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Pollutant Transport and Mixing Zone Simulation of Sediment
Density Currents
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Abstract: Prediction of water column concentrations of suspended sediment is often necessary for environmental impact ass
point source industrial discharges. For example, in ‘‘flow lane’’ or ‘‘open water’’ disposal, suction dredges discharge large vo
suspended sediment into shallow water disposal locations. A sediment density current mixing model is presented here as
D-CORMIX expert system for hydrodynamic simulation of mixing zone behavior. This density current model extends theCORMIX
decision support system to simulate continuous negatively buoyant discharges with or without suspended sediment loads o
bottom with loss of suspended particles by sedimentation. Sedimentation is modeled using Stokes settling for five particle si
Density current width and depth, trajectory, total solids, tracer concentration, dilution, and particle size concentration are pre
addition, location and widths of sediment deposits, accretion rates, including particle size fractions within the spoils deposit, are
The model results are in good overall agreement with available field and laboratory data.
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Introduction

Information on the mixing behavior of suspended sedim
plumes is often desired for water quality management and
ronmental impact prediction. Such turbidity current plumes
result from sources such as pipeline dredging operations, o
gas drilling, mine tailings disposal, or other industrial proce
~Ellis et al. 1995; Neves and Fernando 1995; Meinhold e
1996; Ruffin 1998; Black and Parry 1999; Burns et al. 1999; M
der and Alexander 2001!. Sediment density currents can also a
from natural processes such as tributary inflows to reserv
lahars, and debris flows~Akiyama and Stefan 1984; Alavia
1986; Chikita and Okumura 1990; Alavian et al. 1992; Fan
Morris 1992; McLeod et al. 1999; Mulder and Alexander 20!.
The resulting plumes of suspended sediment may travel do
lope as density currents while being advected by an ambien
locity field. Material suspended within the plume affects w
quality within the water column, while particle settling from
plume forms deposits that have benthic impacts~Stow and Bowe
1980; Stacey and Bowen 1988; Garcia 1994!. As a gravity driven
flow, sediment density current trajectory and mixing is stron
dependent on local bathymetry, bottom slope, and ambient
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JO
sity structure~Fietz and Wood 1967; Parker et al. 1986; Ga
1993; Sparks et al. 1993!. Monaghan et al.~1999! give numerica
results and experimental data for density currents on with va
ramp angle, however, the flows are laterally confined. Hallw
et al. ~1998! report on laboratory experiments on pulsed in
tions creating density currents in laterally bounded labora
flume. Lee and Yu~1977! present a laboratory study with clay
a flume. Garcia and Parker~1991! performed experiments o
gravity currents driven by poorly sorted sediments in a labora
flume. However, these experiments are two-dimensio
bounded and do not consider lateral spreading of the densit
rent flow.

Regulatory management of natural waters often allows
point source discharges be evaluated not by ‘‘end of pipe’’
centration standards but in a way that allows for the initial d
tion of the discharge within a mixing zone. This approach re
nizes the natural assimilative capacity of a water body to
pollutants in an economically efficient manner. This has lea
the concept of an ‘‘allocated impact zone’’ or ‘‘regulatory mix
zone’’ ~RMZ! around the discharge point. Fig. 1 illustrates
RMZ, and in case the discharge contains toxic substances, a
restrictive region within the RMZ called the toxic dilution zo
~TDZ! for toxic discharges. Within the RMZ and TDZ nume
water quality criteria may be exceeded as long as the water
as a whole is not impaired. Regulations concerning the size
shape of the mixing zone vary widely depending upon the r
latory authority. Channel bottoms or benthic areas are eco
cally and commercially important~e.g., as fish spawning areas
oyster beds! and are often the most sensitive to the effects of p
source discharges.

D-CORMIX is a near-field and far-field mixing zone mo
developed for water quality assessment for negatively buo
~dense! continuous source discharges with suspended sed
loads. It extends theCORMIX expert system for mixing zon
analysis to simulate discharges with suspended sed

~Doneker and Jirka 1990!. While the system was developed pri-
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marily for dredge discharge sources, it can model density cu
plumes that arise from storm water discharge or desalination
centrate disposal. The model focus is on assessment of
quality within the water column, with emphasis on the resul
suspended sediment density current. However, characteristic
accretion rate of deposited sediment are also predicted. As a
water quality assessment and sediment deposit screening to
model does not predict dynamic bottom scour, the affec
changing bathymetric topography due to sediment depositio
plume mechanics, or the possibility of reentrainment of pr
ously deposited material into the suspended sediment densit
rent plume.

D-CORMIX System Description

The system uses the DOS command prompt user-interfa
CORMIX ~Jirka et al. 1996! to input data. It follows a simila
classification scheme for submerged discharges asCORMIX1
~Doneker and Jirka 1990! and for surface discharges
CORMIX3 ~Jones et al. 1996! to determine the near field flo
structure. This approach is based upon a classification schem
determines the flow regimes that are important to a g
discharge/ambient combination, and applies the appropriat
integral or length-scale model appropriate to each flow reg
Central to the methodology is the ability to predict dyna
boundary interactions of dense jets and plumes. Boundary
actions include near-field attachments, jet mixing over the
depth in shallow water, plunging effects, internal trapping,
three-dimensional density current behavior on either a flat bo
inclined bottom, or trapped density level~Simpson and Britte

Fig. 1. Regulatory mixing zones~RMZ!, defined by chronic criteria
can be located in the near-field or far-field of a discharge. T
dilution zones~TDZ!, defined by acute criteria, almost always oc
in the near-field. Adapted from:Technical support document f
water quality-based toxics control, USEPA/505/2-90-001.
1979; Akiyama and Stefan 1984; Alavian 1986; Garcia 1993;
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t

Sparks et al. 1993; Mulder and Alexander 2001!. Particle settling
is accounted for once bottom contact has occurred.

Several different discharge configurations are considere
cluding submerged, surface, and above surface discharges.
shows typical discharge configurations considered
D-CORMIX. Above surface discharges can either be spraye~1!
over a large area,~2! sprayed in a single jet, or~3! sprayed onto
deflector plate, techniques which are sometimes used to s
material during pipeline dredge material disposal. Below su
jet discharges are restricted to the upper half of the water co
Shoreline discharges occur at the surface of the ambient
body, from a pipe or discharge canal.

Five sediment class sizes can be considered~large chunky sol
ids, sand, coarse silt, fine silt, and clay! and sedimentation
modeled using Stokes settling. The model can simulate hin
Stokes settling as an option, but this process was not simu
for the initial model validation presented here. The sediment
classes and settling velocities are shown in Table 1. Chunk
assumed to deposit on the bottom immediately after disch
while the other particle size fractions are available for trans
within the density current.

In addition, a conservative or nonconservative tracer~pollut-
ant! may be issued in the discharge. A nonconservative poll
can be assigned a first order decay or growth. Of course
model can also be run without any sediment present in the
charge flow.

As shown in Fig. 3, the ambient water body may have e
one or two zones~near-shore and off-shore!, where different am
bient velocitiesua , bottom slopesS, and Darcy friction factorsf
may be entered. The offshore slopeS2 may be either flat or in

Fig. 2. D-CORMIXdischarge conditions assumptions

Table 1. Particle Size Class Distributions

Sediment size class
Particle size

~mm!
Settling velocity

~mm/s!

Chunksa N/A N/A
Sand .62 320
Coarse silt 16–62 6.28
Fine silt 3.3–16 0.394
Clay ,3.3 0.0134
aLarge nonsuspended solids and stones.
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clined, while the near-slopeS1 must have some inclination. Am
bient stratification, also shown in Fig. 3, is described by a su
density value, and up to three density values~other than the su
face! that are known at different submergence levels below
water surface. A piecewise linear stratification is assumed to
between these levels.

Hydrodynamic Simulation and Flow Classification

Mixing zone processes are controlled by the interplay of
charge and ambient conditions. As the discharge plume tr
away from the source, the flow will interact with the ambi
boundaries, current, and density profile. TheCORMIXmethodol-
ogy emphasizes the role of these boundary interactions on m
processes~Doneker and Jirka 1990!. Vertical boundary interactio
occurs when the flow contacts the water surface, channel bo
or forms an internal terminal layer in a density-stratified amb
environment. Boundary interaction can define the transition
near-field to far-field mixing. Near-field mixing processes
those for which the initial momentum, buoyancy, and geom
orientation of the discharge has the predominant effect on
behavior. Far-field mixing processes are largely controlled by
bient conditions. Fig. 4 shows mixing processes representat
a typical dredge discharge scenario: near-field buoyant jet mi
bottom boundary interaction with upstream density current in
sion, and a far-field with lateral density current spreading
lowed by passive ambient diffusion. In the general case, the
sity current trajectory is due to two force mechanisms,
gravitational~buoyancy force! and the crossflow~entrainment an
momentum transfer and drag force!.

Two limiting conditions of the general case are:~1! No ambi-
ent crossflow: only gravitational flow, the density current p
ceeds straight down slope, and~2! No offshore slope~flat bot-
tom!: ambient crossflow controls trajectory and mixing,
density current will proceed parallel to the shoreline in the d
tion of the ambient flow.

The CORMIX flow classification uses length scales to de
mine the discharge/environment interaction and the flow
cesses that control initial near-field mixing and transition to
field plume behavior~Jirka and Doneker 1991!. The CORMIX
classification scheme and modeling approach has undergon

Fig. 3. D-CORMIXambient conditions assumptions
tensive validation by the authors and by numerous independent

JO
-

studies ~Doneker and Jirka 1990; Akar and Jirka 1991
Doneker and Jirka 1991; Jirka and Akar 1991; Jirka and Don
1991; Akar and Jirka 1994; Tsanis et al. 1994; Akar and J
1995; Nash and Jirka 1995; Gawad et al. 1996; Jones et al.
Mendez Diaz and Jirka 1996; Nash and Jirka 1996; Valeo
1996; Valeo and Tsanis 1996; Davies et al. 1997; Doneke
Jirka 1997, 1999!. The classification system is used to identify
appropriate series of regional computational submodels emp
to simulate the entire mixing process. Fig. 5 shows an examp
the flow classification system ofD-CORMIX for single port sub
merged discharges along with representative sketches of res
plumes. In general,D-CORMIXuses a classification scheme t
has been vertically inverted from theCORMIX flow classifica
tions ~Akar and Jirka 1991a; Jirka and Doneker 1991; Jones
1996!. For example, whereasCORMIX1 is primarily concerne
with buoyant discharges near the bottom,D-CORMIXassumes
negatively buoyant discharge near the water surface. The
behavior of plumes simulated byD-CORMIX would be repre
sented by ‘‘mirror images’’ of the sketches of the stand
CORMIXflow classifications, with the water surface replaced
the ambient bottom and vice versa; i.e., with plumes sinkin
the bottom rather than rising to the surface.

Within D-CORMIX, the DS classes are the negatively buo
counterparts of theCORMIX1classes and represent flows wh
stratification is important in the near field and trapping of

Fig. 4. Submerged negatively buoyant single port discharge in
flowing unstratified receiving water on a sloping bottom. Near-
buoyant jet mixing is terminated by boundary interaction on the c
nel bottom. Boundary interaction includes a stable upstream de
current intrusion. In the far-field, density current mixing on the
tom slope is followed by a transition to passive diffusion.
density current will occur within a stratified layer above the bot-
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tom ~Doneker and Jirka 1990!. The DV and DH classes are i
verted fromCORMIX1’s V and H classes and represent flo
issued near vertically~DV! or near horizontally~DH! which do
not trap within the density stratification~Doneker and Jirka 1990!.
Thus two-dimensional flows may also be predicted where
ambient is considered shallow~e.g., the DH4, 5 and DV4–6 flo
classes!. In addition, many of the above flows may exhibit
namic attachment to the water surface; these flows are fu
classified as attached cases D~...!A-classes, which are inverte
CORMIX1 A-classes~Doneker and Jirka 1990!. Two classes
DFJI and DFJ3, are used to characterize negatively buoyant
issued from the shoreline. These are similar to theCORMIX3
system and represent the cases of free jets in deep and s
receiving water, respectively~Jones et al. 1996!.

After vertical boundary interaction and associated near-
mixing, far-field mixing will occur within a density current befo
the transition to passive diffusion. Density currents are gra
driven flows that typically collapse vertically while spreading
erally. Thus density current trajectory and mixing will be affec
by both ambient crossflow and bottom slope. A sediment-l
density current loses buoyancy by particle settling. Entrainm
increases the volume flux and increases along the frontal
region and lateral boundaries.D-CORMIX allows for suspende
particle sedimentation after initial mixing when the plume
contacted the bottom or has formed a terminal level in a de
stratified ambient.

The computational modules used inD-CORMIXare similar to
those used inCORMIX1~Doneker and Jirka 1990! andCORMIX3
~Jones et al. 1996! with a number of modifications and additio
The simulation modules 310–362~used for positively buoyan
spreading at the surface inCORMIX3! have been modified so th
they represent negatively buoyant density currents with sedi
tation and bottom friction. In particular, MOD310 ofD-CORMIX
predicts density current behavior on an inclined plane usin
integral model approach as presented in the next section. Ta

Fig. 5. D-CORMIXflow classification for single port discharge in
uniform density layer. The completeD-CORMIX classification
scheme contains about 50 generic flow classes. Hydrodynamic
sification ensures that the appropriate simulation model can be
and reliably applied. For example, jet-integral modeling techni
can be used to simulate stable near-field mixing but do not app
the unstable flow classes, where alternative length scale mode
be used.
shows abridged output from the simulation model and contains
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details from the sediment density current MOD310. Table 2
shows the predicted sediment mass flux remaining in the p
by particle size fraction as a percentage of the source sed
mass flux. The bottom sediment accretion rate and particle
distribution at downstream distances can be calculated
upon assumption of sediment discharge source duration.

Governing Equations for Bottom Density Current
Model

The governing integral equations of a steady-state sedime
positing density current on an inclined plane are summa
below ~Nash and Jirka 1995!. The approach includes stepwi
continuous ambient density stratification, crossflow velocity,
bottom inclination. Flow on a sloping bottom with bottom deta
ment or a surface plunge point is calculated, and sediment a
tion rates are reported. This formulation is developed from
mechanics of the buoyant spreading process~Akar and Jirka
1994, 1995!. The definition diagram for a density current w
particle settling on an incline plane in crossflow appears a
bottom of Fig. 4.

The following flux definitions along the sediment density c
rent trajectory assume a top-hat profile distribution for velo
suspended sediment concentration, and buoyancy:

Volume flux

Q52bvbh~uc1ua cosu coss! (1)

Momentum flux

M52bvbh~uc1ua cosu coss!2 (2)

Buoyancy flux

J5Qg8, g85
ra2r

ra
g (3)

Clearwater volume flux

Qcw5Q2
Qp

rsed
(4)

Sediment mass flux for particle size classj

@Qp# j52bvbh~uc1ua cosu coss!Pj (5)

from which the total sediment concentration is given by

P5(
n

Pj (6)

The change of these flux quantities along the trajectorys is given
by the following conservation equations that are obtained
cross-sectional integration of the governing turbulent Reyn
equations:

Volume flux conservation accounting for turbulent entrainm

dQ

ds
5E (7)

x-momentum flux conservation~parallel to ambient flow! ac-
counting for entrainment drag, frontal drag, bottom friction,
buoyant pressure force

d

ds
~M cosu coss!5Fe1FDA12cos2 u cos2 s2Ft cosu coss

2
d

~Fp coss! (8)

ds



rce,

ainst
y-momentum flux conservation~perpendicular to ambient flow!
accounting for frontal drag, bottom friction, buoyant body fo
and buoyant pressure force

d

ds
~M cosu sins!52FD

cos2 u sins coss

A12cos2 u cos2 s

2FtA12cos2 u cos2 s1Fb2
d

ds
~Fp sins!

(9)

Lateral spreading under the influence of buoyancy force ag
the retarding effects of frontal drag and interfacial friction~Akar

Table 2. Table 2. D-COR
and Jirka 1994, 1995!

JO
dbh

ds

5A 23g8bv
2

3CDbv~uc1ua cosu coss!212 f ibh~uc1ua cosu coss!2
,

CD51.0 (10)

Clearwater buoyancy flux conservation

d~QcwDrcw!

ds
5Qcw

dra

dx
A12cos2 u cos2 s, Drcw5ra~z!2rcw

(11)

imulation Output Example
MIXS
Tracer flux conservation
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dQc

ds
50 (12)

Sediment mass flux conservation accounting for particle set

d@Qp# j

ds
522bhPjwj for particle sizes j 51,2,3,4 (13

Longitudinal ~x! position

dx

ds
5cosu coss (14)

Lateral ~y! position

dy

ds
5cosu sins (15)

Vertical ~z! position

dz

ds
5sinu (16)

in which s5distance along plume trajectory;E5entrainment
u5angle between plume centerline and horizontal pl
s5angle between plan projection of plume centerline on the
zontal plane and the ambient current direction;Fe5entrainmen
force per unit length; FD5drag force per unit length
Fp5pressure force;Ft5bottom shear stress per unit leng
Fb5body force per unit length;bh5plume horizontal half-width
bv5plume vertical thickness;CD5drag coefficient ~51.0!;
ua5ambient velocity;uc5plume centerline velocity;f i5bottom
Darcy friction factor; rcw5clearwater density;ra(z)5ambien
density at levelz; Qp5mass flux of sediment particles;Pj5mass
density of particle size classj; wj5settling velocity for particle
size j; x5coordinate in downstream direction;z5vertical coordi-
nate; andy5lateral coordinate.

The following supporting relations apply to the above eq
tions:

Stokes settling for a particle distribution with lower sizeaj and
upper sizebj

wj5
~bj

32aj
3!

bj2aj
F 2

27

Drg

m G (17)

Hindered settling~optional!

w̄5wj S 12
Qp

Qrsed
D 4.7

(18)

Density of sediment/water mixture

r5rcw1PS 12
rcw

rsed
D (19)

The density current is subject to several types of entrain
mechanisms. The following entrainment definitions are ada
from surface or interface spreading density currents~Akar and
Jirka 1994, 1995!:

Total entrainment

E5Ev1Eh1Ef1Ei (20)

Vertical entrainment from forward plume motion

Ev5
2avbhuc

Ri
2

, Ri5
~r2ra!gbv

rauc
2

, av50.0015 (21

Horizontal entrainment from forward plume motion
Eh52ahbvuc , ah50.057 (22)
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Frontal entrainment from perpendicular advancement of p
edge

Ef5bbvF ~ua coss1uc!
dbh

ds
1ua sins G , b50.1520.25

(23)

Interfacial entrainment due to turbulence induced by bottom
interfacial shear

Ei52bha i S F f b

8
~uc1ua cosu coss!2G3/2

1F f i

8
@ua

2~12cos2 u cos2 s!#G3/2D 1/3

a i50.234 (24

Finally, a number of internal force definitions describe the pl
dynamics:

Buoyant body force/unit length

Fb52g8 sinubvbh (25)

Bottom shear stress/unit length

Ft5
f b

4
bhuc~uc1ua coss cosu! (26)

Buoyant pressure force

Fp5bv
2bhg8 cosu (27)

Drag force/unit length along plume density current front

FD5CDbvua
2~12cos2 u cos2 s! (28)

Entrainment force/unit length due to transfer of ambient mom
tum

Fe5Eua (29)

Laboratory Data Validation

A literature search reveals limited data for model validatio
plunging density currents with sediment deposition~Alavian et al
1992!. Most laboratory experiments reported do not use sedi
releases, but analyzed saline solutions to study density c
behavior~Hauenstein 1982; Hauenstein and Dracos 1983; Ala
1986; Christodoulou and Tsachou 1994!. Bonnecaze and List
~1999! present a numerical simulation of particle driven den
current down a planar slope but do not report measurement
Only one data set presented details of a laterally unconfined
sity current with a suspended sediment release~Luthi 1981!. This
data provides the basis for an initial validation of the fundame
physical processes modeled by theD-CORMIX. In particular, the
data can provide validation for the two fundamentally impor
physical processes that the model is intended to simulate:~1! the
mixing, spreading, and trajectory of a density current alon
sloping bottom, and~2! particle sedimentation rates.

Saline discharges permit validation of general density cu
trajectory and dilution, but do not allow for analysis of sedim
tation effects. Several of the laboratory studies use very low
locity discharges~and, hence, low Reynolds numbers! that would
not be representative for typical high velocity industrial disch
scenarios such as pipeline dredges. Discharges at low Rey
numbers will produce laminar flow dominated by viscous fo
instead of the turbulent flow typically found in large volume

dustrial source discharges. None of the laboratory experiments
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used for validation were conducted in the presence of an am
crossflow. In general, the model is capable of simulating c
whereua.0, but laboratory data reflect only bottom density c
rents withua50. In addition, many of the experiments were c
ducted in confined laboratory tanks so that steady state cond
were often not achieved.

Fig. 6 summarizes the available laboratory data for plume
eral width (bh) versus centerline distance. Fig. 7 shows data
plume vertical thickness (bv) versus centerline distance. Fig
shows corresponding dilution data from Hauenstein~1982!. Fig. 9
shows the corresponding plume suspended sediment densi
flux data and model predictions for the Luthi~1981! data set for
density current with suspended sediment. These compariso
dicate a satisfactory agreement of model predictions of de
current plume dimensions and corresponding dilutions.

Using the definition of discharge Froude number

Fig. 6. Plume half-width versus centerline distance. Laboratory
lines.

Fig. 7. Plume vertical thickness versus centerline distance
laboratory experiments
JO
Fo5
uo

Ago8D
(30)

the effect of bottom slope on plume behavior for discharges
similar Froude numbers can be seen in Fig. 6. The bottom
and initial Froude number for Hauenstein Run No. U03 and
No. W10 have similar Froude numbers but differing slope
steep bottom slope causes the density current to accelera
thus limits lateral spreading. For the shallow slope Run No.
D-CORMIX predictions appear to underpredict lateral plu
spreading while width predictions for the steep slope Run
W10 appear to be in good agreement with data.

Fig. 8 shows temperature deficit decay along the plume
terline for Hauenstein Run No. U03. In the absence of heat t
fer for the short time scales in these experiments, temperatur
as a conservative tracer and its decay is directly analogo
plume dilution.D-CORMIXprediction of temperature decay~di-
lution! appears to agree very well with data. Perhaps the m
underprediction of plume width and overprediction of plu
depth compensate each other to produce an acceptable di

et is shown by symbols, corresponding model predictions by a s

Fig. 8. Plume temperature deficit versus centerline dista
Temperature deficit is analogous to concentration.
data s
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No corresponding temperature decay data was available fo
No. W10 for comparison. The Hauenstein data set appears li
in several ways: it may not be fully steady state over large
tances, very limited depth~thickness! measurements are give
and no direct velocity measurements were taken.

The Luthi ~1981! data set was collected in a 10 m36 m31 m
tank. The surface source discharged 3.5 L/s for 180 s wit
initial concentration of 108.4 g/L. Measurements of suspe
sediment within the plume were taken with probes during
release. After the discharge stopped and all suspended plum
terial had settled, the tank was drained and the deposit thic
measured. The source sediment consisted of predominantly c
silt consisting of a mean grain size of 37mm with a standar
deviation of 0.52f. Based on this description, the sediment
calculated to consist of 16% sand, 68% coarse silt, and 16%
silt for D-CORMIXsimulations. Details on the extent of the init
turbulent entry of the source and sediment deposition pattern
reported.

Fig. 9 compares theD-CORMIX predictions of suspende
sediment density current dilution properties with the Luthi~1981!
data. Luthi measured suspended sediment within the densit
rent flow with a three-level suction probe, with openings loc
1, 4.5, and 10 cm above the bottom, respectively, but reports
one average value for each measurement.D-CORMIX assume
uniform ~top-hat! vertical and horizontal concentration distrib
tion of suspended sediment within the plume. Plume dens
presented ins t units. Assuming a sediment solids density of 2
kg/L, thes t units shown in Fig. 9 correspond to plume suspen
sediment concentrations of approximately 0.5–20 g/L. Also
sented in Fig. 9 is the suspended sediment flux remaining i
plume based upon calculations of the reported sediment de
thickness.D-CORMIXpredictions appear to be poor close to
source but improve at larger centerline distances.

Fig. 9 points to some inconsistencies that may be prese
the experimental data set. Reported values of plume susp
sediment do not correspond to measured sediment deposit
ness. Plume dimensions of width and depth, given in Figs. 6
7, respectively, appear to be in overall good agreement wit
perimental results. At a centerline distance of 4 m, the data
a centerline density of 1.0017 g/cm3, which corresponds to a co
centration of 7.12 g/L of suspended sediment.D-CORMIX pre-
dicts a density of 1.0009 g/cm3 and a suspended sediment c
centration of 1.54 g/L, an underprediction by a factor of
However, the calculation of the remaining sediment flux in
plume, based on the sediment deposit thickness, would be

Fig. 9. Plume suspended sediment versus centerline distan
versus a predicted value of 16%. Since plume dimensions are in
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good agreement, the experimental plume density data wou
pear to be somewhat inconsistent based on conservation of
Perhaps the experimental plume density data is biased b
higher concentration values obtained near the bottom from
three-level probe used to sample within density current.

Field Data Validation

To assess model performance in a typical field application
methodology was compared to data compiled from a compre
sive field study of a dredge disposal plume in Mobile Bay,
~Clarke and Miller-Way 1992!. This study produced extensi
data on the discharge plume and benthic impacts of open
disposal. The pipeline dredgeLouisianawas performing naviga
tion channel maintenance in Mobile Bay with a discharge poi
a local depth of 3.6 m about 330 m west of the navigation c
nel. The 0.635 m diameter discharge pipe was submerged
below the surface with an angle of 30° to the horizontal.
discharge turbidity plume suspended sediment samples we
tained from a combination of continuous and grab sample
several downstream locations. Pipeline sediment discharge
centrations ranged from 60 to over 338 g/L, with an averag
130 g/L reported for the field study.

The study did not report sediment particle size distributio
the discharge, but available data indicate the Mobile Bay s
site sediments are generally 30% silt and 70% clay~Nichols and
Thompson 1978!. Based on this data, the suspended sedi
discharge was assumed to have a 10% coarse silt, 20% fin
and 70% clay particle size distribution. For allD-CORMIXsimu-
lations, a discharge of 2.039 m3/s containing 130 g/L of su
pended sediment oriented in the direction of ambient flow,
assumed. Five tests were conducted during the study, with
pling stations located from 15 to 91 m from the discharge so
with the results shown in Table 3. To insure the data compa
accounts only for the actual suspended sediment plume, a t
old value of 1 g/L of suspended sediment was used to filte
data set to remove background noise of natural estuarine turb

Table 3. Summary of Dredge Suspended Sediment Plume Data
Mobile Bay, Ala.

Test

Sampling
station
number

Distance
downstreamx

~m!

Average of all
stations suspended

sediment
concentrationc

~g/L!
D-CORMIX

prediction~g/L!

1 8 70 5.3 9.1
1 9 70 8.2 9.1
1 10 70 40 9.1
1 11 70 10 9.1
2 2 30 158 42
2 3 61 39 29
3 1 15 34 22
3 3 61 11 8.6
3 3 61 5.5 29
3 3 61 5.6 29
3 4 91 8.2 6.2
4 3 61 11 8.6
4 4 91 5.5 6.1
5 4 91 39 4.4
Thus only data above 1 g/L was used to identify the plume caused
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by the dredge discharge. Tests No. 1 and No. 5 occurred d
0.152 m/s flood tide conditions, while test No. 2 occurred du
a 0.091 m/s flood tide condition. Tests No. 3 and No. 4 occu
during 0.244 m/s ebb tides.

For tests No. 1, No. 3, and No. 4 the correlation coefficien
D-CORMIX predicted versus the average observed suspe
sediment concentration for each station in all locations is 0
with D-CORMIX slightly underpredicting suspended sedim
concentrations. Including test No. 5~in addition to tests No. 1
No. 3, and No. 4! the correlation coefficient drops to 0.358. T
is because the data indicates very high suspended sedimen
centrations recorded at station 4 compared with model pr
tions. The correlation coefficient for all tests~tests No. 1–No. 5!
is 0.918. The improvement is due to the high suspended s
concentration reported at station 2 during test No. 2 which
creases the variance of the field data set. Using the follo
definition of dilutionS

S5
C0

C
(31)

where C05discharge suspended sediment concentration
C5centerline concentration of suspended sediment at a
point. Test No. 2 includes station 2 data averaging 158 g/L a
m downstream from the assumed discharge location, whi
greater than the assumed average discharge concentration
g/L. This may indicate the pipeline discharge is near the hi
value of reported discharge concentration of 338 g/L rather
the assumed average discharge concentrations. Thus for te
2, the assumed discharge concentration of 130 g/L results i
culated dilutionS,1. In addition, test No. 5 indicates an aver
suspended solids concentration of 39,744 mg/L at station 4,
assumed distance of 91 m from the source. This value is
above all other data values reported at this distance from
discharge. The high value may indicate that the source wa
cated closer to the discharge than was simulated, plume ma
remaining from the previous tidal cycle was being reentra
during the reversal episode and reducing dilution, or a so
concentration higher than the assumed 130 g/L. In summa
tests No. 1, No. 3, and No. 4 appear to be the most consisten
useful forD-CORMIXmodel validation.

TheD-CORMIXpredictions and station average data are p

Fig. 10. Predicted versus observed sediment density current dil
S for the Alabama dredge discharge field data~Clarke and Miller-Way
1992!
ted in Fig. 10. Fig. 10 shows that overall,D-CORMIXappears to

JO
-

0

.

l

give reasonable, if slight underprediction, of suspended sed
concentration in dredge sediment plume density currents in a
cal field application. Observed dilution varies within a given
because of the difficulties of field sampling and perhaps du
unsteady ambient and/or discharge conditions during the tes
majority of the data appear to be within a factor of 2 of
predicted values as shown by the lashed lines which appear
satisfactory given the complexity of the phenomena and the
ficulty in sampling.

In summary, the available data from laboratory and
sources show that theD-CORMIX density current model mak
reasonable predictions of density current trajectory, dimens
dilutions, suspended sediment concentrations, and sediment
sition mechanics.

Conclusions ÕRecommendations

OverallD-CORMIXappears to capture the essential physical
cesses of sediment density current plume behavior. Compa
limited laboratory data, the model presents general overall a
ment with data. Most laboratory data is difficult to evaluate
model validation because of limited physical scales and poo
proximation of dynamic parameters typical of industrial sedim
discharges. AlthoughD-CORMIX is formulated to simulate hin
dered settling, this option was not employed in this initial val
tion of the model. Researchers have reported hindered settl
plumes with concentrations greater than 10 g/L~Henry et al
1978!. Since the overall results of the laboratory data sugges
D-CORMIX may slightly underpredict suspended sediment
centrations especially in locations close to the discharge s
where dilution is limited, additional evaluations including sim
lation of hindered settling inD-CORMIX predictions should b
conducted. In addition, researchers have reported enhancem
sediment deposition due to double-diffusive convection~Garcia
and Parsons 2000!. This may be an important process at lar
distances when the effects of hindered settling are mitigate
lower suspended sediment concentrations due to physical di
by entrainment.

To continue the validation of theD-CORMIXmodel for sedi
ment plume prediction, additional laboratory experiments sh
be conducted. Laboratory experiments are preferable to field
collection because they allow for better control of the phys
processes affecting sediment density current behavior. A b
understanding of the physical processes in sedimentation p
is essential for a rigorous density current simulation model
dation. The laboratory experiments should include the follow
features:~1! large volume sediment releases with various par
size distributions,~2! analysis of super- and subcritical transiti
and discontinuities in density current behavior,~3! effects of am
bient crossflow, of bottom roughness, and ambient density s
fication on plume trajectory and dilution, and~4! detailed obse
vations of spreading mechanics including measuremen
vertical and lateral flow structure with plume concentrations
velocity distributions.
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Notation

The following symbols are used in this paper:
aj 5 smallest radius of particle in size classj;
bh 5 plume horizontal half-width;
bj 5 largest radius of particle in size classj;
bv 5 plume vertical thickness;

CD 5 drag coefficient;
c 5 plume centerline concentration at downstream

location;
c0 5 initial discharge concentration;
D 5 discharge opening diameter;
E 5 total plume entrainment;

Ef 5 frontal entrainment from perpendicular advancemen
of plume edge;

Eh 5 horizontal entrainment due to forward plume
motion;

Ei 5 interfacial entrainment from combined velocity
sources;

Ev 5 vertical entrainment due to forward plume motion;
F 5 Froude number;

Fb 5 body force per unit length;
FD 5 drag force per unit length;
Fe 5 entrainment force per unit length;
Fp 5 pressure force acting in axial direction;
Ft 5 bottom shear stress per unit length;
f b 5 density current bottom Darcy friction factor;
f i 5 density current interfacial Darcy friction factor;
f 1 5 far-field Darcy friction factor;
f 2 5 near-shore Darcy friction factor;
g 5 gravitational acceleration;

g8 5 reduced gravitational acceleration due to density
difference5g(ra2ro)/ra ;

J 5 discharge buoyancy flux;
M 5 discharge momentum flux;
Pj 5 mass of particle size classj;
Q 5 total discharge volume flux;

Qcw 5 clear water discharge volume flux;
Qp j 5 flux of particle size classj;

Ri 5 flux Richardson number;
S 5 dilution;
s 5 centerline distance;

s1 5 near-shore bottom slope;
s2 5 far-field bottom slope;
ua 5 ambient velocity;
uc 5 plume centerline velocity;
u1 5 near-shore ambient velocity;
u2 5 far-field ambient velocity;
vB 5 lateral velocity of density current front;
wj 5 settling velocity for particle sizej;

x 5 downstream coordinate;
y 5 lateral coordinate;
z 5 vertical coordinate;

ah 5 horizontal plume entrainment coefficient;
av 5 vertical plume entrainment coefficient;
b 5 frontal plume entrainment coefficient;

ub 5 angle of ambient bottom slope;
u0 5 discharge vertical angle between port centerline and

horizontal plane;
ra 5 ambient density at discharge level;

ras 5 ambient density at water surface;
ra1 5 ambient density at first submerged level;

ra2 5 ambient density at second submerged level;
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ras 5 ambient density at channel bottom;
ro 5 discharge density; and
s0 5 discharge horizontal angle, plan projection of plume

centerline with the horizontal plane.
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