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Experiments for the gravity currents produced from a two-layer density-stratified
buoyancy source in a full-depth, lock-exchange setup with a scaling analysis describing
the flow morphologies are presented. In the inertial phase of propagation, the 3/2 power
relationship x;/ = 15F BS/ 2t +1) robustly applies between the front location x; and
time ¢, where F; is the Froude number in the inertial phase, By is the total released buoyancy,
and ¢, is the 7-intercept. We showed that the Froude number in the inertial phase is not
a universal constant but depends on the two controlling parameters, namely, the density
difference ratio, R, = (poy — po)/(pr — po), Where py, pr, and p, are the densities of
the fluids in the upper layer, lower layer, and ambient environment, respectively, and the
buoyancy distribution parameter, Rz = By /By, where By, is the buoyancy in the upper
layer. For a given buoyancy distribution parameter, the Froude number in the inertial phase
decreases monotonically as the density difference ratio decreases. For a given density
difference ratio, the Froude number in the inertial phase has a local minimum as the
buoyancy distribution parameter falls in the range of 0.3 < Rz < 0.5. When the buoyancy
source is homogeneous, the Froude number in the inertial phase has its maximum value
at F; = 1.33 £ 0.02. The flow morphology is also found to depend on the two controlling
parameters. For weakly stratified two-layer heavy fluid, 0.4 < R, < 1, mixing between
the fluids from the two layers is more immediate. For strongly stratified two-layer heavy
fluid, 0 < R, < 0.4, there is less mixing between the layers for flows dominated by the
upper layer, Rg — 1, and for flows dominated by the lower layer, Ry — 0. For gravity
currents that are produced from a strongly stratified source and dominated by the upper
layer, the upper layer may override and outrun the lower layer, which initially takes the
lead after the two-layer heavy fluid is released. For gravity currents that are produced from
a strongly stratified source and dominated by the lower layer, the lower layer may outrun
the upper layer from the outset, resulting in streamwise stratification. Surprisingly, for the
gravity currents produced from a strongly stratified source, mixing of fluids from the two
layers can be enhanced when the buoyancy distribution parameter falls in the range of
0.3 < Rp < 0.5. Such an exceptional observation is now successfully explained by the
scaling analysis.

DOI: 10.1103/PhysRevFluids.2.073802

I. INTRODUCTION

Gravity currents, also known as density currents, occur when fluid of one density propagates
along a horizontal boundary into fluid of a different density. In geological and engineering
environments, the density difference can be attributed to a number of factors, including temperature
differentials, dissolved materials, and suspended sediments. Readers are referred to Refs. [1-4] for
a comprehensive introduction to this topic and review of the examples.

Gravity currents have been studied extensively in laboratory experiments since the 1950s. These
experiments of gravity currents have been typically performed in a closed, rectangular cross section
and horizontal channel with a vertical barrier, where two sides of the barrier are filled with fluids
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of different densities. Removal of the barrier then sets the two fluids into motion. This type of
experiment, lock-exchange setup, serves as a paradigm configuration for studying the evolution
of gravity currents [5—12]. Other related studies include the influence of the cross section on the
propagation of gravity currents by lock exchange, which has been addressed by Ref. [13], and the
influence of favorable and adverse slopes, which has been investigated by Refs. [14-23].

It is well known that gravity currents produced by lock exchange may go through three different
phases of spreading in sequence, namely, the slumping, inertial, and viscous phases. In the slumping
phase, the speed of the gravity current front is nearly constant (within experimental error). The
speed of the front, Uy, in the slumping phase can be expressed in terms of the reduced gravity,
86 = &(pc — po)/ po, depth of channel, H, and Froude number in the slumping phase, Fs, as

Uy = Fs\/8oH. (1)

where pc is the density of homogeneous heavy fluid and pg is the density of ambient light fluid.
For full-depth lock exchange flows, Refs. [24] and [25] found Fs to vary between 0.45 and 0.5
for sufficiently high Reynolds numbers. For energy-conserving gravity currents, as is the case for
gravity currents at sufficiently high Reynolds numbers, Refs. [26] and [5] show that Fg = 0.5.

In the inertial phase, a balance between the buoyancy and inertial forces is struck and the gravity
currents start to decelerate in time following Uy ~ t~1/3. The speed of the front in the inertial phase

can be expressed as
Ur = Fi\/&hy. 2

where F; is the Froude number in the inertial phase and £ is the current height. Reference [27]
indicated that in the inertial phase, F; ~ 1.19 when h;/H < 0.075, while Ref. [26] indicated that

Fy — +/2 in the limit of 2y <« H. Finally in the viscous phase, when the viscous force balances
the buoyancy, the gravity currents decelerate even more rapidly than in the inertial phase. Reference
[28] showed that the speed of the front in the viscous phase follows U, ~ t=4/5.

In the literature, our understanding of gravity currents produced by lock exchange is mainly
built on flows that develop from initially homogeneous buoyancy sources. A number of previous
investigations have been focused on the release of heavy fluid into a density-stratified environment,
including Refs. [29-34] for bottom-propagating gravity currents and [35-40] for gravity currents
propagating at some intermediate depth in the stratified environment. However, little is known about
the gravity currents produced from buoyancy sources that are already density-stratified at the time
of release [41]. In reality, the buoyancy sources may become vertically density-stratified in terms
of suspended particle size and concentration of dissolved materials due to a number of processes,
which include different settling velocities of suspended particles, variations in turbulence intensity
within the flow, entrainment of ambient fluid at the margins, and entrainment of sediment from
the erodible substrate. In many situations, e.g., in the study of deposits of turbidity currents, and
pyroclastic flows [42,43], knowledge of the density-stratified gravity currents is helpful in offering
possible explanations for observed features of particle segregation [44—46].

The purpose of present investigation is to deepen our understanding of the gravity currents
produced from a buoyancy source which is already density-stratified at the time of release. Our
focus in this study is on the inertial phase of propagation and the buoyancy source is simplified as
a two-layer heavy fluid. The investigation is conducted systematically by varying the depths and
densities of fluids in the two layers, while the average density of the two-layer system is maintained
unchanged in all experiments. The objective is to investigate qualitatively and quantitatively how
the inertial gravity currents are influenced by the two controlling parameters, namely the density
difference ratio and the buoyancy distribution parameter, which will be introduced in the following
section. Although Ref. [47] performed a similar series of experiments to the ones presented here,
the spatial-temporal resolution therein was relatively insufficient to quantify the dependence of the
Froude number on the density difference ratio and the buoyancy distribution parameter. In Sec. II, we
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FIG. 1. Side view of the channel used in the experiments for gravity currents produced from a two-layer
density-stratified buoyancy source. The ambient is filled with fluid of density py, and the heavy fluid region
consists of two layers, where the lower layer is filled with fluid of density p, and thickness %, and the upper
layer is filled with fluid of density p; and thickness 4. The depth of the ambient is equal to the total depth of
the heavy fluid region and is maintained at H = 20 cm in the experiments. The lock gate is placed at a constant
distance Ly = 10 cm from the left wall. The channel is fitted with a rigid lid to make the boundary conditions
identical at the top and bottom of the channel. Removal of the gate then sets the two-layer heavy fluid into
motion.

summarize the 3/2 power relationship for the front location history in the inertial phase and present
a scaling analysis, which describes the mixing and separation processes involved in the evolution
of gravity currents. The experimental procedures are described in Sec. III, and the qualitative and
quantitative results are presented in Sec. I'V. Finally, conclusions are drawn in Sec. V.

II. THEORETICAL BACKGROUND

The configuration of the problem is sketched in Fig. 1. The two-layer density-stratified heavy
fluid is placed on the left hand side of the lock gate, while the ambient light fluid is placed on the
other side. After the lock gate is removed, the heavy fluid collapses out of the lock region. Since
the lock length is short compared with the length of the channel, the gravity currents accelerate
for a short period and quickly move into a state, the inertial phase, where a balance of inertial and
buoyancy forces is struck and the viscous force is considered to be unimportant.

In the inertial phase, the two-dimensional initial buoyancy per unit width

By=gyHLy, where g,= ug 3)

L0
is a parameter that must be considered. Here H and L are the initial height and length of the lock,
respectively, and pc and py are the average density of the two-layer heavy fluid and density of
ambient fluid, respectively. The average density of the two-layer heavy fluid is defined by

hr hy
IOCZIOLE‘FPUﬁv )
where p;, and py denote the densities of fluids in the lower and upper layers, respectively, and hj,
and &y denote the thicknesses of the lower and upper layers, respectively. At the time of release, the
initial potential energy per unit width is defined as

h? h
Ep = Lo(pL — pO)gTLLO(pU — po)ghu (hL + 7{1)’ &)

and it should be kept in mind that, although the average density of the two-layer heavy fluid remains
unchanged in the experiments, the initial potential energy depends on the initial density distribution
between the two layers.

Let the position of the gravity current front be designated as x ; and the time as ¢, then the front
velocity is the time rate of change of x ¢, namely, U ;. Following Ref. [27], the Froude number in the
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inertial phase at the front is given by
Uy
ISV SV (6)
B (; /fo 1/2
Using the fact that Uy = dx/dt, (6) can be integrated with respect to time as

Fr =

X = 15F By (t + 1), (7)

where ¢#; is a constant of integration which can be found by identifying the ¢-intercept in the plot of
x;/ 2 against 7. This relationship has been shown to describe the inertial gravity currents produced
from homogeneous and density-stratified buoyancy sources well [47]. For inertial gravity currents
produced from a homogeneous buoyancy source, [27] reported that F; ~ 1.19 when i s /H < 0.075;
for those produced from a two-layer density-stratified buoyancy source, Ref. [47] reported that
F; ~1.3.

In the gravity currents produced from a two-layer density-stratified buoyancy source, the evolution
of the gravity currents is mainly controlled by two important processes, which are the mixing and
separation between the layers. The gravity currents would become streamwise stratified, i.e., the two
layers separate in the streamwise direction, if the layers are unable to mix in the early stage of the
flow development. Conversely, the flow would be unable to become streamwise stratified once the
two layers mix.

A simple scaling analysis, in the spirit of the analysis by Ref. [47], may help identify the
important parameters characterizing the evolving structure of the gravity currents. If the two layers
of the initial vertical stratification are considered as propagating forward at different speeds, then
the dimensionless time scale for the two layers to separate by a distance L, will be

B

—_—, ®)
B2 _ Bl

Tsep ™
where B; = g7 h;Loand By = gj,hy Lo represent the buoyancy in the lower layer and the buoyancy
in the upper layer, respectively. The lower layer has thickness /; and reduced gravity g; = g(or —
P0)/ po; the upper layer has thickness &y and reduced gravity g;, = g(pu — po)/po. as illustrated

in Fig. 1. The speeds of propagation of the lower and upper layers are estimated as Bi/ ZLS /2 and

Bll/ 2L8 Y 2, respectively, and the time scale for nondimensionalization based on the bulk density is

By L.

When the gravity current is dominated either by the upper layer or by the lower layer, By > B
or By > By, the dimensionless time scale of separation is of order unity, Tep, ~ O(1), since By =
B; + By. However, it is important to note that when By & By, according to (8), the dimensionless
time scale of separation can become greater than order unity. In this situation the two layers propagate
forward at similar speeds maintaining contact without separation for an extended period.

When the two layers mix, the growth rate of the mixed region, nondimensionalized by the velocity
scale B(;/ 2L5 1 2, is estimated as o Ri ! using the entrainment law [48], where « is the entrainment
coefficient of order 10~! [48—50] and

(&L —sH

Ri 1
BoLy

9)

is an estimate for the bulk Richardson number. Supposing that the mixed layer has thickness 7 y;x,
the dimensionless time scale for the mixed layer to grow to the thickness /iy is estimated as

lg}‘ - gb hmix

. 10
s H (10)

Tmix

During the initial development of the flow, the thickness of the mixed layer is expected to be
limited by the smaller of 4, and hy. As a result, T,ix — 0 when Ay /H — 0, i.e., when either
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hy/H — Qorhy/H — 0.Physically, hnix/H — Orepresents that one of the two layers is extremely
thin compared with the other and in this case mixing is immediate. However, such a case is not of
particular interest, and, in this study, we shall be concerned with the situation when A, /H < O(1)
but hyix/H - 0.

Alternative models describing the entrainment (e.g., Refs. [51,52]) may lead to other functional
forms for the dimensionless time scale of mixing than the one presented here. Nevertheless, the
scaling analysis essentially describes the mixing and separation processes and explains the different
flow morphologies, as will be shown in the following section.

For gravity currents to become streamwise stratified, the dimensionless time scale of separation
must be shorter than that of mixing, namely, Tmix > Tep, Which leads to g; > g;, and provided
the dimensionless time scale of separation is not much greater than order unity. If this condition is
expressed in terms of the density difference ratio,

__Pu — Po

R - ’
P PL — Po

(1)

which is essentially the ratio of the reduced gravity in the upper layer to that in the lower layer,
R, = g,/ g}, then the necessary condition for gravity currents to be streamwise stratified, namely,
g; > gy, becomes R, <« 1, which is also termed as a “strongly” stratified source. For gravity
currents produced from a strongly stratified source, the flow may be dominated either by the upper
layer or by the lower layer, depending on the distribution of buoyancy between the two layers. These
differing behaviors can be expressed by the buoyancy distribution parameter defined by

By

Rp = .
B Bo

(12)
When Rp — 1 the flow is dominated by the upper layer, and when Rp — O the flow is dominated
by the lower layer.

However, according to (8) and (10), the time scale of mixing can still be shorter than that of
separation, Tep > Tmix, €ven when the buoyancy source is strongly stratified, R, < 1, provided
B; =~ By. This exceptional case can lead to enhanced mixing in the gravity currents produced from
a strongly stratified source. In essence, the reason for enhanced mixing in this exceptional case lies
in the fact that the buoyancy is equally distributed between the two layers, as such the two layers
propagate forward at similar speeds. Therefore, the fluids from the two layers keep in contact for
an extended period, which allows for enhanced mixing even when the buoyancy source is strongly
stratified.

For two arbitrary layers to mix and produce a homogeneous inertial gravity current, the time scale
of mixing must always be shorter than that of separation and the condition R, — 1, which is also
termed as a “weakly” stratified source, is then required.

III. EXPERIMENTS

A sketch of the experimental setup is shown in Fig. 1. The channel used in the experiments
was manufactured with a rectangular cross section 0.2 m wide, 0.3 m deep, and 2.4 m long with
transparent Perspex sidewalls. A lock gate was placed at a distance Ly = 10 cm from the left wall.
The two-layer density-stratified heavy fluid was carefully filled with a sponge on the left-hand side
of the gate, and the ambient light fluid was placed on the right-hand side of the gate. During the
experiments, the ambient light fluid was fresh water, and the excess density of the heavy fluid
layers was created using sodium chloride. The depth of the two-layer heavy fluid was maintained
at H = 20 cm. The lower layer thickness and the upper layer thickness were varied systematically
in the ranges of 0.085 < hy/H < 1and 0 < hy/H < 0.915 while 2, + hy = H was maintained
throughout the experiments. The depth of the ambient was equal to the total depth of the two-layer
heavy fluid. The upper fluid boundary was in contact with two sheets of Perspex, which were
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separated by a thin gap to allow the lock gate to be easily removed. Removing the lock gate then
sets the two-layer heavy fluid and ambient light fluid into motion.

A uniform LED light board and a light-diffusing screen were placed against the back wall. A
Canon 700D camera (1920 x 1080 pixel resolution at 24 frames per second) was positioned 10 m
away from, and normal to, the front wall. The x and y axes in the images align with the horizontal
bottom boundary and the wall-normal direction, respectively. The heavy fluid region consisted of
two layers of different densities. The lower layer was colored with 5 ml of blue dye per 1 L of solution
of sodium chloride, and the upper layer was colored with 6 ml of yellow dye per 1 L of solution of
sodium chloride. Blue and yellow colors were chosen to allow the layers to be distinguished and the
mixing between the layers, as indicated by the green color, to be clearly visualized. The ambient fluid
was not colored and shown as white in the images. The images of gravity currents were recorded
and exported into a PC where postprocessing was performed.

Densities of the ambient and heavy fluids were measured using a density meter with an accuracy
of 107* g cm™3. The density of ambient fluid was maintained at py = 0.9955 4+ 0.0016 g cm~>.
In each experiment, the density difference between the heavy and ambient fluids was solely due
to dissolved sodium chloride. Slight temperature variations between experimental runs, due to
seasonal changes in air temperature, could produce a density change in ambient fluid between
runs. However, the density change due to temperature variations was very small compared with that
produced by dissolved sodium chloride. The average density of the two-layer density-stratified heavy
fluid, defined by (4), was carefully maintained at pc = 1.0400 g cm~3 throughout the experiments.
Therefore, the total amount of sodium chloride dissolved in the heavy fluid was maintained constant.
Only the distribution of sodium chloride between the layers was varied to aid comparison of flow
behavior. The kinematic viscosity of the sodium chloride solution is takenas v = 1.1 x 1072 cm?s~!
[53]. Reynolds numbers in the experiments based on the bulk density of the two-layer heavy fluid,
Re =/ g{)H 3/v, were approximately Re =~ 53000, which is far in excess of 1000, above which
the inertial phase of propagation could be attained and viscous effects have been thought to be
unimportant [3].

IV. RESULTS

In what follows the experimental results for gravity currents produced from a two-layer density-
stratified buoyancy source are presented in order. First, we shall present the results for gravity currents
produced from a homogeneous buoyancy source, i.e., R, = 1. Second, the gravity currents produced
from a “weakly” stratified buoyancy source are presented. Third, the gravity currents produced from
a “strongly” stratified buoyancy source are presented. In the experiments, by “weakly” we mean that
the density difference ratio is in the range of 0.4 < R, < 1, in comparison with a “strongly” stratified
source in which the density difference ratio is in the range of 0 < R, < 0.4.In fact, there is no such a
clear distinction between a “weakly” stratified source and a “strongly” stratified one. The classifica-
tion of two-layer density-stratified buoyancy sources into weakly and strongly stratified ones is based
on the observation and at the author’s discretion in order to distinguish different flow morphologies
between small density contrast and large density contrast in the two-layer heavy fluid system.

Specifically, for weakly stratified two-layer heavy fluid, we shall present the case when the flow
is dominated by the lower layer, Rg — 0, and the case when the flow is dominated by the upper
layer, Rp — 1. For strongly stratified two-layer heavy fluid, we shall present the case when the flow
is dominated by the lower layer, Rg — 0, the case when the flow is dominated by the upper layer,
Rp — 1, and the exceptional case when the buoyancy distribution parameter falls in the range of
0.3 < Rp 505

As there is no clear distinction between weakly and strongly stratified sources, neither is
there a clear transition of flow morphology between an upper layer—dominated flow and a lower
layer—dominated flow. The cases presented in the paper are selected in order to highlight qualitatively
distinct flow morphologies in the parameter space under investigation. The operational parameters,
dependent variables, and experimental constants are listed in Table I and Table II. In each

073802-6



EXPERIMENTS ON TWO-LAYER DENSITY-STRATIFIED ...

TABLE 1. Table showing operational parameters, including the depths of the upper layer and lower layer,
h./H and hy/H, average density of the two-layer heavy fluid, pc, densities of fluids in the lower layer and
upper layer, p;, and py, density of ambient fluid, pg, and initial potential energy per unit width in the two-layer
system, E . The unit for the density is g cm~>. The densities of fluids in the lower layer and upper layer are

carefully controlled so that the average density of the two-layer heavy fluid is maintained at pc = 1.0400 gcm™.

3

The lock geometry, H = 20 cm and Ly, = 10 cm, is maintained fixed for all experiments. The initial potential
energy per unit width in the two-layer system is in units of 10* g cm s~2. Each experimental setup is repeated
at least five times. The error estimates are to add and subtract the maximum and minimum values and are not
the r.m.s. estimates.

Experiment hy/H hy/H pc oL Pu Lo E o

Al 1.000 - 1.0400 1.0400 - 0.9967* 00002 8.4994 10033
Bl 0.200 0.800 1.0400 1.0450 1.0388 0.9966" 000 8.3110+0.0%7
B2 0.200 0.800 1.0400  1.0500  1.0375  0.996509%1  g.1345+0.0471
B3 0.200 0.800 1.0400 1.0550 1.0363 0.99627 0001 79971907
B4 0.200 0.800 1.0400 1.0600 1.0350  0.996210 500 7.81661 0030
BS 0.200 0.800 1.0400 1.0650 1.0338 0.9955% 0000 77577000
B6 0.200 0.800 1.0400 1.0700 1.0325 0.99597 00002 7479170038
B7 0.200 0.800 1.0400 1.0750 10313 0.9965%9001 7.1691100118
BS 0.200 0.800 1.0400 1.0800 1.0300  0.9958*0 500 7.09851 00038
B9 0.200 0.800 1.0400 1.1050 1.0238 0.9951% 90000 6.2509199%¢7
C1 0.400 0.600 1.0400 1.0450 1.0367  0.9944700009 8.5543 10978
2 0.400 0.600 1.0400 1.0500 1.0333 0.99507 20003 8.0481+0.0746
C3 0.400 0.600 1.0400 1.0550 1.0300  0.994610500¢ 7.72641099%8
C4 0.400 0.600 1.0400 1.0600 1.0267 0.9949F 0000 7.28297015%
Cs 0.400 0.600 1.0400 1.0650 1.0233 0.994610 000 6.94161 0%
C6 0.400 0.600 1.0400 1.0700 1.0200  0.9947+)000¢ 6.533500783
C7 0.400 0.600 1.0400 1.0750 1.0167  0.9950% 000  6.082200%°
C8 0.400 0.600 1.0400 1.0800 1.0133 0.9956™ 0001 5.5721790158
DI 0.600 0.400 1.0400 1.0450 1.0325 0.9947+0-0007 8.303210%1
D2 0.600 0.400 1.0400  1.0500  1.0250  0.9945%59003  7.7577+0:070
D3 0.600 0.400 1.0400 1.0550 1.0175 0.9948™ 00003 7.09461 0030
D4 0.600 0.400 1.0400  1.0600  1.0100  0.9947t4%15 6 5295+0.1216
D5 0.600 0.400 1.0400 1.0420 1.0370  0.9947+900 8.66037012%
El 0.800 0.200 1.0400 10450  1.0200  0.9949*09%00  8.0599+000%
E2 0.800 0.200 1.0400  1.0420  1.0320  0.9948*0%00¢ g 5622+0.0510
E3 0.800 0.200 1.0400 1.0410 1.0360 0.9946™ 000 8.742710.012
E4 0.800 0.200 1.0400 1.0460 1.0160  0.995410001 7.81661 0008
Fl 0.730 0.270 1.0400 1.0505 1.0117 0.9952F 00001 7.2898700158
F2 0.783 0.217 1.0400 1.0468 1.0157 0.99537 0002 7.7298* 0035
F3 0.844 0.156 1.0400 1.0430 1.0238 0.99521 0000 8.29711003
F4 0.878 0.122 1.0400 1.0411 1.0319 0.9954 100002 8.5567100158
Gl 0.412 0.588 1.0400 1.0715 1.0180  0.995570502 6.178270027
G2 0.483 0.517 1.0400 1.0603 1.0211 0.9956™ 30000 6.78547 008
G3 0.583 0.417 1.0400 1.0490 1.0274  0.9957 0000 7661670038
G4 0.651 0.349 1.0400 1.0434 1.0337 0.9958* 00002 8.24481 0033
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(Continued.)

Experiment hi/H hy/H Pc oL pu Po Epo

H1 0.231 0.769 1.0400  1.0925 10243 0.9955%0000  6.3578000
H2 0.286 0.714 1.0400 1.0738 1.0265  0.9958™0 000! 6.784070 0337
H3 0.375 0.625 1.0400 1.0550 10310 0.9960700007  7.5213%0000)
H4 0.444 0.556 1.0400 14560  1.0355  0.9963700005  8.0795%0045
11 0.114 0.886 1.0400  1.1135 1.0306  0.996470000  6.9115700303
12 0.146 0.854 1.0400  1.0873 1.0319  0.99627 0000 723307004,
13 0.205 0.795 1.0400  1.0610  1.0346  0.996670000  7.66451 0030
4 0.255 0.745 10400  1.0479 10373 0.996670000;  8.1245%000%0
J1 0.310 0.690 1.0400 1.0820 L0211 0.99661000,  5.965610 054
K1 0.660 0.340 1.0400  1.0563  1.0082  0.9948700000  6.7522%0 0000
K2 0.464 0.536 1.0400  1.0727 10118 0.9952700001  5.8190*0 0100
K3 0.335 0.665 1.0400 1.0890 10153 0.995170000  5.587710 0000
K4 0.245 0.755 1.0400  1.1053 1.0188  0.995170000  5.67260 0000
K5 0.178 0.822 1.0400  1.1217 1.0224  0.994970000)  6.00247 50005
K6 0126 0874  1.0400  1.1380  1.0259  0.9950*29%%0  6.40877350%0
K7 0.085 0.915 1.0400  1.1543 1.0294  0.995079 0001 6.928410010%

experimental setup, at least five repeated runs were performed to make qualitative and quantitative
observations. The height and length of the two-layer density-stratified heavy fluid, H and L,
remained fixed for all experiments.

A. Gravity currents produced from a homogeneous source, R, = 1

We begin with the case in which the gravity current was produced from a homogeneous buoyancy
source, R, = 1. The densities of heavy and ambient light fluids were chosen at pc = 1.0400 g cm™3
and py = 0.9967 g cm~3, respectively, and Re ~ 53 000.

1. Qualitative and quantitative results

The heavy fluid was set into motion when the gate was withdrawn. Since the lock length L is
short compared with the lock height H, the gravity current moves quickly from the initial condition
into the inertial phase. The images for the gravity current produced from a homogeneous source
in experiment 02/02/15 — A1 with g, = 42.62 cm s~ are presented in Fig. 2. With the images
as presented in Fig. 2, the front location can be identified without ambiguity as the furthest point
reached by the gravity current. The front velocity can then be calculated as the time rate of change
of the front location. Figure 3(a) shows the front velocity history of the gravity current produced
from a homogeneous source in experiment 02/02/15 — Al.

In this experiment, the gravity current produced from a homogeneous buoyancy source reaches
its maximum front velocity U f max ~ 13.62 cm s~ att ~ 2.0 s. When reaching the maximum front
velocity, the front has accelerated for approximately 2.6 lock lengths. During 2.0 < ¢ < 6.0 s, the
front velocity decreases slightly from the maximum front velocity and the gravity current is known
to be in the slumping phase, since the disturbance reflected from the left wall has not caught up with
the front. At ¢t ~ 6.0 s, the arrival of the reflected disturbance at the front initiates the transition to
the inertial phase, as reported by Ref. [54]. When the transition to the inertial phase occurs, the front
has traveled approximately 7.8 lock lengths. The irregularity of the contour on the top of the head
in the inertial phase, as shown in Fig. 2, is due to shear instabilities [3].
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TABLE II. Table showing experimental constants, including the density difference ratio, R,, buoyancy
distribution parameter, Rg, Froude number in the inertial phase, F;, ¢-intercept in the 3/2 power relationship
(7), t;, front location at which the maximum front velocity is reached, x s max, and maximum front velocity,
U ¢ max- Each experimental setup is repeated at least five times. The error estimates are to add and subtract the
maximum and minimum values and are not the r.m.s. estimates.

Experiment R, Rg F, —t7 (s) X ¢ max (Cm) U fmax (cms™)
Al 1.000 - 1.33+02 1.6010-12 20.93132 13.52102¢
B1 0.872 0.777 1.35%00¢ 1717587 26.04103 13.55%03¢
B2 0.768 0.754 1.32150 1.61%014 27.14+ 3% 13.6970%
B3 0.681 0.732 1.31750 1.56753% 24.68+4%2 13.871028
B4 0.608 0.709 131709 1.53+9% 22.48733% 14054933
B5 0.546 0.686 1.2817502 1.281529 2247455 14.38104
B6 0.492 0.663 1.291502 1.394579 23.3718:3¢ 14.46%030
B7 0.445 0.640 1.254902 115792 23.34134 14.58+043
BS 0.403 0.617 1.25700 128707 23.834397 14.47+02¢
B9 0.253 0.503 1175008 0.80%013 22.9379% 15.32103)
Cl 0.829 0.554 1.327003 1437013 22027730 14.40%0%
C2 0.690 0.509 1.30750 1.28507 2111433 14.54703
C3 0.575 0.463 127500 117559 24931338 14.5001¢
C4 0.478 0.417 1.247503 1.04459] 23.901322 14.897031
C5 0.394 0.372 122400 0.80%0 11 25.027593 15.037022
C6 0.322 0.326 1217003 0.65%03 26.39773¢ 15.26703¢
C7 0.260 0.280 1.1750 0.3475% 28.041473 15.22%02
C8 0.204 0.235 1.14+9%3 0.07+918 23.117}3) 15.69192
DI 0.744 0.332 1.307591 1.257502 22.8553% 14.4710%
D2 0.535 0.263 1267001 0.9670:09 22,9357 14.767013
D3 0.362 0.195 1.241502 0.67 54 22.55H081 15.261018
D4 0.216 0.126 1.24700¢ 0.44%0] 2265796 15.3870%
D5 0.891 0.373 1.3310% 1.487013 21517448 14.1270%
El 0.488 0.109 1.291502 1.0675% 22.9613% 14.48%0%
E2 0.782 0.163 132400 133008 21.5279% 14.50709%
E3 0.888 0.182 1.341502 1.45%03¢ 21.20M058 14.29%08
E4 0.398 0.090 1.281501 1.007393 21.861039 14.70%018
Fl 0.300 0.100 1.25+002 0.65911 2223703 14.93+07
F2 0.400 0.100 1.29%902 1.0079% 23.04*447 14.68+528
F3 0.600 0.100 1.3175% 1.237513 21.5370% 14.38%017
F4 0.800 0.100 1.341002 1.40%919 21.8479% 14.34+004
Gl 0.300 0.300 1.1575% 0.14759% 24.0610% 15.647017
G2 0.400 0.300 121799 0.53912 22,9093 15.17+59%
G3 0.600 0.300 1.267501 1.021502 2248104 14.55%02¢
G4 0.800 0.300 1.34+003 1.34101¢ 21.917H1 1434708
HI 0.300 0.500 117500 0.69%011 23.48% o8 15317919
H2 0.400 0.500 1217500 0.817002 2277438 14.96%032
H3 0.600 0.500 1.2675% 1.067512 21.55 4 14.55%033
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(Continued.)
Experiment R, Rp F —t7 (s) X fmax (cm) U max (cm s7h
H4 0.800 0.500 1327903 138405 2112708 14.19705
gl 0.300 0.700 1.2575% 1.347506 22,0419 14.3810%2
2 0.400 0.700 1.27H9% 1334012 2146707 14.45%01)
13 0.600 0.700 1.3019%2 1354018 20.6371<8 142294
4 0.800 0.700 1.334% 157400 20.00703 13.82%013
J1 0.300 0.400 1.1675% 0.54751 22.051559 15.05%02
K1 0.216 0.100 1.2219:02 0.07%03 23.42+59 15.16703%
K2 0.216 0.200 117500 0.04%004 23.8270% 15.69103%
K3 0.216 0.300 1.1419% 0.0870:0 25.18%31 1586104
K4 0.216 0.400 1.1217502 0.28039 25.43+18 15.65%0%1
K5 0.216 0.500 1.1419% 0.6179% 23.87+13% 15.76+93
K6 0.216 0.600 1.18750% 0.93752% 24.75%047 15.43708
K7 0.216 0.700 1.2+ 1.20%% 22.96,% 14.44%0-47

Figure 3(b) shows the relationship between x;/ * and ¢ for experiment 02/02/15 — Al. During
0 <t < 6.0 s, namely, during the initial acceleration and the slumping phase, the approach of front
location data to the 3/2 power relationship (7) is from above. The presence of the inertial phase is

t= 0s
t= 2s

sl
1 —N
I— N
I—

t=11s

t=14s

e ————————R,

0 20 40 60 80 100 120 140 160 180 200 220

FIG. 2. Experiment 02/02/15 — A1l: flow images for the gravity current produced from a homogeneous
buoyancy source with H =20 cm, Lo =10 cm, and gj =42.62 cm s~2 propagating on a horizontal
boundary. Distances in x and y directions are in units of cm. Time instances in the images are chosen at
t=0,2,58,11,14,18 s. In this experiment the maximum front velocity Uy m. A~ 13.62 cm s~ occurs at
t & 2.0 s, and the inertial phase begins at t = 6.0 s.
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FIG. 3. Experiment 02/02/15 — Al: front velocity history, shown in panel (a), and relationship between
xi-/ * and ¢, shown in panel (b), for the gravity current produced from a homogeneous buoyancy source. The front
velocity is in units of cm s~!, the front location is in units of cm and time is in s. The solid line in (b) represents
the straight line of best fit to the inertial phase of propagation, and the fitting equation is xj/ T = 187.35(t + 1),
where t; = —1.68 s. See the caption of Fig. 2 for other details.

best described by the straight line in Fig. 3(b), where the 3/2 power relationship (7) applies. The
slope of the fitting line represents 1.5 F; Bé/ * and the Froude number in the inertial phase, F;, can be
calculated based on the slope of the fitting line and the total buoyancy By in the experiment. Table 11
lists the values of Fj in this and other experiments.

It is clear that the front location data robustly follow the 3/2 power relationship (7) in the inertial
phase, where F; = 1.33 & 0.02 is observed for the gravity currents produced from a homogeneous
buoyancy source. The running length of the channel is not sufficiently long so that the gravity
currents produced from a homogeneous buoyancy source have not reached the viscous phase in this
experiment.

B. Gravity currents produced from a weakly stratified source, 0.4 S R, < 1

We now turn the attention to the situation when the stratification is weak, i.e., that the density
difference between the two layers is relatively small so that the mixing between the layers is more
immediate in the inertial phase, and make careful observations of the flow morphology in two
cases. The first case is when the lower layer contains more buoyancy than the upper layer, i.e.,
0 < Rp < 0.5, and the second case is when the upper layer contains more buoyancy than the lower
layer, 0.5 < Rp < 1. In the experiments, the occurrence of the inertial phase is defined as the time
when the front location data match the 3/2 power relationship and is indicated in the figure caption
of the flow images for reference.

1. Qualitative features

Visualization with the help of dyed layers, where the lower and upper layers are dyed blue and
yellow, respectively, allows observation of the slumping and the following propagation of gravity
currents. The choice of using blue and yellow colors makes it easy to identify the region where the
fluids from the two layers mix, as indicated by the green color. After the gate is removed from the
lock, the heavy fluid collapses out of the lock region sequentially, with the lower layer leaving first
to form the front and the upper layer leaving lastly to form the body and tail of the currents.
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FIG. 4. Experiment 08/20/15 — E3: flow images for the gravity current produced from a weakly stratified
buoyancy source with R, = 0.888 and Rz = 0.182 propagating on a horizontal boundary. Distances in x and
y directions are in units of cm. Time instances in the images are chosen at r = 0,2,5,8,11,14,18 s. In this
experiment the maximum front velocity U ma & 14.25 cm s™! occurs at 7 ~ 1.5 s, and the inertial phase
begins atr ~ 5.5 s.

For gravity currents produced from a weakly stratified source, Fig. 4 shows the images for
experiment 08/20/15 — E3 with R, = 0.888 and Rz = 0.182 and Fig. 5 shows the images for
experiment 03/19/15 — B1 with R, = 0.872 and Rp = 0.777. There exist slight differences in the
flow evolution towards the inertial phase between the two cases upon further scrutiny.

When the upper layer contains less buoyancy than the lower layer, 0 < Rg < 0.5, the upper layer
forms a wedge-shaped intrusion, which extends into the head between the body and wake region
of the gravity current, as shown in Fig. 4 for experiment 08/20/15 — E3 with R, = 0.888 and
Rp = 0.182. By the time 7 & § s in the inertial phase, the fluids from the two layers in the gravity
current head already mix thoroughly, as shown by the green color in the images in Fig. 4. On the other
hand, when the lower layer contains less buoyancy than the upper layer, 0.5 < Rp < 1, the upper
layer likewise intrudes between the body and wake region but quickly overrides and outruns the lower
layer. Since the density contrast is relatively small, the fluids from the two layers mix as the upper
layer overrides the lower layer during the propagation, as shown by the green color in the images in
Fig. 5 for experiment 03/19/15 — B1 with R, = 0.872 and Rz = 0.777. There does not appear to
be a clear transition between the preceding two cases as the buoyancy distribution parameter varies
from Rg — 0to Rp — 1, and the gravity current head ultimately becomes homogeneous towards
the inertial phase for gravity currents produced from a weakly stratified buoyancy source.

2. Quantitative results

For gravity currents produced from a weakly stratified source, the fluids from the two layers in the
head region mix thoroughly in the inertial phase, irrespective of the initial distribution of buoyancy
between the layers. Since the front velocity history and the relationship between x;/ * and ¢ are

both observed to be qualitatively similar for all experiments when the two-layer buoyancy source is
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FIG. 5. Experiment 03/19/15 — B1: flow images for the gravity current produced from a weakly stratified
buoyancy source with R, = 0.872 and Rz = 0.777 propagating on a horizontal boundary. Distances in x and
y directions are in units of cm. Time instances in the images are chosen at t = 0,2,5,8,11,14,18 s. In this
experiment the maximum front velocity Uy e ~ 13.53 cm s~! occurs at t & 2.0 s, and the inertial phase
begins at t &~ 6.0 s.

weakly stratified, only the quantitative results from experiment 08 /20/15 — E3 with R, = 0.888 and
Rp = 0.182 are presented in detail for illustrative purposes while results from other weakly stratified
buoyancy sources are omitted for brevity. The operational parameters and experimental constants for
other gravity currents produced from a weakly stratified source are also listed in Table I and Table II.

Figure 6 shows the front velocity history and the relationship between x>/* and 1 for experiment
08/20/15 — E3 with R, = 0.888 and Rp = 0.182. After the heavy fluid is released, the produced
gravity current accelerates and quickly moves into the inertial phase, as described previously for
gravity currents produced from a homogeneous source. When reaching the maximum front velocity
Ufmax ~ 14.25cm s~!ats ~ 1.5 s, the front has accelerated for approximately 2.1 lock lengths. It is
worth noting that in Fig. 6(b) the approach of front location data to the 3/2 power relationship, in the
plot of x;-/ 2 against 7, is gradual from above and is similar to the approach observed previously for
gravity currents produced from a homogeneous source. The Froude number in the inertial phase, Fy,
can be derived from the slope of the best fit line to the inertial phase, and it is found that F; = 1.31
in this experiment. As will be discussed later, the Froude number in the inertial phase depends on
both the density difference ratio, R,, and the buoyancy distribution parameter, Rp. However, for
gravity currents produced from a weakly stratified source, the dependence of the Froude number
on R, and Rp is less obvious compared with that for gravity currents produced from a strongly
stratified source. In fact, the Froude number in the inertial phase assumes its maximum value at
F; =1.33 £ 0.02 for gravity currents produced from a homogeneous source, R, = 1.

C. Gravity currents produced from a strongly stratified source, 0 < R, < 0.4

In this section, we focus on the gravity currents produced from a strongly stratified source,
i.e., the density contrast between the two layers is larger so that there is less mixing between the
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FIG. 6. Experiment 08/20/15 — E3: front velocity history, panel (a), and relationship between xi/ * and

t, panel (b), for gravity current produced from a weakly stratified buoyancy source with R, = 0.888 and
Rp = 0.182 propagating on a horizontal boundary. The front velocity is in units of cm s~!, the front location
is in units of cm and time is in s. The solid line in (b) represents the straight line of best fit to the inertial phase
of propagation and the fitting equation is x3/2 = 185.42(¢ + t;), where t; = —1.34 s. See the caption of Fig. 4
for other details. '

layers compared with that observed in the gravity currents produced from a weakly stratified source.
Three different cases, which encompass different flow morphologies observed for gravity currents
produced from a strongly stratified source, are presented in order. The first case is when the flow
is dominated by the lower layer, Rg — 0, the second case is when the flow is dominated by the
upper layer, R — 1, and the third case is a special transition between the two preceding cases, in
which the flow is neither dominated by the lower layer nor dominated by the upper layer and the
buoyancy distribution parameter falls in the range of 0.3 < Rp < 0.5. As argued theoretically in
Sec. 11, the time scale of separation is shorter than that of mixing when the stratification is strong
for flows dominated by the upper layer and for flows dominated by the lower layer. However, an
exceptional case exists such that the time scale of separation can be greater than that of mixing
provided B; &~ By even when the stratification between the layers is strong.

1. Qualitative results

As reported for gravity currents produced from a weakly stratified source, the gravity currents
produced from a strongly stratified source slump in a similar fashion. The lower layer and the upper
layer leave the lock region sequentially to form the front and body of the flow, respectively.

For gravity currents produced from a strongly stratified source, Fig. 7 shows the images for
experiment 08/06/15 — D4 with R, = 0.216 and R = 0.126 and Fig. 8 shows the images for
experiment 10/21/16 — K6 with R, = 0.216 and Rz = 0.600. However, the flow evolutions are
intrinsically different between the case when the flow is dominated by the lower layer, R — 0, and
the case when the flow is dominated by the upper layer, Ry — 1.

For gravity currents produced from a strongly stratified source and when the flow is dominated
by the lower layer, Rg — 0, the upper layer leaves the lock region last in the slumping process and
remains in the tail region of the currents throughout the propagation, as shown in Fig. 7 for experiment
08/06/15 — D4 with R, = 0.216 and Rz = 0.126. Mixing between the layers, which occurs only
on top of the tail currents, is very limited. As clearly shown in Fig. 7, the two layers separate into
two regions with streamwise stratification. On the other hand, when the flow is dominated by the
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FIG. 7. Experiment 08/06/15 — D4: flow images for the gravity current produced from a strongly stratified
buoyancy source with R, = 0.216 and Rz = 0.126 propagating on a horizontal boundary. Distances in x and
y directions are in units of cm. Time instances in the images are chosen at r = 0,2,5,8,11,14,18 s. In this
experiment the maximum front velocity U ma & 15.23 cm s™! occurs at 7 ~ 1.5 s, and the inertial phase
begins att ~ 7.0 s.

upper layer, Rp — 1, initially in the slumping process the lower layer takes the lead. The upper
layer leaves the lock region lastly but overrides and outruns the leading lower layer during the
propagation, as shown in Fig. 8 for experiment 10/21/16 — K6 with R, = 0.216 and Rz = 0.600.
It is interesting to note that when the upper layer overrides and outruns the lower layer, the size of the
gravity current head increases rapidly and a larger scale Kelvin-Helmholtz instability occurs along
the interface between the moving heavy fluid and ambient light fluid. Also, a special form of mixing
develops during the propagation. As shown in Fig. 8 at + = 2 s and somewhat faintly at # = 5 s, the
upper layer, which is represented by the yellow color, is overrunning the lower layer and overlain by
a region of green color, which demonstrates that the mixture of fluids from the two layers has been
lifted up to the upper edge of the gravity current head.

For gravity currents produced from a strongly stratified source of which the buoyancy distribution
parameter falls in the range of 0.3 < Rp < 0.5, Fig. 9 shows the images for experiment 09/30/16 —
K4 with R, = 0.216 and Rp = 0.400. It is evident that while part of the fluid in the upper layer
remains unmixed in the tail region, the fluids from the two layers move forward in the head without
separation for an extended period and mixing of the fluids in the head region is enhanced.

2. Quantitative results

Figure 10 shows the front velocity history and Fig. 11 shows the relationship between x;/ % and

t for experiment 08/06/15 — D4 with R, = 0.216 and Rz = 0.126. In this experiment, the flow is
dominated by the lower layer, and the upper layer is persistently left in the tail region throughout
the propagation. It is observed from the front velocity history that the produced gravity current
accelerates and moves into the inertial phase, as previously reported for gravity currents produced
from a homogeneous source and from a weakly stratified source. When reaching the maximum
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FIG. 8. Experiment 10/21/16 — K 6: flow images for the gravity current produced from a strongly stratified
buoyancy source with R, = 0.216 and Rz = 0.600 propagating on a horizontal boundary. Distances in x and
y directions are in units of cm. Time instances in the images are chosen at r = 0,2,5,8,11,14,18 s. In this
experiment the maximum front velocity U ma & 15.23 cm s™! occurs at 7 ~ 1.5 s, and the inertial phase
begins at t &~ 6.0 s.

front velocity Uy max ~ 15.23 cm s™! at t & 1.5 s, the front has accelerated for approximately 2.3
lock lengths. The Froude number in the inertial phase, F;, can be derived from the slope of the
best fit line to the inertial phase and it is found that F; = 1.28 in this experiment. However, it is
worth noting that, in the plot of xf/ 2 against ¢ in Fig. 11, the approach of front location data to
the inertial phase is now different. For gravity currents produced from a homogeneous source and
from a weakly stratified source, the approach of front location data to the inertial phase is gradual
from above in the plot of X2 against 7. Here the approach of front location data to the 3/2 power
relationship (7) is from below, as shown in the close-up view in Fig. 11(b). The apparent differences
in the approach to the inertial phase suggest that subtle differences in the interaction between the
layers exist in the experiments, particularly for gravity currents produced from a strongly stratified
source. It should be noted that our results showed good reproducibility. In other words, the observed
flow morphologies and approaches to the 3/2 power relationship are consistent for similar kinds
of experiments. Towards the end of the run of experiment 08/06/15 — D4, deviation of the front
location data from the inertial phase represented by (7) in Fig. 11(a) indicates that a transition
to the viscous phase has occurred. The Froude number in the inertial phase for gravity currents
produced from a strongly stratified source is observed to be persistently lower than that for gravity
currents produced from a homogeneous buoyancy source and from a weakly stratified source. Other
operational and experimental constants for gravity currents produced from a strongly stratified source
are listed in Table I and Table II.

We now present the gravity currents produced from a strongly stratified source and the flow is
dominated by the upper layer. Figure 12 shows the front velocity history, and Fig. 13 shows the
relationship between x?/ % and 1 for experiment 10/21/16 — K6 with R, = 0.216 and Rp = 0.600.
From the front velocity history, it is observed that the produced gravity current accelerates quickly and

073802-16



EXPERIMENTS ON TWO-LAYER DENSITY-STRATIFIED ...

__ t= 0s
] t= 2s
B N
] t= 5s
. e
] t= 8s
__ —A t=11s
|
__ o t=18s
T 1 r 1 r T r T ' 1 AN L T T T 1
0 20 40 60 80 100 120 140 160 180 200 220

FIG. 9. Experiment 09/30/16 — K4: flow images for the gravity current produced from a strongly stratified
buoyancy source with R, = 0.216 and Rz = 0.400 propagating on a horizontal boundary. Distances in x and
y directions are in units of cm. Time instances in the images are chosen at r = 0,2,5,8,11,14,18 s. In this
experiment the maximum front velocity U ma & 15.74 cm s™! occurs at 7 ~ 1.5 s, and the inertial phase
begins at t ~ 2.0 s.

then decelerates. When reaching the maximum front velocity U f max A 15.23 cm s~latr ~ 1.5s,the
front has accelerated for approximately 2.5 lock lengths. After reaching the maximum front velocity,
the gravity current begins to decelerate. However, front velocity history shows an interesting transient,
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FIG. 10. Experiment08/06/15 — D4: front velocity history for the gravity current produced from a strongly
stratified buoyancy source with R, = 0.216 and Rz = 0.126 propagating on a horizontal boundary. The front
velocity is in units of cm s~! and time is in s. See the caption of Fig. 7 for other details.
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FIG. 11. Experiment 08/06/15 — D4: relationship between x;-/ % and 1 for the same experiment shown in
Fig. 7. Panel (a) shows the data over the entire time duration of the experiment, and panel (b) shows the close-up
view for the beginning and following approach of data to the inertial phase. The front location is in units of
cm and time is in s. The solid lines in both panels represent the straight line of best fit to the inertial phase of
propagation, and the fitting equation is x3/ ? =178.19(t + t;), where t; = —0.42 s. Please also see the captions
of Figs. 7 and 10 for other details. ’

nondecelerating period, 6.0 < ¢ < 7.0s, during which the upper layer overrides and outruns the lower
layer. After this transient, nondecelerating period in the front velocity history, the gravity current
continues to move into the inertial phase as represented by the 3/2 power relationship (7) in Fig. 13.

In this experiment 10/21/16 — K6, the approach of front location data to the 3/2 power
relationship (7) in the plot of x?/ : against ¢ is from above. From the slope of the best fit line
in Fig. 13, it is found that F; = 1.17 in this experiment. Towards the end of the run of experiment

16

0 5 10 15 20

FIG. 12. Experiment 10/21/16 — K 6: front velocity history for the gravity current produced from a strongly
stratified buoyancy source with R, = 0.216 and Rz = 0.600 propagating on a horizontal boundary. The front
velocity is in units of cm s~! and time is in s. See the caption of Fig. 8 for other details.
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FIG. 13. Experiment 10/21/16 — K6: relationship between x/~ and 7 for the same experiment shown in
Fig. 8. Panel (a) shows the data over the entire time duration of the experiment and panel (b) shows the close-up
view for the beginning and following approach of data to the inertial phase. The front location is in units of
cm and time is in s. The solid lines in both panels represent the straight line of best fit to the inertial phase of
propagation and the fitting equation is x?/ > = 165.89(1 + 1;), where t; = —0.94 s. See the captions of Figs. 8
and 12 for other details. '

10/21/16 — K6, slight deviation of front location data from the inertial phase again indicates that a
transition to the viscous phase has occurred.

Finally, we present the experiment for the gravity currents produced from a strongly stratified
source in which the buoyancy distribution parameter falls in the range of 0.3 < Rp < 0.5, such
that mixing is enhanced, even though the stratification is strong. Figure 14 shows the front velocity
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FIG. 14. Experiment 09/30/16 — K4: front velocity history, panel (a), and relationship between xj/ * and
t, panel (b), for the same experiment shown in Fig. 9. The front velocity is in units of cm s~!, the front location
is in units of cm and time is in s. The solid line in (b) represents the straight line of best fit to the inertial phase
of propagation and the fitting equation is x;-/z = 154.65(t + t;), where t; = —0.18 s. See the caption of Fig. 9

for other details.
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history and the relationship between x;-/ % and t for experiment 09/30/16 — K4 with R, = 0.216
and Rp = 0.400. This experiment shows a special transition between the flow dominated by the
upper layer and the flow dominated by the lower layer. Consistent with the scaling analysis, it is
observed that, while part of the upper layer is left in the tail region, the fluids from the two layers
move into the head without separation for an extended period and mixing between the fluids in the
head region is enhanced.

From the front velocity history, the produced gravity current accelerates and then monotonically
decelerates over time in the inertial phase without experiencing a transient, nondecelerating period
as in the flow dominated by the upper layer. The 3/2 power relationship (7) also robustly applies
in the inertial phase of propagation, as shown in Fig. 14(b), and the approach to the straight line
is from above, without going from below as in the flow dominated by the lower layer. In such a
special transition case, as observed in Fig. 14(b), the approach of front location data to the 3/2 power
relationship (7) is similar to those for gravity currents produced from a homogeneous source and
from a weakly stratified source, in which mixing is not suppressed. Furthermore, such an observation
confirms the scaling analysis that even when the stratification is strong, mixing can be enhanced
provided that B; &~ By . Our experiments indicate that such a special transition between Rz — 0
and Rp — 1 occurs when the buoyancy distribution parameter falls in the range 0of 0.3 < Rp < 0.5.
The Froude number in the inertial phase is found to be F; = 1.10, which is calculated from the slope
of the straight line in Fig. 14(b).

V. CONCLUSIONS

Experiments on the gravity currents produced from a two-layer density-stratified buoyancy source
and a scaling analysis describing the flow morphologies are presented in this paper. The depths of
the layers and the densities of fluids in the layers are varied systematically in order to explore the
influence of density difference ratio, R,, and buoyancy distribution parameter, Rp, on the Froude
number in the inertial phase, F;, and the flow morphology.

It is observed that, irrespective of the initial conditions of the density difference ratio and the
buoyancy distribution parameter, the 3 /2 power relationship (7) robustly applies for gravity currents
in the inertial phase. For gravity currents produced from a homogeneous source, the approach of
front location data to the inertial phase, represented by the 3/2 power relationship (7) in the plot
of x:;-/ 2 against ¢, is gradual from above. For gravity currents produced from a weakly stratified
source, the fluids from the two layers mix quickly and thoroughly when the gravity currents
move into the inertial phase. For gravity currents produced from a weakly stratified source, the
approach of front location data to the 3/2 power relationship (7) in the inertial phase is similar
to the case for the gravity currents produced from a homogeneous source. For gravity currents
produced from a strongly stratified source, it is observed that, depending on the buoyancy distribution
parameter, the flow morphologies in the inertial phase may be qualitatively different. For gravity
currents produced from a strongly stratified source, the approach of front location data to the 3/2
power relationship (7) in the inertial phase may be from below when Rz — 0, from above when
0.3 < Rp < 0.5, or gradual from above when Rp — 1. These different approaches to the inertial
phase suggest that different interactions between the two layers may exist as the gravity currents
propagate.

Indeed, the flow morphology is found to depend on the buoyancy distribution parameter, for
gravity currents produced from a weakly stratified source and even more so for gravity currents
produced from a strongly stratified source. For gravity currents produced from a strongly stratified
source with a dominating lower layer, R — 0, the two layers separate and streamwise stratification
is created as the gravity currents propagate. For gravity currents produced from a strongly stratified
source with a dominating upper layer, Rz — 1, the upper layer may intrude between the forward-
propagating lower layer and wake region behind the front, and ultimately outruns the lower layer.
For gravity currents produced from a strongly stratified source of which the buoyancy distribution
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parameter falls in the range of 0.3 < Rp < 0.5, fluids from the two layers move into the head for an
extended period and mixing of fluids in the head region is enhanced.

Our observations on the flow morphology are in concert with the scaling analysis, which
essentially describes the mixing and separation processes involved in the gravity currents produced
from a two-layer density-stratified buoyancy source. For gravity currents produced from a weakly
stratified source, the time scale of mixing is always shorter than that of separation, therefore mixing
is more immediate. For gravity currents produced from a strongly stratified source, the time scale of
separation is shorter than that of mixing when the flow is dominated by the lower layer, Ry — 0,
and when the flow is dominated by the upper layer, R — 1. However, the time scale of mixing can
still be shorter than that of separation even when the buoyancy source is strongly stratified, provided
that the buoyancy distribution parameter is in the range of 0.3 < Rp < 0.5. In such an exceptional
case, the buoyancy is evenly distributed between the two layers such that the two layers propagate
forward at similar speeds, which allows more time for mixing of the fluids from the two layers.

For gravity currents produced from a two-layer density-stratified buoyancy source, it was reported
by Ref. [47] that the Froude number in the inertial phase was at F; & 1.3 for all two-layer density-
stratified buoyancy sources. Our results do not support the Froude number in the inertial phase to be
a universal constant. In fact, we found that the Froude number in the inertial phase has its maximum
value at F; = 1.33 & 0.02 when the buoyancy source is homogeneous, R, = 1. The influence of
the density difference ratio and the buoyancy distribution parameter on the Froude number in the
inertial phase is best illustrated in Fig. 15. For gravity currents produced from nonhomogeneous
two-layer density-stratified buoyancy sources, the Froude number in the inertial phase is always
less than that from a homogeneous source. When the buoyancy distribution parameter is maintained
constant, it is found that the Froude number in the inertial phase decreases monotonically as the
density difference ratio decreases. When the density difference ratio is maintained constant, it is
found that the Froude number in the inertial phase has a local minimum value as the buoyancy
distribution parameter falls in the range 0.3 < Rp < 0.5. Interestingly, the initial potential energy,
defined by (5) and listed in Table I, likewise shows a local minimum as the Froude number in the

1.0 | | | | | | |
0.1 0.2 0.3 0.4 0.5 0.6 0.7

FIG. 15. Froude number in the inertial phase, F;, against the buoyancy distribution parameter, Rg, at four
different density difference ratios, R, = 0.3,0.4,0.6,0.8. Symbols: o, R, = 0.3; A, R, =0.4; V, R, = 0.6; ],
R, = 0.8. Solid lines represent the interpolating polynomials which describe the relationships between F; and
R at four different density difference ratios. The horizontal line, which is the best fit for R, = 0.8, represents
F; = 1.33.
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inertial phase does. It is then not unreasonable to speculate that the Froude number in the inertial
phase in the problem under investigation is dictated by the initial potential energy in the two-layer
system. The discernible difference in the Froude number between Ref. [47] and the present study
may be attributed to the insufficient temporal resolution and the way Froude number was computed
in Ref. [47]. In Ref. [47], photographs were taken every 4 s and the Frouder number was computed
every 4 s based on the calculated front velocity and (6). In the present study, the temporal resolution
is greatly improved and the Froude number is computed based on (7) without using the front velocity.
Therefore, the dependence of Froude number on the controlling parameters, which was somewhat
obscured in Ref. [47], is now made clear.

In geological environments, the buoyancy source is oftentimes composed of suspended particles
of different sizes and the deposits of the particles are of particular interest. The two-layer density-
stratified gravity currents serve as the least complicated model for a better understanding of the
characteristics of the deposits made by stratified, particulate gravity currents, since in particulate
gravity currents, coarse particles settle towards the lower layer while the fine particles remain in the
upper layer. For a homogeneous and a weakly stratified, particulate buoyancy source, it is likely that
well-mixed deposits will form as the flow propagates. For a strongly stratified, particulate buoyancy
source, different forms of deposits may occur depending on the distribution of buoyancy between
the two layers. When the lower layer dominates, Rg — 0, coarse particles will be transported farther
away from the source than the fine particles, and the deposits of coarse particles and deposits of
fine particles may separate along the flow path. When the upper layer dominates, Ry — 1, the
fine particles can be transported farther and possibly overlain by sparse coarse particles. When the
buoyancy distribution parameter falls in the range of 0.3 < Rp < 0.5, the deposits of fine particles
can be led by more well-mixed deposits of both coarse and fine particles. We should keep in mind
that such an implication is based on the notion that the lower and upper layers in the experiments
are proxies for the layers containing the coarse and fine particles, respectively, and the change in
buoyancy, possibly due to particle settling from the flow and particle resuspension from the bed,
is not considered in the simple model. Should these additional factors come into play, transition
from one type of flow morphology into another is likely to occur as the flow evolves since the
density contrast and the buoyancy distribution between the layers may change as the gravity currents
propagate.
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