
ANZIAM J. 50 (CTAC2008) pp.C990–C1003, 2009 C990

Influence of a channel bend on the purging of
saline fluid from a cavity by an overflow of

fresh water
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Abstract

A numerical and laboratory investigation on the purging of saline
fluid from a cavity within a 60◦ channel bend is presented to char-
acterise the purging process in open channel bends. The numeri-
cal simulation uses a three dimensional, direct numerical simulation,
fractional-step solver. The geometry replicates the laboratory experi-
ment to define the mixing processes of a cavity with vertical sidewalls
occupying the centre 20◦ of the 60◦ channel bend. The secondary
circulation as the flow moves through the bend increases the verti-
cal momentum exchange within the cavity and hence destabilises the
saline interface.
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1 Introduction

Purging of density stabilised pools by an overflow of fresh water in a channel
bend is an important fluid dynamics problem crucial to the understanding
of environmental flow releases and their associated success in purging saline
pools from the bases of rivers within Australia. Saline pools are re-charged
primarily through saline groundwater intrusion at the base of the river, and
the high salinity and low dissolved oxygen levels render these pools uninhab-
itable by fish or other aerobic organisms which would otherwise rely on these
deeper parts of the river for safe feeding and breeding [1]. During times
of no or low flow, the saline groundwater settles within the deepest parts
of the river, generally within the scour holes located on river bends. The
saline pools generally consist of a very salty bottom layer with a relatively
fresh overflowing layer, and with a well defined interface [1]. A sustained
flow event is required to purge the density stabilised pool from the base of
the river [1], often occurring by way of an environmental release, which is
a controlled release of water from managed and collected sources upstream.
As a result of the drought, rising consumer demand for the water allocated
for such releases means that sound justification of the use of the water for
this purpose to be achieved [5].

A numerical and experimental investigation on the purging of a cavity with
vertical side walls within the centre of a 60◦ open channel bend and occupying
the centre 20◦ of the bend has been undertaken to identify the large scale
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flow features using an instantaneous start-up, and characterise the purging
process in a curved channel. The secondary circulation present, due to the
‘centrifugal’ acceleration of the flow through the bend, results in a highly 3d
flow field within the cavity, and enhances the mixing of saline fluid within
the cavity as the fresh overflow is forced into the cavity by the circulation on
the outside of the channel bend.

Channel geometry The channel is a narrow open channel with straight
inlet and outlet reaches, with a 60◦ bend inset, the top view of which is
shown in Figure 1. The bend has a centreline radius of curvature of 1m.
The 20◦ cavity with vertical side walls is set into the base of the channel
in the centre of the bend using false floor inserts, and the height of the
cavity, hcav, is 0.13m.

2 Numerical simulation

The numerical simulation solves the 3d non-dimensional Navier–Stokes (n–
s) Equations (1)–(4) in cylindrical and Cartesian coordinates with the Boussi-
nesq assumption for buoyancy. The Boussinesq assumption has previously
successfully been applied to purging in straight channels with strong step
transitions in density variation [3, 8] where the density difference between
the fresh and saline water is small.

The continuity equation is
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Figure 1: Top view of laboratory model replicated by the 3d dns code and
inset 3d cad representation of the laboratory configuration. The coordinate
system is aligned with the centre of curvature of the bend.
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respectively. The solute transport equation is

∂σ

∂t
+ ur

∂σ

∂r
+
uθ

r

∂σ

∂θ
+ uz

∂σ

∂z
=

1

Re Sc

[
∂2σ

∂r2
+
1

r

∂σ

∂r
+
1

r2
∂2σ

∂θ2
+
∂2σ

∂z2

]
, (5)

where u is the non-dimensional velocity in the direction specified by the
subscript and defined in Figure 1, t is time and p is the pressure. The
subscript duct signifies the channel and cav the cavity. The length is non-
dimensionalised by the height of the channel hduct, the velocity by the over-
flowing free surface channel velocity U∞, time by hduct/U∞, and the pressure
by ρU2∞. Density is related to non-dimensional solute concentration σ by
ρ = ρ0+σ∆ρ , where ρ0 = ρduct and ∆ρ = ρcav −ρduct . The non-dimensional
parameters governing the flow are the Reynolds number, Re = U∞hduct/ν ,
the densimetric Froude number, Fr = U∞/(∆ρghcav/ρ0)

1/2 and the Schmidt
number Sc = ν/κ . Here g is the constant of gravitational acceleration, κ the
kinematic diffusivity of salt and ν the kinematic viscosity.

The channel has straight inlet and outlet reaches, in which a Cartesian coor-
dinate system is used, and the bend and cavity inset in the base, in which a
cylindrical coordinate system is used. Thus the simulation must be capable
of resolving the flow field in both coordinate systems. This is accomplished
using the following transformations from cylindrical to Cartesian coordinate
systems,

r∆θ = ∆x , ∆r = ∆y , ∆z = ∆z , (6)
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where r is the radial distance from the centre of the bend to the cell centre
and ∆ indicates the mesh cell thickness. By setting r to be infinitely large
in the straight inlet and outlet reaches, that is r → ∞ , (or in practice r =

10100), the cylindrical n–s equations reduce to the Cartesian n–s equations,
by reducing all curvature source terms to be negligibly small in the Cartesian
domain.

The domain, shown in Figure 1, is discretised using a finite volume non-
staggered mesh. The simulation presented uses a mesh of size 350×72×100
in the x, y and z directions respectively. The mesh is constructed to provide
the finest mesh resolution on the duct cavity interface, with 40 × 72 × 75
cells concentrated in the cavity. As the code is in development stages, mesh
independence checks have not been completed, and dns codes cannot accu-
rately capture the thin turbulent small scale flow features apparent during
the later stages of purging, as was demonstrated during purging studies in
straight channels [8]. Thus, the code is only used at this stage to identify
the large scale purging features at low Reynolds numbers during the initial
stages of the purging process.

The inlet velocity is specified as a 1/7th power law profile with a zero salt
concentration, while the outlet uses a zero normal gradient outflow boundary
condition for velocity and salt concentration. The walls and base of the
channel and cavity are no-slip surfaces. The flow in the channel is started
impulsively. The solute boundary conditions are zero normal gradients at
the surface, base and outlet. The free surface radial elevation is negligible
for the Reynolds number simulated, and hence the model is simplified by
treating the free surface as a slip boundary condition.

The advective terms in the solute transport Equation (5) are discretised
using the smart scheme [7] and all other derivatives, including the cylin-
drical source terms, are discretised using second order central schemes. The
equations are solved in a segregated manner using a fractional step method.
The equations are integrated in time using a Crank–Nicolson time stepping
scheme for the diffusive terms and an Adams–Bashforth time stepping scheme
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for the advective terms. A pressure correction equation is solved to provide a
pressure update and to enforce the divergence free constraint on the velocity,
using a p2 projection approach. This method has been shown to be second
order accurate in time [2], and is computationally efficient. The time step is
varied dynamically to maintain 0.1 < cfl 6 0.45 . The equations are solved
with a Bi-Conjugate Gradient Stabilised solver with a Jacobi preconditioner
to increase the rate of convergence [9]. The residuals were 1×10−5 for mass,
momentum and solute concentration, and 1×10−7 for the pressure correction
equation, giving a maximum divergence error of 1× 10−3.

3 The purging process in a curved channel

The numerical results are validated by comparison with experimental re-
sults. Computational and time limitations mean that at this stage numerical
results have only been obtained using Re = 1, 000 and Fr = 0.5 whereas
experimental results have been obtained at Re = 17, 300 and Fr = 0.5 , all
with Sc = 750 . Therefore it is only appropriate to make a direct com-
parison for the early stages of the flow, which have been shown to be Re
independent [3]. Using an instantaneous start-up, the purging process for
this geometry is characterised as follows.

1. Immediately after simulation start-up, the interface tilts with the high-
est point at the downstream cavity wall, and is lifted high enough to
pass out of the cavity in the form of an initial splash, as shown in Fig-
ure 2 in the experimental results. This initial splash is attributed to
the impulsive start-up of the flow. As seen in straight channels [3, 6, 8],
this short lived flow feature removes a significant volume of saline fluid
from the cavity, lowering the interface by an order of magnitude more
than any other flow feature. The initial splash occurs as a result of
potential flow effects, where the streamlines enter the cavity and drive
the bulk transport of saline fluid from the cavity, as shown in Figure 3
using the numerical simulation results. The magnitude of the interface
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Figure 2: Left Image: Stage 1. Initial splash in experimental results at
t = 8 . The shed vortex following this initial splash is seen on the upstream
(left hand side) edge of the cavity. The cavity is viewed from the centre of
curvature of the bend and the saline fluid is dyed blue for visualisation. The
black dots indicate the edges of the cavity. Right Image: Stage 2. The shed
vortex results in a secondary splash at t = 16 .

tilt is proportional to the Froude number, where the highest Froude
number has the largest initial splash [3]. The secondary flow induces
a radial variation in the height of the initial splash, lowering the in-
terface further on the outside of the bend than on the inside. The
vortex following the initial splash strikes the inside of the bend before
the outside and the vortex core which subsequently drops back into the
cavity lowers the interface on the outside of the bend further than on
the inside.

2. Following the initial splash, a vortex shed from the upstream cavity
edge is transported across the cavity, shown in the experimental results
in the image on the right in Figure 2 and in the numerical simulation
in Figure 4, mixing the saline fluid across the interface and resulting
in a secondary splash as this vortex strikes the downstream edge of
the cavity. Part of the vortex is not lifted high enough to pass out
of the cavity, and this part of the vortex falls back within the cavity
and is subsequently transported towards the inside of the bend by the
secondary circulation. The vortex drops further into the cavity on the
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Figure 3: Stage 1. Initial splash using numerical simulation at t = 0.7 .
The streamlines enter the cavity and drive the bulk transport of saline fluid
from the cavity. Images are plotted along constant radial lines at the inside,
or 25% across the width of the channel from the inner edge, the middle in the
centre of the channel, and outside at 75% across the width of the channel,
with streamlines superimposed on solute concentration isolines. There are
ten levels of solute concentration levels shown with the lowermost contour
representing fully saline fluid.
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outside of the bend than on the inside.

3. Meanwhile, smaller vortices are periodically shed from the upstream
cavity edge, mixing the saline fluid across the interface, and are de-
flected downwards and towards the inside of the bend as they interact
with the now fully developed circulatory cell, seen in the experimen-
tal results shown in Figure 5. Purging therefore occurs fastest at the
downstream cavity wall on the outside of the bend, as both the circu-
latory cell and the vortices dropping into the cavity erode the interface
by pushing it down at this location, baring this cavity bottom region
first as shown in Figure 5. The circulatory cell enhances the mixing
of saline fluid within the cavity as the fresh overflow is pushed into
the cavity on the outside of the bend, replacing the saline fluid. The
saline interface on the inside of the bend is consequently lifted above
the downstream cavity wall in a corkscrew motion, where it is advected
away by the overflow. The majority of saline fluid purged during this
stage leaves the cavity from the inside of the channel bend. The vol-
ume of saline fluid purged during this stage is therefore influenced by
the strength of the secondary circulation. Increasing Re and Fr re-
sults in an increased strength of circulation [4], and therefore results
in an increased volume of saline fluid purged from the cavity as the
circulation de-stabilises the saline interface within the cavity for this
geometry. At the low Re and Fr in the numerical simulation, the in-
terface is eroded very slowly by the weak circulation, compared to the
experimental flow with high Re and Fr, where purging during this stage
occurs very rapidly.

Once the initial and secondary splashes have passed, very little saline fluid is
observed to pass out of the cavity on the outside of the bend. The secondary
circulation increases the purging rate of saline fluid from the cavity as it
permits more saline fluid to be mixed with the fresh overflow, and creates
a strongly 3d flow field. During the later stages of purging, the interface is
eroded by turbulent eddies across the interface, and the streamers ejected
from the waves are extremely thin. These small scale flow features are not
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Figure 4: Stage 2. A vortex following the initial splash results in a secondary
splash at t = 2 .
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Figure 5: Stage 3. Small vortices are periodically shed from the upstream
cavity corner, interacting with the secondary circulation and resulting in a
complex 3d flow field. The left image is t = 22 and the right t = 26 . The
secondary circulation bares the downstream cavity corner on the outside of
the bend first.

examined in this article. These small scale flow features cannot be captured
on a feasible grid scale using dns simulations, and thus the purging process
during this stage will be under predicted by the dns simulation. As previ-
ously seen in straight channels during these later stages [8], dns is unable
to reproduce all of the complex flow interactions and a Large Eddy Simula-
tion turbulence model is required to represent the affect of all of these flow
features.

4 Conclusion

A numerical code has been developed in order to characterise the purging
process in a curved 60◦ open channel bend. The centrifugal effects as the
overflow moves through the bend drives the transport of saline fluid from the
cavity, as this fresh overflow is pushed down into the cavity on the outside of
the bend, de-stabilising the dense interface and increasing the mixing of saline
fluid within the cavity as the circulatory cell is directed towards the inside
of the channel bend. Once the initial splash has passed, saline fluid leaves
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the cavity only on the inside of the bend, as the secondary circulation lifts
the saline interface at this location. The later stages of the purging process
is driven by a complex interaction of shed vorticity from the upstream cavity
corner and the secondary circulation across the width of the channel.
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