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Abstract
There have been various attempts at simulating over
owing density
currents in the past, both in the laboratory and with numerical mod-
els. These over
ows occur on small scales, with fast 
ows in three
dimensions. The Imperial College ocean model (ICOM) is a fully
unstructured �nite element model with the ability to adapt its mesh.
We will apply ICOM to these density currents, in a con�guration
comparable to that used in the laboratory by Cenedese et al. (2004).
The results will be compared, and used to validate ICOM.

The model problem

The simulations presented in this section are summarised in the table
below. Sets A and B cover a range of rotation and 
ow rates and
di�er only by varying the slope (s). Set C have an increased value
of reduced gravityg0 = g(� 1=� 2), but are otherwise similar to set
A. Set D have �xed rotation (f ) and in
ow rates (Q), but vary the
angle of the slope down which the density current 
ows. For analysis,
the current thickness, speed, and mixing ratio were measured. In the
experimental study Cenedese et al. (2004) measureU based on the
progress of the density current's front. In our simulationsU can also
be measured directly, but this was found to be 1:1 comparable with
the frontal speed, giving us con�dence in our results.

Name g0=cms� 1 slope f=s� 1 Q=cm3s� 1

A 2 0.3 0.0{2.2 0.1{16
B 2 0.4 0{1.7 0.1{16
C 10 0.3 0{2.0 0.1{16
D 4 0.01{10.0 1.0 2.5

Methodology
In this study we use the Imperial College ocean model (ICOM) to
simulate the over
ow problem. ICOM uses dynamic mesh adaptiv-
ity (detailed in Pain et al. (2001)). Using this method means that
as the solution evolves throughout the simulation, the mesh can be
locally adapted (both re�ned and coarsened), to best resolve the so-
lution �elds. Mesh adaptivity relies on the speci�cation of an error
measure, which dictates how the mesh is to be modi�ed. The error
measure is based on, in this case, the Hessian of the temperature
and velocity �elds. When adapting, not only the density of nodes
but also the alignment of the mesh is important. As the mesh can
be anisotropic, long thin elements can be used to represent sharp
gradients in one direction, while there is little variability in another
direction.

Adaptivity can be thought of as another model parameter, and can
be tuned. A maximum and minimum element size are given, as well
as a set of allowed interpolation errors. In all simulations presented
here, an interpolation error of 0.2% is allowed in the velocity, temper-
ature and tracer �elds. The maximum element size can reach 10 cm,
and the minimum is 1 mm in all directions. The domain is 61cm
square, with a variable depth. The �gures below show two adaptive
mesh simulations from a breaking wave simulation showing the whole
domain (top) and laminar simulation, zoomed into the head of the
current (below).

Qualitative results
All experiments began by forming a density current, with a thick
\head" where mixing between the dense current, and the ambient
water occurs. The density currents may have waves, laminar 
ow or
form eddies. Cenedese et al. (2004) found that the density current
would reside in one of these three regimes, depending on the physical
parameters of gravitational acceleration (g0), rotation rate (f ), 
ow
rate (Q), and slope (s).

A slice through the central line of a three dimension laminar sim-
ulation showing the mesh (top), temperature (middle) and velocity
vectors (bottom).

A slice through the central line of a three dimension wavy simulation
showing the mesh (top), temperature (middle) and velocity vectors
(bottom).

A slice through the central line of a three dimension eddying sim-
ulation showing the mesh (top), temperature (middle) and velocity
vectors (bottom).
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Quantitative Results
The boundaries between the three regimes; laminar, wavy and eddy-
ing; were not clearly dependent on eitherQ or f alone. Cenedese et
al. (2004) plot a regime diagram of Ekman number (Ek) and Froude
number (Fr). This diagram presents clears phase transitions between
the three regimes, with waves found at larger Fr and Ek numbers, and
more eddying results seen at lower Fr and Ek numbers. The Ekman
number is de�ned as the ratio of viscous forces to Coriolis forces:

Ek =
�

�
H

� 2
; (1)

where H is the depth of the dense 
uid and� is the Ekman layer depth
� =

p
2�=f � , where� is the kinematic viscosity andf � = 2
cos � .

The Froude number determines whether the gravity wave speed has
the critical velocity required to generate waves in the density current.
It is de�ned as:

Fr =
U

p
g0H cos�

; (2)

where U is the magnitude of the average velocity in the dense 
uid
and

p
g0H cos� is the gravity wave speed. In the experimental study,

the wavy regime exists for Fr� 1, while laminar 
ow exists for Fr< 1
and Ek> 0:1. Eddies are seen where Ek< 0:1.

The distribution of Fr and Ek numbers are plotted for the laboratory
study (left) and ICOM experiments (right). Comparing the distri-
bution of Fr and Ek, plotted in the �gures above, the waves only
appeared for Froude numbers greater than 1. Cenedese et al. (2004)
suggest that wave generation requires the current speed to reach a
critical velocity, given by the gravity wave speed.

A set of experiments concentrating on the slope alone were also run
(set D). In the laboratory, Cenedese and Adduce (2008) found a sig-
moidal relationship between the slope angle and mixing ratio (rb),
de�ned asrb = g0

b=g0
0 whereg0

0 is the reduced gravity of the in
ow
and g0

b is the reduced gravity measured at the bottom of the slope.
A new , turbulent regime was found (an example turbulent result
from and ICOM simulation is shown above). The laboratory result
for mixing ratio is show in full on the left, and has been superimposed
as a blue line on the ICOM data (right) below.

Conclusions and related work
ICOM successfully simulated all three regimes found in the labora-
tory work. While transitions were found between theses regimes in
parameter space using ICOM, they were not located in the same place.
Adaptivity seems well suited to this experiment, as small scales must
be resolved in large domains. However, the regime diagram has not
been exactly recreated with the ICOM results. The variable slope ex-
periments also showed di�erent behavior in ICOM to the laboratory.
The range of slopes over which mixing ratio varied was wider in the
model than in the laboratory, and the sigmoidal shape is lost.

In order to cover a large range of experimental parameters in
this study, several simulations were run for a short time. The lab-
oratory study was not constrained as a numerical simulation is by
computation time. Perhaps if our simulations had been continued
for longer we would have seen more agreement with the laboratory
study. Also in the interest of time, the model resolution was limited.
While this study concentrates on transitions between regimes in three
dimensional over
ow currents, Hannah Hiester has performed two di-
mensional experiments, using a �ner mesh to investigate mixing in
non-rotating gravity current experiments.


