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The thermodynamic equation of state for ambient air was investigated by means of a thermal-wave
resonant cavity in the pressure range between 40 and 760 Torr and at ambient, or near-ambient,
temperature conditions. The pressure dependencies of the thermal diffusivity, conductivity,
effusivity, and thermal-wave-source infrared emissivity were measured. The experimental results
were found to be consistent with the ideal gas law for air in the foregoing pressure and temperature
range. It was observed that the thermal diffusivity of air increases linearly with decreasing cavity
pressure. The experimental curves obtained from the four chafamfsitude, phase, in-phase, and
guadraturgof the thermal-wave signal-demodulating lock-in amplifier were fitted to thermal-wave
resonant cavity theory, and the thermal conductivity and effusivity of the air in the cavity were also
calculated as functions of pressure. Within the experimental error range, the thermal conductivity
was found to be independent of pressure and equal to ZBHx 10 3 W/m K at 309-310 K.

The thermal effusivity of air exhibited a linear increase with increasing pressure at approximately
constant ambient temperature. In addition, the infrared emissivity of the resistively heated Cr—Ni
thermal-wave thin-film strip sourcéavity wall) was measured as a function of the source rms
voltage at several pressures. The obtained values, ranging from 0.094 to 0.108, showed that the
emissivity decreases with decreasing cavity pressure.19@8 American Institute of Physics.
[S0034-674808)01808-3

I. INTRODUCTION In our experiments one wall is an electrically resistive

The thermal-wave resonant cavifWRC) has been thin film element with an ac current generating a surface heat
successfully developed in this laboratband has found sev- flux at frequencyf=200 Hz; the other wall is a polyvi-
eral applications in the measurement of the thermal diffusivhylidene fluoride(PVDF) pyroelectric thin film detector. The
ity of gases with very high precision and resolutiothThe ~ PVDF detector produces an ac pyroelectric signal propor-
cavity consists of two parallel walls as shown in Fig. 1. Al- tional to the amplitude of the effective standing thermal
though conduction heat transfer is a temperature-gradienvave between the heater and the detector. By scanning the
driven process only and cannot sustain actual energy reflegavity lengthL at fixed frequency of the ac current, the ther-
tions to form standing waves as is the case with propagatingya) diffusivity of the intracavity gas can be measured from

wave fields, the intracavity space supports thethematical ¢ rejative distance between adjacent standing thermal-wave

equivalenif a standing thermal-wave pattéformed by the extrema in both in-phaséP) and quadraturé) channels of

rate of coherent thermal oscillation transport across the cavy: . e 13 ) ;
ity. The thermal transport rate is thus controlled by Iocalthe lock-in amplifier.” Recently! it was discovered that

phase relations of the oscillating thermal energy, fixed by thc?mh .conductlon and !nfrare(dR) radiation heat trgnsfer oc-
emitting source at one end, and by the presence of the fur S|multaneous'ly within the TWRC. A generalized theor.y
cavity wall, a coherent thermal resistance or sink, at the othf" the pyroelectric voltage output has been advanced, taking
end. This intracavity wall energy confinement can be mathinto consideration both mechanisfhhe output ac voltage
ematically described by a standing thermal-wave pattern asi& given by

function of intracavity distance.

S(f) H
Tao_— 2bgp eXF(—O'gL)‘FF[l—eXF(—ZO'gL)]
V(fL)=—7 P &)
(1+bgp) — (1—bgp)exp —2a4L)
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Here, T, is the amplitude of the ac temperature component, 90 ®

S(f) is the instrumental transfer function, a constant for a
fixed modulation frequencyhg, is a thermal coupling coef-
ficient at the interface between intracavity gas and PVDF
pyroelectrlc detectort1 is a radiation heaj[-tra-nsfer terr,n:g FIG. 2. Layout of the experimental system, including the TWG metal-strip
and op are the_ complex thermal-wave d|f_fUS|0n coefficients heater/PVDF transducer cavity and the vacuum pump connections.

of the intracavity gas and PVDF, respectively,

H=40eT, g3, oq=(1+i)Jaflayg, the foregoing thermophysical properties on the intensive
e ’ g (2 thermodynamic parameters of the systgressure, tempera-
op=(1+i)Vrf/ap,. ture) taking advantage of the high precision measurements of

kg andk, denote the thermal conductivity of the intracavity the primary quantitie¢thermal diffusivity and conductivity

gas and detector, respectively; is the Stefan—Bolzmann afforded by the TWRC: In the .present work, the. thermody-
constant equal to 5.6710°8 W/m? K* e is the emissivity namic behavior of the intracavity gas as a function of pres-

of the heated surface which emits the infrared radiation; and"'c Was |nvest|gateql for the__flrst time usm% the TWRC as an
Twdc IS the dc temperature of the heater. This theory wagXtension of our earlier statigsobarig study.

found to be in excellent agreement with the experimenta

data of all lock-in amplifier channelén-phase, quadrature, ||' INSTRUMENTATION AND EXPERIMENT

amplitude, and phageln the purely conductive mode the Figure 2 shows the layout of the experimental setup used
H-dependent term in Eql) is absent and the thermal cou- to perform pressure dependent measurements between 760
pling coefficientby, must be evaluated from the expressionand 40 Torr. The thermal-wave generat®tVG) refers to

in the denominator o¥/(f,L), since its presence in the nu- the Cr—Ni thin-film strip resistive heater that generates a
merator amounts to a simple shift of the amplitude of theJoule-effect thermal wave due to the flowing ac current fol-
signal, which cannot be easily quantified. The reliable estilowing the application of an ac voltage waveform from a
mation of this parameter is, however, very difficult because isynthesized function generat@Btanford Research Systems
is usually much smaller than one-(0 2—10 2 for gas— model DS335 The TWG is mounted on a micrometer stage,
solid interfaces The existence of the radiation mode offers which is driven by a computer-controlled dc step motor, al-
the unique opportunity to accurately measure the value obwing a 10 um resolution in scanning cavity length. The
by, by adjusting the cavity length to distances such that the electrical signal at the PVDF pyroelectric detector induced
bgp—proportional exponentially decaying conducti(fest) by the thermal wave is amplified by a preamplifieEfHACO
term in the numerator o¥(f,L) becomes of the same order model 1201, followed by further amplification and demodu-
of magnitude as the radiatigisecondl term which is driven lation by a lock-in amplifie(EG&G model 5204. Data ac-

to saturation at large. Thus, based on the definitiof® and  quision is facilitated with a personal computer connected to

on the lock-in amplifier through an analog-to-digital converter.
. The TWRC is placed in an enclosed chamber which provides
bgp=kqg ‘/a—"/kp‘/a—’ ®) a thermodynamically controlled environment to yield equi-

it becomes possible to reliably obtain the thermal conductivdibrium measurements of the values of the thermophysical
ity of the intracavity gas as well as the emissivity of the properties of the intracavity air. For the low-pressure mea-
thin-film heater from direct measurementshgf, andH, by ~ surements, a vacuum pump was connected to the chamber.
fitting the generalized theory to experimental data. FurtherThe air pressure within the chamber was adjusted by a valve
more, the measurement of the thermal diffusivity and conbetween the vacuum pump and the chamber. The minimum
ductivity of the gas allows the calculation of its thermal ef- chamber pressure that can be reached under the current
fusivity and its density(if the specific heat at constant chamber design is 40 Torr. A vacuum gaugeybold CM-
volume is known as indirect measurements. Therefore, this330) with a dc voltage output at the rear terminals was used
methodology can be used to study the thermodynamic equae monitor air pressure. Since the readable pressure range in
tion of state for a given gas by means of the dependence dhe vacuum meter was narrow, a nonlinear calibration curve
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FIG. 3. Demodulated lock-in amplifier signal outputs at various TWRC pressi@es-phase (b) quadrature(c) amplitude, andd) phase channel.

was generated between the vacuum gauge meter readout andrease in the thermal diffusivity of the gas. Saturation ap-
the higher resolution output voltage at the rear panel termipears to set in at pressures below 100 Torr. Similar trends are
nals. By interpolating the calibration curve, output voltagesevident in the quadrature channel, Figb)3 The amplitude
corresponding to the pressure range between 40 and 760 Taiiso varies with pressure, especially at short cavity lengths
could be obtained with reasonable accuracy. The experimeni~ one thermal diffusion lengihFor fixed cavity length, the
tal pressure between 40 and 760 Torr could be controlledmplitude was observed to increase with decreasing pressure,
through the valve and by monitoring the output voltage ofindicating an increase in signal intensity consistent with en-
the vacuum gauge. The room air in the relative humidityhanced thermal transport across the cavity gap. In Fig). 3
range of 22—35% at 25 °C was used as a sample gas. Cavifife amplitudes have been normalized to the value of the
length scans were conducted at 200 Hz. For the low-pressukgortest cavity length at the lowest press(#e Torp. The
measurements, data collection started after the chamber Pre§gnal saturation with cavity length at pressures below 100
sure attained a stable value. To measure the IR emissivity 6fyr is observed in all four signal channels. Furthermore,
the (_:r—Ni thin-film heater as a function of pressure usi_ng thepree channelgwith the exception of phaseexhibit signal
previously reported meth(_fd,the ac Vs voltage applied  gecay to zero level at cavity lengths long compared to the
across the heater was varied from 1.50 to 5.00 V. thermal diffusion length, as expected from conduction-
dominated transport. On the other hand, the phase, Fig. 3
1. RESULTS AND DISCUSSION is the only channel exhibiting enhanced sensitivity to the
The thermal-wave cavity-length-scanned signals meabonconduction mechanism operating in the cavity-length
sured as a function of ambient air pressure via the fourange beyond the thermal diffusion length at each pressure.
lock-in amp]iﬁer channels are shown in F|g 3. For the pur-ThiS mechanism was shown to be due to radiation heat trans-
pose of comparisons in the phase channel, which is the orfér upon domination of the phase of the complex pyroelectric
most affected by the presence of the radiation heat transfatoltageV(f,L) by the second term in the numerator of Eq.
mode in the cavity,the initial phases for various chamber (1).* With decreasing pressure, the onset of the flat portion of
pressures were adjusted t@ughly) the same value before the phase curve corresponding to radiation contribution to
the onset of the measurement, Figd)3 The resonant peaks heat transfer shifts to a longer cavity length commensurate
in the in-phase curve, Fig.(8, are broadened significantly with the spatially expanded domination of conduction heat
with decreasing chamber pressure, indicating a substantiédansfer due to the increased diffusiviggnd thermal diffu-
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FIG. 4. Thermal conductivity of intracavity air as a function of pressure. FIG. 5. Inverse of measured thermal diffusivity of the intracavity air as a
function of pressure.

sion length in the intracavity region. The strengthening of
conductive transfer with decreasing pressure is accompanigshase curve extrema was found to be inversely proportional
by proportionately weakened radiative transport, presumablyo the pressure within the experimental error range, Fig. 5.
due to the decrease of the absolute temperature of the sourGehe unequal and asymmetric horizontal error bars shown in
as the heat-load reducing thermal diffusivity of the gas surthat figure are estimates of uncertainties in the extrapolated
rounding the metallic strip increases. calibration curve used to measure the chamber pressure in
The thermal conductivity of the intracavity gas was ob-the intermediate experimental range of this wé2k0—600
tained from the thermal coupling coefficieby,, Eq. (3).  Torr). These uncertainties have limited the accuracy of the
Under the small temperature variations of the experimentshermal-diffusivity measurements to two significant figures,
k, anda, of the PVDF detector were taken as constants. Thénstead of the four-significant-figure accuracy, of which the
generalized theoretical expression, Ef), was fitted to the TWRC is capablé.Gas thermal diffusivity is related to pri-
experimental curves of Figs(@—3(d) using the method of mary thermophysical parameters by
least squares. Thus both thermal diffusivity ang}, were
measured as fitting parameters. The thermal diffusivity of the ~  _ ﬁ (4)
intracavity air was measured from the in-phase signal using g pCp’
the relative distance between two consecutive extréima

first: minimum, and the second: maximiihat each pressure is the constant-pressure specific heat. Given that the specific

n thg data of Fig. G - . .. heat is associated with the total internal energy of the gas and
. Figure 4 .ShOWS the thermal conductivity of intracavity is a function of temperature only, it can be assumed constant
air as a function of pressure as calculated from &Zh)sahd under the present experimental conditions. Since the thermal
(3).W'th the value ofag inserted from the foregomg dliffu- conductivity of air was found not to depend on pressure, Fig.
sivity measurements, and the valueb_gf) derived by a least- 4, it can be expected that thermal diffusivity should be con-
squares fit of the theory to the experimental phase data. It Cstently inversely proportional to both density and pressure,

be seen that wi_thin the_exp(_ari_mc_antal error range, the thermeHnly if the cavity air can be treated as an ideal gas. The slope
conductivity of intracavity air is independent of pressure, as f the best-fit straight line in Fig. 5 is 0.00463 sATorr

expected from the kinetic theory of gases in the investigate 348 s/N in MKS units Under the assumption of an ideal

pressure rang‘é.‘l’heﬁgalculated. valye of thermal cpnductiv— gas, the pressure in the chamber can be expressed as
ity, (28.90.2)X10 ° W/m K, is higher than the literature

value of 26.3x10 2 W/m K at 300 K. This can be attrib- pRT

uted to the rise in intracavity air temperature above its room M ®)
value. The average temperature of the intracavity air can be . . i

calculated from the generalized thedprovided the surface WhereR is the universal gas constant aMlis the molar
temperature of the heater and ambient temperafure,are ~ Mass of the gas. From Eqgl) and(5),

known. Using a contacting thermocouple, the temperature of 4 . d [pC, d [C,PM| C,M
the heater surface was measured at various pressures. The o5 (ag")= ap k_) = ( K RT)Z KRT
measurement gave a value of 321 K at 760 Torr while for 9 g
100 and 40 Torr the surface temperature of the heater waSubstitutingM = 28.8< 10~ 3 kg/mole (average molar mass
318 K. The small decrease was probably caused by the iref ~ air,”> C,=1.006 ki/kg°C, R=8.314 J/mole K,
crease in ambient thermal diffusivity. From these surfacel =309 K, andky=28.9X 1073 W/mK,® Eq. (6) yields a
temperatures and other known parameters of the cavity, the( e 1/dP value of 0.394 s/N. This is in reasonable agree-
average intracavity air temperature was calculated to benent with the slope value obtained from the linear fit in Fig.
308-309 K. The thermal diffusivity calculated from the in- 5, in view of the uncertainties in absolute pressure values.

wherekg is the thermal conductivityp is the density; an€,

T dP

(6)

9
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FIG. 6. Inverse of thermal diffusivity of the intracavity air vs density cal- F!G- 7. Square of the thermal effusivity of intracavity air as a function of
culated from the measured values of diffusivity and conductivity at variousP€Ssure.
cavity pressures.

Figure 7 was constructed from experimental TWRC data for

Equation(4) indicates that a plot of the inverse of the @g andky as functions of gas pressure. It can be seen that the
thermal diffusivity a, vs gas density should be linear. This absolute value 0é,(P) can be measured and there exists a
was checked independently of the experiments that producétfear relationship between the square of effusivity and pres-
Fig. (5). A relatively low ac voltage across the thermal-waveSure, as expected. The measured effusivity of air at 760 Torr
source was used, so as to keep the intracavity gas tempe@?d 310 K ¥,=4.0V) was found to be (5.54
ture nearly constant, and the intracavity gas density close t& 0-01) W s/m*K, in good agreement with the literature
that of the surrounding air throughout a series of experiment¥@lue of 4.7 W §%/m’ K at 300 K/ _
at different pressures. The thermal diffusivitieg(P), were A simple methodology has been reportéat measuring
calculated from the adjacent in-phase channel extrema. THE€ absolute value of the infrared emissivigy of the Cr—Ni
thermal conductivitiesk,(P), were calculated from values Strip thin-film heater by varying the ac voltage applied to the
of the coefficientb,,(P) as shown in Fig. 4. Then densities heater and f|tt|ng the thermal-wave phase dat_a to the theory,
p(P) were calculated from Ed4). The results are plotted in  Ed. (1), along with known values o#q, to obtain the value
Fig. 6, which shows an excellent linear relation betwegt ~ ©f H(Vad. By plottingH vs the square of the ac voltage and
and p with a correlation coefficienR=0.99998. The better fitting the curve to a cubic function, the emissivity of the
linear fit of the plot in Fig. 6 compared to that in Fig. 5 is due Neater can be found from thé,.=0 intercept using the
to the fact that the dq,pg) data pairs in the former were €xpression foH from Eq.(2) with Tyg.=T... The results
generated simultaneously at a single pressurg: (mea- are shown in Fig. 8. The emissivity of the Cr—Ni th|n-f|lm
sured; py: calculated and no knowledge of the precision- strip heater demonstrated a te_ndency to de_crease with de-
limiting absolute value of the pressure was required. Théréasing chamber pressure. This was most likely caused by
coexistence of the linear relations of Figs. 5 and 6 implieothe increased thermal diffusivity of the intracavity air, which,
py>P and is consistent with the underlying assumption thaih turn induced a decrease in th(_a.average dc tempgrature of
the intracavity air can be treated as an ideal gas in the invedhe thermal-wave source, as verified by the contacting ther-
tigated experimental pressure range. Under general experi-
mental conditions, the TWRC measuremenp©P) or p(T) 28
of a gas from its thermal diffusivity and conductivity values I =0.108 (760Torr)
via Egs.(1), (3), and(4) can determine one or more thermo- 245
dynamic equations of state for the gas. I

In addition to the TWRC measurements of the foregoing
thermophysical parameters and the determination of the
equation of state for a gas, the measurement of its thermal
effusivity, an important thermophysical property involved in
interfacial thermal transport between material phases, can be
derived from Eqgs(3) and(4):

k 3
eg: \ kngpZ _g (7) 4 R I R I I R I R I R
\/a_g 0 5 10 15 20 25 30
As a result of the fact that the thermal conductivily was ms
found not to change with pressure and the thermal diffusivity

was inverse|¥ pro_portion_al to the pressure, the square of theg. 8. Radiation heat-transfer coefficientas a function of the square of
thermal effusivity is predicted to be proportional to pressurethe rms value of the applied,..

20
£=0.104 (100Torr)

16

H(x10° W/cm’K)

£=0.094(40Torr)
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TABLE I. Comparison of TWRC experimental values for air at 760 Torr with literature values.

ay 10°(m?/s) kgx10® (W/m K) p (kg/n?) ey (W s4m?K)
Literature value 22.58 26.3 1.1614 4.7
(at 300 K
Literature value 29.9 30.¢ 0.995@
(at 350 K
Experimental value 27.06=0.06 28.9-0.2 1.0570.005 5.54-0.01

(at 309-310 K

aReference 8.
bReference 7.

mocouple. The emissivity value at 760 Torr was 0.108,ment with the ideal gas equation of state. The infrared emis-
which is slightly higher than that reported earfidor the  sivity of the thin-metallic-film thermal-wave source was
same heate0.091+0.004. This is probably due to chemical found to decrease as the pressure decreased, consistent with a
changes of the metallic surface caused by oxidation followdecreased average heater temperature. In conclusion, the
ing the continuous usage of the TWRC and exposure of th# WRC has been shown to be an effective precision device
heater to ambient conditions. Table | lists experimental therfor the determination of the thermodynamic equation state of
mophysical values for air obtained in the present experigaseous matter by means of the measurement of the thermo-
ments at 760 Torr. It can be seen from the literature valuephysical properties of gases.
provided in Table | that the experimental values are in close
agreement to the literature values. ACKNOWLEDGMENTS
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