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A series of experiments that examine the initial development of an axisymmetric gravity current
have been carried out. The experiments highlight the growth of a ring vortex that dominates the
dynamics of the gravity current’s early time propagation. In particular, the experiments show three
distinct stages of early time development that have previously been described as the “initial phase”
of a gravity current. The first phase of the early time development is dependent on the fractional
depth of the lock release, followed by a secondary phase wherein the frontal speed is approximately
constant and a third phase of reducing speed. The second phase of the gravity current’s propagation
comes to an abrupt end with the breakdown of the ring vortex at a clearly defined position. All of
the experimental results show the development of a complex flow field where the generation and
collapse of a ring vortex dominate the gravity current’s early time propagation. The complexity of
the flow field and the dependence of the propagation speed on the presence of the ring vortex in the
head of the gravity current highlights the unsuitability of shallow-water modeling for axisymmetric
lock releases at early times. © 2006 American Institute of Physics. �DOI: 10.1063/1.2174717�
I. INTRODUCTION

Gravity currents have been studied extensively in differ-
ent configurations because of their importance to a large
number of industrial and environmental situations. The gen-
eral dynamics of a two-dimensional �2D� gravity current �a
gravity current that propagates between parallel confines� are
now thought to be well understood. Laboratory experiments1

have provided detailed observations of such flows. It was
found that the flow arising after the release can be divided
into a number of different phases. In the initial phase, the
current develops and forms a raised head. Somewhat later,
the gravity current reaches a second, self-similar phase. The
behavior in this latter phase, in which the flow is governed
by a balance between buoyancy and inertial forces, is more
fully discussed in Grundy and Rottman.2 After sufficient
time, the flow will enter a final phase, in which it is governed
by a buoyancy-viscous balance that is well described by
shallow-water theory.

Observations of axisymmetric experiments show that
nearly all the spreading dense fluid is confined in the head of
the gravity current leaving the area behind it almost clear of
dense fluid. This behavior differs from a 2D gravity current
where a long tail-like structure is observed. Figure 1�a�
shows an axisymmetric gravity current from above, as ob-
served in one of the Thorney Island trials, performed on an
almost windless day �see McQuaid3�. A similar structure can
be seen in Fig. 1�b�, which presents a plan-view photograph
of a laboratory experiment of a fixed-volume saline release
in a fresh-water ambient.

While the late time behavior of 2D and axisymmetric

gravity currents are well understood, there are situations
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when the early time behavior of a gravity current is of inter-
est. For example, the spread of a dense gas in a confined area
due to the bursting of a chemical storage tank. Understand-
ing and modeling the early time dynamics of the gravity
current arising after such an accidental release is crucial for a
better risk assessment. The depth and velocity profiles of the
dense fluid for both the 2D and axisymmetric lock release
configurations are well described away from the initial lock
release by the numerical simulations based on the shallow-
water approximation.4,5 Results from these shallow-water
models show considerable differences between the predicted
shape of the front for the distinct initial conditions. As with
the experimental observations, numerical simulations show
dense fluid from the lock release spreads at a relatively con-
stant depth over the gravity current’s length for the 2D case,
while in the axisymmetric case, most of the dense fluid ap-
pears to become concentrated between the front and a
backward-facing hydraulic jump; this jump is a result of
post-rarefaction wave reflection from the origin and it propa-
gates radially outward more rapidly than the front itself.
Rottman and Simpson4 proposed that the catch-up of the
backward-facing hydraulic jump is the mechanism that is
responsible for the formation of the head of the gravity cur-
rent. All of the work using shallow water simulations ignores
vertical accelerations, viscous effects, and mixing between
the fluids. Ungarish and Zemach6 provide a more complete
overview of the modeling of slumping high Reynolds num-
ber gravity currents in two-dimensional and axisymmetric
configurations.

The geometry of an axisymmetric gravity current can be
defined in terms of the overall depth of the ambient fluid �H�,

the depth of dense fluid in the lock release �h0�, and the

© 2006 American Institute of Physics1-1
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radial distance of the lock gate from the origin �R0�. The
flow can then be characterized by the reduced gravity
�g�=��g /��, the fractional depth ��=h0 /H�, and the aspect
ratio ��=h0 /R0� of the releases. In this paper we examine the
early time development of an axisymmetrically spreading
gravity current in some detail, and in particular the effect of
the fractional depth of the initial dense-fluid volume on the
spreading characteristics. This study consists of laboratory
experiments and numerical simulations, described in Secs. II
and III, respectively. The main results of the experiments and
the simulations are presented in Sec. IV. Some general con-
clusions are discussed in Sec. V.

II. LABORATORY ARRANGEMENT

Laboratory experiments have been carried out in a
sector-shaped tank 2.35 m long, with a sector angle measur-
ing approximately 10° �see Fig. 2�. In the first set of experi-
ments, the sector tank was filled with fresh water �density �A�
to a depth H=300 mm. A fixed volume of denser fluid �with
a density difference, ��=13.5 kg/m3� was contained behind
a vertical barrier at a radial distance R=R0 and at a depth h0,
where h0�H. The region of depth H−h0 above the dense
layer contained ambient fluid of density �A. By lifting the
barrier, the denser fluid is released into the widening part of
the tank. For visualization purposes, the dense fluid was dyed
with potassium permanganate. Illumination from behind us-
ing a diffuse light bank resulted in a sharply defined interface
between the gravity current and the ambient fluid. The evo-
lution of the resulting gravity current was recorded using a
high resolution digital video camera �JAI model CV-M4��
with the movies saved to a computer.

An initial series of experiments were carried out for dif-
ferent values of �, in order to investigate the role of the
fractional depth of the lock release on the general character-
istics of the gravity current; see Table I for details. Four
experiments are reported on, and the parameters were taken

FIG. 1. �a� Aerial photograph of the spreading dense gas cloud in trial 8 of
the Thorney Island field experiment �see Ref. 3�. �b� Plan view of a labora-
tory experiment showing the radial spreading of a fixed volume of dense
fluid released in a lighter fluid.
FIG. 2. Schematic diagram showing the sector tank.
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as follows: g�=13.2 cm s−2, while the fractional depth � and
the aspect ratio � were varied between 0.25–1.0 and 0.125–
0.5, respectively.

A further investigation into the general dynamics of the
axisymmetric gravity current is undertaken using particle im-
age velocimetry �PIV� to examine the temporal and spatial
development of the gravity current’s head. Pattern matching
algorithms developed by Dalziel7 have been adapted for this
purpose. For this set of experiments both the lock and the
ambient fluid were seeded with a mixture of particles of dif-
fering densities. The mixture was composed of 150–212 �m
Pliolite VT, 180–200 �m Pliolite VT-L and 200–250 �m
Pliolite VTACH in approximately equal quantities. The
Pliolite particles have a density range of 1002–1005 kg/m3,
their small size results a negligible volume of particles sedi-
menting out over the duration of the experiments. The flow
was illuminated using a 5 mm vertical light sheet created by
using a 300 W arc lamp with an integral parabolic dichroic
reflector to collimate the light. The use of a light sheet allows
three-dimensional �3D� motion to be filtered out as only the
particles that remained in the light sheet are bright enough to
be detected by the camera. Details of the PIV experiment
described herein are listed in Table I �experiment 6�.

III. NUMERICAL MODELING

The equations of motion describing the motion of a fluid
of variable density are

ut + �u · ��u =
1

�
�− �p + ��2u + Hu� , �1�

�t + �u · ��� = 0, �2�

� · u = 0, �3�

where u= �u ,v ,w�, �, �, and p represent the velocity, den-
sity, dynamic viscosity, and pressure, respectively. External
forces are represented by Hu= �0,0 ,−�gẑ�.

Three-dimensional numerical flow simulations have
been carried out with the monotone-integrated large-eddy
simulation �MILES� code described in Almgren et al.8 The
code used incorporates an incompressible Navier-Stokes
solver where the equations of motion �1�–�3� are solved us-
ing a second-order upwind Godunov method for the advec-
tion step, Crank-Nicolson discretization of the viscous and
diffusive terms and a variable density approximate projection
to impose the divergence constraint.

TABLE I. Experimental details of the front position experiments.

Experiment h0 �mm� � �

1 300 1.0 0.5

2 220 0.733 0.366

3 175 0.583 0.292

4 90 0.3 0.15

5 75 0.25 0.125

6 300 1.0 0.5
The main difference between this MILES based code and
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other Navier-Stokes solvers is that there are no explicit clo-
sure schemes applied to solve for turbulence. Oran and
Boris9 provide a general overview of MILES. The simulations
are used to resolve the macroscopic scales in the problem
and it is assumed that the flux-limiting monotone algorithms
used for solving the set of coupled equations have a high-
frequency filter that inherently maintains physically reason-
able behavior near the grid scale cutoff defined as the domain
length/number cells.

Numerical simulations

The Navier-Stokes equations for a 3D flow are compu-
tationally expensive. A straightforward method of reducing
the computational effort for an axisymmetric flow is to
model the flow as a 2D radial Navier-Stokes �2DRNS� prob-
lem. Numerically, this implies that we solve the Navier-
Stokes equations on a 2D Cartesian grid and include source
terms that allow for the radial spread of the fluid. The ma-
jority of the numerical work discussed here sets out to model
the experimental results using a 2DRNS solver.

Observations from the experimental study have, how-
ever, revealed that the flows are intrinsically 3D, with a vor-
tical flow structure at the front, and with lobes and clefts
being clearly observed to form as the gravity current propa-
gates outwards. Two-dimensional radial flow models cannot
account for the formation of lobes and clefts or the break-
down of vortical structures due to these 3D instabilities.

Fully 3D calculations on a Cartesian grid have therefore
been carried out to determine when and where 3D effects
become important in the gravity current’s front propagation.
The 3D simulations are carried out on a 256�256�32
Cartesian grid and are compared with a 2DRNS on a
256�32 grid. The initial conditions can be arranged to re-
duce the effective grid size in 3D simulation to a quarter
cylinder with its center on the origin. This is equivalent to
modeling a full cylindrical release at 512�512�32; how-
ever, it results in the same grid scale cutoff as the 2DRNS.

For 2D and 3D simulations where we do not explicitly
define a viscosity �which will from now on be referred to as
“inviscid”� we set free-slip boundary conditions along all
boundaries; the 2D simulations where we explicitly define
viscosity are performed with a free-slip boundary condition
enforced on the free surface and no-slip boundary conditions
at the other boundaries. While for the 3D viscous simulations
the horizontal base and the two exterior boundaries not in
contact with the origin have no-slip conditions applied, free-
slip conditions are enforced at the other boundaries.

IV. RESULTS

A. The development of an axisymmetric
gravity current

The development of a full-depth gravity current
��=1.0� can be observed in Figs. 3�a�–3�e�, which present
experimental snapshots of the flow, together with the corre-
sponding density plots from a 2DRNS numerical simulation.

The figures clearly show the head of the gravity current

starting to develop shortly after the lock release �Fig. 3�a��.
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During the collapse of the dense fluid volume, vorticity is
generated mainly at the interface between the lighter and
denser fluids, and there is also a lesser production of vorticity
at the no-slip boundaries. The resulting gravity current head
appears to exhibit typical features of a shear interface. How-
ever, as the gravity current’s head is advected by the radially
spreading fluid, vorticity accumulates near the front, contrib-
uting to the formation of a gradually expanding leading ring
vortex. A secondary ring vortex is also generated and the
locations of the ring vortices are marked as white ellipses in
Fig. 3�b�. The secondary vortex ring forms behind the pri-
mary ring, it is not shed from the front of the gravity current
as it propagates forward. Vortex stretching appears to stabi-
lize the rings �see Fig. 3�c��, and these ring vortices become
more intense. In a 2D gravity current coherent vortical mo-
tion breaks down rapidly. As the rate of stretching decreases
�with increasing distance from the origin� the vortical flow
can no longer be maintained �Fig. 3�d�� and the ring vortex
collapses abruptly. The front then continues to propagate out-
ward without any clearly defined vortical motion �Fig. 3�e��.
Comparison of the experimental and numerical results shows
an excellent agreement for the initial stages of the flow �be-
fore vortex breakdown�, with the front position and the form
of the gravity current being accurately predicted, the 2DRNS
does not allow for the breakdown of vortical motion and
does not model the flow well after the breakdown of the ring

FIG. 3. Experimental �upper picture� and numerical �lower picture� results
showing the evolution of the radially spreading gravity current for an axi-
symmetric lock release. Experiment 1, with �=1.0, g�=13.2 cm/s2 for
times t=2.59 s �a�, 6.19 s �b�, 8.70 s �c�, 12.29 �d�, and 17.81 s �e�.
vortex.
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The results in Figs. 4�a�–4�e� show the evolution of the
spreading dense fluid for the case where �=0.58. In contrast
to the previous case, now only a single ring vortex front is
visible and the velocities inside the ring vortex in the frontal
bulge are smaller than for the release of a full-lock-depth
volume ��=1.0�. As in the previous results, the ring vortex is
marked in Fig. 4�b�. Again, the numerical simulation accu-
rately predicts the position and the shape of the gravity cur-
rent up to the point where the vortex breaks down.

B. Front propagation

While Figs. 3�a�–3�e� and 4�a�–4�e� clearly show the
general characteristics of axisymmetrically spreading gravity
currents, further insight into the development of a gravity
current may be gained by the examination of its front propa-
gation speed. We distinguish here three different stages in the
gravity current’s early time propagation: a short initial stage
of constant velocity, a secondary phase of a higher constant
velocity, and a third phase of reducing velocity. These are
described below in the following sections. Note that due to
tank size limitations, we do not consider the late time
buoyancy-viscous balance stage.

1. Initial phase

Improved methods of recording and processing the ex-
perimental data allow for a more detailed examination of the

FIG. 4. Same as Fig. 3, showing results from experiment 3, with
�=0.583 and g�=13.2 cm/s2 for times t=2.59 s �a�, 6.19 s �b�, 8.70 s �c�,
12.29 �d�, and 17.81 s �e�.
frontal position at earlier times than was previously feasible.

Downloaded 14 Sep 2007 to 131.155.108.71. Redistribution subject to
The results for the first series of experiments are shown in
Fig. 5, where the reduced gravity �g�=13.2 cm/s2� is kept at
the same value for all the gravity currents. The results clearly
indicate the presence of a short initial phase in which the
front travels outward at a constant speed; in all cases shown,
the initial propagation speed is the same and not dependent
on the fractional depth. The initial constant velocity of the
front lasts for 0.8 to 2.0 s, after which a sudden acceleration
of the front is observed. The experimental data clearly show
that the time the flow spends in this initial phase depends
solely upon the fractional depth �, of the lock release. Larger
depth lock releases move out of the initial constant velocity
phase more rapidly than the shallower releases.

As far as we are aware, results of this accuracy capturing
the initial stages of motion have not been previously re-
ported, neither for 2D nor for axisymmetric gravity currents.

2. Secondary and tertiary phases

Figures 6�a�–6�d� show the frontal position plotted
against time for the set of experiments detailed in Table I.
Each plot contains two least-squares best-fit lines applied to
the data highlighting the secondary and tertiary phases of the
gravity current’s propagation. These results clearly reveal
that the secondary phase �when the ring vortex is present
above the head of the gravity current� of the flow is of con-
stant speed, where the speed is a function of �. Although the
experiments described above cover a large range of frac-
tional depths, the best-fit lines can clearly be seen to intersect
at the same position within experimental error bounds, indi-
cating a possible change of regime in the area of intersection
of the two best-fit lines. This position is approximately
1.7R0, and appears to be constant for all experiments. Also
included in the figures are two 2DRNS numerical simula-
tions, one an inviscid simulation and the other a viscous flow
�	=10−2 cm2/s�, both on a 256�32 grid. Analysis of these
results show that the 2DRNS model is capable of accurately
predicting the position of the front up to approximately
uf /R0�1.7.

3. Laboratory work and full scale experiments

A comparison of the position where transition between
the secondary and tertiary phases R*=xf /R0 for all of the

FIG. 5. �a� The position of the front plotted against time for the initial phase
of the gravity current. Experiment 1 ���, 2 ���, 3 ���, 4 ���, and 5 ���. �b�
The position of the breakdown of the initial phase plotted against the initial
fractional depth �.
experimental and numerical work is shown in Fig. 7. A trial
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from the Thorney Island field experiment �Picknett10� has
also been selected �trial no. 8 has been used because it was
carried out on an almost windless day�. Figure 1�a� shows an
aerial photograph of the spreading dense gas volume. In this
particular experiment the density of the dense gas �a mixture
of air and freon� was �=2.0 kg/m3, compared with 1.2 m/s3

for air. Unlike the laboratory experiments, the flow in the
field experiment is non-Boussinesq. The initial volume of
dense gas was approximately cylindrical, with a radius
R0=7 m and a height h0=13 m. Given the vertical dimen-
sion of the atmosphere, this situation can be considered as
�=0. The spreading of the dense gas shows the same fea-
tures as observed in the laboratory experiments on a much
smaller scale; viz., a spreading at constant speed, followed
by an abrupt change to the next phase. The scaled position R*

at which the transition occurs in the field experiments was

FIG. 6. �a�–�d� Frontal position plotted against time for experiments 1, 2, 3,
and 5. The experimental data ��� is plotted with two first-order least-square
fits �—�. Numerical results for corresponding initial conditions on a 512
�64 grid for a 2DRNS are displayed for the inviscid �- -� and viscous �··�
�=10−2 cm2/s cases. Graph �c� also shows a result for a fully 3D compu-
tation �·–·�.

FIG. 7. Plot of the measured values of R* /R0 as a function of the fractional
depth, �, for the laboratory experiments ���, trial no. 8. of the Thorney

Island field experiment ���, and the numerical simulations ���.
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approximately R*=2; these data have been obtained from an
array of approximately 20 sensors spaced over a square ki-
lometer. In the laboratory experiments, the transition point
from secondary to tertiary phases was found to have an av-
erage value of R*=1.7. Even though the scales of the field
and laboratory experiments and the Reynolds numbers at
which they propagate are vastly different, the values found
for the transition point are comparable.

4. Azimuthal instabilities in the vortex structure

The development and propagation of a ring vortex in the
head of the axisymmetric gravity current has been shown to
be a fundamental feature of the early stages of the gravity
current’s propagation.

The study of Swearingen et al.11 of the generic behavior
of a ring vortex impacting a solid boundary provides an in-
teresting insight into one of the physical effects that may
contribute to the collapse of the ring vortex and the transition
from the secondary to the tertiary phases of the flow.

Swearingen et al. show using direct numerical simula-
tions and comparison with experiment that as a ring vortex
impacts with a wall at normal incidence a boundary layer
forms which undergoes separation and roll-up to form a sec-
ondary ring vortex of opposite vorticity. The secondary ring
can develop azimuthal instabilities which grow rapidly be-
cause of vortex stretching and tilting in the presence of the
mean straining field generated by the primary ring vortex.
The ring vortex tends to undergo this transition at xf /R0

�1.7, which is identical to the position of transition found in
these experiments.

C. Particle image velocimetry: Full depth gravity
current „�=1…

The details of a PIV experiment for a full depth �=1
gravity current are presented in Figs. 8�a�–8�d� �supplemen-
tal video footage is available by clicking on the figure in the
online article�. The results provide significant insight into the
different stages of the gravity current and how the ring vor-
tices form and subsequently decay.

When the cylindrical volume of dense fluid begins to
collapse, it spreads radially into the less dense ambient fluid.
During this collapse the fluid released from the lock is accel-
erated in a downward radially expanding direction, while the
less dense ambient fluid is accelerated upward and towards
the origin. A shear layer associated with the interface be-
tween the dense downwardly accelerating fluid and the
lighter upwardly accelerating ambient fluid can be seen in
Fig. 8�a�. As the gravity current continues to propagate out-
ward at constant speed the shear layer extends until a pertur-
bation to the shear layer �caused by the slope of the interface
not being constant� causes two ring vortices to form, the
instability is effectively a Kelvin-Helmholtz instability in a
radially expanding domain. The ring vortices propagate out-
wards �Fig. 8�b��, entraining ambient fluid from above and
dense fluid from the tail. As the gravity current continues
outward the ring vortices continue entraining fluid �Fig. 8�c��
until a stage that they become unstable and collapse, after

which the third stage of the gravity current sets in �Fig. 8�d��.

 AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



erime

046601-6 Patterson et al. Phys. Fluids 18, 046601 �2006�
Previous work12 has examined the steady state flow
structure within the head of a 2D gravity current using par-
ticle tracking velocimetry. The results of that study are in
agreement with numerical simulations13 and show that ve-
locities just behind the head of the gravity current were typi-
cally 20% higher than the speed of the advancing front. The
flow structure within the head appears to involve dense fast
moving fluid from the tail entering the head and then recir-
culating upwards when it reaches the front. The experimental
results for the axisymmetric case show that flow in the lower
part of the head of the gravity current is opposite in rota-
tional direction to the 2D gravity current; this motion is due
to the presence of the strong ring vortices and does not per-
sist when the ring vortex has collapsed. Flow velocities in
the tail of the gravity current have been observed to be up to
40% of that of the front. Figure 9 shows a schematic drawing
of the head of a 2D and an axisymmetric gravity current, the
differences in the velocity fields within the gravity currents
are clearly indicated. Inspection of the experimental results
shows that there does not appear to be a significant transfer
of mass between the ring vortices and the head of the gravity
current, although both draw mass from the collapsing lock
release.

Analysis of the PIV experimental work provides suffi-
cient information to propose a new mechanism �distinct from
the azimuthal instability discussed in Sec. IV B 4� for the
development and breakdown of the ring vortex at the head of
an axisymmetric gravity current. As the gravity current
propagates forward, vorticity is generated at the density in-
terface and becomes concentrated in ring-shaped vortex
structures. A ring vortex at the front builds in strength while

FIG. 8. �Color� �a�–�d� PIV and vorticity results derived from exp
being stretched �due to radial expansion�, thus remaining
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identifiable as a coherent structure on the top rear of the
gravity current’s head. While the gravity current head propa-
gates forward, the vortex ring is gradually left behind the
head of the gravity current. At this stage the ring vortex cuts
off the supply of dense fluid to the head of the gravity cur-
rent, and all the fast moving fluid from the tail is then en-
trained into the ring vortex. The increased supply of dense
fluid to the ring vortex provides a perturbation sufficiently
large to destroy any coherent vortical motion. At the same
time constant supply to the head of the gravity current is
impeded, which causes the decrease of the frontal velocity.
Inspection of these results shows that the leading ring vortex
breaks down completely at approximately R*=1.7R0, which
corresponds with the location where a change in frontal ve-
locity has been observed.

nt 6 at times t /T=0.055, 0.38, 0.53, and 0.71 �enhanced online�.

FIG. 9. A schematic drawing of the velocity field within the head of a 2D

and an axisymmetric gravity current.
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V. DISCUSSION AND CONCLUSIONS

The early time development of an axisymmetric high
Reynolds number gravity current from a fixed-volume re-
lease of dense fluid into a less dense ambient fluid has been
examined using a variety of experimental techniques. The
experimental results have been compared to a numerical
study based on a monotone-integrated large-eddy simulation
�MILES�.

The experimental results clearly reveal the existence of
three distinct phases in the flow evolution: �i� a short initial
phase that is dependent upon the fractional depth ��� of the
lock, �ii� a constant velocity is then observed with a clearly
defined ring vortex structure present above the spreading
head of the gravity current, and finally �iii� a third phase in
which the front appears to spread at constant speed until the
end of the tank. There is no definable coherent vortical struc-
ture in this later stage. The limited tank length does not allow
for a study of the gravity current’s behavior at late times,
although it is entirely reasonable to assume that a fourth
phase will occur in which the flow is governed by a viscous-
buoyancy balance.

The change from the secondary to the tertiary phase is
easily observed by examination of the experimental data.
When the ring vortex reaches a critical radius R*�1.7R0, the
ring vortex collapses abruptly. Two distinct phenomena are
identified as potential mechanisms for this breakdown. First,
as the ring vortex is advected outward, it rolls of the top rear
of the head of gravity current towards the base of the tank.
The ring vortex then begins to interact with the base of the
tank and cuts off the supply of dense fluid to the head of the
gravity current; all the fast moving fluid from the tail is then
entrained into the ring vortex. The increased supply of dense
fluid to the ring vortex creates a significant perturbation to
the vortical motion and results in the destruction of the ring
vortex. The second potential cause for the breakdown of the
ring vortex �which can also be observed for a ring vortex
propagating in a homogeneous fluid11� is that a ring vortex
will become unstable due to azimuthal instabilities caused by
interaction of the ring vortex and the solid tank floor. This
instability is due to the interaction of the primary ring vortex
and the base of the tank, which results in the generation of a
secondary ring vortex of opposite rotational direction that
wraps around the primary vortex. As with the axisymmetric
gravity currents discussed here, a ring vortex in a homoge-
neous fluid will become unstable at �R*�1.7�. While it is
clear from observation of the experimental data that the first
mechanism occurs, it is not so clear that the growth of the
azimuthal instabilities in a secondary ring vortex develop
sufficiently to destroy the primary ring vortex in the gravity
current experiments described here. The growth of the azi-
muthal instabilities does appear to provide a suitable mecha-
nism to explain the position of the transition. For all experi-
ments, the position of R* is approximately constant.

Previous investigations into axisymmetric gravity cur-

rents have based their analyses on shallow-water models;

Downloaded 14 Sep 2007 to 131.155.108.71. Redistribution subject to
i.e., ignoring any vertical accelerations, viscous effects, and
mixing between the fluids. Although these calculations give a
reasonable description of the overall behavior of the flow, the
vortical motion near the front is not captured. If the early
time behavior of the gravity current is of interest, an alternate
modeling strategy is necessary. Examination of the 2DRNS
and 3D results has revealed that the relative magnitude of the
vertical velocities compared to the horizontal ones in the
head of the gravity current are typically of the order 40%–
60% of that of the horizontal velocities. It should be empha-
sized that although these results show that it may be unsuit-
able to use a shallow-water model for early time modeling of
a gravity current, it is still reasonable to assume that a
shallow-water model should be capable of modeling the flow
field accurately for late times after the large scale coherent
vortical motion has broken down.
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