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The evolution of gravity currents is simulated by a flux-difference splitting scheme implemented on the

shallow water and mass conservation equations with modified acceleration due to gravity. The shallow

water and mass conservation equations are solved in a decoupled manner. Available empirical

relationships are used to enforce the front condition for correcting celerity of the gravity current front. The

motion of the gravity currents, made of saline water or water-particle mixture is computed by the model as

well as observed experimentally. The computed front velocity and front height are compared with

experimental data. Effects of different front condition on the front velocity and height are also investigated.

Conclusions on the applicability and the accuracy of shallow water equations solved by flux-difference

splitting scheme in case of gravity currents are drawn.
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1. INTRODUCTION

Gravity current is the flow of a fluid of higher
density, under the influence of gravity, into another
fluid of lower density. Examples of gravity currents
in nature are the turbidity currents, discharge of
industrial waste into rivers and sea etc. Gravity
currents similar to these natural phenomena can also
be generated in a laboratory by suddenly removing
the barrier separating two fluids of different
densities. While the lighter fluid may be the fresh
water, the denser fluid may be saline water or
water-particle mixture. The instances of gravity
currents abound in nature and, therefore, the
importance of studying various aspects of their
motion needs no overemphasis’.

The numerical investigation of gravity currents
can be treated as an initial-value problem and can be
computed by shallow water equations using a
suitable numerical scheme. This approach focuses
on the evolution of gravity currents from a given
state, generally the state of rest. In another approach,
the steady-state characteristics of an established
gravity current are investigated. This approach,
independent of the shallow-water theory, takes the
steady state of a gravity current as a fact and derives

the corresponding relationships that must hold for
such a steady state. In most gravity current problems
of concern, such as intrusion of fresh or salt water in
the vicinity of locks and estuaries, spreading of oil
spills etc., the initial state is well defined and the
investigation can focus on the evolution of the flow
when two fluids of different densities come into
contact.

The so-called dam-break problem in shallow
water theory can be seen as a gravity current
problem in water-air system, wherein the density
difference is very large. With this understanding, a
similar set of governing equations may be applied to
the systems with much lesser density difference
using a suitably reduced value for the acceleration
due to gravity. This approach has been adopted by
previous researchers™ but the results presented in
these were not verified against experimental data.

This paper simulates the evolution of gravity
currents by the shallow water equations with
modified acceleration due to gravity. The
flux-difference splitting technique, which has been
found very accurate in case of dam-break problems
with water-air system, is used in the finite difference
scheme for solving the governing equations. The
flux-difference splitting technique is also applied to
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the mass conservation equation, which is solved
independently of the shallow water equations. The
available empirical relationships are investigated for
their applicability as the front condition*”. The
model is applied to gravity currents made of saline
water and water-particle mixture. Computed front
velocity and front height are compared with the
experimental data and useful conclusions regarding
the use of shallow water equation for computing
evolution of gravity currents are presented.

2. MODEL DESCRIPTION

The reduced acceleration due to gravity for
gravity currents, created by the release of
well-mixed saline or water-particle mixture with
bulk density po into a sufficiently deep ambient fluid
of lesser density p,, can be expressed as,

| Po—P
g'= [—O—*jg M
Pa )
where g is the acceleration due to gravity. The
motion of such a gravity current in a channel can be
described by the one-dimensional shallow water
equation which can be written in vector form as
Y + ok +S=0 (2)
ot ox
The vectors, for the case of rectangular,
horizontal channel, are given as
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where h is the flow thickness, u is the velocity, S; is
the coefficient related to density profile, v, is the
entrainment velocity and St is the friction slope. The
entrainment velocity, v, in Eq.(3) is computed as

ve = Equ 4

where E4 is the entrainment coefficient. The
entrainment coefficient is computed by®
0.08 -0.1R;
= 5

4771 /5R; ©)

where R; is the Richardson number defined as
'h
R =55 ®)
u

The flux vector E is related to flow vector U
through its Jacobian J as

ox

1
Ta,b
g’h—u2 Zu} (7a,0)

The governing equations are known to be
hyperbolic which means that J has a complete set of
independent and real eigenvectors expressed as

1
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where ¢ is the celerity. The eigenvalues of J are
given by

(3a,b)
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Roe’s” averages for velocity and celerity, as
given below, are used to construct an approximate
Jacobian for conservative evaluation E in Eq.(7a)

12 12
_ hiquy +hify

Ui = NN (10a)
1T 1
chupn = 0.5g'(h; +hix) (10b)

Eq.(2) is integrated by Roe’s flux difference
splitting scheme” written as

Uf1=U}y@F -F! (11)

where i and t are the space and time indices,
respectively, v = AVAX, At is the time increment and
Ax is the finite difference grid size in space. All
variables in the following are computed at known

i+1/2 1-1/2)

time level t. Fy» and Fy,, are called numerical
fluxes and are expressed as

Fipip = 0.5(E; +Eiyp)

2
k k k
~0.5) Marpl@i1®ie (12)
k=1
where « is the wave strength, defined as

1,2 -1 )

%ty =€41pAVizn
(13a,b)

AUiyyp = Uiy - U

In solving Eq.(12) as such, it has to be noted
that the front of the gravity current would move
with a celerity 2(g’ho)"?, where b, is the initial
height of the density cloud, similar to a standard
dam-break wave on a dry bed. However, it is known
that the front of a gravity current moves with a
much slower celerity than that. This information
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must be incorporated into the model for a realistic
modeling of the gravity current. This is achieved by
imposing a suitable condition at the moving front of
the gravity current. The front condition, in terms of
densimetric Froude number, can be written as

Ur = Fyyghs (14)

The densimentric Froude number F; of the front
can be computed by an empirical formula. Among
the widely acknowledged empirical formulae for the
densimetric Froude number, we have tried the one
given by Huppert and Simpson® and another by
Benjamin®”. The Huppert and Simpson” formula is
given as

F,;=1.19 ,ifH, <0.075
(15)
:0.5(Hr)_1/3 , Otherwise
where H; = h¢H, hy is the front height and H is the
ambient water depth. The Benjamin formula can be
written as

[20-H)Yt-05H,)]""
me (1+H,)

Knowing hg, U can be computed from Eq.(14).
Eq.(2) yields the velocity and depth of the
density current. Using these results, the equation of
mass conservation is solved like a scalar equation by
the flux-difference splitting scheme. Allowing loss
of mass through downward settling, the mass
conservation equation can be written as

[ ¢

+U—=—-Vg —
ot [5)'4 h

(16)

(17)

where ¢ is the volume fraction occupied by the
particles and v; is the settling velocity of particles.

It may be noted that the flux vector must be in
conservation form for implementing flux-difference
splitting technique. Therefore, Eq.(17) is written as

o0 . o(ug) ou )

o o Yo Ve Y

and the numerical flux for Eq.(18) becomes®
Fip =05 (Ei +Ei 0

2
+0.5%
k=1

where ¢ =¢ou/0x and the right hand side of
Eq.(17) is evaluated as a source term.

i+1/2

(19)
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3. EXPERIMENTS

Experiments were conducted in a flume made of
plexiglass, 7.5 m long, 0.Im wide and 0.9m
deep.(Fig.1). The gate separating the ambient fluid
from either a water-particle mixture or saline water,
initial total buoyancy per unit width W, and
square shaped area Ag,was removed instantaneously
to generate gravity currents. Results for three sets of
experiments are presented here — two with saline

initial

Table 1: Experimental Conditions

Case 1 & W, Ay
(m3/sz) (mz)

GS2-1 0.009 0.007938 0.0900
GS2-2 0.011 0.009702 0.0900
GP2-1 0.040 0.004900 0.1296
> x

Gate

A

Pa 0.9m
Po
W, A,

i: 75m >

Fig. 1. Experimental setup.

Fig. 2. Evolution of gravity current in the experiment (Case GP2-1).
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Fig.3 Computed profiles of height of the gravity Fig.4 Front velocity for GS2-1 and GS2-2.
current.

R . . ® Exp..GS2-t
water and one with water-particle mixture. The A Exp GS2-2

depth of ambient fluid H in all cases was 0.9m. Comp.Altl
Table 1 gives the values of initial buoyancy per e
unit width Wy, initial area of the cloud Ay and the “s 20l
relative density difference, g = (py -pa)/p.. The ' "
notations GS and GP are for experiments with saline 0.2 I
water and water-particle mixture, respectively.
The motion of the front of the gravity currents °, 20 40 50 80
was tracked by a CCD camera and front velocity T
and front height were obtained from the recorded Fig.5 Front height for GS2-1 and GS2-2.

images. In order to increase the reliability of the

data, each experiment was repeated five times under 1 P
the same experimental conditions and the data Comp. Altl
presented herein are the average of such five runs. A . Comp Alt2
view of the experiments is provided in Fig.2. 0.6
I
4. NUMERICAL RESULTS 04 I\
0.2

The numerical model was first applied to ."mw .
simulate the gravity currents studied in the o o " o
experiments described above. The Manning’s T
roughness coefficient was set to 0.01 for computing Fig.6 Front velocity for GP2-1.
S; whereas S; was set to 0.6. The Huppert and
Simpson” front condition has been used, if not 1 x
specified otherwise. * E;‘;ﬁ"j.l‘l

It can be seen from experimental view in Fig.2 . \\ ——Comp Alt2
that it is rather difficult to exactly define the shape 0.6
of the front region of the gravity current, although = N
approximate front region can be demarcated visually 0.4 LI —
based on experience. The problem becomes more o2 Y p—
complicated in case of numerical results by the
shallow water equation. The front condition acts as ° 2o w0 -
a moving wall which forces the gravity current front T
to move at a rate slower than that given by the
shallow water equations. This results in a profile Fig.7 Front height for GP2-1.

shown in Fig.3, wherein it is almost impossible to
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define the front region. The front velocity Us is
computed by tracking the leading front while the
front height h¢ is defined as the highest point in the
front region. However, the reduced acceleration due
to gravity depends on the density of the gravity
current, which varies from place to place. The
reduced acceleration due to gravity obviously
affects both the front velocity and the front height.
Generally, the average density of the front region is
used to compute reduced acceleration due to gravity.
However, in absence of a clear definition of the
front region, average front density cannot be
computed. Thus, point values for the density of the
front must be used. Consequently, the results on
front velocity and front height would vary according
to the location where reduced acceleration due to
gravity is computed.

Two alternatives have been explored in this
paper: (1) using the reduced acceleration due to
gravity from the location of front height, and (2)
using the reduced acceleration due to gravity from a
distance one eighths of initial height of the cloud
behind the leading point of the gravity current.

The parameters in the results presented herein
are non-dimesionalized as: front height and distance

by (Ao)"?; front velocity by (W(? A} and; time

by (AO)I/Z /(Wg /AO)1/4 )
parameters are indicated by an asterisk in the
superscript.

Figs.4 and 5 compare the experimental and
computed front velocities and front heights for
Cases GS2-1 and GS2-2. Computed results with
Alternative 1 as well as Alternative 2 are shown. It
can be seen from the figures that Alternative 1
yields the front heights closer to the experimental
data but deviates significantly in case of the front
velocities. With Alternative 2, the computed front
velocities match well with experimental values but
the difference between computed and experimental
front heights is larger.

Figs.6 and 7 compare the experimental and
computed front velocities and front heights for Case
GP2-1. In this case, the particle mass is gradually
lost through the downward deposition of the
particles. It is observed that the choice of
Alternatives 1 or 2 show less pronounced effect on
the front velocities but the Alternative 1 gives the
front heights closer to the experimental results. The
reason or physical meaning of varying performance

Non-dimensionalized

of Alternative 1 and 2 in case of saline water and
water-particle mixture is not clear at this stage.
Next, the effect of the front condition on the
front height and the front velocity is examined.
Figs.8 and 9 compare the front velocity and front
height by the Huppert and Simpson® and Benjamin®
front condition for the case of GP2-1. These two are
the most commonly used front conditions™”. The
reduced acceleration due to gravity has been
computed by Alternative 2. It is observed that the
Benjamin front condition yields slightly lower front
heights and higher front velocities in the beginning.

However, the overall pattern  remains more or less

1 L "
""" Huppert & Simpson(1987)
Benjamin (1968)
0.8
SREA
* \\
=) z ‘\
0.4 [ <
0.2 =
T T
o]
0 20 40 60

Fig.8 Computed front velocity for GP2-1.

1 KT T I
N e Huppert & Simpson (1987)
Benjamin (1968)
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0.2
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e
Fig.9 Computed front height for GP2-1.
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Fig.10 Computed reflected gravity current.
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the same with these two front conditions.

Finally, computational result for the reflection
of the gravity current made of saline water from a
downstream wall, representing a dam at the
downstream end of a reservoir, is presented in
Fig.10. The gravity current, defined by £,=0.009,
W,=0.007938 m’/s’ and depth 0.3m, enters
continuously from the upstream end at a steady rate,
hits the downstream dam at time zero and gets
reflected. A surge is formed which travels upstream
leaving still dense mixture behind. The results show
the computed profile at 0.5s after it hit the wall.
Although experimental data is not available to
verify quantitatively the accuracy of the computed
result, Fig.10 demonstrates the capability of the
model for simulating such cases as may be useful to
evaluate the extent of the impact of a gravity current
running down a reservoir.

5. CONCLUSIONS

The evolution of gravity currents has been
simulated by solving the shallow water and mass
conservation equation with modified acceleration
due to gravity using a flux-difference splitting
scheme. The densimetric Found number at the front
of the gravity current proposed by Huppert and
Simpson®” and Benjamin® have been examined for
their use as the front condition, which modifies the
front velocity from that in case of the shallow water
equations. The numerical model has been applied to
simulate the motion of the gravity currents, made of
saline water as well as water-particle mixture, and
the computed results have been compared with
experimental data.

The applicability as well as the limitations of
computing evolution of gravity current by shallow
equations have been demonstrated by
comparing computed front. velocities and front
heights with experimental data. It is concluded, in
principle, that the shallow water theory can yield
reasonable results on gravity currents with simpler
and faster computations compared to the
Large-Eddy simulations or the Direct Numerical
Simulations. However, the need of an all-important
additional front condition considerably limits the
scope of this approach. It is also noted that since a
well-defined front is not obtained in the
computation, it becomes rather arbitrary to define
the reduced acceleration due to gravity of the front,

water

which in turn affects the use of an empirical front
condition. Therefore, depending on the choice of an
empirical formula for the front condition and the
definition of the average density of the front region,
the results might change considerably.

It is also understood that if the interest lies in
the continuous flow of the dense fluid in a less
denser fluid, wherein the characteristics of front are
not of concern, the proposed method may be of
better use. The computational results on such flows
need to be verified against experimental data.

It is concluded that further work and better
understanding of the aforementioned points would
greatly enhance the applicability and accuracy of
results on gravity currents by shallow water theory.
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