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�

The development of density or turbidity currents causes serious problems for environmental

hydraulics in reservoirs. The stream entered to a reservoir can carry sediments, nutrients and

chemicals as density or turbidity currents. The fate of sediment and other substances transported

by the current depends on the characteristics of the turbidity current itself, i.e. the velocity of

uid, the amount of mixing with reservoir water and the rates of sediment deposition and re-

suspension. These are important factors for water quality in reservoirs. A two-dimensional,

depth-averaged, �nite-volume numerical model is developed to study density currents, driven by

non-cohesive sediments. The model has been, then, run with variant input conditions, which

could be assessed for their e�ects on the development of bed and sediment deposits. The amount

of sediment deposition and the grain size of deposits have been found to decrease uniformly with

their distance from the inlet. The numerical results are compared with some experimental data

of turbidity currents and a favorable general agreement is observed

INTRODUCTION

A wide variety of geophysical and engineering ows
are classi�ed as density currents. Examples include
katabatic winds, dust storms, saltwater intrusions in
estuaries, convective currents in lakes and reservoirs,
hyperpycnal plumes due to `dirty' rivers owing into
oceans and dense vapor clouds emitted by industrial
stacks [1-5]. A turbidity current is a particular type
of density current, which occurs in oceans and lakes
bottoms [6]. The driving force of a turbidity current is
due to the particulate phase, i.e. suspended sediment,
which renders the owing turbid water heavier than
clear water [7]. A submarine density current can
also occur by the thermal strati�cation and salinity
gradient. Along ows, turbidity currents exchange
sediments with erodible beds through erosion and de-
position. Turbidity currents often represent a hazard,
i.e. create inappropriate conditions, which can place
man's underwater activities at considerable risk [8].

Initial observations on lacustrine turbidity cur-
rents were made by Forel [9] in Geneva Lake. Some re-
cent signi�cant observations have been made on turbid-
ity currents in Switzerland, in Geneva and Constance
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Lakes [10,11]. There have also been numerous research
e�orts to understand the mechanics of density currents,
in general. Most experimental work undertaken on
density currents owing along inclined or horizontal
boundaries have concentrated on conservative cases,
for which the factor of the density di�erence is neither
lost nor gained along the ow. Some examples are:
Ellison and Turner [12], Simpson and Britter [13]
and Britter and Linden [14]. Turbidity currents are,
however, intrinsically non-conservative in the sense
that sediment can be gained by erosion or lost by
deposition. Several investigations have been under-
taken which have treated turbidity currents as purely
depositional cases [15-18], that is currents for which
erosion and deposition occur simultaneously [17,19,20]
and currents that are locally neither depositional nor
erosional [21,22]. All these experiments are two-
dimensional, allowing variability in the stream-wise
and normal directions. Fietz and Wood [23] and
Tsihrintzis and Alavian [3] studied three-dimensional
spreading of conservative currents, experimentally.

There are also several models for turbidity cur-
rents, which allow simultaneous deposition and erosion
of sediment [8,18,24-35]. These models have not
revealed the causative mechanism for self-canalization
of submarine fans, since they had not allowed any
variation in the lateral direction. In order to describe
the inception of a channel from a depositional turbidity
current, a variation of ow and deposit in a lateral
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direction should be allowed. Simpson [36,37] and
Garc��a [7] give a good overview of turbidity currents.

The method applied in this work employs 2D,
vertically averaged, time-dependent equations, includ-
ing uid, sediment and the momentum conservation
law, as the basis for a turbidity current model. These
equations are signi�cantly less complicated than full
hydrodynamic equations, because they are accurate
enough to study the development of bathymetry due to
turbidity current ows and the transport of suspended
sediments. The use of vertically averaged equations
implies that vertical accelerations are negligible. This
is reasonable to most ows in a submarine environment,
because of small bed slopes typically found there. In
addition, a bed change equation, is also solved in
order to track the bed development. It is essential to
know that the bed can have a dramatic impact on the
hydrodynamics of turbidity currents and on its complex
interaction with its surroundings.

The goal of this paper is to develop a novel
numerical model to simulate turbidity currents in a
reservoir. Moreover, the e�ects of inow conditions are
assessed in the development of the bed and sediment
deposits via changing the inow conditions in a rea-
sonable range. Previous attempts at turbidity current
modeling in a sub-aqueous environment have been
limited, primarily to either one spatial dimension or
steady state conditions. In addition, sedimentation has
been often neglected, severely limiting the applicability
of such models. The improved features of the present
model allow the observation and analysis of novel phe-
nomena, which are beyond the capabilities of previous
models. Thus, this paper presents an original attempt
to evaluate the e�ects of sediment supply, sediment
properties, inow conditions and basin geometry on the
mechanics of turbidity currents and sediment deposits.

DESCRIPTION OF DENSITY CURRENTS

IN RESERVOIRS

A density current is formed when water owing into a
lake or reservoir has a di�erent density from the lake
water. The density di�erence, ��, can be due to the
following:

1. Temperature variation: �� �= 2
h
kg

m3

i
,

2. Salinity: �� �= 20
h
kg

m3

i
,

3. Sediment concentration: �� �= 20 � 200
h
kg
m3

i
.

A combination of the e�ects has been also ob-
served. In the case of temperature di�erence, if the
density of inow is less than that of the lake, the current
will approach the water surface. If inow density is
higher than that of the lake water, the current will move

along the lake bed. In a strati�ed lake, it is possible
that the current move down into the water body at
a temperature equal to the temperature of inowing
water.

A density current caused by high sediment con-
centration is called a turbidity current. Videlicet, tur-
bidity currents are ows driven by density di�erences
caused by suspended �ne solid materials. They belong
to the family of sediment gravity currents. These
are sediment-laden ows that move down slope in
still waters, like oceans, lakes and reservoirs. Their
driving force is gained from suspended materials, which
renders the owing turbid mixture heavier than the sur-
rounding water and its entering into the lake depends
on density di�erences. Turbidity currents are often
encountered when a sediment-laden tributary enters
a lake or reservoir (Figure 1). They can transport
sediments a long way into the reservoir and can even
cause deposits in front of an intake in a large reservoir.

Along the upper reaches of a reservoir, stable,
oating debris will be observed, indicating the so-
called \plunge point", where the inowing river stream
changes into a density current. The stationary position
of the debris is caused by slow (or near zero velocity)
upstream movement of the overlying water mass, just
downstream of the point where the sediment-laden
inow dives below the water surface. Under unfavor-
able boundary conditions, the density current could be
broken up, either by turbulent mixing in certain parts
of the reservoir or by deposition of sediments, whereby
the density di�erence decreases, due to the driving of
the density current.

Density currents occur, not only in reservoirs
on heavily silt-laden rivers (such as the Eril Emda
Reservoir in Algeria, Lake Mead in the USA, the
Sanmenxia Reservoir in China and the Se�d Roud and
Dez Reservoirs in Iran), but also in reservoirs with ows
containing low sediment concentrations (such as the
Sautet Reservoir in France).

GOVERNING EQUATIONS

Turbidity currents occur as underows in deep seas
and reservoirs. When ow thickness does not exceed
about 7.5 percent of the overall ambient uid depth,

Figure 1. Turbidity current entering a reservoir.
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the hydrodynamics of the turbidity current can be ac-
curately described by a \single-layer" formulation [38].
The Equations which form the basis of the model
are vertically-averaged, uid, momentum and sediment
conservation equations. These equations form a cou-
pled system of nonlinear, hyperbolic, partial di�erential
equations, which are mathematically similar to shallow
water equations. They are valid for ows of a two-
dimensional turbidity current driven by uniform, non-
cohesive sediments and the ow beneath an in�nitely
deep layer of quiescent uid, so, they are written, as
follows [6]:

@U

@t
+
@F

@x
+
@G

@y
= Q; (1)

where UT = (h; hU; hV; hC) is the vector of conserva-
tion variables and:

F =

2
664

hU
hU2 + 1

2
g0Rh2C

hUV
hUC

3
775 ; (2)

G =

2
664

hV
hUV

hV 2 + 1

2
g0Rh2C

hV C

3
775 ; (3)

Q =

2
664

E!

p
U2 + V 2

�ghRCsx � CDU
p
U2 + V 2

�ghRCsy � CDV
p
U2 + V 2

ws cos �(Es � cb)

3
775 ; (4)

where h = ow thickness, U and V = depth-averaged
velocities in the x and y directions, respectively, C =
depth-averaged volume concentration of the sediment,
Ew = uid entrainment coe�cient, Es = sediment
entrainment coe�cient, ws = settling velocity, cb =
near-bed concentration of sediment, CD = bed drag co-
e�cient, Sx; Sy = bed slopes in the x and y directions,
respectively; R = (�s � �)=� with �s and � being the
densities of sediment and ambient water, respectively
and g0 = g cos �, with � being the angle between the
bed-normal direction and the vertical axis.

The assumptions made in deriving the governing
equations include the Boussinesq approximation and
small vertical variations. It is also assumed, in the
two-dimensional extension, that the coe�cients, arising
from non-uniformities of velocity and concentration
distributions in the vertical direction, are equal to
unity. The justi�cation of this assumption is given in
Choi [39]. It is interesting to note that the continuity
and the momentum equations are analogous to shallow
water equations for surface water, except for hydro-
static pressure terms, which are essentially reduced
by Rc, in governing equations, for turbidity currents.

Since only the lower dense layer has been considered in
governing equations, the equations represent a single-
layer model.

In the present work, the terms describing the dif-
fusion of momentum due to turbulence are considered
negligible and are not included in the equations.

The elevation of the bed is a consequence of mud
deposition from the current and, thus, the sediment-
laden ow. Hence, deposition from the ow changes
the bed morphology and the resulting change in the
bed slope changes the ow. The elevation of the bed is
computed from Exner's equation [40]:

(1� �)
@�

@t
= ws(cb �Es); (5)

where, � denotes the elevation of the bed from a certain
datum and � is the porosity of the deposited sediment
particles.

CLOSURE RELATIONS

In order to solve the governing equations, some basic
properties of turbidity currents are needed. Those
include, e.g., entrainment of ambient uid from above,
sediment entrainment from the reservoir bed into the
current body, ow resistance and sediment deposition.
Parker et al. [28] conducted some experiments to
observe the behavior of continuous silt-laden turbidity
currents over a bed of similar sediment. They estab-
lished approximated similarity laws for the velocity and
sediment concentration distribution, with the help of
experimental data, and estimated several shape fac-
tors. Based on their experimental data, the following
relationship has been proposed to calculate the water
entrainment coe�cient:

Ew =
0:075p

1 + 718R2:4
i

; (6)

where, Ri is the Richardson number, de�ned as Ri =
ghRC

U2+V 2 . An expression for Es has been developed as
follows [25]:

Es =
1:3� 10�7Z5

1 + 4:3� 10�7Z5
; (7)

where, Z =
p
u2� + v2�=wsf(Rp), with f being a func-

tion of the particle Reynolds number, Rp =
d50

p
gRd50
�

,
i.e.:

f(Rp) =

�
R0:6
p Rp � 3:5

0:586R1:23
p 1 < Rp < 3:5

�
: (8)

The reference concentration (cb) is evaluated close to
the bed, b �= 0:05ht, by [38]:

cb
Cs

= f

�
u�b
ws

�
; (9)
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where, Cs is the concentration de�ned by the in-
tegral scale. From experiments with turbidity cur-
rents [41,28], it is found that cb=Cs �= 2. This value
remains more or less constant for 1 < u�b=ws < 50.

The settling velocity, ws, can be calculated, as
follows:

ws =
d250gR

18�
; (10)

where, d is the particle diameter and � is the viscosity
of the uid.

NUMERICAL SCHEME AND BOUNDARY

CONDITIONS

A second-order accurate Monotone Upstream Scheme
for Conservation Laws (MUSCL) [42] is used to solve
the governing equations. The Roe's approximate
Riemann solver is used for ux vector splitting. This
scheme is monotone and does not produce any oscilla-
tions. The numerical di�usion of this scheme is very
low and, so, it does not signi�cantly reduce the length
of the recirculation zone. Typical boundary conditions
used in this study are solid wall, outow and speci�ed
inow. The implementation of boundary conditions is
accomplished by the use of a ghost cell at the boundary,
but, one outside the domain of interest. By placing the
appropriate quantities in the ghost cell, the ux at the
boundary can then be solved in the manner.

NUMERICAL AND EXPERIMENTAL

RESULTS

A numerical model is used to simulate experimental
cases of 1D and 2D turbidity currents. In the one-
dimensional case, the model computations are per-
formed to simulate the experimental observations of
turbidity currents developing on an inclined bed. The
ume length is 12 m and the initial gate height,
h0 � 4:0 (cm), is maintained through all experiments.
Altinakar et al. [41] and Garcia [18] experimentally
investigated weakly depositing turbidity currents in the
ume of a slope angle in the range of 0 � � � 2:073�

with two di�erent sizes of sediment. Several numerical
test cases have been used for validation and veri�cation
of the model. Some cases have been selected, which are
presented in Table 1.

An example of computational results with data
achieved from Exp. 19, showing the pro�les of current
height, velocity and concentration in the longitudinal
direction, is given in Figure 2. The computational
results of Exp. 19 have been compared to the results
achieved by Choi and Garcia [40] through this �gure.
Figure 3 also shows the downstream variations in
the amount of sediment deposited per unit bed area
by turbidity currents. In made experiments, the

Figure 2. Propagation of a turbidity current on a sloping
bed (Exp. 19).

corresponding running time for GLASSA2 is recorded
as 28 min [43]. This time is su�cient to see well
developed steady currents. The value of porosity
� = 0:5, as measured in the laboratory, has been used
in computations. Computed pro�les well agree with
measured data. However, numerical predictions tend
to exaggerate the amount of sediment deposition near
the inlet where the underows initiate.

Locations of the current front from the inlet are
plotted as a function of time in Figure 4. Numerical
predictions have been compared in this �gure, with
observations man made in two experiments by Alti-
nakar et al. [41]. Initially, the numerical fronts are
seen to travel faster than the observed ones. However,
after the initial stage, the mean speeds of computed and
observed fronts seem to agree well. A better �t of the
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Table 1. Inlet conditions of experimental and numerical tests.

Test Case
Discharge

(cm2/s)

Particle Diameter

(mm)

h0

(cm)

Bed Slope

Angle
Concentration

Run 1 50 0.03, 0.05, 0.10 4 2 0.006

Run 2 50 0.05 4 1, 2, 3 0.006

Run 3 50 0.05 4 2 0.003, 0.006, 0.009

Run 4 50, 75, 100 0.05 4 2 0.006

Exp. 15 [41] 65 0.032 4 1.203 0.0037

Exp. 19 [41] 64 0.032 4 2.073 0.0034

GLASSA8 [43] 33 0.003 3 2.073 0.0055

Figure 3. Pattern of sediment deposited by turbidity
currents (GLASSA8).

observations could be obtained through adjusting the
bed friction coe�cient, although it is not the purpose
of numerical computations.

In two-dimensional cases, a developed numeri-
cal model is applied to laboratory experiments by
Luthi [44]. The tank used in the experiment is 6 m
wide, 10 m long and 1 m deep. An inlet box with
an entry slot (30 cm wide and 5 cm high) is located
at the upper end of the tank and, through this entry
slot, the turbidity currents are released on a sloping
surface, which has been held at a constant inclination
of 5� inside the tank. The initial ow variables were
q0 = 116 cm2/s, C0 = 0:05 and particle size Ds = 37 �
(�s = 0:082 cm/s). A ow resistance coe�cient, cD =
0:005, and a sediment entrainment coe�cient, Es = 0,
have been kept constant throughout the computations.

Figure 5 shows the propagation of a two-
dimensional turbidity current and velocity vectors at
di�erent times after being discharged on a sloping
bed. The velocity vector �elds properly represent
radially propagating turbidity current features. This
also suggests that the simulated turbidity current is an
example of decelerating-depositional underow. The
computed spreading patterns have been well compared
to the recorded ones by Luthi [44]. It is interesting to
note that the depth-averaged thickness of the current
does not increase signi�cantly along the downstream

Figure 4. Simulated travel distance of turbidity currents.

direction due to lateral spreading, although there is
a considerable amount of water entrainment of the
ambient layer.

Figure 6 shows contour plots of volumetric con-
centrations computed from the numerical model at
di�erent times. The turbidity current is diluted by
entraining of the ambient water through the interfacial
area increased by the lateral spreading.
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Figure 5. Turbidity current velocity vectors.

Figure 6. Turbidity current volumetric concentration.
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SENSITIVITY ANALYSIS OF

PARAMETERS

The sensitivity of the spreading rates to various param-
eters in the numerical model is shown in Figure 7, for
both longitudinal and lateral directions. This �gure
shows that higher total buoyancy ux ensures faster
spreading in both directions. This is consistent with
experimental observations made by Tsihrintzis [3]. The
impact of the inlet velocity in Figure 7 is obtained from
density currents having the same total buoyancy ux
but di�erent volume uxes at the inlet. It is observed
that the inlet velocity hardly a�ects the longitudinal
spreading rate. However, the lateral spreading rates
appear to be slightly inuenced by the inlet velocity.
This can be explained by the fact that the lateral
expansion is a�ected by the volume ux, as well as
by the total buoyancy ux.

Figure 7 also shows the impact of the ow re-
sistance coe�cient on two dimensional spreading in
various slopes. The resistance coe�cient, CD, appears
to retard the propagation in both longitudinal and
lateral directions.

The dependence of the slope on the spreading rate
has been also seen in Figure 7. The higher the bottom
slope, Sx, in the longitudinal direction, the faster the
density current propagates downstream. On the other
hand, the situation would be reversed in the lateral
direction. That is, the lateral spreading is faster on
the less sloped bottom, which is intuitively reasonable,
because the lateral spreading hinders the longitudinal
spreading.

The impact of sediment particle size within the
turbidity current on two dimensional spreading is given
in this �gure. As particle size grows, causing the
particle fall velocity to increase, the deceleration of the
current will be noticed in both directions, due to the
loss of buoyancy.

As a result, the longitudinal spreading rate of

the density current is found to be more sensitive to
the total buoyancy ux rather than to the slope,
Sx. Two-dimensional propagations are observed to
be insensitive to the ow resistance coe�cient and
the particle settling velocity and these two parameters
seem to be quite sensitive.

EXPERIMENTAL VERIFICATION OF 2D

NUMERICAL MODEL

A series of experiments are conducted on a three-
dimensional ume in the Hydro-systems Laboratory
at the University of Illinois. The purpose of these
experiments is to obtain data on the two-dimensional
spreading of density currents. A wooden ume (8 ft
wide, 12 ft long and 4 ft deep) has been used for the
experiments. The fractional depth (ow depth to total
depth ratio) at the inlet is set to 0.1, which is intended
to prevent any dynamic e�ect from the overlying uid
layer.

Table 1 summarizes experimental conditions and
initial ow parameters at the inlet. The inlet is 3 cm
high and 10 cm wide.

Figure 8 shows propagating patterns in plan view
from DEN3 and DEN6, respectively. The left hand
side pro�les show images taken at four di�erent times
during the experiment, and the right hand side pro�les
show computation results at the same times. Overall
agreement between the two spreading patterns is good.

CALIBRATION OF FLOW RESISTANCE

COEFFICIENT

The ow resistance coe�cient, CD , is the only calibra-
tion parameter in this numerical model. This coe�-
cient can be directly estimated from the measurements
of velocity pro�les. In this paper, the value of CD,
which will be used in the computation, is sought by
a calibration. Experimental data in DEN5 (Table 2)

Figure 7. Sensitivity analysis of two-dimensional spreading upon parameters.

Archive of SID

www.SID.ir



402 B.A. Mohammadnezhad and A. Shamsai

Figure 8. Comparison of spreading pro�les in top view.
(The left hand �gures are the image taken from the
experiment and the right hand side ones are the numerical
computation results at t = 10 s, 20 s, 30 s and 40 s.)

have been selected for calibration and the simulation
results are shown in Figure 9. It is seen that the
higher the value of CD , the slower the propagation in
both directions, as discussed in the sensitivity analysis.
Comparing the computed results with the measured
data from DEN5, a value of CD = 0:005 has been
yielded as the best agreement for both longitudinal
and lateral spreading. Therefore, a constant value of
CD = 0:005 is selected for the computation of density
currents. In addition, this value of CD falls well within
the range of values from the measurements by Parker
et al. [28] and Garcia and Parker [20].

CONCLUSION

Density currents in reservoirs depend on many pa-
rameters. Several numerical tests were performed in
this paper to investigate those parameters, based on
experimental and theoretical results. It was shown that
they can change the mixture, the transport distance of
solid material, the amount of sedimentation and the
erosion of the bed.

A �nite volume two-dimensional numerical model

Table 2. Summary of experimental conditions.

Test Case
Discharge

(cm2/s)

h0

(cm)

Bed

Slope

Angle

Concentration

DEN3 50 3 2 0.0121

DEN5 50 3 5 0.006

DEN6 50 3 5 0.0121

Figure 9. Calibration of ow resistance coe�cient.

was developed for the analysis of unsteady turbidity
(or density) currents. The Exner equation was used
to model the bed-level changes, due to erosion and
the deposition of suspended sediment. The developed
numerical model was then used to simulate the exper-
imental cases of 1D and 2D turbidity currents. In
the one-dimensional case, the results obtained from
the numerical model were compared with the experi-
mental data of Altinakar et al. [41] and Garcia [43].
The numerical model for two-dimensional turbidity
currents was applied to a laboratory experiment by
Luthi [44]. The laboratory experiments of Choi [45]
were employed for veri�cation of the two-dimensional
numerical model. The computed ow patterns were
similar to experimental measurements. The two-
dimensional spreading patterns and pro�les of the
velocity vectors and concentrations were obtained for a
decelerating-depositional turbidity current. Favorable
agreement was achieved between the simulated and
measured values. These results demonstrated that the
developed numerical model is capable of predicting
the longitudinal and lateral spreading and dilution
of turbidity currents. The proposed model is, thus,
potentially useful to study the impact of turbidity
currents on reservoir sedimentation and to simulate the
sedimentary architecture of sea beds.
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