for data from the literature. These figures bear out the fact that
for the compounds and temperature ranges examined, the data
obtained in this study are as good or better than those available
elsewhere in the literature.

The raw vapor pressure data for the three binary systems are
presented in Table lll. To simplify the notation, isobutane, 1-
butene, and 1,3-butadiene are referred to as components 1, 2,
and 3, respectively.

Binary data for these systems are extremely limited. Kara-
banov and Zorin (5) measured vapor-liquid equilibrium data for
these systems; however, since their temperatures were all below
0 °C their results cannot be directly compared to the data of this
study.

Laurance and Swift (6) have thoroughly studied the binary
1,3-butadiene—-1-butene system. The results of their study, as
shown in Figure 7, are somewhat different from the results of
this study, and their pure component vapor pressure data for
1,3-butadiene are high in comparison with most literature
sources at 100 °F.

The raw vapor pressures for the four ternary mixtures studied
are presented in Table IV.

Concluslons

An apparatus capable of determining vapor pressures with
a probable error of £0.05% over a range of 40-160 °F and
20-160 psia is demonstrated by a significant amount of new
vapor pressure data for the 1-butene, isobutane, 1,3-butadiene

system. The laboratory technique should be of interest to other
experimenters, and the new data should help improve correla-
tions of vapor pressures for the systems studied. The data are
also of use in caiculating equilibrium vapor compositions to be
used in the design of separation equipment.
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Viscosity of Methane, Hydrogen, and Four Mixtures of Methane and
Hydrogen from —100 °C to 0 °C at High Pressures

Sheng-yi Chuang,’ Patsy S. Chappelear,** and Riki Kobayashi*
William Marsh Rice University, Chemical Engineering Department, Houston, Texas 77001

The absolute capillary method was used to measure the
viscosity of methane, hydrogen, and mixtures nominally 20,
40, 60, and 80% hydrogen at 0, —50, —75, and —100 °C at
pressures from 4 atm up to 450-500 atm. The maximum
probable error of the calculated viscosity Is estimated to be
0.5%. The viscosity data were fit by the least-squares
method to give 1.193 £ 0.034 for the Hagenbach factor for
the kinetic correction in the vicosity formula. The residual
viscosity concept was obeyed within +£1% except for
hydrogen and the 80 % hydrogen mixture. The deviations
for these are attributed to first-order quantum effects.

The earliest investigations (27, 36, 37, 41, 43-45) of viscosity
were at atmospheric pressure; Michels and co-workers (30, 32)
were among the first to extend investigations to high pressures.
The first low temperature—high pressure investigation reported
was by Ross and Brown (38) in 1957; however, their data are
now regarded (9, 14, 25) to be in serious error. A modification
of the Rankine type viscometer using positive displacement
pumps was used in separate investigations by Flynn et al. (9) at

T Present address: 8819 Haverstock, Houston, Texas 77071.
! Address correspondence to this author at McDermott Hudson Engineering
Corp., Houston, Texas 77036.

—78.5 to 100 °C below 200 atm and by Kao and Kobayashi (25)
to reach —90 °C below 200 atm.

The falling body viscometer, which is not an absolute instru-
ment, was used by Huang, Swift, and Kurata ( 77) from —170 to
0 °C up to 5000 psi. Kestin and co-workers (22, 26) have de-
veloped the oscillating-disk viscometer for absoiute measure-
ments at room temperature and higher. The concentric cylinder
viscometer first used by Couette (7) has not been adapted to low
temperature—high pressure investigations. Barr ( 7) gives detailed
accounts of the various methods for measuring viscosity.

Experimental Details

A schematic of the equipment is shown in Figure 1. Earlier
investigations at essentially room temperature on a similar in-
stallation were reported by Giddings ( 70, 77) for methane and
propane. Placement of the pumps into the same temperature
bath as the capillary by Kao et al. (25) led to investigations (23,
24) on helium, nitrogen, and their mixtures. Significant exper-
mental difficulties arose as the temperature of investigation
decreased.

The equipment consists of (1) a stainless steel capillary cell
in which a Pyrex glass capillary is held, (2) a pair of coupled flow
generating pumps maintained in the same temperature bath as
the capillary cell, (3) a dead weight gage system for pressure
measurement, (4) a differential pressure measuring system, (5)
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Figure 1. Schematic of experimental capillary viscometric system: DP}
= differential pressure indicator; Hy, Hppi, Hu, He = heights needed in
calculation of pressure measured by dead weight gage.

a temperature control and measuring system, and (6) a gas
charging system. During this investigation a high accuracy mi-
cromanometer (40) was designed and constructed. The ma-
nometer is enclosed in.an air bath regulated to £0.1 °C; it has
an accuracy of £2 u in a total differential pressure range of 96
mmHg. For extensive details on other equipment problems, the
reader is referred to the theses (5, 70, 23), which are available
from University Microfilms. In particular, ref 5 reports cryogenic
valves, packing design for the pumps, and leaks from chrome-
plated plungers in the pumps. The plated plungers were replaced
with homogeneous plungers made of 440A stainless steel, heat
treated to 54C Rockwell hardness.

This type of leakage through the “porous’’ chrome plating was
observed during the development of another apparatus in this
laboratory, the micropump (39). The leak can be measured with
the micropump, which can produce flow rates from 0.36 to 8 X
1078 cm?® min™".

The viscosity measurements at 0 and —50 °C up to 500 atm,
as indicated in the data tables, were made before this replace-
ment with appropriate correction for the leak rate being made
by the leak rate studies. Measurements made after the re-
placement with homogeneous plungers required no leak cor-
rection.

Calculatlon of Viscosity. The theory of capillary viscometry
was treated in an extensive review by Kestin et al. (27) after the
completion of the study reported here. The data of this paper
were calculated from the Hagen-Poiseuille law (7, 15, 34) with
several correction factors as

_ Ta*AP(1 1 4{/3)Cpy®
8(L + na)Qp{

P Qp In (P1/Py)
8w(L + na)Cpy

(M

or
K= lp — mug 2
The working equation of Kestin et al. (27) is given by
__map [A_p_ mon‘v] @)
8(L+na)L m priat

where m is the measured mass flow rate and my is defined by
m, n, and the Reynolds number. Equations 1 and 3 can be shown
to be equivalent.

The correction term m is usually referred 10 as the Hagenbach
( 15) factor for the loss in kinetic energy. Earlier work on this
subject was reported by Barr ( 7). Erk (8) showed that m should
not be equal to 1.

The nonuniformity of the capillary bore is the term £ =
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1.000 352 with 4 as the mean radius of the capillary determined
by the electrical resistance method using mercury as the con-
ducting fluid.

When the pressure drop AP is large relative to the system
pressure and/or the compressibility changes by an appreciable
amount down the capillary, corrections for averaging the com-
pressibility must be made. Erk (8) also included the correction
for compressible gases in his treatment of the kinetic correction
to viscometric equations. A small logarithmic term In Py/P; is
added to the Hagenbach factor, where 1 and 2 denote the ends
of capillary. In this work these corrections were negligible.

A fictitious length na, the Couette (7) correction, must be
added to the length L of the capillary to account for the viscous
dissipation of energy at the inlet of the capillary. Weissberg (47)
showed in a theoretical study that nranges from 1.17 for L/a =
0to 1.36 as L/a — < for a square ended tube. In this work 1.2
was used for n, which amounts to a 0.025% correction in the
viscosity. Kestin et al. (27) report the theoretical value of n as
0.69.

Knudsen (28) showed that a correction 4{/4 is required for
slippage at the wall of the capillary. The maximum slip correction
in this work is 0.21% for hydrogen at 0 °C and 4 atm. Thornton
and Dunlop (42) report some interesting results for the slip
correction for some studies at atmospheric pressure.

The Pyrex materials of the capillary and the steel of the pump
plungers change dimension with pressure and temperature. The
corrections Cey and Csy were obtained from literature values
(3, 4, 20).

The pressure drop AP was obtained from the micro-
manometer (40) difference Ah

AP = Ahlpng — pm)g

where the density of mercury png and of the gas p, are taken
at the pressure P and the manometer temperature of 40 °C.
Other terms in the equation are the density p of the gas at system
conditions and the volumetric flow rate Qp.

Correction for Leaks with Plated Plungers. All of the previous
corrections discussed would have to be considered for any ex-
perimental apparatus. This experiment required one additional
correction: that for the leak from the pumps during the initial 0
and —50 °C investigations. The correction ¢ in terms of the
difference in the equilibrium pressure of the system before and
after the viscosity measurement is given by

_ Vr AP
g=0.22 P Af
where V7 is the total volume of the fluid in the system, that at the
bath temperature, that in the connecting tubing, and that at the
manometer temperature. AP is the change in the pressure P for
the time At. The constant 0.22 arises from consideration of the
relative leak rates from the plunger on each side of the tandem
pump. The leak rate varied from 0.1to 1.5cm®h™'at 0 °C.

The correction term g is added to Qp in eq 1 for the mea-
surements made with the plated plungers. The agreement be-
tween viscosity data obtained with a leak and without a leak
existing at the same conditions shows that the correction is
applicable. The pressure at which the measurement is made is
also derived in terms of the leak rate and initial conditions.

Gases Studied. ‘'Ultrahigh purity grade’ methane (99.97 mole
% pure) and hydrogen (99.999 mole % pure) were supplied by
the Matheson Gas Company. Mixtures were prepared by Ma-
theson to be as close as possible to the original composition of
the experimental compressibility data of Mueller (33). The
supplier made an analysis by gas chromatography, Monsanto
Chemical Company provided two mass spectrometric analyses,
and an analysis was made in this laboratory by Teh-Cheng Chu
using gas chromatography. The compositions of mixtures A, B,
C, and D used for the calculations were 19.42, 33.75, 53.37, and
78.70 mole % hydrogen.



Table 1. Viscosity of Methane—-Hydrogen System, Composition = 0.00 Mole % Hydrogen

Temp = 273.15K

Temp = 223.15K

Temp = 198.15K

Temp = 173,15 K

Density, Density, Density, Density,

Pressure, gcm~3 Viscosity,® Pressure, gcm~2 Viscosity,® Pressure, gcm™3 Viscosity,® Pressure, gcm™3 Viscosity,?
atm X108 uP atm X 103 uP atm X 103 uP atm X 102 uP
4.014 2.90 102.07 4.009 3.58 85.02 4014 4.07 76.39 4,007 4.71 66.72

10.003 7.34 102.95 10.004 9.19 85.85 9.998 10.58 77.54 9.995 12.61 67.66
19.989 15.03 104.54 40.016 44.00 95.14 20.012 23.05 80.22 19.984 29.78 70.59
39.960 31.63 109.63 79.926 126.16 137.65 39.993 59.78 92.19
59.819 49.83 115.97 99.904 177.87 181.75 59.957 197.91 195.06
99.879 91.36 133.08 139.877 235.40 248.48 70.025  235.89 243.62
139.866 134.91 163.81 199.703 274.37 312.03 99.792  273.69 306.79
199.780 188.38 210.40 299.449 308.70 385.68 138.977  297.18 357.42
299.247 242.24 276.63 399.551 330.44 445.83 199.627  319.23 411.15
399.496 275.04 330.86 499.182 346.47 498.75 299,422  342.41 485.05
499.132 297.90 376.80 399.280 358.68 547.73
495404  371.30 607.55
2 Accuracy of viscosity ~0.5% . One additional figure is given to avoid round off error.
Table Ii. Viscosity of Methane-Hydrogen System, Composition = 19.42 Mole % Hydrogen
Temp = 273.15K Temp = 223.15 K Temp = 198.15 K Temp = 173.15K
Density, Density, Density, Density,

Pressure, gcm™3  Viscosity,® Pressure, gcm™3 Viscosity,? Pressure, gcm~3 Viscosity,® Pressure, g ecm™3  Viscosity,?
atm X 108 uP atm X 108 uP atm X 103 uP atm X 108 uP
4.014 2.40 103.99 4.023 2.96 86.96 4.001 3.34 77.81 4.007 3.86 68.19
10.015 6.04 104.45 10.014 7.52 87.58 10.008 8.58 78.57 10.002 10.05 69.08
19.996 12.24 105.84 19.984 15.51 89.11 19.983 17.99 80.41 34.947 42.33 77.65

39.970 25.18 109.20 39.917 33.20 94.00 39.964 40.18 86.55

59.952 38.77 113.53 59.889 53.49 101.22 59.954 69.18 98.11

99.831 67.32 125.06 99.843 100.96 124.46 99.945 141.22 145.97
199.764 135.81 165.93 199.960 195.41 204.15 199.894 233.92 252.95
299.536 184.80 208.95 299,747 240.85 264.50 299.433 270.44 318.00
399.376 218.09 247.33 398.605 266.49 313.90 399.229 293.56 371.22
498.577 242.35 284.19 499.022 286.95 354.51

a Accuracy of viscosity ~0.5% . One additional figure is given to avoid round off error.

Densities and compressibilities required for the calculations
were obtained from Michels et al. (37) for hydrogen, from Vennix
et al. (46) for methane, and from the Pope et al. (35) analysis of
the Mueller (33) data for the mixtures.

Sequence of Experiments. At each temperature investigated
the gases were studied in the order of increasing hydrogen
content. The first measurements were made at 0 and —50 °C
from 4 to 500 atm. Since these measurements were made be-
fore the leakage problem was solved, a correction factor was
added in the viscometric equation. After the fabrication and in-
stallation of the homogeneous plungers, the correction was no
longer necessary. Measurements from 4 to 500 atm were made
at —75 and at —100 °C up to the gas-liquid equilibrium region
for methane and the two-phase region for mixtures A and B, and
up to 450 atm for mixtures C and D and hydrogen. After the low
temperature measurements, measurements for methane at 0
and —50 °C and for hydrogen at —50 °C were made to check
the values obtained at the beginning of the experimental work.
The average agreement between the two sets of data was
+0.1%. In addition, repeated measurements either with the
same or a different flow rate were frequently made to check the
experimental consistency. The average reproducibility was
+0.05%.

Resuits

The calculated values for the viscosity of the gases at two
various experimental conditions are given in Tables | to VI. Basic
data are available in the thesis (5). A detailed error analysis
considered the various variables involved in the measurements;

e.g., capillary length, uniformity, constant flow rate, etc., and
showed that the most significant error arose from the determi-
nation of the positions of the mercury meniscus in the manom-
eter. The result of this error analysis was a maximum relative
error of the viscosity or £0.103% with an average reproduc-
ibility of £0.05%, which may be taken as a measure of the
precision. However, a later analysis of these data ( 76) which
considered critical effects has shown that the actual error is
more of the order of £0.5%.

However, one should note that the results of this study are not
sufficiently close to the critical region where numerical inte-
gration is required. Values of APs/APreported in Table VIil show
that numerical integration is not justified for these data.

Hagenbach Factor. The data from the measurements with
the homogeneous plungers were used to evaluate the Hagen-
bach factor. Transposing terms in eq 2 gives

4

From two measurements 1, 2 at the same T, P conditions but
with different flow rates, m can be obtained as the simple siope
from the linear equation. Initially ten sets of data which contained
either x or y of a magnitude less than the calculated experimental
accuracy of the viscosity were discarded. The least-squares
method was used to compute m. After the first trial fit, 12 points
which were outside the range of five times the standard deviation
were discarded. The remaining 30 points were used to obtain
m = 1.193 £ 0.034, as shown in Figure 2. Kestin et al. (27) re-
port m = 1.17 as the theoretical value.

Pressure Relationship. Figures 3 and 4 for methane, Figure

up = u + mug
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Table Ill. Viscosity of Methane~Hydrogen System, Composition = 33.75 Mole % Hydrogen

Temp = 273.15 K Temp = 223.15 K

Temp = 198.15 K Temp = 173.15K

Density, Density, Density, Density,

Pressure, gcm™®  Viscosity,® Pressure, gecm™3 Viscosity,® Pressure, gcm™3  Viscosity,? Pressure, gem™®  Viscosity, 2
atm X 108 uP atm X 10° ubP atm X 108 uP atm X 108 uP
4.012 2.03 104.11 4.019 2.50 87.46 4.008 2.82 78.86 4.008 3.25 69.33
9.994 5.09 104.69 10.006 6.30 87.92 10.014 7.19 79.47 9.995 8.34 70.01

19.994 10.25 105.78 19.994 12.83 89.29 19.987 14.81 80.92 19.983 17.57 71.66
39.962 20.79 108.42 39.970 26.64 93.08 39.967 31.63 85.11 29.958 27.92 74.06
99.877 53.43 119.85 59.911 41.38 98.02 59.891 50.60 91.73 39.941 39.69 77.43

199.778 105.24 147.08 99.920 73.03 111.48 99.862 93.67 112.86 44937 45.94 79.58

299.603 146.35 177.39 199.637 143.47 159.11 199.741 176.22 180.55 49.929 53.28 82.28

399.356 177.08 206.27 300.101 188.82 203.87 299.586 217.81 234.94

498.704 200.58 233.20 399.023 214.97 240.82 399.564 244.01 277.77

498.946 241.69 274.63
2 Accuracy of viscosity ~0.5%. One additional figure is given to avoid round off error.
Table IV. Viscosity of Methane-Hydrogen System, Composition = 53.37 Mole % Hydrogen
Temp = 273.15K Temp = 223.15K Temp = 198.15K Temp = 173.15K
Density, Density, Density, Density,

Pressure, gcm~3 Viscosity,? Pressure, gcm™2 Viscosity,® Pressure, gcm™2 Viscosity,? Pressure, gcm™  Viscosity,?
atm X 108 wP atm X 108 uP atm X 10° uP atm X 10° uP
4.001 1.53 103.85 4.013 1.88 87.70 4.002 2.12 78.96 4.002 2.43 70.29
10.008 3.83 104.13 10.005 4.72 88.05 9.986 5.34 79.45 9.990 6.15 70.81
19.986 7.65 104.72 19.965 9.48 88.83 19.980 10.83 80.41 19.986 12.56 71.95
39.934 15.31 106.56 38.967 19.26 90.54 39.969 22.27 83.15 39.982 26.24 75.44
99.893 38.11 113.14 59.888 29.19 92.91 59.934 34.19 86.80 59.936 40.46 80.21

199.650 73.25 129.05 99.952 49.32 101.08 99.846 58.68 96.24 99.849 71.50 94.38

299.301 102.79 146.62 199.767 95.13 124.17 199.795 112.41 127.87 139.788 100.47 112.50

399.298 126.99 164.59 299.655 130.10 151.26 299.684 149.51 159.64 199.751 135.93 139.47

499.225 146.82 181.79 399.422 156.09 174.56 399.503 175.45 188.87 299.541 177.21 178.49

498.978 176.21 196.30 499.245 196.14 213.92 399.472 204.08 211.56
449.314 213.74 226.79
a Accuracy of viscosity ~0.5% . One additional figure is given to avoid round off error.
Table V. Viscosity of Methane~Hydrogen System, Composition = 78.70 Mole % Hydrogen
Temp = 273.15K Temp = 223.15K Temp = 198.15K Temp = 173.15K
Density, Density, Density, Density,

Pressure, gcm™3  Viscosity,? Pressure, gcm™> Viscosity,® Pressure, gcm~® Viscosity,? Pressure, gcm™3 Viscosity,?
atm X 108 upP atm X 103 wP atm X 103 wP atm X 103 uP
4.019 0.90 99.05 3.992 1.09 85.30 4.009 1.23 77.24 4,009 1.41 69.35

10.000 2,22 99.15 9.994 273 85.45 10.003 3.07 77.67 10.000 3.52 69.55
19.991 4.42 99.38 19.989 5.44 85.62 19.978 6.13 78.25 19.988 7.04 70.26
39.950 8.76 100.23 39.901 10.79 86.68 39.972 12.21 79.46 39.951 14.06 71.79
99.843 21.25 103.34 99.900 26.36 90.96 59.904 18.17 81.01 59.923 21.00 73.82
199.751 40.19 110.21 199.736 49.56 100.60 99.864 29.83 84.68 99.836 34.45 78.77
299.501 56.64 118.15 299.540 68.90 110.87 199.717 55.80 96.71 139.809 47.04 84.58
399.271 70.66 126.49 399.133 84.82 122.32 299.610 76.72 109.78 199.690 63.79 93.93
499.025 82.48 134.88 499.072 98.18 132.82 399.369 93.42 122.80 299.543 85.92 110.10
499.249 107.15 134.56 399.450 103.23 125.86

449.273 110.35 133.30

a Accuracy of viscosity ~0.5% . One additional figure is given to avoid round off error.

5 for hydrogen, and Figure 6 for the mixtures at —75 °C show
the results along with comparison with other data. The viscosity
of methane depends much more strongly on pressure than the
viscosity of hydrogen. There is an apparent initial decrease in
the viscosity with increase in pressure for hydrogen at 0 and —50
°C but not at —75 or —100 °C. However, the magnitude of the
decrease is only 0.05% of the value of the viscosity, which is
less than the experimental accuracy; however, similar obser-
vations were seen by others. They were reported by Barua et
al. (2)at 150 °C for hydrogen, by Kao and Kobayashi (24) at 50
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°C for helium, by Kestin and Leidenfrost (26) at 20 °C for helium,
and by Flynn et al. (9) and Gracki et al. ( 74) at —25 and 100 °C
for helium.

Composition Relationshilp. Examples of the isobaric iso-
thermal behavior are shown in Figures 7 and 8. A maximum
occurs in the viscosity at low pressures.

Temperature Relationship. For purposes of illustration iso-
baric plots of the viscosity of methane vs. temperature are shown
in Figure 9.

Density and Resldual Viscosity Relatlonship. The zero



Table VI. Viscosity of Methane—Hydrogen System, Composition = 100.00 Mole % Hydrogen

Temp = 273.15 K

Temp = 223.15K

Temp = 198.15 K

Temp = 173.15 K

Density, Density, Density, Density,

Pressure, gcm~2  Viscosity,? Pressure, gcm~3 Viscosity,? Pressure, gcm™3 Viscosity,® Pressure, g cm~3  Viscosity, ?
atm X 108 uP atm X 103 uP atm X 103 uP atm X 108 uP
4.021 0.36 83.23 4.004 0.44 72.95 3.991 0.49 67.03 4.005 0.57 60.71

10.002 0.89 83.20 9.993 1.09 72.82 9.990 1.23 67.11 9.993 1.41 60.91
19.982 1.78 83.27 19.981 2.17 72.95 19.973 2.44 67.28 19.944 2.79 61.22
39.962 3.51 83.48 39.927 4.28 73.29 39.965 4.82 67.82 39.945 5.51 61.77
79.841 6.83 84.08 99.772 10.24 74.87 99.818 11.50 69.78 59.901 8.14 62.56
119.629 9.98 85.17 199.688 19.06 78.56 199.763 21.25 74.37 99.872 13.14 64.38
199.677 15.84 87.42 299.556 26.59 83.14 299.497 29.39 79.64 139.807 17.76 66.40
399.273 28.11 94.63 399.342 33.06 88.16 399.303 36.27 85.55 199.702 24.04 69.98
498.152 33.18 98.25 499.260 38.69 93.18 499.218 42.16 91.26 299.550 32.92 76.53
399.422 40.22 83.53
4 Accuracy of viscosity 0.5 % . One additional figure is given to avoid round off error.
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extrapolated intercepts, uo*, are given in Table VII. The residual
viscosity, u — uo*, was plotted isothermally against density for
the six systems investigated. The residual viscosities for methane
and mixtures A, B, and C showed no systematic temperature
dependence for the whole ranges of density data. The residual
concept may be regarded valid approximately (within £1%). For
hydrogen-rich mixture D and hydrogen at all densities the residual
viscosity is about the same at 0 and —50 °C, but at —75 and
—100 °C it is seen in Figures 10 and 11 to increase at all den-
sities by about 0.5 to 1.0% for hydrogen and by about 1.0 to
2.0% for mixture D. This observation is higher than the accuracy
of the data, which are 0.14% for the density and 0.5% for the
viscosity; therefore, this temperature dependence at low tem-
peratures for hydrogen and hydrogen-rich mixture D is apparently

X BARUAL, AFZAL, FLYNN
AND RCSS

3
T

L L 1 1 1 | L i 1
Q0 10 20 30 40 50 &G 70 8C 90

PRESSURE, atm

Figure 4. Isothermal behavior of the viscosity of methane up to 100
atm.

correct. Similar observations were made by Kao and Kobayashi
(24) on helium at low temperature. The phenomenon may be
attributed to the quantum effect of the gases.

Some calculations were made by Ghosh ( 13) in this laboratory
on the viscosity data of this work which showed that a temper-
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Figure 6. Example (—75 °C) of the effect of composition on the iso-
thermal behavior for the methane-hydrogen system.
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Figure 7. Isobaric behavior of the viscosity of mixtures of methane and
hydrogen at 0 °C, from 100 to 500 atm.

ature dependence of the residual viscosity in the same direction
for hydrogen and mixture D could be derived by using the cor-
responding state principle and the empirical quantum shape
factors proposed by Leach et al. (29). However, the calcutated
residual viscosity vs. density curves drift from the experimental
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Figure 8. Isobaric behavior of the viscosity of mixtures of methane and
hydrogen at —75 °C, from 60 to 500 atm.
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Figure 9. Isobaric behavior of the viscosity of methane from —100 to
0 °C and 20 to 500 atm.

curves systematically. Possible causes could be that the shape
factors were evaluated from equilibrium properties or that the
shape factor formulation is not suitable for calculating transport
properties.

Comparison with Existing Data

There are no other viscosity data for CH4—H, mixtures at the
conditions of this work; however, several sources of data for the
pure components at low temperature and high pressure are
available in literature. Mixture data above 0 °C at high pressure
included that of Golubev and Gnezdilov ( 72) from 0 to 100 °C
up to 500 atm and that of Takahashi and lwasaki ( 79) from 25
to 100 °C up to 500 atm.

Barua, Afzal, Flynn, and Ross (2) investigated both methane
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Table VII. Viscosity # of CH4~H, Mixtures at Low Density Limit in
Micropoises

Temperature, °C

Composition

mole % H; 0.000 —50.000 —75.000 —100.000
0 101.58 84.65 75.90 66.30
19.42 103.77 86.68 77.53 67.80
33.75 103.92 87.20 78.58 69.06
53.37 103.67 87.52 78.83 70.02
78.70 98.98 85.29 77.20 69.18
100 83.28 72.88 67.00 60.65

2 Accuracy of viscosity ~0.5% . One additional figure is given to avoid
round off error.

Table VIIi. Consideration of Critical Effect 100% Methane at —75 °C.

Pressure, Flow rate AP, APp, AP/
atm cm3h~? mmHg mmHg AP

4 160 70.99 70.89 0.9986

20 120 56.605 55.91 0.9878

40 60 32.598 32.20 0.9878

40 80 43.746 42,97 0.9823

60 40 46.128 4595 0.9961

60 50 57.844 57.38 0.9920

140 40 84.569 84.77 1.0024

and hydrogen below 200 atm from —50 to 150 °C. Gracki, Flynn,
and Ross ( 74) made measurements on hydrogen from — 100 to
25 °C, again below 200 atm. Capillary viscometry was also used
in these works, and the precision of the data is estimated at 0.1
10 0.2%.

Two other works with lower accuracy are those of Huang,
Swift, and Kurata ( 77) on methane from —170 to 0 °C up to 340
atm and of Ross and Brown (38) on methane from —50 to 50 °C
from 34 to 500 atm.

Of these six sources listed above for comparison, two are for
mixtures at higher temperatures than this work, and the other
four are for the pure components, three on methane, and two

~
Ui

.

RESIDUAL VISCOSITY, A4, MICROPOISLS

e}

20 30 40

DENSITY, g/em3 x i¢?

Figure 11. Residual viscosity for hydrogen as a function of density at
0, —50, —75, and ~100 °C.
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Figure 12. Viscosity at low density limit vs. temperature for methane
with comparison from various sources.

on hydrogen. Comparisons were made in both viscosity—pres-
sure and viscosity-density plots; the former is preferred since
pressure is a primary measurement of the experiment.

Hydrogen. From Figure 5, it is evident that the data of Barua
et al. agree well within 0.2% at —50 °C but are about 0.6 %
higher than this work at 0 °C. The data of Gracki et ai. are from
0.3% higher at —50 °C to 0.8 % higher than this work at —100
°C.

Methane. An average agreement within 0.5% is seen in
Figures 3 and 4 from the data of Barua et al. at 0 °C and at —50
°C. In the work of Gracki et al., they report that the data of Barua
et al. should be decreased by 0.12% based on a better cali-
bration of the capillary diameter by the electric resistance
method. In addition, they report that the experimental temper-
ature of —50 °C reported by Barua et al. was actually —49.90
°C.

The results of Huang et al. agree well below 200 atm at 0 and
—50 °C. Above 200 atm, they are about 1% higher at 0 °C and
5% higher at —50 °C. Huang et al. report an average accuracy
of £1.2%; however, examination of the original detailed data
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(78) of methane at —50 °C above 200 atm shows that the re-
producibility varies from 4 to 5% . Therefore, the results of this
work agree with Huang et al. within the experimental error of
their work.

The data of Ross and Brown (38 ), who claim an accuracy of
+1%, are 2.3 to 4.2% higher than this work at 0 °C above 200
atm. Their data on helium and nitrogen also disagreed by more
than 1% with that of Kao and Kobayashi (24) and Flynn et al.
(9).

Mixtures. Only the report of Golubev et al. at 0 °C is available
for comparison with this work. Their compositions were 23.6,
45.9, and 69.8% hydrogen. Their data as viscosity—-pressure
curves were interpolated to the pressure of this work. Their re-
sults are 2% higher at 20 atm to 7 % higher at 400 atm. Their
average precision was reported as £1%.

In addition to the above comparison, the viscosity values at
the low density limit are shown in viscosity—temperature plots
in Figures 12 and 13 for methane and hydrogen, and in viscos-
ity—composition plots in Figure 14 for mixtures. More viscosity
values from the works of Clarke and Smith (6) for methane, and
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Trautz and Sorg (44) and Johnston and McCloskey (76) for
methane and hydrogen are included for comparison.
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Glossary

a mean radius of capillary, (7.290 77 £ 0.0002) X
10~% cm

Crv,Cst  coefficient of temperature and pressure expansion
for Pyrex and steel

L length of capillary, 30.520 £ 0.0005 cm at 25 °C

m Hagenbach factor

m mass flow rate

mg m — 8n/Re for 0.5 < Re < 100

na Couette correction

P pressure

(03 volumetric flow rate

q leak correction

Re Reynolds number

t time

1,2 ends of capillary

Vr total volume of fluid system

4 1.000 352, nonuniformity of capillary bore

p gas density at system conditions

¢ Knudsen slip correction term

Mp static term in viscosity

MK kinetic term in viscosity
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Extinction Coefficients of Chlorine Monoxide and Chlorine Heptoxide

Chorng-Lieh Lin

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91103

The ultraviolet and visible extinction coefficients of Cl,O
and Cl,0; were measured from 180 to 800 nm. The results
are comparable in shape with literature values, but different
in magnitude. The approximate extinction coefficients at
the peaks of infrared absorption lines are also given.

Recent laboratory measurements and model atmospheric
calculations (8, 10, 13, 15) point to possible adverse effects of
chlorine-containing compounds in the stratosphere, particularly
the destruction of ozone. As part of our study of chlorine—ozone
chemistry (8), we have synthesized various chlorine oxides and
have measured their extinction coefficients. Some of these
oxides may be products or intermediates in the chlorine—ozone
reaction system. We report here the extinction coefficients of
Cl,0 and Cl,0y in the ultraviolet, visible, and infrared spectral
regions.

The extinction coefficients ¢ were defined as

log /I = €ecl!

where the concentration ¢ is in moles/liter, the optical path
length /is in cm, and log /y// is the absorbance.

The absorption spectra in the ultraviolet and visible regions
were taken with a Cary 15 spectrophotometer (Applied Physics)
using a quartz absorption cell of 10-cm path length. Wavelength
calibrations were accomplished by using O, Shumann-Runge
absorption bands ( 7, 3) near 180 nm, and mercury low pressure
lines at longer wavelengths.

The ir absorption spectrum was recorded with a Perkin-Elmer
Model 21 double beam spectrophotometer from 650 to 5000
cm™' with resolution set at 927. At this setting, the spectral
band-passes at different wavelengths are known and supplied
by the manufacturer. The absorption cell was made of Pyrex
glass with NaCl windows.

A fused quartz precision pressure gauge (Texas Instruments)
was used for pressure measurements. The accuracy of the
pressure measurements was better than 1%.

(A) CI,0

The chlorine monoxide was prepared ( 77) by slowly passing
Cl, (Matheson research grade) through a reaction tube packed

with mercuric oxide (Allied Chemical) which had been previously
heated under vacuum to about 250 °C. Chlorine monoxide was
condensed in a U-tube surrounded by a solid-liquid slurry of
ethanol at ca. —117 °C. Trap-to-trap purification was performed
at —117 °C to ensure purity. Since Cl,O absorption extends into
the visible region, special caution was taken to guard against
possible photodecomposition resulting from exposure of the
purified sample to room light. The purity of chlorine monoxide
used in the extinction coefficient measurements was estimated
from its stoichiometric ratio determination using pressure
measurements before and after complete decomposition into
Cly and O,. This ratio is 2:0.986 compared to the theoretical
value of 2:1, indicating that CI,O purity is better than 98.5%.
Cl,0 was readily decomposed into Cl, and O, by low pressure
mercury lamp irradiation. The amount of Cl, produced after
decomposition could also be calculated from its peak absorption
near 330 nm, with known extinction coefficient (72), and the
amount of O, could be roughly measured from the Shumann-
Runge absorption bands. These absorption measurements
confirmed the correctness of the aforementioned purity estimate.
The absence of absorption characteristic of other chlorine oxides
attested further to the purity of the CI,0.

Six samples of Cl,O with pressures ranging from 1to 165 Torr
were used for extinction coefficient measurements. No ab-
sorption was recorded for wavelengths greater than 650 nm
when the samples were scanned from 800 to 180 nm. Little
effect was observed when Cl,O samples were pressurized to
760 Torr with N, gas. These results in the uv and visible are
summarized in Table | and plotted in Figure 1 along with the
values of Goodeve and Wallace (6) and of Finkelnburg, Schu-
macher, and Stieger (4) for comparison. Although all three data
sets are of the same shape, the differences in value at various
wavelengths are apparent. The accuracy of the uv extinction
coefficients measured in the present work is estimated to be
about 5% in the region of main interest, between 180 and 330
nm. In the region between 330 and 470 nm it is 10% and at
wavelengths greater than 470 nm, the uncertainty is probably
greater than 10 % because of weak absorption.

The ir approximate extinction coefficients at the peaks (9) of
absorption lines along with their spectral band-passes are given
in Table Il. Again, little effect on extinction coefficient was ob-
served when the Cl,O sample was pressurized to 760 Torr with
N, gas.

Journal of Chemical and Engineering Data, Vol. 21, No. 4, 1876 411



