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ABSTRACT: Alocal composition model is developed for mixture dielectric constants based on the nonrandom two-liquid (NRTL)
model commonly used for correlating activity coefficients in vapor—liquid equilibrium (VLE) data regression. In this model the
NRTL local compositions, which represent an effective local molecular structure, are the counterpart of the Kirkwood factor g, which
in dielectric constant theory characterizes local molecular orientations and their effect on the static dielectric constant. The resultant
model requires values for the pure-component dielectric constant and binary NRTL model parameters available from VLE data
compilations or predicted from the universal functional activity coefficient model (UNIFAC). It is predictive in that no mixture
dielectric constant data are used and there are no adjustable parameters. Predictions made on 16 binary and six ternary systems at
various compositions and temperatures compare favorably with extant correlations that require experimental values to fit an
adjustable parameter in the mixing rule and are significantly improved over values predicted by Oster's equation that also has no

adjustable parameters.

1. INTRODUCTION

The thermodynamic nonidealities of liquid mixtures, usually
expressed in terms of excess properties, arise from intermolecular
interactions within the condensed phase. Permanent and induced
charge separation within the molecules contributes significantly to
these intermolecular interactions along with dispersion and repul-
sion forces. Relative values of the static dielectric constant, €, a
measure of the fluid's ability to reduce the electric force between
separated charges, can be used to deduce some effects of the
intermolecular interactions. For example, large values of € suggest
a propensity for molecular polarization within the liquid by molec-
ular alignment of permanent charge distribution moments (dipole,
quadrupole, etc.), which we will call orientational polarization. Large
¢ values may also suggest distortion of the electron distribution
within the molecule in response to the local electrostatic field, which
we will call electronic polarization. Because both ¢ and excess
thermodynamic properties are directly influenced by the local
structure of the fluid caused by the molecular-level interactions, it
seems reasonable that localized molecular structure information
obtained from thermodynamic excess properties may be useful in
predicting dielectric constant.

Relating local fluid structure to € is not a new idea. A popular early
method for predicting values of & was the Clausius—Mosotti'
equation based on Debye's dielectric theory.” The Onsager
equation® and the Kirkwood"* extensions provided improvements
for some polar fluids, but their overall reliability in predicting ¢ was
poor, and the equations were not applicable in their original forms to
mixtures. While the Onsager theory predicts the dielectric constant
for so-called “unassociated” or “normal” liquids such as ethyl
bromide or chloroform from molecular dipole moments, it fails to
adequately predict values for fluids such as water, ethanol, and so
forth. The Kirkwood theory includes a correlation parameter,
g intended to be a measure of the rotational hindering effect
that the local environment has on a polar molecule because of the
local intermolecular interactions that impact the orientational
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polarization. The extension of this concept to mixtures has been
limited by the inherent complexities of orientational correlations
among various polar species upon mixing,

Oster® assumed that the Kirkwood correlation parameter for
each pure component remains unchanged upon mixing at
constant temperature and pressure, and this model has been
the starting point of most mixture models that have been
developed.”” '* The Oster model also assumes no volume change
upon mixing, and significant errors can occur when applied to
mixtures with large excess volumes. Mixing rules employed in
later models generally contain an adjustable parameter to accom-
modate the thermodynamic mixing nonidealities associated with
the complexity of the intermolecular interactions. As such, these
models are correlational in nature and require mixture data to
obtain the adjustable parameter in the mixing rule. Because the
adjustable parameter has no physical interpretation, it is difficult
to identify ways in which this parameter could be calculated so as
to make these models entirely predictive. This is particularly true
for multicomponent mixtures in which it is unclear whether the
parameters from binary mixture data are relevant for the multi-
component mixture, and the extant experimental data on ternary
and higher mixtures are too minimal to evaluate the efficacy of
empirical parameters.

In an attempt to relate the common molecular underpinnings
of thermodynamic excess properties and mixture dielectric
constant, we propose here a mixture ¢ prediction method based
on the concept of local compositions which has proven effective
in development of excess thermodynamic properties. Effective
local compositions obtained from readily available binary mixture
excess properties are used to provide the specific molecular
interaction information from which the mixture ¢ is predicted.
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The use of thermodynamic local compositions is expected to
primarily account for orientational polarization; although be-
cause they are empirically obtained from VLE data, some effects
of electronic polarization may be included.

2. THEORETICAL BACKGROUND

The Kirkwood equation relates the dielectric constant of a
pure fluid to the molar polarization p per unit volume
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The relationship of p to charge distribution within the molecule is
usually given in terms of the Onsager equation written as
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where N, is Avogadro's number, T is temperature, k is Boltzmann's
constant, p is the molar density, 0 is the electronic polarizability, and
W is the dipole moment. In the Osager theory, electronic and
orientational polarization are explicit in the two terms of eq 2.
Orientational polarization is accounted for by the propensity of the
permanent dipole to align with the field and electronic polarization
in which the electron distribution within the molecule adjusts to the
electrostatic field is accounted for through the o term.

The Onsager equation is derived under the assumption of a
random molecular environment and does not account for molec-
ular interactions that induce order in the neighboring molecules as
would occur with highly polar molecules that might associate or
have orientationally specific interactions. Kirkwood introduced a
correlation factor g to account for short-range intermolecular forces
that would hinder rotation to obtain
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There has been little success in calculating g from first principles,
and so it is usually treated as an adjustable parameter when
correlating experimental data. The Kirkwood correlation factor is
usually defined as

g = 1+ Z(cos y) (4)

where Z is the number of nearest neighbors and {cos ) is the mean
cosine of the angles between the dipole moments of the neighbor-
ing molecules. Experimental & have been used then to obtam
molecular structure information through regression of g.'' For
example, values of g close to 1 suggest little hindrance to molecular
rotation, hence a random arrangement of the molecular-level
dipoles since {cos y) = 0. Values of g < 1 or g > 1 respectively
indicate antiparallel and parallel statistical alignments.

For mixtures, the local structure effects due to different
intermolecular interactions are expected to have a large effect
on g, hence the dielectric constant. These effects can be con-
veniently represented in terms of excess quantities or deviations
from the ideal mixture value. Generally, deviations from ideality
have been defined with respect to the molar polarization per unit
volume rather than the dielectric constant. The molar polariza-
tions per unit volume are additive for the “ideal mixture”

- Ton s)

where 7 is the number of components and ¢; is the volume fraction
of component i. This equation by Oster  assumes no volume change
upon mixing the components. An excess molar polarization per unit
volume can be defined as the deviation of the mixture p from the p' ,

pr=pTpi=p t_;m (6)
The dielectric constant is then obtained from the mixture polariza-
tion by inverting eq 1. This can be conveniently written as

-(14+9+3v/9%>+2p+1) (7)

Equation S, generally known as Oster”s rule, was suggested
by Oster as a rough approximation for estimation of mixture &
values. Harvey and Prausnitz determined that a linear volume-
fraction mixing rule like eq S did not reflect the increased or
decreased degree of correlation between neighboring mole-
cules in the mixture and proposed a quadratic mixing rule of
the form

M=
M=

p:
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where k;; is a binary parameter, close to zero, regressed from
dielectric constant data for the i—j binary system, and the
superscript ' signifies that the property is evaluated at a density
corresponding to the reduced density of the mixture (using a
mole fraction average of the critical volumes as the reducing
factor). However, if all ki = 0, then eq 8 reduces to a linear
mixing rule. Wang and Anderko suggested a similar quadratic
mixing rule

||
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where v; is the molar volume of component i. Again the mixing
rule reduces to a linear form when all of the k; = 0. The
accurate prediction of multicomponent € values requires that
the k; in the mixing rule be regressed from experimental
binary data.

Z i (v, with (vp)il.

1j=1 J

3. LOCAL COMPOSITION MODEL FOR ¢

Like €, excess thermodynamic properties are strongly related to
the local structuring that occurs due to intermolecular interactions.
The concept of local compositions has been widely used to obtain
correlations for the composition dependence of excess properties.
Here we develop a correlation for the excess molar polarization in
terms of nonrandom local compositions which are themselves
obtained from other excess properties, specifically from the excess
Gibbs energy or the mixture activity coefficients.

Analogous to the nonrandom two-liquid (NRTL) model for
the Gibbs energy developed by Renon and Prausnitz,'”
consider a mixture p as an ideal mixture of n hypothetical ﬂulds
having polarizations per unit volume of p ®

n

= Z (pip(i) where

n
) = '21 P;ipji (10)

- i=
where pj; are yet unidentified parameters characteristic of j—i
polarization interactions and ¢;; are local volume fractions of
molecule type i around a central molecule of type j. The local
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Table 1. Absolute Average Deviation (AAD) for Prediction and Correlation of Binary and Ternary Mixtures Using the NRTL

Model in Comparison to Other Available Methods

system # pts. T/K
methanol + propan-2-one'” 11 298
methanol 4 carbon disulfide'” 8 298
water -+ propan-1-ol'® S5 293—353
water + methanol"® EN 278-333
water + ethanol'® 55 293—353
water + propan-2-ol'® N 293—353
water -+ propan-2-one'® SS 293—323
water + ethan-1,2-diol® 50 293-373
water + 1,4-dioxane'*?° 11 298
methanol + tetrachloromethane 10 308
propan-2-one + carbon disulfide'” 11 298
propan-2-ol + nitromethane®’ 12 308
propan-1-ol + nitromethane®® 10 308
propan-1-ol + benzene® 10 308
propan-1-ol + tetrachloromethane® 10 298
dimethyl sulfoxide + tetrachloromethane® 19 298
propan-1-ol + nitromethane + water*® 10 308
propan-1-ol + tetrachloromethane + water™’ 8 308
propan-2-ol + nitromethane + water*® 10 308
propan-2-one + methanol + carbon disulfide'” 11 298
methanol + tetrachloromethane + water® 8 308
propan-1-ol + benzene + water*’ 8 308

predicted AAD/% correlation AAD/%
egs 18 to 19 eq S eq 19 eq 8 eq 9
0.62 0.71 0.43 0.4 0.4
3.27 373 321 NA 36
2.93 6.1 1.74 39 17
2.31 34 0.69 0.6 1.4
1.40 1.6 0.83 13 1.6
3.68 5.8 1.55 4.4 2.5
2.92 35 0.87 12 2.1
2.14 3.0 0.29 1.0 11
246 24.6 0.95 7.9 32
4.01 10.1 3.85 12.7 6.5
3.85 5.08 115 32 23
3.90° 5.55 1.67° 2.1 1.4
291 52 0.29 0.3 0.3
14.34 18.87 278 NA 4.0
9.76 226 2.01 NA 3.6
1.90° 6.59 1.26° NA NA
0.94 6.21 0.62° 11 1.4
11.76° 38.64 4.80" NA 9.0°
2.66° 342 0.54" 0.8 1.3°
7.26 14.6 416" 142 117
6.75° 7.78 3.04" 5.0 4.5°
10.35° 28.80 091" NA 42°

“ One of the three binary k; was determined from ternary mixture data. ® One of the three binary pij was determined from ternary mixture data. “NRTL
parameters obtained from activity coefficients predicted using UNIFAC>* rather than experimental VLE data.

volume fractions add to one, and they are related to the local
mole fractions x;; by

n
E(p--ZI and go--:ﬂ
=1 ji Ji n (1 1)
XkiVk
k=1
Here v, is the molar volume of component k at the mixture
temperature and pressure. In the NRTL model, the local mole
fractions deviate from bulk mole fractions, x;, because of the
difference in interaction energies, u;; between the unlike (i#))
and like (i = j) molecules within the hypothetical pure fluids. This
relationship can be written as

x}-,- x] (Mﬂ - ui,-) x}
=T exp | L =g, 12
Xij X xp ﬁ RT X J ( )
where
(uji - uii) Aji
G'i — —h— | = —pD— 13
j exp | —f RT exp RT (13)

Here R is the gas constant, T is temperature, and Aj; are
interaction parameters that are regressed from experimental
data, generally vapor—liquid (VLE) or liquid—liquid equilib-
rium (LLE) data. The nonrandomness parameter /3 times the
interaction parameter A;; is a measure of the local structuring
caused by the interactions. When 8 = 0, G;; = 1 and the local
and overall compositions are equal. The local volume fractions

defined in eq 11 have the same relationship to the overall
volume fractions seen in eq 12, or

b0
bi b
Using the conservation of the volume fractions expressed in

eq 11, we can write the individual local volume fractions that
appear in eq 10 as

ﬂ ¢ = nL (15)
L 9.6

1

Gj; (14)
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Substitution of eqs 15 into eq 10 yields
p= 'Zl 0 vzlp,@jG;‘i/(kZl ¢kaj) (16)
i= j= =

Equation 16 can be used as a general equation to correlate the
polarizability of an n-component mixture by treating p;; (with
pji = pyj) as one adjustable parameter for each constituent binary
mixture. Use of the equation as a correlation requires at least one
experimental value for each constituent binary mixture.

To obtain a nonparametric or predictive model, the p;; interaction
terms must be identified. It is clear that p;; = p;, the pure-component i
polarization pure unit volume, because all volume fractions except ¢;
are zero in the pure-component limit. There is, however, no rigorous
relationship for the cross interaction p;; (j # i). We follow, however,
the assumption previously made in developing NRTL models for
thermal conductivity'® and viscosity'* to obtain a nonparametric
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value for p;; in mixtures of nonpolar fluids. We write eq 16 for a
binary mixture of components 1 and 2 and set the mixture p equal to
P21 at the specific composition where x,; = x;,. The rationale for this
assignment is that there are equivalent numbers of 1—2 and 2—1
interactions at the composition where x,; = x;,. Likewise there must
be the same number of 1—1 and 2—2 interactions at this composi-
tion. This mixing rule allows direct evaluation of p,; from the pure
component polarizations and the mixture thermodynamics con-
tained in the G,; and Gy, values. The volume fraction of component
1 at this composition, denoted with an asterisk, can be obtained
from egs 11 and 12 as

_ VivGa
VivGa + Vo /Gra

Setting p = p,; at this composition yields for the binary mixture of
components 1 and 2,

¢, (17)

P = pu = VGuVipr + vV GuVop,
2 = prn =
VGu Vi + GV,

Equation 18 can be used generally for all of the binary pair inter-
actions in a multicomponent mixture. Finally, eq 16 can be written
as a predictive equation in the form

p= é:l dipi + é:l ¢ |jzﬂ:1 &,Gii(pj — p;)/ (kzn"l ¢1<Gki)]
(19)

where the binary cross interaction p;; are obtained from eq 18 and
the Gj; are obtained from available binary mixture thermodynamic
data. The second term on the right-hand-side of this equation is the
excess polarization per unit volume, p°, shown in eq 6. The
expression is general in form for any number of components and
includes a temperature dependence through the Gj; terms, as seen in
eq 13, in addition to the temperature dependence of the pure
polarization terms. The structural information included in the local
composition model is intended to reflect the restriction on
random orientation of the molecules in a polarizing field due
to the interactions between the molecules much like Kirkwood's
g factor in eq 3.
The procedure for computing the mixture € at a given tempera-
ture and composition consists of six steps:
1. Use eq 1 to calculate p; for each component from its ¢; value.
2. Obtain NRTL parameters, O, A},, and A, for all constitu-
ent binary mixtures.
3. Compute Gj, and G,; and for each binary system at the
desired mixture temperature.
4. Compute the p; for each binary i—;j pair from eq 18.
S. Compute the mixture p from eq 19 at the desired
compositions.
6. Use eq 7 to compute the mixture € value.

(18)

4. DISCUSSION

There is a shortage of experimental mixture & values available in
the literature against which to test the predictive capabilities of the
method. Sixteen binary systems and six ternary systems are shown in
Table 1 for which there are reliable mixture experimental ¢ values
and NRTL parameters. The NRTL parameters were obtained from
equilibrium VLE data'® at 298 K except as noted below; the & values
were measured at 1 atm and various temperatures and compositions
as reported in the references cited in Table 1. Pure molar volumes

34 T T T T I T

Figure 1. Comparison of experimental'’ (@) ¢ values to those pre-
dicted using the NRTL model (—) and Oster's rule (- - -) for mixtures of
methanol (1) + propan-2-one (2) at 298 K.

were obtained from the recommended correlations in the DIPPR
801 database."® While most of the mixture data are available at only a
single temperature, there are a few mixtures shown in the table for
which data were available over a significant temperature range. For
these systems, the NRTL model includes a temperature-dependent
excess term in addition to that arising out of the temperature
dependence of the pure-component ¢ values. Table 1 shows the
average absolute percent deviation (AAD %) of predicted mixture &
values by the NRTL model in comparison to the predicted values
from eq S. The results are in all cases improved, often substantially,
over Oster's mixing rule. Also shown in Table 1 are the results
obtained if the p; in the NRTL model are fitted to binary exp-
erimental data. The results of using the NRTL model as a cor-
relation are compared to the results reported in the literature for
eqs 8 and 9 with k; fitted to the extant binary experimental data. The
NRTL correlates the binary data as well or better than eqs 8 and 9
and significantly improves upon the correlation of the ternary data.
The correlation for ternary systems shown in the table uses only the
pij values correlated from the constituent binary mixtures except for
the cases noted where a single ternary value was used to obtain the p;;
for the binary system for which there is no experimental data
available. In several cases, the overall predicted results by the NRTL
model are as good, or nearly so, as the correlated values using one
adjustable parameter with egs 8 or 9. The NRTL predictive model
does have problems with several of the propan-1-ol-containing
systems, though it still performs better than the other predictive
methods. These same systems can be correlated well with the
NRTL model suggesting that the mixing rule defined in eq 18 may
be inadequate for all mixtures.

Because Oster's rule assumes that volumes are additive, there
is little difference between the values predicted by it and the
NRTL model for mixtures with small excess volumes as illu-
strated in Figure 1 for methanol + propan-2-one mixtures.

Mixture dielectric constants predicted by Oster's rule tend to
deviate more for mixtures with larger excess volumes such as the
alcohol + water systems illustrated in Figures 2 and 3. The predicted
€ values for mixtures of propan-1-ol + water at 353 K, illustrated in
Figure 3, have AADs of 6.72 % and 2.82 % for Oster's rule and for the
NRTL method, respectively. The local compositions in the NRTL
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Figure 2. Experimental'® (points) dielectric constants at 313 K for @,
methanol (1) + water (2); A, ethanol (2) + water (2); and B, propan-2-ol
(1) 4 water (2) mixtures compared to predicted values using the NRTL
model (—) and Oster's rule (- - -).
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Figure 3. Comparison of experimental'® (@) ¢ values to those pre-
dicted using the NRTL model (—) and Oster's rule (- - -) for mixtures of
water (1) + propan-1-ol (2) at 353 K.

method provide a reasonable estimation of &" for this system as
shown in Figure 4, although the minimum is shifted toward the
water-rich compositions compared to the experimental values.
The difference in the efficacy of the two predictive methods is
largest for the water + 1,4-dioxane system. This is likely due to the
local molecular structuring that occurs due to association even
though 1,4-dioxane has no dipole moment. Viscosity studies of
water + 1,4-dioxane mixtures suggest that 1,4-dioxane forms a
four- or five-water-molecule hydrate which also modifies the highly
coordinated structure of bulk water.”” Recent dielectric spectros-
copy studies™ suggest that microheterogeneous clustering occurs

Figure 4. Experimental'® (@) excess dielectric constant values, &,
compared to those predicted using the NRTL model (—) for mixtures
of water (1) + propan-1-ol (2) at 353 K.

80

X,

Figure 5. Comparison of experimental®® (@) & values to those pre-
dicted using the NRTL model (—) and Oster's rule (- - -) for mixtures of
1,4-dioxane (1) + water (2) at 298 K.

as localized water—water hydrogen bonding is strengthened in
water-rich clusters surrounded by 1,4-dioxane-rich regions. This
local structuring, too complex from which to formulate a Kirk-
wood g value, gives rise to the rather large £° values shown in
Figures S and 6.

Electron polarization of nonpolar molecules by strongly polar
molecules produces local structure and changes in ¢ that are difficult
to model. Figure 7 shows that ¢ in nonpolar—polar mixtures
typically show more nonpolar character than would be expected
by either ideal behavior or the NRTL mixing rule developed in this
paper, especially at compositions rich in the nonpolar component.
Interestingly, the mixing rule does produce the correct S-shape
behavior with composition even though the magnitude of & is
underestimated by the NRTL model as shown in Figure 8.

Because the NRTL method requires the binary NRTL para-
meters Q, Aj,, and A,; to model the local molecular structure, a
limitation in use of the method may be the availability of these
parameters. While extensive compilations of VLE data are
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Figure 6. Experimental®® (@) excess dielectric constants and values
predicted using the NRTL model (—) for mixtures of 1,4-dioxane (1) +
water (2) at 298 K.
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X

Figure 7. Comparison of experimental'® (@) & values to those pre-
dicted using Oster's rule (- - -) and the NRTL model (—) for mixtures of
propan-1-ol (1) + benzene (2) at 308 K.

available, it would be naive to assume that parameters would have
been regressed for all desired binary mixtures. The universal
functional activity coefficient model (UNIFAC)** is a prediction
method for activity coefficients and excess Gibbs energy that, like
the NRTL model, is based on local compositions. Because UNIFAC
utilizes tabulated group contributions regressed from experimental
VLE data to obtain the effective molecular interaction para-
meters, it can currently be applied to a wide variety of compounds
although the accuracy and reliability of the predicted activity
coefticients will obviously be less than activity coefficients correlated
directly from experimental data. For cases where NRTL parameters
are not available, we have taken the approach of using UNIFAC to
predict activity coefficients as a function of composition at the
desired temperature from which the NRTL parameters are re-
gressed to use to calculate &. With this procedure, the NRTL
method can be applied to a wide range of compounds for which
VLE data have not been measured. The results for dimethyl
sulfoxide + tetrachloromethane, water + tetrachloromethane,

0.5 T l T I T I T I T
0.0 —
-0.5 - ]
-1.0 ]
et .

1.5 -

-2.0 4 =

X,

Figure 8. Excess dieclectric constant from measurements'® (@) com-
pared to values predicted using the NRTL model (—) for mixtures of
propan-1-ol (1) + benzene (2) at 308 K.

gk

Figure 9. Comparison of experimental'® (points) &" values to those
predicted using the NRTL (lines) model for mixtures of ethan-1,2-diol
(1) + water (2) at: @, 293 K; W, 333 K; and A, 353 K. NRTL values at
333 K and 353 K are indistinguishable from the x axis.

and nitromethane + propan-2-ol mixtures shown in Table 1 were
determined in this manner.

The temperature dependence in NRTL excess properties is
known to be only approximate. Normally the temperature
dependence of A}, and A,; is assumed to be either linear or
inverse when VLE data are regressed over a range of tempera-
tures. Alternatively, different values for A}, and A, can be used at
different temperatures. Similarly, one should use NRTL para-
meters that have been regressed from experimental VLE data at
temperatures closest to the desired temperature for the most
accurate predictions of €. This can be seen in Figure 9 where
NRTL values at 293 K were used to predict &” values at 293 K,
333 K, and 353 K for mixtures of ethan-1,2-diol + water.
Although the predicted and experimental values are in very good
agreement at the temperature at which the NRTL parameters
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propan-1-ol

Figure 10. Constant ¢ contours (lines) predicted from the NRTL model
for ternary mixtures of propan-1-ol (1) + water (2) + nitrobenzene at 308
K compared to extant experimental data® (@,£6=30.7,0,e=318; M, c =
33.1; 0, &£ =356; A, € =383; A, ¢ =402; % & =460; O, € = 494; +,
& = 53.5). The contour lines range from the lower right, & = 20, to the top
left, € = 70, in increments of 2. For ease of comparison to experimental
points, dashed contours are shown for & values of 30, 34, 38, 42, 46, 50, and
54 from lower right to upper left.

were obtained, these same parameters incorrectly predict almost no
€ at higher temperatures where the model reduces to Oster's rule.

The NRTL model exhibits the largest deviations from the
experimental data for those ternary systems in Table 1 that have a
partially miscible constituent binary system. LLE requires a large
positive excess Gibbs energy, and it is known that NRTL parameters
regressed from VLE data generally do not predict the LLE tie lines
accurately. While this may explain the larger deviations, there is not
enough experimental data on similar systems and at compositions
approaching the two-phase coexistence curves to adequately test
this hypothesis. On the other hand, the local-composition model
predicts the available data for completely miscible ternary mixtures,
shown in Table 1, quite well. An example is shown in Figure 10
where contour lines from the NRTL-predicted ¢ surface are shown
in comparison to the extant experimental data.”’

5. CONCLUSION

A method for prediction of liquid mixture static dielectric
constant has been developed. The method requires values for the
pure-component dielectric constant and information and binary
NRTL model parameters available from VLE data compilations
or predicted from UNIFAC. A comparison of available experi-
mental mixture & values for 16 binary systems showed a
maximum AAD of 5 % for the NRTL predicted values. For the
six ternary mixtures with available experimental data, the max-
imum AAD was 12 %. The agreement with the experiment is
better than currently available predictive methods of which we
are aware and is on par with correlative methods that contain one
adjustable parameter in the mixing rule.
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