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ABSTRACT

ARTICLE HISTORY

The presence of suspended contaminants in water and wastewater, such as algae, colloids, fats and
oil, necessitates the use of systems such as dissolved air ﬂotation (DAF) for their removal. In the
current study, a novel setup has been proposed for bubble enhancement. An industrial scale
(pilot) DAF system was tested at saturator pressures of 3–7 atm and ﬂow rates of 5–20 L/min in
three diﬀerent conﬁgurations, namely, empty, packed, and the innovative two-stage (TS)
conﬁguration. In the TS system, after the nucleation of micro bubbles, the water is returned to
the saturator to undergo pressurization for a second time before it is passed through the nozzle
once more and is released. The results show that the highest volume of released air as well as
the smallest microbubbles are seen in the TS conﬁguration, followed by packed mode, with the
empty conﬁguration showing the least favourable results. Moreover, the bubbles produced at
the lowest residence time and pressure (3 atm) with the novel setup are better than the
bubbles produced by the standard conﬁguration, even with pressures as high as 7 atm. Thus,
the novel TS setup can allow for signiﬁcantly lower energy requirements and lower capital
costs. For real-world application of the TS system, the feed for the saturator could be extracted
from within or near the contact zone, i.e. where the bubbles are released in the DAF tank.
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1. Introduction
1. The DAF saturator was tested in three formats:
empty, packed, and two-stage.
2. In the novel two-stage setup, the whitewater was
returned to the saturation tank.
3. The two-stage setup produced smaller and more
numerous bubbles.
4. The two-stage setup was better even with comparatively lower pressure and EBRT.
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Dissolved Air Flotation (DAF) is widely used in separation
and puriﬁcation processes for the removal of colloidal
particles, oil droplets, and suspended matter [1]. According to previous studies [2], DAF can be used for both
industrial and domestic wastewater applications.
However, DAF is not the only viable ﬂotation method,
and there are other systems for bubble generation as
well [3]. In traditional DAF systems, the water is sent to
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a saturator where it comes into contact with pressurized
air, leading to its dissolution. Then, as the water passes
through a pressure-releasing nozzle, hundreds of
millions of small bubbles are formed as dissolved air
diﬀuses out of the solution [4]. When released, the
bubbles attach to the suspended particles in the water
and bring them to the surface, where they are collected
and/or removed [5]. Henry’s law determines the
maximum amount of soluble air that can be obtained
at a given saturator pressure and temperature. Bubble
size and number are very important [6] since according
to the literature, smaller bubbles have better eﬃciency
for the separation of particles from the water or wastewater, and in some cases the best separation is obtained
when bubbles and particles are approximately the same
sizes [7]. Elsewhere [8], bubble-ﬂoc interaction has been
investigated, and it has been shown that the highest
removal eﬃciency of a system can be achieved when
the ﬂoc size is 5–10 times larger than the bubble size.
The size of the bubbles generated in DAF systems is
generally between 10 and 500 μm [1]. It is said that
bubbles larger than 500 microns are nearly always produced but less reported in the literature (the data is
often avoided). Bubbles smaller than 120 microns are
more favourable because they attach to suspended particles and aid the separation process [9].
A pressure of 4–6 atmospheres in the saturator has
been proposed to ensure the bubbles are small [10].
To increase the separation eﬃciency, a coagulant can
be added prior to entering the DAF tank to improve particle size and facilitate separation. Generally, for use in
drinking water treatment systems, the formed ﬂocs
should be less than 100 μm [11].
Various methods can be used to check the size of
bubbles [12]. In some methods, photos are taken and
analysed, which require a high-speed camera. The analysis can be done ex-situ or in-situ (directly). Other
methods are based on acoustics, light scattering, or
inverted funnels [13]. Finally, the hydrostatic method
uses Stokes’ law and bubble velocity [14]. In Stokes’
law, a relation is given for the ﬁnal velocity of the
bubble in the water according to the bubble diameter.
It has been claimed that when the Reynolds number is
less than 1, this rule applies, and by means of this law,
it is possible to determine the diameter of the bubbles
[14]. In one example [15], the Stokes equation and a
downward ﬂow have been used. Elsewhere [16] it has
been stated that Stokes’ law is applicable to bubbles
up to 150 μm.
The DAF system has many aspects to consider [17]. In
one study [18], various additives for increasing eﬃciency
at low pressures have been investigated and in another
[9], the size of the bubbles at diﬀerent points in the

ﬂotation tank has been studied. Nozzle shape and
design are also known to largely aﬀect the bubble
quality [19]. The saturator conﬁguration is also another
deﬁning factor. For example [20], optimum values for
energy consumption, pressure, temperature, hydraulic
retention time and airﬂow rate for an unpacked
(empty) saturator have been reported.
DAF has been widely used for many diﬀerent purposes. For example, it has been applied in wastewater
treatment as an alternative to the settling tank [21].
Also, there are plenty of other works which have investigated the application of DAF for wastewater treatment
[22–27]. For example, Wang and Wang (2021) [28]
have presented the application of DAF on various
kinds of industrial wastewater eﬄuents and have
covered the removal eﬃciencies of some pollutants. In
another study, researchers have found the application
of DAF for radioactive liquid waste [29] and the
removal of Giardia spp. cysts and Cryptosporidium spp.
Oocysts [30].
It should also be noted that small-scale tests do not
necessarily give reliable performance data of full-scale
DAF units. It has been shown that test vessels with
larger diameters are more accurate at predicting DAF
results than small benchtop jar tests [31]. The DAF
process has also been extensively modelled [32–35].
For example, in one study, a CFD model was used [36]
to optimize the design of a Cyclonic-DAF.
In the current study, various conﬁgurations for the
DAF saturator will be tested to discern their eﬀects on
bubble quantity and quality. After the introduction of
a novel two-stage saturator system, the alternative
conﬁgurations will be compared by varying pressure
and ﬂow rate. The eﬀect of these parameters on the
DAF bubble size and air diﬀusion will be discussed.
The scale of this work, unlike many small-scale experiments, can be considered as industrial or semi-industrial
scale, which increases the value of the data presented.

2. Materials and methods
2.1. Testing equipment
2.1.1. Saturator
A saturator is a reactor that creates conditions in which
air and water mix together by causing perturbations
using optional components such as a jet, shower head
or packings. To achieve adequate dissolution, the saturator is kept under pressure. Therefore, as shown in
Figure 1, the saturator has two inlets, one for water (position 10 in the ﬁgure) and the other for compressed air
(position 9). After passing through the showerhead in
the upper part of the saturator, the liquid falls and has
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Figure 1. The air saturator (right) and air dispersion tester (left).

the opportunity to mix with the air. The more the mixing,
the higher the chance that dissolution will take place.
Finally, the water (with dissolved air) leaves the
bottom of the saturator (position 6).
The ﬂow and pressure of the water and air are controlled by a ﬂowmeter and pressure gauge at the top
of the saturator (positions 9 and 10). To be able to
discern the height of the water in the saturator at any
given moment, a transparent tube connected to the
side of the saturator (sight glass) is used (position 7).
The saturator used in this study is a galvanized steel
cylinder with a height of 150 cm and inner diameter of
33 cm. An alternative conﬁguration for the saturator is
to place packing materials inside which will help
achieve better mixing between the air and water as
the ﬂuid moves through them. In the current study,
the packings used are porous plastic cylinders with
internal diameter of approximately 25 mm and a
length of approximately 15 mm. The packing is placed
50 cm from the bottom of the saturator in order to
avoid clogging of the outlet and to provide a splash
zone as the waterfalls through. Also, the upper 20 cm
of the saturator are not ﬁlled, in order to allow for
better distribution of the water by the showerhead
upon the packing material.
The innovative two-stage (TS) conﬁguration proposed in the current study, takes advantage of the fact
that after passage of saturated water through the

pressure-release nozzle, hundreds of millions of
bubbles are formed. Then, these bubbles are redirected
into the saturator again where they once again have the
chance to mix and dissolve in the water, before passing
through the nozzle for the second time, after which they
are released into the air dispersion tester. With this
setup, the surface area of the air within the saturator
should increase signiﬁcantly, allowing for better
dissolution.

2.1.2. Pressure release nozzle
The nozzle is the component responsible for suddenly
releasing the saturated water pressure to atmospheric
conditions, thereby creating hundreds of millions of
microbubbles. The nozzle used in the current study
has been developed by Pyramoon Water and Energy
Engineering Company using 3D printing technology.
The nozzle is made of Poly Lactic Acid (PLA) and has
three perforations followed by collision surfaces. The
details of the nozzle have been previously reported elsewhere by our group [37], referred to as the Pyra1 nozzle.
2.1.3. Air dispersion tester
Since the focus of the current study is concentrated on
the formation and size of the bubbles as opposed to
other aspects of the DAF such as solids separation in a
DAF tank, an air dispersion tester has been used to calculate the total volume of the air released, as well as
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the bubble size, as explained in Section 2.3. As seen in
Figure 1, after passing through the nozzle and nucleation, the released bubbles enter the tester from the
lower part and exit the tester from the top as they rise.
The tester is a Plexiglas cylinder with a height of
185 cm and an internal diameter of 9 cm.
Next to the tester, there is a narrow glass tube
denoted as the water column. It is connected to the
bottom of the tester and extends vertically in parallel
to the tester. Near the top, the column is slanted and
calibrated in order to discern the needed information
during the test as described in Section 2.3.

2.2. Variables
Three diﬀerent variables were used in studying the
system. The pressure was tested at 3, 5 and 7 atmospheres; saturator conﬁguration varied between empty,
packed, and empty two-stage (TS); and the ﬂow rate
varied between 5, 10, 15 and 20 L/min, which is also
dependent on the saturator pressure. It should be
noted that since the nozzle has 3 holes, the ﬂow
through each hole will be one-third of the overall ﬂow
rate. As in a previous study [38], in this work 120
microns was the cut-oﬀ used for describing the
bubbles as small or large in the analyses.

2.3. Testing procedure
The testing procedure used in this study is as per Wang
et al. [14]. To put it brieﬂy, the air dispersion tester and
the water column are ﬁrst ﬁlled with water. Next, water
is pumped into the saturator. Then, the air pressure is
adjusted using the air compressor at the desired
pressure (3, 5 or 7 atm). At this point, the saturation
reactor should be given suﬃcient time to mix the air
and water. Depending on the ﬂow rate, the Empty Bed
Contact/Residence Time (EBCT or EBRT), will be
diﬀerent. The EBRT depends on the size of the reactor
and the ﬂow rate and will vary from 6 to 25 min based
on this study’s conditions. When the system reaches
constant pressure and has been operating for more
than the EBRT, it is time to begin the air dispersion test.
According to Figure 1, the readings are performed by
ﬁrst ﬁlling the tester (position 2) and the water column
(position 3) with water and then closing valve A (position
4). As the saturated water passes through the nozzle
(position 5), the microbubbles enter the tester but will
not enter the column. After the EBRT, the inlet valve to
the tester (valve B or position 6) is closed and simultaneously, valve A is opened. Due to the diﬀerence in
density between the water in the column and the
tester (which includes bubbles decreasing the overall

density of the liquid in the tester), the water will begin
to ﬂow from the column to the tester. This transfer
causes the water level to go down in the diagonal
glass tube (position 11). By recording the water level
reductions in the water column at diﬀerent times, it is
possible to calculate the density diﬀerence, and thus
the total volume of bubbles in the tester. As shown in
Figure 2, it is possible to derive a graph based on time
and the percentage of air. The tangent method is used
to obtain details regarding the bubbles’ size [14]. The
horizontal axis of the graph is time, and its vertical axis
is the volume of air. As can be seen in Stokes’ law,
with a given bubble diameter, it is possible to ﬁnd the
velocity:
VT =

g(dw − dB )D2
18v

where D is the diameter of the gas bubble in [m], VT is
the ﬁnal speed of the bubble with diameter D in [m/s],
dw is the water density in [kg/m3], dB is the gas bubble
density in [kg/m3], v is the water viscosity in [Pa.s], and
g is gravitational acceleration in [m/s2].
The rising speed of bubbles, the tester height (the
length that the bubbles travel to reach the surface),
and the time needed to reach the surface are related.
By knowing any two of them, the third can be calculated.
As demonstrated in Figure 2, by drawing a tangent
from a point in time (horizontal axis) to the curve, the
value on the vertical axis (intercept) will be the percentage of cumulative air for all bubbles under that
certain size. From Stokes’ law and the air dispersion
tester height, it is possible to calculate the time
needed for a 120 μm bubble to reach the top. This
time is used to draw Tangent 1. To ﬁnd the percentage
of total soluble air, we also draw the steepest tangent
that can be drawn to the diagram (Tangent 2) and
read the percentage of the air from the intersection.
By subtracting these two numbers, the remaining

Figure 2. Method for ﬁnding the percentage of soluble air for
each bubble size by plotting the tangents on the air percenttime diagram.
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number is the percentage of bubbles larger than 120
microns.
All tests and procedures have been replicated three
times and the reported results are average values.

3. Results and discussion
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care. This observation should not necessarily be attributed to the formation of less ‘small’ bubbles but rather to
the coalescence of the smaller bubbles due to higher
ﬂow rates and turbulence [19]. In other words, a large
amount of smaller bubbles may be forming, but it is
possible that they are agglomerating together due to
their high volume within the limited space of the tester.

3.1. Packed saturator conﬁguration
The results of the packed saturator tests are shown in
Figures 3 and 4. In the former, at the three pressures
of 3, 5 and 7 atm, a ﬂow of 5 L/min is allowed through
the reactor. Evidently, this results in both an increase
in the total volume of bubbles, as well as the portion
of ‘small’ bubbles, which are more favourable for DAF
operations. When packing is used inside the reactor,
an increase in saturator pressure results in an increase
in the bubbles.
In Figure 4, the same experiments are repeated, but
this time with a ﬂow rate of 20 L/min. Here, the increase
in total bubbles is also visible, whereas the increase in
the number of smaller bubbles is not pronounced. This
is an important point that needs to be addressed with

Figure 3. Eﬀect of pressure changes for the packed saturator
conﬁguration on small and large bubbles at Q = 5 L/min ﬂow
rate.

Figure 4. Eﬀect of pressure changes for the packed saturator
conﬁguration on small and large bubbles at Q = 20 L/min ﬂow
rate.

3.2. Two-stage saturator conﬁguration
In Figure 5, the results regarding bubble production at 3,
5, and 7 atm with a ﬂow rate of 5 L/min are shown when
the novel TS conﬁguration is used for the saturator. As
evident, the total number of bubbles as well as the
small bubbles (which are more favourable for DAF operations) both increase.
It has been reported in the literature [39] that with
increasing pressure, the average bubble size decreases.
This means that the size distribution of microbubbles
shifts to the left with increasing pressure. The number
of bubbles and overall volume also increase with
increasing saturation pressure.
It is also observed that as pressure increases from 3
atm to 5 atm, the volume of released air approximately
doubles. However, moving from 5 atm to 7 atm only
increases the bubbles by 25%. This phenomenon has
also been observed in the literature [10], where it has
been reported that after P = 500 kPa, the rate of
changes in bubble quality diminishes. In addition, it
has been reported that pressure greater than 4 kg/m3
has much less eﬀect on reducing the mean bubble size
[39,40]. Similarly, according to another study [41], by
increasing the pressure to 5 atm the average size of
the bubbles decreases, but with a further increase, no
decrease in size is observed.
Figure 6 shows the eﬀects of ﬂow rate changes on the
bubbles at ﬂow rates of 5, 10, 15 and 20 L/min for the TS
conﬁguration at a pressure of 5 atm, which shows that as

Figure 5. The eﬀect of increasing pressure on small, large, and
total bubbles for the two-stage conﬁguration of the saturator at
a ﬂow rate of 5 L/min.
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Figure 6. The eﬀect of ﬂow rate on small, large, and total
bubbles for the two-stage saturator conﬁguration at P = 5 atm.

ﬂow rate increases, so do the total amount of bubbles
released (small bubbles and large bubbles). It should
be noted that as the ﬂow rate increases, the EBRT
within the saturator decreases. This sounds counterproductive for bubble formation. So, it could be deduced
that reducing the residence time in the TS conﬁguration
does not exhibit any observable negative eﬀect. In other
words, the 6 min of EBRT may be more than enough.
Meanwhile, as the ﬂow increases, the speed within the
nozzle perforation also increases, and the collisions
with the surfaces after the perforations become more
intense. Hence, one can say that more bubbles diﬀuse
out of the solution at higher ﬂow rates. This does not
necessarily mean that more air is being dissolved in
the water, because it could simply mean that more of
the dissolved air is precipitating out.
One of the most important observations of the
current study can be understood by closely examining
Figure 7. The fact that the amount of dissolved air in 3
and 5 atm in operational ﬂow rates in this innovative
setup are almost the same allows for the potential of
the novel TS setup to be understood. The practical implications of this observation are of high importance. This
means that by having a nucleation step between two
stages of saturation, it is possible to reduce the pressure
required for the suitable operation of the DAF from 5
atm to 3 atm. Also, the ﬂow within the nozzle can be
increased to 20 L/min, which decreases the EBRT
(approximately 6 min). However, this favourable observation is not true for lower ﬂow rates. This could be
because higher ﬂow rates allow for faster movement in
the nozzle perforation, and hence a harder collision
with the surface in front of it, and thus suitable formation of the dissolved air.
In essence, a two-stage conﬁguration is similar to
returning the clariﬁed water leaving a DAF tank to the
saturator, on the condition that the returning water
still has many bubbles in it. For example, in one study

Figure 7. The eﬀect of ﬂow rate on the total volume of bubbles
produced in the TS conﬁguration at pressures of 3 and 5 atm.

[42], Zhang et al. used very high recycle ratios as high
as 230%, to obtain a higher TiO2 removal eﬃciency. If
that study is looked at from the perspective of bubble
formation, it could be argued that they have in fact
using a quasi-two-stage saturator in which water containing the microbubbles that exits the treatment tank
is re-fed into the saturator.
In fact, for the purpose of applying the so-called twostaged saturator proposed herein for dissolved air ﬂoatation in a real-world DAF process, the recycled water will
need to be sent to the saturator from the contact zone
rather than the end of the tank. In other words, although
in traditional DAF systems, the clariﬁed water exiting the
DAF system is used to feed the saturator, in order for the
feed of the saturator to have the required bubbles as
proposed in the TS system, the extraction point cannot
be far from where the bubbles are released into the
DAF tank. The authors are not aware of previous
research or patents which have proposed the extraction
of water for the saturator from the contact zone,
meaning that this can be an avenue of future research.
When ﬂow rates are high, it is diﬃcult to dissolve the
required amounts of air in a small saturator. To overcome this problem, a higher contact area is needed
between the air and the water. Using packing materials
and increasing the volume of the saturator seems to
compensate for the diﬃculty. But, as shown in the
next Section 3.3, refeeding whitewater back to the
saturator in the proposed TS design will result in a
very large number of micro and nanobubbles entering
the saturator, which notably increases the total surface
area between the water and the air. This will lead to
more dissolved air and suitable operating parameters.
Hence, the smaller the bubbles entering the saturator,
the more surface area will be provided, and the more
air will be dissolved.
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Figure 8. Comparison of the microbubbles produced with the
empty (E), packed (P) and two-stage (TS) conﬁgurations of the
saturator at P = 3 atm and Q = 15 L/min.

bubbles are once again sent to the saturator, they are
subjected to pressure once more. At this point, they
either re-dissolve in the water (which occurs more
rapidly and better because of the high surface area
between the microbubbles and the water) or, shrink
without completely re-dissolving. After they leave the
saturator, ﬂow through the nozzle, and enter the
tester, the shrunk bubbles, as well as new bubbles, will
coexist, leading to a higher overall bubble content and
a large number of small bubbles (due to the existence
of the shrunk bubbles).
Figure 8 shows the comparative data regarding operation at 3 atm with a 15 L/min ﬂow rate through the
nozzle. By our deﬁnition, the best condition is when
both the small bubbles and total bubbles are maximized
(while the large bubbles are less frequent). Based on
that, it can be said that the order of preference for the
conﬁguration will be TS > Packed > Empty. In TS
mode, the percentage of small bubbles is greater while
the large bubbles remain a small fraction of the whole.
Figures 9 is similar to Figure 8, with the diﬀerence in
ﬂow rate and pressures. Again, the trend is predominantly the same, with the TS conﬁguration showing
the best results (highest content of small bubbles).
In Figure 10, the most signiﬁcant result of the current
study is presented. In this ﬁgure, it can be clearly seen
that the TS conﬁguration at 3 atm produces more
bubbles in total, and a higher amount of small
bubbles, when compared to other conﬁgurations at 7
atm. This is an important observation meaning this innovative setup is able to reduce the required pressure from
7 atm to 3 atm without negative impact on the microbubble properties (in fact, with markedly improved performance). Figure 11 takes the previous observation
even further, showing that the TS conﬁguration at the

Figure 9. Comparison of the microbubbles produced with the
empty (E), packed (P) and two-stage (TS) conﬁgurations of the
saturator at P = 5 atm and Q = 20 L/min.

Figure 10 Comparison of the microbubbles produced with the
empty (E), packed (P) and two-stage (TS) conﬁgurations at Q =
20 L/min.

3.3. Comparison of saturator conﬁgurations
To determine the eﬀect of saturator conﬁguration
(empty, packed, two-stage) on the three parameters of
small bubbles, large bubbles, and total bubbles, the
results of the experiments at diﬀerent ﬂow rates and
pressures are studied in Figures 8 and 9. In these two
ﬁgures, it is evident that the small bubbles and the
total bubbles are higher in the TS conﬁguration, pointing to its favorability.
The reason to why the packed conﬁguration shows
more favourable results than the empty conﬁguration
is straightforward. Visibly, as the water and air ﬂow
through the packing material, more surface area is provided for their contact, which aids the dissolution of
air. However for the superiority of the TS setup to the
packed conﬁguration, the following explanation is provided: in the TS conﬁguration, after the released
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Figure 12. Microbubble size distribution of the TS conﬁguration
at P = 3 atm and Q = 15 L/min.
Figure 11. Comparison of the microbubbles produced with the
two-stage (TS) conﬁguration at the lowest EBRT and pressure,
against the empty (E) and packed (P) conﬁgurations at highest
residence time and pressure.
Table 1. The amount of soluble air in each bubble size range
with the TS conﬁguration at P = 3 atm and Q = 15 L/min.
Bubble size range (µm)
0–40
40–80
80–120
120–160
>160

Dissolved air (%)
0.23
0.24
0.63
0.3
0.1

lowest EBRT at 3 atm exceeds both the empty and
packed conﬁgurations at their highest residence time.
This means that, the TS conﬁguration can perform
better with the lowest pressure and lowest residence
time, compared to the other conﬁgurations even at
their highest pressure and highest residence time.

3.4. Bubble size distribution
As seen in the previous sections of the study, generally,
as the pressure increased, both a decrease in bubble size
and an increase in dissolved air were observed. With an
increase in ﬂow rate, an increase in the percentage of
dissolved air and an increase in the size of the bubbles
ensued (albeit the increase in bubble size may be the
result of coalescence rather than direct nucleation and
formation of large bubbles). Nevertheless, it is useful
to look at the size distribution of the microbubbles
rather than just referring to the small and large
groups. In Table 1, the bubbles are broken down to
40-micron ranges to provide more insight into the distribution of the bubbles. As per the deﬁnition, the integral
of the curve in Figure 12 from zero to inﬁnity should be
equal to one. The TS conﬁguration and the 3D printed
nozzle are successful at producing more than 99% of
the bubbles under 200 micrometers.

4. Conclusion
An industrial-scale experiment and analysis of the microbubbles generated from a DAF saturator working at
various conﬁgurations was made, namely, the empty,
packed, and two-stage (TS) setups. In the innovative TS
conﬁguration, after the pressure release, the whitewater
is re-pumped into the saturator to be re-pressurized
again. This re-pressurization helps increase air dissolution in the water and shrink the existing bubbles,
leading overall to smaller as well as more abundant
bubbles. For the mentioned conﬁgurations, tests were
carried out at diﬀerent ﬂow rates and pressures, and
the bubble size and percentage of dissolved air were
determined. As the pressure increased, the average
size of the bubbles decreased and the total percent of
dissolved air improved (which are both favourable
results).
Finally, a comparison was made between the various
conﬁgurations. It was observed that the TS conﬁguration
markedly improved the bubble size and total volume of
bubbles. It was shown that the TS setup operating at 3
atm outperformed other conﬁgurations operating at 7
atm. This innovation will allow for lower operating pressures and thereby reduce the energy required in the
process. In addition, the TS conﬁguration decreases the
required EBRT, thereby creating the possibility of reducing the size of the saturators.
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