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Abstract

Turbulent negatively buoyant jets occur when the buoyancy of a
jet opposes its source momentum. In these flows, the fluid will
rise until it reaches a stagnation point where it changes direction
and a return flow is established, forming a fountain [3]. This
study looks at both the initial negatively buoyant jet stage of this
flow, before the return flow has established, and the fully devel-
oped fountain stage. Two-dimensional planar particle image ve-
locimetry (PIV) and laser induced fluorescence (LIF) are used
to simultaneously measure the velocity and scalar concentra-
tion fields. The flow is investigated experimentally using a 1m3
tank and salt-water/freshwater negatively buoyant jets, allowing
for measurements to be taken at Fr = 58 and Re = 6400. The
entrainment coefficient for a negatively buoyant jet has been es-
timated as o ~ 0.047, lower than a neutral jet at o ~ 0.051.
A finding consistent with existing literature [1, 6]. For a fully
developed fountain, o corresponding to entrainment from the
return flow into the inner-flow has been estimated as o ~ 0.044,
indicating entrainment into the inner-jet region is reduced with
the presence of a return flow.

Introduction

A vertically aligned turbulent round jet with negative buoyancy
will rise from its source due to its initial momentum. Opposing
buoyancy forces eventually reduce the momentum of the jet to
zero where the fluid changes direction and forms an annular re-
turn flow. The period prior to the return flow forming will be re-
ferred to as the ‘negatively buoyant jet’ stage. After this initial
rise the return flow starts to interact with the upward-flowing
fluid, ultimately reducing the initial height of the jet, z;, to a
final ‘quasi steady-state’ height, zs, which the flow oscillates
around indefinitely. This stage of the flow is distinctly different
from the negatively buoyant jet stage and will be referred to as
the ‘fully developed fountain’ stage. For high Reynolds num-
bers, the mean and steady state rise heights are governed by the
Froude number,
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where u, is the vertical velocity, r, is the radius of the inlet and
g, = g(Po — Pa)/Pa is the ‘reduced gravity’ (with subscript o
indicating values are taken at the source) [3]. Here p, and p,
are the densities of the source and ambient fluid respectively
and g is the gravitational acceleration. It has been shown that
z5s = 2.46Fr for fountains with Fr > 5.5 [3].

The classical plume model by Morton, Taylor and Turner [7]
has underpinned many attempts to model negatively buoyant
jets. These use the conservation of mass, momentum and buoy-
ancy equations, coupled with the ‘entrainment assumption’, to
produce integral models to predict the flow. The entrainment
assumption states that the the radial velocity, v, of fluid moving
from the ambient into a plume/jet is proportional to a character-
istic vertical velocity at that height, u, often taken as the centre-

line velocity [7]. The constant of proportionality, the ‘entrain-
ment coefficient’, is denoted o and is usually assumed to remain
constant with distance from the source. There has been consid-
erable work applying these integral models to neutral/positively
buoyant jets and plumes, with estimates in literature for the en-
trainment coefficient spanning the ranges 0.047 < o; < 0.060
for pure jets and 0.074 < o, < 0.11 for pure plumes (for Gaus-
sian velocity and buoyancy profiles) [13, 5, 11]. The entrain-
ment coefficient for buoyant jets (forced plumes) varies be-
tween these two asymptotic cases [12]. There has been con-
siderably less consensus on the value of a for negatively buoy-
ant jets, with some studies assuming the value for a neutral jet
o ~ 0.06 [1, 6] and other suggesting it may be considerably
lower o0 ~ 0.025 —0.039 [10, 8]. The present research uses ex-
perimental methods to obtain measurements of the velocity and
scalar concentration fields of a negatively buoyant jet and fully
developed fountain. An estimate for the value of o for nega-
tively buoyant jets is presented, as well as for the inner region
of a fully developed fountain.

Experiments

Negatively buoyant jets were investigated experimentally using
a Im> tank filled with salt-water, with a mixture of freshwater,
ethanol and Rhodamine 6G dye entering the tank as a jet from
above. All experiments were performed using a round pipe of
diameter D = Smm as the inlet, with the exception of a sin-
gle neutral jet run that used a nozzle of D = 2mm. Ethanol
was added to freshwater in order to match the refractive in-
dex of the source fluid and the salt-water ambient, whist si-
multaneously achieving the desired density difference (ambi-
ent salinity of 4.49 wt.%, source ethanol content of 11.56 wt.%
and Ap/p = 0.0492). The freshwater/ethanol jet is initially di-
rected down into the salt-water ambient, and since the jet is less
dense than the surroundings it eventually changes direction and
returns to the free surface. Four pco.2000 CCD cameras and
a double-pulsed 532nm 145mJ/pulse Evergreen Nd:YAG laser
were used to obtain simultaneous planar particle induced ve-
locimetry (PIV) and laser induced fluorescence (LIF) measure-
ments at a frequency of 7Hz. The laser beam was shaped into a
63.5mm sheet with a thickness of < 1mm in the region of inter-
est. The flow was controlled by an Ismatic MPC-Z gear pump
capable of producing a constant flow rate of up to 6L/min.

Planar Particle Image Velocimetry (PIV)

The freshwater used in the source fluid was taken from the Syd-
ney water supply and passed through a ‘degasser’ that suffi-
ciently heated the water allowing air to escape, reducing the
prevalence of bubbles. Like most city water supplies it contains
many impurities, these appear as approximately 4 — 10 pixel
(0.1 —0.3mm) particles on the PIV camera. For this reason, ad-
ditional seeded particles were not required to obtain sufficient
particle density for the PIV cross-correlation algorithm. This
gave the advantage of reducing the effect of scattered light from
seeded particles interfering with the LIF signal. A 532 4+2nm
band-pass filter was used on the lens of the PIV camera. The



PIV images were processed with aid of the PIVsuite package in
MATLAB, which pre-processed the images with a min-max fil-
ter before implementing a multi-pass interrogation with a final
window size of 24 x 24 pixels (0.78mm x0.78mm).

Planar Laser Induced Fluorescence (LIF)

Rhodamine 6G was chosen as the fluorescent dye and scalar
tracer for the LIF measurements, which has a peak emission at
~ 560nm [2]. The LIF camera was therefore equipped with a
B+W Yellow-Orange Filter 040 that cuts off wavelengths below
~ 550nm, blocking light from the particles but allowing most of
the emitted light from the Rhodamine.

Despite their high power and frequency capabilities, a disad-
vantage of Nd:YAG lasers is that the power output can differ
quite significantly (~ 10%) between pulses. The shape of the
power profiles can also differ between pulses, and are not al-
ways well represented by a Gaussian curve. For these reasons
an additional camera was used to obtain the laser power pro-
file so that the pulse-by-pulse variations in power could be cor-
rected for in each image. A ‘laser calibration box’ filled with
the source fluid containing Rhodamine dye was placed outside
of the main tank in the path of the laser sheet. It was fitted
with anti-reflective coated glass on either side to minimise re-
flections when the laser sheet passes through and fluoresces the
fluid inside. For every laser pulse captured of the flow in the
main tank, this camera captured an image of the fluid inside
the laser calibration box, allowing the laser power profile to be
measured. Once the intensities in the main LIF image were cor-
rected based on this profile, they were run through a wavelet
based denoising algorithm designed for images taken on CCD
cameras [14]. With the corrected LIF images now processed,
the scalar concentration field, C, is then obtained by dividing
the corrected image by a reference image of the maximum dye
concentration. This LIF processing method was extended from
Williamson et al. [16] who used the same Nd:YAG laser.

To verify this laser profile calibration and denoising procedure,
a set of images of known concentration (maximum dye, C =
1.0) were fed into the algorithm and the scalar concentration
field calculated. Three different processing methods were used
so that the effect of the profile calibration and denoiser could be
seen separately.

i. Standard method [16].
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Here I, is the reference concentration image, Ij, is the black level
background image and [ is the LIF image being processed. The
power profile corresponding to I and /. are denoted by P and
P., and the denoising function by D{-}. The mean RMS er-
ror between the calculated and actual concentrations could then
be computed for each processing test (i)-(iii), and is shown in
figure 1 for a single vertical column of pixels. The error after
method (i) is largest near the top of the image and decreases to-
wards the bottom (left to right in figure 1). This could be due to

the pulse-to-pulse variations in the power profile being largest
towards the top of the laser sheet where the magnitude is also
highest. The error in this region is reduced by ~ 50% when
the profile correction is implemented in method (ii), and ~ 10%
towards the bottom of the image. The denoising filter can be
seen to further smooth out and reduce the error another ~ 15%,
uniformly throughout the image.
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Figure 1: Mean RMS error for the scalar concentration fields of
fluid of known concentration, C = 1.0, where the error was cal-
culated for every pixel in a single column of the mean processed
LIF image. The A marker corresponds to the ‘standard method’
(method (i)), o corresponds to when the laser profile correction
is implemented (method (ii)), and the solid line, —, is when the
wavelet denoiser is applied (method (iii)).

Results

PIV and LIF measurements are presented for a neutrally buoy-
ant jet of Re ~ 10,000, and a negatively buoyant jet (both start
up and fully developed stages) of Re ~ 6400 and Fr ~ 58. Here
the Reynolds number is defined as Re = u,D /v, with v, as the
kinematic viscosity of the source mixture. The initial and steady
state rise heights of the negatively buoyant jet/fountain at this
Froude number are z; = 506mm (z/D = 101) and zg; = 354mm
(z/D =T1). The cameras captured down-steam distances from
20 < z/D < 30, with measurements at z/D ~ 30 shown in fig-
ures 2-4. The mean axial velocity, U, and scalar concentration,
C, profiles are shown in figures 2 and 3, along with hot-wire data
for a neutral jet from Hussein et al. [4], PIV/LIF results from
Wang and Law [13], and laser-Doppler anemometry (LDA) and
LIF results from Papanicolaou and List [9]. The horizontal axes
have been normalised by the velocity and concentration profiles
half-width, ry,, for figures 2 and 3 respectively. This is de-
fined as the radial distance where the velocity/concentration is
equal to half that at the centreline. The vertical axes have been
normalised by the value at the centreline.

The present velocity results in figure 2 for the neutral jet show
good agreement with Wang and Law’s [13] experiments, who
also used a freshwater/salt-water method with a round inlet, and
reasonable agreement with Hussein et al. [4] who used a con-
traction/expansion inlet with an air jet. The velocity profiles for
the negatively buoyant jet and fully developed fountain are sim-
ilar to the neutral jet for r/ry /2 < 1.5, with the fully developed
case diverging beyond this point. This difference for the fully
developed fountain is expected, with negative velocities seen
after r/r /2 ~ 2.0 corresponding to the return flow. The dif-
ferences between the fountain and the other cases in the region
1.5 <r/ry /3 2.0 indicates this is where the inner jet-like flow
and return flow are interacting, reducing the inner flow velocity.
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Figure 2: Velocity profiles from the present experiments for a
neutral jet, +, a start-up negatively buoyant jet, o, and a fully
developed fountain, x. Experimental data from Hussein et al.
[4], O, and the Gaussian fit from Wang and Law’s [13] results,
—, are also shown.
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Figure 3: Scalar concentration profiles from the present ex-
periments for a neutral jet, --- , a start-up negatively buoyant
jet, ——, and a fully developed fountain, — - —. Neutral jet re-
sults from Papanicolaou and List [9], ¢, and a Gaussian fit from
Wang and Law’s [13] data, —, is also shown.

The present scalar concentration measurements are given in fig-
ure 3, with the neutral jet showing very close agreement with
Wang and Law [13] and Papanicolaou and List’s [9] results. The
negatively buoyant jet and fountain differ to the neutral case,
having similar scalar profiles to each other up to r/r; 2~ 1.0
that are both are lower than the neutral jet. Past this point they
both have higher concentrations than the neutral jet but remain
similar to each other until r/ry s, ~ 1.5 where they begin to di-
verge. This is consistent with the velocity measurements that
also show the profiles diverging at r/r, 2 ~ 1.5, which is likely
due to interactions between the up-flow and return flow that are
only present in the fountain case.

Figures 4(a)-(c) show the mean squared velocity fluctuations in
the axial and radial directions, #’2 and v'2, and the Reynolds
stress, u'V/, from the present PIV measurements. The neutral jet
results show good agreement with Hussein et al. [4] and Wang
and Law [13] for «/2, v'2 and /v, which are also similar to the
negatively buoyant jet. The fully developed fountain shows con-
siderably larger fluctuations and stresses throughout its width,
including inside the inner jet-like region (r < 1.5). This implies

that the turbulent mixing occurring at the inner-flow/outer-flow
‘boundary’ (1.5 <r/ry /, $2.0) still has a noticeable effect near
the jet centre.
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Figure 4: Present results for mean turbulent fluctuations and
Reynolds stress. The neutral jet is marked with +, a start-up
negatively buoyant jet with o, and a fully developed fountain
with x. Figure (a) is the mean axial velocity fluctuations, /2,
(b) is the radial fluctuations, V2, and (c) is the Reynolds stress,
u'V'. Results from Hussein et al. [4] and Wang and Law [13]
are shown as ¢ and — respectively.

For a Bousinesq jet with self-similar velocity profiles, Hussein
et al. [4] derived the following expressions to calculate the en-
trainment coefficient from the continuity equation
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where n = r/z is a non-dimensional radial coordinate based
on axial distance from the source. A factor of 1/1/2 has been
added to the right hand side of (5) so that the value corresponds
to Gaussian profile modelling. Using this method, the entrain-
ment coefficient for a self-similar neutral jet, negatively buoyant
jet, and fully developed fountain was calculated with distance
from the source. For the fountain case, the integrals /; and I,
were calculated for only the inner-jet region up to the return
flow boundary (defined as when the axial velocity equals zero),
where the continuity equation used to derive (5) is still valid.
Figure 5 shows these results along with estimates by Hussen
et al. [4] and Reeuwijk et al. [12] for a pure jet and plume.
The present estimate for a neutral jet is o ~ 0.051, which lies
between Hussein et al. [4] and Reeuwijk et al.’s [12] values.
The value for a negatively buoyant jet is lower, with o ~ 0.047.
This is consistent with the conclusions of Papanicolau et al. [10]
and Pantzlaff and Lueptow [8] who suggested that the entrain-
ment coefficient is reduced in jets with negatively buoyancy.
The value for the inner-jet region in a fully developed foun-
tain is lower again and estimated to be o ~ 0.044. This value
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is an estimate for o describing entrainment from the return-
flow to the inner-flow, which has previously been assumed to
be the same as for the initial negatively buoyant jet stage (cor-
responding to entrainment from the ambient to the jet) [1, 6].
It should be noted that equation (5) assumes self-similar flow
and that the centreline velocity decays with axial distance like a
jet, U. = K /z, where K is a constant depending on source con-
ditions. The present measurements support these assumptions
in the region of interest investigated (48 < z/r, < 64) for both
negatively buoyant jets and fountains.
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Figure 5: The entrainment coefficient, o, for a neutral jet, +,
negatively buoyant jet, o, and fully developed fountain, X, as
calculated using equation (5). The values of a estimated for

neutral jet by Hussein et al. [4], ---, and Reeuwijk et al. [12],
——, and for a pure plume by Reeuwijk et al. [12], - — -, are also
shown.

Conclusions

PIV and LIF measurements have been presented for a neutral
jet, negatively buoyant start-up jet and fully developed fountain.
A correction procedure for the LIF measurements has been dis-
cussed, which accounts for variations in power magnitude and
profile shape between laser pulses. This procedure has been
demonstrated to reduce errors in the concentration field by up
to 50% for the present Nd:YAG laser. The profiles for veloc-
ity, scalar concentration, and turbulent fluctuations have been
presented for all three jet cases. There are close similarities be-
tween the profiles of a neutral and negatively buoyant jet in the
inner-jet region, r/ry /2 ~ 1.0, but these tend to slightly diverge
further from the centreline. For a fully developed fountain the
differences are more significant, particularly for r/r; 2 > 1.5
but also for the inner-jet region, indicating that the presence of
a return flow affects the jet even near the centreline. The en-
trainment coefficient has also been estimated for a negatively
buoyant jet (ot = 0.047) and the inner region of a fully devel-
oped fountain (o = 0.044), providing further evidence that en-
trainment is lower in negatively buoyant jets compared to neu-
tral jets. It also suggests that when integral models are applied
to fully developed fountains with a return flow, such as Bloom-
field and Kerr [1] and McDougall [6], that o should be reduced
after the initial rise once a return flow has formed.
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