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Thermal Diffusivity and Sound Velocity of Toluene
Over a Wide Temperature Range'

S. Will,2 3 A. P. Froba,? and A. Leipertz?

The thermal diffusivity and the sound velocity of toluene have been determined
in a wide temperature range up to the critical point by dynamic light scattering.
Measurements were performed for both the liquid and the vapor phase at
saturation conditions. The results obtained corroborate the usefulness of the
technique for the determination of thermophysical properties. From the lack of
reference data for the thermal diffusivity or other properties from which the
thermal diffusivity may be derived in the high-temperature range and from
deviations of experimental sound velocity data compared to values derived from
the currently established equation of state, the need for further experimental
investigations on this important reference fluid was established.

KEY WORDS: dynamic light scattering; sound velocity; thermal diffusivity;
toluene.

1. INTRODUCTION

Dynamic light scattering (DLS) is a versatile technique for the determina-
tion of transport and other thermophysical properties [1, 2]. Due to its
wide liquid range, toluene is an important reference fluid, especially for
thermal conductivity and viscosity. Recently, we have determined the
kinematic viscosity and surface tension of toluene over a wide temperature
range by a modified surface light scattering technique [ 3]. This paper is an
extension of earlier work from our laboratory on the thermal diffusivity of
liquid toluene, which has been measured and published [4] previously.
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This investigation was intended as a test of the accuracy of the method,
where the measured thermal diffusivity @ was compared with values
calculated from the relation a = 4/(pc,), where data for the thermal con-
ductivity 4 obtained by other methods and data for density p and isobaric
heat capacity ¢, from an equation of state were used. On the other hand,
where the density is known accurately, data for the heat capacity may be
deduced from a combination of ¢ obtained by DLS and A determined by
other methods, e.g., by the transient hot wire technique [ 5]. In the present
work, the temperature range of data for the liquid thermal diffusivity is
extended up to the critical point and data for both the vapor thermal dif-
fusivity and the sound velocity ¢, in either phase are provided.

2. PRINCIPLE OF DYNAMIC LIGHT SCATTERING

The principle of DLS for the determination of thermophysical proper-
ties is given in detail elsewhere; see, e.g., Refs. 1, 2, 6, and 7. Here, only the
essential features are repeated. DLS probes the spectrum of light scattered
by a fluid in thermal equilibrium. This may be done using photon correla-
tion by analyzing the temporal behavior of the scattered light signal. For
the determination of the thermal diffusivity, the broadening of the central
Rayleigh line of the spectrum is probed. With the exception of a region in
the vicinity of the critical point, this is commonly done by applying a
heterodyne technique, where a reference beam is added to the scattered
light. In this case, the intensity correlation function is of the form

GH(1)= A+ Bexp(—1/tg) (1)

with experimental constants 4 and B, where B is essentially determined by
the ratio of scattered light and reference light and the coherence properties
of the optical system. From the decay time 7 the diffusivity ¢ may be
calculated by

a=1/(g*t) (2)
where the modulus of the scattering vector q,

A in @ 3

is given by the fluid refractive index n, the laser wavelength in vacuo A,
and the scattering angle @. The decay time 7.z can be reliably determined
by a nonlinear fit to various lag-time intervals [8].
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For the measurement of the sound velocity ¢, one of the two Brillouin
lines of the spectrum is probed, which are shifted in frequency and are sym-
metrical with respect to the Rayleigh line; ¢, follows from ¢, =wq, with @
being the frequency shift of the scattered light. Practically, w is determined
by adding a reference beam, which is shifted in frequency by means of an
acoustooptical modulator with a given frequency shift similar to w. In this
case, the correlation function takes the form

Gt) = A+ Bexp(—1/1.5) cos(dwr) (4)

where w follows from the combination of the modulator frequency known
and the residual mistuning 4w, which may be determined from the maxi-
mum in the Fourier transform of G*(z) [9].

3. EXPERIMENTAL PROCEDURE

The experimental setup used here is essentially the same as was
employed in former investigations [ 7, 9]. The toluene sample under satura-
tion conditions is included in a thermostated pressure vessel of cylindrical
form, which is placed inside an insulated housing. The temperature is
measured by a calibrated Pt-25Q2 probe assembled into the body of the
vessel with an uncertainty of +0.005 K. Temperature stability is better
than +0.01 K during an experimental run.

Light from an argon ion laser operating in a single longitudinal
mode and at powers up to 300 mW at low temperatures is irradiated
through a quartz window. The angle of incidence, which is defined as the
angle between the optical axis of incidence and that of detection and from
which the scattering vector can be deduced, is measured by back-reflection
from a mirror, mounted to a precision rotation table. For imposing an
additional reference beam, part of the incident light is reflected by a glass
plate through a single modulator or a combination of modulators to realize
the desired frequency shift. The detection optics consist simply of two cir-
cular stops with diameters of 1 and 2 mm. Scattered light is detected by
two photomultiplier tubes taking the cross-correlation function in order to
suppress afterpulsing effects. The signals are amplified, discriminated, and
fed to a stand-alone correlator with 112 linearly spaced channels being
operated with a sample time of 100 ns for the Brillouin measurements and
with a sample time chosen in such a way that the correlation function
covers about six decay times for the Rayleigh measurements.

The toluene sample was of spectroscopic grade with a specified purity
of 99.9% and was used without further purification. Measurements were
performed under saturation conditions in a temperature range from about
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300 to 590 K in the liquid phase. For the vapor diffusivity, the temperature
range started at 543 K. It should be emphasized that this lower limit is not
a fundamental one, but with the laser power available, measurements at
lower temperatures would require measurement times for a single run of
about half an hour in order to obtain a reasonable statistical uncertainty.
For the diffusivity in the liquid phase and for the sound velocity in both
phases, the measurement times for a single run were typically of the order
of 5 min, decreasing to 1 min for the highest temperatures in this study. At
temperatures close to the critical point, the alignment of the setup became
increasingly difficult due to density gradients and beam deflection within
the sample cell. Thus, the investigation of the thermophysical properties
in the vicinity of the gas-liquid critical point requires additional effort,
which was not done here. For each temperature point, typically six single
experimental runs were performed, where the laser irradiated the sample
from either side with respect to the axis of observation in order to check
for a possible misalignment.

4. RESULTS AND DISCUSSION

The results of our measurements are summarized in Tables I and 11
and Figs. 1-5. Sound velocity data can be well represented by a polynomial
fit of the form

o (%) (5)

where ¢, is in m . s ™!, and the coefficients are given in Table III. For a good
representation of the thermal diffusivity an additional term turned out to
be necessary, which explicitly takes into account the critical part of the
diffusivity and results in an equation of the form

4 T\! T — T\06
a=3 a,~<§)+a5< - ) (6)

i=0

where a is in 10783m?.s7!, and as was approximated as an additional

constant, and the critical temperature was taken as T,=593.95 K [10].
Our first interest is directed to the liquid thermal diffusivity for a com-
parison with earlier work performed by DLS [4]. Figure 2 shows the dif-
ference between the fit of our data and that of other reference data, where
the measurements of both Hendrix et al. [11] and Kraft et al. [4] were
also performed by DLS, and those of Wang and Fiebig [12] by forced
Rayleigh scattering. For a comparison with data from thermal conductivity
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Table I.

Experimental Values of the Thermal Diffusivity a of Toluene Under
Saturation Conditions

407

Liquid phase

Vapor phase

T a T a
(K) (1078 m?.s7") (K) (1078m?2.s—}4)
298.15 8.75 543.15 20.07
323.15 8.11 545.65 19.25
348.15 743 548.15 18.27
373.15 6.85 550.65 17.38
393.15 6.53 553.15 16.54
398.15 6.41 555.65 15.55
413.15 6.16 558.15 14.66
423,15 5.96 560.65 13.86
433,15 5.78 563.15 13.05
443.15 5.66 565.65 12,07
448.15 5.50 568.15 11.35
453.15 545 570.65 10.49
460.65 5.33 573.15 943
463.15 5.33 575.65 8.44
473.15 5.21 578.15 7.61
483.15 5.09 580.65 6.34
485.65 505 583.15 5.36
493.15 5.05 585.15 4.70
498.15 4.90 585.65 4.51
510.65 419 587.15 3.68
523.15 4.67 588.15 3.03
528.15 4.66 589.15 2.55
535.65 4.54
543,15 443
548.15 437
553.15 4.33
558.15 424
560.65 4.09
563.15 4.11
568.15 397
573.15 383
575.65 362
578.15 3.46
580.65 324
583.15 294
584.15 2.85
585.15 2.66
586.15 249
587.15 224
588.15 2.01
589.15 1.89
590.15 1.55
591.15 1.31
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Table II. Experimental Values of the Sound Velocity ¢, of Toluene Under
Saturation Conditions

Liquid phase Vapor phase
T s T C
(K) (m-s~h) (K) (m-s™")

323.15 1195.1 463.15 1844
348.15 1092.1 473.15 180.7
373.15 992.4 483.15 177.8
398.15 896.4 493.15 175.0
423.15 798.8 503.15 171.4
433.15 761.5 513.15 167.4
443.15 723.8 518.15 165.2
453.15 6854 523.15 162.1
463.15 649.4 528.15 159.5
473.15 612.3 533.15 156.5
483.15 5753 538.15 1534
49315 5344 543.15 149.5
503.15 499.7 548.15 146.1
513.15 460.5 553.15 141.6
523.15 420.6 558.15 137.7
533.15 382.5 560.65 135.1
543.15 336.7 563.15 133.1
553.15 296.4 565.65 130.2
563.15 252.3 568.15 127.5
573.15 202.8 570.65 124.9
575.65 190.2 573.15 122.3
578.15 176.2 575.65 118.7
580.65 163.0 578.15 114.8
583.15 148.9 580.65 1122
585.65 1342 583.15 108.4
584.15 106.3

585.65 103.9

587.15 102.0

588.15 100.9
589.15 98.20
590.15 96.95
591.15 95.69

measurements with the transient hot-wire method [ 13-16] and the regres-
sion by Ramires et al. [17], these data have again been converted, with ¢,
and p from Goodwin’s equation of state [ 10], into the thermal diffusivity.
At temperatures above 450 K there is an increasing difference between our
data and the DLS measurements by Kraft et al. [4] that is outside the
combined uncertainty. The most likely reason for the discrepancy may be
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Fig. 1. Thermal diffusivity of toluene under saturation conditions.
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Fig. 2. Thermal diffusivity of liquid toluene: deviations of experimental
data from this work (V) and of literature results from the fit according to
Eq. (6).



410 Will, Friba, and Leipertz

1200 +
1000 T
-~ 800+t
)
. G
E_ 600 1 this work
@ *
© Zotov et al
400 T o '
Lednewa
200 L Goodwin
0 t —tt + } —+ { +— +
300 350 400 450 500 550 600
T K
Fig. 3. Sound velocity of liquid toluene.
8 =
6 =N
- D
41 T~

deviation from fit, %
o
X
(]
/
X
<
d
<

\\ v X v

2 1 "

V thiswork X Zotovetal. Ty .
4 O Lednewa -- Goodwin \‘\\
6 T \\\
-8 —+ —+ +—t— } -+ — -

300 350 400 450 500 550 600
T, K

Fig. 4. Sound velocity of liquid toluene: deviations of experimental data from this work (V)
and of literature results from the fit according to Eq. (5).
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Fig. 5. Sound velocity of gaseous toluene.

found in the definition of the thermodynamic state. Probably, in the relevant
temperature range the older measurements were not taken under saturation
conditions, but in the compressed liquid phase, with an increasing devia-
tion from saturation pressure with temperature leading to an increase in
thermal diffusivity. In order to check our present data, we carried out four
completely independent measurement series at a temperature of 473 K,
with new samples within the cell and a new adjustment of the setup. These
measurements agreed within +0.5%. For the higher-temperature range
there is a pronounced deviation from the regression of Ramires et al,

Table IIL Coefficients of Eqs. (5) and (6)

Eq. (6) thermal diffusivity a Eq. (5) sound velocity ¢,
Liquid phase Vapor phase Liquid phase Vapor phase
a, —12.312 3,941.7 10,181 —7,464.8
a, —0.682544 —-20.23016 —94.738 64.6066
a, 2970774 x 1073 0.0347411 0.4284658 —0.20425524
a; —4.954328x107° —1.99638 x 10> —1.0139902x 10 ? 2.8764095 x 10~*
a4 3.271235x107° 0 1.202641 x 10—¢ ~1.529194 x 107

as 105.259 84.51 —5.70687 x 10~'° —
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which is verified only up to temperatures of 553 K. There might, however,
be suspicion about the heat capacity values at these high temperatures.
Finally, the standard deviation of our measurements became clearly worse
at higher temperatures. The root mean square deviation of our data from
the fit according to Eq. (6) is 1.4% for the whole temperature range. It
reduces to 0.7% when only data below 550 K are taken into account but,
accordingly, increases to 2% for temperatures above 550 K. Excluding a
fundamental g-dependence in this temperature range still considerably
apart from the critical point, the main reason may be found in an increas-
ing experimental difficulty. We cannot completely suppress temperature
gradients within the cell because of the large difference from ambient tem-
perature and the necessity for an optical access. Even small deviations from
the nominal temperature may result in a considerable relative error in this
region. Here, future measurements should incorporate an additional
possibility for temperature control of the air close to the cell windows.

Due to long measurement times at lower temperatures, the data for
thermal diffusivity in the vapor phase had to be restricted to temperatures
above 540 K. Again, the uncertainty of our measurements increases toward
high temperatures, where the average deviation from the fit is 2.3% for
temperatures above 580 K, compared to 0.6% for temperatures below
580 K and 1.3% for the whole temperature range.

For liquid-phase sound velocities our experimental values may be
compared with values from the equation of state (EOS) of Goodwin [10]
and with the experimental data of Zotov et al. [18] and Lednewa [19]
obtained by acoustical measurements. There is excellent agreement between
our data and those of Zotov et al, yet a joint systematic deviation com-
pared with the EOS. Our experimental values can be reproduced by the fit
with a root mean square error of 0.37%; again, there is an increase in
scatter, from 0.13% below 540 K to 0.45% above 540 K. It should be
noted that the measured sound velocities are naturally not in the ther-
modynamic =0 limit, and thus, dispersion might affect both average
values and standard deviations. In our experiments, such effects have not
been observed, but in further studies they should be given more thorough
consideration.

For gas-phase sound velocities, qualitatively similar statements hold as
for vapor diffusivity regarding the range of temperatures covered and the
standard deviations of the fits. An excellent average deviation of 0.3% was
obtained for the whole range of temperatures covered, with a value of
0.2% below 580 K and 0.4 % above this temperature. The maximum devia-
tion from the EOS sound velocities is 2%. The data of Zotov [20] deviate
by —4% from our values at the highest temperatures, where good agree-
ment between our data and EOS values is found.



Thermal Diffusivity and Sound Velocity of Toluene 413

5. CONCLUSION

We have shown that dynamic light scattering may be utilized to
measure thermal diffusivities and sound velocities of fluids over a wide tem-
perature range. Values for toluene have been determined in both the gas
and the liquid phases. A comparison of results obtained for the thermal dif-
fusivity in the high-temperature range was not possible due to the lack of
other data sets in this region. Here, experiments by other techniques would
be most helpful, especially for the thermal conductivity and the isobaric
heat capacity. Additionally, more experimental data for the sound velocity
would be desirable, as the present results indicate deviations from the
currently established equation of state. Moreover, also further DLS experi-
ments may be performed in the vicinity of the critical point, where additional
effort is necessary due to the large temperature gradients between the
sample and ambient conditions. Finally, the data presented here may
motivate a comparison of experimental techniques, especially in the high
temperature region and for thermal conductivity and diffusivity.
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