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AXISYMMETRIC INTRUSIONS
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1 INTRODUCTION

Fluid of one density propagating horizontally
into an ambient fluid of different, or varying,
density is called a gravity current. These are
manifest in a wide range of circumstances which
are surveyed by Simpson (1997). Examples in-
clude the spread of oil slicks and river plumes
near the ocean surface and the advance of cold
air along the ground from a thunderstorm out-
flow or sea breeze front. Gravity currents can
also propagate within an ambient fluid whose
density varies with height. For example, these
are visible as rope clouds that propagate ra-
dially away from a thunderstorm along the
tropopause. Here we exclusively call these “in-
trusions” or “intrusive gravity currents” to dis-
tinguish them from gravity currents that move
along the upper or lower boundaries of the am-
bient.

Compared with gravity current research, the
dynamics of intrusions are less well understood.
Most laboratory experiments have examined
vertically symmetric circumstances amenable to
theoretical analysis. These include studies in a
uniformly stratified fluid (Wu 1969; Amen and
Maxworthy 1980) and in a two-layer fluid with
equal upper and lower-layer depths (Britter
and Simpson 1981; Lowe, Linden and Rottman
2002; Mehta, Sutherland and Kyba 2002) of in-
trusions that have density equal to the average
ambient density and so propagate at mid-depth.

Here we examine the dynamics of a radi-
ally spreading axisymmetric intrusions. As in
corresponding rectilinear intrusion experiments
(Sutherland, Kyba and Flynn 2004), the exper-
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iments reveal the surprising result that axisym-
metric intrusions propagate at constant radial
velocity far beyond the distance at which ax-
isymmetric gravity currents decelerate.

2 THEORY

Shortly after its release from the cylinder a grav-
ity current should spread at the steady state
speed predicted by Benjamin (1968). Generally,
the speed is given by

Uge = ?<1—?>\/9,TT (1)
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in which ¢’ = g(ps — po)/po is the reduced grav-
ity based on the difference in density of the lock-
fluid and the ambient, hp is the full depth of the
ambient, and ¢ is the ratio of the depth of dense
fluid in the lock compared to hAp. For full-depth,
lock release experiments, of the kind we report
upon here, ¢ = 1.

In theory, and in contrast with rectilinear
gravity currents, the constant-velocity regime
for axisymmetric gravity currents should exist
only for a short time: once the current spreads
by a significant fraction of its radius, R, the
head height continually decreases as the current
spreads radially outward. Surprisingly, experi-
ments show the current spreads at constant ve-
locity as far as 3 radii, from the lock (Hallworth
et al. 1996). Only after this distance does the
current decelerate at a rate predicted by self-
similarity theory.

A partial explanation for this is given by the
following self-similarity argument. We imagine
the current spreads maintaining a cylindrical
shape with its height, h, decreasing and its ra-
dius, r, increasing so that the total volume is al-
ways the constant wR2hp. Setting ¢ = h/hp =



R?/r? in (1) and writing Ugc = dr/dt, we have
a differential equation for r(¢).

A simple power series approximation about
t =0 gives
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r(t) B+ 01h. (2
Because the coefficient of t? vanishes, we might
expect the current to propagate at constant
speed for a longer time before decelerating.

By symmetry we expect this result will ex-
tend to predict the speed of an axisymmetric
intrusion in a two-layer fluid with vertical sym-
metry, meaning that the upper and lower-layer
fluids have equal depth and the lock fluid is the
average density of the ambient.

3 EXPERIMENTS

3.1 Set-up

Experiments are performed in a cylindrical
acrylic tank that is 30.0 cm high with inner di-
ameter 90.7 cm. Attached to the tank platform
is a 2 meter vertical frame; supporting a camera
and lock release mechanism.

In gravity current experiments the tank was
filled with fresh water to a depth hp =
10 cm. An acrylic cylinder (“the lock”) of height
22.8 cm and radius R = 6.0 cm was inserted in
the centre of the tank and salt was added to
establish lock-fluid of density p;. Dye was also
added to visualise the current.

In intrusion experiments a bottom layer of
salt-water with density pg was filled to a depth
of 5cm. Fresh water of density py was then
added through a sponge float on the surface.
Using this method a 5cm layer of fresh water
was added to the tank, thus the total fluid depth
was hr = 10cm. The same cylindrical lock was
then lowered into the center of the tank and
the fluid within it mixed so that the density, py,
of fluid in the lock was given by the arithmetic
mean of the top and bottom layer densities.

For both gravity current and intrusion exper-
iments, the lock was attached to a string and
pulley system to allow quick and axis-parallel
removal.
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Figure 1: Top view taken 4.5s after lock re-
lease for a) a bottom-propagating gravity cur-
rent and b) a vertically-symmetric intrusion in a
two-layer fluid. Darker regions of dye indicated
where the head height is thicker. In both exper-
iments A7 = 10 cm and p; — pg = 0.0533 g/cm?.
In the intrusion experiment ¢ = A = 0 so that
hy = ho and p1 — p¢ = p¢ — po.

In a range of gravity current experiments, py
was varied. In a range of intrusion experiments,
the bottom-layer density was varied and the
lock-fluid’s density density was determined from
the average density of the upper- and lower-
layer fluids.

Experiments were recorded using a COHU
CCD camera mounted to the vertical frame.
Images were analyzed using the software Diglm-



age (Dalziel 1993). A grid of concentric circles
spaced by 5cm intersecting perpendicular lines
were drawn on the bottom of the tank to allow
translation of the digital images into real world
coordinates. Using the software package, grav-
ity current propagation rates are found. Fur-
thermore, surface particle tracers allowed exam-
ination of the surface flow properties.

3.2 Results

The snapshot in figure 1b shows an over-head
view of the intrusion 4.5s after lock release.
Compared with the corresponding gravity cur-
rent experiment shown in figure la, it is clear
that the intrusion head is not so well defined.
The structure of the front is corrugated and the
radial extent of the lee of the head is not easily
identified.

The time series in figure 2a and b show the ra-
dial extent of the gravity current and intrusion
heads, respectively, as they progress in time.
The images are constructed by stacking slices
across the tank diameter of images taken from
the experiments at successive times. The re-
sulting images show the radial expansion of the
front starting from time ¢ = 0 when the lock is
first extracted.

The gravity current decelerates shortly af-
ter the lock is extracted as evident from the
parabolic shape to the front position in time.
In contrast, the intrusion front moves radially
at approximately constant speed and it main-
tains this speed upon reflection, intersecting at
the center of the tank and spreading radially
outward once more.

Why an axisymmetric intrusion should prop-
agate at constant speed well beyond 3 lock-radii
remains somewhat a mystery. One might sup-
pose that the no-slip boundary must play an
important role in the evolution of the bottom
propagating current, but this cannot be correct.
The Reynolds number is too large and in experi-
ments of axisymmetric buoyant gravity currents
spreading along the surface (not shown here),
they likewise decelerate.

Geometrical considerations help explain why
both bottom-propagating and intrusive grav-
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Figure 2: Time series taken vertically across
the tank diameter for a) a bottom-propagating
gravity current and b) an intrusion in a two-
layer fluid. In both experiments hr = 10cm
and py — po = 0.0533 g/cm?. In the intrusion
experiment hy = hg and p; — py = py — po- The
time series in a) and b) are taken from the ex-
periments for which snapshots are shown in fig-
ure la) and b), respectively.

ity currents are expected to decelerate: their
head height should decrease as their circumfer-
ence expands and therefore the horizontal pres-
sure difference between the current and ambient
must decrease.

It is generally not understood why a bottom-
propagating gravity current propagates as far as
approximately 3 radii before decelerating, but
it is even more puzzling why this transition dis-
tance should be greater for an intrusion.

Two partial explanations present themselves.
First, as is evident in figure 1, the front of the
intrusive gravity current is azimuthally unsta-
ble. The instability appears to occur as a conse-
quence of the interaction of the expanding front
with the stratified interface. During the ini-
tial expansion, the ambient can be treated as



an approximately two-layer fluid. However, as
the front continues to expand the vertical ex-
tent of the intrusion head becomes comparable
with the interfacial thickness and this is when
instability occurs. It is beyond the scope of this
paper to examine the dynamics governing the
instability mechanism. However, corroboration
is provided by supplemental experiments (not
illustrated here) in which a bottom propagat-
ing axisymmetric gravity current is observed to
be azimuthally unstable if the ambient fluid is
stratified near the bottom. (The density profile
is established by repeating bottom-propagating
gravity current experiments one after the other,
so building up a dense lower layer.)

Given the intrusion is azimuthally unstable,
this helps overcome the apparent contradiction
to the deceleration argument posed by geomet-
ric constraints: as the intrusion spreads along
rays, it does not spread azimuthally and there-
fore the head height need not decrease.

A second partial explanation is that mixing
may play a more important role for axisym-
metric gravity currents on this scale than pre-
viously supposed. Thus a bottom propagating
gravity current decelerates not only because the
head height decreases but also because the den-
sity difference between the current and ambi-
ent decreases as a result of significant entrain-
ment. On the other hand, an intrusion may en-
train fluid both from the upper and lower layer,
thereby maintaining the same density difference
between the intrusion and each of the two lay-
ers while also retarding the decrease in height
of the intrusion head.

Evidence for substantial mixing is provided
by experiments performed in a 40 cm by 40 cm
square tank in which the intrusion is released
from a quarter-cylinder situated at one corner
of the tank. Thus we are able to visualize a
side-view cross-section of the propagating in-
trusion uncontaminated by the effects of paral-
lax. Snapshots from such an experiment, shown
in Figure 3, illustrate that the intrusion struc-
ture is elongated with no clear bulbous head,
as one would see in a rectilinear tank. However,
the vertical extent of the intrusion gradually de-
creases as it advances radially and so, although
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Figure 3: Successive sideview snapshots of an in-
trusive gravity current spreading radially from the
corner of a square tank.

the density may not change due to entrainment,
the head height nonetheless decreases and de-
celeration on the basis of classic gravity current
theory would be anticipated.

Both hypotheses are not entirely satisfactory
because they do not explain why the current
should maintain constant speed from its initial
release to long times during which instability
develops or entrainment becomes significant.

4 CONCLUSIONS

Through laboratory experiments with axisym-
metric intrusions we found that the intrusion
head propagates outward at approximately con-
stant velocity, whereas theory suggests that the
radial advance should slow with increasing time.
Two possible explanations for the failure of the
theory to describe accurately the velocity of the
head. First, the head of the intrusion appears



to spread as rays rather than an axisymmet-
ric structure; this partially explains why the
deceleration forced by geometric constraints is
avoided. Second, it appears that mixing may
play a more significant role in axisymmetric in-
trusions than previously assumed.

This work demonstrates that one cannot sim-
ply invoke symmetry to extend bottom propa-
gating gravity current theory to theory for in-
trusions. The experimental results here and
those that examine vertical asymmetry and ro-
tational effects (Sutherland, Nault and Black-
burn 2005) provide a challenge for theoretical
modellers.
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