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Technical Note

Computation of the Mixing Energy in
Rivers for Qil Dispersion

Michel C. Boufadel, Ph.D., P.E., F.ASCE1; Faith Fitzpatrick, Ph.D.z;
Fangda Cui, Ph.D.3; and Kenneth Lee, Ph.D.*

Abstract: With the increase in transport of oil by rail, the probability of oil spills in rivers has increased. Traditionally, focus has been placed
on oil slicks moving on the water surface. However, the density of bitumen oil carried by rail within and from Canada to the United States can
exceed that of freshwater, causing this oil to get submerged in the water column. This also has the potential of forming oil particle aggregates
(OPAs) upon interaction with suspended sediments. The energy-dissipation rate is a key parameter for predicting the formation of oil droplets,
and for this purpose, expressions are developed to estimate the energy-dissipation rate at various depths in the river using easily measured
quantities such as water depth, streambed slope, and streambed roughness. The formulation showed that for a stream 30 m wide with a natural
slope of 1/1,000 and roughness height of 1.0 cm, the average and maximum energy-dissipation rates are 0.01 and 0.22 W/kg, respectively.
The average value is comparable to spilling breakers of height around 0.3 m, and the maximum value is comparable to those obtained from
plunging breakers of 0.30-m-high waves. The large average value suggests that breakup of droplets in streams is higher than in the open sea
under regular waves. DOI: 10.1061/(ASCE)EE.1943-7870.0001581. © 2019 American Society of Civil Engineers.

Introduction

The frequency of oil spills in rivers has increased due to the in-
creased transport of oil by rail in the United States (National
Academies of Sciences, Engineering and Medicine 2016), espe-
cially the bitumen-type oil produced in Canada (Lee et al. 2015).
Traditional approaches dealing with oil spills in rivers focused on
the transport of oil on the water surface (Shen et al. 1991; Yapa and
Shen 1994). However, the spill of approximately 4.0 million L of
diluted bitumen in the Kalamazoo River, Michigan, in 2010
(Dollhopf and Durno 2011) revealed that a considerable amount of
oil formed droplets that spread downward in the water column, and
some of them formed oil particle aggregates (OPAs) (Zhao et al.
2016, 2017), as addressed in recent works (Fitzpatrick et al. 2015;
Jones and Garcia 2018). The formation of oil droplets from a
slick increases with the mixing energy, namely with the energy-
dissipation rate in the water (Baldyga and Podgorska 1998; Hinze
1955). The formation of oil droplets from a slick is labeled
dispersion in the oil spill literature, which is different from shear
dispersion commonly used in earth science (Rutherford 1994).
Numerous investigations have evaluated the energy-dissipation
rate due to waves (Drennan et al. 1996; Terray et al. 1996;
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Wickley-Olsen et al. 2007, 2008), and applications to produce
the droplet-size distribution have been reported in various works
[for example, by Zhao et al. (2014)]. Thus, if one needs to use a
model to produce the droplet size, one needs to know, among others,
the energy-dissipation rate in the river.

Using detailed computational fluid dynamic (CFD) models
could produce the energy-dissipation rate. Examples of such
codes include ANSYS Fluent and Delft3D. However, using CFD
codes is very demanding, and for this reason, an analytical ap-
proach is proposed herein that uses easily measured properties of
the river.

Approach

When the hydraulics in a river reach of length L (for example,
L =10 or 100 m) can be approximated as uniform and at steady
state, the average velocity V in the river may be obtained using the
Manning’s equation (Bedient et al. 2013)

1
V=—R/s)? (1)
n

where V = average water speed (m/s) in the cross section; n =
Manning friction coefficient, which represents the streambed
roughness, whose values are commonly estimated visually as indi-
cated in Table 1; R, = hydraulic radius (m), which is the ratio of
the cross section area to the wetted perimeter of the cross section
and could be obtained based on estimation of the depth and width
of the river (say by assuming a rectangular cross section); and S, =
slope of the energy head line (energy grade line), given by

AH
S, = A (2)

where AH = drop in the energy head (m). For a uniform flow, the
slope S, is equal to the streambed slope, which could be estimated
based on the topography along a bank of the stream. Thus, Eq. (1)
can be rewritten
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Table 1. Typical values of Manning’s n

Channel surface n
Glass, PVC, and HDPE 0.010
Smooth steel and metals 0.012
Concrete 0.013
Asphalt 0.015
Corrugated metal 0.024
Earth excavation, clean 0.022-0.026
Earth excavation, gravel and cobbles 0.025-0.035
Earth excavation, some weeds 0.025-0.035
Natural channels, clean and straight 0.025-0.035
Natural channels, stones or weeds 0.030-0.040
Riprap lined channel 0.035-0.045
Natural channels, clean and winding 0.035-0.045
Natural channels, winding, pools, and shoals 0.045-0.055
Natural channels, weeds, debris, and deep pools 0.050-0.080
Mountain streams, gravel and cobbles 0.030-0.050
Mountain streams, cobbles and boulders 0.050-0.070
Source: Data from Bedient et al. (2013).
Note: HDPE = high-density polyethylene.
n2
Se = 1B & 3)

h

Combining Egs. (2) and (3), one obtains the loss of energy
head (m), which is given by

473

L
AH =n*—-V? (4)
Rh

The total energy dissipated over a distance L is represented by
the weight of the water multiplied by the head loss

E = pg¥AH (5)

where p = water density; ¥ = volume of water of interest; and E =
energy (J) dissipated over a distance L. To obtain the energy loss
per unit mass, one divides by the mass, which is equal to p¥. Thus,
the quantity gAH is the energy loss per unit mass. Finally, to obtain
the energy-dissipation rate, one needs to divide by time, 7', result-
ing in
AH L
gT =g-n W g (6)
h

g =

where the second equality was obtained by substituting for AH by

its expression from Eq. (4). Giventhat L =V - T and R, ~ h fora

wide river, Eq. (6) becomes (W/kg)
gAH n . B n? 1

R LU V< ___RZS3/2ZQR2/3S3/2 7
T g R2/3 g R2/3”3 noe o De (7)

Thus, after solving Manning’s equation [Eq. (1)] for the velocity
V, one can compute the average energy-dissipation rate in the cross
section using Eq. (7).

To obtain the energy-dissipation rate at various depths of the
cross section, one could use the logarithmic law of the wall, which
states that local energy-dissipation rate is given by

ul

(8)

E =
K-z
where u, = friction velocity; x = von Karman constant (=0.4); and
z = elevation from the local streambed. The value of z has to be
larger than the roughness height z,, which is on the order of cen-
timeters in natural systems.
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Integrating Eq. (8) over the depth and dividing by the total depth
provides the average energy-dissipation rate. Thus, one has

jlh edz fh,':—ldz B u; - ln(zﬁn)
R h  k-h

=z 9)

The friction velocity is given by
_k-h-E
o)

Furthermore, the energy-dissipation rate at various elevations
from the bottom is given by

] (10)

(11)

Although z, might not be well-determined (centimeters), its
logarithm [in Eq. (11)] does not vary by much. For example, for
a depth 7 = 1.0 m, the difference between selecting z, = 0.01 m
or 0.10 m (an order of magnitude difference) affects the estimation
of ¢ [Eq. (12)] by only twofold, because In(1.0/0.01) = 4.60 is
only the double of In(1/0.1).

Relation to Bottom Shear Stress

The shear stress at the bottom of the river is used commonly to
determine the suspension of deposited sediments. It is an important
parameter used in modeling sediment transport and could be mea-
sured in the laboratory. The shear stress is given by

1
T, zipui (12)

Using Eq. (12), one obtains

. s 2/3
T, =~ rohe (13)

\u)

Thus, one could use the shear stress from sediment-transport
models to estimate the average energy-dissipation rate using
Eq. (13).

In summary, given n and the river properties, one solves the
Manning’s equation to obtain the average velocity V by Eq. (1).
Then, the average energy-dissipation rate is computed from Eq. (7).
The energy dissipation at various elevations z from the bottom is
provided using Eq. (11), and the shear stress at the bottom is com-
puted from Eq. (13). Therefore, there is a direct relation between
the energy-dissipation rate and shear stress.

Example

Scenario

Consider an oil spill that occurred in a river whose width is 30 m,
water depth is 1.0 m, and streambed slope is 1/1,000, with a natural
channel containing stones and weeds.

Solution

Based on Table 1, Manning’s n is between 0.03 and 0.04, and it
reasonable to pick a value of 0.035. The average water speed V is
obtained by Eq. (3)
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Thus, the average energy-dissipation rate is

2 2
- n 3 (0.035) 3.
€= gR—2/3 V> = g7(1.0)4/3 (0.9)° = 0.01 W/kg

The resulting value is comparable to the energy-dissipation rate
near the water surface (top 10 cm) of a spilling breaker of height
0.30 m (Wickley-Olsen et al. 2008).

Based on the properties of the streambed, it is reasonable to take
z, = 1.0 cm. Therefore, the energy-dissipation rate as a function of
elevation z from the streambed is given by

3 h
e = . —
Z

)

At the stream bottom, the value of the energy dissipation
is obtained by setting z =z, = 0.01 m, resulting in eyopom =
0.22 W/kg, which is comparable to plunging breakers of
0.30-m-high waves (Wickley-Olsen et al. 2007). Thus, the energy-
dissipation rate at the streambed is an order of magnitude larger
than the average value.

Using the law of wall all the way to the water surface results in
an energy dissipation that reaches its minimum at the water surface.
But in reality, the energy-dissipation rate would increase as ap-
proaching the surface from below to the friction of the water with
air, especially if wind is present. However, the value there would
still too small in comparison with the average energy-dissipation
rate [Eq. (7)].

1
=22x1073. .=
Z

Conclusions

The formation of oil droplets from an oil slick in rivers plays
an important role in the transport and fate of oil. The formation
of oil droplets depends on, among other factors, the energy-
dissipation rate in the water column. Using the Manning’s equation,
which is a good descriptor for river hydraulics of a slowly varying
water level (with space and time), this paper provided a formulation
[Eq. (7)] to calculate the average energy-dissipation rate, which
could be used as a first approximation for mixing in a particular
river. Using additional information on the streambed (roughness
height or shear stress), and assuming negligible friction of the water
surface with the atmosphere, an equation [Eq. (11)] has been pro-
vided to obtain the energy-dissipation rate at various depths in the
river. An example was provided for illustration, and it showed that
for a stream that is 30 m wide and has a natural slope of 1/1,000, the
average energy-dissipation rate is equal to 0.01 W /kg. The maxi-
mum value for a roughness height of 1.0 cm was found to be equal
to 0.22 W /kg, a value comparable to those obtained from plunging
breakers of 0.30-m-high waves. This indicates that oil volumes en-
trained into the water column (due to rills, for example) are likely to
break further, generating smaller droplets. The smaller the size of
the droplets (for a given mass of oil), the higher their probability for
colliding with sediment particles and forming OPAs. In addition,
the formed OPAs are more likely to sink to the bottom of the river
due to the lower buoyancy of the small droplets.

The approach presented herein depends on the assumption of a
slowly varying hydraulics in the river. Thus, the approach could
apply to estuaries provided the water surface variation with time
is small compared with the horizontal velocity of water, such that
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the pressure distribution with depth remains close to hydrostatic,
an underlying assumption of the Manning’s equation. Also, the for-
mulation neglected energy loss due to sediment movement, which
would increase the steepness of the water slope locally and thereby
potentially invalidate the applicability of Manning’s equation at
that location. However, the authors believe that Eqs. (7) and (11)
remain reasonable as first-order approximations for the energy-
dissipation rate in rivers.
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