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ABSTRACT

Dynamic light scattering is an efficient method for determining the
thermal diffusivity and thermal conductivity of transparent fluids in a
wide region of state. Its main advantage in comparison with conventio-
nal methods is that measurements are conducted under thermodynamic
equilibrium. The transport properties are derived by investigating the
temporal behaviour of microscopic fluctuations in the thermodynamic
variables.

This paper presents our thermal diffusivity measurements of the en-
vironmentally acceptable refrigerants R22, R134a and R123, the last two
substances being possible substitutes for the refrigerants R12 and R11
respectively. Measurements were performed along the critical isochore,
both coexisting phases and up to seven isotherms. In the extended criti-
cal region (characterized in terms of reduced density as 0.3 < g/g. < 1.8)
the homodyne technique of light scattering was employed. The applica-
tion of the heterodyne technique has enabled us to extend the investi-
gated range of state into the fluid region (g/g. < 2.5) as well as improve
the quality of the measurements in the gas region (e/0c > 0.2). Simple
correlation equations are given which enable the thermal diffusivity to
be calculated to within 10% in the entire investigated region. Provided
with an equation of state to determine c,, the diffusivity data can also
be expressed in terms of thermal conductivity A. This is particularly
useful in the critical region where the conventional hot-wire and parallel
plates techniques are particularly subject to error.



1. INTRODUCTION

A knowledge of the thermodynamic properties of working fluids in
processes operating under thermodynamic cycles is necessary, not only
for a better understanding of the process itself, but also for planning and
designing the appropriate components. With low and mediate tempera-
ture cyclic processes such as refrigeration processes, there is still a lack
of thermophysical data of the appropriate working fluids, particularly
in the area of transport properties. This is due to the fact that trans-
port properties such as thermal conductivity, diffusivity and viscosity
are generally difficult to measure and are burdened with uncertainties
typically an order of magnitude greater than their corresponding equi-
librium properties (such as p, ¢,T -measurements).

This is shown quite clearly in the current search for environmentally
acceptable substitutes for the chlorofluorocarbons typically used in these
processes, which are responsible for the depletion of the stratospheric
ozone layer. While, after more than 5 years of research, the equilibrium
P,o,T -properties of the most promising alternatives CH;FCF3 (R134a)
and CHCI;CF3 (R123) have been investigated sufficiently to allow for
the development of tables and equations, the amount of reliable measu-
rement data on transport properties is far less and not nearly as evenly
distributed, with some regions of state totally lacking measurements.

For calculations involving heat transfer, it is the knowledge of the
transport properties that constitutes a necessary information for desi-
gning and dimensioning components, the properties appearing often in
the dimensionless numbers as Nusselt, Reynolds, Prandtl, Grashof and
Rayleigh.

In this paper, our thermal diffusivity measurements of the alterna-
tive refrigerants R22, R134a and R123 obtained by light scattering are
presented. With a good equation of state for p and Cp, thermal conduc-
tivity can be calculated from the diffusivity data as will be shown for the
substance R22. Our measurements also cover the critical region, where
conventional stationary and instationary methods for determining \ are
subject to large errors due to convective effects and are hence parti-
cularly scarce. Here, dynamic light scattering can also be used as an
accurate method to determine A.



2. METHOD OF MEASUREMENT

Dynamic light scattering represents a non-invasive optical technique
for measuring thermal diffusivity. The fluid under investigation is kept
in thermal equilibrium with no internal sources of heat or macroscopic
temperature gradients present, which is a significant advantage over the
conventional techniques of determining transport properties such as the
parallel plate or hot wire methods. The information on thermal diffusi-
vity is obtained by investigating the relaxation behaviour of microscopic
thermodynamic fluctuations. Since the method is intrinsically absolute
in nature, there is no need for calibration or for introducing corrective
terms. According to the optical arrangement for detecting the scattered
light, measurements can be made in the fluid region (heterodyne detec-
tion) and in the extended critical region (homodyne detection) with an
accuracy typically under 2% depending on the investigated region of
state. At lower fluid densities (below 100 kg/m?3 ) the scattered intensi-
ties are too low to be evaluated accurately, and thus limit the range of
application. For an explicit treatment of dynamic light scattering and
its applications we refer to the standard literature [1] — [3].

The experimental apparatus used in our investigations has been de-
scribed in detail by [4] — [6]. An argon-ion laser with a maximum power
output of 300 mW is focussed into a test cell. The light scattered by the
microscopic temperature fluctuations is recorded at variable scattering
angles (3° — 15°) by a photomultiplier. This signal is then fed into a di-
gital correlator which builds the correlation function g(t), the statistical
average behaviour of the dissipative fluctuations. A regressional analy-
sis yields the characteristic decay-time t. of this exponential function
from which thermal diffusivity can directly be calculated.

On account of the relatively high critical temperatures of the alterna-
tive refrigerants, we have developed an electronically regulated test cell
capable of sustaining a long term temperature stability (£ 2 mK over
24 h) at temperatures up to 500 K [7]. This stability is important when
measuring in the critical region where the thermal diffusivity a decreases
over several orders of magnitude and where macroscopic temperature
stability not only limits the possible approach to the critical point but
also represents an increasing source of error in the determination of a.
In this investigation we have been able to measure thermal diffusivi-
tes to within 0.01 K of the critical point. While the above-mentioned
temperature stability would allow for closer approaches, other limiting
factors such as multiple scattering, gravitation, laser heating or limits of
the hydrodynamic region become a major source of error in this region.



In the extended critical region, measurements were made using the
homodyne method of light scattering. The scattered light Is is directly
measured by the photomultiplier at angles © between 8° — 10°. Light
scattered off the cell windous Iy (representing a local oscillator) is ef-
fectively screened out of the detection by means of a_pinhole situated
in front of the cell windows, ensuring the criterion Is > I, for the
evaluation of the correlation function by a single exponental.

In the fluid region, where scattered light intensities are small, the
heterodyne method was employed. Here signal enhancement is achieved
by superimposing a local oscillator, the light Iy scattered off the cell
windows, with Is. By measuring at small scattering angles (© between
3° — 5°) and shifting the scattering volume with respect to the window
surface, the assumption Iy > Is can be assured.

3. RESULTS

The objective behind this investigation was a systematic coverage of
a broad region of state within the limits set by the applicability of the
method or the apparatus. For this reason, thermal diffusivity measure-
ments were made along four super- and up to three subcritical isotherms
T =41073,4£1072, +5.10"2 and +10~!, where 7 denotes the reduced
temperature and is characterized by 7 = (T — T;)/T.. Measurements
were also made along the critical isochore as well as both coexisting pha-
ses. On average, 35 measurement points were taken along each path.
The covered region of state expressed in terms of density and pressure
is approximately 100 kg/m> < p < 1200 kg/m® and 290 K < T < 420 K.
While the measurements at higher temperatures and pressures were re-
stricted by the pressure resistance of the quartz cell windows, those
obtained in the low density region were limited by the applicability of
the method due to low light scattering intensities.

In addition to thermal diffusivity, the temperature, pressure and
refractive index of the substances were also measured. Using the Lorentz
- Lorenz relation, density values can be calculated from the refractive
index measurements.

- Figures 1 to 5 depict the measured values of thermal diffusivity of
the substances R22, R134a and R123. Figures 1 and 3 plot a against
the reduced temperature in double logarithmic axes for both phases
of the coexistence curve and for the critical isochore. The logarithmic
presentations in Figures 2 and 4 depict a vs. the reduced density g/g. for
the coexistence curve and seven isotherms. Figure 5 shows the thermal
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Fig.5 Thermal diffusivity of R123 along the two-phase region

diffusivity of the refrigerant R123 along both phses of the coexistence
cure plotted linearly against the Temperature T. In the liquid phase, at
temperatures below 155°C, we applied the heterodyne technique, while
the other regions were investigated with the homodyne technique of
light scattering. The region of overlap 130°C < T < 155°C shows good
agreement between the two methods. A comparison with converted
thermal conductivity measurements in the fluid region [8] also shows
good agreement. As can be seen from the figure, the combination of
the two techniques allows for a wide range of states to be investigated.
Since the refrigerant R123 dissociated in our apparatus near the critical
point (~ 183°C) no isotherms could be investigated.

4. ACCURACIES

4.1 Thermal diffusivity

Since dynamic light scattering represents a statistical process, the
measurements of diffusivities are invariably subject to statistical devia-
tion in addition to experimental errors. In the following we will briefly
classify the main sources of error. The equation determining thermal



diffusivity, obtained from [1 — 3], can be expressed as:

1
= 1
2T g (1)

where q is the scattering vector and defines the scattering geometry

14l = q =T—:sin(§). (2)

Here n is the refractive index of the fluid, A, the wavelength of the
incident light and © the scattering angle. Errors made in the determi-
nation of G can easily be assesed.

AL - The error in the wavelength of the incident light can be neglected,
as the use of a frequency stabilizing etalon reduces this error to
the order of 1073%.

n - Aside from its direct influence on a, refractive index errors also
affect the determination of the scattering angle © due to the op-
tical geometry. However, both errors have a compensating effect,
such that a deviation An/n of 10% only contributes to an error in
Aa/a of 0.3% [6]. Thus n-measurements need not necessarily be
made. In our experiments the refractive index is determined with
an accuracy of An < 5-107*. The resulting error of An on Aa/a
is of the order 0.08%.

© - The scattering angle must be carefully measured. In our appa.ratus,
© is measured with an accuracy A© < 6” using a high precision di-
viding head. Thus, its overall effect on Aa/a < 0.05% is relatively
small.

t. - The main source of error lies in the determination of the decay
time t. through digital correlation due to the statistical process
involved. A detailed treatment of the statistical accuracy in light
scattering experiments, including such error sources as afterpulse
and dead-time effects of the detection system, bias, optimizing ex-
perimental parameters (such as photon counts/sampletime, sam-
pletime/decaytime, runtime ect.) can be found in [9 — 10].

Perhaps the single largest error in light scattering experiments ari-
ses from an undesired influence of both measurement methods known
as partial heterodyning or homodyning. If the afore-mentioned assump-
tions Is > Ipor Iy > 1T s are not satisfied in homodyne or heterodyne
experiments respectively, the correlation function, which is fitted to a



single exponential is contaminated by the addition of a second expo-
nential, the decay times differing by a factor 2. An Iy contribution of
0.5% in homodyne experiments can already account for errors in the
determination of a of the order of 1% [11]. Is/Iy can be estimated from
the correlated data, or obtained directly by experiment (evacuating the
test cell keeping all other parameters constant). In homodyne experi-
ments, this source of error becomes noticeable at further distances from
the critical point, where low light scattering signals and a corresponding
high laser power increases the contribution of I,. We have been able to
keep the influence of this error source on a under 1% in most cases.

In the immediate critical region the geometry of the test cell and
that of the optical setup increasingly influences the accuracy of dif-
fusivity measurements. Gravitation, multiple scattering, limits of the
hydrodynamic region and laser heating are the main sources of error
and have been treated in [7]. |

The overall accuracy of our thermal diffusivity measurements lies
between 0.5 - 5%, those obtained in the critical region being more accu-
rate than measurements made in regions of low light scattering intensi-
ties.

pP,o,T - Data

T - The fluid temperature was measured with a low-drift platinum re-
sistance thermometer (PT 100) with a resolution under 1mK. Ca-
libration resulted in a maximum absolute temperature deviation of
20mK between 50 - 150 °C. A repeated measurement of the critical
temperature of R22 within two years revealed negligible drift.

P - A piezoresistive pressure transducer was used for measurements.
Here calibration over 15 MPa resulted in a maximum deviation of
5-1073 MPa while the resolution was under 1-10~% MPa.

o - Density was calculated from the refractive index data using the
Lorentz-Lorenz relation. With An = 5-107%, the resulting accuracy
in the density measurements is 0.3%. A comparison of our mea-
sured R22 densities with an accurate equation of state [12] yields
maximum deviations of 0.7%.

5. EVALUATION

5.1 Critical values

Measurements made along the coexistence curve and the critical iso-
chore closely approach the critical point, enabling the determination of



critical parameters. Critical temperature 7T, is determined by an optical
method and by the evaluation of the refractive index data, the latter
method being the more precise. The refractive index measurements also
yield values for n. and, assuming g. from the literature, the Lorentz-
Lorenz constant LL.. Table 1 lists the critical values for the substances
R22, R134a and R123.

Table 1
Critical values

Tc [K] nc [-] pc [MPa] g [kgm™3] LL. [m3kmol~!]

R22 369.29 1.1109 4.965  520.0 [12] 11.846
R134a 374.09 1.0885 4.030 512.2 [13] 11.561
R123 457.37 1.1207 3.650 555 8] 21.610

While the T, and p. values for R22 are in good agreement with those
of other authors [14], the values for R134a and R123 differ from those
reported by [13,8,15 and 16].

5.2 Thermal diffusivity

The thermal diffusivity data obtained along the coexistence curve and
the critical isochore, when plotted in double logarithmic form along
reduced temperature, appears as a straight line in the critical region
and can be described by a simple power law which is also in accordance
with scaling theory

a = aor*. (3)

This equation can be used to describe thermal diffusivity along the cri-
tical isochore (ci) in the entire investigated region. However, in the
fluid and gas phases, the measurements deviate off the straight line at
further distances from the critical point. As expected, the fluid phase
levels out to a linear behaviour while measurements along the gas phase



increase, reflecting ideal gas behaviour. With the addition of a tempera-
ture dependent term in the exponent, this behaviour can be accounted
for

a = qgg |7 |[Fetmlrl, (4)

Table 2 lists the coefficients obtained by regressional analysis along the
respective paths for the three refrigerants.

Table 2
Coefficients resulting from a fit to Equations 3 and 4

critical isochore fluid phase gas phase
Qci H ao Ho Hi ao Ho H1
[1077] [10~7] [1077]
R22 2.101 0.820 8.244 0.885 3.89 5.771 0.838 -1.73
R134a 2.140 0.811 8.904 0.880 4.89 6.231 0.830 -2.71
R123 - - 9.736 0.898 5.37 11.61 0.921 -0.62

The exponents u and g are larger than the theoretical value v = 0.63
from scaling theory. A regional fit of our data by approaching the critical
point shows no indication of these values to decrease. The data can also
be fitted by an expansion

a = ao|7|* (14+a:7 +ax7?®....) (5)

in analogy with the corrections to scaling [17] taking into account the
extended region around the critical point, with A being a correction ex-
ponent. However, the initial values for x and A have to be kept within
strict boundaries close to the expected theoretical values, and standard
deviations of the fit double. If the critical exponent is determined ac-
cording to its original definition

_ d In(a) .
=7 d In(t)’ (6)

then the values in table 2 are more reliable than the theoretical one.



A simple expression for the thermal diffusivity along isotherms as a
function of density is more difficult to establish, due to the large diffe-
rences encountered when describing the values ranging from the ideal
gas region (a — o0), over the critical point (a — 0) to the fluid region,
where a exhibits linear behaviour. An effective method presented here,
is to describe the investigated region of state in terms of reduced dens1ty
o and reduced temperature 7

T—Tc Qc — O
= 7
T. '’ 7 oc (7)

and by separating the regions into T > T., T < T,, ¢ > p. and p <
9c. Furthermore, since the thermal diffusivity of different substances
along isotherms exhibits a very similar behaviour (Figs. 2 and 4), the
measurements can be expressed in reduced form, with the respective
values a.;, obtained from the evaluation of the data along the critical
isochore (table 2), being a suitable normalisation constant. This results
in a set of 4 equations

a(t > 0,0 <0)
ao

= aexp(—az | o ) + 7

a(t > 0.0 >0)
Qg

sol?
(1—| o |)08lel

= agezp(—az | o |77) + 7+ +

a(t < 0,0 <0)
aOci
a(t < 0,0 >0)

aOci

=as |o lﬂ2(2-‘|0'|)

=a6|0'|ﬂ3. (SG—d)

The coefficients of the supercritical isotherms 7 > 0 can be developed
as a function of temperature

a; = —2.95 —1.82 - In(T)

ap =2.5. 7700

3; =0.38

az =1.78 - +702

as = 0.6, (9a — d)

allowing for arbitrary isotherms to be calculated.



Table 3

coefficients of the reduced thermal diffusivity according to equations 8c
and 8d along subcritical isotherms.

region ag 33 as o)
T=10"3 1.33 291
c>0 T=10"2 1.71  3.47
T=5-10"2 2.53 5.25
=103 0.28  1.06
c<0 7=10"2 0.23  0.99
T=5-10"2 0.215 1.19

Since the sub-critical isotherms (7 < 0) consist of only relatively few
data points, the thermal diffusivity can only be calculated along those
isotherms investigated here, the coefficients being listed in table 3.

With the above set of equations, the thermal diffusivity can be calcu-
lated to within 10% of the measured data within the entire investigated
region.

5.3 Thermal conductivity

Thermal conductivity can be calculated from the diffusivity data
using the equation a = A/pc,, provided a good equation for the Helm-
holtz free energy or an equation of state with an appropriate value of
Cpo is available, allowing for the determination of p and cp from the
T,p-data.

Figure 6 shows A of the refrigerant R22 as calculated from our ther-
mal diffusivity data along 4 supercritical isotherms and the 2 phase
region. The values of c, were obtained by an equation for the free Helm-
holtz energy developed by [12], while p was calculated from our refrac-
tive index measurements. Measurements obtained by Makita [18] with
the concentric cylinder apparatus are also included. While the agree-
ment at distances further from the critical point is very good (100°C),
large differences are observed in the critical region, the values of Makita
being larger than those measured by light scattering. This may be due
to convective effects in the concentric cylinder apparatus. The new con-
ductivity data of Assael [19] along the saturated fluid phase is in good
agreement with our data.
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6. CONCLUSIONS

Light scattering measurements of thermal diffusivity of the alterna-
tive refrigerants R22, R134a and R123 have been presented, proving this
method to be an effective means of measuring this transport property in
a broad region of state characterized by 100 kg/m?® < ¢ < 1200 kg/m?.
By combining the techniques of homodyne and heterodyne detection,
measurements can be made up to pressures and temperatures usually
limited by constraints imposed by the test cell. In the gas region at
lower densities, dynamic light scattering is subject to increasing errors
due to low scattering intensites and thus cannot be applied. The accu-
racy of the light scattering measurements varies between 0.5 and 5.0%,
depending on the investigated region of state. The measurements can
be described by power laws and simple equations within an error of
10%. Dynamic light scattering can also serve as a complementary tech-
nique for determining thermal conductivity, particulary in the critical
region, where conventional methods are subject to error. We hope this
work serves as a contribution for a better coverage of thermophysical
property data of the new environmentally acceptable refrigerants.
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