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The operating thermal power transfer mechanisms in a thermal-wave resonant cavity were explored
theoretically and experimentally. Both steady-statétermal-wave and dc temperature rise were
considered, and conduction and radiation heat transfer modes were found to co-exist in the cavity.
By introducing controlled variable offset dc resistive heating superposed on the fixed-amplitude
thermal-wave oscillation, it was also found that the thermal-diffusivity values of the intracavity gas
can vary sensitively as a function of the dc temperature rise within a thin boundary layer adjacent
to the cavity thermal sourd@ metallic Cr—Ni alloy strip. This resulted in the measurement of the
temperature dependence of the thermal diffusivity of air. Furthermore, the observed dominance of
thermal-wave radiation power transfer in the phase channel of the thermal-wave signal at large
cavity lengths allowed the measurement of the absolute infrared emissivity of the thin Cr—Ni strip
source materiale =0.091+0.004. © 1998 American Institute of Physics.
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I. INTRODUCTION is the thermal-wave wavelength in the intracavity gaseous
) ) medium with thermal diffusivitye . Therefore, the thermal

~ The thermal-wave resonant cavifWRC) introduced gt sivity a4 can be deduced by measuring the relative dis-
in this Laboratory has been successfully applied to measurg,ce of two adjacent extrema, and no signal normalization is

the thermal diffusivities of gases with very high precision yeeqeq . can also be extracted by fitting the full theory to
and reso!uthr"r: The cavity consists of two parallellwalls: the experimental data. The difference of thg values ob-
one wall is either a laser-heated thin fitfor an electrically tained by these two methods is within 0.5%.

resistive thin-film elemeftwith an ac current generating a Although the pure thermal conduction thebdfits the
surface heat flux at frequendy the other wall is a thermal- i, yhase and quadrature signals very well, it has been found
to-electrical energy transducer, such as a pyroelectric thigyay it js not consistent with the signal change in the lock-in
film (e.g., polyvinylidene fluoride, PVDF The transducer hpage channel with the cavity length This indicates that
produces an ac electrical signal proportional to the energy ohe heat transfer in the cavity may not be purely due to heat
the standing thermal-wave pattern-equaﬁent_the cavity  conduction, and that other heat transfer mechanisms, such as
at the position of the transducer. By scanning the cavityip adiation, should be considered. Furthermore, it has been
length L, one can observe spatially damped resonancelikg,ng that the measured thermal diffusivity values increase
extrema in both lock-in in-phase and quadrature channelgith increasing voltage across the electrically resistive thin
Assuming that the heat transfer within the cavity is due gy 3 This may be the effect of the dc temperature rise in the
purely_th_ermal conduction, i.e., in the absence of CONVECHiOR o cavity gas medium. In this work, a proper analysis of the
or radiation, a theory has been advanced Tgr the TWQC' experimental results is made and a generalized thermal-wave
which predicts position of thath extremeL{” in the in-  osonant cavity theory is advanced, which takes the thermal

phase channel as: radiation and dc temperature rise into account. This theory is
1 found to be in excellent agreement with the experimental

LP=n-Z] 22 n=123.., (1a data .in all lock-in amplifier chgnnel@n—phase, quadrature,

2] 2 amplitude, and phageln addition, the generalized theory

allows the calculation of the otherwise hard-to-measure IR

iti OF
and the position of theth extremeL ;™ in the quadrature emissivity of the electrically resistive thin-film thermal-wave

channel as source.
@_"
Lo =5 Ag. n=123,... (1b) 11 INSTRUMENTATION AND EXPERIMENT
Figure 1 shows the schematic diagram of the TWRC. A
Here, Cr—Ni thin-film resistive heating strip with low thermal time
B constant is used, which carries simultaneous dc and ac cur-
Ag=2Vmag/f 2) rents resulting from the application of appropriate voltages
from a signal generator. The Joule-effect heating in the re-
3Electronic mail: mandelis@mie.utoronto.ca sistive heater produces a dc temperature rise, in addition to
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FIG. 1. Schematic diagram of the TWRC. 300 |
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(a)
being the ac thermal-wave source; it is labeled thermal-wave 2 — ——(———— 0
generato(TWG) in Fig. 1. The dc and ac currents generated Vv
in the TWG can be controlled by varying the dc offset of the *
voltage generator’'s output waveform and the ac voltage 0229
across the TWG, respectively. A PVDF circular film, 52- 305 |- o

. . . . . . - 0.228
pm-thick and 0.8 cm in diameter, is enclosed in an Inficon® O Measured Temperature

housing and acts as the thermal-wave signal transducer. The 5, Least-Squares Fit
pyroelectric signal from the PVDF is then amplified by a
preamplifier(ITHACO model 120}, as shown in Fig. 2, and
its output is fed into a lock-in amplifie(EG&G model
5204). The TWG is mounted on a micrometer stage, allow-
ing the cavity length to vary as desired automatically by a
step motor controlling the micrometer stage with L@+
resolution. Data acquisition is facilitated with a personal 301 Lo
computer connected to the lock-in amplifier through an ana- ®) 1
log to digital (A/D) converter. The TWRC is placed in an 300 i l——r e e 00
enclosed cell which provides a thermodynamically con-

trolled environment to give equilibrium measurements of the

values of them,]al d_lfoSIVlty of the _mtraca\”ty gas. The gasFIG. 3. Variations of dc temperature and thermal diffusivity of intracavity

samples used in this work were dirltra zerg and helium i with voltage changes across the TWG. The calculated thermal diffusivity

(99.995% from Matheson®, Canada. The cavity length wasof air is under the assumption that the thermal diffusivity changes linearly

scanned to measure the gas thermal diffusivities at a fixeith temperature as 0.0015 éimK anda;=0.2222 crii's at 300 K¥° (a)

voltage/current modulation frequency. ac voltage variation{b) dc voltage variation.

In order to investigate the thermal-wave signal mecha- ) _

nisms of the TWRC, three experiments were conducted. Tgorre§pond|ng to these ac voltage InCreases were measured

begin with, for air medium the ac voltage amplitude acros$’Y Using a glass thermometer contacting the TWG. Then, the

the TWG was changed from 1.5 to 5.0 V while the dc volt- € voltage was kept at 1.457 V and the dc voltage was varied

age was kept at 0 V. The dc temperature rises in the TWCROM 20 to 700 mV. The temperature rises due to the dc
voltage increases were also measured. The thermal diffusiv-
ity of the air corresponding to each voltage change was mea-

- 0227

- 0.226
303

(@]
S 4 0225

(/1) )

& Measured o,
QO Caleulated o,

Temperature (K)

= 0.224

2 2
Ve ™)

ot sured three times and averaged. For helium, an experiment
Driver TWRC o tn similar to the first experiment in air was conducted, and the
@T—‘ N ac voltage was changed from 2.0-3.0 V at 0 V dc.
Signal ] Z E
Generatgr o LJTOJ' “T—Y H lll. RESULTS AND CAVITY THEORY
B Preamplifier Figure 3a) shows the experimental results of the thermal
diffusivity measurements corresponding to the first experi-
g Lock-in ment in air. When the ac voltage was varied from 1.5 to 5.0
= » [ ol V, the thermal diffusivity of the air in the intracavity region

changed from 0.2231 to 0.3060 éts1as measured by fitting

A/D the TWRC theory to the data at each value of the applied
_I‘F‘? Converter 9 voltage(indicated “measuredry;,” ). The measured dc tem-
=l perature,T,q4., On the TWG is also displayed in Fig. 3; it

was found to be linear in the square of the ac voltage ampli-
tude, V2, with correlation coefficient oR>0.999. The inter-

FIG. 2. Block diagram of the experimental system, including the Twa C€Pt of the linear |eaSt'Squaré$§51 fit to the temperature_
metal-strip heater and the PVDF transducer cavity. curve was found to be 297.2 K, in very good agreement with
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FIG. 4. Experimental and theoretical curves vs the TWRC legtat f=82.5 Hz. Sample: airV,=2.0V, V4=0V (a) in-phase;(b) quadrature;c)
amplitude; andd) phase signal channels.

the simultaneously measured ambient temperatlite assessed by the Grashof number, a dimensionless
=297.0+0.2 K. Figure 3b) shows similar results of chang- parametef:
ing the dc voltage applied across the thin-film heater of the 5
TWG. Overall, Fig. 3 indicates that both ac and dc voltage r: gBATL 3
ramps can change significantly the dc temperature of the o
TWG, and thus the thermal diffusivity of the intracavity gas,
which is a function of the dc temperature of the TWG. Con-whereg is the acceleration due to graviti, is the coeffi-
sequently, to be able to explain these phenomena, the dient of thermal expansion for the intracavity gé8=1/T
temperature rise of the TWG must be included in a completdor ideal gases, wher€ is the gas temperatureAT and L
theoretical model for the TWRC. Even though the threeare the temperature difference and distance between the two
lock-in amplifier signal channels, in-phase, Figa)4quadra- walls of the TWRC, respectively; and is the viscosity of
ture, Fig. 4b) and amplitude, Fig. @ show good-to- the gas. The Grashof number represents the ratio of the
excellent agreement with the purely conductive theoitye ~ buoyancy forces to the viscous force in natural convection.
phase channel, Fig.(d), deviates significantly from the For the enclosure between two parallel plates, natural con-
straight-line behavior predicted by that theory and appearsection is unimportant for Grashof number below 2300.
relatively flat when the cavity length is greater than ca. 200Here, the gas temperaturé can be replaced byT.,
um. In what follows, all the possible intracavity heat transfer=297.2 K. AT can be evaluated as the difference between
mechanismgconvection, conduction, and thermal radiajion the maximum dc temperature of the TWG and the ambient
will be considered in a generalized TWRC model. temperature, which was:60 K during the course of these
experiments. The maximum distance between the two walls
of the cavity is<<4 mm. The viscositieg for air and helium
Regarding convection in the TWRC, the intracavity at 300 K aré 1.589< 102 and 1.22 crffs, respectively. The
space is assumed to contain quiescent gas, with no occuGrashof numbers for air and helium are thus calculated to be
rence of heat transfer due to forced convection. To justify500 and 3.2, respectively. Seeing tHar<2000 in both
this assumption, the extent of the importance of natural coneases, it can be concluded that natural convection is negli-
vection in the heat transfer mechanism in the TWRC can bgible.

A. Convection
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is one of the dc temperature components, the result of the

Wall of Wall of . . f
Heater PVDF application of a dc voltage across the TWG. WHBp,. is
T (1) %g much smaller thafqc,
o _
L I:% T&/(t)mT\i/dc_F ‘]'-I—\ildc-rwacl:)I wt- (73)
oo
%}: Similarly,
B _
= Ta(LO)=~Tpad L) +4Tped L) Tpad L)€, (7b)
! — if Toad L) <TpadL). HereTq(L) andT (L) are dc and ac
0 L L+d temperature components, respectively, at the surface of the

PVDF transducerx=L). Therefore,Ty(t) — Ta(L,t) in Eq.
FIG. 5. Configuration diagram of the TWRC for the one-dimensional heat(SC) can be approximated by
transfer model.
To() = To(L)~[Taae— Tpad L)1+ 4[ ToucTwac

wdc wd
B. Conduction and radiation - TSC,C(L)TpaC(L)]ei ot, (8

To consider thermal conduction and radiation in theThe solutions to Eq94a and(4b) can be expressed as
TWRC, one-dimensional heat conduction equations are used. _ it
Referring to the one-dimensional geometry of Fig. 5, valid ToXD) =100+ ¢o(x), (%3
for wide and long thin-film heaters compared to the length of T (x,t) = ¢1(X)€'“'+ ¢5(X). (9b)
the cavity, as in the case of the present configuration, th

following boundary value problem for the TWR@ perti- Fere w is the angular modulation frequency ¢ 27f ).

¥1(x) and ¢,(x) are the ac temperature fields, arg(x)

t
nen and ¢,(x) the dc components.
PTg(xt) 1 dTg(x,t) o 0 . A
— =0; 0=sx<
T UL “a
PToxt) 1 aTyxt) o L n 1. dc solutions
[ — =0; <X. . . . .
ax? a, dt The steady-state solutions to the partial differential Egs.
a; andk; (j=g and p, refers to gas and PVDFare the (48 and(4b) can be written as
thermal diffusivity and conductivity of medium, respec- Ur(X)=Ax+B; 0=x<L, (103
tively. Boundary conditions for Eq$4a) and(4b) are
$(X)=C(x—L)+D; L=x. (10b)
Tg(0) =Tu(t), (53 . .
A, B, C, andD are constants which can be determined by
To(L,)=Ty(L,1), (5b)  the boundary conditions, Eq$5a—(5¢) and by the addi-
and, assuming direct radiation heat transfer from the heatdional inhomogeneous boundary condition
to the surface of the wide spectra bandwidth PVDF trans- o (| +d)=T,_, (11)
ducer, followed by absorption and thermal conversion of the ) _ o _
radiated power: hered is the thickness of the PVDF. To simplify the solution
by transforming Eq(11) to a homogeneous boundary condi-
k aTp(x,t) aT4(x,1) tion, let
Poox B 9 9x B
x=L x=L Tpad L) =T.+AT, (129
=o€ Ty () —Ta(L.)]. (50 under the reasonable assumption:
Here 0=5.6697<10 W cm2K™* is the Stefan— AT<T, . (12b)

Boltzmann constant(0<e<1) is the IR emissivity of the 4
TWG. The right-hand side of Eq5¢) is the netrate of ra-  Tpdc &N then be expressed as

diant heat exchange between the TWG and PVDF surface at AT
x=L. In Eq. (5), ToadL)~T2 1+4T_m) =4T3TpedL)—3T5. (13

T (t):ET (1+e“Y+Ty+T (6)  The boundary condition, Eq5c), for the dc solution be-

" 2 °® ) comes
is the temperature of the TWG wall/source. It consists of dc ITo(x,1) aT4(x,1)
and ac componentd,, 4. and T ¢ - ka v
- , =L =L
() =Tuget T, (6) ) e
=o€ Tyt 3To—4T2Tpud L)1, (14)

whereT,qc=3Ta+ Tyg+ T, and T, o= 3T,. T, is the ampli-
tude of ac temperature component; is, as before, the am- The integration constants in Eq4.0a and(10b) can thus be
bient temperature of the medium surrounding the cavity; determined
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(,Ed(dech 3Ti_4T§cdec)+kp(Tac_dec) ered to be totally thermally thickj.e., semi-infinite on the
3 ) scale of the spatially damped thermal wave in the PVDF.
kod+k,L+40edL T, ; : . :
(153 Furthermore, only the integration constdhtis of practical
importance, as it alone determines the transducer response,
which is related to the measurable signal output. After some

B="Tyqc, (15b) algebraic manipulations one obtains
Ko( T~ Tug) T el (TA— T H ]
= al 2bg, ex L + l-—exp—204L
¢ kd+kL+doedlTs (159 . ap XPLmogL)+ LT expm 2000
= 1o ,
. (l+bgp)—(l—bgp+UTSdC(L))eXK—Z(rgL)
DoT (L gedL (3T + Tygo) T KoL Too +Kgd Tyge p9p 19
~TeadL)= kgd+koL+40edL TS
(150 where
2. ac solutions H= 4U€Tw o (20)
The ac componentg;(x) and ¢,(x), can be expressed
as®
Kgtp
bgp=" N (21
P (X)=Ee 79+ Fe’s*, 0=sxsL, (16) pV &g

For the thermally thick §,d>1) PVDF film of small ther-
bu(x)=Ge L), L=x. 17 mal timg constanty 7,<<1 the pyroelectridPE) voltage re-
sponse 1%

Here,

G
[xf V(T )=Ss(f) —, (22)
oi=(1+i) ?; (18 P
J

whereS(f ) is an instrumental factor, a constant for a fixed
E, F, andG are constants to be determined by the boundarynodulation frequency. The pyroelectric voltagéf ) is the
conditions Eqgs(5) and (8). For the purposes of solving the average of the thermal-wave field over the transducer thick-
ac boundary value problem, the PVDF transducer is considaess and can be expressed using (&§):

S(f) H ]
Ta—— | 2bgp eXp(—0gl )+ — [1 exp(—204L)]
V(f,L)= i P hld (23)
(1+bgp) — (1 bgpt 7 — © D3 exp( - 204L)
pOp

The real part of Eq(23), R4 V(f,L)], stands for the demodu- Eq. (23) contains additionalre-dependent terms in both nu-
lated signal in the lock-in amplifier in-phagé®) channel; the  merator and denominator, resulting from the contributions of
imaginary part, Ifiv(f,L)], corresponds to the signal in the thermal radiation. There-dependent term, dleD?/(k,07,),
quadraturgQ) channel. in the denominator of Eq(23) is much smaller than 1. Re-
Compared with the purely heat conduction cavity cyjling thatD is equal to the dc temperature at the cavity

theory, “wall” (the surface of the PE transdugef D =400 K and
2T, S(f )bgpg exp(—agl) f=70 Hz, this term is about 1G. Therefore, Eq(23) can
V(f,L)= , 24 implifi
(f,L) (1+bgy)— (L—bgp)exp—204L) (24 pe simplified
S(f) H
Ty— - 2bg, exp(— 0'gL)+ [1 exp(—2og4l)]
V(f,L)= = Koo : 23
(L) (1+bgp)—(1—bgp)exp( 204L) (23)
Rev. Sci. Instrum., Vol. 69, No. 1, January 1998 Thermal wave resonant cavity 201
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The radiation(H-dependentterm in the numerator of Egs. SRR PN —
(23) or (23') affects both the IP and the Q signal channels, | Temperature (Theoretical) 13
especially wherL is large, although théd term is small.

Figure 4 shows that the generalized theory, &%'), gives
excellent fits to the experimental data. Both the purely con-
ductive cavity theory, Eq(24), and the present one, Eg.
(23, fit the IP data equally well because their real parts are
essentially the same, and the resonance condition(18g.is
valid for both. The intracavity gas thermal diffusivity can be
measured by determining the relative distance between adiji
cent extreme, e.gn=1 and 2 in Eq.1a), in the IP signal.
There is a slight difference between the Q-channels of the 00 -

<
o
T
1
w
>
K

Amplitude (mV)

T
(3]) sanjeradws g,

— 302

two theories, Fig. ), especially wherk is large, due to the T bt
radiation term in Eq(23'). The position of the extreme is, 00 ot Lo'z 03 o
nevertheless, the same for both theories in Fig).4Simi- (em)

larly, both theories predict almost the same behavior for the ) ) ) )
amplitude channel as shown in Fig(c)ﬂ; with a slightly FIG. 6. Experimental thermal-wave signal amplitude and theoretical aver-

. . . . age dc temperatur€T,) of the intracavity air vs the TWRC length. €
higher contribution to the signal from the present theory aLgl; 0 €To) Y 9

=0 T,=297.2K; d=52um; Kk,=1.3x1073cns k,=2.62
large values ofL, due to the presence of the radiation- x10* cn?s? T,4=305 K. Other conditions are the same as in Fig. 4.

dependent term. The most pronounced difference, however,

between the two theories occurs in the phase channel, Figyyained by use of the measured TWG dc temperature and
4(d). Unlike the straight line phase-lag behavior predicted by, q assumption that,; changes linearly with temperature at
the purely conductive mechanism, when thermal radiation i$,e rate of 0.0015 cffs K in the range of 300—350 KGood

taken into account the phase saturates beyond a certain C38Y§reement between the values wf, obtained by the two
ity length, as the thermal-wave power “centroid” becomes -

‘ : - independent measurement methods was fqtiméasured”,
dominated by the radiant heat transfer across the cavity. Thig,q «

calculated” o, data points in Fig. B It can thus be

model is in excellent agreement with the experimental data, ncluded that the thin thermal boundary layer in the TWRC
indicating that thermal radiation does play a significant role,

: X ~'“plays the key role in determining the thermal diffusivity
in the heat transfer mechanism of the TWRC, especiall,ajue of the intracavity gas. Similar conclusions were

whenlL is large, and that the signal phase is the appropriatgaached by Bertolottiet al’? in their investigation of the
channel to observe and measure this mechanism.

temperature profile in fixed-length and scanned-length

Radiation heat trans_fer, hoyvever, is not_so important _inTWRCs with the temperature profile probed by the photo-
the dc temperature spatial profile as a function of the cavity,armal beam deflection technique.

lengthL. In Eq. (153, upon settinge=1, T,=297.2K, d
=52 um, T,,4.=350 K, whenL changes from 0 to 4 mm the
term 4oedLT,, in the denominator is 10~ 3 times smaller  1V. IR EMISSIVITY MEASUREMENTS
than the ~sum, ked+kpl, and the_‘red(T\‘}de‘F 3T The fact that radiation heat transfer affects the cavity-
— 4T Tyad term in the numerator is 10 times smaller than length-scanned signal profile, especially the phase channel,
Kp(Tee = Twad) - , ) . Fig. 4(d), provides a convenient method to measure the IR
The average dc temperature of the intracavity gas is g missivity of the TWG thin-film heater. The absolute value
1 (L 1 of this physical parameter is otherwise difficult to determine
(Tg)= L f (Ax+B)dx= 7 AL+B. (25 for arbitrary thin-layered materials. Parameters, such as
0 anday, in Eq.(23), can be found by fitting Eq23') to the
Figure 6 shows how the average temperat(ifg), of intra- 1P channel data. The valuesldf Eq.(20), corresponding to
cavity air varies withL; this is not a straight line becauge  the variousV,, amplitude andVy. values in these experi-
Eg. (153, is a function ofL. Figure 6 also shows that the ments can be determined by fitting E@3') as a single-
amplitude of the thermal-wave signal decays steeply witlparameter equation to the experimental data of the phase
increasingL, in accordance with the expectéphotopyro-  signals. Since the dc temperatuFgg, is linear in bothV2,
electric theoretical behavidrindicating that sizable thermal- andvﬁc, for both experimental cases in FiggaBand 3b), it
wave (ac signals can only be obtained at the position of thecan be expressed as the superposition
transducer wheh is small and commensurate with the ther- _ > >
mal diffusion length in the gas. The average dc temperature  Wd¢— Tt CaViet CaVo (26)
(Ty) of the intracavity gas attenuates even faster than thevhere,C, andC, are constants to be determined. By using
thermal-wave spatial profile. Figure 6 shows that only a veryEq. (20), H can be written as
thin boundary layer of gas adjacent to the TWG has signifi- _ 2 2.3
cant dc temperature rise. As discussed earlier in this section, H=40e(Tot CVact CoVad™ @7
Figs. 3a) and 3b) show an increase in the measured thermalThe absolute value of emissivigof the TWG can be deter-
diffusivity value of air with increasing TWG dc temperature. mined by fitting Eq.(27) to the values oH obtained from
The measured values are comparable to the calculated valut®e theoretical fit to the phase, Figd4 Figure 7 shows one

202 Rev. Sci. Instrum., Vol. 69, No. 1, January 1998 Thermal wave resonant cavity
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fied, which would inevitably complicate the quantitative
304 analysis and invalidate the present methodology, if gases
e=(9.1%0.4) x 10" with high thermal conductivity and diffusivity, such as he-
lium are used for absolute measurements.

25

V. DISCUSSION

o pementl A complete theoretical and experimental thermal-wave
signal generation analysis of the TWRC has been under-
taken. It was found that, in addition to the thermal conduc-
tion, thermal radiation plays an important role in the heat
transfer process at large cavity lengths compared to the ther-
05 mal diffusion length. The theory is in excellent agreement
R T —— with experimental data of in-phase, quadrature, amplitude,
and phase signals. On taking into consideration the dc com-
ponent of the thermal distribution profile in the cavity, in
FIG. 7. Radiation heat transfer coefficidttvs. V2. The absolute value of Con:]bl.natlon with the therma.'l_.wave phase sensitivity to the
= (9.1+0.4)x 10”2 was found by fitting Eq(27) to the experimental data. radiation heat transfer coefficient, a method was developed
which allowed the reliable measurement of the absolute
value of the IR emissivitye=(9.1+0.4)X 102, of the thin-

of the fits associated with theé,.=0 experiment in air. The  fjim heating strip materialCr—Ni), an otherwise difficult to
IR emissivity of the TWG heater strip Cr—N material was getermine parameter.

then found to bee=0.091+0.004 with a correlation coeffi-
cient R>0.997. In the air experiments witWy>0, ¢ = ACKNOWLEDGMENTS
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