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Abstract: The aftermath of the Kalamazoo River oil spill in 2010, which resulted in years of cleanup efforts, showed that research needs to
be done regarding oil–particle aggregate (OPA) formation and transport in riverine environments. Although three-dimensional hydrodynamic
models can track the transport of OPAs with a high degree of accuracy, in the event of an oil spill, rapid response is necessary to protect the
affected ecosystem and expedite cleanup efforts. In the rapid response model developed in this study, the river hydraulics is one dimensional,
and the formation and transport of OPAs are described stochastically via a random walk particle tracking algorithm. Application of the model
to the Kalamazoo River in Michigan resulted in estimations of the amount of settled oil, and the location of the centroid of the settled oil, that
would be expected for different flow velocities. The main river parameter that influences the formation and subsequent settling of OPAs is the
flow velocity, with higher velocities causing more OPA formation and settling rates enhancement because of greater amounts of suspended
sediments. DOI: 10.1061/(ASCE)EE.1943-7870.0001470. © 2018 American Society of Civil Engineers.

Introduction

Although petroleum is essential for global operations and daily
living, when oil spills happen, they are horrific environmental
disasters that take years to restore the damaged ecosystems. Many
studies regarding the transport and fate of oil in the event of a spill
have been performed for coastal environments (Dalyander et al.
2014; Gustitus and Clement 2017), but studies set in inland water
bodies are sparse (Great Lakes Commission 2015; Fitzpatrick et al.
2015a). Inland oil spills are important to study and understand for
the purpose of oil spill prevention and response; approximately
60% of all oil spills in the United States are inland (Yoshioka
and Carpenter 2002). Additionally, of the large oil spills (oil spills
greater than approximately 30,000 L) that have occurred in the
United States, approximately 88% were inland spills (Yoshioka
and Carpenter 2002). Of these large inland spills, about 60% were
from pipelines (Yoshioka and Carpenter 2002). With approxi-
mately 260,000 km of oil pipelines running across the United States
(DOT 2017), inland oil spills can be expected to continue to be a
problem, particularly as pipeline infrastructure ages.

One of the largest inland oil spills in the history of the
United States occurred in the Kalamazoo River in Michigan
(EPA 2017). Enbridge Line 6B discharged heavy crude oil into
the river on July 25, 2010 (EPA 2016; Fitzpatrick et al. 2015b).
Oil was still being removed from the river in 2014, 3 years after
the spill occurred (Dollhopf et al. 2014). A major reason that oil
remains in the river for so long after a spill event occurs is due
to oil droplets and sediment particles coagulating and forming

oil–particle aggregates (OPAs) (Lee 2002). When particles adhere
to the surface of an oil droplet, the density increases, resulting in the
greater ability of the OPAs to settle out of the water column (Zhao
et al. 2016). By August 2010, only a few weeks after the Enbridge
spill, the detection and removal of submerged oil was recognized as
a main objective for the cleanup process (EPA 2016). Thus, under-
standing the hydrodynamic conditions that lead to the oil settling
out of the water column into the bed of the river is important to
provide technical assistance to the agencies responsible for cleanup
efforts in the aftermath of an inland oil spill event (Dollhopf
et al. 2014).

There are many complex physical, biological, and chemical
processes that occur after oil is spilled into a water body: weath-
ering, spreading, advection, horizontal and vertical dispersion,
entrainment, dissolution, emulsification, and sedimentation (Yapa
et al. 1994; Gong et al. 2014; Fitzpatrick et al. 2015a). When the
oil droplets that form and break off from the main oil plume
become entrained into the water column because of turbulent mix-
ing, they mix with sediments in the water and can form the neg-
atively buoyant OPAs (Zhao et al. 2016). Although current riverine
oil spill models do not account for the interactions between oil
droplets and suspended sediments (Gong et al. 2014), various
oil spill models in marine environments have incorporated these
effects (Khelifa et al. 2005a, b). Notably, a model developed by
Bandara et al. (2011) accounted for the formation of OPAs in a
marine environment by using an advection-diffusion equation ap-
proach. Additionally, Zhao et al. (2014) developed a numerical
model that predicts the transient and steady-state oil droplet size
distribution resulting from a mass of spilled oil, called V-DROP.
The model uses a population balance equation, with the mechanism
of breakup being collisions of the oil with turbulent eddies and the
breaking efficiency of the oil droplets being due to turbulent energy
and viscous forces (Zhao et al. 2014). The V-DROP model was
successfully applied to determine the oil droplet size distribution
from mixing due to breaking waves (Zhao et al. 2014). Zhao et al.
(2016) developed a numerical population balance model of oil
droplets and sediment particles that included a conceptual model
of oil–sediment coagulation, called A-DROP. The model describes
the formation of OPAs with a collision frequency term and a coagu-
lation efficiency term (Zhao et al. 2016). The coagulation efficiency
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term includes the effects from particles covering the surface of the
oil droplet (Zhao et al. 2016), taking into account that the sizes and
surface area of the oil and sediment are significant factors in the
OPA formation process (Zhang et al. 2010). The A-DROP model
was successfully applied to a marine environment domain (Zhao
et al. 2016). More recently, important advances had been made re-
garding the mechanics of oil–particle aggregation in aquatic envi-
ronments but they have yet to be incorporated into transport and
fate models (Zhao et al. 2017).

A previous study of the 2010 Kalamazoo oil spill was conducted
that used a three-dimensional hydrodynamic model coupled with a
particle tracking algorithm to identify where the OPAs would de-
posit in Morrow Lake, which is downstream of the spill location
(Zhu et al. 2018). With the help of numerical modeling, the study
identified under which scenarios OPAs would reach Morrow Lake
and the areas of the lake and its delta that would have a high con-
centration of OPA deposits. This model has the potential to inform
decision makers where oil cleanup efforts should be focused in the
event of a spill; however, there is a major drawback to this model:
the time involved in setting up, calibrating, validating, and running
a three-dimensional model. In the event of an oil spill, responding
to the emergency as fast as possible is very important to contain the
spill and minimize the damage caused to the ecosystem. Thus, it is
unreasonable to believe that a three-dimensional model would be
used in any capacity in a rapid response scenario. Additionally, the
particle tracking algorithm employed by Zhu et al. (2018) used set
properties of OPAs, assuming that the oil has already broken into
droplets and coagulated with sediments at the beginning of the sim-
ulation. This assumption neglects the interactions that the oil has
with the sediment during its residence time in the river and thus
cannot inform the user under what conditions the oil is more likely
to coagulate with suspended sediment nor can predict if OPAs set-
tling rates will decrease as the flow velocity increases along a given
river reach.

The main objective of this study is to develop a particle tracking
model that describes the formation, transport, and fate of oil drop-
lets and OPAs in a riverine environment after an oil spill has
occurred. The simplified model proposed in this study is one di-
mensional and was developed as a rapid response tool rather than
a three-dimensional hydrodynamic model. A one-dimensional
model could be quickly applied in the aftermath of an oil spill
to determine where to focus cleanup efforts along the river. An
additional objective of this study is to use the developed rapid
response model to understand where and how much of the oil set-
tles out of the water column at a given time after the spill event. The
focus is with how the oil settles out of the water column because the
oil that settles onto the sediment of the river bottom is the most
difficult to clean in the event of a spill. Much of the analysis per-
formed in this study centered on understanding how different
parameters of the riverine environment, such as the mean flow
velocity and suspended sediment concentration, affect how much
oil settles to the bottom of the river.

Theory

The proposed model in this study contains two fundamental parts: a
random walk particle tracking model to transport the oil droplets
and OPAs through the riverine environment, and a coagulation
model to describe the formation of OPAs during their residence
time in the river. Because of the completeness of the A-DROP
formulation developed by Zhao et al. (2016), the current study
heavily draws on this model to describe the OPA formation.

The assumptions made and model development are detailed in
the following sections.

Model Assumptions

The one-dimensional model in this study makes several assump-
tions about the river domain and the oil and sediment particle
interactions, and these assumptions are integral to the theory devel-
opment discussed in this section. Thus, the main assumptions made
in this study are as follows:
1. The oil droplets themselves do not break up or adhere to each

other. The model accepts an input of the distribution of the oil
droplet diameters, and this distribution is treated as the final size
distribution of the oil droplets after the initial droplet formation
occurred following a spill event (Zhao et al. 2016).

2. When the particles attach to the oil droplet, they cover the oil
droplet uniformly and in a monolayer (Zhao et al. 2016). This
type of OPA is referred to as a Type 1 OPA, which is character-
ized by one oil droplet coated with sediment of a smaller dia-
meter (Hayter et al. 2015). There are two other types of OPAs,
which are characterized as clumps of multiple small oil droplets
with sediments (Hayter et al. 2015), but these OPA types are not
considered in this study.

3. Under circumstances of high sediment concentrations and tur-
bulence, OPA breakup has been shown to occur (Zhao et al.
2017). However, this phenomenon is complex and not currently
well understood, so in this study it is assumed that, once
particles attach to an oil droplet, they do not detach (Zhao
et al. 2016).

4. The only type of collisions that result in coagulation are colli-
sions between oil droplets and sediment particles, and OPAs and
sediment particles (Zhao et al. 2016). Thus, a collision of an oil
droplet and an OPAwill not result in coagulation for the purpose
of this study.

5. The suspended sediment concentration in the river is assumed to
be at a steady, equilibrium state. Thus, sediment particles are not
tracked in the model; instead, the suspended sediment concen-
tration is described by a Rouse-Vanoni profile throughout the
length of the river (García 2008).

6. Once an OPA settles, it is no longer tracked in the model. Thus,
re-entrainment effects of the settled OPAs are not included in
the model.

7. The model assumes that the river is a rectangular channel, and
the flow is steady and uniform in the longitudinal direction, with
constant mean velocity and depth.

Particle Tracking

To simulate the movement of oil droplets and OPAs through the
domain, the random walk particle tracking method is used to move
the oil through (x, y, z) space (Zhu 2015; Garcia et al. 2013; Visser
1997). The random walk scheme simulates the movement of oil
droplets and OPAs through advection and turbulent diffusion.
The movements in the longitudinal (x) and lateral (y) directions
are given by Garcia et al. (2013)

xtþΔt ¼ xt þ
�
uþ ∂KH

∂x
�
Δtþ Rp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2KHΔt

p
ð1Þ

ytþΔt ¼ yt þ
�
vþ ∂KH

∂y
�
Δtþ Rp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2KHΔt

p
ð2Þ

where xtþΔt and ytþΔt ¼ x and y locations of the particle at time
tþΔt; and xt and yt ¼ x and y locations of the particle at time t.
The longitudinal velocity u and lateral velocity v of the water are
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multiplied by the time step (Δt) to account for advection. Rp is a
normally distributed random variable with a mean value of zero and
a standard deviation of 1 (Visser 1997). KH is a mean longitudinal
and lateral turbulent diffusion coefficient, which can be estimated
as (Fischer et al. 1979)

KH ¼ 0.6Hu� ð3Þ
where H = water depth; and u� = bed shear velocity (García 2008).
Since the longitudinal and lateral turbulent coefficients are not de-
pendent on the x and y locations of the particles, the gradient terms
in Eqs. (1) and (2) are always equal to zero. The longitudinal veloc-
ity u is determined at the location of the particle using the law of the
wall, which is given by

u
u�

¼ 1

κ
ln

�
u�z
ν

�
þ CL ð4Þ

where κ = von Karman constant (equal to 0.41); z = vertical dis-
tance above the bed; ν = kinematic viscosity of the fluid in the
channel; and CL = constant (equal to 5.5 in this study). The shear
velocity is determined with Eq. (4) by assuming the average
longitudinal velocity occurs at 0.4H (Singh 2012).

The vertical movement of the particles in the water column is
given by (Zhu 2015)

ztþΔt ¼ zt þ
�
w − Vs þ

∂Kv

∂z
�
Δtþ Rp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2KvΔt

p
ð5Þ

where ztþΔt ¼ z location of the particle at time tþΔt; zt ¼ z
location of the particle at time t; w = vertical velocity of the fluid
in the domain; Vs = fall velocity of the particle; and Kv = vertical
eddy diffusivity, given by (Van Rijn 1984)

Kv ¼ βTυT ð6Þ
where υT = fluid eddy viscosity; and βT = dimensionless factor
used to describe the difference in the diffusion of an oil droplet
or OPA and a fluid particle. βT is given by (Van Rijn 1984)

βT ¼ 1þ 2

�
Vs

u�

�
2

ð7Þ

The fluid eddy viscosity is described by a parabolic-constant
profile given by the following relation (Van Rijn 1984):

υT ¼

2
664
0.25κu�H for

z
H

> 0.5

κu�z
�
1 − z

H

�
for

z
H

< 0.5
ð8Þ

The partial derivative of the vertical eddy diffusivity with re-
spect to the vertical direction z, ∂Kv=∂z, is approximated with a
central finite-difference scheme except for when the particle is
at the water surface (in which case a backward difference scheme
is used) or the bottom of the river (in which case a forward differ-
ence scheme is used).

Fall Velocity Calculations

The settling velocity of the OPAs is determined by (Zhao et al.
2016)

Vs;OPA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4gðρOPA − ρwÞDOPA

3CDρw

s
ð9Þ

where g = acceleration of gravity; ρOPA = density of the OPA; ρw =
density of the fluid; DOPA = diameter of the OPA; and CD = drag
coefficient. Eq. (9) results from a force balance of the gravitational,
buoyancy, and drag forces working on the OPA. The drag coeffi-
cient depends on the Reynolds number of the OPA; the Reynolds
number and drag coefficient relationships are given by (Zhao et al.
2016)

ROPA ¼ Vs;OPADOPA

ν
ð10Þ

CD ¼

2
6666664

24

R
for R < 1

24

R
þ 3ffiffiffiffi

R
p þ 0.34 for 1 < R < 10,000

0.4 for R > 10,000

ð11Þ

Eqs. (9)–(11) are solved iteratively until the settling velocity
does not significantly change in two successive iterations. The for-
mulation of the terminal velocity of the oil droplets accounts for
how the shape of the droplets change with the diameter (Zheng
and Yapa 2000). The terminal velocity is calculated by using
Eq. (12), where the Reynolds number is given by the following
relationship in Eq. (13) (Zheng and Yapa 2000):

Vs;oil ¼
Roilν
Doil

ð12Þ

Roil ¼
ND

24
− 1.7569 × 10−4N2

D þ 6.9252 × 10−7N3
D − 2.3027 × 10−10N4

D for ND ≤ 73

logðRoilÞ ¼ −1.7095þ 1.33438W − 0.11591W2 for 73 < ND ≤ 580

logðRoilÞ ¼ −1.81391þ 1.34671W − 0.12427W2 þ 0.006344W3 for ND > 580

ð13Þ

In Eq. (13),W ¼ logðNDÞ andND ¼ ½4ρwðρw − ρoilÞgD3
oil�=3μ2,

where μ is the dynamic viscosity of the fluid.

Suspended Sediment Concentration

When the oil droplets come into contact with sediment particles,
there is a probability that the oil and sediment will coagulate,

forming an OPA (Waterman and Garcia 2015). The suspended sedi-
ment concentration within the domain is assumed to be at steady
state, only varying with the vertical direction. Thus, instead of im-
plementing particle tracking for the sediment particles, the model
solves for the distribution of sediment in the river at steady, equi-
librium state and uses the concentration of sediment at a given
location to compute the coagulation probability. The distribution
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of suspended sediment in the water column is described by a
Rouse-Vanoni profile (Rouse 1939). The Rouse-Vanoni profile
is given by (García 2008)

C
Cb

¼
� ð1 − ζÞ=ζ
ð1 − ζbÞ=ζb

�Vsed
κu� ð14Þ

where C = volume concentration of suspended sediment at a given
location z in the water column; Cb = near-bed concentration of sedi-
ment; ζ ¼ z=H where H is the water depth; ζb ¼ zb=H where zb is
the location where Cb occurs; and Vsed = fall velocity of the sedi-
ment. The fall velocity of the sediment is calculated by using the
following formulation (Dietrich 1982)

Vsed ¼ Rf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RgDsed

p
ð15Þ

where R = submerged specific gravity of the sediment (equal to
1.65 in this study); and Dsed = diameter of the sediment. Rf is
an empirically determined relationship given by (Dietrich 1982)

Rf ¼ expf−2.891394þ 0.95296 lnðRpÞ − 0.056835½lnðRpÞ�2
− 0.002892½lnðRpÞ�3 þ 0.000245½lnðRpÞ�4g ð16Þ

where Rp = Reynolds number of the sediment particle, given by
(Dietrich 1982)

Rp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RgDsed

p
Dsed

ν
ð17Þ

The near-bed equilibrium volumetric concentration of the sedi-
ment, Cb, which is assumed to occur at zb ¼ 0.05 (García and
Parker 1991), is calculated with the Wright-Parker entrainment
relation, given by (Wright and Parker 2004)

Cb ¼
AZ5

1þ A
0.3Z

5
ð18Þ

where A ¼ 7.8 × 10−7; and Z is given by (Wright and Parker 2004)

Z ¼
�
u�s
Vsed

fðRpÞ
�
S0.08 ð19Þ

where u�s = shear velocity multiplied by the square root of the frac-
tion of shear stress that is skin friction if bedforms are present. In
this study, it is assumed that dunes and ripples are absent; hence, the
fraction of shear stress that is skin friction is assumed to be equal to
1, so u�s ¼ u�. fðRpÞ is a function of the sediment particle’s
Reynolds number given by García and Parker (1993) and Wright
and Parker (2004):

fðRpÞ ¼
"
R0.6

p for Rp ≤ 233.7

26.38 for Rp > 233.7
ð20Þ

Oil–Particle Coagulation

Collision Frequency
The probability of coagulation between an oil droplet and a sedi-
ment particle is assumed to be described by a collision frequency
term and a coagulation efficiency term (Zhao et al. 2016). The
collision term (β) accounts for collisions between two spherical
particles with diameters of Di and Dj due to turbulent shear
and differential settling (Zhao et al. 2016)

β ¼ βsh þ βds ð21Þ

An additional collision term for Brownian motion can be in-
cluded in the preceding relationship, but Brownian motion is only
a pertinent collision mechanism for very small particles (less than
1 μm) (Zhao et al. 2016). The particles considered in this study
(the oil droplets, OPAs, and sediment particles) are at least an order
of magnitude larger than 1 μm, so Brownian motion is considered
to be negligible and therefore not included in the collision fre-
quency term. The turbulent shear mechanism of collision is given
by (Zhao et al. 2016)

βsh ¼
1

6
ðDi þDjÞ3

ffiffiffi
ε
ν

r
ð22Þ

where ε = energy dissipation rate. The following equation is used to
determine the value of ε as a function of the position within the
water column (Nezu 2005)

εH
u3�

¼ 9.8

�
z
H

�−1=2�
exp

�
−3 z

H

��
ð23Þ

The differential settling collision mechanism is given by (Zhao
et al. 2016)

βds ¼
π
4
ðDi þDjÞ2jVsi − Vsjj ð24Þ

where Vsi and Vsj = fall velocities of the particles with diameters of
Di and Dj, respectively.

Coagulation Efficiency
Not every collision between an oil droplet or OPA and a sediment
particle will result in successful coagulation. The ratio of the
amount of successful coagulation events to the total number of col-
lisions is given by the parameter α (Zhao et al. 2016)

αðtÞ ¼ αsta

�
1 −

P
NðDsed; tÞ 14 πD2

sed

FSPπD2
oil

�
ð25Þ

where αsta = stability ratio; NðDsed; tÞ = number of sediment par-
ticles already attached to a given OPA at a given time t; Dsed =
diameter of the attached sediment particles; Doil = diameter of
the oil droplet on which the sediment particles are attached; and
FSP = factor that accounts for the effects that particle shape and
packing has on coagulation. The stability ratio describes the
amount of successful coagulation events to the total number of col-
lisions before any sediment particles are attached to an oil droplet.
The portion of Eq. (25) in parentheses accounts for decreased
coagulation efficiency as more sediment particles adhere to the sur-
face of the oil droplet. The stability ratio is formulated on the basis
of a free-energy analysis (Zhao et al. 2016)

αsta ¼ exp

�
1

ΔF

�
for ΔF < 0 ð26Þ

where ΔF = dimensionless term that describes the change in free
energy per unit surface area of a particle per unit interfacial tension
between oil and water

ΔF ¼
�
D2

m −D2
oil

D2
sed

�
− Nphex

1

4
sin2θþ Nphex

1

2
ð1 − cos θÞ cos θ

ð27Þ
where θ = three-phase contact angle (between the oil droplet, the
sediment particle, and the surrounding fluid), which is assumed to
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be 60° is this study; and Dm = size of an OPAwhen the maximum
number of sediment particles are attached. The maximum number
of sediment particles that can attach is given by Nphex. Dm and
Nphex are given by (Zhao et al. 2016)

D3
m ¼ D3

oil þ Nphex
D3

sed

4
ð1 − cos θÞ2ð2þ cos θÞ ð28Þ

Nphex ¼
2πffiffiffi
3

p
�
Dm þDsed cos θ

Dsed

�
2

ð29Þ

Eqs. (28) and (29) are solved iteratively to get the values of Dm
and Nphex. The following relation determines how many sediment
particles attach to an oil droplet at any given time:

ΔNpðtÞ ¼ αðtÞβNsed ð30Þ
where ΔNpðtÞ = change in sediment particles attached to the oil
droplet at time t; and Nsed = number of sediment particles at
the oil droplet or OPA’s location in the river, given by the
Rouse-Vanoni profile [Eq. (14)].

OPA Volume
Assuming the sediment particles coat the surface of the oil droplet
uniformly when they attach, the maximum possible volume of an
OPA is given by (Zhao et al. 2016)

VOPA;max ¼
π
6
ðDm þDsed cos θÞ3 þ

π
12

NphexD3
sed ð31Þ

A linear relationship between the volume of an OPA and
VOPA;max is used, which is described by (Zhao et al. 2016)

VOPA ¼ Vo þ ðVOPA;max − VoÞ
Np

Nphex
ð32Þ

where Vo = volume of the oil droplet; and Np = number of sedi-
ment particles attached to the oil droplet.

Boundary Conditions

To ensure no oil droplets or OPAs are transported outside of the
domain of the river, the model implements boundary conditions
for the water surface, the bottom of the river, and the sides of
the river. If the particle hits the sides of the river or is transported
outside of the width of the river, then it is considered to have settled
onto the banks of the river. Thus, the particle’s position is fixed to
the river bank and is no longer tracked within the model.

For the water surface, if a particle is transported above the water
surface, then the particle is simply fixed at the elevation of the water
surface (i.e., floating oil). A reflective boundary condition is not
appropriate for the water surface because the oil droplets are pos-
itively buoyant before they coagulate with a sediment particle, so a
reflective boundary condition would result in artificial submer-
gence of the oil. For the bottom of the river, if an OPA hits the
bottom or is transported to a position below the bottom, it is con-
sidered settled. Thus, the OPA’s position is fixed to the point where
it settled for the rest of the simulation. This boundary condition,
along with the boundary condition of the river banks, will be up-
dated when more knowledge about the entrainment of OPAs from a
sediment bottom becomes available.

Model Validation

Experimental data of the transport and formation of OPAs in a
riverine environment are practically nonexistent in the current

literature; thus, a straightforward validation of the proposed model
could not be performed. However, the proposed model consists of
two fundamental parts: particle tracking in a uniform, steady-flow
domain, and the formation of OPAs. To validate the model, these
two processes are validated independently to demonstrate that the
model accurately captures both phenomena.

Validation of Particle Tracking Algorithm

To validate the particle tracking component of the model, modeling
results were compared to the results of flume experiments con-
ducted by Tang et al. (1989) with carp eggs. This data set was used
for validation because it provides an example of discrete particles
traveling in a uniform, steady-flow domain and was used to suc-
cessfully validate a previously developed particle tracking model
(Garcia et al. 2013). The vertical distribution of particles in the
water column reported by Tang et al. (1989) and the model results
are compared for four different mean flow velocities (0.4, 0.3, 0.25,
and 0.2 m=s). The diameter and density of the carp eggs used in
the experiments were 4.2 mm and 999.78 kg=m3, respectively
(Tang et al. 1989; Garcia et al. 2013). The experimental flume
was 30 m long and 0.72 m wide and had a water depth of
0.6 m (Tang et al. 1989; Garcia et al. 2013). To simulate all four
cases, the model introduced the particles at the water surface, mid-
way along the width of the flume. The model used a simulation
time of a half hour, after which it was found that the vertical dis-
tribution of the particles does not change significantly.

The comparison of the model results and experimental results
of Tang et al. (1989) are shown in Fig. 1. The x-axis is the vertical
concentration of particles at a specific vertical location divided by
the average concentration of the particles (Cz=C), and the y-axis is
the vertical location normalized to the flow depth (z=H). For an
average flow velocity of 0.2 m=s, there is good agreement be-
tween the model and experimental results. For the higher veloc-
ities of 0.4, 0.3, and 0.25 m=s, the model tends to underestimate
the number of particles in the upper part of the water column, and
slightly overestimate the number of particles in the lower part of
the water column. A possible source of this discrepancy is the
uncertainty of the measurements made by Tang et al. (1989);
the flow velocity used in the experiments was measured from a
single cross section near the egg sampling device, and the accu-
racy of the measurement was not reported (Garcia et al. 2013). It
is possible that the flow within the flume varied spatially, and this
was not captured by the single measurement taken. However,
although the model does not capture the exact vertical distribution
reported by the Tang et al. (1989) experiments, the same trend in
the shape of the distribution with varying flow velocities is cap-
tured, with a more uniform distribution for faster flows and a more
slanting distribution for lower flows. Additionally, for the three
higher velocities, the modeled mean of the vertical distribution
(Cz=C ¼ 100) matches very well with the experimental mean of
the vertical distribution. Thus, this validation exercise shows that
the particle tracking algorithm of the proposed model in this study
captures the expected trend of the vertical distribution of particles
with different flow velocities and does a good job at capturing the
vertical centroid of the particles.

Validation of OPA Formation

To validate the OPA formation process of the model presented in
this study, modeling results were compared to the same set of
experimental results from Sun et al. (2010) that the modeling results
of the A-DROP model, developed by Zhao et al. (2016), was
compared to. In the study by Sun et al. (2010), Arabian medium
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crude oil (which has a density of 880.9 kg=m3) was mixed with the
standard reference material SRM-1941b (which has a density of
2,570 kg=m3) in artificial seawater (Sun et al. 2010). The median
grain size of the SRM-1941b sediment was approximately 5.3 μm
(Sun et al. 2010). The experiments were performed in an Erlenmeyer
flask using a reciprocating shaker to simulate mixing, with three
different sediment concentrations (100, 200, and 400 mg=L)

(Sun et al. 2010). The experiments done with a shaking rate of
2.1 Hz, which corresponds to an energy dissipation rate of
2.6 W=kg (Zhao et al. 2016), were used for the validation exercise.
The same oil droplet size distribution used in the A-DROP model
validation was used in this study (Fig. 2) (Zhao et al. 2016). The
comparison of the model results with the experimental data is shown
in Fig. 3.
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Fig. 2.Oil droplet distribution, determined by Zhao et al. (2016) for the
validation of the A-DROP model, used for the validation of the OPA
formation process of the model.
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Fig. 1. Comparison of the vertical particle distribution generated with the model and from experimental carp egg flume experiments conducted by
Tang et al. (1989).
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For the sediment concentrations of 100 and 200 mg=L, the
model tends to overestimate the amount of OPAs in the first
100 min. This is likely due to the inherent transport differences
of the model and the experiments. In the model, the oil droplets
are transported in riverine-like conditions, with a velocity distribu-
tion that varies with the vertical location of the oil droplet within the
water column. The velocity distribution means that the oil droplets
that are deeper within the water column are moving less than the oil
droplets near the surface, giving these deeper oil droplets less chan-
ces to collide and coagulate with sediments. This is unlike the
shaker experiments, in which the oil droplets can be assumed to
move within the flask approximately the same way, no matter
the depth. This may explain the tendency for OPAs to form faster
in the model than in the experiments, since oil droplets are intro-
duced at the water surface.

Another difference in the model versus the experimental data is
that, with sediment concentrations of 200 and 400 mg=L, the ex-
perimental data reach an equilibrium of the number of OPAs
formed, whereas the model results show that an equilibrium point
has not been reached in the same amount of time. In the experi-
ments, as OPAs form, the concentration of the sediment not aggre-
gated with any oil droplets necessarily decreases within the flask,
since the amount of sediment introduced is finite. In the model, the
concentration of the sediment is not affected by OPA formation,
since the oil droplets and OPAs are moving to a new location in
each time step, and there is effectively an infinite source of sedi-
ment in the river (since the sediment is entrained from the bed).
Thus, the reduction in the chances of collision and coagulation that
is experienced by the oil droplets in the experiments is not repli-
cated in the model, accounting for this difference. Despite these
differences, overall, the results of the OPA formation in the model
follow the same trends for the three different sediment concentra-
tions as the experiments by Sun et al. (2010). This validation
exercise shows that the modeled OPA formation process gives ex-
pected results for applying the oil droplet–sediment collision and
coagulation process to a riverine environment.

Data Input and Parameters

Oil Parameters

The model in this study accepts user input of the distribution of oil
droplet sizes; the model does not include breakup of the oil itself.
Thus, the input of the oil droplet sizes is assumed to be the steady-
state distribution of the oil droplets after an initial spill of oil has
occurred. The distribution of oil droplet sizes used in this study is
shown in Fig. 4; 1,000 oil droplets are used in each simulation.

In addition to the initial oil droplet size distribution, the density
of the oil is also input into the model. In this study, three different
types of oil are investigated (Table 1). These types of oil were
chosen for this study to serve as examples of low-, medium-,
and high-density oils. This range of oil density is used to explore
the relationship the density of the oil has on the affinity for the oil
droplets to form OPAs and settle out of the water column.

River Parameters

The river in this model is described as a simple rectangular flume
with uniform flow conditions. The model accepts input of the aver-
age longitudinal (u), lateral (v), and vertical (w) velocity compo-
nents; the flowrate (Q); the flow depth (H); and the slope (S). Six
scenarios, indicative of increasingly faster flows, were tested in this
study, and the parameters of these five cases are shown in Table 2.

In addition to the parameters describing the flow in the river, the
diameter of the sediment in the river is also an input. The sediment
is assumed to be uniform, and in this study the sediment size is
assumed to be 50 μm. Each simulation is performed for a simula-
tion time of 5 h. Additionally, the oil is introduced at the surface
(x ¼ 0 m; z ¼ 3 m), midway along the y-direction of the river. In
all of the cases described in Table 2, the river is 100 m wide, so the
oil is introduced at y ¼ 50 m.

Courant Condition

The time step used in the model is user defined, and the results of
the model are sensitive to the choice of time step. The sensitivity
to the time step is caused by the way the probability of collision and
coagulation of an OPA or oil droplet and sediment particle is cal-
culated. The Rouse-Vanoni equilibrium sediment concentration
profile provides the volume concentration of sediment at a given
point in the river [Eq. (14)]. As the OPA or oil droplet travels
in the x-, y-, and z-directions, the average concentration of
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Fig. 4. Initial distribution of the oil droplet sizes.

Table 2. River parameter input for the three scenarios tested in this study

u (m=s) v (m=s) w (m=s) Q (m3=s) H (m) S

0.2 0 0 60 3 0.001
0.3 0 0 90 3 0.001
0.4 0 0 120 3 0.001
0.5 0 0 150 3 0.001
0.6 0 0 180 3 0.001
0.7 0 0 210 3 0.001

Table 1. Three different types of oil used in the current study

Type of oil Density (kg=m3)

South Louisiana crude oil (Zhao et al. 2016) 820
Silicon oil (Zhao et al. 2014) 968
Benzene-carbon tetrachloride (Zhao et al. 2014) 1,000
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sediment in the volume of water that the OPA or oil droplet travels
through in the given time step is used to calculate the number of
sediment particles that can interact with an OPA or oil droplet.
Thus, increasing the time step results in the OPA or oil droplet
traveling a greater distance within that time step, which increases
the number of sediment particles that the OPA or oil droplet can
interact with, resulting in increased coagulation. Therefore, a
limit on the time step is proposed in the form of a courant number,
given by

Co ¼ uΔt
L

ð33Þ

where Co = Courant number; u = longitudinal velocity; Δt =
time step; and L =characteristic length of the river. For this study,
the Courant number is set to a value of 1, and the characteristic
length of the river is chosen as the depth of the flow. Thus, with
an increase in longitudinal velocity in the river (and keeping the
flow depth the same), the time step used in the computations
decreases.

Results and Discussion

Visualization of How the Model Works

Before discussing results and findings of different model simula-
tions, a visualization of the particle tracking method applied in this
model is shown in Fig. 5. This figure shows an example of snap-
shots through time of the oil droplets and OPAs within the domain
for the South Louisiana crude oil, 0.5-m=s flow velocity case.

Simulation Results

For the three different oil densities simulated, the percentage of
the total introduced oil that settled at the end of the 5-h simulation
time is recorded for each velocity in Table 3. The location of the
mass centroid of the settled oil for each case is also listed in Table 3.
For all three oil densities, the percentage of settled oil and the lon-
gitudinal distribution of the oil throughout the river at the end of the
simulation (and therefore the location of the mass centroid of
the oil) were nearly identical (Table 3). The resulting longitudinal
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Fig. 5. Snapshots in time of the oil droplets and OPAs in the river domain using South Louisiana crude oil and a flow velocity of 0.5 m=s.
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distributions of the oil droplets and OPAs after 5 h for flow veloc-
ities of 0.3–0.6 m=s for the light oil case (a density of 820 kg=m3)
are shown in Fig. 6.

The observation that the amount of settled oil did not depend on
the oil density indicates that the amount of oil that settles out of the
water column is mostly dependent on the river hydraulics, sediment
grain size, and the distribution of the oil droplet sizes; the density of
the oil does not have a large effect. This claim is shown in Fig. 7, in
which the amount of settled oil is shown to dramatically vary with
velocity, but the oil density has no dominant effect. Fig. 7 also
shows that, for a set of given river parameters and an oil droplet
size distribution, the fraction of settled oil appears to reach an
asymptote of approximately 68% when the flow velocity is equal
to about 0.6 m=s.

As shown in Fig. 6 and Table 3, with an increase in the flow
velocity in the river, a greater percentage of oil settles out of the
water column after 5 h. As flow velocity increases, the location
of the mass centroid of the settled oil decreases (Table 3). This ob-
servation indicates that as the velocity increases, the oil settles out
of the water column faster, resulting in greater amounts of oil set-
tled out further upstream. The particles’ settling faster with higher
flows is likely due to greater shear velocities that result from higher
flows, resulting in more entrainment of sediment from the bed
[Eqs. (18) and (19)], which in turn results in faster formation of
the negatively buoyant OPAs. The change in the suspended

sediment concentration profile with increasing flow velocity is
shown in Fig. 8, in which greater flow velocities result in much
more sediment entrained from the bed.

Another mechanism that may play an important role in how fast
the OPAs form is the vertical eddy diffusivity, which is also
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Fig. 6. Distribution of suspended oil droplets, suspended OPAs, and settled OPAs after 5 h for four different longitudinal velocities using South
Louisiana crude oil.
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Fig. 7. Relationship of the percentage of settled oil with increased flow
velocity for the three different oil densities tested.

Table 3. Percentage of oil that has settled out of the water column after 5 h of simulation time and the mass centroid of the settled OPAs for all three density
cases tested in the study

Oil density (kg=m3) Parameter 0.2 m=s 0.3 m=s 0.4 m=s 0.5 m=s 0.6 m=s 0.7 m=s

890 Oil that has settled (%) 0 2.0 24.7 47.0 68.0 68.1
Centroid of settled OPAs (m) N/A 5,467.0 2,684.1 1,249.6 1,150.4 592.4

968 Oil that has settled (%) 0 0.5 35.3 51.3 68.0 68.1
Centroid of settled OPAs (m) N/A 5,080.0 2,975.1 1,589.0 1,145.0 593.1

1,000 Oil that has settled (%) 0 0.06 21.3 47.1 68.0 68.1
Centroid of settled OPAs (m) N/A 5,387.0 2,800.6 1,172.9 1,171.6 582.7
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dependent on the shear velocity. The vertical eddy diffusivity is
equal to the fluid eddy viscosity multiplied by a factor that de-
scribes the difference in the diffusion between the oil and water
[Eq. (6)]. This factor takes a value between approximately 1 and 3.
Since the shear velocity increases with an increase in the flow
velocity, the profile of the fluid eddy viscosity also increases with
the flow velocity (Fig. 9). The profiles in Fig. 9 are representative
of the vertical eddy diffusivity profiles if the diffusion factor is
equal to 1. The profiles, notably the constant values in the upper
half of the water column, increase linearly with the flow velocity.
The increase in the vertical eddy diffusivity leads to increased
entrainment of the oil droplets from the surface of the water (greater
movement in the vertical direction) and thus facilitates quicker
formation of the OPAs.

Sensitivity Analysis

Two of the major parameters input into the model are the grain size
of the sediment in the river and the total elapsed time. To quantify
the impact that these parameters have on the results from the
model, a sensitivity analysis is performed for these two parameters.

For the sediment grain size analysis, the input parameters are the
same as the light oil, 0.3-m=s flow velocity case. For the elapsed
time analysis, the input parameters are the same as the light oil,
0.4-m=s case.

Sediment Size
To understand the influence of the grain size of the sediment in the
river, the fraction of the total amount of oil that settles after 5 h is
plotted against the grain size of the sediment (Fig. 10). As can be
seen in Fig. 10, the amount of settled oil is very sensitive to the
grain size of the sediment, with a small change in the sediment size
resulting in a great change in the amount of settled oil for sediment
sizes in the range of 20–50 μm. For sediment sizes below 20 μm, all
of the oil settles out of the water column, and for sediment sizes
above 50 μm, none of the oil settles out of the water column. This
relationship indicates not only that the model is sensitive to the
sediment grain size, but also that the amount of settled oil has a
carrying capacity relationship based on the sediment grain size.
As discussed previously, this behavior is due to the amount of sedi-
ment that will become suspended into the water column. A smaller
grain size means much more suspended sediment than a larger
grain size at the same flow velocity; the drastic change in the
suspended sediment concentration profiles with a change in the
sediment grain size is shown in Fig. 11.

Total Elapsed Time
As the oil is transported downstream in the river for a longer period
of time, it is expected that more oil will settle out of the water col-
umn. To understand the relationship between the time elapsed and
the model results, the total simulation time was varied and the frac-
tion of the total amount of oil that settles is shown in Fig. 12. As
expected, as the time elapsed increases, more oil settles out of the
water column. Increasing the simulation time past 6 h results in a
slower increase of settled oil, suggesting that there may exist an
upper limit on the amount of oil that is able to settle out of the water
column with a given a set of hydraulic parameters.

Linking to a Hydraulic Model and a Case Study of the
Kalamazoo River

The model described in this paper assumes a simplified, rectan-
gular river geometry with steady, uniform flow. This simplifying
assumption was used to explore how different river parameters af-
fect OPA formation and fate; however, this limits the model to not
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Fig. 9. Vertical fluid eddy viscosity profiles for flow velocities ranging
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Fig. 10. Amount of settled oil as a function of the sediment grain size.
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being applicable to real rivers with many tributary inflows and
irregular geometries that cannot be approximated by a rectangular
domain. To extend the use of the OPA formation and transport
model to more realistic scenarios, the model was altered to accept
results from a steady-flow Hydrologic Engineering Center’s River
Analysis System (HEC-RAS) simulation. This allows the model
to describe the formation and transport of OPAs in any river geom-
etry with spatially (but not temporally) varying flows. With this
modification, the river geometry, flow velocities, water surface
elevations, and bottom shear stresses along the river reach are
all extracted from the HEC-RAS simulation and used to describe
the river hydraulics in the OPA tracking model.

Kalamazoo River HEC-RAS Model
A HEC-RAS model of the Kalamazoo River developed by the
USGS, extending from Marshall to Battle Creek, Michigan, was
used for this case study (Hoard et al. 2010). The HEC-RAS model
extends from the USGS Kalamazoo River gauge at Marshall, Mich-
igan (USGS Station 04103500), to the USGS Kalamazoo River
gauge near Battle Creek, Michigan (USGS Station 04105500)

(Fig. 13). The structures included in the HEC-RAS model are
16 bridges, 2 dams, and 1 culvert. The bed elevation profile of
the river from Marshall to Battle Creek, Michigan, is shown in
Fig. 14. The two steep elevation drops are the locations of the
Ceresco Dam (at approximately 9.2 km downstream of Marshall)
and the Monroe St. Dam (at approximately 24.3 km downstream of
Marshall).

The oil spill happened in Talmadge Creek (a tributary to the
Kalamazoo River). In the HEC-RAS model, the spill is simulated
as happening at the confluence of Talmadge Creek and the
Kalamazoo River, since this is the location where the oil entered the
Kalamazoo (Fig. 13). The length of the reach of the Kalamazoo
from Marshall to Battle Creek is approximately 26.8 km, and
the confluence of Talmadge Creek with the Kalamazoo is approx-
imately 3.2 km downstream of the Marshall gauge.

The case study of the Kalamazoo presented here uses the peak
flow conditions of the flood event that happened on July 25, 2010,
when the rupture of the Enbridge pipeline occurred. The flood
event was estimated by the USGS to be approximately a 25-year
event, with the discharge in the stretch of the Kalamazoo River
from Marshall to Battle Creek, shown in Fig. 15 (AECOM 2011).
The discharge increases from approximately 50 m3=s at Marshall
to approximately 86 m3=s at Battle Creek due to inflow from
various tributaries. The boundary conditions used in the model
are rating curves developed by the USGS at the respective USGS
stream gauges. The upstream rating curve for the Marshall gauge
station (USGS 04103500) is shown in Fig. 16, and the downstream
rating curve for the Battle Creek gauge station (USGS 04105500) is
shown in Fig. 17 (AECOM 2011).

The type of oil that entered the Kalamazoo River in 2010 was
the Cold Lake Blend diluted bitumen (dilbit). Since the oil was
spilled in Talmadge Creek and not directly into the Kalamazoo
River, it is likely that weathering of the dilbit took place before
it entered into the river. Thus, the parameters of the dilbit at
17.4% mass loss, which is the maximum weathering that took place
in a study conducted by Waterman and Garcia (2015), were used.
The 17.4% mass loss dilbit has a density of 992.6 kg=m3, and the
droplet size distribution shown in Fig. 18, which was determined
by Waterman and Garcia (2015) via orbital shaker experiments at
180 rpm, which was found to be representative of the mixing
energy of open-channel flows. Four thousand oil droplets were in-
troduced into the river at the time of the spill, and a sediment size of
30 μmwas used (which is approximately theD50 of the sediment in
the Kalamazoo River).

Submerged Oil Assessment of the Kalamazoo River
Shortly after the oil spill into the Kalamazoo River occurred, an
assessment to record the presence of submerged oil in the river
was conducted (EPA 2016). From August 29 to October 29,
2010, in-channel sediment poling was conducted (EPA 2016). This
poling assessment resulted in approximately 3,700 points along the
river, where the number of observed OPAs were placed into four
categories: none (zero OPAs), slight (one to nine OPAs), moderate
(10–20 OPAs), and heavy (greater than 20 OPAs) (EPA 2016). The
approximate longitudinal distribution of settled OPAs from the spill
site to Battle Creek constructed from the submerged oil assessment
is shown in Fig. 19. This figure shows that there were three main
areas where significant submerged oil was identified: in the first
3-km stretch downstream of the spill site, at the site directly down-
stream of the Ceresco Dam (located approximately 10 km down-
stream of the spill site), and at the site directly downstream of the
Monroe St. Dam (located approximately 25 km downstream of
the spill site).
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Fig. 12. Fraction of the total introduced oil that settled as a function of
the elapsed time.
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Fig. 11. Suspended sediment concentration profiles for three different
sediment grain sizes using a flow velocity of 0.3 m=s.
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Kalamazoo Case Study Results and Discussion
The leading edge of the oil droplet and OPA plume reached Battle
Creek after approximately 2.6 h. The longitudinal distribution of
the settled oil at the end of the 2.6-h simulation is shown in Fig. 20.
In the simulation, almost all of the settled oil is located in the first
1-km stretch downstream of the spill site. While the simulation
captured the large amount of settled oil that takes place directly
downstream of the spill location, the areas of settled oil directly
downstream of the Ceresco and Monroe St. Dams that were ob-
served from the poling assessment in 2010 (Fig. 19) were not
captured by the model. The model’s inability to reproduce the
2010 poling assessment is likely due to the following reasons:
1. The particle tracking model described in this paper assumes that

the oil slick is already broken into oil droplets at the beginning

of the simulation; in reality, oil droplets break off from the oil
slick because of turbulence and the oil–water surface tension.
Thus, in the actual scenario of an oil spill, the oil droplets enter
into the river domain at different times and locations, which
would result in OPAs being formed later and farther down-
stream. In the case of the Kalamazoo River, it is likely that,
as the oil slick traveled to the dams, an increase in oil droplet
formation occurred because of increased levels of turbulence,
which resulted in an increase in the subsequent OPA formation
and settling at those locations.

2. The particle tracking model does not include effects of OPA
resuspension because of lack of information on the subject.
With resuspension effects included, the OPAs would have the
chance to be transported farther downstream.

Battle
 Creek

Kalamazoo River

Talma dge C reek

Talmadge Creek

Spill Site
USGS 04103500

USGS 04105500

0 25 5012.5 Miles

Fig. 13. Location of the Kalamazoo River in Michigan and the Kalamazoo River shown with Battle Creek and Talmadge Creek. The USGS gauges
used as the upstream and downstream boundary conditions in the HEC-RAS model are marked. The spill site, which is modeled as the confluence
between Talmadge Creek and the Kalamazoo River, is also marked.
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Fig. 14. Bed elevation profile of the Kalamazoo River from Marshall
to Battle Creek, Michigan. The two steep drops are the locations of the
Ceresco Dam (9.2 km downstream) and the Monroe St. Dam (24.3 km
downstream).
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Fig. 15. Discharge along the river from Marshall to Battle Creek,
Michigan, for the storm event on July 25, 2010.
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Fig. 16. Rating curve developed by the USGS at the Marshall gauge
(USGS 04103500) and used as the upstream boundary condition in the
HEC-RAS model.
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Fig. 17. Rating curve developed by the USGS at the Battle Creek
gauge (USGS 04105500) and used as the downstream boundary
condition in the HEC-RAS model.
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Fig. 19. Approximate longitudinal distribution of settled OPAs
from the spill site to Battle Creek, constructed from the 2010 poling
assessment.
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3. The poling assessment was taken 1–3 months after the oil spill
occurred. It is likely that the distribution of settled oil con-
structed from the poling assessment (Fig. 19) is not the actual
distribution of settled oil that occurred immediately after the
spill.
The application of the OPA formation and transport model to the

Kalamazoo River indicated that it is necessary to include the break
off of oil droplets from the oil slick and resuspension of OPAs from
the bed into the model in order to become a useful and deployable
tool in the event of an oil spill. However, this case study provided a
useful proof of concept of linking the OPA formation and transport
model to HEC-RAS and identified the main areas of improvement
needed to become a useful response tool.

Conclusions

A one-dimensional particle tracking model that accounts for the
formation, transport, and fate of OPAs in a riverine environment
was developed, validated, and tested in this study. It was shown
that the flow velocity is a major parameter in determining how fast
the droplets will form OPAs and settle out of the water column.
With an increased flow velocity, the oil tends to settle out of the
water column faster because of the increase in the suspended sedi-
ment concentration. The amount of oil that settles to the bottom of
the river is also significantly dependent on the sediment grain size.
The amount of settled oil behaves in a carrying capacity relation-
ship with the sediment diameter, with all of the oil settling if the
sediment is very small and none of the oil settling when the sedi-
ment size is too large. The density of the oil was shown to not
meaningfully affect the amount of oil that settles out of the water
column.

The particle tracking model was then linked to HEC-RAS, giv-
ing the model the ability to simulate the formation and settling of
OPAs in a river domain with irregular geometry and spatially vary-
ing flows. The application to the 2010 oil spill in the Kalamazoo
River provided a proof of concept for the HEC-RAS linked particle
tracking model and insight into the need to include effects of
oil droplet break off from the main oil slick and resuspension of
settled OPAs from the bottom of the river. With this future work
identified, the current model provides a robust framework for a
rapid response tool in which the needed mechanisms of oil breakup

and resuspension can be integrated. However, given a known type
of oil, the characteristic grain size of the sediment in the river, and
flow conditions during a given oil spill event, this model provides a
first attempt at describing the transport of oil droplets in a riverine
environment that also captures the oil droplet and sediment particle
interactions. Once the identified improvements are made to this
model, it has the potential to grow into a useful screening model
of where settled oil is located downstream of an oil spill location,
which will be able to greatly aid in oil cleanup efforts.
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Notation

The following symbols are used in this paper:
A = 7.8 × 10−7;
C = volume concentration of suspended sediment;
Cb = near-bed concentration of sediment;
CD = drag coefficient;
CL = constant equal to 5.5;
Co = Courant number;
Dm = size of OPAwhen the maximum number of sediment

particles are attached;
Doil = diameter of oil droplet;

DOPA = diameter of OPA;
Dsed = diameter of sediment particles;
FSP = factor that accounts for effects that particle shape and

packing has on coagulation;
g = acceleration of gravity;
H = water depth;

KH = longitudinal and lateral turbulent diffusion;
Kv = vertical eddy diffusivity;
L = characteristic length of the river;

NðDp; tÞ = number of sediment particles attached to OPA at
time t;

Np = number of sediment particles attached to oil droplet;
Nphex = maximum number of sediment particles that can

attach to oil droplet;
Nsed = number of sediment particles at oil droplet or OPA’s

location in water column;
R = submerged specific gravity of sediment;
Rf = empirically determined relationship given by Dietrich

(1982);
ROPA = Reynolds number of OPA;
Roil = Reynolds number of oil droplet;
Rp = Reynolds number of sediment particle;
Rp = normally distributed random variable with mean value

of zero and standard deviation of 1;
u = longitudinal velocity;
u� = shear velocity;
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Fig. 20. Longitudinal distribution of settled particles in the Kalamazoo
River simulation.
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u�s = shear velocity multiplied by square root of fraction of
shear stress that is skin friction;

VOPA;max = maximum possible volume of OPA;
Vo = volume of oil droplet;

Vs;OPA = fall velocity of OPA;
Vs;oil = fall velocity of oil droplet;
Vsi = fall velocity of particle with diameter of Di;
Vsj = fall velocity of particle with diameter Dj;
Vsed = fall velocity of sediment;

v = lateral velocity;
w = vertical velocity;
xt = x location of particle at time t;
yt = y location of particle at time t;

xtþΔt = x location of particle at time tþΔt;
ytþΔt = y location of particle at time tþΔt;

Z = dimensionless sediment entrainment term;
z = vertical distance above bed;
zt = z location of particle at time t;

ztþΔt = z location of particle at time tþΔt;
α = ratio of amount of successful coagulation events to

total number of collisions;
αsta = stability ratio;
β = collision frequency term between two particles of

diameters Di and Dj;
βds = collision frequency term due to differential settling;
βsh = collision frequency term due to turbulent shear;
βT = dimensionless factor used to describe difference in

diffusion of oil droplet or OPA and fluid particle;
ΔF = dimensionless term that describes change in free

energy per unit surface area of particle per unit
interfacial tension between oil and water;

ΔNpðtÞ = change in number of sediment particles attached to oil
droplet at time t;

Δt = time step;
ζ = vertical location above bed normalized to water depth;
ζb = vertical location above bed where near-bed sediment

concentration occurs normalized to water depth;
θ = three-phase contact angle;
κ = von Karman constant;
ν = kinematic viscosity;
π = mathematical constant pi, approximately 3.14159;

ρOPA = density of OPA;
ρoil = density of oil droplet;
ρw = density of fluid;
υT = eddy viscosity; and
ε = energy dissipation rate.
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