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Pressure-release equipment for the formation of microbubbles is an important part of any DAF system. In this
study, 3D printing was employed to produce new nozzles, followed by testing to ﬁnd the optimum pressure and
ﬂowrate. The ﬂowrate through the nozzle aﬀected both the empty bed residence time (EBRT) of the saturator
and also the nucleation of bubbles. With the increase of ﬂow rate, the total number of bubbles was seen to
increase. This is a signiﬁcant observation meaning that the enhanced precipitation of bubbles outweighs the
reduced EBRT. This fact can improve equipment sizing and reduce CAPEX. Meanwhile, DAF is a technology that
can help extend membrane life and reduce operational issues in seawater reverse osmosis (SWRO). So for further
validation, a full-scale DAF was built and tested for SWRO pretreatment on the coast of the Persian Gulf. The
system was tested with/without coagulation as well as with/without ﬁltration media embedded inside the DAF
tank. The results showed that the use of coagulation alongside DAF reduced the turbidity by more than 60%
while using a DAF with embedded ﬁltration could reduce the turbidity to less than 1 NTU. In comparison to
common media ﬁlters, the proposed setup showed better performance.

1. Introduction
Dissolved Air Flotation (DAF) is a ﬂotation process that aims to
remove low-density pollutants in liquids such as sludge, alum, microorganisms, emulsions or oil droplets [1,2]. This process uses millions of
small micron-sized bubbles to separate these particles [3]. The eﬃciency of a DAF process depends directly on the concentration of
bubbles in the water [4]. A portion of the treated water is recycled in
the system to be used for producing the bubbles. This recycling rate is
dependent on the eﬃciency of dissolving air, precipitating bubbles and
the concentration of solids in the feed [5]. The recycle stream moves
from the DAF tank to a saturator where it is blended with a pressurized
gas (usually ambient air) to provide nucleation energy and overcome
attrition to reach super saturation [6]. The supersaturated water is then
passed through a pressure-reducing nozzle or needle valve, which is one
of the most important parts of the process [7], to produce micro-bubbles measuring about 20 to 100 micrometers [1].
Microbubbles are generated when the pressure exceeds the friction

loss [6]. The energy required to produce microbubbles decreases with
the decrease in air/water tension and the increase in the diﬀerences
between the water pressure and the atmospheric pressure [6]. In general, the equilibrium concentration of dissolved air depends on the
temperature of the water and the relative pressure of the gas it comes
into contact with [8]. In some speciﬁc cases, gases such as carbon dioxide, methane, ozone, and nitrogen are used instead of ambient air to
form microbubbles [9].
The DAF process has some advantages over conventional separation
methods including high process eﬃciency, high capacity, lower required coagulation/ﬂocculation times, increased hydraulic loading
rate, better-treated water quality, faster start, thicker sludge, and ﬂexibility in changing its operating parameters [10,6]. In contrast, in the
DAF process, the cost of the pressurized saturator used to mix the water
and air is high. There is also the possibility of rupturing the coagulated
particles and dispersion of colloidal particles in the collection zone [6].
Although the removal eﬃciency of suspended solids is about 90%, the
removal eﬃciency of dissolved organic particles is negligibly low [11].

⁎

Corresponding author.
E-mail address: alireza.bazargan@ut.ac.ir (A. Bazargan).
1
Equal contribution.
https://doi.org/10.1016/j.cep.2020.108070
Received 11 May 2020; Received in revised form 17 July 2020; Accepted 28 July 2020
Available online 30 July 2020
0255-2701/ © 2020 Elsevier B.V. All rights reserved.

Chemical Engineering & Processing: Process Intensification 155 (2020) 108070

A. Kouhestani, et al.

method but it has problems such as the need for a transparent wall for
image capture, low bubble concentration, and complex laboratory
equipment [1].
Perez-Garibay et al. [29] investigated the eﬀects of bubble size
distribution, superﬁcial gas velocity, surfactant concentration, and
three types of large, medium, and small solids at sizes of 100, 39, and
15 μm on the buoyancy proﬁle. They concluded that for a particular
solid particle distribution, the optimum range of bubble size distribution is about 150 to 1050 μm and the gas holdup range is about 0.2 to
1.3%.
Lim et al. [30], found that the time required for the macrobubble oil
attachment was reduced by about 82 percent by microbubbles, and the
bubble-oil contact angle improved by about 40.35 percent. Radzuan
et al. [31] investigated the eﬃciency of oil droplet separation, with a
size distribution of 15 to 80 μm, from oil mixture in water. They found
less than 6% error by examining diﬀerent laboratory data and comparing them with predicted results.
In the current study, two nozzles were chosen out of many various
designs, only made possible through 3D printing technology. Prior to
such manufacturing tools, it would have been very diﬃcult if not impossible to test such variety of nozzle geometries. The eﬀect of saturator
pressure, ﬂow rate, and nozzle design have been investigated on bubble
size distribution in a DAF system. The optimal conditions were further
tested on a full-scale DAF for the pretreatment of seawater as part of a
reverse osmosis desalination plant. Full scale testing is a signiﬁcant part
of the current work, because previous research has shown that full-scale
testing, although infrequently reported, provides actionable information, as opposed to bench-scale research on DAF which often yields
results not applicable to the real world [20].

Flotation has been used in a variety of applications such as wastewater treatment, mineral beneﬁciation, micro-oxygenation, fermentation, ink removal, plastic recycling, etc. In [12], a DAF unit was coupled
with a High-Rate Activated Sludge (HRAS) system, in order to replace
conventional gravitational settling for removal of organics with high
sludge concentrations. In [13], the potential of Phosphorous (P), Nitrogen (N), and Potassium (K) recovery from anaerobically digested
dairy manure by DAF has been investigated, showing remarkable P
recovery and a 3-fold increase in N:P ratios, which have increased the
options for reusing the eﬄuent.
An investigation on the removal of TiO2 nanoparticles by settling
and dissolved air ﬂotation was recently carried out [14]. Particle size
distribution, removal eﬃciencies as a function of time, microphotography of ﬂocs, and zeta potential measurements were analyzed.
Elsewhere [15], coagulation alongside DAF was used for the removal of
sodium oleate (NaOL) from synthetic manganese leaching solution.
The use of DAF in separation processes is commonplace. For example, using DAF as a harvesting method for microalgae cultivation in
wastewater has been studied [16]. The inﬂuence of four diﬀerent
coagulants at diﬀerent conditions of dosage, pH, and ﬂotation velocity,
on harvesting performance were investigated and optimal doses were
found.
Integrating DAF with other systems is also another option. For instance, DAF integrated with a heterogeneous photocatalytic process
with the purpose of treating metalworking ﬂuid wastewater for disposal
or reuse has been studied [17].
In [18], DAF was used for simultaneous removal of oil, total Co, and
60
Co from radioactive liquid waste. The results showed a better removal
of oil than the other two substances. The eﬀect of using an inclined
Lamella module in the ﬂotation cell on the removal eﬃciency was also
investigated, which resulted in greater eﬃciency. The study also investigated a directly proportional relationship between eﬃciency and
kinetic constants.
Recently DAF was used for the removal of Giardia spp. cysts and
Cryptosporididum spp. oocysts from anaerobic eﬄuent of a pilot UASB.
The results showed that the DAF system was able to reach 2 logs of cyst
removal (99%) [19].
The importance of large-scale tests for DAF applicability should not
be overlooked. The diﬀerence between a large batch bench-scale dissolved air ﬂotation system (LB-DAF) in comparison to a 1-2 L volume
DAF jar test apparatus has indicated that the LB-DAF system simulated
the full-scale DAF turbidity removal much better than regular benchscale tests [20]. Computer simulations can also be of great help. The use
of computational ﬂuid dynamics (CFD) to ﬁnd out the signiﬁcant eﬀects
of diﬀerent turbulence models and microbubble parameters on the internal ﬂow behaviors of DAF systems, can help bypass technical diﬃculties of the pilot DAF test [21].
The applications of DAF are widespread. In [22], the DAF process
was examined for the treatment of bauxite eﬄuents, concluding that
increased recycle ratio and ﬂocculant dosage improved eﬀectiveness.
The inﬂuence of alkali reactants with various doses for saponiﬁcation
pretreatment of anaerobically digested DAF ﬂoat eﬄuent from the
dairy industry has also been studied [23] in addition to the eﬀect of
diﬀerent sources of inoculum on the DAF ﬂoat. The results indicated a
higher solubility of DAF ﬂoat as a result of saponiﬁcation pretreatment.
Elsewhere, environmental sustainability and the economic viability of
biodiesel production from meat processing DAF sludge via a proposed
integrated process of in-situ hydrolysis and esteriﬁcation were investigated [24]. The Net Energy Ratio (NER) and unit production costs
were simulated, and the result indicated environmental sustainability
and economic viability of the proposed biodiesel production process.
Various methods have been used to estimate the bubble size in DAF
systems, including the Mie scattering technique [25], the Bayesian
magnetic resonance technique [26], the counter count method or the
pore electrical resistance method [27], as well as the dynamic gas
disengagement technique [28]. Image analysis is the most widely used

2. Materials & Methods
2.1. Testing Equipment
2.1.1. Saturator
The task of the saturation tank is to mix the water with air to the
highest extent and in the shortest amount of time possible. The saturator used in this study is cylindrical with a height of 150 cm and an
inner diameter of 33 cm made of galvanized steel. At the top of the
saturator, there is a compressor inlet for pressure reading and control.
Water and air are sent inside the saturator and are mixed as they fall
and collide on the way down. A showerhead is used for better distribution. In order to provide more surface for air-water interaction and
improved dissolution, polymeric porous packing material was used up
to 15 cm below the showerhead in order to allow room for suitable
distribution. A meshed plate was inserted at 50 cm from the bottom so
that the packing would not pass below that height. This was done to
avoid blockage of the outlet and to provide a falling splash zone for
drops between the packing and the outlet. At the side of the saturator,
there is a transparent tube that connects the top and bottom together.
The tube is used to determine the water level in the saturator.
2.1.2. Nozzles
After the water and air are mixed in the saturator and dissolution
has taken place, the water moves to the nozzle where the pressure is
released and reduced to atmospheric conditions. This sudden release of
pressure is responsible for the nucleation of the bubbles.
The nozzles used in this study were developed in collaboration with
Pyramoon Water and Energy Engineering Company, Iran. Inventively, a
3D printer was used to produce various designs with Poly Lactic Acid
(PLA). The nozzles were ultimately placed in an aluminum sheath that
was connected to the saturator outlet. The nozzles are denoted as Pyra1
and Pyra2 (Fig. 1). The Pyra1 nozzle consists of 3 perforations with a
ﬂat surface after the holes to result in impact and nucleation of bubbles.
Pyra2 has two perforations with a tapering design, meaning that the
ﬂow enters the perforations through a small hole (3.5 mm) and exits as
2
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Fig. 1. The geometries of Pyra1 (top) and Pyra2 (bottom) nozzles (dimensions in millimeters).

the side of the tester with a graduated and calibrated section, diagonally positioned near the top (Fig. 2).

the hole diameter gradually grows to 8 mm with an angle of 8 degrees.
Prior to the selection of the Pyra1 and Pyra2 nozzles, various designs were tested with 3D printing. Ultimately, these two designs were
selected for further testing. One of the reasons for their preference was
because of the number of perforations they provided in a limited space,
which could lead to higher throughput for equal consumption of
manufacturing materials.

2.2. Test Variables
The variables tested in the current study were saturator pressure,
nozzle ﬂow rate, and nozzle type. The saturator pressure was chosen as
a variable because it changes the amount of air dissolution. The pump
and compressor were adjusted to create 3, 5, and 7 atm within the saturator. The ﬂow rate was chosen as another variable because it aﬀects
the water stream and Reynolds number as the water passes through the
nozzle holes, thereby aﬀecting how the bubbles precipitate and form. It
was adjusted with a ﬂow meter and valve. Flows of 5, 10, 15, 20, and
25 L/min were tested. It is important to note that since the Pyra1 nozzle
has 3 perforations and Pyra2 nozzle as 2 perforations, the ﬂow through
each hole will be diﬀerent under a given overall ﬂow rate.

2.1.3. Air Dispersion Tester
When water is pressurized, it has the ability to dissolve more air.
The air dispersion tester itself is under atmospheric conditions, and
hence the excess air dissolved by the saturator and nucleated by the
nozzles ﬂoats to the surface of the disperser as bubbles. The water enters the air dispersion tester from the bottom, and the bubbles must
reach the full height in order to exit from the overﬂow on the top. The
air dispersion tester is a Plexiglas cylindrical tube with a height of
185 cm and an internal diameter of 9 cm. The tester has a 25 * 25 cylinder on top, for overﬂow. A transparent water column is connected to

Fig. 2. The air saturator (left) and air dispersion tester (right).
3

Chemical Engineering & Processing: Process Intensification 155 (2020) 108070

A. Kouhestani, et al.

Fig. 3. Schematic of the full-scale DAF plus ﬁltration system (saturator not shown).

test. By recording this decrease in the water level in the diagonal glass
tube at diﬀerent times, it is possible to calculate the density diﬀerence
at any given moment, indicating the amount of bubbles inside the main
body. After suﬃcient time, valve B is closed and A is opened, and the
bubbles exit the saturator.
Larger bubbles come to the surface faster than smaller bubbles. This
is due to the diﬀerence in the density of water and air, and the larger
amount of air held by larger bubbles. It is therefore possible, to derive
the water-time-percentage graph from the recorded water level data at
diﬀerent times. According to [32], to calculate the size of the bubbles,
tangents must be drawn on the diagram at diﬀerent times. Where the
tangents meet the vertical and horizontal axes, one can discern the
percentage of air and time the bubbles have taken to reach the top of
the tank respectively. By knowing the height of the saturator (the length
of the path traveled by the bubbles) the bubble velocity is calculated,
and its size (diameter) is then calculated by inserting the velocity in
Stoke’s law. The cited reference [32] gives a detailed account of how
the measurements are made and provides some useful examples.
According to Stoke’s law, the three forces of weight, buoyancy, and
drag force must be in equilibrium to reach the ultimate velocity of the
bubble. Here, the weight of the bubble is negligible compared to the
surrounding water. When the speciﬁc gravity of a particle (such as a
bubble) is less than unity, it will by deﬁnition be lighter than water and
it will rise.

2.3. Testing Procedure
The test procedure in this study has been adopted from Wang et. al
[32] and will be shortly explained herein with the aid of Fig. 2. First,
with valve A opened, the air dispersion tester and the water column on
its side are ﬁlled with the raw water. Then, valve A is closed and the
water pump is turned on to start ﬁlling the saturator. The ﬂow of water
is regulated by a ﬂow meter and a valve. At the same time, the adjustments to the pressure are made and set to either 3, 5, and 7 atm.
Hence as the water enters the saturator it starts to dissolve the air. The
duration of dissolution can be estimated using the Empty Bed Contact
Time (EBCT) also known as the Empty Bed Residence Time (EBRT),
which depends on the size of the saturator and the ﬂow rate. Since in
this study the saturator volume was constant and equal to 0.05 m3, the
ﬂow rates of 5, 10, 15, 20, and 25 L/min, correspond to approximate
EBCTs of 20, 10, 8, 7, 5 and 4 minutes, respectively. Finally, the water is
allowed to pass through the nozzle, produce bubbles, and operate until
steady state is reached at which point the pump is switched oﬀ, valve B
is closed and valve A is opened simultaneously to start the measurements. Since prior to opening valve A the water column was ﬁlled by
the raw water, after opening valve A, the density of the bubble-water
mix in the disperser will be lower than the density of water inside the
column. This causes water to ﬂow from the water column into the air
dispersion tester's main body. This movement reduces the water level in
the diagonal glass tube which has been calibrated prior to starting the
4
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VT =

g (ρw − ρB ) d 2
18v

In which:
d: the diameter of the gas bubble (m)
VT : ultimate velocity of the bubble with diameter d (m/s)
ρ w: water density (kg/m3 )
ρ b: gas bubble density (kg/m3 )
v : water viscosity (Pa.s)
g : acceleration due to gravity (m/s2)
In this process, a wide range of bubbles of varying sizes and diameters are produced. In order to gain better insight into the eﬀect of the
variables, in the current study, the bubble size has been conventionally
divided into two groups of large and small. Large bubbles are deﬁned as
those larger than 120 microns in diameter, while bubbles smaller than
120 microns are denoted as small. 120 microns is chosen as the cut oﬀ
limit because bubbles smaller than this size have been described as
"ideal" in the literature [33].

Fig. 5. Inﬂuence of pressure changes for Pyra1 nozzle at a ﬂow rate of Q = 5 L/
min on small and large bubbles (small bubbles < 120 microns and large bubbles > 120 microns).

2.4. Full Scale DAF
In order to test the developed nozzles at a full-scale plant, a DAF
with a maximum capacity of 350 L/min was built for pretreatment of
seawater and the removal of turbidity and colloids, before the water is
sent to the reverse osmosis membranes for desalination. The diﬀerent
conditions applied in the tests include the use or non-use of coagulants
in the system, as well as the use or non-use of a media bed on the
bottom of the DAF tank to ﬁlter the treated water before it exits the unit
(denoted as DAF plus ﬁltration). The DAF plus ﬁltration setup allows for
the combination of two unit operations, namely ﬂotation and ﬁltration,
into one single unit; making use of common spaces, thereby reducing
the footprint and costs, as well as intensifying the process.
As demonstrated in Figs. 3 and 4, a static mixer is used to mix the
coagulant with the water as it travels through 20 meters of piping (3"
diameter) used to provide residence time for ﬂocs to form. The turbidity
test by the NTU meter is compared at 20 min intervals during steady
operation.

Fig. 6. Inﬂuence of pressure changes for Pyra1 nozzle at a ﬂow rate of
Q = 15 L/min on small and large bubbles (small bubbles < 120 microns and
large bubbles > 120 microns).

leads to an overall increase of air dissolution inside the water as well as
a higher fraction of small bubbles compared to large bubbles. This is
understandable because according to Henry's law, with increasing
pressure, more air dissolves in water. Previous researchers have also
conﬁrmed similar observations [34]. Some studies reported in the literature have gone as far as providing relations estimating the size of the

3. Results and Discussion
3.1. Eﬀect of Saturator Pressure
According to Figs. 5 and 6, increasing the pressure of the saturator

Fig. 4. The system built and used for the current study to test the developed nozzles.
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energy transferred to the liquid for bubble release (delta F) is proportional to the third power of the surface tension of the liquid (gamma),
and inversely proportional to the third power of the pressure diﬀerence
between the saturator and atmospheric conditions [35]:

ΔF =

16. π . γ 3
3 . (Ps − Pa)3

In this study, the surface tension is not altered with additives or
chemicals but it should also be noted that for seawater conditions (as
used in the full-scale setup in later sections) the surface tension is always higher than for freshwater as calculated by the following formula,
in which σs is the surface tension of saline water (mN/m), σw is the
surface tension of pure water at the same temperature (mN/m), S is the
salinity (g/kg), and T is the temperature in degrees Celsius [39]:
σs = σw (1 + 3.766 × 10−4 S + 2.347 × 10−6 ST)
With the above formula, the surface tension of seawater at the
Persian Gulf with an approximately salinity of 40 g/kg at 20 C will be
73.97 mN/m which, as expected, is higher than pure water for the same
temperature (72.8 millinewtons per meter).
Also, in full scale DAF systems, the pressure of the saturated water is
slightly lost while it passes through the pipeline from the saturator to
the nozzle system before the bubbles are released. So, care should be
taken to minimize the amount of piping and connections from the saturation tank to the nozzles used in the DAF system [40].

Fig. 7. Inﬂuence of pressure changes for Pyra1 nozzle at Q = 5 L/min and
Q = 10 L/min ﬂow rates on total precipitated air.

bubbles based on the pressure [35]. Such relations also conﬁrm that
with increasing pressure, the bubbles should become smaller. Fig. 7
shows the trend of total bubbles at two ﬂow rates of Q = 5 L/min and
Q = 10 L/min, which conﬁrms the previous results and is consistent
with Henry's law.
Generally, Henry’s law can be used to calculate the volume of dissolved gases at various pressures. The amount of air released as bubbles
can thus be calculated, which is the diﬀerence between the amount of
dissolved air at the higher pressure, and the saturation amount at atmospheric pressure. It is customary to use Henry’s law for this purpose
in DAF systems [32,36].
The results in this study also show that the amount of released air is
proportional to the saturator pressure, in the sense that by increasing or
decreasing the saturator pressure, the amount of released air also increases and decreases respectively. However, the amount of released air
in experiments is not linear and diﬀers from theoretical calculations,
which has also been reported elsewhere [37]. This is due to the limitations of kinetic mass transfer in the saturator, which cannot be 100%
saturated with the air, and also due to the lack of releasing all excess
dissolved air as the water passes through the nozzle [38].
Interestingly, as seen in Fig. 8, if the amount of small bubbles is of
importance (as opposed to the total amount of dissolved air considered
in Fig. 7), then it seems that the amount of small bubbles is determined
by the saturator pressure, and not the ﬂow rate through the nozzle. This
is an important observation because it allows for a smaller saturator
(smaller EBRT), and a lower number of nozzles (higher ﬂow rate
through each). This reduces capital expenditure costs when designing
and building DAF equipment.
As per the formula by Takahashi et al. (1979), the lowest free

3.2. Eﬀect of Flow Rate
As evident in Fig. 9, if the pressure is kept constant, an increase in
ﬂow rate leads to a steady increase in small bubbles, as well as a relative increase in the total amount of air precipitated. Although at 7 atm
no increase in total precipitated dissolved air was observed when the
ﬂow rate was increased from 15 to 20 L/min, when the experiment was
repeated at other pressures, a steady increase was observed. It can be
speculated that as the ﬂow rate increases, the showerhead within the
saturator creates a more turbulent splash of water as it is dispersed onto
the packing material. This in turn allows for better mixing and dissolution of air into water. In other words, although the EBRT is reduced,
the increased amount of turbulence as well as the increased precipitation of air due to higher ﬂow within the nozzle more than compensates
for the lower residence time. Again, this observation has an important
practical application, as the saturator could be designed and built occupying less space and using less construction material.
Fig. 10 further demonstrates that at all pressures, the increase in
ﬂow rate leads to an increase in the amount of large bubbles. This may
be due to the agglomeration of bubbles in the air dispenser because too
many bubbles are being produced in a small space. As a result of this

Fig. 8. The amount of small bubbles produced increases with saturator pressure
but is more or less independent of the ﬂow rate through the Pyra1 nozzle.
Meanwhile, the total amount of bubbles precipitated is much higher as ﬂow
increases, as seen in Fig. 7 (small bubbles < 120 microns and large bubbles > 120 microns).

Fig. 9. Inﬂuence of ﬂow rate changes for Pyra1 nozzle at pressure P =7 atm on
small and large bubbles, showing a steady increase in the small as well as total
bubble amount with increased ﬂow rate (small bubbles < 120 microns and
large bubbles > 120 microns).
6
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Fig. 10. The amount of large bubbles increases with increasing ﬂow rate in the
Pyra1 nozzle regardless of saturator pressure (small bubbles < 120 microns and
large bubbles > 120 microns).

Fig. 12. The amount of small and large bubbles, as well as total number of
bubbles produced by the Pyra2 nozzle at various saturator pressures with a ﬂow
rate of Q = 5 L/min (small bubbles < 120 microns and large bubbles > 120
microns).

Fig. 11. An increase in the total amount of bubbles is observed as the ﬂow rate
in the Pyra1 nozzle increases.

Fig. 13. The Pyra1 nozzle produces more small bubbles compared to the Pyra2
nozzle at all saturation pressures, particularly as pressure increases (Q = 5 L/
min) (small bubbles < 120 microns and large bubbles > 120 microns).

phenomenon, the number of small bubbles decreases, and the number
of large bubbles increases. The eﬀect of coalescence is quite well described in the literature, where coalescence is found to be inﬂuential in
the increase in bubble size [41–43]. Another study has demonstrated
that due to the coalescence of bubbles, the eﬀectiveness of the DAF
system is hindered and thus a high ﬂow rate in the nozzle may lead to
weak performance [44]. The eﬀect of the coalescence is clearly visible
from the results in the current study. Nevertheless, Fig. 11 demonstrates
that the total amount of bubbles also increases with the increasing ﬂow
as well as increasing pressure (as shown before).
Similarly, it has been argued elsewhere that all bubbles seen in the
DAF system are a result of collisions after the initial precipitation occurs. In other words, the air ﬁrst comes out of solution in the constriction region of the nozzle in nanometer dimensions, and then grows
into microbubbles as a results of collisions under turbulent conditions
[41].

Fig. 14. The total amount of bubbles produced is more for the Pyra1 nozzle
compared to the Pyra2 (Q = 5 L/min).

3.3. Eﬀect of Nozzle Design

break down of larger bubbles into smaller ones [41]. Since Pyra2 lacks
this property and the direction of the ﬂow is quite straightforward, it
can be reasoned that the observed results are logical.
Fig. 14 compares the total amount of bubbles produced by the two
nozzles. At any given pressure in the saturator, the total amount of
bubbles is higher for Pyra1 than Pyra2. Hence, it can be concluded that
Pyra1 is more successful in two aspects: ﬁrstly, at breaking down larger
bubbles into smaller ones, and secondly, at releasing the pressure (reducing the energy) in a way which precipitates the dissolved air out of
the water. The collision of the jet stream in the nozzle to the surface can
also be a source of energy release, i.e. bubble nucleation. This was

Fig. 12 displays the performance of the Pyra2 nozzle. Similar to the
observations reported for Pyra1, the eﬀect of increasing pressure on the
number of small bubbles and the total amount of dissolved air is consistent with previous results.
To compare the two nozzles, they were both tested and compared to
see which would produce more suitable bubbles under similar conditions. As evident from Fig. 13, at all pressures, the Pyra1 nozzle produced a greater number of small bubbles at a ﬂow rate of 5 L/min. As
other researchers have empirically pointed out, the presence of a surface after the perforation (as in Pyra1) allows for collision of ﬂow and
7
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bubbles and more favorable performance.

Table 1
The amount of bubbles as absolute percentage for various bubble
sizes. Pyra1, Q = 10 L/min, P =7 atm.
Bubble Size Range (μm)

Dissolved Air (%)

30-60
60-90
90-120
120-150
150-180

0.06
0.09
0.13
0.12
0.09

3.5. Full Scale Testing
After the laboratory study reported above, the designed nozzle and
saturator system were transported to be tested in a full-scale DAF setup
in the city of Bushehr, Iran (Fig. 4). The DAF tank was speciﬁcally
constructed for the current study with a length, width, and depth of 4.5,
1.5, and 3 m respectively. Two Pyra1 nozzles were employed in parallel
with a total ﬂow rate of approximately 40 L/min. Considering the feed
ﬂow rate which ranged between 250 and 350 L/min, the ﬂow through
the nozzles (recycle rate) was approximately 11-16%. The pressure of
the saturator was set at 5 am. The DAF system was used as a pretreatment for a seawater reverse osmosis (SWRO) desalination plant on
the coast of the Persian Gulf.
One concern prior to full scale operation (in addition to the increased surface tension previously discussed) was that as per thermodynamic calculations, the amount of air soluble in water with higher
dissolved solids, is less than freshwater. This has clearly been observed
for seawater DAF operations in the past [46] where a 25% reduction of
dissolved air was reported for seawater from the Persian Gulf at 25 C
compared to surface water. Fortunately, the results of the tests in the
current study were satisfactory and this decrease in dissolved air did not
create operational problems for the system.
In the ﬁrst series of tests, 2.5 ppm of coagulant (FeCl3) was dosed
and the turbidity of the outlet was compared to the inlet feed water.
This was considered in comparison to the system running without the
use of the DAF components (microbubble generation setup was turned
oﬀ) in order to see the results side by side. Fig. 16 shows the ratio of
turbidity of the outlet (clean water) to the inlet (seawater) in terms of
NTU at each time step, indicating that the turbidity removal was better
when coagulant dosing and the DAF were being used together. In other
words, the DAF system, by raising lightweight suspended solids that
could not be deposited in the sedimentation tank, creates a sludge
blanket and prevents the suspended solids from leaving with the treated
water. For this reason, with the removal of these suspended substances
from the water, the turbidity was reduced.
In the second series of experiments, the system was tested with and
without ﬁltration media embedded into the bottom of the DAF tank.
The ﬁltration media was composed of sand particles in the range of 0.61.2 mm. All other experimental conditions were similar to the ﬁrst
series of full-scale DAF tests, and coagulant was dosed under both
conditions. The turbidity ratio of the treated vs feedwater in these two
states is shown in Fig. 17. Evidently, the turbidity after passing through
the ﬁltration bed produced more favorable results. In some time steps,
the turbidity reduction was so good that the turbidity of the treated
water was eﬀectively zero (under detectable range). This is because
when ﬁltration is used within the DAF tank, the smaller particles come
to the top where they are skimmed oﬀ in the overﬂow, while the larger

further veriﬁed by measuring dissolved oxygen (DO) content of the
water at the top of the disperser and observing that the water did not
contain more oxygen than expected for the Pyra1 nozzle. If the nozzle
had not performed suitably, the water on top of the dispenser would
have been supersaturated.
It should be noted here that as per Bernoulli’s law, the diameter of
the nozzle perforation (constriction) will have a direct impact on the
bubbles. This is because reduced pressure is inversely proportional to
the square of the cross-sectional area of the hole. This means that as the
hole diameter increases the decrease in pressure will be less, which in
turn leaves a smaller driving force for precipitating the dissolved air
[45].
3.4. Bubble Size Distribution
Instead of dividing the bubbles into small and large categories for
convenience, it is also useful to consider the range of bubble sizes
present in the system. In Table 1, the percentages of bubbles ranging
from 30 to 180 microns have been reported with 30 micron intervals.
The data in Table 1 has been used to calculate the ratio of each bubble
size to the total amount of bubbles produced. Fig. 15 visually conﬁrms
that the highest portion of the bubbles was in the range of 90-120
microns. The reported values are for the Pyra1 nozzle operating at
7 atm and 10 L/min. Approximately ¼ of the bubbles produced are
outside the considered range, meaning that they are either smaller than
30 microns or larger than 180 microns.
The ﬂow rates in the experiments reported herein are considered to
be close to the actual value in the industry. Since the air dispensing test
cylinder is much smaller than the contact zone of a DAF unit, the
coalescence observed in the tests was much higher leading to a larger
average bubble size. As will be discussed in the next section, nearly no
coalescence was observed in full-scale testing, leading to smaller

Fig. 15. The ratio of bubbles in each size range as a fraction of total bubbles
produced. Pyra1, Q = 10 L/min, P =7 atm. The midpoint of each size range is
shown on the horizontal axis. By deﬁnition, integrating the surface underneath
the curve from zero to inﬁnity equals to 1.

Fig. 16. The ratio of the turbidity of the outlet water to the inlet of the system,
comparing the system when coagulation + DAF was used, as opposed to coagulation only.
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rate through the nozzle. The importance of this result is that it will
allow for a smaller saturator (lower EBRT), and a lower number of
nozzles (higher ﬂow rate through each). Hence, these measures can
help reduce the capital costs in designing and building the DAF system.
By comparing two diﬀerent nozzle designs that were produced using
3D printing technology, it was conﬁrmed that placing a perpendicular
surface after the nozzle perforation not only leads to the formation of
more bubbles but also smaller bubbles as well.
Finally, the reduction of seawater turbidity was tested under
varying real-world conditions on the coast of the Persian Gulf. Two
series of experiments were carried out. The ﬁrst, compared the DAF
system to an equivalent sedimentation system using the same amount of
coagulant dosing. The results showed that the DAF system was able to
remove approximately 66% of the turbidity, compared to the sedimentation system which reduced only about 40% of the turbidity. In
the second series of full-scale tests, ﬁltration media was used within the
DAF tank, resulting in treated water with an NTU under 1 and SDI
under 5. With the DAF plus ﬁltration setup it was not uncommon for the
NTU of the outlet to fall under detectable limits, demonstrating the
eﬀectiveness of the proposed system as pretreatment for seawater reverse osmosis (SWRO) systems.

Fig. 17. Using ﬁltration media on the bottom of the DAF tank was able to reduce the turbidity of the outlet to a small fraction of the inlet. Under such
conditions, the turbidity of the outlet was predominantly under 1 NTU.

particles get stuck within the ﬁltration media. Hence the treated water
is cleaned of both small and large particles. The DAF plus ﬁltration
system operated stably for 36-48 hours before requiring backwash. The
period of stable operation appeared to be a function of inlet turbidity
and requires further study in the future. Nearly all samples taken from
the treated water in the DAF plus ﬁltration setup met the Silt Density
Index (SDI) criterion of the RO industry.
The above observations are in agreement with previously reported
studies [46,47]. Using high-rate DAF at 30 m/h and dual-media gravity
ﬁltration at 6.5 m/h in series has proven to be a robust design for SWRO
desalination plant pretreatment because not only are particulates removed, but also, the risk of fouling of membranes due to the release of
cell materials (from rupture) and extracellular substances is mitigated
[46]. In another study, the comparison of dual media ﬁltration and DAF
showed that their removal of the organic load was comparable, while
the ﬁlter outperformed the DAF in terms of particle removal. Nevertheless, the use of both technologies in series was advised because it
could allow for reduced clogging head loss on the ﬁlter and reduced
initial turbidity breakthrough [47].
In order to assess the economic attractiveness of the proposed design, a combination of gravity ﬁlters & pressurized sand ﬁlters were
operated in parallel with the full-scale DAF plus ﬁltration setup. This
was done in order to compare the capital expenditures (CAPEX) as well
as the running costs (OPEX) of the systems, alongside the quality of the
treated water. When compared, the CAPEX of the current system was
10-20% higher than pressurized sand ﬁlters. However, it was observed
that when the seawater TSS and turbidity increased, the full-scale DAF
with embedded ﬁltration had better performance. This would ultimately allow for the plant to operate at full capacity and generate more
revenue which is a testimony to the economic beneﬁts of such as
system, making up for its slightly higher CAPEX.
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