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In recent years, as the problems related to environmental conservation of water area
and coastal development have become more serious and more complicated, it has become
important to clarify the characteristics of the various kinds of density currents. A density
current is the flow of one fluid within another caused by the density difference between
the two fluids.

In this paper, we would like to report a curious self-oscillatory phenomenon, so called
saline oscillator, induced by gravitational instability. An oscillatory flow is generated here,
when a cup having small orifice in its base filled with saline water is placed within an outer
vessel containing fresh water (Fig. 8). This system exhibits various nonlinear character-
istics such as bifurcation of the oscillatory flow, oscillation cycle time and entrainment
among the oscillations according to various experimental conditions.

In order to explain the simple saline oscillatory phenomenon, numerical simulation in
two dimensional system has been performed. We have developed a simulation program for
incompressible fluids that is extended to calculate the two layer time-dependent density
currents. In this simulation program, a low diffusion, stable and high-accurate algorithm
called Cubic-Interpolated pseudo-Particle (CIP) method for solving hyperbolic equations
was adopted to calculate the Navier-Stokes equation and the equation of mass conser-
vation. The experimental trend on the behavior of oscillatory flow has been reproduced
in this simulation in a qualitative manner. The comparison between the results of its
computation and experiment is fairly good (Fig. 9).

1. Introduction

In recent years, interface between convective flow field and multi-component diffusion under
non-equilibrium condition is one of the important problems in environmental hydraulics and
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chemical engineering.

We would like to report a curious self-oscillatory phenomenon, saline oscillator, induced by
gravitational instability. The experimental procedure is quite simple and highly reproducible.
An oscillatory flow of water generated here, when a cup with orifice (ca. 1~ 5 mm diam.) in its
base, filled with saline water, is located within an outer vessel containing pure water (Fig. 8).
A rhythmic change is then observed between the up-flow of the pure water and the down-flow
of the saline water (Fig. 8). The period of oscillation can be several seconds or several minutes,
depending on the experimental condition, i. e., the density of NaCl solution, the orifice size at
the bottom of a cup, the surface area covered by fluid within a cup, and so on. As a typical
example, the period was 13.6 seconds with the density: py = 1.0 g/cm?® and p, = 1.13 g/cm?,
the dimensions: a = 0.55 mm, b = 21.0 mm, d = 1.0 mm, A = 20.0 mm.

In this saline oscillator, as the salt water going down to the outer vessel forms a layer on the
bottom of the vessel and the pure water coming up to the cup forms same layer at the top of
the saline water, the density difference near the orifice is kept essentially constant. Therefore,
the rhythmic changes continue for several hours.

In this paper, simulation programs in 2D case was developed as a basis for computations
of density currents driven by salinity, turbidity and temperature inhomogeneities. These sim-
ulation programs developed here are suitable for the incompressible fluid that are extended to
calculate the two dimensional, two layer time-dependent density currents.

In these simulation programs, a low diffusion, stable and high-accurate algorithm called
Cubic-Interpolated pseudo-Particle (CIP) method for solving hyperbolic equations was adopted
to calculate the Navier—Stokes equations and the equation of mass conservation.

As numerical examples, a density current going forward to the fresh water tank and a
densimetric (or lock) exchange flow were calculated. The results of the comparison between
another computation and experiments were satisfactory. An oscillatory flow of water generated
by the density difference between saline water and pure water when a cup with a small orifice
in its base is placed within an outer vessel was also computed.

The experimental trend on the behavior of oscillatory flow has been reproduced in this
simulation in a qualitative manner. The comparison between the results of its computation
and experiment was fairly good (Fig. 9).

2. Basic Equations

We consider a two dimensional rectangular flow field with free surfaces. The flow is described
by the Reynolds-averaged equations written in the following conservation form :
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+% ((y + 1) (% + g—z)) + G- (2)

In these equations, u is the horizontal velocity and v is the vertical one, p is the pressure, p is
the density, g = (gu, g») is the gravitational acceleration, v is the molecular viscosity, v; is the
turbulent viscosity.

It is necessary to have a equation for the density changes in order to compute the stratified
density current. Usually, numerical calculations for incompressible density flow and buoyant
jet have employed the Boussinesq approximation, but we directly calculate all the effects of
density changes applying the following equation of mass conservation :

dp  O(pu) | 9(pv)

ot ox dy =0 (3)

while subject to the total derivative Dp/Dt = 0, equation (3) is rewritten as the incompress-
ibility condition V -V = 0. And so, we can use equation (3) with satisfying exactly equation
(1). In equation (3), it has been assumed that the diffusion of the solute is insignificant in the
present computations, otherwise diffusion terms are needed in the right hand side of equation

(3).

3. Finite Difference Algorithm

In this paper, a accurate and stable numerical modeling which is called Cubic Interpolated
pseudo-Particle (CIP) method for solving general hyperbolic equations is used. This CIP scheme
was proposed by Yabe (1988, 1991), and it has good properties for solving a shock wave
propagation and the convection diffusion equation in compressible and incompressible fluids.
In incompressible flow computations, usually the evaluation of a higher-order formula (for
example, QUICK scheme) involves more points. But the CIP scheme is less points and more
accurate because it has the first special derivative in each grid point.

For example, we apply the two dimensional CIP scheme to the equation of mass conserva-
tion. At first, equation (3) can be rewritten as

Pt + Uupz + vpy + Uiz + pvy =0, (4)

by expanding derivatives. In this equation, we have another concise expression for partial
differential form that describes dp/0t as p;. In the following equations the same expressions
are adopted.

The placement of the field variables relative to the grid is shown in Fig. 1. We split
the above equation into two phases; the Eulerian non-advection phase and the Lagrangian
advection phase.

3.1 First Eulerian Phase

In this phase, the half part of equation (4)
pr=—plia — puy (5)
is solved using the finite differencing:

i = Pij + Dt—pij(Wit125 — Uim1/2,5)/ DT — pi (Vi ji1/2 — Vij-172)/ DY) (6)
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Figure 1. Field variables layout of the computational grid.

In the above equation, p* means a density value after one time step in the nonadvection phase.
After p* is computed, the first special derivative p’ is approximated as the following diffrencing
in z-direction:

(Pf,kj - P;,j)/At = ((p;-l,j - pj—l,j)/2Ax — pirry — pi-1)/201)) /At (7)

And then we obtain an equation, by eliminating At in equation (7):

pZ} = P;‘,j |z +(P;‘k+1,j - Pf—u — pit1j + pic1j) /20, (8)

where |, denotes the z-direction and it means p’ |, equals 0,p. In a similar way, p’ for y-direction
(Oyp) is
ngj ly= p;,j ly (P j1 = Pijo1 — Pige1 + pig—1)/2Dy. (9)

Before proceeding further, we take p* and p™* values into new p and p’ values:
P;j = Pig>

,02} |l2— p;,j |,

iy ly= i ly -

3.2Second Lagrangian Phase

After p and p’ are advanced in the previous non-advection phase, the CIP solver is applied to
the advection phase. In this phase, next two equations as

pr + upy +vp, =0, (10)

pr+upy +vp, =0 (11)

are solved by shifting the cubic polynomial.
At first, we consider the x-directional components of the above equations. Let us begin
with a linear hyperbolic equation:

pr + upy = 0. (12)

The solution of this equation is p(z,t) = p(x — ut,0), if u is constant. However, we might use
the solution for the time evolution of u during a very short period At, that is estimated as

p(z,t + At) = p(x — uldt,t). (13)
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In the point of x; —u/\t, the conventional cubic spline interpolation function W;(x) is calculated
between x,;_; and z; as follows:

Ui(z) = ai(z — 2i-1)" + bi(z — 221)* + ci(z — 221) + pi_1,
where
a; = (8; — si—1)/ A,
b; = 3si-1,
¢ = (pi — pim1)/ Dz — Dx(s; + 2s;-1),
s; = U (x)/6. (14)

In this case, the spline function requires the continuity of p, dp/dx = p', and d*p/dx® = p". In
contrast, we eliminate the continuity of d?p/dz?, then ¢; in the above equation would be p’ in
the following way:

¢ = (pi = pi-1)/ Dx = pi_y.

Therefore substitution of ¢; into equation (14) gives
\I/Z(l’) = ai(x — .1'1;1)3 + bz(l’ — 1'171)2 + p;_l(x — SEifl) + pi—1. (15)

How the a; and b; values must be determined in this equation? We suppose that p’ value is
also transported by a hyperbolic equation:

P+ up, = 0. (16)

The solution during a short period At can be approximated by equations (12) and (16), then
the predicted profile will be:

Pt o= Wy — ult) = 4, ¢+ 0 pl_ i, (17)

P = Wl — ) = 3a;,C% + 2, + pl_y, (18)

where

¢ = (x; — ul\t) — x;_1 = Az — ulit.
And so, we determine a; and b; in terms of p and p’ because of requiring the continuity of ¥,
and U/
a; = (p + piy) [ Da* = 2(p; — pia) [ Da?, (19)
bi = —(p; +2pi_1)/ Dx + 3(pi — pia) [ D (20)

Once we obtain a; and b; in the above equations from previous p; and p the values of p!'** and
p"t1 at the next time step are simply given by shifting the polynomial interpolation function
as in equations (17) and (18).

These expressions are derived for u > 0. For u < 0, similar expressions in equations (19)
and (20) by replacing i — i+ 1 and i — 1 — i are obtained.

Secondly, we also consider the y-directional components of the equations (10) and (11). The

similar equations can be derived:
p}”l l,=V,;(y; —vAt) = aj773 + bjn2 + p;-_ln + pi-1, (21)

P y= Wiy — vAt) = 3agn® + 2bjm + p_y, (22)
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where
n = (y; —vAt) —y;_1 = Ay — vAt,

where a; and b; would be derived using the same equation in (19) and (20), but these expressions
can be omitted here.
Finally, the total value of two dimensional form becomes

Pt =t ety (23)
And the total p’ values in each direction are calculated from the following equation:
o+ plug + plvy, = 0. (24)

The above equation is divided into two equations:

e e R
= =" o ue — P 1y va, (25)
(0 e = =" |y e = o0 |y 0y =
= _p;nﬂ |z Uy — p;‘nﬂ |y vy- (26)
Consequently, final p?fjﬂ | and p?fjﬂ |, values can be obtained.

These two phases complete one time step of the whole calculation. Then after replacing
Pt pm ], and p" ), by p, o' | and o |, we return to the non-advection phase again.

The CIP solver is applied to the z- and y-momentum equations in the same way. But the
explanation is too long, so we don’t describe it in this paper.

3.3Modified CIP2D Scheme

In the previous sections, calculated values of p and p’ are like a one-dimensional form. We use
here a new multi-dimensional CIP method in the modified CIP scheme.

The quantities p, 0,p(= p’ |) and 9yp(= p' |,) are advanced in Lagrangian phase instead
of equations (17), (21), (23) and (18), (22) according to

Pt = ;¢ 4 bC* + Oupi i + agm® + bin® + Oy pi -+

+¢iCPn + di jCn* + €5, 5Cn + piy, (27)

Oupi T = 3a;C* + 20iC + Oupij + CiyCn + dijn® + eq g, (28)

ayp;fjl = 3a;nm° + 2b;n + Oypij + ¢i;C* + dijCn + e iC. (29)

The above equations are derived for u < 0 and v < 0, and therefore { = —u/\t, n = —vAt.
And above a;, ..., e;; parameters are as follows ;

a; = @ml)m + 8mpim1,j>/Ax2 - Q(Pz‘,j - Pim1,j)/A$37
bi - _<a$pi,j + 2axpim1,j)/Ax + S(IOi,j - piml,j)/Ax27
a; = (ay/)i,j + 6ypi,jm1)/A3/2 - 2(pi,j - pi,jml)/Ayga
bj = —(0ypij + 20ypijm1) /Ly + 3(pij — pigm1) /DY,
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P = pij = pim1,j — Pijm1 + Pim1,jm1,
Q@ = 9ypij — Oypim1;;
R = 0.pij — Oupijmas
¢ij = P/Ax*Ay — R/ Axly,
di; = P/NvNy? — Q) NxlNy,
e,; =Q/Ax — PAxAy+ R/ Ay,

where im1 = i —sgn(u), jml = j—sgn(v). For u < 0 and v < 0, then they become im1 =i+ 1
and jml =75+ 1.

4. Density Flow Computation

We are now applying the present scheme to several incompressible density flow problems. At
first, a density current coming forward to the fresh water tank is computed to test the various
kinds of finite difference schemes. In the present case, 30 x 12 grid points are used in z- and
y-directions and the grid size is Az = Ay = 1.0. The density of the saline water is p; = 1.03 and
that of the fresh water is po = 1.0. These include the components of the gravity acceleration,
gu = 0, g, = —980.0 cm/s?. A inlet boundary is in 3 computing cells with the left lower
boundary wall and the saline water comes in the region at the inflow velocity of 10 cm/s.
The results are shown in Fig. 2 as the marker particles profile. Figures 2(A) and (B) show
the discontinuity of particles behind the top point of the current head by using a first order
upwind method and a ZIP type central differencing scheme respectively. On the contrary.
Figure 2(C') shows good distributions of particles by the CIP scheme. At the same situation,
another computation is carried out using the CIP scheme by the modified CIP 2DKAI method
in Fig. 3. As this CIP2DKAI code has no particles, the density difference of the two fluid is
clarified by 3 contour lines at the value of p = 1.01, 1.015, 1.02.

Secondly, in order to analyze the applicability of the present method, a lock exchange flow
shown on Fig. 4 is chosen as an example. Some selected time-marching results are represented
in Fig. 4 and Fig. 5 with the aim of describing the behaviour of a densimetric exchange flow
with the 1.03 : 1 density ratio. The simulation result of this particle code in Fig. 4 shows the
irregularity of a free surface because of the surface cell pressures being defined as zero at the
center of each surface cell. Figure 5 contrasts the surface smoothness using the modified surface
treatment of the CIP2DKAI code. Figure 6 shows plots of the distance traveled by the density
front as a function of time for several density ratio. In the present method, the computation is
carried out for the Ap/p = 0.03 density ratio problem. The agreement between predictions of
both present cases and another calculations performed by Komoda and Takeuchi is farely good.
In addition to the prediction of Takeuchi, the measured data in the experiments by Takeuchi
(1985) agree well with the results of its computation in Fig. 6.

Figure 7 contains slight variations of water level at both fresh water side wall and saline
one. The surface level of the heavy fluid drops on the left wall and that of the lighter fluid rises
on the right wall initially. In a short time interval, the free surface orientation at each wall has
completed about one-half cycle of oscillation in Fig. 7. These variations of water level might
be caused by the propagation and reflection of the surface wave as the density current moves
by the gravitational acceleration. In the present calculation, a slight difference of a periodic
time of these waves has been observed. The dashed line is proposed by Takeuchi at the same
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condition of our computation. However, it is much difficult to explain the difference, and it is
not possible to prove it by experiment.

Finally, a saline-water oscillator that was discovered by Martin (1970) and its theoretical
and experimental report proposed by Yoshikawa (1991) is simulated by using the present
scheme in Fig. 9. In this simulation, a outer vessel is filled with pure water and saline water is
poured into a upper cup with a small orifice in its base. Then a rhythmic change is observed and
simulated between the up-flow of fresh water and the down-flow of saline water. The period
of oscillation can be several seconds depending on the experimental devices and simulation
conditions in Fig. 8.

The simulation conditions are as follows. The diameter of orifice with a cup is 5 mm
(a = 2.5 mm) and the diameter of a cup is 90 mm (b = 45 mm). The thickness of the base of a
cup is 5 mm (d = 5 mm). Density values of NaCI solution and pure water are p, = 1.1 g/cm?
and pg = 1.0 g/cm?® respectively. Initial depth of water is 8 cm, and computational region of
this axisymmetric flow is a half size of total axisymmetrical experimental device. The period
of this saline oscillator in these conditions is 1.05 seconds for the simulation, and 1.20 seconds
for the experiment. The coincident between simulation and experiment is fairly good.
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Figure 2. Results of the particle simulation for the advancing heads of the density current.
Density current simulation by using several kinds of differencing methods to convective terms:
A: Upwind Method,
B: Zip Type Differencing,
C: CIP Method.
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Figure 6. Front position versus time of the densimetric exchange flow.
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Figure 7. Time variation of a free surface level of the densimetric exchange flow.
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Figure 9. Some comparison between experiment and simulation for sapine oscillator.



