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Abstract--Photon correlation spectroscopy has been used successfully for the measurement of the thermal 
diffusivity of some selected binary liquid mixtures. Under the condition, that the difference of the refractive 
indices of both pure components is smaller than 5%, the thermal diffusivity can be determined inde- 
pendently on the diffusion coefficient, which in general also gives contributions to the measured signal. 
For room temperature and atmospheric pressure, the results for benzene-toluene, carbon tetrachlorid~ 
toluene, decalin toluene, and bromobenzene-toluene systems are presented as functions of the weight 

fraction. 

1. INTRODUCTION 

DYNAMIC light scattering in combination with photon 
correlation spectroscopy has been proved to be a rapid 
and accurate technique for measuring the thermal 
diffusivity of transparent liquids [1]. It is based on 
analysing the Rayleigh spectrum of the light scattered 
from the probe, which is caused by entropy or tem- 
perature fluctuations. So far, the measurement of ther- 
real diffusivities by this technique was limited to pure 
liquids. Liquid mixtures are however of great import- 
ance in industrial applications. For binary mixtures, 
the frequency spectrum arising from temperature 
fluctuations is superposed by the spectrum resulting 
from concentration fluctuations. Hence the spectrum 
of binary mixtures is much more complex than that 
of pure liquids. 

In this paper we present results of the measurement 
of the thermal diffusivity of binary mixtures with a 
small difference in the refractive index of both pure 
components. The measurement in mixtures with a 
large difference in the refractive index (>  5%) is more 
complicated and will be discussed in detail in a forth- 
coming paper. 

2. THEORY 

The fluctuations re. of the dielectric constant e in a 
liquid give rise to light scattering. In pure liquids, 
these fluctuations are produced only by temperature 
and pressure fluctuations. In liquid mixtures, the 
statistical, local concentration fluctuations cause 

+ On leave from the Tongji University, Shanghai, China. 

additional fluctuations of the dielectric constant. 
According to the hypothesis of Onsager [2], the dis- 
sipation of temperature fluctuations at a position r in 
the liquid obeys the Fourier heat equation 

0 
c~T(r, t) = aV26T(r, t). (I) 

By the same argument, the dissipation of con- 
centration fluctuations at a position r obeys the 
diffusion equation 

~t 6c(r,t) = O l 2V2fic(r, t). (2) 

Here Dr2 is the mutual diffusion coefficient. 
Mountain and Deutch [3, 4] presented a more rig- 

orous development for obtaining the time dependence 
of density and concentration fluctuations by using the 
linearized hydrodynamic equations--the continuity 
equation, the Navier-Stokes equation, the diffusion 
equation and the energy equation. They found, that 
the central Rayleigh component contains the com- 
bined effects of entropy (or temperature) fluctuations 
at constant pressure and of concentration fluc- 
tuations. They also found a cross term resulting from 
the cross effects between energy transport and 
diffusion. These cross effects are known in non-equi- 
librium thermodynamics as the Dufour effect and the 
Sorer effect [5]. It also can be shown theoretically, that 
under the condition a >> D~2 the separation of the 
contributions from the entropy (or temperature) and 
the concentration fluctuations is possible. This situ- 
ation is true for most organic liquid mixtures. 

For a mixture the spectral density of the fluc- 
tuations of the dielectric constant can be expressed by 
[4] 
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NOMENCLATURE 

a thermal diffusivity 
B constant 
C constant 
c concentration, weight fraction 
6c statistical concentration fluctuations 
c ~ weight fraction of toluene 
c e heat capacity for constant pressure 
D~ 2 mutual diffusion coefficient 
k Boltzmann constant 
I0 intensity of reference light 
7~1 intensity of scattered light arising from 

temperature fluctuations 
[~2 intensity of scattered light arising from 

concentration fluctuations 
modulus of scattering vector q 
position vector 

q 
r 
S(q, ¢0) spectral density 
T temperature 
6 T statistical temperature fluctuations 

t time. 

Greek symbols 
F(z) correlation function 

dielectric constant 
0o external scattering angle 
2 thermal conductivity 
20 wavelength of laser radiation 
p chemical potential 
p density 
z time 
Az correlator sample time 
z~ characteristic decay time of the 

correlation function for temperature 
fluctuations 

Tc2 characteristic decay time of the 
correlation function for concentration 
fluctuations. 

S(q, co) -- 2n dre-~'~(&*(q'O)&(q"c)) 

( ~ y  k T {  2D~2q 2 '~ 
= \OC)p,T (O~lac),,~ k(D, 2q2) 2 + ¢02,] 

(Oe~2 kT(  2aq2 ~ 
+ \OTJp,~ Tpp \ ( a q ~  o~2J (3) 

where q is the modulus of the scattering vector which 
can be calculated from 

2n 
q = 200 sin 0~. (4) 

The quantity of direct interest in photon correlation 
spectroscopy is the intensity correlation function of 
the scattered light, which under 'heterodyne detection' 
can be expressed for a mixture by [6] 

r (z)  = (I0 + / ~  +Lz)2 +i~, e -2"/'o, 

+ 21,1 Io e-'/'o, + i22 e -  2~/,,, 

+ 2i~zloe-~/~+ 2Lj~2 e-~(1/~°,+j/',9 (5) 

where [~1 and/,z indicate the mean values of  the inten- 
sity of the scattered light arising from temperature 
and concentration fluctuations, respectively, and I0 is 
the intensity of  the reference light, which is the light 
scattered from the optical windows of the cell. Under 
the 'heterodyne condition', i.e. I0 >> i~1 and I0 >> T~2, 
the so-called homodyne terms with decay times zc~/2 
and "Ce2/2 and the cross term with decay time 
r~Z~z/(Z~+z~2) can be neglected. Equation (3) can 
therefore be reduced to 

F(z) = (I0 + L1 + L2 )2 + 2•1 Io e-~/~, + 2L210 e-~/~o2. 

(6) 

The characteristic decay times zcl and z~2 contain the 
thermal diffusivity a and the mutual diffusivity D~z 

1 1 
a =  2; D 1 2 -  (7) z~q "cc2q 2" 

The intensity of the light scattered from concentration 
fluctuations can be expressed by 

is2 (Oe~ kT 
~ \ ~ L , T  (~ul~c),,r ' (8) 

The rate of change of the mixture dielectric constant 
with mixture composition c can be quantitatively 

related to the difference in the refractive indices of the 
pure components [7]. Roughly speaking, for a fixed 
concentration value, the intensity ~2 is proportional 
to the difference in the refractive indices. It was found, 
that for many binary mixtures, for which the differ- 
ence in the refractive indices is smaller than 5%, is: is 
smaller than T,I. Furthermore, for most binary mix- 
tures the thermal diffusivity is one to two orders of 
magnitude larger than the diffusion coefficient. So 
the diffusion term 2Ioi,2 e (-~/~°9 can be substituted 
approximately by 210/~2(1 -z/z¢z). For  such mixtures, 
the intensity correlation function is reduced to 

F(z) = A e */*o, + Br + C. (9) 

The error in the thermal diffusivity due to this sim- 
plification is shown in Fig. 1 in its dependence on the 
ratio of intensities of the scattered light [~ and Is2, in 
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FIG. 4(a). Thermal diffusivity of the binary mixture carbon 
tetrachloride-toluene. 
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determined by the stationary hot-wire method. The 
Venart values are about  2% larger than our results. 
This could be caused by convective and radiative con- 
tributions to the heat transfer in the liquid not  cor- 
rected appropriately in the evaluation procedure of  
the hot-wire technique [1]. 

In Fig. 4(a) the results of  the mixture carbon tetra- 
chloride-toluene with a refractive index difference of  
2.5% is shown. The thermal conductivity has been 
calculated with the data of  cp and p from the literature 
[11, 12] and is presented in Fig. 4(b) in comparison 
to the Venart  data [10]. The comparison shows a good 
agreement for the concentrat ion dependence, but 
again a 2% deviation in the absolute values. 

In Figs. 5 and 6 the measured thermal diffusivity of  
the binary mixtures decalin-toluene (An/n  = 1.0%) 
and bromobenzene toluene (An/n  = 4.2%) are pre- 
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FIG. 6. Thermal diffusivity of the binary mixture bromo- 

benzene toluene. 

sented. For  these mixtures no literature data have 
been found for comparison. 

5. CONCLUSIONS 
The application of  the photon correlation technique 

to the measurement of  the thermal diffusivity has been 
extended successfully to the investigation of  liquid 
mixtures with differences in the refractive index of  
the pure liquids smaller than 5%. Under  these con- 
ditions, the thermal diffusivity can be determined 
independently on the knowledge of  the diffusion 
coefficient. For  this procedure, a modified correlation 
function (equation (9)) is suggested, which also can 
be used for the investigation of  any dilute mixture and 
of  the influences of  impurities in the probe. For  binary 
mixtures with very large refractive index differences, 
the situation is more complicated. To determine the 
thermal diffusivity in such systems, the diffusion 
coefficient has to be known, which however can be 
determined with the same apparatus. This work is 
in progress, and will be presented in a forthcoming 
paper. 
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The thermal conductivities are shown in Fig. 3(b) in 
comparison with the results of Venart [10], which were 
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D1FFUSIVITE THERMIQUE DES LIQUIDES TRANSPARENTS PAR SPECTROSCOPIE 
A CORRELATION PHOTONIQUE-- I I .  MESURES DANS DES MELANGES 

BINAIRES DE COMPOSANTS AYANT UNE FAIBLE DIFFERENCE D ' INDICE DE 
REFRACTION 

R6sum6--La spectroscopie 5. correlation photonique est utilis6e avec succ6s pour la mesure de la diffusivitb 
thermique de quelques m61anges binaires de liquides. A la condition que la diff6rence des indices de 
r&raction des deux composants puts soit inf6rieure fi 5%, la diffusivit6 thermique peut 6tre d&ermin6e 
indbpendamment du coefficient de diffusion qui g~n6ralement contribue au signal mesur& A la temperature 
ambiante et fi la pression atmosph6rique, les r6sultats sont pr6sent6s en fonction de la fraction massique, 
pour les syst6mes benz6n~tolu6ne, tetrachlorure de carbone-tolu6ne, d6calin tolu6ne, bromobenz6ne 

tolu6ne. 

MESSUNG DER TEMPERATURLEITFNHIGKEIT  VON TRANSPARENTEN 
FLOSSIGKE1TEN MITTELS DER PHOTONEN-KORRELATIONS-SPEKTROSKOPIE 

II. MESSUNGEN IN ZWEISTOFFGEMISCHEN BEI GER INGEM UNTERSCHIED 
ZWISCHEN DEN BRECHZAHLEN DER BEIDEN KOMPONENTEN 

Zusammenfassung--Die Photonen-Korrelations-Spektroskopie wurde erfolgreich f/Jr die Messung der 
TemperaturleitfS.higkeit bestimmter flfissiger Zweistoffgemische eingesetzt. Unter der Bedingung, dab der 
Unterschied zwischen den Brechzahlen der beiden reinen Stoffe kleiner als 5% ist, kann die Tem- 
peraturleitf~ihigkeit unabhfingig vom Diffusionskoeffizienten bestimmt werden, der im allgemeinen auch 
einen Beitrag zum Mel3signal liefert. Die Ergebnisse ffir die Zweistoffsysteme Benzol-Toluol, Tetra- 
chlorkohlenstoff Toluol, Dekalin-Toluol und Brombenzol Toluol werden bei Umgebungstemperatur und 

Atmosphfirendruck als Funktion des Gewichtsanteils dargestellt. 

OFIPE~EYIEHHE KOgq~OFIUFIEHTA TEMHEPATYPOHOBO~HOCTFI  H P O 3 P A q H b l X  
)KFI~KOCTEI7'I C HOMOIUbIO ~OTOHHOITI CHEKTPOCKOHFIFI--II .  H3MEPEHH,q B 
BHHAPHbIX CMECYlX C MAJIOITI PA3HOCTbIO HOKA3ATEJIE17I HPE.rIOMJIEHIdYl 

qFICTbIX KOMFIOHEHTOB 

AunoTauua--qboTonnan cneKTpOcKonna ycnemHo npaMeHa~acb ~aa n3MepenHa Koaqb~nunenTa TeMne- 
paTyponponoanocTn paaa ~na rnx  6nnapnux cMecefi. Hpn ycaoann, qTO paanocTb noKa3areaefl npe- 
3oM~enn~ ~nCTblX KOMnonenvoa Menbme 5%, roaqb~Hunenr reMnepavyponpoaoanocTn Moxno 
onpe~eanTb He3aBncnMo OT r o a ~ n u n e n r a  ~ H ~ y a n n ,  roTopas a o6meM cay~ae Tar~e anocnT ar3aa 
a n3MepenHbIfi cnrHa~. ~ a  KOMHaTHO~ TeMnepaTyp~ n aTMOCqbepnoro aae~enna pe3ynbTaTbl ~ f l  
cMecefi 6eH30~ TOnyO~, qeTupexxnopncTufi yraepoa-Toayoa,  ~era.qHH--TO~yOn n 6poM6eH3On--TO~yOn 

npe~cTaa~en~ KaK ~yngtliln aecoaofi goaHenTpaHnH. 
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