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Bidirectional Spreading of Gravity Underflows on an Incline
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Abstract

In continental margins, turbid underflows which are not confined to a given channel, are free to
spread laterally as well as longitudinally. Lateral spreading can reduce substantially the run out
distance of flows along continental shelves and slopes. Laboratory experiments with a large tank,
employing saline density currents as surrogates for fine-grained turbidity flows, coupled with
dimensional analysis, have been used to develop a simple expression for lateral spreading rates of
two-dimensional flows on sloping beds. Characteristic length and time are determined by the flow
discharge and buoyancy flux at the inlet. By knowing the initial width of the flow, the spreading
law can be used to estimate the maximum width of the current at different times as well as the
longitudinal spreading rate. I’redictions for flows compare favorably against observations.
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1. INTRODUCTION

Density currents are stratified flows caused
The
reduced gravitation associated with density

by density differences between fluids.

difference provides density currents with the
driving force of propagating in the downslope
Thus
currents is the gravity current.

direction. another name of density
Density currents may be heavier or lighter
than the ambient fluids.

density

It depends on the
relative to the surrounding fluids.

Temperature, dissolved chemicals, and
suspended materials induce density difference.
Dense underflows are generated when the fluid
heavier than the ambient fluid is released on a
slope. Examples are CO: currents, brines from
desalination plants, and turbidity currents. Of
interests are turbidity currents, sediment- laden
density currents. They occur in ocean, lakes,
Turbidity obtain

negative buoyancy from suspended sediment. In

and reservoirs. currents

fact, the suspended particles are so fine and
through the
water that they increase the density just as

continuously  distributed dense
effectively as a dissolved substance would.
However, the buoyancy of turbidity currents is
not conserved because of the settling effect of
particles within the current and the sediment
entraining capacity of the current.

Turbidity currents move downslope carrying
sediment through a submerged river or a
submarine canyon. After traveling the deep—sea
channel, the turbidity current arrives to a delta
or a submarine fan. Then, it starts to spread
shows a two-dimensional
At this point, the lateral
spreading becomes important because it retards

laterally  and
spreading pattern.

the longitudinal spreading rate. It has been
observed that the role of the vertical spreading
due to the water entrainment is insignificant
for non-channelized currents compared to the
(Fietz and Wood, 1967

lateral spreading

Alavian, 1986), which enables us to take the

complicated three-dimensional spreading as
two-dimensional motion. Of importance is also
induced by the

sediment-laden currents, which is relevant to

the depositional pattern
both reservoir and ocean sedimentations.
Predicting the behavior of dense underflows
is important in assessing the impact to such
environment as rivers, lakes, and oceans. In
general, for laterally-confined density currents,
the front described by
densimetric Froude number (Keulegan, 1957 ;
Middleton, 1966 ; Benjamin, 1968 ; Kersey and
Hsu, 1976 ; Kao, 1977 ; Huppert and Simpson,

motion is either

1980 ; Hay, 1983 ; Altinakar et al, 1990 ;
Buhler et al, 1991) or dimensionless front
velocity (Britter and Linden, 1980). The

densimetric Froude number presents the front
velocity in terms of an appropriate length scale
such as the current thickness and the reduced
Whereas the
dimensionless front velocity expresses the front

gravitational acceleration.
velocity as a function of the buoyancy flux per
unit width, which is constant for buoyancy-
conserving density currents. However, for non-
channelized turbidity currents, which are no

longer confined to a channel, a degree of
freedom increases due to the lateral spreading
in addition to the longitudinal spreading.
Experiments of density or turbidity currents
spreading two-dimensionally, require a large-
size flume especially if turbulent flows need to
be generated. Mostly

substituted in the laboratory as surrogates for

saline currents are
fine—grained sediment-laden flows. There are a
couple of reasons why turbulent flows are of
interest in the present study. Specifically, most
of the density currents observed in ocean,
lakes, and reservoirs are turbulent flows. The
other reason becomes obvious when it comes
to turbidity currents. In a turbidity current, the
particles are suspended because of the

turbulence kinetic energy. An extra source of
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buoyancy can also be supplied from the bed,
which is made possible by the near-bed
turbulence intensity generated by the
itself (Parker et al., 1986).

Not many previous studies are found on

flow

two-dimensional behavior of dense underflows.
Alavian (1986) presented a set of differential
equations for steady-state density currents,
which includes the width change as a function
of longitudinal distance. Alavian also showed
that the spreading rate in the lateral direction
than that of the
thickening rate at the normal state. Alendal et
al. (1994)
simulate a deep-sea gravity currents, where
they

spreading rate is the same as the thickening

iIs three times larger

proposed an integral model to

made an assumption that the lateral
rate due to water entrainment. Experimental
researches include Fietz and Wood (1967),
Tsang and Wood (1963), Luthi (1931),
Hauenstein and Dracos (1984), Alavian (1986),
Tsihrintzis  (1988),
Tzachou (1994).
experiments tend to describe the behavior of

and Christodoulou and
It seems that the previous

gravity currents on a slope qualitatively rather
than
complexity of spreading mechanism.

quantitatively  perhaps due to the

In this paper, relationships describing the
two-dimensionally spreading density currents
are developed by
analysis.

using the dimensional
Laboratory experiments are carried
out to generate density currents spreading

two—-dimensionally on an inclined plane.
Comparisons are made between the observed
and predicted

relationships.

values from the proposed

2. LABORATORY EXPERIMENTS

2.1 Experimental Conditions

Essentially, the experiments were performed
for the verification of finite element code
developed to

simulate  two-dimensionally
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spreading turbidity currents. Emphasis was
made on observing the bulk behavior of
density currents instead of emphasizing the
details of the underflow vertical structure. In
the present study, however, the data from the
used to develop a

same experiment is

relationship describing the two-dimensional

flow of density current in a deep ambient
water.

A wooden flume, 8 ft wide, 12 ft long, and 4
built in the
Laboratory at the University of Illinois at
The
experimental facility is given in Fig. 1, and a

ft deep, was Hydrosystems

Urbana-Champaign. schematic of the
picture of the constructed flume is shown in
Fig. 2. A constant depth of clear water was
maintained by using a morning glory type weir
The
bottom of the inlet box was placed at a depth

at the downstream end of the flume.

of 1 m, thus resulting the fractional depth of
0.1 at least. This was intended to prevent any
dynamic effect from the overlying fluid layer.
Therefore, no retardation in the propagation
due to the relatively shallow depth near the
inlet was expected.

The sloping floor was made of fiberglass,
the roughness of which was found to be less
smooth than the surface of glass or Plexiglass.
Since the sloping part was attached to the
flume with a hinge, the angle of the floor
to 10° in the

10 emX10 cm square

could be adjusted from 0°
longitudinal direction.
grids were marked on the surface of the
incline in order to monitor the two-dimensional
spreading of the density current as a function
of time. Fig. 3 shows a density -current
propagating on a sloping floor.

The contaminant tank was 4.3 ft (130 cm)
wide, 5.6 ft (170 ecm) long, and 5 ft (150 cm)
deep. This tank was equipped with propellors
which can be used to mix contaminants such
as salt or sediment with the water. In order to

measure the discharge of the contaminant fluid,
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Fig. 1. Schematic of Experimental Facility (not to scale)

Fig. 2. Three-Dimensional Flume

from the pump was chosen to be long enough
to reduce the error due to the fluctuations of

Fig. 3. Density Current Propagating on a
Sloping Floor

a Venturi meter was located downstream of

the pump as depicted in Fig. 1. The distance the fluid right after the pump.
Since the density currents were made visible

with the help of the dye, their motion was
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recorded with a video camera (Yashica, Model
KD-H 170), which samples at a rate of 30 Hz.
The video camera was located at the top of
the crane servicing the  Hydrosystems
Laboratory. The spreading distances in both
directions are obtained by monitoring the
location of the current edge in a freezed frame
with the help of the grid on the incline floor.
The spreading pattern at a certain time was
Macintosh

equipped with a frame grabber and

obtained by wusing a computer
image
analysis software (NIH Image, version 1.44).
The location of the current edge was digitized
with the help of the image analysis software
and was saved for further analysis.

Table 1 summarizes experimental conditions
flow parameters at the inlet.

and initial

Basically, density currents with three different
buoyancy fluxes (2455, 4910, and 9820 cm'/s®)
were generated on three different slopes (2, 5,
and 10°) from DENI to DEN9, Different
buoyancy fluxes were made by varying the
is defined by the
density difference divided by the density of the
ambient fluid. The width of the inlet was b, =

fractional density which

10 c¢cm except for DENI1 where b,= 5 cm to
meet the same buovancy flux. The underflow
1000 cm?/s.

DENI10 was executed to compare between two
which have the
buoyancy flux but have different inlet velocity.
For all the density currents, the Reynolds
number was either 4000 or 8000 and the
Richardson number ranged between 0.013 and

density  currents same

0.212, so all the generated flows were turbulent
and supercritical.

2.2 Characteristic Scales

For density currents propagating on a sloped

surface, the curve of longitudinal spreading
distance versus time consists of two parts; an
initial transient part followed by a steady part.
That is, the density current propagates in the
longitudinal direction quite rapidly at the initial
then propagates at an almost
This
behavior of laterally—confined one-dimensional

stage, and
constant rate. 1s very similar to the
density currents observed in the laboratory

experiments. However, for two-dimensional
spreading, the longitudinal propagation rate can
not be thought

extremely related with the lateral

independently because it is
spreading.
Therefore, in order to verify the longitudinal
spreading rate, the lateral spreading should be
considered together.

of data in

In general, the presentation

discharge was either 500 or dimensionless form provides a more
Table 1. Summary of Experimental Data
slope( ") Q,(cm®/s) By, (cm'/s?) Re, Ri,
DENI 2 500 0.005 2455 4000 0.053
DEN2 2 500 0.01 4910 4000 0.106
DEN3 2 500 0.02 9820 4000 0.212
DEN4 5 500 0.005 2455 4000 0.053
DENS 5 500 0.01 4910 4000 0.106
DENG6 5 500 0.02 9820 4000 0.212
DEN7 10 500 0.005 2455 4000 0.053
DENS 10 500 0.01 4910 4000 0.106
DEN9 10 500 0.02 9820 4000 0.212
DENI0 5 1000 0.005 4910 8000 0.013
DENI11" 5 500 0.01 4910 8000 0.026

" Gate width (&,) of all experiments is 10 cm except DENI1 where b, 5 cm.
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comprehensive interpretation of the
experimental  results. When  the initial
momentum flux ( M,) and the initial buoyancy
flux (Bp,) are chosen as characteristic

dimensional variables, the characteristic length
and time can be expressed, respectively, by
(Fischer et al., 1979 ; Chu and Jirka, 1987)

MZ;/4

l; = "E}'Zg‘ (1)
M,

t]' = B]v‘o (2)

The length scale by Eq. (1) represents a rough
measure of longitudinal distance of the more
jet-like zone, and the time scale by Eq. (2)
represents a measure of time to achieve this
condition. Another set of the characteristic
length and time can be obtained by considering
the initial volume flux ( @,) and the initial
( Bp,)
That the
dimensional analysis, the characteristic length

buoyancy  flux as  characteristic

dimensional variables. 1s, from

and time are found, respectively, as

Q¥

[ = — (3)
14 BII{GU
QY

fo— @)
* BY,

The above variables can be successfully used
to correlate the experimental data especially

when the plume displays a strong plume-like
behavior (Chu and Jirka, 1987 ; Baddour et al.,

1980). In the present study, /, and ¢, from

Eq. (3) and Eq. (4), respectively, are used as
make
distance and time dimensionless,

spreading
which led
better collapse of data compared to /; and ¢
from Eq. (1) and Eq. (2), respectively. Table 2
summarizes the characteristic length and time

characteristic  variables to

scales from the experimental conditions in
Table 1. the

between the inertial force and the buoyancy

In general, larger the ratio
force, the greater the value of both the length
and time scales. The characteristic scales from
Eq. (1) and Eq. (2) appear to be greater than
the scales from Eq. (3) and Eq. (4). For all the
experiments, the time to reach an equilibrium
between the buoyancy and the momentum
force does not exceed 7 s and the distance
does not go beyond 35 cm. Therefore, one can
conclude that the densily currents generated in
the
dominated conditions quite quickly after being
started.

present experiment reach buoyancy-

2.3 Development of Spreading Law

Water entrainment through the interface

plays two roles: entraining ambient water into
dense water body and retarding the density
current propagation. In the two-dimensional
propagation of density currents, mixing takes
place not only through the entrainment from
upper ambient water but also through the
Alavian  (1986)  and

lateral spreading.

Table 2. Characteristic Length and Time

Iy from eq.(1) ty from eq.(2) /. from eq.(3) t. from eq.(4)

(cm) (sec) (cm) (sec)

DENL, 4, 7 17.6 34 8.7 1.3
DENZ2, 5, 8 12.4 1.7 7.6 09
DEN3, 6, 9 8.8 09 6.6 0.6
DENIO 35.2 6.8 115 15
DEN11 209 3.4 7.6 0.9
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Tsihrintzis (1988) showed that the lateral
spreading rate is three times larger than the
thickening rate due to water entrainment at the
normal state. Fietz and Wood (1967) observed
that the vertical spreading due to mixing was
observed to be small compared with the lateral
spreading in the experiment with turbulent
density currents. Thus, the lateral spreading
seems to be more important in determining the
longitudinal spreading rate of density currents
than the vertical mixing.

For density plumes developing on an inclined
surface, Hauenstein and Dracos (1984) proposed

the following relationships under the similarity

assumption:
u;? o x, w;t ot (5)
b o x, B3 o ¢ 6)

where ¢ denotes the time after release, x and
b are the maximum travel distances in the
longitudinal and lateral directions, respectively,
and wu, is the front velocity in the longitudinal

direction. The similarity solutions, Eqs. (5) and
(6), predict that the longitudinal distance and
the maximum width are directly proportional to
£3/

for the two-dimensional spreading of

density currents. However, these similarity
crude
of the
spreading density current is followed by the
and the
assumption has been proved to be
theoretically by Safaie (1979).

Using the present experimental data, the time

solutions were derived under the

assumption that the unsteady part
similarity

steady-state flow,

invalid

exponents are estimated, and the wvalues are
plotted with the bottom slope in Fig. 4. The
time exponents, obtained from the best fit of
the observed data, are not consistent with the
slope as seen in the figure. It is found that the
time exponents approach 3/4 for higher slopes.
As the slope decreases, the time exponents for

32 BIYE 19994 24
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Fig. 4. Time Exponents in Similarity
Solution by Hauenstein and
Dracos (1984)

both the longitudinal and the lateral spreadings
deviate further from the constant.

The failure of the similarity solutions when
applied to the present experimental results
motivated the development of a relationship for
the two-dimensional spreading of density
currents. If the relationship is to be developed,
it should be
propagation in both directions. One constraint
should be that the relationship for the two-

dimensional

capable of describing the

spreading should reduce to the

one—-dimensional relationship if there is no
lateral spreading.
Following Britter and Linden (1980), the

dimensional analysis leads to the following

expression for the longitudinal spreading rate:
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F

1/3
Uy = C(T) f(4, Re) (7)

that the
b, is
used as a characteristic length instead of the
gate width. In Eq. (7), the maximum width
depends on the flow parameters at the inlet

Note

maximum width of the density current,

where ¢ IS a constant.

and the slope, and it varies as the density
current flows downstream. When the flow is
highly turbulent, the dependence of #, on the
Reynolds number can be ignored. If the impact
of slope can be neglected in the two-
dimensional spreading of density currents,
which was shown by Choi (1996), then Eq. (7)

can be rewritten as

1/3
Br, ) (8)

u = e

which is very similar to Britter and Linden's
(1980)
propagating

formula for the density current
in bne direction. As for the
in Eq. (8), Britter and Linden
(1980) obtained 1.5 for slopes greater than 5°.

For slopes less than 5°, Choi and Garcia (1995)

constant ¢

proposed ¢ = 1.0 from Ilaboratory data by
Altinakar et al. (1990) and numerical
experiments. Note that Eq. (8) becomes the

same relationship as Britter and Linden's
(1980) when the width of the density current
is constant in the downstream direction.

Eq. (8) is not closed because the maximum
width, &, is not a determined parameter. The
maximum width varies as the density current
evolves with time. Herein, a collapse of the
lateral spreading data is used to derive a
relationship for the growth of the maximum
width with respect to time. Egs. (3) and (4)
are used to make the maximum half width and
the time dimensionless, respectively. Fig. 5
shows dimensionless plots of the maximum

half width ( b1;3) as a function of time using

15.0 T T T T LA —

Q.0 10.0 20.0 30.0 40.0 50.0

Fig. 5. Dimensionless Plot of Half Width
versus Time

the data from DENI-DEN9. A
analysis of the data in Fig. 5 is performed to

regression

obtain a relationship between the maximum
half width and time, resulting in the following
expression:

% = 16.73ln<1+0.022t—t) ©
P 44

By differentiating Eq. (9), the time rate of
lateral expansion of density currents can also
be obtained, i.e.,

dbyy 4y 0.37
a1, 110.024/4, (10)

It is seen from Eq. (10) that dby,/dt is

0 (B%’O/Qa) 15 and

decreases as time increases. Now, if the initial

directly proportional
width at the upstream boundary is known, the
maximum width at different times is obtained
by Eq. (10), which can be, in turn, used to get
the longitudinal spreading rate with Eq. (8).

3. APPLICATIONS

Eq. B is currents
propagating on the slope of 2° from data

DENI1-DEN3, the results of which are given in

applied to density
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Fig. 6. Tests of Developed Relationship
for Longitudinal Spreading
(for slope angle 6 = 2° )

Fig. 6. As for the constant in Eq. (8), ¢ =1
is used, which was proposed in Choi and
Garcia (1993). Good agreement is seen between
the observed and the predicted
The

between the two results

longitudinal
spreading  rates. initial  discrepancy
is not surprising,
because Eq. (8) is valid only after the density
current becomes plume-like.

Fig. 7 presents the application of Eq. (8) to
the density currents propagating on the slopes
(DEN6-DEN9).

from the measurements appear to be in fair

greater than 5° The results

agreement with the curve obtained from Eq.
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Fig. 7. Tests of Developed Relationship
for Longitudinal Spreading
{for slope angle 8 > 5" )

(8). Also, it
currents on the 5°

is seen that the two density
and 10" slopes attain similar
longitudinal spreading rates in the buoyancy-
dominated region. This supports the fact that
the impact of slope may be neglected in the
longitudinal spreading once the slope exceeds
5%

Tig. 8(a) shows an example of applying Eq.
(8) to the cases of DEN5 and DEN10, which
were essentially intended to
effect of volume flux at the inlet.

investigate the
The total
buoyancy fluxes ( Bp,) of both currents are

the same, but the volume flux at the inlet
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(c) Application to Hauenstein & Dracos’ (1984) Data

Fig. 8. Tests of Developed Relationship
for Longitudinal Spreading

(Q,) of DENIO is twice that of DENG. Eq.
(10) illustrates that the contribution of €, to
dbyy/dt is small compared to Bpg,. Therefore,

the difference in front spreading rates is not
expected to be significant. It is interesting to
note that the predictions from Eq. (8) for the
two density currents are almost identical, and
coincide well with the observed data. This also
indicates that the volume flux at the inlet does
affect the longitudinal
propagating rate of density currents in the

not  significantly

92

buoyancy-dominated region. The next test
applies Eq. (8) to DENI10 and DENI11, and the
in Fig. 8(). The total
buoyancy flux ( Bg,) of both currents is the
same, but the gate width (5,) of DENI10 is

twice that of DEN5. The two results appear to

results are given

reach nearly the same speed, and also agree
well with the curves obtained from Eq. (8). In
Fig. 8(c), Eq. (8) is applied to the experimental
data in Hauenstein and Dracos (1984). Both

density currents, V17 (@, = 650 cm®/s and
By, = 15330 cm'/s®) and V24 (Q,= 270

em®/s and Bp, = 419 cm'/s®) were generated

on the 5° slope. Good agreement between the
observed and the predicted propagation rates is
also seen in the figure.

4. CONCLUSIONS

New relationships were developed to describe
currents propagating on an inclined
The

spreading rate is expressed in terms of the

density
slope in two directions. longitudinal
total buoyancy flux and the maximum width of
a density current by using the dimensional
analysis. The time rate of the change in the
maximum width of the current, which varies
along the downstream distance, was obtained
from the similarity collapse of experimental
data. The formulas were tested by comparing
computed values with observed values. Results
were found to be very promising. Impacts of
the slope, volume flux, and gate width were

also investigated.
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APPENDIX. NOTATIONS

The following symbols are used in this paper:

b = width of density current ;

byj» = half width of density current ;

b, = inlet width ;

by = total buoyancy flux ( =g4Q) ;

/; = characteristic length in jet region ;

I, = characteristic length in plume region ;

0 = subscript denoting the inlet site ;

Q@ = volume flux or discharge ;

Re = Reynolds number ;

Ri = bulk Richardson number ;

t = time ;

t; = characteristic time in jet region ;

t, = characteristic time in plume region ;

uy = front speed in the longitudinal direction ;

x = longitudinal distance ;

4 = fractional density of density current
(=4dp/p) ; and

6 = slope angle (in degree).

(3= 5 3.:98-071/7 :1998.11.12/4] AL ¢4 £.:1999.01.06)
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