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Simple, accurate, and precise measurements of thermal diffusivity
in liquids using a thermal-wave cavity
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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 iitdative 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.
Measuremenprecisionis directly related to the corresponding precision on the measurement of the
thermal wavelength. ©€2001 American Institute of Physic§DOI: 10.1063/1.1372677

I. INTRODUCTION tages of this methodology in terms of measurement time and
precision are evident. The precision of the technique is di-
The development of the thermal-wave ca\iWC) and  rectly related to the precision with which the relevant cavity
its applications for measurements of thermophysical propetengths can be measured. The methodology was applied to
ties for gases and liquids® appears to be a significant in- the measurement of the thermal diffusivity for two pure lig-
strumental advance in the field of photothermal techniquesids: distilled water and ethylene glycol. The agreement with
(PT9. The common principle of these techniques consists ineported results was excellent, with the additional advantage
measuring the temperature fluctuations in a sample as a ref improved measurement precision.
sult of nonradiative deexcitation processes, which take place
following the absorption of intensity-modulated radiation.
Unlike conventional PT techniques, which use variable
modulation frequencie%;t® the TWC methodology allows It has been shown that the pyroelectric signal
the possibility of monitoring the spatial behavior of the ther-V(L,q,,0) in the TWC, Fig. 1, is given by the
mal wave generated at a single modulation frequency witlexpressioh®

Il. THEORY

distinct noise-reduction advantages over multifrequency ool
scans, due to the constant narrow detection bandwidth. In /(L a, @)= Constw)Xx ——T, )
addition, the requirement of signal normalization by the in- 1=vsyipe "

strumental transfer function is avoided. The final result is ayherew=2f is the angular modulation frequendyijs the
measurable improvement in signal stability and signal-tocavity length, andr, is the complex thermal diffusion coef-

noise ratic ficient, defined by
Various schemes for thermal diffusivity evaluation via )
the TWC theory are in use. Some of these schemes involve o1=(1+1)Vol2a. 2

the fitting of the experimental cavity-scan data set as a funcrere, o is the thermal diffusivity of the liquid sample. The
tion of cavity length®®> Other TWC methods involvimdirect  interfacial thermal coefficienty;, are defined as

evaluation of the thermal wavelength B§W) measuring the

cavity lengths at which the thermal wave has extréthin v, _(A=by) 3)
this article the feasibility oflirectly measuring the thermal K (1+by)”

wavelength is examined. The new methodology involves thgyhereb,, =, /e, is a thermal coupling coefficient, the ratio
direct determination of the relative cavity lengths where thepf thermal effusivities of media andk; the subscripts, p
thermal wave has its first two extrema. For this purpose, th@nd| refer to the thermal-wave sourée plane metallic light
thermal-wave phase in the TWC is used. Owing to theapsorber, such as a copper or aluminum strip; see Fighd
simple requirement of measuring only two points, the advanpyroelectric material, and the liquid sample, respectively.
Considering that for typical cavity lengths in liquid me-
90n leave from Centro de Investiganien Ciencia Aplicada y Tecnologia dia |exp(—20; L)|<1 (a limiting condition easily obtained for

Avanzada del IPN, Av. Legaria 694, Col. IrriganioC.P. 11500, Meco, quuids),5 Eqg. (1) can be written more simply as
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TABLE I. Thermal wavelengths and the corresponding thermal diffusivities
| OPTICAL FIBER for distilled water.
Modulation
frequency(Hz) Aw/2 (cm) aX 10 (cni/s)
== =} prerre d 2.0 0.0480-0.0005 0.1466:0.0031
; p 25 0.042@:-0.0005 0.1404 0.0033
3.0 0.0390:-0.0005 0.1452-0.0037
35 0.0360-0.0005 0.1444 0.0040
4.0 0.033@:-0.0005 0.138%0.0042
DIODE 45 0.031(:0.0005 0.1376:0.0044
LASER 5.0 0.0300:-0.0005 0.1432:0.0048
PVDF FILM
COPPER 5
LOCK IN BEATE T
LASER =
AMPLIFIER SOWER. ULSEEY T= rr L, +AdD, (99
SIGNAL L
INPUT OUTPUT TTL POWER 2 T
° [ i tm=—L,+AdD. (9b)
? ? Aw

From Eqgs.(9a and (9b), it is easy to show thatL=L,
FIG. 1. Schematic cross section of the TWC configuration experimental—| ; =\ 1,,,. The practical idea behind Eq®a) and (9b) is

setup.(a) Cylindrical thermal-wave emitter head containing the aluminum . P
foil optical absorber(b) the photothermal chamber with the optical fib@); to take advantage of the apparent LIA phase discontinuity

and (d) container wallsye) liquid sample filling the thermal-wave cavity; (an artifact of the multivaluedness of complex_ numbers
and(f) dielectric substrate. The bottom surface of the PVDF was attached tavhich occurs after the complex thermal-wave signal vector
a copper plate, which acted as electric contact and support. completes one full cycl€ phase rotationas a function of

cavity length. It is clear that by measuring the TWC length

Equation(4) is the complex representation of an eXponen_difference between two adjacent phase ‘fdiscontinuities_,”
tially damped wave, the wavelength of which is defineqthe thermal wavelength can be measured directly. Operation-

ad:24 ally, the one-half thermal wavelength required for the ther-
mal diffusivity evaluation through Eq(6) is obtained by

T measuring the cavity length difference between the points
Mw=2 Tt 5 where the phase takes on the values and 0. The simplic-

ity and robustness of this technique lie in its relative mea-

and can be used for thermal diffusivity measurements. Frong.ement features for both the thermal-wave phase and cav-
Eq. (5, the thermal diffusivity can be easily evaluated as i jength, thus eliminating the need for taking into account

w2 f difficult-to-quantify instrumental phase shifts.
SLSTE o

2 T
IIl. EXPERIMENT

2

L+Ad.
)\TW)

As is well known, the thermal-wave phase lag is a mea-

perimental lock-in amplifiefLIA ) demodulated output phase lock-in amplifier(SR-830, was incident on an aluminum foil
tector, 150um-thick Kynar piezofilm, placed parallel to, and

In this expression, £f/«)¥4L is the phase lag due to gistance from the polyvinylidene difluorid®VDF) surface

electronics (preamplifier, pyroelectric material, LIA cir- (ITHACO model 120}, then they were sent to the lock-in

Two pure liquids(distilled water and ethylene glygol
A(DLIAZ(
Adjusting the reference phase in such a way that for twavaves of several wavelengths were generated inside the lig-

!: tfr?:rtr’ni?;fv?vser;::vstr:hgeo:gcgit:rll Cfi\r”%izcagrs gg;o half The experimental setup, shown in Fig. 1, consisted of an
g y purpose. IR (806 um) semiconductor laséOpto Power Corporation
cue of e delay occurng between sgnl generapra: L1 % 200 MW The tensty-modlate laer T
tothermal excitation and detection. Consequently, the ex- y pp y
: (80 um thick and 1 cm in diameterThermal waves gener-
can be written as ated in this foil were measured by a pyroelectric PVDF de-
af
AD p=1 E'—+Aq’- (7)  across from, the aluminum foil. The aluminum foil was
mounted on a micrometer stage to allow changing its relative
thermal-wave diff'usion. across the samptibtained directly  with 10 um resolutio® Amplitude and phase signals ob-
from Eq.(4)]; Ad is an instrumental phase lag due to systemigined as a function of cavity length were preamplified
cuitry, etc). Equation(7) can be written more conveniently amplifier for further amplification and demodulation and
using the thermal wavelength definition, E§): stored for further analysis.
(8) were used. The TWC container was filled with the corre-
sponding sample, as schematically shown in Fig. 1. Thermal
given cavity lengthd ; andL,, Ad 4 assumes the values uids by using various modulation frequenci@ables | and
—a and +1r, Eq. (8) yields the following equations: II). The corresponding half thermal wavelengths were ob-
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TABLE II. Thermal wavelengths and the corresponding thermal diffusivi- 4 T T T T T T T T T
ties for ethylene glycol. 3 [ @ ]
Modulation 2 i a) ]
frequency(Hz) Arw/2 (cm) axX 10 (cnéls) . .
2.0 0.038@0.0005 0.0918 0.0024 8 l ]

25 0.034@-0.0005 0.092¢ 0.0027 ~0
3.0 0.031@-0.0005 0.0918 0.0030 ST 1
35 0.029@-0.0005 0.093%0.0032 IAr T
4.0 0.027@-0.0005 0.0928 0.0034 o, i
45 0.025@0.0005 0.089% 0.0036 : 1
5.0 0.024@-0.0005 0.091% 0.0038 3F o .
4 [ | ' ] 1 1 L { L 1 ]
0.03 0.05 0.07 0.09 0.11

tained directly by measuring the cavity-length increase be- T T T T T T T ]
tween the onset of a phase “jump” from# and the attain- 4T 1
ment of the zero valug The cavity-length scan was carried ST © ]
out in 10 um steps. All measurements were made at 24°C, 2| b) .
as determined by a thermocouple immersed in the liquid. 5 1 | N
This temperature was only 1° higher than room temperatureg i 1
and represents the dc temperature rise inside the TWC during® ¢ 1
a complete experiment. The reported standard deviations ir & AT ]
this work were calculated as the experimental error on the®- -2 [ ]
thermal wavelength by using the standard formula for error 3} o .
propagatioft in Eq. (6). 4 [ o ]

0.03 0.05 0.07 0.09 0.11 0.13

IV. RESULTS AND DISCUSSION Relative cavity Iength (cm)

In Fig. 2.’ t_yplcal hehavior of the_thermal-wave phase ISFIG. 3. TWC signal phases for ethylene gly¢al and distilled watefb) at
shown for distilled water and three different reference phases 4. The reference phases used were 110° and 114°, respectively.

A®d at 2 Hz. It is evident from Fig. 2 that the arbitrary ref-

erence phase can be conveniently chosen so as to scan %)fhylene glycol sample. For each case, the half thermal

?Ct:(y thr?ﬁgh t)nlon?djffﬁ nt p?/?[se dlr?ctontlnglitr:?;, r:‘ C_I)_rr?erwavelength was directly obtained by measuring the distance
0 keep the extent of the cavily scan 1o a Um. TheS§qiween the first phase discontinu{ghase equals-7) and

discontinuities are shown for the two studied samples at thﬁ,]e phase curve’s intersection with theaxis (phase equals

sam_? mOdUI?t'O? f:ﬁqﬂ%mf% Hzf)tlr? Ftlgsr.] G_{a) anti 3?‘ | 0), as the cavity length was varied. The results are summa-
0 Investigate the Tidelity of Ine technique, the thermar ;o4 iy each second column of Tables | and II. The corre-

}N?\le |<f)hases rgsu:lztlng(;r(;chawty-k;ngth ;caFn_s aétlt}/vo mOdus'ponding thermal diffusivities obtained from these values
ation frequencies2 an 4 are shown in Fig. 4 for the were recorded in each third column of Tables | and Il. For

T T T T T T T T T T T
3r Eth}q: Fale 4 T T T T T
- & -
2t 1 3 °
A %A%Aﬂ ] i ]
1F M . i
= . .
1F 4
g 0 N g |
© @, o
3 N Th*q%cboo% =0
£ i 2
A o, «© L ]
£-
O
th
2k o e | |
%Am%%% -2
. ) ! Y -
1 1 L 1 L 1 L 1 " 1 |
0.03 0.05 0.07 0.09 0.1 0.13 . . ) . . ) . . .
Relative cavity length (cm) 0.03 0.05 0.07 0.09 0.1

Relative cavity length (cm)
FIG. 2. TWC signal phases for distilled water at 2 Hz and three different
reference phasegD) 0°, () 27°, and(A) 114°. The jumps are deliberately FIG. 4. TWC signal phases for ethylene glycol at two modulation frequen-
shown as discontinuities betweens and — 7w+ ¢ radians; andr and 7 cies.(O) corresponds to 2 Hz an() corresponds to 5 Hz. The reference
—g rad. phases used were 110° and 65°, respectively.
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comparison, the thermal diffusivity reported for distilled tions in diverse thermophysical and thermochemical studies
water? is 0.001 456 crfls (at 24 °Q and the corresponding of fluid substances, such as oxidation, dissolved gas concen-
value for ethylene glycdf is 0.000 939 crffs (at 20 °Q. tration, and thermodynamic phase transitions. A major ad-
It is evident from Fig. 4 that the phase deviates from thevantage of this new methodology is the minimum time re-
expected linear behavior at moderately high frequen@es quired to make a thermal diffusivity measureméaibout 3
Hz). This deviation is the result of the exponentially dampedmin). This, in turn, is a consequence of the simple experi-
nature of the thermal-wave amplitud&q. (4)]. With the = mental requirement to determine only two relative cavity
diminishing strength of the conductive thermal wave at longlengths and a very simple theoretical relation to the thermal
cavity lengths, other mechanisms start to emerge, specifivavelength given by Eq$9a) and (9b).
cally, radiative heat transfért* Therefore, the measurement
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