
 
 

Delft University of Technology

The effect of bubble size on lock-exchange density currents through bubble screens

O'Mahoney, Tom S.D.; Oldenziel, Gosse; Van Der Ven, Pepijn

DOI
10.1061/JHEND8.HYENG-13531
Publication date
2024
Document Version
Final published version
Published in
Journal of Hydraulic Engineering

Citation (APA)
O'Mahoney, T. S. D., Oldenziel, G., & Van Der Ven, P. (2024). The effect of bubble size on lock-exchange
density currents through bubble screens. Journal of Hydraulic Engineering, 150(3), Article 04024006.
https://doi.org/10.1061/JHEND8.HYENG-13531

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1061/JHEND8.HYENG-13531
https://doi.org/10.1061/JHEND8.HYENG-13531


Green Open Access added to TU Delft Institutional Repository 

'You share, we take care!' - Taverne project  
 

https://www.openaccess.nl/en/you-share-we-take-care 

Otherwise as indicated in the copyright section: the publisher 
is the copyright holder of this work and the author uses the 
Dutch legislation to make this work public. 

 
 



The Effect of Bubble Size on Lock-Exchange Density
Currents through Bubble Screens

Tom S. D. O’Mahoney1; Gosse Oldenziel2; and Pepijn van der Ven3

Abstract: Bubble screens are used at sea locks to mitigate salt intrusion into inland water systems. In this paper the effectiveness of a bubble
screen in delaying the mixing of salt and freshwater via lock exchange was studied. Laboratory-scale experiments investigating the flow field
and mixing caused by a bubble screen are presented. The tests include both the homogeneous situation of freshwater on both sides of the
screen and the inhomogeneous situation where there is an initial density difference across the screen, which leads to a density current after
the lock gate is removed or opened. Optical measurement techniques were applied, giving spatially detailed flow velocities and densities.
The parameters varied between tests are the airflow discharge and the bubble size. The results show that the bubble size in the screen had a
significant effect with a screen with bubbles of 1–2 mm being more effective at generating a surface flow in the homogeneous case but less
effective at keeping the fresh and salt sides separated in the inhomogeneous case, when compared with a screen of 4–6 mm bubbles. The point
of maximum effectiveness for separating salt and fresh sides was also shown to be dependent on bubble size. DOI: 10.1061/JHEND8.
HYENG-13531. © 2024 American Society of Civil Engineers.

Introduction

Bubble screens are sometimes applied at shipping locks near the
sea to mitigate salt intrusion, which occurs as a result of density
currents exchanging salt and freshwater in the lock chamber during
lock operations. This salt intrusion is often undesirable because the
inland water system may be a source of freshwater for industry,
agriculture, and drinking water, or the salt intrusion may interfere
with the ecology of the hinterland (Kerstma et al. 1994). Many
measures are available to mitigate the salt intrusion at locks (van
der Kuur 1986). Most require some additional infrastructure such
as culvert systems that are integrated into the leveling system of the
lock or require the use of freshwater resources for flushing of the
lock or waterway. Bubble screens, however, can be retrofitted to an
existing lock without changing the existing hydraulic infrastructure
and do not require the use of freshwater to be effective. The first
application of bubble screens for this purpose was in the Nether-
lands in the 1960s (Abraham and van der Burgh 1964) and this
work is still used as a guideline for the design of bubble screens
and the required airflow rates. This study builds on theoretical,
model, and field-scale research of bubble screens in water of a
single density, which had been proposed as a means of damping
waves (Taylor 1955; Evans 1955; Bulson 1961). Bulson (1961)
found a relation between the airflow rate of the screen and the gen-
erated current at the surface, namely, the velocity at the surface,

Vm, as well as the height of the surface current, δ. Other applica-
tions of bubble screens also include enhancing mixing in lakes,
reservoirs, and wastewater treatment systems (Wen and Torrest
1987; Neto et al. 2008; Lima Neto et al. 2008), as well as possible
applications for managing the morphological evolution of bends in
rivers (Blanckaert et al. 2008; Dugué et al. 2015) or for reducing
salt intrusion in rivers (Nakai and Arita 2002).

Some measurements of vertical currents inside the bubble screen
have been made (Bulson 1961; Kobus 1968) and many more are
available inside bubble plumes (Wang et al. 2019). However, owing
to the difficulty of measuring inside the bubble screen, most mea-
surements have been made in the current generated around the bub-
ble screen. The most commonly measured quantities for a bubble
screen in homogeneous water are the velocity generated at the sur-
face, the surface current height, and the size of the recirculation
cells generated on either side of the bubble screen (Fig. 1). Bulson
(1961) measured the surface velocity at a location away from the
screen, at a distance equal to one water depth, in tests ranging from
laboratory scale to up to 10-m depth in field scale, and derived the
following relation:

Vm ¼ 1.46ðgqÞ1=3
�
1þ D

H0

�
1=3

ð1Þ

where g (m=s2) = gravitational acceleration; q (m2=s) = airflow rate
per unit width; D (m) = water depth; and H0 (m) = atmospheric
pressure in length of the column of water.

The maximum surface velocity occurs closer to the bubble screen
as has been shown in many studies (Bulson 1961; Abraham and van
der Burgh 1964; Wen and Torrest 1987; Fanneløp et al. 1991). Wall
and surface jet theory would suggest a decay in the velocity away
from the bubble screen centerline proportional to x−1=2. The data of
Bulson (1961) and Wen and Torrest (1987) seem to support this, but
Abraham and van der Burgh (1964) approximate their data with lin-
ear relations. This decay can also be affected by the available dis-
tance between the location of the bubble screen and the opposite
boundary (Fanneløp et al. 1991), which also can affect the size of
the recirculation cells that develop on either side of the screen. These
varied between the mentioned studies from two times the depth to
seven times the depth. A relation for the nondimensional circulation
as a function of the airflow rate is given in Keetels et al. (2011).
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The height of the observed surface current, defined as the depth
for which the horizontal velocity is directed away from the bubble
screen, has also been studied and shown to vary between 20% and
30% of the depth and to grow away from the bubble screen.

The effect of bubble size is largely neglected in these studies of
bubble curtains, although this is known to be an important parameter
in studies of bubble plumes (Neto et al. 2008), with smaller bubbles
leading to larger entrainment and stronger currents, given the same
air volume flow rate. This would suggest that bubble screens with
smaller bubbles would be more effective at creating the circulation
currents of a bubble screen. Bulson (1961), however, claims that the
diffuser or sparger size (both orifice size as well as total number of
orifices) has little to no effect on the surface currents, although only
a limited range of orifice sizes were tested. Similarly, the flow from
the bubble screen in a lock is assumed to be two-dimensional (2D)
with three-dimensional (3D) effects from the side walls and little
dependence on the aspect ratio of the lock chamber or tank (depth/
width), although some studies do quantify this (Riess and Fanneløp
1998; Wen and Torrest 1987; Lima Neto et al. 2008). The 3D effects
reported in Abraham and van der Burgh (1964) relate to bubble
screens that are placed between walls that are not parallel.

When a lock gate separating freshwater from saltwater opens,
the lock-exchange phenomenon takes place. This phenomenon
has been studied extensively in the laboratory (Benjamin 1968;
Rottman and Simpson 1983; Simpson 1997; Shin et al. 2002;
Inghilesi et al. 2020; Lombardi et al. 2018; Pérez-Díaz et al. 2018;
Nogueira et al. 2018; De Falco et al. 2020). The most recent exper-
imental studies (Marino et al. 2005; Martin and García 2009;
Nogueira et al. 2014; Pérez-Díaz et al. 2018; De Falco et al. 2020)
use high-resolution optical techniques to capture density fields of the
development of the density current, concentrating mostly on the
front speed and dynamics but also investigating the interaction with
slopes and inclined walls (Dai and Huang 2020; De Falco et al.
2020; Maggi et al. 2023).

For studies of salt intrusion at locks, the salt flux out of the lock is
important. Bubble screens as a mitigation measure against salt in-
trusion at sea locks have mostly been studied at field scale (Abraham
et al. 1973; Uittenbogaard and O’Hara 2015; Keetels et al. 2011),
with some results at laboratory scale reported (Keetels et al.
2011; Bacot et al. 2022). The field-scale experiments of Delft
Hydraulics (Abraham et al. 1973) show that the salt flux out of the
lock approximately follows a tanh curve in time, which is nearly
linear for the traversal of the density current for the first lock
length, L. Here the exchange of saltwater from one side of the gate
to the other was measured at field scale with relatively coarse

resolution, with and without the bubble screen and for different
flow rates. The measurements were made inside the lock and in-
tegrated to give a time series of the average density inside the lock
chamber volume. A relation was found for the reduction in salt
intrusion (relative to a lock exchange without a bubble screen)
as a function of supplied airflow rate to the bubble screen and this
was used to design bubble screens for practical use at several sea
locks in the Netherlands (IJmuiden, Kornwerderzand, Terneuzen).
Abraham et al. related the effectiveness of the bubble screen to the
nondimensional airflow rate, Froude air number:

Fra ¼
ðqgÞ1=3
ðg 0DÞ1=2 ð2Þ

It was claimed that flow rates higher than Fra > 1 would not
lead to further reduction in salt intrusion. Field studies (Keetels
et al. 2011; Uittenbogaard and O’Hara 2015; Weiler et al. 2015)
confirmed that there was a minimum salt transmission factor reached
at approximately Fra ¼ 1. The resolution of these field studies was
too coarse to gain much insight in the flow patterns when a bub-
ble screen is combined with a density current. A more recent study
(Bacot et al. 2022) made detailed laboratory measurements of the
density salt concentration field during a lock exchange with bubble
screen for a range of flow rates and found in a minimum salt trans-
mission factor at Fra ¼ 0.93. For flow rates below Fra ¼ 0.93,
called the breakthrough regime, it was observed that the density flow
along the bottom of the tank was still present although attenuated by
the bubble screen. A so-called curtain-driven regime was identified
for flow rates higher than Fra ¼ 0.93 whereby the vertical momen-
tum flux of the bubble screen is sufficient to drive all the heavier
saltwater to the surface, where it is deflected horizontally outward.

Laboratory-scale experiments of the combination of a bubble
screen and a density current in a river-type flow are available
(Nakai and Arita 2002). They show that for large enough airflow
rates a recirculation cell is created at the fresh side of the bubble
screen, which is a mixture of the fresh and saltwater (Fig. 2). This
cell is then the source of a new density current in the upstream
direction, toward the freshwater side, with a reduced density. The
total reduction in salt flux into the freshwater system is therefore a
combination of a reduced front speed and reduced salt concentra-
tion in the front.

The field studies (Keetels et al. 2011; Uittenbogaard and O’Hara
2015; Weiler et al. 2015) included a comparison of sparger types in
order to inform the design of proposed bubble screens at locks in the
Netherlands as a salt intrusion mitigation measure. It was claimed
that a sparger that produced a more uniform screen of bubbles close
to the floor performed better. Keetels et al. (2011) report a screen
from their laboratory experiments with bubble sizes ranging be-
tween 3 and 5 mm but do not compare the performance with other
bubble sizes. Neither the field studies nor the most recent laboratory
experiments (Bacot et al. 2022) report the bubble size used.

The current study aims to understand the impact that bubble size
can have on the effectiveness of a bubble screen as a separator of
salt and freshwater during a lock-exchange flow. It focuses on the
regime of operation most used in practice, Fra ¼ 1, and near the
point of maximum effectiveness found by Bacot et al. (2022),
Fra ¼ 0.93. For this purpose, optical particle image velocimetry
(PIV) measurements were performed for the first time of the
detailed flow velocities induced by bubble screens with spargers
generating bubbles of different sizes. In addition, high-resolution
concentration maps of the lock chamber were made during experi-
ments of the lock-exchange density current across the bubble
screens. These measurements were used as a data set for numerical
validation of models of bubbly flows (Oldeman et al. 2020).

Fig. 1. Definition of flow field elements for a bubble screen in
homogeneous water. (#169; 1973 Rijkswaterstaat Communications.
Reprinted, with permission, from G. Abraham, P. van der Burgh, and
P. de Vos, “Pneumatic barriers to reduce salt intrusions through locks.”
Rijkswaterstaat Communications, The Hague: Government Publishing
Office, 17: 67–68.)
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Experimental Setup

The flume used for these experiments had a total length of 4.80 m,
of which a section of 2.40 m was used and contained using baffles.
This section was chosen such that the view of the bubble screen
from the side was not hindered by the structural frame comprising
the flume, with the sparger being located 0.10 m off-center. The
flow section therefore had dimensions of length 2.40 m and width,
B, 0.50 m, with a water depth, D, of 0.40 m for all experiments
(Fig. 3). The bubble screen sparger was placed in the middle of the
flume, splitting the flume into two lock chambers of length, L,
1.20 m, and consisted of two strands, with a small distance between
these strands. The width-to-depth ratio B=D in the tests had a value
of 1.25, which is small for a lock chamber where this ratio in often
in the range of 3–4. It may also be clear that the sparger is relatively
large compared with the prototype.

The flume was equipped with a raised floor, approximately
70 mm above the flume’s floor, as shown in Fig. 3. The volume
under the raised floor was filled, because the exchange of any water
across the raised floor would disturb the measurement. The tubes
feeding the spargers from the airflow source could then be installed
below this false bottom, avoiding any interference with the water
flow. The area between the two strands of spargers was not filled
with a false bottom, which allowed a well-defined separation by the
metal sheet that mimicked the lock door. The metal sheet was thin
and had a smooth surface, reducing the effect of lifting it on the
flow. The sheet was opened by rapidly lifting it vertically. The co-
ordinate system of the setup was centered at the initial location of
the lock gate at the height of the top of the raised floor.

Two types of tests were performed: PIV measurements and
concentration measurements (Table 1). The PIV tests provide a de-
tailed flow field that can be compared with the literature, while the

Fig. 3. (Color) Fields of view of the PIV setup within the flow compartment of the flume: (a) top view; and (b) side view.

Fig. 2. Flow field elements for a bubble screen between water bodies of differing densities. (Adapted from Abraham et al. 1973.)

Table 1. Overview of tests performed

Density
difference Bubble size (mm)

Airflow rate Froude air number

ExperimentQa (NL=min) Fra

Δρ ¼ 0 kg=m3 4–8 33.5 — PIV, 3 × concentration
56.0 — PIV, 3 × concentration
86.9 — PIV, 2 × concentration

1–2 33.5 — PIV, 2 × concentration
56.0 — PIV, 2 × concentration
86.9 — PIV, 2 × concentration

Δρ ¼ 20 kg=m3 No bubble screen — — 1 × concentration
4–8 33.5 0.80 2 × concentration

56.0 0.95 3 × concentration
86.9 1.10 2 × concentration

1–2 33.5 0.80 2 × concentration
56.0 0.95 2 × concentration
86.9 1.10 2 × concentration

© ASCE 04024006-3 J. Hydraul. Eng.
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concentration tests provide the dynamics of the density current in
the inhomogeneous tests and the total mixing across the bubble
screen. The PIV tests use homogeneous freshwater of density
999 kg=m3 on both sides of the screen. The concentration measure-
ments were performed both for homogeneous freshwater and for
a situation with fluid of different density initially on either side of
the screen, with the saltwater side having a density of 1,020 kg=m3.
In these tests, the saltwater was dyed blue. The tests with homo-
geneous water also had the water in one compartment dyed blue.

Spargers

To create bubble screens with different bubble sizes, two different
types of sparger were used. The first type consisted of two PVC
pipes of 0.50-m length and 40-mm outer diameter, which were
placed on either side of the metal sheet dividing both compartments
(Fig. 4). Each PVC pipe was perforated equidistantly with 90 holes
of 0.8-mm diameter. The pipes were oriented such that the perfo-
rations were located approximately 45° to the vertical, pointing to-
ward each other. The spacing between the two strands was 75 mm.
The inflow of air was in the center of both pipes, in the middle of the
flume, opposite to the perforations. The PVC pipes were installed
such that their top was flush with the false bottom plate. The bubbles
generated from this sparger were slightly eccentric in shape and in
the wobbling regime in the bubble shape regime map (Clift et al.
1978), the width varying on average between 6.6 and 7.9 mm and
the height varying between 4.2 and 4.6 mm (Table 2).

The other sparger type consisted of four porous stone aerators,
fixed in two sets of two, with one set on either side of the separating
metal sheet (Fig. 4). The upper side of the porous stone was located
17 mm below the upper side of the false bottom plate, which means
the outflow of bubbles was approximately 3 mm higher than in the
case of PVC pipes. The distance between the two strands was 20mm.

The bubbles from the porous stone aerator were smaller, varying in
width from 1.5 to 1.9 mm and in height from 1.3 to 1.6 mm and are
thus near the boundary between the spherical regime and the wob-
bling regime in the bubble shape regime map (Clift et al. 1978).

The airflow was measured with two mass flowmeters and con-
trollers (Bronkhorst, Ruurlo, Netherlands), each with a range of
0−50 normal liter ðNLÞ=min. The rated accuracy of this instru-
ment is 1.3% for the lowest tested airflow rate and 0.7% for the
highest tested airflow rate.

PIV Measurements

The PIV camera was positioned alongside the flume, looking in
the y-direction. Three fields of view (FoVs), as shown in Fig. 3,
were measured independently by repeating the same experiment at
least three times, moving the camera each time. The FoVs were
0.50 × 0.40 m, accounting for a slight overlap in adjacent FoVs.
All three were on the left side of the bubble screen, assuming sym-
metry of the flow field.

Fig. 4. (Color) Views of the different sparger types: (a) PVC sparger; (b) porous stone sparger; (c) bubble screen from the PVC sparger; and (d) bubble
screen from the porous stone sparger.

Table 2. Overview of bubble sizes

Airflow
rate

Froude
air number

Dimension

1–2 mm
bubbles

4–8 mm
bubbles

Qa
(NL=min) Fra

Mean
(mm)

SD
(mm)

Mean
(mm)

SD
(mm)

33.5 0.80 Width 1.5 0.6 6.6 1.7
Height 1.3 0.5 4.2 0.7

56.0 0.95 Width 1.8 0.7 7.8 0.7
Height 1.5 0.6 4.3 0.9

86.9 1.10 Width 1.9 0.7 7.9 1.4
Height 1.6 0.6 4.6 0.9

© ASCE 04024006-4 J. Hydraul. Eng.
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The flow was imaged using a complementary metal oxide semi-
conductor (CMOS) sensor with 2,048 × 2,048 pixels (LaVision
Imager MX4M, Göttingen, Germany). The distance to the nearest
wall of the flume was 1.16 m. The bit depth of the sensor was 10
bit. The pixel size was 5.5 μm. For every flow condition and for all
three FoVs, two types of data were recorded: (1) high acquisition
frequency of 20 Hz (200 images), showing the real-time behavior
of the bubble screen for a short time span; and (2) and reduced
acquisition frequency of 1 Hz (1,000 images, i.e., a period of ap-
proximately 17 min), providing a statistically independent set of
velocity data. The results in this paper are based on the latter, stat-
istically independent data. The tracer particles were illuminated us-
ing a dual-cavity Nd:YAG laser (Litron NL 50-100, Warwickshire,
England). The maximum output was 50 mJ and the wavelength of
the light was 532 nm. The laser was located at the end of the flume,
at a distance of 0.80 m from the tank, i.e., 3.10 m from the bubble
screen. Fluorescent orange polyethylene microspheres of 90 to
106 μm diameter were used as tracer particles. The densities of
these particles were 990 to 1,010 kg=m3, i.e., practically neutrally
buoyant. An optical long-pass filter (cut-on wavelength 590 nm)
was mounted on the objective [Nikon (Minato-ku, Tokyo) Micro-
Nikkor with focal length of 28 mm], ensuring that only the light
reflected from the particles would reach the sensor and the light
from the bubbles would not. The peak of the daylight color of the
particles was 606 nm.

The PIV interrogation consisted of performing background sub-
traction followed by one pass on 64 × 64-pixel interrogation areas
with 50% overlap followed by two passes on 48 × 48-pixel inter-
rogation areas with 50% overlap. In some cases in Plane 2, the final
two passes were performed on a domain size of 32 × 32 pixels with
50% overlap. Varying requirements for the minimum allowable
peak ratio were used between 1.2 and 1.5 and universal outlier de-
tection (Westerweel and Scarano 2005) was applied. The target per-
centage of valid vectors was 95%, except inside the bubble screen.
Inside the bubble screen, the regions where more than 550, and in
some cases 500, out of the 1,000 vectors were invalid were masked.
This was done in order to rely mostly on validated displacement
quantifications from tracer particle image displacements. The shape
of the masked bubble plume area was observed to resemble the
shape of the image area where no clear particle images can be seen
due to the air bubbles being present between the illuminated par-
ticles and the camera. Due to the dynamic behavior of the plume
and the finite paraxial imaging angle, the shape of the masked bub-
ble plume area was not necessarily equal to the mean bubble plume
shape. Isolated remaining valid vectors inside the bubble screen
area were masked manually.

Concentration Measurements

Similar to the PIV measurements, for the experiments with dye im-
aging the tank was placed in an optically controlled environment to
avoid any effect of changing outside light conditions. The dye con-
centrations were recalibrated at the start of each test to account for
any changes in inside light conditions.

The dye used was blue tracer dye by Cole-Parmer (Vernon Hills,
Illinois). The dye was mixed thoroughly before the test, together
with brine for the cases with a density difference. A density differ-
ence of 20 kg=m3, or 2%, was used and measured using a conduc-
tivity and temperature sensor (Yokogawa SC72, Yokogawa
Measurement Corporation, Hachioji-shi, Tokyo). The test sequence
was as follows:
1. The tank was filled and the metal sheet put in place to get two

compartments that were equally filled.

2. The dye was thoroughly mixed in the right-side compartment, as
was the salt (using brine of approximately 1,260 kg=m3).

3. The density of the right-side compartment was checked.
4. The bubble screen was started and a flow developed in the tank.
5. The separating plate was removed manually to begin the ex-

change process.
One monochrome camera was used for the concentration mea-

surements (Retiga 1300C, Teledyne QImaging, Surrey, British
Columbia, Canada). The acquisition frequency was 10.2 � 0.3 Hz.
The CCD sensor imaged frames of 904 × 664 pixels. The bit depth
was 12 bit. The pixel size was 6.7 μm. An objective with a focal
length of 35 mm (Fujinon HF35SA-1, Minato-ku, Tokyo) was
mounted on the camera. The camera was oriented to be looking
at the tank perpendicularly from the side (i.e., in the z-direction),
halfway along the tank’s length and at a distance of 7.50 m, the
maximum distance available in the facility. This led to a maximum
viewing angle in the measurement domain of 8.5o, which led to an
increase of travel distance of light through the tank of approxi-
mately 1% at the sides relative to the center. Behind the tank (thus
at the side opposite of the camera), two rectangular LED panels
were placed, one at each side of the tank. The back of the tank
was covered with white, semitransparent acrylic plates to provide
uniform lighting of the tank. Remaining nonuniformity was taken
into account by calibration of the postprocessing, treated in the next
section. Per measurement, 1,230 images were taken.

The setup also included four conductivity measurement rods,
referred to as geleidendheid en concentratie meter (GCM) sensors,
with six measurement points along the wetted vertical. Three of
these rods were located in the left-side compartment, at 1=8,
1=4, and 3=8 of the flume length, and the fourth rod was located
halfway along the right-side compartment (at 3=4 of the flume
length) as visible in Fig. 6. A temperature sensor was installed
in both compartments. The measured conductivity was converted
to salinity via

SðT; σÞ ¼
�

σ
2.314 × ðð8.018 · 10−3T þ 1.0609Þ2 − 0.5911Þ

�
1=92

Then the density was calculated as ρðT;SÞ ¼ 999.904þ 4.8292 ·
10−2T − 7.2312 · 10−3T2þ 2.9963 · 10−5T3þ 0.76427S− 3.1490 ·
10−3STþ 3.1273 · 10−5ST2 (Delft Hydraulics 1981). The measure-
ments of these instruments and the camera recording were syn-
chronized upon opening the gate using an LED visible within the
camera’s view to provide a cross-check of the calibrated density
from the camera postprocessing of the camera images.

Calibration of Concentration Experiments

Using calibration images, one can derive density fields from the
images of the measurement. The calibration was obtained by filling
both compartments of the tank with a water-dye solution of a known
concentration, imaging this, and repeating this for 12 mixtures at
different increasing concentrations. The calibration thus resulted
in a curve per pixel, relating gray value to concentration (see Fig. 5
for an example result for one pixel). For intermediate gray values, a
piecewise linear interpolation was adopted. This method is equal to
the calibration method used in Nogueira et al. (2013). The calibra-
tion was repeated several times during the test series. The pixels
whose values were affected by the presence of bubbles were re-
moved from the analysis, as were those concealed by the frame sup-
ports and measurement rods. These pixels were unavailable when
calculating the total salt mass on the left side of the flume. The parts
of the image that were not used were masked. The bubble screen
mask (which also covers the frame) comprises approximately

© ASCE 04024006-5 J. Hydraul. Eng.

 J. Hydraul. Eng., 2024, 150(3): 04024006 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

T
ec

hn
is

ch
e 

U
ni

ve
rs

ite
it 

D
el

ft
 o

n 
02

/2
8/

24
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



10% of the pixels of the image. The masks covering the measure-
ment rods comprise less than 3% of the pixels. An example result is
shown in Fig. 6 where the mask for the bubble screen (shown within
two thin diagonal lines), the frame, and the rods can be clearly seen.
For the total salt mass on the left side of the flume in the case of a
porous stones sparger, a moving average of 10 frames was used be-
cause of signal noise. This was assumed to be the result of the
smaller bubbles in the experiment being suspended in the main re-
circulation cell but not being removed by the mask.

Experimental Conditions

The overview of the tests is given in Table 1. The PIV experiments
were only performed for the homogeneous (Δρ ¼ 0) cases. The

three airflow rates were chosen such that they were in the range in
which bubble screens are used in practice for the mitigation of salt
intrusion at locks, namely, Fra ≈ 1. The chosen flow rates were
sufficient to investigate the different regimes identified by Bacot
et al. (2022), the lower flow rate being in the breakthrough regime,
the higher flow rate being in the curtain-driven regime, and the
other flow rate being very close to value found by those researchers
to have the minimum salt transmission factor. The concentration
measurements were each repeated to check the repeatability of the
results. Finally, a test of a density current in the flume without a
bubble screen was performed to act as a reference for the assess-
ment of the effectiveness of the bubble screen in mitigating mixing
from one side of the tank to the other.

Results and Discussions

PIV Results

Velocity Distribution
Fig. 7 shows the velocities induced by the bubble screens, for the
case where Qa ¼ 86.9 (NL=min) in homogeneous water. The im-
age shows the three fields of views combined, without interpola-
tion. The color denotes the velocity magnitude, and the arrows
show the magnitude as well as the direction. One in every four vec-
tors is shown. The scaling of the vectors differs per field of view.
The gray rectangular area near x ¼ −1,100 mm is due to a struc-
tural beam blocking optical access. The dark blue area at the bubble
screen location is the mask based on the number of valid vectors.
Near the water surface and in the bubble screen itself no values
are presented because it is expected that the PIV is not accurate
in these areas owing to reflections of light from the surface and
bubbles. Away from the screen a clear recirculation zone is shown,

Fig. 6. (Color) The mask used in obtaining the total mass of salt on the left side, such as to avoid the hindrance of the bubble screen and frame in the
postprocessing. The axes give the position in millimeters.

Fig. 7. (Color) Flow velocities measured on the left side of the tank, measured with PIV for case with 4–8 mm bubbles forQa ¼ 86.9 NL=min. Color
denotes the flow velocity magnitude (m=s).

Fig. 5. (Color) Example calibration curve for a single pixel.

© ASCE 04024006-6 J. Hydraul. Eng.
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with highest flow velocities near the surface. The lower layer,
flowing toward the bubble screen, covers approximately 3=4 of
the water depth. Velocities at verticals far from the screen (e.g., at
x ¼ −900 mm) are mostly horizontal, with a negligible vertical
component. Closer to the screen, roughly from x ¼ −600 mm to
x ¼ −100 mm, the horizontal and upward component are nearly
equal, giving a flow direction between 30° to 45° upward. The flow
field in general shows qualitative agreement with flow fields shown
in literature (Riess and Fanneløp 1998) with the recirculation zone
equal in size to the available half of the tank.

Velocity Profiles
The quantitative comparison of the vertical velocity profiles of hori-
zontal velocity for different bubble sizes and airflow rate is given in
Fig. 8 at a distance x ¼ −D, on the left side of the screen. The
results show a profile shape in accordance with previous literature
where a surface current away from the screen is present in the upper
portion of the water column. In the lower portion of the water col-
umn the flow is directed toward the bubble screen because part of
this water is entrained with the upward-flowing bubble jet. A higher
airflow rate leads to greater magnitudes of velocity at the surface.
The bubble screen with smaller bubbles induces higher flow veloc-
ities at the flume floor and the water surface. The figure shows that
the flow velocities at the surface induced by the small bubbles for
the medium airflow rate are similar to those resulting from the large
bubbles at the highest airflow rate, which indicates that using a
smaller bubble size can result in a reduction in the required flow
rate for a given induced surface current. The location at which the
surface current begins is seen to vary between approximately y ¼
270 and 305 mm, giving a surface current height of 0.24D–0.32D,
which is in the same range as previous experiments but shows a
much greater variation than previously seen. Clearly the bubble
screen with the small bubbles size gives a larger surface current
height, which suggests the large variation is caused by the differ-
ence in bubble size. The combination of larger surface velocities
and larger current height for the screen with the smaller bubbles
could be attributed to increased entrainment in plumes with
smaller bubbles as has been shown in earlier studies (Neto et al.
2008).

Surface Velocity
Although the PIV results near the surface are not reliable, they can
be extrapolated from the velocities near the surface. This is com-
parable with how the surface velocities were inferred in earlier ex-
perimental studies in the literature (Bulson 1961; Wen and Torrest
1987). This has been done for all PIV experiments and an example
is given in Fig. 9 for the case of small bubbles with a flow rate of
33.5 NL=min. The extrapolation was done by taking the average
gradient of the measurements nearest the surface. The decay of
velocity away from the bubble screen seems to follow a linear pro-
file after reaching a maximum at a little more than 0.5D from the
axis. The literature suggests a decay proportional to x−1=2 for a wall
jet (Rajaratnam 1976). The measurements of Bulson (1961) and
Wen and Torrest (1987) also show this. That the profile in the cur-
rent experiments is linear suggests that the tank is not long enough
for the wall jet to develop unhindered by the end wall of the tank.
This relation is repeated in all experiments. A comparison was made
(Fig. 10) with the correlation of Bulson [Eq. (1)] for the surface
velocities at x ¼ D for all tests. The relation of the surface velocity
as a function of the flow rate is well captured. This shows that the
limitation of the short tank does not greatly affect the flow field

Fig. 8. Vertical profiles of the flow velocities for various airflow rates
and bubble sizes; taken from the PIV measurements at x ¼ −D.

Fig. 9. Estimated speed at the surface as a function of distance from the
bubble screen, extrapolated from the PIV velocity profiles. Case with
4–8 mm bubbles with flow rate 33.5 NL=min.

Fig. 10. Comparison of the estimated surface velocities at x=D ¼ 1 for
the experiments with the correlation of Bulson [Eq. (1)].

© ASCE 04024006-7 J. Hydraul. Eng.
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generated close to the bubble screen x ≤ D even if the decay of the
surface current beyond this point may be influenced by the short
tank. The current setup is therefore sufficient for drawing conclu-
sions about the initial intrusion of salt through the bubble screen but
not the size of the recirculation cell nor the transport of salt farther
from the screen or at times after the initial phase.

Concentration Measurement Results

Density Profiles
Fig. 11 shows the density at four verticals in the tank: Figs. 11(a–c)
are in the left-side compartment and Fig. 11(d) in the middle of the
right-side compartment. The conductivity measurement instruments
(GCM) had six measurement points in the vertical. To compare
these with the results of the concentration recording (CCD), the
density according to the latter was taken from the salt concentra-
tion maps at this coordinate. A spatial average over the immediate
neighboring pixels was taken. The profile from the concentration
measurements shows some noise because no filtering was used.
However, the agreement between the optical measurement tech-
nique and the measurement rods instruments was good. The GCM
measurements volumewas very limited and near the gauge, whereas
the density derived from the optical technique was in fact a width-
averaged density. The agreement between the two measurements
suggests that the flow was quite 2D without large variations in the
width. The density from the concentration measurements allows a
higher spatial resolution in the vertical, which better defines the den-
sity current. An obvious added value of this measurement technique
is that the complete data in fact are a two-dimensional spatial map,
i.e., not limited to these four verticals, and therefore allow a more
complete interpretation of the current. Furthermore, it is a nonintru-
sive measurement technique.

Concentration Fields
The concentration fields, cðx; y; tÞ, for the dye were extracted at
each time. This gives very detailed spatial information on the de-
velopment of the density current and concentration field in each
case. Fig. 12 shows an instantaneous concentration field at 10 s
for a case with a density difference ofΔρ ¼ 20 kg=m3 for different
flow rates for the case of large bubbles. The denser fluid is visible
on the right side. The bubble screen is pushed to the left due to the
higher local pressure in the denser fluid. For the low flow rate, leak-
age of saltwater is visible both at the top and at the bottom of the

tank. The leakage at the bottom is more pronounced. This is con-
sistent with the concentration and density fields found in Bacot et al.
(2022) for the breakthrough regime. For the higher flow rates, the
leakage at the top of the tank is stronger. This suggests that for the
lower flow rate the density current is still strong enough to penetrate
partially through the screen. For the highest flow rate all leakage can
be attributed to the upward entrained flow in the screen, the so-called
curtain-driven regime (Bacot et al. 2022). The most separation of the
salt and freshwater bodies may therefore be achieved with a flow
rate for which the density current along the bottom is just fully
hindered. After that point more airflow simply induces more

Fig. 11. (Color) Vertical profiles of the density at four locations in the tank during unhindered lock-exchange experiment, comparing the profiles
taken from the optical measurement technique (CCD) with the measurement rods (GCM): (a–c) left side of the tank; and (d) right side of the tank.

Fig. 12. (Color) Concentration fields at 10 s for Δρ ¼ 20 kg=m3 and
the case of large bubbles at different airflow rates: (a) Fra ¼ 0.80;
(b) Fra ¼ 0.95; and (c) Fra ¼ 1.10. The axes show position in
millimeters.

© ASCE 04024006-8 J. Hydraul. Eng.
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mixing from one side to the other. The middle flow rate, Fra ¼
0.95, is consistent for the large bubble case with the point of tran-
sition between the breakthrough regime and curtain-driven regime
(Bacot et al. 2022). The concentration field shown in Fig. 12 for this
flow rate indeed shows a suppression of the density current along
the bottom of the tank but no strong leakage along the surface.

Fig. 13 shows a comparison of density fields at 18 s for the
same flow rate, Fra ¼ 0.95, but for different bubbles sizes. At this
moment, 18 s, the leakage of salt through the screen with larger
bubbles is equally distributed over the height of the tank, with no
obvious dominance of leakage through surface current or density
current along the floor. For the small bubble case the leakage through
the surface current is clearly dominating, which suggests that this
screen is in the curtain-driven regime. It can be concluded, therefore,
that the point of transition between the regimes (and the airflow rate
for which maximum effectiveness is achieved) is dependent on the
bubble size.

Relative Exchange
We define a relative exchange, η, as the ratio of the total volume of
dye on the left side of the tank (initially zero) to the total volume of
dye in the whole tank

ηðtÞ ¼
R
D
0

R
0−L cðx; y; tÞdxdyR

D
0

R
L−L cðx; y; 0Þdxdy

ð3Þ

Fig. 14 shows the total amount of dye in the left-hand compart-
ment of the tank for the screen with large bubbles at the three tested
airflow rates, in homogeneous water, against time. Initially the tank
is unmixed and eventually all tests tend to a mixture of 50%. The
exchange increases with the increasing airflow rate. At t ¼ 40 s, for
instance, the dye percentages at the left side are 28%, 38%, and
42% for flow rates of 33.5, 56.0, and 86.9 NL=min, respectively.
Because there is no density current in the homogeneous situation,
the exchange is solely the action of the induced advection currents
from the bubble screen.

When an initial density difference is present across the dividing
plate, a density current will be responsible for part of the exchange
of dye from one side to the other. Without a bubble screen the ex-
change is fast (Figs. 15 and 16). The first 5 s are affected by the
removal of the dividing plate and the unhindered lock exchange is

initiated only after this time. The sloshing of the density current is
evident from the sinusoidal-type signal. After the density current
reflects from the end wall of the tank, the left side can almost fill
up with the dye (>80%), while the right side would be nearly empty
of dye. Fig. 15 shows the performance of the screen with larger bub-
bles for different airflow rates (expressed here as a Froude air num-
ber). This density current is clearly hindered by the presence of the
bubble screen. Initially (t < 20 s) the two lower flow rates perform
comparably, and better than the higher flow rate. Later (t > 20 s)
the behavior is more similar to the homogeneous case, indicating
that eventually the bubble screen acts as a mixer, with a higher flow
rate providing more and faster exchange. Only the case of flow rate
56.0 NL=min (Fra ¼ 0.95) is able to reduce the exchange of dye
compared with the situation where no density difference was present
(see again at t ¼ 40 s where for that flow rate the exchange is 33%
compared with 38% from the homogeneous case).

Fig. 13. (Color) Concentration fields at 18 s for Δρ ¼ 20 kg=m3 and
the flow rate Fra ¼ 0.95 for the cases of (a) large bubbles; and (b) small
bubbles. The axes show position in millimeters.

Fig. 15. Relative exchange as a function of time for different airflow
rates in a Δρ ¼ 20 kg=m3 situation for 4–8 mm bubbles.

Fig. 14. Relative exchange as a function of time for different airflow
rates in a Δρ ¼ 0 kg=m3 situation for 4–8 mm bubbles.

© ASCE 04024006-9 J. Hydraul. Eng.
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The screen with small bubbles shows much less difference be-
tween the flow rates (Fig. 16). Here the results are very similar to
each other and the case with the screen of larger bubbles for a higher
flow rate. Only in the first 10 s of the test is there a noticeable differ-
ence in performance. This can be attributed to the smaller bubbles
being able to entrain more fluid from the surroundings, making this
type of screen a more effective mixer. This may help the bubble
screen be more effective at low flow rates Fra < 0.8, but for the
flow rates tested in this study an increase in flow rate is not leading
to better separation.

Bubble Screen Effectiveness
We define a salt transmission factor, f, as the ratio of the relative
exchange for a scenario as a proportion of the relative exchange of
an unprotected lock, η0

f ¼ ηðtÞ
η0ðtÞ

ð4Þ

Fig. 17 shows the effectiveness of the bubble screen over time
for the airflow rate corresponding to Fra ¼ 0.95. Here we see the
development over time, which gives a better indication of how
the moment the gate in a lock is closed would influence the relative
exchange. The effect of the bubble size is visible. Although the two
bubble screens perform to a similar degree in the early seconds, it is
clear that the screen with larger bubbles performs better overall. A
similar result is seen for Fra ¼ 0.8 (Figs. 15 and 16) but not for
Fra ¼ 1.1, where the performance of the two bubble screens is al-
most identical. It can be hypothesized that the screen with smaller
bubbles creates more mixing within the screen and subsequently
more saltwater is ejected onto the freshwater side at the surface.
This cannot be verified with the results of these experiments be-
cause they do not give information of the dye concentration within
the screen. This, however, has been studied via numerical simula-
tions in Oldeman et al. (2020).

Conclusions

Experiments were performed of a laboratory-scale bubble screen
with high-resolution optical techniques. Experiments were made for
bubble screens for three different airflow rates with two different
spargers, leading to screens of different bubble sizes. The amount
of dye exchanged across the screen after the release of a lock gate at
the screen was measured in the homogeneous case (fluid of the same
density on either side) and the inhomogeneous case (fluids of differ-
ent density on either side). The inhomogeneous case is representative
of the application of bubble screens as a salt intrusion mitigation
measure at shipping locks.

Previous studies have only made low-resolution flow measure-
ments of the bubble screen–induced flow field. In this paper, de-
tailed flow patterns for the homogeneous situation in the entire
circulation cell on one side of the screen were made, although the
size of the cell was limited in this case by the tank size. Addition-
ally, the effect of bubble size was shown for the first time with
smaller bubbles inducing larger surface velocities. In the homo-
geneous case, a higher flow rate led to faster mixing of dye across
the screen after release of the lock gate.

For the inhomogeneous case, the screen acted as a separator of
the fluids of different densities after release of the lock gate, de-
laying the exchange of dye relative to the case without a bubble
screen. The detailed concentration fields produced here show dif-
ferent flow regimes in the inhomogeneous situations as described
elsewhere in the recent literature (Bacot et al. 2022). A break-
through regime at low flow rates is characterized by a density cur-
rent along the bottom of the tank because the bubble screen is not
strong enough to arrest the lock-exchange flow. A curtain-driven
regime has exchange driven by the upward-entrained fluid inside
the screen, which is ejected outward at the top of the tank. For the
case with relatively large bubbles (4–8 mm) these exchange mech-
anisms appeared in balance for Fra ¼ 0.95. This is in line with
earlier results in the literature, which suggest a change of regime
for Fra ¼ 0.93.

However, this paper also showed for the first time the impact of
bubble size on the effectiveness of the bubble screen as a separator
of fluids of different densities. For the bubble screen with smaller
bubbles, the curtain-driven regime was found to be initiated at
lower flow rates with the test with Fra ¼ 0.95 clearly in that re-
gime. In addition, for the flow rates tested in this paper, the screen
with larger bubbles performed better as a separator. Finding how

Fig. 16. Relative exchange as a function of time for different airflow
rates in a Δρ ¼ 20 kg=m3 situation for 1–2 mm bubbles.

Fig. 17. Salt transmission factor of the bubble screen in time for both
sparger types for the flow rate Fra ¼ 0.95.
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the optimum airflow rate changes for bubble screens of different
bubble sizes should be a subject of future research and would help
inform bubble screen design in practice for use as a salt intrusion
mitigation measure at locks.

Data Availability Statement
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available from the corresponding author upon reasonable request.
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Notation

The following symbols are used in this paper:
c = dye concentration;
D = water depth (m);

Fra = Froude air number;
g = gravitational acceleration (m=s2);
g0 = reduced gravity, Δρ=ρ, (m=s2);
H0 = atmospheric pressure in length column of water (m);
L = lock length (m);

Qa = airflow rate through sparger, normalized to
atmospheric pressure (NL=min);

q = airflow rate per unit width (m=s2);
t = time (s);

Vm = surface velocity (m=s);
Vx = horizontal velocity (m=s);

x, y, z = Cartesian coordinates, with origin at the base of the
tank at the location of the screen (m, m, m);

δ = surface current height (m);
η = relative exchange of dye; and
ρ = density (kg=m3).
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