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Abstract
Previously published experimental viscosity data at low density, originally obtained 
using all-quartz oscillating-disk viscometers for R134a and six vapors of aromatic 
hydrocarbons in the temperature range between 297  K and 631  K at most, were 
re-evaluated after an improved re-calibration. The relative combined expanded 
( k = 2 ) uncertainty of the re-evaluated data are 0.2 % near room temperature and 
increases to 0.3 % at higher temperatures. The re-evaluated data for R134a as well 
as for the vapors of mesitylene, durene, diphenyl, fluorobenzene, chlorobenzene, and 
p-dichlorobenzene were arranged in approximately isothermal groups and converted 
into quasi-isothermal viscosity data using a first-order Taylor series in temperature. 
Then, the data for R134a were evaluated by means of a series expansion truncated at 
first order to obtain the zero density and initial density viscosity coefficients, �(0) and 
�
(1) . For the six aromatic vapors, the Rainwater–Friend theory for the initial density 

dependence of the viscosity was used to derive �(0) values. Finally, reliable �(0) and 
also �(1) values for R134a were selected as reference values in the measured tem-
perature range to be applied when generating a new viscosity formulation.
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1 Introduction

Numerous studies dealing with the viscosity of gases and particularly of organic 
vapors were accomplished applying all-quartz oscillating-disk viscometers at the 
University of Rostock over four decades. For these studies reported by Vogel and 
co-workers, a large number of measurement series were performed using continu-
ously renewed instruments of this viscometer type. Unfortunately, the viscosity 
values following from these studies were seriously affected by a calibration car-
ried out for the relative measurements. In general, the calibration was based on 
experimental reference values for the viscosity of noble gases and of nitrogen at 
low densities and at room temperature. With regard to the six vapors of the aro-
matic hydrocarbons under discussion, the applied reference values were still older 
than those, which were used for the subsequent measurements concerning the ini-
tial density dependence of the viscosity of some other gases and vapors (see Ref. 
[1]). The old reference values for the viscosity of argon and nitrogen of Kestin 
and Leidenfrost [2] are nowadays considered as obsolete. Since accurate theoreti-
cally calculated viscosity values for argon at zero density [3] as well as improved 
experimentally based [4] and theoretical [5] viscosity values for nitrogen at low 
density became available and the information about the measurements with the 
previous all-quartz oscillating-disk viscometer still exists, the formerly measured 
data of Vogel and co-workers should be re-evaluated.

In this work, the re-evaluated results for the originally determined viscosity 
data of 1,1,1,2-tetrafluoroethane (R134a) [6] and of the vapors of 1,3,5-trimeth-
ylbenzene (mesitylene) [7], 1,2,4,5-tetramethylbenzene (durene) [7], biphenyl 
(diphenyl) [8], fluorobenzene [9], chlorobenzene [10], and 1,4-dichlorobenzene 
(p-dichlorobenzene) [8] are listed. Moreover, the re-evaluated viscosity data, con-
cerning results at comparatively low and moderate densities between room tem-
perature and at most 631 K, were employed to deduce the viscosity coefficients in 
the limit of zero density.

An analogous re-evaluation have already been discussed for argon [11], kryp-
ton [12], xenon [12], carbon dioxide [12], nitrogen [13], water vapor [14], ethane 
[15], propane [16], n-butane [17], and isobutane [18]. In the foregoing paper [1], 
the re-evaluated results for the viscosity of sulfur hexafluoride, methanol, n-pen-
tane, n-hexane, n-heptane, neopentane, cyclohexane, benzene, toluene, p-xylene, 
phenol, and triethylamine were presented.

2  Oscillating‑Disk Viscometer, Calibration, and Uncertainty

The primary measurements were performed applying two marginally dissimilar 
all-quartz oscillating-disk viscometers with small gaps (see Figs. 1 and 2 as well 
as Fig. 1 of Ref. [1]). The oscillating disk of the viscometer in Fig. 1 of the pre-
sent paper had a radius R = 17.48mm and a thickness d = 1.55mm . The moment 
of inertia amounted to I = 503.0 g ⋅mm2 , whereas the upper and lower gaps b1 
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and b2 between oscillating and fixed disks were 1.10 mm. The quartz-glass sus-
pension strands of the viscometers had a length and a diameter of 170 mm and 
about (35–45) μ m, respectively, resulting in a period in vacuo �0 at 298.15 K of 
24.61 s and 24.33 s. The design principle for the viscometer was specified in Ref. 
[19]. Quartz glass was employed as the building material on account of its small 
thermal expansion coefficient so that changes in the dimensions of the viscom-
eter could be neglected and measurements in a large temperature range became 
possible. In addition, the logarithmic decrement in vacuo Δ0 of a suspension 
strand made of fused quartz is negligibly small compared to that of a metal wire 
in the temperature range of the measurements [20]. Moreover, quartz glass is dis-
tinguished by a high chemical stability so that a possible decomposition of the 
organic vapors at higher temperature is only marginally influenced by a catalytic 
effect.

In the case of the aromatic hydrocarbon vapors, the logarithmic decrement Δ of 
the damped harmonic oscillation was derived from length measurements apply-
ing the silicon-coated mirror at the lower end of the long thin rod which was fused 

Fig. 1  Cross section of the 
first version of the all-quartz 
oscillating-disk viscometer

Fig. 2  Oscillating-disk system: 
(a) upper fixed disk, (b) oscillat-
ing disk, (c) lower fixed disk, (d) 
upper gap, (e) lower gap
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underside the oscillating disk. The mirror was employed together with a high-preci-
sion scale and a telescope at a distance of 2 m from the axis of the viscometer to reg-
ister the turning points of the damped oscillation. The second parameter, the period 
� of the harmonic oscillation, was deduced from time measurements with a stop 
watch. For this, the crossing of the zero position was observed with the telescope. 
To reduce the uncertainty, the time was taken for at least ten full oscillations. For 
the measurements on R134a, � and Δ were obtained only from time measurements 
applying, in connection with the viscometer shown in Fig. 1 of Ref. [1], an opto-
electronic system which consists of a 1 mW helium-neon laser and two photoreceiv-
ers, stationarily located at fixed positions on an optical bench at the distance of 2 m 
from the viscometer (see Ref. [21]). Both procedures are distinguished by the same 
uncertainties with regard to Δ and � , because the movement of the disk is externally 
initiated by rotating a mechanical device through a small angle forward and reverse 
to the basic position. Five to 20 individual oscillations are taken after starting an 
oscillation run and passing some periods for the decay of perturbations. The relative 
uncertainty in Δ is 0.05% , while that in � is 0.005%.

Unfortunately, an absolute measurement procedure is not feasible in the case of 
an all-quartz oscillating-disk viscometer. For absolute measurements, Newell [22] 
developed an appropriate theory, in which a so-called Newell constant CN has to be 
computed from the dimensions of the viscometer, which must be known with very 
high accuracy,

Here N(u) is a constant value for a considered viscometer [23]. Since all connec-
tions between the single parts of the all-quartz oscillating-disk viscometer have to be 
connected by fusing, the dimensions cannot be ascertained with an accuracy neces-
sary for absolute measurements. For relative measurements, the working equation 
according to Newell is given as

This equation enables to calculate the Newell constant CN using one reliable refer-
ence viscosity value � at an experimentally known low density � of the calibration 
gas, especially at room temperature, including the measurement quantities Δ and � 
(as well as Δ0 and �0 in vacuo). The experimental density � of the examined vapors 
was also comparatively small so that the contributions of the terms with f and h in 
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Eq. 2 are entirely insignificant and even the term with a amounts to less than 0.1% 
of the main contribution (see Ref. [24]). Hence, the Newell constant can properly be 
calculated from Eq. 2 using the only approximately established dimensions of the 
respective viscometer. This procedure makes it possible to calibrate the all-quartz 
oscillating-disk viscometer. To evaluate the actual measurements, the calculated 
Newell constant CN is employed and �2 is iteratively computed with Eq. 2. Finally, 
the boundary-layer thickness � associated with � and � provides �.

The viscosity values needed for the calibration result from

As already stated in Sec. 1, the experimental reference values of Kestin and Leiden-
frost [2], used for the primary calibration of the all-quartz oscillating-disk viscom-
eter, are out of date today. New theoretically calculated and experimentally deter-
mined reference viscosity values at 298.15 K have already been employed when the 
viscosities of argon [11], of methane and hydrogen sulfide [25], of nitrogen and car-
bon monoxide [13], and of acetic acid vapor [26] were newly measured with this 
type of viscometer. The previous outdated reference values for the viscosity of argon 
and nitrogen are compared with the new appropriate ones in Table 1, which shows 
that the difference consists essentially in the zero density viscosity coefficient �(0)

298.15
 

of the respective gas. Because the calibration measurements were not performed 
exactly at 298.15  K and of course not at zero density, the temperature derivative 
(��∕�T)

�
 is required together with the density derivative (��∕��)T in Eq.  3. To 

deduce the former derivative, one needs zero density viscosity values not only at 
298.15 K but also at further temperatures. Since the impact of the density derivative 
(��∕��)T on the reference viscosity value according to Eq. 3 is comparatively small, 
its values determined by Kestin et al. [27] were used for computing the new refer-
ence viscosity values for the re-calibration.

(3)�(T , �) = �
(0)

298.15
+ (T − 298.15)(��∕�T)

�
+ �(��∕��)T .

Table 1  Previous and new reference values for the calibration of the oscillating-disk viscometer

1(��∕�T)
�
 derived from theoretical viscosity coefficients of dilute argon gas (see Ref. [3])

2(��∕��)
T
 chosen according to Kestin et al. [27] (see Ref. [24])

3(��∕�T)
�
 derived using the supplement of Ref. [5] dealing among others with theoretical viscosity coef-

ficients of dilute nitrogen gas

First author �
(0)

298.15
(��∕�T)

�
(��∕��)

T

of reference μPa ⋅ s μPa ⋅ s ⋅ K−1 nPa ⋅ s ⋅m3
⋅ kg−1

Argon
   Old Kestin [2] 22.6239 ± 0.0065 0.0711 9.310
   New Hellmann [3] 22.5534 ± 0.0158 0.06351 11.0992

Nitrogen
   Old Kestin [2] 17.7875 ± 0.0042 0.0471 10.052
   New Berg [4] 17.7494 ± 0.0048 0.04583 10.5662
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Two possibilities exist for the choice of a suitable �(0)
298.15

 value for the re-cali-
bration when the previous viscometer was calibrated with argon. Both a theoreti-
cally computed viscosity value and an experimentally based viscosity datum could 
be used. We preferred to apply a theoretical �(0)

298.15
 value. Vogel et al. [28] used an 

ab initio potential energy curve for the argon atom pair (see Refs. [29, 30]) and the 
kinetic theory of dilute monatomic gases to calculate theoretical viscosity values in 
the limit of zero density. The relative uncertainty of the �(0)

298.15
 value was supposed 

to be < 0.1% . Another theoretically computed viscosity value for argon at 298.15 K 
obtained by Mehl was compared with that by Vogel et al. in Figure 7.2b of Ref. [31]. 
This figure shows that the relative uncertainty of both theoretical values could actu-
ally be lowered to 0.07  %. The theoretical viscosity values for argon were originally 
listed by Vogel et al. with only five significant digits. Hellmann [3] repeated the 
calculations using one digit more. The obsolete experimentally based �(0)

298.15
 value 

of Kestin and Leidenfrost [2] deviates from the new theoretical value of Hellmann 
at 298.15 K by 0.313% . The coefficient of the temperature dependence (��∕�T)

�
 in 

Table 1 was derived using Ref. [3].
The new experimentally based viscosity datum �(0)

298.15
 for argon recommended by 

Berg and Moldover [4] is distinguished by a very low value of the relative uncer-
tainty: ur(�) = 0.00 027 . To obtain this value, Berg and Moldover critically assessed 
the results of viscosity measurements relative to helium using 18 instruments for 
11 gases near 298.15 K, which were extrapolated to zero density. Then, they used 
a fitting process considering altogether 235 viscosity ratios, the values of which 
were anchored to the highly accurate, theoretically computed �(0)

298.15
 value for helium 

reported by Cencek et al. [32]. In this way, similar to the improvement of a signal-
to-noise ratio, the relative uncertainty of the �(0)

298.15
 values for all 11 gases could be 

reduced. For an individual gas, the situation is somewhat inferior. Thus, Xiao et al. 
[33] re-evaluated previous measurements of May et al. [34] for argon carried out 
with a two-capillary viscometer to obtain viscosity ratios relative to helium between 
200 K and 400 K. Applying again the �(0)

298.15
 value for helium by Cencek et al., the 

relative uncertainty of the argon viscosity data increased to ur(�) = 0.00 038 . But, 
employing another measurement technique instead of the two-capillary viscometer 
(relative to helium), only an increased relative uncertainty can be achieved, prob-
ably twice as high. The difference between the theoretical viscosity value of Hell-
mann [3] and the experimentally based viscosity datum �(0)

298.15
 of Berg and Moldover 

amounts to 0.058 % and is within the relative uncertainty of the theoretical value.
For nitrogen, Berg and Moldover [4] recommended the �(0)

298.15
 datum of Table 1, 

which was determined by the same procedure already explained for argon. Note that 
the experimentally based �(0)

298.15
 value of Kestin and Leidenfrost [2] deviates from 

the recommended value of Berg and Moldover at 298.15  K by 0.215% . In addi-
tion, the value of Berg and Moldover for nitrogen is distinguished by a deviation of 
0.03% from a theoretically based value �(0)

298.15
= 17.701 μPa ⋅ s , which was proposed 

by Hellmann [5]. Hellmann applied for his calculations an ab initio potential energy 
surface for the nitrogen molecule pair and the kinetic theory of molecular gases. 
Since the computed theoretical values are too low by about 0.3% between 300 K 
and 700 K compared with the best experimental viscosity data, Hellmann suggested 
to increase his theoretical viscosity values by a factor 1.003. This was based on the 
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finding that the temperature dependence of the theoretical values is in excellent 
agreement with that of the best experimental data. Therefore, the temperature deriv-
ative (��∕�T)

�
 for nitrogen was derived from the theoretical values of Hellmann.

An uncertainty analysis applying the new �(0)
298.15

 value for argon including the 
temperature and density derivatives (��∕�T)

�
 and (��∕��)T , all given in Table  1, 

was performed in Ref. [1] and should not be repeated here. As a summary, the rela-
tive combined expanded ( k = 2 ) uncertainty of the experimental viscosity data for 
any gas or organic vapor results as Uc,r(�) = 0.002 at room temperature and, assum-
ing a slight increase with temperature, as Uc,r(�) = 0.003 at higher temperatures.

The series of measurements on a certain gas or organic vapor were often sup-
plemented by additional measurement series on the calibration gas. As long as no 
change of the Newell constant was detected, it was concluded that the suspension 
system of the viscometer did not undergo a change as a result of an alteration due to 
the measurements at high temperatures.

The investigation on R134a reported in 1996 was part of a round-robin project, 
in which a single source of supply should be applied. Thus, nine separate cylinders 
were filled and supplied by ICI Chemical and Polymers Ltd., UK, using special 
procedures for the cleanliness of the cylinders. The measurements extended over a 
larger density range up to somewhat more than 9 kg ⋅m−3.

For the original measurements on the respective aromatic vapors, the evacuated 
oscillating-disk viscometer was filled by sublimation of the corresponding substance 
from ampules with the weighed samples. These small glass ampules were filled 
in turn by sublimation with the final purified samples after drying with molecular 
sieves as well as degassing by repeated freezing and evacuating. If applicable, the 
melting point of the substance was determined using the specifically designed filling 
apparatus. After freezing the substance at the bottom of the viscometer employing 
liquid nitrogen, the filling line was fused for the quasi-isochoric measurements. Note 
that the measurement densities of the aromatic hydrocarbon vapors were at least fif-
teen times smaller than the highest density for R134a.

3  Results of the Re‑evaluated Measurements

Firstly, the temperatures of the original measurements were, apart from those for 
R134a, converted to the ITS-90 temperature scale. Secondly, the associated argon 
and nitrogen measurements were used to re-calibrate the employed oscillating-disk 
viscometer applying the revalued viscosity values of Table 1. Thirdly, the values of 
the improved Newell constants CN for a respective measurement series were applied 
for calculating the re-evaluated viscosity data using the directly obtained Δ , � , �0 , 
and � values.

Because this investigation is aimed at the identification of the viscosity in the 
limit of zero density, �(0) , and additionally for R134a of its initial density depend-
ence, �(1) , isotherms should be considered. Since quasi-isothermal re-evaluated data 
are required for this analysis, the experimental re-evaluated points of the three (for 
five of the aromatic vapors), four (for p-dichlorobenzene), or six (for R134a) iso-
choric series were grouped such that approximated isotherms resulted. To have at 
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least three isothermal values for the evaluation, we were forced to include actually 
data points at temperatures differing by ±12K . In addition, re-measurements were 
carried out at lower temperatures, after the highest temperature had been attained, 
to check for any thermal alteration or decomposition of the chemical substance. 
But it must be considered that the thermal alteration could be a reversible process. 
Then, a few experimental points at high temperatures or re-measured points had to 
be excluded owing to significantly increased viscosity values compared with other 
values of the quasi-isotherms. Hence, the isothermal groups could include a reduced 
number of data compared with the total number of series for a considered substance. 
For that reason, only one or two experimental data points could belong to an iso-
therm so that none or no trustworthy �(0) and �(1) (for R134a) values could be deter-
mined using the quasi-isothermal data. It should be restated that the density range of 
the isochores is rather restricted for the six aromatic vapors so that, in spite of the 
high reproducibility, small differences could particularly lead to unexpected values 
of the initial density dependence, �(1).

The re-evaluated grouped results of the measured isochores are listed for R134a 
and the six aromatic vapors in Tables 2, 3, 4, 5, 6, 7, and 8. Each row of the different 
series consisting of filled and empty spaces represents a grouped isotherm. The table 
captions include the reference in which the measurements were originally described. 
In a footnote of the tables, the calibration gas and the purity of the measured sam-
ples are provided. Moreover, detailed information is indicated in further footnotes 
concerning individual experimental points which were included or excluded com-
pared to the original publication.

Note that one experimental datum of Series 3 for chlorobenzene at the lowest 
temperature (see Table 7) should not directly be used, because this point was appar-
ently measured at a density � higher than that of the saturated vapor �sat at the meas-
urement temperature.

4  Validation of the Viscosity in the Limit of Zero Density and of Its 
Initial Density Dependence

As already discussed, the primary data points of the respective isochores were not 
measured at exactly identical temperatures for a certain substance. The same is true 
for the re-evaluated counterparts, which could only be compressed to approximate 
isotherms. Then, the re-evaluated data were converted into quasi-isothermal values 
applying a first-order Taylor series in temperature,

The temperature of the isotherms Tiso conforms to the mean of the experimental 
temperatures Texp of the data for the distinct isochoric series measured at the respec-
tive approximate adjustment of the thermostat. The temperature derivative (��∕�T)

�
 

needed in Eq. 4 was deduced by means of the following equation,

(4)�(Tiso) = �(Texp) +

(

��

�T

)

�

(Tiso − Texp) + RN.
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Table 2  Re-evaluated viscosity data for 1,1,1,2-tetrafluoroethane (R134a)1 of Wilhelm and Vogel [6]

1The relative combined expanded ( k = 2 ) uncertainty is Uc,r(�) = 0.002 near room temperature (297 K) 
and Uc,r(�) = 0.003 up to 438 K.
Re-calibration with argon (series 1−6).
The product was supplied in a cylinder by ICI Chemical and Polymers Ltd., UK. After evacuation of 
the viscometer, a certain amount of substance was sublimated in a special part of its filling system and 
frozen with liquid nitrogen to avoid that any solid particles from the cylinder could enter the viscometer. 
Then, the substance was introduced into the viscometer. The density of the used samples was determined 
by p, V, T measurements. The purity of the batch was > 99.9% . The main impurity was R134 with a con-
centration of 850 ppm verified by means of gas chromatography. Water was in the sample at a concentra-
tion of 6 ppm determined by Karl-Fischer test
2 Experimental point, also not listed in Ref. [6], has to be left out as an outlier

T∕K �∕μPa ⋅ s T∕K �∕μPa ⋅ s T∕K �∕μPa ⋅ s

Series 1 Series 2 Series 3

� = 1.197 kg ⋅m−3
� = 3.519 kg ⋅m−3

� = 5.074 kg ⋅m−3

297.53 11.781 297.36 11.757 297.27 11.742
311.67 12.328 311.12 12.290 310.63 12.265
324.71 12.827 324.79 12.823 324.86 12.821
338.71 13.345 339.56 13.367 338.41 13.333
354.71 13.964 353.20 13.894 352.70 13.877
366.67 14.410 366.99 14.422 366.59 14.408
380.67 14.940 381.18 14.959 380.56 14.936
394.70 15.463 394.83 15.468 394.76 15.470
408.61 15.980 409.19 16.009 409.52 16.022
423.22 16.515 423.20 16.524 423.14 16.531
437.67 17.046 438.48 17.089 437.74 17.069

  —    —    —    —    —    — 
338.12 13.336 338.57 13.347   —    — 

  —    —    —    —  352.92 13.886

T∕K �∕μPa ⋅ s T∕K �∕μPa ⋅ s T∕K �∕μPa ⋅ s

Series 4 Series 5 Series 6

� = 6.287 kg ⋅m−3
� = 6.873 kg ⋅m−3

� = 9.167 kg ⋅m−3

2 297.38 11.742 297.85 11.745

310.72 12.267 310.91 12.272 310.66 12.254
324.61 12.814 325.02 12.826 324.77 12.810
338.13 13.328 339.03 13.354 338.56 13.342
352.77 13.884 352.77 13.892 352.68 13.882
366.49 14.412 366.86 14.425 366.91 14.435
380.83 14.955 380.93 14.961 380.68 14.955
394.58 15.481 394.73 15.489 394.81 15.492
409.09 16.023 409.08 16.022 410.25 16.081
422.39 16.519 423.43 16.559 423.22 16.556
436.83 17.057 438.05 17.096 438.27 17.104
310.52 12.254   —    —  324.56 12.806

  —    —    —    —    —    — 
  —    —  352.76 13.885   —    — 
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where TR = T∕(298.15K) and S = 10 μPa ⋅ s . The coefficients A, B, C, D, and E 
were derived in a fit of Eq. 5 to the experimental data of each isochoric series, in 
which the values of the re-measured experimental point or points of each isochore 
were also included, meaning that the influence of any reversible thermal alteration 
of the samples remained hidden. It was proven that the remainder RN in Eq.  4 is 
insignificant compared to the experimental uncertainty.

The only experimental point situated in the saturated vapor and reported for chlo-
robenzene in Table 7 does not correspond to the actual density at which the meas-
urements of the isochore were carried out, but to the density of the saturated vapor 
�sat also given in that table. The small excess amount of the substance was adsorbed 
at the inner wall of the viscometer. The value of �sat was derived using a virial equa-
tion limited to the second virial coefficient B(T) according to

(5)�(T) = S exp

[

A ln
(

TR
)

+
B

TR
+

C

T2
R

+
D

T3
R

+ E

]

,

(6)�sat =
1

2B(T)
−

(

[

1

2B(T)

]2

+
psat

B(T)RT

)1∕2

.

Table 3  Re-evaluated viscosity data for 1,3,5-trimethylbenzene (mesitylene) vapor1 of Vogel [7]

1 The relative combined expanded ( k = 2 ) uncertainty is Uc,r(�) = 0.003 up to 631 K.
Re-calibration with nitrogen (series 1−3).
The initial product was of “pure” quality and supplied by Sojuzchimexport, Moscow, USSR. After 
a standard pretreatment and fractional distillation, the middle fractions were characterized by a boil-
ing point Tb = (437.1 ± 0.1)K . In a special glass apparatus, the substance was additionally purified by 
repeated freezing and evacuating, degassed, and dried by molecular sieve 4A. The final samples showed 
a content of 99.7 % mesitylene according to gas chromatography and a refractive index n25

D
= 1.4963

2 Experimental point listed in Ref. [7] has to be left out as an outlier

T∕K �∕μPa ⋅ s T∕K �∕μPa ⋅ s T∕K �∕μPa ⋅ s

Series 1 Series 2 Series 3

� = 0.200 kg ⋅m−3
� = 0.217 kg ⋅m−3

� = 0.304 kg ⋅m−3

351.17 7.112 354.09 7.171   —    — 
  —    —    —    —  2

383.34 7.711 384.57 7.742 393.63 7.899
422.69 8.448 419.36 8.393 427.34 8.533
456.80 9.089 458.91 9.137 467.70 9.295
498.01 9.864 497.66 9.872 507.89 10.052
536.29 10.584 536.15 10.594 546.57 10.779
577.62 11.360 573.79 11.301 587.05 11.542
609.76 11.971 607.97 11.946   —    — 
629.89 12.354 630.83 12.366 627.68 12.305
363.76 7.344 371.17 7.493 381.32 7.678
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Table 4  Re-evaluated viscosity data for 1,2,4,5-tetramethylbenzene (durene) vapor1 of Vogel [7]

1 The relative combined expanded ( k = 2 ) uncertainty is Uc,r(�) = 0.003 up to 631 K.
Re-calibration with argon (series 1) and nitrogen (series 2 and 3). The applied product was supplied by 
Ferak, Berlin, Germany, in a quality “purified by zone melting”. The melting point of the substance was 
determined to be Tfus = (352.33 ± 0.02)K . In a special glass apparatus, the substance was degassed and 
dried by molecular sieve 4A and thereafter used for the measurements
2 Experimental point listed in Ref. [7] has to be left out since it suffered from thermal alteration at higher 
temperature

T∕K �∕μPa ⋅ s T∕K �∕μPa ⋅ s T∕K �∕μPa ⋅ s

Series 1 Series 2 Series 3

� = 0.170 kg ⋅m−3
� = 0.185 kg ⋅m−3

� = 0.197 kg ⋅m−3

374.12 7.241 377.97 7.306 378.99 7.322
400.67 7.710 413.01 7.928 418.23 8.021
436.67 8.349 449.88 8.586 454.67 8.669
474.62 9.033 493.59 9.373 497.11 9.431
516.94 9.796 535.13 10.125 541.18 10.228
556.96 10.527   —    —    —    — 
2 579.59 10.930 593.25 11.177
2 631.48 11.868 615.97 11.585
386.93 7.468 395.13 7.615 397.42 7.654

Table 5  Re-evaluated viscosity data for biphenyl (diphenyl) vapor1 of Vogel [8]

1 The relative combined expanded ( k = 2 ) uncertainty is Uc,r(�) = 0.003 up to 624 K.
Re-calibration with nitrogen (series 1 and 2) as well as with argon and nitrogen (series 3).
The initial product of “extra pure” quality was supplied by Berlin-Chemie, Berlin, Germany. After vac-
uum distillation, it was purified by zone melting. In a special glass apparatus, the substance was dried by 
molecular sieve 4A, degassed, and its melting point was determined to be Tfus = (342.10 ± 0.02)K

2 Experimental point listed in Ref. [8] has to be left out due to an increase resulting from thermal altera-
tion
3 Experimental point listed in Ref. [8] has to be left out as an outlier

T∕K �∕μPa ⋅ s T∕K �∕μPa ⋅ s T∕K �∕μPa ⋅ s

Series 1 Series 2 Series 3

� = 0.073 kg ⋅m−3
� = 0.092 kg ⋅m−3

� = 0.115 kg ⋅m−3

411.33 7.638 410.09 7.614 408.52 7.579
442.82 8.199 443.38 8.210 436.40 8.076
474.18 8.768 474.56 8.775 473.39 8.746
507.32 9.381 505.03 9.335 506.75 9.357
536.94 9.928 535.19 9.892 535.58 9.892
572.89 10.605 570.77 10.553 567.52 10.495
601.37 11.143 600.23 11.105 596.14 11.043
622.75 11.545 623.65 11.547 2

  —    —  3 417.61 7.743
459.16 8.498   —    —    —    — 
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Here, psat is the saturation pressure, which was calculated for chlorobenzene with an 
Antoine equation recommended by NIST [35]. The second virial coefficient B(T) in 
turn was computed using a polynomial in 1/T given in Ref. [10].

The values of the zero density viscosity �(0) and of the initial density dependence 
�
(1) were derived from a fit of the quasi-isothermal viscosity values at a certain tem-

perature Tiso as a function of density applying a series expansion truncated at first 
order,

It is clear that the density range for the aromatic vapors is badly restricted. Moreo-
ver, a fit using only three values, even though only two coefficients must be deduced, 
represents an invidious task. Already small uncertainties of the experimental data 
could have led to unreliable �(0) and �(1) values. In the case that only two experimen-
tal points were available for a grouped isotherm, �(0) and �(1) were directly calculated 
using Eq. 7. With one experimental point, it was not possible to derive �(0) by means 
of Eq. 7. For R134a, it was distinctly easier to obtain appropriate �(0) and �(1) values 

(7)�(T , �) = �
(0)(T) + �

(1)(T)�.

Table 6  Re-evaluated viscosity data for fluorobenzene vapor1 of Kaussmann et al. [9]

1 The relative combined expanded ( k = 2 ) uncertainty is Uc,r(�) = 0.002 near room temperature (304 K) 
and Uc,r(�) = 0.003 up to 605 K.
Re-calibration with argon (series 1−3).
The initial product of “extra pure” quality was supplied by Ferak, Berlin, Germany. After fractional dis-
tillation, the middle fractions were characterized by a boiling point Tboil = (357.6 ± 0.1)K . In a special 
glass apparatus, the substance was additionally purified by repeated freezing and evacuating, degassed, 
and dried by molecular sieve 4A. The final samples showed a content of 99.9 % fluorobenzene according 
to gas chromatography
2 Experimental point was not listed in Ref. [9] since it had to be left out due to an increase resulting from 
electric charging of the quartz glass oscillating-disk viscometer

T∕K �∕μPa ⋅ s T∕K �∕μPa ⋅ s T∕K �∕μPa ⋅ s

Series 1 Series 2 Series 3

� = 0.500 kg ⋅m−3
� = 0.533 kg ⋅m−3

� = 0.610 kg ⋅m−3

2 304.18 8.191    —  —
2 316.29 8.498 313.98 8.438
2 346.36 9.277 349.98 9.368
2 365.05 9.766 365.92 9.785
2 399.71 10.672 395.63 10.563
435.04 11.614 433.24 11.554 434.36 11.583
471.68 12.570 471.39 12.560 468.12 12.471
507.30 13.507 506.39 13.476 501.20 13.339
540.25 14.369 538.58 14.320 535.60 14.236
570.90 15.177 577.96 15.344 573.37 15.224
596.82 15.855 604.72 16.050 600.02 15.924
531.90 14.152 532.30 14.152 533.08 14.180
426.94 11.390 427.28 11.398   —    — 
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applying Eq. 7, since the number of quasi-isothermal viscosity values was five or six 
and the density range was at least ten times larger compared to that of the aromatic 
vapors.

Therefore and particularly for the six aromatic vapors, the re-evaluated � val-
ues of a quasi-isotherm were also rectified to the limit of zero density applying 
the Rainwater–Friend theory [36, 37], which describes the initial density depend-
ence of the transport properties. For the viscosity, the second viscosity virial 
coefficient is defined as

where M is the molar mass. Bich and Vogel [38, 39] published tables of the reduced 
second viscosity virial coefficient B∗

�
 as a function of the reduced temperature T∗ . 

After that, Vogel et al. [40] proposed a reasonable correlation of B∗
�
(T∗) , valid in the 

range 0.3 ≤ T∗ ≤ 100,

(8)B
�
(T) =

M�
(1)(T)

�(0)(T)
,

Table 7  Re-evaluated viscosity data for chlorobenzene vapor1 of Ahlmeyer et al. [10]

1 The relative combined expanded ( k = 2 ) uncertainty is Uc,r(�) = 0.002 near room temperature (319 K) 
and Uc,r(�) = 0.003 up to 630 K.
Re-calibration with argon and nitrogen (series 1−3).
The initial product was of “for synthesis” quality and supplied by Laborchemie, Apolda, Germany. After 
a standard pretreatment and fractional distillation, the middle fractions were characterized by a boiling 
point Tboil = (404.9 ± 0.1)K . In a special glass apparatus, the substance was additionally purified by 
repeated freezing and evacuating, degassed, and dried by molecular sieve 4A. The final samples showed 
a content of 99.94 % chlorobenzene according to gas chromatography
2 Experimental point listed in Ref. [10] was situated in the saturated vapor ( �sat = 0.207 kg ⋅m−3)
3 Experimental point listed in Ref. [10] has to be left out due to an increase resulting from thermal altera-
tion

T∕K �∕μPa ⋅ s T∕K �∕μPa ⋅ s T∕K �∕μPa ⋅ s

Series 1 Series 2 Series 3

� = 0.177 kg ⋅m−3
� = 0.201 kg ⋅m−3

� = 0.234 kg ⋅m−3

319.39 8.077 321.03 8.112 319.872 8.082
339.65 8.557 346.96 8.723 340.12 8.563
367.07 9.212 381.34 9.548 373.79 9.363
397.45 9.945 418.89 10.457 409.91 10.229
435.57 10.877 459.42 11.443 441.96 11.010
474.49 11.823 498.97 12.412 486.03 12.086
514.25 12.800 538.64 13.388 521.22 12.946
554.57 13.788   —    —  570.45 14.145
591.45 14.682 3   —    — 
629.96 15.635 3 618.61 15.324
318.63 8.066 328.05 8.279 322.98 8.154



 International Journal of Thermophysics (2021) 42:153

1 3

153 Page 14 of 34

Ta
bl

e 
8 

 R
e-

ev
al

ua
te

d 
vi

sc
os

ity
 d

at
a 

fo
r 1

,4
-d

ic
hl

or
ob

en
ze

ne
 (p

-d
ic

hl
or

ob
en

ze
ne

) v
ap

or
1
 o

f V
og

el
 [8

]

1
 T

he
 re

la
tiv

e 
co

m
bi

ne
d 

ex
pa

nd
ed

 ( k
=
2
 ) u

nc
er

ta
in

ty
 is

 U
c,
r(
�
)
=
0
.0
0
3  

up
 to

 6
22

 K
.

Re
-c

al
ib

ra
tio

n 
w

ith
 a

rg
on

 (s
er

ie
s 1

−
4)

.
Th

e 
ap

pl
ie

d 
pr

od
uc

t 
w

as
 s

up
pl

ie
d 

by
 F

er
ak

, 
B

er
lin

, 
G

er
m

an
y,

 i
n 

a 
qu

al
ity

 “
pu

rifi
ed

 b
y 

zo
ne

 m
el

tin
g”

. 
Th

e 
m

el
tin

g 
po

in
t 

of
 t

he
 s

ub
st

an
ce

 w
as

 d
et

er
m

in
ed

 t
o 

be
 

T
fu
s
=
(3
2
6
.2
9
±
0
.0
2
)
K

 . I
n 

a 
sp

ec
ia

l g
la

ss
 a

pp
ar

at
us

, t
he

 su
bs

ta
nc

e 
w

as
 d

eg
as

se
d 

an
d 

dr
ie

d 
by

 m
ol

ec
ul

ar
 si

ev
e 

4A
 a

nd
 th

er
ea

fte
r u

se
d 

fo
r t

he
 m

ea
su

re
m

en
ts

2
 E

xp
er

im
en

ta
l p

oi
nt

 li
ste

d 
in

 R
ef

. [
8]

 h
as

 to
 b

e 
le

ft 
ou

t d
ue

 to
 a

n 
in

cr
ea

se
 re

su
lti

ng
 fr

om
 th

er
m

al
 a

lte
ra

tio
n

T
∕
K

�
∕
μ
P
a
⋅
s

T
∕
K

�
∕
μ
P
a
⋅
s

T
∕
K

�
∕
μ
P
a
⋅
s

T
∕
K

�
∕
μ
P
a
⋅
s

Se
rie

s 1
Se

rie
s 2

Se
rie

s 3
Se

rie
s 4

�
=
0
.1
9
5
k
g
⋅
m

−
3

�
=
0
.2
2
7
k
g
⋅
m

−
3

�
=
0
.2
5
3
k
g
⋅
m

−
3

�
=
0
.2
7
8
k
g
⋅
m

−
3

35
2.

95
8.

73
5

36
0.

54
8.

90
1

36
5.

19
9.

00
2

36
0.

61
8.

90
2

38
3.

45
9.

43
8

37
4.

82
9.

23
1

37
8.

29
9.

30
6

37
9.

26
9.

33
1

42
0.

12
10

.2
93

40
4.

34
9.

91
7

40
7.

76
9.

99
0

40
9.

35
10

.0
35

45
5.

92
11

.1
33

43
7.

61
10

.6
99

43
9.

36
10

.7
32

44
1.

33
10

.7
84

   
—

   
—

46
1.

77
11

.2
67

47
5.

59
11

.5
87

47
6.

23
11

.6
05

49
3.

62
12

.0
26

51
1.

07
12

.4
38

50
9.

43
12

.3
87

50
8.

51
12

.3
71

53
7.

91
13

.0
77

54
8.

60
13

.3
41

54
2.

19
13

.1
70

54
3.

93
13

.2
15

58
0.

27
14

.0
81

2
57

4.
30

13
.9

36
57

5.
58

13
.9

84
   

—
   

—
   

—
   

—
60

1.
01

14
.5

80
2

61
5.

38
14

.9
13

2
62

1.
65

15
.0

93
2

   
—

   
—

36
8.

95
9.

10
0

36
8.

85
9.

08
9

37
3.

70
9.

20
8



1 3

International Journal of Thermophysics (2021) 42:153 Page 15 of 34 153

In Eqs. 9 and 10, NA and kB are Avogadro’s and Boltzmann’s constants, respectively. 
The coefficients bi are listed in Table 9. The scaling factors �∕kB and � are usually 
the parameters for the Lennard-Jones 12-6 potential. Of course, none of the consid-
ered substances complies with the Lennard-Jones 12-6 potential so that the theoreti-
cal guidance for the representation of the initial density dependence of the viscos-
ity is inadequate for them. But Eqs. 9 and 10 enable a secure extrapolation both to 
low and to high temperatures if appropriate values for the energy scaling factor �∕kB 
and the length scaling factor � can be derived from the measurements. At low tem-
peratures T or better at low reduced temperatures T∗ , negative values for �(1)(T) and 
B
�
(T) , respectively, are observed, which become less negative with increasing tem-

perature, followed by a transition to positive values. After passing through a maxi-
mum, the values of B

�
(T) decrease monotonically and attain negative values at very 

high reduced temperatures, only proven experimentally for helium.
In principle, it is reasonable to derive optimized scaling factors �∕kB and � by fit-

ting the theoretical results for the Rainwater–Friend theory, presented by Eqs. 9 and 
10, to experimental B

�
(T) values of a selected substance resulting from Eq. 8. Typi-

cally, the �(0) and �(1) values following from the series expansion according to Eq. 7 
should be employed to calculate the required experimental B

�
 values. In Ref.  [1], 

this was recently demonstrated for measurements on twelve gases and vapors, but 
those experiments extended over a distinctly larger density range and included more 
isochoric measurement series. When using a fit to three and four quasi-isothermal 
re-evaluated data points or a simple calculation from two re-evaluated data points, 
Eq. 7 may yield B

�
(T) values which are implausible and do not correspond to the 

pattern of the explained general behavior of second viscosity virial coefficients. 
Consequently, the fit of Eq. 9 to such values will not be satisfactory. In principle, 
only reliable B

�
(T) values should be included to determine the optimized scaling 

factors �∕kB and � . For the aromatic vapors, less than half of the quasi-isotherms 
provided appropriate B

�
(T) values so that the derivation of the scaling factors was 

a complicated task and, aside from that, pretty subjective and arbitrary. The lastly 
taken selection of reasonably sensitive B

�
(T) values yielded the scaling factors for 

the aromatic vapors listed in Table 10 together with the information which isotherms 

(9)B∗
�
(T∗) =

B
�
(T)

NA�
3
=

6
∑

i=0

biT
∗−i∕4 + b7T

∗−5∕2 + b8T
∗−11∕2 ,

(10)T∗ =
kBT

�
.

Table 9  Coefficients b
i
 of Eq. 9 for the Rainwater–Friend theory

b0 b1 b2 b3 b4

−19.572 881 219.73 999 −1015.3226 2471.01 251 −3375.1717

b5 b6 b7 b8

2491.6597 −787.26 086 14.085 455 −0.34 664 158
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could be or were not considered in the fit. Since the scaling factors for the aromatic 
vapors are rather insecure, the correction to the limit of zero density by means of 
the Rainwater–Friend theory was additionally performed using the scaling factors 
of similar substances. The rationale for this approach is that the density range over 
which the extrapolation has to be done is relatively small and the scaling factors 
for very similar substances are available. As an example, the molecular sizes and 
the electrostatic surface potentials of benzene and fluorobenzene, shown in Fig. 1b 
of Ref.  [41], are not so different. In addition, the parameters of the 11-6-8 poten-
tial deduced from the measured viscosity coefficients (without extrapolation to 
the limit of zero density) and reported in 1982 (Ref.  [42]) do not differ strongly 
(benzene: � = 2.317 , � = 0.4993 nm , �∕kB = 582.9K ; fluorobenzene: � = 2.447 , 
� = 0.5102 nm , �∕kB = 579.0K ). Hence, the scaling factors for benzene, toluene, 
p-xylene, and phenol, derived in Ref. [1] by employing B

�
 values following from re-

evaluated viscosity data measured in density ranges similar to R134a, are also given 
in Table 10. These scaling factors were partly applied in the next step as substitute 
for the scaling factors of the aromatic vapors considered in this paper. The scaling 
factors for R134a are also given in Table 10; they proved to be much more reliable.

Table 10  Optimized scaling factors for the Rainwater–Friend theory

1 Re-measurements at 317.54 K, 338.35 K, and 352.84 K excluded from fit using Eq. 9
2 Isotherms at 352.63 K, 608.87 K, and 629.47 K as well as re-measurements at 372.08 K excluded from 
fit using Eq. 9
3 Only isotherms at 377.03 K, 447.07 K, and 586.42 K included in fit using Eq. 9
4 Only isotherms at 409.98 K, 440.87 K, 474.04 K, and 599.25 K included in fit using Eq. 9
5 Only isotherms at 348.17  K, 365.49  K, and 397.67  K as well as re-measurements at 532.43  K and 
427.11 K included in fit using Eq. 9
6 Only isotherms at 320.10 K and 342.24 K as well as a fictitious value of �(1) = −6.00 μPa ⋅ s ⋅ L ⋅mol−1 
at 408.75 K included in fit using Eq. 9
7 Only isotherms at 378.96 K, 410.39 K, 443.55 K, and 471.20 K included in fit using Eq. 9
8 Isotherms at densities similar to those for R134a included in fit using Eq. 9

Gas Reference �∕kB (K) � (nm)

R134a1 Wilhelm and Vogel [6] 277.99 0.48 499

Mesitylene2 Vogel [7] 559.43 0.61 396
Durene3 Vogel [7] 460.84 1.19 397
Diphenyl4 Vogel [8] 499.56 1.33 380

Fluorobenzene5 Kaussmann et al. [9] 509.04 0.48 506

Chlorobenzene6 Ahlmeyer et al. [10] 365.35 1.13 855

p-Dichlorobenzene7 Vogel [8] 735.25 0.53 518
Benzene8 Vogel [1] 386.92 0.53 645
Toluene8 Vogel [1] 398.16 0.87 948
p-Xylene8 Vogel [1] 479.80 0.64 144
Phenol8 Vogel [1] 651.10 0.50 094
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Finally, the scaling factors were used to rectify the re-evaluated �(T , �) values of 
each grouped isotherm to the limit of zero density. In doing so, the next relation fol-
lowing from Eqs. 7−10 was applied,

Since data points from several isochoric series typically belonged to a quasi-iso-
therm, the �(0) values resulted by averaging the corresponding values for each re-
evaluated point of the quasi-isotherm. Furthermore, the B

�
 values for all grouped 

isotherms computed via the fit were employed to deduce �(1) values using the �(0) 
values corrected with Eq. 11.

All of the resulting �(0) and �(1) values for R134a and for the respective aromatic 
vapors are summarized in Tables  11, 12, 13, 14, 15, 16, and 17. The number of 
quasi-isothermal experimental points considered for a grouped isotherm is specified 
in Column 2 of these tables. The results of the fit of Eq. 7 to the re-evaluated quasi-
isothermal data are indicated in Columns 3−5: the �(0) and �(1) values are given 
together with their individual standard deviations �

�(0)
 and �

�(1)
 and with the standard 

deviation �
�
 for each isotherm. Footnotes concerning Column 1 clarify that re-meas-

urements were performed or an experimental point in the saturated vapor was taken 
into account, whereas footnotes dealing with Column 2 state that only one or two 
data points had been considered. Finally, footnotes of Column 4 are related to the 
fact that an �(1) value was implausible. In Columns 6 and 7 of Table 11 for R134a as 
well as in the respective columns of the first row of each quasi-isotherm of 
Tables 12, 13, 14, 15, 16, and 17, the �(0)

RF
 values (including their standard deviations 

�
�
(0)

RF

 ) following from Eq. 11 as well as the �(1)
RF

 values, which resulted employing the 
scaling factors of Table 10 for the considered substance, are listed. In the second 
row and in some cases in the third row of Columns 6 and 7 for the respective quasi-
isotherms of Tables  12, 13, 14, 15, 16, and 17, �(0)

RF
 and �(1)

RF
 values are provided 

which arose applying the scaling factors of selected substituted aromatic hydrocar-
bons, the measurements of which were quite recently re-evaluated [1], or even from 
scaling factors derived for other aromatic hydrocarbons considered in this paper. 
The respective substances are indicated in the table caption each.

The evaluation of the quasi-isothermal experimental data with the series expan-
sion (Eq.  7) is discussed using the data for the second viscosity virial coefficient 
B
�
(T) computed from the �(0)(T) and �(1)(T) data with Eq. 8. In Figs. 3, 4, and 5, 

exemplarily for R134a, diphenyl, and chlorobenzene, the experimentally based 
B
�
(T) data are compared with the B

�
(T) values calculated applying the scaling fac-

tors �∕kB and � , which were derived for the Rainwater–Friend theory by means of 
Eqs. 9 and 10.

Figure 3 for R134a shows that the B
�
(T) data of the experiments of Wilhelm and 

Vogel [6] nearly perfectly agree with the Rainwater–Friend theory and, in addi-
tion, that the B

�
(T) data for the re-measured isotherms at 317.54 K, 338.35 K, and 

352.84 K only marginally deviate from those for the isotherms with increasing tem-
perature. The reason for this agreement consists in the comparatively large experi-
mentally probed density range.

(11)�
(0)(T) =

�(T , �)

1 + NA�
3B∗

�
(T∗)�∕M

.
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Figure 4 demonstrates that, in the case of diphenyl, only four of eight experi-
mentally based B

�
 data are in some degree suitable to derive acceptable scaling 

factors. Apart from chlorobenzene, the situation is similar for the other aromatic 
vapors meaning that about half of the experimental B

�
 data points conforms to the 

Rainwater–Friend theory. Furthermore, the subsequent calculations of B
�
 values 

with scaling factors of the substituted and/or of the aromatic hydrocarbon vapors 
discussed in this paper prove that the choice of the aromatic hydrocarbon vapor 
can be somewhat arbitrary as long as a certain similarity is met. In Fig.  4 for 
diphenyl, the scaling factors of mesitylene are less appropriate, whereas the scal-
ing factors of durene yield a B

�
(T) curve whose trend is roughly like that result-

ing from the scaling factors of diphenyl itself. Whereas the differences between 
the corresponding curves (here obtained with the scaling factors of durene and 
diphenyl itself) are comparatively large at low temperatures, they decrease with 

Table 11  Values for the viscosity in the limit of zero density, �(0) , and for its initial density dependence, 
�
(1) , resulting from the re-evaluated quasi-experimental isotherms of the measurements of Wilhelm and 

Vogel [6] on R134a

1 Here and in Tables 12, 13, 14, 15, 16, and 17, n is the number of quasi-experimental points included in 
the fit of Eq. 7
2 Here and in Tables 12, 13, 14, 15, 16, and 17, the value of �(0)

RF
 results from Eq. 11 by means of the 

Rainwater–Friend theory using the parameters of Table  10 received from a fit of B
�
(T) values, which 

were computed applying �(0) and �(1) from Columns 3 and 4
3 Here and in Tables 12, 13, 14, 15, 16, and 17, the value of �(1)

RF
 follows from a fit of B

�
(T) values, which 

were calculated applying �(0) and �(1) from Columns 3 and 4, and then employing the �(0)
RF

 value of Col-
umn 6
4 Re-measurements at lower temperature after the highest temperature had been attained
5 Only two data points so that �(0) and �(1) were directly calculated
6 Value of �(1) is implausible

T n
1

�
(0) ± �

�(0)
�
(1) ± �

�(1)
103�

� �
(0)

RF
± �

�
(0)

RF

2 �
(1)

RF
 3

K μPa ⋅ s μPa ⋅ s ⋅ L ⋅mol−1 μPa ⋅ s μPa ⋅ s μPa ⋅ s ⋅ L ⋅mol−1

297.48 5 11.784 ± 0.003 −0.606 ± 0.373 2.99 11.783 ± 0.003 −0.578

310.95 6 12.302 ± 0.003 −0.422 ± 0.041 3.20 12.300 ± 0.003 −0.393

324.79 6 12.832 ± 0.002 −0.226 ± 0.027 2.08 12.832 ± 0.002 −0.224

338.73 6 13.341 ± 0.005 0.077 ± 0.072 5.54 13.349 ± 0.006 −0.074
353.14 6 13.898 ± 0.006 0.010 ± 0.083 6.45 13.896 ± 0.006 0.065
366.75 6 14.407 ± 0.003 0.214 ± 0.039 3.02 14.409 ± 0.003 0.182
380.81 6 14.940 ± 0.003 0.217 ± 0.044 3.40 14.936 ± 0.004 0.291
394.73 6 15.456 ± 0.006 0.404 ± 0.085 6.59 15.457 ± 0.006 0.388
409.29 6 15.995 ± 0.005 0.524 ± 0.063 4.85 15.998 ± 0.004 0.480
423.10 6 16.503 ± 0.005 0.586 ± 0.061 4.75 16.505 ± 0.004 0.558
437.84 6 17.049 ± 0.008 0.537 ± 0.102 7.88 17.044 ± 0.007 0.634
317.544 25 12.533 0.0046 12.557 ± 0.006 −0.310

338.354 25 13.348 −0.2686 13.343 ± 0.003 −0.077

352.844 25 13.869 0.2896 13.882 ± 0.003 0.062
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increasing temperature T. Analogous statements can be made for mesitylene, 
durene, fluorobenzene, and p-dichlorobenzene, respectively.

Figure  5 illustrates that only two experimental B
�
 data points are appropriate for 

chlorobenzene, whereas most of the B
�
 data completely differ with the temperature 

function B
�
(T) of the Rainwater–Friend theory. Therefore, a fictitious B

�
(T) datum at 

408.75 K that corresponds to �(1) = −6.00 μPa ⋅ s ⋅ L ⋅mol−1 was selected. This choice 
seems to be quite reasonable when the computed B

�
 curve, resulting with the deduced 

scaling factors for chlorobenzene, is compared with the B
�
 curves following from the 

scaling factors for toluene and phenol.

Table 12  Values for the viscosity in the limit of zero density, �(0) , and for its initial density dependence, 
�
(1) , resulting from the re-evaluated quasi-experimental isotherms of the measurements of Vogel [7] on 

1,3,5-trimethylbenzene (mesitylene) vapor. Values of �(0) and �(1) in the second row of each quasi-iso-
therm were derived with scaling factors of p-xylene given in Table 10

1 Only two data points so that �(0) and �(1) were directly calculated
2 Value of �(1) is implausible
3 Re-measurements at lower temperature after the highest temperature had been attained

T n �
(0) ± �

�(0)
�
(1) ± �

�(1)
103�

� �
(0)

RF
± �

�
(0)

RF

�
(1)

RF

K μPa ⋅ s μPa ⋅ s ⋅ L ⋅mol−1 μPa ⋅ s μPa ⋅ s μPa ⋅ s ⋅ L ⋅mol−1

352.63 21 7.087 31.3332 7.158 ± 0.004 −9.887

7.152 ± 0.004 −9.878

387.18 3 7.799 ± 0.020 −7.023 ± 1.513 6.42 7.799 ± 0.005 −7.417

7.793 ± 0.005 −7.412

423.13 3 8.471 ± 0.019 −6.436 ± 1.414 5.99 8.469 ± 0.004 −5.595

8.464 ± 0.005 −5.591

461.14 3 9.180 ± 0.020 −3.121 ± 1.516 6.43 9.182 ± 0.005 −4.175

9.178 ± 0.005 −4.173

501.19 3 9.937 ± 0.034 −3.971 ± 2.619 11.10 9.935 ± 0.008 −3.040

9.932 ± 0.008 −3.039

539.67 3 10.659 ± 0.030 −3.417 ± 2.250 9.54 10.657 ± 0.007 −2.183

10.654 ± 0.007 −2.182

579.49 3 11.401 ± 0.028 0.102 ± 2.127 9.02 11.404 ± 0.006 −1.467

11.401 ± 0.006 −1.467

608.87 21 11.858 58.0002 11.960 ± 0.006 −1.024

11.958 ± 0.006 −1.024

629.47 3 12.355 ± 0.009 −6.5372 ± 0.713 3.02 12.343 ± 0.003 −0.747

12.341 ± 0.004 −0.747

372.083 3 7.487 ± 0.022 9.4062 ± 1.705 7.23 7.523 ± 0.010 −8.391

7.516 ± 0.008 −8.384
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5  Recommended Values for the Viscosity in the Limit of Zero Density 
and of Its Initial Density Dependence

As already explained, this report aims at providing reliable values for the viscosity in 
the limit of zero density, �(0)(T) , and, if possible, for its initial density dependence, 
�
(1)(T) . In principle, the �(0) data of Columns 3 of Tables 11, 12, 13, 14, 15, 16, and 17, 

resulting from the fit of Eq. 7 to the quasi-isothermal viscosity data, should be preferred 
and the �(0)

RF
 values of Columns 6 at the same temperatures should not be considered. 

This is certainly valid for R134a and holds in general when �(0)(T) and �(1)(T) data 
can reliably be derived with Eq. 7 from quasi-isotherms, whose corresponding meas-
urements extend over a comparatively large density range. This was the case for the 
substances considered in Ref. [1]. However, for the aromatic vapors considered in this 
paper, the density range of the experiments is so small that a reasonable evaluation of 

Table 13  Values for the viscosity in the limit of zero density, �(0) , and for its initial density dependence, 
�
(1) , resulting from the re-evaluated quasi-experimental isotherms of the measurements of Vogel [7] on 

1,2,4,5-tetramethylbenzene (durene) vapor. Values of �(0) and �(1) in the second row of each quasi-iso-
therm were derived with scaling factors of mesitylene given in Table 10

1 Value of �(1) is implausible
2 Only one data point so that �(0) and �(1) could neither be obtained from a fit of Eq. 7 nor directly be 
calculated
3 Only two data points so that �(0) and �(1) were directly calculated
4 Re-measurements at lower temperature after the highest temperature had been attained

T n �
(0) ± �

�(0)
�
(1) ± �

�(1)
103�

� �
(0)

RF
± �

�
(0)

RF

�
(1)

RF

K μPa ⋅ s μPa ⋅ s ⋅ L ⋅mol−1 μPa ⋅ s μPa ⋅ s μPa ⋅ s ⋅ L ⋅mol−1

377.03 3 7.328 ± 0.001 −27.940 ± 0.074 0.15 7.324 ± 0.000 −25.335

7.300 ± 0.002 −7.724

410.64 3 7.887 ± 0.006 −0.2331 ± 0.288 0.57 7.911 ± 0.002 −18.292

7.894 ± 0.001 −5.908

447.07 3 8.542 ± 0.012 −5.482 ± 0.642 1.27 8.552 ± 0.001 −12.459

8.541 ± 0.001 −4.457

488.44 3 9.329 ± 0.017 −36.7941 ± 0.874 1.73 9.289 ± 0.003 −7.363

9.283 ± 0.004 −3.226

531.08 3 10.108 ± 0.027 −42.3751 ± 1.393 2.76 10.054 ± 0.004 −3.270

10.053 ± 0.004 −2.258

556.96 12 10.529 −2.183

10.529 −1.777

586.42 23 11.060 −4.444 11.052 ± 0.000 0.834
11.055 ± 0.000 −1.300

623.73 23 11.795 −47.7781 11.722 ± 0.003 3.042
11.728 ± 0.003 −0.788

393.164 3 7.576 ± 0.016 1.6611 ± 0.819 1.62 7.608 ± 0.003 −21.719

7.588 ± 0.001 −6.783
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Table 14  Values for the viscosity in the limit of zero density, �(0) , and for its initial density dependence, 
�
(1) , resulting from the re-evaluated quasi-experimental isotherms of the measurements of Vogel [8] on 

biphenyl (diphenyl) vapor. Values of �(0) and �(1) in the second and third rows of each quasi-isotherm 
were derived with scaling factors of mesitylene and durene, respectively, given in Table 10

1 Value of �(1) is implausible
2 Only two data points so that �(0) and �(1) were directly calculated
3 Re-measurements at lower temperature after the highest temperature had been attained
4 Only one data point so that �(0) and �(1) could neither be obtained from a fit of Eq. 7 nor directly be 
calculated

T n �
(0) ± �

�(0)
�
(1) ± �

�(1)
103�

� �
(0)

RF
± �

�
(0)

RF

�
(1)

RF

K μPa ⋅ s μPa ⋅ s ⋅ L ⋅mol−1 μPa ⋅ s μPa ⋅ s μPa ⋅ s ⋅ L ⋅mol−1

409.98 3 7.630 ± 0.006 −32.895 ± 1.414 1.90 7.632 ± 0.001 −36.296

7.614 ± 0.004 −5.735

7.621 ± 0.003 −17.762

440.87 3 8.179 ± 0.011 −28.243 ± 2.660 3.57 8.178 ± 0.002 −27.655

8.164 ± 0.004 −4.528

8.169 ± 0.003 −12.917

474.04 3 8.780 ± 0.009 −27.759 ± 2.206 2.96 8.775 ± 0.002 −20.260

8.765 ± 0.004 −3.512

8.768 ± 0.003 −8.727

506.37 3 9.387 ± 0.006 −48.2851 ± 1.533 2.06 9.366 ± 0.005 −14.400

9.359 ± 0.007 −2.717

9.361 ± 0.006 −5.379

535.90 3 9.927 ± 0.004 −38.1151 ± 0.925 1.24 9.910 ± 0.004 −9.902

9.905 ± 0.005 −2.113

9.906 ± 0.005 −2.798

570.39 3 10.568 ± 0.021 −28.2601 ± 4.953 6.65 10.554 ± 0.006 −5.452

10.552 ± 0.006 −1.520

10.551 ± 0.006 −0.236

599.25 3 11.096 ± 0.042 3.149 ± 9.999 13.42 11.099 ± 0.010 −2.254

11.098 ± 0.009 −1.095

11.097 ± 0.009 1.610
623.20 22 11.608 −115.3851 11.546 ± 0.011 0.104

11.546 ± 0.014 −0.783

11.544 ± 0.011 2.970
417.613 14 7.768 −33.976

7.747 −5.406

7.755 −16.462

459.163 14 8.509 −23.385

8.500 −3.941

8.503 −10.504



 International Journal of Thermophysics (2021) 42:153

1 3

153 Page 22 of 34

the quasi-isotherms is generally hindered. In addition, when the �(0) data of Columns 
3 arose from only two experimental points and the �(1)(T) values and accordingly the 
B
�
(T) values are implausible, the �(0) data had to be substituted by the �(0)

RF
 values of 

Columns 6 at the corresponding temperatures. Furthermore, if only one quasi-experi-
mental viscosity datum was available and only �(0)

RF
 values could be deduced by means 

Table 15  Values for the viscosity in the limit of zero density, �(0) , and for its initial density dependence, 
�
(1) , resulting from the re-evaluated quasi-experimental isotherms of the measurements of Kaussmann 

et al. [9] on fluorobenzene vapor. Values of �(0) and �(1) in the second row of each quasi-isotherm were 
derived with scaling factors of benzene given in Table 10

1 Only one data point so that �(0) and �(1) could neither be obtained from a fit of Eq. 7 nor directly be 
calculated
2 Only two data points so that �(0) and �(1) were directly calculated
3 Value of �(1) is implausible
4 Re-measurements at lower temperature after the highest temperature had been attained

T n �
(0) ± �

�(0)
�
(1) ± �

�(1)
103�

� �
(0)

RF
± �

�
(0)

RF

�
(1)

RF

K μPa ⋅ s μPa ⋅ s ⋅ L ⋅mol−1 μPa ⋅ s μPa ⋅ s μPa ⋅ s ⋅ L ⋅mol−1

304.18 11 8.229 −6.930

8.208 −3.068

315.14 22 8.476 −1.2503 8.505 ± 0.003 −6.223

8.484 ± 0.001 −2.716

348.17 22 9.347 −4.125 9.350 ± 0.000 −4.598

9.334 ± 0.001 −1.863

365.49 22 9.804 −4.750 9.799 ± 0.000 −3.960

9.785 ± 0.002 −1.508

397.67 22 10.631 −2.250 10.635 ± 0.000 −3.020

10.623 ± 0.001 −0.965

434.21 3 11.636 ± 0.046 −9.2953 ± 0.729 6.77 11.596 ± 0.006 −2.221

11.586 ± 0.007 −0.482

470.40 3 12.561 ± 0.005 −4.7703 ± 0.074 0.69 12.543 ± 0.002 −1.611

12.534 ± 0.003 −0.104

504.96 3 13.475 ± 0.026 −6.0223 ± 0.406 3.77 13.447 ± 0.004 −1.145

13.440 ± 0.005 0.190
538.14 3 14.360 ± 0.009 −9.1373 ± 0.136 1.26 14.313 ± 0.005 −0.777

14.306 ± 0.006 0.425
574.08 3 15.322 ± 0.068 −12.9503 ± 1.074 9.97 15.251 ± 0.010 −0.443

15.245 ± 0.011 0.638
600.52 3 16.004 ± 0.036 −10.8343 ± 0.567 5.26 15.944 ± 0.007 −0.232

15.938 ± 0.008 0.772
532.434 3 14.164 ± 0.053 −0.518 ± 0.831 7.71 14.166 ± 0.005 −0.836

14.159 ± 0.005 0.388
427.114 22 14.411 −3.143 11.407 ± 0.000 −2.359

11.397 ± 0.001 −0.567
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Table 16  Values for the viscosity in the limit of zero density, �(0) , and for its initial density dependence, 
�
(1) , resulting from the re-evaluated quasi-experimental isotherms of the measurements of Ahlmeyer et 

al. [10] on chlorobenzene vapor. Values of �(0) and �(1) in the second and third rows of each quasi-iso-
therm were derived with scaling factors of toluene and phenol, respectively, given in Table 10

1 An experimental point of Series 3 situated in the saturated vapor ( �sat = 0.207 kg ⋅m−3 ) was used
2 Value of �(1) is implausible
3 Only two data points so that �(0) and �(1) were directly calculated
4 Only one data point so that �(0) and �(1) could neither be obtained from a fit of Eq. 7 nor directly be 
calculated
5 Re-measurements at lower temperature after the highest temperature had been attained

T n �
(0) ± �

�(0)
�
(1) ± �

�(1)
103�

� �
(0)

RF
± �

�
(0)

RF

�
(1)

RF

K μPa ⋅ s μPa ⋅ s ⋅ L ⋅mol−1 μPa ⋅ s μPa ⋅ s μPa ⋅ s ⋅ L ⋅mol−1

320.101 3 8.125 ± 0.012 −20.162 ± 0.941 1.36 8.121 ± 0.001 −17.697

8.111 ± 0.002 −12.120

8.119 ± 0.001 −16.671

342.24 3 8.631 ± 0.022 −9.241 ± 0.708 4.36 8.638 ± 0.003 −13.331

8.631 ± 0.003 −9.505

8.638 ± 0.003 −13.437

374.07 3 9.412 ± 0.013 −20.8202 ± 0.409 2.52 9.390 ± 0.004 −8.376

9.386 ± 0.004 −6.569

9.393 ± 0.003 −10.193

408.75 3 10.276 ± 0.003 −36.3322 ± 0.103 0.63 10.218 ± 0.008 −4.212

10.218 ± 0.008 −4.123

10.225 ± 0.007 −7.795

445.65 3 11.191 ± 0.025 −44.5902 ± 0.813 5.00 11.111 ± 0.012 −0.752

11.114 ± 0.011 −2.101

11.121 ± 0.011 −6.007

486.50 3 12.174 ± 0.009 −36.8442 ± 0.305 1.88 12.103 ± 0.010 2.258

12.107 ± 0.009 −0.345

12.115 ± 0.008 −4.574

524.70 3 13.130 ± 0.004 −47.6522 ± 0.142 0.87 13.035 ± 0.013 4.505

13.042 ± 0.012 0.966
13.050 ± 0.011 −3.565

562.51 23 14.079 −61.5692 13.955 ± 0.024 6.321

13.963 ± 0.023 2.028
13.972 ± 0.021 −2.775

591.45 14 14.670 7.501

14.678 2.719
14.686 −2.274

624.29 23 15.598 −65.4902 15.463 ± 0.027 8.645

15.473 ± 0.025 3.393
15.482 ± 0.023 −1.785

323.225 3 8.210 ± 0.005 −24.4982 ± 0.154 0.95 8.197 ± 0.002 −17.031

8.187 ± 0.003 −11.719

8.195 ± 0.002 −16.156
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of the Rainwater–Friend theory, the respective values of the Columns 6 had to be 
applied in any case.

In conclusion, the experimentally based �(0)(T) and �(1)(T) data deduced from the 
series expansion of Eq. 7 are recommended for R134a, but not for the aromatic hydro-
carbon vapors considered in this paper. For these substances, the �(0)

RF
(T) values of 

Column 6, given in the first row of each quasi-isotherm and following from the Rain-
water–Friend theory with the determined scaling factors for the respective substance, 
should be preferred. This is further based on the fact that the use of Eq. 11 is only con-
nected with a change in the viscosity of −(0.35 to 0.56) % at the lowest temperatures up 

Table 17  Values for the viscosity in the limit of zero density, �(0) , and for its initial density dependence, 
�
(1) , resulting from the re-evaluated quasi-experimental isotherms of the measurements of Vogel [8] on 

1,4-dichlorobenzene (p-dichlorobenzene) vapor. Values of �(0) and �(1) in the second row of each quasi-
isotherm were derived with scaling factors of p-xylene given in Table 10

1 Value of �(1) is implausible
2 Only one data point so that �(0) and �(1) could neither be obtained from a fit of Eq. 7 nor directly be 
calculated
3 Only two data points so that �(0) and �(1) were directly calculated
4 Re-measurements at lower temperature after the highest temperature had been attained

T n �
(0) ± �

�(0)
�
(1) ± �

�(1)
103�

� �
(0)

RF
± �

�
(0)

RF

�
(1)

RF

K μPa ⋅ s μPa ⋅ s ⋅ L ⋅mol−1 μPa ⋅ s μPa ⋅ s μPa ⋅ s ⋅ L ⋅mol−1

359.82 4 8.913 ± 0.016 −17.0881 ± 1.473 4.16 8.922 ± 0.004 −22.774

8.896 ± 0.004 −6.945

378.96 4 9.358 ± 0.013 −19.458 ± 1.173 3.31 9.358 ± 0.003 −19.243

9.336 ± 0.004 −5.847

410.39 4 10.081 ± 0.022 −13.800 ± 1.944 5.49 10.083 ± 0.004 −14.984

10.066 ± 0.005 −4.402

443.55 4 10.857 ± 0.016 −12.797 ± 1.414 3.99 10.856 ± 0.003 −11.823

10.842 ± 0.004 −3.214

471.20 3 11.504 ± 0.026 −9.962 ± 1.184 3.72 11.503 ± 0.003 −9.853

11.491 ± 0.003 −2.410

505.66 4 12.336 ± 0.019 −19.0541 ± 1.694 4.78 12.318 ± 0.005 −7.959

12.308 ± 0.006 −1.583

543.16 4 13.227 ± 0.028 −16.4421 ± 2.554 7.20 13.211 ± 0.006 −6.377

13.202 ± 0.007 −0.847

576.72 3 13.966 ± 0.042 21.0721 ± 4.950 10.23 14.010 ± 0.010 −5.251

14.002 ± 0.010 −0.298

601.01 12 14.588 −4.562

14.580 0.048
618.52 23 14.887 73.3331 15.008 ± 0.021 −4.119

15.001 ± 0.020 0.274
370.504 3 9.142 ± 0.046 −5.8711 ± 2.114 6.63 9.168 ± 0.005 −20.702

9.143 ± 0.005 −6.310
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to (−0.05 to + 0.12) % at the highest temperatures, when the highest measured density 
is corrected to zero density. Then, the �(0) data for R134a and the respective �(0)

RF
 values 

(T
)

Fig. 3  Comparison of calculated values of the second viscosity virial coefficient B
�
(T) with experimental 

data for R134a, as a function of temperature T. Experimental data of Wilhelm and Vogel [6]: ▪ , iso-
therms included in the fit of Eq.  9; ◻ , re-measured isotherms excluded from the fit of Eq.  9. Values 
calculated with the optimized scaling factors � = 0.48499 nm and �∕kB = 277.99K using the theoretical 
B
∗
�
 function of the Rainwater–Friend theory corresponding to Eq (9): ——— 

(T
)

Fig. 4  Comparison of calculated values of the second viscosity virial coefficient B
�
(T) with experimental 

data for diphenyl, as a function of temperature T. Experimental data of Vogel [8]: ▪ , isotherms included 
in the fit of Eq. 9; ◻ , isotherms excluded from the fit of Eq. 9. Values calculated with the scaling fac-
tors � = 1.33 380 nm and �∕kB = 499.56K using the theoretical B∗

�
 function of the Rainwater–Friend the-

ory corresponding to Eq (9): ———. Values calculated using the scaling factors of mesitylene given in 
Table 10: – – – – –, according to the range of the quasi-isotherms; ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ , extrapolated down to 298 K 
and up to 1073 K. Values calculated using the scaling factors of durene given in Table 10: — — —, 
according to the range of the quasi-isotherms; ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ , extrapolated down to 298 K and up to 1073 K
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were correlated applying the following equations which appropriately extrapolate both 
to low and to high temperatures:

In Eq. 12, �(0) is in μPa ⋅ s and T in K. The functional form of �
�
(T) was chosen by 

using symbolic regression [43], implemented in the Eureqa software package, along 
the lines of Laesecke and Muzny [44, 45], correlating the dilute gas viscosities for 
carbon dioxide and methane, as well as of Hellmann [46], who correlated the dilute 
gas viscosity for ethane. The coefficients fi ( i = 1, ..., 4 ) obtained by fitting Eqs. 12 
and 13 to the �(0) data for R134a and to the �(0)

RF
 values of the aromatic hydrocarbon 

vapors are listed in Table  18. The functional form of Eq.  13 has no physical rel-
evance and, consequently, the parameters f1 to f4 have no physical significance for 
the different chemical species. The extrapolation behavior of these correlations is 
illustrated in Figs. 6 and 7. Figure 6 shows that the correlations for R134a and for 
fluorobenzene appropriately extrapolate down to 1 K. But the correlations for the 
other hydrocarbon vapors do not adequately extrapolate to such a low temperature. 
Thus, the correlations for chlorobenzene and p-dichlorobenzene yield reasonable 

(12)�
(0)(T) =

T1∕2

�
�
(T)

,

(13)�
�
(T) =f1T exp(−2T1∕3) +

f2 + f3 exp(−T
1∕3)

T1∕3
+ f4 exp

(

−
1

T1∕3

)

.

(T
)

Fig. 5  Comparison of calculated values of the second viscosity virial coefficient B
�
(T) with experimen-

tal data for chlorobenzene, as a function of temperature T. Experimental data of Ahlmeyer et al. [10]: 
▪ , isotherms included in the fit of Eq.  9; ⊞ , fictitious value at 408.75  K included in the fit of Eq.  9; 
◻ , isotherms excluded from the fit of Eq. 9. Values calculated with the scaling factors � = 1.13 855 nm 
and �∕kB = 365.35K using the theoretical B∗

�
 function of the Rainwater–Friend theory corresponding 

to Eq (9): ———. Values calculated using the scaling factors of toluene given in Table 10: – – – – –, 
according to the range of the quasi-isotherms; ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ , extrapolated down to 298 K and up to 1073 K. 
Values calculated using the scaling factors of phenol given in Table 10: — — —, according to the range 
of the quasi-isotherms; ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ , extrapolated down to 298 K and up to 1073 K



1 3

International Journal of Thermophysics (2021) 42:153 Page 27 of 34 153

�
(0) viscosity values down to 150 K, whereas the correlation for mesitylene provides 

meaningful values down to 70 K and those for durene and diphenyl down to 200 K. 
This is also demonstrated in this figure and certainly sufficient for all practical pur-
poses. Figure 7 shows that the correlations for all seven substances reliably extrapo-
late up to 1500 K.

The �(0)
cal

 values calculated with Eqs.  12 and 13 are exemplarily compared for 
diphenyl in Fig. 8 and for chlorobenzene in Fig. 9 with corresponding �(0) data and 
�
(0) values of Tables 14 and 16, that means with the experimentally based �(0) data of 

Columns 3, deduced by means of a fit with Eq. 7, and with �(0)
RF

 values of Columns 6, 
derived using Eq. 11 and the scaling factors of different aromatic vapors. The rela-
tive deviations Δ in these figures are marked in the majority of cases with error bars 
calculated from the standard deviations �

�
 given in Columns 3 and 6. Note that in 

the case of only one experimentally based datum, no values for �
�
 were derived and 

Table 18  Coefficients of Eq. 13 
for the respective substances

Gas f1 f2 f3 f4

R134a −17.2940 11.15 987 292.165 −0.296 506
Mesitylene −87.2097 23.58 457 77.3975 −0.808 788
Durene −222.352 25.15 170 74.6296 −0.911 470
Diphenyl −316.694 28.72 540 91.0269 −1.34 470
Fluorobenzene −155.899 17.96 273 581.651 −0.679 888
Chlorobenzene −212.903 19.54 953 536.258 −0.764 662
p−Dichlorobenzene −131.379 20.41 449 71.9528 −0.829 636

µP

Fig. 6  Extrapolation behavior of the correlations according to Eqs.  12 and 13 at low temperatures. 
Experimentally based correlation: ————–, R134a. Correlations based on the Rainwater–Friend the-
ory: — – – — – –, fluorobenzene; — ⋅⋅ — ⋅⋅ — ⋅⋅ , chlorobenzene; — – — – — –, p-dichlorobenzene; — 
— — —, mesitylene; – – – – – – –, durene; — ⋅ — ⋅ — ⋅ , diphenyl. Extrapolation down to low tempera-
tures: ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ; R134a and fluorobenzene (down to 1 K), chlorobenzene and p-dichlorobenzene (down to 
150 K), mesitylene (down to 70 K), durene and diphenyl (down to 200 K)
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µP

Fig. 7  Extrapolation behavior of the correlations according to Eqs.  12 and 13 at high temperatures. 
Experimentally based correlation: ————, R134a. Correlations based on the Rainwater–Friend the-
ory: — – – — – –, fluorobenzene; — ⋅⋅ — ⋅⋅ — ⋅⋅ , chlorobenzene; — – — – — –, p-dichlorobenzene; 
— — — —, mesitylene; – – – – – – –, durene; — ⋅ — ⋅ — ⋅ , diphenyl. Extrapolation up to 1500 K for 
all seven substances: ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

∆

Fig. 8  Representation of the zero density viscosity �(0)
cal

 for diphenyl calculated by means of Eqs. 12 and 
13, based on experimental B

�
 data, which were obtained by the serious expansion (Eq. 7), and on the 

Rainwater–Friend theory using Eq.  11 and the scaling factors of Table  10, as a function of tempera-
ture T. Relative deviations of the experimentally based data �(0)exp , of the �(0)

RF
 values for the Rainwater–

Friend theory, and for the Rainwater–Friend theory with scaling factors of Table  10 for mesitylene 
and durene, each from the calculated values �(0)

cal
 : Δ = 100(�

(0)
exp − �

(0)

cal
)∕�

(0)

cal
 , Δ = 100(�

(0)

RF
− �

(0)

cal
)∕�

(0)

cal
 , 

Δ = 100(�
(0)

RF,Mes
− �

(0)

cal
)∕�

(0)

cal
 , and Δ = 100(�

(0)

RF,Dur
− �

(0)

cal
)∕�

(0)

cal
 . Experimental data of Vogel [8]: ▪ , B

�
 data 

from isotherms included in the fit of Eq. 9; ◻ , B
�
 data from isotherms excluded from the fit of Eq. 9. ○ , 

values for the Rainwater–Friend theory with scaling factors for diphenyl; ▵ , values for the Rainwater–
Friend theory with scaling factors for mesitylene; ▿ , values for the Rainwater–Friend theory with scaling 
factors for durene
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no error bars could be plotted. Figure 8 shows that the four �(0) data points of those 
quasi-isotherms, to which Eq. 9 was fitted to determine the scaling factors of diphe-
nyl, deviate from the �(0)

cal
 values, which were calculated applying Eqs. 12 and 13 with 

the respective coefficients of Table 18, by < ±0.03% , whereas the excluded four �(0) 
data points differ by up to +0.50% . The �(0)

RF
 values which were obtained with the 

scaling factors of diphenyl itself and were employed to derive the coefficients of 
Table  18, are represented by Eqs.  12 and 13 within ±0.04% . In contrast, the �(0)

RF
 

values which are based on the scaling factors of mesitylene deviate by −0.26% to 
+0.02% , while those obtained with the scaling factors of durene differed by −0.15% 
to −0.01% , each systematically increasing with temperature. Figure 9 illustrates that 
the two �(0) data points at 320 K and 342 K, to which Eq. 9 including a third ficti-
tious datum was fitted to determine the scaling factors of chlorobenzene, differ from 
the �(0)

cal
 values, which were calculated applying Eqs. 12 and 13 with the respective 

coefficients of Table 18, by < ±0.11% , whereas the excluded eight �(0) data points 
deviate by up to +0.90% . The �(0)

RF
 values which were obtained with the scaling fac-

tors of chlorobenzene and were applied to determine the coefficients of Table  18 
are represented by Eqs. 12 and 13 within ±0.09% . In contrast, the �(0)

RF
 values which 

resulted with the scaling factors of toluene differ by −0.12% to +0.10% , while those 
obtained with the scaling factors of phenol deviate by −0.02% to +0.17% , each to 
a large extent systematically increasing with temperature. However, the differences 

∆

Fig. 9  Representation of the zero density viscosity �(0)
cal

 for chlorobenzene calculated by means of 
Eqs. 12 and 13, based on experimental B

�
 data, which were obtained by the serious expansion (Eq. 7), 

and on the Rainwater–Friend theory using Eq. 11 and the scaling factors of Table 10, as a function of 
temperature T. Relative deviations of the experimentally based data �(0)exp , of the �(0)

RF
 values for the Rain-

water–Friend theory, and for the Rainwater–Friend theory with scaling factors of Table 10 for toluene 
and phenol, each from the calculated values �(0)

cal
 : Δ = 100(�

(0)
exp − �

(0)

cal
)∕�

(0)

cal
 , Δ = 100(�

(0)

RF
− �

(0)

cal
)∕�

(0)

cal
 , 

Δ = 100(�
(0)

RF,Tol
− �

(0)

cal
)∕�

(0)

cal
 , and Δ = 100(�

(0)

RF,Phe
− �

(0)

cal
)∕�

(0)

cal
 . Experimental data of Ahlmeyer et al. [10]: 

▪ , B
�
 data from isotherms included in the fit of Eq. 9; ◻ , B

�
 data from isotherms excluded from the fit of 

Eq. 9. ○ , values for the Rainwater–Friend theory with scaling factors for chlorobenzene; ▵ , values for the 
Rainwater–Friend theory with scaling factors for toluene; ▿ , values for the Rainwater–Friend theory with 
scaling factors for phenol
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following for the �(0)
RF

 values with the scaling factors of the different aromatic hydro-
carbons are comparatively small. Similar evidence could be given for the remaining 
four aromatic hydrocarbon vapors.

It has already been demonstrated in Figs. 4 and 5 that there exists a large uncer-
tainty in the B

�
(T) data. The reason for this is the fact that some of the �(1)(T) data 

points in Columns 4 of Tables 14 and 16 are implausible and sometimes are actually 
characterized by the wrong sign. Moreover, the �(1)

RF
 values of the Columns 7 differ 

strongly when the first row of a quasi-isotherm is compared with the second and/or 
third row of Table 14 (obtained by employing the scaling factors of other aromatic 
hydrocarbon vapors of this paper) and of Table 16 (derived by applying the scaling 
factors of substituted aromatic hydrocarbon vapors of Ref.  [1]). Consequently, the 
reliability of the �(1)

RF
 values of the first row of any quasi-isotherm is not sufficient to 

recommend these values. The �(1)
RF

 values of mesitylene listed in Table 12 should be 
judged in the same way, even if the differences to those �(1)

RF
 values resulting with the 

scaling factors for p-xylene are extremely small.

6  Concluding Remarks

Using all-quartz oscillating-disk viscometers for relative measurements at the 
University of Rostock, the viscosities of several organic vapors have been meas-
ured and reported by Vogel and co-workers about forty years ago. In this work, 
measurements on six aromatic hydrocarbon vapors together with later ones on 
R134a (Ref. [6]) were re-evaluated after re-calibrating the employed viscometers. 
The originally determined viscosity data were published in Refs. [7] (mesitylene 
and durene), [8] (diphenyl and p-dichlorobenzene), [9] (fluorobenzene), and [10] 
(chlorobenzene). For the re-evaluation, up-to-date reference viscosity values for 
argon and nitrogen at room temperature and zero density were applied, which 
were theoretically computed and in the case of nitrogen also experimentally 
based. Whereas the measurements on R134a were performed between 297 K and 
438 K over an extended range of moderate densities, the research on the aromatic 
hydrocarbon vapors concerned comparatively restricted low densities at tempera-
tures between 304 K and 631 K. The relative combined expanded ( k = 2 ) uncer-
tainty of the re-evaluated results for all seven compounds amounts to 0.2 % near 
room temperature increasing to 0.3 % at higher temperatures.

Quasi-isothermal data are needed to determine reliable values for the viscosity 
in the limit of zero density, �(0) , and possibly for its initial density dependence, 
�
(1) , which was a further aim of this work. For this, approximately isothermal 

groups of the re-evaluated data of the isochoric measurement series were listed 
for each substance. To obtain as much as possible quasi-isothermal values for 
the evaluation, we were forced to summarize data points at temperatures differ-
ing by up to ±12K . In doing so, the experimental re-evaluated points of three 
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(five of the aromatic hydrocarbon vapors), of four (p-dichlorobenzene), and of 
six (R134a) isochoric series were grouped such that approximated isotherms fol-
lowed. Then, the re-evaluated data of the quasi-isothermal groups were converted 
into isothermal values using a first-order Taylor series in temperature.

A series expansion in density truncated at first order was applied to derive �(0) 
and �(1) data from the isothermal viscosity data. This procedure could appropri-
ately be employed to deduce �(0) and �(1) data for R134a. Since the density range 
of the measurements on the six aromatic hydrocarbon vapors was insufficiently 
large, the resulting �(0) and primarily the obtained �(1) data had such large uncer-
tainties that half of them had to be refused. In particular, if only two experimen-
tal data points belonged to an isotherm, the reliability of the �(0) and �(1) data 
was distinctly reduced. Hence, the Rainwater–Friend theory for the initial den-
sity dependence of the viscosity was applied to determine �(0) and �(1) values. For 
this, optimized scaling factors of length and energy were deduced by means of a 
fit of theoretical second viscosity virial coefficients, B

�
(T) , to the comparatively 

reliable experimentally based B
�
(T) data, which were obtained from the �(0) and 

�
(1) data deduced with the series expansion in density. Furthermore, �(0) and �(1) 

values were deduced applying scaling factors for similar aromatic hydrocarbon 
vapors dealt with in this paper and for aromatic hydrocarbon vapors re-evalu-
ated in Ref. [1]. All resulting �(0) and �(1) values are summarized in tables for the 
respective substance.

In principle, the �(0) and �(1) data resulting from the series expansion in density 
should be preferred. This holds for R134a, for which, apart from the re-measure-
ments, all �(0) and �(1) data of Columns 3 and 4 of Table 11 are recommended. For 
the six aromatic hydrocarbon vapors, only the �(0) values derived with the Rain-
water–Friend theory applying the optimized scaling factors of energy and length 
of the respective vapor can be recommended, while the �(1) values are somewhat 
doubtful. The selected �(0) values are once more summarized in Table  19. The 
relative combined expanded ( k = 2 ) uncertainty is estimated to be Uc,r(�) = 0.003 
at all temperatures. The reason for this judgement consists in that the re-evaluated 
experimental data are characterized by Uc,r(�) = 0.002 near room temperature and 
by an increase to Uc,r(�) = 0.003 at higher measurement temperatures, while the 
shift to the limit of zero density amounts to at most −0.5% at the lowest tempera-
tures decreasing to ±0.1% at the highest ones.
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Table 19  Recommended viscosity values in the limit of zero density for six aromatic hydrocarbons1

1 The relative combined expanded ( k = 2 ) uncertainty is Uc,r(�) = 0.004 at the given temperatures of the 
quasi-isotherms

T∕K �
(0)∕μPa ⋅ s T∕K �

(0)∕μPa ⋅ s T∕K �
(0)∕μPa ⋅ s

Mesitylene Durene Diphenyl

352.63 7.158 377.03 7.324 409.98 7.632
372.08 7.523 393.16 7.608 417.61 7.768
387.18 7.799 410.64 7.911 440.87 8.178
423.13 8.469 447.07 8.552 459.16 8.509
461.14 9.182 488.44 9.289 474.04 8.775
501.19 9.935 531.08 10.054 506.37 9.366
539.67 10.657 556.96 10.529 535.90 9.910
579.49 11.404 586.42 11.052 570.39 10.554
608.87 11.960 623.73 11.722 599.25 11.099
629.47 12.343 623.20 11.546

T∕K �
(0)∕μPa ⋅ s T∕K �

(0)∕μPa ⋅ s T∕K �
(0)∕μPa ⋅ s

Fluorobenzene Chlorobenzene p-Dichlorobenzene

304.18 8.229 320.10 8.121 359.82 8.922
315.14 8.505 323.22 8.197 370.50 9.168
348.17 9.350 342.24 8.638 378.96 9.358
365.49 9.799 374.07 9.390 410.39 10.083
397.67 10.635 408.75 10.218 443.55 10.856
427.11 11.407 445.65 11.111 471.20 11.503
434.21 11.596 486.50 12.103 505.66 12.318
470.40 12.543 524.70 13.035 543.16 13.211
504.96 13.447 562.51 13.955 576.72 14.010
532.43 14.166 591.45 14.670 601.01 14.588
538.14 14.313 624.29 15.463 618.52 15.008
574.08 15.251
600.52 15.944
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