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SUMMARY

The purpose of this study was to determine experimentally the
viscosity and density data for methane, propane and the mixtures of
methane and propane at low temperatureé and high pressures, and to
_test the applicability of the existing empirical viscosity correlations
to the data of this study.

In order to achieve this purpose, a viscometer and the auxiliary
equipment capable of determining experimentally these data were needed.
Therefore, an experimental apparatus consisting of the following units

was designed and constructed:

(1) A high pressure falling cylinder viscometer for viscosity and

density determination.

(2) A low temperature differential pressure indicator for pressure
measurement in the investigation of liquid mixtures at low temper-
atures to prevent changes in the composition of the mixture in

the viscometer.

(3) A low temperature bath, for maintaining a constant temperature
environment for the viscometer and the low tempefature differential

pressure indicator.

(4) A high temperature bath containing high pressure equipment for
the displacement of the fluids into the viscometer (density deter-
mination), the preparation of mixtures, and the generation of high

pressures.

Since the viscometer used in this study is a relative instrument,
the viscometer has to be calibrated. Three falling cylinders, each
falling in the same viscometer tube, were calibrated for the viscosity

determination in this study. The calibration data were then correlated

by the fbllowing relationship,

Bred N BP=t/8calc = f(NRe) - f(Desp/ue) (1)
where ,

D, us/(o-p)8
) |



Beale = gD (1-k)2(1-¢2)"/{32¢® (1+x2) [(1+2)1n(1/k)-(1~¢2) 1}
D, = 2*D [(1+?)In(1/1)-(1~62)1/[(1-k)(1-c>)2]
k = DC/D't

Equation (1) is similar to that developed by Lohrenz} After observing

the viscometer calibration plot, Bred versus lpg(NRe), a transition
Reynolds number where the linear and non-linear portions of the curve
met, was selected for each falling cylinder, and the functional rela-
tionship, Equation (1), was represented by two empirical equations:

Bog = A TA110g(NL ) (2)

for the flow regime where the Reynolds number was less than the.tran-
sition value, and

o ‘ 2
Breq = BotB1log(Ny )+By[log(Np )] (3)

for the flow regime where the Reynolds number was greater than the
transition value. The viscometer calibration data in eacﬁ flow regime
were fitted to a appropriate equation by regression analysis, and the
deviations between experimental Bred and those computed from the re-
gression analysis were within +0.85%.

The mixtures investigated in this study were prepared in the high
temperature bath by the volumetric displacement of predetermined amounts
of pure components at known pressure and temperature conditions into
the mixture make up cylinder. The composition of the mixture was then
computed from the volumes of pure components-trapsferred and the liter-
ature densities of pure components at the appropriate displacement
condition of pressure and temperature. The maximum uncertainty in the
composition of the mixture obtained from this technique is estimated
to be 0.001 mole fraction.

The viscosity and density data for methane, propane and the three
mixtures of these were determined experimentally and the recommended

values for these fluids are presented in tabular form for the temper-

1 Lohrenz, J.,'Ph; D.’Theéis,'The University of Kansas, Lawrence,
Kansas (1960).
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ature and pressure ranges shown below:

Mole % Methane

0.0 22.1 50.0 75.3 100.0
Temp. 0 to 37.78 to 37.78 to  37.78 to 0 to
range(°C.) -100 -120 -120 -150 -170
Press. : From 100 .psia to 5,000 psia

range

‘Density data for methane, except the low temperature vapor data, were
not determined in this study, since these data are available in the
literature?’3

The maximum estimated error in the viscosity for pure components
is +3.4%, and for mixtures is i?.B%. The reproducibility of viscosity
measurements on the average was +1.2%, and the agreement of viscosities
of this study with those from the literature was, for the most part;
within +2.0%. The maximum estimated error in density for pure components
is +0.6% and fér_mixfures is +1.2%. Density data of mixture are subject
to'systematid errors caused by impurities in methane of at most 0.6%
higher than the prbbablé true values, while those of methane are subjeét
to 0.8% higher than the probable true values. The agreement of densities
of this study with those from the literature for propane was within +0.1%,
and for methane and mixtures was within i;.?%.

The residual viscosity, that is the difference between the viscosity
at any given temperature and pressure and the viscosity at the same
temperature and low pressure, has been demonstrated by several investi-
gators to be a function of density only, and the correlation has been
used to test the consistency of the experimental viscosity data at low
densities. The viscosity and the density data of this study in the
high density region were used to construct residual viscosity versus
deﬁsity plots. For the data of methane and propane, the’residuél vis-

cosity was shown to be a function of density only, but for the data of

2 kvalnes, H.M., and Gaddy, V.L., J. Am. Chem. Soc., 53, 394 (1931).
3 van Ttterbeek, A., Verbeke, O., and Staes, K., Physica, 29, 742 (1963).



mixtures, the residual viscosity seemed to depend not only on density
but also on temperature. The existing residual viscosity versus den-
sity correlations as generalized for the application to the different
pure components and mixtures were also tested for their applicability
to the current data for methane-propane system in the high density
region. Of all the correlations tested, that of Agaev and Golubev"
was found to be the best.

One general shortcoming of the residual viscosity versus density
correlation in the high density region is that the slope of the curve
is so steep that the correlation requires highly accurate density data
in order to interpolate the viscosity with'gdod accuracy. Therefore,
this type of correlation is not very practical for the viscosity pre-
diction of high density fluids. For example, in case of light hydro-
carbons at low temperatures, density data of which are almost non- -
existent, it is impossible to predict the viscosity of these hydrocarbons
from this correlation. A viscosity correlation for the fluid in the
high density region not depending on the density would be more practical,
and so the Andrade equation for liquid viscosity correlation was used.

The viscosity data in the liquid regioh for methane, propane and
each of the three mixtures studied were well correlétéd by the Andrade
equation. However, the correlation of all tﬁe viscosity data for
methane-propane system in terms of a modified Andrade equation, based
on the principle of corresponding states, |

In = (D +D1P )+(Da#DgP )/T, ' | (%)

was not successful. The current viscosity data for each constant com-
position fluid in the following region'were‘used_to compute the coeffi-
cientS‘of'Equatioh (4) by regression analysis:
> 2.2
Po _.2 2
1.2 < 1/T, < 2.1

P_< 8.1
I"""

4 Agaev, N.A., and Golubev, I.F., Gazovaya, 8, No. 5, 45 (1963).



This equation and the coefficients computed can be used to interpolate
the viscosity of methane, propane or each of the three mixtures res-
pectively in the above mentioned region with average deviations of
+2.3%. '

In short, the viscosity and density data for methane-propane
system at temperatures below 37.78°C. and pressures to 5,000 psia were
determined, and the recommended viscosity and density values are pre-
sénted. These data in the high density region were correlated by the
conventional viscosity correlation; i.e., the residual viscosity versus
density correlation. ~Of all the correlations tested, that of Agaev
and Golubev* was the best. However, it was found that this type of
correlation is not practical in the high density region for the vis-
cosity prediction of light hydrocarbons at low temperatures, since the
correlation requires highly accurate density data. The present visco-
sity data for each pure component or each constant composition mixture
were well correlated by the density independent Andrade equation res-
pectively. However, the generalized correlation of all the viscosity
data for methane-propane system in terms of the Andrade equation and

the principle of cdrresponding states was not successful.



CHAPTER I

INTRODUCTION

Due to the recent developments in cryogenic technology, there
has been an increasing interest in the low temperature processing,
shipping‘and storihg of natural gas in the petroleum and natural gas
industry. As the vresult of this, there is more emphasis on the exten-
sion of the measurements 6f physical properties'of light hydrocarbons
(such as transport properties) at low temperatures. One of the impor-
tant transport properties is viscosity.

A survey presented by Liley (45) on the theoretical and experi-
mental viscbsity studies on gases and liquefied gases at temperatures
less than 500°K.‘shows a lack of systematic investigation-of viscosi-
ties for pure.light hydrocarbons and their mixtures at low temperatures.
Therefore there is a need for studies of the viscosity behavior of
light hydrocarbons and their mixtures. at low temperatures.

Lim, et al. (46) investigated the low pressure liquid viscosities
of the methane-propane, methane-n-butane and ethane-n-butane systems
at low temperatures. Since the equipment they used.was inadequate
for the study of mixtures, their data were subject to question. The
present study, a continuation of the work of Lim, et al., was initiated
to thoroughly investigate one of the binary systems mentioned above,
using improved equipment to determine the viscosify data over wide
ranges of temperature and pressure. The systematic investigation of
such a system will provide valuable information regarding the viscosity
dependence on temperature, pressure and composition, so that a correla—
tion of these variables can be developed.

Methane, propane and the mixtures of these were selected for the
investigationAat temperatures below 37.78°C. and pressures to 5,000
psia, because:

(a) methane being a predominent component in natural gas, a binary

system containing methane would be of value,

(b) the phase behavior information of this system (2,58,62) from

the critical temperature of propane to -130°C. is available; these



data are mecessary to insure that the experimental measurements
on viscosity at low pressures are in’the liquid phase, an&nthey
are needed for the extrapolation of the higﬁ'pressure viscosity
data to the bubble point condition so as to define the saturated

liquid viscosity data.

Literature Survey on the Viscosity for the Methane-Propane System

A literature survey was undertaken to search for work pertinent
to the viscosities for the methane-porpane system. In the superambient
temperature region, a number of investigations-have been conducted on
methane (4,6,.7,14,17,20,2‘7,64) and propane (4,7,13,20,27,71,73,75,76);
and two papers (7,27) reported data on the viscosity of mixtures of
methane and propane. A At low temperatures, very little work has been
done. Rossini, et al. (65) reported a compilation of the atméspheric
pressure viscosity data for the pure, light paraffin hydrocarbons at
temperatures below their normal‘boiling points, and Swift and coworkers
(75,76) investigated the liquid viscosities for methane, ethane, pro-
pane and n-butane at temperatures above their normal boiling points.
Pavlovich and Timrot (55) re?orted the viscosity for methane at tem-
peratures to -161°C. and pressures to 2,940 psia; Ross and Brown (67)
and Barua, et al. (6) reported the viscosity data for methane at tem-
peratures down to -50°C. and at pressures to 10,000 psia and 2,576 psia
fespectively. For mixtures ét iow temperatures, no data have been

reported except for those of Lim, et al. (46).

Equipment Needed to Study the Proposed System

" To obtain the viscosity for the proposed system, it is necessary

to develop a viscometer and the related equipment. Swift and coworkers
(75,76) used a falling cylinder viscometer satisfactorily for the deter-
mination of liquid viscosity at low temperatures and pressures to 800
psia. This viscometer is a relative instrument and has the advantage
of being able to measure viscosity and demsity concurrently. This
falling cylinder viscometer was further improved after Lohrenz and co-

workers (47,48,49). had developed the theory for the falling cylinder



viscometer and presented an accurate method for correlating the visco-
meter calibration data. In order to utilize the theoretical ané_experi—
mental developments of these investigators, a falling cylinder viscome-
ter modified for high pressures was used in this investigation.
In the determination of viscosity using a falling cylinder visco-
meter, the viscosity is computed from the following equation (47,75):
W= Bp’t(o—p)e/s (I-1)

where Bp,t is the viscometer calibration constant, ¢ is the density of
the falling cylinder, 6 is the time required for the falling cylinder
to traverse the distance s, and p is the density of fluid at the condi-
tion where 6 is determined. It should be noted from Equation (I-1)
that density is necessary for the computation of the viscosity from the
experimentally determined fall time, 6. A search of the literature for
the density data of the methane-prépane system shows that except for
the density data for methane (40,78), those for propane and'the'mixtures
of methane and propane are not available at low temperatures and high
pressures. Therefore the density data for propane and for the mixtures
of methane and prdpane was included as a part of this,stﬁdy.

In viscosity and density determinations of mixtures containing
light hydrocarbons at low temperatures, the experimental problems en-
countered are more complex than those for investigatingrpure components.
This additional complexity was not properly treated by Lim, et al. (46)

in their experimental study. They used a Heise bourdon tube gage to mea-

sure directly the pressure of

the mixtures in the viscome- H Bubble Two phase
point ) region>

ter operating at low tempera- curve

tures. Referring to Figure P e e e

I-1, when the cricondentherm

temperature of the mixture

Pressure

studied, ch, is higher than , 1

ambient temperature, Tp, and
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the pressure, Py, of the mix-
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ture in the viscometer is ‘ 1 2 cc

lower than the bubble point Temperature
Figure I-1 P-T Diagram for A Mixture



pressure, Py, of the mixture at ambient temperature, composition
changes in the experimental system occur since two phases exist in
the bourdon tube. One way to solve thisrproblem is to enclose com-
pletely the mixture to be inYestigated at a low temperature, Ty, at
which the viscometer is‘operated;v The pressure of the mixture is
then transmitted by éome mechanical separation device such as a bel-
lows (a low temperature differential pressure indicator) to an inert
fluid on the other side of the separation device so that the pressure

of the mixture can be determined indirectly with a Heise bourdon tube

gage.

Additional Literature Survey and Analysis of Viscosity and Density
Data for the Calibration of the Viscometer

Since the viscometer used in this study is a relative instrument,
it was necessary to select reliable and consistent values of viscosity
and density for the viscometer calibration. A survey of literature
showed that viscositj data for light paraffin hydrocarbons were reported
by numeroiis investigators. Especially in the last few years, several
investigators had devoted much effort to systematic and extensive studies
of the viscosities for the pure, light paraffin hydrocarbons. In the
following analysis of the literature, only those works published sys-~
tematically in the last few years will be discussed because these later
works are considered to have better agreement. Table I-1 shows a sum-
mary of the reported viscosity data, the investigators, the types of
instrument used, and the reported temperature and pressure range.

Ellington and coworkers (23,25,41,42,73) using a capillary visco-
meter, reported the viscosity data for ethane, propane, n-butane, n-
pentane and n-decane over considerable pressure and temperature ranges.
For the purpose bf'establishing confidence in the reported viscosity
data, Sage and coworkers (13,14,15,16,60) used an entirely different
instrument, a rotating cylinder viscometer, to determine the viscosity

data for methane, ethane, propane, n-butane and n-pentane at selected

isotherms for comparison. Within the temperature and pressure ranges

concerned with the viscometer calibration of this study, i.e., at pres-



Table I-1

Viscosity Values for Pure Normal Paraffin Light Hydrocarbons
near Ambient Temperatures and to High Pressures

Temp. range Press. range

Fluid Investigators Type of Viscometer OF, psia
CoHg Eakin,Starling,Dolan,Ellington(25) Capillary 70 to 460 to 10,000
C3Hg Starling,Eakin,Ellington(73) Capillary 70 to 460 to 8,000

nCyH;g Dolan,Starling,Lee,Eakin,Ellington Capillary 100 to 460  to 10,000

nCsHq, Lee and Ellington(4l) (23) Capillary 100 to 340 to 3,000

nCyoHoo Lee and Ellington(u2) Capillary ., 100 to 460 2,000 to 8,000
C Hy, Carmichael ,Berry,Sage(1h4) Rotating cylinder 40 to 400 to 5,000
CoHg Carmichael,Sage(15) . Rotating cylinder 80 to 400 - to 5,000
C3Hg Carmichael ,Berry,Sage(13) Rotating cylinder b0 to 400 to 5,000

-nCyH; Carmichael and Sage(16) Rotating cylinder 40 to 320 to 5,000

nCsHys Reamer,Cokelet ,Sage(60) Rotating cylinder 100 to 280 to 5,000

Hy, Baron,Well ,Roof(4) Capillary 125 to 275 to . 8,000
CoHg Baron,Well ,Roof(4) Capillary 125 to 275 to 8,000
C3Hg Baron ,Well,Roof(4) Capillary 125 to 275 to 8,000
nCgHy o Agaev and Golubev(l) 77 to 527 to 7,350
Hy, Giddings(27) Capillary 50 to 280 to 8,000
C3Hg Giddings(27) _ - Capillary 40 to 220 to 8,000

C Hy Barua,Afzal ,Flynn,Ross(6) Capillary -58 to 302 to 2,576



sures below 5,000 psia and at temperatures below 190°F., the viscosity
data for ethane, propane and n-butane of‘Sage and coworkers agree with
those of Ellington and coworkers for the most part within +1%. The data
for propane from these sources also agree well with those reported by
Giddings (27). The viscosity data for ethane and propane of Baron, et
al. (4) at 175°F. agree well with these data, but are high by as much

as 6% at 125°F. Viscosity data for methane, published by Sage and co-
workers (1u4), are in good agreement with those reported by Barua, et al.
(6), Giddings (27) and Baron, et, al. (4). Methane viscosity data re-
ported by Barua, et al. (6) cover a wide temperature range, and are con-
sidered to be consistent with the data for ethane, propane and n-butane
reported by Ellington, et al., because the.data of Barua, et al. are
consistent with those reported by Sage and coworkers.

The data for n-pentane from different sources are inconsistent.
Those of Sage and coworkers (60) are about 10% higher than those of
Ellington and coworkers (41), and Agaev and Golubev (1). The data of
the latter two sources deviate from each other by about 2.5% at 5,000
psia and the deviations at different isotherms (100 and 190°F.) are
not in the same direction.

For the heavier paraffin hydrocarbons at low pressure, the com-
pilation of Rossini, et al. (65) reports atmospheric pressure viscosity
and density data below the normal boiling poiﬁts.‘ For the density data
for all the paraffin hydrocarbons mentioned above, values are available
in the monograph reported by Sage and Dacey (66). Kvalnes and Gaddy
(40) also reported denSity data for methane from -70 to 200°C. These
déta are in gdod'agreement with those reported by Sage and Lacey.

In sﬁort, the Viscésity data for methane reported by Barﬁa, et al.
(6), those for ethane, propéne, n-butane and n-decane reported by
Ellington and coworkers (23,25,42,73), the density data for methane re-
porfed by Kvalnes and Gaddy (40), those for the paraffin hydrocarbons
reported by Sage and Lacéy (66), and the atmospheric pressure liquid
viscosity and density data of the paraffin.hydrocarbons'feported by
Rossini, et al. (65) were considered consistent for calibrating the

viscometer.



Review of Viscosity Correlations

While searching the viscosity data, many empirical viscosity
correlations were found. The principle of correéponding states had
been applied to the generalized correlation for different fluids for
a long time. Lately much attention has been devoted to the residual
viscosity versus density correlation. |

Several investigators used the principle of corresponding states
to construct the generalized viscosity correlations for gas and dense
gas by expressing the reduced viscosity as a function of reduced tem-
perature and reduced pressure. The reduced te@perature, Tr’ was gene-
rally defined as the ratio of temperature to critical temperature, the
reduced pressure, Pr’ as tﬁe ratio of pressure to critical preésure,
and the reduced viscosity, M as the ratio of viscosity to a charac-
teristic parameter I. I was defined differently by different investi-
gators. It was defined by Uyehara and Watson (77) to be critical vis-
cosity,-by Comings, et al. (20) to be atmospheric pressure viscosity,
and by Smith and Brown (71) to be the square root of the molecular
weight. Grunberg and Nissan (30) correlated B, as a function of Tr
and reduced density, PLs where I is the atmospheric pressure viscosity
and P, is the ratio of density to critical density. These correla- .
tions are basically similar. Each investigator attempted to define the
most convenient characteristic parameter to define the reduced viscosity.
‘These correlations could also be used for the prediction of the liquid
'Viscosity. Because of the general nature of these correlations, the
prediction of viscosity from these correlations is subject to errors
‘as large as 20%.

For the correlation of liquid viscosity Brush (12) in his review
on the theories of liquid viscosity, pointed out that the simplest and
the most frequently used empirical equation is the so called Andrade
equation, | l

ln y = a + b/T - (I-2)

Several investigators (3,5,9,31,79) have used this equation with

some success to éxpress low pressure liquid viscosity as a function of

temperature.



In the past few years, attention has been given to the corre-
lation of residual viscosity as a single function of density. The
residual viscosity is defined as the difference between the viscosity
at any given temperature and pressure and the viscosity at the same
temperature and low pressure (or atmospherié pressure). The validity
of this type of correlation has been established in the low density
region by several investigators. Thodos and coworkers (10,69) applied
this concept to correlate the viscosity of monoatomic and diatomic
gases. Most of the viscosity data for each pure,light paraffin hydro-
carbon in the superambient temperature region cited earlier were also -
correlated using this technique. This techniqﬁe‘has become so popular
that it is now used by most investigators for (a) the internal con-
sistency test of the experimental viscosity data, (b) the interpola-
tion and extrapolation of fhe viscosity data, and (c) the estimation
of the critical viscosity from the knowledge of the critical density.

In an effort to develop a residual viscosity versus density corre-
lation applicable to the viscosity prediction-of all the pureucbmponen%s,
Jossi, et al. (38) developed a correlation for the prediction of vis-
‘cosities of several substances in the dense gaseous, énd liquid regions,
where the residual viscosity, multiplied by a group of critical cons-
tants, was shown to be a function of reduced’ density only. Using a
similar approach, Golubev and Agaev (29) developed a correlation for the
pure, light paraffin hydrocarbons by plotting the reduced residual vis-
cosity versus réduced density. Eakin and Ellington (24) developed an
analytical equation for the prediction‘of'viscosities of methane, ethane,
propane and n-butane by expressing the residual viscosity as a function
of density and molecular weight. ‘

The development of correlations for the prediction of the viscosi-
ties of pure components and mixtures has also been attempted. Dean and
Stiel (21) extended the correlation of Jossi, et al., for the prediction
of the viscosities of dense gas mixtures. Giddings and Kobayashi (27,28)
reported viscosities of methane, propane and mixtures of these and show-
ed that the residual viscosity was a function only of density for each

mixture, and developed a correlation for pure components and mixtures



by graphically expressing the residual viscosity as a function of
reduced density and molécular ﬁeight. Lee, et al. (43), using the
viscosity data of pure, light paraffin hydrocarbons reported by Ellington
and coworkers (23,25,73) and the methane—n;butane mixture of Dolan and
Ellington (22), developed an equation with a method slightly different
from the residual Viscbsity correlation for the calculation of visco-
sities of these hydrocarbons and ‘their mixtures. They expressed vis-
cosity as a function of density, molecular weight and temperature.
Most of the correlations mentioned thus.far were developed pri-
marily on the basis of viscosity and demsity data for fluids at super-
ambient temperatures. It would be advantageous'to test the applica-
bility of these correlations to the high pressure, low temperature
liquid viscosity and dnesity data for light hydrocarbons if such data
are available. A viscosity correlatioﬁ applicable to the liquefied
light hydrocarbons should be very useful for the prediction of their
viscosities and could reduce the experimental work if it is suitable

for interpolation.

Restatement of the Scope of This Study

Before proceeding to the next chapter, the scopé of the present
study is restated as follows:

(a) to construct a viscometer and auxiliary equipment suitable

for detérmining viscosity and densify of the pure light hydro-

carbons and their mixtures at temperatures to -170°C. and pres-

sures to 5,000 psia,

(b) to determine the viscosities for methane, propane and their

mixtures at temperatures below 37.78°C. and pressufes to 5,000

psia, and the densities for propane, and mixtures of methane and

propane over the same temperature and pressure ranges as those

over which the viscosities were determined, and

(c) to test the applicability of the existing empirical visco-

sity correlations to the low tempepaturé, high pressure data of

this study.
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CHAPTER II

THEORY AND METHOD OF THE VISCOMETER CALIBRATION

Review of the Theory Pertinent to the Viscometer Calibration

The method for calculating the theoretical viscometer constant
for a falling cylinder viscometer and the method for correlating
experimental viscometer calibration data in terms of the theory for
Newtonian fluids have been developed by Lohrenz and coworkers (47,
48,u49). |

In the development of the equation for the prediction of the

theoretical viscometer constant B Lohrenz (47) considered that a

)
falling cylinder (see Figure II—l%Siith density o and volume V
(ﬂD%Le/H) was placed concentrically in a vertical tube which had an
inner diameter Dt and was filled with a Newtonian fluid of density p
and viscosity u. He assumed that the body was falling at terminal

velocity v., that the fluid flowing through the annulus between the

cylinder azd the tube was in fully developed laminar flow, and that
all friction losses other than the laminar skin friction (1sf) on
the cjlinder were negligible. With these assumptions, he obtained
the following expression for the theoretical prediction of the vis-
cometer constant: ‘

Bos=L8L, (D p)278L I1n(1/k)~(1-k2)/(14*)] (II-1)

where k is the ratio -
- ¥ D

of D to Dt’ L is t
C c Viscometer tube
the length of the

cylindrical portion | c
s . = Falling cylinder with
of the falling cylin- | il 7 density o
der, L is the equiva- L
2 Te : &c
lent length of the
cylinder® and DeL c:ii:j <«—p— Stabilizer

is an equivalent

l “ % Fluid with density p
VT

Figure II-1 A schematic Diagram of A Falling
Cylinder Viscometer

% Le is defined as the ratio. of the volume of falling cylinder including

stabilizers to the cross-sectional area of the cylindrical portion(Fig.II-1).
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diameter defined as,

D, = KD, fmnum - (1) /(1)) (11-2)

Equation (II-1) expresses B as a function of Dc, Dt"L and Le’

the physical dimensions of iiz viscometer. For the calculation of
Bléf’ the dependence of DC and Dt on temperature and pressure has to
be considered. The temperature and pressure effects on Lc and Le
would cancel each other Since,Lc and Le appear on both denominator
and numerator. The temperature effect can be predicted from the co-
efficient of thermal expansion,and the pressure effect can be obtained
by assuming a thick walled cylinder of infinite length for both the
fallingfcylinder and the viscometer tube (47).. If the linear coeffi-
cient of thermal expansion, Ydung's modulus and Poisspn's ratio are
assumed to be constant, the following equations may be used to cal-
culate Dc and Dt where temperature and pressure effects are assumed
to be independent of oné another:

Dett,p) = Da(as,0)lLto (t-25)101-P(1-v )/E ] (1I-3)

Di(e,p) = De(as,0)lLtop(t-25)]

2 2
P (Pio(+,0) Pe(t,0): ]}
1+ = 2 e Y Y (II-u)
{ ' EtLﬁ%g(t,O)'Di(t,o) t

where t is in centigrade and P is in psia. The coefficient of thermal

ekpansion (a), Young's modulus (E) and Poisson's ratio (v) are given

in Table II-1.

Table II-1

Mechanical Properties of the Viscometer.
Materials of Construction

Stainless steel Aluminum
(Lyman) (50) (Popov) (56)
Coefficient of _
thermal expansion 1.602x10 ° 2.340810" °
1/°cC.
Young's modulus 0.290x108 0.103x108
psi

Poisson's ratio = 0.26 0.333




Therefore, by substituting Equations (II-3) and (II-4) into Equation
(II-1), B ¢

can be calculated. Since this viscometer is used as an relative

at any pressure and temperature for a given viscometer

instrument, it must be calibrated with fluids of known viscosity and

density where the experimental viscometer constant, Bp , 1s computed
R -

t
from Equation (I-1) with the experimentally determined fall time 6 at

pressure P and température T.
With this information, Lohrenz showed that a plot of the ratio

of the experimental viscometer constant, BP to the calculated

»t?

viscbmeterlconstant,‘s » versus Reynolds number, DeLVTp/U resulted

, 1sf
in an unique curve, i.e.,
, .
Bp,t/slsf = £(D_ v /W) (II-5)

This equation takes into account the effects due to temperature, pres-
sure and flow regime. He “further concluded that this plot was the

most accurate method of calibrating the viscometer.

Modification cf the Variables Tor the Correlation of Viscometer
Calibration Data

In the present study, the method of correlating the viscometer
calibration data developed by lohrenz, et al. (47,48,49), will be used
with a slight modification. In the develpment of the viscometer cali-
bration methdd, Lohrenz defined his Reynolds number in terms of an
arbitrarily defined equivalent diameter, DeL' The accuracy of the

calibration plot would not be effected by how the equivalent diameter

12

is defined. The equivalent diameter used in this study will be defined

according to a more conventional method. According to Bird, et al. (8),

the friction factor,f,of the fluid flowing through the annulus between:
the tube and the falling cylinder is related to a force Fk‘, a charac-
teristic area A and a characteristic kinetic energy per volume K by

the relationship,

f = Fk/(AK) (II-6)
F, = AP(wD%/”)(l-Kz)
= nDt(l+K)Lc
X = p<v>2/2



where <vz> is the average velogity of the fluid flowing through the
annulus, and ‘P is the pressure drop across the cylinder. Since the
over-all flow of thé fluid flowing through the annulus of the falling
cylinder viscometer is,

q = v (mD2/4)

the average velocity is,

<v> q/[ﬂ(D%—Di)/UJ

KZVT/(l—KZ) (II-7)

According to Lohrenz (47),
| AP = 16UL_vo/{DZ[(1+c?)1n(1/k)~(1~¢*)T} (1I-7a)

Substituting Equations (II-7) and (II-7a) into Equation (II-6) and

rearranging the equation,

£= 8H (1-k)(1-k2)2 | (II-8)
PV DtK“[(l+K2)ln(l/K)—(l-Kz)]
By convention,
f = 16/Ng, (1I1-9)

for laminar flow where NRe is the Reynolds number.
Therefore, by combining Equations (II-8) and (II-9)

NRe Desp/ue (II-10)

where '
. 2¢*D,_[(1412)In(1/x)=(1-¢?)] (II-11)
¢ (1-k)(1-k2)?

It should be noted that De defined by Equatién (II-11) is such that

the relationship between the Reynolds number and the friction factor
is in conventional form, i.e., Equation (II-9), when the fluid flow

is laminar. Equation (II-1) is rearranged and expressed in terms of
K)énd the newly defined equivalent diameter De’ to give

Bcalc= 8D2/8[ln(l/m)—(l_K2)/(1+K2)]

‘gDé(l-K)z(l—Kz)q (II-12)

326 (1+k2) [ (1+k2)1n(1/k )-(1-«k2)]

‘'is used here to differentiate B used in this

3] instead of B

calc lst
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study and B used by Lohrenz. Le/LC is deleted in quation (I1-1)
since this ratio is almost unity for the type of falling cylinder

- used in this study (see Figure III-2). With these rearrangements and
- modifications, the functional relaticnship, equivalent to Equation
(II-5) for representing‘viscometer,calibrafion data in this study will

be:

Bred B Bp,t/Bcalc - f(NRe) (11-13)
= f[DeSD/(ﬂb)]
where Beala® Bp,t and De are defined by Equations (II-12), (I-1) and
(II-11).

Treatment of the Viscometer Calibration Data

The type of viscometer used in this study as will be described
in Chapter III is such that the fall time, 6, is that measured for
the falling cylinder to traverse the distance s, which is the dis-
tance between the two electrical leads (O in Figure III-2), located
near the terminal ends of the viscometer tube, less the length of
the falling cylindef. ‘When using this method of fall time determina-
tion, the effects due fo the acceleration and the deceleration which
cause s/6 term to deviate from the terminal velocity have to be con-
§idéred. The correction due to the‘accelération has been shown mathe-
matically (Appendix K) to be inversely proportional to the squafe of
the viscosity Qf4fluid under investigation. Since the fluid investi-
gated in this study generally is in the dense fluid or liquid state
(save for a few cases where methane vapor phase viscosity was deter-
mined), this correction is shown to be negligible. In the worst case
(gaseous methane), this correction térm'amounts to 1%, but it is
smaller than the uncertainty in the experimental measurement of 6
(Appendix H). For the deceleration as the cylinder approaches the
bottom end of the viscometer tube, no mathematical relationship has
been determined. However, the viscometer was designéd so that the
cylinder is stopped by the electrical lead which extends apprcximately

2" from the actual bottom of the tube (Figure III-2). The outside



15

diameter of this electrical lead is 3/32" as compared to the visco-
meter tube internal diameter of 5/16"; Since (a) the cross-sectional
area of the electrical lead is about 9/100 of the inner cross-sec-
tional area of the viscometer tube, and (b) this lead is extended
about 2" from the end of the viscometer tube, the bottom effect was
considered negligible. Therefore, thé terminal velocity was, in all
cases, considered to be equal to the total distance of fall divided
by the total time of fall. o

After the fall time, 0, is determined in the calibration of the

viscometer, BP can be computed from Equation (I-1) and the physical

t
X 3 . .
properties of the calibration fluid, the density of the falling cylinder,
and the distance of fall in the viscometer. The distance of fall is_
calculated from the following relationship,

s = (s._+ L25)[l+at(t—25)] - L[l+a_(£-25)] (II-14)

25
to account for the temperatﬁre efféct on s, while the pressure effect
is so small that it is neglected. Here t is temperature in centigrade,
and the subscript 25 means that the fall distance s and the cylinder
length L areAmeasured at 25°C.

B

and De are functions of pressure and temperature. By subs-

calce
tituting Equations (II-3) and (II-4) into Equations (II-12) and (II-11)
(keeping in mind that « is the ratio of Dc to Dt)’ Bcalc and De at

anykgiven pressure and temperature can be calculated for a given vis-
cometer. Computer Program 510 (Appendix R) was written to perform

this calculation. B and De were calculated for each falling cylin-

calc
der using a common viscometer tube. The calculated Bcalc and De
corresponding to the temperature and pressure conditions of the experi-
calc? De’ and ; are’express-
ed as functions of temperature and pressure(47) so that all calibration

mental runs are shown in Appendixes P and Q. B8

data, expressed in terms of Equation(II-13), are indepeﬁdent of temper-
ature and pressure effects, i.e., Bred is a function only of the flow
regime prevailing in the viscometer.

In the treatment of the experimental calibration data in the form
of Equation (II-13), it is expected that the viscometer calibration
will cover a wide Reynolds number raﬁge including both the truly laminar
flow region and the'transition region between laminar flow and fully
developed turbulence. The functional relationship should be lineér in

the laminar region and non-linear in the transition region. In order



that the results of the viscometer calibration can be handled by a
digital computer, the calibration data are curve fitted by the empi-
rical equations. A first order equation of the form,

Brog = By T A1log(N ) (II-15)

should fit the experimental calibration data in the laminar region,
while a second order equation of the form,

. . , )
Bpea = By * Bilog(Np ) + Byllog(Np )] (1I-16)

should fit the data in the transition region, where more weight is
assigned to the function between laminar and transition regions (the

transition point) so that these two equations will match.

16
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CHAPTER III
DESCRIPTION OF EQUIPMENT

It has been already mentioned in Chapter I that the viscosities
and densities of methane, propane and the mixtures of these at teﬁ-
peratures to -170°C. and pressures to 5,000 psia will be investigated
in this study. 5,000 psia was selected as the upper pressure limit
of this study, because this was the maximum ﬁressure limit of the
available Heise bourdon tube gages in the Low Temperature Laboratory,
Chemical and Petroleum Engineering Department, The University of
Kansas.

Since suitable experimental equipment was not available, a vis-
cometer and related equipment capable of achieving the purpose of this
study had to be developed. A low temperature bath which could maihtain
a constant temperature environment for the viscometer at any temperature
level in the temperature range considered in this study and a high
temperature bath containing high pressure equipment to meter fluids
into the viscometer for density determination were to be constructed.
The problem was to develop a viscometer which could be operated at
high pressures and also be suitable for the study of mixtures without
encountering the problem of composition changes as experienced by Lim,
et al. (46). It was already mentained in Chapter I that a high pressure
falling cylinder viscometer and a low temperature differential pressure
indicator were finally used in this study. However before the develop-
ment of this viscometer, other viscometer designs had been considered.
A brief’description of the development of viscometers during the course
of this study will be given here.

Lim, et al. (46) used the same equipment developed by Swift (75)
to investigate the low pressure liquid viscosities of light hydrocar-
bon binar*y mixtures. However, this equipment, using a Pyrex‘ glass
tube as a viscometer tube, was primarily developed for the study of
pure components and the maximum operating pressure of the Pyrex tube
was 1,000 psia. For this viscometer to be operated at pressures higher
than 1,000 psia, it would be necessary to enclosed the glassvviscometer

tube (C) in a high pressure stainless steel vessel (A & B in Figure
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III-1-a) such that an equalizing pressure could be brought to bear on
the outside of the glass wall. The difficulties inherent in this
type of design for operation at the extremes of pressure and temper-

ature are:(1l) if the interior of the high pressure vessel is designed
to be one chamber having the interior and exterior of the glass tube
open to each other, there is difficulty in achleving sufficient mixing’
of fluid for the study of mixtures, (2) whereas the above mentioned
problem could be solved if the vessel is designed to be two chambers
(having no pressure communication) by making-a glass-to-metal seal
between the glass tube (C) and the vessel head (A), and using the
interior of the tube (C) as a viscometer cell, with a second fluid
counter balancing the pressure in the annular space, no satisfactory
élass—to-metal seal has been found that is suitable for long-term
operafion at low temperatures (less than -50°C.).
The development of a falling sleevebviscometer (see Figure III-1-
b) was then initiated to circumvent the problems discussed above. This
viscometer consists of a high pressufe stainless steel vessel (B)
having a Pyrex glass tube (C) aligned concentrically with the innef
bore of the vessel, and a doughnut shape sleeve (S) falling in the _
annular space'between the vessel (B) and the glass tube (C). The fluid
to be investigated fills the annular space. The interior of the glass
tube is exposed to the atmosphefic air. The feature of this type of
viscometer is that the following information can be obtained in the
same experimental run.
1. The determination of viscosity by measuring the fall time
required for the sleeve (S) in the annular space to traverse
through a fixed distance.
2. The determination of density data, using a specially designed
high pressure, low.temperature miniature valve (V) (74) and a
sensitive differential pressure indicator (D) (52) for the pressure
measurement s& that the fluid under investigation is completely
isolated in the experimental temperature and pressure environment.
(This design eliminates the possibility of change in the composi-

tion of mixtures mentioned in Chapter I).
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3. The determination of phase behavior study by the method of

dew point and bubble point observation by inserting a borescope

optical (I) system into the glass tube.
Furthermore, since the theoretical prediction of the annular. sleeve
viscometer parallel to that of the falling cylinder viscometer deve-
loped by Lohrenz (47) had been derived (74), this information made
the calibrétion of the falling sleeve viscometer poésible. Because
this design made concurrent phase, volumetric and viscometric studies
possible, and allowed for adequate stirring of the contents of the
vessel, this viscometer was constructed and a high pressure, low tem-
perature glass-to-metal seal (36) was developea to seal between cap
(A) and glass tube (C) using resilient epdxy glue as a pressure seal.
The results of the test runs from the operation of the viscometer
showed that the reproducibility of the fall time was better than that
for the falling cylinder. However, because:'(l) the glass—to-metgl
seal (36) developed was not a permanent seal (it worked satisfactorily
in a short period after the preparation of the seal), and (2) there
was no method of insuring the same alignment between the glass tube
(C) and the vessel (B) whenever the viscometer was reassembled (the
calibration of the viscometer changéd every time when the parts were
disassembied for maintenance service), it was finally decided to post-
pone work on this viscometer design until such time as additional deve-
iopmental work concerning points (1) and (2) above could be undertaken.

After the unsuccessful tests of the viscometer design discussed
above, it was finally decided to design and construct a falling cylinder
viscometer using a stainless steel tube (similar to the one reported
by Bridgmanv(ll)) instead of Pyrex glass tube, so that the viscometer
could be operated at high pressures. The key to the successful design
of this viscometer was the sﬁccessful test of the electrical lead
assembly (C and D in Figure III-2) at low témperature and high pressure.
The problem concerning the composition changes mentioned earlier was
also solved by installing a DPI to the viscometer for the pressure
measﬁrement.

In the following sections, the following will be discussed:
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(1) Viscometer, timing mechanism and low temperature differential
pressure indicator, (2) Low temperature bath, and (3) High temper-

ature bath.

Viscometer, Timing Mechanism and Low Temperature Differential Pressure
Indicator

- Since the viscometer’used in this study, a stainless steel tube
viscometer, is different from that developed by Swift (75), a Pyrex
glass tube viscometer, the methbd of determining the fall time by
inductence coil as reported by Swift is no longer applicable. In this
new design, the time that‘required for the falling cylinder to drop
from the top to the bottom of the viscometer tube was determined as
the fall time. Thus it was necessary to develop a new timing mecha-
nism to initiate and terminate a time interval meter to count the fall
time. The timing mechanism consists of a simple RC circuit (Figure
III-3) designed by ‘Mr. Warren Legler.

The viscometer consists of a falling cylinder, one nipple*, one
coupling®, one tee® and three modified plugs (see Figure III-2). Two
of the modified plugs have electrical leads (0) insulated from the
plug (M). The electrical lead assembly, which is a part of the RC
timing circuit, is illustrated by C and D in Figures III-2 and III-3,
and a detailed design drawing is shown in Figure S-1 of Appendix S.
The stainless steel leads (0) is about 2" long and 3/32" in outer
diameter. The extension (P) of lead (0) makes a non-conducting, un-
supported area pressure seal with shoulder (Q) of a modified stainless
steel plug (M) via a 0.010" thick Mylar gasket (N) as suggested by
Weitzel, et al. (80). The insulator (L), made of fiber wool impreg-
nafed phenolic resin, spaces the electrical lead (0) through the port
in plug (M) to prevent short circuiting. Washer (K) and lock nut (J)
'hold the assembly together and are tightened to effect the initial
(zero load) pressure seal between electrical lead (0) and plug (M).
No leakage through the electrical lead assembly (C or D) was found
even whén the assembly was tested at liquid nitrogen temperature and

8,000 psia.

%Cat. Numbers, CNX99012, 15FX-9966 and CTX-9990 from Bulletin No. 502
of Autoclave Engineers, Inc.
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The inner bore of the high pressure hipple was reamed and pol-
ished to a diameter of 0.3140 inches. The falling cylindérs used in
this study are gimilar to those desuiibed by Swift (75). A scheﬁetic
drawing of a typical falling cylincc: is shown in Figure III-2 and
a detailed design drawing is shown iu Figure S-2 of Appendix S. It
is a right circular cylinder'fabricatéd from aluminum (A) with metallic
pins (H) for aligning the cylinder (A) concentrically within the ver-
tically positioned tube (B). Two mild steel rods (G) are imbedded in
the lower part of the falling cylinder so that the cylinder (A) can
be elevated when acted upon by the magnetic field of a magnet mounted
externally to the tube (B). Two stainless steel protrusions (E), one
at each end of the cylinder (A), are provided (1) to give a hard sur—'
face so that the aluminum cylinder will not be damaged when 1t drops
and (2) to make a better electrical contact with the tapered end of
the electrical lead (0). ' '

In the actual operation of the viscometer (éee Figures III-2 and
III-3), the cylinder (A) is raised to the top of the tube (B) by the
action of a magnet mounted externally to the tube (B). As upper pro-
trusion (E) on the cylinder (A) comes into contact with electrical
lead (0) of the top electrical lead assembly (C), ammeter (R) will
show a reading to indicate that cylinder (A) is at the top. Then
following a further elevation of magnet, the cylinder (A) is disen-
gaged from the magnetic field and falls through the fluid confined in
the tube (B). The breaking of the electrical contact between upper
protrusion (E) on the cylinder (A) and the elecfrical lead (0) of the
top electrical lead assembly (C) initiates a time count on the time
interval meter. The making of the electrical contact between lower
protrusion (E) on the cylinder (A) and the eiectrical lead (0) of the
bottom electrical lead assembly (D) terminates the time count. At
this time the ammeter (S) will show a reading to indicate that the
cylinder (A) is at the bottom. The tube (B) forms the ground side of
the circuit in both initiation and termination steps of the time count.

Since liquid mixtures at low temperatures were to be investigated

in this study, it would be necessary on occasion to measure the pres-
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sure of a given mixture in the viscometer in a pressure range between
the bubble point pressure at ambient temperature and that at the tem-
perature of the viscometer (see Figure I-1). If constant composition
in the viscometer is to be maintained under these conditions, the
mixture can not be exposed to ambient temperature, since that portion
so exposed would exist in two phases (vapor and.liquid). This rea-
soning precluded the measurement of the pressure of the mixture directly
with Heise bourdon gage. A low temperature differential pressure in-
dicator (LT DPI) was used to isolate the liquid mixture in the visco-
meter at the tempefature of the low temperature bath and yet retain
pressure communication. This DPI is a modifiedlversion of the one
described by McCreary and Swift (52). A schematic diagram is shown
in Figure III-4 and the detailed diagram of the parts are shown in
Fiéure S-3 of Appendix S. _

The active element (pressure communicator) of the DPI is a nickel
bellows (E) (Servometer Corp., Passaic, N.J.), having an outer dia-
meter of 0.250", inner diameter of 0.150", wall thickness of 0.002"
and 24 convolutions totaling 0.775" long. One end of the bellows (E)
is soft-soldered to a 1/4'" tube (C) and the other to an end cap (F).
The cap (F) is connected to a transformer core (J) by a stainless
steel extension rod (G), and the whole assembly is enclosed in a 1/4"
stainless steel tube (C). A transformer (I) (Model 623u4A-03-K-01-
XK, supplied by Automatic Timing and Controls, Inc., King of Prussia,
Pa.) is press-fitted to a brass holder (K) which is mounted extermally
on the 1/4" tube (C) and screwed into a nut (M). The position of the
transformer can be easily adjusted by turning the holder (K) against
the nut (M). The core (J) connected to the cap (F) by rod (G) is free
“to move and its position is sensed by the differential transformer (I)
and then transmitted to the transformer excitation-device (Model
GlOiEIX, supplied by Automatic Timing and Controls, Inc., King of
Prussia, Pa.). Two ammeters, one having a maximum reading of +500 pA
and the other +50 uA, are connected in parallel to the readout device.
The +500 pA meter is used for course édjustment of the DPI, while the

+50 pA meter is used for final fine adjustment.
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In the installation of the assembly for operation, the bellows
housing (D) is kept inside the low temperatufe bath, while the trans-
former (I) is exposed to ambient temperature. ‘The system fluid fills
the interior of the bellows (E) via port (A), and liquefied propane
gas (LPG) fills the space between the DPI housing and the bellows (E)
via port (N) t6 balance the pressure of the system fluid through the '
bellows. The fluid (or the mixture) is isolated in the low tempera-
ture bath and never exposed to ambient temperature. By balancing the
readout device to the null point, the pressure of the LPG, which is
measured by a 5,000 psi Bourdon gage, is the pressure of the mixture
in the viscometer. | -

This DPI has a sensitivity of +10 psi (see Appendix A) which is
considered to be sufficient for the determination of liquid viscosity,
since the liquid viscosity is not sensitive to the change in pressure
(10 psi change in pressure causes a‘change in liquid viscosity less
than 0.1%). The design of this DPI is such that it can stand a larger
over pressure than that reported by McCreary and Swift, beéause)(a)

a bellows having a larger wall thickness is used and, (b) as is shown

in Figure III-4, {he movable cap (E), is confined by an 1/8" stain-

less steel tube (0) and an 1/4" stainless steel tube (H) so that only
approximately 1/8" is allowed for the movement of bellows in each direc-
tion. This type of DPI can be subjected to 1,000 psi over-pressure
without damaging the bellows.

The' density determination is made by transferring a known amount
of fluid into the viscometer, the volume of which has been calibrated.
In the determination of the liquid density of mixtures, the low tem-
perature DPI has to be used for the pressure determination of the mix-
tures in the viscometer. It is expected that there would be more
error in density determination for the mixture, due to the insensi-
tivity of the DPI in the pressure measurement. However, as will be
shown in Chapter V, density data of high accuracy for the computa-
tion of the viscosity data are not required so the error introduced

by the DPI is not considered serious.



28

Low Temperature Bath

The low temperature bath described here is a modified version of
the one described by Sinor (70). ' Figure III-5 shows a schematic dia-
gram of the bath. It consists of a stainless steel dewar flask (P)
having an inner diameter of 5" and a depth of 18" and a phenolic cover
(0), which is assenbled from eight.l/z" thick fiber wool impregnated
phenolic resin plates, one 1/8" aluminum plate, one 1/8" brass plate,
and six 1/4'" nylon fods to bind all the plates together. The fiber
wool impregnated phenolic resin and the nylon rod, being good insula-
térs as Well as possessing the necessary structural strength, provide
an insulated cover and a rigid platform for moﬁnting the instruments.
This cover (0) simblifies the top layer of Sinor's bath design (70)
which is complicated by aluminum plates, plastic insulétion forms and
a heat exchanger;

For the achievement and maintenance of a certain low temperature,
liquid nitrogen was injected directly into the bath by passing liquid
nitrogen (at a pressure slightly above atmospheric pressure) through
the tube (N) and vaporizing it in the liquid nitrogen evapbrator (M).
Evaporafor (M) is a copper can-containing copper gauze to provide more
heat transfer surface. Small holes at the upper end of (M) allow the
gaseous nitrogen to flow into the bath. The gaseous nitrogen, circu-
lated by a high speed blower (E) powered by the air motor (D) which is
mounted on the cover (0) by a rubber collaf (S), flows in the bath as
indicated by arrows in Figure III-5. The rubber collar (8) absorbs
most of the vibration of the air motor even at high speed. Nitrogen
gas is vented to the atmosphere through the hollow shaft (F) of the air
motor which is tempered by the exhausting heat transfer medium. The
injection rate of liquid nitrogen is controlled by the back pressure
valve (C). The gap between (0) and (P) is sealed by the rubber sleeve
(V) to prevent blow-by of the nitrogen gas. This is neceséary to
obtain effective control of the nitrogen flow rate, and to have good
control of the bath temperafure. An electrical resistance wire heater
(L) provides the amount of heat necessary to offset the liquid nitro-

gen vaporization load at a preset temperature level. The resistance
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setting on the bridge of a platinum resistance thermometer (G)-Mueller
bridge-DC null detector system sets the temperature level in the bath.
A signal from the DC null detector reflecting the difference between
thermometer teﬁperature and set-pc .. ¢ temperature is fed to a solid
state temperature control device wiich in turn proportionally controls
the voltage drop across the resistance wire Beater. The solid state
temperature control device has been described by Schindler (68). Tem-
perature measurement and control at the temperatures down to -170°C.
were within ip.OlOC._(slightly more at the extreme low end of the tem-
perature range). Temperature'differences between thermometer and
various points on the viscometer were less than 0.1°C. as measured by
thermocouples”whose reference junctions were mounted on the senSing
element of the thermometer. Because liquid nitrogen was injected
directly into the bath as a coolant, the liquid nitrogen was used effi-
ciently, and the fabrication of the top cover (0) was greatly simplified.
Only one tube is required for the injection of liquid nitrogen, and the
exhaust gas is vented through the hollow shaft of the air motor. By
minimizing the number of metal tubes going through the cover (0), the
heat leak through the cover is considerably reduced. The viscometer
(J) is mounted on the gaseous nitrogen distributor (Q) which in turn

is supported by four stainless steel rods (R) hung down from the pheno-
lic cover (0). The viscometer is mounted concentrically with the blower
(E), so that the flow of gaéeous nitrogen is uniformly distributed
around the viscometer. The falling cylinder inside the viscometer is
elevated by a U shape magnet (T), which is held against two mild steel
rods (W) mounted vértically in the bath, one on either side of the vis-
cometer (J); The magnet is held between two 1/8" aluminum plates and

a 3/16" stainless steel rod (U) is attached to the upper aluminum plate
so that the magnet can be easily moved up or down by pushing or pulling
on rod (U). The mild steel rods (W) serve as a guide for the magnet
assembly. A small O-ring serves as a seal between the rod (U) and the
1/8" hole through the cover (0). This prevents the formation of frost
inside the hole (which would impair the movement of the rod (U)). The

O-ring also reduces the blow-by of gaseous nitrogen from the bath. An
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O-ring is also used to seal the gap between the platinum resistance
thermometer (G) and its hole on the cover (0) to eliminate nitrogen
blow-by. - ’

This bath can also be operated ét superambient temperature by
simply injecting the exhaust air from the air motor into the bath
through the tube (N).” However if the air motor is operéted at high
temperature (say 90°C.) for a long time, the béttom shaft seal of the
air motor wears out and causes the compressed air to leak into the
bath. Then, when the bath is operated again at low temperafure, the
moisture in the air freezes in the back pressure valve (C) and upsets
the temperature controlled system.' When this happens, it is only
necessary to replaée a lower shaft seal.

In short, the features of the modified bath which give improved
performence are:

(1) Direct injection of iiquid nitrogen, with a single valve

controlling the flow, uses the liquid nitrogen more efficiently

and simplifies the operation of the temperature control system.

Also the bath can be cooled more rapidly.

(2) The source of heat leak through the phenolic cover is re-

duced because there are fewer metal connections passing through

the cover, and the motor shaft is tempered since the exhausting
heat transfer medium passed through it.

(3) The air motor is mounted on the phenolic cover by a thick

rubber collar which absorbs most of the vibration even when the

motor runs at high speed.

High Temperature Bath
The high temperature bath is an oil bath containing high pressure

eqﬁipment to generate and mainfain high pressures (as high as 10,000
psia). The equipment maintained in the high temperature bath is used
to displace the fluid into the viscometer for density determinations,
and to prepare mixtures. Figure III-6 shows the séhematic diagram of
this equipment and its relationship to the other parts(of the apparatus.

This high temperature bath and the high pressure cylinders, which are
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rated for 12,000 psi‘ working pressure at -10 to LOO®F., are.
essentially identical to those described by Gupta (32). A

brief description will be‘givéh:here to illustrate the function of
each part of the equipment.

The high temperature bath consists of an eight gallon stainless,
steel vacuum jacketed flask filled with kerosene, three high pressure
cylinders (K, L, M), a high temperature differential pressure indicator
(N) and a temperature control system (P). Each of the high pressure
cylinder is a high pressure vessel containing é‘mqvable, O-ring sealed
piston (see Figure S-5 of Appendix S) separating the experimental fluid
from the hydraulic oil which is used to move the piston. The movable
piston has three Buna-N O-rings acting as pressure seals between ex-
perimental and hydraulic fluids. A 1/8" stainless steel rod is attached
to the hydraulic oil side of the piston and the other end of the stain-
less steel rod is passed through a "stuffing box" (32) (see Figure S-5
of Appendix S) to the atmosphere so that the position of the piston can
be measured. Hydraulic oil pressure is generated by a Sprague air-over-
oil diaphram pump. The action of hjdraulic oil pressure on the movable
piston in thevcylinder in turn pressurizes the experimental fluid. The
pressure of the experiméntal fluid is measufed by the Ruska dead weight
tester through a high temperature DPI (see Figure S-4 of Appendix s).
The active element of the DPI is a nickei alloy bellow, 0.25" in diame-
ter, 1.25" in length with 24 convolutions, fabricated from alloy of
0.001" thickness. Detailed information on the DPI has been published
by McCreary and Swift (52). In the present study the cylinder M is used
as a reservoir for the preparation of mixtures and it will be called
a mixture make up cylinder (MMC) throughout the text. Cylinders K and
L are used to meter the fluidvinto‘the viscometer and they will be called
mass injection cylinders (MIC). MIC-K has an inner diameter of 1.250"
with a full capacity of approximately 200cc., while MIC-L has an inner
_diameter of 0.288" with a full capacity of approximately lOcc. The
latter, having a smaller diameter, gives a better resolution for the
injection of small amounts of mass. The temperature controlled system
consists of am air cooling coil, a heating wire, a stirrer to agitate

the heat transfer fluid, and a Béyley temperature contfoller, which
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regulates the amount of current passing through the heater wire. The
“temperature in the bath is measured by copper—constantah thermocouples.
All valves, fittings and tubing in Figure III-6 exceptvvalve 1 are rated
for 12,000 psi working pressure. Valve 1, a Hoke "Millimite" valve (Model
No. 13825S 2Y), is designed for fine metering purpose and is rated for
"5,000 psi working pressﬁre.

In the presentAstudy, the injection of the experimental fluid
into the viscometer and the pressurization of this fluid were achieved
by using cylinders MIC-K and MIC-L. Since the pistons in these cylin-
ders are not'absoluteiy leak proof, there could be a trace amount of
hydraulic oil leaked into the experimental fluid side of the cylinders
and eventually into the viscometer. To check on how much oil would
leak through this piston, one of the cylinders was subjected to severe
tests by enclosing a constant amount of methane in the cylindef and
moving the piston back and forth to simulate the actual experimental
.opervation of the cylinder. At the end of the 60th cycle, almost no
trace of oil could be detected on the methane side of the cylinder,
although particles of O-ring material were noted. At the end of the
100th cycle, O-ring par{icles and only a slight trace of oil could
be found on the methane side of the cylinder. This test indicated
that, -as long as O—rings were not used for too many compression cycles,
the amount of oil leaked through the piston would not be detectable.

The following evidence further supports this finding:

(1) No difficulty was encountered in the elevation, release, or

fall of the falling cylinder at -170°C. using methane which was

pumped by cylinders MIC-K and MIC-L. '

(2) Reproducibility of fall time of No. 1 falling cylinder using

propane at 37.78°C. and 300 psia indicated no significant differ-

“ence in fall time between runs using fresh propane from the pro-

pane supply cﬁlinder and a run using propane which had been com-

pressed and decompreésed in MIC-L (Appendix H). k

From the tests mentioned above, it is concluded that any traces

of hydraulic oil in the system should have no effect on the experimental

data of this study.
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Before proceeding to the ﬂext section, one other thing should
be mentioned. TFigure III-6 shows the diagram of the entire apgaratus
used in this study. The apparatus is designed such that the high
temperature bath unit (the square box) and the rest of the equipment
can be separafed into two self-contained units simply by closing
valves 2 and 17. The high temperature bath unit, being identical to
the one described by Gupta (325, can be used to perform high tempera-
ture PVT measurements. The other unit can be used to pérform visco-
sity and density measurements with MIC-G serving the same function as
MIC-K 6r MIC-L. The high pressure intensifier (HPI) H is an intensi-
fier for the liquid propane (LPG) and is used to balance the pressure
of the system fluid in the viscometer through the low temperatufe DPI
(B). It should be noted that MIC-G is exposed to room temperature,
thus for the density determination of more compressible fluids, a
mass injection cylinder, which has a larger capacity and is in a cons-
tant temperature environment, such as MIC-K in high temperature bath,
is necessary to obtain accurate density data. |

MIC-G and ‘HPI-H are modified from high pressure nipples (Autoclave
Engineers, Cat. No. CNX99012) and have inner diameters of 5/16". A
detailed designed diagram of'the stuffing box and the dynamic piston

is shown in Figure S-6 of Appendix S.
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CHAPTER IV

PURE MATERIALS USED AND THE PREPARATION OF MIXTURES

Purification and Analyses of Methane and Propane

The'materia;s employed in this investigation were Phillips pure
grade methane with a stated minimum purity of 99 mole percentband
instrument grade propane with a stated minimum purity of 99.5 mole
percent. To remove water and carbon dioxide from the materials as
received, methane was passed through tubes filled with ascarite and
phosphorus pentoxide, and propane, from the vapor space of the supply
cylinder, was passed through tubes filled with silica gel, ascarite
and phosphorus pentoxide. These purlrled materlals were analyzed
using a F & M Model 720 ChromaLograph with a silica gel colum. The

results of the analyses are given in Table IV-1.

Table IV-1

Purify Analyses for Methane and Propane

Mole Percent

CHy CoHg CyHg n-CuHyg N,
Methane  99.31 - 0.15 0.01 - 0.53
Propane trace - 89.97 0.03 trace

Preparation of the Mixtures

The mixtures were prepared in MMC-M (cylinder M) of the high tem-
perature bath (see Figure III-6) at a controlled.temperature of 37.8°C.
The bath temperature was measured with calibrated copper-constantan
thermocouples to an uncertainty of +0.1°C., and the pressure of the
system was measured with a Ruska dead weight tester to an uncertéinty
of +1 psia. A volumetric displacement of material from MIC-K (cylinder
K) to MMC-M determined the amount of material placed into MMC-M. The
detailed procedure for preparing mixture will bé described in Chapter V.

The original data for the preparation of the mixtures are presented
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in Appendix . I. The compositions for the mixtures studied in this
investigation were:
22.1 mole% CHy, - 77.9 mole% Cg3Hg
50.0 mole% CHy - 50.0 mole% C3Hg
75.3 mole% CHy - 24.7 mole% Cj3Hg
After preparation, all mixtures were maintained for at least 33
hours at a pressure above 1,500 psia (the maximum possible cricon-
denbar pressure for the methane-propane system). This time for equi-
libration was found sufficient for the establishment of a homogeneous
composition state for the methane~pr6pane mixtures because:
(a) at the end of this équilibration period, the system was at
constant volume for at least one hour while the pressure remained
constant,
(b) in Table VII-2 (P. 78) the viscosity data for run 1 in Group
I were taken just after the mixture was equilibrated for 33 hours,
and the viscosity data for run 3 were taken after approximately
lSO‘hours from the same batch of mixture. The agreement of these
data is a strong indication that the mixture had achieved a homo-

geneous state after 33 hours.
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CHAPTER V

OPERATION AND CALIBRATION OF EQUIPMENT

Preliminary Procedures

(1) Temperature measurement

A platinum vesistance thermometer (No. 28l) was used to measure
the température of the low temperature bath to an uncertainty of +0.01°C.
This thermometer was calibrated against a standard platinum resistance
thermometer which in turn had been calibrated directly by the National
Bureau of Standards against fixed points on the International Tempera-
ture Scale. The detailed calibration of this thermometer is discussed
in Appendix B.

The temperature in the high temperature bath was measured by copper-
constantan thermocouples to an uncertainty of +0.1°C. These thermo-
couples were calibrated against platinum resistance thermometer No. 28l.
The calibration of the thermocouples is shown in Appendix B.

(2) Pressure measurement

' The pressure in the low temperature bath was measured with one 5,000
psi Heise bourdon tube gage for the study of the pure components to an
uncertainty of +5 psi and with another 5,000 psi Heise bourdon tube gage
via a low temperature DPI for the study of mixtures to an uncertainty
of +15 psi (this uncertainty includes that due to the low temperature
DPI). These gages were calibrated against a Ruska dead weight tester-
‘higﬁ temperature DPI combination, which is accurate to +1 psi. The
results of the calibration are shown in Appendix A. The pressure of
the high pressure unit in the high temperature bath was measured with

a Ruska dead weight tester-high temperature DPI combination to an un-
certainty of +1 psi.

(3) Measurements of physical dimensions of the viscometer

In this study three falling cylinders were used in one viscometer
tube. A detailed diagram of the cylinder is shown in Figure S-2 of
Aﬁpendix S. The outer diameter of the falling cylinder was measured
with a micrometer to an uncertainty of 0.0001 inches. The measured

diameters for the three falling cylinders are presented in Table V-1,
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The outer diameter of the stainless steel viscometer tube, which is
12" long, was measured to be 0.5619 inches. The inner dliameter was
measured by a machinist to be 0.3140" using a feeler gage. It was
estimated that the inner diameter of the tube is known within 0.0005
inches.

The distances of fall for the falling cylinders to fall from the
top to the bottom of the viscometer tube, were measured with a method
described in Appendix F. These distances for each falling cylinder
are shown in Table V-1. |
(#) * Determination of demsity of the falling cylinders

The volume of the falling cylinder was determined by two methods:
(a) Using Archimedes' principle; and (b) Using a pycnometer. The den-
sity of the falling cylinder was obtained by dividing the mass of the
cylinder by the average value of volumes determined experimentally
(Appendix E).

The densities so determined for each falling cylinder are given
in Table V-1 with an estimated precision of +0.05 percent.

(5) Accuracy of the time counting mechanism

A Beckman Time Interval Meter (Model 5230R-4), part of the experi-
mental apparatus, was compared with a new Beckman Time Interval Meter
(Model 5230R) to determine the accuracy of the counting mechanism.
Appendix G gives the results of the comparison. ‘The difference between
the same time recorded on both instruments was né&er more than 0.0033
seconds out of 27.8 seconds. This deviation was not considered to be
significant, since the overall reproducibility from day to day of the
fall time of the viscometer is +0.6% for No. 1 falling cylinder and
+1.1% for No. 2 falling cylinder (Appendix H).

(6) Cleaning of viscometer and installation of the viscometer in the
low temperature bath

The existence of solid particles in the viscometer is detrimental
to repeatable operation. Therefore high préssure filters (AE Cat.No.
12F2200) are installed between‘the viscometer and the mass injection
cylinders to keep solid particales from entering the viscometer. However,
since there are valves between the viscometer and the fil@ers, fragments
of packing materials in the valves could enter the viscometer after re-

peated operation of the equipment and cause poor reproducibility of fall



40

time determinations. Therefore, the viscometer was dismantled perio-
dically to remove these solid particles. The viscometer was dismantled
from the low temperature bath as. .wbly by (a),aisconnecting the electri~
cal lead wires at both ends of t. = viscometer, (b)'disconnecting the
1/8" tubing of the viscometér frow the 1/8" tee at Al (Figure III-6),
(c) disconnecting the bath medium distributing plate (Q in Figure III-5)
from the support rod (R in Figure III-5) of the low temperature bath
assembly so that the plate, and the attached viscometer can be removed
from the low temperature bath.

To clean thé interior of the viscometer, it is disassembled by
disconnecting,the high pressure nipﬁle from the tee and coupling. The
falling cylinder and the interiors of the tube, tee and coupling are
cleaned thoroughly with acetone. Then after‘the parts are dried, the
viscometer is reassembled and remounted in the low temperature bath.

It is important that the viscometer tube be mounted as near to a
vertical position as possible. Otherwise error from sliding contact
of the éylinder to the tube will occur. The vertical alignment of the
viscometer tube is adjusted by manipuléting the four leveling screws
underneath the low temperature bath assembly until a bulls-eye level

mounted on the outside of the viscometer tube indicates that the tube

is vertical.

General Procedure of Operation

'This section describes the operating procedures for: (1) The high
temperature bath unit, (2) The low temperature bath unit, and (3) The
preparation of mixtures. In the description of the operating procedures,
referenge should be made to the schematic diagram of Figure III-6.

(1) The high temperature bath unit

The high temperature bath is used to displace fluid into the visco-
meter for density determinations and also to prepare mixtures. This
bath was generally run at 37.8°C. where bath temperature was controlled
by a Bayley temperature controller. Once the experimental program had
been started, this unit was maintained at constant temperature conti-

nuously. The operation of the bath and the procedure for the displace-
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ment of fluid from the mass injection cylinder (MIC) into other cylin-

ders are as follows:
1. Supply fresh ice to the thermocouple reference junction
thermos bottle, check the bath temperature and readjust the
Bayley temperature controller,if the set point on the tempera-
ture controller has changed because of drift in electronic com-
ponents.
2. Check the null point of the high temperature DPI by exposing
both sides of DPI to atmospheric pressure. Adjust DPI if necessary..
3. Evacuate the viscometer (for viscosity and density determi-
nations) or MMC-M (for preparation of a mixture).
4. Evacuate MIC (MIC-K or MIC-L), and then introduce the fluid
to be investigated into MIC.
5. Compress the fluid to a predetermined reference pressure and
record the position of the piston and the reference pressure.
This reference pressure must be higher than the bubble point pres-
sure of the fluid at the bath temperature. When taking a piston
poeition measurement, one should always approach the reference
pfessure from a lower pressure so that the O-rings of the dynamic
piston will seat in their grooves in a consistent manner. This
eliminates volume error due to random seating of the O-rings.
6. Slowly displace the fluid into the viscometer (or MMC-M) from
MIC. The pressure in MIC should always be higher than the refer-
ence pressure to prevent the transfer of so much fluid from MIC
that it would be impossible to festore the pressure in MIC to the
reference pressure.
7. At the end of displacement, adjust the pressure in MIC to the
reference pressure. Be sure the final position of the piston is
obtained in the same manner as that described in step 5.
8. Récord the position of the piston. The change in the posi-
tion of the piston multiplied by the crossectional area of MIC
gives the volume, AV of the fluid, displaced into the viscometer
at that reference pressure and bath temperature The amount of
mass displaced is computed by multiplying AV by the density of

the fluid at the temperature and pressure of displacement.
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9. Repeat the same procedure if additional displacements are
needed.
10. After completion of a run, bring the pressure on both
sides of the DPI to atmospheric pressure, check the null point
of the DPI again. Reset the I.'I null point if‘necessary. If
the DPI has been overpressurized to the point of damaging the
bellows, replace the defective bellows.

(2) The low temperature bath unit

During the course of the experiment, the null detectors for the
temperature measurement systems, énd the DPI excitation-readout de-~
vices foy pressure measurément system were hever turned off. Upon
initiating a particular experimental run, the time interval meter was
turned on at least 30 minutes before taking data.

Before admitting fluid into the viscometer, the falling cylinder
was elevated to the top of the viscometer tube. This-is important,
since, if the viscometer is at a lower pressure than the displacement
system and the falling cylinder is at the bottom of the viscometer,
sudden introduction of material into the viscometer by opening valve 1
drives the falling cylinder to the top of fhe viscometer causing damage
to the falling éylinder and the stainless steel extension of the top
electrical lead assembly (see E and O in Figure III-2).

The procedure for low temperature bath operation will be described
in general in subsection (a). Particular aspects of operation per-
taining to making viscosity and density measurements on pure components
and on mixtures will be discussed in subsections (b) and (c)yrespectively.
Finally, the particulars of low temperature bath operation in making
routine reproducibility tests will be covered in subsection (d).

(a) Start-up and equilibration of low temperature bath

| 1. Raise the stainless steel dewar flask into place, put the
rubber sleeve (V in Figure III-5) in position to prevent the blow-
by of the heat transfer medium, and start the air motor.
2. Set the resistance on the Muelleb'bridge at a value equiva-
lent to the desired temperature of operation.
3. Remove the back-pressure control valve from the top of the air

motor to allow maximum flow of the coolant (heat transfer medium).
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4, For superambient temperature operation, heat the bath to
approximately the desired temperature using the bath heating
wire with a variac. This wire is disconnected from the temper-
ature control system(a platinum resistance‘thermometer-Mueller
bridge-DC null detector system) and plugged into the variac to
obtain efficient heating during the bath warmup period.

5. Turn off the variac, plug the bath heating wire back to the
femperaturé control system, feed the air motor exhaust air into
the bath as a coolant, and activate the températuré control sys-
tem to control the temperature.

6. For subambient temperature operation, cool the bath down to
a desired temperature by injecting liquidAnitngen from a 100
liter liquid nitrogen supply dewar into the bath.

7. As the temperature is approaching the desired temperature,
mount the back-pressure valve on the exhaust line to cut déwn the
exhaust flow rate of the gaseous nitrogen and hence the injec-
tion rate of liquid nitrogen.

8. Set the pressure in the liquid nitrogen supply dewar to a
‘normal operating pressure of approximately 2 psig by adjusting
a self-relieve valve mounted on the top of the dewar; then ac-
tivate the temperature control system to control the bath tem-
perature. |

(b) Viscosity and density measurements for pure materials (without
low temperature DPI)

1. Disconnect low temperature DPI(B) from the viscometer, and
plug the hole at Bl..

2. Evacﬁate’the viscometer.

3. ‘Turn on the battery switch of timing mechanism (Figure III-3).
A reading on eilther top or bottom ammeter indicates‘that the
falling cylinder is either at the top or the bottom of the vis-
cometer. (The falling cylinder should be at the top at this time.)
4. Displace the fluid from MIC-K or MIC-L (or MIC-G if high tem-
perature bath unit is not used) into the viscometer until the

pressure of the fluid in the viscometer reaches the desired pres-
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sure-as indicated by the Ruska dead weight tester (or Heise

gage F). (From here on, the statement of "a displacement of the
fluid from MIC into the viscometer" implies the precedure per-
formed according to that described in the operation of high tem-
perature bath (steps 5 to 8) so that the amount of mass ‘trans-
ferred can be determined.)

5. Drop the falling cylinder several times to agitate the fluid
in the viscometer, and ellow at least 30 minutes after the bath
temperature is controlled at the desired set point temperature

to achieve thermal equilibrium.

6. Check the pressure again, and transfer more fluid from MIC
into the viscometer if necessary.

7. Record the set resistancebon the Mueller bridge, the pressure
reading of the Ruska dead weight tester (or Heise gage F), and
drop the falling cylinder to determine the fall time at that tem-
perature and pressure conditions. In the calibration of the vis-
cometer, five consecutive fall times are determined at each
operating condition. In the viscosity determination, 10 consecu-
tive fall times are determined at each operating condition. The
number of fall times determined is reduced if (1) the fall time
exceeds 40 seconds; or (2) the operating pressure is at 5,000
psia.

8. Repeat steps 4 to 7, after the operating pressure or tempera-
ture condition has been changed. ' Generally, the operation is
started from the highest temperature and a low pressure (if the
temperature is below the critical‘temperature of the fluid, the
operation is started at a pressure 200 to 300 psi higher than

the bubble point pressure). The subsequent data are taken at
pressures of the lowest multiple of 1,000 psia above the bubble
point pressure, and thereafter in 1,000 psi increments to 5,000
psia. After the completion of an isotherm, the. temperature is
decreased to other temperatures in 20°C. temperature increments.
8. After the completion of a run, vent the fluid’from,the vis-

cometer, elevate the falling cylinder to the top of the visco-
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meter, and turn off the electrical switch of the timing mechanism.
10. Warm the bath to ambient temperature, if the bath has been
operated at subambient temperatures. If the bath is allowed to
warm by heat leak only, conder: ~“ion of moisture on the eletrical
leads of the viscometer occur: -n1d causes short-circuiting between
the electrical leads and the viscometer tube, thereby requiring
the removal of the stainless steel dewar flask to wipe off the
moisture before the next run.

11. Leave the hydrocarbon fluid in the viscometer under atmos-
phéric preésufe instead of allowing air to enter. This prevents
oxidation of the aluminum falling cylinder.

(c) Viscosity and density measurements for mixtures (with low tem-
perature DPI)

The viscometer operation for viscosity and density measurements of
mixtures is the séme,as that described for the pure materials,
except for the operation of the low temperature DPI(B). The opera-
tion pertinent to DPI is described as follows:
1. Assemble DPI(B) to the viscometer at Bl (Figure III-6).
With both sides of the DPI at atmospheric pressure, adjust the
null point of the DPI on the readout ammeter to a value of zero.
Since there are two readout ammeters (ranges +50 uwA and +500 HA),
zero the +50 ‘WA ammeter and then switch to the 1500 uA ammeter
to protect the 150 wA ammeter from overload.
2. Evacuate the viscometer through valve 3 and evacuate the LPG
system.
3. Close valves 3, 9, 14,
L. ~Open\Valves 2 and 13 simultaneously to introduce the mixture
into the viscometer and propane vapor into DPI. The flow of the
fluids should be controlled closely by valves 2 and 13 such that
the DPI remains close to the null position. v
5. Close these valves when the Heise gage (E) shows a reading
of approximately 150 psia (the vapor pressure of prépane at
ambient temperature).

6. Charge the LPG system with liquid propane through valve 13
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until it is filled with liquid propane at the saturation pres-
sure. Then close valve 13.
7. Compress the mixture in the viscometer to a desired pres-
sure by opening valves 2 and 15 alternately, keeping the DPI
under a differential pressure of less than +100 psi. This un-
balance of pressure corresponds approximately to the maximum
free movement of the bellows in the DPI housing.
8. During the displacement of the mixture from MIC-XK or’MIC—L
into the viscometer, care should be taken to keep the pressure
in the high téﬁperature bath above the bubble point pressure of
the mixture at the temperature of the high temperature bath to
prevent composition change.
9. After allowing at least another 30 minutes for the mixture
to achieve thermal equilibrium, adjust the pressure reading in
gage (E) to the desired pressure by changing the preséures on
both sides of the DPI while keeping the DPI at the null point.
10. As the pressure approaches the desired pressure, switch
the current from the +500 pA ammeter to the +50 uA ammeter for
fine adjustment of the DPI. The desired pressure in the viscome-
ter is finally reached when the gage (E) shows this pressure
reading and the +50 WA ammeter is at the null point.
ll: Record the Mueller bridge resistance setting and the pres-
sure reading of the Heise gage (E), and then switch the current
in the DPI readout from the +50 to the +500 uA ammeter.
12. After the completion of fall time determination, care must
be taken to prevent the over pressurization of the DPI when
changing the pressure and temperature conditions.
13. After completing a rﬁn, vent the mixture in the viscometer
aﬁd the LPG in the LPG system simultaneously to keep the DPI
‘balanced. The null point of the DPI is checked after the run
and reset if necessary.

(d) Routine reproducibility test of the fall time.

To check the'timingvcircuitry, condition of the falling cylinder,

and the cleanliness of the viscometer system, a routine reproducibility
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test was established so thet improper functioning of the viscometer
for any of the reasons cited could .be detected and remedied before
too much faulty experimentel data were taken.
A series of fall times using propane at 300 psia and 37.78°C. were
taken between experimental runs at three to four day intervals
during the course of the experimental work on pure methane'and pure
propane to check the reproducibility of fall time for the No. 1
~falling cylinder. The results are shown in Appendix H. The repro-
ducibility of fall time was computed to be +0.8% based on 98% con-
fidence limits. It should be noted that the fall times of No. 1
falling cylinder at the reference condition decreased about 2%
between runs 1P-1 and 1P-13. This decrease in fall time was probably
caused by erosion of the brass alignment pins of the falling cylinder
after repeated falls in the viscometer tube. Because of the change
in the calibration of No. 1 falling cylinder, No. 2 falling cylinder,
having stainless steel alignment pins, was used for the determina-
tion of  the viscosities of the mixtures. The results of the
routine reproducibility test for No. 2 falling cylinder using propane
at 37.78°C. and 1,000 psia are presented in Appendix H. The reprodu-
eibility of the fall time for No. 2 falling cylinder was computed
to be +1.1% based on 98% confidence limits.
(3) The preparation of mixtures
Mixtures were prepared by volumetric displacement of each of the
pure materials from MIC-K into the mixing cylinder, MMC-M. The detailed
procedure is as follows:
1. Compute the moles of propane to be transferred from MIC-K to
MMC-M. This requires information on the volume of MMC-M, the
composition of the mixture desired, and the density of the mixture
at the temperature and pressure conditions of the mixture as it
will exist after mixing is completed. The volume of propane, AVy,
displaced from MIC-K is then computed, knowing the density of
propane at the temperature and pressure of the displacement (re-
ference) condition. The ratio of AV, to the cross-sectional area

of MIC-K is the piston displacement, AHz, that must take place to
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transfer the proper quantity of propane in MMC-M.

2. Evacuate MIC-K and MMC-M, and transfer a sufficient amount

of propane into MIC-K with the valve (valve 6 in Figure III-6)
between MIC~K and MMC-M closed. _

3. Open valve 6 and displace ;ropane from MIC-K into MMC-M

such that the piston of MIC-X moves a distance AHp (recalling

the procedure of displacing fluid from MIC-K into MMC-M described
in P. L4y).

L, Close valve 6, vent the propane from MIC-K and evacuate MIC-K.
5. Compute the exact volume of methane, AVjy, required to make
the mixture of the desired composition, X1, from the methane den-
sity at the temperature and pressure of the displacement (reference)
condition and the following relationship,

CAVy = AVoMiXipo/(MaXopy) (v-1)

The ratio of AV] to the cross-sectional area of MIC-K is the length
of displacement, AHj, that is necessary to transfer the proper
quantity of methane from MIC-K into MMC-M.

6. Transfer a sufficient amount of methane into MIC-K.

7. Open valve 6 and displace methane from MIC-K to MMC-M such
that the piston of MIC-K moves AHj.

8. Close valve 6 and compress the fluids in MMC-M and MIC-K to

a pressure sbove the maximum cricondenbar of the system studied.
Fluids on both sides of valve 6 are compressed to the same pres-
sure to prevent differential leakage across valve 6 from MMC-M to
MIC-K. ,

8. After apﬁroximately ten hours, vent methane from MIC-K,
evacuate MIC-K and then transfer the mixture from MMC-M to MIC-K.
It is necessary to transfer the mixture from MMC-M to MIC-K,
because MIC-K is the displacement cylinder used forvdensity deter-
minations. The mixture is again pressurized to the pressure men-
tioned in step 8 for equilibration.

10. The composition of methane expected, X1, should check with
the value computed from the following equation,

Xy = (p1AV1/M1)/(PiAV1/M1 + poAVy/Mo) (v-2)
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Determination of Density

This section is divided into three parts: (1) Calibration of the
mass injection cylinders; (2) Calibration of the viscometer volumes; and
(3) Computation of density from the experimentally determined volume-
tric displacement data.

(1) Calibration of the mass injection cylinders

The mass injection cylinders (MIC-K, MIC-L and MIC-G) were calibrated
to determine the consistency o the cross-~sectional area of the cylinders
at different distances along the cylinder lengths'and to determine "best"
values for the cross-sectional areas. Distilled water was used as the
calibration fluid where the density 'data of water were taken from the
literature (34,39). The procedure of operation is as follows:

1. Fill the MIC with distilled water.
2. Displace water at a known temperature and pressure from the

.MIC into a beaker.

3. Record the change in the position of the piston (AH) and weigh
the amount of water displaced from MIC (AW).

4. Compute the average cross-sectional area over the length the
piston moved by dividing (AW/AH) by the density of water at the
referencé temperature and pressure condition. This gives the
number (AV/AH) reported in Appendix C.

The errors in (AV/AH) reported in Appendix C were computed based
on 95% confidence limits if there were more than two replicated runs
available. If there were only two replicated runs, the error was
reported for the percent difference for the two values. The error in
displacing a complete cylinder load of fluid for MIC-K is +0.08%, for
MIC-L is +0.06% and for MIC-G is +0.04%. The error in injecting appro-
'ximately 10% of a complete cylindér load at random starting points of
the fluid for MIC-K is +0.27%, for NIC-L is +0.94% and for MIC-G is
+0.26%. ‘The reason that the partial injection has a larger error than
the full injection is probably due to: (a) Poorer resolution in the
height measurement, (b) Non-uniformity of the inner bore of the cylinder
with length, (c) Hysteresis in the high temperature DPI.

The pressure effect on the inner bore of the MIC up to 5,000 psia
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was predicted from Equations (II-3) and (II-4) and the mechanical pro-
perties of the stainless steel shown in Table II-1. For all the cylinders
calibrated, the pressure effect on the diameter was estimated to be

less than 0.07% at S,OOO psia. Since the MIC's were generally operated

at pressures lower, than 5,000 psiz, this effect was neglected.

(2) Calibration of viscometer volumes

Methane was usé@ as the flulid for the calibration of viscometer
volume. Methane density was taken from thé data of Sage and Lacey (66),
Kvalnes and Gaddy (40) and van Itterbeek, et al. (78). The densities
of Sage and Lacey are reported for superambient temperatures, those
of Kvalnes and Gaddy cover the range from -70 to 200°C., and the pres-
sure range for data feported from‘these two papers is from one atmoéphere
to pressures in excess of 5,000 psia. van Itterbeek, et al. (78) pre-
sented methane'density data over a temperature range of -160 to -85°C.
and at pressures to 4,500 psia. The data of the first two sources
agree within 0.3% and the data of later two sources matched smoothly
when fhey were plotted on a large-scale graph paper. The composite
data cover the complete pressure and temperature ranges of interest to
the present investigation.

In the éaiibration, the volume of the viscometer and the temper-
ature and pressure dependence of the volume were determined. The
proceduré for the determination of viscometer volume without the low
temperature DPI is as follows:

1. Place a falling cylinder in the viscometer and assemble the
low temperature bath unit.

2. Run the low temperature bath at the same temperature as that
of high temperature bath (37.8°C.).

3. Charge methane into MIC-K, set the pressure of methane in
MIC-K to a reference pressure, and record the position of the
piston.. »

u, After evacuating the viscometer, transfer methane into the
viscometer until the pressure in both the viscometer and MIC-K
are at the original reference pressure.

5. Record the position of the piston. The difference in the

position of the piston multiplied by the cross-sectional area
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of MIC-K is the -volume of the viscometer at that temperature.

The procedure for the determination of temperature dependence of
the viscometer vdlume was similar to that just described, except that
the low temperatﬁre bath was operated at several different low temper-
atures. The viscometer volume at any low temperature was computed by
multiplying the volume of methane transferred at the reference condi-
tion, AV, by the ratio of the methane density at the reference condi-
tion to that at low temperature and reference pressure. The temper-
ature coefficient of the viscometér, o (the slope on a plot of visco-
meter volume versus temperature) was computed by a least squares method.
The procedure for the volume calibration of the viscometer including
low temperature DPI was the same as that described above, except that
care was taken to operate the DPI according to the procedure mentioned
in P. W5,

The results of the calibration are presented in Appendix D. The
appendix shows the calibrated volumes of the viscometer with different
falling cylinders and with or without low temperature DPI. The error
in these volumes is less than +0.2%.

The temperature coefficient, e for the viscometer assembly
without the DPI, was calculated theoretically from the linear coeffi-
cients of thermal expansion of the stainless steel and aluminum (Table
Ii—l) to be 4.1x10 °/°C. This value agreed reasonably well with the
experimental value of a% for the assembly without the DPI (4.87x10 °/°C.)
and that for the assembly with No. 1 DPI (5.35x10 °/°C.) (see Appendix D).
The temperature coefficient, o ¢ for the assembly with No. 2 DPI had a
larger value. Thls was probably due to the 1ncon31stency of the den31ty
daté between those of van Itterbeek, et al. (78) and those of Kvalnes
and Gaddy (&0), since for this callbratlon run, one density value of
van Itterbeek, et al. was used at the temperature of ~138.82°C.

To determine.the pressure dependence of the viscometer volume, a
run was made by compressing the fluid in the viscometer to 5,000 psia
with the mass injection cylinder. However, no significant change in
volume could be detected. Therefore no correction for ﬁhe pressure

effect on the viscometer volume was made in the calculation of the

experimental density.
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(3) Computation of Density from the Experimentally Determined
Volumetric Displacement Data

The density of the fluid at the temperature and pressure condi-
tions of viscometer was computed from the literature density at the

reference condition, prc, and the following relationship,

o AV
P =P T (v-4)
v

Determination of Viscosity

This section is divided into three parts: (1) Selection of the
fluids for calibration of the viscometer; (2) Calibration of the vis-
cometer, and (3) Computation of viscosity from the experimentally
determined fall time. |
(1) Selection of the Fluids for Calibration of the Viscometer

The fluids used in the calibration of the viscometer, based on
the analysis of available data in Chapter I, were methane, propane, n-
butane, n-hexane and n-octane (n-decane was not used, because the vis-
cosity data of n-decane (42) was not published at the time when the
viscometer was calibrated).

For methane, the viscosity data used were those’of Barua, et al.
(6), and the density data used were those reported.by Kvalnes and Gaddy
(40). For propane and n-butane, the data of Ellington and coworkers
(23,73) were used for viscosity and those of Sage and Lacey (66) were
used for density. The composite data of Rossini, et al. (65) fof both

viscosity and density were used for n-hexane and n-octane.

(2) Calibration of the Viscometer

Three falling cylinders, each falling in the same viscometer tube,
were calibrated with methane, propane, n-butane, n-hexane and n-octane.
The calibration constants for the viscometer were computed from fall
time data using Computer Program 604 (Appendix R). A complete tabulation
of the calibration data are presented in Appendix M. |

Figure V-1 shows a plot of Bred versus log(NRe) for the three
falling cylinders calibrated. From this plot, a transition point for

each falling cylinder was selected by inspection for each cylinder.
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The logarithm of the transition R
g e transition Reynolds number Elog(NRe)trans] for

each falling cylinder is shown in Table V-1. By regression analysis,

Equation (II-15) was fitted to all the points in the laminar region

Elog(NRe)<lOg<NRe)trans]’ and Equation (II-16) was fitted to all the
points in the transition region [1og(NRe)>ng(NRe)tranS], where more

weight was assigned in each equation 1o the transition point so that
the Bred'é computed from these two equations at the transition Reynolds
numbers agreed to within 0.38%. The coefficients for the equations and
the transition Reynolds number for each falling cylinder are reported
in Table V-1.

Table V-1 also shows the maximum lpg(NRe) covered in the calibra-
tion, and the average deviations of Bred from the equations for each
falling cylinder in laminar and transition regions. The average devia-
tions in both laminar and transition regions are within +0.85%.

It should be noted that in this study the upper pressure limit
of the viscometer calibration is 5,000 psia, while that of Lohrenz
was 600 psia (47). Thus the experimental calibration data of this
study show that the viscometer calibration method developed by Lohrenz
is applicable to high pressures.

In Figure V-1, Bred in all cases is less than 1. This is because the
friction due to entrance and exit losses, etc., which was encountered
in the experimental calibration of the viscometer, was neglected in the
theoretical derivation of viscometer constant. It is also noticed in
Figure V-1 that those calibration data using the viscosity and density
data reported by Rossini, et al. (65) appear to deviate more from the
solid line representing Equation (II-15). This seems to imply that the
data of Rossini, et al. may not be consistent with those reported by
Ellington and coworkers for propane and n-butane.

(3) Computation of Viscosity from the Experimentally Determined Fall

Time

After the fall time 0 in the fluid at a given temperature and pres-

sure conditions was determined, the viscosity was computed from the

following equations:



Table V-1

Physical Dimensions, Densities, Estimates of
Error, and Coefficients for Equations(II-15)
and (II-16) for the Falling Cylinders Used
In This Investigation

Falling Cylinder Cylinder Distance Length of (a) (b)
Cylinder Diameter Density of Fall Cylinder Transition Maximum
No. in. . ’ . . R

o in g/ce in in log(V ) log(N e)
1 0.3077 3.0058 5.064 2.099 2.446 2.917
2 0.3078 2.9996 5.044 2.120 2.488 2.904
3 0.3087 3.0073 5.0865 2.098 2.327 2.750
Cylinder Coefficient for Equation(II-15) % error in B - (e)
No. Al Aq in the laminar region
1 0.9351 ~0.03870 +0.61
2 0.9353 -0.04462. +0.85
3 1.0207 -0.04888 +0.81
Cylinder Coefficient for Equation(II-16) % error in B (e)
No. Bo By B2 in the tran81%1on region
1 0.3633 0.5441 -0.1427 +0.81
2 -0.6431 ~  1.2495 ~0.2656 +0.83
3

-0.3075 1.1564 -0.2730 +0.65 -

Notes: (a) The transition log(N, ) is the point where Equations (II-15)
Re
and (II-16) meet.
(b) The maximum log(N e) is the largest log(N ) covered in the
calibration of v1scometer.

(¢) Percent errors in 8 poq 3Fe reported as

= 100 }/EK exp_ calc)gj/'

exp
where n is the number of data points.
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u = Bp’t(d—p)e/s (I-1)
Bp,t - Bred(scalc) (II-13)
= A II-
Boq = B0 ¥ Allpg(VRe) NRe< (NRe)trans (II-15)
= y 2 _
Breq = Bo t Bllog(NRe) + Bzflog(NRe)] Noo> (NRe)trans (II-16)
= (D2 - 2 e -
Beare™ (EDY/®)[In(1/k) = (1-2)/(1+c?)] (1I-12)
D, = 2D [(1+®)In(1/x) - (1~¢2)1/0(1-x)(1-k2)?] (II-11)
s = (525+L25)[l + at(t—25)] - L25[l + ac(t—25)] (I1-14)
and the following steps:
Bcalc De and, s were computed for the temperature and pressure at
s ,
which the experiment was conducted.
A trial value of B was assumed, and B was calculated. ﬁ was
red p,t

computed from Equation (I-1) using the experimentally determined

fall time, 6, the density, p, at the temperéture and pressure of

the experiment (either from literature or experiment), Bp .s s and o.
9L

The Reynolds number, N, , was then computed.

Re

. The appropriate regression relationship [Equation (II-15) or (II-16)

for the falling cylinder being used] was selected for NRe computed

in step c above, and Bred was computed to'compare with the assumed

Bred
This iterative procedure was continued until the assumed and

in step b.

computed values of Bred agree to within an assigned tolerance.

This procedure was performed by Computer Program 703,

In the experimental investigation, methane at most and propane at

all of the temperature and pressure covered were in the liquid or dense

fluid state such that the Reynolds numbers were below the transition

value. Certain of the low pressure methane viscosity data were obtained

at Reynolds numbers above the transitiqn value. However, the highest

log(NRe) value encountered in this case was 2.992 so that only modest

extrapolation of the calibration was required.
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Error Analysis

The experimental data repofted in this study are expected to be

subject to systematic errors and random errors. The systematic

errors will be discussed first.

(1) Systematic Errors in the Experimental Results due to the Impu-

rities in the Materials Used

(a) Density data
In the computation of the experimental density from Equation (V-4),
P used in the calculation was obtained from the literature (66).
For the methane used in this study, which contained 0.69 mole%
impurities, the literature density values (66) were used to calcu-
late the experimental densities. Since the "Direct Determination
of Mass by Weighing in a Cryogenic Environment" technique (19,37,
59) for the determination of the compressibility factor (Z) of
gases was not well esteblished in the Low Temperature Laboratory of
the Department of Chemical and Petroleum Engineering, The University
of Kansas, until near the end of this study, the effect of nitrogen,
ethane and propane impurities on Z of the methane used (0.69 mole
total impurity) is treated as a systematic error.
To estimate the effect on Z due to these impurities, the results of
the experimentally determined Z from the "Progress Report on API
Project 69-C" (59) were used. The Z forkpurevgrade methane at 99.7°F.
and 997.2 psia having imﬁurities of 0.12% ethane and 0.62% nitrogen
was determined by the low temperature direct weighing technique.
This methane was from a diffefent cylinder than that used in this
study, but the énalysis was almost the same. The experimental Z was
determined to be 0.914%, which was 0.8% higher than the literature
value, Z=0.907, reported by Sage and Lacey (66) at 100°F. and 1,000
psia for methane containing impurities less than 0.02 mole% (54).
In other words, the literature density of methane was 0.8% larger
than the true dehsity of the methane used at 100°F. and 1,000 psia.
In the computation of the experimental density for this study, the
literature values at the other pressures up to 5,000 psia were also
used. Since only the experimental Z value at 100°F. and 1,000 psia

was available, it was assumed that the same deviation in density
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also existed at the other pressures of this study. Therefore, from
Equation (V-u), it should be obvious that the experimental densities
for methane obtained in this study are approximately 0.8% higher

than the probable true values. This systeﬁatic error can be corrected
from the reported original density data (Appendix O) when the experi-
mental density data of pure grade methane used in this study at 100°F.
and pressures to 5,000 psia are determined.

For the propane used in this -study, because it contains less than
0.005 mole% impurities (Table IV-1), the use of densities reported

by Sage and Lacey (66) should not‘introduce.significant error.

The error due to impurities in the mixtures was estimated by taking
the molar average of the errors in the two pure components. As a
_result, a maximum error of 0.6% was estimated for the worst case,
i.e., the 75.3 mole% methane mixture. The experimental densities

for mixtures would be higher than the probable true values by 0.6%

at the most.

(b) Viscosity data

The propane used in this study contains 0.03 mole% of impurities
(Table IV-1). The effect of this amount of impurities on the
propane viscosity is considered to be negligible. The methane used
in this study contains 0.67 mole% impurities. To estimate the
effect of these impurities on the viscosity of methane, methane

and nitrogen viscosities reported by Ross and Brown (64) were used;
They reported the Viscosity data of these materials at temperatures
between 25 and -50°C. and at pressures to 10,000 psia. It was
assumed that all of the impurities could be represented as nitrogen,
since’nitrogen was the major impurity in the methane used. The
.percent deviations between the viscosities for methane and nitrogen
at the same temperatures and pressures reported by Ross and Brown
are within 45% so that the effect of 0.7 mole% nitrogen on the
methane viscosity would be 0.3%, assuming that the molar average rule
for the calculation of the viscosity for the mixture of nitrogen and
methane applies. Since the reproducibility of the fall time is

+0.8% for No. 1 falling cylinder and +1.1% for No. 2 falling cylinder,



the effect due to the impurities (0.3%) was not considered signi-
ficant. The same reasoning also applied to the data for mixtures

of this study.

(c) Composition

In the computafion of the composition, there is an error due to
the use of methane density data of Sage and Lacey (66) in the con-
version of the volumetric data to mass data. The effect of this

error on the composition is small, since this density appears in
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both denominator and numerator. By taking into account the 0.8% cor-

rection on the methane data, it is estimated that 50.0 mole%
methane mixture should be 0.002 mole fraction richer in propane,
and the 22.1 and 75.3 mole% methane mixtures should be 0.001 mole

fraction richer in propane (Appendix J).

(2) Random Errors

The maximum random errors in the composition, density and visco-

sity reported in this study are estimated by the method described by
Mickley, et al. (53) as applied to the following equations:

X1 = (p14Vy/M1)/(p 1AV /M1tp oAV /Mp) ’ '(V_2>
p = prcAV/va (V-4)
B = Ba1eBpeq(0-0)0/s (V-3)

Appendix J shows the error analysis on Xj, p and u based on these
equations. In the following sections, the error in composition will
be estimated first, and then the errors in density and viscosity will

be analyzed.

(a) Error analysis on composition

In the preparation of the mixtures, the pressure'Was measured with
the Ruska dead weight tester to an uncertainty of +1 psi and the
temperéture of the bath was measured with the calibrated copper-

constantan thermocouples to an uncertainty of +0.1°C. These mea-

surements are sufficiently precise to eliminate the error from these

sources. The uncertainty of density data for methane and propane is

stated to be within +0.1% by its investigators (54,66) and the error

of the volume determination using MIC-K is estimated to be ip.27%
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(Appendix C). The maximum error is then estimated to be +0.005 mole

fraction (Appendix J).

(b) Error analysis on density and viscosity data
Table V-2 presents the sources of errors and the ﬁaximum estimated
errors in the density and viscosity data for methané, propane and
mixtures of these. The sources of error in the density data are:

1. The error in Vo (Appendix D).

2. The error in AV (Appendix J).

3. The error in P from the literature density (54,66,67).

4. Pressure measurements of the fluids in high temperature bath

in all cases were made by the Ruska dead weight tester to an un-

- certainty of +1 psi. Therefore there is no appreciable error in

prc due to thevpressure measuremeht. The error in prc due to
the change in reference temperature is considered negligible for
those densities measured with MIC-L, since MIC-L was in the high
temperature bath. The density of the mixture is subject to un-
certainty of +0.5% in e due to the uncertainty in the composition.
Propane density was determined with MIC-G which was exposed to
room temperature. Hence an uncertainty of +0.25% is estimated
for the fre 5f propane due to 2°C. change in' room temperature.
5. The temperature and pressure measurements in the low temper-
ature bath (P. 38) - was precise enough to eliminate errors from
these sources. The pressure measurement for the mixtures using
Heise gage-DPI system is reported (P. 38) to have an uncertainty
of +15 psi. However, since the mixtures existed in liquid state
at the conditions of this study, the uncertainty of +15 psi in

the pressure does not have a significant effect on the liquid

density.

By summing up all the error terms, the maximum estimated error in

the density for each fluid is shown in Table V-2.

For the viscosity data, the effects of the uncertainties in the
temperature and pressure meaisurements are the same as those described

for the density. The other errors different from thosé of density

data are:



Table V-2
Summary of Error Analysis on
Density and Viscosity Data
(a) Density calculated from,p = p AV/va,

is subject to the following errors.

Error. in %

Fluid Methane Propane Mixtures

MIC used MIC-L MIC-G MIC-L
(1) av,_) 0.8 0-18 0.18
(2) A(AV) - 0.35 0.11 ©0.35
(3) A(prc) 0.10 0.10 0.13

reported by

investigators
(4) A(p,,) due 0.00 0.25 0.50

to AT & AX

Total A(p)  +0.61 +0.62 +1.16

(b) Viscosity calculated from,yu =.Bcalc. Bred(o—p)e/s,
is subject to the following errors, -

4 Error in %

- Fluid Methane & Propane Mixtures
(1) ace) 0.8 1.1
(2) A(s) 0.1 0.1
(3) alo-p) 0.2 0.3
(W) ae, 4) 0.8 0.8
(5) a(B__,.) 1.5 1.5

Total A({) 3.4 +3.8
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1. The error in the determination of distance of fall, s, is
estimated to be 0.004" out of a total distance of 5 inches.
2. The error in 6 is reported in Appendix H (No. 1 falling
cylindér for pure components and No. 2 falling cylinder for
mixtures).

3. The error in (o-p) is shown in Appendix J.

4. The error in B " is from Table V-1.
red

alc
on the uncertainty in k, the ratio of the outer diameter of the

5. The error in Bé according to Equation (II-12) depends
falling cylinder to the inner diameter of the viscometer tube.
Since the uncertainty in k is estimated to be +0.1%, which
corresponds to an uncertainty of +0.0003" out of 0.314", there
would be approximately +1.5% change in Bcalc at -170°C. relative

to B at ambient'temperature.
calc ,

By summing up these error terms, the estimated maximum errors in the

viscosity for pure components and mixtures are shown in Table V-2.



63

CHAPTER VI

PRESENTATION OF EXPERIMENTAL RESULTS

The viscosity and density data were determined experimentally
for methane, propane and three mixtures of methane and propane. The
original éxperimentéi data and the calculated data are shown in Appendixes
N and O for density and in Appendixes P and Q for viscosity. The
viscosities presented in Appendixes P and Q were calculated by Computer
Program 703 (Appendix R). Since these calculated viscosities have more
significant figures than are justified by the accuracy of the experi-
mental measurements, all the experimeﬁtal values reported in the text
have been rounded to three significant figures.

The recommended values of viscosity and density for methane, prépane
and three mixtures of methane and propane based upon these data and the
low pressure methane viscosity data of Barua, et al. (6), are presented
in this chaptér. These values were obtained from smoothed curves of
the viscosity (or density) as a function of pressure with temperature
aé a parameter.

Table VI-1 presents the recommended viscosity data for methane in
the single phase region at temperatures from -170 to 0°C. and at pres-
éures to 5,000 psia. Table VI-2 presents the recommended density data
for vapor methane at temperatures below -80°C. Table VI-3 presents the
recommended viscosity and density data for propane in the liquid region
at temperatures from -100 to 0°C. and at pressures to 5,000 psia. The
recommended viscosity and density data for the mixtures of methane and
propane in the dense fluid regions afe presented in Tables VI-4 and
VI-5 for 22.1 and 50.0 mole% methane mixtures respectively at temper-
atures from -120 to 37.78°C. and pressures to 5,000 psia, and in Table
VI-6 for 75.3 mole% mixture at temperatufes from -150 to 37.78°C. at

pressures to 5,000 psia.



Table VI-1

Recommended Viscosity Values .for Liquid, Vapor and Fluid Methane

Pressure Temperature °C.
psia 0 -25 -50 -60 -70 -80
. Viscosity, Micropoise
1.7 101% 93% - 85% - .83 80 76
600 111% 103% ' 96% 92 90 9y
800 115% . 108% < lou® 103 113 235
1000 120 116 118 127 185 288
1500 138 Cluy : 184 229 280 345
2000 161 182 2ul 287 333 391
3000 14 256 330 364 403 453
4000 263 314 386 420 456 508
5000 305 361 432 463 501 555
-100 -120 -140 -150 -160 -170
14,7 71 BU 58 55 52 1440
D.p. 1 75 66 58 55 52 50
B.P. ! 385 542 767 940 1140 1410
600 405 570 810 990 1190 1510
1000 438 599 8LO- 1020 1230 1560
1500 477 631 878 1070 1280 1620
2000 512 664 917 , 1110 1330 1680
3000 573 727 990 1200 1420 1810
4000 627 788 1060 1290 - 1520 1930
5000 676 847 1140 1370 T 1620 2060

Notes: (1) Dew point and bubble point pressures are from literature (51).
(2) Values with asterisk are obtained from the data of Barua, et al 6).
(3) These data were determined by No. 1 falling cylinder.
(4) The vapor phase viscosities at temperatures below -140°C. were
extrapolated from the higher temperature data.

9



Pressure
psia -80 i
D.P. -—
100 0.007
200 0.016
300 0.026
400 0.038
600 0.070
800 0.228
1000 0.252
Note: . (1) Density values at

Table VI-2

Recommended Density Values for Vapor Methane

Temperature,  °C.

100 120 =140

literature (51).

Density, g/cm

0.047 0.020 0.007
0.008 0.009

0.019

0.031

dew point pressures are from
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Table VI-3

Recommended Viscosity and Density Values for Liquid Propane

Pressure Temperature °C.
psia .0 -20 ' -40
Viscosity Density Viscosity Density Viscosity Density
Micropoise, g/cc. Micropoise, g/cc. Micropoise, g/cc.
1 .
B.P. 1260 - 0.528 - 1550 0.554 1340 0.578
1000 1380 0.540 1670 -0.564 2070 0.587
2000 1490 0.551 1800 0.573 2210 0.594
3000 1600 0.561 1910 0.582 2340 0.602
4000 1710 0.568 -~ 2030 0.589 2470 0.608
5000 1810 0.576 2150 0.595 2600 0.613
-60 -80 -100
1
B.P. 2450 0.602 3160 0.624 4290 0.6u46
1000 2600 0.608 . 3320 0.630 4520 0.651
2000 2750 0.616 3500 0.636 4760 0.655
3000 2910 0.622 3680 0.641 5020 0.660
4000 3060 0.627 3880 0.645 5270 0.663

5000 3220 0.632 4060  0.651 5540  0.669

Notes: (1) Bubble point pressure values are from literature (33).
(2) Viscosity data were determined by No. 1 falling cylinder.
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Table VI-4

Recommended Viscosity and Density Values for 22.1 mole%
Methane-77.9 mole% Propane

Pressure Temperature °©C.
psia 37.78 0 ~20 )
Viscosity Density Viscosity Density Viscosity Density Viscosity Density
Micropoise, g/cc. Micropoise, g/cc. Micropoise, g/cc. Micropoise, g/cc.

B.P.! 640 0.410 970 0.470 1190 - 0.487 1450 0.524

500 - - it - 1200 0.500 1470 0.527
1000 676 0.421 1020 0.u482 1250 0.510 1530 0.535
2000 785 0.451 1110 - 0.500 1350 0.525 1630 0.548
3000 870 0.u467 1200 - 0.512 1440 0.535 1730 0.556
4000 943 0.u482 1230 0.521 1540 0.542 1830 0.563
5000 1020 0.495 1380 0.530 1630 0.549 1930 0.569

-60 -80 -100 -120

B.P.1 1820 0.550 2340 0.576 3140 0.600" 4580 © 0.625
- 500 1860 .0.554 2390 0.580 . 3210 0.604 4700 0.628
1000 1930 0.560 24860 0.585 3290 7 0.608 4830 0.631
2000 2050 0.571 2610 0.593 3480 0.616 5090 0.637
3000 2170 0.577 2750 0.598 3660 0.620 5350 0.6u4l
4000 2300 0.583 2900 | 0.605 3850 0.625 5620 0.644

5000 2420 0.588 3040  0.609 Louo 0.629 5890 0.649

Notes: (1) Bubble point pressure values are from literature(2,58,62).
(2) Density data at 37.78°C. are from Sage and Lacey(66).
(3) Viscosity data were determined by No. 2 falling cylinder.
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Table VI-5

Recommended Viscosity and Density Values for 50.0 mole%
Methane-50.0 mole% Propane

Pressure Temperature ©C.
psia 37.78 0 : -20 ‘ -40
Viscosity Density Viscosity Density Viscosity Density Viscosity Density
Micropoise, g/cc. Micropoise, g/cc. Micropoise, g/cc. Micropoise, g/cc.
B.P.! 315 - 0.275 560  0.350 735  0.396 910 0.432
500 - _— - - —_— - - -
1000 -— - - - 740 0.400 935 © 0.440
2000 438 0.338 670 0.403 840 0.435 1020 0.464
3000 538 0.379 © 760 0.427 920 0.453 1100 0.478 .
4000 611 - 0.403 ‘830 0.445 - 1000 0.u67 1180 0.490
5000 676 0.420 890 0.458 1070 0.478 1260 0.499
-60 -80 -100 -120
B.p.! 1120 0.469 1450 - 0.49% 1900 0.529 2710 0.557
500 - - 1460 0.500 1930 .0.532 2780 0.560
1000 1150 0.477 1510 0.507 1990 0.537 2860 . 0.562
2000 1240 0.492 1610 0.518 2110 0.545 3030 0.568
3000 1320 0.503 . 1700 0.527 2230 0.550 3200 - 0.573
4000 1400 0.512 1800 0.535 2350 0.557 3380 0.578
5000 1480 0.520 1900 ‘0.541 2470 0.562 3550 0.582
(1) Bubble point pressure values -are from literature(2,58,62).

Notes:

(2) Density data at 37.78°C. are from Sage and Lacey(66).
(3) Viscosity data were determined by No. 2 falling cylinder.
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Table VI-6

Recommended Viscosity and Density Values for 75.3 mole%
Methane-24.7 mole% Propane

Pressure Temperature ©C.
psia 37.78 0 ~20 “40 260
Viscosity density Viscosity Density Viscosity Density Viscosity Density Viscosity Density
Micropoise, g/cc. Micropoise, g/cc. Micropoise, g/cc. Micropoise, g/cc. Micropoise, g/cc.

B.P.! - - 245 0.226 330 0.280 uu5 0.328 600 0.372
500 113 0.035 - - - - - - - -
1000 131 0.083 - -— - - - - 615 0.380
2000 - 220 0.193 305 0.277 400 0.325 530 0.368 680 0.404
3000 296 0.264 385 - 0.329 480 0.364 600 0.393 750  0.421
4000 365 0.302 460 0.356 550 0.383 660 0.408 810 0.433
5000 430 0.326 520 0.375 605 0.398 - 710 - 0.422 870 0.u4h

~80 -100 -120 -140. ~150

B.P.! 740 0.418 3860 0.un46 - 1330 0.478. 1920 0.507 2440 0.522

500 745 ¢ 0.410 975 0.u429 1360 0.482 1380 . 0.510 2510 0.526
1000 785 0.u422 1020 0.455 1410 0.487 2050 0.514 . 2600 0.529
2000 860 0.437 1090 0.467 1510 0.495 2190 0.520 2760 - 0.533
3000 930 0.448 1170 0.474 1600 0.500 2330 0.525 2930 0.537
4000 980 . 0.458 1250 0.482 16390 0.506 2460 0.530 3100 0.542
5000 1060 0.u467 1320 0.490 1780 0.513 2600 0.535 3280 0.546

Notes: (1) Bubble point pressure values are from literature(2,58,62).
(2) Density data at 37.78°C. are from Sage and Lacey(66).
(3) Viscosity data were determined by No. 2 falling cylinder.

69



70

CHAPTER VII

DISCUSSION OF EXPERIMENTAL RESULTS

Discussion of Experimental Density Data

(1) Density Data of Methane and Propane

Figure VII-1 compares the experimental vapor density data for
methane with the values from the literature. The figure shows that
the ‘data of this study at -80 and -100°C. are consistent with the
séturated vapor densities of Matthews and Hurd (51) and the high tem-
perature densities of Kvalnes and Gaddy (40).

. Figure VII-2 compares the experimental liquid density data for
propane with values obtained by other investigatbrs at Varibus temper-
atures and pressures. The low pressure liquid density data for propane
agree with those of Rossini, et al. (65) to within +0.1% (see Table VII-1),
and the high pressure data extrapolate smoothly to those reported by

Sage and Lacey (66). The comparison indicates that the average error

for the propane density data of this study is less than the maximum

error of +0.6% predicted from error analysis (P. 61).

The recommended data in the single phase region and on the vapor-
liqﬁid boundafy presented in Tables VI-2 and VI-3 are the smoothed
values from large scale density-temperature plots where the original
data of this study (Appendix N) and thoseSfrbm the literature (65,66)

were plotted. The smoothed values agree with the original data points

within 1%.

Table VII-1

Comparison of Low Pressure Propane Densities of
This Study and the Literature

Density(g/cc.)

Temperature(°C.) -20 -40 -60 -80
Rossini, et al.(65)  0.5541  0.5784  0.6017  0.624l
This study 0.554  0.578 0.602 0.624

% Deviation -0.02 -0.07 0.05 -0.02
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(2) Density Data for the Mixtures

The density data for mixtures as a function of temperature with
pressure as a parameter are shown in Figures VII-3, VII-4 andiVII—S.
The experimental density data at pressures higher than 2,000 psia are
shown to extrapolate smoothly to the high tempefature data of Sage
and Lacey (66). The two phase boundary for each mixture studied was
obtained by extrapolating the isothermal high pressure density data
on a density-pressure plot to the bubble point pressures which were
obtained from the literature (2,58,62).

Density as a function of composition with temperature as a para--
meter at constant pressures of 2,000 and 5,000 psia is shown in Figure
VII-6. These figures show the internal consistency of the density data
for the methane-propane system.

The recommended density data in the single phase region and on the
Vapor—liquidvboundary presented in Tebles VI-4, VI-5 and VI-6 are the
smoothed values from large~scale plots where the original data of this
study (Appendix 0) and those from the literature (66) were plotted.
These smoothed data are in agreement with the original data points
within 1% excepting those data at pressures lower than 2,000 psia.
These low pressure data are obtained by extrapolating the high pres-
sure density data (2,000 to 5,000 psia) to the bubble point pressures
(2,58,62)vusing the data of Sage and Lacey (66) at 37.78°C. as a guide.

Table VII-2 shows the reproducibility of the density data for mix-
tures. Comparison 1s made between the data of the different runs from
the same batch of mixture and between those of the runs from different
batches of the same composition mixtures. The comparison shows that
the reproducibility is better than 0.8%.

Huang (35) reported liquid densities for binary mixtures of methane
and propane at low temperatures and low pressures. These data were
taken concurrently with the viscosity determinations of Lim, et al. (46).
Table VII-3-a compares the saturated liquid densities of Huang (35) with
those of this study (interpolated to the compositions of Huang's: work).
The éomparison between these data is very good for the 76.7 mole%

methane mixture, but is poor for the 27.9 mole% methane mixture. The



- g/ce.

Density,

i i i 1 |
© This Study
0. p Sage and Lacey (66) =
Two .
Phase
0.5 Boundary
Pressure:
1 1000 psia
0.1 b— 2 2000
-8 3000
4 34000
5 5000
0.3 ] 1 1 1 I 1 I I : !
-120 -100 -80 -60 -40 -20 : 0 20 - 4o - 60 80

Figure VII-3 Density vs.

Temperature, oC

Temperature Diagram for a 22.1 mole % CH,-77.9 mole % C3Hg Mixture

hl



'g/cc.

0.4

Pressure:

0 1000 psia
1500
2000
3000
4000
5000

Density,

= WwN

/TWo
‘Phase
Boundary

| b {

O This Study

A Sage and Lacey (66)

-120 =100 =80

Figure VII-44 Density

-60 ~40 ~-20 .0

Temperature, °C
vs. Temperature Diagram for 50.0 mole %

- CHy-50.0 mole % C3Hg Mixture

80

SL



g/cc.

Density,

»

(e
w

| |
© This Study

A sage and Lacey (66) -

Pressure:
B 1 1000 psia

2 2000

.3 v3000

L 4000

5 5000
1 ] ] l | ] I |
-140 -120 -100 -80 ~-60 -40 -20 uo

Figure VII-5

Density vs.

Temperature, oc
Temperature Diagram for a 75.3 mole % CHy~21.7 mole

0
°

C 3H 8 Mixture

94



g oMo Hmﬁ oy

g/cc.

Density,

0.2}

2000 psia

3 Sage and Lacey (66)

O This Study

—Smoothed Curve

L

3 L]

Figure VII-6

20

40 60 80

Mole % Methane

Fe’0Q HhO AL O O W

g/cc.

Density,

Temp. ,°C

37.78

~-20
-L0
-60
-80
-100
-120
-140

Density vs. Composition Diagram for CH, -C3Hg System

at 2000 psia and 5000 psia

77



Table VII-2

Reproducibility of Viscosity and Reproducibility of Density from

¥

Different Runs and Different Batches of Mixtures

Temp. Press. First Mixture Second Mixture % Dev. of
Group No.  ©C. psia. Viscosity(Density) Viscosity(Density) Viscosity
Micropoise g/cc. Micropoise g/cc.
I 0 2000 1 1110 0.0%
0 2000 3 1110
II 0 2000 4 885 (0.400) 5 683 (0.397) 0.3
0 3000 4 760 (0.427) 5 758 (0.425) 0.3
0 4000 4 823 (0.uuu) 5 829 (0.uu2) -0.7
0 5000 4 891 (0.457) 5 890 (0.455) 0.1
-60 930 2 1140 5 1140 0.0
-60 2000 2 1230 5 1230 0.0
-60 3000 2 1320 5 1340 -1.5
-100 2000 5 (0.545)
0 2000 6 (0.397)
-100 2000 6. (0.545)
III 0 2000 1 308 (0.277) 5 314 (0.278) -1.9
-80 910 1 779 5 766 1.7
-80 2000 1 860 (0.439) 5 866 (0.439) -0.7

Notes: (1) Group numbers I, II, III represent respectively the data for
22.1, :50.0, 75.3% methane mixtures. .
(2) The number with underline stands for run number corresponding
to the -last number in the code number mentioned in P. 168.
(38) % is the deviation of the two fall times in group I.



Table VII-3

Comparison of Density Data for Mixtures of
This Study and Other Investigators

(a) Saturated liquid densities at low temperatures

Temperature

°C.

-80
-100
-120

Mole % Methane

79

27.9 76.7
This study Huang % Dev. This study Huang % Dev.
- (35)° (35) ’
0.560 0.538 3.9 - - -
0.587 0.573 2.4 0.440 0.438 0.5
0.613 0.604 1.5 0.472 0.473 -0.2

(b) Dense fluid densities at 37.78°C.

Pressure
psia

2000
3000
4000
5000

Note:

Mole % Methane
75.3
This study Sage & Lacey(66) % Dev.

0.195 0.193 1.0
0.265 0.264 0.4
0.304 0.302 0.7
0.330 0.326 1.2

Density is expressed in g/cc.
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data of the present work are considered more accurate because of im-
provements in the experimental equipment, e.g.; the instéllation of a
low temperature DPI for pressure measurement in the viscometer (P. 25).
In the earlier experimental work (35), a Heise bourdon tube gage was
used directly for pressure measurement where the bourdon tube ﬁas
exposed to ambient temperature. For the 76.7 mole% methane mixture

the criqondentherm is below ambilent temperature, therefore the mixture
in the bourdon tube existed in a single phase condition, and the com-
position of the liquid mixture in the viscometer was always the same as
that reported. This explains the agreement between thé data of the
earlier work and this study. In the case of the 27.9 mole% methane
mixture, since the cricondentherm of the mixture is higher than ambient
temperature, the mixture in'the bourdon tube existed in two phases.
This would cause the composition of the mixture in the viscometer to

be different from that anélyzed in the storage reservoir which was
maintained above the cricondentherm, and explains the discrepanéy
between the data of the earlier work and this study.

The densities 6f this study for the 75.3 mole% methane mixture at
37.78°C. were compared with those of Sage and Lacey (66). Table VII-3-b
shows that the data of this study are consistently higher than those
reported by Sage and Lacey. The deviations are probably due to the
error in the methane density uéed in the density computation because
of the presence of nitrogen and ethane (P. 57). If the 0.6% correction
for the impurity in the methane is made, the data of this study will
agree with those of Sage and Lacey within +0.6%.

} The'maximum‘efror of the density data for mixtures is estimated
to be within +1.2% (P. 61). = The reproducibility of the density deter-
mination and the deviations between the density data from this study
and the other works cited (except for the 27.9 mole% methane mixture of

Huang) are within this maximum estimate of error.
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Discussion of Experimental Viscosity Data

(1) Viscosity Data of Methane and Propane

Methane viscosity behavior as a function of pressure near the
critical region is depicted in Figure VII-7, where the solid lines
representing the isotherms link the data points of this study and those
of Barua, et al. (6). The saturated liquid and saturated vapor loci
represented by the dotted line are defined by the data of Swift (75)
and by the data éxtrapolated from the low temperature vapor visco-
sities of this study to the vapor pressures. Figure VII-8 presents
methane viscosity as a function of pressure to 5,000 psia, showing the
isothermal,déta from 0 to -170°C. with the data of Swift defining the
saturated liquid locus. Figure VII—9.gives the viscosity as a func-
tion of temperature with pressure as parameter, and the dotted curve
defines the saturated vapor and saturated liquid loci.

Propane viscosity data as a function of pressure with temperature
as a parameter are shown in Figure VII-10 and the same da%a as a func-
tion of temperature with pressure as parameter are shown in Figure VII-1l.
The saturated liquidblocus'is defined by the data of Swift (75) and
Rossini, et al. (65).

The smoothed values from large-scale viscosity-pressure plots, with
temperature as a parameter constructed from the original data (Appendix P),
are reported as recommended viscosity data for methane and propane in
the single phase region and on the vapor-liquid boundary in Tables VI-1

and VI-3. These smoothed values are in agreement with the original
data points within 1%. Tablé VI-1 also présents methane viscosity
values at atmospheric pressure which were extraﬁolated from the low
pressure data of this study and those of Barua, et ai. (8).

The data of this study were compared with the data in the literature
whenever possible. For methane data in the low tempefature region, the
only data available for comparison are those of Rossini, et al. (65),
Swift (75) and Pavlovich and Timrot (55).

| Table VII-4 compareé the low pressure liquid viscosity data for
methane with those from the literature. The data of this study agree
within 1.4% witﬁ~the data of Rossini, et al. (65) but are somewhat higher

than those reported by Swift (75), showing a trend of increasing dis-
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Table VII-4

Comparison of Low Pressure Viscosity Data for Methane
and Propahe in the Liquid Phase

Temp. This Rossini, Percent Swift Percent
Substance oC. study et al. (65) Dev. (75) Dev.
Viscosity, Micropoise
Methane -100 - 385 -- -- 376(400) 2.3
-120 542 - - 531(185) 2.0
-140 767 -- - 742(85) 3.3
-160 1140 1150 -0.9 —-— = -
-170 1440 1420 1.4 —— —
Propane 0 1260 - - 1240(100) 1.6
-20 1550 - - 1570(50) -1.3
-40 1940 2050 - =5.7 1920(40) 1.0
-60 2450 2560 -4.5 23390(40) 2.5
-80 3160 3270 -3.5 - - -
-100 4290 14330 -0.9 - -

Notes: (1) The data of this study are reported at bubble point pressure.
(2) The data of Rossini, et al are reported at the atmospheric

Pressure.
(3) The data of Swift are reported at the pressure (psia) in

parenthesis.
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crepancy with decreasing temperature. Swift assumed that the visco-
meter calibration constant was a linear function of temperature whereas
theoretical calculations (see P. 15) show that it is a non-linear
function where both the first and the second derivatives of the visco-
meter calibration constant with respect to temperature are negative.
Since the non-linear temperature dependence of the viscometer calibra-
tion constant was taken into account in the computation of the viscosity
in this investigation, the trend of increasing deviation between the
data of this study and those of Swift with decreasing temperature is

to be expected. The agreement of the present data.with those of Rossini,
et al. (65) at -160 and -170°C. indicates the validity of the calibration
method ‘used in the present study. The data of this study are ccnsidered
more accurate than those reported by Swift (75), because of the improve-
ment in the method of calibrating the viscometer.

k Pavlovich and Timrot'(SS) reported some viscosity data for methane
at low temperatures and high pressures. Their data are not considered
to be‘reliable, since (a) they are not self-consistent and (b) the data
are cohsiderably higher than the data of this investigation and those
of Rossini, et al. (65). At -161.4°C. and 20 atmospheres for example,
their feported viscosity value is about 40% higher than the values of
this study and Rossini, et al. (keep in mind that the effect of 20
atmospheres on the viscosity of a liquid should be negligible).

In the high temperature region Barua, et al. (6) reported viscosity
data at femperatures to -50°C. and pressures to 2,576 psia, while Ross
and Brown (64) investigated the viscosity at temperatures down to -50°C.
and pressures to lOQOOO psia. Several other investigators (4,14,27)
also published methane viscosity data at temperatures above 0°C. and
high pressures. A graphical comparison between these data is shown in
Figure VII-12. The present results are in good agreement with those of
Barua, et al. (6) which is to be expected since they were used in the
calibration of the falling cylinder viscometer used in the present
investigétion. The present data extfapolate smoothly to the high tem-
perature data reported by'Carmichael, et él. (14), Giddings (27), and

Baron, et al. (4). The data of Ross and Brown (64) are consistently
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higher than the smooth curves which were constructed by inspection to
represent the best fit of all other data including those of this inves-
tigation.

Figure VII-11 shows that the propane data of this study extend
smoothly to the data of Starling, et al. (73) at the superambient
temperatures. This is to be expected since the data of Starling, et al.
were used in the calibration of the viscometer. Table VII-4 compares the
low presgﬁre liquid ﬁropane viscosity data of thisvinvestigation and those
of Swift (75) and Rossiﬁi,‘et al. (65). The present viscosity data are
higher than those reported by Swift because of the non-linear temper-
ature dependence of the viscometer constant used in this study. A
good agreement with the value reported by Rossini, et al. at -100°C.
shows againvthe validity of the method used to correct the calibration
constant for the temperature change. At temperatures above -100°C.
the viscosity data of Rossini, et al. appear to be higher than those
of this study and of Swift (75). However, the data of this study at
higher temperatures are believed to be more reliable than the com-
pilati<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>