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Abstract
The onset of asymmetry, three-dimensionality and entrainment,
which occurs in transitional fountains with intermediate Froude
and Reynolds numbers (1 < Fr < 10, 10 < Re < 1000) is the key
to shed light on the turbulence generation mechanism in
fountains. The stratification of the ambient fluid also has
significant effects on these characteristics of fountain flows. In
this study a series of direct numerical simulation (DNS) are
carried out with varied stratifications (quantified by a
dimensionless stratification parameter s over 0  s  1.5) and
different Re over 25  Re  300, but all at Fr = 5, to examine the
penetration height and the onset of asymmetry in transitional
plane fountains. The results show that fountain heights decrease
when s increases, but increase when Re increases. When Re is
small, a fountain generally starts to show the asymmetric
behaviour at a much later time and the extent of asymmetry
increases when Re increases, although the rate of increase
decreases with Re. On the other hand, the stratification of the
ambient fluid is found to play a positive role to stabilize the flow
and to alleviate its asymmetric and unsteady behavior.
Introduction
Fountains are present in many industrial and environmental
settings. A fountain occurs whenever a denser fluid is injected
vertically upward into a less dense fluid or a less dense fluid is
injected vertically downward into a denser fluid. In both cases
buoyancy opposes the momentum of the jet flow, leading to
gradually reduced vertical jet velocity until it becomes zero at a
certain finite height. After that, the jet flow reverses its direction
and flows back around the core of the upward or downward flow
and an intrusion forms on the bottom which moves outwards.
When injected into a homogeneous ambient fluid, the behavior of
a fountain is governed by the Reynolds number, Re, and the
Froude number, Fr, which are defined as follows,
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where X0 is the radius of the orifice for a round fountain or the
half-width of the slot for a plane fountain at the fountain source,
W0 is the mean inlet velocity of the jet fluid at the source, g is the
acceleration due to gravity, 0, T0 and a, Ta are the densities and
temperatures of the jet fluid and the ambient fluid at the source,
and  and  are the kinematic viscosity and coefficient of
volumetric expansion of the fluid, respectively. The second

expression of Fr applies when the density difference is due to the
difference in temperatures of the jet and ambient fluids using the
Oberbeck-Boussinesq approximation.
When the ambient fluid has a linearly stratified density
distribution, the fountain behaviour will also depend on the
stratification, which can be quantified by a dimensionless
temperature stratification parameter, s, defined as follows [1] if
the Oberbeck-Boussinesq approximation is valid,
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where a,z = (Ta,Z - Ta,0)/(Ta,0 - T0) and z = Z/X0 are the
dimensionless temperature of the ambient fluid at height Z and
the dimensionless height, Ta,Z and Ta,0 are the temperatures of the
ambient fluid at height Z and at the bottom. The gravity is acting
in the vertical, negative Z direction.
Numerous studies have been made on the behaviour of both
round and plane fountains in homogeneous or stratified ambient
fluids, mainly in terms of the maximum fountain penetration
height (see, e.g., [2-5]). It is believed that the onset of asymmetry,
unsteadiness and entrainment is the key for the understanding of
the transition to turbulence and entrainment mechanisms in
fountains. However, the current knowledge of this is very limited.
Lin & Armfield [6] reported DNS results for transitional round
fountains in homogeneous fluids over 1 ≤ Fr ≤ 8 and 200 ≤ Re ≤
800, showing that entrainment strongly depends on Re rather than
Fr. The DNS results by Williamson et al. [7] for weak turbulent
round fountains in a homogeneous fluid over 20  Re  3494 and
0.1 Fr  2.1 demonstrate that there is a continuum of behaviour
over this transitional Fr range, from hydraulically driven
buoyancy dominated flow to momentum dominated flow. More
recently, Gao et al. [1] examined the onset of asymmetry and
three-dimensionality of transitional round fountains in a linearly
stratified fluid over 1 ≤ Fr ≤ 8 and 100 ≤ Re ≤ 500 at s = 0.03
using three-dimensional DNS results. Their results show that for
Fr = 2 a critical Re exists between 100 and 200 and similarly a
critical Fr exists between 1 and 2 for Re = 200 to divide the
fountains as either axisymmetric and two-dimensional or
asymmetric and three-dimensional. Both [1] and [7] studied the
behaviour of round transitional fountains for relatively small Fr
values. Nevertheless, there is no study reported on the onset of
asymmetry and unsteadiness in transitional plane fountains in
stratified fluids. This motivates the current study, where a series
of DNS runs are carried out for transitional plane fountains at Fr
= 5 over 25  Re  300 and 0  s  1.5, aiming to reveal the
effect of Re and s on the onset of asymmetry and unsteadiness in
these transitional plane fountains in stratified fluids.

Numerical Methods

The governing equations for three-dimensional DNS are the
Navier-Stokes and temperature equations, which were discretized
on a non-uniform rectangular mesh using a finite volume method.
A standard 2nd-order central difference scheme was used for the
viscous and divergence terms and the 3rd-order QUICK scheme
for the advection terms. The 2nd-order Adams-Bashforth and
Crank-Nicolson schemes were used for the time integration of the
advective and diffusive terms, respectively. The PRESTO
(PREssure STaggering Option) scheme was used for the pressure
gradient. The grid sizes used are in the range of 3 to 6 million.
Each mesh used had passed the mesh independence testing. All
DNS runs were carried out using ANSYS Fluent 13.
Results and Discussions
Typical Evolution of Transitional Plane Fountain Behavior
Typical evolution of transient plane fountain behavior on three
specific planes in each of the X, Y, and Z directions is presented,
as an example, in figure 1 for the case of Fr = 5, Re = 100 and s =
0.05. The results show that at Y = 0 in the X-Z plane the fountain
maintains symmetry with respect to X = 0 at its early
development stage until   190, when it starts to become
asymmetric, leading to flapping motions (i.e., the oscillations)
around X = 0 in the X direction. The transition from a symmetric
flow in the Y direction on the Y-Z plane to an asymmetric one
occurs at a similar time, as the temperature contours at X = 0 in
the Y-Z plane demonstrate that the fountain height is basically the
same along the Y direction for each time instant until   190,
when the height is observed to fluctuate along the Y direction,
indicating that the fountain has become asymmetric in the Y
direction. This is also true in the X-Y plane, as the temperature
contours at Z = 5X0 in the X-Y plane show that the fountain width
at this specific height is essentially the same in the X direction for
each time instant until   190, when the width varies along the X
direction, confirming that the fountain becomes asymmetric in
the X direction of the X-Y plane. The behavior of the fountain
becomes quasi-steady at the later development stage as the timeaveraged behavior essentially attains a quasi-steady state,
although the instantaneous behaviour is still time dependent.
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Figure 1. Evolution of transient temperature contours (in normalized form)
of the plane fountain with Fr = 5, Re = 100 and s = 0.05 at Y = 0 in the XZ plane (left column), at X = 0 in the Y-Z plane (middle column), and Z =
5X0 in the X-Y plane (right column), respectively. Temperatures are
normalized with [T (Z)-To) / [Ta,Z=25Xo -To)] and  is the dimensionless time
which is made dimensionless by X0/W0.
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The physical system considered is a rectangular container of the
dimensions HBL, containing a Newtonian fluid initially at rest
and with a constant temperature gradient dTa,z/dZ. At the center
of the bottom of the container, a narrow slot with half-width X0 in
the Y direction functions as the source for a plane fountain, with
the remainder of the bottom being a rigid non-slip and adiabatic
boundary. The two vertical surfaces in the X-Z plane at Y = B/2
are assumed to be periodic whereas the two vertical surfaces in
the Y-Z plane at X = L/2 are assumed to be outflows. The top
surface in the X-Y plane at Z = H is also assumed to be an outflow.
The origin of the coordinate systems is at the center of the bottom.
At time t = 0, a stream of fluid at T0 (T0 < Ta,0, where Ta,0 is the
initial temperature of the fluid at the bottom) is injected upward
from the slot with a uniform velocity W0 into the container to
initiate the plane fountain flow and this discharge is maintained
over the whole course of a specific DNS run.
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Figure 2. Time series of the maximum fountains height zm for the case of
Fr = 5, Re = 100 and s = 0.05.

Effect of Re
The effect of Re on the asymmetric behaviour of plane fountains
is demonstrated in figure 3 where representative temperature
contours at the quasi-steady state on three specific planes over 25
 Re  300, all with Fr = 5 and s = 0.1, are shown. It is apparent
that at the quasi-steady stage all these plane fountains are
asymmetric and unsteady. The fountain flow in the X-Z plane
flaps in the X direction and the fountain height at higher Re
values are considerably larger than those at smaller Re values. It
is also observed that the extent of entrainment increases with Re.
In the Y-Z plane, the increase of Re leads to larger fluctuations of
the fountain height along the Y direction. Similarly, the increase
in Re results in a larger fountain width and increased fluctuation
of the width in the X-Y plane as well.
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Figure 2 presents the time series of the dimensionless maximum
fountain height, zm, which is made dimensionless by X0, for the
same case as for figure 1. zm increases continually after the
initiation of the fountain, until it attains its maximum (about
17.375) for the first time at τ  150, which is known as the initial
fountain height, zi, which is again made dimensionless by X0.
After that, zm is observed to fluctuate around a certain height and
the fountain becomes quasi-steady. The average value of zm at the
quasi-steady stage is denoted as the average fountain height, zave,
which is also made dimensionless by X0.

Figure 3. Representative normalized temperature contours of plane
fountains at the quasi-steady stage for different Re values with Fr = 5 and
s = 0.1 at Y = 0 in the X-Z plane (left column), at X = 0 in the Y-Z plane
(middle column), and at Z = 0.5Zi in the X-Y plane (right column),
respectively, where Zi is the initial maximum fountain height.

The effect of Re on the fountain heights can be quantified using
the DNS results, as shown in figure 4 where zi and zave are plotted
against Re over 25  Re  300 with Fr = 5 and s = 0.1. The

results show that both zi and zave increase with Re. The following
power fit-curves are obtained from the DNS results,
zi  6.680Re 0.1555, z ave  7.922Re 0.104

(4)

The index in the power correlation for zi is larger than that for zave,
indicating that Re has a relatively larger effect on zi than on zave,
although at small Re values (Re = 25 and 50), zi and zave are
almost identical. They are significantly different at higher values
of Re, and the difference between zi and zave increases with Re up
to Re = 200, as clearly shown in figure 4.
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time averaged Umax/W0 and its standard deviation at the quasisteady stage as well as on the time τasy,x for the onset of
asymmetry at X = 0 in the Y-Z plane are shown for plane
fountains with Re varying over the range 25  Re  300 and Fr =
5 and s = 0.1. The results show that the time averaged Umax/W0
increases linearly from 13.5% at Re = 25 to 30.1% at Re = 100,
but becomes almost constant at higher Re values, demonstrating
the different effects of Re on the extent of asymmetry when Re is
in different regimes. With the exception of the Re = 50 case, the
results in figure 6(b) demonstrate that τasy,x decreases when Re
increases, from τasy,x =330.7 at Re = 25 to 96.0 at Re = 300,
indicating that in general the onset of asymmetry occurs much
earlier at a higher Re value, which is in agreement with the above
observations.

10

100

(a)
0
0

10
0

50

100

150

200

250

300

Figure 4. zi and zave plotted against Re over 25  Re  300 with Fr = 5 and
s = 0.1. Solid lines denote the power fit-curves and the symbols represent
the DNS results.

A more evident demonstration of the effect of Re on the
asymmetric behaviour of plane fountains in the X direction of the
Y-Z plane is presented in figure 5 where the time series of
Umax/W0 at X = 0 in the Y-Z plane with Re varying over the range
25  Re  300, all with Fr = 5 and s = 0.1, are presented. Umax
represents the maximum value of U at X = 0 in the Y-Z plane and
only Umax/W0 = 0 (theoretically) or negligibly small (due to
inevitable numerical errors in DNS) will indicate the fountain
flow being symmetric in the plane. From this figure, it is seen
that Umax/W0 is essentially zero in the early developing stage for
all cases considered, indicating that these plain fountains are
initially symmetric in the X direction. However, after that all
fountains under consideration exhibit asymmetric behaviour, with
their Umax/W0 values becoming significant. When Re is small, the
fountain generally starts to show asymmetric behaviour at a much
later time. For example, the Re = 25 fountain starts to become
asymmetric in the X direction of the Y-Z plane at   350 whereas
when Re increases to 100, 200, and 300, the time for the onset of
the asymmetric behaviour in this direction reduces to   240,
125, and 105, respectively. It is further observed that the
magnitude of Umax/W0 increases when Re increases, although the
rate of increase decreases with Re.
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Figure 6. DNS results showing the effect of Re on (a) the time averaged
Umax/W0 and its standard deviation at the quasi-steady stage and (b) the
time τasy,x for the onset of asymmetry at X = 0 in the Y-Z plane for plane
fountains with Re varying over 25  Re  300 and Fr = 5 and s = 0.1.

Effect of s
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Figure 7. Representative normalized temperature contours of plane
fountains at the quasi-steady stage for different s values with Fr = 5 and
Re = 100 at Y = 0 in the X-Z plane (left column), at X = 0 in the Y-Z plane
(middle column), and at Z = 0.5Zi in the X-Y plane (right column),
respectively.
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Figure 5. Time series of Umax/W0 (in percentage) for plane fountains at X
= 0 plane for different Re over 25 Re  300, all at Fr = 5 and s = 0.1.

The quantitative effect of Re on the asymmetry at X = 0 in the YZ plane is demonstrated by the results presented in figure 6,
where the quantitative results showing the effect of Re on the

Figure 7 presents the representative temperature contours at the
quasi-steady stage on the same three specific planes as those in
figure 3 when s varies over 0  s  1.5 but Fr and Re are kept
constant at Fr = 5 and Re = 100. The results with s = 0, which
represents the case with a homogeneous ambient fluid, are also
included for comparison. Again all these plane fountains become
asymmetric and unsteady at the quasi-steady stage, although it is
clear that the extent of asymmetry and unsteadiness decreases
with increasing s. It is also observed that the fountain height, as
shown by the contours in the X-Z plane (left column), decreases
when s increases, due to the increasing negative buoyancy that
the fountain fluid has to overcome to penetrate into the linearlystratified ambient fluid. In the Y-Z plane (middle column), the
increase in s leads to a lower fountain height and a smaller extent

zi  5.610s 0.383 , z ave  6.786s 0.261
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Again, as the power index in the correlation for zi is considerably
higher than that for zave, s has a relatively larger effect on zi than
on zave. Furthermore, it is interesting to note that at small s values,
zi is larger than zave, but beyond s  0.2, it is the opposite. The
reason for this is that the intrusion height is normally larger at a
higher s which will make a significant contribution to the
fountain height at the quasi-steady stage.
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Figure 10. DNS results showing the effect of s on (a) the time averaged
Umax/W0 and its standard deviation at the quasi-steady stage and (b) the
time τasy,x for the onset of asymmetry at X = 0 in the Y-Z plane for plane
fountains with s varying over 0  s  1.5 and Fr = 5 and Re = 100.

The DNS results for transitional plane fountains at Fr = 5 over 25
 Re  300 and 0  s  1.5 show that fountain heights decrease
when s increases, but increase when Re increases. They also
demonstrate that when Re is small, a fountain generally starts to
show the asymmetric behaviour at a much later time and the
extent of asymmetry increases when Re increases, although the
rate of increase decreases with Re. On the other hand, the
stratification of the ambient fluid is found to play a positive role
to stabilize the flow and to alleviate its asymmetric behavior.
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Figure 8. zi and zave plotted against s over 0.05  s  1.5 with Fr = 5 and
Re = 100. Solid lines denote the power fit-curves and the symbols
represent the DNS results.
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demonstrated by the DNS results presented in figure 8, which
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alleviate its asymmetric and unsteady behavior.
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Figure 9. Time series of Umax/W0 (in percentage) for plane fountains at X
= 0 plane for different s over 0  s  1.0, all at Fr = 5 and s = 0.1.

Figure 9 presents the time series of Umax/W0 at X = 0 in the Y-Z
plane with s over 0.1  s  1.0, all at Fr = 5 and Re = 100, which
provides a better demonstration of the effect of s on the
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agreement with the above observations. Another noticeable
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more evidently demonstrated by the DNS results presented in
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