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Thermophysical Properties of the Refrigerant Mixtures
R410A and R407C from Dynamic Light Scattering

(DLS)'

A. P. Froba?® and A. Leipertz®

Dynamic light scattering (DLS) has been used for the measurement of several
thermophysical properties of the refrigerant mixtures R410A and R407C.
Thermal diffusivity and sound speed have been obtained by light scattering
from bulk fluids for both the liquid and vapor phases under saturation condi-
tions over a temperature range from about 290 K up to the liquid-vapor critical
point. By applying the method of DLS to a liquid-vapor interface, also called
surface light scattering (SLS), the saturated liquid kinematic viscosity and
surface tension can be determined simultaneously. These properties have been
measured for R410A and R407C from about 240 to 330 K and 240 to 350 K,
respectively. The results are discussed in detail in comparison with literature
data and with a simple prediction method based on the mass-weighted proper-
ties of the pure components expressed as functions of the reduced temperature.

KEY WORDS: dynamic light scattering; kinematic viscosity; R407C; R410A;
sound speed; surface light scattering; surface tension; thermal diffusivity.

1. INTRODUCTION

In recent years intensive international activities have been carried out in
order to rapidly provide comprehensive data sets for the thermophysical

properties

of all possibly relevant substitutes for the fully-halogenated

hydrocarbons used previously. Because of their thermodynamic properties
and of safety requirements, chlorine-free HFCs, except for R23 and R134a
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which are used as direct substitutes for R13 and R12, respectively, are
employed as mixtures in almost all fields of refrigeration and air condi-
tioning. A literature survey reveals that, in contrast to the pure substances,
only a very limited number of experimental data are available for mixtures
from the group of partially fluorinated hydrocarbons. This situation holds
for equilibrium data and is even more pronounced for transport properties.

The present work represents an extension of a study by dynamic light
scattering for refrigerant mixtures of technical interest, where (on a mass
basis) the binary and ternary mixture R507 (50% R125/50% R143a) and
R404A (52% R143a/44% R125/4% R134a), respectively, already have
been investigated [1]. It is the major aim of this work to contribute to the
verification and improvement of the data situation for the binary near-
azeotropic mixture R410A (50% R125/50% R32) and for the ternary
zeotropic mixture R407C (25% R125/23% R32/52% R134a), which are
most favored worldwide as long-term alternatives for R22 (chlorodifluoro-
methane) in new plants in the field of compact air conditioning and heat
pump systems [2].

In the present paper, first, the methodological principles of dynamic
light scattering (DLS) for the determination of thermal diffusivity, sound
speed, kinematic viscosity, and surface tension are briefly reviewed. Then,
the experimental results for R410A and R407C are presented and
compared with the few literature data available and with a simple predic-
tion method based on the properties of the pure components.

2. METHOD

Dynamic light scattering is a unique diagnostic tool for the determi-
nation of a variety of thermophysical properties of fluids using a basically
identical experimental setup. In contrast to conventional methods, most of
which are working with macroscopic gradients according to the desired
quantities, DLS provides information on thermophysical properties of
fluids in macroscopic thermodynamic equilibrium. In the following, the
underlying theory of dynamic light scattering (DLS) from bulk fluids and
the application of this method to fluid surfaces also called surface light
scattering (SLS) is briefly introduced. For a more detailed and compre-
hensive description the reader is referred to the specialized literature [3-5].

2.1. Principle of Light Scattering from Bulk Fluids

When a fluid sample in macroscopic thermodynamic equilibrium is
irradiated by coherent laser light, light scattered from the sample can be
observed in all directions. The underlying scattering process is governed by
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Fig. 1. Scattering geometry: light scattering from bulk
fluids.

microscopic fluctuations of temperature (or entropy), of pressure, and of
species concentration in mixtures. The relaxations of these statistical fluc-
tuations follow the same rules that are valid for the relaxation of macro-
scopic systems. Thus, the decay of temperature fluctuations is governed by
the thermal diffusivity a. Pressure fluctuations in fluids are moving with a
sound speed ug and their decay is governed by the sound attenuation Dg.
In a binary fluid mixture the decay of concentration fluctuations is
governed by the mutual diffusion coefficient D,,.

A typical scattering geometry for light scattering from bulk fluids is
shown in Fig. 1. With the scattering angle @4, which defines the angle
between the direction of observation and incident light, the scattering
vector is determined by § = kI kS Here, the wave vectors of incident and
scattered light are represented by kI and ks, respectively. Assuming elastic
scattering (k; = kg), the modulus of the scattering vector is given by the
fluid refractive index #, the laser wavelength in vacuo A, and the scattering
angle @4 by

> o . 4znn
q = k1 —kg| = 2k; sin(@g/2) = N sin(@g /2). €))
0

In light scattering experiments the above-mentioned equalization pro-
cesses result in a temporal modulation of the scattered light intensity.
Information about these processes can be derived through a temporal
analysis of the scattered light intensity by using photon correlation spec-
troscopy (PCS). For heterodyne conditions, where the scattered light is
superimposed with stronger coherent reference light, the time-dependent
intensity correlation function for the analysis of the temperature fluctua-
tions is described by

GO(t) = A+ Bexp(—1/1¢) Q)
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where 4 and B are experimental constants, which are essentially deter-
mined by total number of counts registered, the ratio of scattered light to
reference light, and the coherence properties of the optical system. From
the correlation time 7., which is equivalent to the mean life time of the
temperature fluctuations observed, the thermal diffusivity ¢ can be cal-
culated by

1

a= .
2
Tcqd

(€)

For the measurement of sound speed ug the pressure fluctuations are
probed. In practice, the frequency wg of the sound waves is determined by
adding a reference beam, which is shifted relative to the frequency w, of the
laser light by Aw,, applying an acousto-optical modulator. The frequency
shift Aw,, is of the same order of magnitude as the frequency of the sound
waves (dwy ~ wg). In this case, the correlation function takes the form,

GP(1) = A+ Bexp(—1/1c) cos(dwr), 4

and the sound speed ug can be found from a knowledge of the adjusted
modulator frequency Aw,; and the residual detuning 4w according to

_%=AcoMiAa)

Ug = ®)
q q

Furthermore, the sound attenuation Dy can be determined from the decay
time 7. of the correlation function Eq. (4) by

1
Dy =—. (6
Tcq

Whether it is possible to determine signals from concentration fluc-
tuations is mainly governed by the relative difference of the refraction
indices of the mixture components and their concentration. For the refrig-
erant mixtures studied in this work the refractive indices of the pure com-
ponents have comparable values [6-8]; thus, the scattered light signals
from only temperature and pressure fluctuations associated with thermal
diffusivity and sound speed can be resolved, respectively.

2.2. Principle of Surface Light Scattering (SLS)

Liquid-vapor interfaces in macroscopic thermal equilibrium exhibit
surface waves which are caused by thermal movement of molecules and
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Fig. 2. Scattering geometry: light scattering by
surface waves.

which are quantized in so-called “ripplons.” For small viscosities, as is
relevant in the experiments described here, the amplitude of surface waves
decays in the form of a damped oscillation. SLS analyzes the light scattered
by these surface waves.

With the surface light scattering geometry used in this work, scattered
light is observed in the forward direction near refraction; see Fig. 2. By the
choice of the angle of incidence ¢, resulting in a specific angle 0 of the
refracted light, and the scattering angle @, the scattering vector §=
Kk, —kj is determined and, from this, the wave vector and frequency of the
observed surface vibration mode. Here, &} and k% denote the projections of
the wave vectors of the refracted (EI) and scattered light (ES) in the surface
plane, respectively. For the observation of scattered light within the irra-
diation plane and assuming elastic scattering (i.e., k; = kg), the modulus of
the scattering vector is expressed as

g = |k, —kj| = 2k, sin(Og/2) cos(6 — O /2)
- ti” sin(O/2) cos(— s /2), 7
0

where again 7 is the fluid refractive index and 4, is the laser wavelength in
vacuo.

In the case of large heterodyning, the correlation function of light
scattered by surface fluctuations may be described by

G?(t) = A+ B cos(wy |t|—¢) exp(=Itl/7c), ®)
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where the phase term ¢, ¢ = atan(I"/wy), largely accounts for the devia-
tions of the power spectrum of the surface fluctuations from the Lorentzian
form and the correlation time 7 and the frequency wy are identical with
the mean life time or the reciprocal of the damping constant I" (= 1/7¢) of
“ripplons” and the frequency of propagation, respectively. The latter relate
to the fluid properties of the liquid-vapor interface through the capillary
wave dispersion equation,

{[ia(”’m’+’7,q+’7”m”+}7”q)][O-q2+ia(’7,m’+’7,q+}7”m”+’7"q)

a'z M ’ ! ! n n n
+g(p'—p")— ;(p’+p”)]—[la(n g—n'm+n"m"—n q)]2}=0,
€)

where

a=owg+il, (10)

m = q2+ig, m' = /q2+i@, (11)
n n

g is the acceleration of gravity, ¢ is the surface tension, p’ and p” are the
densities of the liquid and vapor phases, respectively, and #’ and " are the
dynamic viscosities of the liquid and vapor phases, respectively. This
complex relation is the result of the solution of the linearized Navier—
Stokes equation whereby the fluid flow must satisfy boundary conditions
that express the continuity of normal and tangential stresses at the liquid-
vapor interface.

To a first-order approximation, the ratio of the sum of the dynamic
viscosities of the liquid and vapor phase relative to the sum of the densities
of the liquid and vapor phase may be obtained from the decay time 7. of
the correlation function Eq. (8) by

’7/+’7" N 1
p+p" " 2tcq

(12)

Furthermore, the correlation function Eq. (8) can simultaneously be
evaluated for the ratio of the surface tension to the sum of the densities of
the vapor and liquid phase,

o wx

’ nw~ T3 (13)
P+ ¢
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which, to a first-order approximation, follows directly from the beat
frequency wy and the modulus of the wave vector q.

For a reliable determination of viscosity and surface tension, a more
detailed and rigorous consideration of the surface light scattering method
than given by Eqgs. (12) and (13) has to be applied. In the present work,
however, data for the liquid kinematic viscosity and surface tension were
obtained by an exact numerical solution of the dispersion equation for
surface waves at a liquid-vapor interface, Eq. (9), where the measured
frequency wyg, the damping I”, and the modulus of the wave vector g are
used as input values.

3. EXPERIMENTAL

The optical and electro-optical parts of the experimental setup used
for the determination of sound speed and thermal diffusivity are shown—in
a top view—on the left side of Fig. 3. For performing light scattering from
bulk fluids, the scattering volume, which is determined by the intersection
of the incident beam and the axis of observation (dashed line), is located
in the middle of the vessel. The principle of the scattering geometry which
allows scattering by surface waves is shown schematically—in a front
view—on the right side of Fig. 3. In this case, the optical path has to be
aligned in such a way that the laser beam and the direction of detection
intersect on the liquid-vapor interface in the measurement cell. The basic
modification of the setup on the left side of Fig. 3 for the realization of
surface light scattering experiments was to mount the pressure vessel in a
vertical position.

beam-
splitter

thermostat

mirror

electronics
electronics

beam-
splitter

modulator display

W— correlator ‘ \
I ﬁ'—

computer "
mirror

Fig. 3. Experimental setup: optical and electronic arrangement.



1192 Froba and Leipertz

As a light source, an argon ion laser (4, =488 nm) and a frequency
doubled continuous wave Nd:YVO,-laser (4, =532 nm) were optionally
used. The laser power was up to 300 mW when working far away from the
critical point, and only a few mW in the critical region. For large scattering
intensities, scattered reference light from the cell windows alone is not suf-
ficient to realize heterodyne conditions. Here, an additional reference beam
is added. To this end, part of the incident laser light is split by a glass plate
and superimposed with the scattered light behind the sample cell. For the
determination of sound speed, a reference beam shifted in frequency by an
opto-acoustic modulator was added to the scattered light. The time-
dependent intensity of the scattered light is detected by two photomultiplier
tubes (PMT’s) operated in cross-correlation in order to suppress after-
pulsing effects. The signals are amplified, discriminated, and fed to a digital
correlator.

With the help of Snell’s refraction law and simple trigonometric iden-
tities, it can be shown that for both light scattering from bulk fluids and
light scattering by surface waves, the scattering vector ¢ can be deduced as
a function of the easily accessible angle of incidence @, which is defined,
see Fig. 3, as the angle between the optical axis of the incident laser beam
and the detection direction,

q= ii sin(@y). (14)

0

For light scattering from bulk fluids, Eq. (14) represents a good approxi-
mation for the determination of the modulus of the scattering vector
without a knowledge of the refractive index »n of the sample, where the
error in ¢q is less than 0.1% for scattering angles up to 5°. In the surface
light scattering experiments described here, the scattered light is detected
perpendicular to the liquid-vapor interface, which means @4 = J; see Fig. 2.
For this arrangement the modulus of the scattering vector is obtained
exactly from Eq. (14).

For the measurement of the angle of incidence @, the laser beam is
first adjusted through the detection system consisting of two apertures
(& 1 to 2mm) at a distance of about 4 m. Then the laser beam is set to
the desired angle. For the experiment the angle of incidence @ was set
between 3.0 and 6.0° and was measured with a high precision rotation
table. The errors in the angle measurement have been determined to be
approximately +0.005 and +0.014° for the observation of light scattered
by surface waves and from bulk fluids, respectively. In both cases the error
in the angle measurement results in a maximum uncertainty of less than 1%
for the desired thermophysical properties.
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According to the specifications of the manufacturer (Solvay Fluor
& Derivate GmbH, Hannover), the refrigerant mixtures had a purity of
> 99.5% and were used without further purification. The composition (on
a mass basis) for the near-azeotropic mixture R410A is certified to be in a
range from 49.5 to 51.5% for R125 and from 48.5 to 50.5% for R32. The
ternary mixture R407C consists of 51% R134a, 26% R125, and 23% R32,
where the uncertainty in the composition is certified to be +2% for each
component. For the present measurements, the samples were filled into an
evacuated cylindrical pressure vessel (volume =z 10 cm®) from the liquid
phase to avoid decomposition, which is relevant, in particular, for the
refrigerant mixture R407C, which represents a zeotropic mixture. For this
reason investigations for R407C were restricted to the liquid phase, and
special experimental care has been exercised to maintain the mixture at the
certified composition of the manufacturer for the complete temperature
range investigated. In order to keep the change in composition to a
minimum, the vapor space had to be kept as small as possible in the mea-
suring cell.

The temperature of the pressure vessel, which is placed inside an
insulated housing, is regulated through resistance heating and measured by
calibrated 25-Q or 100-Q platinum resistance probes with an uncertainty of
+0.015 K. The temperature stability was better than +0.002 K during a
single experimental run. For each temperature point, typically six mea-
surements at different angles of incidence were performed, where the laser
was irradiated from either side with respect to the axis of observation in
order to check for a possible misalignment. For temperatures below room
temperature, the insulating housing was cooled to about 10 K below the
desired temperature in the sample cell by a lab thermostat. The measure-
ment times for a single run were typically of the order of ten minutes down
to a few seconds for the highest temperatures in this study. A more detailed
description of the experimental setups can be found in Refs. 9-11.

4. RESULTS AND DISCUSSION

4.1. Thermal Diffusivity and Sound Speed

The experimental data for the thermal diffusivity and sound speed of
R410A and R407C obtained by light scattering from bulk fluids are sum-
marized in Tables I and II. In Figs. 4 and 5, besides the mixture data, the
pure component data are also shown, which have been taken from previous
investigations [12—15]. The continuous lines are empirical correlations of
the experimental data. For the mixtures each temperature point comprises
six single measurements, the mean value of which is displayed. For reduced
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Table 1. Experimental Values of the Thermal Diffusivity a of R410A and R407C Under
Saturation Conditions

R410A R407C
Liquid phase Vapor phase Liquid phase
T a T a T a
(K) (108 m?.s7) (K) (108 m?.s7h) (K) (10 m?-s7")

298.14 4.69 315.63 9.75 293.16 4.61
303.14 4.44 318.13 8.81 298.17 447
308.13 4.24 320.63 8.00 303.17 4.31
313.13 4.03 323.12 7.12 308.16 423
318.13 3.74 325.63 6.35 313.16 4.05
323.12 3.44 328.12 5.46 318.16 3.86
325.62 3.23 330.62 4.63 323.14 3.66
328.13 3.05 333.12 3.83 328.14 3.46
330.62 2.80 335.61 3.03 333.13 3.25
333.14 2.54 338.11 2.19 338.12 2.96
335.61 2.22 340.11 1.53 343.12 2.68
338.14 1.80 342.11 0.821 348.11 227
340.15 1.38 343.11 0.441 351.10 1.96
342.17 0.809 353.09 1.67
343.16 0.443 354.09 1.52
356.09 1.16

357.08 0.944

358.08 0.679

359.08 0.357

temperatures Ty =T /T; < 0.99, where T is the absolute temperature and
T is the critical temperature, the uncertainties of the measured mixture
data can be estimated to be less than +1% for the thermal diffusivity and
less than +0.5% for the sound speed. For the highest temperatures studied
in this work, the measurement uncertainty for the thermal diffusivity and
sound speed increases to about +2 and + 1%, respectively. The reason for
this behavior can be found by an increasing experimental complexity in
the critical region. Of course, the overall uncertainty of our mixture data
including the uncertainty in the composition is clearly larger. This effect
could be estimated with the help of a simple prediction method which is
described in detail below. The uncertainty in the composition may result in
an additional uncertainty up to a maximum of +0.6 and +1.2% for the
thermal diffusivity of R410A and R407C, respectively. A maximum uncer-
tainty of +0.6 and +1.0% introduced by the uncertainty in the composition
could be estimated for the sound speed of R410A and R407C, respectively.
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Table II. Experimental Values of the Sound Speed ug of R410A and
R407C under Saturation Conditions

R410A R407C
Liquid phase Vapor phase Liquid phase
T Ug T Ug T Ug
(X) (m-s™) (X) (m-s™) (X) (m-s™)

298.14 432.1 315.63 149.7 293.14 495.3
303.14 404.2 318.13 147.6 298.15 469.5
308.13 374.9 320.63 146.0 303.17 446.5
313.13 346.3 323.12 143.7 308.17 421.1
318.13 315.5 325.62 141.7 313.16 394.7
323.12 282.4 328.12 139.0 318.15 369.9
325.63 264.8 330.62 136.5 323.15 342.1
328.13 248.0 333.12 133.6 328.14 314.5
330.62 230.0 335.61 130.6 333.13 286.0
333.14 211.7 338.11 126.4 338.12 256.7
335.61 191.7 340.11 123.2 343.12 225.6
338.14 170.2 342.11 117.7 348.11 193.0
340.15 151.2 343.11 1134 351.10 171.7
342.17 127.6 353.09 156.2
343.16 112.4 354.09 148.3

356.08 132.6
357.08 123.7
358.08 114.2
359.08 103.8

The experimental data for the thermal diffusivity of R410A and
R407C for both the vapor and liquid phases under saturation conditions
can be represented by the sum of a polynomial and an additional necessary
term which explicitly accounts for the critical behavior,

a= 23: ai(T/K)i+a4(1 _TR)0'67, 15)

i=0

where for R410A the critical temperature 7 = 344.08 K+0.05 K was
determined in our measurements by the observation of the vanishing
meniscus between liquid and vapor phases when approaching the critical
point. A critical temperature of 359.9 K was estimated for R407C by a
mass-weighted sum of the critical temperatures of the pure components
[16, 17], which is specifically applicable to hydrocarbon mixtures [18].
For either phase the sound speed under saturation conditions may be
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10

a, 108 m2- s

0
280 300 320 340 360 380

Fig. 4. Thermal diffusivity of saturated R410A and
R407C in comparison with the values of the pure
components R134a [12], R125 [13], and R32 [14];
open symbols: liquid; filled symbols: vapor.

described by a linear correlation with an additional term to account for the
curvature towards the critical point,

us =ug+u (T/K)+u,(1-Ty)?, (16)

where @ represents an additional adjustable parameter. The coefficients for
the data correlations determined from our experimental results by least-
squares fits are given for thermal diffusivity and sound speed in Tables III

600

500 T

100 7

0 ; ; . }
280 300 320 340 360 380
T.K

Fig. 5. Speed of sound of saturated R410A and
R407C in comparison with the values of the pure
components R134a [12], R125 [13], and R32 [15];
filled symbols: vapor; open symbols: liquid.
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Table III. Coefficients of Eq. (15) for R410A and R407C

R410A R407C
a, (10*m?.s7") Liquid phase Vapor phase Liquid phase
a, 230.0137 242.2271 —9.24705
a, —2.3964822 —1.2029119 —0.112308
a, 7.629341 x 1073 1.449629 x 103 3.81275x 1074
as —7.584735x 10~¢ - -
a, 46.255 14.650 43.3748
rms (%) 0.88 0.35 0.70
T-range (K) 298-343 316-343 293-359

and IV, respectively. Here, the root-mean square deviations of our values
from the correlations and their ranges of validity are stated. Each of these
correlations represents the data within experimental uncertainty.

In order to predict the mixture data for thermal diffusivity and sound
speed on the basis of the pure component data within the range inves-
tigated, we tried several different approaches using, e.g., simple weighting
by the mass fractions or the mole fractions of the pure components. In all
these cases, remarkable deviations appeared in the vicinity of the critical
point when plotting the data against temperature. However, with properties
based on the reduced temperature, agreement was found between the
measured data and the predicted values when weighting with the mass
fractions. The agreement was not this good when using the mole fractions.
The properties of the mixture Y, under saturation conditions have thus
been predicted according to

Yu(Tr) = Z Y (Tx), a7n

Table IV. Coefficients of Eq. (16) for R410A and R407C

R410A R407C
u; (m-s7") Liquid phase Vapor phase Liquid phase
U, 1245.06 203.601 —43.67
U —3.3672 —0.31589 0.3757
u, 566.46 90.416 1673
1% 0.539 0.2726 0.8085
rms (%) 0.22 0.12 0.17

T-range (K) 298343 315-343 293-359
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where w; and Y; are the mass fraction and the property at the reduced
temperature Ty = T /T of component j, respectively. The successful appli-
cation of Eq. (17) requires an accurate knowledge of the mixture critical
temperature. If this is not available, significant errors may be introduced
by the model especially in approaching the vapor-liquid critical point. For
example, in using Eq. (17) for predictions of the thermal diffusivity and
sound velocity of R410A in the saturated liquid phase, the root-mean-
square deviations of our experimental data from the predictions are kept to
minimum values of 4 and 2%, respectively, if the exact value is applied for
the critical temperature. However, only a change in the critical temperature
by an amount of 0.5 K yields an increase of the root-mean-square devia-
tions by a factor of two.

In Figs. 6 and 7 the experimental results for thermal diffusivity and
sound speed, respectively, are compared with this simple prediction
method. To this end, the pure component data for thermal diffusivity and
sound speed were taken from previous investigations [ 12-15]. As can be
seen from the deviation plots, with the exception for the thermal diffusivity
of R407C the predictions are very good with deviations typically smaller
than 1% for the sound speed and smaller than 2 to 5% for the thermal dif-
fusivity. Discrepancies between the predicted and experimental values for

this work prediction NIST [19] Hoffmann et al. [21]
liquid v - --
vapor v ———
20 T T T T T e S
151
101
X
E
2
s
E 15 4-rmrm T T T T T R
S N
04 aommeeooee //\
54
0 vV ¥ o v vV T
vV v Y
51 R407C
(R125/R32/ R134a)
-10 t t f t t t
290 300 310 320 330 340 350 360
T K

Fig. 6. Data comparisons for the thermal diffusivity of the liquid
and vapor phases under saturation conditions for the binary
mixture R410A and ternary mixture R407C.
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this work prediction NIST [19] SOLVAY [20]
liquid v -
vapor v —_——— -
2 = ,
£
0 — 7
T R410A

Deviation from fit, %

(R125 / R32 / R134a) DS
-2 t t t t t t

290 300 310 320 330 340 350 360
T, K

Fig. 7. Data comparisons for the sound speed of the liquid and
vapor phases under saturation conditions for the binary mixture
R410A and ternary mixture R407C.

the thermal diffusivity of R407C in the liquid phase may be attributed to
different curvatures for the pure components. As displayed in Fig. 4, data
for the thermal diffusivity of R134a in the liquid phase intersect those
of R32.

In Figs. 6 and 7, also included are mixture data from reference data-
bases [ 19, 20] and the experimental work of Hoffmann et al. [21]. For the
latter, data for the liquid thermal conductivity A obtained by the transient
hot-wire method have been converted to thermal diffusivity (a = Ap~'cp')
by using reference values for the specific heat at constant pressure ¢, of
Giinther and Steimle [22] and for the density p from the SOLVAY data-
base [20]. For R410A the thermal conductivity data of Hoffmann et al.
[21] deviate from our correlation in a range of about —5 to +3.5%. These
differences are within the combined uncertainties of the methods, if one
takes into account the uncertainty of the heat capacity data of less than
1% for temperatures up to 313 K and less than 2% for the temperature
range between 313 to 323 K, according to Ref. 22. In contrast, for R407C
the deviations between our measurements and the converted data set of
Hoffmann et al. [21] are partly larger than 10%, which exceeds the
combined estimated uncertainties.
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4.2. Kinematic Viscosity and Surface Tension

Data obtained from surface light scattering for the dynamics of
surface waves, i.e., frequency wy and damping I' (=1/7.) at a defined
wave vector ¢, have been combined with reference data [19] for the
dynamic viscosity of the vapor phase #” and density data for both phases
p' and p” to get information about the liquid kinematic viscosity v and
surface tension ¢. Taking into account the uncertainties of the individual
quantities entering into the calculation, the uncertainty of our liquid
kinematic viscosity data is estimated to be better than +1% for reduced
temperatures 7 < 0.8. The uncertainty is clearly larger at higher tempera-
tures, yet for temperatures not too close to the critical point (7 < 0.95),
a reasonable value of better than +2% could be maintained. It should be
noted that even approximate values for the dynamic viscosity of the vapor
phase are sufficient to achieve such an accuracy. For the existing surface
tension data the uncertainty is estimated to be better than +1.2% for
the whole temperature range. A more detailed discussion regarding the
accuracy achievable for liquid kinematic viscosity and surface tension from
surface light scattering can be found in Refs. 10 and 11. For evaluation of
the overall uncertainty of the present mixture data from surface light scat-
tering also the uncertainty in composition has to be taken into considera-
tion. By the use of the model given by Eq. (17), for the kinematic viscosity
of R410A and R407C an additional uncertainty up to a maximum of +0.2
and +0.4%, respectively, introduced by the uncertainty in the composition
could be estimated. From the uncertainty in the composition results for the
surface tension of R410A and R407C an additional uncertainty up to a
maximum of +0.3 and +0.6%, respectively.

The results for the liquid kinematic viscosity and surface tension of
R410A and R407C under saturation conditions obtained simultaneously
from surface light scattering are summarized in Table V, where values from
the literature [19] used for data evaluation, as described above, are also
listed. In addition to the mixture data, the pure component data of R134a,
R125, and R32, which are reported in Refs. 11 and 23, are also shown in
Figs. 8 and 9.

While a simple or modified Andrade-type equation may well represent
the dynamic viscosity not too close to the critical point—and some authors
have simply adopted this approach for the kinematic viscosity—this type of
equation fails to reasonably represent the liquid kinematic viscosity for the
complete temperature range studied in the present investigation. Thus, we
have chosen an empirical polynomial approach,

3

V' =Y vi(T/K), (18)

i=0
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Table V. Liquid Kinematic Viscosity v' and Surface Tension ¢ of R410A and R407C Under
Saturation Conditions”

’ ” ’

T n" p p v a
(K) (nPa-s) (kg-m™) (kg-m™) (mm?-s~") (mN-m™)

R410A
243.15 10.8 1282.9 10.6 0.1955 13.20
253.15 11.3 1248.2 15.5 0.1740 11.61
263.15 11.8 1211.7 22.0 0.1588 10.13
273.15 12.3 1173.0 30.6 0.1461 8.66
283.15 12.9 1131.6 42.0 0.1319 7.19
293.15 13.5 1086.8 56.9 0.1214 5.78
303.15 14.2 1037.0 76.7 0.1091 4.44
313.15 15.1 980.4 103.5 0.0990 3.14
323.15 16.3 912.4 141.5 0.0910 1.93
328.15 17.2 871.4 167.5 0.0850 1.38
333.15 18.3 8223 201.4 0.0801 0.849
338.15 19.9 757.3 250.7 0.0741 0.392
R407C
243.15 10.1 1339.5 6.3 0.2462 14.40
248.15 10.3 1323.3 7.8 0.2350 13.67
253.15 10.5 1306.9 9.5 0.2206 12.92
258.15 10.8 1290.0 11.6 0.2082 12.17
263.15 11.0 1272.8 14.0 0.1979 11.41
268.15 11.2 1255.1 16.7 0.1886 10.73
273.15 11.4 1237.0 19.9 0.1785 9.94
278.15 11.7 1218.4 235 0.1677 9.24
283.15 11.9 1199.2 27.1 0.1616 8.59
288.15 12.2 1179.4 325 0.1530 7.85
293.15 12.4 1158.9 37.9 0.1449 7.16
298.15 12.7 1137.7 44.2 0.1380 6.50
303.15 13.0 1115.5 51.3 0.1297 5.84
308.15 13.3 1092.2 59.4 0.1240 5.22
313.15 13.6 1067.7 68.8 0.1195 4.57
318.15 14.0 1041.6 79.5 0.1125 3.93
323.15 14.4 1013.7 92.0 0.1080 3.35
328.15 14.8 983.5 106.7 0.1025 2.75
333.15 15.4 950.4 124.0 0.0977 2.19
338.15 16.0 913.2 144.9 0.0914 1.65
343.15 16.8 870.6 170.9 0.0876 1.16
348.15 17.9 820.2 204.6 0.0823 0.696
353.15 19.4 757.6 253.2 0.0776 0.301

“ Directly measured values for frequency w and damping I" at a defined wave vector g of
surface waves were combined with literature data for ", p’, and p” from Ref. 19 to derive v’
and ¢ by an exact numerical solution of the dispersion relation.
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Fig. 8. Liquid kinematic viscosity of saturated R410A
and R407C in comparison with the values of the pure
components R32, R125, and R134a [11, 23].

to represent our experimental mixture kinematic viscosity data. The exper-
imental data for the surface tension can well be represented by a modified
van der Waals-type surface tension equation of the form [24]

c=0,(1-Tx)"* [1+0,(1-Tx)*’+0,(1-T3)]. 19)

In Eq. (19), a,, 0,, and o, are fit parameters. The critical temperatures of
R410A and R407C were again obtained by visual observation and by a
mass-weighted calculation scheme, respectively; see above. For R410A and

20

157

220 240 260 280 300 320 340 360 380
T.K

Fig. 9. Surface tension of R410A and R407C under
saturation conditions in comparison with the values of
the pure components R32, R125, and R134a [11, 23].
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Table VI. Coefficients of Eq. (18) for R410A and R407C

vi (mm?-s7") R410A R407C
A 2.51768 2.65733
Vi —0.02104374 —0.020183
A 6.360746 x 107> 5.4983x107°
v; —6.725671 x 10~* —5.2433x107®
rms (%) 0.69 0.51
T-range (K) 243-333 243-353

R407C the coefficients of Egs. (18) and (19) are given in Tables VI and VII,
respectively. Here, the standard deviations of our data relative to those
calculated are also listed.

In Figs. 10 and 11 the results for liquid kinematic viscosity and surface
tension, respectively, are also compared with the simple prediction method
according to Eq. (17). To this end, data for the pure components were
taken from previous measurements by surface light scattering [11, 23]. As
can be seen from the deviation plots, the mixture results for the kinematic
viscosity and surface tension follow quite well a mass-weighted calculation
scheme according to Eq. (17). In addition, in Fig. 10 our viscosity values
are compared with measurements by Heide and Schenk [25], which were
performed by a falling-ball viscometer with a claimed uncertainty of 2%,
and with values from the NIST reference database [19]. With the excep-
tion of the region close to the critical point of R410A (7 > 325 K), where
for the value given by Heide and Schenk [25] a positive deviation of 11.3%
with respect to our data can be found, the data sets for the viscosity of
R410A are consistent. In contrast, for R407C at low temperatures a sys-
tematic negative deviation from our values can be found for the data given
by Heide and Schenk [25] and also for the data from the NIST reference
database [19]. In approaching the critical point, these two data sets come
closer to our data. Also, our values for the surface tension are compared

Table VII. Coefficients of Eq. (19) for R410A and R407C

R410A R407C
o, (mN-m™") 67.468 48.206
o, —0.051 1.049
o, —0.193 —1.123
rms (%) 0.76 3.8

T-range (K) 243-T¢. 243-T¢.
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with available reference data in Fig. 11. Besides values from the NIST ref-
erence database [19], data based on measurements of the capillary rise
method of Heide and Schenk [25] are included, where the stated error in
measuring the surface tension, when neglecting possible density errors,
amounts to <1% for a surface tension of 10mN-m~'. Within the
combined uncertainty, good agreement between our surface tension data
and those of Heide and Schenk [25] can be found for the complete tem-
perature range studied in this work.

5. CONCLUSIONS

In the present study the DLS technique has been applied successfully
to the investigation of several thermophysical properties of the refrigerant
mixtures R410A and R407C over a wide temperature range along the sat-
uration line approaching the vapor-liquid critical point. Light scattering
from bulk fluids has been used for the determination of thermal diffusivity
and sound speed. While the investigations of these properties for the ternary
zeotropic mixture R407C were restricted to the liquid phase, the binary
near-azeotropic mixture R410A has been investigated also in the vapor
phase. In addition, light scattering by thermally excited capillary waves on
a gas-liquid interface has been used for the simultaneous determination of
liquid kinematic viscosity and surface tension.

This work is the second where several thermophysical properties of
refrigerant mixtures of technical interest have been measured by dynamic
light scattering. The other work was done about two years ago for the
binary mixture R507 and the ternary mixture R404A. The experimental
results for these mixtures have already suggested that the mixture data can
be accurately represented by a mass-weighted sum of the pure component
data expressed as functions of the reduced temperature. Even if the same
statement holds for the present work, the accuracy of the predictive
approach here is less than for the refrigerant mixtures investigated in the
previous work. The reason for this behavior may be found in the compo-
sition of different derivatives for R410A and R407C. While R507 and
R404A are composed of only derivatives of ethane, in the present work,
with R32 as a pure component of R410A and R407C, a derivative of
methane also has to be taken into account.

In order to examine the simple prediction scheme based on the prop-
erties of the pure components as functions of the reduced temperature
in more detail, further experimental and theoretical work is necessary. In
future work we intend to investigate also mixtures with quite disparate
components to find out under what circumstances the approach fails and
when it can be successfully applied.
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