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The purposé€ of this research was to study the effect of capil-
lary tube dimensions on the apparent viscosity of an unstable disper-
sion of two immiscible liquids. The study was limited to laminar
flow at a constant temperature,

The dispersions were composed of a commercial solvent,
Shellsolv 360, manufactured by the Shell Oil Company, and water,
The composition of the dispersions ranged from 5 volume % to 50
volume % solvent dispersed in water.

The laminar flow viscosities were determined by measure-
ments made using a capillary tube viscometer, Capillary tubes of
varying lengths and diameters were used to determine the apparent
viscosity at different flow rates. Measured viscosities of the dis-
vpersions were found to be dependent on the tube dimensions as well

as the flow rate.



Viscosities were calculated by means of Poisueille's equation

corrected for entrance and exit effects,

11'r4AP 6g pV
= = < _0.149 —
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where By is the measured apparent viscosity, r is the radius of
the capillary tube, APm is the measured pressure drop across the
tube, © is the elapsed time of a run, g, is the gravitational con-
version factor, p is the density of the fluid and V is the volume

collected in time 6,

The apparent viscosity of the dispersions increased with sol-
vent concentration and tube diameter and decreased with tube length
and flow rate. The diameter and length effects as well as the appar-
ent pseudoplastic behavior may be explained by the presence of a
film of the continuous phase adjacent to the wall, due either to radial
migration of the solvent particles or phase separation and coales-
cence, or both.

The dispersions showed changing behavior as they flowed
through the capillary tubes, the pressure drop over a given incre-
ment of tube decreasing along the tube length.

The relationship of relative fluidity versus volume fraction of
the dispersed phase compared favorably with the result of a previous

study.
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THE EFFECT OF CAPILLARY TUBE DIMENSIONS ON THE
VISCOSITY OF LIQUID-LIQUID DISPERSIONS IN LAMINAR FLOW

INTRODUCTION

In handling and transporting fluids, knowledge of the viscosity
is necessary for the prediction of friction losses and power require-
ments. The flow of water and other single-phase liquids is a re-
latively simple problem compared to complex multiphase systems.
These multiphase systems, which are frequently encountered in the
process industries, present a fertile area for study in that they show
different and sometimes contrasting behavior.

There has been considerable study of gas-liquid, gas-solid
and liquid-solid systems as well as combinations of these systems
such as liquid-liquid-solid dispersions. Relatively little has been
accomplished in the region of liquid-liquid flow. A recent review
article concerning chemical engineering flow topics listed only one
paper dealing with liquid-liquid dispersions.

Greater knowledge of the physical properties, especially the
viscosity, of liquid-liquid dispersions is necessary from a practical
standpoint in the design of process equipment.

The research described in this report is a study of the flow of
liquid-liquid dispersions in laminar flow in capillary tubes. The
effects of tube length and diameter on the viscosity are determined

for dispersions of various concentrations.



THEORY AND BACKGROUND

If portions of a mass of fluid are caused to move relative to one
another, the motion gradually subsides unless sustained by external
forces. This resistance to deformation or shear by a real fluid is
called the coefficient of viscosity, or more simply, viscosity.

Viscosity is defined by the relationship,

dy (1)

where T is the shear stress or the force F exerted tangentially on a
plane of area A to produce a velocity gradient %, or rate of shear,
perpendicular to the plane at the point of application. The coefficient
of viscosity B is a property of the fluid. Its numerical value for any
particular fluid is dependent upon the temperature, static pressure
and rate of shear.

The viscous force may also be expressed as a rate of momen-
tum transfer between fluid layers. The shear stress is equivalent
to a rate of change of momentum flux.

Basically, experimental methods devised to determine fluid
viscosities make use of Equation (1) in which a known shear stress

is applied to the fluid and the resultant rate of shear determined.

The viscosity is calculated from these two quantities.



In the capillary viscometer, a pressure difference maintained
between the two ends of a capillary tube causes the fluid to flow
through the tube. The force exerted by the pressure P on a fluid

cylinder of radius r is

F = mTr P, (2)

while the resistance offered by the surface of the cylinder, caused

by the fluid viscosity is, according to Equation (1),

du
F =2 Lp——. 3
4 Tr L dy (3)
For steady flow, F = -F . Assuming that the fluid velocity at the

P u

wall of the tube is zero, an equation is derived by which viscosities
may be calculated, knowing the pressure drop through the tube, the
tube dimensions and the volumetric flow rate,
TTI‘4AP 0
m

b =g v (4)

where r 1is the radius of the capillary tube; APm, pressure drop
measured across the tube; L, length of tube; V, volume of

measured efflux from tube; and 9, time to collect efflux.

Newtonian and Non-Newtonian Fluids

The viscosity of a Newtonian fluid is independent of the rate of

shear and depends only on temperature and pressure. Generally, all
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gases and liquids and solutions of low molecular weight exhibit New-
tonian behavior.

The viscosity of a gas increases with increasing temperature;
the viscosity of a liquid, which is much larger than that of the same
substance in its vapor state at the same temperature, decreases with
temperature. The viscosity of an ideal gas is independent of pres-
sure, but the viscosities of real gases and liquids usually increase
with pressure.

At constant temperature and pressure, the viscosity of a non-
Newtonian fluid is a function also of the rate of shear. These fluids
may be classified into several types: (1) Bingham plastics, (2)
pseudoplastics, and (3) dilatant. Referring to Figure 1, for a New-
tonian fluid, the shear stress is directly proportional to the rate of
shear (curve I), A Bingham plastic (curve III) requires the applica-
tion of a finite yield stress to initiate flow. At stresses below this
finite stress, the material behaves like a solid; when this stress is
exceeded, the system behaves as a Newtonian fluid. A pseudoplastic
fluid (curve II) exhibits a continuous decrease of viscosity with an
increase in shear rate, approaching Newtonian behavior at very high
or very low rates of shear. The apparent viscosity of a dilatant
fluid (curve IV) increases with increasing rate of shear.

Figure 2 shows how the viscosities of Newtonian, dilatant and

pseudoplastic fluids are affected by rate of shear.
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Figure 2, Effect of Rate of Shear on Viscosity



Dispersions

Dispersion is a general term which may be defined roughly as
a quasi-homogeneous product resulting from a mixture of two or
more immiscible fluids or one or more fluids with finely divided
solids (39, p. 1196). The continuous phase in a dispersion is the
external phase, while the discontinuous, or dispersed phase is the
internal phase. If the internal phase is liquid, the dispersion is an
emulsion; if it is a solid, the dispersion is a suspension; and if it is
gas, it is a foam.

At low concentrations of a finely divided phase, a dispersion
behaves as a Newtonian fluid. As the concentration of the dispersed
phase increases to a certain critical concentration, the dispersion
becomes non-Newtonian. However it is an over-simplification to
classify non-Newtonian dispersions as Bingham plastic, pseudo-
plastic or dilatant. It is known that the classification of a fluid, and
even the numerical values assigned to its rheological properties, is
dependent upon the experimental conditions under which the measure-
ments are made. At different shear rates, a given dispersion may
behave as a Bingham plastic, a pseudoplastic or, at very high rates
of shear, even as a Newtonian fluid (31).

At constant temperature, the viscosity of dispersions depends

upon several factors (3):



1. Volume concentration of dispersed phase

2. Rate of shear

3. Viscosities of continuous and dispersed phases

4, Size and shape of dispersed particles

5. Distribution of particles

6. Interfacial tension

In general, as the concentration of the dispersed phase in-
creases, viscosity increases to a maximum value. For a liquid-
liquid dispersion, inversion occurs when the maximum value is
reached due to interchange of the phases.

Einstein (15) considering the problem of two phases, formulated

the equation,

b, = B (1+ ko) (5)

m

where ko is the apparent viscosity of the dispersion; Mo viscosity
of continuous phase; ¢, volume fraction of dispersed phase; and
k, Einstein constant, 2.5. Equation (5) is derived for dispersions
of uniform, rigid spheres which are separated by distances much
larger than the sphere diameter, and are non-agglomerating and
low in concentration. The equation is limited to volume fractions
less than 0. 02 for the dispersed phase.

Many subsequent workers, attempting to correlate data, ex-

panded Equation (5) into polynomial form,
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where k is Einstein's constant and a and b are constants for a

particular dispersion. One example is that of Vand (57),
2 3
b= (142, 56+7. 3496 “+16. 2¢°). (7)

Taylor (54) proposed a modification of Einstein's equation
which includes the viscosity of the dispersed phase and which was
reported to be applicable to liquid-liquid systems,

+0. 4

v
d <) (8)

+'Ldﬂ'tc

= 1+2.,5
DR [1+2.5¢(
where My is the viscosity of the dispersed phase.

As an example of a logarithmic relationship, Leviton and

Leighton (25) obtained an empirical equation from data on oil-in-

water emulsions,

0.4
m H‘d+ K

5
In—— (———) (b+d
+'Lc +'Ld-H'Lc

/3611713y, (9)

Richardson (42) proposed an exponential relationship applica-

ble to oil-in-water emulsions,

wo=n (e (10)

where a is a constant depending upon the system.



Finnigan (17, p. 109) reported a correlation for petroleum

solvent in water,
= (142, 5445 6¢2) (11)
L . 5¢+5. .
Cengal (4, p. 76),working with the same system, reported
L2 -3
T (1+2.56-11,.01%+52, 62¢7). (12)

Higgenbotham, Oliver and Ward (21), working with spherical

particles of polymer, proposed the relationship,

"
= _i—
"m = (1 k) (13)
where k varied from 2.33 to 2. 46 for ¢ less than 0. 28.
Siebert (52) included the effects of interaction between the

li(iuid and particles,

) (14)

where k is the Einstein constant defined as 5 b/a, a and b are
parameters indicating behavior due to interaction of liquid and par-
ticles.

Nishimura (33) derived a relationship applicable for extremely

concentrated solutions of polymer by allowing for volume shrinkage,

d log p
& L ‘ba (15)
¢ (1-0)
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where a and b are empirically determined constants.
Saunders (46), working with a series of monodisperse poly-
styrene latexes, obtained experimental results with a capillary vis-

cometer which appeared to fit the equation,

- ko
b T oXP T (16)

with a value of 2. 504 for k in good agreement with Einstein's value
of 2. 5. The interaction coefficient X varied from 1. 118 to 1. 357
increasing with increasing particle diameter.

Thomas (55) showed that an expression containing three terms
of a power series and an exponential term with two adjustable con-

stants fit experimental data as well as a power series with six terms,

B = H, [ 1+2. 56+10. 05¢2+a exp (bd)] (17)

m

where coefficients a and b were 0.00273 and 16, 6 respectively.
Rutgers (45) reviewed 280 references on the effect of con-
centration on viscosity and concluded that only five relationships
(16, 27, 32, 53, 57) can be used for spheres over the entire con-
centration range.
Sherman (51) claimed that the emulsion viscosity is directly
related to the viscosity of the continuous phase but no other genera-

lization could be made regarding formulation variables.
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Viscosity Measurement of Dispersions by Capillary Tubes

The capillary viscometer provides a means of studying the
rheological properties of dispersions. Workers have found that the
apparent viscosity measured in this manner depended on the rate. of
shear as well as the tube dimensions, diameter and length.

It has been shown that the measured viscosity of a dispersion
increases with increasing diameter (16, 28, 57), Various explana-
tions have been given for this anomalous effect. Vand (57) assumed
slip to take place between the tube wall and dispersion, the dis-
persion acting as though there is a layer of pure fluid adjacent to the
wall. He theoretically determined this thickness to be 1. 301 a, where
a is the radius of a spherical particle. DeBruijn (11) states that
mechanical interaction of the particles causes their movement
perpendicular to the plane of shear. Near the tube wall, perpendi- °
cular movement can be in one direction only and therefore causes
shift of particles away from the wall.

Higgenbotham, Oliver and Ward (21) also reported a form of
wall effect present which causes the apparent viscosity of a disper-
sion to increase with increasing diameter.

Whitmore (58) suggested that particles entering the capillaries
along a streamline which passes closer to the wall than the particle

radius are displaced radially toward the more rapidly moving stream
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in the center of the tube. Photographs showed a longitudinal gra-
dient of concentration in the advancing front of dilute suspensions of
spheres.

Young (60), studying the flow of aqueous suspensions of fine
spherical glass particles in a vertical glass tube, noted a collection
of particles near the tube center in upward flow, while in downward
flow, they collected near the wall.

Segrtla and Siberberg (47) have correlated the radial particle
displacement, which they refer to as the tubular pinch effect, in a
system of reduced coordinates. These same investigators (48) were
the first to observe that particles migrated away both from the tube
axis and wall, reaching equilibrium at some intermediate radial
position.

Oliver (35) observed that rotating particles moved outward
while in the absence of rotation, the particles normally drifted to-
ward the tube center. He suggested that these radial movements may
not be marked at high concentrations when particle collisions be-
come frequent.

Karnis, Goldsmith and Mason (22) explained why rigid spheres
migrated to an equilibrium radial position, while deformable liquid
droplets migrated to the tube axis. In a subsequent investigation
(23), they also reported the effects of flow rate, particle size and

radial displacement from an equilibrium position on the rate of
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migration. Explaining the radial equilibrium position, they con-
cluded that when the sedimentation velocity is in the direction of flow,
the particles reach equilibrium at a radial position at which the in-
ward directed force arising from the proximity of the wall balances
the outward directed lift force.

The consequence of radial migration is that there is a lubrica-
ting action of the layer of pure liquid near the tube wall which reduces
the pressure drop for a given length of tube. Hence the observed
viscosity is less than would be expected for the dispersion itself.

In addition to the radial migration phenomenon, a major portion
of dispersions also exhibit a pseudoplastic behavior in which there
is a continuous decrease of the viscosity as the rate of shear in-
creases (13, p. 84, 42). Ostwald (37) and Philippoff (40) were the
first to propose that the flow curve (shear stress versus rate of
shear) of these dispersions consists of clear-cut sections: a New-
tonian region at low and high rates of shear, a pseudoplastic region
at medium rates of shear, and an increase in viscosity with the on-
set of turbulence.

Berkowitz (2), studying pipeline flow of coal-in-o0il suspensions,
reported pseudoplastic behavior at volume concentrations greater
than 10%. Claesson and Lohmander (9) reported pseudoplastic be-
havior of long stiff molecules of cellulose nitrate in ethyl acetate.

Shaver and Merrill (49) discussed pseudoplastic behavior of linear
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polymers in laminar, transition and turbulent flow.

Segr:e’ and Siberberg (47) noted the decrease in viscosity at
higher throughput velocities. They reasoned that as the radial par-
ticle displacements, mentioned previously, depend on the velocity
of flow, the viscosity due to the particles is velocity dependent.

Cengel and coworkers (5) observed a decrease in viscosity
with Reynolds number for a liquid-liquid dispersion of a petroleum
solvent in water for laminar flow. They however suggested that
this behavior could be due to phase separation, although some ob-
servations were made on vertical capillary tubes in which phase
separation may not have been significant.

An informative correlation (59, p. 28-33) in capillary vis-
cometry is the plot of shear stress at the wall versus a volumetric
flow rate term, as shown in Figure 3. Assuming that laminar flow
exists, that there is no slip at the wall, and that the rate of shear
at a point depends only on shearing stress at that point and is in-
dependent of time, all data should fall on one line regardless of the
tube dimensions. If the possibility of non-laminar flow can be ruled
out and the fluid is known to be time-independent, a separation of
the curves for different tube diameters can be interpreted as
evidence of anomalous flow behavior or slip at the tube wall. In
this case, as shown in Figure 3, by increasing the diameter at a

constant length or by increasing the length at constant diameter,
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f

Shear Stress at Capillary Wall, 1b /ft

Figure 3,

Flow Rate Term, 1/sec

Shear Stress at Wall of Capillary versus Reciprocal Second
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different values of shear stress at the wall are obtained for a given
flow (13, p. 144). Since viscosity depends upon shear stress, the

measured viscosities will depend on tube dimensions.

Corrections in Capillary Tube Viscometry

Van Wazer (56, p. 199-215) and Ram and Tamir (41) list and
discuss the major sources of error for capillary viscometers. Of
these, the most important is for pressure dissipated due to kinetic
energy losses at the exit. When a fluid stream discharges with high
speed from a capillary directly into air, the stream possesses an
appreciable amount of kinetic energy which may represent an
appreciable portion of the total pressure difference.

The correction is given by

v .2
AP = AP - mp(——) (18)

orr

where APm is the measured pressure drop and AP the corrected
value., Most investigators (24, 41) use a value of m = 1. 12 which
also accounts for the contraction correction effect from the large
diameter of a vessel into the capillary.

Langhaar (24) recommends m = 1. 14 in deriving the viscosity
relationship for a capillary, thus combining Equations (4) and (18),

4
Tr APmegC oV
= - 0,149 —, 19
: 8LV T1L8 (19)
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Bagley (1) describes a method of determining the entrance effect
correction by measuring pressure drops for various lengths of tube

and extrapolating the data to zero length.



18

EXPERIMENTAL EQUIPMENT

The flow diagram in Figure 4 illustrates the apparatus used to
determine laminar flow viscosities of liquid-liquid dispersions. The
design was based in part on an apparatus previously constructed to
study both heat transfer coefficients and laminar and turbulent vis-
cosities of liquid-liquid dispersions (4, p. 22-31, 17, p. 27-34),
Figure 5 shows details of the capillary viscometer and manometer

lines.

Supply Tank and Pump

A stainless steel supply tank was used for preparing the liquid
mixtures and for mixing. It was cylindrical in shape with a hemi--
spherical bottom and had a total capacity of 7.5 gallons. A square,
brass plate placed at the bottom of the tank, above the outlet opening,
acted as a baffle to prevent vortex formation. The plate was of such
a size and shape to allow sufficient flow between it and the hemi-

' spherical tank bottom.

A propeller-type agitator with a variable speed drive was
mounted on the edge of the tank. Although most of the mixing action
was provided by circulating the liquids through the system with the
pump, at very low flow rates through the system (high pressure),

the agitator provided all the mixing action.
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The pump was an Eastern Industries centrifugal pump driven

by a 1/2 horsepower electric motor.

Piping System

The piping system was constructed of nominal 1/2-inch brass
pipe, nominal 3/4-inch brass pipe, 3/8-inch soft copper tubing, and
sections of flexible polyethylene hose. The 3/4-inch pipe was located
between the supply tank and the pump, and between the pump and the
separation point of the by-pass and main streams. The copper tub-
ing, serving as a cooling coil, was attached to the bottom, horizon-
tal section of the system and immersed in an ice bath., The flexible
hose was located at the two efflux points of the system. All other
piping was 1/2-inch standard brass.

Referring to Figure 4, a 3/4-inch gate valve (number 1) was
installed between the supply tank and pump so that the piping could
be drained independently of the tank. A 1/2-inch gate valve was
placed between the pump and by-pass line (number 2) and between
the pump and main system (number 3). Both valves were used to
aid in controlling the amount of flow through the test section. With
the main system valve closed, changes could be made on the test
section without disturbing the mixing. Two 1/2-inch gate valves,
one located between the two points of attachment of the cooling coil

loop onto the main stream (number 4) and the other located on the
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loop (number 5) aided in controlling the liquid temperature by re-
gulating the flow through the loop. A 1/2-inch globe valve (number
6) was installed at the efflux point to regulate flow. Finally two
1/2-inch gate valves (numbers 7 and 8) were installed to facilitate
drainage of the supply tank and piping system.

All threaded connections were made using teflon tape to prevent
leakage. Unions were installed liberally throughout the system for
quick disassembly and repair of equipment.

A Fisher and Porter Company rotameter (number 9), with a
maximum capacity of 4. 35 gpm water, was placed directly above
the main stream valve. This served to indicate a steady flow through
the system and also offered visual assurance that no air bubbles had
entered the system. No attempt was made to measure flow rates

through the main piping system.

Test Section

Figure 5 illustrates the test section used to determine laminar
flow viscosities. The main flow was vertically downward through
the 1/2-inch brass pipe. The static pressure tap was located
directly opposite the inserted capillary by drilling a 1/32-inch dia-
meter hole perpendicular to the pipe wall and soldering a short
length of 1/4-inch copper tubing in place. The inside surface was

smoothed and cleaned with emery cloth to insure an opening free of
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burrs and flush with the inside pipe wall. The tap was connected by
tygon tubing to an 8-foot U-shaped, horizontal glass tube, followed
by another length of tygon tubing extending vertically to the mano-
meters. The horizontal section was installed to prevent transfer

of the dispersion solvent from the flow system to the vertical portion
of the line due to movement of the manometer columns. Transparent
tygon tubing and glass tubing were used in the manometer line to
enable visual assurance that no air was in the line and that only water
filled the line from the vertical section to the manometers.

One manometer contained water over mercury as the measur-
ing fluid and the other water over carbon tetrachloride, thus per-
mitting a wide range of pressure measurements to be made. The
mercury manometer was 3 feet in length and the carbon tetrachloride
manometer 4 feet in length, Individual meter sticks fastened to the
manometer board between manometer legs served as length scales.

The pressure gage, also connected to the pressure tap, was
used only to indicate directly the static pressure reading in psi.
These readings were not used in calculating the viscosities.

A glass capillary tube was inserted into the main stream and
held in place by two cylindrical sections of plastic, secured together
by four 2-inch, brass machine screws. This arrangement also
served to hold polyethylene and neoprene gaskets in place. A hole

drilled through the center of each section accommodated the copper
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tube of the pressure line and the glass capillary tube. The hole
drilled through the main pipe and one plastic section for the capillary
tube was sized for the largest capillary diameter. The capillary tube
was leveled by adjusting the tightness of the four screws.

The capillary tubes were heavy-wall, soft pyrex tubing. After
cutting to their proper lengths, the ends were smoothed by polishing
with progressively finer-grain emery cloth. To insure a level end,
the tube was held snugly upright in a hole drilled in a block of wood,
and the end rubbed against the emery cloth, using a circular motion.
This was found to be the best method after several futile attempts to
obtain a smooth end.

The diameter of each capillary tube was determined by weigh-
ing the mercury required to fill the tube. The tube dimensions are
listed in Table 1.

A 500 ml Erlenmeyer flask, fitted with an adaptor, served as
a collecting and weighing cup. The cup was placed in a large pan
supported on an adjustable platform. The liquid caught in the cup
was weighed on a triple-beam balance having an accuracy of 0.5
grams, Time of efflux of the weighed volume of dispersion was
measured by a stopwatch.

The temperature of the flowing dispersion was measured by
means of an iron-constantan thermocouple situated directly upstream

of the test section. The voltage was read from a Leeds and Northrup
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o
type K potentiometer. Temperatures were maintained at 70 FI

0.4°F.

Table 1. Capillary Tube Dimensions
Tube Length, Inside Diameter, Length/Diameter

Number inches inches x 102 Ratio
A- 6 6.02 1, 886 319
A-9 8.70 1,886 461
A-12 11.98 1,886 635
A-15 15,02 1. 886 796
B- 6 5.91 2, 661 222
B- 9 8.70 2, 661 327
B-12 11,77 2,661 447
B-15 14, 92 2, 661 561
C- 6 5.94 4,181 142
C-9 8.98 4,181 215
C-12 11.97 4.181 286
C-15 15,00 4,181 359
D- 6 5. 94 7. 559 77
D- 9 8. 94 7. 559 118
D-12 11. 89 7. 559 157
D-15 14, 94 7.559 198




26

EXPERIMENTAL PROCEDURE

The unstable liquid-liquid dispersion studied was composed of
a petroleum solvent, Shellsolv 360, dispersed in water. Physical
properties of the solvent was measured by Finnigan (17, p. 129-141),

The following pure liquids and dispersions (volume % solvent) were

studied:
1. Pure water 4. 20% solvent
2. Pure solvent 5. 35% solvent
3. 5% solvent 6. 50% solvent

After construction of the system was complete, the piping was
cleaned by flushing with sodium tripolyphosphate. The dispersions
were prepared by adding measured volumes of solvent and water to
the supply tank. A total volume of 5 gallons was mixed in the supply
tank. This was found to be the proper amount to avoid entrance of
air bubbles into the system as well as to avoid liquid splashing out
of the tank.

Samples were analyzed periodically to insure that proper mix-
ing was occurring and to check the composition. Table 2 shows the
measured compositions.

At each concentration, measurements were made of the mano-

meter liquid column, rate of efflux from the capillary tube and fluid



temperature. A series of flow rates through each capillary was

studied.

Table 2. Nominal and Measured Composition
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Nominal Volume % Measured Volume %
Solvent Solvent
5 4.9
20 20.0
35 35,6

50 51.3
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RESULTS AND DISCUSSION

Laminar Flow Viscosities

It was previously stated that the apparent viscosity of a non-
Newtonian dispersion depends on the experimental conditions under
which the measurements are made. In this study, the apparent
viscosity is a function not only of the shear rate but also of the tube
dimensions, diameter and length.

The viscosities were calculated by the modified Poiseuille's
equation (Equation 19) and used to determine the Reynolds numbers
in the capillary tubes. The Reynolds numbers were all in the lam-
inar range (i.e. less than 2000). The different cases studied are
summarized in Table 3.

Experimental viscosities of water, pure solvent and various
dispersions are plotted in Figure 6 as a function of Reynolds numbers
in the capillary tube. In Figure 6a, the viscosity of water agrees
well with the literature value (Figure 12) while the viscosity of the
pure solvent in Figure 6b agrees favorably with the value deter-
mined by Finnigan (Figure 12) using an Ostwald viscometer. This
agreement indicated that the apparatus gave satisfactory results.

Figures 6c, 6d and 6e show results for the dispersions for

tubes A, Figures 6f, 6g, 6h and 6i for tubes B, Figures 6j, 6k,



Table 3.

Summary of Cases Studied
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System

Capillary
Tube

Number
of Runs

System

Capillary
Tube

Number
of Runs

5% Dispersion

20% Dispersion

35% Dispersion

A- 6
A- 9
A-12
A-15
B~ 6
B- 9
B-12
B-15
C-6
C-9
C-12
C-15

A- 6
A- 9
A-12
A-15
B- 6
B- 9
B-12
B-15
C-6
C-9
C-12
C-15
D- 6
D- 9
D-12
D-15

A- 6
A- 9
A-12
A-15
B- 6
B- 9
B-12
B-15
C-6
c-9
C-12
C-15
D- 6
D-9
D-12
D-15
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61 and 6m for tubes C and Figures 6n, 60, and 6p for tubes D.
Several generalizations can be made concerning the behavior of the
dispersions. The measured apparent viscosity increases with sol-
vent concentration, it increases with tube diameter for a given
length and composition, and it decreases with tube length for a given
diameter and composition. The apparent viscosity decreases with
an increase in Reynolds number. For dilute concentrations in the
larger diameter tubes, Figures 6j, 6k and 6n, the viscosity appears
to increase with increasing Reynolds numbers.

Figures 6c, 6f and 6j show comparable viscosities for the 5%
dispersions. Comparison of Figures 6d, 6g, 6k and 6n however,
show that, for the 20% dispersions, the viscosity increases with
increasing diameter. This is more clearly evident with the 35% dis-
persions, Figures 6e, 6h, 6l and 60, and the 50% dispersions,
Figures 6i, 6m and 6p. For the 50% dispersions, at Re = 400, tube
C-9 gave a viscosity 25% higher than tube B-9, while tube D-9 gave
a value 30% higher than tube C-9.

Many previous workers (16, 28, 57) have noticed this diameter
effect for solid suspensions. This has been called the Sigma effect
(16). The phenomenon is explained on the basis of radial migration
of particles toward the faster moving liquid at the tube axis, thus
causing a reduction of the apparent viscosity because of the liquid

layer adjacent to the wall. Such a migration has been observed
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experimentally (28) by differences between the inlet and exit con-
centrations of the capillary. There is also photographic evidence
of this migration (23, 48, 58).

To explain the effect of radial migration on the apparent vis-
cosity, Maude (28) postulated that the amount of displacement is a
function of particle diameter and not the tube diameter. As the
thickness of the liquid layer adjacent to the wall depends upon the
particle diameter rather than the tube size, its importance increases
as the diameter of the tube is reduced, explaining the observed
effect that the measured viscosity decreases with decreasing tube
diameter.

Cengal et al. (5), working with a liquid-liquid dispersion, re-
ported a viscosity increase with tube diameter for solvent concen-
trations greater than 20%. He also attributed this to radial migra-
tion. Assuming that the thickness of the continuous phase liquid
adjacent to the wall is the same regardless of the tube diameter,
this liquid layer would have a greater effect for the smaller diame-
ter tubes since it represents a larger portion of the total fluid in
the tube. In this respect, it can be assumed that the larger diame-
ter tubes give a more accurate value for the viscosity of the
dispersion.

For the 5% dispersions, in Figure 6c, only the 15-inch tube

data can be differentiated from the others, while for Figures 6f and



41
6j, no effect of tube length is observed. For the 20% dispersions,
data fall on separate curves for all the A and B tubes, Figures 6d
and 6g, while separate curves are apparent only for the 15-inch
C and D tubes in Figures 6k and 6n. For the 35% and 50% disper-
sions, Figures 6e, 6h, 6i, 61 and 6m show separate curves for each
tube length of tubes A, B and C, and for the 9-inch D tubes in
Figures 60 and 6p. From these results, there appears to be a
concentration-tube diameter effect related to the tube length, that
is, tube lengths influence the apparent viscosity only above a certain
concentration for a given tube diameter.

In practically all cases where the tube length has an effect,
the viscosity decreases with increasing tube length. This again may
be explained on the basis of radial migration of the dispersed sol-
vent particles or on the basis of phase separation. For a constant
diameter, as the tube length is increased, the residence time of
the fluid in the tube increases for a given velocity. With a greater
residence time the formation of a layer of the continuous phase near
the wall may be enhanced. Also phase separation of the unstable
dispersion could be of importance. Phase separation may occur in
the form of a slug of solvent surrounded by a film of water adjacent
to the wall. In either case, the measured pressure drop for a given
length is reduced due to the lubricating action of the pure water

adjacent to the wall.
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For dispersions of 20% and higher concentrations, the appar-
ent viscosity decreased with increasing Reynolds numbers. This
behavior, which typifies a pseudoplastic fluid, has been observed
by other workers studying various non-Newtonian systems (13, p.
84, 43), and in fact appears to hold for the majority of non-New-
tonian systems. Ostwald (37) described three separate flow re-
gimes: (I) low rates of shear where viscosity decreased with in-
creasing rate of shear, (II) intermediate rates of shear where
viscosity was relatively constant, and (III) high rates of shear where
the viscosity increased due to the onset of turbulence. Region I is
clearly indicated in the figures. A tendency towards a constant
viscosity can also be seen.

The usual physical explanation (13, p. 85, 59, p. 4) of pseudo-
plastic behavior is that intermolecular or interparticle interactions
smoothly decrease with increasing rates of shear. Particles or
molecules, initially randomly oriented, align during shear so that
their interactions are minimized. Each layer of aligned particles
move parallel to the other with little interaction of the particles
between adjacent layers. Since the aligning forces of shear in-
crease with increasing flow rate, the particles become progres-
sively more perfectly aligned at higher shear rates, causing the
apparent viscosity to continually decrease until at extremely high

shear rates, no further perfection of alignment is possible.
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Cengal et al. (5) questioned the apparent pseudoplasticity of
their liquid-liquid system, claiming that the decrease in viscosity
with flow rate could be caused by phase separation and drop coales-
cence in the capillary. However, it appears that their reasoning
is faulty since phase separation would be more probable at low flow
rates resulting in a reduced viscosity at these flow rates

In Figures 6j, 6k and 6n, there is observed a definite in-
crease in viscosity with Reynolds number, indicating dilatant be-
havior. The usual explanation for dilatant behavior (13, p. 86)
assumes a high concentration, so the present case cannot be ex-
plained in these terms. It may however be explained by phase sepa-
ration at low flow rates which would account for the lower viscosity.
At higher flow rates, the effect of phase separation would not be so
significant because of low residence time in the tube.

Lindgren (26) observed, but left unexplained, a rectilinear
increase of apparent viscosity with Reynolds number for a dilute

suspension as well as for the flow of distilled water.

Deviation from Newtonian Behavior

Metzner and Reed (31) defined a characteristic quantity n',
sometimes referred to as the flow-behavior index, which is a

measure of the deviation of a fluid from Newtonian characteristics.
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The quantity n' is defined as

D AP
41,
32V
‘n'D3

d (log )

d (log )

For many fluids, a plot of log (DAP/4L) versus log (32V/TTD3)

is a straight line, thus n' is constant and the fluid obeys the power

law,
!
T-k (32" (21)
dy
When n' =1, the fluid is Newtonian; when n' is less than 1, the
fluid is pseudoplastic; when h' is greater than 1, the fluid is
dilatant. K', called the consistency index, defines the consistency

of the fluid. The larger the value of K' the '"thicker' or "more
viscous' the fluid. For a Newtonian fluid, n' = 1 and K' = .,
Figure 7 is a log-log plot of (D AP)/(4L)versus (32V)/(TTD3) for
water (7a), solvent (7b), and for dispersions for tubes A
(7¢c,7d,7e), tubes B (7f, 7g, 7h, 7i), tubes C (73, 7k, 71, 7m) and
tubes D (7n, 70, 7p). The values of n' are indicated, as deter-

mined by a least squares analysis of the data. Where distinguishable

’

nl

is indicated for each length of tube at each concentration, It
should be emphasized that the values of n' indicate the overall fluid

behavior within the entire tube length. The fluid may behave dif-

ferently at different portions of the tube length.
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For water and solvent, Figures 7a, and 7b, n' is 1.00 as it
should be for Newtonian fluids. In most of the other cases n' is
less than 1. 00 indicating pseudoplastic behavior. For the 5% and 20%
cases for tubes C, Figures 7j and 7Tk and the 20% case for tube D,

Figure 7n, n'

is greater than 1, indicating ditatant behavior,
These results verify Figure 6,

Where values of n' are distinguishable for different tube
lengths, these values generally decrease as the tube length increases.
Also n' increases with tube diameter for a given length and concen-
tration. This behavior is in agreement with Figure 3. Since the
range of Reynolds numbers is well within the laminar region, there
is either slip at the wall or some other anomalous behavior, or the
fluid is time-dependent, i.e. thixotropic. If the fluid is time-in-
dependent, the values of n' can be explained according to the radial
migration or phase separation effects previously presented,

Chinai and Schneider (8) determined the flow curves for a 10%
copolymer solution obtained with capillary tubes of different lengths
and same diameters. In agreement with Figure 3, they observed
that the wall shear stress corresponding to a given shear rate de-
creased with an increase of tube length. Metzner and Brodkey (30)
reported similar findings.

Figure 8 shows the effect of tube dimensions, in terms of the

L/D ratio, on the flow-behavior indices for different dispersion
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concentrations. The 5% dispersion demonstrates Newtonian behavior.
Although the other dispersions are Newtonian at low values of L/D,
they exhibit pseudoplasticity at higher L/D ratios. Again, this may
be explained on the basis of radial migration or phase separation.
At higher values of L/D, the probability is greater for the existence
of the pure continuous phase adjacent to the wall.

In Figures 9a,9b,9c, and 9d the corrected pressure drop AP,
is plotted versus tube length for the 5%, 20%, 35% and 50% disper-
sions respectively. Results are shown for different tube diameters
at a mass flux of 720 g/(sec)(in)2 or about 5 in/sec. Since there
are only four data points for each curve, a detailed quantitative
analysis is not justified. However various trends are indicated in
these figures,

For a given tube diameter, the slope of AP/L increases with
concentration, indicating that the apparent viscosity increases with
concentration. For tubes of larger diameter i.e. tubes B and C
in Figure 9a, and tube D in Figures 9b,9c and 9d, AP /L is a
straight line, indicating that the viscosity is constant throughout
these tubes, However the other curves show a decrease in AP /L
with increasing tube length. This is a strong indication of the pre-
sence of a lubricating film adjacent to the tube wall which becomes
significant as the tube diameter decreases and the tube length in-

creases. The decreasing slope of AP /L is especially evident for
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tubes A in Figure 9b and tubes C in Figure 9d.

These figures are especially informative since they indicate
that the fluid behaves differently at different portions along the tube
length. Where Figures 6, 7 and 8 showed that the dispersions acted
as a pseudoplastic fluid, Figure 9 gives a better insight of why this
is so, i.e. AP /L decreases with tube length. However, the cause
of this can only be speculated as arising from either radial migra-
tion or phase separation.

In Figure 10, the relative fluidity, defined as the ratio of the
viscosity of the continuous phase to the viscosity of the dispersion,
is plotted as a function of the volume fraction of the dispersed phase
for tubes A, B, C and D. The dispersion viscosities are those
determined from the initial slopes of the curves in Figure 9. For
comparison a previously determined curve (5) for liquid-liquid
dispersions in turbulent flow is included, denoted by the dashed line.
This curve fits the relationship Hc/Hm = e-2.5¢ which is applicable

at room temperature and is restricted to dispersions with viscosity
M

ratio range 1,0 < < 15,0 where pgq 18 the viscosity of the dis-

persed phase. "

The curves of tubes A, B, C and D indicate again that the dis-
persion viscosity increases with tube diameter at high concentrations.
The good agreement with the curve for turbulent flow indicates that

the dispersion viscosity in laminar flow is comparable to the visco-

sity in fully developed turbulent flow.
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CONCLUSIONS

A study has been made of the effect of tube dimensions on the
laminar low viscosities of an unstable liquid-liquid dispersion. The
dispersion was composed of a petroleum solvent in water.

Laminar flow viscosities, measured using a number of capil~
lary tubes of varying lengths and diameters, increased with solvent
concentration and tube diameter and decreased with tube length and
flow rate. The diameter and length effects may be explained by the
presence of a film of the continuous phase adjacent to the wall, due
either to radial migration of the solvent particles or phase separa-
tion and coalescence, or both.

In laminar flow the dispersions generally appear to behave as
a pseudoplastic fluid, the viscosity decreasing with flow rate through
the capillary. However this may also be a result of radial migration
or phase separation,

It was observed that a dispersion behaves differently as it
flows through the capillary tube, the pressure drop over a given
increment of tube decreasing along the tube length.

The relationship of relative fluidity versus volume fraction of
the dispersed phase compared favorably with the result of a previous

study.
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RECOMMENDATIONS FOR FURTHER WORK

The following recommendations for further investigation of

liquid-liquid dispersions are suggested:

1,

Use a photographic technique to observe any wall effects

or phase separation.

Devise an accurate method to measure the static pressure
at regular intervals along the capillary. This may pro-
vide a clue to the type of flow (finely dispersed, bubble,
slug, annular, stratified, etc.) occuring in each increment.
Determine the entrance effect.

Study the effect of tube dimensions on the viscosities of
other liquid-liquid dispersions.

Extend the study to cover solvent concentrations up to and

beyond the point of inversion.
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Symbol

gpm

Kl

APPENDIX A

NOMENCLATURE

Latin Letter Symbols

Explanation

Area

Constant in viscosity equations

Constant in viscosity equations

Diameter

Velocity gradient

Force

Mass flow rate
Gravitational acceleration
Conversion factor, 32.17
Gallons per minute

Height of manometer fluid
Consistency index
Einstein constant, 2.5

Length

Volume fraction in mixture

Measure of the non-Newtonian

behavior of a fluid

Pressure

68

Typical units

2
ft

ft
1/sec

lbf

g/ sec
f’t/sec‘2

(lbm)(ft)/(lbf)(sec)z

ft

cp

ft

1b f/ ft



psi

wt

69

Pounds per square inch
. 3
Volumetric flow rate ft™/sec

Reynolds number

Radius ft
o

Temperature F
Velocity ft/ sec

3
Volume ft
Mass flow rate b /sec

m
Sample weight g

Greek Letter Symbols

Explanation Typical units

Finite difference

Time sec
Viscosity cp
Apparent viscosity cp
Continuous phase viscosity cp
Dispersed phase viscosity cp
Dispersion viscosity cp

Constant , 3, 1416
. 3
Density b /ft
m
Shear force per unit area lbf/ft2

Volume fraction of dispersed phase



Symbol

SubscriEts

Explanation
Apparent

Continuous phase

Dispersed phase

Force (as in lbf)
Manometer fluid

Medium or mass (as in lbm)
Solvent

Water
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APPENDIX B

SAMPLE CALCULATIONS

Capillary Tube Radius Determination

Since the radius of a tube is used to the forth power in calcula-
ting viscosities, an accurate determination is important. Mercury
at room temperature was drawn into the bore of a previously tared
capillary tube. The weight and length of the mercury column was

measured, and the tube radius calculated by the following equations:

wt
V==r— = 1Tr2L
P
and
/ wt

V (miLie )2 53)°

. 3
where V 1is the volume of mercury, cm ; wt, weight of mercury,
g; T, capillary tube radius, in; and p, density of mercury, g/cm3.
For example, for capillary tube C-12, where wt=1, 01830, 003

g, p =13.53%0,01 g/cm> and L = 3. 3320, 005,

(1.018)

(m)(3. 332)(13. 53)(2. 53)°

0.0209 ¥ 0.0001 in,
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The probable error, t 0.0001 in was calculated by the formula,

:fj(ar)zs 2+(8r)zs 2+(8r )Zs 2
P owt’  wt oL L dp P

where P is the probable error in r and s is the probable error
inwt, L and p.
Four determinations of r gave the values, 0,0209 in, 0,0209

in, 0.0208 in and .0.0209 in. The standard deviation was t 0. 0001

in., as calculated by

§ot /2@

n-1

where § is the standard deviation, d is the deviation of a single

observation and n is the number of observations. The final value

of r was 0.0209 t 0.0001 in,

Laminar Flow Viscosity

The apparent viscosity of the dispersions in laminar flow was

calculated from the equation,

_(m(aP)O)n)Hp) (0. 149)(wt)
Fa = T (8)L)(wt) (m)(L)(6)

where o is the apparent viscosity, cp; AP, pressure drop across
2

the tube, lbf/in ; 0, elapsed time of measurement, sec; L, tube

length, in; wt, weight of dispersion collected, g; and p,

conver-

sion factor, 1,043 x 108 (g)(cp)/(lbf)(sec)(in).
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For run 35-27 with tube C-12, length 11.97 ¥ 0.05 in and
radius 0.0209 ¥ 0,0001, weight of efflux = 201,71 0.1¢g, AP = 29.7
mm Hg corresponding to 5.41 to.05 psi, and 6 = 180 T 2 sec,

_ (m)(5. 41)(180)(0. 0209) (1. 043)(10%) (0. 149)(201.7)
a (8)(11.97)(201.7) T (m)(11.97)(180)

= 3.00 T 0.05 cp.
The probable error was calculated as shown previously.

The Reynolds number was calculated by

Re = (D(u)p) _ (4)(C)(p)
b (D))

where D is the tube diameter, in; u, velocity of fluid, ft/sec;

p, density, lbm/ff3; B apparent viscosity; cp; G, mass flow

rates, g/sec; and p, conversion factor, 39.37 (in)(sec)/(cp)(g).

For run 35-27,

_ (4)(201.7)(39. 37) o
Re = (w)(0.0418)(180)(3.00)" 362110

Shear Stress at Capillary Wall

The shear stress at the capillary wall was calculated by

(D)(aP)
(4)(L) °

This quantity was plotted on a log-log scale against a quantity
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proportional to the rate of shear at the wall,

(32)(Q)
(r)(D°)

s

from which the non-Newtonian behavior of the particular flow system
was indicated. In the above equations, AP is the pressure drop,
lbf/ftz, corrected for entrance and exit effects using Equation (19);
D and L, the diameter and length of the capillary tube in ft; and
Q, the volumetric flow rate, ft3/sec.

For run 35-27,

(D)(AP) _ (0. 00348)(871)

(4)(L) ~ (4)(0.992)
Ib,
= 0,645 0.006 —
ft
5

(32)(Q) _ (32)(4.64)(10 )

and
(Tr)(D3) (w)(o0. 00343)3

-1.03t0.02x 10%
secC
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APPENDIX C

PROPERTIES OF FLUIDS AND MANOMETER CALCULA TIONS

Solvent and Water

The solvent used was a clear, colorless, commercial cleaning
solvent, Shellsolv 360, manufactured by the Shell Oil Company.

The solvent densities as a function of temperature, measured
by Finnigan (17, p. 133) are presented in Figure 11. The density
of water at various temperatures, from Perry (39, p. 175) are in-
cluded. Solvent viscosities at various temperatures, also deter-
mined by Finnigan, are reported in Figure 12 along with water vis~.
cosities reported by Perry (39, p. 374).

The density of immiscible liquid mixtures, such as the solvent-
water system studied, is an additive quantity and may be calculated

from the mixture law,

where NW is the volume fraction of water and NS is the volume

fraction of solvent in the mixture.
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Viscosity of Water and Solvent versus Temperature
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Manometer Calculations

The static pressure at the entrance to the capillary tube was
calculated from open U-tube mercury and carbon tetrachloride mano-

meter measurements. Referring to Figure 5, the static pressure is

g
P - - ].

c
. 2 . .

where P is the pressure, 1bf/ft ; h the difference in levels of the

manometer fluid, ft; 1, the level difference between the point of

interest and the manometer fluid in the left leg, ft; density of

P’
the manometer fluid, 1bm/ft3; P density of the fluid in the
manometer line (water), 1bm/ft3; g, acceleration due to gravity,
ft/sec; and g conversion factor, 32.17 1bmft/1bf secz.

The point of measurement corresponded to a height of 48.3 cm
on the mercury manometer scale and 66, 8 cm on the carbon tetra-
chloride manometer scale (Figure 5). Using these values to find 1
for each case, charts were made to facilitate conversion of mano-
meter liquid column measurements to static pressure in psi,

For example, for the mercury manometer, if the left leg

reads 55, 0Ocm and the right leg 45.0cm, h = 10,0cm, 1= 55,0 -

48.3 = 6, 7cm. With Py = 830 1bm/ft3 and p_ = 62.3 1bm/ft3,

P

[(10)(830) - (6.7)(62.3)(g)(p)/ &
1,83 psi
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. . -4 .3 . \2
where p is the conversion factor, 2.28 x 10 ~ (ft )/(cm)(in)”,
Figure 13 is the conversion chart for the mercury manometer,
and Figure 14 for the carbon tetrachloride manometer. The liquid
densities are those at room temperature which was about 800F

throughout the experiment.
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APPENDIX D

TABULATED DATA

The run number code is as follows: the first number or symbol represents the nominal com-
position and the second number represents the run number within the series. Thus, 5-1 is the first
run with 5% solvent in water, etc. Columns 2 to 6 are observed data and columns 7 to 10 are calcu-

lated data. In column 4, the manometer reading is in millimeters of mercury unless otherwise

indicated.
(1) (2) (3) (4) (3) (6) (7) (8) (9) (10)
Weight Time of 3
D) (AP)/(4XL 32X V)/( m XD
o Capillary Manometer Capillary efflux, (DY (AP 2X b (32X _)4( D),
Run no t, F tube no, reading, mm tube efflux, g sec {a, cp Re lbf/ft 10 /sec

5-1 69,7 B- 9 39,0 256,5 300 1,10 2300 0.806 1.65

2 69,9 B- 9 35.8 237.2 300 1.05 2110 0,742 1,53

3 70,3 B- 9 29.4 200, 5 300 1.04 1358 0.620 1.29

4 70.5 B- 9 24,2 167.1 300 1,04 1431 0,523 1,08

5 70,2 B- 9 17.9 127,1 300 1,05 1063 0. 398 0. 820

6 69.8 B-9 13,3 96.8 300 1,04 795 0.300 0.624

7 69.9 B- 9 10,3 85.1 300 0.91 709 0,230 0.548

8 70.2 B-12 23,7 118,3 300 1,16 641 0,490 0.761

9 69.5 B-12 29,2 141.4 300 1,15 773 0. 486 0.908

28



Appendix D -~ Tabulated Data (Continued)

(1) (2) (3) (4) (3) (6) (7) (8) 9) (10)
Weight Time of 3
o Capillary Manometer Capillary efflux, (D) AP)/(:X L) (32)(V){f4 ™ XD).
Run no, t, F tube no, reading, mm tube efflux, g sec |3 Cp Re ]bf/ft 10 /sec

5-10 70,2 B-12 33,6 162.0 300 1,15 874 0.551 1,04

11 70.4 B-12 37.7 182.0 300 1,15 996 0.619 1,17

12 70,2 B-12 37.7 178.6 300 1,17 955 0.616 1,15

13 69.5 B-12 42.4 198,7 300 1,17 1062 0.686 1,28

14 69,7 B-12 4.3 209,5 300 1,16 1130 0.718 1.35

15 70.2 B-12 46.1 214,6 300 1,19 1198 0.753 1,38

16 70,3 B-12 50.3 188,8 240 1,21 1339 0. 850 1,52

17 70,3 B-15 53.6 215,8 300 1,08 1258 0.701 1,39

18 69.5 B-15 46.4 257.5 420 1,10 1053 0.602 1,18

19 70.0 B-15 40.6 114,3 210 1,14 911 0.554 1,05

20 69.9 B-15 37.6 151, 5 300 1,12 851 0,506 0.976

21 70,1 B-15 33.9 88.4 195 1,14 748 0. 460 0. 876

22 70,1 B-15 30,2 124, 4 300 1,09 717 0.404 0. 800

23 69.7 B-15 25.0 103,0 300 1,08 544 0. 340 0.604

24 70,4 B- 6 24.6 222,7 300 1,07 1310 0.721 1,41

25 69.7 B- 6 21,1 193,7 300 1,08 1126 0.632 1,25

26 70,0 B- 6 20,1 184, 1 300 1,09 1068 0,608 1,19

27 70,2 B- 6 17,5 161.8 300 1,10 924 0.538 1.04

28 70,1 B- 6 14.0 134,1 300 1,10 765 0.447 0. 864

29 70,7 B- 6 12,2 116,2 300 1,10 666 0.387 0,748

30 69.8 B- 6 8.6 81.3 300 1,13 451 0, 292 0.524

31 69.8 A-12 41,2 103.5 630 1,15 243 0.413 1,54

32 69.6 A-12 44.4 78.2 450 1,17 397 0, 444 1,54

33 70,1 A-12 47.9 108,7 600 1,22 397 0.456 1,63

34 69.6 A-12 52.0 117.8 600 1,21 434 0.518 1,70

€8



Appendix D -- Tabulated Data(Continued)

(1) (2) (3) (4) (3) (6) (7) (8) (%) (10)
Weight Time of 3
o Capillary Manometer Capillary efflux, (D)( AP)/(:X L) (32XVZ( ™ XD,

Run no, t, F tube no, reading, mm tube efflux, g sec M2 cp Re lbf/ft 10 /sec
5-35 70.3 A-12 56,4 129,7 600 1.20 481 0.568 1.84

36 70.5 A-12 59.0 134.9 600 1,21 486 0.593 2,11

37 70.4 A-12 61.3 118,9 510 1,20 518 0.608 2,18

38 69.7 A-9 51,4 165.6 600 1,17 631 0. 694 2.58

39 70.1 A-9 54.1 139,7 480 1.16 671 0.726 2.72

40 69.7 A-9 45,2 202,2 840 1.20 930 0,622 2.26

41 70,1 A-9 39.3 124.8 600 1,20 464 0,537 1,95

42 70,2 A-9 37.3 116.0 600 1,23 420 0.512 1,81

43 70.3 A-9 31,7 95,1 600 1,29 316 0. 441 1,48

44 70,1 A~ 9 27.3 61.2 540 - - - -

45 70.1 A- 9 30.0 85.3 540 1,24 337 0. 423 1,48

46 69.9 A- 9 51,0 164,0 600 1,18 620 0.555 2.56

47 70.6 A- 6 44,6 239,8 660 1,06 916 0. 845 3.40

48 69.6 A- 6 54,8 181,0 420 1,07 1077 1,012 4,04

49 69.7 A- 6 35.8 174.9 600 1,08 722 0,692 2.73

50 70,1 A- 6 29.6 116.4 480 1,08 594 0. 576 2.28

51 70.3 A- 6 27.6 101,1 480 1,21 464 0. 549 ' 1,98

52 70.5 A- 6 24,7 73.3 360 1,07 508 0. 490 1,91

53 70,3 A- 6 21,8 76.1 420 1,08 448 0. 429 1,70

54 70,2 A~ 6 54,9 133.9 300 1,03 1153 1,008 4,18

55 70.9 A~ 6 40,6 185,6 340 1,01 910 0.761 3,22

56 70,0 A~ 6 27.6 58,1 240 1,01 640 0.538 2,26

57 70.3 A-15 54,7 98.8 480 0.99 554 0,443 1,93

58 69.9 A-15 57.6 104.0 480 0.99 584 0, 467 2,03

59 70.7 A-15 62.3 112,.8 480 0.99 633 0. 505 2,20

60 69.9 A-15 54,2 60.4 300 1,00 447 0.438 1,89

¥8



Appendix D -~ Tabulated Data (Continued)

(1) (2) (3) (4) (5} (6) (7) (8) 9) (10)

Weight Time of 3
o Capillary Manometer Capillary efflux, (D) (AP)/(:X L, (32XV_)‘/1( ™ XD,

Run no, t, F tube no, reading, mm tube efflux, g sec Ma, cp Re lbf/ft 10 /sec
5-61 70.3 A-15 59.8 67.2 300 1,00 599 0,487 2,10

62 69,7 A-9 59.4 98.4 300 1,04 841 0.799 3,20

63 70, 4 A- 9 50.3 99.0 360 1,15 639 0,679 2,71

64 70,2 A-9 39.5 63.7 300 1,20 476 0. 541 2. 16

65 70.2 A-9 45.6 158,5 300 1,20 534 0,615 2.46

66 69.8 C-12 28,2 560, 5 300 1,56 1160 0.561 1.62

67 70.0 Cc-12 23.9 424,3 240 1,34 1273 0. 456 1.52

68 70.0 Cc-12 12,9 291,8 240 1,08 1090 0.251 1,05

69 69,9 Cc-12 9.0 233,3 300 1,25 1128 0, 189 0.672

70 70.0 C-12 17.2 357.7 240 1,09 1326 0.327 1,28

71 70,2 Cc-12 33.3 422,3 240 1,89 900 0,640 2,02

72 69.7 C-6 30, 8 416, 5 150 1,81 1429 0.329 2,40

73 70.0 C-6 22,7 347.9 150 1.62 1384 0.727 2.00

74 69.9 C-6 7.0 250,3 180 1,21 1120 0, 240 1,20

75 69,7 C-6 6.3 183.7 180 1,14 765 0,230 0. 880

76 69,6 C-6 5.5 220.9 300 1,48 480 0.212 0,636

77 70.2 C-15 30,4 433,7 240 1.38 1269 0. 482 1.56

78 70.2 C-15 23.3 293,0 180 1,14 1385 0. 359 1,41

79 69,8 C-15 18,2 266, 4 180 1,21 1179 0.293 1,28

80 69.5 Cc-15 12,5 192,2 180 1,00 1029 0,206 0.924

81 70,1 Cc-15 8.9 136,4 180 1,03 710 0.150 0.656

82 70.3 C-9 19,9 325.4 180 1,38 1271 0. 479 1.56

83 70.0 C-9 15.6 289,4 180 1,26 1237 0.378 1,39

84 70.3 C-9 12,1 260, 2 180 1,03 1352 0,288 1,25

68



Appendix D -- Tabulated Data (Continued)

(1) (2) (3) (4) (3) (6) (7) (8) 9 (10)

Weight Time of 3
Capillary Manometer Capillg:ry efflux, (D) (APY(4XL),  (32XV)/( XD,
Run no, t, F tube no, reading, mm tube efflux, g sec M a, cp Re lbf/ft2 10-4/sec

5-85 70,3 c-9 7.8 176.7 180 1,08 875 0.204 0.848

86 70,7 c-9 6.5 141,0 180 1,12 631 0.170 0.676
20- 1 70,1 B-12 53,9 160.9 240 1,48 623 0.889 5.98
2 70.1 . B-12 47.0 168.7 300 1,57 500 0.791 5.01
3 70,0 B-12 41,5 140, 8 300 1,68 526 0.707 4,18
4 69.8 B-12 35,3 113,8 300 1,80 397 0.611 3.38
5 70,0 B-12 31,7 107.1 300 1,80 374 0.548 3.18
6 69.9 B-12 28,5 90.4 300 1,88 302 0,507 2,68
7 70,5 B-12 34,5 111,3 300 1,80 389 0,598 3.31
8 70.0 B-12 38,0 124,4 300 1,74 444 0. 655 3.70
9 70,0 B-12 43,6 144,2 300 1,71 529 0.737 3.73
10 70,0 B-12 48,9 172,7 300 1,69 641 0,823 5.14
11 70,3 B-12 55,5 207.2 300 1,59 820 0.916 6.15
12 69,6 B-9 25,5 214,9 540 1,63 461 0.585 3.54
13 70,2 B- 9 33,0 153,1 300 1,61 597 0,737 4,55
14 70,1 B- 9 38,0 177.3 300 1,60 697 0. 849 5.27
15 70.4 B- 9 42,1 196.6 300 1,58 780 0,927 5.84
16 70,0 B-9 46,9 224.4 300 1,52 924 1,02 6,67
17 70,0 B- 9 50,7 245,1 300 1,48 1039 1,18 7.29
18 70,2 B-15 41,0 127,0 300 1,48 538 0.559 3.77
19 70,0 B-15 45,5 152.4 300 1,35 709 0.613 4,53
20 69,6 B-15 50,9 130,4 240 1,40 731 0.681 4,84
21 70,1 B-15 53.9 182,1 300 1,31 871 0.717 5.42
22 70.0 B-15 56,7 231,2 300 1,08 1343 0.743 6,87
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Appendix D -= Tabulated Data (Continued)

(1) (2) (3) (4) (5) (6) () (8) ) (10)
Weight Time of 3
° Capillary Manometer Capillary efflux, (D) AP)/;4X D, « 32)(.\/_{4/( YD),
Run no, t, F tube no, reading, mm tube efflux, g sec pa, cp Re lbf/ft 10 /sec

20-23 70,1 B-15 58.3 198,1 240 1,01 1541 0,746 7.36
24 70,0 B-15 62,2 72,8 90 1,10 1385 0,795 7.23
25 70.2 B-15 57.0 191,1 300 1,33 905 0,757 5.68
26 70.1 B-15 60,0 215,3 300 1,23 1100 0,787 6.40
27 70,0 B- 6 30,3 209,0 300 1,53 858 0,951 6,22
28 70.2 B- 6 36.6 254,9 300 1,48 1081 1,13 7.53
29 69.6 B- 6 41,8 279,2 300 1,41 1244 1,22 8.30
30 69.8 B- 6 43,2 393,7 420 1,51 1167 1,28 8.36
31 69.7 B- 6 46.1 249,0 240 1,44 1358 1,34 9,24
32 70.3 B- 6 43.8 263,1 270 1,48 1113 1,29 8.68
33 69,9 c-12 20,4 228,0 180 1,72 720 0,421 1,13
34 69.7 C-12 27.3 278.7 180 1,87 801 0.560 1,39
35 69.8 C-12 32.9 376.6 210 1,91 795 0, 660 1,60
36 69.3 c-12 34,6 332,1 180 1,95 915 0,695 1,64
37 69.6 c-12 37.4 354,3 180 1,95 977 0,754 1,76
38 70.0 Cc-12 40,7 374.1 180 2,00 1050 0. 802 1,86
39 70,0 c-12 45,1 399,7 180 2,07 1038 0, 885 1,98
40 69,9 C-15 24.9 251, 5 180 1,53 705 0,412 1,25
41 69.9 C-15 30,2 297,2 180 1,53 833 0,488 1,47
42 69.6 Cc-15 34,9 338.7 180 1,59 915 0.579 1,68
43 70.0 C-15 38.1 363,2 180 1,55 1018 0, 602 1,80
4 69,7 Cc-15 4.3 388,2 180 1,59 1047 0,661 1,93
45 69.5 Cc-15 45.1 406,7 180 1,63 1072 0.710 2,02

46 69,8 C-6 9.5 201,0 180 1,67 646 0.356 0,996
47 70.0 C-6 14,5 287,7 180 1.68 921 0, 505 1,42
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Appendix D -- Tabulated Data (Continued)

(1) (2) (3} (4) (3) (6) (7) (8) 9) (10)

Welght Thme of (D) (AP)A4XL), (32XV)AT YD)
o Capillary Manometer Capillary efflux, 5 ’ 4 ?

Run no, t, F tube no, reading, mm tube efflux, g sec Ma, cp Re lbf/ft 10 /sec
20-48 69.6 C-6 19,4 345,6 180 1,93 960 0. 689 1,72

49 69.8 C-6 23,3 382.5 180 1,95 1054 0, 806 1.90

50 70,0 C=-6 26,5 397.5 180 2,20 971 0. 898 1,96

51 69.7 C-9 9.5 104.6 120 1,54 244 0,257 0.776

52 69.7 C-9 18,5 273.1 180 1,70 865 0,478 1,36

53 69,7 C-9 22,7 305,2 180 1,77 970 0.577 1.51

54 70.3 C-9 25,6 332,2 180 1,82 981 0. 646 1,64

55 70.0 C~-9 28,0 346.8 180 1,92 971 0,713 1,72

56 70.0 C-9 32,2 374.4 180 2,05 981 0.817 1,86

57 69.8 c-9 34,7 394.1 180 2,07 1025 0.834 1,96

58 69.8 c-9 30,8 366.7 180 1,99 990 0,745 1.90

59 70.3 D-12 27.5(CCY) 281.3 120 1.66 935 0.153 0,202

60 70.3 D-12 44,2(CCl1) 368.1 120 1,66 1225 0. 199 0, 264

61 70.0 D-12 59,2(CC1) 230.4 90 1,95 1505 0. 338 0. 384

62 70.0 D-12 92,7(CC1) 399, 2 90 1.85 1520 0. 307 0. 367

63 70.0 D-12 82.9(CCl) 382.4 90 1,75 1473 0. 265 0.336

64 69.7 D-12 68.2(CC1) 350.3 90 1,58 1171 0,175 0.244

65 70.2 D- 9 5.5 324,5 90 1,94 1229 0.263 0.312

66 70,2 D- 9 64,2(CC1) 363.9 90 2.03 1318 0. 308 0. 349

67 70,0 D- 9 67.7(CC1) 397.8 90 1,99 1468 0.329 0. 382

68 69,5 D- 9 9.8 310.7 60 2.25 1572 0. 439 0, 448

69 69.5 D-9 64, 6(CC1) 395.9 90 1,98 1471 0.330 0. 380

70 69.6 D-9 53,0(CCl} 347.6 90 1,89 1406 0.274 0.334

71 69.7 D-9 38.9(CC1) 289,1 90 1,91 1128 0.230 0, 277

72 69.5 D- 6 58, 5(CC1) 294.5 60 1,75 1860 0.336 0.424
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Appendix D -- Tabulated Data (Continued)

(1) (2) (3) (4) (5) (6) (7) (8) (92) (10)

e Time of (D) (BRY(4XL), (32XV)/( 7 XD')
o Capillary Manometer Capillary efflux, » ’ 4 m ’

Run no. t, F tube no. reading, mm tube efflux, g sec (La, cp Re lbf/ft 10 /sec
20-73 69.5 D- 6 49, 2(CCl) 278.5 60 1.66 1850 0.303 0.401

74 69.5 D- 6 41, 2(CCI1) 246,9 60 1,72 1586 0.275 0.356

75 69.8 D- 6 60. 6(CC1) 293.5 60 1.88 1721 0.358 0.424

76 69.8 D- 6 47.1(CCl1) 265.1 60 1.85 1579 0.308 0.382

77 69.5 D- 6 75.5(CCl) 313.4 60 2.18 1586 0.446 0.451

78 69.7 D-15 63,7(CCl) 204.4 60 1,58 1434 0.179 0.295

79 69.7 D-15 46, 5(CC1) 240.9 90 1.66 1068 0.175 0.232

80 70.0 D-15 53,0(CCI) 262,5 90 1.67 1156 0.191 0. 252

81 69.7 D-15 78.0(CCl) 235,2 60 1.59 1635 0. 241 0.339

82 69.7 D-15 8.55 255.1 60 1.52 1854 0.252 0.367

83 69.7 D-15 11,1 269,3 60 1.95 1521 0.342 0.388

84 69.7 D-15 12,2 282.2 60 2,05 1520 0.377 0. 406

85 69.7 A-12 56.5 132.6 720 1,41 347 0.567 1,77

86 69.5 A-12 53.8 97.8 600 1.56 279 0.544 1.57

87 69,5 A-12 58.8 214, 4 1020 1.29 452 0.593 1.98

88 69,3 A-12 57.4 188,7 960 1,34 392 0.575 1,89

89 69,5 A-~12 61,3 204.6 960 1,23 492 0.610 2.19

90 69.8 A- 9 4,7 123,9 600 1,39 396 0.616 1,98

91 69.9 A-9 51,9 154, 6 660 1,41 442 0.711 2.26

92 69.9 A-9 55.3 174.3 660 1.32 534 0.751 2.54

93 70,0 A-9 60,0 191,1 600 1,17 727 0. 804 3.08

94 69.6 A- 9 61.3 258, 1 780 1,16 761 0.826 3.20

95 70,0 A-9 61,3 196.8 660 1,21 659 0.776 2,87

96 70.0 A-9 53.7 167.5 600 1,21 618 0,727 2,69

97 70.3 A- 6 34,9 136.8 600 1,45 420 0.724 2,20
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Appendix D -= Tabulated Data (Continued)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Weight Time of 3
o Capillary Manometer Capillary efflux, (D) (AP)/;‘}X L), (32XVZ/4( mXP),
Run no, t, F tube no, reading, mm tube efflux, g sec Ma, cp Re lbf/ft 10 /sec

20-98 70.0 A- 6 38.8 148.5 600 1,42 466 0.770 2.39
99 68.9 A- 6 41,6 161,7 600 1,38 519 0, 815 2.60
100 70.0 A- 6 4,1 186.2 600 1,25 663 0. 853 2,99
101 70.3 A- 6 46.9 191.8 600 1,30 657 0.912 3,08
102 70,2 A- 6 49,0 267, 1 780 1,26 745 0,945 3.30
103 70.2 A- 6 51,9 227.8 600 1.18 870 0.984 3.66
104 70,1 A-15 53.3 97.2 600 1,24 353 0. 439 1,56
105 70.0 A-15 54.4 102, 3 600 1,21 376 0. 450 1,64
106 70.1 A-15 57.4 106, 8 600 1,22 389 0.472 1,72
107 70,1 A-15 59,2 112,7 600 1,20 415 0.485 1.81
108 70.0 A-15 61,5 127.3 600 1,08 524 0.501 2,04

35- 1 69,6 C-9 14,7 134,9 180 2,97 244 0. 427 0. 690

2 70,0 Cc-9 21,1 193,0 180 2,93 354 0, 604 0.988

3 70.0 Cc-9 26,6 220,0 180 3,21 368 0.755 1,12

4 70.0 C-9 32,7 279.2 180 3,17 474 0.911 1,43

5 70,0 Cc-9 38.3 339.6 180 2,85 628 1,03 1,73

6 70.0 C-9 43,1 387.2 180 2,74 760 1.13 1,98

7 70.3 C-9 39,9 345,8 180 3,04 508 0,930 1.77

8 70.3 C-9 34,4 287.1 180 3,35 375 0. 834 1,47

9 70.0 C-9 29,6 233,1 180 3,04 611 1,12 1,19

10 70.0 C-9 23.7 182,6 180 3,53 278 0, 689 0,932

11 70.0 C-6 24,2 264,3 180 3,50 318 0,990 1,35

12 70.0 C-6 18.6 189,2 180 3,92 260 0. 798 0,968

13 70.4 C-6 14,4 158,1 180 3,62 235 0.617 0, 808
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Appendix D -~ Tabulated Data (Continued)

(1) (2) (3) (4) (3) (6) (7) (8) (9) (10)

Welght Time of (D) (APY(AXL), (32KV)/( m XD')
o Capillary Manometer Capillary efflux, 5 ? 4 ’

Run no , t, F tube no, reading, mm tube effect, g sec M oa, cp Re lb{/ft 10 /sec
35-14 70.3 C-6 20,7 169,2 120 3,09 436 0.844 1.30

15 70.1 C-6 25,2 284,6 180 3.34 458 1.02 1,46

16 70.0 C-6 27.5 301, 1 180 3,42 474 1,11 1.54

17 70.0 C-6 31.8 348,2 180 3.34 562 1,25 1.78

18 70.0 C-6 38,1 284,1 120 3,13 731 1,43 2,18

19 69.8 C- 6 35,0 250,0 120 3.39 596 1,37 1,91

20 69.8 C-6 29.2 304.1 180 3,62 451 1,19 1.56

21 69.5 Cc-12 26,9 171,5 180 3,22 286 0,590 0. 876

22 69,7 Cc-12 33,2 232.6 180 2.88 435 0.716 1,19

23 70.3 Cc-12 38.6 286.0 180 2,65 580 0.812 1,46

24 70,3 Cc-12 42,1 352,4 180 2,25 840 1.10 1.80

25 70.2 Cc-12 39.6 290, 4 180 2,68 584 0. 831 1,48

26 70.0 Cc-12 36,0 258.3 180 2,77 482 0,764 1,32

27 69,5 C-12 29.7 201,7 180 3.00 362 0. 645 1,03

28 70.3 C-12 29,8 209,0 180 2.88 391 0. 645 1,47

29 70,1 Cc-12 37.2 282,1 180 2.59 586 0.779 1,44

30 70.0 C-15 31,7 208.1 180 2,47 453 0,551 1.06

31 69.8 C-15 36.8 243,8 180 2,23 588 0.630 1,24

32 69,6 C-15 38,1 265.7 180 2.25 664 0. 649 1.36

33 70.0 C-15 43,7 445,0 240 2.01 894 0,719 1,69

34 70.0 C-15 47,3 374.0 180 1,90 1059 0.761 1.90

35 69,8 Cc-15 48.3 377.3 180 1.88 1079 0.782 1,93

36 70.2 C-15 51,8 416,0 180 1,95 1150 0. 870 , 2.12

37 70.4 C-15 54,1 473.0 180 1.63 1568 0. 826 2.42
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Appendix D -- Tabulated Data (Continued

(1) (2) (3) (4) (3) (6) (7) (8) ) (10)

Weight Time of (D)(APM(4(L), (32XV)/(T YD)
o Capillary Manometer Capillary efflux, 5 ? 4 ?

Run no, t, F tube no. reading, mm tube efflux, g sec Ma, cp Re lbf/ft 10 /sec
35-38 69,6 B-12 49,3 132,5 300 2,14 388 0. 846 0,911

39 69,9 B-12 51,4 152.9 300 1,92 500 0.876 1,04

40 69.7 B-12 53,5 149,9 300 2,04 461 0,913 1,03

41 69,8 B-12 56.4 166, 5 300 1.92 544 0.954 1,14

42 70,3 B-12 59,5 241,0 300 1,34 1127 0.972 1.65

43 70.7 B-12 46,8 128,7 300 2,09 386 0.804 0, 881

44 69,7 B-12 46,2 108, 4 300 2.47 275 0.801 0,750

45 70,1 B- 6 39,7 167.9 300 2,74 384 1.32 1.16

46 70.0 B- 6 43,7 201,9 300 2,45 518 1.43 1.38

47 70,0 B- 6 46.6 213,0 300 2.46 543 1,51 1.46

48 69,7 B- 6 49,0 226, 8 300 2,42 642 1,58 1,56

49 70.0 B- 6 5.17 248,2 300 2.30 678 1,64 1.70

50 70.0 B- 6 54,1 329,3 300 1,67 1239 1.58 1,56

51 70,1 B- 6 50,3 248.3 300 2,33 668 1,60 1,70

52 70.0 B-15 54,6 127.2 300 1,96 408 0.743 0.870

53 70,0 B-15 51,1 116,5 300 2,01 361 0, 699 0.796

54 70,0 B-15 49,6 117.8 300 1,93 383 0, 676 0,807

55 69.7 B-15 46.4 110,2 300 1,92 361 0,632 0.754

56 69,8 B-15 42,2 101,5 300 1,91 333 0.578 0.694

57 70.8 B- 9 37.8 168.5 420 2.45 308 0,881 0, 824

58 70.4 B- 9 40,4 133,5 300 2.33 360 0.930 0,915

59 70,1 B- 9 44,0 162,4 300 2,06 495 0,999 1,11

60 69,3 B- 9 45,0 171,3 300 1,99 541 1,02 1.17

61 70.0 B- 9 48,9 176.3 300 2,10 529 1,10 1,21

62 70.0 B- 9 52.4 196,9 300 2,00 618 1,17 1,35

63 70.3 B-9 58,9 278.8 300 1,49 1174 1,24 1,91
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Appendix D =~ Tabulated Data (Continued)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Weight Time of 3
Capillary Manometer Capillary efflux, (DX AP)/(AXL),  (32XV)/(wXD ),
Run no, t, °F tube no, reading, mm tube efflux, g sec Ha, cp Re b f/ft2 10-4/ sec

35-64 70,0 B- 9 57.8 268.4 330 1.71 896 1.25 1.69

65 69.6 B- 9 55.3 360, 6 480 1.81 782 1,22 1,54
66 69.7 D- 6 22,6(CCl) 133,0 60 3,11 473 0.270 0, 199
67 70,3 D- 6 54, 8(CCY) 223,6 60 2,77 931 0. 427 0.334
68 70.3 D- 6 72,7(CC1) 264.6 60 2,98 1033 0,514 0.396
69 70.3 D- 6 91.8(CCl) 299, 6 60 3.09 1071 0. 605 0. 448
70 70.3 D- 6 67.9(CC1) 246, 2 60 3.16 860 0,507 0. 368
71 70.3 D- 6 60.7(CC1) 234.1 60 3,03 854 0.463 0. 350
72 70.3 D- 6 84,7(CCl) 289.9 60 3.00 918 0. 566 0,432
73 70.3 D- 6 81,7(CC1) 284.8 60 2.96 1064 0.548 0. 425
74 70.3 D- 6 90, 2(CCl) 289,0 60 3,09 1033 0,584 0,432
75 70.3 D- 9 83,6(CC1) 222.1 60 3,27 750 0,454 0,332
76 69.7 D-9 92.8(CC1) 230.5 60 3.39 750 0,491 0.344
77 69.7 D- 9 81, 8(CCl) 213.3 60 3.38 697 0,452 0,319
78 69.7 D-9 77.1(CCI) 205, 3 60 3,32 683 0, 426 0, 306
79 70,0 D-9 71.2(CC1) 192.7 60 3.42 621 0,414 0. 288
80 70.0 D- 9 56.(CC1) 162.2 60 3.41 526 0, 348 0.242
81 70.0 D-9 63.0(CCl) 177.5 60 3.40 577 0,378 0,266
82 69.7 D- 9 10,9 276.9 60 3,04 1008 0,524 0,413
83 69,7 D- 9 13,2 315,0 60 3.36 1033 0,663 0,470
84 69,7 D- 9 12,6 323.1 60 3,02 1182 0,611 0,484
85 70.3 D-12 14,8 300, 1 60 2,99 1110 0,586 0, 448
86 69,8 D-12 12,4 262, 2 60 2,88 1004 0,479 0, 392
87 69,7 D-12 10,9 230.7 60 2,96 862 0,435 0.336
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Appendix D -- Tabulated Data (Continued)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Weight Time of 3
o Capillary Manometer Capillary efflux, (DX AP)/(:X L (32X\_,‘)1/(Tr XD,
Run no, t, F tube no, reading, mm tube efflux, g sec Ma, cp Re lbf/ft 10 " /sec
35-88 69,7 D-12 97.7(CCl) 190.0 60 3,31 908 0,410 0,284
89 69,7 D-12 91.0(CC1) 217.4 60 2,63 913 0.372 0,324
90 69,7 D-12 89, 5(CC1) 197.3 60 2.89 738 0,374 0,295
91 69,7 D-12 84, (CCl) 185.9 60 3.00 684 0. 360 0,278
92 69.8 D-12 77.9(CC1) 182,9 60 2,86 706 0, 341 0,274
93 69.8 D-12 58.7(CCl) 150.1 60 2.86 580 0. 280 0,224
94 69.8 D-12 72.3(CCl1) 170.0 60 2,92 643 0,324 0,254
95 70,3 D-15 17.6 304,0 60 2,91 1155 0.578 0,454
96 70.0 D-15 15.6 270.3 60 2.99 997 0,525 0,404
97 70.0 D-15 13,3 233,0 60 3,00 858 0, 455 0, 348
98 69.8 D-15 11,9 213,5 60 2,98 790 0,416 0,290
929 69,7 D-15 9.8 168.5 60 3.20 582 0,350 0,252
100 69,7 D-15 86.8(CC1) 153.0 60 3,15 536 0,313 0,228
101 69.7 D-15 56, 8(CC1) 116.5 60 3,02 426 0.230 0,174
102 70.0 A-15 64,0 81.9 600 1,81 201 0.536 1,36
103 69,5 A-15 50.1 33.6 600 3,41 4 0. 420 0. 560
104 70.1 A-15 51.3 36,5 600 3,25 S0 0,431 0.608
105 69,8 A-15 52,2 46.7 1020 4,20 29 0,437 0,458
106 70,3 A-15 53.4 40.6 600 3.04 60 0. 447 0.677
107 70.0 A-15 55.5 51,9 600 2,58 90 0. 466 0, 864
108 70.3 A-12 57.4 60.8 600 2,66 102 0. 590 1,01
109 70.4 A-12 55.5 69.9 720 2.69 96 0.570 0,972
110 69.6 A-12 53.5 55.4 600 2,73 920 0,551 0.924
111 69,7 A-12 51,5 49,7 600 2,93 76 0,531 0,828
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Appendix D -- Tabulated Data (Continued)

(1) (2) (3) (4) (3) (6) (7) (8) ) (10)

Weight Time of 3
o Capillary Manometer Capillary efflux, (DX 2P) ‘;X L, (32X V_L/( XD ),
Run no. t, F tube no. reading, mm tube efflux, g sec Ma, cp Re lbf/ft 10 /sec

35-112 70.6 A-12 49.0 58.7 720 2,84 77 0, 506 0.816

113 70.1 A-12 45,6 41,7 600 3.10 60 0.471 0.695
114 69.9 A-9 45,2 64.3 600 2.79 106 0. 642 1.07

115 69.0 A-9 42.0 45.9 600 3.62 57 0. 596 0. 765
116 69.5 A-9 51,0 91.3 720 2.65 128 0.725 1.27
117 70.1 A-9 55.3 84,1 600 2.59 144 0.783 1.40
118 70.0 A-9 59,3 127.6 600 1.84 309 0. 840 2,13
119 69.9 A- 6 32,7 167.7 780 1.46 394 0. 686 2.15
120 70.1 A- 6 40.9 162,6 720 1,72 349 0, 854 2,08
121 69,9 A- 6 55.3 180.5 600 1.75 460 1,16 3.01
122 69,9 A- 6 47.9 151,1 600 1.81 371 1.00 2.52
123 69.6 A~ 6 4?,2 133.2 600 1,81 328 0. 882 2,22
50- 1 70,2 A- 6 47,3 97.2 600 2.79 155 0.991 1,68
2 69,8 A- 6 52,6 122,0 660 2.63 188 1,08 1.91
3 70.1 A- 6 55.5 139.9 600 2,27 274 1,61 2.42
4 69,7 A- 6 39.8 72,9 600 3,12 104 0. 832 1.26
S 70,0 A- 6 35.7 64,4 600 3.19 90 0. 750 1,11
6 70,2 A- 6 30.9 58,8 600 3.02 87 0.651 1,01

7 70.0 A- 9 41,4 26,0 600 6.27 18 0.586 0. 448

8 70,1 A-9 49.9 34,1 600 5.79 26 0,709 0. 588

9 69,6 A-9 57.1 57.9 660 4,28 55 0. 809 0.908

10 69,8 A-9 53,3 35,8 600 5.88 27 0.756 0.617

11 69,9 A-9 45,3 28,9 600 6,22 21 0. 646 0. 498

12 70.3 A-12 45,7 19,4 600 6.68 13 0,472 0,334

13 69,9 A-12 49,1 22,9 600 6. 60 15 0. 507 0.395

g6



Appendix D -~ Tabulated Data (Continued)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Weight Time of 3
o Capillary Manometer Capillary efflux, (DX AP)/(:XL)’ (32)(\94/( wXD ),
Run no, t, F tube no. reading, mm tube efflux, g sec Ma, cp Re lbf/ft 10 "/sec
50~ 14 69,8 A-12 53,5 26,3 600 5.75 20 0,551 0.454
15 70.1 A-12 52,0 24,7 600 5.96 19 0.536 0.425
16 69.9 A-12 47.0 20,6 600 6. 45 14 0. 486 0. 355
17 70.1 B-15 38,9 47.3 300 3,85 77 0, 543 0.336
18 70.5 B-15 43,0 54,8 300 3.67 94 0. 600 0,310
19 69.7 B-15 48,9 62,5 300 3.64 108 0. 679 0. 445
20 70.0 B-15 51,6 66,7 300 3.61 116 0.718 0.474
21 69.5 B-15 53.7 77.2 300 3.23 150 0. 743 0. 549
22 70.6 B-12 43,2 53.3 300 4.71 71 0.766 0.371
123 70.1 B~12 47,0 62.9 300 4,41 90 0, 840 0.439
24 70,0 B-12 50.9 73.7 300 4,41 90 0. 840 0,514
25 70,6 B-12 53,7 113,9 300 2.74 261 0.932 0.794
26 70.3 B-12 50.4 106, 6 300 2,75 243 0.877 0.744
27 69,6 B-12 45.7 84.6 300 3,18 244 0.814 0.588
28 70.4 B-12 51.6 95.9 300 3,15 191 0.904 0. 669
29 70,2 B-12 47.0 85.5 300 3.24 166 0. 827 0.594
30 69,8 B-12 53.1 191,2 300 3.07 207 0.928 0.704
31 70,2 B- 9 41,0 90,5 300 3.57 160 0,966 0.631
32 70.1 B- 9 45,9 110,.9 300 3.25 214 1,08 0, 669
33 70.2 B- 9 43,6 104.3 300 3.28 200 1,16 0.726
34 69,8 B~ 9 48,3 116.6 300 3.26 224 1,15 0,811
35 70.4 B~ 9 55.7 164.3 300 2,60 397 1,28 0.990
36 70.8 B~ 6 36.8 104.6 300 4,21 156 1,27 0,728
37 69,8 B- 6 41,2 103,4 300 4,78 136 1,42 0.720
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Appendix D -- Tabulated Data (Continued)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Weight Time of (DX &B)/(4XL),  (32XV)/(TXD")
o Capillary Manometer Capillary efflux, 5 ’ -4 !

Run no. t, F tube no, reading, mm tube effiux, g sec a, cp Re Ibf/ft 10 /sec
50- 38 69,8 B~ 6 43.4 123.4 300 4. 19 185 1.49 0. 857

39 69,9 B- 6 46.9 133,7 300 4. 16 202 1.60 0.930

40 69.6 B- 6 50.6 151,0 300 3.95 240 1,72 1.05

41 69.8 B- 6 53.8 188,0 300 3.31 357 1,79 1.32

42 69,7 B- 6 37.1 100.3 300 4,45 141 1,29 0.697

43 69.9 B- 6 31,5 79.2 300 4,82 103 1,10 0.550

44 70.0 Cc-15 24.8 147.6 240 3.76 158 0,444 0.586

45 69,8 C-15 30,9 194,1 240 3.55 223 0.552 0.770

46 70.0 Cc-15 34,4 221.2 240 3.44 259 0.612 0. 876

47 70.0 C-15 39,0 263,0 240 3.25 326 0.687 1,04

48 69,5 Cc-15 43,3 295,2 240 3.20 373 0.758 1,17

49 70.5 C-15 48.5 252,9 180 3.10 439 0. 840 1,34

50 70.0 C-15 52.3 297.5 180 2.80 571 0. 892 1,57

51 69.6 Cc-15 52.9 312.1 180 2,68 626 0. 893 1.65

52 69.5 Cc-12 29,6 135.4 180 4.59 158 0.664 0,716

53 69.7 C-12 32,1 152,8 180 4.35 189 0.710 0. 808

54 69.3 Cc-12 35.3 180.8 180 4.01 242 0.775 0.956

55 69.4 C-12 37.6 198.4 180 3.82 272 0.832 1.52

56 70.1 Cc-12 41.3 237.0 180 3.52 362 0.916 1,25

57 70.5 Cc-12 43,9 273.8 180 3.19 461 0.925 1.45

58 70,3 Cc-12 45,3 266.9 180 3,42 408 0.978 1,41

59 69.5 Cc-12 48.9 299, 1 180 3.26 494 1.04 1.58

60 70.2 c-9 29.1 152.3 180 5.29 155 0, 861 0.804

61 70.5 c-9 31.4 171, 4 180 4.77 204 0.932 0.960

62 70.3 c-9 35,5 227.5 180 4,22 290 1,03 1.20
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Appendix D == Tabulated Data (Continued)

(1 (2) (3) (4) (5) (6) (7) (8) (9) (10)
Weight Time of 3
o Capillary Manometer Capillary efflux, (DX AP)/(:X_L)’ (32)(\{)4/( D),
Run no. t, F tube no. reading, mm tube efflux, g sec 2, cp Re lbf/ft 10 “/sec
50- 63 70.3 C-9 38.5 251,5 180 4.08 332 1,10 1.33
64 70.3 C-9 41,1 264, 5 180 4.13 345 1,17 1.40
65 69,5 C-9 43,8 302.2 180 3,80 425 1,23 1.60
66 69,6 C-9 46,0 324.1 180 3,68 474 1,28 1,71
67 70,0 C-9 48,9 375.6 180 3.29 615 1.32 1,99
68 70.0 C-6 16.4 140, 3 180 4,83 157 0.729 0.742
69 69.7 C-6 18.8 163.3 180 4.72 186 0. 829 0, 864
70 70.0 C-6 20,8 182,7 180 4.55 266 1,10 0.968
71 70.3 C-6 25,0 261,6 180 4.55 295 1,22 1,19
72 70.1 C-6 28,4 250,0 180 4,43 340 1,34 1,32
73 69.7 C-6 33.6 280.9 180 4,75 318 1,43 1,49
74 69.7 C-6 38.4 341,6 180 4.31 425 1,59 1,81
75 69,7 D-~15 23.6 291,3 60 4,78 675 0.905 0.450
76 69.7 D-15 22,1 246.6 60 4,97 548 0, 802 0. 382
77 70,7 D-15 20,0 234,0 60 4.75 545 0.725 0.362
78 70.0 D-15 17.6 197.4 60 5.05 431 0.650 0.305
79 70.0 D-15 15.4 170,0 60 5.20 361 0.376 0.263
80 69,8 D-15 13.4 140, 3 60 5.47 283 0.502 0.217
81 69.7 D-~15 11,1 116.9 60 5.54 235 0.423 0.181
82 69.7 D-15 15.4 178,1 60 4.99 394 0.580 0.276
83 69,7 D-15 17.8 207,2 60 4. 86 470 0.657 0.320
84 69.7 D-15 17.8 207.4 60 4. 86 470 0.657 0.328
85 70,0 D-12 18.0 238,9 60 4.67 613 0.792 0.401
86 70,0 D-12 15.7 225,7 60 4.78 523 0.701 0. 349
87 70.0 D-12 14,3 207,6 60 4,75 483 0. 646 0.321
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Appendix D -~ Tabulated Data (Continued)

(1) (2) (3) (4) (5) (6) (7) (8) 9) (10)
Weight Time of 3
o Capillary Manometer Capillary efflux, (DX AP)/(:XL)’ (32XV_)‘/1( D),
Run no. t, F tube no, reading, mm tube efflux, g sec (a, cp Re lbf/ft 10 "/sec
50- 88 70,0 D-12 12,0 170.3 60 4,78 394 0,706 0, 356
89 70.0 D-12 17,3 251,9 60 4,63 603 0.762 0,390
90 70.3 D-12 18.3 268,7 60 4,69 635 0. 825 0.416
91 70.3 D~12 13,0 187.1 60 4,84 428 0,591 0,290
92 70.3 D-9 19,2 327.6 60 5.10 709 1,05 0.507
93 70,3 D~ 9 17,5 292,0 60 5.35 603 0,981 0.452
94 70.3 D-9 15.9 267.5 60 5.41 545 0.907 0.414
95 70.0 D~ 9 15,5 265,.8 60 5.28 555 0,878 0,411
96 69.8 D- 9 13,8 227.3 60 5,68 442 0. 809 0.352
97 69,7 D- 9 12,2 201,3 60 5.70 390 0,717 0.312
98 70.3 D-9 11,5 198,0 60 5.44 402 0,675 0.306
929 70.3 D- 6 14,4 357.1 60 4,93 800 1,21 0,552
100 70.0 D- 6 12,4 319.3 60 4,82 731 1,01 0, 494
101 69.5 D~ 6 11,7 299,2 60 4,93 670 0,960 0, 463
102 69,7 D- 6 2.9 260.9 60 4,89 496 0, 842 0. 404
103 70.0 D- 6 91, (CCY) 242,9 60 4,87 469 0,748 0.376
104 70.0 D- 6 80, §(CCl) 244, 1 60 4,31 625 0, 666 0.378
105 70.0 D- 6 62.9( CCl1) 214,7 60 3.83 619 0, 528 0,332
S- 1 70.0 A-12 25.5 .32.3 300 1,10 261 0.256 1,28
2 69,8 A-12 29,8 73.0 600 1,12 290 0, 297 1,52
3 70.1 A~12 32.5 81,6 600 1,10 330 0,330 1,61
4 70.0 A-12 37.4 84,2 600 1,11 338 0, 349 1,66
5 70.5 A-12 4,1 115,0 600 0, 94 544 0. 439 2,28
6 70.0 A-12 49,3 75.5 360 0,96 583 0,491 2,49
7 69,0 A-12 52,0 80.6 360 0.94 639 0.514 2.77
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Appendix D ~~ Tabulated Data (Continued)

(1) (2) (3) (4) (3) (6) (7) (8) 9) (10)
Weight Time of 3
o Capillary Manometer Capillary efflux, (X AP)/(:XL)’ (32XV_)‘/1(TT XD ),
Run no, t, F tube no, reading, mm tube efflux, g sec Ma, cp Re ibf/ft 10 /sec

S- 8 69,8 A-12 20.9 51,3 600 1.03 222 0,215 1,01
9 70,2 A-12 23,7 59.5 600 0.98 269 0.231 1,18

10 69.9 A-12 20,4 29,9 360 1,01 223 0.207 0.984
11 70.4 A-12 22,8 34,4 360 1,11 233 0,233 1,13
12 69,3 A-12 22,7 33.4 360 1,14 220 0.231 1,10

13 70,3 A-15 22,5 27.3 360 1,13 179 0. 88 0.898
14 70.5 A-15 29,6 38,1 360 1,06 267 0. 246 1.25
15 69.9 A-15 37.0 47.1 360 1,06 330 0.304 1,55
16 70.7 A-15 45,1 95.8 600 1,06 402 0.370 1,89
17 70.1 A-15 51,2 43,5 240 1,06 456 0. 420 2.15
18 69.1 A-15 41,9 42,7 300 1,10 345 0.343 1.69
19 70.1 A- 6 31,2 59.6 240 1,12 592 0.610 2,94
20 69.6 A- 6 25,7 46,2 240 1,19 432 0.536 2,28
21 69,2 A- 6 18,9 35,5 240 1,17 338 0.380 1.75
22 69,6 A-9 18.6 21,9 240 1,32 184 0.259 1,08
23 69,6 A-9 28.0 41,9 300 1,30 286 0. 391 1,66
24 69.7 A-9 34,9 58,0 300 1.14 452 0.473 2.29
25 70.6 A-9 4.4 69,6 300 1,14 543 0.574 2,75
26 69.6 A-9 45,5 71,3 300 1,20 528 0.622 2,82
27 70.6 A-9 32,4 53,8 300 1,13 423 0.455 2,12
w- 1 70,0 A-12 29,0 87.2 600 0.97 793 0.304 1.35
2 69.9 A-12 33,5 101,3 600 0.98 921 0.350 1.56
3 70,2 A-12 39:4 118,2 600 0,97 1076 0.413 1,83
4 70.1 A-12 42,6 128.3 600 0.97 1168 0. 446 1,98
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Appendix D -~ Tabulated Data (Continued

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Weight Time of 3
AP)J(4)L 3 XD
o Capillary Manometer Capillary efflux, (DX )/(2 X ,)’ (32X V)i( XD,

Run no, t, F tube no, reading, mm tube efflux, g sec Ha, cp Re lbf/ft 10 " /sec
W- 5 69,9 A-12 53.5 158,7 600 0,98 1441 0. 560 2,56
6 70,0 A-12 59,2 177.9 600 0.97 1618 0,619 2,77
7 69,6 A-12 62,2 183,4 600 0.99 1669 0.652 2.84
8 70.0 A-12 32,2 95.8 600 0.98 870 0.338 1,48
9 70,1 A-12 37.8 124,9 660 0,98 1135 0, 396 1,76
10 70,7 A-12 50,2 148, 3 600 0.98 1349 0. 526 2,30
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