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A Multiparameter Viscosity Equation
for 1,1-Difluoroethane (R152a) with an Optimized
Functional Form'

P. Marchi,> G. Scalabrin,>3 and M. Grigiante4

This paper presents a new formulation for the viscosity surface of 1,1-difluo-
roethane (R152a). The formulation is a multiparameter equation n=n(p,T)
obtained from an optimization technique of the functional form based on
available experimental data. The equation is valid for temperatures from 240
to 440K and pressures up to 20 MPa. Two lines of viscosity minima have
been observed, and they have been analytically defined. A high accuracy
equation of state for R152a was used to convert the experimental variables
(P, T) into the independent variables of the viscosity equation (p, T). Com-
parisons with data are given to establish the accuracy of the viscosity values
calculated using this equation. The obtained results are very satisfactory with
an average absolute deviation of 0.27% for the selected 264 primary data
points, and this is a significant improvement with respect to other equations
in the literature.

KEY WORDS: I1,l-difluoroethane; correlation techniques; multiparameter
equations; R152a; transport properties; viscosity.

1. INTRODUCTION

The halofluorocarbon R152a (1,1-difluoroethane) is a refrigerant with
a wide range of applications, and increasing utilization. It presents a
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null ozone-depletion potential (ODP) and a relatively low global-warming
potential (GWP), which allow it to be accepted as an environmen-
tally benign refrigerant. Due to the important engineering applications
of this fluid, its thermodynamic and transport properties are of great
interest.

Two different approaches can be found in the literature, to represent
the viscosity surface of a fluid. The first approach includes predictive or
semi-predictive models which are often based on corresponding states the-
ory [1-10], and in many cases, they can be used to estimate the prop-
erty with an accuracy level which is considered sufficient for engineering
calculations. Theoretically based models, for instance, those including the
evaluation of collision integrals, have also been developed. These types
of models do not require experimental data. However, they are generally
not as accurate as formulations based on experimental data. The second
approach can be cither semi-theoretically based or totally heuristic, and
for both of these groups suitable models have been developed.

The group of semi-theoretically based models includes the pres-
ent state-of-the-art technique for the development of viscosity equations,
which is based on the residual concept superimposing three parts: the
dilute-gas term, the excess term, and the critical enhancement term [11].
Though some functional forms obtained from theoretical analysis are
included into the equations in this format, the technique requires experi-
mental data as evenly distributed as possible over the whole noT surface
and it is then to some extent correlative. It normally gives an equation of
the form n=n (T, p), where the viscosity n depends on the temperature T
and on the density p. Since the viscosity data are related to the experimen-
tally accessible variables, which are the temperature 7 and the pressure P,
an equation of state is required to convert (7, P) into (T, p). Moreover,
the regression technique presents some difficulties as evidenced in Ref. 12.
In the following, the viscosity models of this type will be referred to as
“conventional equations” and for R152a an equation in this format was
developed by Krauss etal. [13].

As an alternative to the conventional technique, totally heuristic
methods have been studied and applied. Such an approach is strictly
related to universal function approximators, i.e., mathematical models that
express the analytical relation between dependent and independent vari-
ables directly from the experimental representation of the studied phenom-
enon. A number of viscosity models pertaining to this group has been
developed, and they are based on multilayer feedforward neural networks
[14-18], on a combination of the extended corresponding states and the
neural networks technique [19, 20], and on an optimization algorithm of
the functional form [12, 21].
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In particular, the optimization technique for multiparameter equations
of state, developed by Setzmann and Wagner [22], has been previously
applied with satisfactory results to the viscosity modeling of R134a [12]
and propane [21] and the same method is used here for R152a.

2. PROCEDURE FOR DEVELOPING AN EMPIRICAL EQUATION
FOR VISCOSITY

2.1. Fitting a Multiparameter Empirical Equation

The viscosity surface of a fluid can be represented through an empir-
ical equation in the form n=n (T, p,n), where i represents the array of
the individual coefficients that have to be fitted.

The calculation of the optimum set of values for the coefficients 7
is obtained by minimizing an objective function composed of a sum of
squares x?2 as follows:

N _N 2
100 exp — f/calc
Xz(ﬁ)=z< (Mexp — Meal (n))> ’ I
i=1 i

uy, TNexp

where N is the total number of primary experimental points and the sub-
scripts “exp” and “calc” stand for experimental and calculated values,
respectively. The deviation of each experimental point from the equation
is weighted using its experimental uncertainty uo,, for which values can be
obtained from the claimed uncertainties given by the experimenter.

The minimization technique developed by Setzmann and Wagner [22]
is used for the present study. Starting from a large comprehensive func-
tion, the algorithm selects the functional form which yields the best repre-
sentation of the selected experimental data with the simplest equation.

2.2. Bank of Terms

A comprehensive function, called “bank of terms” and composed of
a total of 267 terms, is used for the optimization algorithm. This function
is expressed in terms of dimensionless parameters, and can be written as

10 20

55
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Table I. Substance-Specific Parameters for the Target Fluid R152a

Ref.
M (kgmol™) 0.066051 25
T. (K) 386.41 25
P. (MPa) 45157 25
pe (kgm=3) 368.0 25
H, (uPa-s) 21.6451 -
with
T,=T/T.
pr=p/pc
nr=In(n/H.+1), ©)
M2 Pc2/3

€7 RUSNVATM

[Tt

where the subscript “c” denotes a critical value. Since the viscosity
diverges to infinity at the critical point, its critical value is substituted by
the pseudo-critical viscosity H. that is obtained from dimensional anal-
ysis. In the definition of H., Eq. (3), the molar mass M is expressed
in kg-mol~!, the critical temperature 7. in K, and the critical pres-
sure P, in Pa. Further parameters are the molar gas constant (R =
8.314472J-mol~1.K~ 1), taken from Ref 23, and the Avogadro number
(Na =6.0221353 x 102 mol~!), taken from Ref. 24.

For the target fluid R152a, the values of the parameters involved in
the former variable definitions are reported in Table I.

3. WIDE-RANGE MULTIPARAMETER VISCOSITY EQUATION
3.1. Experimental Data

An extensive literature search for the available viscosity experimental
data sets of R152a has produced a total of 20 sources. They are listed in
Table II in which the column “NPT” gives the number of experimental
points for each data set. Table II reports the ranges of the independent
variables and the adopted measurement method for each data source. The
other parts of the table will be explained in the following.

In this work the temperatures were considered according to the Inter-
national Temperature Scale of 1990 (ITS-90) [46]. Therefore, the temper-
atures of the experimental data measured according to older temperature
scales were converted to 1TS-90.
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3.2. Screening Procedure and Primary Data Sets

The viscosity data available from the literature cannot be used for the
equation development without a suitable screening on the basis of their
experimental quality. The screening was performed according to the fol-
lowing procedure.

Since a viscosity equation for R152a is available in the conventional
format [13], it was used to preliminarily screen the data within the valid-
ity range of the equation. All the available data sets were considered, even
those that were published after the development of the conventional equa-
tion.

For each experimental point the error deviation A with respect to the
equation was calculated as

A— Nexp — MNcalc . &)
Nexp

The following statistical indexes, which are used throughout the pres-
ent work, were evaluated from the error deviations A: the average absolute
deviation (AAD), the bias, and the maximum absolute deviation (MAD).
These are defined as

NPT NPT
0 0 e,
AAD(/O)_ NPT Z Al Bias (% )= <o Z (A),
MAD (%) = 100 Max |Al; (5)
i=1,NPT

Each data set was evaluated as a whole because it was assumed that all
the data from a given set were obtained with a consistent accuracy. An
error threshold with respect to the conventional equation was selected at
an AAD of 5%. The data sets from this first screening compose the prelim-
inary sources. The preliminary data are obtained including all the points of
the preliminary sources; also included are those that are outside the valid-
ity range of the conventional viscosity equation.

A first regression was developed on the preliminary data with the
optimization algorithm. An initial selection of the primary data sets was
obtained considering only the data with a threshold of 2 to 3% for the
AAD and a low value of the bias.

These data were further screened through regressions with the opti-
mization algorithm thus refining the choice of the so-called primary data
sets. During this procedure some sets were moved from primary to second-
ary and vice-versa, searching for the AAD of the single sets close to the
overall value for the primary data, and for the bias values close to zero.
The aim of the procedure was to gather those sets with the lowest error
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deviations and statistically centered as much as possible with respect to the
multiparameter viscosity equation.

The screening led to a stable selection of primary data on which the
final version of the multiparameter equation was regressed. In Table II the
primary data sets are indicated with the symbol I, whereas the secondary
with II. The ascribed uncertainties uy, for the primary sets are given in the
last column of Table II. The distribution of the primary data on a P, T
plane is shown in Fig. 1.

3.3. Near-Critical Region

The fluid R152a has a very limited number of experimental points
in the near-critical region, and this results in a lack of information about
the trend of the viscosity surface in the region where a strong variation
of the viscosity derivatives with respect to the independent variables is
expected. The heuristic modeling procedure requires a number of points
with a rather regular distribution in that region in order to allow the
model to follow the characteristic trends close to the critical region.

Assael et al. [26]

Assael and Polimatidou [39]
Takahashi et al. [40]
Takahashi et al. [41]

van der Gulik [27, 28]

DoenOm

Pressure P, MPa

[ ]
° [ ]
0.1 [ ] [ J
i . ] . ] . ] . ] A
240 280 320 360 400 440

Temperature 7, K

Fig. 1. Distribution of the data selected as primary data.
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Since data in this region are sparse, pseudo-experimental data were
generated using the conventional viscosity equation [13], in which a crit-
ical enhancement following the Olchowy and Sengers theory [47, 48] is
included, and a total of 13 points distributed as shown in Fig. 2 was pro-
duced. In this figure the isotherms and the saturation curve are from the
conventional equation [13]. These data have been used as primary data for
the regression of the new viscosity equation. The goal of using the pseudo-
experimental data is to obtain a correct physical trend but not to assure a
documented accuracy for the equation in the near-critical region.

The critical enhancement for viscosity has an influence limited to
a very narrow region centered on the critical point, where the viscosity
approaches an infinity limit. In this work the modeling of the critical
enhancement was omitted.

3.4. New Equation for the Viscosity of R152a

Assuming the final selection of the primary data sets, an equation in
the form n=n (T, p) was obtained from the optimization procedure. This
resulting equation is

Primary data: @  Takahashi et al. [40]
5.8 - Secondary data: [0 Mayinger [42] - .
| ! < pd A Sagaidakovaetal. [38] / /
x, W Vv Takahashi etal. [45] [
56 ¥ Generated data: W Krauss et al. [13] i
| v :
54
52
<
[a ¥
= 50
Q
L 48
=3
w2
17
s | /%
£ 46
44
4.0 ' | ' | ' | ' | ' | ' ' | '

15 20 25 30 35 40 45 50 55 60
Viscosity 7, pPa-s

Fig. 2. Representation of experimental and generated data in the near-critical region.
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9 14
- _ 2 s
Nr = § niTrgt prhl +e § niTrg prh' (6)
i=1 i=10

with the coefficients, exponents, and validity limits reported in Table III.

The extrapolation of Eq. (6) outside the validity limits, particularly at
low temperatures and at high pressures, is not accurate and it may result
in rather unreliable values. In Fig. 1 it can be seen that the primary data
do not regularly fill all the regions of the stated validity range, but we
chose to assume a rectangular contour for its boundaries. This assumption
will be discussed further in Section 5.3.

The development of a viscosity equation in the form n =n (T, p)
requires a conversion of experimental data from (7, P) to (T, p) variables.
The R152a equation of state by Tillner-Roth [25] was used for this pur-
pose. Some viscosity values generated from Eq. (6) are reported in Table
IV, which can be used by the reader for checking a computer code.

4. VALIDATION OF THE NEW VISCOSITY EQUATION

A detailed validation with respect to both primary and secondary
data has been developed for the new viscosity equation and the results are

Table III. Parameters of Eq. (6) and Validity Limits

i gi h; n;
1 0 2 1.14230266
2 0 3 —1.56310931
3 0 4 0.481682618
4 0 18 0.208435890 x 10~
5 1 1 1.18637350
6 1 14 —0.493635860 x 103
7 2 0 —0.985341189 x 10!
8 5 12 —0.584922887 x 104
9 7 20 0.354808573 x 10~
10 0 1 —0.997534105
11 1 0 0.581028512
12 4 1 —0.176909131
13 4 4 1.90889418
14 5 4 —2.06373190

Validity limits
T (K) 240-440
P (MPa) <20
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Table IV. Viscosity Values Generated from Eq. (6)

T (K) P (MPa) p (kgm™?) n(uPa-s)
240 0.1 1029.631 362.376
298.15 0.1 2.72166 10.2802
340 0.1 2.3673 11.7824
440 0.1 1.81493 15.2809
300 1 895.93 161.472
350 3 748.196 92.42

400 5 207.449 19.5811
350 10 803.522 114.95

250 15 1034.833 351.248
440 20 631.041 60.2984

reported in Table II. The column denoted by “NPT range” gives the num-
ber of data within the validity limits of the equation for each data set.

The representation of the error deviations of the new viscosity equa-
tion with respect to each point of the primary data set is shown in the
P, T diagram of Fig. 3 where the size of the symbols indicates the magni-
tude of each deviation.

Furthermore, the deviations between Eq. (6) and all the primary data
are represented in Fig. 4 as a function of pressure, for several steps of tem-
perature. The dashed lines represent the deviation of Eq. (6) with respect
to the conventional equation from Krauss etal. [13]; for each figure the
temperature of the comparison between the two equations was taken at
the mean value of the indicated range.

Considering the deviations from the data and their claimed experi-
mental uncertainties, the accuracy of the present viscosity equation is esti-
mated to be 0.25% for the vapor phase and the region at pressures lower
than the critical value, and 0.5% for the liquid phase. Since very few pri-
mary data are available in the liquid at temperatures greater than 350K
and in the supercritical region, in these regions the accuracy is cautiously
set at 1%.

5. BEHAVIOR OF THE VISCOSITY SURFACE
5.1. Representation of the Viscosity Surface on a 7, n Plane

Some isobars and the vapor side of the saturation curve obtained
from the new viscosity equation are plotted in Fig. 5 on a T,n plane. A
line of viscosity minima in the dense-gas region is observed.
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Fig. 3. Deviations between all primary experimental data and values calculated from
Eq. (6) shown in a P, T diagram.

Within the range of validity of the equation, the viscosity minima are
found in the pressure range 2.815 < P/MPa§ 5.195, that is, 0.623 < P, <
1.150, as shown in Fig. 5. The locus of the minima can be represented by
the function:

y=a+bx+cx’ (7)

for which the variables and the corresponding parameters are given in
Table V.

5.2. Representation of the Viscosity Surface on a P, n Plane

The plot of isotherms calculated from Eq. (6) is shown on a P,n
plane in Fig. 6, and a magnified part in the vapor region close to the
critical point is also shown in Fig. 7. The shape of the surface in that
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Fig. 4. Deviations between all experimental points in the primary data sets and Eq. (6),
sorted by temperature. Plotted lines correspond to values calculated from the conventional
equation by Krauss etal. [13].
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Isobars and saturated-vapor line calculated from Eq. (6) and plotted on a T, n plane.
Viscosity minima are observed in the dense-gas phase.

Table V. Variables and Parameters of Eq. (7) for the Locus of the
Viscosity Minima Found along Isobars

X y a b c

P; T; 0.691953 0.399560 —0.00997770
Py Pr 0.0697750 0.447877 —0.165814
P; e 0.264764 0.452253 —0.136622

region exhibits correct trends of the isotherms close to the critical iso-
therm, based upon the hypothesis of neglecting the very narrow range
around the critical point where the contribution of the viscosity critical
enhancement is significant.

The new viscosity equation in the region of low-density vapor is rep-
resented on a P,n plane in Fig. 8. A line of viscosity minima is observed
in the temperature range 304 < T/K§ 377.25, that is, 0.787 < T, <0.976,
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Assael et al. [26]

20 Primary data: o
®  Assael and Polimatidou [39]
©  Takahashi et al. [40]
® Takahashi et al. [41]
A van der Gulik [27, 28]
Generated data: v Krauss et al. [13]
15 — Saturation line
II
< !
[ /I
= |
. xl
L 3/
E 10 NII
= 1
2 i
3 1
= 1
[aW) 1 N
! 3
5 h
'
v
0 & L L 1 "
50 100 150 200 250 300 350 400 450
Viscosity 17, pPa-s
Fig. 6. Isotherms and saturation curve calculated from Eq. (6) and plotted on a P,n
plane.

Table VI. Variables and Parameters of Eq. (7) for the Locus of the Viscosity
Minima Found along Isotherms in the Low-Density Vapor Region

X y a b c
T; P 0.140673 0.717766 —0.884079
T; Pr 0.635896 —1.067948 0.426690

T; Nr —0.169060 0.933614 —0.282384

and it can be represented by the functional form of Eq. (7), but with the

variables and coefficients from Table VI.

5.3. Discussion on the Validity Limits
In Section 3.4 the validity limits of the new viscosity equation, Eq.
(6), were briefly discussed. The preceding plots make evident that the pri-
mary data do not uniformly fill a single regular range, both in temperature
and in pressure. Therefore, for the sake of precision, an irregular contour
for the validity range should be selected. In fact in Fig. 6 one can see a
lack of data for liquid states at T <270 K and T > 340 K, whereas in Fig. §
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38641 K
ﬂ? 4 Primary data:
= o Assael and Polimatidou [39]
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(0]
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0 ' | ' | '
25 30 35 40

Viscosity 1, pPa-s

Fig. 7. Isotherms and saturation curve calculated from Eq. (6) and plotted on a P,n
plane for the vapor phase close to the critical point.

data for the vapor phase are not available at T <270 K. For the supercriti-
cal region data are not available at P > 5.3 MPa. Similar comments can be
drawn from Fig. 1.

However, the plots of viscosities from the new equation together with
the experimental points, in particular, Figs. 6 and 8, indicate that the
trends of the new equation in the areas where experimental points are not
available are regular and correspond well to the expected behavior. For
these reasons the validity range in the P, T plane is taken as a rectan-
gular shape bounded by temperature of 240 and 440 K at pressures up to
20 MPa. Slightly increased uncertainties may occur when the equation is
applied within the limits of the validity range in areas where there are no
primary data available, because the equation accuracy cannot be verified
without experimental data.

6. COMPARISON WITH THE CONVENTIONAL EQUATION

The conventional viscosity equation published in the literature [13]
was used for comparison. The density entering this equation was calcu-
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Fig. 8. Isotherms and saturated-vapor line calculated from Eq. (6), plotted on a
P, n plane. Viscosity minima are observed along a line in the low-density gas region.

lated from the 7, P values using the equation of state of Tillner-Roth [25];
the crossover model of van Pelt and Sengers [49] was assumed for the
near-critical region as in the original publication [13]. The validity range
of this conventional equation is the same of that of the present viscosity
equation.

Considering only the primary data, Eq. (6) is significantly superior
to the conventional equation for both the single regions and the whole
surface, as the AAD and Bias values shown in Table VII. A significant
difference is found in particular for the vapor region: the present equation
exhibits an excellent behavior, whereas the conventional one has a higher
AAD and a large Bias, indicating that it is shifted with respect to the data.
Also in the liquid and supercritical regions the AAD values with respect
to data are far lower for the new equation.

The deviations between the conventional equation and the primary
experimental data are shown in Fig. 9, which corresponds to Fig. 3 for the
present equation.
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Fig. 9. Deviations of the conventional equation from Krauss etal. [13] with respect to each
experimental point of the primary data sets.

7. CONCLUSIONS

A viscosity equation with a wide range of validity has been proposed
for R152a. The adopted modeling method is based on the technique for
the optimization of the functional form by Setzmann and Wagner [22] for
the development of multiparameter equations of state. This method, com-
pletely correlative and directly based on the available experimental data,
has been applied here as a function approximator for the viscosity surface.
Considering the heuristic and non-theoretical nature of the modeling tech-
nique, this can be used as a powerful tool for screening the experimental
data.

Even though the experimental data base available for the present fluid
is not as large as those for other fluids studied with the same procedure,
e.g., R134a [12] and propane [21], the performance of the new viscosity
equation with respect to the primary data is of high quality. The new
equation represents the primary data with an AAD of 0.27%. This is a sig-
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nificant improvement over the AAD of 0.83% for the conventional equa-
tion [13] for the same database.

The estimated uncertainty of the equation is 0.25% for the vapor
phase and the region at pressures lower than the critical value, 0.5% for
the liquid phase, and 1% for the liquid region at temperatures greater than
350K and in the supercritical region.

The functional form optimization procedure by Setzmann and Wag-
ner is a promising tool for viscosity equation development, because it is
able to represent the entire viscosity surface (except the critical region) well
within the uncertainty of the experimental data.

Two loci of minima on the viscosity surface have been observed
studying the behavior of the new equation in the low-density vapor region
and the dense-fluid region near the supercritical conditions. Both lines of
minima have been analytically represented.

At present this equation is the most accurate representation of the
viscosity surface of R152a. Future experimental work investigating the
regions not fully represented by data could allow a refinement and an
extension of the equation reported here.
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