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A new representation of the viscosity of propane includes a zero-density correlation
and an initial-density dependence correlation based on the kinetic theory of dilute gases
and on the Rainwater—Friend theory. The higher density contributions of the residual
viscosity in the representation are formed by a combination of double polynomials in
density and reciprocal temperature, and a free-volume term with a temperature-dependent
close-packed density. The full surface correlation is based on a set of primary experi-
mental data selected as a result of a critical assessment of the available information from
37 original viscosity studies. The review refers to 96 citations altogether. The validity of
the representation extends from the triple point to 600 K and 100 MPa in accordance with
the modified Benedict—Webb—Rubin equation of state. The uncertainty of the represen-
tation varies from =0.4% for the viscosity of the dilute gas phase between room tem-
perature and 600 K, to about =2.5% for the range 100-475 K up to about 30 MPa, and
to about +4% for points outside this range. Tables of the viscosity according to the
representative equations at selected temperatures and pressures and along the saturation
line provide easy reference as well as the validation of computer codes. © 1998 Ameri-
can Institute of Physics and American Chemical Society. [S0047-2689(98)00405-X]
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1. Introduction

In the last 20 years most assessments of the viscosity of
propane in the dense fluid region were confined to limited
temperature and pressure ranges. Thus. the correlation by
Tanaka and Makita! was restricted to the gas phase between
300 and 500 K and 0.1 and 55 MPa. Using graphical smooth-
ing techniques. Stephan and Lucas” generated in 1979 a table
of the viscosity of propane in the temperature range 175- 7\0
K between 0.1 and 35 MPa. In the same year Holland er a/.”
developed a correlation within the temperature range 140-
500 K and the pressure range 0.1-50 MPa using the data
available to them at that time. The latest representation by
Younglove and Elyv* from 1987 has been extended from the
triple point to 600 K and 100 MPa based on the modified
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Benedict—-Webb—Rubin (MBWR) equation of state. This
correlation suffers from having no information about the se-
lection and analysis of the data and little indication of the
development of the representative equations and of the
tables. But it includes recent experimental data by Diller’ in
the saturated and compressed liquid regions down to 90 K.

The development of state-of-the-art representations of
thermophysical properties has gained renewed attention.
Therefore, a research program has been initiated under the
auspices of the International Union of Pure and Applied
Chemistry (IUPAC) in order to develop accurate, consistent
and theoretically sound correlations for the transport proper-
ties of fluids of industrial importance. Propane has been in-
cluded in this program for two reasons. An improved viscos-
ity surface correlation is needed as a standard reference
formulation to represent the most accurate experimental data
within their estimated uncertainty. There is also considerable
interest in such a correlation, because propane is used as a
reference fluid for the prediction of thermodynamic and
transport properties of mixtures on the basis of the extended
theorem of corresponding states, such as in the computer
program SUPERTRAPP developed by the National Institute of
Standards and Technology (NIST).®™ The correlation of the
reference fluid should safely extrapolate beyond the range,
on which it is based on data and sometimes even into its
two-phase region. In particular, the second objective influ-
ences the functional terms to be selected for an improved
correlation.

Vogel and Kiichenmeister'® developed recently a viscosity
surface correlation which included new results of precise
measurements as well as theoretical advances for the low-
density vapor.' 12 However, the correlation exhibited large
loops in the two-phase region which precluded its use as a
reference fluid formulation for corresponding-states
predictions.13 These loops were caused by exponential den-
sity terms which had been selected for the viscosity correla-
tion in analogy to the terms in the MBWR equatlon of state
by Yonnglove and Ely.*

In this paper a new correlation has been designed to take
into consideration the steep increase at low temperatures and
higher densities as well as a smooth continuous increase in
the two-phase region. It is based on a revised critical assess-
ment of the published experimental data. The representative
equations describe the most reliable data sets within their
estimated uncertainties and reproduce the phenomenological
behavior of propane in the same temperature and pressure
ranges as the correlation by Younglove and Ely.* But the
correlation of this paper has been improved in the vapor and
gas phases at moderately low densities and in the com-
pressed liquid region at low- temperatures. The analysis pre-
sented in the following sections conforms extensively to that
adopted in earlier worl\” '6 on the representation of the vis-
cosity of fluids.

2. Equation of State

An equation of state is an essential part of a pure fluid
transport property correlation. since experimental data are



measured in terms of pressure and temperature while the
correlation uses the independent variables density and tem-
perature as suggested by kinetic theory. The thermodynamic
formulation used for propane in this paper is the MBWR
equation of state by Younglove and Ely.* All the constants in
that reference have to be used to calculate densities or pres-
sures with the MBWR equation of state, and the tempera-
tures in this equation are expressed in terms of the earlier
IPTS-68 scale. The most reliable experimental viscosity data
were measured mainly on the same temperature scale, so that
density and viscosity could be evaluated according to the
IPTS-68 scale in the course of the development of the vis-
cosity representation. However, the results of this paper are,
of course, reported due to the ITS-90 temperature scale.
Therefore, it could be necessary (o convert temperatures be-
tween both temperature scales.

3. Experimental Viscosity Data

The dynamic viscosity of propane in the gaseous and lig-
uid statcs has been studied in about 40 papers. In principle,
analyses of the data for the dilute gas'! as well as for the
high density re:gionIo have already been performed to select
primary data sets. As a consequence of the examination of
the viscosity surface of n-butane to be published shortly,
however, we felt compelled to realize several essential
changes in the selection of the primary data. Therefore, a
recapitulation pointing out the changes is desirable. We will
be guided by details of the low-density and high-density re-
gions. Data at densities up to 0.10 mol L™} are now consid-
ered to be low-density data, whereas 0.15 mol L™} was used
as limiting value in the previous papers.

To qualify for the primary class the data should be mea-
sured with a high-precision instrnment, for which a full
working equation is available and all necessary corrections
can be applied. According to these requirements only data
obtained from methods using either an oscillating disk or a
capillary flow apparatus may be classified as primary. The
theory and mechanics of operation of both kinds of instru-
ments have been studied in detail and are well
established.'”'® Nevertheless. in practice all of the capillary
results in the low-density region and some in the regions of
higher densities had to be excluded from the primary data
sets. mostly because the analyses of the experiments were
performed with simplified working equations. On the other
hand, data obtained using rotating and falling cylinders as
well as oscillating quartz-crystal viscometers had to be in-
cluded in order to cover as much as possible of the phase
space. This inclusion of data at higher densities, which have
not met the stringent ideal measurement conditions and have
led to a relaxation of the constraints for primary data. has
been taken into account by a decrease of the weights as-
signed according to the ascribed relative uncertainty &7,.
Generally. 7, of the data at elevated densities is about five
times larger than that of the data in the low-density region.

The relative uncertainty was assigned based on the mea-
surement method. the quoted experimental errors. the check
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on precision of the data and the discrepancies to other inde-
pendent data in overlapping thermodynamic ranges. Then,
the statistical weights w; follow from
(’ 100 )2
Wie=1|— )
\ Mexp.k* 577r,k
where 7., is the experimental viscosity value k and &7,
is its ascribed relative uncertainty.

The established primary data sets in both density regions
have been employed in the development of the representative
equations for the viscosity of propane. The secondary data
have been used for comparison only.

(1)

3.1. Low-Density Viscosity Data

The primary and secondary data sets are summarized for
the dilute gas in Table 1 together with the year of publica-
tion, the method of measurement, the temperature range cov-
ered, the number of experimental points with a density
p<<0.10 mol L™}, and the ascribed relative uncertainty of the
data. In some cases higher uncertainties have been given to
data at highcr tcmperaturcs.

The most important change in the primary data between
our work and the paper by Vogel'! is that all data above
room temperature by Kestin and collaborators**~?? have now
been excluded, because of a temperature measurement error
which affected all data measured by Kestin and co-workers
with their high-temperature oscillating-disk viscometer.”’
The effect of this error on the measured viscosities has al-
ready been demonstrated earlier by Bich et al.*®*° Assuming
the concept by Kestin, Ro, and Wakeham**~** concerning
the extended theorem of corresponding states for the rare
gases (KRW), Bich er al. developed an improved version of
this principle. It was based on quasi-experimental values for
the viscosity and diffusion coefficients calculated with the
best Hartree~Fock dispersion (HFD) potentials of the noble
gases known at that time and resuiting from a multiproperty
fit. The deviations of the experimental viscosity data of Kes-
tin et al.** from the HFD-based corresponding states values
have been presented in Figs. 3-7 of the paper by Bich
et al.® Kestin er al.* claimed for their measurements an un-
certainty of *£0.1% at room temperature and =0.2% up to
*0.3% at higher temperatures (up to almost 1000 K). The
figures by Bich et al. demonstrate that the experimental data
by Kestin et al. agrce with the HFD valucs at room tcmpcera-
ture within this uncertainty. But in the temperature range
350-650 K large systematic differences are evident: they
show maxima at about 400 K between 0.5% for neon and
1.2% for xenon and decrease at higher temperatures. Further-
more, the same figures illustrate that the experimental viscos-
ity data by Vogel™ agree with the HFD corresponding
states  values  within  their  experimental  uncer-
tainties of =0.15% at room temperature and of =0.2%—
* 0.3% at higher temperatures up to 650 K. On the other
hand. a comparison of the experimental data by Kestin
et al.™ with the KRW corresponding states values has been
illustrated in Figs. D2. D8, D16. D24, and D32 by Kestin

3
et al.™* Remarkably. the data at room temperature character
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Tasie 1. List of available data from measurements of the viscosity of propane at low densities

p<0.10 mol L™
Number Ascr. rel.
Temperature of uncertainty
Author(s) Year Technique® (K) points (%)
Primary data sets:
Kestin er al.'® 1971 oD 296-303 2 0.2
Kcstin et al.20 1977 oD 299 1 0.2
Abe er al.”! 1978 oD 298 1 0.2
Abe et al.?? 1979 oD 298 I 0.2
Vogel'! 1995 oD 297-625 14 0.2-0.4
Secondary data sets:
Klemenc and Remi® 1923 C 273 1 2.0
Titani* 1930 C 293-393 6 2.0
Trautz and Kurz® 1931 C 301-549 6 1.0-2.2
Trautz and Sorg™ 1931 C 291-524 6 1.0-2.2
Adzumi?’ 1937 C 303-373 8 3.0
Sage and Lacey™ 1938 RB 311-378 5 5.0
Wobser and Mueller”® 1941 RB 293-371 5 1.0
Senftleben and Gladisch®® 1949 HT 313 1 5.0
Golubev and Petrov! 1953 C 298-523 8 1.0-2.2
Lambert et al.’? 1955 OP.C 308-364 7 3.0
Carmichael er al.> 1964 RC 278-478 5 1.5
Draz Pena and Cheda®* 1975 C 304-408 11 3.0
Diaz Pena and Cheda® 1975 C 373 1 3.0
Kestin e al.®® 1977 ob 335-478 4 0.7
Abe er al.?t 1978 oD 333-468 4 0.7
Abe et al.? 1979 oD 333-468 5 0.7
Nagaoka er al. % 1986 RB 298-348 3 2.0

*(C) capillary, {(HT) heat transfer between concentric cylinders, (OD) oscillating disk, (OP) oscillating pendu-

lum, (RB) rolling ball, (RC) rotating cylinder.

ized by the lowest uncertainties show differences from the
KRW values up to £0.5%. The somewhat better agreement
at higher temperatures between the experimental data by
Kestin er al.** and the KRW values® arises because only
these data were fitted to when the corresponding states prin-
ciple was applied. However, a simultaneous deterioration of
the description of the room temperature data results obvi-
ously. From all these findings, we concluded that the experi-
mental results by Kestin er al.™ deviate from the extremely
reliable HFD corresponding states values™ in a systematic
manner associated with the thermal conductivity of the gas
concerned.

Consequently. the deviations should be caused by the con-
struction of the thermostat and of the temperature measure-
ment device applied in the high-temperature oscillating-disk
viscometer used in Kestin's experiments. In that thermostat a
relatively strong temperature gradient was kept to achieve a
stable stratification of the gas inside the viscometer. Accord-
ing to Figs. 5 and 9 in the paper by Di Pippo et al*’ the
temperature measurement was performed by means of three
platinum/platinum-rhodium (90Pt. 10Rh) thermocouples
spaced radially in the measuring gap of 2.83 mm and led out
along the temperature gradient through the bottom of the
viscometer. where the mirror of the viscometer was kept at
about ambient temperature. The vertical temperature differ-
ence in the measurement gap amounted to 0.06-0.15 K. cor-
responding to a temperature gradient of 20-50 K/m A large

problem may have resulted from the arrangement of the ther-
mocouple leads along the temperature gradient, which was
still increasing below the oscillating-disk system. In the dis-
cussion of a possible temperatiure measurement error, we as-
sumed that thermocouples with conventional asymmetric hot
junctions were employed. The heat loss at the measurement
position due to heat conduction of the wires in the direction
of the negative temperature gradient cannot completely be
compensated by heat conduction of the gas and by radiation.
For thermocouple leads of 0.4 mm diameter commonly used
by Kestin and co-workers, a speculative estimation of the
temperature measurement error has been performed.*® In that
procedure radiation has not been taken into account and the
heat-transfer coefficient could only be assessed approxi-
mately. Nevertheless, the temperatures in the measuring gap
should have been measured too low by 1-5 K depending on
the measuring temperature itself and above all on the thermal
conductivity of the gas. If the deviations were completely
due to a temperature measurement error, the temperatures
would be too low by another 2 K. This makes it clear that
our estimation cannot exactly explain the differences be-
tween the experimental data by Kestin and co-workers and
the HFD corresponding states values as should be expected.
But the estimation gives an idea of the reason for the devia-
tions of the experimental data by Kestin er al.** from the
HFD corresponding state values and from the experimental
data determined hy Vogel "'* The most convincing fact for
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TaBLE 2. List of available data from viscosity measurements on propane at densities p>0.10 mol Lt

Number Ascr. rel.
Temperature Pressure of uncertainty

Author(s) Year Technique® (K) (MPa) Phase® points (%)

Primary data sets:
Eakin and Ellington*’ 1959 C 298 0.7-62.1 VL ¢ -
Starling et al.* 1959 C 298-411 0.7-62.1 VLS 1524« 1.5-2.0
Starling er al.* 1960 C 298-411 0.7-55.1 VLS f
Starling™ 1960 C 363-374 3.4-5.1 VLS 79%2 1.5-2.0
Starling ez al.’! 1962 C 363-374 34-5.1 VLS h
Carmichael er al.* 1964 RC 278-478 0.34-34.4 V,L.S 17 1.5
Giddings er al.>? 1966 C 278-378 0.7-55.2 V,.LS 74 1.5
Huang et al.> 1966 FC 173-273 6.9-34.5 L 30 2.0
Strumpf er al.¥* 1974 oQ 311 3.2-72 L 5 2.0
Diller* 1982 0Q 90-300 1.7-31.5 LsL 84 20

Secondary data sets:
Sage and Lacey™ 1938 RB 311-378 0.34-13.8 V,L,S,sL 86 8.0
van Wijk e al.*® 1940 EN 304-422 16.1-145 L 20 4.0
Gerf and Galkov®’ 1940 C 83-170 sL 14 6.0
Galkov and Gerf? 1041 c 117-176 sL 5 4.0
Lipkin et al.*® 1942 C 200-289 sL 9 6.0
Smith and Brown® 1943 RB 295-463 0.7-34.5 V.L.S 111 8.0
Bicher and Katz®' 1943 RB 298-498 2.8-34.5 LS 40 8.0
Comings ¢t al.%? 1914 C 303-378 N44-42 V.S 29¢ 3.0
Golubev and Petrov™! 1953 C 298-523 2.0-81.1 L.S 123 3.0
Baron er al.®? 1959 C 325-408 0.7-55.2 VLS 40 3.0
Swift er al.® 1959 FC 88-363 0.34-3.9 L 29 5.0
Swift er al.®® 1960 FC 243-370 0.34-43 L 14 2.5
Babb and Scott®® 1964 RB 303 200-1000 L 5 8.0
Nasarenko and Golubev®’ 1976 C 284-423 9.8-448 LS 43¢ 6.0

%C) capillary, (FC) falling cylinder, (FN) falling needle, (OQ) oscillating quartz crystal, (RB) rolling ball, (RC) rotating cylinder.

®(V) vapor, (L) liquid, (S) supercritical, {sL) saturated liquid.

24 experimental points included by Starling er al. (Ref. 48).

4One value at 370 K, one value at 377 K and three values at 411 K—secondary data.

“Individual experimental points at the same or nearly the same pressure reduced to averaged values.

Recommended values on the basis of the experimental data reported by Starling er al. (Ref. 48).

11 values at 370.0 K—secondary data.

"Only graphical illustration of the experimental points by Starling (Ref. 50).

the temperature measurement error is the systematic order in All data by Comings et al.®* and by Swift e al.® are now

the deviations for the different noble gases connected with
their thermal conductivity coefficients.

Consequently, Vogel’s assessment'! of the propane data
by Kestin and collaborators™®>* as primary is no longer jus-
tified because these data should be affected in the same man-
ner by that measurement error. It is estimated that a system-
atic error between 0.5% and 1% resulted from it.

In addition, the data by Wobser and Mueller™® were ex-
cluded, since the rolling-ball viscometer is not a primary
instrument.

3.2. Viscosity Data at Higher Densities

The data sets for the higher density region are listed in
Table 2. which includes the vear of publication. the measure-
ment technique. the temperature and pressure ranges and the
fluid phases. the number of experimental points. and the rela-
tive uncertainty of the data. The primary and secondary vis-
cosity data at higher densities are also illustrated in the
temperature—pressure diagrams of Figs. | and 2.

classified as secondary data sets, because sufficient primary
data are available in the same thermodynamic ranges. The
data by Starling et al.*® are considered as primary except for
five points. In addition, 11 data points by Starling® close to
the critical point are excluded from the primary data as cx-
plained in Section 4.1.

According to Fig. 1 the liquid region below 270 K and up
to 1 MPa is not adequately covered with primary data. The
secondary data in that region by Swift et al.® are character-
ized by very large uncertainties at low temperatures accord-
ing to a subsequent paper by Swift er al.® (see Fig. 2). The
supercritical region above 410 K is sparsely covered with
primary data, although further experimental data were re-
ported for this region as shown in Fig. 2. The data by Gol-
ubev and Petrov’! determined with a capillary flow viscom-
eter could not be classified as primary, as they show distinct
deviations from primary data in overlapping ranges. The
shortage of primary data has to be overcome by more accu-
rate and extensive measurements, particularly in the super-
critical region.

In all. 425 of 1009 experimental data points represent the
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FiG. 1. Distribution of the available experimental viscosity data of propane
at densities p>0.10 mol L™'; primary data. (V) Starling et al. (1959) (Ref.
48), (A) Starling (1960) (Ref. 50), (O) Carmichael et al. (1964) {Ref. 33),
(M) Giddings er al (196A) (Ref 57), (@) Huang or al. (1966) (Ref. 53),
(#) Strumpf er al. (1974) (Ref. 54), (M) Diller (1982) (Ref. 5), (—) liquid—
vapor boundary.

primary data base for the development of the representation
of the viscosity surface at higher densities.

4. Methodology

The correlation of the viscosity is based on the residual
viscosity concept. For theoretical and practical reasons, the
viscosity n(p,T) of a pure fluid at density p and temperature
T may be considered to be composed of three or four
contributions: #1668

7p.T) =7V +An(p.T)=An(p.T).  (2)

2(p.Ty=n"""(T)+ 7" (Mp+Any(p.T)+ A 7:p.T).

. (3)
Here. #'%'(T) is the viscosity in the zero-density limit.
A #n(p.T) is a residual viscosity that accounts for the increase
in viscosity at elevated density over 7'?' at the same tem-
perature. and A 7.(p.7T) is a critical enhancement which rep-
resents the viscosity increase in the immediate vicinity of the
vapor=liquid critical point. The first two terms of Eq. (2)
may be summarized. and the resulting quantity is called
background viscosity. With the development of the
Rainwater—Friend theory for the transport properties of mod-
erately dense gases.“"” it became possible to establish the
linear-in-density term 7'''(T)p separately. The higher-
density terms of the residual viscosity are represented by
Anp.T). As a consequence. this approach enables an in-
dependent treatment of each contribution. The most recent
advances of the kinetic theory may be used as a guide in the
development of the viscosity correlation and for the assess-
ment of the internal consistency of the experimental data
from the literature.
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FiG. 2. Distribution of the available experimental viscosity data of propane
at densities p>0.10 mol L™'; secondary data. (O} Sage and Lacey (1938)
(Ref. 28), (O) van Wijk er al. (1940) (Ref. 56), ( ) Gerf and Galkov (1940)
(Ref. 57), (@) Galkov and Gerf (1941) (Ref. 58), (V) Lipkin et al. (1942)
(Ref. 59), (<) Smith and Brown (1943) (Ref. 60), (O) Bicher and Katz
(1943) (Ref. 61), (A) Comings er al. (1944) (Ref. 62), (X) Golubev and
Petrov (1953) (Ref. 31), (#) Baron et al. (1959) (Ref. 63), ($) Swift er al.
(1959) (Ref. 64), (&) Swift et al. (1960) (Ref. 65), (V) Starling er al. (1959)
(Ref. 48}, (A) Starling (1960) (Ref. 50), (M) Babb and Scott (1964) (Rcf.
66), (+) Nasarenko and Golubev (1976) (Ref. 67), (—) liquid—vapor
boundary.

4.1. Viscosity in the Critical Region

Viscosity and thermal conductivity of pure fluids diverge
at the critical point due to long-range fluctuations. The criti-
cal enhancements can be described by a theoretical crossover
model originally developed by Olchowy and Sengers’"* and
recently modified by Luettmer-Strathmann er al.”*"™ Unlike
the critical enhancement in thermal conductivity, the en-
hancement in viscosity is small and becomes relevant only at
temperatures and densities close to the critical point. For
some fluids,"*" the ratio A7 (p.T)/ 7(p.T) exceeds 0.01
only within 1% of the critical temperature of the fluid. Ex-
perimental data for the viscosity of propane in the region
around the critical point (p.=5.000 mol L™,
T.=369.825 K, p.=4.247 66 MPa) were determined by
Starling e al.® and by Starling.™® To test for the critical
enhancement, a preliminary surface correlation without A 7,
in Egs. (2) and (3) was performed excluding the data by
Starling er al® for the 370.1 K isotherm and all the dara by
Starling.™® Their deviations from the preliminary correlation
are illustrated in Fig. 3. In principle, these deviations might
be identified as critical enhancement. Unfortunately, the
number of points with densities between 4 and 6 mol L™ is
small. Furthermore, the deviations are not positive with a
systematic increase when approaching the critical point. On
the contrary. there is a large decrease by more than 20% in
the experimental data for the 370.0 K isotherm of Starling
below the correlated values. In addition, the scattering of the
deviations for neighboring points on the isotherms. some-
what more distant from the critical isotherm. is larger than
1. 50 a systematic etfect of this order of magnitude cannot
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FiG. 3. Deviations (A} of the viscosity data by Starling er al. (1959) (Ref.
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be determined. We conclude that it is not possible to recon-
cile the experimental data with any expected critical en-
hancement. The strong decrease of the viscosity data by Star-
ling near the critical point could be caused by experimental
difficulties. Thus, 11 data of the 370.0 K isotherm by
Starling™ and one datum of the 370.1 K isotherm by Starling
et al.*® were excluded because of negative deviations >4%
from the preliminary correlation, whereas all other data were
accepted for the primary data sets to begin with.

As a consequence of this analysis, we preferred to develop
a surface correlation without considering the critical en-
hancement of the viscosity. There is a strong demand for
highly accurate measurements in the critical region.

4.2. Viscosity in the Zero-Density Limit

The viscosity 5‘°’(T) of a fluid in the zero-density limit is
not an experimentally accessible quantity. It is important to
distinguish the viscosity in the true limit of zero density from
values at low pressures, such as 0.1 MPa. Thus, it is neces-
sary to extract values from the available experimental data in
the low-density region. The best way to deduce zero-density
values is to use experimental dara measured along icothermsg
and to fit polynomials in density to them. But this extrapo-
lation of isothermal values to the limit of zero density re-
quires enough low-density points of low uncertainty. For
propane the experimental data by Vogel'! seem to be the
only values suitable for such an exact evaluation, whereas
those by Sage and Lacey™ and even those by Carmichael
et al.”® are characterized by larger uncertainties and a limited
number of points. In spite of the large uncertainties. these
data and those from all other sources were corrected to the
limit of zero density. For this purposc the initial density de-
pendence of viscosity 7' “(T)p was subtracted from the ex-
perimental 7(p.T) values at densities p<<0.10 mol L™" ac-
cording to the results of Sec. 4.3. The correction was
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performed, although the effect of the initial density depen-
dence is mostly small compared with the experimental un-
certainties. But with regard to the intended surface correla-
tion in large ranges of thermodynamic states, the effect was
taken into account because it is systematic and %'U(7)
amounts to large negative values at low temperatures instead
of positive values at higher temperatures. As already men-
tioned all data considered are summarized in Table 1.

The zero-density viscosity 7'®(T) can be analyzed inde-
pendently of the other contributions in Egs. (2) and (3).
Since it is almost independent of the existence of the internal
degrees of freedom and unaffected by inelastic collisions, the
kinetic theory of dilute monatomic gases by Chapman and
Enskog’® could possibly be used in the analysis. But this
theory cannot be applied for a highly accurate prediction of
the viscosity in the limit of zero density because of the in-
complete knowledge of the intermolecular potential energy
surface of polyatomic molecules like propane. The develop-
ment of the kinetic theory of polyatomic gases by Mc Court
et al.”""® has only been employed for the practical evaluation
of the transport properties of diatomic molecules like
nitrogen.”® Apart from polarization correction,® the viscosity
of a pure polyatomic gas may be related to an effective col-
lision cross section, which contains all the dynamic and sta-
tistical information about the binary collision. For practical
purposes, this relationship is formally identical to that of
monatomic gases and can be written as:

0.021357(MT)'"*

Oy ———
7°(T) 0_26,;(T*} )

)
where &% =&(2000)/mo’f, is a reduced effective cross
section, M is the molar mass in g mol~!, o is a length scal-
ing parameter in nm, f, is a dimensionless higher-order cor-
rection factor according to Chapman and Cowling, 7*’ is in
units of u Pa s, and the temperature 7 is in K. The effective
cross section is usually expressed in the functional form

4
In 6“,;(T*)=;) a,(In T%)!, (5)

T*=kgTle, (6)

where T* is the reduced temperature and e/kg is an energy

scaling parameter in K. Experimental &,(G,= 71-(726'“;)

values carreqponding to the primary viscogity valueg in the
limit of zero density have been calculated with the help of
Eq. (4).

The fit could be carried out in two versions. The first
method uses the assumption that the fluid under discussion
obeys the extended principle of corresponding states, and the
values of the scaling parameters £/kg and o are determined
using the known coefficients a; of the functional 6,; for the
noble gases derived by Bich er al.*® This adoption of a uni-
versal correlation has been used by Hendl et al.'” in the case
of cthane and by Vogel'' for propanc. In principle, propanc
does not conform to the extended principle of corresponding
states for the rare gases because of the complexity of the
molecule. The second approach nses an individual correla-
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TasLE 3. Coefficients for the representation of the viscosity of propane.

Molar mass
M =44.0956 g mol ™"
Critical constants

T.=369.825 K Pe=5.000 mol L™!
Scaling factors
e/kg=263.88 K =0.49748 nm

Coefficients a; for &} according to Eq. (5)
aq=0.251 04574 a;= — 047271238
a,=0 a3=0.060 836 515
a,;=0

Coefficients b, for B, according to Eq. (11)

bo= — 19.572 881 b,=219.739 99
by= - 10153226 b3=2471.012 5]
by= — 33751717 bs=2491.6597
be= — 787.260 86 b,=14.085 455

bg= — 0.346 641 58
Coefficients e;;, f, and g, for A 7y, according to Egs. (22) and (23)

e3=35.987303 019 5 en= — 180.512 188 564
¢, =87.712488 8223 e= — 105.773 052525
£3,=205.319 740 877 ep= — 129.210932 610
4="58.949 158 775 9 en= — 129.740033 100
€,=76.628 041 997 | esy= — 9.59407 868 475
€5,=21.072 698 659 8 es;= — 14.3971 968 187

£1=1616.884 053 74

£,=2.500 539 388 63 £2,=0.860 516 059 264

tion for propane. Then, the scaling factors determined for the
universal correlation can be assumed to be fixed, and new
coefficients a; can be deduced by fitting Eqs. (4)—(6) to the
quasi-experimental &, values. That procedure has been per-
formed for nitrogen by Vogel er al®! and by Millat and
Vesovic.®? With regard to the fact that the scaling factors
e/kg and o are, in principle, arbitrary in such an individual
correlation and in order to minimize the number of coeffi-
cients and parameters needed for the full surface correlation,
we have adopted the same scaling factors, deduced in ihe
treatment of the initial-density viscosity coefficient (see Sec.
4.3), for the representation of the zero-density viscosity val-
ues of propane. Fenghour of a1 apphied this procedure to
ammonia.

Table 3 contains the scaling factors €/kg and o as well as
the significant coefficients @, for the individual correlation of
propane taking into account the statistical weights w, ac-
cording to Eq. (I). The correlation is valid in the temperature
range from 293 to 625 K and its uncertainty is estimated to
be =0.4% according to the discussion in Sec. 5.1,

4.3. Initial Density Dependence of Viscosity

The temperature dependence of the lincar-tu-density coef-
ficient of the viscosity 7'''(T) in Eqs. (2) or (3) is remark-
ably large at subcritical temperatures and must be taken into
account to obrain an accurate representation of the behavior
of the viscosity in the vapor phase. 7''’ changes sign from
positive to negative, when the temperature decreases. There-
fore. the viscosity along an isotherm should first decrease in
the vapor phase and subsequently increase with increasing
density. The occurrence of @ minimum depends on the range

until the phase boundary as has been observed for a number
of polar fluids such as refrigerants,**®* ammonia,'® and
steam.®5 But Bich and Vogel®® have shown that polar as well
as nonpolar substances exhibit the same general behavior of
the initial density dependence of viscosity, which can also be
expressed by means of the second viscosity virial coefficient
B(T):

' (T)

BT = ey

™
B,(T) follows from the slope and the zero-density limit of
the experimental isotherms.

Rainwater and Friend®’® modeled the moderately dense
gas as a mixture of monomers and dimers, which interact
according to the Lennard-Jones (12-6) potential. Whereas the
two-monomer contribution could be evaluated exactly and
the three-monomer contribution approximately, the mono-
mer—dimer contribution had to be derived by means of se-
lected experimental second transport virial coefficients using
two potential parameters ratios to relate the effective inter-
molecular potential for the monomer—dimer (MD) interac-
tion to that of the monomer—-monomer (M) interaction by
appropriate scaling

IMD
5—-___._.

€MD
= , 0= - 8
UM M
Whereas Rainwater and Friend®®"® recommended for these

ratios 8=1.02 and 6=1.15, Bich and Vogel'>”' deduced
somewhat improved values including B, values for poly-
atomic gases and vapors: 6=1.04 and #=1.25. The repre-
sentation of the reduced second viscosity virial coefficient
Bi as a function of the reduced temperature 7* is based on
the theorem of corresponding states and offers the opportu-
nity of confirming the reliability of special experimental data
and extending the experimental temperature range. Lennard-
Jones (12-6) potential parameters e/ky and o derived from
the temperature function of the zero-density viscosity coeffi-
cient 7'°%(T) can be used for reducing the experimental
B (T) values:

B(T)

NAO':‘ ’

BY(T*)= 9)
where N, 1s Avogadro’s constant. B”,;(T*) values derived
from the experimental B ,(T) data by Vogel'! in this way are
plotted as open circles in Fig. 4 together with the theoretical
curves by Rainwater and Friend®™ and by Bich and
Vogel.m‘”

In accourdance witl thie fact that propanc dues not vbey the
corresponding states principle for the monatomics as well as
it does the Lennard-Jones (12-6) model, optimized scaling
parameters e/ky and o have heen determined hy fitting the
representative correlation of the theoretical results by Bich
and Vogel” to the experimental B, (T) of Vogel.”
e/ky=263.88 K and o =0.49748 nm are the scaling factors
given in Table 3 and already used in the development of the
correlation for the viscosity in the limit of zero density in
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Fic. 4. Reduced second viscosity virial coefficient Bf] as a function of the
reduced temperature 7*. Vogel (1995) (Ref. 11): (O) Lennard-Jones (12-6)
parameters from 7°X(T), (@) optimized parameters; (-----) Rainwater—
Friend theory (6=1.02. #=1.15); (---.- ) Rainwater—Friend theory, Rich
and Vogel (6=1.04, §=1.25);, (-+--- ) Younglove and Ely (1987) (Ref. 4).

order to secure internal consistency. The filled circles in Fig.
4 demonstrate the improved representation of the experimen-
tal data.

Values of B’; were tabulated and correlated by Bich and
Vogel”! in the range 0.5< T*< 100 for practical applications
by the empirical function

12
BT =2 ci(NTH) (10)
=
This expression is unsatisfactory in its ability to be extrapo-
lated to temperatures T*<C0.5. Therefore, Vogel and
Kiichenmeister'® used in their preliminary work the modified
Enskog theory in the low-temperature range T7*<0.75 and
the Rainwater—Friend theory for temperatures T*>0.75
with different coefficients ¢;. In this paper we recommend a
new empirical equation in the complete reduced temperature
range, which can safely be extrapolated down to 7%=0.3
with the coefficients b; listed in Table 3:

6
B?‘?(-T*):Z b(T*)~ 025 g (7)) =254 g (TH)755,

i=0
{11)

where B, is in units of L mol™" and T*=kgT/e.

4.4, Higher-Density Terms of the Residual Viscosity

There is very little theoretical guidance for the functional
form of Anu(p.7T). One methodological trend consists of
representing the higher-density terms of residual viscosity by
a power series expansion in the density including coefficients
which are dependent on temperature.'*¥ In this procedure a
structural optimization. using the SEEQ algorithm based on
the stepwise linear least-squares Iechnique‘s‘ is performed to
determine the most suitable combination of terms from a
bank of a relatively large number of double polynomials in
density and reduced temperature. With respect to the strong
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increase of the viscosity between vapor and liquid phases by

3 orders of magnitude at low temperatures in the case of

propane, Vogel and Kiichenmeister'® included additional ex-

ponential terms in analogy to the MBWR equation of state

for the thermodynamic properties:*
n m pl n m pl

A ﬂh(P’T)zigz 120 eijﬁ +r=§:5 ;‘20 fijﬁexlﬁ’( YPZ),

(12)

where y= I/pg and p is the critical density. In their prelimi-
nary work, Vogel and Kuchenmeister found 11 polynomial
and seven exponential terms to be necessary for representing
the selected primary data sets within their uncertainties. But
the full surface correlation by Vogel and Kiichenmeister has
been characterized by large loops in the two-phase region
resulting in problems when propane is used as a reference
fluid for the prediction of the viscosity of other fluids or fluid
mixtures by the method of corresponding states. Therefore,
the higher-density terms of a new correlation should take
into account the dramatic viscosity rise in the liquid phase at
low temperatures and show a reasonably smooth path in the
twu-phase region.

The required behavior seems to be modeled correctly by a
free-volume term according to Batschinski® and
Hildebrand.® Batschinski®® proposed a formulation for the
viscosity to be dependent on the difference between the spe-
cific volume v and a certain constant w similar to the van der
Waals constant b:

c

i (13)

where ¢ is another constant. Batschinski showed that plots of

the fluidity 1/# are linear functions of v for nonassociated

liquids. Hildebrand® modified that relation to recognize that

the fluidity depends on the relative expansion (V—V.)/V., :
1 V-V,

=B (14)

V. is the intrinsic molar volume, that is, the value when
1/7=0. If both constants of this expression are allowed to
vary with temperature’® and the molar volume V is replaced
by the molar density p, the Batschinski—Hildebrand term

may be expressed in reduced variables as

1)
TIBH(&T):/S'](T)EO(T)—_(S. (15)
é=plp,, T=TIT,. (16)

Here. the reduced close-packed density 8y(7) should be tem-
perature dependent to account for the soft repulsive part of
the intermolecular pair potential of real fluids. But details of
the temperature dependence of the adjustable parameter
B, (7} remain to be determined.

A remarkably successtul expression which is very similar
to the Batschinski-Hildebrand term was introduced by
Lueseckigl and used in wide-ranging viscosity correla-
tions:”* ™%
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B By By O
7aL(9) 59—5 By B9 8,5 (17)
Here, B, and &, have been considered to be temperature
independent. Apart from the difference in the temperature
dependence both formulations are in accordance, identifying
Bi(T)=p,1d.

The Batschinski—Hildebrand term has to be related to the
residual viscosity in order to obtain correct behavior in the
limit of zero density. In addition, if the Batschinski-
Hildebrand term represents the higher-density terms of the
residual viscosity, another linear term has to be subtracted to
take into account that the linear-in-density term of viscosity
has been treated separately:

’ 6
7ImBH(5»T)—/5’1(T)(m m) (18)

The temperature dependence of 8y(7) was chosen according
to

/ 5
50(T)=g1(1+2 ng“_”/Z), (19)
= .

whereas that of 8,(7) was modeled as

np
Bm:; ful ™ L (20)

The final correlation for the representation of the higher
density terms of the residual viscosity consists of a combi-
nation of double polynomials in reduced density and reduced
reciprocal temperature and of modified Batschinski—
Hildebrand terms with a temperature-dependent reduced
close-packed density including Egs. (16) and (19):

nom 5,' np fk
Anh(5,7)=z Z e,-,-:,-+2 T
i=2j=0 g k=1
x| b 2 21
50( T)— o 5()( 7') ) ’ ( )

The SEEQ algorithm used in conjunction with the parameters
e;; and f;; of Eq. (12) cannot be employed to deduce the
parameters e;;. f,. and g, of Egs. (19) and (21). Therefore.
the NIST package ODRPACK by Boggs ez al..’® based on a
nonlinear least-squares regression, was used.

The uncertainties of the experimental data are too large to
establish the temperature dependence of Sy(7) and SB,(7)
unambiguously. Thus, we considered only that of the re-
duced close-packed density &q(7). ODRPACK also dropped
the higher terms in the temperature dependence of §y(7).
Furthermore. the double polynomials had to be restricted to
n=>5 and m=2. so the parameters e;; remained statistically
significant. The best correlation of the selected primary data
was obtained with the representation

3

- 5/

A 7l sm=2 2 iy 5T ",(i—_—_T“‘ .
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FIG. 5. Deviations (A) of the primary viscosity data and of correlations from
the present individual zero-density correlation. (O) Kestin er al. (1971)
(Ref. 19), (O) Kestin et al. (1977) (Ref. 20), (V) Abe et al. (1978) (Ref.
21), (A) Abe et al. (1979) (Ref. 22), (@) Vogel (1995) (Ref. 11), (-----)
Tanaka and Makita (1976) (Ref. 1), (-------) Holland et al. (1979} (Ref. 3),
(-----) Younglove and Ely (1987) (Ref. 4), (—) preliminary universal cor-
relation. A=100(7exp = Meor)/ Mexp -

So(1)=g,(1+g,77) (23)

of the higher density terms of the residual viscosity. Table 3
lists the significant coefficients which are based on the pri-
mary data and the statistical weights as derived from the
relative experimental uncertainties of Table 2.

5. Results and Discussion

The viscosity of propane, as calculated by the correlation,
using the coefficients of Table 3 and Eq. (3) with
A7n(p,T)=0, Egs. (4)-(6) for 7'°%(T), Egs. (7), (9), and
(11) for 7"(T)p as well as Eqgs. (22) and (23) with Eq. (16)
for Any(p,T), have been compared with primary and sec-
ondary experimental data. The performance of the correla-
tion can be assessed by the extent of the agreement with the
primary data used in its development. Furthermore, a com-
parison with the secondary data should reveal any systematic
deviations or large scatterings of the experimental data. The
comparison has been carried out for the zero-density viscos-
ity coefficient, for the reduced second viscosity virial coeffi-
cient as a proof of the initial density dependence of viscosity,
and for the total viscosity coefficient 7(p,7) for the higher
density ranges.

5.1. Zero-Density Limit and Initial Density
Dependence

The deviations of the primary data from the final indi-
vidual correlation are presented in Fig. 5 together with de-
viations for some other correlations. The correlations by Hol-
land er al.* and by Younglove and Ely* were primarily based
on the data by Kestin and collaborators™~** and therefore
show large positive deviations with increasing temperature.
The increasingly negative deviations of the correlation by
Tanaka and Makita' result from the data of Trautz and
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FiG. 6. Deviations (A) of older secondary viscosity data from the present
individual zero-density correlation. (O) Klemenc and Remi (1923) (Ref.
23), (O) Titani (1930) (Ref. 24), (A) Trautz and Kurz (1931) (Ref. 25), (V)
Trautz and Sorg (1931) (Ref. 26), (&) Adzumi (1937) (Ref. 27), (O) Sage
and Lacey (1938) (Ref. 28), (M) Wobser and Mueller (1941) (Ref. 29), (@)
Senftleben and Gladisch (1949) (Ref. 30). (X) Golubev and Petrov {1953)

(Ref. 31). A=100( 7exp = Teor) Texp -

co-workers>>2® on which it was based. In addition, the figure
shows the differences between the individual correlation and
the previous universal correlation based on the same primary
data and on the universal functional for the monatomics by
Bich et al.*® The deviations amount to nearly +0.3% and
justify using an individual corretation, whose uncertainty is
estimated to be =0.4%, because only data from one labora-
tory could be accepted as primary data in the complete tem-
perature range.

The deviations of the secondary zero-density viscosity
data from the present correlation are presented in Figs. 6 and
7. Figure 7 illustrates that the data by Kestin and
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FiG. 8. Deviations (A) of the primary viscosity data by Starling et al. (1959)
(Ref. 48) from the correlation. ($) 298 K, (&) 311 K. (>) 328 K, (@).344 K.
(@) 361 K, (#) 370 K, (O) 378 K, (A) 394 K, (V) 411 K.
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collaborators>®~** above room temperature systematically de-

viate Mom the individual correlation by about | 0.7% and
that they are characterized by an additional scatter of up to
+0.3%. These findings demonstrate that the data by Kestin
and collaborators cannot be reconciled with the requirements
for primary data. The very close agreement of the data by
Wobser and Mueller”® with the individual correlation in Fig.
6 seems to be accidental.

The extrapolation of the individual correlation to low tem-
peratures is problematic, because there are no experimental
data to define the correlation in that temperature range, even
if a high uncertainty is accepted. But an extrapolation by
means of the universal correlation would also be question-
able, since a high reliability of the universal functional for
the monatomics is limited to T*~ 1. The same is true for any
intermolecular potential model. such as the Lennard-Jones
model used by Younglove and Ely.* Thus, the uncertainty of
the values resulting from the individual zero-density correla-
tion of this paper could possibly increase up to *=20% or
more when approaching the triple-point temperature.

The initial density dependence of viscosity. which has
been included in this paper, represents an essential improve-
ment over that by Younglove and Ely.” In their correlation
B’;;( T*) has been set to zero for all reduced temperatures. as
is demonstrated in Fig. 4.

5.2. High-Density Region

The deviations of the primary experimental data by Star-
ling et al.®® from the present correlation along nine isotherms
between 298 and 411 K are illustrated in Fig. 8. Figure 9
shows the deviations of the primary experimental data by
Star]ings‘) along eight isotherms. which are relatively close to
the critical isotherm. The deviations of those experimental
data by Starling™ and by Starling er al..* which had to be
classified as secondary because of experimental problems
close to the critical point. are shown in Fig. 10. Some outli-
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FiG. 9. Deviations (A) of the primary viscosity data by Starling (1960) (Ref.
50} from the correlation. (O) 362.6 K, (0) 366.2 K, (A) 368.5 K, (V) 369.2
K, (¢) 3700 K, (@) 370.7 K. (A) 3715 K, (¥) 3737 K.
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ers from the paper by Starling et al.,"® which have positive
deviations of about 3%-5%, are included in this figure. Al-
most ail of the primary data of both papers agree with the
correlation within =2% in the complete density and tem-
perature ranges of the measurements. In the moderately
dense gas or vapor there is possibly a small systematic ten-
dency to larger positive deviations with increasing density,
as indicated by Fig. 8.

Figures 11 and 12 display the deviations of the primary
experimental viscosity data by Carmichael er al.® and by
Giddings et al. 2 both along four isotherms between 278 and
478 K and between 278 and 378 K, respectively. Practically
all these data are reproduced by the correlation within
+1.5% in the dense gas as well as in the liquid region.

The liquid region is well represented by the new correla-
tion. Figure 13 shows the deviations of the primary experi-

10 T -

4 6 8
p (mol LY
Fici. 10. Deviations (1) of the secondary viscosity data by Starling er il
(19391 (Ref. 48) and by Starling 11960 (Ref. S0 from the correlation.
Starfing er «l. (Ref. 481: (4 370 K. (Z) 378 K. (71 411 K: Starling (Ref.
500140 370.0 Ko A=1000 7.7 7o Derp -

Fic. 11. Deviations (A) of the primary viscosity data of Carmichael er al.
(1964) (Ref. 33) from the present correlation. (O) 278 K, () 311 K, (A)
378 K, (V) 478 K. A=100( 77cxp— Theor) Mexp -

mental viscosity data by Huang et al.> along six isotherms
between 173 and 273 K and that by Strumpf e al.>* at 311
K. The deviations from the correlation are within =1.5%.
The experimental data by Diller’ for the compressed and
saturated liquid are represented by the new correlation within
+2.5% in the whole temperature range between 90 and 300
K. As indicated in Fig. 14, the deviations increase from
+1.0% to *2.5% with increasing density or better with de-
creasing temperature of the isotherms.

The deviations of all these primary data sets from the new
correlation fall within the ascribed relative uncertainties
given in Table 2.

The performance of the representation has heen tested us-
ing the secondary experimental data of Table 2. The devia-
tions from the correlation of the data by Sage and Lacey,?®
by Smith and Brown,*’ by Bicher and Katz,*' and by Com-
ings et al® are illustrated in Fig. 15. Most of these data
agree with the correlation within *10% with the exception
of that by Sage and Lacey, which show a systematic trend at
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Fii. 12, Deviations (A) of the primary viscosity data of Giddings et al.
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moderate densities. Figure 16 shows the deviations from the
correlation of the data in the liquid region by van Wijk
et al.® by Gerf and Galkov,”’ by Galkov and Gerf,® by
Lipkin ef al.,*® by Swift et al..**® and by Babb and Scott.*®
The agreement with the correlation is again within * 10%
except for a systematic trend of the data by Swift er al% at
low tempcraturcs, onc outlicr by Swift et al.® in the ncigh-
borhood of the critical point, and two outliers by Gerf and
Galkov.”” Remarkably, the data by Babb and Scott® deviate
by less than 8% from the correlation, although they are out-
side the pressure range of the MBWR equation of state. As
indicated in Fig. 17, the data by Golubev and Petrov,*' Baron
et al.® and Nasarenko and Golubev®’ agree with the corre-
lation within 5% apart from some data by Golubev and
Petrov.”! Larger deviations of the data by Nasarenko and
Golubev® at higher densities are due to the fact that the
pressures of these experimental points exceed the pressure
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FiG. 15. Deviations (A) of secondary viscosity data from the present corre-
lation (Part I). (O) Sage and Lacey (1938) (Ref. 28), (<) Smith and Brown
(1943) (Ref. 60), (O) Bicher and Katz (1943) (Ref. 61), (A) Comings et al.
(1944) (Ref. 62). A=100( Nexp™ ”cor)/”::xp .

range of the MBWR equation of state. Because the differ-
ences are not dramatic, it should be possible to extrapolate
moderately beyond the range of validity of the equation of
state.

5.3. Comparison with the Younglove—-Ely
Representation

As remarked in the introduction, the most recent propane
viscosity correlation by Younglove and E]y4 was largely un-
documented with regard to the data base and the develop-
ment of the functional form. A comparison between the
Younglove—Ely representation and the present correlation is
shown along a number of selected isotherms in Fig. 18. The
isotherms have specifically been chosen to be representative
of the behavior in the vapor phase and at low densities, be-
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Fici. 16. Deviations (1) of secondary viscosity data from the present corre-
tation iPart 1 (2 van Wik er al. (1940) (Ref. 56). ( 4 Gert and Galkov
(19400 (Ref. 57). 1@) Galkov and Gerf 1941) (Ref. 38). (¥) Lipkin ez al.
(19421 (Ref. 391, (S1 Swift er af. (19591 (Ref. 64), (&) Swift er al. (1960)
(Ref. 63). (M) Babb and Scott 1196.1) (Ref. 664 A = 1000 7oxp = 7ear)/ Zexp -
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cause the inclusion of a new source of low-density data'’ and
of a new way of predicting data in the vapor phase in the
present work may have a significant effect. Surprisingly, the
deviations between the two correlations are within = 2.5% at
zero density in the temperature range from 100 to 200 K, as
illustrated by different open symbols. This agreement is ac-
cidental, since neither correlation is based on any experimen-
tal data in this thermodynamic range. In fact, the uncertainty
of an extrapolation to low temperatures corresponds to
+20%, as already discussed in Sec. 5.1. Systematic devia-
tions between the two correlations are obvious in the vapor
phase. Thus, the viscosity at 300 K is overestimated by up to
5% using the Younglove—Ely representation. The reason is
that Younglove and Ely did not take into account the initial
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FIG. 19. Deviations (A) of the viscosity data of Diller (1982) (Ref. 5) from
the Younglove-Ely correlation (Ref. 4). (O) 90 K, ({J) 95 K, (A) 100 K.
(V) IO K, (©) 140 K. A= 100( 7pier— vEcor Miter -

density dependence of viscosity. Therefore, we think that in
the vapor phase the present representation is an improvement
over the previous one.

In the supercritical region and in the liquid phase, both
correlations seem to have been based on nearly the same sets
of experimental data. Remarkably, the deviations show a
systematic trend for each isotherm with increasing density
leading to an underestimation of about 5% for the highest
density by the use of the Younglove-Ely correlation, for
which no uncertainty bounds were reported. For the lowest
isotherm of 100 K the deviations reach up to 15%, but at the
highest densities there are no experimental data on which the
correlations could be based. The differences between both
correlations are caused by the choice of functional forms for
the high-density region. Their suitability for the representa-
tion of the viscosity at high densities could be tested by a
comparison with the experimental values by Diller,’ the only
data close to this region. Deviations between the
Younglove-Ely correlation and the data by Diller are dis-
played for the five lowest isotherms in Fig. 19. They reveal
that the Youngiove—Ely correlation underestimates the vis-
cosity systematically with decreasing temperature and in-
creasing density. Therefore, we conclude that the new repre-
sentation is also better in the high-density region.

6. Tabulations and the Overall
Representation

Tabulations of the viscosity and density of propane are
given in Tables 4 and 5 over the entire range of the correla-
tion including the saturation line. The tabulations have been
generated directly from the representative equations (3)—(7),
(9). {110, (16}, (22). and (23) including the coefficients of
Table 3 as tunctions of pressure and temperature using the
MBWR equation of state.” The tables provide useful refer-
ence values as well as assistance in the validation of com-
puter codes. '
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TABLE 4. Viscosity and density of propane

Temperature 90 K 100 K 110K
Pressure Density Viscosity Density Viscosity Density Viscosity
(MPa) (mol L1 (uPas) (mol L") (uPas) (mol LY (uPas)
0.01 16.52 7388.0 16.29 3783.0 16.06 2266.0
0.05 16.52 7392.0 16.29 3785.0 16.06 2267.0
0.10 16.52 7397.0 16.29 3787.0 16.06 2269.0
0.15 16.52 7401.0 16.29 3789.0 16.06 2270.0
0.20 16.52 7406.0 16.29 3791.0 16.06 2271.0
0.25 16.52 7410.0 16.29 3793.0 16.06 22720
0.30 16.52 7415.0 16.29 3795.0 16.06 2273.0
0.35 16.52 7419.0 16.29 3797.0 16.06 2274.0
0.40 16.52 7424.0 16.29 3799.0 16.06 2276.0
0.50 16.52 7433.0 16.29 3803.0 16.06 2278.0
0.60 16.52 7442.0 16.29 3808.0 16.06 2280.0
0.80 16.53 7460.0 16.29 3816.0 16.07 2285.0
1.00 16.53 7478.0 16.30 3824.0 16.07 2290.0
1.50 16.53 7524.0 16.30 3845.0 16.07 2301.0
2.00 16.53 7570.0 16.30 3867.0 16.08 2313.0
2.50 16.54 7616.0 16.31 3888.0 16.08 23250
3.00 16.54 7663.0 16.31 3909.0 16.08 2337.0
3.50 16.54 7709.0 16.31 3931.0 16.09 2348.0
4.00 16.55 7756.0 16.32 3952.0 16.09 2360.0
5.00 16.56 7851.0 16.33 3995.0 16.10 2384.0
6.00 16.56 7947.0 16.33 4039.0 16.11 2409.0
8.00 16.58 8143.0 16.35 4128.0 16.13 2457.0
10.00 16.59 8342.0 16.36 4218.0 16.14 2507.0
15.00 16.62 8862.0 16.40 4450.0 16.18 2634.0
20.00 16.66 9411.0 16.44 4692.0 16.22 2766.0
25.00 16.69 9993.0 16.47 4945.0 16.26 2903.0
30.00 16.72 10610.0 16.51 5208.0 16.30 3044.0
35.00 16.76 11260.0 16.54 5483.0 16.33 3190.0
40.00 16.79 11950.0 16.58 5769.0 16.37 33420
50.00 R e 16.64 6379.0 16.44 3660.0
60.00 e R 16.71 7040.0 16.51 4000.0
80.00 e B 16.83 8535.0 . 16.64 4749.0
100.00 e s 16.94 10300.0 16.75 5599.0
Temperature 120 K 130 K 140 K
Pressure Density Viscosity Density Viscosity Density Viscosity
(MPa) (mol L™") (uPas) (mol L™1) (uPas) {mol L") (uPa s)
0.01 15.83 1510.0 15.60 1087.0 15.37 827.5
0.08 15.83 1511.0 15.60 1087.0 15.37 827.8
0.10 15.83 1512.0 15.60 1088.0 15.38 828.2
0.15 15.83 1512.0 15.60 1088.0 15.38 828.5
0.20 15.83 1513.0 15.60 1089.0 15.38 828.9
0.25 15.83 1514.0 15.61 108%9.0 15.38 829.2
0.30 15.83 1515.0 15.61 1090.0 15.38 829.6
0.35 15.83 1515.0 15.61 1090.0 15.38 830.0
040 15.83 1516.0 15.61 1091.0 15.38 830.3
0.50 15.84 1517.0 15.61 1092.0 15.38 331.0
0.60 15.84 1519.0 15.61 1093.0 15.38 831.8
0.80 15.84 1522.0 15.61 1095.0 15.38 833.2
1.00 15.84 1525.0 15.61 1097.0 15.39 834.7
1.50 15.84 1532.0 15.62 1102.0 15.39 838.3
2.00 15.85 1539.0 15.62 1107.0 15.40 841.9
2.50 15.85 1547.0 15.63 1112.0 15.40 845.5
3.00 15.86 15540 15.63 1117.0 1541 849.2
3.50 15.86 1562.0 15.64 1122.0 15.41 8529
400 15.87 1569.0 15.64 1127.0 15.42 856.5
5.00 15.88 1584.0 15.65 1137.0 15.43 863.9
6.00 15.89 1599.0 15.66 1147.0 15.44 871.3
8.00 15.90 1630.0 15.68 1168.0 15.46 886.3
10.00 15.92 1660.0 15.70 [189.0 15.48 901.4
15.00 15.96 1739.0 15.75 1242.0 15.53 939.8
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TABLE 4. Viscosity and density of propane—Continued

Temperature 120 K 130K 140 K
Pressure Density - Viscosity Density Viscos{ity' Density Viscosity
(MPa) (mol L) (uPas) (mol L7h) (uPas) (mol L") (uPas)
20.00 16.01 1821.0 15.79 1297.0 15.58 979.3
25.00 16.05 1905.0 15.84 1353.0 15.63 10200
30.00 16.09 1991.0 15.88 1411.0 15.67 1061.0
35.00 16.13 2080.0 15.92 1471.0 15.72 1104.0
40.00 16.17 2172.0 15.96 1532.0 15.76 1147.0
50.00 16.24 2364.0 16.04 1659.0 15.85 1238.0
60.00 16.31 2567.0 16.12 1792.0 15.93 1332.0
80.00 16.45 3008.0 16.26 2080.0 16.08 1534.0
100.00 16.57 3498.0 16.40 2396.0 16.22 1753.0
Temperature 150 K 160 K 170 K
Pressure Density Viscosity Density Viscosity Density Viscosity
(MPa) (mol L™h (uPas) (mol L71) (uPa's) (mol L™h (uPas)
0.01 15.14 656.9 14.91 537.7 14.68 450.3
0.05 15.15 657.1 14.91 537.9 14.68 450.5
0.10 15.15 657.4 14.91 538.1 14.68 450.7
0.15 15.15 657.6 14.92 5383 14.68 450.9
0.20 15.15 657.9 14.92 538.5 14.68 4510
0.25 15.15 658.2 14.92 538.8 14.68 451.2
0.30 - 15.15 658.5 14.92 539.0 14.68 451.4
0.35 - 15.15 658.7 14.92 539.2 14.69 451.6
0.40 15.15 659.0 14.92 539.4 14.69 451.8
0.50 15.15 659.6 14.92 539.9 14.69 452.1
0.60 15.15 660.1 14.92 540.3 14.69 452.5
0.80 15.15 661.2 1492 541.2 14.69 453.2
1.00 15.16 662.3 14.93 542.1 14.69 454.0
1.50 15.16 665.1 14.93 544.3 14.70 455.8
2.00 15.17 667.9 14.94 546.5 1471 4571
2.50 15.17 670.7 14.95 548.8 14.72 459.5
3.00 15.18 673.5 14.95 551.0 14.72 461.4
3.50 15.19 676.3 14.96 553.2 14.73 463.3
4.00 15.19 679.1 14.96 555.5 14.74 465.1
5.00 15.20 684.7 14.98 560.0 14.75 468.9
6.00 15.21 690.4 14.99 564.5 14.76 472.6
8.00 15.24 701.8 15.01 573.6 14.79 480.2
10.00 15.26 7133 15.04 582.8 14.82 487.7
15.00 15.31 742.6 15.10 606.1 14.88 507.0
20.00 15.37 772.6 15.16 629.9 14.94 526.5
25.00 15.42 803.2 15.21 654.1 15.00 546.4
30.00 15.47 834.6 15.26 678.9 15.06 566.6
35.00 15.52 866.6 15.32 704.1 15.12 587.2
40.00 15.56 899.4 15.37 729.8 15.17 608.1
50.00 15.66 967.0 15.46 782.8 15.27 651.1
60.00 15.74 1037.0 15.56 837.7 15.37 695.5
80.00 15.90 1187.0 15.73 953.9 15.55 788.9
100.00 16.05 1349.0 15.88 1079.0 15.71 888.6
Temperature 180 K 190 K 200 K
Pressure Density Viscosity Density Viscosity Density Viscosity
(MPu) (mol L™ (uPas) (mol L.™") (uPa's) (molL™h {(uPus)
0.01 1444 383.7 0.006 377 5.258 0.006 051 5.526
0.03 14.45 383.8 14.21 3314 13.96 289.1
0.10 1445 840 14.21 331.5 13.97 2890.2
0.15 14,45 3842 14.2] 3317 13.97 289.3
0.20 1445 3843 14.21 3318 13.97 289.4
0.28 1445 3845 14.2] 3320 13.97 289.6
0.20 {145 ©oag16 1127 2221 13.97 289.7
035 1445 4R 14.21 3322 13.97 2898
0.40 14,45 3850 14.21 ©o324 13.97 289.9
0.30 1443 3833 1421 3327 13.97 290.2
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TABLE 4. Viscosity and density of propane—Continued

Temperature 180 K 190 K 200 K
Pressure Density . Viscosity Density Viscosity Density Viscosity
(MPa) (mol L™ (1Pas) (mol L™ (uPas) (mol L™") (uPas)
0.60 14.45 385.6 14.22 3329 13.97 290.4
0.80 14.46 386.2 14.22 3335 13.98 290.9
1.00 14.46 386.9 14.22 334.0 13.98 2914
1.50 14.47 388.4 14.23 3354 13.99 292.7
2.00 14.48 390.0 14.24 336.8 14.00 294.0
2.50 14.48 391.6 14.25 338.2 14.01 2952
3.00 14.49 393.2 14.26 339.6 14.02 296.5
3.50 14.50 394.8 14.26 341.0 14.03 297.7
4.00 14.51 396.4 14.27 3424 14.04 299.0
5.00 14.52 399.6 14.29 3452 14.06 301.5
6.00 14.54 402.8 14.31 348.1 14.07 304.0
8.00 14.56 409.2 14.34 353.7 14.11 309.1
10.00 14.59 415.7 14.37 359.3 14:14 314.1
15.00 14.66 432.0 14.44 373.6 14.22 326.8
20.00 14.73 448.6 14.52 388.0 14.30 339.6
25.00 14.19 465.4 14.58 402.5 14.38 352.4
30.00 14.86 482.4 14.65 4173 14.45 365.4
35.00 1491 499.7 14.71 432.2 14.51 378.5
40.00 14.97 5173 14.78 447.2 14.58 391.7
50.00 15.08 553.2 14.839 478.0 14.70 418.6
60.00 15.19 590.2 15.00 509.6 14.82 446.1
80.00 15.38 667.6 15.20 575.2 15.03 503.0
100.00 15.55 749.6 15.39 644.4 15.22 562.6
Temperature 220K 240 K 260 K
Pressure Density Viscosity Density Viscosity Density Viscosity
(MPa) (mol L™ (uPas) (molL™hH (pPas) (mol L™Y) (uPa s)
0.01 0.005 491 6.062 0.005 028 6.599 0.004 637 7.135
0.05 0.027 95 6.033 0.025 47 6.580 0.023 42 7.123
0.10 13.47 225.1 0.051 84 6.558 0.047 45 7.110
0.15 13.47 225.2 12.94 179.0 0.072 15 7.098
0.20 13.47 2253 12.95 179.1 0.097 57 7.088
0.25 13.47 2254 12.95 179.2 0.1238 7.080
0.30 13.47 2255 12.95 179.3 0.1508 7.074
0.35 13.47 2256 12.95 179.4 12.39 144.5
0.40 13.47 2257 12.95 179.5 12.39 144.6
0.50 13.48 225.9 12.95 179.7 12.39 144.7
0.60 13.48 226.2 12.96 179.9 12.40 144.9
0.80 13.48 226.6 12.96 ) 180.3 12.41 145.3
1.00 13.49 227.0 12.97 180.7 12.41 145.7
1.50 13.50 228.1 12.98 181.6 12.43 146.6
2.00 1351 2292 13.00 182.6 12.45 147.5
2.50 13.52 2302 13.01 183.6 12.47 148.5
3.00 13.53 2313 13.02 184.5 12.49 149.4
3.50 13.54 2324 13.04 185.5 12.50 150.3
1.00 13.55 2334 13.05 1R6 5 12.52 151.2
5.00 13.58 235.6 13.08 188.4 12.55 153.0
6.00 13.60 237.7 13.10 190.3 12.59 154.8
8.00 13.64 242.0 13.16 194.1 12.65 158.3
10.00 13.68 246.2 13.20 197.8 12.71 161.8
15.00 13.78 256.8 13.32 207.¢ 12.85 170.4
20.00 13.87 267.3 13.43 216.3 12.98 178.7
25.00 13.95 2779 13.53 2254 13.10 186.8
30.00 14.04 288.5 13.62 2345 13.21 194.9
35.00 1411 299.1 13.71 2436 13.31 2029
40.00 14.19 309.8 13.80 252.6 13.41 210.8
50.00 14.33 3313 13.96 270.7 . 1359 226.6
60.00 1446 3832 14.10 288.9 13.75 2423
80.00 14.70 397.9 14.36 3258 14.04 273.8

100.00 1491 4443 14.59 363.7 14.29 305.9
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TABLE 4. Viscosity and density of propane—Continued

Temperature 280 K 300 K 320K
Pressure Density Viscosity Density Viscosity Density Viscosity
(MPa) (mol L™ (uPass) (mot L™" (uPas) (mol L™ (uPas)
0.01 0.004 304 7.670 0.004 015 8.203 0.003 763 8.732
0.05 0.021 69 7.663 0.02020 8.199 0.01891 8.731
0.10 0.043 81 7.655 0.040 73 8.196 0.038 07 R.731
0.15 0.066 41 7.649 0.061 59 8.193 0.057 48 8.732
0.20 0.089 50 7.644 0.082 81 8.192 0.077 15 8.733
0.25 0.313 1 7.640 0.104 4 8.191 0.097 10 8.735
0.30 0.1373 7.638 0.1264 8.192 0.1173 8.738
0.35 L1621 7.637 0.148 8 8.194 0.1379 8741
0.40 0.187 5 7.637 0.1716 8.196 0.1587 8.746
0.50 0.2406 7.644 02187 8.205 0.201 4 8.757
0.60 1178 1174 0.2679 8.219 0.245 4 8772
0.80 1179 178 0.3738 8.265 0.3384 83815
1.00 11.80 118.1 1110 95.33 0.4390 8.877
1.50 11.83 119.1 1114 96.37 0.7400 9.148
2.00 11.85 120.0 11.17 97.39 10.36 71.59
2.50 11.88 121.0 1121 98.39 10.41 78.79
3.00 11.90 1219 11.24 99.37 10.46 79.95
350 11.92 1228 11.27 100.3 10.51 81.07
4.00 11.94 123.7 1131 101.3 10.56 82.16
5.00 11.99 1255 11.37 103.2 10.65 84.26
6.00 12.03 127.2 1142 105.0 10.74 86.26
8.00 1211 130.7 11.53 1085 10.89 90.04
10.00 12,19 1340 11.63 138 11.02 93.58
15.00 12.36 142.1 11.85 119.8 11.3) 101.7
20.00 12.52 149.9 12.04 127.3 11.54 109.1
25.00 12.66 157.5 12.21 1345 11.74 116.0
30.00 1279 - 1648 12.36 1414 11.92 122.6
35.00 12.91 172.1 12.50 148.1 12.08 129.0
40.00 13.02 179.2 12.62 1547 12.23 135.1
50.00 13.22 1933 12.85 167.5 12.49 147.1
60.00 13.40 207.2 13.05 180.1 12.71 158.6
80.00 13.72 2349 13.40 204.9 13.09 1811
100.00 13.99 262.7 13.70 2295 13.41 203.3
Temperature 340K 360 K 370K
Pressure Density Viscosity Density Viscosity Density Viscosity
{MPa) {mol L") {pPas) {mol L™ {uPas) (mol LY {uPas)
0.01 0.003 541 9.258 0.003 344 8.779 0.003 253 10.04
0.05 0.017 78 9.259 0.016 78 9.782 0.01632 10.04
0.10 0.03575 9.261 0.03370 9.786 0.03277 10.05
0.15 0.05391 9.264 0.050 78 9.791 0.049 35 10.05
0.20 0.07227 9.268 0.068 01 9.796 0.066 07 10.06
0.25 0.090 84 9.271 0.085 40 9.801 0.08293 10.06
0.30 0.109 6 9.276 0.1030 9.807 0.099 94 10.07
0.35 0.1286 9.281 0.1207 9.813 0.147 ¢ 10.08
0.40 0.1479 9.287 0.1386 9.820 0.134 4 10.08
0.50 0.1870 9.301 0.1749 9.836 0.169 5 10.10
0.60 0.2272 9.317 02120 9.853 0.2052 10.12
0.80 0.3109 9.359 0.288 5 9.896 0.278 7 10.16
1.00 0.3996 9414 0.3685 9.948 0.3552 10.21
1.50 0.649 & 9.627 0.587 2 10.13 0.5619 10.39
200 09636 9.99% 08414 1041 0.796 6 10.64
250 9.338 59.93 LISt 10.85 1.071 IR
3.00 9445 6163 1561 1155 1.408 11.56
350 9.542 63.19 2257 13.06 1.859 1244
4.00 9.631 b6+ 8156 45.55 2.629 14.29
500 49.787 67.31 8.586 5047 7.601 40.34
6.00 9.923 69.74 8.872 54.09 8158 4591
8.00 10.15 7400 9276 59.75 873§ 52,90

10.60 10.34 78.02 9.571 64.34 9.136 58.04
15.00 10.72 §6.56 10,34 73.66 9.763 67.88
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TABLE 4. Viscosity and density of propane—Continued

Temperature 340 K 360 K 370 K
Pressure Density Viscosity Density Viscosity Density Viscosity
(MPa) (mol L™ (pPass) {mol L™ (Pas) (mol L™ (pPas)
20.00 11.02 94.05 10.47 81.38 10.19 75.77
25.00 11.27 100.9 10.77 88.24 10.52 82.67
30.00 11.48 107.3 11.02 94.56 10.79 88.95
35.00 11.66 1134 11.24 100.5 11.02 94.81
40.00 11.83 1193 11.43 106.1 11.23 100.4
50.00 12.12 130.5 1175 116.8 11.57 110.8
60.00 12.37 141.3 12.03 127.0 11.86 120.7
80.00 12.79 162.0 12.49 146.3 12.34 139.5
100.00 13.13 182.3 12.86 165.0 12.72 157.5
380 K 400 K 420 K
Temperature
Pressure Density Viscosity Density Viscosity Density Viscosity
(MPa) (mol L™" (uPa s) (mul L7 (uPa's) (mol L™ (uPas)
0.01 0.003 167 10.30 0.003 008 10.81 0.002 865 1131
0.05 0.015 88 10.30 0.015 08 10.81 0.014 36 11.32
0.10 0.03188 10.30 0.030 25 10.82 0.028 79 11.33
0.15 0.048 00 10.31 0.045 53 10.82 0.043 30 11.33
0.20 0.064 25 10.32 0.060 89 10.83 0.057 89 11.34
0.25 0.080 61 10.32 0.076 36 10.84 0.072 55 11.35
0.30 0.097 11 10.33 0.001 93 10.85 0.087 30 11.36
0.35 0.1137 10.34 0.107 6 10.86 0.102 1 11.37
0.40 0.1305 10.35 0.123 4 10.86 0.1170 11.38
0.50 0.164 4 10.36 0.1552 10.88 0.147 1 11.39
0.60 0.198 9 10.38 0.1876 10.90 0.1776 11.41
0.80 0.269 7 10.42 0.2535 10.94 0.2395 11.46
1.00 0.3430 10.48 0.3215 11.00 0.3029 11.51
1.50 0.5393 10.64 0.500 8 11.15 04686 11.66
2.00 0.758 4 10.88 0.695 8 11.36 0.6457 11.85
2.50 1.008 11.21 09101 11.63 0.836 1 12.09
3.00 1.300 11.66 1.149 11.99 1.042 12.38
3.50 1.658 12.32 1.418 12.44 1.266 12.75
4.00 2.131 13.34 1.728 13.04 1.511 13.19
5.00 4.768 22.12 2.549 14.96 2.085 14.40
6.00 7.123 36.52 3.902 19.19 2.813 16.27
8.00 8.149 46.12 6.554 32.80 4.772 23.30
10.00 8.660 52.02 7.559 40.84 6.282 31.49
15.00 9.416 62.50 8.683 52.84 7.905 44.62
20.00 9.900 70.57 9.303 61.30 8.690 53.39
25.00 10.26 77.52 9.744 68.34 9.218 60.48
30.00 10.56 83.78 10.09 74.58 9.620 66.68
35.00 10.81 89.59 10.38 80.30 9.946 72.31
40.00 11.02 95.07 10.62 85.65 10.22 77.53
30.00 11.39 105.3 11.03 95.58 10.67 87.17
60.00 11.70 115.0 11.37 104.8 11.04 96.06
80.00 12.19 133.2 11.90 122.1 11.62 112.5
100.00 12.59 150.6 12.32 138.5 12.07 128.0
Temperature +HO K 460 K 480 K
Pressure Density Viscosity Density Viscosity Density Viscosity
(MPa) (molL 7 (uPas) (mol L") (uPas) (molL™h (uPa's)
0.01 0.002 735 11.81 0.002 615 12.31 0.002 506 12.79
0.03 0.01370 11.82 0.01310 12.31 0.01255 12.80
0.10 0.027 46 11.83 0.026 25 12.32 0.025 14 12.81
0.15 G.041 28 11.84 0.039 45 12.33 0.037 77 12.82
0.20 0.055 17 11.84 0.05270 12.34 0.050 45 12.83
(.23 0.069 12 11.85 0.066 01 12.35 0.063 17 12.84
0.20 0.083 14 11.86 0.079 37 12.36 0.075 94 © 1284
0.33 0.097 22 11.87 0.092 78 12.36 0.088 75 12.85
0.40 01114 11.88 0.106 3 12.37 0.1016 12.86

0.50 0.1399 11.90 0.133 4 12.39 0.127 4 12.88
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TABLE 4. Viscosity and density of propane—Continued

Temperature 440 K 460 K 480 K
Pressure Density Viscosity Density Viscosity Density Viscosity
(MPa) (molL™H (uPas) (mol L") (uPas) (mol L™ (uPas)
0.60 0.1687 11.92 0.1607 12.42 0.1535 12.90
0.80 0.227 1 11.96 0.2160 12.46 0.206 1 12.95
1.00 0.286 7 12.01 02723 12.51 0.2594 13.00
1.50 04411 12.16 04173 12.65 0.396 2 13.13
2.00 0.604 2 12.34 0.568 8 12.82 0.538 2 13.30
2.50 0.776 8 12.55 0.727 5 13.02 0.6856 13.48
3.00 0.960 0 12.81 0.8939 13.25 0.8388 13.70
3.50 1.155 13.12 1.069 13.53 0.9979 13.95
4.00 1.363 13.48 1.252 13.84 1.163 14.22
5.00 1.826 14.40 1.648 14.59 1.514 14.88
6.00 2.361 15.65 2.086 15.56 1.892 15.68
8.00 3.683 19.58 3.096 18.26 2.727 17.76
10.00 5.090 25.31 4221 22.09 3.642 20.55
15.00 7.110 37.92 0.346 32.80 5.660 29.14
20.00 8.073 46.73 7.467 41.27 6.889 36.91
25.00 8.693 5378 8.177 43.14 7.678 43 44
30.00 9.153 59.90 8.694 54.09 8.249 49.16
35.00 9.520 65.41 9.102 59.45 8.696 54.32
40.00 9.827 70.50 9.440 64.40 9.063 59.10
50.00 10.32 79.85 9.981 73.45 9.646 67.84
60.00 10.72 88.44 10.41 81.74 10.10 75.83
80.00 i1.34 104.2 11.07/ 90.92 10.8U 90.44
100.00 11.81 119.0 11.57 111.0 11.33 103.9
Temperature 500 K 520 K 540 K
Pressure Density Viscosity Density Viscosity Density Viscosity
(MPa) (mol L™") (uPas) (mol L") (4Pas) (mol L™ (uPas)
0.01 0.002 406 13.27 0.002 313 13.75 0.002 228 14.21
0.05 0.01204 13.28 0.011 58 13.75 0.01115 14.22
0.10 0.024 12 13.29 0.023 19 13.76 0.022 32 14.23
0.15 0.036 24 13.30 0.034 82 13.77 0.033 52 14.24
0.20 0.048 39 13.31 0.046 49 13.78 0.044 74 14.25
0.25 0.060 58 13.32 0.058 19 13.79 0.05599 14.26
0.30 0.072 80 13.32 0.069 92 13.80 0.067 26 14.26
0.35 0.085 06 13.34 0.081 67 13.81 0.078 55 14.28
0.40 0.097 35 13.34 0.093 46 13.82 0.089 88 14.28
0.50 0.122 1 13.36 01171 13.84 0.1126 14.30
0.60 0.1469 13.38 0.1409 13.86 0.1354 14.32
0.80 0.197 1 13.43 0.1889 13.90 0.1814 14.37
1.00 0.2478 13.48 0.2373 13.95 02277 14.41
1.50 0.3775 13.61 0.360 7 14.08 0.345 4 14.54
2.00 0.5112 13.77 0.487 3 14.23 0.4657 14.69
2.50 0.649 2 13.94 0.6172 14.40 0.588 7 14.85
3.00 0.791 6 14.15 0.750 6 14.59 0.714 4 15.03
3350 0.938 5 14.37 0.887 4 14.80 0.8428 15.23
4.00 1.090 14.63 1.028 15.04 09738 15.45
5.00 1.407 15.21 1.319 15.56 1.244 15.94
6.00 1.743 15.90 1.623 16.18 1.523 16.49
8.00 2.466 17.62 2.267 17.66 2.107 17.80
10.00 324 19.80 2.945 19.47 2715 19.36
15.00 5.078 26.67 +.600 25.06 4212 24.03
20.00 6.354 3355 5.872 31.02 5.445 29.16
25.00 7.205 39.61 6.763 36.53 6.355 34.10
20.00 7.823 45.01 7418 41.55 7.038 38.71
35.00 8.305 49.93 7.920 46.19 7.576 43.03
10.00 8.609 31.50 8.219 50.53 8.015 A7.11
50.00 9.322 62.89 | 9.009 58.55 8.708 54.72
60.00 9.807 70.59 9.320 65.93 9.244 61.78
%0.00 10.54 84.65 10.29 79.46 10.05 74.78

100.00 11.10 97.61 10.87 91.93 10.65 86.78
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TABLE 4. Viscosity and density of propane—Continued

Temperature 560 K 580 K 600 K
Pressure Density Viscosity Density Viscosity Density Viscosity
(MPa) (molL™))  (uPas) (mol L™") (#Pas) < (molL™" (uPa's)
0.01 0.002 148 14.67 0.002 074 15.13 0.002 005 15.57
0.05 0.01075 14.68 0.010 38 15.13 0.010 03 15.58
0.10 0.021 52 14.69 0.020 77 15.14 0.020 07 15.58
0.15 0.032 31 14.70 0.031 18 15.15 0.030 13 15.59
0.20 0.043 12 14.71 0.041 61 15.16 0.040 20 15.60
0.25 0.053 95 14.72 0.052 05 15.17 0.050 29 15.61
0.30 0.064 80 14.72 0.062 52 15.18 0.060 39 15.62
0.35 0.075 67 14.73 0.072 99 15.19 0.070 51 15.63
0.40 0.086 56 14.74 0.083 49 15.20 0.080 64 15.64
0.50 0.108 4 14.76 0.104 5 15.21 0.1009 15.66
0.60 0.1303 14.78 0.1257 15.23 0.1213 15.68
0.80 ~0.1745 14.83 0.168 1 15.28 0.1622 15.72
1.00 0.2189 14.87 0.2108 15.32 0.2033 15.76
1.50 0.3315 15.00 0.318 8 15.44 0.307 1 15.88
2.00 0.446 3 15.14 0.428 5 15.58 04123 16.01
2.50 0.563 2 15.29 0.5400 15.73 05189 16.16
3.00 0.682 2 15.47 0.653 2 15.90 0.626 9 16.32
3.50 0.8033 15.66 0.768 0 16.08 0.736 1 16.49
4.00 0.926 5 15.86 0.884 4 16.27 0.846 7 16.68
5.00 1.179 16.32 1.122 16.70 1.071 17.08
6.00 1.438 16.83 1.365 17.17 1.300 17.53
8.00 1.975 18.01 1.864 18.26 1.767 18.53
10.00 2.528 19.38 2.373 19.49 2.242 19.66
15.00 3.895 23.40 3.632 23.01 3411 22.80
20.00 5.073 27.81 4.749 26.85 4.467 26.18
25.00 5.984 32.20 5.648 30.73 5.346 29.62
30.00 6.685 36.39 6.358 34.52 6.056 33.02
35.00 7.241 40.38 6.928 38.17 6.635 36.35
40.00 7.699 44.19 7.399 41.71 7.117 39.60
50.00 8.420 51.37 8.145 48.44 7.883 45.88
60.00 8.978 58.09 8.723 54.81 8.478 51.89
80.00 9.816 70.55 9.589 66.72 9.371 63.25
100.00 10.44 82.10 10.23 77.83 10.03 73.92

Figure 20 indicates the range of applicability of the
present representation as well as the uncertainty in various
thermodynamic regions derived from a comparison with the
critically assessed experimental data. In the temperature
range 293-600 K and for densities below 0.05 mol L™" the
uncertainty i1s +0.4%; in the temperature range 278-600 K
and for densities up to 0.1 mol L™ the uncertainty is = 1%.
In all other temperature and pressure ranges, in which the
correlation is based on primary experimental data. its uncer-
tainty is estimated to be *2.5% corresponding to three stan-
dard deviations. The uncertainty increases up to =4 %, when
extrapolations are performed in most of the other tempera-
ture and pressure ranges of the MBWR equation of state.
Finally, the uncertainty increases further at the lowest tem-
peratures and highest densities as well as in the zero-density
limit and in the vapor phase below 230 K.

The viscosity surface of propane is shown in Fig. 21. The
saturation boundary indicates that an essential part of the
surface represents metastable and unstable states. which are
experimentally not accessible or only partly accessible.

Computations in the two-phase region may be necessary. if

propane is used as reference fluid in corresponding states

calculations for other fluids or fluid mixtures. Figure 21 also
includes the upper pressure limit of the equation of state
used. A fair extrapolation beyond the applicability range of
the equation of state can be expected due to the smoothness
of the viscosity surface. Such findings have already been
discussed for the experimental results by Babb and Scott®®
and by Nasarenko and Golubev.®’

7. Conclusion

A critical assessment was made of the available experi-
mental data for the dynamic viscosity of propane. The rep-
resentation of the viscosity surface of propane was devel-
oped, guided by theoretical considerations for the zero-
density limit and the initial density dependence and to a
certain degree for the high-density terms. The correlation
represents the experimental data within their ascribed uncer-
tainties as well as the phenomenological behavior of the vis-
cosity over a wide range of temperatures and pressures. The
uncertainty ascribed to the viscosity surface is within
+2.5%. when based on experimental viscosity data, or
within 4% in the remaining thermodynamic ranges of the
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TABLE 5. Viscosity and density of propane along the saturation line

Saturated liguid

Saturated vapor

Temperature  Pressure Density  Viscosity Density  Viscosity
(K) (MPa)  (molL™!) (uPas) (molL™!) (uPas)
85.48° 1.691x 10717 16.64 110200 2.381x1071° 2639
90.0 9,666 1071° 16.53 75290  1.291x 1077 2.744
95.0 5.400X107° 16.41 5250.0  6.830%107° 2.861
100.0 2.507x 1078 16.30 38410  3.014x107% 2979
105.0 9.937x107% 16.18 29200  1.139x1077 3.099
110.0 3.439x1077 16.07 22910  3.762x10°7 3.220
115.0 1.058% 107¢ 15.95 1846.0  1.108X107% 3.343
1200 2.940X107° 15.84 1521.0  2.948x107° 3.467
125.0 7.463x107° 15.72 12780 7.183X107% 3.59(
130.0 1.750X 1075 15.61 10920  1.619x107% 3.717
1350 3.825X107° 1549 946.1 3.408X 107> 3.843
140.0 7.856x107° 15.38 8299 6.749x 1077 3.970
145.0 1.526X107% 15.26 735.7 1.266X 107 4.097
150.0 2.821X107¢ 15.15 658.2 2.262X 1077 4.226
155.0 4985% 107 15.03 593.3 3.869X 107 4.354
160.0 8.461X107% 14.92 538.5 6.365x107% 4.483
165.0 1.385X 107 14.80 491.5 LO1IX 1077 4612
170.0 2.193x 1077 14.68 450.9 1.555% 1077 4.741
175.0 3.372x107% 14.56 4154 2.324X107% 4871
180.0 5.043x 1077 14.45 384.2 3.385x 107° 5.000
185.0 7.360X 10 7 14,53 356.4 4812X10 7 3.429
190.0 0.010 50 14.21 3316 6.696x 1073 5.258
195.0 0.014 67 14.09 309.4 9.135x 107 5.386
200.0 0.020 §1 13.97 289.3 0.01224 5515
205.0 Q.027 09 13.834 271.0 0.016 13 5.643
210.0 0.03591 13.72 254.3 0.020 94 5771
215.0 0.046 89 13.59 239.1 0.026 82 5.898
220.0 0.060 41 1347 225.1 0.033 91 6.026
225.0 0.076 83 13.34 2122 0.042 38 6.154
230.0 0.096 59 13.21 200.2 0.052 40 6.282
2350 0.120 1 13.08 189.2 0.064 17 6.411
240.0 0.1478 12.94 1789 0.077 87 6.540
245.0 0.180 2 12.81 169.3 0.003 73 6.670
250.0 02178 12,67 160.4 0.1120 6.802
255.0 ©.261 1 1253 152.0 0.1328 6.936
260.0 0.3107 12.38 144.2 0.156 6 7.073
265.0 0.366 0 12.24 136.8 0.1835 7212
270.0 0.4305 12.09 129.8 0.2139 7.355
275.0 0.5020 11.93 123.3 0.248 1 7.502
280.0 0.5819 177 117. 0.286 6 7.655
DRSOy NAIMNY 1 A1 N 013797 TR14
290.0 0.769 5 11.45 105.6 03780 7.980
2950 0.8783 11.27 100.2 04319 8.155
300.0 0.998 ¢ 11.09 95.14 04922 8.341
305.0 1.129 10.91 90.24 05596 8539
310.0 1.273 10.72 85.53 0.6350 8.752
315.0 1.429 10.52 80.98 0.719 4 3.982
320.0 1.599 10.31 76.58 08141 9.234
3250 1.783 10.09 7228 0.9209 9.512
3300 1.983 9.850 68.08 1.042 9,822
335.0 2.198 9.599 63.93 1.180 10.17
3400 2432 9.327 59.81 1.339 10.58
3450 2683 9.028 55.67 1325 11.06
350.0 1953 8.694 S144 1.747 11.63
355.0 3248 8.207 47.03 2022 12.36
360.0 3.366 7.833 1224 2.384 13.37
363.0 3912 7.182 16.52 2,929 14.98
369.825" 4236 3,000 2289 1.835 RER R}
“Triple point.
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FIG. 20. The extent of the viscosity representation and its estimated uncer-
tainty.

MBWR equation of state apart from the lowest temperatures.
This uncertainty should be adequate for many engineering
purposes. Nevertheless, it would be desirable to have more
measurements in the vapar phase, particularly at law tem-
peratures down to 200 K, along the saturation line in the
vapor phase, in the whole density range at supercritical tem-
peratures above 420 K, and in the vicinity of the critical
pomnt. Owing to the complete absence of experimental data
in the critical region, the expected enhancement in the vis-
cosity could not be taken into account. Tables 4 and 5 give
values of viscosity and density as functions of temperature
and pressure to provide easy reference and to enable valida-
tion of computer codes.
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