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PREFACE

The effect of transport properties (viscosity, surface ténéion,
density and thermal conductivity) on engineering design calculations
has been recognized by the hy&rocarbon processing industries and
chemical engineers, in genera1‘(39). However, the behavior of trans-
port properties under varying conditioﬁs of temperature, pressure and
compésition is only partially understood. Data and predictive corre-
lations are needed to understand the behavior of these properties. An
important correlating parameter for liquid viscosity is the critical
viscosity. This study presents critical viscosity data for several
pure liquids and mixtures.

The effect of pressure on liquid viscosity has been widely studied.
However, few researchers have examined the effect by placing compressed
gases in intimate contact with the test fluid. This phenomenon was
studied at isothermal conditions using hydrogen, helium, nitrogen,
argon and methane in contact with n-octane and n-octanol.

- I am indebted to Professor R. N. Maddox for the advice and
assistance he has provided while serving as my thesis adviser. The
entire Faculty of the School of Chemical Engineering has provided
assistance in many forms to aid my research and professional develbpment.
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CHAPTER T
INTRODUCTION

Viscosity is an important parameter in many scientific and engi-
neering areas such as momentum, heat and mass transfer. Only a small
amount of experimental data exists in the literature, especially as a
function of temperature and pressure. The more common paraffinic and
aromatic hydrocarbons dnd primary alcohols are the compound types that
have been widely studied.

This study was conducted with two specific aims:

1. Measure liquid viscosity in the region of the critical point.

2. Determine the effect of pressure on liquid viscosity.

The pressure effect was further subdivided to compare a back pressure
applied directly to a sample liquid and an inert gas atmosphere in
contact with a sample liquid. This portioh of the study was done at
isothermal conditions.

There were two viscometers used during this study. An absolute
capillary viscometer was used to determine the effect of back pressure
on liquid viscosity. This apparatus was also used for some measure-
ments in the critical region. A relative kinematic viscometer was
used to study the effect of an inert gas atmosphere on a sample liquid
and for some measurements in the critical region.

The pressure effect was studied using n-octane as the test

liquid. The inert gas atmosphere effect was studied using n-octane



and n-octanol in contact with hydrogen, helium, nitrogen, argon and
methane.
Critical region data were taken using>n—octane, n-propanol,

ethanol and ethylene-propylene binary mixtures as test fluids.



CHAPTER II
LITERATURE SURVEY

A literature survey was conducted during the course of this
study to determine the amount of experimental work done in the specific
areas of this study. The survey was divided into two parts, viscosity
measurements in the critical region and the pressure effect on liquid

viscosity.
Critical Region

The measurement of fluid viscosities in the region of the vapor-
liquid critical point has been recommended for correlation development
by various workers. The publishéd results found during this survey
are summarized in Table I. Data for mixtures could not be found. The
lack of agreement between various works illustrates the difficulty of
taking consistent data in the critical region.

Carmichael and Sage (13) studied the viscosity of ethane over
the temperature range of 806F to 400°F at pressures up to 5000 psia.
The measurements were taken along isotherms at various pressures with
a rotating cylinder viscometer. The recommended critical viscosity
value was 187 + 38 micropoise (0.0187 i_0.0038 centipoise).

Clark (15, 16) studied the viscosity of ethyl ether near the
critical point with a torsional viscometer. The main thrust of his

work was to determine whether the liquid phase existed at temperatures



TABLE I

CRITICAL VISCOSITY MEASUREMENTS FROM LITERATURE SOURCES

Material Critical Method Reference
Viscosity Measurement
(Centipoise)
Parahydrogen 0.0355 + 0.0005 Torsional Crystal 19
Neon 0.0168 Falling Cylinder 50
Xenon 0.0448 i_0.000S* Light Scattering 62
0.05352 Torsional Crystal -55
0.02235 Transpiration 57
Nitrogen 0.035%% Torsional Crystal 23
0.0180 + 0.0002 Oscillating Disc 63
Oxygen 0.060%%* Torsional Crystal 23
Chlorine 0.01852 Transpiration 59
Methane 0.00726 Transpiration 58
0.0249 Falling Cylinder .56
Ethane 0.02002 Torsional Crystal 55
0.00935 Transpiration 58
0.0187 + 0.0038 Rotating Cylinder 13
0.0210 + 0.0002 Capillary 53,54
Propane 0.00990 Transpiration 58
0.0240 + 0.0005 Capillary 53,54
n-Butane 0.0245 + 0.0005 Capillary 53,54
n-Pentane 0.0235%* Félling Object 26
iso-Octane 0.025%% Transpiration 30
Ethylene 0.02465 Oscillating Disc 36
0.00962 Transpiration 58
Propylene 0.01050 Transpiration 58
B-Butylene 0.01087 Transpiration 58
Cyclohexane 0.030%=* Transpiration 30
Benzene 0.056 Falling Object - 25



TABLE I (Continued)

No value cited or presented

Material Critical Method Reference
Viscosity Measurement
(Centipoise)
Methanol Kk % Capillary 33
n-Propanol L Capillary 33
Ethyl Formate 0.0380%* Capillary 31
Methyl Acetate . 0.0400%* Capillary 31
Ethyl Acetate 0.0360%%* Capillary 31
n-Propyl Acetate 0.0351%* Capillary 31
Ethyl Propionate 0.0291%%* Capillary 31
- Ethyl Ether *k% Oscillating Pendulum 15,16
0.0475 Falling Ball 48
Carbon Tetra-
Chloride *k% Capillary 33
Carbon Dioxide 0.0345 + 0.0002 Oscillating Disc 29
kkk Transpiration 37
0.03678 + 0.0002 Oscillating Disc 40
0.0321 Falling Object 41
- 0.0032 Falling Object 52
Nitrous Oxide 0.01198 Transpiratibn 60
Hydrogen Iodide 0.01632 Transpiration 59
Nitrosyl Chloride 0.01779 Transpiration 60
Water 0.074 Falling Object 24
0.0038 Capillary 49
* Kinematic Viscosity
k% Read from graphical presentation
*kk



slightly greater than the critical. No value for the critical
viscosity Was>given and the liquid phase existed above Tc only when
insufficient time was allowed for attainmept of equilibrium.

Diller (19) measured the critical region viscosity of parahydrogen
with a torsional crystal viscometer. Experimental runs were conducted
isothermally. The recommended value for the critical viscosify of
parahydrogen was 355 + 5 micropéise (0.0355 + 0.0005 centipoise).

Grevendonk, et al. (23) used a torsional crystal viscometer to
determine the viscosity of liquid oxygen and nitrogen. The temperature
range was between 77°K and the critical temperature at pressures up to
200 kgf/cm2 (2842 psia). The data were taken along isotherms and
vextended to the saturation 1ine. The critical viscosity values were
read from the presented graphical results; for oxygen, M, = 0.060
centipoise; for nitrogen, M, = 0.035 centipoise.

Hawkins, et al. (24) studiéd the critical viscosity of water
using a falling object viscometer. The value for the critical vis-
cosity was found to be 0.074 centipoise at 706°F (Tc). No correlation
of the data was presented.

Heiks and Orban (25) used a falling object viscometer to-deter-
mine the critical viscosity of benzene. The value recommended was
0.056 centipoise at 288,5°%: (Tc)' There was no correlatiqn tested or
recommended.

Hubbard and Brown (26) used a falling ball viscometer to measure
the viscosity of n—pentane} The experiment was conducted isobarically
at various temperatures. The value for the critical viscosity was read
from the graphical presentation. The value for uc was 0.235 millipoise

(0.0235 centipoise).



Kestin, et al. (29) used an oscillating disk viscometer to mea-
sure the viscésity of carbon dioxide in the critical region. The
critical point was approached from the vapor region along isochores.
A vélue of 345 + 2 micropoise (0.0345 + 0.0002 centipoise) was recom-—
" mended. |

Khalilov (30) used a capillary viscometer to determine the
saturated liquid and vapor viscosities of iso-octane, cyclopentane,
and cyclohexane. The critical viscosity was determined for only iso-
octane. The value read from the graphical presentation was 0.025
centipoise.

Khalilov (31) studied the saturated liquid and vapor viscosities
of a number of esters at temperatures up to the critical region. The
compounds studied in the critical region were ethyl formate, methyl
acetate, ethyl acetate, n-propyl acetate and ethyl propionate. The
critical viscosity values were read from the graphical presentation.
The corresponding critical viscosity values are 0.0380, 0.0400, 0.0360,
0.0351 and 0.0291 centipoise, reépectively.

Kopylov (33) determined the critical point viscosities for
methanol, n-propanol and carbon tetrachloride using a capillary
viscometer. Only smoothed data were presented and the critical point
values were not quoted.

Mason and Maass (36) studied the critical region viscosity
behavior of ethylene using an oscillating disc viscometer. Measure-
ments were taken along isotherms which traversed the saturation line
from both directions, i.e., measurements were recorded in the vapor
region and in the liquid or dense fluid region by controlling the

system pressure. A minimum value for the viscosity was found at the



critical point. The miminum value for the viscosity was 0,02465
centipoise at 50.0°F.

Michels, et al. (37) used a transpiration method to determine
the critical region viscosity behavior of carbon dioxide, Anomalous
behavior in the‘critical region was cited as the reason for no
recommendation of a single value for the critical viscosity.

Naldrett and Maass (40) used an oscillating disc viscometer to
study the critical region viscosity of carbon dioxide. Values were
determinéd along isochores and isotherms. The recommended value for
the critical viscosity was 367.8 + 2 micropoise (0.03678 + 0.0002
centipoise).

Phillips (41) used a falling object viscometer to determine the
viscosity of carbon dioxide in the critical region. The measurements
were taken along isotherms from the vapor region to the saturation
line. The value cited for the critical viscosity was 0.321 x 10_3
poise (0.0321 centipoise).

Schroer and Becker (48) used abfalling ball viscometer to deter-
mine the critical region viscosity of ethyl ether. The experiment
was conducted along isotherms between 184.5°C and 235°C at pressures
between 25 and 75 kg/cm2 (355 and 1066 psia). The value for the
critical viscosity of ethyl ether was 0.000475 poise (0.0475 centi-
poise).

Sigwart (49) used a capillary viscometer to study the viscosity
of water and steam up to the critical region. The experiment was
conducted along the saturation line in the liquid region and along
isotherms in the vapor region. The value cited for the critical

viscosity was 3.85 x 10.-6 kg sec/m2 (0.0038 centipoise).



Slyusar, et al. (50) measured the viecosit§ of neon along the
saturation line in the liquid and vapor phases with a falling cylinder
viscometer. The temperature range wes between 24.7°F and 300°F. The
critical viscosity for neon was 168 x 10_6 poise (0.0168 centipoise).

Stakelbeck (52) determined the viscosities of carbon dioxide,
ammonia, sulfur dioxide and methyl chloride using a capillary viscome-
ter. The experiment was done isothermally at various pressures.

The saturation values were given as well as the values for the subcooled
liquids. The only material examined in the critical region was carbon
dioxide. The recommended value for the critical viscosity was 3.22 x
10—6 kg sec/m2 (0.0032 centipoise).

Starling, et al. (53,54) used a capillary viscometer to determine
the critical viscosities of ethane, propane and n-butane. The recom-
mended values were 210 + 2, 240 + 5 and 245 + 5 micropoise (0.0210 +
0.0002, 0.0240 + 0.0005 and 0.0245 + 0.0005 centipoise), respectively.
An evaluation of critical viscosity estimation techniques was made
but no firm recommendation resulted.

Strumpf, et al. (55) used a torsional oscillating crystal viscome-
ter to examine the critical point viscosities for ethane and xenon.

The critical point was approached along isochores beginning in the
vapor region. These workers also studied the critical temperatures and
densities. The critical viscosities recommended were 200.2 and 535.2
micropoise (0.02002 and 0.05352 centipoise), fespectively. Anomalous
behavior was noted in the critical region viscosity.

Swift, et al. (56) used a falling cylinder viscometer to determine

the liquid viscosity of methane and propane. The viscosity of methane
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was determined betWeen'—lSOOC and the critical témperature, Propane
viscosity was determined between -185°C and +90°C. The critical
viscosity of methane was found to be 0.0249 centipoise.

-Trautz and Heberline (57) used a transpiration method to deter-
mine the vapor viscosities of xenon, up fo the critical point, and
its mixtures with water and helium. The critical viscosityvvalue
recommended was 2235 x 10—7 poise (0.02235 centipoise).

Trautz and Husseini (58) used a transpiration method to study
the vaporvviscosities of propylene and B-butylene and their mixtures
with helium and hydrogen. The critical viscosity values recommended
were 1050 x 10~ and 1087 x 10~/ poise (0.01050 and 0.01087 centipoise),
respectively.

Trautz and Rufv(59)‘used a transpiration method to determine the
vapor viscosities of chlorine and hydrogen iodide. The main purpose
of their study was to'find viscometer materials for use with corrosive
gases. The critical viscosity values recommended were 1852 x 10—7
and 1632 x 10--7 poise (0.01852 and 0.01632 centipoise), respectively.

Trautz and Freytag (60) used a transpiration method to determine
the vapor viscosities of nitrous oxide, nitrosyl chloride and the
reaction products from the reaction, 2 NO + Cl2 = 2 NOCl. The critical
viscosity values recommended for NO and NOCl were 1198 x 10_7 and
1779 x 10_7 poise (0;01198 and 0.01779 centipoise), respectively.

Zollweg, et al. (62) used light scattering experiments to deduce
the critical kinematic viscosity of xenon. The critical kinematic
viécosity value recommended was 448 + 15 microstokes (0.0448 +

0.0015 centistokes).
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X Zozulya and Blagoi (63) used an oscillating disc viscometer to
determine the viscosity behavior of nitrogen up to the critical
N
region. The experiment was conducted in the subcooled liquid and
vapor regions with isotherms crossing the phase envelope. The value
for the critical viscosity was read from the graphical preseﬁtation.

The value read from the graph was 180 + 2 micropoise (0.0180 +

0.0002 centipoise).
Pressure Effect

The effect of pressure on the viscosity of pure liquids and
liquid mixtures has been the object of research for many years. In-
Vestigatoré have thought that the knowledge gained from these studies
would aid toward.uﬁderstanding liquid phase behavior. Investigations
have failed to reach this objective. 1In fact, these studies have
illustrated the degree of difficulty encountered during study of
liquid phase behavior. At present, there is no theory that adequately
describes the pressure effect on liquid viscosity. The most apparent
result has been the dependence, of the viscosity of liquids under
pressure, on molecular structure.

This survey covers two areas of pressure effect research. Studies
where the pressure was supplied by the fluid under test (hydraulic)
and studies where compressed gases were used to supply the system

pressure (compression).

Hydraulic Pressure Effects

Agaev and Golubev (1,2) used a falling object viscometer to

study the effect of pressure on the liquid viscosity of n-pentane,
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n-heptane and n-octane. The temperature fange of the study was
between 25°¢C and 275°C at pressures between 1 and 500 atmbspheres
(14.7 and 7350 psia). The viscosity increased linearly with pressure
except in the critical region where some curvature was evident. The
data were tabuiated'és functions of the temperature and‘preséure.

Babb and Scott (3) used a rolling ball viscometer to determine
the viscosity at 30°C for five hydrocarbons and refrigerant R-12 at
pressures between 2 and 12 kbars (29000 and 174000 psia). The data
were presented with no maﬁhematical model. Within the pressure range
of their study, the increase in viscosity with pressure is concave
and exponentiél in shape.

Bicher and Katz (b) used a rolling ball viscometer to study the
viscosity of methane, propaﬁe and four of their binary mixtures (20,
40, 60 and 80 percent methane). A temperature range of 77°F to
437°F was covered at pressures between 400 and 5000 psi. At pressures
significantly removed from saturation, the viscosity behavior became
linear with pressure.

Brazier and Freeman (8) used a rolling ball viscometer to deter—
mine the pressure effect on the viscosity of seven hydrdcarbons. The
temperature range covered-was 0°C to 60°C at pressures from 1 to 4000
bars (14.5 to 58000 psia). The data were reported as the increase
with pressure of the logarithm of the relative viscosity.

Bridgman (9,10) studied the pressure effect on viscosity for
43 pure liquids at temperatures of 30°C and 75°¢C at pressures up to
12000 kg/cm2 (170000 psia). A falling object viscometer was used.

The behavior of various liquids was a function of molecular structure.

Water showed the most anomalous behavior, at low temperatures
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decreasing slightly with pressures up to 1000 kg/cmz, (14200 psia),
then increasing. At high teﬁperatures, the viscosity increased
‘across the entire pressure range. For other compounds, the logarithm
of viscosity against pressﬁfe curves are, at first, concave toward
the pressure axis, but above 3000 kg/cm2 (42600 psia) become very
nearly linear, and for some fluids become convex toward the pressure
axis. No correlation for the pressure effect was recommended.

Bridgman (11) used an oscillating &ane viscometer to study the
effect of pressure on the viscosify of liquids. The study was con-
ducted under isothermal conditions at pressures up to 40000 kg/cm2
(570000 psia). The suggested behavior was not linear with the
‘logarithm of viscosity but somewhat greater increases in Viscosity
with pressure were noted. No values of absolute viscosity were cited,
only relative viscosities aé functions of pressure.

Chaudhuri, et al. (14) studied the effect of pressure on the
viscosity of liquid aldehydes from atmospheric to 20000 psig. The
logarithm of the ratio of the absolute viscosity at a pressure P to
the viscosity at atmospheric conditions was found to be a linear

relationship with pressure. The expression u = u,. exp (mP) was

0

suggested, where

1 = viscosity at P, centipoise

Uy = viscosity at atmospheric conditions, centipoise

P = pressure, psi

m = slope of resulting line when log (p/po) is plotted

against pressure. No attempt was made to verify whether this expres-

sion was general.
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Dow (20) studied the pressure effect on the viscosity of liquid
mixtures at temperatures of 30°C andv75°C at pressures up to 12000
kg/cm2 (170000 psia). A falling object viscometer was used. The
behavior of the viscosity with pressure was approximafely linear for
nonpolar liquid mixtures. The mixtures of polar and nonpolar compounds
behaved very irreguiarly. The author had great difficulty drawing
smooth curves through the data. No correlation was developed or
recommended.

Eakin, et al. (21) used a capillary viscometer to study the
liquid, gas and dense fluid viscosity of ethane. The temperature
range of this study was 77°F to 220°F at pressures from atmospheric
to 10000 psia. The isobars showed little curvature until pressures
were reduced to values slightly larger than the critical pressure or
until temperatures were significantly greater than the critical tem-
perature. No correlation was recommended.

Greist, et al.. (22) used a rolling ball viscometer to study the
pressure effect on liquid viscosity for seven hydrocarbons with 25 or
26 carbon atoms. The temperatures studied were 37.8OC, 60.00C, 98.8°C
and 135°C at pressures up to 3450 bagg (SOOOOIésia). The increase in
the viscosity with pressure was found to be dependent on molecular
structure. For saturated compounds at constant temperature, an
approximately linear relationship was found between log u and

[:(V/VO)4 - (v/vo)%] , where v and v

o are the specific volumes at

pressure P and pressure P_, respectively.

0
Isakova and Oshueva (27) studied the pressure effect on the

viscosity of methanol at temperatures of 20°C and 160°C at pressures
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between atmospheric and 250 kg/cm2 (3550 psia). A capillary vis-
cometer was used in the study. The effect of pressure on methanol
appears to be linear iﬁ pressure for‘the tempefatures’studied.

Macleod (35) proposedvand tested an EXpression for pure component
viscosity as a function of temperature. A modificationvwas proposed
for the pressure effect which showed reasonable égreement with
experimental results. However, the model was empirical and fequired
regression of six constants from data.

Reamer, et al. (4?) studied the effect of pressure oﬁ the viscosity
of n—pentane‘from the bubble point to 5000 psi. A linear relationship
was illustrated at pressures greater than 1000 psi. Between the
saturation curve and 1000 psi, the viscosity - pressuré funqtion was,
in general, nonlinear. At temperatures below 160°F (Tr = 0.73) the
behavior was linear in the pressure range previously mentioned. Above.
a Tr of 0.73, the regioh between saturation and 1000 psi shows signi-
ficant departure from linearity with pressure.

Rein (43) studied the effect of pressure on viscosity for 11 fluids
using an oscillating crystal viscometer. The curves of viscosity as
a function of pressure were concave as pressure increased. Thevstudy
was conducted under isothermal conditions. No model for the pressure
effect was recommended.

Sage and Lacey (45) used a rolling ball viscometer to determine
the pressure effect on iiquid n-pentane, gaseous methane and.two
natural gas mixtures. The temperature fange of the n-pentane data
was 100°F to 200°F at pressures between saturation and 1500 psia. The

behavior of each isotherm was linear with slopes that increased with
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temperature. All isotherms crossed at approximately 250 psia. No
pressure correlation was presénted or recommended.

Sage and Lacey (46) studied the effect of pressure on the vis-
cosity of liquid propane with a rolling ball viscometer. ‘Linear behavior
of viscosity was observed above the bubble point. ‘The iinearity
persisted until a reduced temperature of approximately 0.9 was reached.
The linearity was evident at pressures above Pr = 1.6, even in the
critical region. Variations in the viscosity behavior in the critical
region were illustrated.

Sage, Yale and Lacey (47) studied the pressure effect on the
viscosity of n-butane énd isobutane using a rolling ball viscometer.

The temperature range covered in their study was between 100°F and 200°F
A slight curvature was illustrated between the saturation locus and
2000 psi for all temperatures.

Smith and Brown (51) used a rolling ball viscometer to study the
viscosity of ethane and propane in the temperature range 15°¢C to 200°¢
at pressures between 100 and 5000 psi. These workers correlated
experimental and literature data through corresponding states tech- .
niques. The parameter u/ VM was plotted as a function of the reduced
temperature and pressure. The correlation fit the data reasonably

well for members of homologous series.

Compression Pressure Effects

Bagzis (4) used a Zeitfuchs capillary viscometer to study the
viscosity of n-decane, n-hexane and a binary mixture of n-butane and
n-decane saturated with methane over a pressure range between the

solvent vapor pressure and 1200 psia. A system of n-decane saturated
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with ethane was also studied. The methane-n-decane binary was studied
between 1°F and 130°F at pressures up to 1200 psia. The ethéne—n—decane
binary was studied between 31°F and 174°F at pressures up to 300 psia.
For these systems, the saturated 1iquid viscosity was more greatly
affected at low temperatures than at high températures. The isotherms
became linear with pressure as temperature increased. The me thane-
n-hexane binary was studied at loF and the isotherm decreased expo-
nentially with pressure. The isotherm of the methane—n—butane-n-decane
system increased éharply to a maximum between atmospheric and 200 psia.
The isotherm then decreased linearly between viscosities of 0.86
centipoise at 400 ﬁsia and 0.75 centipoise at 1200 psia.

Bennett (5) used a Zeitfuchs capillary viscometer to study binary
mixtures of n-nonane saturated with methane along isotherms over a
temperature range of.—300 to 78°F. The pressufe range was between
the vapor pressure of the solvent to 1200 psia. 1In general, the
isotherms decreased exponentially’with pressure at low temperatures
and approached linearity at the higher temperatures.

Lewis (34) used a capillary viscometer to study the viscosity
of liquids containing dissolved gases. The gases used were sulfur
dioxide and chlorine. The concentration of dissolved component was
limited by the glass apparatus to a maximum concentration of 30 weight
percent. The pressures‘applied to the systems were not specified.
Markedly different viscosity behavior was illustrated depending upon
the chemical species of the components in.the mixtures.

Rudolf (44) used a Zeitfuchs capillary viscometer to study the
effect of methane saturation on the viscosity of lean absorber oils.

The oils studied were Mineral Spirits 135, a highly aromatic absorption

El
8
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0oil, a highly naphthenic absorption oil, virgin oil, and a 50/50 mixture
of Mineral Spirits 135.and Heavy Solvent. No. lg’ The_temperature range
of this study was from —26°F to 77°F at pressures from atmospheric to
1006.7 psia. The systems studied exhibited the same general behavior,
i.e., an exponential decrease in viscosity with’présure at low tempera-
tures and an approach to linearity at higher temperatures. For further
details concerning the characterization of these oils, the reader is

referred to Rudolf's thesis.
Kinematic Viscometer

Poiseuille's Law for laminar flow inside tubes for Newtonian

fluids was presented by Bird, et al. (7) in the form

oo (AP) r4

Q = 81.IL (l)

Van Wazer, et al. (61) showed that this relationship could be
applied to capillary viscometers provided that the following substi-

tutions were made.
AP = p gh and Q =V/t

In addition, if the effect of kinetic energy is comsidered in the
derivation of the Poiseuille Law, the form of Equation 1 becomes upon

substitution and rearrangement:

pght _ EpV
LV 8ulLt

(2)

4
='n'r
H 8

Noting that the kinematic viscosity, v, is equal to (u/p), the

following expression may be obtained:

I
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This relationship can be written as -
v‘= K, t =K/t o : (&)
in which K1 is characteristic of a given viscometer and K2 is

reported by Cannon, et al. (12) to be a function of the Reynolds'
number.

/

The difficulty in the evaluation of K reported by Johnson, et al.

2
(28) suggests that the best solution to the dilemma is to use a vis-

cometer designed to make K, as small as possible. These authors found

2
that the Zeitfuchs style capillary viscometer had a value of K, small.
enough to give a correction for kinetic energy of approximately 0.03
percent. Cannon, et al. (12) estimated a maximum value for the

kinetic energy correction of 0.07 percent. Ignoring this small

correction factor, Equation 4 can be written in the following form:
v =K, t or v=Kt (5

Equation 5 served as the basis for the viscosity measurements made
with the kinematic viscometer during this study. K was determined by
measuring the efflux time, t, of a fluid of known kinematic viscosity,
v. Once K was determined, the kinematic viscosity of a test fluid
wés found‘by measuring the efflux time‘for the test fluid.

Johnson, et al. (28) evaluated the Zeitfuchs capillary viscometer
and reported that the cross—arm design of the instrument virtually

eliminated errors due to differences in surface tensions of the



calibration and test fluids. The cross-arm design eliminates errors
.resulting from the liquid clinging to the walls of the vessel from
which the liquid is drawn during the flow process of viscosity

measurement.
Absolute Viscometer

Poiseuille's Law also applies to the theory of operation of the
absolute viscometer. Equation 1 can be solved for the absolute:

viscosity, u, which yields the following expression

_mr (AP)

Equation 6 served as the basis for all viscosity measurements made

with the absolute viscometer during this study.
4

The term %—%&- was evaluated from the geometric values of the

20

capillary radius, r, and the capillary length, L. The instrumentation

of the absolute viscometer gave values for the pressure drop through
the capillary, AP, and the test fluid flow rate, Q. The calculation
of the absolute viscosity was straightforward with no correction

terms except the instrument calibrations.



CHAPTER III
EXPERIMENTAL APPARATUS AND PROCEDURE
Exberimental Apparatus

There were two types of experimental apparatus used during this
~study. The two types are differentiated by viscosity measurement
technique, kinematic and absolute. Each apparatus will be discussed
separately. First, the kinematic viscometer system will be described,

followed by the description of the absolute viscometer system.

Kinematic Viscometer

The kinematic viscometer experimental apparatus was basically
the same as constructed by Bennett (5). The reader is referred to
his thesis for a more detailed discussion. The apparatus consisted
primarily of the capillary viscometer, the pressure cell, the constant
temperature bath, the flow system used to move the test fluid through

the capillary tube, and the instrumentation used to measure temperature,

pressure, and efflux time of the test fluid.

Viscometer

A Zeitfuchs cross-arm capillary viscometer (Figure 1) was used
to make all kinematic viscosity measurements. Manufactured by the

Cannon Instrument Company, the viscometer had a one piece glass body

21
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with a stainless steel/meta1 support (Figurev2) attached with
Lithargian glué. The viscometer consisted of a reservoir, cross-arm,
reverse bend, capillary tuBe, measuring bulb, and metél support.

The liquid saﬁple was held at a depfh specified by the height
of the revérée beﬁd prior to entry into the capillary tube. The
liquid sample was transported to the capillary tube via the cross-arm.
Thé capillary tube had a measuring bulb with scribed lines above and
below the bulb body. These scribed lines served as timing marks for
vall kinematic viscosity measurements. The metal support served as
a mounting bracket to iolé the viscometer in place wifhin the pressure

cell.

Pressure Cell

The pressure cell (Figure 3) contained the viscometer during
operation and allowed observation of the viscometer reservoir and
measuring bulb. The pressure cell was used to hold an excess of
liquid sample and contain the vapor pressure of the sample fluid.
An excess of sample waskrequired to maintain a constant compositioﬁ
during measurements made on mixtures.

Observation of the viscometer inside the pressure cell Qas
through four view ports (Figure 4) installed in the sides of the
preésure celi body. The windows in the observation ports were made
of fused quartz. All observations were made through a 14 power
cathetometer, as recommended by Bagzis (4), to see the fluid movement
within the very fine'capillary tube.

The pressure cell Body and top flange were constructed of 304

stainless steel. A tight seal was made by using "Viton" O-rings in
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all openings of the pressure cell. Table II illustrates the types and
sizes of all O-rings used in the pressure cell. The cell body and top
flange assembly are shown in Figure 5. Eight 5/8 inch diameter bolté
secured the top flaﬁge to the pressure cell body.

Bagzis (4) pluggedlan exterior liqﬁid injecfion system opening
with a threaded brass plug. To use the equipment with light hydro-
carbons, this plug was rem§ved and replaced with a tubing connector.

A length of 1/8 inch stainless steel tubing was inserted through the
connection. The end of the tubing was cut to coincide to the height
of the reverse bend of the viscometer. This tubing served to fill

the pressure cell with test fluid and remove excess sample from the

viscometer reservoir.

Temperature Control

A constant temperature bath surrounded the pressure cell. Two
separate baths were used, a high temperature bath and a low temperature
bath. Duplicate temperature baths allowed greater flexibility during
this study. A variable speed Lightning, Model F, Serial Number 6014917,v
mixer motor with a 3 1/2 inch diameter commercial agitator was used
as the stirrer for both baths. The two baths and associated tempera-
ture control equipment are described in the following paragraphs as
hot‘and cold, respectively.

Hot Bath. The high temperature bath was designed énd instrumen-—
ted to cover a temperature range of +80°F to iﬁOOOF. A Fisher, Model
Number 22, Serial Number 946, proportional temperature controller

was used to control the bath fluid temperature. Manufacturer



TABLE II

PRESSURE CELL SEALS
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Seal Inside Outside Compound Parker
Type Diameter Diameter Part No.
inches inches
O-ring 2.975 3.395 Viton 2-337
O-ring 1.600 2,020 Viton 2-326
Washer 1.500 2.020 Teflon —-—
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specifications for the controller are a temperature range of 0°C to
250°C with a sensitivity of i_O.OlOC assuming adequate agitation and

a repeatability of the set point of i.O.OZOC. The temperature con-
troller had two controlled electrical outlets each rated for 750

watts capacity. Immersion heaters of 750 and 500 wstts were used.

The hot bath fluid was General Electric Type SF 1154 silicone oil.

This fluid had excellent optical characteristics' across a wide tempera-
ture range.

Cold Bath. . The low temperature bath was designed and instrumented
for a temperature range of -100°F to +80°F. A Yellow Springs Instrument
Company, Inc. temperature controller was used to control the bath fluid
temperature. This confroller had a manufacturer specification of a
sensitivity of + 0.05°C assuming adequate agitation. A 500 watt
immersion heater was used as a trim heater. A cascade refrigeration
system (Figure 6) was used to cool the bath fluid. The fluid used
in the cold bath was n-propanol. This alcohol has a very low freezing
point and a low vapor pressure. The vapof pressure at 50°C was 50 mm
mercury. This fluid was chosen specifically because of the low vapor
pressure to minimize evaporation when the cold bath was not in use.

A finned tube heat exchanger was immersed in the cold bath fluid to

serve as the bath fluid cooler and the refrigeration unit evaporator.

Pressure Distribution System

The pressure distribution system (Figure 7) provided a means for
introducing sample liquid into the pressure cell, controlling the
liquid level -in the viscometer reservoir, and measuring the pressure

exerted by the sample on the pressure cell.
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The in-line pressure controller and the Ruska screw pump provided
the motive force to move the sample liquid through the cross-arm to
the capillary tube of the viscometer. The in-line pressure controller
consisted of a cylinder with a piston enclosed. The piston was
attached to a screw‘drive. The Ruskavscfew pump was used at high
system pressﬁres. Adjustment of either screw mechanism changed the
system volume»and thereby the system pressure. Pressure exerted(by
the sample liquid was contained in the in~line pressure éontroller
by means of a series of "Viton" O-rings. Table III lists the number,

size, and Parker part number of the O-rings.

TABLE III

IN-LINE PRESSURE CONTROLLER SEALS

Number Inside Outside Compound Parker
Diameter Diameter Part No.
inches inches
3 1.600 2.020 Viton 2-326
2 1.864 2.004 Viton - 2-32

Removal of air from all portions of the pressure distribution
system was done with a Duo-Seal vacuum pump prior to filling the
pressure cell and viscometer with sample liquid. The vacuum pump

was manufactured by the Welch Scientific Company.
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Instrumentation

Figure 8 shows the schematic diagram of the instrumentation used
during this study. The temperatures of the cdnstant temperature bath
and the sample liquid were measured with copper-constantan thermocouples
referenced to 32°F. The thermocouples were manufactured by theFConax
Corporation (Part No. T-SS12-G-T3-MK125A-24") with lead wires 36
inches long.

The System pressﬁre was measured by a pressure transducer and a
compound gauge. A Consolidated Electrodynamics»Corporation Model 4-317
pressure transducer was used to measure pressures outside the range
of the compound gauge. The range of allowable pressures for the trans-
ducer was from 0 to 2500 psig. A five volt direct current was
required to excite the transducer. A Hewlett-Packard Model 6204B,
Serial Number 1138A01806, power supply was used as the five volt power
source. The compound gauge was used to measure low system pressures
and vacuum. The Ashcroft gauge had pressure increments of 1/2 psi
from 0 psig to 30 psig. The vacuuﬁ side had graduations of 1 inch
of mercury from 0 to 30 inches of mercury vacuum.

With the exception of the Ashcfoft compound gauge, all instru-
ments had millivolt outputs. The output from each sensor was measured
by use of a Leeds and Norfhrup Model 8686 millivolt potentiometer.

The potentiometer allowed millivolt readings between ~16 mV and +16 mV.

All instrument calibrations are shown in Appendik c.

Absolute Viscometer

The absolute viscometer experimental apparatus consisted of the
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test capillaries, pump, temperature bath, system pressure gauge, and
differential pressure gauges (Figure 9). The viscometer used a posi-
tive displacement pump to deliver a steady flow of test fluid through
one of the test capillaries. The inlet pressure, temperature, flow
rate, and the pressure drop through the capillary were measured. These.
measurements and the capillary constant allowed the viscosity of the
test fluid to be calculated. The components of the viscometer are

described in the following sections.

Test Capillaries

The absolute viscometer used three test capillaries. Each capillary
was constructed from 304 étainless steel. Table IV lists the capillary
dimensions. The test capillaries were manifolded with inlet and outlet

valves, pressure taps, and thermocouples.

TABLE IV

CAPILLARY DIMENSIONS

Nominal Nominal ~

Outside Inside Length
Diameter Diameter

inches inches inches

0.0625 0.0065 ~19.125

0.0625 0.0185 18.250-

0.125 0.055 18.4375
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The manifold Blocks, inlet and outlet valves, and the thermo-
couple assemblies were manufactured by Autoclave Engineers, Inc. The
manifold block details are shown in Figure 10. The inlet and bﬁtlet
valve details are shown in Figure'll. A typical thermocouple assembly

is shown in Figure 12.

Positive Displacement Pump

The test liquid w;s forced through the capillaries by a Ruska
Piston Pump, Model Number 2254-803-00, Serial Number 17753. This
positive displacement pump could deliver a charge capacity of 250 cm3
at flow rates between 0.1 and 10 cm3/min. The pump was driven by a
variable speed, direct current electric motor manufactured by the
Morse Division of Borg-Warner Corpqration. The electric motor Was'
connected to the pump with a chain drive transmission manufactured
by Turner Uni-Drive Company, Model Number 2M2-4 RR, Serial Number
70-10077. The transmission had gear fatios of 1:1 and 4:1.

-The pump had a slightly varying delivery rate as a function of

system pressure. The calibration curves are shown in Appendix C.

Temperature Bath

A fluidized bed sand bath was used to heat and control the tempera-
ture of the ﬁest liquid. The heating medium, sand, was heated by
electric heaters which were controlled by a proportional temperature
controller. The sand bath and associated temperature controls were
manufactured by Procedyne Corporation. The temperature controller

was a Procedyne Thermocal Model TH-050. The bath was fluidized by
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Parts List
Ni;ﬁzr Description
1 Stem Drive Adapter
2 2 Lock Nut
3 Lock Nut
4 Thrust Washer
5 Set Screw
6 Sleeve
7 Gland
8 Thrust Washer
9 Lock Nut
10 Spacer
11 Packing
12 Packing
13 Washer
14 Stem Housing
15 Lens Ring
16 | Stem

Absolute Viscometer Inlet - Outlet Valve Details
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) Item
No.
o~ .

Parts List

Description

Electrical Connector QDHT

1/8" Stainless Steel Tube

Sealant

MWl

0.020" 0.D. Thermocouple

N

—®

Absolute Viscometer Thermocouple Assembly

Details
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the flow of compressed air through the sand bed. A rotameter measured

the flow rate of the compressed air.

System Pressure Measurement

The system pressuré was measured with a Martin-Decker bourdon
tube pressure gauge Model Number WA30-0600-1, Serial Number 6540. The
gauge had scale divisions of 10 psig from O to 6000 psig. The bourdon
tube was isolated from the test liquid with an isolétion bellows.

The system pressure was transmitted to the gauge through the bellows
to the bourdon fubé. Silicon oil was used to fill the bourdon tube
to facilitate ease of cleaning the viscometer between different test

samples.

Differential Pressure Measurement

Two different pressure gauges were used to measure the pressure
drop across the test capillaries. "The gauges were ITT Barton Model
227 differential pressure indicators. The high range gauge, Serial
Number 62566, had divisions of 2 inches of water on a scale from O
to 300 inches of water. The low range gauge, Serial Number 67612, had
divisions of 1/2 inch of‘ water on a scale of 0 to 70 inches of water.
These differential pressure gauges were connected to the ends of the
test capillaries at the manifold blocks. The piping to the gauges
required purging to ensure that no gas waé trapped in the lines.
Trapped gas would give erroneous readings on the differential pressure

gauges.
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Temperature Measurement

The bath, capillary inlet and outlet, and system outlet tempera-
tures were measured with chromel-constantan thermocouples. The milli-
volt output from the therm;couples was displayed on a digital voltmege:.
The voltmeter was a Newport Laboratories, Inc. Model 2000-1, Serial
Nuﬁber 1376. Thermocouple outputs were displayed to the nearest 1/100

of a volt. All thermocouple readings were referenced to 32°F.
Experimental Procedure

The experimental procedures'for each type of viscometer used
during this study are presented in the following sections. The
experimental procedure for the kinematic viscometer precedes the

procedure description for the absolute viscometer.

Kinematic Viscometer

Zeitfuchs crossfafm capillary viscometers were used for all
kinematic viscosity measurements. The viscometer constant was deter-
mined by calibration with distilled water. Calibration of the viscome-
ters with a fluid of known viscosity provides a common basis for all
viscosity measurements. A change in value of the viscosity of the
calibration fluid, supported by new experimental evidence, would alter
the calibration constant. The‘expérimental data could easily be

updated by use of the new value for the calibration constant.

Calibration gﬁ_Viscometer

The viscometer was first cleaned thoroughly by three alternating
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washings with absolute ethanol, distilled water, and acetone. The
’viscometer,was dried by flowing dry, filtered air through the viscome-
ter. The viscometer’feservoir was filled to the prescribéd level and
secured to the pressure cell top flange. After the pressure cell top»l
flange had been bolted to the pfeséure cell body and the external
.connections made, the constant temperature bath was filled with bath
fluid. A slight suction was applied to the capillary exit tube to
start the calibration fluid flowing down the capillary tube. After
flow had been initiated, the flow would continue due to siphon action.
Two coupled eleétric timers were uséd to measure the time necessary

to fill the measuring bulb from the lower to the uppef timing marks

on the viscometer. The electric timers were manufactured by The
Standard Electric Time Company. Qne timer had divisions Qf 1/100 of

a second with a total measurable time of 60 seconds. The other timer
. had divisions of 1/100 of a minute with a total measurable time of

60 minutes. The coupled timers allowed measurement of flow times

as long as one hour. After a measurement was completed, a slight
pressure was applied to the capillary exit tube and the flow reversed.
When the calibration fluid had éompletely returned to the viscometer
reservoir, the measurement process could be repeated.

The first measurement was conducted with a dry capillary and

was th'recorded. ‘Subsequen; ﬁeasureﬁents were made with the capillary
tube wetted from previous meésﬁrements. Bennett (5) made an extensive
study of viscosity measurements using a wetted Zeitfuchs capillary
viscometer and found that the measurements were reproducible. The

reader is referred to his work for an elaboration on the subject.
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In this study, thg viscometer calibration and experimental measure-
ments were made with a wetted capillary viscoﬁeter.

Due to the large volume of bath fluid in the constant temperature
bath and the ability to hold ambient temperature for a time sufficient
to conduct the nec;ssary measurements, a temperature control system
was not required for the calibration.

The viscometer measuring bulb and reservoir were illuminated by
a 15 watt green fluoreécent-lamp. Observation of the bulb was made
through a 14 power cathetometer. The cathetométer allowed use of a
smaller capillary than would be possible with an unaided eye. A vis-
cometer with a smaller capillary tube affords the advantage of longer
flow times. For a constant time error, a longer flow time gives a
smaller relative error. All calibration measurements were made under
conditioﬁs identical with éxpérimental techniques. Two series of
calibration measurements were made. The flow times and viscometer
constants are tabulated in Appendix C. The distilled water density

and viscosity data are from the Engineering Sciences Data Unit (64).

Preparation of Experimental Apparatus

While the equipment was dismantled, the viscometer was cleaned
in the manner preﬁiously described. The viscometer was attached to
the pressure cell top flange (Figure 5). The top flange was bolted
securely to the pressure cell body and the external piping connections
were made. The flow system was checked for leaks with compressed
ga;. After the system was found to be without leaks, the pressure

cell and flow system were vented. The vacuum pump was started and
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the system was evacuated to approximately 28 inches of mercury vacuum.
The system was pressured to approximately 30 psig with test gas,
vented? and evacuated again. This procedure was repeated a total of
threg times to ensure that air was removed from the system. Bagzis (4)
showed that such a sweepingvprocedure resulted in aﬁ evacuatioh eduiva—
lent to 0.11 micron of mercury. The reader is referred to his work

for a more detailed discussion.

The procedure for filling the viscometer reservoir and the
pressure cell differed for different classes of test fluids. The
alternate filling procedures are described in the sections that follow_
for condensible gases and liquids, respectively.

Condensible Gases. After the sweeping procedure had been com-

pleted, the pressure cell was cooled below ambient  temperature and
the condensible gas was allowed to flow into the flow system. The
pressure cell was filled until the system pressure equaled the outlet
pressure of the test gas regulator. The filled pressure cell was
permitted to reach the temperature for measurement. When the desired
temperature had been reached, the level of the liquid in the viscome-
ter reservoir was lowered to the height of the reverse bend of the
viscometer. The system was then allowed to attain equilibrium.
Liquids. After the sweeping procedure had been completed, a
bottle of test liquid was attached to the pressure cell top flange.
The appropfiate valves were opened and the test liquid was allowed
to fill the viscometer reservoir and the pressure cell by gravity.
The temperature controller was set to the desired temperature and the

pressure cell was allowed to stand until the desired temperature was
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reached. The level of test liquid in the viscometer reservoir was
lowered to the height of the viscometer reverse bend. The system was

then allowed to attain equilibrium.

Operation

To measure the viscosity, all system valves were closed except
valves C and D. The voluﬂe of the system was increased by the Ruska
screw pump or the in-line pressure controller. The resulting decrease
in pressure in the capillary exit tube caused the test fluid to flow
into the capillary tube. After flow had been initiated, valve C
was closed and valve E was opened to equalize the ﬁressures across
the flowing fluid. The flow of the sample fluid continued due to
siphon action. Electric timers were used to measure the flow times
between the timing marks on the viscometef;

At the conclusion'of the measurement, valve E was closed and
valve C opened. The pressure on the exit tube was increased by manipu-
lation of the Ruska screw pump or the in-line pressure controller
which caused the test fluid to return to the viscometer reservoir.

The measurement procedure was repeated to provide reproducibility
of the flow times. When the flow times remained consistent for
several measurements, equilibrium was assumed. The temperature
could then be changed and a new series of measurements taken.

After éompleting the series of measurements, the bath medium
was removed and the cell depressured by opening valves C, D, and A.
The apparatus could then be dismantled, cleaned, and recharged for

another series of measurements.
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Absolute Viscometer

The absqlute viscometer was used strictly for saturated and sub-
cooled liquid viscosity measurements. The inlet'and outlet valves
on the manifold blocks allowed selection of éapillary sizes. The
viscometer constant was found by determination of the geometric

quantities, radius and length, for each capillary.

Preparation of Viscometer

The absolute viscometer flow system was drained, flushed with
air, filled with a suitable solvent, drained and dryed with air prior
to any experimental measurements. The pump was then filled with test
liquid and the flow system pufge& of all air. 1In general, the purging
step required a complete pump charge of test liquid.

The following steps were completed prior to starting an experi-
mental measurement. The flow system was pressure tested for leaks
to approximately 3000 psig. The capillary was selected. Temperature
and pump speed controls were set to appropriate values. The rotameter
was opened to fluidize the sand bath. The differential and system
pressure gauges were set to zerorafter a steady no-flow condition had

been attained.

Operation

The operation of the absolute viscometer was not difficult. The
most critical requirement was to insure that no air or other non-

condensible gas was trapped in the instrument lines.
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After preparatory steps were completed, the pump was refilled
with test liquid and an experimental run was started. The test
section inlet valve was opened after a few milliliters of saﬁple
entered the flow system. The back pressure regulator was set to
the desired system back pressure. The flow ;ystem attained steady
state flow conditions after approximately 50 ml of test sample had
entered the piping. The following experimental data were recorded:
thermocouple readings (T.C. 1, T.C. 2, T.C. 3, and T.C. 4), pump
speed, back pressure, atmospheric pressure, and differential
pressure.

The readings were checked at equal intervals during each pump
charge of test 1iquid. Four to five data readings would be recorded
for each pump charge, temperature, and back pressure. After the
pump was empty, the preparatory steps were repeated to do another data

run. (The cleaning steps were done when the test liquid was changed.)
Materials Tested

The materials tested, purity and suppliers are listed in Table

V. The listed purities are quoted from the supplier specifications.
Composition Analysis

A F & M Scientific Company Model 500 Serial Number 1008 gas
chromatograph was used to determine the mixture compositions for the
ethylene-propylene binaries during this study. The column was a 1/4
inch diameter copper tube six feet in length packed with 30/60 mesh

silica gel. Auxiliary equipment is listed in Table VI.
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TABLE V

TEST MATERIAL SPECIFICATIONS

Material Supplier Grade Minimum
‘ ' Purity
mol 7
Argon Matheson Gas Products Matheson 99.9995
Ethanol U. S. Industrial Chemicals Co. Absolute -
Ethylene Phillips Petroleum Co. - 99.8
Helium . Linde Specialty Gases Commercial 99.99
Hydrogen Linde Specialty Gases Commercial 99.95
Methane Phillips Petroleum Co. Pure 99.0
Nitrogen Matheson Gas Products Matheson 99.9995
n-Octane Phillips Petroleum Co. Pure 99.0
n-Octanol Fisher Scientific Co. A.C.S. Certified -
n-Propanol  Fisher Scientific Co. A.C.S. Certified -
Propylene Phillips Petroleum Co. Polymerization 99.0
TABLE VI

AUXILTIARY CHROMATOGRAPH EQUIPMENT

Equipment Type Manufacturer Model Serial Number
Integrator Perkin-Elmer D2 ~GC 06053
Printer Kienzle D11-E 1719

Isolation Transformer Kuhnke 150 vA 17243




! ' 51

Helium was used as the carrier gas at a flow rate of approximately
60 ml/min through both ports of the detector block. The bridge current
was set at 175 mA. The column and block temperatures were set at
125°C for isothermal operation. A Hamilton Company Model 1725NCH
250 ul gastight syringe was used to inject gas éamples. The calibra-
tion curve for this equipment for ethylene and propylene binaries

is shown in Appendix C.



CHAPTER IV
RESULTS AND DISCUSSION OF RESULTS
Absolute Viscosity Measurements

Absolute viscosity measurements for ethanol, n-propanol and
n-octane in the critical région were measured using the absolute
capillary viscometer. The apparatus was also used to determine the
effect of system back pressure on n-octane and n-octanol.

The viécosity behaviot of e;hanol and n-propanol in the critical
region appeared to be normal. The results are illustrated in Figures
13 and 14. These measurements did not reach the critical temperature
because the operation became unstable at higher temperatures. The
viscosity of ethanol at the highest temperature point was substantially
higher than other measurements. The system ﬁressure was below the
saturation pressure (vapor pressure) of ethanol. The low system
preésure allowed the fluid to become two phase in the flow system
which resulted in an erroneous high viscosity. The low visposity of
n-propanol at the lowest temperature point had no apparent explanation
other fhan error in apparatus operation.

The viscosity of n-octane had a significant decrease in the
critical region. This behavior has been observed by Khalilov (30)
for isomers of n-octane and monocyclic hydrocarbons. Points that
deviate from the curve shown in Figure 15 resulted from either opera-

tional errors or measurements taken in the two phase region.
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The viscosities of n-octane and n-octanol under back pressures
up to 1000 psi are illustrated in Figures 16 and 17, respectively.
The twb materials show similar pressure effects - the isotherms are
linear over the pressure range of this study. The slope of the
'kisotherms for both materials decrease as the temperatufe increases.
Extension of these results to higher pressures is not recommended
because other workers (10,45) have published results showing non-linear

behavior for fluids at higher pressures.
Kinematic Viscosity Measurements

The viscosity of n-octane under gas blankets of argon, helium,
hydrogen, methane, and nitrogen was measured using the kinematic
viscometer. The isotherms for eaph mixture are non-linear for gas
pressﬁres up to 1000 psia. The results are shown in Figure 18.

The argon - n-octane isotherm was concave in shape and approached
1inearity at high pressure. The isotherms of n-octane with helium,
hydrogen, and nitrogen were convex but approached ;inearity:at pressures
greater than 500 psia. The nitrogen - n-octane isotherm showed an
initial decrease with pressure then increased rapidly at the higher
pressures. The methane - n-octane isotherm showed a very sharp decline
then appeared to asymptotically‘approach a constant viscositybvalue.

The saturated liquid densities for the n-octane mixtures with
hydrogen, methane, and nitrogen were calcﬁlated using the G.P.A. K&H
computer program (65). The absolute viscosity values for these mixtures
are shown in Figure 19. The isotherms are similar in shape to the

kinematic viscosity isotherms but show slight decrease in curvature.
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The saturated liquid densities changed with mixture composition which
resulted from the increasing gas blanket pressure. The densities and
liquid compositions are tabulated in Appeéendix B.

The kinematic viscosity of n-octanol was measured at saturation
conditions at temperatures between 98°F and 155°F. The kinemafic
viscosity decreased rapidly with increasing temperature. The saturated
liquid density of n-octanol was not available for calculation of the
absolute viscosity. The kinematic viscosity behavior of n-octanol
is illustrated in Figure 20.

The kinematic viscosity of n-octanol under gas blankets of argon,
helium, hydrogen, methéne, and nitrogen was measured with the kinematic
viscometer. The isotherms were convex in shape with the exception
of the nitrogen - n-octanol curve which was concave. The mixtures of
n-octanol with argon and hydrogen decreased with low pressure initially
then increased with pressure. The methane - n-octanol isotherm
decreased throughout the pressure range. Figure 21 illustrates these
results. |

The saturated liquid densities and mixture compositions could
not be estimated or measured with analytical equipment présently
available. Therefore, the absolute values for the viscosity of these

mixtures are not presented.
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CHAPTER V
RECOMMENDATIONS AND CONCLUSIONS

Two types of experimental equipment were used‘during this study.
This section contains recommendations for equipment modification or

changes in operational procedures.
Kinematic Viscometer

The kinematic viscometer functioned very well for all systems ex-
cept the binary system of ethylene and propylene. Recommended equipment
modifications are the installation of a liquid trap between the
in-line pressure controller and the constant temperature bath and
changing the type valvgs used as valves D and E.

The installation of a liquid trap between the in-line pressure con-
troller and the constant temperature bath would help keep condensate
out of the piping system; Currently, no method exists to collect the
condensate which can form a liquid plug in the equipment piping. This
occurred during measurements of pure components, especially the cali-
bration fluid. The only way to clear the lines is to open the flow
system and flow dry filteréd air through the lines. The loss of time
was not excessive but unnecessary. |

Replacing valves D and E with some type quick-openihg valve
would ease the operation at the beginning of each test run. These
valves must be opened to equalize the pressures across the capillary

64
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tube; The valves must be closed to enable the operator to férce the

test fluid back up the capillary tube. Many valves of the type currently
used failed during measurements. The 1o§s of time and fitting costs

were substantial. ' Electrically operafed solenoid valves would be the

most desirable replacements.

Equipment Malfunction

ﬁeasurements of the kinematic viscosity for ethylene - propylene
binary mixtures were not done. The experimental apparatus malfunc-
tioned during measurement attempts. Bubbles formed in the viscometer
capillary tube causing flow to stop during most of the experimental
runs. Runs made with no apparent bubble formation were inconsistent.
Flow times varied + 1007% between_consecutive runs. The causes for
these experimental difficulties have not been determined. The liquid
composition of the mixture under test was found to be 3.2 mole percent
ethylene and 96.8 mole percent propylene. The behavior of the mixture
should have been very similar to pure liquid propylene.

Future studies should include a definitive investigation to
determine the equipment limitations. Some areas for future work
are equipment limitations, experimental procedure (technique), test
fluid volatility) height of liquid in the viscometer reservoir,
differences in the vapor and liquid densities, and consideration of
the capillary size asiit affects the range of viscosity values that

can be measured.
Absolute Viscometer

The absolute viscometer experimental apparatus was easy to operate
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and data could be collected much faster than with the kinematic
viscometer. Mechanical problems encountered during this study were
valves failing to remain operable and cleaning the system between
runs on different test samples. The fluidized me&ium, sand, entered
the valve stem packing after a very short period of time causing the.
valves Eo become inoperable. The flexibility designed into the
apparatus was thus impaired. Measurement precision did not achieve
the desired level. Geometric capillary dimensions and differential
pressure measurements were the major sources of error. Improvements
in the design and instrumentation are discussed in the following

sections.

Valve Manifold Blocks

The primary reason for inclusion of the valve manifolds was to
provide flexibility in the range of viscosities to Be measured. The
galling and subsequent failure of the valves during operation resulted
in a lack of flexibility and many times caused equipment "down time."
Also, the measurements generally were conducted using a single
capillary over the temperature and pressure range of interest. There-
fore, deletion of the valve manifold will not greatly hamper the
operation of ‘the absolute viscometer. The anticipated result is an
increase in operation time which will increase the amount of data
collected. A block modification deleting the valve arrangement is
illustrated in Figure 22, Tables VII and VIII show anticipated
pressure losses due to su&den contractions and expansions. The

capillary tubes, differential pressure and temperature sensors require
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TABLE VIT

ANTICIPATED MAXIMUM PRESSURE LOSSES DUE TO SUDDEN PIPING EXPANSIONS

Temperature Maximum Maximum Expansion Percentage
°c Velocity Pressure Drop Pressure Drop Error
cm/sec in H,0 in H,0
2 2
20.0a 13.149 300.000 0.0345 0.0115
140.02 67.891 300.000 0.8444 0.2840
260.0b 125.738 300.000 2.4570 0.8444
20.0b 104.340 293.800 2.1500 0.7293
140.0b 104.340 56.913 1.9960 3.5313
260.0C 104.340 30.729 1.6889 5.5273
20.0 11.800 3.760 0.0230 0.6218
140.0° 11.800 0.729 0.0215 2.9172
260.0° 11.800 0.393 0.0184 4.6828

a - small capillary
b - mid-sized capillary
¢ -~ large capillary

TABLE VIII

ANTICIPATED MAXIMUM PRESSURE LOSSES DUE TO SUDDEN
PIPING CONTRACTIONS

Temperature Maximum Maximum Contraction Percentage
°c Velocity Pressure Drop Pressure Drop Error
cm/sec in H,0 in H,0
. 2 2
20.02 13.149 300.000 0.0138 0.0046
140.0% 67.891 300.000 0.3455 0.1152
260.0; 125,738 300.000 0.9980 0.3301
20.0b 104.340 293.800 0.8444 0.2840
140.0b 104.340 56.913 .0.7677 1.3818
260.0 104.340 30.729 0.6756 . 2.2263
20.0° 11.800 3.760 0.0115 0.3071
140.0° 11.800 0.729 0.0092 1.2283
260.0° 11.800 0.393 0.0077 1.9192

a - small capillary
b - mid-sized capillary
¢ - large capillary
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mechanical support in the temperature bath. This is the only reason
to keep a set of blocks in the design.

The flexibility of different capillaries for different ranges of
viscosities can be maintained by simply changing the size of capillary
between test runs. The redesigned blocks have an added benefit
inherent in the design. Fittings throughout the apparatus will be
standard, i.e., inventories of multiple type fittings will no longer
be necessary.

Cleaning ofvthe fiow‘system will continue to be a problem because

[

no easy modification will alleviate this particular trouble area.

Capillary Dimensions

The length of the capillary used to calculate the viscosity must
be the distance between the pressure taps rather than the actual
capillary tube length. A standard capillary length of 20 inches should‘
be guaranteed during fabrication of the capillaries. The length would
then be the summation of the capillary length and the distances between
the capillary connections and the centerline of the pressure.taps.

The distances between the capillary connections and the centerlines
of the pressure taps would be fixed during fabrication and remain
constant for all capillary tubes. The preceding assumes that the
fittings would not often be replaced.

The capillary radius must be determined experimentally. The
difference in weights between the empty.capillary and the capillary
filled with mercury would be a simple method to determine the average

radius of each capillary. Equation 7 illustrates the calculations.
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1/2
r = l:(mHg - me)/pHgTrTZ] 7

The only anticipated experimental difficulties would be ensuring that
the capillary tube was completely filled with mercury and that the
ends were adequately sealed for weighing. The ends of the capillary

could easily be sealed with a tubing fitting.

Differential Pressure Measurement

Currently, differential pressure gauges are used to measure the
pressure drop acrosé tﬁe capillary tubes. The gauges appear to behave
well. However, zero shifts do occur and the slight readjustments
could affect the gauge calibrations.  The scale divisions of the
gauges make differentiation of fractional readings difficult. vInstalla—
tion of a differential pressure transducer should eliminate the prob-
lem of fractional readings. The zero shift would not be eliminated,
but the shift could easily be determined and allowances made for the

associated errors.

Absolute Viscometer Charging with LPG

Materials

Liquefied petroleum gases (LPG) are transported under pressure
in cylindrical tanks. The deéigﬁ of the outlet from the cylinders
ensures a vapor product. However, the absolute viscometer must be
charged with a liquid test sample. Therefore, a scheme to recondense
the LPG is required. Two designs were considered - a compression -

recondensation scheme and a chilled condensation scheme.
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Compression - Recondensation Scheme

The design criteria assumed for the compression - recondensation

charging process are as follows:

6.

7.

Room temperature = 8OOF;

Compress the test gas to 700 psiaj

‘Compressor efficiency = 607%;

Condense the high pressure stream with cooling water;
. )
Cooling water outlet temperature = 120 F;
3

Absolute viscometer system volume = 750 cm™;

Charging time = 1 min.

Figure 23 is a schematic flow diagram for this process. The process

conditions are noted on the diagram.

A one horsepower compressor is sufficient to charge the system

with liquid. The required cooling water flow rate is 25 gal/hr.

Chilled Condensation Scheme

This proposed process simply requires a one liter cylinder

immersed in a cold bath to condense the LPG and fill the cylinder.

The cylinder is then removed and connected to a device to pump the

liquid into the absolute viscometer flow system. The pumping step

may be done using either a liquid dip tube in the condensing cylinder

connected to a centrifugal pump or a mercury displacement system

pressured with compressed air.

The second alternative presented above will be the cheaper process

to build.

However, difficulty with mercury displacement systems has



Proﬁylene

‘———;—» 120°F

Condenser 90°F 750 cm3

Absolute

80°F, 175 psia

Figure 23.

Viscometer
Flow System

700 psia o
S 79°F
Compressor Cooling Water

Schematic Flow Diagram for Charging Absolute
Viscometer with LPG Type Materials
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been encountered in the past. Therefore, the mercury displacement
process should be tried first and if no difficulties are encountered
continued. The other alternative should be remembered in case opera-

tional difficulties arise.
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ANALYSIS_OF ERROR
Method and Evaluation

Errors associated with experimental measurements are considered
to be three types. '"Systematic" errors result from improper calibra-
tion of measuring devices. '"Operator'" errors result from experimental
blunders. ''Random'" errors are inherent in all experimental measure-
ments because the experimental equipment has limitations in precision
in design. The random errors are the only type of error that are
amenable to statistical treatment to estimate the experimental error.

In general, a function W depends upon several independent vari-

ables, W, . Mathematically, for an experiment i,

wi = W(Wl ’Wz ’W3’ . . . ’Wn) (8)

An error in W Awi, is equal to the sum of the errors of the inde-

i’

pendent variables.
n v
My = I (5] Sw, " (9)

Squaring both sides of Equation 9 and considering that the experiment

was conducted m times

m m n ‘
T (Awi)2= T T (—E-’—W——)dw. Qo)
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Dividing both sides of Equation 10 by m and utilizing the statistical

2
definition of the variance, o, the following equation results

n n

02 +2 I T B W )W o ¢ (11)

w, . . W.W, ow, ow, W, W,
j i=1 j=1 i'j i h| i3

2 0 W |2
oﬁ =z ow
j=1 |

where 5w w is the correlation coefficient of the pair Wi W
ij J
This equation can be simplified with the assumption that the indepen-
dent variables are not correlated, i.e., 5w w. - 0. The:reSulting
i3

expression for the variance of W becomes

. ow, w.
j=1 h| h|

n 2
2o 3 (aw) ) 12)
W
Additional simplification results by dividing Equation 12 by wz and
taking thé square root of the resulting expression. Performing these

operations, the following equation results

GW n .
_W- = X —L i (13)

The quantity —%-is the fractional standard deviation of the dependent
variable W. Multiplication of the fractional standard deviation by
100 changes this to the percent deviation. Equation 13 was used as

i

the basis for the error analysis for this study.
Kinematic Viscometer

The relationship between the kinematic viscosity, v, and time,

t, for this study was shown to be
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Kt (5)

<
Il

Using Equation 13 the fractional standard deviation in kinematic

viscosity is

1/2

2 o_y 2
t
+ |\ ) (14)

The viscometer constant, K, and the efflux time, t, were evaluated
experimentally. The error in K was calculated from the calibration

' I -6
measurements and was found to have a standard deviation of 8.84 x 10

T ———
for viscometer #U-3501.

To illustrate the errors assoqiated with the kinematic viscosity
measurements, two sets of experimeﬁtal data were selected for calcula-
tion of the percent standard deviation of the kinematic viscosity. The
experimental measurements of n-octanol and n-octane with a "methane gas
blanket" were selected. The n-octanol data required extremely long
efflux times. The n-octane with a methane gas blanket required short
efflux times. These data illustrate the general range of errors
associated with the kinematic viscosity measurements done with viscome-
ter #U-3501. The results are tabulated in Tables IX and X.

The errors in the absolute viscosity, u, can also be found using
Equation 14 with an additional parameter, density. The density was
calculated using the G.P.A. K&H program (65). Density is a function
of temperature, pressure and the validity of the correlation. To

evaluate the errors associated with the density, Equation 13 was

used in the following form
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KINEMATIC VISCOSITY PERCENTAGE DEVIATIONS N-OCTANOL

Temperature, (q’K/K)2 ol Time, (o /t)2 (o /v)(100)
o t t V
F sec
98.0 5.02 x 100  5.098 1482.7922 1.18 x 10> 0.410
114.0 5.02 x 1070 5.176- 1038.7490 2.48 x 10 0.546
122.0 15,02 x 107%  1.108 958.5846 1.34 x 10°° 0.252
{ . _ _
142.0 1 5.02 x 10°°  0.818 720.4808 1.29 x 10°° 0.251
155.0 5.02 x 1078 1.358 589.9044 5.30 x 1070 0.321
TABLE X
»KINEMATIC VISCOSITY PERCENTAGE DEVIATIONS
N-OCTANE WITH METHANE‘GAS BLANKET
Temperature, (o /K)2 o Time, (0./t)2 (o /v) (100)
. o K t t V)
F sec :
104.5 5.02 x 107 1.186 178.795 4.40 x 107 0.700
104.2 5.02x 1070 0.629 165.243  1.45 x 107> 0.442
140.8 5.02 x 1070 0.289  152.095 3.61 x 10°° 0.294
101.0 5.02 x 10°°  2.515  152.212 2.73 x 1074 1.667
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_ 2 2
02=(a_p) 02+(_a_p_) ;2 *c (15)

where C is the estimated correlation error, T is the temperature, and

P is the pressure of the system. The partial derivatives were evaluated
by numerical techniques using the computer program. Table XI shows

the examples selected for the analysis of errors in the liquid density.

Table XII shows the deviations found for the density from Equation 15.

TABLE XI

SELECTED EXAMPLES FOR ERROR ESTIMATE

Mixture Temperature Pressure Kinematic Viscosity
o psia centistokes

n-Octane - ‘

Hydrogen ’ 103.0 '156.34 0.69347
n-Octane -

Methane 104.5 116.38 0.70544
n-0Octane -

Nitrogen 105.0 484 .41 0.71751

The form of Equation 14 used to evaluate the errors in the abso-

lute viscosity was
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2 2
o o]
% (_2) N I e (16)
u v p
The results of the calculations are shown in Table XIII.
TABLE XII
DENSITY STANDARD DEVIATIONS
Tempg;ature _g_% a T %% GP g o
Op psi gm/cm

103.0 0.00047 2 - 0.00001 1 0.00024

104.5 0.00045 2 0.00005 1 0.00023

105.0 0.00047 2. 0.00001 1 0.00024

TABLE XIII
ABSOLUTE VISCOSITY PERCENT DEVIATIONS
Tempgrature o . o a a a
F P £ — —2(100)
p Vv !

103.0 0.00024 0.69119 0.00035 0.0032 0.322

104.5 0.00023 0.68574 0.00034 0.0070 0.701

105.0 0.00024 0.68798 .0.00035 ~ 0.0080 0.801
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From the preceding error analysis, the sources of error are very
i
close to the same magnitude. The measurement technique should not be

altered to attain more precision because the errors are essentially

minimized.
Absolute Viscometer

The relationship between the absolute viscosity, u, and the
geometric and experimentally measured quantities; r, L, (AP) and Q,

was shown to be

U= — (6)

Using Equation 12, the fractional standard deviation in the absolute
viscosity is

2 42 2 ; 2
o 1/2
.\ (_Q an

e

Equation 17 was used to estimate the minimum experimental fractional
standard deviation associated with measurements made with the absolute
viscometer during this study. Reasonable estimates of the standard
deviations in r, L, (AP) and Q are 0.0001 in., 0.05 in., 0.01 (AP) and
0.001 ml/sec,vrespeétively. Thesé estimates were based on the scale
divisions of the instruments involved and the measurements made to
determine the geometric quantities. Table XIV illustrates the frac-
tional standard deviation in the absolute viscosity expected for each

capillary size based upon the assumed standard deviations.
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TABLE XIV

ANTICIPATED FRACTIONAL STANDARD DEVIATIONS
IN ABSOLUTE VISCOSITY

Capillary o g o] o) o]
Radius = iLL- _ap 2 B
in r AP Q H
0.00325 0.03077 0.00261 0.01 0.037 0.1289
0.00925 0.01081 0.00274 0.01 0.037 0.0578
0.02750 - 0.00364 0.00271 0.01 0.037 0.0411

To determine which variable has the greatest effect on the frac-
tional standard deviation of the absolute viscosity, selected values
of the standard deviation for each variable were chosen and applied
in Equation 17. 1In each case, the standard deviations of all other
variables were held constant. Tables XV through XVIII show the results
of the calculations. Figures 24 through 27 graphically illustrate

the functional behavior of 0u/u as a function of each wvariable.

Effect of Capillary Curvature on Liquid

Viscosity Measurements

The effect of curved pipes on the motion of fluids has been
analized in great mathematical detail by Dean (17,18). The first
article cites only qualitative results from his analysis. 1In the
second paper, Dean attempts to quantify thé results of the first
paper. However, his results (by his own admission) are only order of

magnitude estimates. No attempt was made during this study to present
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TABLE XV

°4/u AS A FUNCTION OF RADIUS STANDARD DEVIATION

]

o _H

r M
=0.00325 - r=0.00925 - r=0.0275
1.0 x 107° 0.0404 0.0387 0.0385
2.0 x 107° 0.0457 0.0394 0.0386
3.0 x 10°° 0.0533 0.0406 0.0387
4.0 x 107° 0.0625 0.0422 0.0389
5.0 x 1072 0.0726 0.0441 0.0391
6.0 x 107° 0.0833 0.0464 0.0394
7.0 x 10°° - 0.0943 0.0489 0.0398
8.0 x 10 0.1057 0.0517 0.0402
9.0 x 107 0.1173 0.0547 0.0406
1.0 x 10"4 0.1289 0.0578 0.0411

TABLE XVI
0u/u AS A FUNCTION OF LENGTH STANDARD DEVIATION

Gli

% I
r=0.00325 r=0.00925 r=0.0275
0.01 0.12892 0.05781 0.04103
0.03 0.12893 0.05783 0.04106
0.05 0.12894 0.05787 0.04112
0.07 0.12897 0.05794 0.04120
0.09 0.12900 0.05802 0.04132
0.10 0.12902 0.05807 0.04139




TABLE XVII
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ou/u AS A FUNCTION OF DIFFERENTIAL PRESSURE STANDARD DEVIATION

o

B
%ap u
r=0.00325 r=0.00925 r=0.0275
0.005 0.12865 0.05722 0.04020
0.007 10.12875 0.05743 0.04049
0.009 0.12887 0.05771 0.04089
0.010 0.12890 0.05787 0.04112
0.011 0.12900 0.05805 0.04137
0.013 0.12920 0.05847 0.04195
0.015 0.12943 0.05894 0.04261
TABLE XVIII
%/u AS A FUNCTION OF FLOW RATE STANDARD DEVIATION
. .
OQ -TJ—
r=0.00325 r=0.00925 r=0.0275
0.0005 0.12489 0.04817 0.025730
0.0007 0.12620 0.05147 0.031480
0.0009 0.12793 0.05558 0.037820
0.0010 0.12890 0.05787 0.041120
0.0012 0.13126 0.06287 0.047898
0.0016 0.13699 0.07409 0.061890
0.0020 0.14402 0.08640 0.076196




u
u

Fractional Standard Deviation of Absolute Viscosity,

0.12}

0.10}F

0.08}

0.06 |

0.04r

0.02 L

89

LEGEND

A r = 0.00325 in
VY r = 0.00925 in
o r = 0.0275 in

L [ 1 1 L

0.0
0.00

0.00002 0.00004 0.00006 0.00008 0.0001
Standard Deviation of Capillary Radius, o,

Figure 24. Fractional Standard Deviation of Absolute
Viscosity as a Function of the Standard
Deviation of the Capillary Radius



_H
u

Fractional Standard Deviation of Absolute Viscosity,

90

0.14
- A A- A 4 A—A
0.12 }
LEGEND
i A r = 0.00325 in
Vr = 0.00925 in
o r =0.0275 in
0.10 } :
0.08 |}
0.06 | —
\% 2% ‘\7 7 —
0.02 |
0.0 . - - : L L : ; : N .
0.0 0.02 0.04 0.06 0.08 0.10

Standard Deviation of Capillary Length, o,

Figure 25. Fractional Standard Deviation of Absolute
Viscosity as a Function of the Standard
Deviation of the Capillary Radius



u
u

Fractional Standard Deviation of Absolute Viscosity,

91

0.14
- A A A A A A A
S [ ) 3 [
0.12 }
LEGEND
i A r = 0.00325 in
/r = 0.00925 in
or = 0.0275 in
0.10 }
-
0.08 }
0.06 }
V. NNV \/ V
0.04 | o o—0—0—9 2 y
X
0.02 F
0.0 1 1 1 ‘ 1 1 ) L 1 }
0.0 0.004 -0.008 0.012 0.016 0.018

Figure 26.

Standard Deviation of Pressure Drop, GAP

Fractional Standard Deviation of Absolute

Viscosity as a Function of the Standard
Deviation of the Pressure Drop



u
u

Fractional Standard Deviation of Absolute Viscosity,

92

0.14 |
0.12

I A r =0.00325 in

YV T = 0.00925 in
0.10 } o ¥ = 0.0275 in
0.08 }
0.06 |
0.04 |
0.02 i L 1 L 1 (1 L L L J
0.000 0,0004 0.0008 0.0012 0.0016 0,0020
Standard Deviation of Flow Rate, qQ
Figure 27. Fractional Standard Deviation of Absolute Viscosity

as a Function of the Standard Deviation of the
Flow Rate



93

the mathematical model development done by Dean. The reader is
referred to the original works for more detailed information. The
pertinent results of Dean's work follow.

For slow fluid motion, Dean derived the following expression

K'=2R° r/R - (18)

where
K' = single flow variable
Ré = Reynolds' number
r = rallius of curved tube
R = radius of curvature (180O bend)

An expression was derived for the flow flux through a curved tube,
Fc’ as a function of the flow flux through a straight tube, FS, and

K', defined in Equation 18.

r=j

7=1- (X'/576)7(0.03058) (19)

S

Equation 19 can be easily converted into a percentage error expression

(g - Fc)

F
s

(100)‘='3.058‘(K'/576)2 ’ (20)

Using the transport properties tabulated by the Engineering Science
Data Unit (64), the results in Table XIX were calculated for three
temperatures. To insure that the calculated percentage errors were
maximized the maximum possible flow rate was used in each case, i.e.,
the ratio of AP/Q was at the maximum value. All capillaries had

approximately two inch radii of curvature.



94

TABLE XIX

ERRORS RESULTING FROM CAPILLARY CURVATURE

Tempgrature Velocity Density  Viscosity - Reynolds' Percentage
C cm/sec gm/cm3  centipoise Number Error

20.0% 13.149 0.99820 1.0020 0.2163 3.3 x 10_14
140.0% 67.891 0.92587 0.1941 5.3470 1.2 x 10_8
260.0% 125.738 0.78407 0.1048 15.5310 8.8 x 10—7
20.0° 104.340  0.99820  1.0020 0.9962 1.2 x 10720
l40.0b 104.340 0.92587 0.1941 23.3870 3.7 x 10_5
260.0b 104.340 0.78407 0.1048 36.6820 2.2 x 10—4
20.0° 11.802  0.99820  1.0020 1.6430 7.9 x 107
140.0° 11.802 ~ 0.92587  0.1941 7.8650 4.1 x 107°
260.0° 11.802 0.78407 0.1048 12.3350 2.5 x lO_5

a - small capillary
b - mid-sized capillary
¢ - large capillary

?

The results tabulated in Table XIX show that the curvature effects

on the measurement of the absolute viscosity are negligible.

Analysis of Errors Due to Entrance and

Exit Piping~Configurations

The effect of piping configuration on the measurement of the
absolute viscosity are generally considered to result from sudden
!
contractions and/or sudden expansions in the piping. The worst

possible case for each configuration is sharp-edged geometry. McCabe

and Smith (38) show the relationship between pressure drop and
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configuration changes is a function of flow velocity and the cross-
sectional areas of the respective pipes. These authors presented

Equation 21 for sudden contractions and Equation 22 for sudden

expansions. _
Sy Ty
h, = 0.4 (1 -2 (21)
fc Sb 2 g
Sa 2 6;2
h, = (1 -2 , (22)
fe sb 2 ¢

In Equations Zl'and 22, the subscripts a and b refer to upstream

and downstream, respectively. To express the results in pressure

drop units of measurement, these equations must be multiplied by the
fluid density. Water was selected to calculate the configuration
effects because the physical properties are readily available. Tables
XX and XXI illustrate the maximum percentage errors predicted for

the entrance and exit configuration effects, respectively. The maximum
possible flow rates were used in the calculations. Three temperatures
were considered.

As shown in Tables XX and XXI, the maximum percentage error
anticipated for entrance and exit piping configurations reached 5.513
percent of the pressure drop. Thé absolute viscosity is directly
proportional to the pressure drop so that the same percentage error
would be associated with the measured.absolute viscosity.

The recommended redesign of the absolute viséometer should take
this source of error into account. The capillary entrance and exit

should be carefully machined to provide a smooth path for the fluid to
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flow. The smooth condition of the entrance and exit would eliminate

the pressure loss due to '"sudden'" contractions and expansions.

TABLE XX

MAXIMUM PERCENTAGE ERRORS PREDICTED FOR PTPING CONTRACTTIONS

Temgerature Maximum Maximum Contraction Percentage .
C Velocity Pressure Drop Pressure Drop Error
cm/see in. H,0 in. H.O
2 2

20.0% 13.149 300.000 0.0138 0.0046
140.02 67.891 300.000 0.3423 0.1140
260.0% 125.738 300.000 0.9944 0.3310

20.0b 104.340 293.800 0.8675 0.2950
140.0b 104.340 56.913 0.8047 1.4100
260.0b 104.340 30.729 0.6814 2.2200

20.0° 11.802 3.760 0.0106 0.2820
140.0C 11.802 0.729 0.0099 1.3500
260.0° 11.802 0.393 0.0083 2.1200

a - small capillary
b - mid-sized capillary
¢ - large capillary

Entrance Length Required for Flow Profile

to be 99% of Fully Developed

The velocity distribution for fully developed laminar flow is
_parabolic in shape. The preceding section on entrance and exit con-
figuration effects illustrated that the flow profile is disturbed

when the piping changes direction or contains sudden contractions
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and/or expansions. Knudsen and Katz (32) present an expression for

calculation of the length required to develop 99 percent of the fully

developed laminar flow profile.

L =0.115r R
e e

(23)

Table XXII presents the entrance length requirement for each test

capillary in the absolute viscometer.

TABLE XXI

MAXIMUM PERCENTAGE ERRORS PREDICTED FOR PIPING EXPANSIONS

Tempgrature Maximum Maximum Expansion Percentage
C. Velocity Pressure Drop Pressure Drop Error
cm/sec in. H,O in. H,0
‘ 2 2
-20.0a 13.149 300.000 0.0346 0.0115
140.0a 67.891 300.000 0.8550 0.0285
260.0a 125.738 300.000 2.4840 0.0828
20.0b 104.340 293.800 2.1570 0.0734
140.0b 104.340 56.913 2.0010 3.5160
260.0° 104.340 30.729 1.6940 5.5130
20.0c 11.802 3,760 0.0253 0.6720
140.0c 11.802 0.729 10.0234 3.2180
260.0° 11.802 0.393 ©0.0199 5.0460

a - small capillary

b - mid-sized capillary
c - large capillary

The results tabulated in Table XXII illustrate that the length of

capillary required to develop fully developed laminar flow is a small
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percentage of the capillary length. When compared to other sources of

error studied, the entrance length effect is nearly negligible.

TABLE XXII

ENTRANCE LENGTH REQUIREMENT

Capillary Capillary Reynolds' Entrance Percentage of Length

Radius Length Number Length Required for Flow

in in in Profile Development
0.00325 19.1250 15.531 0.00581 0.0334
0.00925 18.2500 36.682 0.03900 0.0214

0.02750 18.4375 12.335 0.03900 0.0212
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TABLE XXIII

ABSOLUTE VISCOSITY OF ETHANOL IN THE CRITICAL REGION

Temperature Pressure Pressure Drop Flow Rate Viscosity
o .

F - : psia in H20 nl/sec centipoise
346.4 304.25 21.800 0.0885 0.18741
394.9 394.37 18.357 0.0880 0.15871
394.3 555,80 19.143 0.0880 0.16550
437.1 579.64 4 17.288 0.0880 0.14946
456.6 837.95 16.871 0.0795 0.16145

TABLE XXIV

ABSOLUTE VISCOSITY OF N-PROPANOL IN THE CRITICAL REGION

Tempgrature Pressure Pressure .Drop Flow Rate Viscosity

F psia | in H20 ml/sec centipoise
343.8 151.99 26.600 0.0890 0.22739
391.2 226.10 28.720 0.1070 0.20421
401.1 290.31 27.540 0.1060 0.19767
401.1 571.14 © 27,743 ©0.1050 0.20102

442.9 383.52 23.629 0.1060 0.16960




TABLE XXV
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ABSOLUTE VISCOSITY OF N-OCTANE IN THE CRITICAL REGION

Tempgrature Pressure Pressure Drop Flow Rate Viscosity

: F psia ~ in HZO ml/sec centipoise
95.0 14.33 16.7690 0.03012 0.42357
183.0 14.30 11.9875 0.03046 0.29941
183.0 14.34 11.1250 0.03022 0.28008
292.0 40.89 7.7000 0.02924 0.20035
292.0 42,22 7.6880 0.02961 0.19754
393.0 132.64 15.0880 0.06000 0.19132
510.0 250;20 16.7130 0.08850 0.14368
558.0 534.90 14.3630 0.08800 0.12418
560.0 395.36 11.2950 ~0.08800 0.09765




ABSOLUTE VISCOSITY OF N-OCTANE UNDER PRESSURE

TABLE XXVI
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Temﬁgratﬁre Pressure Pressure Drop " Flow Rate Viscosity
 F psia in H,0 ml/sec centipoise
95.0 14.33 16.7690 0.03012 0.42357
93.0 127.20 17.8000 0.03053 b.44358
94.0 554 .47 18.3560 0.03022 0.46212
94.0 1028.71 19,0440 0.02965 0.48866

183.4 14.33 11.1250 10.03022 0.28010
183.0 135.08 11.2375 0.03123 0.27380
- 183.2 533.30 11.8500 0.03121 0.28890
183.4 1041.30 12.3560 0.03043 0.30890
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TABLE XXVII

ABSOLUTE VISCOSITY OF N-OCTANOL UNDER PRESSURE

Tempgrature Pressure Pressure Drop Flow Rate Viscosity

F psia in H20 ml/sec centipoise
245.9 16.33 89.5000 0.0905 0.7524
246.6 125.70 91.0000 0.0895 0.7736
246.9 527.95 93.0625 - 0.0880 0.8046
246.8 1019.21 95.7500 10,0875 0.8325
346.4 19.22 48,8130 0.0905 0.4104
348.1 148.86 49,5000 0.0892 0.4222
349.3 535.49 49.9400 0.0880 0.4318

348.8 1059.61 52.3750 0.0875 . 0.4554
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TABLE XXVIII

KINEMATIC VISCOSITY OF N-OCTANE UNDER COMPRESSED GAS BLANKETS

Compressed Gas Tempgrature Pressure Kinematig'Viscosity
F psia centistokgs
Argon 105.0 163.33 0.73661
Argon 105.0 519.49 0.76362
Argon 106.0 1003.57 © 0.78618
Helium 104.0 216.44 0.75740
Helium 104.0  486.42 0.74091
Helium 105.0 1030.44 0.77553
Helium 101.8 1030.49 0.75790
Hydrogen 103.0 156.34 0.69347
Hydrogen 100.8 151.28 0.65519
Hydrogen 102.0 515.28 0.71351
Hydrogen 101.8 1055.29 0.73261
Nitrogen 105.0 96.52 0.70860
Nitrogen : 105.0 . 484.41 0.71751
Nitrogen 104.0 992.49 | 0.77539
Nitrogen 103.9 © 1046.32 0.78641
Methane 104.5 116.38 0.70544
Methane - 104.2 506.39 0.65197
Methane 104.8 1024.33 } 0.60009

Methane 101.0 1064 .38 0.60055




TABLE XXIX

ABSOLUTE VISCOSITY OF N-OCTANE UNDER COMPRESSED GAS BLANKETS
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