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Abstract-The thermal diffusivity of gases can be determined with a method based upon the photoacoustic 
effect. The theoretical fundamentals of the photoacoustic technique for thermal diffusivity measurements 
are presented and a photoacoustic cell designed for accurate measurements over the temperature range 
from 290 up to 423 K at atmospheric pressure is described. The average absolute deviation of the 

experimental data from recommended data, for gaseous argon, does not exceed 1%. 

1. INTRODUCTION 

THERMAL diffusivities of fluids can be determined by 
direct measurements, e.g. by the transient hot-wire 
technique [I, 21 and the dynamic light scattering 
method [3-6], or indirectly by calculation from indi- 
vidual experimental data of thermal conductivity, 
density, and isochoric or isobaric heat capacity. The 
indirect method is only applicable if reliable indi- 

vidual data of thermal conductivity, density, and heat 
capacity are accessible. However, thermal conduc- 
tivities near the critical point and in the range of 
low densities, as well as heat capacities in the critical 
region, are difficult to measure. Alternatively, thermal 

diffusivities can be obtained more easily by direct 
measurements which often yield better accuracies than 
the indirect method. At present, the accuracy that can 
be attained in thermal diffusivity measurements with 
the transient hot-wire technique is of the order of 7- 
9% [7], whereas recently presented thermal diffu- 
sivities of R22 and Rl34a determined by the dynamic 
light scattering method [8] show an overall error of 
approximately 2.0%. Both experimental techniques 
cannot be applied in the region of low densities. 

In a recent paper Stephan et al. [9] presented a new 
technique based upon the photoacoustic effect as a 
convenient method to determine thermal diffusivities 
of fluids at low densities. They presented experimental 
results for different gases at 0.1 MPa and 293 K. The 
main advantage of the photoacoustic technique is 
the very small temperature gradient of a few mK. 
Thus errors caused by convection and radiation are 
avoided. 

The experimental set-up described in ref. [9] served 
only as a test device to demonstrate that thermal 
diffusivities of gases can be measured with sufficient 
accuracy by the photoacoustic technique. Experi- 

1_ Dedicated to Professor Dr.-Ing. Dr.-1ng.e.h. Ulrich 
Grigull. 

ments conducted with that apparatus were limited 
to ambient temperature and pressure. In the present 
paper, an improved photoacoustic cell for measure- 
ments up to 423 K at ambient pressure (0.1 MPa) is 
described. In addition, an extended analysis is given 
which results in an equation for the evaluation of the 
thermal diffusivity from the photoacoustic signal. At 
present, measurements cannot be extended to higher 
pressures because high-sensitive microphones for the 
detection of the photoacoustic signal operating at 
pressures above 0.1 MPa are not available. 

In order to demonstrate the applicability of the 
photoacoustic technique for thermal diffusivity 
measurements at higher temperatures, experiments 
with argon were carried out in the temperature range 
from 295 up to 423 K. 

2. PHOTOACOUSTIC EFFECT 

The photoacoustic effect by definition is based upon 
the conversion of radiation energy into an acoustic 
signal. In the experiments we used a continuous wave 
He-Ne laser as coherent radiation source equipped 
with special mirrors which delivered an emission 
wavelength of 3.4 pm. At this wavelength all alkanes, 
particularly ethane, show a strong absorption line. 
Small amounts of ethane (between 500 and 1000 ppm) 
added to the pure gas provide sufficient absorption 
without affecting the thermophysical properties of the 
pure substance. Thus, with ethane as an absorbing 
substance, the measurements can be performed in- 
dependently of fluid-specific absorption lines. 

The absorption of radiation causes the ethane mol- 
ecules to pass into excited vibrational states. The 
excited molecules then relax to their ground state 
within a few microseconds, transforming vibrational 
energy into translational energy by inelastic collisions 
with surrounding molecules. The energy transfer pro- 
vokes a small rise of temperature and pressure in the 
sample. 
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NOMENCLATURE 

heat production [W m ‘1 1,’ beam radius jni] 

t~~crnla~ d~~~usivity [m’ s ‘1 11‘” lninimum beam radius [m] 

parameter, equation (9) ,- dimensionless radius, .Y = T) R 

laser beam radius [m] axial coordinate [m]. 

paramctcr, equation (3) 
cocfficicnls, 181 = I. 2, , -L,, equation (6) 
isochoric specific heat capacity 

Greek symbols 

[.I kg ’ K ‘1 
7 ~ibsor~tjvity coctfcicnt {m ’ j 

parameter. m = I, 2. _ x4, equation ( IO) AP pressure rise. Ap(t) = ~(r)--f~~, [Pa] 

intensity of laser beam [W m ‘1 
AT local tempcrnture rise. 

Bessel junction. zero order 
‘MJt. J., 2) = T(r. t‘. :) - T,, [K] 

Bcsscl function. first order 
A?: average tempera&n-c rise, 

coefficients. 111 =I I. 2,. . a. cyuation 
A?(f) = i;(t) - T,, [K] 

(12) 
li isentropic exponent 

length of gas sample chamber [ml 
i thermal conductivity [W m ’ K ’ 1 

molar mass [kg mol ‘1 
2” r~~(~i~~ti~~n w~~ve~en~tl~ [ml 

pl-CSSliX pa] 
5,Pi roots of the Bessel function, zero order, 

radius of cylindrical sample chamber [m] Jo(L) = 0 

universal gas constant [.I mol ’ K ‘1 P density [kg rn- ‘1. 

radius [m 1 
tempcraturc [I(] Subscripts 

time [s] 0 inilial (t = 0) 

radiation power of the iascr [W] %, for inlinile time (f + 3;). 

Periodical modulation of the radiation Icad to rise. The temp~~ture rise is obtained from the cyua- 

pressure fluctuations which can bc detected by a sen- 
sitive microphone (Fig. I ). The thermal diffusivity 

of the sample gas can he calculated from the time- 
dependent pressure rise. 

3. ANALYSIS 

The basiccq~l~~ti~~r~ for the evaluation ofthc thermal 
diffusivity from a ~hoto~~coustic signal was given in 
an earlier paper [9]. In the present paper the analysis 
is extended insofar as the intensity distribution of the 
laser beam is taken into account. Thus an improved 
quantitative description of the pressure rise is derived. 
~~rn~ittin~ a more CMXXI~~~C detertninatioti of the 

thermal diffnsivit). 
The pressure rise as a function of time can be cal- 

culated from the avcragc time-dependent temperature 

tion ofhcat conduction in an infinite cylinder, because 
the sample chamber of the photoacoustic cell is a 
narrow cylindrical tube with a length-to-diameter 
ratio of 65 

Herein i denotes the thermal conductivity, p the den- 
sity, c,. the isochoric heat capacity, and Tthe tempera- 
ture of the sample gas. The heat generation term A is 
determined from the part of the laser beam intensity 
absorbed by the sample gas. In the basic analysis [9] 
the heai generation A was assumed constant. Instead, 
the intensity distribution of an idcal laser beam obeys 
a Gaussian function (Fig. 2) according to 

with W as the radiation power 01’ the laser and its 
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beam radius w(z) defined as the radius at which the 
intensity of the beam is I/e of its peak value. Beam 

radii w(z) were measured by a beam scanner along the 

propagation path of the beam. Beam radii follow a 
hyperbolic relationship [lo] (Fig. 3) along the axis of 
the tube 

W(Z) = W,[l +cz*]O.5 (3) 

with the minimum spot w. located in the center of 
the tube. Evaluation of our measurements yielded 
1%‘” = 182 pm and C = 5.0x IO* m-‘. Thus the heat 
generation term A as a function of the radius r and 
the distance z along the beam path is given by 

with 

A (r, z) = aZ(r, 2) = 
UW 

7 exp 

B=&~~*j,(-+&I) 

Mz) 
(4) 

a = I/PC,. (7) 

Integration of equation (5) yields the average time- 
dependent temperature rise AT(t) = T(t) - To of the 
sample gas 

AT(t, r, z)r dr dz 

(8) 

where c( denotes the absorption coefficient. The solu- 
tion of equation (1) with the heat generation function 
A, equation (4), initial temperature T,,, and T(t, R, 

z) = To is [ll] 

T(t,r,z) = T,+AT(t,r,z) = To 

r dr dz (9) 

and 

L is the length of the cylindrical sample space. Equa- 
tion (8) leads to 

+f C,J, ( - exp 
In= I 

( mR) (-%$)I. (5) 

t, are the roots of the Bessel function of zero order, 
J,(&,J = 0, and R is the radius of the cylindrical 
sample chamber. The boundary condition of a con- 
stant temperature To at the cylinder wall is justified 
because of the high thermal conductivity and heat 
capacity of the wall material compared to the respec- 
tive values of the sample gas. The coefficients C,, are 
given by 

)I (6) 
with the dimensionless radius x = r/R and the Bessel 
function of first order Jr. The thermal diffusivity a is 
defined as 

FIG. 3. Contour of the Gaussian beam. 

K*,=$ (12) 

The parameter B and the coefficients D, (m = 1, 

2,. . , m) are obtained from equations (9), (lo), and 
(3). Numerical integration yields B = 0.921208 and 
the values of D, and Km given in Table 1. From 
equation (11) one obtains the average temperature 
rise for infinite time : 

clWB 
A?== =AT(ct+,)=-- 

4nl (13) 

With this, equation (11) can be written 

AT(t) = ATa . (14) 

The temperature rise AT(t) is related to the pressure 
rise Ap(t) = p(t) -po. From a Taylor series we obtain 

Table 1. Values of coefficients D,, 
and Km according to equations (10) 

and (12) 

m Dt?! K”, 

1 -0.988732 - 1.073299 
2 CO.076692 +0.083252 
3 -0.010403 -0.011292 
4 +o.o013s7 +0.001473 
5 -0.000144 -0.000156 
6 +0.000012 +0.000013 
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I i’7 
+ iT 

2 
i  J ’ P- ,‘,i. I,, 

Lip(r)‘+ “. (15) 

where p,), T,, stand for the initial state. The pressure 
rise Ap(f) is only a few Pa and thus very small conl- 
pared to the system pressure po. In our experiments 
we use fluids with ideal or weak real gas behavior. The 
value of (I?’ Tjl(?p2),,,,_ ,,, is small for weak real gases and 
(?‘T:?~2),,,,, ,,, = 0 for ideal gases. Thcrcfore it follows 

that 

A/#)’ 

and equation (I 5) can be written as 

AT(ct) = T(t) - T,, = b(f) 

and in particular for infinite time 

From equations (16) and (17) it follows that 

(16) 

(17) 

(18) 

and from equation (14) we obtain the time-dependent 
pressure rise 

AAt) = Ap, (19) 

From the measured pressure rise, as for the example 
in Fig. 4, the thermal diffusivity u can be evaluated by 
equation (I 9). The signal amplitude Ap, can be deter- 
mined directly from the measured photoacoustic 

signal. However, random acoustic noise super- 

imposed to the signal would provoke an error of Ap, 
and thus lead to inaccuracies of the thermal diffusivity 
from equation (19). Instead, we fitted Ap, to the 
measured pressure rise and thus achieved better accu- 

racy of the thermal diffusivity 

FIG. 4. Normalized pressure rise vs time. 

4. EXPERIMENTAL APPARATUS 

The experimental apparatus is shown schematically 
in Fig. 5. Coherent light of a constant wavelength 01 
3.4 Ann is produced by a helium -neon laser. The laser 
beam is periodically modulated by a mechanical chop- 
per. which itself is placed in a closed box in order to 
prevent disturbances by sound transmission of the 
chopper blade and vibrations of the chopper motor 
from the microphone. In order to obtain a maximum 
radiation intensity within the sample chamber. the 
laser beam is focusscd by two CaF, lenses with focal 
Icngths ,f = 300 mm and ,/i = 100 mm. The radiation 
energy is partially absorbed by the sample gas in the 

photoacoustic cell. The cell itself has to hc adjusted 
lo attain coincidence of the beam axis and the axis ol 
~hc sample tube. The adjustment had to hc verified 
carefully by measuring the intensity protile of the out- 
coming beam with a beam scanner. 

The photoacoustic ccl1 (Fig. 6) consists of the 
sample chamber inside a copper cylinder and the mi- 
crophone compartment. The sample chamber dcsigncd 
for experiments up to 473 K had to be separated 
from the microphone in order to protect it from high 
tcmpcratures and direct illumination. A stainless steel 
tube with an inner diameter of 1.535 mm and a length 
of 100 mm served as sample chamber. This tube was 
shrunk into the copper cylinder to attain good the!-mal 
contact. CaF, windows permitting nearly 100% trans- 
mission of the infrared iascr light enclose the sample 
chamber. The copper cylinder contains heating fila- 
mcnts at its jacket and al the from sides so that a 
constant wall temperature can hc maintained. In 
addiLion, the windows are placed in a cavity of the 
cylinder to prevent heat losses by radiation and con- 
vection. The tcmpcraturc of the sample compartment 
is regulated with a PID-controller and a platinum 
resistance thermometer. The sample chamber i\ 
connected to the microphone chamber b) Xl1 

acoustic coupling tube. Such a configuration forms a 
Hclmholtz resonator [ 12. 131 and can lead to undz- 
sired oscillations superimposed lo the photoacoustic 
signal. The frequency of these oscillations depends on 
the length and the inner diameter ofthe coupling tube. 
the size of the two chambers, and the speed of sound 
of the sample gas [ I4j. We dcsigncd the coupling tube 
\vith an inner diameter of4.6 mm and a length of IO0 
mm. This Icads to frequencies more than 15 times 
highcl- than the chopping frequency and to low ampli- 
tudes 01‘1hc disturbing oscillations. They can be par- 
tiull suppressed by a low noise filter. but the rcmain- 
ing disturbance signal still slightly affects the accurac? 
of the mcasuremcnts. A larger diameter of the COLIC- 

ling tube would lead to higher frequencies but IOVXI 
amplitudes of the photoacoustic signal and thus 
dcterioratc the signal-to-noise ratio. The microphone 
chamber is placed slightly below the hcatcd sample 
chamber so that convection between the two cham- 
bers is prevented. Capillary tubes connect the micro- 
phone chamber with valves for evacuating and filling 
the cell with sample gas. 
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Dlgllal 

voltmeter 
Scanner 

FIG. 5. Experimental apparatus. 

PIG. 6. Photoacoustic cell, 
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The system pressure is measured with a piezo- 
resistive pressure transducer (Kistler 4043 Al) 
mounted into the microphone compartment. Cali- 
bration of the pressure transducer. the constant cur- 
rent source supplying the measuring bridge. and the 
differential voltage amplifier lcads to an overall error 
of the measured system pressure below 0.4%. The 
temperature T, of the cylindrical sample chamber is 

determined in the center of the cell and at the ends of 
the sample space by calibrated platinum resistance 
thermometers with an error less than 0.1 K. 

A condenser microphone (Bruel & Kjaer 4144) 
closely connected to a preamplifier detects the photo- 
acoustic signal. which. after additional amplification 
and filtering, is digitized and monitored by a I2-bit 
storage oscilloscope. 

5. EXPERIMENTAL RESULTS 

For examination of the precision of thermal diffu- 
sivity measurements we used argon as the reference 

fluid. About 180 measurements were carried out at 
atmospheric pressure in the temperature range between 
295 and 423 K. At each temperature between five and 
ten data points were taken. Evaluation of the measured 
data included a careful examination of the acoustic 
noise superimposed to the signal. As the thermal con- 
ductivity of argon is well known. reference data can 

easily be calculated from equation (7). The isochorrc 
heat capacity in this equation was obtained from 

with the universal gas constant R = X.3143 J mol ’ 
K ‘, the molar mass of argon M = 39.948 kg kmol ‘. 
and the isentropic exponent hi = I .6667 for noble gases. 

The density can be calculated from the equation 01 
state for ideal gases. Thermal conductivities wcrc 
determined from a correlation of Bich Ct (11. [I 51 based 
on an improved kinetic theory for moderately dense 
gases. A relative uncertainty ofO.5% is given for their 
correlated data at 300 K. Comparison with other cor- 
relations [ 16. 171 demonstrates good agreement. in 
particular for the thermal conductivity of argon. 

Table 2 contains experimental results obtained fat 
27 isotherms; the mean value of the measurements 
for each isotherm is given, together with the standard 
deviation and the maximum deviation from the mean 
value. The standard deviation is of the order of 0.5 
I oiu for all isotherms, whereas the maximum deviation 
from the mean values dots not exceed 1.5%. A slight 
deterioration of the reproducibility at temperatures 

above 373 K can be explained by a smaller signal- 
to-noise ratio due to the decrease of the signal ampli- 
tudc and the slight increase in acoustic noise at higher 

Table 2. Mean values of measured thermal dllrusivitieb for 27 isotherms with 
standard deviation and maximum deviation from the mean values 

Temperature Pressure 
T(K) p (MPa) 

Thermal dii?. 
experimental 

acxp 
(10m6 m’s -‘) 

Standard Maximum 
deviation (O/o) deviation (54) 

294.9 0.1035 33.27 
29X.6 0.1035 34.19 
303.3 0.1035 34.90 
308.7 0.1036 36.04 
313.3 0.1037 36.89 
31x.1 0.1036 3X. 19 
323.0 0.1036 39.32 
32x. I 0.1035 40.27 
333.3 0.1036 41.66 
33X.3 0.1036 42.83 
343.2 0.1036 44.10 
348.1 0.1036 45.20 
353.2 0.1035 46.42 
358.2 0.1035 47.88 
363. I 0.1035 4X.54 
36X. I 0.103x 49.63 
373.3 0. I042 50.X3 
37x.3 0.1046 52.01 
3x3.2 0.1049 53.01 
388. I 0.1053 54.56 
392.9 0.1058 55.50 
397.9 0.1062 56.64 
402.9 0.1065 57.65 
40X.1 0. I Oh9 58.52 
413.3 0.1071 59.56 
418.2 0.1072 61.04 
423.2 0.1074 61.86 

0.15 
0.20 
0.5 I 
0.36 
0.47 
0.36 
lJ.61 
0.x4 
0.45 
0.42 
0.77 
0.4x 
0.71 
0.5X 
0.47 
0.65 
I .03 
I .OI 
0.83 
0.26 
0.50 
0.50 
0.53 
0.75 
0.71 
0.73 
I .0x 

-0.26 
0.28 

-0.70 
0.49 

m-o.72 
0.56 

-0.93 
~ I .07 

0.69 
0.63 
1.02 
0.58 

--. I .24 
PO.77 
--0.51 

1.10 
-1.31 
- 1.38 

1.42 
--0.27 
-0.61 
-0.57 
- 0.90 
- I .05 
- 0.98 
-I.lX 

I .40 
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300 320 34” 360 380 K 420 

Temperature T 

FIG. 7. Average values of measured thermal diffusivities with 
standard deviation for 27 isotherms compared to reference 

data. 

temperatures. From the reproducibility of the thermal 
diffusivity measurements we estimate a precision of 

the order of 1%. 
The deviation of the experimental data compared 

to reference data is shown in Fig. 7. The average 
absolute deviation of thermal diffusivity measure- 

ments compared to the reference data is 0.5% for 
temperatures below 373 K and 1 .O% for temperatures 
above 373 K. 

6. CONCLUSIONS 

A photoacoustic cell for accurate determination of 
thermal diffusivities of gases in the temperature range 
between 290 and 423 K at atmospheric pressure is 

described. An analysis of the effect leads to an equa- 
tion for the time-dependent photoacoustic signal 
whereby the thermal diffusivity can be evaluated. 

In order to verify the reproducibility of thermal 
diffusivity measurements attainable with the exper- 
imental set-up, measurements were performed with 
argon as the reference fluid. According to the exper- 
imental results a precision of approximately 1% was 
estimated. The average absolute deviation from the 
best available reference data is 0.5% below 373 K and 
1 .O% between 373 and 423 K. 

The present results prove the photoacoustic tech- 
nique to be a promising method for determining ther- 

mal diffusivities of gases, especially in the range of low 
densities where other experimental techniques, e.g. 
the transient hot-wire technique and the method of 
dynamic light scattering, are not applicable or do not 
provide satisfactory results. 
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LA TECHNIQUE PHOTOACOUSTIQUE COMME MOYEN DE DETERMINATION DES 
DIFFUSIVITES THERMIQUES DES GAZ 

R&sum&La diffusivitk thermique de l’argon gazeux est dkterminte par une mkthode bas6e sur l’effet 
photoacoustique. Les fondements thkoriques de la technique photoacoustique pour la mesure de la diffu- 
sivite thermique sont p&en& et on dkcrit une cellule photoacoustique con$ue pour des mesures prkises 
dans le domaine de temptrature depuis 290 jusqu’ti 423 K, & la pression atmosphkrique. La dkviation 
absolue moyenne des don&s exp+rimentales par rapport aux dorm&es recommandees ne d&passe pas 1%. 



612 K. STEPHAN andJ. RIEKMAN~~ 

EINE PHOTOAKUSTISCHE MEBMETHODE ZUR BESTIMMUNG DER 
TEMPERATURLEITFAHIGKEIT VON GASEN 

Zusammenfassung-Die Temperaturleitfahigkeit von Gasen kann man mit einem Verfahren mcssen, das 
auf dem photoakustischen Effekt beruht. Die theoretischen Grundlagen des photoakustischen Verfahrens 
zur Bestimmung von Temperaturleitfahigkeiten werden vorgestellt, und es wird eine photoakustische 
MeBzelle fiir Messungen im Temperaturbereich zwischen 290 und 423 K beschrieben. Die mittlere absolute 
Abweichung der gemessenen Temperaturleitfahigkeiten von Argon von den besten Referenzdaten ist 

klciner als 1 O/o. 

@OTOAKYCTM9ECKklti METOA OHPEflE9IEHkiR TEMHEPATYPOI-IPOBO~HOCTB 
I-A30B 

Am8omumt-C ~cnom30BamieM hfero~, 6aswpymwerocn Ha t#toToa~ycmwc~oM +$eme, onpenen- 
sewx TemepaTyponposommxcrb rmoo6pamoro aproHa. ~TPHBOAXTC~ reoperwvzcn~e OCHOBEJ ~TO~O 

MeTOna W OlIEiChIBaeTCR @TOaKYCTAWCKHli 3JleMWIT, IIpewIa3Ha'IeHHLdii JlJtn TO'IHbIX H3MepWiti I3 

mmepsane TeMnepaTyp OT 290 no 423 K np~ aTM~HoM ~atmema. Cpemee OmnoHemie !xcnepm 
MeHTanbHbocAawHblXOTU3BeCTHbIXHenpeBanuaeT 1%. 


