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EXECUTIVE SUMMARY

vii

Interracial effects play an important role
in governing multiphase fluid behavior in
porous media. Strongly hydrophobic
organic dyes, used in many experimental
studies to facilitate visuzd observation of
the phase distributions, have generally
been implicitly assumed to have no
influence on the interracial properties of
the various phases in porous media.
Sudan IV is the most commonly used dye
for non-aqueous phase liquids (NAPLs)
in laboratory experiments. It has also
been used in at least one field experiment.
The effects of this dye on the
tetrachloroethylene (PCE)-water-glass
system were investigated to test the
assumption that the dye does not effect
the interracial properties and therefore
PCE mobility. The results indicate that
the dye does indeed change the interfaciaJ
relationships.

The effect of the dye on the interracial
relationships is a complex function of the
dye concentration, the solid phase
composition, and the dynamic rate of new
interface formation. The dye caused a
slight (<109Io)increase in interracial
tension at low concentrations (<0.1 g/L)
and high rates of new interface formation.
The dye reduced interracial tension
between PCE and water at low rates of
new interface formation for all dye
concentrations tested (0.00508 to 5.08
@L). At the highest dye concentration,
the PCE-water interracial tension was
significantly reduced regardless of the
rate of new interface formation. The
apparent interracial tension increase at
low dye concentrations is suspected to be
an artifact of a low measured IFT value
for the undyed PCE caused by leaching
of rubber o-rings by the PCE prior to
testing in the final drop-volume
configuration.

In addition to reducing interracial tension,
the dye was found to significantly alter
the wetting relationship between PCE and
water on a glass surface at and above the

range of reported dye concentrations cited
in the literature (1.1 to 1.7 g/L). The
wetting relationship was rendered neutral
from a water-wet initial condition at the
highest dye concentration. The contact
angle, measured through the aqueous
phase, changed from 58° for undyed PCE
to 93° at a dye concentration of 5.08 g/L.
Complete reversal of the nettability is
likley given the short equilibration time
used in this study (approximately five
minutes) together with literature
indications that hundreds to thousands of
hours may be required to reach
equilibrium during contact angle
measurements. Observations suggesting
changing wetting relationships were also
noted between PCE, water, and the
platinum-iridium surface used in the
standard du Noi.iy ring method for
measuring interracial tension.

Observations of the dyed-PCE-water
interface behavior during du Nouy ring
interracial tension measurements were
similar to observations noted previously
during measurements of the interracial
tension between the Savannah River Site
(SRS) M-Area Settling Basin DNAPL
(M-Area DNAPL) and water. This
observation suggests that the M-Area
DPJAPL may contain surface active
components. If this proves to be the
case, it would have significant
implications for how the M’Area DNAPL
is distributed and moves in the SRS
subsurface.



INTRODUCTION

Interracial effects play an important role
in governing multiphase fluid behavior in
porous media [1, 2]. For instance,
several dimensionless numbers have been
developed to express important force
ratios applicable to multiphase flow in
porous media [3-7]. The two original
numbers used to define these ratios are
the capillary number, NCa,and the Bond
number, NB. The capillary number
expresses the ratio of the viscous drag
force of a flowing, continuous phase to
capillary force acting on a discontinuous
phase. The viscous force acts to mobilize
the discontinuous phase while the
capillary force acts to resist mobilization.”
In the case of a residual NAPL in a water
saturated porous medium, the capillary
number is given as

Nca – ~W”W

‘Ynw

(1)

where pWis dynamic viscosity of water

(g/cm-see), VW,is average pore velocity

(cm/see), and ynwis NAPL-water
interracial tension (dynes/cm, g/secz).
The Bond number expresses the ratio of
gravity to capillary forces. The Bond
number is expressed as

N = b. - P.)@2B (2)
Ynw

where pn and pWare the NAPL and water
densities (g/crnq), g is the acceleration of
gravity (crdsecz), and R is a
characteristic length (cm), generally taken
to be the mean grain diameter (cm). In
analogy with the capillary number, the
gravity forces act to mobilize the
discontinuous phase (assuming that a
difference in density exists) while the
capillary forces resist mobilization.

Both viscous drag forces and gravity
forces effect residwd NAPL ganglia in

1
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porous media during enhanced recovery
processes using surfactants or
cosolvents. Thus both forces should,
ideally, be considered when evaluating
NAPL mobilization potential. Addition
of the two force ratios cannot be done
directly, however, because of the
difference in their magnitudes [3, 8].
Morrow et al. (1988) found it necessary
to multiply the bond number by 0.001412
in order to sum the two numbers.
Pennell et al. (1996) suggest that the
reason for the difference in magnitude
between the Bond and capillary numbers
is due to a difference in the characteristic
length scale over which they are defined.
Pennell et al. derived an expression for
what they call the total trapping number
(NT) to avoid the empirical nature of the ~
sum as carried out by Morrow et al. The
total trapping number is, effectively, a
sum of the capillary and Bond numbers,
where both are based on the same length
scale, the intrinsic permeability of the
porous medium. The total trapping
number is given by [6]:

where u is the angle the flow makes with
the positive, horizontal x-axis, k is the
intrinsic permeability of the porous
medium (cmZ), km is the relative
permeability to the continuous aqueous
phase (dimensionless), rn is a measure of
the average pore throat for the medium
(cm), db is a characteristic ganglion

length (cm), and ~ is a dimensionless
number given by

(4)

where the ratio, r~/rb, is a characteristic
average ratio of pore throat to pore body

radii. For horizontal flow (a= 00), NT
reduces to:
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NT = ~W (5)

For vertical flow (et = 900), NT reduces
to:

NT= lNca +NBI (6)

The capillary and Bond numbers in this
formulation are defined as follows:

(7)

where qWis the Darcy flow velocity of the

aqueous phase (crn/see) and 6 is the
contact angle between the NAPL-water
interface and the solid surfaces of the
porous media materials. The total
trapping number is thus, in effective, a
ratio of a sum of the mobilizing forces
(viscous and bouyancy) to the resistive
force (capillary). The importance of the
force ratios expressed in equations (1) to
(6) make knowledge of the fluid-fluid
interracial tension essential when
conducting or interpreting experiments on
multiphase fluid flow in porous media.
Dawson and Roberts [7] derived similar
equations to those of Pennell et al.
(1996).

Another important consideration in
multiphase fluid flow in porous media is
the wetting relationship between the
fluids and the solid materials. This
relationship is generally measured via the
contact angle, defined as the angle made
between the fluid-fluid interface and the
solid surface of the mineral grains.
Contact angles are illustrated in Figure 1
for a two different situations, a
nonwetting NAPL drop and a wetting
NAPL drop. The contact angle
represents a mechanical balance between

interracial tensions at each of the three
interfaces. It is defined by the Young
equation as follows [9, 10]:

Cos e _ ‘Yns– Yws (9)
Ynw

where yn~is the NAPL-solid interracial

tension (dynes/cm, i.e., g/sec2) and yW~is
the water-solid interracial tension
(dynes/cm, i.e., glsecz). The wetting
relationship controls the distribution of
the fluid phases in the porous medium.
The wetting phase will tend to occupy the
pendular region around grain-grain
contact points and the smaller pores in the
porous medium. This is illustrated in
Figure 2. The pressure drop across the -
fluid-fluid interface is also controlled, in
part, by the wetting relationship.

Application of the force ratios expressed
in equations (1), (2), (3), (5) and (6)
implicitly assumes a uniformly-wet
porous medium, i.e., the porous medium
is composed of a single solid phase.
Generally water is assumed to be the
wetting phase, and thus the NAPL exists
as residual blobs or ganglia or as “pools”
trapped on fine-grained materials which
act as barriers to vertical movement. This
is the most common assumption made
regarding multiphase flow in porous
media involving water as one of the fluid
phases. Components in either fluid phase
that adsorb onto the solid surface can alter
the wetting relationship by changing the

solid-fluid interracial tensions, yn~and

‘yW,.Water-soluble surfactants are
commonly used in solutions to change
wetting properties. Jaff6 and co-workers
[11-15] examined the influence of a
nonylphenyl phosphate ester surfactant
on PCE mobilization in porous media.
This surfactant was found to reverse the
wetting relationship between PCE and
water on a glass surface [11]. Other
researchers have also documented
changing wetting relationships with
surfactant adsorption onto the solid
surface [16, 17]. Thus surface active

2
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components in the aqueous phase can
significantly alter the expected
distribution of a NAPL in the subsurface.
The same is potentially true of surface
active components in a NAPL or DNAPL
phase. In fact, several researchers have
found that NAPL wetting tends to
increase with contact time against the
solid [18]. This must occur due to
sorption of NAPL components at the
solid-solution interfaces.

Strongly hydrophobic organic dyes have
been used in many experimental studies
of multiphase flow to facilitate visual
observation of the separate phase
distributions [6, 19-23]. Sudan IV is the
most commonly used dye for non-
aqueous phase liquids (NAPLs) in
laboratory experiments [20, 21, 23], and
has been used in at least one field
experiment [22]. Typical dye
concentrations used in these experiments
ranged between 1.1 and 1.7 g/L. Of
these studies, the only one to mention
examining or testing the effect of the dye
on the fluid phase behavior was that of
Pennell et al. (1996). They reported that
an “oil-red-O” dye concentration of
0.0001 M (approximately 0.04 g/L) had
“no observable effect” on PCE mobility
in the quartz sand media they used.

The objective of this study was to
examine the effects of Sudan IV on the
interracial properties of the
tetrachloroethylene (PCE)-water-glass
system. Interracial tension was measured
as a fi.mction of the Sudan IV
concentration in PCE. The contact angle
made by the PCE-water interface against
a flat glass slide was also measured as a
function of Sudan IV concentration.
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Experimental Methods
Solutions

Sudan IV is an organic dye commonly
used for staining NAPLs during
multiphase fluid flow studies in porous
media [20-23]. The dye was used as
received from Eastman Kodak, Inc. The
dye structure is illustrated in Figure 3
along with that of a related dye, oil-red-
0, which has also been used in
multiphase fluid flow studies in porous
media [6]. The dye content of the
Eastman Kodak sample was 81 $ZO.The
remaining 19% is inorganic salts, most
likely either NaCl or KC1 (Aldrich
Chemical Company, Inc. 1997, personal
communication). The PCE used to prepare “
all solutions was “Tetrachloroethylene
999ZO”.It was used as received from
Mallinckrodt Inc. (Paris, KY). Dyed
PCE solutions were prepared by
dissolving 0.508 g of the dye, as
received, into 100 mL of PCE. Serial
dilutions of this stock solution were then
prepared. Symbols for the various
solutions, and the dye concentrations are
presented in Table 1. All solutions were
allowed to equilibrate for several days
prior to measuring the interracial
properties. The density of all PCE-
saturated aqueous phases was 0.9962
g/mL with a standard deviation of 0.0025
‘g/r& (n= 13).

Interracial Tension
Screening Tests Using PCE Lens
Thickness

The effect of the Sudan IV dye on PCE-
water interracial tension was investigated
by measuring the maximum thickness of
a floating lens of dyed and undyed PCE
which could be supported on an air-water
interface. The dye concentration was
approximately 1.5 g/L. The following
equation provides a theoretical estimate of
the maximum thickness of a floating PCE
lens [24]

2sp/wPwt2=–
t3PpAP

(10)

where pWis the density of water, pP is

the density of PCE, Ap is the density
difference between PCE and water, and
SPIWis the spreading coefficient of PCE
on an air-water interface. SPIWis given
by the following equation

Sp/UI= Ywa- {Ypa+ Ypw} (11)

where y is the interracial tension between
the subscripted phases, and the subscripts
are a for air, w for water, and p for PCE.
Equation (10) is only applicable if the
liquid of the floating lens is non-
spreading, i.e., if the spreading
coefficient of liquid A (@ our case PCE,
p) on liquid B (in this case water, w),
Sa, is negative. PCE is, in fact,
nonspreading on an air-water interface.
Surface activity effects of the dye will
reduce the surface and interracial tensions
in the quantity in brackets. We assumed
the dye effect on the PCE density and
PCE-air surface tension was negligible,
and therefore that any changes in lens
thickness are only a result of changes in
the PCE-water interracial tension. The
fiist assumption is confirmed by the data ~
in Table 1. Surface activity of the dye in
the PCE phase would thus result in a
smaller lens thickness.

The effect of the dye was tested by
carefully adding small additions of PCE
(dyed or undyed) to the surface of
deionized water in a 50 mL beaker until a
drop was released from the floating PCE
lens. Lens thickness was measured after
each addition of PCE. The lens thickness
just prior to release of a drop to the
bottom of the beaker was taken to be the
equilibrium lens thickness which the
water-air interface could support. The
thickness of the lens was measured using
a mm scale. Figure 4 is a schematic
illustration of the lens thickness
measurement set-up. The capillary
fringe, fc, of water along the inside edge
of the beaker was opaque, optically
blocking vision of the full floating lens.
The capillary fringe was approximately



3.0 mm thick. PCE lens thicknesses
were measured from the base of the
capillary fringe to the bottom of the
floating lens. The estimated maximum
lens thickness, tmm, was obtained by
assuming an additional thickness of PCE
above the base of the fringe equal to half
the capillary fringe thickness, i.e., the
estimated maximum thickness was taken
to be the sum of the measured thickness
in mm plus 1.5 mm. These tests were
only used for screening purposes to
detect whether the dye changed the
surface properties of the PCE-water
system. The measurement technique was
crude and the lens thickness theory not
entirely appropriate since it was
formulated for a lens of lower density
fluid floating on a higher density fluid, -
i.e., opposite to the situation here.
Therefore interracial tensions were not
calculated from the data. The results
were only used as a rapid screening test
of whether, in fact the dye had any
influence on the PCE-water interracial
tension.
Interracial Tension by Du Noiiy
Ring Method

The du Nouy ring technique [25] was
applied to measure the interracial tension
between Sudan IV-dyed PCE and water.
This work was done using a Kriiss
Processor Tensiometer K12. The

‘interracial tension, ynW,is is given by the
following equation [26]

F_–Fv
7.. =

L “COSe
(12)

where F= is the maximum force
measured as the tensiometer varies the
height of the ring above the interface, Fv
is the weight of the volume of liquid
directly under the ring, and L is the
wetted length of the ring. The contact
angle is normally assumed to be zero
[26]. The du Nouy ring method also
requires corrections for the effect of
curvature of the deformed interface inside
of the wire ring [24, 26].

5
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Drop Volume Technique

The effect of Sudan IV dye on the PCE-
water interracial tension was also
measured using a dynamic drop volume
technique. Difficulty was experienced
during attempts to measure the
“equilibrium” interracial tension using the
standard du Nouy ring and Wilhelmy
plate methods [24]. The difficulty
occurred because the interface between
the dyed PCE and water behaved in an
unusual fashion; it would break in an
irregular manner while lifting or pushing
the platinum ring through the interface.
Visual observation indicated that PCE
was wetting at least part of the ring, thus
violating the complete wetting assumption
required for successfid application of the
ring technique. Dynamic measurements
were made instead using the drop volume
technique with varying rates of drop
formation.

Dynamic interracial tension between
water and the dyed-PCE solutions was
measured using a Krtiss Drop Volume
Tensiometer (model DVTIO). The
interracial tension was measured as a
function of the PCE flow rate from a
precision syringe pump into the water
phase through a specially designed
alumina tip. The PCE drops were
counted by an optical system which is
part of the tensiometer. The drop
volumes were determined by the pump
rate and the length of time between
successive drops. The interracial tension
is computed from the drop volume using
the following equation [27]:

V~Apg
‘Y.. = ~d (13)

where ynWis the NAPL-water interracial

tension, V~ is the volume of the drop, Ap
is the density difference between the two
fluids, g is the gravitational acceleration,
and d is the diameter of the tip from
which the drop is suspended. More
details on the measurement system are
contained in Appendix A.
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M-Area DNAPL-Water Interracial
Tension

A sample of the M-Area DNAPL and an
associated colloidal emulsion was
obtained from well MSB-3D in June
1994. A subsample was placed in a 40
rnL vial. After settling for approximately
20 days, this subsample segregated into
three “phases”: a high density, light
brown, translucent phase (hereafter
referred to as the “pure” M-Area
DNAPL), an intermediate density, milky
white emulsion, and a well-equilibrated
aqueous phase. The composition of the
“pure” M-Area DNAPL is estimated to be
approximately 95 % PCE and 570 TCE
(trichloroethylene) [28]. The Wilhelmy
plate method [24; 26] was used to
measure the interracial tension between
the “pure” M-Area DNAPL phase (i.e.,
without any colloidal phase present) and
the well-equilibrated aqueous phase
collected with the sample. A glass pipette
was inserted below the emulsion to
collect the sample of “pure” M-Area
DNAPL. A fresh, clean glass pipette was
used to collect a sample of the well-
equilibrated aqueous phase for the
interracial tension analysis. Additional
measurements were made between the
“pure” M-Area DNAPL and a sample of
clean tap water. The interracial tension
was also measured using the du Nouy
ring method for this later pair of liquids.

Contact Angle

The wetting relationships between Sudan
IV-dyed PCE and water on a glass
surface were examined by measuring
contact angle as a function of the dye
concentration. Contact angles were
measured using a IQ-&s Goniometer
(model G1O). For each concentration, a
drop of the dyed PCE was placed on a
glass slide which had been submerged in
water pre-equilibrated with undyed PCE.
The drop was allowed to equilibrate on
the glass surface for approximately five
minutes. The contact angle was then

measured through the PCE phase (see
Figure 5 of Appendix A).

6
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Results and
Discussion
Interracial Tension
PCE Lens Thickness Screening
Test

The PCE lens thickness measurements
are presented in Table 2. At-test was
conducted to determine whether the
difference observed in the two sample
means was significant [29]. The
calculated t-statistic from the experimental
data is 3.52. Critical values of the t-
distribution with five degrees of freedom
are 3.365 for p = 0.02 and 4.032 for p =
0.01. The means are therefore
statistically significantly different at a
confidence level of 9896. Thus the dye
appeared to have a significant effect on
the PCE-water interracial tension.
Further testing was therefore needed to
characterize the magnitude of the effect on
the interracial tension as a function of dye
concentration. This test is not sufficiently
sensitive to quantify the interracial tension
reduction as a function of the dye
concentration.

Du Nouy Ring Interracial Tension
Measurements

Difficulties were encountered when the
du Nouy ring method was applied to
dyed PCE. Slow changes in the
measured interfaeial tension were
observed. In addition, the interface
between the dyed PCE and water behaved
in an unusual fashion; it would break in
an irregular manner while lifting or
pushing the platinum ring through the
interface. These same behaviors occurred
whether the ring was pushed down from
the aqueous phase into the PCE phase or
was pulled up through the interface.
Visual observations suggested that the
wetting relationship between PCE, water,
and the platinum ring was not constant,
but was changing with time. This type of
behavior on platinum has been noted by
other researchers [30]. The change in
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wetting violates the assumptions of the
measurement technique, rendering any
results suspect. Hence the results are not
reported here.

In June 1994, interracial tension was
measured between SRS tap water and a
sample of the M-Area DNAPL obtained
from well MSB-3D. Similar interracial
behavior was noted during those
measurements, including one-directional
changes in interracial tension and
irregular breaking of the interface during
du Nouy ring measurements. The best
results achieved during those
measurements were attained using the
Wilhelmy plate method with the well-
equilibrated well water [24]. The mean
interracial tension was 9.592 mN/m with
a standard deviation of 0.006 mN/m
(n=lO, see Appendix B).

Drop Volume Interracial Tension
Measurements

Water was initially pumped upward into a
continuous PCE phase to measure the
interracial tension. Continually
decreasing values of interracial tension
were obtained at the same flow rate. This
suggested that the PCE was leaching
components from the rubber o-ring used
to seal the apparatus. Cracks were
observed in the o-ring when the system
was disassembled, confirming this
assessment. Similar results were attained
when an o-ring made of a more solvent-
resistant material (Kalrez) was used in the
device under the same configuration of
pumping water up into the PCE phase,
although the magnitude of change was
significantly lower. Consequently, the
system was switched to pumping PCE
down into a continuous water phase. The
PCE tended to wet a tungsten-carbide tip
that was used initially in this
configuration. The PCE tendency to
partially wet a metal surface was
consistent with the results observed on
the platinum ring. This situation violates
the assumptions of the equation applied to
calculate interracial tension. An alumina
tip alleviated the PCE wetting problem.
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Water remained the wetting solution in all
the remaining tests.

The mean interracial tension results
between Sudan IV-dyed PCE and water
are given as a function of the PCE flow
rate in Tables 3 to 7 for the different dye
concentrations. PCE flow rate is roughly
proportional to the rate of new interface
formation. Interracial tensions, corrected
for the PCE and aqueous solution
density, were calculated from the raw
drop volume data in Appendix A along
with the fluid density data in Table 1
using equation (13). These calculations
are presented in Appendix C. In all cases
the interracial tension decreases as the
PCE flow rate decreases. The results are
illustrated in Figure 5 as a function of
flow rate. The undyed PCE-water
interracial tension leveled off at
approximately 45.89 dynes/cm (mN/m) at
the lowest two flow rates applied for that
system, 0.5 mL/hr and 0.25 mL/hr. This
value is thought to be low due to
incorporation of rubber components
leached during the initial attempts to
measure IIW when the undyed PCE was
in contact with a rubber o-ring.

The IFT of the lowest dye concentration
solution, C4 = 0.00508 g/L, also
appeared to level off, but at a lower value
of approximately 40.3 dynes/cm (mN/m)
and at lower PCE flow rates, 0.1 mL/hr
and 0.05 mL/hr. The interracial tensions
of all the remaining solutions of higher
dye concentration appeared to still be
decreasing with decreasing flow rate even
at the lowest applied flow rate of 0.05
rnL/hr. At the lower dye concentrations,
less than or equal to 0.5 g/L, the dye
appeared to increase the interracial tension
at the higher flow rates. This apparent
IFT increase is thought to be due to
contamination of the undyed PCE by
leaching rubber components as discussed
above. At the highest dye concentration,
5.08 g/L, all interracial tension results
were significantly less than the results for
the undyed-PCE-water system. Figure 6
contains plots of the lowest measured
interracial tension as a fimction of the dye
concentration and the interracial tension

measured at a PCE flow rate of 0.25
rnL/hr (the lowest flow rate used with the
undyed PCE). The lowest interracial
tension results suggest that Sudan IV
reduces the PCE-water interracial tension
even at the lowest dye concentration
tested. These results are consistent with
literature observations that dynamic
methods of interfaciaI tension
measurement tend to yield high interracial
tension values for solutions [24, 31].

Contact Angle Measurements

Contact angle results for the Sudan IV
dyed PCE with respect to water are given
in Table 8. At the lower three dye
concentrations, the dye appeared to
increase the hydrophobic/non-polar
nature of the PCE phase. The contact
angles measured through the PCE phase
increased, indicating that the aqueous
phase was relatively more wetting on the
glass surface than was the case for
undyed PCE. At the highest
concentration, however, the wetting
relationship was rendered neutral; contact
angle decreased to 87o * 30. Two
additional solutions were prepared to
examine the contact angle behavior at
concentrations between 5.08 and 0.508
g/L. Dilutions of the Cl PCE solution
were prepared to yield dye concentrations
of approximately 1.27 g/L in solution
C1.2 and 1.69 g/L in solution C1.6. The
contact angles for these solutions also
indicated that significant changes
occurred in the wetting behavior. The
contact angles were 700 * 30 in Cl.2 and
75o & 30 in Cl .6. The contact angle
measured through the aqueous phase is
plotted as a function of dye concentration
in Figure 7. The wetting relationship
clearly changes as the dye concentration
increases.

NAPL wetting has been shown to
increase with time of exposure to the
solid surface for complex NAPLs
characteristic of natural or refined oil [18,
32], presumably due to adsorption and/or
deposition of organic matter onto the
solid surface. As a result, Anderson

8
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[33], has suggested that equilibrium
contact angle measurements involving
NAPLs containing surface active agents
may require aging for hundreds to
thousands of hours. It is therefore likely
that, given longer equilibration time, the
dyed PCE could become the wetting
phase, even at lower dye concentrations,
based on these previous literature results
together with the fact that only a very
short equilibration time (approximately 5
minutes) was used during this study.
Recent experimental evidence supports
this prediction [34].

Reversal of the wetting relationship has
major implications for DNAPL mobility
in the saturated subsurface. First, the
nettability relationship controls the fluid ~
phase distribution in the subsurface as
illustrated in Figure 2 [10]. Therefore, as
the wetting relationship changes, so the
fluid phase distribution will change.
Second, the mechanism of DNAPL
migration into fresh, uncontaminated
areas will change as the nettability
relationship changes. DNAPL moves
pore-to-pore via piston-type displacement
governed by the capillary and Bond
number force ratios when it is non-
wetting with respect to the aqueous
phase. As the DNAPL becomes the
wetting phase, however, it may begin to
migrate via thin-film flow [34, 35]. The
ultimate result of changing the wetting
relationship is that the concept of a
permanent capillary barrier to DNAPL
migration may not fully represent reality
in the subsurface. The surface chemical
reactions of complex DNAPLs need to be
investigated with respect to different
sedimentary minerals in order to assess
the importance of this topic to
understanding DNAPL behavior in the
subsurface. Currently little or no such
information is available.

9



CONCLUSIONS

Sudan IV dye has significant influences
on interracial properties of the PCE-
water-glass system. At concentrations
greater than approximately 0.05 glL it
begins to reduce the interracial tension
between water and the dyed PCE. This
will therefore result in a decreased
capillary force resisting mobility of the
PCE phase. In addition, at
concentrations greater than 1 g/L the dye
can significantly alter the wetting
relationship between the fluid phases.
The wetting relationship may change
significantly even at lower dye
concentrations. This prediction has been
confined expertientally, and is further
supported by slow changes in wetting
relations noted in the literature [18, 32].
These results indicate the importance of
testing the effects of dyes prior to using
them in experimental systems. The
interracial effects of the dye also suggest
that previous experimental results
obtained using Sudan IV-dyed DNAPLs
should be used with caution or perhaps
be re-interpreted.

The similarity noted between behavior of
the dyed-PCE-water interface and the M-
Area DNAPL-water interface during du
Nouy ring method interracial tension
measurements suggests that the dye
makes PCE behave in a fashion similar to
that observed with the M-Area DNAPL.
The possibility of altered wetting
relationships caused by components of
the DNAPL would have significant
implications for how the M-Area DNAPL
is distributed and moving in the SRS
subsurface. This possibility should be
examined experimentally. Specifically,
experimental work is required to 1)
identify what types of DNAPL
components possess surface active
characteristics, 2) examine the surface
chemistry of model DNAPL surface
active components at both the DNAPL-
water interface and at the DNAPL-mineral
surfaces, and 3) evaluate the mobility of
surface-active DNAPLs in the

WSRC-TR-97-O038
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subsurface, particularly with respect to
the major mechanism of movement.
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Figurel. Contact angle illustration. Leftside illustrates astrongly water-wet condition(O

<300). Rghtside illustrates aweMy NAPL-wet condition (9O0<e<l2O0).

Figure 2. Relative distribution of the wetting and nonwetting phases in a conical capillary.
(modified after [10]
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Figure 3. Chemical structures of organic dyes commonly
visualization studies.

usedin

15



WSRC-TR-97-O038
Rev. O

i

f.

I tLNAPL

1

Water

a.

Water

b.

Figure 4. General profiles of floating NAPL lenses. The symbol fc represents the
thickness of the water capillary fringe in contact with the glass beaker. a. NAPL with
density less than water, i.e., an LNAPL. b. NAPL with density greater than water, i.e., a
DNAPL.
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Figure 5. Dyed-PCE-water interracial tension by drop volume technique as a fimction of
PCE flow rate.
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Figure 6. Lowest dyed-PCE-water interracial tension measured by the drop volume
technique. Data points for 1.26 g/L and 1.69 g/L were estimated by interpolation.
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Figure 7. Contact angle between dyed-PCE, water, and glass measured through the water
phase.
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Sudan IV Dye Solution Density
Solution ID Concentration (g/L) (g/mL)

co 0.00000 1.6153

C4 0.00508 1.6150

C3 0.0508 1.6158

C2 0.508 1.6147

C1.27 1.27 1.6145

C1.69 1.69 . NA

cl 5.08 1.6141

Table 1. Tetrachloroethylene (PCE) solutions and Sudan IV dye concentrations.
indicates that the density was not measured.

NA

Lens Thickness Lens Thickness with
without Sudan IV -1.5 g/L Sudan IV

Dye (mm) Dye (mm)

6.0 5.5

6.2 5.5

6.5

6.0

6.5

Table 2. Floating PCE lens thickness measurements.
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PCE Syringe Pump Mean Interracial Standard Deviation
Rate (mL/hr) Tension (mN/m) (mN/m) Number of Drops

5.00 48.75 1.64 10

2.00 48.16 0.74 10

1.00 47.22 0.92 10

0.5 45.66 0.94 10

0.25 45.67 0.51 10

Table 3. Mean interracial tension between undyed PCE and water as a function of flow
rate.

PCE Syringe Pump Mean Interracial Standard Deviation
Rate (mL/hr) Tension (mN/m) (mN/m) Number of Drous

21

5.00 51.99 1.38 10

5.00 52.60 1.18 10

5.00 52.75 1.00 8

2.00 52.691 0.490 10

1.00 52.189 0.700 10

0.50 52.189 0.700 10

0.25 48.502 0.655 10

0.10 39.849 1.639 10

0.05 40.480 2.623 5

Table 4. Mean interracial tension between PCE and water as a function of flow rate for
Sudan W dye concentration C4 = 0.00508 @ in PCE.
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PCE Syringe Pump Mean Interracial Standard Deviation
Rate (mL/hr) Tension (mN/m) (mN/m) Number of Drops

5.00 53.29 1.07 10

2.00 53.40 0.88 10

1.00 52.49 0.61 10

0.50 51.66 0.97 10

0.25 49.98 1.57 10

0.10 46.05 0.75 5

0.05 41.65 1.50 5

rable 5. Meti interracial tension between PCE and water as a function of flow rate for
Sudan IV dye concentration C3 = 0.0508 g/L in PCE.

PCE Syringe Pump Mean Interracial Standard Deviation
Rate (mL/hr) Tension (mN/m) (rnN/m) Number of Drous

5.00 50.68 0.65 10

2.00 49.08 1.03 10

1.00 46.70 0.88 10

0.50 45.35 1.03 10

0.25 43.04 0.70 10

0.10 40.68 1.02 5

0.05 39.52 1.79 6

Table 6. Mean interracial tension between PCE and water as a function of flow rate for
Sudan IV dye concentration C2 = 0.508 g/L in PCE.
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PCE Syringe Pump Mean Interracial Standard Deviation
Rate (rnL/hr) Tension (mN/m) (mN/m) Number of Drops

5.00 37.19 0.38 10

2.00 34.78 0.17 10

1.00 33.18 0.45 10

0.50 31.39 0.37 10

0.25 . 29.51 0.56 10

0.10 27.89 0.65 6

0.05 26.08 0.80 5 .

Table 7. Mean interracial tension between PCE and water as a function of flow rate for
Sudan IV dye concentration Cl = 5.08 g/L in PCE.

Contact Angle Contact Angle
Dye Concentration through PCE Estimated Maximum through Water

(@) (degrees) Error (degrees) (degrees)

0.00000 122. 3 ,*:. 58

0.00508 139 3 41

0.0508 129 3 51

0.508 133 3 47

1.27 110 3 70

1.69 105 3 75

5.08 87 3 93

TabIe 8. Contact angle in the Sudan IV-dyed-PCE-water-glass system.

23



Appendix A.

Kriiss USA Report

prepared by

Dr. Christopher Rulison

November 27, 1995



Sample Analvsis Report

Prepared for: David Tuck, Ph.D. - Westinghouse Savannah River Company

Prepared by: Christopher Rulison, Ph.D. - Kr&ss USA

Date: November 27, 1995

Background

On November 13th and 14th, tests were performed on the following samples at Krfiss
USA in Charlotte, North Carolina.

cl - A 5.08g/L solution of dye in perchloroethylene which was pre-equilibrated with
water

C2 - A O. 508g/L solution of dye in perchloroethylene which was pre-equilibrated
with water

C3 - A 0.0508 g/L so!ution of dye in perchloroethylene
with water

which was pre-equilibrated

C4 - A 0.00508 g/L solution of dye in perchloroethylene which was pre-equilibrated
with water

PCE - “Pure” perchloroethylene which was pre-equilibrated with water

xl - A mixture of 1 part Cl and 3parts PCE, thus producing aperchloroethylene
solution with a dye concentration of 1.27g/L

x2 - A mixture of 1 part Cl and 2 parts PCE, thus producing a perchloroethylene
solution with a dye concentration of 1.69g/L

D1 - A two phase system containing approximately 23940Dowfax C6L (sodium hexyl
diphenyloxide disulfonate), water, and perchloroethylene

D2 - A pre-equilibrated two phase system containing 9.14% Dowfax C6L, water,
and perchloroethylene

D3 - A pre-equilibrated two phase system containing 4.57% Dowfax C6L, water,
and perchloroethylene

D4 - A pre-equilibrated two phase system containing
and perchloroethylene

.828$Z0 Dowfax C6L, water,



Drop volume tests

The series {PCE, Cl, C2, C3, C4} was tested for dynamic interracial tension against
the water (with which it was pre-equilibrated) using a Krdss Drop Volume Tensiometer
(DVT1 O). A variety of flow rates were studied, and three fundamentally different drop
volume designs were employed. For each test the density of the perchloroethylene
phase was assumed to be 1.62g/cm3 and the density of the aqueous-phase was
assumed to be 0.998 g/cm3.

The principle of drop volume interracial tensiometry is that the interracial tension (the
energy per unit area necessary to expand the region of contact) between two
immiscible liquids can be determined from a balance of the forces which act on a drop
of one of the liquids suspended in a continuous phase of the other liquid. Much of the
credit for the development of this concept is attributed to Tatel who more than a
century ago introduced the equation:

,,

VD Ap g
Y=

zd

where y = the interracial tension between the liquids, V~ = the volume of the drop,
Ap = the difference in density between the drop liquid and ,the continuous liquid, g
= gravity, d = the diameter of the tip on which the drop is suspended, and n has its
standard mathematical meaning.

Since it is a balance of the forces acting on a drop in the upward and downward
directions, this form of Tate’s equation @ applies to a drop on a thin walled capillary
tip which is precisely at the volume required for spontaneous detachment. See figure
1, which is a schematic representation of a drop formed on a syringe tip in a drop
volume experiment.
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Assume that the drop in figure 1 is formed on a proper capitlary and has the precise
volume at which Tate’s law applies. If the drop had any more volume, the separation
force would overcome the adherence force and the drop would detach from the tip
and rise through the continuous phase. If the drop had less volume, the adherence
force would be greater than the separation force and the drop would not
spontaneously detach.

Please note that this description has focuses on the lower density liquid being the drop
phase and a higher density liquid being the continuous phase. The KrGss Drop Volume
Tensiometer, DVT-I O, can be operated either in this configuration or in the opposite
configuration, wherein the higher density liquid is the drop phase. This “opposite”
configuration is analogous in terms of the Tate’s law equation except that the tip is
pointed downward into the less dense, continuous phase. The adherence force then
acts in the upward direction and the separation force acts in the downward direction.

An examination of Tate’s equation shows that, for a given experiment, all values other
than the volume of the drop and the interracial tension are constants. Therefore, by
pumping liquid at a fixed flow rate through the tip and detecting the volume of each

. . .



drop at its point of detachment, the interracial tension between virtually any pair of
immiscible liquids can be measured. The Krtiss Drop Volume Tensiometer DVT-1 O
operates on this principle. The system employs a precision syringe pump and a
specially designed tip Which precisely controls droplet formation and eliminates the
need for Tate’s law correction factors. Drops are grown at various rates on the tip and
their detachment from the tip is detected by an infrared LED/photodiode device.
Resultant values of interracial tension are calculated by the DVT-1 O (one for each drop
produced). Collection of this data using a personal computer with DVT-1 O software
facilitates data analysis.

The three sets of experiments were done with the PCE/water system. The first set
was done with the PCE as the continuous phase, water as the drop phase, and a
tungsten carbide tip (0.0254 cm ID
obtained:

Flow Number of
Rate !XQQS

.

5.0 ml/hr 5
2.0 10
1.0 10
0.5 10

opening diameter).

Relative
Standard Deviation

3.70 Yo

3.46
2.73
2.62

The following data was

Mean Surface
Tension

31.10 mN/m
25.12
22.13
19.14

However, under these conditions the PCE was in contact with a rubber O-ring during
the experiment. The literature value for the interracial tension between pure
perchloroethylene and water is approximately 48 mN/m. Therefore, we suspected that
the PCE was leaching material from the O-ring during these experiments, and
attributed these somewhat low values to that leaching. This data should be discarded.

A second series of experiments was thus performed in the same manner (PCE
continuous phase, tungsten carbide tip), but with a Kalrez (a much more resistant
rubber) O-ring. The results of this second set of experiments are as follows:

Flow
Rate

Number of

!X212S’

5.0 ml/hr 10
2.0 10
1.0 10
0.5 10

Relative Mean Surface
Standard Deviation Tension

2.99 yO 46.37 mN/m
2.06 47.64
2.48 45.95
2.00 44.75



We considered this set of experiments to be more reliable (closer to the literature value
and less dependent on flow rate). However, we decided that no contact between the
PCE phase and any rubber part would be more desirable. Therefore, this data was also
discarded.

No contract between the PCE and rubber could be achieved by running the
experiments with the aqueous phase as the continuous phase and the
perchloroethylene phase as the drop phase. This is the method we used for testing
PCE ‘a third time, as well as for all of the drop volume tests on samples Cl, C2, C3,
and C4. We also found that when using perchloroethylene as the drop phase, a
tungsten carbide tip was not appropriate. The perchloroethylene tended to wet the
outside of the tip, thus causing us to have an uncontrollable effective tip diameter.
Therefore, we switched to an alumina tip of the same diameter (0.0254cm). This
eliminated the wetting problem.

I
The results of drop testing using the alumina tip, using the perchloroethylene phase
as drop phase configuration, and assuming that all of the perchloroethylene phases
had densities = 1.62g/cm3 while all of the water phases had densities = 0.998
g/cm3, are summarized in figure 2. All of these results were obtained at room
temperature. The raw data from which figure 2 was constructed is included in the

I
appendix to this report.

Perchloroethylene / Water
Interracial Tension Data

eo.oq I -6-

1 Pure PCE
+

55.0 0.00S08@ Dye

//’””’
‘“- --f

25.0;
K

I 1 1 1 1 I t 11 I 1 t 1 1 I 8II 1 I I I I I II
0.01 0.10 1.00 10.00

Drop Rate (ml/hr)

Figure 2



To interpret the results shown in figure 2, consider what dynamic interfaciai tension
might be telling us about the properties of the dye (solute) that we are studying.
Solutes can be either interracially active or interracially inactive. Interracially active
solutes are thermodynamically driven to the boundaries of solutions in which they are
contained. Surfactants in water are a common example of interracially active solutes.
Figure 3 represents (in highly schematic format) dynamic interracial tension studies
with interracially active solutes.

/
lNTERFActALLY

ACTIVE
MOLECULES

Y HIGH

HIGH
FLOW
RATE

YLOW

LOW
FLOW
RATE

‘igure 3

Consider the small black squares in figure 3 to be interracially active molecules. If a
drop is formed father quickly (at a high flow rate) the active molecules do not have
sufficient time to diffuse to and adsorb at the interface substantially. Therefore, the
measured interracial tension is high, relative to what it would be if the drop was

formed more slowly. If the drop was formed more slowly (at a low flow rate), the

active molecules have more time to absorb at the interface before the interracial

tension is measured. The measured interracial tension is thus lower.



Now consider interracially inactive solutes. In this case, it is more thermodynamically
favorable not to have solute molecules at the interface. in other words,
thermodynamically inactive molecules increase interracial tension if they are contained
at interfaces. When a drop containing interracially inactive solute molecules is formed
quickly, some of these molecules may (by random chance) be at or near the interface.
The interracial tension between the two liquids being studied may then be even higher
in interracial tension than it would be if the liquids were “pure”, due to ~he presence
of the solute. If lower flow rates are studied, time is provided for the inactive solute
molecules to diffuse away from the interface and into the bulk of the phase in which
they are contained. This decreases interracial tension. This situation is depicted in
figure 4.

Dvnamic lnterfa cial Ten sio~
with Interfa ciallv Inactive Solutes

Y HIGH

INTERFACIALLY
INACTIVE

MOLECULES

Hl&H
FLOW
RATE

YLOW

.% mm

mm m
m

9
■

II

?
LOW

FLOW
RATE

-.
Figure 4

From these explanations two things become evident.

(1) Solutes (including dyes) can either raise or lower the interracial tension between
two liquids depending on whether they are interracially active or interracially
inactive.



(2) It is generally true that, whether or not our solutes are interracially active or
interracially inactive, interracial tension wili decrease with decreasing drop
formation rate.

What does this tell us about the dynamic interracial tension results that we have in
figure 2? It tells us two things mainly.

(1) Considering the “pure” PCE data, we see a decrease in interracial tension with

decreasing flow rate, the magnitude of which is approximately & 3. OmN/m over
the range of flow rates studied. This suggests that there are slight impurities in
the PCE.

(2) The data on the dye solutions suggests that the dye is both interracially active
and interfaciaily inactive. At low dye concentrations (0.00508 g/L, 0.0508 g/L,
and even 0.508g/L) and high drop formation rates the dye increases the
interracial tension between PCE and water, suggesting that the dye is

interracially inactive. This would correlate with the dye being very hydrophobic.
Viewing the samples also suggests that this is the case, because the
partitioning of the dye between the PCE and the aqueous phase strongly favors
the PCE phase. On the other hand, studies at low drop formation rates and
higher dye concentrations (5.08g/L) suggest that the dye is interracially active,
since it lowers the interracial tension between the PCE and the water. .

How can this behavior be explained? Three possible explanations come to my mind.

(1) The dye
species.
inactive.

is not a single molecular species. it is at least a two component
One component (call it “A”) is very hydrophobic and interracially
It drives theinterfacial tension up at high flow rates, because it does

not have sufficient time to diffuse away from the developing interface. A
second component” (call it “B”) is interracially active. It diffuses to developing
interfaces (as the drop formation time allows) and decreases interracial tension.

I could envision this scenario being the result of the dye having been
synthesized by a hi-phase or multi-phase technique, using surfactant-like
materials as a stabilizing material for the synthesis. The dye product would then
be component “A” with an impurity being the surfactant component “B”. I
could also envision the dye being a collection of isomers, each of which might
have different interracial activities. The purity of your dye might perhaps be
explored by HPLC. I’d be interested to know what (if any) data you have on the
purity of the dye.

~



Following the two component scenario a bit further. We can safely assume that

component “A” is the more predominate. However, component “B” is strongly
driven to replace any component “A” that might be at a developing interface.
At dye low concentrations and fast drop formation rates “A” dominates the
interface. “B” replaces it as time allows ( at lower drop formation times). At
higher concentrations (say the 5.08g/L concentration) and fast rates “A” should
still dominate the interface, if we could form drops fast enough to see its effect.
We have to form drops faster to see the effects of “A” at high dye
concentrations because, although the concentration of “B” is only increased
proportionately to the concentration of “A” when dye concentration is
increased, the amount of available “A” in the bulk of the drop matters less in
terms of interracial tension than does the amount of available “B”. lniour tests
at 5.08g/L we did not explore rates which were fast enough to see the effects
of “A”. At 0.508 g/L we did, but just barely.

(2) A second scenario, which could explain the behavior of the dye without going
to a two component model, is that the dye molecules have a thermodynamically
most stable conformation at an interface that is different than their
thermodynamically most stable conformation in the bulk. Such things have been
reported for surface active polymeric materials. In this scenario the dye
molecules at the interface alter their conformation over time, thus explaining
the decrease in interracial tension with decreasing drop formation rate profiles,
and the decreasing interracial tension with increasing concentration profiles.At
high flow rates, a portion of the dye molecules are “caught” in a conformation
not conducive to being at the developing interface. Interracial tension is thus
high (even higher than for the pure liquids). At low flow rates, the molecules
have time to rearrange to provide for a lowering of interracial tension.

Alternatively, the dye molecules might also change conformations in the bulk as
a function of concentration (possibly taking on a more surface active
conformation at high concentrations). This is not overly unusual behavior for
molecules which contain chromophores. It could be explored by seeing if the
UV and/or FTIR spectra for this dye shift based on concentration.

(3) A third explanation, and the one that I recommend for you to explore first, is
that the dye is just interracially active. It is not inactive, and it does not really
increase the interracial tension between PCE and water. This is what you
suspected in the first place, and it does not necessarily mean that the data that
we obtained is bad, only that it is misinterpreted.

Remember that the use of Tate’s equation requires that values for Ap, r, and g
be defined. We have, so far, assumed
solutions was 1.62g/cm3 (and that the

that-the density of each of the dye
density of each aqueous phase was

~



0.99 Elg/cm3). What if this is a bad assumption?

Using this assumption we obtained 52.24mN/m as the interracial tension
between the 0.00508 g/L (C4) solution and water at 5ml/hr. However, what if
PCE with this amount of dye in it has a density of 1.58g/cm3 instead of
1.62g/cm3? I don’t think that this is totally unreasonable. The correct interracial
tension for the C4/water system would then be:

52*4 1.58-0.998 . ~ ~ ~Nlm.
1.62-.998 .

This would be very comparable to the “pure” PCE/water va!ue (obtained using
1.62g/cm3 as the density) of 48.9mN/m.

I think you should determine the correct densities for each of your systems, and
possibly correct all of the data for density. This might reveal that the dye only
acts as an interracially active solute, thus making it unnecessary to explore
scenarios 1 and 2 above. On the other hand, the interracial contact angle data
(reported below) suggests that scenarios 1 and 2 will need to be considered.
It implies that low concentrations of dye really do increase the interracial
tension between PCE/water.

Interracial contact anqle tests

Interracial contact angle tests were performed using a KrOss Goniometer model GI O.
For each experiment a drop of perchloroethylene solution was placed on a glass slide
which was submerged in water that had been pre-equilibrated with “pure” PCE. The
contact angle was measured through the PCE phase as depicted in figure 5 below.

Figure 5



Seven solutions were tested {Cl, C2, C3,C4, PCE, Xl, and X2}. The contact angle
values obtained were:

Solution Dve Concentration Contact Armle

PCE o g/L 122° * 3°
C4 0.00508 g/L 139° * 3°
C3 0.0508 g/L 129° & 3°
C2 0.508 g/L 133° * 3°
xl 1.27 g/L 110° * 3°
x2 1.69 g/L 105° * 3°
cl 5.08 g/L 87° & 3°

This data is also plotted in figure 6.

Contact Angle
As a Function of Dye Concentration
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Figure 6
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The interracial contact angle reflects the ability (or lack there of) of the PCE to
spontaneously displace water from a glass surface. Angies less than 90° indicate that
the displacement is spontaneous. Angles greater than 90° indicate that the
displacement will not occur without energy input.

I

That the interracial contact angle is greater for low dye concentrations than it is for
PCE alone, suggests that the dye is making the PCE less able to wet the-glass at low
concentrations. At high dye concentrations the PCE/dye solutions become more-
capable of wetting the glass than the PCE alone is. This is very reminiscent of the
drop volume data for these solutions at say 5ml/hr, wherein low concentrations of dye
increased interracial tension while high concentrations of dye decreased it.

S~innina drop data

We also determined the interracial tensions between four two phase systems
containing Dowfax C6L, PCE, and water. The Dowfax concentration was altered
throughout the series. For this work a KrCissSpinning Drop Tensiometer SITE04 was
used. The principle of spinning drop tensiometry is that if two immiscible liquids are
spun in a capillary with the more dense phase being continuous and the less dense

phase present as a droplet, then the droplet will become elliptical within the capillary.

If this procedure is carried out such that the long radius of the droplet is at least four

times the short radius, and the droplet does not touch the capillary walls, then the

interracial tension between the two liquids can be calculated from:

r3Ap Q20=
4

wherein r = the short radius of the drop, Ap = the difference in density between the

two liquids, and m = the angular velocity of the spin.

I The following data was obtained on the Dowfax systems:

.-

1 Dowfax Spin Velocity Drop Diameter Interracial Tension
Concentration _JH2!Il (eve~iece units~ (mN/m)

23’?40 5520 1.25 0.81 mN/m
23!K0 6922 1.11 0.89 mN/m
23yo 3820 1.60 0.81 mN/m
23yo 4446 1.42 0.77 mN/m
23!K0 2499 2.09 0.78 mN/m



*

9.14%
9.1470
9.1470
9.14%
9.14%

4.57%
4.57’XO
4.57%
4.57%
4.57%

1.828’%0
1.828%
1.828?40
1.828%
1.82870

4445
5335
6935
4580
5556

4544
5635
4773
7038
3521

4426
5010
7123
6289
7766

1.47
1.31
1.11
1.41
1.27

1.65
1.50
1.57
1.25
1.97

0.85 mN/m
0.87 mN/m
0.90 mN/m
0.80 mN/m

0.86 mN/m

1.26 rrrN/m
1.46 mN/m
1.20 mN/m
1.32 mN/m
1.29 mN/m

1.95 1.98 mN/m
1.83 2.09 mN/m
1.50 2.33 mN/m
1.57 2.08 mN/m
1.35 2.02 mN/m

in general, the interfactial tension decreases with increasing Dowfax concentration as .
would be expected.

DUNOUY rina method

One other set of interracial tension experiments which were performed were DuNouy
ring tests on the “pure” PCE/water system. For these experiments a Krtiss Processor
Tensiometer KI 2 was used. The ring used was constructed of a platinum alloy. Both
the push and the pull methods were explored. .

We found that it was difficult to tell if the ring was better wetted by water or PCE. We
obtained some data from both the push and the pull method, which suggested that
the interracial tension between the two phases was approximately 30mN/m and
decreased with time. This data was not well understood. However, it was thought

. .
that ring wetting problems existed. The unusually high density difference between the
two phases might also have been a contributing factor to the wetting problem.

Reference

1. Tate, T.; Phil. /Wag., 27, 176, (1864).



Date Data Collected: November 14, 1995
Experiment Title: pce\water
Experimenter: chris
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate:” 5.000 mL/hour
Drop Limit:

DATA
Drop #

1

2
3
4
5
6
7
8
9
10

Drop Time
(seconds)

4.250
4.570
4.560
4.620
4.670
4.550
4.780
4.660
4.790
4.720

10

Total Time
(seconds)

4.250
8.820
13.390
18.000
22.670
27.220
32.000
36.660
41.450
46.170

Drop Volume
(#L)
5.900
6.350
6.330
6.410
6.490
6.320
6.640
6.470
6’.650
6.560

Average Drop Volume: 6.413 pL
Mean Interracial Tension: 48.985 mN/m
Final Standard Deviation: +/- 1.643 mN/m
Relative Standard Deviation: 3.355 %

12:31:39 PM 11/22/95

Interracial Tension
(mN/m)

45.091
48.539
48.380
48.963
49.547
AR T74----
50.714
49.441
50.820
50.077

.
.



Date Data Collected: November 14, 1995
Experiment Title: pce\water
Experimenter: chris
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 2.000 mL/hour
Drop Limit: 10

DATA
Drop #

1

2
3
4
5
6
7
8
9
10

Drop Time
(seconds)

11.350
11.210
11.260
11.530
11.220
11.710
11.290
11.630
11.330
11.490

Total Time
(seconds)

11.350
22.560
33.820
45.350
56.560
68.270
79.550
91.180
102.510
114.000

Drop Volume
(PL)
6.310
6.230
6.260
6.410
,6.230
6.500
6.270
6.460
6.290
6.380

Average Drop Volume: 6.333 pL
Mean Interracial Tension: 48.378 mN/m
Final Standard Deviation: +/- 0.750 mN/m
Relative Standard Deviation: 1.550 %

12:39:14 PM 11/22/95

*

●

✌✎✍

Interfacial Tension
(mN/m)
48.168
47.552
47.786
48.932
47.595
40 1=74-.”,-
47.892
49.335
48.083
48.762



Date Data Collected: November 14, 1995
Experiment Title: pce\water
Experimenter: chris
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc”
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 1.000 mL/hour
Drop Limit:

DATA
Drop #

1

2
3
4
5
6
7
8
9
10

Drop Time
(Seconds)

22.030
23.000
21.910
22.860
22.160
22.130
22.760
22.040
22.800
21.930

10

Total Time
(seconds)

22.030
45.030
66.940
89.800
111.950
134.080
156.850
178.890
201.690
223.610

Drop Volume
(PL)
6.120
6.390
6.090
6.350
6.150
6.150
6.320
6.120
6.330
6.090

Average Drop Volume: 6.211 pL
Mean Interracial Tension: 47.448 mN/m
Final Standard Deviation: +/- 0.923 mN/m
Relative Standard Deviation: 1.945 %

12:40:06 PM 11/22/95

Interracial Tension
(mN/m)
46.746
48.804
46.491
48.497
47.011
46.958
48.306
46.778
48.369
46.523

..-



Date Data Collected: November 14, 1995
Experiment Title: pce\water
Experimenter: chris
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 0.500 mL/hour
Drop Limit: 10

DATA
Drop #

1
2
3
4
5
6
7
8
9
10

Drop Time
(seconds)

43.710
41.500
42.800
43.220
42.430
43.800
43.120
43.290
44.700
43.950

Total Time
(seconds)

43.710
85.200
128.000
171.230
213.660
257.460
300.570
343.860
388.560
432.520

Drop Volume
(PL)
6.070
5.760
5.940
6.000
5.890
6.080
5.990
6.010
6.210
6.100

Average Drop Volume: 6.007 pL
Mean Interracial Tension: 45.888 mN/m
Final Standard Deviation: +/- 0.941 mN/m
Relative Standard Deviation: 2.051 %

12:40:49 PM 11/22/95

Interracial Tension
(mN/m)
46.369
44.025
45.409
45.860
45.017
46.470
45.743
45.929
47.425
46.635



Date Data Collected: November 14, 1995
Experiment Title: pce\water
Experimenter: chris
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 0.250 mL/hour
Drop Limit: 10

DATA
Drop #

1
2
3
4
5
6
7
8
9
10

Drop Time
(seconds)

85.690
85.470
85.360
86.510
86.010
87.460
86.890
86.000
87.460
88.270

Total Time
(seconds)

85.690
171.160
256.520
343.030
429.030
516.490
603.380
689.370
776.830
865.110

Drop Volume
(1.LL)
5.950
5.940
5.930
6.010
5.970
6.070
6.030
5.970
6.070
6.130

Average Drop Volume: 6.008 pL
Mean Interracial Tension: 45.892 riN/m
Final Standard Deviation: +/- 0.520 mN/m
Relative Standard Deviation: 1.133 %

12:41:47 PM 11/22/95

Interracial Tension
(ti/m)
45.457
45.340
45.282
45.889
45.624
46.393
46.094
4S.619
46.396
46.828



Date Data Collected: November 14, 1995
Experiment Title: npce\water
Experimenter: chris
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 5.OOO mL/hour
Drop Limit: 10

DATA
Drop # Drop Time Total Time Drop Volume

(seconds) (seconds) (PL)
1 5.040 5.040 7.000
2 4.970 10.010 6.900
3 4.920 14.930 6.830
4 5.010 19.940 6.960
5 4.950 24.890 6.880
6 5.070 29.960 7.050
7 5.010 34.970 6.950
8 5.000 39.970 6.940

Average Drop Volume: 6.938 pL
Mean Interracial Tension: 53.002 mN/m
Final Standard Deviation: +/- 0.528 mN/m
Relative Standard Deviation: 0.996 %

11:16:11 AM 11/22/95

Interracial Tension
(mN/m)
53.473
52.677
52.199
53.154
52.518
53.844
53.101
53.048



Date Data Collected: November 14, 1995
Experiment Title: npce\water
Experimenter: chris
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow.Rate: 5.000 mL/hour

. .
Drop Limit: 10

DATA
Drop #

1
2
3
4
5
6
7
8
9
10

Drop Time
(seconds)

5.110
4.760
5.100
4.780
5.020
4.820
4.930
4.860
4.840
5.020

Total Time
(seconds)

5.110
9.870
14.970
19.760
24.770
29.590
34.520
39.380
44.220
49.240

Drop Volume
(#L)
7.100
6.610
7.080
6.650
6.970
6.690
6.850
6.750
6.720
6.980

Interracial Tension
(mN/m)
54.215
50.502
54.109
50.767
53.207
51.085
52.305
51.563
51.351
53.313

Average Drop Volume: 6.839 #L
Mean Interracial Tension: 52.242 mN/m
Final Standard Deviation: +/- 1.385 mN/m
Relative Standard Deviation: 2.651 %

11:15:32 AM 11/22/95



Date Data Collected: November 14, 1995
Experiment Title: npce\water
Experimenter: chris
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 2.000 mL/hour
Drop Limit:

DATA
Drop #

1
2
3
4.
5
6
7
8
9
10

Drop Time
(seconds)

12.380
12.450
12.540
12.380
12.600
12.440
12.500
12.550
12.260
12.660

10

Total Time
(seconds)-

12.380
24.830
37.370
49.750
62.340
74.780
87.280
99.830
112.080
124.740

Drop Volume
(pL)”
6.880
6.920
6.960
6.880
7.000
6.910
6.940
6.970
6.810
7.030

Average Drop Volume: 6.930 pL
Mean Interracial Tension: 52.936 mN/m
Final Standard Deviation: +/- 0.499 mN/m
Relative Standard Deviation: 0.942 %

12:28:25 PM 11/22/95

Interracial Tension
(mN/In)

52.539
52.836
53.197
52.539
53.451
52.794
53.048
53.239
52.008
53.706



Date Data Collected: November 14, 1995
Experiment Title: npce\water
Experimenter: chris
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 1.000 mL/hour
Drop Limit:

DATA
Drop #

1

2
3
4
5
6
7
8
9
10

Drop Time
(seconds)

24.860
24.650
24.620
25.360
24.170
25.070
24.410
24.750
24.510
24.730

10

Total Time
(seconds)

24.860
49.510
74.130
99.490
123.660
148.730
173.140
197.890
222.400
247.130

Drop Volume
(PL)
6.900
6.850
6.840
7.040
6.710
6.960
6.780
6.880
6.810
6.870

Interracial Tension
(mN/m)

52.740
52.305
52.252
53.812
51.287
53.197
51.786
52.518
52.008
52.475

Average Drop Volume: 6.865 pL
Mean Interracial Tension: 52.438 mN/m
Final Standard Deviation: +/- 0.711 mN/m
Relative Standard Deviation: 1.356 %

12:29:12 PM 11/22/95

..-



Date Data Collected: November
Experiment Title: npce\Water
Experimenter: ehris
Comments:

PARAMETERS
Contiguous Phase Density:
Dispersed Phase Density:
Ori-fi.ce Diameter:
Syringe Diameter:
Flow Rate:
Drop Limit:

DATA

14, 1995

1.620 g/cc
0.998 g/cc
0.0254 cm
2.3000 cm
0.500 mL/hour
10

Drop #

1

2
3
4
5
6
7
8
9
10

Drop Time
(seconds)

24.860
24.650
24.620
25.360
24.170
25.070
24.410
24.750
24.510
24.730

Total Time
(seconds)

24.860
49.510
74.130
99.490
123.660
148.730
173.140
197.890
222.400
247.130

Drop Volume
(pL)
6.900
6,850
6.840
7.040
6.710
6.960
6.780
6.880
6.810
6.870

Interracial Tension
(mN/m)
52.740
52.305
52.252
53.812
51.287
53.197
51.786
52.518
52.008
52.475

Average Drop Volume: 6.865 /!LL
Mean Interracial Tension: 52.438 mN/m
Final Standard Deviation: +/- o.71i mN/m
Relative Standard Deviation: 1.356 %

12:30:15 PM 11/22/95



Date. Data Collected: November 14, 1995
Experiment Title: npce\water
Experimenter: chris
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 Ctll
Flow Rate: 0.500 mL/hour
Drop Limit: 10

DATA
Drop #

1
2
3
4
5
6
7
8
9
10

Drop Time
(seconds)

49.630
49.320
49.250
49.830
40.%60
50.120
49.200
49.210
49.990
49.460

Total Time
(seconds)

49.630
98.950
148.200
198.030
246.890
297.OiO
346.210
395.420
445.410
494.870

Drop Volume
(PL)
6.920
6.850
6.840
6.920
6.930
6.960
6.830
6.830
6.940
6.870

Average Drop Volume: 6.889 pL
Mean lnterfacial Tension: 52.515 mNJm
Final Standard Deviat$on: .+/- 0.402 mN/m
Relative Standard Deviation: 0.765 %

180372576’73 P.02
/’

Interracial Tension
(mN/m)

52.645
52.326
52:263
52.249
51.839
!53 .176
52.927
52.210
53.037
52.475

15:57:48 3/27/97

.

!



Date Data Collected: November 14, 1995
Experiment Title: npce\water
Experimenter: chris
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 0.250 mL/hour
Drop Limit: 10

DATA
Drop # Drop Time Total Time Drop Volume

(seconds) (seconds) {#L)
1 93.530 93.530 6.490
2 91.990 185.520 6.390
3 91.700 277.220 6.370
4 89.830 367.050 6.240
5 91.180 458.230 6.330
6 90.760 548.980 6.300
7 92.650 641.640 6.430
8 90.880 732.520 6.310
9 93.710 826.220 6.510
10 92.460 918.680 6.420

Average Drop Volume: 6.380 pL
Mean Interracial Tension: 48.735 mN/m
Final Standard Deviation: +/- 0.661 mN/m
Relative Standard Deviation: 1.357 %

12:30:46 PM 11/22/95

Interracial Tension
(mN/m) ‘
49.613
48.799
48.645
47.653
48.369
48.144
49.152
48.210
49.709
49.051

/. -



Date Data Collected: November 14, 1995
Experiment Title: npce\water
Experimenter: chris
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 0.100 mL/hour
Drop Limit: 10

DATA
Drop # Drop Time Total Time Drop Volume

(seconds) {seconds) (pL)
1 197.730 197.730 5.490
2 177.100 374.830 4.920
3 177.830 552.660 4.940
4 181.900 734.550 5.050
5 186.070 920.620 5.170
6 193.300 1113.920 5.370
7 194.940 1308.860 5.420
8 187.380 1496.240 5.210
9 192.820 1689.060 5.360
10 197.180 1886.240 5.480

Average Drop Volume: 5.240 pL
Mean Interracial Tension: 40.025 mN/m
Final Standard Deviation: +/- 1.641 mN/m
Relative Standard Deviation: 4.100 %

11:13:41 AM 11/22/95

Interracial Tension
(mN/m)
41.957
37.579
37.733
38.597
39.482
41.017
41.366
39.761
40.914
41.840



Date Data Collected: November
Experiment Title: npce\water
Experimenter: chris
Comments:

PARAMETERS
Continuous Phase Density:
Dispersed Phase Density:
Orifice Diameter:
Syringe Diameter:
Flow Rate:
Drop Limit:

DATA

14, 1995

1.620 g/cc
0.998 g/cc
0.0254 cm
2.3000 cm
0.050 mL/hour
10

Drop # Drop Time Total Time Drop Volume Interracial Tension
(Seconds) (seconds) (PL) (mN/rn)

1 420.830 420.830 5.840 44.648
2 397.080 817.910 5.520 42.129
3 366.560 1184.470 5.090 38.891
4 363.530 1547.990 5.050 38.569
5 368.400 1916.390 5.120 39.086

Average Drop Volume: 5.323 pL
Mean Interracial Tension: 40.664 mN/m
Final Standard Deviation: +/- 2.648 mN/m
Relative Standard Deviation: 6.511 %

11:14:36 AM 11/22/95

,-



Date Data Collected: November 14, 1995
Experiment Title:
Experimenter:
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 5.000 mL/hour
Drop Limit: 10

DATA
Drop # Drop Time Total Time Drop Volume

(seconds) (seconds) (#L)
1 3.520 3.520 4.880
2 3.530 7.050 4.900
3 3.530 10.580 4.900
4 3.510 14.090 4.880
5 3.540 17.620 4.910
6“ 3.610 21.230 5.010
7 3.520 24.750 4.900
8 3.500 28.250 4.850
9 3.480 31.730 4.830
10 3.490 35.220 4.850

Interracial Tension
(mN/m)
37.293
37.452
37.452
37.240
37.505
2Q 948----
37.399
37.081
36.922
37.028

Average”Drop Volume: 4.891 pL
Mean Interracial Tension: 37.362 mN/m
Final Standard Deviation: +/- 0.369 mN/m
Relative

10:42:00

Standard Deviation:- 0.988 % “

AM 11/22/95



Date Data Collected: November 14, 1995
Experiment Title:
Experimenter:
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 2.000 mL/hour
Drop Limit: 10

DATA
Drop #

1
2
3
4
5
6
7
8
9
10

Drop Time
(seconds)

8.270
8.250
8.200
8.180
8.190
8.200
8.240
8.250
8.230
8.310

Total Time
(seconds)

8.270
16.520
24.720
32.900
41.090
49.290
57.530
65.780
74.020
82.330

Drop Volume
(PL)
4.590
4.580
4.560
4.540
4.550
4.560
4.580
4.580
4.580
4.620

Average Drop Volume: 4.574 /!LL .
Mean Interracial Tension: 34.938 mN/m
Final Standard Deviation: +/- 0.170 mN/m
Relative Standard Deviation: 0.487 %

10:40:35 AM 11/22/95

Interracial Tension
(mN/rn)

35.097
34.991
34.821
34.715
34.736
34.821
34.969
35.012
34.948
35.266



Date Data Collected: November 14, 1995
Experiment Title:
Experimenter:
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 1.000 mL/hour
Drop Limit:

DATA
Drop #

1
2
3
4
5
6
7
8
9
10

Drop Time
(seconds)

15.120
15.690
15.780
15.770
15.840
15.810
15.810
15.760
15.810
15.720

10

Total Time
(seconds)

15.120
30.810
46.590
62.36,0
78.190
94.000
109.810
125.570
141.380
157.090

Drop Volume
(PL)
4.200
4.360
4.380
4.380
4.400
4.390
4.390
4.380
4.390
4.370

Average Drop Volume: 4.364 pL
Mean Interracial Tension: 33.333 mN/m
Final Standard Deviation: +/- 0.450 mN/m
Relative Standard Deviation: 1.349 %

10:39:14 AM 11/22/95

Interracial Tension
(mN/m)
32.084
33.282
33.484
33.463
33.601
33.537
33.548
33.452
33.537
23.346



Date Data Collected: November 14, 1995
Experiment Title:
Experimenter:
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 0.500 mL/hour
Drop Limit:

DATA
Drop #

1

2
3
4
5
6
7
8
9
10

Drop Time
(seconds)

30.090
30.080
29.620
29.690
29.780
29.930
29.990
29.560
29.410
29.030

10

Total Time
(Seconds)

30.090
60.170
89.780
119.470
149.250
179.180
209.170
238.730
268.130
297.160

Drop Volume
(/.LL)
4.180
4.180
4.110
4.120
4.140
4.160
4.170
4.110
4.080
4.030

Interracial Tension
(mN/m)
31.919
31.914
31.420
31.500
31.595
31.749
31.818
31.362
31.198
30.800

Average Drop Volume: 4.127 pL
Mean Interracial Tension: 31.528 mN/m
Final Standard Deviation: +/- 0.353 mN/m
Relative Standard Deviation: 1.118 %

10:43:57 AM 11/22/95

..-



Date Data Collected: November 14, 1995
Experiment Title:
Experimenter:
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 0.250 mL/hour
Drop Limit: 10

DATA
Drop # Drop Time Total Time Drop Volume

(seconds) (seconds) (/tL)
1 55.940 55.940 3.880
2 57.010 112.950 3.960
3 56.750 169.700 3.940
4 56.270 225.960 3.910
5 55.680 281.640 3.870
6 57.320 338.960 3.980
7. 55.620 394.580 3.860
8 54.380 448.960 3.780
9 53.960 502.920 3.750
10 55.910 558.830 3.880

Average Drop Volume: 3.881 pL
Mean Interracial Tension: 29.645 mN/m
Final Standard Deviation: +/- 0.567 mN/m
Relative Standard Deviation: 1.913 %

10:45:29 AM 11/22/95

Interracial Tension
(m/m)
29.672
30.243
30.105
29.848
29.537
30.405
29.505
28.848
28.625
29.659



Date Data Collected: November 14, 1995
Experiment Title:
Experimenter:
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 0.100 mL/hour
Drop Limit: 10

DATA
Drop #

1
2
3
4
5
6

Drop Time
(seconds)

132.550
126.220
131.380
135.270
132.890
133.790

Total Time
(seconds)

132.550
258.770
390.140
525.410
658.300
792.080

Drop Volume
(PL)
3.680
3.510
3.650
3.760
3.690
3.720

Interracial Tension
(mN/m)
28.126
26.782
27.877
28.702
28.198
28.388

Average Drop Volume: 3.667 pL
Mean Interracial Tension: 28.012 mN/m
Final Standard Deviation: +/- 0.663 mN/m
Relative Standard Deviation: 2.366 %

10:47:18 AM 11/22/95



Date Data Collected: November 14, 1995
Experiment Title:
Experimenter:
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 0.050 mL/hour
Drop Limit: 10

DATA
Drop # Drop Time Total Time Drop Volume

(seconds) (seconds) (PL)
1 247.120 247.120 3.430
2 254.180 501.290 3.530
3 244.480 745.770 3.400
4 253.660 999.430 3.520
5 235.170 1234.590 3.270

Average Drop Volume: 3.429 pL
Mean Interracial Tension: 26.197 mN/m
Final Standard Deviation: +/- 0.826 mN/m
Relative Standard Deviation: 3.151 %

10:47:59 AM 11/22/95

Interracial Tension
(mN/m)
26.218
26.967
25.938
26.912
24.950



Date .Data Collected: November
Experiment Title: npce\water
Experimenter: chris
Comments:

PARAMETERS
Continuous Phase Density:
Dispersed Phase Density:
Orifice Diameter:
Syringe Diameter:
Flow Rate:
Drop Limit:

DATA

14, 1995

1.620 g/cc
0.998 g/cc
0.0254 cm
2.3000 cm
5.000 mL/hour
10

Drop # Drop Time Total Time Drop Volume
(seconds) (seconds) (PL)

1 4.890 4.890 6.790
2 5.110 9.990 7.090
3 5.070 15.060 7.030
4 4.980 20.040 6.920
5 5.190 25.230 7.210
6 4.910 30.140 6.810
7 5.110 35.250 7.100
8 5.050 40.300 7.010
9 5.010 45.310 6.960
10 5.160 50.470 7.170

Average Drop Volume: 7.009 pL
Mean Interracial Tension: 53.542 mN/m
Final Standard Deviation: +/- 1.070 mN/m
Relative Standard Deviation: 1.999 %

11:02:26 AM 11/22/95

Interracial Tension
(mN/m)
51.881
54.162.
53.738
52.836
55.064
52.040
54.215
53.579
53.154
54.746



Date Data Collected: November 14, 1995
Experiment Title: npce\water
Experimenter: chris
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 2.000 mL/hour
Drop Limit:

DATA
Drop #

1

2
3
4
5
6
7
8
9
10

Drop Time
(seconds)

12.760
12.530
12.540
12.980
12.290
12.820
12.680
12.680
12.760
12.390

10

Total Time
(seconds)

12.760
25.280
37.820
50.800
63.090
75.900
88.580
101.270
114.030
126.420

Drop Volume
(pL)
7.090
6.960
6.960
7.210
6.830
7.120
7.050
7.040
7.090
6.880

Interracial Tension
(mN/m)

54.130
53.154
53.197
55.085
52.157
54.385
53.833
53.812
54.152
52.581

Average Drop Volume: 7.023 pL
Mean Interracial Tension: 53.649 mN/m
Final Standard Deviation: +/- 0.880 mN/m
Relative Standard Deviation: 1.640 %

11:03:07 AM 11/22/95



Date Data Collected: November 14, 1995
Experiment Title:
Experimenter:
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 1.000 mL/hour
Drop Limit:

DATA
Drop #

1

2
3
4
5
6
7
8
9
10

Drop Time
(seconds)

24.650
25.070
25.200
24.550
25.050
24.390
25.210
24.570
24.900
24.920

10

Total Time
(seconds)

24.650
49.720
74.920
99.470
124.520
148.910
174.120
198.690
223.590
248.520

Drop Volume
(pL)
6.850
6.960
7.000
6.820
6.960
6.770
7.000
6.830
6.920
6.920

Average Drop Volume: 6.903 pL
Mean Interracial Tension: 52.733 mN/m
Final Standard Deviation: +/- 0.619 mN/m
Relative Standard Deviation: 1.173 %

11:03:35 AM 11/22/95

Interracial Tension
(mN\rn)

52.305
53.186
53.473
52.104
53.154
51.743
53.494
52.146
52.836
52.889



Date Data Collected: November 14, 1995
Experiment Title:
Experimenter:
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 0.500 mL/hour
Drop Limit: 10

DATA
Drop # Drop Time Total Time Drop Volume

(seconds) (seconds) (#L)
1 48.980 48.980 6.800
2 47.900 96.880 6.650
3 50.140 147.020 6.960
4 48.890 195.910 6.790
5 48.320 244.230 6.710
6 49.660 293.890 6.900
7 48.160 342.050 6.690
8 49.510 391.560 6.880
9 47.560 439.120 6.610
10 50.140 489.270 6.960

Average Drop Volume: 6.795 pL
Mean Interracial Tension: 51.909 mN/m
Final Standard Deviation: +/- 0.983 mN/m
Relative Standard Deviation: 1.893 %

11:03:59 AM 11/22/95

Interracial Tension
(mN/m)

51.966
50.815
53.197
51.870
51.271
52.682
51.096
52.534
50.459
53.202

..-



Date Data Collected: November 14, 1995
Experiment Title:
Experimenter:
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 0.250 mL/hour
Drop Limit: 10

DATA
Drop # Drop Time Total Time Drop Volume

● (Seconds) (seconds) (PL)
1 97.680 97.680 6.780
2 92.230 189.910 6.400
3 97.850 287.770 6.800
4 91.580 379.350 6.360
5 97.510 476.860 6.770
6 91.770 568.630 6.370
7 97.350 665.980 6.760
8 91.630 757.620 6.360
9 96.900 854.520 6.730
10 92.130 946.650 6.400

Average Drop Volume: 6.574 pL
Mean lnterfacial Tension: 50.218 mN/m
Final Standard Deviation: +/- 1.571 mN/m
Relative Standard Devi-ati.on: 3.129 %

11:04:56 AM 11/22/95

Interracial Tension
(mN/m)
51.817
48.926
51.910
48.582
51.727
48.685
51.642
48.611
51.404
48.876

‘\A&o \+&)

-0.253 ,Ol%\ /W_
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Date Data Collected: November 14, 1995
Experiment Title:
Experimenter:
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 0.100 mL/hour
Drop Limit: 10

DATA
Drop # Drop Time Total Time Drop Volume Interracial Tension

(seconds) (seconds) (pL) (mN/m)
1 217.770 217.770 6.050 46.209
2 218.820 436.590 6.080 46.431
3 223.250 659.830 6.200 47.371
4 213.470 873.300 5.930 45.297
5 216.740 1090.040 6.020 45.990

Average Drop Volume: 6.056 pL
Mean Interracial Tension: 46.259 mN/m
Final Standard Deviation: +/- 0.753 mN/m
Relative Standard Deviation: 1.627 %

11:05:33 AM 11/22/95



Date Data Collected: November 14, 1995
Experiment Title:
Experimenter:
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 0.050 mL/hour
Drop Limit: 10

DATA
Drop # Drop Time Total Time Drop Volume

(seconds) (seconds) (PL)
1 411.000 411.000 5.710
2 397.780 808.780 5.520
3 398.530 1207.310 5.540
4 372.550 1579.860 5.170
5 392.320 1972.180 5.450

Average Drop Volume: 5.478 FL
Mean Interracial Tension: 41.848 mN/m
Final Standard Deviation: +/- 1.487 mN/m
Relative Standard Deviation: 3.553 %

11:06:29 AM 11/22/95

Interracial Tension
(mN/m)
43.605
42.203
42.283
39.526
41.624



Date Data Collected: November 14, 1995
Experiment Title:
Experimenter:
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 5.000 mL/hour
Drop Limit: 10

DATA
Drop # Drop Time Total Time Drop Volume

(seconds) (seconds) (#L)
1 4.720 4.720 6.560
2 4.880 9.600 6.770
3 4.710 14.310 6.540
4 4.840 19.150 6.720
5 4.730 23.880 6.570
6 4.840 28.720 6.720
7 4.770 33.490 6.620
8 4.860 38.350 6.750
9 4.840 43.190 6.720
10 4.810 48.000 6.690

Average Drop Volume: 6.667 FL
Mean Interracial Tension: 50.926 mN/m
Final Standard Deviation: +/- 0.657 mN/m
Relative Standard Deviation: 1.291 %

10:48:38 AM 11/22/95

Interracial Tension
(mN/m)
50.077
51.722
49.971
51.351
50.184
51.351
50.608
51.563
51.351
51.085



Date Data Collected: November 14, 1995
Experiment Title:
Experimenter:
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 2.000 mL/hour
Drop Limit:

DATA
Drop #

1
2
3
4
5
6
7
8
9
10

Drop Time
(seconds)

11.780
11.540
11.880
11.470
12.020
11.390
11.790
11.410
11.650
11.270

10

Total Time
(seconds)

11.780
23.320
35.200
46.680
58.690
70.080
81.870
93.280
104.930
116.200

Drop Volume
(PL)
6.540
6.410
6.600
6.370
6.680
6.330
6.550
6.340
6.470
6.260

Interracial Tension
(mN/m)
49.993
48.974
50.417
48.698
50.990
48.337
50.035
48.422
49.420
47.828

Average Drop Volume: 6.455 pL
Mean Interracial Tension: 49.311 mN/m
Final Standard Deviation: +/- 1.026 mN/m
Relative Standard Deviation: 2.080 %

10:51:44 AM 11/22/95

..-



Date Data Collected: November 14, 1995
Experiment Title:
Experimenter:
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 1.000 mL/hour
Drop Limit:

DATA
Drop #

1

2
3
4
5
6
7
8
9
10

Drop Time
(seconds)

21.900
21.890
21.990
21.930
22.590
21.550
22.290
22.240
21.770
22.970

10

Total Time
(seconds)

21.900
43.790
65.780
87.710
110.300
131.850
154.140
176.370
198.140
221.110

Drop Volume
(ML)
6.080
6.080
6.110
6.090
6.270
5.990
6.190
6.180
6.050
6.380

Average Drop Volume: 6.142 pL
Mean Interracial Tension: 46.918 mN/m
Final Standard Deviation: +/- 0.890 mN/m
Relative Standard Deviation: 1.896 %

10:52:48 AM 11/22/95

Interracial Tension
(mN/rn)

46.470
46.438 ,
46.661
46.544
47.924
45.728
47.298
47.181
46.194
48.741

\



Date Data Collected: November 14, 1995
Experiment Title:
Experimenter:
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 0.500 mL/hour
Drop Limit: 10

DATA
Drop #

1
2
3
4
5
6
7
8
9
10

Drop Time
(seconds)

42.760
44.230
41.120
42.960
44.050
42.110
43.040
43.370
42.020
43.780

Total Time
(seconds)

42.760
86.990
128.110
171.070
215.120
257.220
300.260
343’.630
385.660
429.440

Drop Volume
(PL)
5.940
6.140
5.710
5.970
6.120
5.850
5.980
6.020
5.840
6.080

Average Drop Volume: 5.964 pL
Mean Interracial Tension: 45.561 mN/m
Final Standard Deviation: +/- 1.041 mN/m
Relative Standard Deviation: 2.285 %

10:54:58 AM 11/22/95

Interracial Tension
(m.N/m)
45.367
46.926
43.627
45.579
46.730
44.672
45.664
46.014
44.587
46.449



Date Data Collected: November 14, 1995
Experiment Title:
Experimenter:
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 0.250 mL/hour
Drop Limit: 10

DATA
Drop # Drop Time Total Time Drop Volume

(seconds) (seconds) (flL)
1 81.420 81.420 5.650
2 82.570 163.990 5.730
3 83.250 247.240 5.780
4 80.950 328.190 5.620
5 79.490 407.680 5.520
6 82.230 489.910 5.710
7 80.280 570.180 5.570
8 80.450 650.640 5.590
9 81.260 731.900 5.640
10 83.450 815.350 5.800

Average Drop Volume: 5.662 pL
Mean Interracial Tension: 43.253 mN/m
Final Standard Deviation: i-/- 0.697 mN/m
Relative Standard DeviaCion: 1.611 %

10:56:29 AM 11/22/95

Interracial Tension
(mN/m)

43.189
43.802
44.163
42.942
42.168
43.622
42.587
42.677
43.107
44.269



Date Data Collected: November 14, 1995
Experiment Title:
Experimenter:
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 0.100 mL/hour
Drop Limit: 10

DATA
Drop # Drop Time Total Time Drop Volume

(seconds) (seconds) (pL)
1 190.940 190.940 5.300
2 192.390 383.330 5.340
3 186.780 570.100 5.190
4 200.100 770.200 5.560
5 193.110 963.300 5.360

Average Drop Volume: 5.352 pL
Mean Interracial Tension: 40.881 mN/m
Final Standard Deviation:. +/- 1.024 mN/m
Relative Standard Deviation: 2.505 %

10:57:25 AM 11/22/95

Interracial Tension
(mN/m)
40.516
40.823
39.632
42.459
40.977

\



Date Data Collected: November 14, 1995
Experiment Title:
Experimenter:
Comments:

PARAMETERS
Continuous Phase Density: 1.620 g/cc
Dispersed Phase Density: 0.998 g/cc
Orifice Diameter: 0.0254 cm
Syringe Diameter: 2.3000 cm
Flow Rate: 0.050 mL/hour
Drop Limit: 10

DATA
Drop # Drop Time Total Time Drop Volume

(seconds) (seconds) (pL)
1 391.760 391.760 5.440
2 383.890 775.650 5.330
3 365.710 1141.360 5.080
4 371.080 1512’.440 5.150
5 346.200 1858.630 4.810
6 387.070 2245.700 5.380

Average Drop Volume: 5.198 pL
Mean Interracial Tension: 39.710 mN/m
Final Standard Deviation: i-/- 1.797 mN/m
Relative Standard Deviation: 4.524 %

10:59:38 AM 11/22/95

Interracial Tension
(mN/m)
41.564
40.729
38.800
39.370
36.730
41.066



Appendix B.

Wilhelmy Plate Interracial Tension Measurements of M-Area DNAPL

June 1994
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Appendix C.

Recalculated Drop Volume Interracial Tension Values



IFT = f(Dye Cone., flow rate)

7 A B I c D E F G H I J K

1 Interracial Tension by Drop Volume Method- Dye Concentration =0.0000OglL
2 –
3 Equation: IFT= (VcFdeirho*g) / (Pi*d) =iFT= (Vd*(rhoD. rhoL~g)/ (Pi*d)
4 where IFT= interracial Tension (dynes/cmormN/m)

—

5 Vd = the volume of the drop (cm**3)

6 __ ~
7 rhoD = density of the higher density fluid (g/cm””3)
8 rhoL = density of the lower density fluid (g/cm**3)
9 g = acceleration of gravity (cmlsec**2)

10 PI = standard mathematical meaning
11 d = diameter of the tip from which the drop is suspended (cm)
12
13 numerical value for d (cm): 0.0254

14 rhoD (g/cm**3): 1.6153

15 rhoL (g/cm**3): 0.9962
16 delrho (g/cm*”3): 0.6191
17 numerical value for (delrho”g) I (Pi*d) (1/SeC.**2): 7603.32036
18
19 Dye Concentration (gIL) 0.00000 0.00000 0.00000 0.00000 0.00000
20 PCE Flow Rate (mL/hr.) 5.00 5.00 2.00 2.00 1.00 1.00 0.50 0.50 0.25 0.25
21 ——.
22 Interracial Interracial Interracial_—— Interracial
23 Drop Tension

Interracial
Drop Tension Drop Tension Drop Tension Drop Tension

24 Volume (uL) (mNlm) Volume (uL) (mN/m) Volume (uL) (mN/m) Volume (uL) (mN/m) Volume (uL) (mN/m)

25
26 drop # 1 5.90 44.660 6.31 47.97’7 6.12 46.532 6.07 46.152 5.95 45.240—
27 drop # 2 6.35 46.261 6.23 47.369 6.39 48.565 5.76 43.795 5.94
26 drop # 3

45.164
6.33 46,129 6.26 47.597 6.09 __46.304 5.94 45.164 5.93 45.066

29 -4 6.41 46.737 .–— ;.;; 46.737 -_ 6.35 _____ 46.261 6 45.620 6.01 ‘-45.696

30 drop # 5 6.49
——

49.346
_——. ..-.-.

47.369 6.15 46.760 5.89 44.784 5.97—
31 drop # 6

45.392
6.32 46.053 _ 6.5 49.422 6.15 46.760 6.06 46.226 6.07...—

32 drop # 7
46.152

6.64 50.486 6,27 47.673 6.32 _ 46.053
-—.

5.99 45.544 6.03 45.848
6.4733 drop.? ..8... __.. _________- ._-... . . ..-— 49,193 6.46 ----- 49”117 .__, 6.12 -------- 46’532 __.._.&Ql ___4~6.~ –—-. ...W!Z . . . --L45392

34 dropfl 9 6.65 50.562 6>29 47.825 . 6.33 . 43L!_M -–- ... ... 3..2! . ..42*.Z ..–-.–.— ..... . . ––-–- 46.152

35 drop #10
.—... —.—-—- -—.....——

6.56 ‘-- 49.676 6.36 46.509 6.09 46.304 6.1 46,360 46.606

36
48.169 _47.224 45.658

36 Standard Deviation (mNlm) _0.74 0.92 0.94
39 Coefficient of Variation (%) 3.37 1.53 1.94 2.07 1.11

40
41
42
43
44
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IFT = f(Dye Cone., flow rate)

L M I N o P Q R s T u v

1 Interracial Tension by Drop Volume Method - Dye Concentration = 0.00000 g/L
2
3 -——.—-.—.——.—— .—— Summary Data : Dye Concentrateon = 0,00000 g/L —...—.
4
5 Mean

6 PCE FfOW Intefi’acial Standard
7 Rate (mUhr.) Tensiol (mN/m) Deviation

6
9 5.00 48.75 1.64

10 2.00 4ti,16 0.74
11 1.00 47.22 0.92
12 0.50 45.66 0.94

13 0.25 45.67 0.51
14 0.10
15 0.05
16
17
16
19
20
21
22
23
24 — .—
25 __

—

26
27
28
29
30
31
32
33
34
35 \

36
37
38
39
40
41
42
43
44

Page 2



IPT = f(Dye Cone., flow rate)

I w x I Y I z AA I AB AC
1 lCalculations of Average Interface Age- Dye Concentration = O.000~
.
L 1 I I I

3 Average interface age lsestlmatad according to Joosand Rillaerts (1981).
4

“ --”’”- age
=3/7*average drop formation time——. —.—....

K ~—
——-. —..——.-—-———.

*I where I
age = (7”Sav)/(3”tav)

t— ==+e~ Sav= lSwfacea reaofthea veragedrop
tav= ]Avarage formation time fora drop

[131 Dye Concentration (g/L) 01 01 0/ 01 01
14
15 Pumping Rate Pumping Rate Average Drop Average Drop Averaga Drop Average Drop Surface
16 (m L/hr) (cmA31sec) Volume (uL) Radius (cm) Time (see) Area (cmA2) Average Interface Age (see)
49

;;
!

5 0.00138889 8.41 0.11524842 4.61684 0.186909017 1.97868
19 2 0.00055556_—— 6.334 0.11477919 11.4012 0.16555266 4.886228571
20 1 0.00027778 6.211 0.11403136 22.3596 0.183402417 9.682685714
21 0.5 0.00013669 6.005 0.11275647 43.236 0.159769104 18.52971429
22 0.25 6.9444E-05 6.007 0.11278899 88.5008 0.159804576 37.07177143
23 0.1 2.7778E-05
24 “0.05 1.3889E-05
A.

29
30
31
32
33 —
34
35 ——
36
37
36
39
40
41 —
42

~ I I I I I
441
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IFT = f(Dye Cone., flow rate)

A B i c I D E I F G I H I I J I K
45 Ilnterfacial Tension by Drop Volume Method - Dye Concentration = 0.00508 g/L (C4~
46
47 Equation: IFT = (Vd”delrho=g) I (pi*d) = IFT = (Vd*(rhoD - rhoL)*g) I (Find)
48 where IFT = Interracial Tension (dynes/cm or mN/m)

49 _—-. Vd = the volume of the drop (cm**3)
60 dekho = the difference in the fluid denaitfea (g/cm*”3)
51 rhoD = density of the higher density fluid (g/cm**3)
52 rhoL = density of the lower density fluid (g/cm**3)
53 g = acceleration of gravity (cm/sec**2)
54
56

Pi = standard mathematical meaning
d = diameter of the tip from which the drop is suspended (cm)

56
57 numerical value for d (cm): 0.0254
58 rhoD (g/cm**3): 1.6150
59 rhoL (g/cm**3): 0.9962
60 delrho (g/cm**3): 0.6188
61 numerical value for (delrho’g) / (pi’d) (1/see”’2): 7803.32038 Missing Data for ona aet of 5 mUhr resulf s
62 I.-
63 Dye Concentration (g/L) 0.00508 0.00508 0.00508 0.00508 0.00508
64 PCE Flow Rate (mf.lhr.) 5.00 5.00 5.00 5.00 5.00 5.00 2.00 2.00 1.00 1.00
65
66 Interracial——.—. Interracial __ Interracial Interracial tnterfacial
67 ‘--–---–-—””--——”–

—.
Drop Tension Drop Tension Drop....— Tension Drop—.. — Tension Drop

68
Tension

Volume (uL) (mN/m) Volume (uL) (mN/m) Volume (uL) (mN/m) Volume (uL) (mN/m)
69

Volume (uL) (mN/m)

70 drop #-_1 7.00 53.223 7.10 53.984 0.000 6,68
71 drop # 2

52.311 8.90———.. 52.463
6.90 52,483 6.61 50.258 0.000 6,92

72 drop # 3
52.815 - 6.65

8.83 51.931 7.08 53.832
52.083

0.000 8.96
73 drop # 4

52.919 6.84
6.96

52.007
52.919 - 6.65 50.562 0.000

74 drop # 5
6$88 ,_ 52.311 7.04——

6.86
—..— -—..—.—.—

52.311 6.97 52.995
53<527

—.... . 0.000 7<00 _ 53.223 - .6.71 –_.––.–-. -..5l-:w
75 ~;p # 6 7.05 53.603 6.69 50.666

.—.. ..-——.
——.——— 0.000 6,91 52.539 6.98

78 drop # 7 6.95 52.643 6.85 52.083
52.919

—— 0.000 6;94 52.767 6.78
6.94

51.551
52.767 6.75 51.322 0.000 6.97 52.995 6.86 52.31177 drop # 8 E

78 drop # 9 .—

-1
79 drop .filo _ . . . . . . . ___ -.
an

t=
82
-.

0“

al Mean IFT (mN/m): 52.758 52.007 0.000 52.691
! Standard Deviation (mN/m): 0.53 1.38

52.189
0.00 0.49 0.70

63 Coefficient of Variation (’%): 1.00 2.65 #DIV/01 0.93 1.34
84
85 Combined Results for 5 mUhr flow rate
86 Mean IFT (mN/m) 52.340 ~
87 Standard Deviation (mN/m): 1.13
88 Coefficient of Variation f%.): 2.15
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IFT = f(Dye Cone., flow rate)

L M N I o I P Q R s T u v

45 Interracial Teneion by Drop Volume Method - Dye Concentration = 0.00508 g/L (C4)
48
47 Summary Data Dye Concentration = 0.00508 g/L

48
49 Mean

50 PCE flOW Interfaclal Standard

51 Rate (mL/hr.) Tension (mN/m) Deviation

85 ——-
66 _— ..__ — .Interracial Interracial Interracial

67 Drop

Interracial

Tenalon Drop Tension Drop Tension Drop Tension

68 Volume (uL) (mN/m) Volume (uL) (mN/m)
L .

Volume (uL) (mN/m) Volume (uL) (mN/m)

69
70 drop # 1 6.92 52.615 6.49 49.346 5.49 41.742 5.64 44,403.—
71 drop # 2 6.65 52.083 6.39 46.585 4.92 37.408 - 5.52 41.970

72 drop # 3 6.84 .62.007 6.37 48.433 4+94 37.560 5.09 36.701

73 drop # 4 6,92 52.615 6.24 47.445 5.05 38.397 5.05 38.397

74 drop # 5 6.93 52.691 6.33 48.129 5.17 39.309 5.12 36.929

75 drop # 6 6.96 52.919 6.30 47.901 5.37 40.830
5.42 41.210
5.21 39.613
5.36 40,754
5.48 41.666 -

80
81 Mean IFT (mN/m): 52.379 48,502

82 Standard Deviation (mN/m): 0,36

Coefficient of Variation (%):

0.65 _

83
84 T J /

76 drop # 7 6.63 51.931 6.43 48.889

77 drop # 6 6.83 51,931 6.31 47.977

78 drop # 9 8.94 52.767 6.51 49.498

79 drop #10 6.87 52.235 6.42 46.613

39.849 40.480
1.64 2.62

0.73/ 1- — 4.11 6.46

85
88
87

Page 5



I

IPT = f(Dye Cone., flow rate)

I w x I Y I z I AA I AB I AC

45 ICalculation of Average Interface Age - Dye Concentration = 0.00508 g/L (C4)
46 I
47 Average interface age is estimated according to Joos and Rillaerts (1961).

48 —_–. average interface age = 3/7*average drop formation time —— —

au I

51 age = (7*Sav)/(3*tav)
52 where
53 Sav = Surface area of the average drop
54 tav = Average formation time for a drop

——

55
56
57 0.00506 0.00508 0.00508 0.00508 0.00506
58
59 Pumping Rate Pumping Rate Average Drop Average Drop Average Drop Average Drop Surface
60 (mL/hr) (cmA3/aec) Volume (uL) Radius (cm) Time (see) Area (cmA2) Average Interface Age (see)
61
62 5 0.00138889 6.68 0.11800699 4.9584 0.175000797 2.124171429
63 2 0.00055556 6.93 0.11627189 12.474 0.175761412 5.346
64 1 0.00027778 6.86 0.11789523 24.7104 0.17466356 10.59017143

~ i5 0.5 0.00013889 6.89 0.11803819 49.6008 0.175067408 21.25748571
66 0.25 6.9444E-05 6.38 0.11505036 91.8576 0.166335849 39.36754286
67 0.1 2.7778E-05 5.24 0.1077561 188.676 0.145912858 80.88114286
66 0.05 1.3869E-05 5.32 0.10632195 383.328 0.147449336 - 164.2634286

73
74
75
76
77
78

----T79 “—–––-” ‘– —

Page 6



I

.

IFT = f(i)ye Cone., flow rate)

1 A T--‘-‘“B I c I D E F G H i J K

89 lnterfacial Tension by Drop Volume Method . Dye Concentration = 0.0508 glL (C3)
90

~91 Equation lFT=(Vd*delrho*g) /(Pi*d) = lFT=(Vd*(rho!3 - rhoL~g) I (pi*d).——
92 where lFT=lnterfacial Tension (dynes/cm ormN/m)

93 Vd= the volume of the drop (cm**3)
94 delrho =the difference in the fluid densities (g/cm”’3)
95 rhoD= denaityof the higher density fluld (g/cm*’3)
96 rhoL= densltyof the Iower density fluid (g/cm**3)
97 g = acceleration of gravity (cm/sec**2)
98 Pi = standard mathematical meaning
99j Id = diameter of the tip from which the drop is suspended (cm) I

---
1071Dye Concentration (g/L) 0.0508 0.0508 0.0508 0.0508 0.0508

1061PCE Flow Rate (mL/hr,) 5.00 5.00 2.00 2.00 1.00 1.00 0.50 0.50 0.25 .0.25
*AA I
,“s I
110 Interracial Interracial
111

Interracial Interracial IInterracial
Drop Tension Drop Tension Drop Tension Drop Tension Drop ~Tension

112 Volume (uL) (mN/m) Volume (uL) (mN/m) Volume (uL) (mN/m) Volume (uL) (mN/m) Volume (uL) l(mN/m) “-

113
114 drop # 1 8.79 51.827 7.09 53.908 6.85 52.083 8.60 51.703 8,78 51.551

115 drop # 2 7.09 53.908 6.96 52.919 8.98 52.919 6.65 50.582 8.40 48.661
116 drop # 3 7.03 53.451 6.96 52.919 7.00 53.223 6.96 52.919 6.60 51.703
117 drop # 4 6.92 52.615 7.21 54.820 6.82 51.855 8.79 51.627 8.36 48.357

118 drop # 5 7.21 54.820 8.63 51.931 6.96 52.919 8,71 51.016 6.77 51.474
119 drop # 6 6.81 51.779 7.12 54.136 6.77 51.474 8.90 52.483 6.37 48.433

120 drop # 7 7.10 53.984 7.05 53.603 7.00 53.223 6,89 50.888 6.76

121 drop # 8 7.01 53.299 7.04
51.396

53.527 6.83 51.931 6,86 52.311 8.36 4f3.3!37

9 7.09 53,908 8.92 52.615 6.61 50.258 6
---

122 drop # 9 6.96 52.91!
------

— ;.73 51.170
123 drop #10 7.17 54.518 6.88 52.311 6.92 52.615 6.96 52.919 8.40

124

46.661

125 Mean IFT (mN/m): 53.292 53.398 52.486 51,865 49.977

126 Standard Deviation (mN/m): 1.07 ____ 0.86 -_ 0.81 0.97 1.57

127 Coefficient of Variation (%):
——

2.01 1.84 1.17—-.—— —— 1.88 ‘– 3.15
19*

—— ——.

,-”, I I I 1 I 1 I I 1 1

129[
ianl I I I I I I I I I I
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IFT = f(Dye Cone., flow rate)

L M I N I o P Q R s T u v

89 InterracialTensIon by Drop Volume Method . Dye Concentration = 0.0508 glL (C3)
90
91 Summary Data : Dye Concentrateon = 0.0508 g/L

92
93 Maan

94 PCE flOW lnterfacial Standard

95 Rate (mUhr.) Tension (mN/m) Deviation

96
97 5.00 53.29 1.07

98 2.00 53.40 0.88

99 1.00 52.49 0.81

i 00 0.50 51.66 0.97

101 0.25 49.98 1.57

102 0.10 46.05 0.75

103 0.05 41.65 1.50

104
105
1“08
107 Dye Concnetration (g/L) 0.0508 0.0508

108 PCE Flow Rate (mL/hr.) 0.10 0.10 0.05 0.05

109 —.. ——
110 Interracial Intetiacial
111 Drop Tension Drop Tension

112 Volume (uL) (mN/m) Volume (uL) (mN/m)

113
114 drop # 1 6.05 46.000 5.71 43.415

115 drop # 2 6.08 48.228 5.52 41.970

116 drop # 3 6.20 47.141 5.54 42.122

117 drop # 4 5.93 45.088 5.17 39.309
116 drop # 5 6.02 45.772 5.45 41.438

119 drop # 6
120 drop # 7
121 drop # 6

—

—..
122 drop # 9

&_-.E:-123 drop #10
.—— ———

_— ._. . ..—
124

_.-, — —..
——

125 Mean IFT (mN/m):
.—

48.046 41.651
+

126 Standard Deviation (mN/m): 0.75 1<50
127 Coefficient of Variation (%): 1.62 3.59
126
129
130
131
132
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IF7 = f(Dye Cone., flow rate)

I w I x Y z I AA AB AC
89 ICalculation of Average Interface Age - Dye Concentration = 0.0508 g/L (C3)

1
90 I
91 Average interface age is estimated according to Joos and Rillaerts (1981).
92 average interface age = 3/7*average drop formation time ————.

94
95 age = (7*Sav)/(3*tav)
96 where
97 Sav = Surface area of the average drop
98 tav = Average formation time for a drop

100
101 Dye Concentration (g/L) 0.0508 0.0508 0.0508 0.0508 0.0508
102
103 Pumping Rate Pumping Rate Average Drop Average Drop Average Drop Average Drop Surface
104 (m L/hr) (cmA3/see) Volume (uL) Radius (cm) Time (see) Area (cmA2) Average Interface Age (see)
Inc
,“”

108 5 0.00138889
107 2 0.00055558
108 1 0.00027778
109 0.5 0.00013889

,110 0.25 6.9444E-05

t
7.01 0,11871962 5.04648 0.177114791 2.162777143
7.02 0.11879861 12.8414 0.177350562 5.417742857
8.90 0.11811809 24.8508 0.175324539 10.85034288
8.80 0.11749885 48.924 0.173491059 20.98742857
8.57 0.11820505 94.6512 0.169691418 40.5848

115

E ____ _________._.____—– .—-.——–- ——— ———-.—..
117

—.----- .—.— ..— . . ..— .—.—.——.——

118 ‘—–””--””-—
-.. ——..—..—. .—._. .-

119
120
121
122 .— .—.

128
129
130
131
132
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IPT = f(Dye Cone., flow rate)

A B I c D I E ‘F I G I H I J I K
13311nterfacial Tension by Drop Volume Method - Dye Concentration = 0.508 g/L (C2)
1341
135[ Equation: IIFT = (Vd’delrho’g) / (Pl*d) = IFT = (Vd*(rhoD . rhoL)”g) / (FTd)

;/cm or mN/m)
,m**.Y\ I I I I I
!,, , “ I

le amerence m me rluid densities (g/cm*’3)
mel+u nf the higher density fluid (g/cm**3)

?e lower density fluid (g/cm**3)
gravity (cm/sec**2)

smdi,-.l rnixminn I

136 where IFT = Interracial Tension (dynea
137 Vd = the volume of the drop (cI
136 delrho = th

,.,z- .–––, –., –.,,

139 rhoD = den-,,, “, .,
140 rhoL = density of th
141 g = acceleration of
142 Pi = standard mathe,,,”,, ”q, ,,,”U, ,,,, 1 ! 1
143 d = diameter of the tip from which the drop is suspended (cm) 1
144
145 numerical value for d (cm): 0.02541
146 rhoD (g/cm**3): 1.6147
147 — rhoL (g/cm**3): 0.9962
148 delrho (g/cm**3): 0.6165
~ numerical value for (delrho*g) / (Pi’d) (1/sec**2): I 7603.32036

I I 1 I I I I -4
,*”

J5J ~ 0.506 0.506 0.506 0.508 0.508
152 PCE Flow Rate (mL/hr.) 5.00 5.00 2.00 2.00 1.00 1.00 0.50 0.50 0.25 0.25
153\154 Interracial————— Interfaclal Interracial Interracial
155

Interracial
Drop — Tension Drop Tansion Drop Tension Drop Tension Drop

156 Volume (uL)
Tension

(mN/m) Volume (uL) (mN/m) Volume (uL) (mN/m) Volume (uL) (mN/m)— Volume (uL) (mN/m)
..-

~arop F z 0.(1 01.4/41

)p#3 6.54 4
161 drop # 4 6.72 51.094- 6.37 46.433 8.09 ~
162 drop # 5 6.57 49.954 6.68 50.790 8.27 47.673
163 drop # 6 6.72 51.094 6.33 46,129 5.99 45.544
164 drop # 7 6.62 50.334 6.55 49.802 8.19 47.065 __

158 drop # 1 6.561 49.8781 6.54 49.726 6.08 46,228 5.94 45.164 5.65 42.959
159 ‘“-” “ - r . --- -----

6.41 46.737 6.06 46.228 6.14 46,684 5.73 43.567
160 dro 49.7261 6.60 50.182 6.11 46.456 5.71 43.415 5.76 43.947

46.304 5.97 45.392 5.62 42.731
12 5.52 41.970

44.479 5.71 43.415

k--------- ‘ ‘----

5.98 45.466 5.57 42.350
165 d[O~ # 8 . .._.. ___ _. -, -_ . ....= . . . . 51 .32z ._.__... 8.34 _ 48.205_ . . .............__ql!t _______.%6Z . . ... . .. .!!!?!? . . . ..–._f5.772 5.59 _.. -- 42.503
166 g~# 9 6.72 51.094 6.47

. . . . .-——
49.193 6.05 46.000——. ——. -— 5.84 44.403 42.683

167 drop #10
5.64

6.69 50.866 6.26 47.597 6.38 48.509 6.08 46.228 5.60 44.099

166 -–.—
169 Mean IFT (mN/m):—..-—..--— __ 50.664 49.079 46.700 45.354 43.042
170 Standard Deviation (mN/m): 0.65 1.03 0.68

-j -----

_—— ——.
1.03

171 Coefficient of Variation (%):
. —. . 0.70..———.—..——-.. . . . . ..—.

1.26
.. .... .. ..,——-—

2.09
—..- . -

1,68 2.27 1.62
. . . ————--’--—— ——— ___ —
1[2
173 “——–——
174 ——-. —————
175 – ‘–—--–—–
176 “–- “-‘“ “---”—- ‘—--
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133 Interracial Tension by Drop Volume Method - Dye Concentration = 0.508 glL (C2)
134
135 Summary Data: Dye Concentration = 0.508 g/L

138
137 Mean

138 PCEFlow Interracial Standard

139 Rate (mUhr.) Tension (mN/m) Deviation

140
141 5.00 50.88 0.65

142 2.00 49.08 1.03

143 1.00 46.70 0.88
144 0.50 45.35 1.03

145 0.25 43.04 0.70

k-r-– 0.10 40.66 1.02
0.05 39.52 1.79

148
149
150
151 Dye Concnetration (gIL) 0.506 0.508
.-n =.-c El-...D“.- /...1n.. \ n+n n4n n nK n ,-lfi

b

IFT = f(Dye Cone., flow rate)

L-’-=x’’u’””’1 ““’”1,.,.-.,””’”“’w”,ntetiac,a,””vo —.
Drop Tension
Volume (uL) (mN/m)E

,.7-?

155
158
157
158
159
180
181

E
182
163 _
184
165
166
167
168
189
170 Stanc
4 ‘7. ,--?.84

drop # 1 5.30 40.298 5.44 41.362
drop # 2 5.34 40.602 5.33 40.526
drop # 3 5.19 39.461 5.06 38.625
drop # 4 5.56 42.274 5.15 39.157
drop # 5 5.36 40.754 4.81 38.572 I
drop # 6 5.38 40.906 ——_

I

Mean IFT (mN/m): 40.678 39.525
iard Deviation (mN/m): 1.02 1.79

,,, WWI Iicient of Variation % : 2.51 4.52
172
173
174
175
176
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IFT = f(Dye Cone., flow rate)

w x Y z AA AB AC

1331Calculations of Average lntarface Age- Dye Concentration =0.508 g/L (C2)
134
135 Average interface age is estimated according to Joos and FINaerts (1981).
138 average interface age ❑ 3/7*average drop formation time

L- Iage = (7*Sav)/(3*tav)
140 where
141 Sav. Surface area of the average drop
142 tav = Average formation time for a drop

144[
1451 Dye Concentration (g/L) 0.5081 0.5081 0.5081 0.5081 0.508

. .
147 r“l,lp,r,g “ate I rut,,~u,g maw lmvma~a wup ,n.eray- wvp ,,-l”w.ay W,”p ,rl”cwclycl “Ivp “ur,a”- 1

148 (m L/hr) ~rnA3/see) lVolume (uL) IRadius (cm) ]Tlme (see) lArea (cmA2) lAverage Interface Age (see)
4An 1(

6.14 0.11360752 22.1112 0.182189972 9.478228571
I 5.97 0.11250555 42.948 0.15905882 18.40628571

25 6.9444E-05 5.66 0.11056089 81.5184 0.153607667 34.93645714

E, ‘- ‘;; O:=:; ’926

0.1 2.7778E-OS 0.147928997 82.54285714
0.05 1.3889E-05 374.28 0,145119866 160.4057143

,Wa I I I I

150 5 0.00138869 8.671 0.11675054[ 4.799521 0.1712882861
151

2.058937143
2 0.00055556 6.461 0.115505471 11.6191 0.16765441 4.979571429

152 1 0.00027778 ___
153 0.5 0.00013689
154 0.2

~

1631
164[
185
166
167
168
169
170
171
.-,. I

..- 1 1 1 1 1 I

1741

1751 I I I I I I
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lFT = f(Dye Cone,, flow rate)

A B c D E I F I G I H I I J K
17711nterfacial Tension by Drop Volume Method- Dye Concentration =5.08 g/L (Cl)
178
179 Equation lFT=(Vd*de[rho”g) /(Pi*d) = lFT=(Vd*(rhoD - rhoL~g) I (pi*d)
180 where lFT=lnterfacial Tenaion (dynes/cm ormN/m)
181 Vd = the volume of the drop (cm**3)
182 dekho=the difference inthefluid densities (g/cm’*3)
183 rhoD = density of the higher density fluid (g/cm”*3)
184 rhoL = density of the lower density fluid (g/cm”3)

B=
185 g = acceleration of gravity (cm/sec**2)
188 _Pi= standard mathematical meaning—
187 d=diameter of thetipfrom whlchthe drop is suspended (cm)——. —

~’”””’A’ ‘
I +t———+——,= ,“, u (u, ,,. “.” G.J-t

n /“ f,.m.*.Y\. 1.6141 ——
0.9962 _

..—.—
—.

0.6179
.—. ——

numerical value Ior (aewno-g~ I (rl-a~ (lmec--q: 7603.32036 —-
1

,“- 1

195 Dye Concentration (g/L) 5.08 5.08 5.08 5.08 5.08
198 PCE Flow Rate (mL/hr.) 5.00 5.00 2.00 2.00 1.00 1.00 0.50 0.50 0.25 0.25
*Q7
s.. ,

198 Interracial Interracial Interfaclal Interracial
199 Drop Tension

Interracial
Drop Tension Drop Tension Drop Tension Drop

200
Tension

Volume (uL) (mN/m) Volume (uL) (mN/m) Volume (uL) (mN/m) Volume (uL) (mN/m) Volume (uL) (mN/m)
201
202 drop # 1 4.88 37.104 4.59 34.899 4.20 31.934 4.18 31.782 3.88 29.501
203 drop # 2 4.90 37.258 4.58 34.623 4.36 33.150 4.18 31.782 3.96 30.109
204 drop # 3 4.90 37.256 4.56 34,671 4.36 33.303 4.11 31.250 3.94 29.957

212
213 Mean IFT (mN/m): 37.188 34.778 33.181 31.367 29,508
214 Standard Deviation (mN/m): 0.38 0.17 0.45 0.37 0.56
2 151Coefficlent of Variation (%): I I 1.01/ ~ 0.50/ I 1.351 I 1.17/ I
9id +
-,”

217
218
~
220
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IFT = f(Dye Cone., flow rate)

L M N o P Q R s T u v

177 Interracial Tension by Drop Volume Method - Dye Concentration = 5.08 glL (Cl)
178
179 Summary Data: Dye Concentration = 5.08 g/L
180 —
181

—
Mean

182 PCE flOW Interracial Standard
183 Rate (mL/hr.) Tension (mN/m)

——
Deviation +

lta51 I I I I I I 5.00 I 37.19 I 0.38 I I

,WA I—.

193
194
+ac n.,.a ram,. ”a*P-*lA” I-II \ c fin F.nn

—
, .?”,”,” ““. .”!. *,. S4., V,, ,yb, I 1 “,””,

1961PCE Flow Rete (mL/hr.) 0.101 0.101
ia71 I

0.05] 0.051

198 _ Interracial
199 Drop Tension Drop———
200 ‘“ Volume (uL) (mN/m) Volume
201
202 _ drop # 1 3.68 27.980
203 – drop # 2 3.51 26.686
204 riron # 3 0 . . .-J7 7CQ

Ilnterfacial ._.L_._J

(uL) (mN/m)

-3,43 26.079 ––---L—-+
3.531 26.6401 I

208 drop# 7
209 drop# 8
210 _ drop# 9

—
—

211 - drop #10
212
213 Mean IFT (mN/m): 27.892 26.079
214 Standard Deviation (mN/m): 0.65 0.80
215 Coefficient of Variation (%): 2.35 3.08
9ifi



w x I Y z AA I AB I
177] Calcu]at[ons of Average Interface Age- Dye Concentration = 5.08 g/L 4C1) _

---J----.-— ‘c
178 I I
179 Average Interface age is estimated according to Joos and Rlilaerts (1981).
180 average interface age = 3/7”average drop formation time
404 I

182
183 age = (7*Sav)/(3”tav)
184 where
185 Sav = Surface area of the average drop
188 tav = Average formation time for a drop
in7

,“”, 1 !

1891
I 1 1 1

Dye Concentration (g/L) 5.081 5.08[ 5.081 5.081 5.08
ianl I I

-l(cm.3/sec)lvolume(uL)lRadius(cm)lTime($ec)Mrea(cm.,)
Pumping Rate lAverage Drop lAverage Drop lAverage Drop lAverage Drop Surface I

~Average Interface Age (see)

r194 5 0.00138889 4.89 0.10530193 3.52152 0.139342169 1.509222857
195 2 0.00055558 4.57 0.10297596 8.2332 0.133254402 3.528514286
196- -1 0.00027778 4.36 0.10137527 15.7104 0.129143916 “
197

6.733028571
0.5 0.00013889 4.13 0.09951389 29.7218 0.124444942

198

12.73782857

0.25 6.9444E-05 3.88 0.09748812 55.8864 0.119429942 23.95131429
199 0.1 2.7778E-05 3.67 0.09567368 132.06 0.115076168 56 5!J71A286

200 0.05 1.3889E-05 3<43 0.09355532 246.96 . . ..__ ---.. l -----

-- ------ --- I ----- ----

0.109s3883971 105.841

lFT=f(Dye Cone,, flow rate)

203
204 —— ——
~ -, . . .,____ .-–-–...-.-.-–. - ——.. -— —-..
206

..—...-.— ...——. .. . . . .—.—-...... ..-...-..—. —..-.

207 —
208
209 .-_. .——.—
210 ‘--- ‘–’-”” “---””-

——— --

211
—— — .- .—

212 —.—
213
214
215
216
217
218
219 -—
220

.—— —
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