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Abstract: Confined plunging jets are investigated as potential outfalls for the discharge of desalination
brine. Compared to offshore submerged outfalls that rely on momentum to induce mixing, plunging
jets released above the water surface utilize both momentum and negative buoyancy. Plunging
jets also introduce air into the water column, which can reduce the possibility of hypoxic zones. In
contrast to unconfined plunging jets, confined plunging jets include a confining tube, or downcomer,
around the jet, which increases the penetration depth of the bubbles and can provide better aeration.
However, the presence of this downcomer can hinder mixing with surrounding water. Therefore,
laboratory measurements of dilution are reported here and compared to the dilution of unconfined
plunging jets. In addition, qualitative observations of bubble penetration depth are also used to
discuss aeration potential. For designs that increase the bubble penetration depth as compared to
unconfined plunging jets, results show that dilution decreases as the depth of the downcomer is
increased. However, it is shown that confined plunging jets can be designed with a short downcomer
to provide higher dilution than unconfined jets. The effect of the diameter of downcomer on dilution
is also investigated and a non-monotonic effect is observed.

Keywords: plunging jet; desalination; brine; dilution; aeration; air entrainment; multiphase flow; out-
fall

1. Introduction

Seawater desalination is a major source of freshwater for many parts of the world. In
particular, countries bordering the Arabian Gulf are heavily reliant on seawater desalination
for their freshwater supply, and contribute to 33% of the global desalination capacity [1].
A by-product of seawater desalination is reject brine, which is typically discharged back
to the sea. Reject brine can have up to twice the salinity of seawater and, unless highly
diluted, can significantly impact the marine environment. Depending on the process, brine
may also contain other contaminants such as anti-fouling and anti-scaling agents, which
can be harmful to benthic organisms as well [2–5].

At some locations, especially those with shallow water, brine is pre-mixed with
seawater or power plant cooling water and discharged using surface canals (Figure 1a),
which provide limited mixing with ambient water [2]. However, to get better mixing, brine
can be discharged using high momentum submerged outfalls [6–9] or buoyancy dominated
surface outfalls (shown in Figure 1b,c, respectively). These outfalls result in rapid mixing of
brine with ambient water in the near-field (within a few hundred meters from the discharge

Processes 2021, 9, 856. https://doi.org/10.3390/pr9050856 https://www.mdpi.com/journal/processes

https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-6654-2756
https://orcid.org/0000-0002-5577-683X
https://orcid.org/0000-0002-5467-6706
https://orcid.org/0000-0001-7215-1439
https://www.mdpi.com/article/10.3390/pr9050856?type=check_update&version=1
https://doi.org/10.3390/pr9050856
https://doi.org/10.3390/pr9050856
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pr9050856
https://www.mdpi.com/journal/processes


Processes 2021, 9, 856 2 of 14

location), and the reduction in contaminant concentrations due to the mixing generated by
these outfalls is comparable [10].
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Figure 1. Different types of outfalls for the discharge of brine: (a) Surface discharge, (b) momentum
dominated submerged multiport discharge, (c) buoyancy dominated surface multiport discharge,
(d) unconfined plunging jets, and (e) confined plunging jets. Diluted brine from any of these outfalls
can spread along the seafloor and result in a thin layer with low dissolved oxygen (f). (Figure
modified from [10].)

Negatively buoyant diluted brine tends to spread on the seafloor leading to density
stratification, which inhibits vertical mixing between the bottom layer of diluted brine and
the relatively fresh surface layer (Figure 1f). As a result, the dissolved oxygen in the bottom
layer is not replenished and hypoxic or anoxic conditions can develop due to the sediment
oxygen demand acting on the bottom layer [5,11–13]. Hypoxic conditions can strongly
affect benthic organisms and have been associated with decline in fish production, fish kills
and significant trophic implications [14–16].

In addition to the induced vertical stratification, high salinity and temperature of
ambient seawater can exacerbate the problem as oxygen saturation decreases with an
increase in temperature and salinity, e.g., oxygen saturation decreases from 9.1 mg/L
for freshwater at 20 ◦C to 6.2 mg/L for seawater with salinity of 35 psu at 30 ◦C [17].
Development of hypoxia in bottom waters has previously been correlated with vertical
stratification and warm water temperatures in estuaries [16,18–20], but the dense layer at
the bottom can also form at other locations, e.g., offshore from a desalination plant outfall.

In order to avoid possible hypoxia as a consequence of brine discharge from desali-
nation plants, discharge methods that actively increase aeration in the water column, in
addition to providing mixing with the receiving water, should be explored. The plunging
liquid jet reactor (PLJR) is one such outfall design. Plunging liquid jet reactors (Figure 1d)
involve vertically downward discharge of a liquid phase (brine) from a jet that is located
above the surface of the receiving water. As the jet falls through the headspace, it entrains
air, which is then injected into the receiving water with the plunging jet. The downward
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momentum and negative buoyancy of the jet provide mixing with the receiving water and
the entrained air promotes reaeration.

Plunging jet reactors have been used in the past with neutrally buoyant effluent
to achieve high mass transfer from the gas phase to the liquid phase at low operating
costs [21]. This is done by entraining gas bubbles into the liquid and increasing the contact
time between the two phases. Plunging jet reactors are used in different processes such as
gas-liquid reactors in the chemical industry, aerobic wastewater treatment, air pollution
abatement, froth flotation and fermentation [22]. The oxygen transfer efficiency of plunging
jets is comparable to other aeration technologies [10,23,24].

Many studies have focused on understanding the mechanisms of air entrainment and
measuring the air entrainment and mass transfer associated with plunging jets discharging
neutrally buoyant effluent [22,24–28]. However, not many have investigated the mixing
capacity of plunging jets, especially for the discharge of dense effluents such as brine.
Recently, mixing of plunging jets was studied by Chow et al. [10]. Dilution measured
near the bottom showed a non-monotonic effect of the plunging jet height above the
receiving water surface: for small heights, dilution decreased with height due to the loss of
momentum caused by the splash, while for larger heights dilution increased with height
due to the greater momentum due to gravity.

A variant of the plunging liquid jet reactor is the confined plunging jet reactor which
includes a vertical confining tube, or downcomer, concentric with the jet and partially
immersed in the receiving water (Figure 1e). Confined plunging jets have been theorized
to provide better mass transfer in comparison to unconfined plunging jets by confining
the bubbly jet region and increasing the penetration depth of the bubbles, which, in
turn, leads to an increased contact time between the gas and the liquid phase [24,29–31].
However, they have not been widely investigated and experimental measurements of the
air entrainment and mass transfer rate have not clearly indicated better performance in
comparison to unconfined jets [24,26,29]. Two different types of air entrainment rates have
been measured in these studies—the net air entrainment (amount of air that exits at the
bottom of the downcomer) and the gross air entrainment (total amount of air entrained
by the jet including any air that is then dis-entrained and rises to the surface within the
downcomer).

Ohkawa et al. [26] made measurements of air entrainment rate for both unconfined
and confined plunging jets, and found the net air entrainment rate of confined jets to be
higher (by 25–60%) than unconfined jets at comparable operating conditions. For confined
jets with long and narrow downcomers, they saw an increase in net air entrainment rate
with increasing downcomer diameter, and decrease with increasing downcomer depth.

Low [24] made measurements of gross air entrainment rate for confined plunging
jets and compared it to measurements of air entrainment for unconfined plunging jets. A
significant effect of downcomer diameter on gross air entrainment rate was not observed.
The empirical equations proposed by Low [24] suggested that the air entrainment rate for
a confined jet is 60–75% of that for an unconfined jet.

Al-Anzi et al. [30] made measurements of net air entrainment rate for different down-
comer diameters and submergence depth. They observed maximum air entrainment rate
when the ratio of downcomer diameter to nozzle diameter was close to 5. They did not
find a strong dependence on downcomer depth.

To the authors’ knowledge, plunging jet systems (either unconfined or confined) have
not been considered as potential outfalls for brine discharge from desalination plants except
in our recent work by Chow et al. [10], which looked at unconfined plunging jets. This
paper aims to evaluate the mixing performance of confined plunging jets when used to
discharge a negatively buoyant effluent like brine. Measurements of dilution for confined
plunging jets are presented in this paper, focusing on the effects of density difference
between the effluent and receiving water, and the diameter and depth of submergence
of the downcomer. Dilution measurements for confined plunging jets are also compared
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to dilution of unconfined plunging jets under similar operating conditions. Qualitative
observations of the jet behavior and bubble penetration depth are also presented.

2. Formulation

The situation analyzed in this paper is that of a confined plunging jet reactor which
consists of a nozzle with diameter d0 (area a0 = (π/4)d0

2) discharging high salinity effluent
(brine) vertically downward in quiescent receiving water with depth H. The flow rate
of brine is Qb, its density is ρb (salinity difference with respect to receiving water is ∆s),
and the velocity of brine exiting the nozzle is v0 = Qb/a0. The height of the jet above the
water surface in the receiving pool (or the “jet length”) is Lj. A vertical confining tube (or
downcomer) of diameter Dc (cross-sectional area Ac = (π/4)Dc

2) is placed concentrically
with the jet. The downcomer is partially submerged in the receiving water and its depth
of submergence is Hc. The radial distance outward from the nozzle axis is R (Figure 2).
The rise in the water level within the downcomer is denoted by HR. The flow rate of net
air entrained by the jet is denoted as Qa. Gross air entrainment rate is denoted as Qg. The
bubble penetration depths (the maximum depth to which bubbles propagate below the
receiving water surface) for unconfined and confined jets are denoted as Hpu and Hpc,
respectively.
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Figure 2. Definition sketch for a confined plunging jet reactor.

3. Materials and Methods

Experiments to measure dilution of confined plunging jets were conducted in a tank
with dimensions of 480 cm (length) × 120 cm (width) × 60 cm (depth). The tank was filled
with fresh water with a depth of 50 cm for most runs and acted as the receiving water pool.
Salt water (brine) was stored in a separate reservoir with a capacity of 140 L. A submersible
pump was used to supply this salt water to a stainless steel nozzle, with a length of 30 cm
and diameter of 1 cm, which discharged it vertically downward into the receiving pool.
The distance between the nozzle and the surface of water in the receiving pool was equal
to the jet length. Clear acrylic pipes of different diameters were used as the downcomer
and were suspended concentric to the nozzle.

The experiments modeled one plunging jet out of an array of multiple jets discharging
brine from a desalination plant. For example, consider a total brine flow rate of 1 m3/s
with 6 jets (flow rate per jet = 0.167 m3/s). Using Froude scaling, and the experimental
brine flow rate of 160 cm3/s, the volume ratio between the prototype and the model is
Qr = (0.167 m3/s)/(160 cm3/s) = 1042, resulting in a length ratio of Lr = Qr

0.4 ≈ 16. Thus,
the receiving water depth of 50 cm and the nozzle diameter of 1 cm in the experiments
scale to a water depth of 8 m and nozzle diameter of 0.16 m in the field. The jet length
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was varied between 0 and 60 cm (0 to 9.6 m in the prototype) and the salinity difference
between brine and receiving water was either 40 psu or 10 psu. These values of the salinity
difference represent brine from a reverse osmosis plant without any pre-dilution, and brine
pre-diluted with seawater or power plant cooling water, respectively [8]. The downcomer
diameter was varied between 2.5 cm and 14.6 cm with the downcomer submergence
depth varied between 5 and 45 cm below the receiving water surface. Table 1 lists the
experimental parameters for all the experiments.

Table 1. Experimental parameters.

Run Lj (cm) Dc
(cm)

∆s
(psu)

Hc
(cm) H (cm) N cmean/c0 σmean/c0 CV (%) S Range of S HR (cm)

1 60 14.6 10 15 50 3 0.08 0.003 18 12 11.5–12.5 1
2 60 14.6 10 30 50 3 0.15 0.002 15 7 6.9–7.1 1
3 60 14.6 40 15 50 3 0.06 0.0005 14 15 14.9–15.1 1
4 60 14.6 40 30 50 3 0.11 0.001 15 9 8.96–9.04 1

5 60 8.9 10 15 50 4 0.09 0.004 13 11 10.6–11.4 2.5
6 60 8.9 10 30 50 3 0.20 0.010 14 5 4.8–5.3 3
7 60 8.9 40 15 50 4 0.07 0.002 10 14 13.7–14.3 2
8 60 8.9 40 30 50 3 0.12 0.001 13 8 7.9–8.1 2.5

9 60 4.4 10 5 50 5 0.04 0.005 27 24 21.4–27.3 −1
10 60 4.4 10 10 50 6 0.03 0.001 14 32 30.8–33.3 0.5
11 60 4.4 10 15 50 10 0.04 0.011 23 23 18.6–30.3 5
12 60 4.4 10 20 50 4 0.13 0.003 8 8 7.8–8.2 9.5
13 60 4.4 10 25 50 4 0.17 0.004 10 6 5.9–6.1 13
14 60 4.4 10 30 50 5 0.21 0.022 19 5 4.5–5.6 18
15 60 4.4 10 40 50 3 0.26 0.024 36 4 3.7–4.4 25.5
16 60 4.4 10 45 50 3 0.42 0.024 30 2 1.9–2.1 29.5
17 60 4.4 40 15 50 5 0.05 0.007 15 18 16.0–20.5 4
18 60 4.4 40 30 50 6 0.12 0.022 27 8 6.8–9.7 17

19 60 2.5 10 15 50 4 0.04 0.011 22 24 18.8–33.0 −4
20 60 2.5 10 30 50 5 0.12 0.027 44 9 7.4–11.6 4.5
21 60 2.5 40 15 50 4 0.04 0.002 19 23 22.0–24.0 −5
22 60 2.5 40 30 50 4 0.10 0.006 25 10 9.4–10.7 3

23 60 4.4 10 20 40 3 0.19 0.011 12 5 4.7–5.3 10
24 60 4.4 10 15 35 4 0.08 0.009 35 13 11.6–14.8 5
25 60 4.4 10 10 30 2 0.04 0.001 20 23 22.4–23.6 −0.5

26 30 4.4 10 10 50 3 0.06 0.005 19 18 16.6–19.7 −0.5
27 30 4.4 10 15 50 4 0.10 0.011 14 10 9.1–11.2 3
28 30 4.4 10 30 50 4 0.20 0.020 24 5 4.5–5.5 13.5
29 30 4.4 40 15 50 3 0.08 0.005 17 13 12.2–13.9 2.5
30 30 4.4 40 30 50 4 0.13 0.019 22 8 7.0–9.3 12

31 15 4.4 10 10 50 2 0.07 0.001 20 14 13.8–14.2

32 0 4.4 10 10 50 3 0.05 0.002 16 18 17.3–18.8

33 60 10 50 9 0.04 0.004 25 24 22.1–26.3
34 60 40 50 4 0.04 0.002 13 24 23.0–25.0
35 30 10 50 4 0.09 0.011 24 11 9.8–12.5
36 30 40 50 3 0.06 0.002 17 17 16.4–17.6
37 15 10 50 3 0.10 0.013 15 10 8.9–11.4
38 0 10 50 3 0.06 0.006 14 17 15.4–18.9

A fluorescent dye (Rhodamine 6G) was added to the salt water discharging from the
nozzle (discharge concentration = c0) and a fluorometer (Turner Designs Cyclops 7) was
used to measure its concentration along the tank bottom at a radial distance of 50 cm from
the nozzle. The fluorometer was calibrated with known concentrations of the fluorescent
dye prior to experiments, which resulted in a linear calibration curve. The fluorescence
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probe measured concentration at a height of about 1.2 cm above the tank bottom. The
fluorometer took measurements every second and each experiment was run for a duration
of 6 min. Only the measurements taken after 3 min from the start (when the discharge of
brine began) were used as the measurements appeared to be quasi-steady after 3 min for
all experiments. Each experiment was also repeated (with the number of replicates = N).

The mean concentration (cmean) and the standard deviation of the mean (σmean) from
these repeated runs are reported in Table 1 relative to the discharge concentration. The
coefficient of variation (CV) from individual runs averaged over the repeated runs for an
experiment is also reported in Table 1. For example, for run 1, the measured relative con-
centrations (mean ± standard deviation) are 0.080 ± 0.015, 0.084 ± 0.015 and 0.076 ± 0.013
from the 3 replicates. In this case, cmean/c0 is the average of the 3 mean values (equal to
0.080), σmean/c0 is the standard deviation of the 3 mean values (equal to 0.003), and CV is
the average of 0.015/0.080, 0.015/0.084 and 0.013/0.076, equivalent to 18%.

The measured concentrations are used to calculate mean dilution (S) n the tank bottom
at R = 50 cm (S = c0/cmean). The range of mean dilution is from c0/(cmean + σmean) to
c0/(cmean − σmean) and is also listed in Table 1. This range is also shown in subsequent
figures as “error bars.” This mean dilution reflects the average factor by which excess
salinity and concentrations of other contaminants of concern present in brine are reduced.

The height of rise of water level inside the downcomer and the maximum penetration
depth of bubbles were also observed visually. The height of rise of water level inside the
downcomer is reported in Table 1, whereas the observations of bubble penetration depth
are used qualitatively to discuss the aeration potential of confined plunging jets. In addition
to experiments with confined plunging jets, some experiments were also conducted to
measure dilution for unconfined jets (runs 33–38) to compare with the corresponding
experiments with confined jets.

4. Results
4.1. Confined Plunging Jet Behavior

Confined plunging jets behave similarly to unconfined plunging jets which are de-
scribed in detail by Chow et al. [10]. The jet entrains air as it falls through the headspace
and this entrained air is injected in the water column with the jet. However, depending on
the diameter and submergence depth of the downcomer, the bubbles can be transported
outside the downcomer or rise within the downcomer.

For an unconfined jet with Lj = 60 cm and ∆s = 10 psu (run 33), the bubble penetration
depth was measured to be 20 cm. However, bubbles can be pushed deeper with a narrow
downcomer with large Hc. For example, with the 4.4 cm wide downcomer, bubbles
were seen escaping from the bottom of the downcomer and rising outside it even with
Hc = 45 cm. Similarly, bubbles exited from the bottom of the downcomer for Hc = 30 cm
with Dc = 2.5 cm. For the case with Dc = 4.4 cm and Hc = 45 cm, the rise in water level inside
the downcomer (HR) was 29.5 cm. So, for the bubbles to be able to exit the downcomer with
Hc as large as 45 cm, the downcomer needs to extend to at least 30 cm above the surface of
receiving water. Otherwise, enough head cannot be generated to push the bubbles out of
the downcomer.

For Hc = 15 cm, the bubbles penetrated deeper than the downcomer for all four
downcomer diameters, but most of the bubbles were seen rising within the downcomer
for Dc = 8.9 and 14.6 cm. Therefore, the net air entrainment for these runs is close to zero;
however, aeration is expected to take place within the downcomer. For a downcomer
submergence depth of 30 cm, bubbles did not reach the lower end of the downcomer
for Dc = 8.9 and 14.6 cm and rose within the downcomer with a penetration depth of
about 20 cm (same as that for an unconfined jet under similar conditions). Thus, runs
with wide downcomers did not result in increased bubble penetration depths even with
Hc > Hpu. For the two narrow downcomers, the flow within the downcomer appeared to
be one-dimensional with most of the bubbles exiting the downcomer and rising outside it.
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Figure 3 shows a side view of bubbles inside the downcomer for various combinations
of Dc and Hc for experiments with ∆s = 10 psu. Experiments with ∆s = 40 psu looked similar
to ∆s = 10 psu, except that many very fine bubbles were also observed for experiments
with ∆s = 40 psu. These bubbles reached the bottom of the tank and spread radially for
some distance with the diluted brine.
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Figure 3. Side view of the bubble plume within the downcomer for experiments with Lj = 60 cm and
∆s = 10 psu.

4.2. Dilution

To determine their effect on dilution, each variable of importance was varied inde-
pendently while other variables were held constant. The effects of different variables are
discussed below.

4.2.1. Effect of Downcomer Submergence Depth

Two sets of experiments were conducted with Lj = 60 cm, Dc = 4.4 cm and ∆s = 10 psu
to investigate the effect of downcomer submergence depth on the dilution of confined jets.
For the first set (runs 9–16), the depth of receiving water was held constant at 50 cm and Hc
was varied from 5 cm to 45 cm. For the second set (runs 14 and 23–25), the water depth was
also varied along with Hc such that the distance between the bottom of the downcomer
and the bottom of the tank (H–Hc) was held constant at 20 cm.

Figures 4 and 5 show measured dilutions plotted as a function of Hc for the first and
second sets of experiments, respectively. The dilution of an unconfined jet with Lj = 60 cm
and ∆s = 10 psu (run 33) is also plotted in Figure 4 at Hc ≈ 0. The effect of Hc on dilution is
non-monotonic for experiments with constant H, but dilution generally decreases with an
increase in Hc. For experiments with fixed H–Hc, dilution decreases with an increase in Hc
for small Hc, but becomes constant for large Hc.

For confined plunging jets, mixing with ambient water can occur both within the
downcomer and outside the downcomer. The length of the eddy circulation region sur-
rounding the jet is about 3–5Dc from the nozzle [31,32]. If the downcomer submergence is
larger than this length, the jet is not able to entrain fresh water from outside (below) the
downcomer and the entrainment demand is supplied by recirculated brine. Therefore, for
long downcomers (Hc > 3–5Dc or Hc > 18 cm for Dc = 4.4 cm), most of the mixing with
ambient water takes place after brine exits the downcomer and dilution depends on the
depth of receiving water below the downcomer (H–Hc). Thus, dilution decreases with an
increase in Hc for experiments with constant H (Figure 4), while the two runs with Hc = 20
and 30 cm have the same dilution when H–Hc is held constant (Figure 5). However, as
seen in Figure 5, confined jets with short downcomers can get higher dilution with the
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same H–Hc because fresh water from outside can enter the downcomer allowing dilution
to occur within the downcomer.
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Figure 5. Dilution measurements for confined plunging jet experiments with H–Hc = 20 cm,
Lj = 60 cm, Dc = 4.4 cm and ∆s = 10 psu.

The bubble penetration depth for an unconfined jet with Lj = 60 cm and ∆s = 10 psu
was measured to be 20 cm and is also shown in Figure 4. A confined jet designed to
increase aeration (by pushing the bubbles deeper than an unconfined jet) will have Hc
greater than 20 cm. The dilution of such confined plunging jets is less than the dilution
of the unconfined jet. However, as shown in Figure 4, a confined jet can be designed to
provide higher dilution than an unconfined jet by using a short downcomer (Hc = 10 cm).
Experiments done with other jet lengths (Lj = 15 and 30 cm) also show higher dilution for
a confined jet with Hc = 10 cm than that for an unconfined jet with the same jet length
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(Figure 6). The higher dilution for Hc = 10 cm as compared to the unconfined jet is likely
because the presence of the downcomer reduces the momentum loss that the jet experiences
upon impact with the water surface.
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Figure 6. Comparison of dilution of confined jets with Hc = 10 cm and unconfined jets. (∆s = 10 psu
for both unconfined and confined jets, Dc = 4.4 cm for the confined jets.).

In addition to these runs, some other experiments with other values of Dc and ∆s also
show that dilution decreases with increase in Hc for long downcomers.

4.2.2. Effect of Downcomer Diameter

Experiments were conducted using downcomers with four different sizes to investi-
gate the effect of downcomer diameter. For these experiments, the jet length was fixed at
60 cm, and two values of Hc (15 and 30 cm) and ∆s (10 and 40 psu) each were used. Figure 7
shows a plot of measured dilutions versus downcomer diameter. Dilution decreases with
an increase in Dc for narrow downcomers, but increases with an increase in Dc for wide
downcomers. This shift in dependence on Dc occurs at Dc between 5 and 10 cm (or Dc/d0
between 5 and 10) depending on the value of Hc.

For confined jets with long and narrow downcomers (for which most of the mixing
takes place outside the downcomer), the flow of brine exiting from the bottom of the
downcomer is uniform across its cross-section and the downward momentum of brine
(M) decreases with increase in Dc (M = ρbQbv, where v = Qb/Ac(1 − n) is the downward
velocity of brine inside the downcomer; n is the void ratio). Therefore, dilution also
decreases with an increase in Dc.

For wide downcomers, the flow exiting from the bottom of the downcomer is not
uniform (either radially or longitudinally). In fact, for some cases with large Dc and Hc
(runs 2, 4, 6, and 8), no bubbles were seen escaping from the bottom of the downcomer
suggesting non-uniform flow along the length of the downcomer (Figure 3). For confined
jets with wide downcomers, dilution also takes place within the downcomer and the
amount of ambient water available for entrainment within the downcomer increases with
increase in Dc, resulting in an increase in dilution. This increase in dilution with Dc is
expected to continue for wider downcomers and asymptotically approach the dilution of
an unconfined jet.

Chow et al. [10] made measurements of the width of the bubble plume for unconfined
jets which can be used to estimate the size of a downcomer that would behave similarly to
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an unconfined jet. For unconfined jets with similar flow rate but smaller jet lengths (15 or
30 cm) as the experiments done here, Chow et al. [10] measured the width of the bubble
plume (W) to be between 14 and 20 cm. A downcomer with Dc > 2W (i.e., Dc greater than
about 30–40 cm) should have enough “room” for entrainment and circulation of ambient
water and should essentially behave as an unconfined jet.
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4.2.3. Effect of Jet Length

As previously shown in Figure 6, the effect of jet length on both unconfined and
confined plunging jets is non-monotonic and is the same as observed by Chow et al. [10].
This trend is explained by considering the momentum of the jet. As the jet accelerates due
to gravity when it is falling through the headspace, its momentum also increases. Therefore,
a jet with a longer Lj has higher momentum before it hits the water surface. However, the
jet loses some of the momentum upon impact. The combination of these two effects leads
to the non-monotonic trend with Lj. For Lj = 15 cm, the loss in momentum is more than the
increase due to gravity resulting in lower dilution than a jet with Lj = 0. However, as Lj
increases further, the increase in momentum due to gravity is larger than the loss due to
impact, and dilution increases with Lj.

Other than the runs shown in Figure 6, all the other runs have Lj of 30 or 60 cm.
The dilution for runs with Lj = 60 cm is higher than that of the corresponding runs with
Lj = 30 cm because of the higher jet momentum.

4.2.4. Effect of Brine Salinity

The difference between dilution measurements for ∆s = 10 and 40 psu was small and
a clear trend with brine salinity was not observed. While most experiments had higher
dilution with ∆s = 40 psu, there are some cases for which the dilution was higher with
∆s = 10 psu and some for which the measured dilutions were equal for the two salinities
(Figure 7 and Table 1).

Several factors govern the effect of ∆s on dilution. First, the relative vertical position of
the fluorescence probe with respect to the centerline of the bottom layer (i.e., the tank floor)
is different for experiments with different ∆s as the thickness of the bottom layer of diluted
brine depends on the density (salinity) difference. The bottom layer is thinner for cases
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with higher density differences making the measurement location relatively farther from
the centerline. Therefore, relatively lower concentration (compared to peak), i.e., higher
dilution would be measured for ∆s = 40 psu. Second, in case of high dilution (absolute)
for runs with ∆s = 10 psu, the density difference of diluted brine as compared to ambient
water is small. In such cases, a well-defined bottom layer of diluted brine might not be
formed; instead the diluted brine could be mixed over the water column resulting in high
measured dilution. Third, the size of the bubbles decreases with increase in salinity [33].
Thus, it is possible that the movement of larger bubbles (for ∆s = 10 psu) generates some
additional mixing leading to higher dilution.

5. Discussion

As discussed in the previous section, all the variables of importance (Hc, Dc, Lj and
∆s) affect dilution to differing extents, and in different ways, leading to complex, non-
monotonic trends. This point is highlighted in Figure 7, which shows effects of Dc, Hc
and ∆s on dilution. Figure 7 shows a significant reduction in dilution as Hc is increased
from 15 to 30 cm for narrow downcomers. Change in downcomer diameter also leads to a
significant change in dilution, especially when Dc is increased from 2.5 cm to 8.9 cm with
Hc of 15 cm. As compared to the effects of Hc and Dc, the effect of ∆s on dilution is small.

Results from the previous section can be used to discuss the effects of downcomer size
(Hc and Dc) on bubble penetration depth and dilution. It is helpful to look at the effects
of Hc and Dc by considering the four quadrants shown in Figure 8. For the experiments
discussed here, the delineation between small and large Dc is made at Dc/d0 = 6. Short
and long downcomers are delineated by comparing them to the bubble penetration depth
of an unconfined jet (Hpu), which is equal to 20 cm.
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downcomer dimensions (Hc and Dc). (The delineation between small and large Dc is made at Dc/d0

= 6. Short and long downcomers are delineated by comparing them to the bubble penetration depth
of an unconfined jet (Hpu) which is equal to 20 cm.)

The penetration depth of bubbles is only increased by using long and narrow down-
comers (Q1). Increase in bubble penetration depth would result in longer contact time when
the bubbles are rising to the surface and hence potential increase in aeration depending
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on the rate of air entrainment. However, the presence of a long and narrow downcomer
results in lower dilution as compared to an unconfined jet.

For confined jets with wide downcomers (Q2 and Q3), the reduction in dilution as
compared to an unconfined jet is smaller, but the penetration depth is also not increased.
Thus, a confined jet with a wide downcomer is not expected to provide better aeration than
an unconfined jet.

Confined jets with short and narrow downcomers (Q4) generally provide the same
dilution as unconfined jets. However, using a confined jet with a short downcomer can
result in higher dilution than an unconfined jet (Hc = 10 cm in the reported experiments).
In this case, the bubble penetration depth was observed to be similar to an unconfined jet
and both designs are expected to provide a comparable amount of aeration. Therefore, a
design with a short downcomer might lead to an increase in dilution without a reduction in
aeration. However, any benefit of this design with a downcomer will have to be weighed
against a higher capital and operating (maintenance) cost.

In the above discussion, increase in bubble penetration depth is assumed to imply an
increase in aeration because of the longer contact time between air and water. However,
aeration also depends on the amount of net air entrained by the jet, which can be different
for unconfined and confined plunging jets and also depends on the downcomer diameter
and depth of submergence [22,26,29,30].

6. Summary and Conclusions

This paper evaluated confined plunging jets for disposal of reject brine from desali-
nation plants. Previous studies had shown that confined plunging jets can be used to
introduce air into the water column which can help reduce the possibility of low dissolved
oxygen. However, it was not clear whether confined plunging jets can provide sufficient
mixing of brine with ambient water to reduce its excess salinity. Therefore, experimental
measurements of dilution of confined plunging jets discharging negatively buoyant effluent
were presented in this paper. Dilution measurements showed non-monotonic dependence
on important independent variables such as the jet length and the downcomer’s diame-
ter and submergence depth. However, dilution generally decreased with an increase in
downcomer submergence depth. No significant effect of brine salinity on dilution was
observed.

Observations of the bubble penetration depth were also made and showed that
confined plunging jets can increase the depth of penetration of bubbles in comparison to
unconfined jets if long, narrow downcomers are used. The penetration depth of bubbles
was roughly the same as unconfined jets with wide downcomers of any depth.

The experiments done in this study showed a potential trade-off between dilution and
aeration. The use of long and narrow downcomers can increase the penetration depth of
bubbles and therefore increase the contact time between the gas and liquid phase, but it
also results in a reduction of dilution. Only for some experiments with short downcomers,
which showed an increase in dilution and no reduction in bubble penetration depth,
was this trade-off not apparent. However, experimental measurements of the change in
dissolved oxygen, i.e., aeration, need to be made to see if a confined plunging jet with
a short downcomer can indeed provide the same aeration as an unconfined plunging
jet. Measurements of the change in dissolved oxygen (aeration) also need to be made for
confined jets with long and narrow downcomers to prove that such designs can indeed
provide better aeration.
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Nomenclature

a0 cross-sectional area of the nozzle;
Ac cross-sectional area of the downcomer;
c0 discharge concentration of fluorescent dye (Rhodamine 6G);
cmean average measured concentration of fluorescent dye (Rhodamine 6G);
CV average coefficient of variation of measured concentrations for an experiment;
d0 nozzle diameter;
Dc downcomer diameter;
H depth of receiving water;
Hc submergence depth of downcomer below the surface of receiving water;
Hpc for a confined jet, maximum depth below the surface of receiving water to which bubbles

propagate;
Hpu for an unconfined jet, maximum depth below the surface of receiving water to which

bubbles propagate;
HR rise of water level within the downcomer;
Lj jet length (vertical distance between the tip of the nozzle and the receiving water surface);
Lr ratio of lengths in the field vs in the lab;
M downward momentum of brine exiting from the downcomer;
N number of replicates of each experiment;
N void ratio within the downcomer;
Qa rate of net air entrained (amount of air that exits from the bottom of the downcomer);
Qb brine flow rate;
Qg rate of gross air entrained (total amount of air entrained by the jet which includes any air

that is dis-entrained and rises to the surface within the downcomer);
Qr ratio of flow rates in the field vs in the lab;
R radial distance from the nozzle;
S mean dilution;
v0 exit velocity of brine from the nozzle;
V downward velocity of brine exiting the downcomer;
W width of the bubble plume for an unconfined plunging jet;
∆s excess salinity of brine;
ρb density of brine; and
σmean standard deviation of the mean measured concentration of fluorescent dye (Rhodamine 6G).
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