the characteristics of the bimodal pulse distri-lar experimental results are shown in Figéa)4and 4b) for
bution are chosen, i.e., when the pulse widthsaand , are
defined as fractions of the complete peribd

IIl. EXPERIMENT AND DISCUSSION

The experimental setup, shown in Fig. 2, consisted of affase were used to evaluate the thermal diffusivity from Eq.
IR (830 nm semiconductor las€©Opto Power Corporation
operating at 60 mW. The intensity-modulated laser light was
driven by the bimodal square-wave signal generated by RFABLE II. Thermal diffusivity values for ethylene glycol obtained by
four-channel digital signal pulse generat@tanford Re-
search Systems, model DG53%he bimodal optical power
was incident on an aluminum foilL7 um thick and 1 cm in

quency of 2 Hz and pulse widths ef=5% andr,=25%
(expressed as a percentage of the repetition pdrio&imi-

the case of the ethylene glycol sample, with the same fre-
quency and sample thicknesses, but with different pulse
widths (7,=10% and7r,=20%). In each case continuous
lines correspond to the best fit to Ed8a) or (3b), as the
case may be. The corresponding fitted parameters for each

(79 for the in-phase channel and from Eb) for the
means of the CMRD method using a TWRC. Two combinations of wave-

form repetition frequencies and pulse widths were uaggrefers to thermal
diffusivity evaluated by the use of E(7a). a4 refers to thermal diffusivity

diametey attached to a glass support with a thin layer of €Valuated by the use of EGZb). AL=504m throughout.

highly conducting silver paint. Bimodal thermal waves gen- Time square-
erated in this metal foil largely retained the temporal shape pulse widths

L . . a; @
of the quent optical wave .form dqe to the considerable f (H2) . - (Xlo,gs’ cnfls (><10*2r)4 cnfls
thermal thinness of the aluminum fdilThe thermal waves
traveled(diffused across the intracavity region, which was 2 5 25 0.090 0.099
filled with the liquid under investigation, and were detected ‘21 150 gg g'gg; 8‘232
in transmission by a polyvinylidene fluorid®VDF) pyro- 4 10 20 0.096 0.097

electric thin-film sensor(Fig. 2). The aluminum foil was
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FIG. 4. Bimodal pulse center-to-center separation time scans of photother-
FIG. 3. Bimodal pulse center-to-center separation time scans of photothemal signals from ethylene glycol at two different cavity lengs® um

mal signals from distilled water at two different cavity lengtf&0 um relative cavity length differenge The initial cavity length was about 300
relative cavity length differenge The initial cavity length was about 300 um. A wave-form repetition frequency of 2 Hz and pulse widthsrof
um. A wave-form repetition frequency of 2 Hz and pulse widthsref =10% and7,=20% (as a percentage of a peridd were used(a) LIA
=5% and7,=25% (as a percentage of a peridd were used(a) LIA in-phase components: Circl¢®) correspond to the smaller cavity length

in-phase components: Circlé®) correspond to the smaller cavity length (thinner liquid sampleand square$(]) correspond to the thicker sample.
(thinner liquid sampleand square$]) correspond to the thicker sample. (b) Quadrature components: Circl€S) correspond to the thinner sample
(b) Quadrature components: Circlé®) correspond to the thinner sample and square¢]) correspond to the thicker sample.

and square$]) correspond to the thicker sample.

guadrature channel. The results for the various combinationsombinations of pulse widths and wave-form repetition fre-
of frequency and pulse widths are summarized in columns guencies are possible.
and 4 of Tables | and II. Using Egs.(5a) and(5b) it is possible to measure fluid
For the case of distilled water the average thermal diffuthermal diffusivities with fixed frequency and cavity length,
sivity values obtained from the in-phase and quadrature megrovided a proper calibration measurement has been made
surements  arex;,=(0.147+0.005)< 10 ?cn¥/s and aq  with a reference liquidsuch as distilled watgto account for
=(O.1_49t 0.005)x 10 2cné/s, respectively. The corre- the instrumental phase shif(f). This aspect of the
sponding values for ethylene glycol are;,=(0.096  cMRD method may be very useful in the design of photo-

_2 _
io.qg4)xn]210 sz,/s and aq—(0.097i0.002). thermal sensors for absolute thermophysical measurements
> 10""cn/s. The in-phase and quadrature values are NG hen the requirement for nonmobile parts is a limitation.

nally self-.cons@ent and also compare very V\Qe” with ValuesUnder this experimental limitation it is possible to take ad-
reported in the literature for the same liquids: These are vantage of the baseline suppression characteristic of the
aep=1.456x 1073 cn/s for distilled water, andre,=9.39 g PP

%104 cni/s for ethylene glycol. CMRD method(zero-signal crossings in Figs. 3 and

From these measurements it can be seen that the CMR@ake a qualitative differentiation between different liquid
signal generation methodology can be adapted to photothefuPstances. This can be done by monitoring the pulse sepa-
mal measurements using a TWRC and it yields absolutéation at which the |njphase_ an_d/or_ the quadratur(_a takes on
quantitative measurements of thermal diffusivity in liquids. the O value(the crossing point in Figs. 3 and.4This de-
The methodology is experimentally simple, involving only Pends strongly on the thermal properties of the liquid
relative cavity lengths with no need for calibration on ac-Sample. In this manner it is possible to distinguish between
count of the instrumental transfer function considerations. Iriwo liquids with very similar thermal diffusivities. This fact
this sense, the CMRD methodology is similar to other pho-can be especially useful in environmental science applica-
tothermal techniques which involve the TWRCThis tech-  tions, specifically in then situ evaluation, of the degree of
nique, however, presents more flexibility because differentontamination of a liquid sample by pollutants.
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