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Densities and Kinematic Viscosities of Ten Binary 1-Alkanol Liquid Systems at

Temperatures of (293.15 and 298.15) K

Nidal M. Hussein and Abdul-Fattah A. Asfour*

Environmental Engineering, University of Windsor, Windsor, Ontario, Canada N9B 3P4

The densities and viscosities of ten binary mixtures of 1-propanol, 1-pentanol, 1-heptanol, 1-nonanol, and
1-undecanol have been measured over the entire composition range at temperatures of (293.15 and 298.15)
K. The experimental data were employed to test the predictive capabilities of viscosity models including
the generalized McAllister three-body interaction model, the GC-UNIMOD model, the generalized
corresponding states principle (GCSP) model, and the Allan and Teja correlation. The analysis of the models
shows that the generalized McAllister three-body interaction model provided the best predictions for the

1-alcohol mixtures investigated.

Introduction

Viscosity is an important property of liquid mixtures required
for the design of flow systems that are widely used in
engineering applications, especially in heat exchangers as well
as in mass transfer equipment. In addition, it is believed that
the knowledge of the dependence of viscosity on temperature
and composition may provide better insight into the structure
of liquids. This has motivated many researchers to investigate
the dependence of viscosity of liquid mixtures on composition.
Those efforts have resulted in developing different models.
Among the available viscosity models in the literature, four that
have been widely used were selected to test the predictive
capabilities, and these were the generalized McAllister three-
body interaction model (model 1) reported by Nhaesi and
Asfour,' the GC-UNIMOD model (model 2) reported by Cao
et al.,” the generalized corresponding states principle (GCSP)
model (model 3) reported by Teja and Rice,? and the Allan and
Teja correlation (model 4) reported by Allan and Teja.* The
objective of this work is to obtain and report kinematic
viscosities and densities of ten binary systems over the entire
composition range at temperatures of (293.15 and 298.15) K.

Experimental Section

Preparation of Solutions. All solutions were gravimetrically
prepared with a Mettler balance with a stated precision of 1+1077
kg. The procedure described earlier by Asfour® was followed.
The estimated error in the mole fraction so determined was =+
1.5+1073. Since the 1-alcohols are hygroscopic, they were stored
over a 0.4 nm molecular sieve.

Materials. The chemicals used for the calibration of the
density meter (octane, toluene, ethylbenzene, undecane, and
tridecane) and those used for constituting the liquid systems
investigated in this study (1-propanol, 1-pentanol, 1-heptanol,
I-nonanol, and 1-undecanol) were purchased from Sigma-
Aldrich and from Fluka. The stated mole fraction purities of
those chemicals were 0.99. Gas chromatography (GC) analysis
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was employed to verify the purities. A Hewlett-Packard 5890A
gas chromatograph with a flame ionization detector (FID) and
an HP 1 (cross-linked methyl silicone gum) 30 m (long) x 0.53
mm (diameter) and 2.65 um (film thickness) column was used.
The GC analysis confirmed that the purities of the chemicals
were better than their stated values. The suppliers’ stated purities
and the GC analysis results of the chemicals used in the present
study are as follows: 1-propanol (Sigma-Aldrich cited a mole
fraction of > 0.995 while GC analysis gave a mass fraction of
0.999), 1-pentanol (Sigma-Aldrich cited a mole fraction of >
0.99 while GC analysis returned a mass fraction of 0.998),
1-heptanol (Fluka cited a mole fraction of > 0.99 while GC
analysis gave a mass fraction of 0.997), 1-nonanol (Fluka cited
a mole fraction of > 0.98 while GC analysis gave a mole fraction
of 0.992), 1-undecanol (Sigma-Aldrich cited a mole fraction of
> 0.99 while GC analysis gave a mass fraction of 0.996), octane
(Sigma-Aldrich cited a mole fraction of > 0.99 while GC
analysis gave a mass fraction of 0.995), toluene (cited a mole
fraction of > 0.998 while GC analysis gave a mass fraction of
0.999), ethylbenzene (Sigma-Aldrich cited a mole fraction of >
0.998 while GC analysis gave a mass fraction of 0.998),
undecane (Sigma-Aldrich cited a mole fraction of > 0.99 while
GC analysis gave a mass fraction of 0.999), and tridecane
(Sigma-Aldrich cited a mole fraction of > 0.99 while GC
analysis gave a mass fraction of 0.995).

Density Measurements. Density was measured with an
Anton-Paar DMA 60 processing unit and a DMA 602 measuring
cell with a stated uncertainty of £ 3-107® kg-L™'. Our
experimental work indicated an uncertainty of £ 1.2-107*
kg+L~". The temperature of the measuring cell was maintained
within & 0.01 K of the desired level by a Haake N4 circulator.
The circulator water temperature is monitored by an Omega
electronic thermometer fitted with a calibrated platinum tem-
perature sensor (ITS-90) with an uncertainty of £ 0.01 K. The
measuring cell and the processing unit were kept inside a
wooden chamber. The temperature inside the chamber is
controlled by an arrangement described in details earlier by
Asfour® and is kept within % 0.5 K of the desired temperature.
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To calculate the density of the injected samples, the oscillation
period reading is substituted into an equation suggested by the
instrument supplier. The density meter equation has the fol-
lowing form:

p:A_tz_
1 — B

where p is the density of the sample. A, B, and C are the
calibration constants, and ¢ is the oscillation period in seconds.
The values of the calibration constants were determined by using
the density values of some compounds with accurately known
density values, which were fitted to eq 1. The following
compounds, with their densities available from the literature,
Thermodynamic Research Center (TRC) tables® in kg L', were
employed to determine the values of the constants A, B, and C:
at T = 293.15 K, octane p = 0.70267 kg-L™!, toluene p =
0.8669 kg-L~!, ethylbenzene p = 0.8671 kg+L™!, tridecane p
= 0.7561 kg*L™!, and undecane p = 0.7402 kg-L™'; at T =
298.15 K, octane p = 0.69862 kg-L™!, toluene p = 0.8623
kg-L™!, ethylbenzene p = 0.8628 kg-L~!, tridecane p =
0.75271 kg+L™!, and undecane p = 0.7365 kg-L~!. At 293.15
K, the values of the parameters were determined to be the
following: A = 3.143115 kg*s™2-L~!, B =0.1603187 s, and
C = 0.9829897 kgL', and the standard deviation is 8.7-1073
kg-L7L At T = 298.15 K, the values were found to be as
follows: A = 3.459062 kg-s~2-L~!, B = 0.07160815 s~2, and
C = 1.066801 kgL', and the standard deviation is 1.56-107*
kg L7

ey

Viscosity Measurements

Cannon—Ubbelohde glass viscometers were employed for
measuring the kinematic viscosities of the systems under
investigation. Two sizes of the viscometers were used in the
present study: 100 and 150. Those viscometers were used to
measure the kinematic viscosities that range between (3 to 15
and 7 to 35) 1078 m2-s™!, respectively. The viscometer was
placed in a Cannon CT-1000, constant temperature bath where
temperature can be controlled to within £ 0.01 K. To calculate
the viscosities of the samples to be studied, the efflux time was
measured three times, and the average value was substituted
into the equation suggested by the viscometer manufacturer.
The values of the efflux times were reproducible to within £
0.1 %. The uncertainty in the kinematic viscosity measurements
was estimated to be &= 2+107° m?+s~'. The uncertainty in case
of the absolute viscosities was determined to be £ 1.6-107°
Pa-s.

The viscometer equation for the Cannon—Ubbelohde vis-
cometer is given by:

uza—g 2)
t

where v is the kinematic viscosity of the sample. The C and E
are the calibration constants, and ¢ is the efflux time in seconds.
The accuracy of the stop watch that was used for measuring
efflux times is within 4= 0.01 s. The values of the calibration
constants at each temperature level were determined by using
calibration fluids of known viscosities supplied by Cannon
Instrument Company, namely, S3 with (2.9 to 4.6) 107 m?+s™!,
S6 with (5.7 to 11) 107® m? +s~!, and N10 with (10 to 21) 1076
m?-s~!. The viscosities of the calibration fluids and their
corresponding efflux times were fitted using the least-squares
technique to eq 2 to estimate the values of the calibration
constants C and E.

Table 1. Pure Components Properties and Their Comparison with
Their Corresponding Literature Values at Different Temperatures
for Density p, Kinematic v, and Dynamic Viscosity u

0 10° v u
kg-L™! m2es! mPa-s
compound exptl literature exptl exptl literature
T=293.15K

1-propanol 0.8035  0.80375° 2.828 2272 2.196°

1-pentanol 0.8146  0.8151° 4.946 4.029 4.0608°

1-heptanol 0.8222  0.8225° 8.640 7.104 7.0587

1-nonanol 0.8278  0.828° 14.110  11.683  11.635%

lI-undecanol  0.8324  0.8335° 20.640  17.182  17.284%
T =298.15 K

1-propanol 0.7996  0.79975° 2.459 1.966 1.943°

1-pentanol 0.8110  0.8115° 4.308 3.494 3.5128°

0.8186° 7.320 5.993 5.898°
0.8247° 11.730 9.671 9.6921°
0.8297° 16.920  14.025  14°

1-heptanol 0.8187
1-nonanol 0.8244
1-undecanol 0.8290

Results and Discussion

The measured experimental values of density, kinematic
viscosity, and the calculated absolute viscosity, u, of the pure
components employed in this study at temperatures of (293.15
and 298.15) K and the corresponding literature values are
listed in Table 1. The comparison provided by Table 1 shows
that the reported experimental values for density and absolute
viscosity are in agreement with those reported in the
literature. The experimental values of the densities, kinematic
viscosities, and the calculated absolute viscosities of the
investigated binary systems are reported in Table 2. The
measured kinematic viscosity values reported in Table 2 were
used to test the predictive capabilities of the previously
mentioned models.

Rauf et al.'® reported data on the systems: 1-propanol +
1-heptanol and 1-propoanol + 1-nonanol at 7 = 298.15 K.
The data reported by Rauf et al.'® are not reliable for the
following reasons: (i) their temperature stability when
measuring viscosity was reported as £ 0.1 K (a factor of 10
less than achieved in this work); viscosity is a property which
is a strong function of temperature, (ii) those authors
employed water, which has relatively much lower viscosities
than 1-alkanols for calibrating their viscometers, and (iii)
1-alkanols are known to be hygroscopic. No mention was
made by Rauf et al.'” to indicate that they kept their
1-alkanols over molecular sieve. All such factors can result
in significant errors. In addition, data on (1l-nonanol +
1-undecanol) at temperatures of (293.15 and 298.15) K were
reported by Faria et al.® The main objection the present
authors have about the work of those authors is that they
reported the calibration of their density meter by using
tridistilled water and air. The density range here is very wide
relative to the density values they measured. This obviously
increases the errors in measurement. The present authors
employed compounds for calibration with densities that are
in the same range as those measured to minimize the
experimental errors. If one plots our reported densities
(1-nonanol + 1-undecanol) at the two temperatures, one can
easily see that the changes of density with composition in
our case are much smoother than the densities reported by
Faria et al.® In addition, density is a function of temperature.
Those authors did not indicate the kind of temperature
measuring device they employed, whether it was calibrated
or not, and if calibrated if it was on the basis of ITS-90 or
IPTS-68. This is critical information that is needed to be
supplied by those authors.
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Table 2. Density p, Kinematic Viscosity v, and Calculated Absolute Viscosity u as a Function of Composition x at Temperatures of (293.15 and
298.15) K for Binary Mixtures

P 108 v u P 108 v u P 10° v u P 106 v u
kgL' m?es! mPass kgL' m?s7! mPa-s kg'L™!  m?es! mPass kgL' m?s7! mPa-s
X 293.15 K 298.15 K 293.15 K 298.15 K
1-Propanol (1) and 1-Pentanol (2) 1-Propanol (1) and 1-Pentanol (2) 1-Propanol (1) + 1-Undecanol (2)  1-Propanol (1) + 1-Undecanol (2)
0.0000  0.8146 4.946 4.029 0.8110 4.308 3.494  0.0000 0.8279 14.113 11.683 0.8244 11.731 9.671
0.0959  0.8137 4.701 3.825 0.8101 4.105 3325  0.1155  0.8266 12.976 10.725 0.8231 10.802 8.891
0.2143  0.8128 4.410 3.584 0.8091 3.864 3.126  0.2155 0.8256 11.761 9.710 0.8222 9.831 8.083
0.2969  0.8120 4.243 3.446 0.8084 3.721 3.008 0.3161 0.8245 10.593 8.734 0.8211 8.906 7.313
0.4097  0.8109 3.963 3214 0.8072 3.503 2.828 04052  0.8236 9.800 8.071 0.8201 8.310 6.815
0.5053  0.8099 3.793 3.072 0.8062 3.343 2.695 0.5066  0.8224 8.841 7.270 0.8189 7.483 6.128
0.5963  0.8090 3.595 2.908 0.8052 3.151 2537  0.6079  0.8210 8.016 6.582 0.8175 6.789 5.550
0.6924  0.8078 3.414 2.758 0.8040 2.988 2402  0.7036  0.8196 7.196 5.898 0.8161 6.148 5.017
0.7892  0.8066 3.201 2.582 0.8028 2.844 2283 0.7935 0.8182 6.346 5.192 0.8147 5.490 4.473
0.8797  0.8054 3.032 2.442 0.8015 2.640 2126 0.8913  0.8166 5.670 4.631 0.8130 4.891 3.976
1.0000  0.8035 2.828 2272 0.7996 2.459 1.966  1.0000 0.8146 4.946 4.029 0.8110 4.308 3.494
1-Propanol (1) + 1-Heptanol (2) 1-Propanol (1) + 1-Heptanol (2) 1-Propanol (1) and 1-Pentanol (2) 1-Propanol (1) and 1-Pentanol (2)
0.0000  0.8222 8.640 7.104 0.8187 7.320 5.993  0.0000 0.8325 20.64 17.182 0.8290 16.917 14.025
0.0900  0.8212 8.035 6.596 0.8177 6.866 5.614 0.1218 0.8303 19.175 15.921 0.8269 15.764 13.036
0.1795  0.8202 7.413 6.080 0.8167 6.316 5.158  0.2312  0.8291 16.700 13.844 0.8257 13.811 11.404
0.3279  0.8182 6.463 5.288 0.8146 5.547 4519 03167  0.8280 14.832 12.281 0.8246 12.296 10.139
0.4103  0.8169 5.952 4.862 0.8133 5.131 4.174  0.4002  0.8269 13.513 11.174 0.8235 11.265 9.277
0.5058  0.8153 5.252 4.282 0.8117 4.576 3714  0.5076  0.8252 11.531 9.516 0.8218 9.681 7.956
0.6106  0.8135 4.703 3.825 0.8098 4.127 3.342  0.6003  0.8237 9.960 8.205 0.8203 8.415 6.902
0.6991  0.8116 4.243 3.443 0.8079 3.724 3.009  0.6977  0.8220 8.447 6.943 0.8185 7.142 5.846
0.7989  0.8093 3.720 3.011 0.8056 3.270 2.634  0.7982  0.8198 7.080 5.804 0.8163 6.013 4.908
0.8882  0.8070 3.275 2.643 0.8032 2914 2340 0.8954  0.8175 5.957 4.870 0.8139 5.111 4.160
1.0000  0.8035 2.828 2272 0.7996 2.459 1.966  1.0000 0.8146 4.946 4.029 0.8110 4.308 3.494
1-Propanol (1) and 1-Pentanol (2) 1-Propanol (1) and 1-Pentanol (2) 1-Propanol (1) + 1-Undecanol (2)  1-Propanol (1) + 1-Undecanol (2)
0.0000  0.8279 14.113 11.683 0.8244 11.731 9.671  0.0000 0.8279 14.113 11.683 0.8244 11.731 9.671
0.0808  0.8265 13.141 10.861 0.8231 10.942 9.007 0.1181  0.8270 13.491 11.157 0.8236 11.230 9.249
0.2286  0.8246 10.958 9.037 0.8212 9.193 7.550  0.2245  0.8266 12.776 10.561 0.8232 10.662 8.777
0.3296  0.8231 9.623 7.921 0.8196 8.175 6.701  0.307 0.8262 12.132 10.023 0.8228 10.122 8.328
0.4104  0.8217 8.638 7.097 0.8182 7.335 6.002  0.4093  0.8257 11.567 9.551 0.8223 9.670 7.951
0.5176  0.8195 7.384 6.051 0.8160 6.308 5.147  0.5045 0.8251 11.084 9.146 0.8217 9.284 7.628
0.6051  0.8176 6.444 5.268 0.8140 5.544 4513 0.5969  0.8247 10.440 8.610 0.8212 8.781 7.211
0.6801  0.8155 5.519 4.501 0.8119 4.809 3.904  0.6924  0.8242 10.128 8.347 0.8207 8.500 6.976
0.7961  0.8119 4.413 3.583 0.8083 3.871 3.129  0.7866  0.8236 9.675 7.968 0.8202 8.123 6.662
0.8945  0.8083 3.588 2.900 0.8045 3.175 2.554  0.8883  0.8230 9.040 7.439 0.8195 7.646 6.266
1.0000  0.8035 2.828 2272 0.7996 2.459 1.966  1.0000  0.8222 8.640 7.104 0.8187 7.320 5.993
1-Propanol (1) + 1-Undecanol (2)  1-Propanol (1) + 1-Undecanol (2) 1-Propanol (1) and 1-Pentanol (2) 1-Propanol (1) and 1-Pentanol (2)
0.0000  0.8325 20.64 17.182 0.8290 16.917 14.025  0.0000  0.8325 20.64 17.182 0.8290 16.917 14.025
0.1283  0.8307 18.148 15.076 0.8273 14.952 12.37 0.1245  0.8307 19.706 16.370 0.8273 16.146 13.357
0.2079  0.8296 16.201 13.44 0.8262 13.45 11.112 0.2254  0.8300 18.019 14.955 0.8266 14.829 12.258
0.3145  0.8279 13.964 11.56 0.8244 11.593 9.558 0.2988  0.8294 16.627 13.790 0.8260 13.677 11.297
0.4057  0.8261 12.175 10.057 0.8226 10.204 8.394 04142 0.8284 15.601 12.925 0.8250 12.918 10.658
0.5075  0.8240 10.099 8.321 0.8205 8.529 6.998  0.5086  0.8276 14.292 11.827 0.8242 11.878 9.790
0.6096  0.8213 8.297 6.814 0.8177 7.098 5.804 0.5895  0.8268 13.092 10.825 0.8234 10.895 8.971
0.6937  0.8187 6.881 5.634 0.8151 5917 4.823  0.6993  0.8257 12.018 9.924 0.8223 10.036 8.253
0.7922  0.8150 5.398 4.399 0.8114 4.694 3.808 0.7866  0.8248 10.908 8.997 0.8213 9.145 7.511
0.8907  0.8103 4.040 3.274 0.8065 3.542 2.857 0.8888  0.8236 9.719 8.005 0.8202 8.183 6.711
1.0000  0.8035 2.828 2272 0.7996 2.459 1.966  1.0000 0.8222 8.640 7.104 0.8187 7.320 5.993
1-Propanol (1) and 1-Pentanol (2) 1-Propanol (1) and 1-Pentanol (2) 1-Propanol (1) + 1-Undecanol (2)  1-Propanol (1) + 1-Undecanol (2)
0.0000  0.8222 8.640 7.104 0.8187 7.32 5.993  0.0000 0.8325 20.64 17.182 0.8290 16.917 14.025
0.123 0.8214 8.151 6.696 0.8180 6.959 5.692  0.1177 0.8314 20.282 16.862 0.8279 16.722 13.844
0.2117  0.8208 7.766 6.374 0.8174 6.617 5408  0.248 0.8308 19.584 16.214 0.8274 16.078 13.303
0.3131  0.8202 7.412 6.079 0.8167 6.315 5.158  0.3116  0.8305 18.741 15.565 0.8271 15.379 12.720
0.4177  0.8194 7.027 5.758 0.8159 6.004 4.899  0.4007  0.8302 18.664 15.495 0.8268 15.335 12.679
0.5088  0.8188 6.621 5.421 0.8153 5.706 4.652  0.5017  0.8298 17.671 14.663 0.8264 14.558 12.031
0.5897  0.8182 6.327 5.177 0.8147 5.438 4431 0.6004  0.8294 16.673 13.829 0.8260 13.713 11.327
0.6996  0.8173 5.979 4.887 0.8138 5.148 4.189  0.6921  0.8290 16.285 13.500 0.8256 13.465 11.116
0.7885  0.8165 5.697 4.651 0.8129 4919 3.997 0.7943  0.8286 15.435 12.789 0.8252 12.788 10.552
0.8909  0.8156 5.256 4.287 0.8120 4.577 3.717  0.8915  0.8281 14.562 12.060 0.8247 12.104 9.982
1.0000  0.8146 4.946 4.029 0.8110 4.308 3.494  1.0000 0.8279 14.113 11.683 0.8244 11.731 9.671
With respect to the kinematic viscosities, Faria et al.® viscometers; if this was the case, then this would cast a lot
indicated that they employed the Cannon—Feneske viscom- of doubt about the accuracy and validity of their data.
eters. No information was provided about the calibration of It is interesting to note that Faria et al.® did not report the
such viscometers. Hopefully, they did not follow the example measured viscosity data, that is, the kinematic viscosities,

of Rauf et al.'” who employed water to calibrate their but rather they reported the absolute viscosities which are



Journal of Chemical & Engineering Data, Vol. 54, No. 10, 2009 2951

Table 3. Results of Testing Different Models

T model 1 model 2 model 3 model 4
system K % AAD % MAX % AAD % MAX % AAD % MAX % AAD % MAX
1-propanol + 1-pentanol 293.15 1.08 —2.23 1.28 —2.04 1.65 —2.51 94.36 94.55
298.15 0.5 —0.96 0.61 —0.99 0.81 —1.28 93.75 93.92
1-propanol + 1-heptanol 293.15 1.54 —3.82 2.13 —3.81 7.39 —11.15 94.49 94.64
298.15 0.77 —2.29 0.69 -2 5.76 —9.09 93.87 94.08
1-propanol + 1-nonanol 293.15 1.39 —3.92 2.48 —4.37 84.88 94.96 94.64 95.02
298.15 1.47 —3.71 1.11 —1.96 84.38 94.61 94 94.43
1-propanol + 1-undecanol 293.15 2.52 —4.66 6.9 —11.13 49.20 60.89 94.62 95.23
298.15 2.97 553 52 8.46 48.74 60.46 93.95 94.66
1-pentanol + 1-heptanol 293.15 0.38 1.02 0.66 —1.47 3.71 5.16 94.2 94.27
298.15 0.28 0.7 0.57 —1.19 3.57 4.74 93.53 93.61
1-pentanol + 1-nonanol 293.15 0.7 —1.91 1.77 —2.94 4.45 6.56 94.19 94.37
298.15 0.77 —2.25 1.83 —2.97 4.10 5.66 93.49 93.69
1-pentanol + 1-undecanol 293.15 1.09 3.52 242 —4.63 9.73 13.13 94.05 94.31
298.15 1.45 —3.24 2.57 —5.36 9.03 12.51 93.3 93.61
1-heptanol + 1-nonanol 293.15 0.8 —2.34 1.59 —3.03 0.67 1.39 94 94.12
298.15 0.92 —23 1.73 —2.94 0.61 —1.33 93.23 93.39
1-heptanol + 1-undecanol 293.15 1.3 3.65 1.17 251 4.66 6.64 93.86 94.16
298.15 1.14 3.22 1.12 2.1 4.32 6.36 93.06 93.39
I-nonanol + 1-undecanol 293.15 1.49 391 1.21 3.12 2.57 4.96 93.62 93.87
298.15 14 3.6 1.2 2.8 242 4.67 92.78 93.08
overall % AAD 1.20 1.92 16.63 93.85

calculated from the densities and kinematic viscosities. Had
they reported their measured viscosities we may have been
able to draw many more conclusions about the quality of
their data.

The generalized McAllister three-body interaction model
for multicomponent n-alkane and for regular solutions was
developed and reported by Nhaesi and Asfour.! They
suggested the following equation for calculating the kinematic
viscosity of any multicomponent liquid system:

Inv,, = Zx In(v,M,) + 32 zxx In(vM,) +
i=1 i=1 j=1
i#]
63 Y Y Con M) — InM,) )

i=1 j=1 k=1
i<j<k
For n-alkane mixtures, the binary interaction parameters in
the previous equation are calculated using the following
equation:

(N, —

N’
=1+ 0.044

1/3
)

( 1/ )1/3 S

As suggested earlier by Shan,'' the generalized version of
the predictive model for multicomponent n-alkane mixtures was
used for the prediction of the viscosities of the 1-alkanol binary
mixtures. The GC-UNIMOD model was reported by Cao et al.”
The viscosity equation in that model is given by,

= 2 [em{g) + 203
In(v) = ; ¢iIn\vir | + 20, ln(ai) +
>

all groups k

i j

(1)
Vi

[0y — 9“&] ®)
where ¢; is the average segment fraction of component i, 0ff is
the residual viscosity of group k for component i in a mixture-
of-group of pure liquid i in component i and v{ is the number
of groups k per molecule of component i.

The GCSP model was reported by Teja and Rice.® The model
requires knowledge of the critical properties. These data were
taken from Reid et al.'> The model is given by the following
equation:

In(ué) = In(ué)" + [1 (&) — Inud)"

(6)

where rl and r2 refer to the two reference fluids, u is the absolute
viscosity, w is the acentric factor of the nonspherical fluid, and
& is a constant obtained from the critical properties of the fluid
and is given by the following equation:
E= Pc_2/3Ti/6M_1/2 %)

where P. and T, are the critical pressure and temperature,
respectively. To apply the GCSP equation for liquid mixtures
the mixing rules described in details earlier by Wong et al."
are used.

Allan and Teja* proposed the following correlative Antoine-
type equation for the estimation of the absolute viscosity:

1

_ .1 1
Inu=A B+

T+C

®)

where A, B, and C are constants that are correlated to the carbon
numbers in the hydrocarbons composing the mixture. For
n-alkanes, N is the number of carbon atoms per molecule of
the component. For non n-alkane hydrocarbons, viscosity data
measured experimentally are needed for the estimation of the
effective carbon number. Allan and Teja* described their own
method, in the same paper, for calculating the effective carbon
numbers.

The kinematic viscosity values calculated by these models
were compared with the experimental values. The predictive
capabilities of the viscosity models were tested in terms of
percentage of average absolute deviation (% AAD) and the
maximum percentage deviation of the model from experimental
data (% MAX). The % AAD is calculated with the help of the
following equation:

exp __ call

1 [v]
% AAD = - > - -100 ©)

exp
i

The % MAX is given by the following equation:
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Vimeasured _ ,Vg)redicted

% MAX = MAX 100 (10)

measured

1
where 7 is the number of the experimental points and v is the
kinematic viscosity.

It should be noted here that the acentric factors, critical data,
molecular weights, and so forth that are needed for the
calculations involved in all models were obtained from Reid et
al.'? The results of testing the different models are shown in
Table 3. The four models that were tested in the present study
showed a variation in their predictive capabilities. The data
reported in Table 3 show that the generalized McAllister model
gave the best overall predictive capability of all of the tested
models. The overall percentage of the AAD values was 1.20
%. 1t should be noted here that the % AAD obtained in the
case of all models are larger than the uncertainties observed in
experimentally measuring the values of the viscosities.

Conclusions

The kinematic viscosities and densities of ten binary mixtures
of 1-propanol, 1-pentanol, 1-heptanol, 1-nonanol, and 1-unde-
canol were measured at temperatures of (293.15 and 298.15) K
over the entire composition range. The measured kinematic
viscosity values reported in this work were used to test the
predictive capabilities of a selected group of widely accepted
and used viscosity models. The predictive capability of each of
the viscosity models was determined by calculating the percent
average absolute deviation (% AAD). The generalized McAl-
lister model showed the best overall predictive capability of all
models.
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