
Abstract

The behaviour of warm water discharged at 4◦C through lock-exchange in cold fresh water was investigated
numerically. Simulations were conducted using Fr = 1, Pr = 11, and varying Re between 50 and 100,
fixing lock-volume at the centre of the domain. This investigation as presented here is practical and can also
enhance policy making towards the protection of the aquatic ecosystems. The aim of this investigation is
to better fathom and as well, gain more insight into such flows. Our results have shown a speedy movement
of the lock volume at the centre of the domain with a leading head at two front on the floor which resulted
in a hat shape within the first few time frame. Result showed that lock volume collapsed uniformly before
splitting into two equal halves and began to form density current. Fluid movement in the second phase
is independent of the back reflected waves. We were able to identify two regimes of flow with a stepwise
decreasing velocity in the second phase. Our results have shown that velocity with which the current travels
with in the second regime is higher within the first time frame as compared to those by [3, 9, 23] with the
effect of back reflected waves (see Fig. 4(a), 5(a). One major factor that is responsible for decrease in the
velocity here is mixing. Because mixture here requires a very little mixing before it attain the same density
with the ambient fluid. Previous results have also shown that the front velocities in the collapsing phase
are independent of lock volume [9]. But this seem not to be the same here because fluid movement in the
first phase (regime) is not totally independent of the lock volume [23] and its position here, where density
difference is as a result of temperature. However, our scaling power laws here is the second phase show
some variations with previous studies by [3, 23] where we have effect of back reflected waves. But results in
the collapsing phase here are in strong agreement with those in the first phase of our previous simulations
with small lock volume [23]. Generally, the spreading behaviour here is dependent on lock volume, barrier
position, density difference and Reynolds number.
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1 Introduction

Gravity current flows are practical cases that are frequently encountered in nature and also in some man-
made situations. These currents are mainly driven by density differences (i.e., whenever flow fluids of
different densities come in contact then, the lighter fluid will over-ride the denser fluid forming gravity
currents. Fluid motion in such cases are usually in the horizontal direction) [1, 2, 3]. In most of the
experimental and numerical studies, this density differences is usually by change in temperature, salinity
or concentration of suspended particles [4]. Gravity currents in nature sometimes become evident when
water in some estuaries, lakes, etc. come in contact. Being that some of the water in these estuaries, lakes,
etc., are saltier or colder, this in turn will form density current as lighter fluid flow to the surface. In some
cases, the water in such areas also contains more suspended sediment than the surrounding water [ 3, 4] .
Furthermore, when the door of a heated room is opened for ventilation, it can be observed that cold air
from outside flows into the room, displacing the less dense warm air on the floor [1]. These currents can
also be found in thunderstorm outflows, sea-breeze fronts, discharge of industrial waste water into rivers,
lakes or oceans, volcanic clouds, etc., [1, 2, 3, 4, 5, 6, 7].
It is believed that apart from the behaviours as recorded by the various authors, it is also possible that the
most important practical aspect of this phenomenal flow is the determination of the rate of advancement of
the frontal head. Indeed this was the stated aim of the first theoretical calculation, by von Karman (1940)
as also recorded in the literature by [8]. Quite a number of literature have also been given in this area of
research and also examined theoretically, experimentally and numerically together with some mathemat-
ical relations and values that describes the propagation speed and spreading distance of these currents.
Different regimes of flow are also identified that describe the flow behaviour [2, 3, 9, 10]. Research has also
shown that gravity currents usually undergo either two or three distinct phases of flow and these include:
a slumping phase, self-similar phase and viscous phase [8, 11, 12]. As also recorded in the literature of
[2, 3, 8, 12, 13] that after the instantaneous removal of the gate, an initial adjustment phase where the
advancing head varies with approximately constant velocity. Followed immediately by the second phase
after the ambient fluid had reflected at the rear wall, it in turn overtake the penetrating head of the current.
If only the lock-exchange experiment was carried out in a finite confined channel [2]. At this point in the
flow, the penetrating head advances as t2/3, but decreases with front speed as t−1/3, where t is the time
after which the gate was removed. Lastly, is the phase where viscous effects overcome inertial effects and
the current front velocity decreases more rapidly as t−4/5, with front position advancing as t1/5 [14].

However, [2, 3, 4, 8, 9, 13, 15] have also considered density currents theoretically, experimentally and
numerically investigating the evolution of the frontal head in both rough and smooth surfaces. Both three
and two regimes of flow were also recorded in the the entire process which also depends on the lock-volume.
First was the slumping or a rapid collapsing phase, during which the current is retarded by the counterflow
in the fluid into which it is issuing. Though, motion in the surrounding fluid plays a negligible role in this
phase. [9] reported that outside the effects of back reflected waves on the current and initial volume, the
front spreading distances and front velocities of the currents developed very smoothly. But then, effect of
drag and friction were significant. Though, their results show some sort of variations as time progresses,
which differs from those by previous authors on gravity current flows of small-volume release. Theoretical
results show that the front traveling length over time is a quadratic function and the front velocity de-
creases linearly based on the initial speed, which is related to the drag coefficient. All these were analysed
using a one-layer hydraulic theory. It was reported that bottom roughness elements does affect the gravity
current propagation. For small elements, the current flow was more like those with a smooth bottom,
while for larger elements, the propagation speed reduces together with the internal structures of the cur-
rent: both the head and the tail in this case was also significantly modified [4, 13]. These authors [3] have
also investigated Density Current flows and was able to identify three regimes. The general behaviour in
that study was dependent on lock volume, density difference and Reynolds number as also described by
[8]. They recorded a collapsing velocity of the denser fluid within the first time frame and described it to
be higher than every fluid movement elsewhere, and as well relations that describes the various regimes of
flow. Though, there are variations in the scaling laws as compared to the earlier studied cases [8, 12, 15].
It is believed that the velocity of the gravity current is highly influenced by density difference and lock
volume ( i.e., velocity increases with increasing density difference for those where density variation is as a
result of saltwater and a considerably high lock volume).
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Their ([15]) results show that cross section of the tank played a vital role in the propagation of gravity
currents. Especially, the presence of the trapezoidal shape at the bottom of the composite cross section
results in a significant increase in the velocity of the gravity currents in comparison with the rectangular
cross section. The current with the greater density difference travels faster than the others in all cases
(i.e., velocity of the gravity current increases with increasing density difference) even as the gravity current
propagates with a parabolic head. Though, effect of density difference is more pronounced in the case of
composite section than in the case of trapezoidal section. These authors [2] have also carried out an inves-
tigation on the behaviour of warm discharge through lock exchange, with the assumption that density was
taken as a quadratic function of temperature. It was reported that their results appear very similar to the
experimentally studied cases by Marmoush et al. [16] and Bukreev [17], with some level of Rayleigh-Taylor
instabilities as warm water penetrate the ambient fluid as surface current. Though, they were unable to
observe the slumping phase and the viscous phase as described in most of the earlier investigations [8, 11].
This is due to the fact that cabbeling process begins immediately we assume gate removal. And as denser
fluid at Tm is produced at every point in the surface current that sink to the floor due to cabbeling. This
process causes a sudden decrease in velocity of the frontal head right from the start of the simulation, and
this in turn resulting to a quick halt of the surface current.
In most of the configurations, the lock-exchange method is used (see Fig. 1): as this enables such flow
scenarios over the rough and smooth horizontal surfaces and as well as the inclined surfaces [2, 3]. In
most of the experimental studied cases, salt is frequently used to create the density difference in fresh
water except for [2, 3, 17] where density difference is as a result of temperature. In this case, cabbeling
process is key even as the various fluids advances in their opposite directions. This behaviour can usually
be seen in lakes, especially in holomictic lakes and warm discharge from thermoelectric power generating
plants (see [2, 18, 19] ) for more insights and a more detailed literature review. However, we have recently
carried out a Numerical investigation entitled "Density Current Simulations In Cold Fresh Water And
Its Cabbeling phenomenon: A Comparative Analysis With Given Experimental Results" where we have
extensively discussed the behaviour of such flows, taken density as a quadratic function of temperature.
Three regimes of flow were also identified together with the development of Kelvin-Helmholtz instability as
recorded in earlier investigations. Relations were drawn that describes the propagation speed of the frontal
head and as well as the distance traveled with respect to time [3]. Though, these Relations were drawn
from simulations with computational domain length L = 10000, i.e., 0 ≤ X ≤ 10000, with a domain height
H = 1200 i.e., 0 ≤ Y ≤ 1200 with barrier position 0.07L/14. We also recorded that the collapsing velocity
of the denser fluid within the first time frame was high, higher than every fluid movement elsewhere. We
have also claimed that the velocity of the gravity current is highly influenced by density difference and lock
volume [3]. Thus, the consideration of barrier position is key, being that the lock volume is also believed
to be a factor. Then, there is the need to carryout another investigation repositioning the barrier position
to fathom, if the speed of the current is really and also dependent on the barrier position. Thus, we can
see this as a limitation in the previous investigation. This is very important because numerical simulations
are mainly conducted in a finite domain and as such, most of the lock volumes are also small, as this in
turn perturb the free flow of the current by the back reflected waves which is also a limitation in previous
studies. Thus, it will also be interesting if measures can be taken to minimise or eliminate the effect of
this back reflected waves in other to properly fathom the behaviour in the propagation of the frontal speed
after the slumping phase.
For this reason, we will carryout a detailed investigation so as to better fathom and as well, gain more
insight into such studies. Thus, taken into consideration here is the motion of fluids with Tm (which is
3.98◦C for fresh water at atmospheric pressure, (i.e., approximately 4◦C in some numerical calculation))
initially at rest but separated by a vertical barrier at the center in a rectangular domain with an ambient
fluid with temperature zero. As usual, It is expected that difference in the hydrostatic pressure will result
in the denser fluid flowing in one direction along the floor once the barrier is lifted up. Meanwhile the less
dense fluid will flow in the opposite direction horizontally along the upper part of the domain, and this
in turn create a mixing layer between the two fluids as they interact with each other. [2, 3] However, the
interaction process will continue even as the most dense fluid is located at the lower part with a frontal or
leading head penetrating the ambient fluid. This will continue until the dense but warm fluid will mix to
a point where both fluids attain the same temperature. [2, 3]
Our present investigation is based on numerical simulations that uses the lock exchange method with the
assumption that density is a quadratic function of temperature. Density current which contains a dense
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Fig. 1: Schematic presentation of Lock-exchange flow in a channel of length L and height H.

but warm fluid in this case is expected to mix further as it spreads outward on the floor. This will continue
until the dense fluid will mix to a point where it attain the same temperature with the ambient fluid [3].

Computational domain length and height will be kept constant, where length L = 20000, i.e., 0 ≤ X ≤
20000, and a domain height H = 1500 i.e., 0 ≤ Y ≤ 1500, barrier position is at 9000 ≤ 2L/20 ≤ 11000.
The input fluid (lock volume) temperature is φin = 1 at the centre of the domain. Meanwhile, on the left
and right hand side (ambient fluid) is φin = 0. Where L is the total length of the computational domain
and φin, the initial temperature on the various sides of the barrier and the centre.

2 Model Formulation and Governing Equations

The behaviour of the frontal head in density currents as denser fluid spread outwards on the floor after the
lock release due to the nonlinear relation between density ρ and temperature T is very important. Thus,
the relation below is useful for this study,

ρ = ρm − β(T − Tm)2 (1)

This, we believe gives a very good fit to the experimentally determined density of fresh water at temperature
below 10◦C if we consider Tm = 3.98◦C, ρm = 1.000× 103 kg.m−3 and β = 8.0× 10−3 kg.m−3(◦C)−2 [20,
21] and all other fluid properties (e.g. viscosity, thermal diffusivity) are assumed constant. We also assume
that the flow is time dependent and two dimensional, and that the liquid property is constant except for
the water density, which changes with temperature and in turn results to the buoyancy force. We can
non-dimensionalise the coordinates x, y, velocity components u, v, time t, pressure p and temperature T
by

U =
u

U∗
V =

v

U∗
X =

x

H
Y =

y

H
τ =

t
H
U∗

P =
p

ρU2
∗

φ =
T − T∞
Tm − T∞

, (2)

where x and u are horizontal, y and v are vertical; U∗ =
√

ρ∞−ρ)
ρ

H is the relative frontal velocity and
domain height H. We also define dimensionless parameters, the Reynolds Re, Prandtl Pr and Froude Fr
numbers, by

ν =
µ

ρ
α =

k

ρcp
Re =

U∗H

ν
Pr =

ν

α
Fr2 =

ρmU
2
∗

gβ(Tm − T∞)2H
, (3)

where ν and α are the respective diffusivities of momentum and heat, and µ is viscosity, k is thermal
conductivity and cp is specific heat capacity. In terms of these dimensionless variables and parameters, the
continuity equation, the horizontal and vertical momentum equations and the thermal energy equation are
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given as

∂U

∂X
+
∂V

∂Y
= 0 (4)

∂U

∂τ
+ U

∂U

∂X
+ V

∂U

∂Y
= − ∂P

∂X
+

1

Re
(
∂2U

∂X2
+
∂2U

∂Y 2
) (5)

∂V

∂τ
+ U

∂V

∂X
+ V

∂V

∂Y
= −∂P

∂Y
+

1

Re
(
∂2V

∂X2
+
∂2V

∂Y 2
) +

1

Fr2
[φ2 − 2φ] (6)

∂φ

∂τ
+ U

∂φ

∂X
+ V

∂φ

∂Y
=

1

RePr
(
∂2φ

∂X2
+
∂2φ

∂Y 2
) (7)

The terms Udc are used to describe the propagating speed of the density current.
Our initial conditions are an undisturbed, homogeneous medium as also given in [3].

U = 0, V = 0, φ = 0, for τ < 0 (8)

For τ ≥ 0 we have boundary conditions as follows. On the side walls:

U = 0, V = 0,
∂φ

∂X
= 0 (9)

At the plume source:

U = U∗, V = 0, φin = 1 for 2L/20 and φin = 0 for 9L/20 and 9L/20,

for X = 0, at Y = H (10)

On the floor of the domain:
U = 0, V = 0,

∂φ

∂Y
= 0 (11)

At the top of the domain:
∂U

∂Y
= 0, V = 0,

∂φ

∂Y
= 0 (12)

The Froude number Fr = 1 and Prandtl number Pr = 11 will be fixed throughout this investigation
varying Reynolds number between Re = 50 and 100. The dimensionless temperature φin = 1 at the centre
is equivalent to a discharge at 4◦C into an ambient at 0◦C. Numerical solution of the above equations is
by means of COMSOL Multiphysics software. This commercial package uses a finite element solver with
discretization by the Galerkin method and stabilisation to prevent spurious oscillations. We have used the
"Extremely fine" setting for the mesh. Time stepping is by COMSOL’s Backward Differentiation Formulas.
Further information about the numerical methods is available from the COMSOL Multiphysics website
[22]. Results will be illustrated mainly by surface temperature plots of dimensionless temperature on a
colour scale from dark red for the ambient temperature φ = 0.0, through yellow to white for the source
temperature φ = 1. Note that φ = 1.0 corresponds to the temperature of maximum density.

3 Results

The behaviour of warm fluid, discharged at 4◦C through lock-exchange in cold fresh water was investigated
and shown in Figure 2, &3 . Froude number Fr = 1 and Prandtl number Pr = 11, are kept fixed
throughout the study, varying Reynolds number between Re = 50 and 100. Computational domain length
and height was kept fixed with lock-volume at the centre of the domain. Where length L = 20000, i.e.,
0 ≤ X ≤ 20000, and a domain height H = 1500 i.e., 0 ≤ Y ≤ 1500. The evolution of temperature field
for φin = 1 within the time frame 0 ≤ τ ≤ 470 for Reynolds number Re = 100. is only shown in this case
because both results appear similar.
After the lock release, a speedy movement of the lock volume at the centre of the container was observed
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Fig. 2: Evolution of temperature field in the Density current for Fr = 1 and Reynolds number
Re = 100 with φ = 1 at time 0 ≤ τ ≤ 110

with a leading head at two front on the floor, one heading towards the left hand side and the other to
the right hand side. The overall shape of the lock volume at this point is more like the hat (see Fig. 2b).
Cabbeling process also commenced immediately after the lock release, at the point where the water masses
meet; though, this is not too apparent as significant mixed fluid was not noticed in the density current.
It is believed that fluid movement in the collapsing phase is not totally independent of lock volume but
independent of the back reflected waves that seem to affect the free flow of the current in previous studies
[2, 3, 6, 9]. It is also believed that the phase wherein these behaviours are described, is the first regime as
also evident in (Fig. 4(a), 5(a)). It is also worth noting that the speedy movement of fluid in this collapsing
phase might not only be to the influence of the small lock volume [23] but also to the fact that denser fluid
could flow from two fronts. Unlike those where denser fluid is positioned at one end of the container [2, 3,
23].
As time progresses, the entire lock volume collapsed uniformly before splitting into two equal halves and
began to form density current (see Fig. 2c - 2e). There is no effect of back reflected waves on the current
instead, the development of Kelvin-Helmholtz instabilities at the interaction layer between the ambient
and the denser fluid was observed.
Afterwards, a fully developed stage of these Kelvin-Helmholtz instabilities at the interaction layer between
the ambient and the denser fluid was observed ( see Fig. 3(f - j)) even as the penetrating sharp head of
the current advances forward, leaving fluid that have attained φin = 0 at the rear. But then, simulations
with increased lock volume show that a ground flow of warm but dense fluid from the rear continue to
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Fig. 3: Evolution of temperature field in the Density current for Fr = 1 and Reynolds number
Re = 100 with φ = 1 at time 150 ≤ τ ≤ 470
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Table 1: Relations describing the
propagation speed of the
density current Udc as a
function of time τn for
simulations with Re = 50

Regime of Flow Udc Formula Regression Coefficient R2

1st ≈ 0.8776τ0.9716n ≈ 0.9972
2nd ≈ 35.108τ−0.077

n ≈ 0.5252
3rd 0 0

Table 2: Relations describing the
propagation speed of the
density current Udc as a
function of time τn for
simulations with Re =
100

Regime of Flow Udc Formula Regression Coefficient R2

1st ≈ 0.9064τ0.9812n ≈ 0.9942
2nd ≈ 29.375τ−0.034

n ≈ 0.3358
3rd 0 0

replenish this head, enabling the frontal head to penetrate the ambient fluid faster. Though, density
difference between ambient fluid and dense fluid is very small, thus mixture requires just a little mixing
before attaining φin = 0. This implies that the density current will eventually halt if this is conducted in an
infinite length [3]. This we also believed to be the second regime or phase of flow as evident in (Fig. 4(a),
5(a)) with a linear scale. In this investigation, we could only identify two regimes of flow with a stepwise
decreasing velocity in the second phase. The possible explanation to this stepwise behaviour might be as
a result of the regrouping process after the raging columns of the Kelvin-Helmholtz instabilities that have
partitioned the denser fluid. This process is expected to continue until the denser fluid will attain the same
temperature with the ambient fluid and the density current will eventually halt [3].
Results here show that the velocity with which the current travels with in the second regime of flow, is
higher within the first time frame than those by [3, 9, 23] with the effect of back reflected waves (see
Fig. 4(a), 5(a) with a linear scale). Meanwhile, speed of the current in the first regime of flow appear
more like those by [3, 23] with small lock volume. This is also evident in Table 1 and 2, where we have
obtained some empirically determined data set that represent the best fit power laws obtained by linear
regression of logUdc1 on logτn. In like manner, we have also obtained some empirically determined data
set that represent the best fit power laws obtained by linear regression of logUdc on logτn in the second
regime of flow. This is also evident in Table 1 and 2. It has been established that gravity currents usually
undergo either two or three distinct phases of flow and these include: a slumping phase, self-similar phase
and viscous phase [9, 11, 23] but that this is also dependent on the lock volume. This authors [23] have
established that number of distinct phases of flow are dependent on the lock volume (i.e., two phases of
flow when the lock volume is big and three phases of flow when the lock volume is small). Thus, having
identified two regimes here, we can the say that the lock volume used is fairly big. One major factor that
is responsible for decrease in the velocity here is mixing.
Because mixture here requires a very little mixing before it attain the same density with the ambient fluid
φin = 0, the strong interaction between the two fluids also contributed to the slow movement of the current
at much later time. Even though the choice of numerical parameters (Reynolds number 50 and 100) for
a laminar flow was suggested and ideal for the purpose of this work [2, 3, 23]. It is worth emphasising
that in most of the lock-exchange experimental cases, salt is mostly used to create the density difference.
Except for Bukreev [ 17, 24] who considered density variation as a result of temperature difference, but did
not really give much details. Though, [2, 3, 23] have extensively discussed gravity current flows but did
not consider the effects of back reflected waves which is the main focus of this paper to either minimise or
eliminate these effects.
Previous results have also shown that the front velocities in the collapsing phase are independent of lock
volume [9]. But this seem not to be the same here because we have highlighted above that a speedy
movement of the lock volume at the centre of the container was observed with a leading head at two front
on the floor, one heading towards the left hand side and the other to the right hand side. Thus, the lock
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(a) Linear Scale (b) Logarithmic Scale

(c) Logarithmic Scale

Fig. 4: Propagation speed of the Density current Udc for the different Regimes with respect to time
τn for simulations with Re = 50.
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(a) Linear Scale (b) Logarithmic Scale

(c) Logarithmic Scale

Fig. 5: Propagation speed of the Density current Udc for the different Regimes with respect to time
τn for simulations with Re = 100.
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volume position may also influence the speed of the current. Thus, the fluid movement in the first phase
(regime) is not totally independent of the lock volume [23] and its position here, where density difference
is as a result of temperature. Lastly, it may also be possible that power law does not fit well in all the
flow processes as we have indicated previously [8, 23], though, this was not showed clearly. However, our
scaling power laws here is the second phase show some variations with previous studies by [3, 23] where
we have effect of back reflected waves. But results in the collapsing phase here are in strong agreement
with those in the first phase of our previous simulations with small lock volume [23]. Furthermore, these
numerical simulations are mainly conducted in a finite domain and as such, we may not be privileged to
observe the halting process of the current especially when a reasonable amount of lock volumes is used.
Thus, this we can see as a limitation here in this investigation. However, the general behaviours here are
dependent on lock volume, barrier position, density difference and Reynolds number. We strongly believe
that this work as presented here is practical and can also enhance policy making towards the protection
of the aquatic ecosystems.These information as presented will enable researchers to better fathom and as
well, gain more insight into such flows.

4 Summary/Conclusion

The behaviour of warm water discharged at 4◦C through lock-exchange in cold fresh water was investigated
numerically. Simulations were conducted using Fr = 1, Pr = 11, and varying Re between 50 and 100,
fixing lock-volume at the centre of the domain. The results here show a speedy movement of the lock
volume at the centre of the container with a leading head at two front on the floor which resulted in a
hat shape within the first few time frame. Fluid movement in the second phase is independent of the back
reflected waves. As time progresses, the entire lock volume collapsed uniformly before splitting into two
equal halves and began to form density current (see Fig. 2c - 2e). A fully developed stage of the Kelvin-
Helmholtz instabilities at the interaction layer between the ambient and the denser fluid was observed ( see
Fig. 3(f - j)). We were able to identify two regimes of flow with a stepwise decreasing velocity in the second
phase. Our results have shown that velocity with which the current travels with in the second regime
is higher within the first time frame than those by [3, 9, 23] with the effect of back reflected waves (see
Fig. 4(a), 5(a). One major factor that is responsible for decrease in the velocity here is mixing. Because
mixture here requires a very little mixing before it attain the same density with the ambient fluid.
Previous results have also shown that the front velocities in the collapsing phase are independent of lock
volume [9]. But this seem not to be the same here because fluid movement in the first phase (regime)
is not totally independent of the lock volume [23] and its position here, where density difference is as a
result of temperature. However, our scaling power laws here is the second phase show some variations
with previous studies by [3, 23] where we have effect of back reflected waves. But results in the collapsing
phase here are in strong agreement with those in the first phase of our previous simulations with small lock
volume [23]. It may also be possible that power law does not fit well in all the flow processes as we have
indicated previously [8, 23], though, this was not showed clearly. Furthermore, gravity current simulations
are mainly conducted in a finite domain and as such, we may not be privileged to observe the halting
process of the current especially when a reasonable amount of lock volumes is used. Thus, this we can also
see as a limitation as we were unable to capture the end behaviour. Generally, the spreading behaviour
here is dependent on lock volume, barrier position, density difference and Reynolds number. This work as
presented here is practical and relevant to many fields of study and also enhances policy making towards
the protection of the aquatic ecosystems. Because such discharge or introduction of warm but dense water
may definitely give rise to environmental problems; where the sudden increase in the water temperature
after discharge/introduction will lead to "thermal shock" killing aquatic life that has become acclimatised
to living in a stable temperate environment. Researchers can also gain more knowledge in terms of the
dynamics of such flows.
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