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Abstract Suspended sediments and river rapids can
cause oil slicks to fragment and sink, greatly complicating
the cleanup process of a spill. Responders need methods for
estimating the severity of spilled oil entrainment in rivers
in order to properly plan resource allocation. This work
presents a novel technique for predicting the amount of oil
entrained by suspended sediments in rivers, using the
atmospheric oxygen absorption rate of rivers as a way to
estimate the surface turbulence. The technique may be used
by measuring the gas transfer velocity or by using para-
metric equations for gas transfer velocity based on river
parameters such as slope, depth, and discharge rate. In very
turbulent rapids, 13 % of a diluted bitumen slick could be
brought down by clay-sized sediments in about 10 min if
the sediment concentration is high enough, and 80 %
would be brought down in 2 h.
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Introduction

The purpose of this work is to provide responders to river
oil spills with a tool for estimating the amount of oil
entrained by suspended sediments in the river. The
entrained oil can sink, greatly complicating its cleanup.

The USA and other developed countries are covered by
extensive webs of pipelines carrying petroleum products of
different types. In the USA alone, there are hundreds of
thousands of miles of pipelines carrying liquid petroleum
products (American Petroleum Institute 2014).

These pipelines can run very close to rivers, and the
possibility of a spill always exists. One example is the 2010
Kalamazoo River spill in Michigan, where approximately
one million gallons of diluted bitumen was spilled into the
river (EPA 2014). According to a document filed by
Enbridge Energy Partners (Enbridge 2014) with the US
Securities and Exchange Commission, the cost of cleaning
up the Kalamazoo River spill is estimated at $1.2 billion.

The number of pipeline spills is increasing because of
greater pipeline usage: Over the last decade, there have
been about 35 pipeline spills per year, compared with about
6 per year in the 1970s (Jernelov 2010). Due to increased
tanker safety and regulation, spills from tankers have
diminished greatly while pipeline spills have experienced
the opposite trend.

In the USA, petroleum products are also being carried in
railroad cars which can travel close to rivers. In 2014, one
of these trains overturned and spilled tens of thousands of
gallons of oil into the James River in Virginia (NY Times
2014).

Oil that is normally buoyant can sink due to interaction
with sediments. Khelifa et al. (2005a) report that fine grains
of sediment adsorb on the surface of oil droplets or as
flocculated aggregates. For ocean spills, this typically

\g
’r @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-015-0874-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-015-0874-2&amp;domain=pdf

404

Int. J. Environ. Sci. Technol. (2016) 13:403-412

happens in beach areas where wave action drives the
floating oil down into the sand. In open ocean conditions,
the sediment load is too low to be a significant factor in the
sinking of oil (Lehr 2010). However, sediment concentra-
tions greater than 7000 mg/L are possible in rivers (Vanoni
2006), enabling a substantial amount of oil entrainment by
sediments. For example, approximately 80,000-280,000
gallons of oil from the Kalamazoo River spill is estimated
to have sunk to the river bottom, requiring the dredging of
hundreds of thousands of cubic yards of bottom mud (EPA
2013).

This study involves two phenomena: the solution of
gases into liquids (governed by the gas transfer velocity)
and the entrainment of oil by suspended sediments in
water. We hypothesize that the gas transfer velocity of
atmospheric oxygen into water can be used as a proxy for
turbulence for the scaling of laboratory oil entrainment
results.

The flux of atmospheric gas into a liquid is driven by a
concentration gradient between the gas in the atmosphere
and the gas in the liquid, and is governed by the relation:
(Danckwerts 1970):

& =61V (cu -0 (1)
t

GTV is the gas transfer velocity (length/time), C is the
dissolved oxygen concentration (mass/volume) in the
liquid, and the subscript sat refers to the saturation value
of the dissolved gas in the liquid. % is the rate of change in

the gas concentration per unit area with respect to time.

A gas moving from the atmosphere to water requires gas
molecules to move through a surface boundary layer in the
atmosphere and a surface boundary layer through the
water. For gases that are sparingly soluble (such as atmo-
spheric CO, and O,), the water side controls the rate of
solution, since the solution rate depends on molecular
diffusivity. Diffusivities in liquids are 2-3 orders of mag-
nitude less than those in air (Banerjee and Maclntyre
2004). Thus, turbulence on the liquid side controls the rate
of gas transfer.

Gas transfer velocity measurements in lakes and large
bodies of water can have significant amounts of scatter,
confounding attempts to determine accurate parametric fits
to GTV (in particular for CO, for global warming studies).
The reason for this is the influence of a variety of factors
such as the wind speed (Wanninkhof 1992; Wanninkhof
and McGillis 1999), wind fetch (Frost and Upstill-Goddard
2002; Borges et al. 2004; Guerin et al. 2007), tidal currents
(Borges et al. 2004; Zappa et al. 2007), rainfall (Ho et al.
1997, 2007), breaking waves (Zappa et al. 2004), thermal
convection (Schladow et al. 2002; Eugster et al. 2003),
organic matter or suspended matter (Abril et al. 2009;
Calleja et al. 2009), and surfactants (Frew et al. 1990;
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McKenna and McGillis 2004). Banerjee and Maclntyre
(2004) consider thermal convection to be the most influ-
ential, since it could be influenced by cloud cover, season,
time of day, changing air temperatures, and humidity.

However, river rapids GTV measurements, due to the
inherent mixing and turbulence involved, are probably not
as influenced by wind speed or thermal convection.
Recently, researchers (Vachon et al. 2010) have under-
scored the importance of turbulence in gas transfer velocity
correlations (to the exclusion of other parameters listed
previously). Thus, we can expect river rapid GTV values to
demonstrate less scatter than lake or ocean values.

Like the gas transfer velocity, the rate at which oil is
entrained by sediments also depends on the water surface
turbulence.

Zhang et al. (2010) report that the first laboratory
experiments of the interaction of oil and minerals and the
formation of oil-mineral aggregates (OMA) were con-
ducted by Delvigne et al. (1987) and Payne et al. (1987,
1989).

Payne et al. (1987) developed an expression for mass of
oil sunk from oil droplets due to interaction with sediments
in a stirred container. The authors found that the oil
entrainment/sinking rate is a function of oil droplet con-
centration, sediment concentration, an experimentally
derived constant, and the square root of the turbulent shear
ratio (the rate of energy dissipation of the flow divided by
the viscosity). The authors’ equation, although important in
showing the effect of various parameters, cannot be used
directly for river calculations as the energy dissipation rate
and constant must be determined for each flow and oil type.
The authors’ work was conducted in the context of ocean
spills, where sedimentation of the oil can be beneficial to
dispersing the slick.

McCourt and Shier (1999) measured the amount of oil
which sank to the bottom of a container under agitation,
using water and sediments from an Alaskan river. They
found that temperature of the water, dissolved solids,
degree of agitation, and post-shaking rest time affected the
amount of oil entrained by the sediments. They expressed
their results for mass of oil entrained as a fraction of the
total sediments sinking to the bottom. In McCourt and
Shier (2001), the authors applied their laboratory method-
ology to six Alaskan rivers, and determined that the river
sediments had a large capacity to entrain spilled crude oil.
However, these studies did not relate laboratory results to
turbulence levels in actual rivers; their purpose was to
develop upper bounds for oil entrainment by sediments in
river spills.

Bragg and Owens (1994) described how slicks are
naturally removed over time when sediments and oil
droplets combine to form oil-mineral aggregates.
Numerous studies have been carried out dealing with oil—
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mineral aggregates as a method of dispersing oil slicks,
but which have applicable results to the study of sinking
sediments in rivers. These studies have suggested that
turbulent energy, type of dispersant, and sediment char-
acteristics could influence the amount of oil entrained by
the mineral phase (Ajijolaiya et al. 2006; Khelifa et al.
2005b; Stoffyn-Egli and Lee 2002). Ma et al. (2008) also
demonstrated that increased turbulence energy can
increase the interaction between oil and suspended min-
erals. Ajijolaiya et al. 2006, Guyomarch et al. 2002, and
Stoffyn-Egli and Lee 2002 showed that the formation of
oil-mineral aggregates is enhanced by mineral properties
such as particle size, surface area, concentration, and
surface chemistry. The kinetics of OMA formation were
investigated by Payne et al. (1989, 2003) and Hill et al.
(2002).

Khelifa et al. (2005c) performed Monte Carlo simula-
tions to calculate the effect of oil density, sediment type,
sediment size, energy dissipation rate, and sediment con-
centration on oil-mineral aggregate formation. These
studies demonstrated that increasing turbulence dissipation
rate has the effect of reducing the size of oil droplets and
increasing oil entrainment.

In Canadian Government Technical Report (2013), the
authors applied sediment and water mixtures to diluted
bitumen slicks in salt water, and subjected the slicks to
wave action in a 32-m-long, 0.6-m-wide wave tank. They
found that high-energy waves caused oil with sediments to
sink or be dispersed as floating tar balls, depending on the
degree of weathering of the slick. The purpose of this test
was to determine whether diluted bitumen would sink, and
thus, no attempt was made to measure the rate at which
sediments and oil interact and sink.

Perez et al. (2014) conducted similar laboratory exper-
iments to McCourt and Shier (1999) using clay-sized
sediments, but expressed their results as oil entrained per
unit mass of slick rather than per mass of sinking sediment.
The authors scaled their results to actual river spills using
the wave height as a scaling parameter, making it possible
to estimate the amount of oil entrained by sediments in a
real spill.

Perez et al. (2014) used intermediate fuel oil (IFO) and
heavy fuel oil (HFO) mixed with water and sediments, and
agitated the mixture in small containers using an automatic
shaker. The mixture was then allowed to rest in a separa-
tory funnel for 3 days, and the oil-covered bottom sedi-
ments were removed, after which a spectrophotometer was
used to determine the mass of oil entrained in the
sediments.

The authors found that the less viscous IFO was brought
down by the sediments at about 20 times greater rate than
HFO. However, there was some uncertainty as to whether
the scaling assumption could be applied to large wave

heights, and thus, the authors limited the scope of their
work to small rapids—no greater than Class 2 on the
International Scale of River Difficulty (USDOI 2014), with
waves not exceeding about 0.5 m. In addition, using waves
as a scaling factor requires estimating the fraction of the
river surface covered by waves and an average wave height
of the waves, which may not be easy to do for long river
stretches.

Due to the shortcomings of using the wave height as a
scaling parameter, the authors of this paper propose using
river O, absorption constants (gas transfer velocity) as a
scaling factor to extrapolate laboratory results to real-life
rivers. The method is applicable to any size rapids, using
the atmospheric O, gas transfer velocity.

The gas transfer velocity of rivers is an important
parameter related to a river’s ability to absorb pollutants. In
addition, depletion of dissolved O, in a river can be deadly
to aquatic life. For these reasons, the study of the O,
absorption capability of streams and rivers has received a
considerable amount of attention, with numerous studies
available reporting O, absorption constants as well as
techniques for estimating these constants. By using readily
available O, absorption data, responders to river oil spills
can use the techniques presented in this work to make
quick estimates of quantities of oil entrainment by
sediments.

Un-weathered diluted bitumen (dilbit) crude oil from the
Western Canadian Sedimentary Basin is used in this study,
but the techniques applied are also applicable to other oil
products.

All testing was conducted in a laboratory setting in Long
Island, NY, USA, from July 2014 to January 2015.

Materials and methods

Oil entrainment and gas transfer velocity
measurements

Laboratory experiments were conducted to determine how
sediments and oil interact. The procedure used was very
similar to that described in Perez et al. (2014). Plastic
containers measuring 14 cm in height and 10 cm in
diameter were partially filled with 250 cc of tap water
(240 ppm total dissolved solids) and a mixture of clay-
sized kaolinite. Two grams of un-weathered diluted bitu-
men crude oil (dilbit) obtained from the Canadian Asso-
ciation of Petroleum Producers was gently placed on the
surface of the water/kaolinite mixture. The resulting slick
had about 1 cm of space to the container wall—the slick
did not cover the entire free surface. The containers with
the mixtures of oil, water, and sediments were then agitated
for 1 min using a Burrell wrist action shaker that shook the
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containers along one lateral axis. Before the test began, the
dilbit was shaken for 10 min to ensure uniformity, and
stored in a refrigerator before and after testing to prevent
degradation.

After shaking, the mixtures were carefully transferred
to a separatory funnel and allowed to rest for 3 days to
allow the sediments to sink to the bottom. This was
ample time, as the water was clear once the time had
elapsed. The sediments were then drained into a clean
container, and 10 cc of clear mineral oil was added. Any
entrained dilbit was absorbed by the mineral oil, result-
ing in a change in light absorbance of the mineral oil
proportional to the amount of dissolved dilbit (Harris
2010). The light absorbance was measured using a
Bausch and Lomb Spectronic 20 spectrophotometer cal-
ibrated by dissolving known quantities of dilbit into the
mineral oil.

Two types of laboratory oil experiments were per-
formed: to determine the effect of varying sediment con-
centration on oil entrainment and to determine the effect of
varying turbulence on oil entrainment.

Sediment concentrations tested ranged from 250 to
8000 mg/L. Turbulence was varied by allowing the water
volume to range from 100 to 450 cc. It was found that
increasing the water level in the container resulted in an
increase in turbulence, as demonstrated by larger waves,
increasing oil entrainment, and increasing O, solution rate
in the water.

The amount of O, dissolved in the water during agi-
tation was measured before mixing with oil and sedi-
ments. Since the water used was close to the saturation
value of dissolved oxygen, the water was boiled and
allowed to cool in a sealed container to room temperature.
This caused the O, levels to drop from approximately 8 to
5 mg/L.

Dissolved oxygen was measured using a Vernier dis-
solved oxygen probe connected to a Vernier computer
interface. Readings were taken every 15 for 45 s, and the
gas transfer velocity was calculated by integrating Eq. (1)
(Edwards and Penney 2008):

GTV (Gas Transfer Velocity)
(02 — 02)y— In(Onge — 02), (2)
B At

The subscript sat refers to the saturation level of O,
dissolved (which depends on the water temperature and
atmospheric pressure), subscript O refers to a reading taken
at the beginning of a 15-s time period, and subscript ¢ is a
reading after 15 s has elapsed. At is the time elapsed.

Since the water under agitation very quickly moves
toward saturation of O,, it was not feasible to extend
measurements over longer periods of time.
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Scaling laboratory oil entrainment results to real
rivers

As discussed earlier, Payne et al. (1987) calculated that oil
entrainment by sediments changes as the energy dissipation
rate to the 2 power. Pope (2000) states that the dissipation
rate of high-turbulence flows changes as turbulent velocity
fluctuations to the 3rd power, which are of the same order
as the flow velocity u. This leads to:

: . 3
oil entrainmentrate ~ u2 (3)

Hall et al. (2012) measured the O, absorbed on the
Colorado River, in tranquil to very turbulent stretches of
the river. Figure 1 shows Hall’s results. On the x-axis is the
river slope, while the y-axis shows the gas transfer velocity
(GTV) in cm/h.

The scatter in the plot is due to the fact that O, readings
were taken across each portion of the river and reflect the
varying turbulence level from shore to shore.

The Manning equation (White 2010) shows that,
assuming uniform flow:

V(%) = R3s12 4)

where V is the river velocity (m/s), Ry is the hydraulic
radius (m), S is the slope of the river (m/m), and 7 is the
Manning roughness coefficient.

From the Bernoulli equation (White 2010), we know
that the maximum wave height / possible with a given flow
velocity V is given by:

V= (2gh)' (5)

By combining Eqgs. (4) and (5), we show that the
maximum wave height varies linearly with the slope:

(2h)'*= R;s'2 (6)
House Rock Rapids in the Colorado River have a slope
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Fig. 1 Results of Hall et al. (2012), showing the effect of river slope
on the rate at which O, is absorbed in a river
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of 0.025 (Hall et al. 2012), and are represented in Fig. 1 as
the point with the highest gas transfer velocity. Video
footage of the rapids from social media shows that the
maximum wave height at these rapids is about 2 m. The
maximum river slope of 0.025 in Fig. 4 then corresponds to
2 m maximum wave height, and a river slope of zero
corresponds to zero wave height. A linear change between
0 and 2 m can then be assumed according to Eq. (6). The
wave height can then be converted to flow velocity by
Eq. (9).

Analysis of Fig. 1 with the x-axis converted to flow
velocity shows that, for GTV values up to about 1000 cm/
h,

GTV ~u** (7)
Combining Egs. (3) and (7) and making a ratio of oil
entrained in the river to oil entrained in the laboratory, we

obtain for river GTV values less than or equal to 1000 cm/
h:

Oil entrained in the river GTViver 063
GT Vi

(3)

Oil entrained in the laboratory -

For GTV values greater than 1000 cm/h, the slope of
Fig. 1 increases. Analysis of Fig. 1 with the x-axis
converted to flow velocity yields:

GTV ~ u*? 9)

Combining Egs. (3) and (9) and making a ratio of oil
entrained in the river to oil entrained at 1000 cm/h, we
obtain for river GTV values beyond 1000 cm/h:

Oil entrained in the river

Oil entrained in the river at 1000 - using eq.(8)

_ GTVriver 04 (10)
GTVip

The exponent in Eq. (8) was calculated as 0.36, but was
rounded to 0.4.

With Egs. (8) and (10), the oil entrained by sediments in
ariver can be estimated once laboratory values of GTV and
oil entrainment are known, along with river GTV values.

Results and discussion
Oil entrainment

The oil entrainment results are shown in Fig. 2. The x-axis
shows the sediment concentration in mg/L, and the y-axis
the mass of dilbit absorbed by sediments per mass of slick
per minute. The plot shows that the oil absorbed by the
sediments increases with sediment load, but that at about
1000 mg/L the effect of sediment concentration appears to

level off. This trend is consistent with the findings of
Guyomarch et al. (1999).

The plot also shows that the scatter in the data becomes
larger at higher sediment concentrations. The scatter is
quite high, and is probably due to the low dilbit concen-
tration levels, as even a very small amount of contamina-
tion has a pronounced effect. In addition, as discussed
below, there is a degree of randomness to performing
agitation (sloshing) tests in a tank. The scatter in our results
and the trend of increasing scatter with sediment load are
similar to those encountered by other researchers (Guy-
omarch et al. 1999; Ajijolaiya et al. 2006).

Roughly 50 % of the oil adhered to the container walls
during the agitation process, which we assumed occurred
gradually over the 1-min agitation. For this reason, when
calculating the oil entrained by sediments per mass of slick,
we used 75 % of the original mass of the slick (75 % of
2 g, or 1.5 g) as the mass of the slick.

It is noted that when compared with similar testing done
with intermediate fuel oil (IFO) (Perez et al. 2014), the un-
weathered dilbit appears to entrain oil at 2-3 times the rate
of IFO.

Gas transfer velocity results

Figure 3 was generated by varying the amount of water in
the test container and measuring the gas transfer velocity
by Eq. (2). Increasing the water level resulted in larger
wave heights and deeper water in the test containers. The
results served two very important purposes: to determine
the gas transfer velocity at the oil entrainment test condi-
tions of 250 cc, which enables scaling our results to real-
world rivers, and to serve as a method of verifying our
scaling scheme in a later section of this paper. A second-
degree polynomial fit to the gas transfer velocity in terms
of the water volume is shown in the plot.

In Fig. 3, four gas transfer velocity values were mea-
sured at each water volume. One can see the scatter
increases as the water volume and wave height increase.

Sloshing in a tank is a phenomenon that is strongly
random (Repalle 2011), and it is possible that over any
GTV measurement taken through a 15-s span, significant
differences could occur from other experimental runs.
Kaminsky and Bogaert (2009) show that wave impacts in a
sloshing tank can be of four different types: slosh, aerated,
air pocket, and flip through. Wall impacts of waves with
varying amounts of entrained air almost certainly affect the
rate of O, absorption. Data from Hall et al. (2012) show a
marked increase in GTV values as river rapids intensity
and air entrainment increase.

Container water depths were as follows: 100 cc: 1.8 cm;
300 cc: 4.8 cm; and 450 cc: 6.5 cm.
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Fig. 3 Effect of water level in the test container on gas transfer
velocity. Increasing the water level caused an increase in wave height
and depth

GTYV values below which no oil entrainment
by sediments occurs

It was noted in Canadian Government Technical Report
(2013) that there is a minimum level of turbulence required
for oil entrainment by sediments to occur. No entrainment
is expected in smooth, tranquil waters without waves, and
the techniques used in this work should not be used.

If an observation of the water cannot be made, then the
gas transfer velocity may be used to estimate whether oil
entrainment will occur. Gas transfer velocities from Hall
et al. (2012) and Langbein and Durum (1967) were
examined. It was determined that oil entrainment will
commence at GTV values greater than about 10-20 cm/h.

Scaling oil entrainment results
Figure 4 shows results of oil entrainment as a function of
test tank volume. Experiments were conducted at water

volumes of 100, 250, 350, and 450 cc, at a sediment load of
1000 mg/L.

Y4
ﬁ @ Springer

2000 3000 4000 5000 6000 7000 8000 9000

kaoilinite concentration (mg/L)

The thin black crosses show the experimental values of
oil entrained. The line with short black dashes is a trend
line to the experimental points. The dashed line marked
as “Predicted using 0.63 power” is a test of the scaling
assumption (Eq. 8). The scaling assumption is tested by
beginning with the known oil entrainment and GTV
values at 100 cc of water, and then using the scaling
assumption to predict the oil entrainment at larger
volumes.

Figure 4 shows that the proposed scheme using 0.63
power in Eq. (8) gives a close fit to the experimental trend
line, proving the validity of our scaling assumption in the
tested range. Given the many assumptions used in deriving
Eq. (8), the results are surprisingly good. It was found that
using 0.67 power in Eq. (8) results in virtually zero error
from the experimental trend line, but it is probably wiser to
use 0.63, as it is based on theoretical as well as empirical
results from actual rivers.

Sample case: spill of diluted bitumen in small
versus large rapids

We now demonstrate the technique by determining an
upper bound on the diluted bitumen entrained in a 1000-kg
spill in a river with GTV values of 200 cm/h (small rapids)
and a river with 7000 cm/h (large rapids). Two clay-sized
sediment loads are considered: 100 and 1000 mg/L. The
slick is exposed to the rapids for a time of 10 min. We
demonstrate the technique step-by-step only for the mod-
erate rapids at 100 mg/L.

From Fig. 2, we can extract the laboratory entrainment
values for a sediment load of 100 mg/L as about
0.0005 kg/kg-slick-min. Figure 2 was generated with a
turbulence corresponding to a GTV value 175 cm/h.

We use Eq. (8) to scale the laboratory results to the
river, using 0.63 as the exponent:
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Fig. 4 Results of using Eq. (8) 0.0035 -
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Upon integration, the solution to this equation is: Flg: 5 Effect of turbulence and sediment load on oil entrained by
sediments
m = mye "k (13)

where m is the mass of the slick after time t (min), and m,, is
the original slick size. After 10 min, the mass of the slick is:

m = 1000e (0005 — 995 kg (14)

Thus, about 5 kg or about 0.5 % of the slick is entrained
by sediments in 10 min.

Figure 5 shows the results up to 2 h for all of the sce-
narios. The plot shows the expected effect of increasing oil
entrainment with sediment load and rapids intensity.

Accuracy of the technique

Due to the scatter evident in Figs. 2 and 3, the results
presented in this work must be interpreted with care. As
discussed previously, there are two likely sources of errors
in this study: the inherent randomness of the experimental
setup (and probably of real-life rivers) and the sensitivity of
the results to contamination due to the small quantities of
oil being measured. The authors recommend that any users
of the technique calculate maximum and minimum
entrainment values based on the extremes found in Fig. 2
(or one like it for oils other than dilbit). In addition, users

may allow the exponent used in Eq. (8) to vary over a
reasonable range (for example from 0.5 to 1) to establish a
more conservative range of estimates.

Estimating oil entrainment by parametric equations
for O, absorption

Since the O, content is such an important parameter to the
health of river water, O, absorption measurements are quite
numerous. Parametric fits for oxygen absorption constants
by Melching and Flores (1999) are the result of screening
O, absorption constants from 41 USGS reports involving
493 independent reaches on 166 streams in 23 states. These
streams ranged from 0.00001 to 0.06 m/m slope, flow rates
from 0.0028 to 210 m3/s, velocities from 0.003 to 1.83 m/
s, width ranging from 0.78 to 162 m, and depth values
ranging from 0.0457 to 3.05 m.

Melching and Flores (1999) analyzed these data and
developed curve fits for “pool and riffle streams” (streams
made up of alternating riffles/rapids and quieter water).

For streams with discharge greater than 0.566 m’/s, the
aeration coefficient k, followed the following relation:
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Fig. 6 Melching’s equation applied to Hall’s Colorado River results

1y 0.528 —0.136
Kz(day)—S%(VS) 0 (15)

where V is the flow velocity in m/s, S is the river slope in
m/m, and Q is the river discharge in m*/s. Equation (15)
has a coefficient of variation of 0.441 and a standard
deviation of 5.36. The coefficient K, governs the change in
O, concentration (mg/L) per unit time (dC/df) per the
relation (Langbein and Durum 1967):

(il—f =Ky(Cqo — C) (16)
where Cg,, is the O, concentration at saturation, and C is
the actual O, concentration.

Aeration coefficients K, (1/day) may be converted to gas
transfer velocities (cm/h) by multiplying the K, value by
the depth (cm) and dividing by 24 h/day.

Since data from very turbulent rapids were not available
to Melching and Flores (1999), their equation may not be a
good choice for predicting GTV values in larger rapids.
Data taken by Hall et al. (2012) are shown in Fig. 6 in
conjunction with GTV values from Melching and Flores’s
(1999) equation, based on typical values for the Colorado
River of 2 m/s flow speed, 350 m>/s flow rate, and 4 m
depth.

It is evident from Fig. 6 that for rivers with large rapids
with slopes greater than about 0.01, Melching and Flores’s
(1999) correlation may be inappropriate. Below this slope,
the equation seems to fit the data of Hall et al. (2012) well.

Conclusion

The techniques presented in this work may be used for
estimating the amount of un-weathered diluted bitumen
(dilbit) entrained by clay-sized suspended sediments in
river rapids. The technique may be used for other types of

Y4
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spilled oil if laboratory oil entrainment studies are
performed.

Oil entrainment may be estimated using one of two
methods: by use of river gas transfer velocity (GTV)
measurements or by using river parameters such as slope,
discharge, and flow velocity to estimate GTV.

The sediments that attach themselves to oil will proba-
bly remain in suspension until turbulence drops, after
which the oil-carrying sediments will sink to the bottom.
The fate of these sunken sediments is a topic that we hope
to explore in further research, as well as the behavior of
other types of oil and sediments.
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