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Abstract

This research is based on computational fluid dynamics simulations of water and microbubble flow within the tank of a
lamellar DAF (L-DAF) clarification system operating under high-rate DAF conditions (12-30 m/h). Firstly, performance of
the DAF tank with lamellae was evaluated under two operating conditions in which the flow was either short-circuited or
stratified in the absence of lamellae. In addition, the improvement in bubble removal efficiency achieved by the incorpora-
tion of lamellae in each scenario was assessed. Secondly, an in-depth analysis was conducted of the flow that develops in
the separation zone as a result of placing the lamella pack in that part of the tank. The significant density difference that the
lamellae cause to exist between the bubble blanket and clarified water below is responsible for the complex three-dimensional
flow observed between the two regions. Analysis of this flow showed a previously undescribed mechanism in which the
density gradient plays a crucial role in preventing bubbles from passing through the lamellae and ultimately escaping with
the effluent. Finally, the effect of hydraulic loading on the bubble removal efficiency of the L-DAF tank under consideration
was researched, and it was found that an L-DAF with a height/length ratio of 0.72 is able to operate at hydraulic loading
close to 30 m/h, evidencing good debubbling performance.

Keywords Dissolved Air Flotation - Lamellae - Lamellar DAF - High-rate DAF - Computational Fluid Dynamics - Removal
efficiency

Introduction

Dissolved air flotation (DAF) is a treatment method widely
used in the field of drinking water clarification and sludge
thickening (Haarhoff and van Vuuren 1995). A recent
study showed that DAF can be an excellent complemen-
tary method to remove total suspended solids (TSS), and
chemical oxygen demand when employed after a high-rate
sludge activation system has been applied (Cagnetta et al.
2019). Soares et al. (2021) demonstrate that it is possible
to use DAF in the diagnosis of intestinal parasites in fae-
ces in municipal waters and that this may be a promising
new research route. Piaggio et al. (2022) argue that DAF
can be especially efficient in removing TSS when placed
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downstream from an anaerobic bioreactor or adjacent to the
source of contamination, with solid removal exceeding 90%.

The flotation tanks in DAF systems consist of a contact
zone (CZ) and a separation zone (SZ), which are divided by
a baffle. The separation between suspended solids (SS) and
water is achieved by flotation after introducing microscopic
air bubbles in the recycle-flow and establishing favourable
conditions for these to attach to the surface of the material
to be removed. As a result of collisions in the CZ, clusters
of multiple particles and air bubbles, also called aggregates,
are formed, whose density is lower than that of the surround-
ing liquid. The higher floating velocity of these aggregates
allows them to rise to the free surface of the SZ, where they
are subsequently removed by mechanical means (Edzwald
2010a).

The flow structure inside DAF tanks is mainly governed
by hydraulic loading (total flow rate divided by the plan area
of the SZ) and the amount of air injected and was character-
ised by (Lundh et al. 2000, 2001; Lundh 2002; Lundh and
Jonsson 2005) for a broad range of both parameters. On the
one hand, when the air content is high enough, a stratified
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flow structure is produced. This structure is characterised
by the difference in density between the current entering
the SZ from the CZ and the water already in the tank. Its
lower density causes the current to move horizontally from
the baffle to the far end wall and may even return in a layer
immediately below, thus forming a stable bubble blanket
that favours the removal of SS. On the other hand, when the
air content is insufficient, a phenomenon known as short-
circuit or break-through frequently occurs, in which the cur-
rent entering the SZ flows through the bubble blanket and
creates a preferential path to the outlet, allowing SS and
bubbles to escape through the latter.

The prevailing trend in water treatment plants to max-
imise the treated flow rate has resulted in the need for the
design of DAF systems that run at higher hydraulic load-
ings (HL) than the 5-15 m/h of conventional DAF, reaching
values up to 15-30 m/h (or even 40 m/h) in what are known
as high-rate DAF (Edzwald 2010b). Raising the air content
by increasing the air saturation pressure and/or the recycle-
flow rate is one way to attain such a high HL and prevent
the development of short-circuit; however, this is an energy-
intensive solution. Another possibility is the employment of
a DAF tank with a square bottom, significant height (i.e. a
high height/length ratio), and a perforated plate at the bot-
tom (Kiuri 2001). Alternatively, using lamella packs (Reali
and Marchetto 2001; Echeverri and Rein 2007; Jokela and
Lepistd 2014) or a combination of these with a perforated
plate (Hedberg et al. 1998; Fang et al. 2009; Azevedo et al.
2018) has been proposed, and numerous companies cur-
rently manufacture DAF systems with these components
(Crossley and Valade 2006). The lamella packs are placed
in the SZ and are similar to those used in settlers, i.e. a col-
lection of inclined tubes or flat plates, but operate in the
opposite way. The clarified water escapes from the bottom of
the lamellae, whereas flotation retains bubbles and agglom-
erates at the upper part of the lamella pack.

Comparatively, there has been less scientific research on
DAF tanks with lamella elements than on lamellar settling
tanks, and practically all of these studies have focused on
the flat-plate lamella type. Published research demonstrates
conclusively that the addition of lamellae greatly improves
the HL at which the DAF system can operate while main-
taining appropriate efficiency. Haarhoff and Vuuren (1993)
describe some of the earliest applications that integrated
lamellae and claims that a doubling of the HL was achieved.
Hedberg et al. (1998) and Amato et al. (2001) conducted
thorough research using pilot plants with various flat-plate
lamella packs and achieved hydraulic loadings between 20
and 40 m/h (or even higher) while preserving clarified water
turbidity below 1 NTU. Fang et al. (2009) achieved 95%
turbidity removal at 18 m/h by combining flat plate lamel-
lae with an underlying perforated plate. Jokela and Lepisto
(2014) employed U-shaped lamellae and achieved HL up
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to 21 m/h with very significant removal of phosphorus and
nitrogen from the effluent of a fish farm. Azevedo et al.
(2018) designed a flat-plate lamellar DAF tank with HL of
15 m/h that efficiently removed metal ions and tiny solid
particles from mine wastewater.

The description of the flow in DAF tanks with lamellae
(L-DAF) has been mainly based on visualisation through
windows or transparent sidewalls in the pilot plants. Hedberg
et al. (1998) and Fang et al. (2009) noticed that the depth
of the bubble blanket decreased when there were lamellae,
but the blanket was more compact, and its border with the
clarified water below was clearly discernible. Nonetheless,
when HL increased, the bubble blanket became deeper (Fang
et al. 2009). Hedberg et al. (1998) assessed whether when
HL increased, the rising velocity of the bubbles between
the lamellae slowed due to the increased drag of the incom-
ing water flow. When HL was too high, Jokela and Lepisto
(2014) found that the flocs were carried away by this down-
ward flow of water. Using coloured ink, Moruzzi and Reali
(2014) observed that the water flow was more uniformly
distributed across the lamellae when the clarified water was
evacuated through a perforated plate beneath the lamellae.
On the other hand, most authors (Hedberg et al. 1998; Fang
et al. 2009; Moruzzi and Reali 2014; Azevedo et al. 2018)
emphasised the fact that by placing lamellae in the SZ, three-
dimensional flow structures that could destabilise the bub-
ble blanket were avoided, and laminar flow conditions were
achieved. This phenomenon was attributed by Hedberg et al.
(1998) to the substantial density gradient between the com-
pact bubble blanket and the clarified water, which prevented
the turbulence of the former from penetrating the latter.

Although the beneficial effects of using lamella elements
in DAF tanks have been thoroughly detailed, the mechanism
by which lamellae prevent the bubbles (and aggregates) car-
ried between them by the water current from reaching the
outlet has not been examined in depth. Based on the flow
visualisation they performed in a pilot plant with a transpar-
ent sidewall, Hedberg et al. (1998) described this mechanism
as the opposite of that which takes place in counter-current
lamellar settlers. According to the authors, as the water cur-
rent flows downwards between the lamellae, the bubbles
float and attach to the lamella plates from under, where they
create larger bubbles that exit the top of the lamella pack
when they have sufficient lift to overcome the downward
current. Subsequently, Jokela and Lepisto (2014) pointed
out that they observed an aggregate behaviour comparable
to that described by Hedberg et al. (1998) in their U-shaped
lamellae. In addition, Echeverri and Rein (2007) referred
to the same mechanism in their computational study of a
circular syrup clarifier and verified the fact that aggregates
that get between the lamellae ascend towards the bottom side
of the latter, with higher rising velocity the greater their size.
Nowadays, catalogues of industrial L-DAF systems refer to
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this mechanism as the one describing the functioning of
lamella packs.

The use of experimental methods to analyse the function-
ing of lamellae in DAF tanks is very complicated beyond the
simple visualisation that can be done through transparent
walls. In this context, CFD (computational fluid dynamics)
simulations are offered as a powerful alternative tool for the
purpose of conducting this analysis. Numerous publications
have used CFD simulations to analyse the flow in DAF tanks
without lamellae in industrial (Kwon et al. 2006; Emmanouil
et al. 2007; Amato and Wicks 2009; Satpathy et al. 2020)
and pilot size tanks (Bondelind et al. 2010b; Lakghomi et al.
2015; Hlukhov et al. 2022). In a recent study, Hlukhov et al.
(2022) examined the conditions under which stratification
occurred in the SZ of Lundh’s pilot tank (Lundh et al. 2001),
with the authors introducing and proving that the critical
bubble diameter concept is a valuable tool in CFD analy-
ses of DAF tanks. However, to the best knowledge of the
authors, there has been no CFD study of a DAF tank with
lamellae in water clarification applications.

The presence of lamellae has a significantly positive
effect on the performance of DAF. However, scientific evi-
dence is insufficient to explain the phenomena occurring
within the lamella pack and their effect on the hydraulic
behaviour of the separation zone. In this research, the mul-
tiphase hydrodynamics of a DAF tank with integrated lamel-
lae will be covered in detail, and comparison and analysis
of the flow patterns of a DAF with and without lamella
pack conducted. The three-dimensional behaviour of the
water flow outside and within the lamella pack, as well as
the favourable hydraulic conditions offered by the lamellae,
will also be described. A novel mechanism for explaining the
operation of lamellae will be proposed and discussed, and
finally, the air removal performance of a DAF tank in the
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presence and absence of lamellae under a variety of hydrau-
lic loadings ranging from conventional to high-rate values
will be studied.

Materials and methods

The research work was conducted by adding a flat-plate
lamella pack to a computational model of the DAF tank
employed in the experimental studies carried out by Lundh
et al. (2000, 2001, 2002). Only water and microbubbles
were considered in the simulations, in accordance with the
approach of taken by these authors and the vast majority of
previously conducted CFD research in DAF tanks without
lamellae (Amato and Wicks 2009; Bondelind et al. 2010b;
Emmanouil et al. 2011; Lakghomi et al. 2012; Hlukhov
et al. 2022). In the case of low SS concentrations, Lundh
et al. (2001) demonstrated that the presence of flocs had no
major effect on the flow structure. This approach was also
considered to be appropriate for the purpose of analysing
the flow within a DAF tank with lamella elements, as well
as to evaluate the performance of the tank under various
operating conditions, using the bubble removal efficiency
as a first approximation of SS removal efficiency (Lakghomi
et al. 2012).

The tank’s main dimensions are 1.24x 1.71x0. m?
(height/length ratio of 0.72), and it features a baffle with a
height of 87 cm dividing the CZ and the SZ, as well as three
injection pipes for the recycled-flow and a collection system
for the clarified water via two pipes with perforated bot-
toms (Fig. 1b). The tank but without lamellae was analysed
by simulation by the present authors, and the same physi-
cal models and boundary conditions were employed in this
work. To the previously validated CFD model of this tank,
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Fig. 1 Simplified schematic of L-DAF with the most pertinent dimensions (a) and geometry of the computational model and position of the

inclined planes IP-A and IP-B as well as the horizontal plane HP-A (b)
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20 flat lamellae without thickness were added to the separa-
tion zone, with the upper edge of the lamella pack placed
at the height of the baffle edge (see Figs. 1a and 2). As in
Hedberg et al. (1998), the lamellae were 60 cm in length,
and the 5-cm spacing between the plates is comparable to
that utilised by other authors (Hedberg et al. 1998; Echeverri
and Rein 2007; Fang et al. 2009). As indicated in Fig. la,
the two sides of the lamella were designated as "top side"
and "bottom side."

It was decided to position the lamellae at a 60-degree
angle to the horizontal plane (see Fig. 1a). Hedberg et al.
(1998) evaluated different lamella inclinations and advised
against using angles of less than 40 degrees, since this would
substantially diminish the velocity at which accumulated
bubbles on the bottom side of the lamellae ascend. Ech-
everri and Rein (2007) also used a 60-degree inclination to
the lamellae they examined for a syrup flotation tank. Reali
and Marchetto (2001) reported that varying the angle of the
lamellae between 60 and 70 degrees had minimal effect on
the performance of the flotation tank.

Figure 1b depicts the geometry of the tank and the planes
used for a detailed flow analysis. The horizontal plane HP-A
has been positioned 87 cm above the ground and coincides
with the upper edge of the lamella pack, while planes IP-A
and IP-B are inclined at 60 degrees to the horizontal plane
and have been placed between lamellae 3 and 4 and lamellae
13 and 14, respectively. To economise computer resources,
only one half of the tank was simulated due to its symmetry

Note: Boundary conditions appearin green

Released bubbles

Tt t 1

Raw (Velocity

plane, although despite this, the findings are represented
with an identical replica relative to the symmetry plane.
For a more comprehensive explanation of the results, the
air concentration contours and water velocity vectors will
be presented together.

Table 1 summarises the cases that were analysed for this
research work. The first three cases were tested by Lundh
et al. (2000, 2001; 2002) in their pilot plant (without lamel-
lae), and the authors' designations (M19, M21, and M17)
have been retained here. On the basis of the preceding cases,
the MQ25 case was defined by establishing a higher raw
water flow rate, which allowed for an analysis of L-DAF
tank operation with very high HL (about 30 m/h). When
these cases were simulated in the tank using lamellae, the
prefix L- was added, e.g. L-M21. The total flow (Qr) to be
treated in the DAF tank was equal to the sum of the raw
water flow (Q) and recycle flow (Q,), where bubbles were

Table 1 Water velocity and air volume fraction values

Case Or (m*h)  HL (m/h) C,,(ml/l) ay V. (m/h)
M19 11.0 11.8 5 0.052 5.0
M21 16.5 17.7 0.062 7.5
M17 22.0 23.7 6 0.049 9.9
MQ25 275 29.6 8* 0.053 125

“The C, in the MQ25 case was estimated based on the values meas-
ured in the other three cases
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Fig.2 An example of the 32M elements mesh in the lamella region seen in the symmetry plane as well as a few key terms used throughout the

paper
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introduced (see Fig. 2). In all cases, the recycle flow rate was
set at 10% of raw water flow rate, and hydraulic loading (HL)
was calculated using the total flow rate and separation zone
surface area (0.93 m?).

The average contact zone concentration (C,,) determined
by Lundh et al. (2001) can also be found in Table 1, along
with the velocity of the water-bubble mixture in the recircu-
lation flow injectors (V,) and the volume fraction of air in the
latter (a,), which was calculated from the C,,. The values of
HL and CZ concentration (C,,) in each case were then used
to make the velocity (vectors and vertical Y-component) and
air concentration dimensionless, respectively. The area of
the main inflow required to calculate the velocity of the raw
water flow was 0.07 m?.

It is common knowledge that the bubble diameter
employed in simulations has a substantial effect on the
resulting flow behaviour within DAF tanks (Echeverri and
Rein 2007; Emmanouil et al. 2007; Bondelind et al. 2010b;
Hlukhov et al. 2022). Hlukhov et al. (2022) showed that
flow behaviour varies depending on whether bubble diam-
eters are greater or less than the so-called critical diameter,
which corresponds to bubbles with a rising velocity equal
to HL. In this work, critical-diameter (D,) values in cases
M19, M21, M17, and MQ25 are close to 77, 95, 110, and
123 pm, respectively. Using bubbles with diameters greater
than the critical diameter in simulations caused the bubble
blanket to remain clearly above the lamella pack, resulting
in conditions under which the lamellae simply distribute and
guide the clarified water to the outlet. Smaller than critical-
diameter bubbles that are entrained within the lamellae by
the water flow were chosen to explore the operating mecha-
nism of the lamellae. In the three studies conducted, it was
deemed reasonable to utilise bubbles of a single diameter,
although the influence of bubble coalescence on the flow
within the lamellae will be discussed.

In the first study, which analysed the effect of introduc-
ing lamellae into the DAF tank, the same bubble diameters
were employed in the M19 and M21 cases as in the previ-
ous work without lamellae, i.e. 67 and 90 pm, respectively.
Hence, it was possible to make a direct comparison between
cases with and without lamellae under conditions when the
flow without lamellae exhibits the features of a short-cir-
cuit (M19) and a stratified flow (M21). In the second study,
detailed research of lamella performance was conducted
employing a bubble diameter of 67 pm in the M21 case,
because flow characteristics between the lamellae were more
pronounced and clearer to describe. In the third study, simu-
lations of the cases under consideration (M19, M21, M17,
and MQ25) were also carried out with a bubble diameter
of 67 pm, in order to clearly observe the effect of HL on
L-DAF performance.

Mathematical model and resolution

Two multiphase models were analysed in the previous study
without lamellae, namely the Euler-Euler (Ishii and Mishima
1984) and Mixture (Manninen et al. 1996) models, and both
proved to provide very similar results. In this work, the Mix-
ture model, which is computationally less expensive and has
been successfully used by other authors (Emmanouil et al.
2007; Lakghomi et al. 2012; Satpathy et al. 2020), will be
utilised for the simulations. The continuity, momentum, and
volume fraction equations take the following form:

ap,,
7+V(pm V) =0 (D

9PV

ot +V- (pmamam) = —V[) +V- [Mm(vvm + va)]

" (2)
+onE- V-

A PiVark vdr.k>
k=1

n

da,p,

# +V(a,p,%,) = -V - (a,0,7,) + 2 g, + 1,
g=1

3)
where ¥,, = (3,_, &,0V)/ p,, is the mass-averaged veloc-
ity, p,, = 24—, %Py is the mixture density, g, is the mixture
viscosity, @, is the volume fraction of phase k, and n is the
number of phases. Drift velocity V., =V, —7V,, is used to
close the conservation equation and is related to relative (or
slip) velocity vy, via the following equation:

n
Varke = Vg = D CiTig @
k=1
where ?kq is the velocity of phase k relative to phase q and
cx = P,/ p,, 1s the mass fraction of phase k. In accordance
with (Manninen et al. 1996), the form of the relative veloc-
ity is given by:

AL S P )
b fdragpp '

where @ is the secondary phase acceleration, 7, relaxation
time of a bubble, V, is the turbulence contribution to the
velocity, and gy, is the drag function. In the previous study,
it was determined that Schiller—Naumann drag law is suit-
able for DAF applications, and it is going to be utilised to
calculate the exchange of momentum via drag between water
and air bubbles. The drag function of Eq. (1) is defined as
follows: Fgpe=1-+0. 15Re° 987 (for Re, < 1000).

As regards boundary cond1t10ns the pilot tank has a
symmetry XY-plane that passes through the middle of the
tank; therefore, the symmetry condition was used to split
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the tank in two halves. Recycled flow injectors with 5-mm
internal diameter (in the form of squares of equivalent area)
and the freshwater inlet were modelled as a velocity inlet
(see Fig. 2). Lundh et al. (2002) did not quantify the turbu-
lence intensity at the inlets of the two flows, hence a value of
5% was taken into consideration. Clarified water outlet was
modelled as a rectangular pipe—as other authors (Bondelind
et al. 2010a; Rodrigues and Béttega 2018) did—with evenly
distributed squares (20 per pipe) and in which a pressure out-
let condition was set. Lamellae were modelled, like the rest
of the tank walls, as solid surfaces with the no-slip condi-
tion. The air mass sink term proposed by Ta et al. (2001) for
the degassing condition was implemented via a user-defined
function. More detailed explanation on the boundary condi-
tions can be found in the previous study without lamellae
carried out by the authors.

Hlukhov et al. (2022) demonstrated that the solutions
obtained via Reynolds-averaged Navier-Stokes (RANS)
steady-state simulations were very similar to those obtained
by sufficiently long flow-time transient simulations that
reached quasi-steady solution. Therefore, steady-state RANS
simulations were carried out in this study. The two-equa-
tion realisable k- model with standard wall functions was
used to account for turbulence, as it has been by numerous
other authors (Kwon et al. 2006; Amato and Wicks 2009;
Bondelind et al. 2010b, a; Lakghomi et al. 2015). In the
iterative calculation, pressure, velocity, and volume fraction
were solved in a coupled manner, followed by the resolution
of turbulent kinetic energy (k) and dissipation rate (¢) that
were solved sequentially in the case of each iteration. The
mathematical model was solved using the commercial code
ANSYS Fluent 2020R1.

In the previous study without lamellae, an estimation of
the discretization error based on Richardson Extrapolation
proposed by Celik et al. (2008) was carried out. The grid
convergence index (GCI) of the average air fraction in the
tank was 4.7% for the 5-million mesh that was used in the
study, concluding that it was fine enough to predict the flow
in the DAF tank with low numerical uncertainty.

In the case of the present L-DAF, three meshes of differ-
ent refinement levels in the lamella region were evaluated,
the element distribution in the CZ remaining unchanged
from the prior study. By increasing the number of inter-
lamella elements from 15 to 20 and 30 elements, meshes
with a total of 13, 24 and 32 million elements were created.
The refinement factor (RF) was only applied to the inter-
lamella spacing because it is considered the most critical
region in an L-DAF. Nevertheless, as the mesh is confor-
mal this refinement is projected to the elements above and
below the lamella pack (see Fig. 2). The RF value between
the coarse and medium mesh was equal to 1.3, and the RF
between the medium and the fine mesh was equal to 1.5.
The number of elements distributed along the length of the
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lamella was sufficiently high so as not to influence the flow
resolution. The mean values of mixture velocity and air frac-
tion were evaluated in the two inter-lamella channels that are
discussed in detail in the next section. Thirty elements were
determined to be sufficient to define the flow characteris-
tics between lamellae, although some regions of especially
high air concentration and velocity gradients were found
very close to the lamella surface, which would require an
extremely fine meshing to be accurately resolved.

Results and discussion

Firstly, the hydrodynamic behaviour of the DAF tank
with and without lamellae under distinct operating condi-
tions is analysed. The impact of HL on the flow within the
tank with lamellae (L-DAF) is also examined, and the bub-
ble removal efficiency is calculated for each case. Subse-
quently, the structure of the flow in an L-DAF is analysed
in depth utilising multiple planes that help comprehend its
three-dimensional nature. Research was conducted into the
mechanism by which bubbles enter between the lamellae,
but do not pass through them, and ultimately exit at the top.

The results shown in all the figures come from steady-
state RANS simulations; therefore, displayed air concen-
tration and water velocity stand for mean values of both
magnitudes. As noted before, the air concentration contours
and velocity vectors that are presented in this section have
been adimensionalized using C., and HL, respectively. The
simulation represented in each figure is labelled as MXX_
YY-ZZ, where MXX refers to the name of the experiment,
YY is the value of the hydraulic load, and ZZ corresponds
to the diameter of the bubbles.

Differences in hydrodynamic behaviour
between a DAF and an L-DAF

In this first study, the comparison of the results was carried
out in the symmetry plane, as is customary in CFD studies
of DAF tanks (Echeverri and Rein 2007; Amato and Wicks
2009; Bondelind et al. 2010b; Lakghomi et al. 2012; Satpa-
thy et al. 2020).

Figure 3 shows the air concentration contours and water
velocity vectors in the symmetry plane in the M19 and M21
cases with and without lamellae. Flow in the M 19 case with
67-micron bubbles and no lamellae (Fig. 3a) exhibits clear
short-circuit characteristics, with the main current leav-
ing the CZ and heading directly into the outlet pipes, thus
carrying a considerable quantity of bubbles into it. Simi-
lar result has also been observed, but with a much more
pronounced short-circuit in the cases M17 and MQ25 with
the same bubble diameter. In contrast, the flow in the M21
case with 90-micron bubbles and no lamellae (Fig. 3c) is
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Fig. 3 Dimensionless air contour and dimensionless water vectors in the symmetry plane in the M19 (a) and L-M19 (b) cases with 67 pm bub-

bles; M21 (c¢) and L-M21 (d) cases with 90 pm bubbles

substantially stratified. The main current leaving the CZ has
a higher concentration of air, and therefore a lower density,
than the water below it. Consequently, water flows parallel
to the surface until it reaches the far end wall, where it turns
downwards and reverses direction. Under these conditions,
the bubble blanket remains above the orifices of the outlet
pipes and few bubbles escape through them.

Figure 3b, d demonstrates the fact that the introduction
of lamellae eliminated the flow characteristics that prevailed
in the absence of lamellae, namely the short-circuit in the
M19 case and the stratified flow in the M21 case. Both cases
produce a flow characterised by a shallower, albeit higher
bubble concentration blanket, extending from the free sur-
face to a few centimetres below the upper lamella edge. The
clarified water passes through the lamellae and enters the

outlet pipes below the bubble blanket. These flow character-
istics in the L-DAF tank have been visualised through trans-
parent walls in a number of pilot plants. Fang et al. (2009)
highlighted the compactness of the bubble blanket and the
sharpness of its border with the clarified water, whereas
Hedberg et al. (1998) emphasised the steep density gradi-
ent between the two zones. In simulations of the L-M19
and L-M21 cases, the density difference between the bubble
blanket and the clarified water was determined to be roughly
5 kg/m®. This difference is considerably higher than the dif-
ference between the two opposing flows in the stratified flow
case M21 (Fig. 3c), which was estimated by Lundh et al.
(2000) to be 2 kg/m>. By having a Richardson number (Ri)
considerably higher than one (R;~55), these authors deter-
mined that the stratification is quite stable considering this
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density difference. A characteristic identified in the L-M19
and L-M21 simulations demonstrates the impact of having
a significantly higher density difference when placing the
lamellae in the SZ (Fig. 3b, d). A portion of the current that
exits the CZ closest to the baffle turns downwards and passes
through the space between the baffle and the first lamella,
although its reduced density in comparison to the clarified
water beneath it prevents it from penetrating.

The mechanism by which the lamellae retain the bub-
bles and only allows the clarified water to pass towards the
outlet pipes is not evident when analysing only the flow in
the symmetry plane shown in Fig. 3b, d and will be ana-
lysed in detail in the next section. Nevertheless, a significant
phenomenon that the presence of the lamellae produces in
the current that leaves the CZ was able to be observed. A
substantial portion of the current directed at the lamellae
flows horizontally over them towards the far end wall of the
SZ. The current then changes its direction above the final
lamellae and returns in a layer just beneath the free surface,
albeit at a substantially slower velocity. Hence, the distance
the bubbles must travel to reach the surface is considerably
shorter than in conventional DAF, which facilitates bubble
removal. Efficiency was evaluated in the four cases under
consideration and found to be significantly better in cases
with lamellae. The amount of air that escapes via the outlet
pipes was lowered from 16% in M19 to 0.2% in L-M19. In
the M21 case, the amount of air entrained to the outlet was
relatively small (0.9%) compared to M19, although after
including the lamellae, bubble removal was nearly complete.

The effect of the hydraulic loading on L-DAF perfor-
mance was analysed by comparing the results of the four
cases shown in Table 1, ranging from 11.8 to 29.6 m/h and
simulated with 67 pm bubbles. Figure 4 shows the water
velocity vectors and air concentration contours in the sym-
metry plane for the four cases examined. As can be seen,
the most significant changes occur in the flow between the
lamellae, specifically in the depth that the bubble blanket
reaches between them, which increases as HL rises. How-
ever, the increase in blanket depth is not homogeneous, but
rather, more pronounced in the first lamellae through which
more flow passes than in the last ones, in which there is a
greater concentration of bubbles and, therefore, a greater
difference in density from the clarified water below.

As shown in Fig. 4, when HL is greater than or equal to
23.7 m/h, a short-circuit is created and the current trans-
ports a portion of the bubbles that enter between the first
five lamellae up to the lower lamella edge, where they
eventually escape through the outlet pipes (see Fig. 4c, d).
In contrast, even at these flow rates, the bubble blanket in
the last lamellae is especially high, and no bubbles escape
through the lower lamella edge. Theoretically, the design
could be improved by adding a perforated plate beneath
the lamella pack, as Hedberg et al. (1998), Fang et al.
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(2009), and Azevedo et al. (2018) did. In the CFD L-DAF
tank model, the perforated plate could be modelled as a
"porous jump condition", and this research would allow
the pressure drop required to guarantee a more uniform
flow distribution between the lamellae to be determined
and further reduce the number of bubbles reaching the
outlet pipes at higher HLs.

In contrast to what occurs between the lamellae, the
flow near the free surface is similar in all four cases and
characterised by a very low velocity current in the direc-
tion of the CZ, even when the L-DAF is operating at its
maximum HL of 29.6 m/h. This result suggests that, due
to the lamellae, the part of the bubble blanket closest to
the free surface and foam layer above it are shielded from
disturbances occurring in the bottom part of the tank near
the outlet pipes. This conclusion is consistent with the
findings of Fang et al. (2009) and Azevedo et al. (2018),
whereby lamellae increase bubble blanket stability.

Figure 5 contrasts the bubble removal efficiency of the
tank operating with the four HLs under consideration, as
well as the results obtained without lamellae. With the two
lowest HLs, which are high in terms of the range of con-
ventional DAFs, the percentage of air escaping with the
clarified water is considerably below 1% with lamellae, but
reaches values as high as 16.4 and 38.6% without them.
With the two highest HLs, where bubbles were observed
leaking through the first lamellae (Fig. 4), bubble removal
efficiency remains above 90%. These values exceed SS
removal efficiency published in the literature for L-DAF
tanks. For example, Fang et al. (2009) achieved (also uti-
lising a perforated plate) turbidity removal of around 95%
with HL of 18 m/h, whereas Jokela and Lepisto (2014)
achieved an 85% decrease in TSS with HL of 17.5 m/h.
Nonetheless, the qualitative comparison of the L-DAF
results analysed with those experimentally obtained by
Hedberg et al. (1998) in their pilot plant (see Fig. 6) dem-
onstrates that bubble removal efficiency can be used to
evaluate tank performance and to predict trends regarding
the effect of HL on the latter.

The length, angle, and inter-lamella spacing values of
the L-DAF analysed are comparable to those used by Hed-
berg et al. (1998) in their experiment N° 2. To qualitatively
compare the results of this study with those experimen-
tally obtained by Hedberg et al. (1998), the percentages of
escaped air from the L-DAF in Fig. 5 are shown in Fig. 6a
in terms of hydraulic loading HL,; ,, which is determined by
dividing the overall flow rate (Qr) by the horizontal lamella
area (HLA). Although Hedberg et al. (1998) worked with
a lower overall flow rate, their plant had a smaller HLA of
0.3 m? compared to the L-DAF tank used in this research,
which had an HLA of 0.7 m?, and their turbidity results
as a function of HL; , are shown in Fig. 6b. Although
the NTU values and the percentage of escaped air are not



Applied Water Science (2024) 14:131 Page90of17 131

L-M21_17.7-67

L-M19_11.8-67

a) b)

L-MQ25_29.6-67

T e e amm e

e SRS N

o o 0¥ o® @ WO ¥ W A8 WD 4O

. = = \/ector size = 12 .
Air Concentration*® I_.

Fig.4 Dimensionless air concentration and dimensionless water velocity vector contours in the following cases: L-M19 (a), L-M21 (b), L-M17
(¢), L-MQ25 (d)

56.6
60 a) 10 b) S
47.8 § i
50 38.6 8 .
‘E 40 g 7 .'::, 3.5
- = 6 z 3
g 30 % 5 Zas
8 16.4 g, 2 3
(7] @
g 20 8.6 g, .
10 0.1 0.3 2.8 2 i
1 05
0 0 0
11.8 17.7 23.7 29.6 157 236 314 393 133 167 200
h
Hydraulic loading (m/h) HL, (m/h) HL, (m/h)
—o—L-DAF present study -=-L-DAF Hedberg et al. [15]
B Without Lamellas (%) m With Lamellas (%) Fixed bubble diameter Non-measured bubble
of 67 um size distribution
Fig.5 Percentage distribution of escaping air through the outlet pipes . . .
vs entering air for various hydraulic loadings with and without lamel- Fig.6 Comparison of escaped air curve vs HL of the present study
lae (a) and NTU versus HL of Hedberg et al. (1998) (b)

@ Springer



131 Page 10 of 17

Applied Water Science (2024) 14:131

directly comparable, they are both related to separation effi-
ciency, with a high NTU value indicating a low separation
efficiency.

As can be seen in Fig. 6, the curve obtained for escaped
air resembles the turbidity curve obtained by Hedberg et al.
(1998). In both instances, the slope of the curve changes
significantly from a specific value of HL; ,. Hedberg et al.
(1998) found that as HL,; , increased, more bubbles escaped
from the tank, leading to a significant increase in turbidity.
In the L-DAF analysed, the slope change begins at an HL,| ,
of 31.4 m/h (HL =23.7 m/h), precisely when the bubbles
begin to cross the lower lamella edge and are dragged to the
outlet pipes (see Fig. 4c). Consequently, it is evident that
the bubble removal efficiency analysis of an L-DAF tank
performed using a two-phase (water-bubble) CFD model can
also be used to determine an estimate of the HL at which a
significant decline in the quality of clarified water can occur.

Although the study on the effect of hydraulic loading
has been conducted with 67-micron bubbles, it is expected
that any bubble size below the critical diameter will yield
similar results. If bubbles with a diameter smaller than 67
microns were used, the total amount of escaped air would
be higher and vice versa for bubbles larger than 67 microns
but smaller than the critical diameter. Further information
regarding flow behaviour with different bubble diameters
can be found in Hlukhov et al. (2022).

Detailed analysis of lamella operation

Extensive computational analysis of the L-DAF tank under
various operating conditions revealed that the flow between
lamellae has a complex three-dimensional structure. This
structure cannot be viewed through transparent walls and
therefore could not be described in the pilot plant studies
conducted to date, as to properly describe the flow charac-
teristics require going beyond the symmetry plane analysis
performed in the previous study. In order to visualise and
describe the flow patterns in the L-DAF tank separation
zone, multiple planes were generated and analysed (Figs. 9
and 10), and the L-M21 case with 67 pm bubbles is shown
and examined since the flow features between the lamellae
are more prominent, making the explanation clearer.
Figure 7 shows the air concentration contour together
with the water velocity vectors in the symmetry plane so
that they can be compared to those of the L-M21 case with
90 pm bubbles described previously (Fig. 3d). On the one
hand, it can be seen that the flow maintains the same funda-
mental characteristics regardless of the lower buoyancy of
the 67 pm bubbles. The blanket contains a greater concentra-
tion of bubbles and, hence, a lower density than the clarified
water beneath it. The current exiting the CZ and passing
through the space between the baffle and the first lamella
carries bubbles deeper, although its lower density prevents
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Fig.7 Dimensionless air concentration contour and dimensionless
water velocity vectors in the symmetry plane of the L-M21 case with
67 pm bubbles

it from penetrating the clarified water once more. The lesser
buoyancy of the bubbles also causes them to be dragged
deeper between the lamellae, and even more so between the
lamellae that are closer to the separating baffle.

On the other hand, three characteristics of the flow
between the lamellae that are also in evidence with 90 pm
bubbles but are not visualised in Fig. 3d can be identified
more clearly. Firstly, there are downward currents on the
lamella top side, as indicated by the greater vectors near
the lamellae that exist in both the bubble blanket and the
clarified water underneath. These currents are described in
further depth using Fig. 10 and Fig. 12 in later paragraphs.
Secondly, although it is only apparent in Fig. 7 between a
few lamellae (e.g. 6-7 and 7-8), there are ascending cur-
rents at the bottom side of the latter. These currents, which
are driven by the accumulation of bubbles that reach these
surfaces by flotation, are shown more clearly in Figs. 9, 10,
and 12 that will be explained later. Thirdly, the horizontal
current above the lamellae towards the opposite wall car-
ries the bubbles emerging from the lamellae to the lamel-
lae downstream. This characteristic is especially evident in
Figs. 9 and 10 that will be discussed below.

Figure 8 shows the percentage of total water flow (Qr)
passing through each pair of lamellae, the space between
the baffle and the first lamella (P1), and the space between
the last lamella and the back wall (P2). Due to its larger
dimensions, a greater flow rate passes through the latter,
whereas a flow rate comparable to that between two lamellae
flows through the former. The histogram reveals that the flow
distribution between lamellae is not uniform. Significantly
more flow passes through the first third of the lamellae,
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which explains why bubbles are dragged at a greater depth
and the border of the blanket is closer to the ground, as
shown in Fig. 7. This uneven flow distribution in which the
first lamellae are favoured also explains the increased risk of
bubbles passing beyond these lamellae and exiting through
the outlet pipes, as was observed when the treated flow rate
(Q) was raised (see Fig. 4).

Figure 9 shows the three-dimensional nature of the flow
in the L-DAF tank separation zone, particularly between the
lamellae. The contours of the vertical component (Y-direc-
tion) of the water velocity and the air concentration are
shown in the HP-A plane, located at the upper lamella edge,
inside the bubble blanket. In addition to the X-direction,
the flow characteristics vary significantly in the transverse
Z-direction, allowing a distinction to be drawn between
regions with clearly differing water velocities and bubble
concentration. Firstly, it is noteworthy that in Fig. 9a there
are large regions where the water flow is upward, bringing
bubbles out from the lamellae. As can be seen in Fig. 9b,
bubble concentration in these regions is typically greater

Lamella 2 4 6 8 10 12 14 16 18 20

L-M21_17.7-67

Y-Water velocity*

than in regions where the water flow descends and drags
bubbles within the lamellae. Figure 9b also reveals that the
upper border of the lamellae (further from the CZ) contains a
substantially higher concentration of bubbles. This increased
concentration of bubbles is caused by the horizontal current
passing over the lamellae, which drags the bubbles emerging
from between the lamellae (see Fig. 7).

In Fig. 9a, b, the lamella edges can be distinguished
by the narrow regions of ascending velocity and high air
concentration along the transverse Z-axis. When the flow
between the lamellae in various XY planes is analysed in
detail (Figs. 11 and 12), it will be shown that the afore-
mentioned characteristics are those of the flow produced
by the buoyancy of bubbles towards the bottom side of the
lamellae, which were previously seen in the symmetry plane
(Fig. 7). However, the upward velocity regions, where water
(with bubbles) flows out of the lamellae, extend beyond the
surface of the lamellae and occupy a substantial portion of
the space between some of them. It was found that there are
regions of upward flow between all lamellae, despite the
fact that the net flow of water across all pairs of lamellae is
downward, as shown in Fig. 8.

The fact that the regions with the highest upward veloc-
ity are next to those with the highest downward velocity is
a crucial aspect of the flow between the lamellae shown in
Fig. 9a. The details of the flow that result in this character-
istic were analysed by employing inclined planes parallel to
the lamellae, and it was found that this plays an important
role in the mechanism by which the lamellae prevent bubbles
from flowing through and eventually allows them to escape
via their upper edge. Figure 11 shows the water velocity vec-
tors as well as mean air concentration contours in the [P-A
and IP-B planes, which are located between lamellae 3—4
and 13-14 (see Fig. 1b), respectively. In both planes, it can
be observed that a bubble-rich current entering between the
lamellae with significant velocity (between 5 and 15 times
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Fig. 9 Contours of the Y-component of the dimensionless water velocity and dimensionless air concentration in the HP-A (a-b) plane in the
L-M21 case. At some points close to the upper side of the lamella, the concentration can be within the range of 2-6
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Fig. 10 Dimensionless water velocity vectors and dimensionless air
concentration contours in the IP-A and IP-B planes. In the figures,
the lamella borders along with the intersections with the R1-4 planes
specified in Fig. 9 are indicated. Planes R1 and R3, as well as planes
R2 and R4, have the same Z-coordinate value; see (b)

the HL) cannot continue due to its lower density and reverses
direction in the plane examined, exiting the lamellae and
dragging bubbles with it. This is the same mechanism that
prevents the current leaving the CZ and passing through the
gap between the baffle and the first lamella from penetrating
the clarified water (see Figs. 3b, d and 7).

Even though the aforementioned mechanism is in evi-
dence between all lamellae, a comparison of the IP-A
(Fig. 10a) and IP-B (Fig. 10b) planes reveals the most sig-
nificant differences between the flow structures in the first
lamellae, where the water flow is higher (Fig. 8), and the last
lamellae, where there is a higher concentration of bubbles
at their upper edge (Fig. 9b). In the IP-A plane (Fig. 10a),
the current originating directly from the contact zone (see
Fig. 7) reaches the lamellae at significant velocity at the
centre of the plane. Shortly after entering the lamellae, the
existing density gradient forces the current to rotate, and
a portion of it leaves the lamellae. However, a significant
portion of the current is directed towards the tank walls and
becomes attached to them, dragging the bubbles deeper,
albeit not reaching the lower edge of the lamellae. In the
IP-B plane (Fig. 10b), the current arrives after passing over
multiple lamellae and entrapping a substantial number of
bubbles (Fig. 9b). This current enters at a lower velocity
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Fig. 11 Dimensionless air contours and dimensionless water vectors in the L-M21 case in the symmetry plane (c) and the HP-A plane (d). Views
R1 (a) and R2 (b) are located in zone A, while views R3 (e) and R4 (f) are located in zone B
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than in the IP-A plane and encounters a significantly higher
density gradient than in the IP-A plane; consequently, it pen-
etrates much less between the lamellae and exits the latter
while dragging the bubbles along with it. Under the bubble
blanket, water velocity is predominantly downwards and
behaves comparable to a plug flow in both planes.

Once the transverse currents (in the Z-direction) at the
top region of the lamellae have been described, the flow
characteristics between the lamellae in the direction towards
the outlet pipes (XY-plane) can then be properly analysed.
These features are shown in Fig. 11 in four planes defined in
two separate zones (A and B) and in two distinct transverse
coordinates (Z). Zone A is positioned between lamellae 1
and 7, and the defined planes R1 and R2 intersect with the
IP-A plane positioned between lamellae 3 and 4 (Fig. 10a).
Zone B is situated between lamellae 9 and 16, hence the
defined R3 and R4 planes intersect with the IP-B plane
positioned between lamellae 13 and 14 (Fig. 10b). In the
four planes shown in Fig. 11, the two currents attached to
the lamella surfaces observed in Fig. 7 and Fig. 9 are more
evident, namely the descending current attached to the top
side of the lamella and the ascending current attached to the
bottom side (see also Fig. 12). However, the flow character-
istics vary in different regions depending on the velocity and
concentration of the current entering between the lamellae.

As shown in Fig. 11, in regions where the current enters
at high velocity between the lamellae, it occupies practically
the entire width between them, as observed in the R1 plane
(between lamellae 6-8), the R2 plane (between lamellae
1-4), and the R3 plane (between lamellae 9-16). However,
it was ascertained that further downstream the descending
current only persists near the upper surface of the lamellae,
and the water velocity is reduced throughout the remainder
of the width. This substantial change in flow is as a result
of the bubble-rich current's inability to move forwards due
to its lower density, causing it to turn perpendicular to the
R1-4 planes (see Fig. 10). In the R3 plane, near the upper
edge of the lamellae, the change occurs abruptly due to the
high bubble concentration (see also Fig. 10b), whereas in
the R1 and R2 planes the density change is more gradual
and the descending current occupies a significant propor-
tion of channel width at greater depth (see also Fig. 10a).
In contrast, in the R4 plane, bubble concentration above the
lamellae is especially high, and relatively little current trav-
els in the direction of the outlet pipes (see also Fig. 10b). In
any case, Fig. 11 also demonstrates that, regardless of the
properties of the current that enters between the lamellae,
the previously indicated descending current occurs on the
top side of all of them. These currents, unlike the first, are
capable of breaking through the bubble blanket and even-
tually reach the clarified water below. The characteristics
of these currents are discussed in further detail later in the
analysis of Fig. 12.
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As for the ascending currents below the bottom side of
the lamellae, Fig. 11 shows that they are of small thickness,
albeit easily discernible due to their high concentration of
bubbles when they emerge at the top of the lamellae (see
lamellae 3 and 4 in the R1 plane and lamellae 13, 14 and
15 in the R3 plane). Once these bubbles leave the lamellae,
they are carried away by the horizontal current above the
lamellae and, in some regions, reintroduced between con-
secutive lamellae (see lamella 5 in plane R1 and lamellae
14, 15 and 16 in plane R3). In locations where the current
enters between the lamellae at high velocity, the ascending
current is hindered and, in some cases, bubbles are reintro-
duced into the channel (see lamella 3 in plane R1, lamellae
3, 4 and 5 in plane R2—also in Fig. 12a—and lamellae 12
and 13 in plane R3).

Descending and ascending currents occurring on the top
and bottom side of the lamellae can be seen in greater detail
in Fig. 12. Air concentration contours are shown without
velocity vectors in the R2 (Fig. 12a) and R4 (Fig. 12b)
planes, so that their distribution within the lamellae of these
regions can be better appreciated. Placed on these planes
are also the lines whose profiles of air concentration and
water velocity parallel to the lamellae are shown in Fig. 12c,
d. The profile characteristics in the central portion of the
lamella channel on the lines located in the bubble blanket
are principally determined by the three-dimensional flow in
the blanket, as reported earlier. For instance, the decrease
in velocity observed in the middle section of the channel
between lamellae 3 and 4 (lines 1-3) is caused by the turning
of the current originating from the SZ, which cannot move
forward due to its lower density (Fig. 10a). Similar decreases
in air concentration are detected in the central portion of the
channel between lamellae 13 and 14; line 2 is located in the
region with a high concentration of bubbles near the upper
edge of the lamellae, while line 3 is situated below (Fig. 8b).
Consequently, it is not possible to analyse the evolution of
the currents attached to lamellae as a two-dimensional flow
evolving in the channels they form, as is done in lamellar
settlers when employing 2- or 3-layer models (Borhan 1989;
Reyes et al. 2022). Importantly, the aforementioned three-
dimensional flow interacts with the currents moving along
the lamellae.

As shown in Fig. 12a, b, the bubble-rich ascending cur-
rent near the bottom side of the lamellae originates below
the bubble blanket. The water beneath this still carries a
limited number of bubbles that float to the lamellae. These
bubbles form a thin layer that barely thickens until it reaches
the bubble blanket, which contains a high bubble concen-
tration. In the first lamellae, where strong currents from
the CZ penetrate and push bubbles to greater depths, the
ascending currents also begin at greater depth, thus obtain-
ing greater thickness and higher velocity than in the lamellae
that are closer to the far end wall (see lines 2-5 in Fig. 12c,
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d). However, the same strong currents from the CZ drag a
portion of the bubbles that rise attached to the lamellae and
reintroduce them into the lamella channel. This phenom-
enon can be observed in regions of high air concentration
around the upper borders of lamellae 2, 3, and 4. (Fig. 12a)
and is also visible in the concentration profile of line 1 of
plane R2, where a relative maximum is observed near the
bottom side of lamella 4 in the downflow part (Fig. 12c).
All these ascending current characteristics were determined
without considering the possibility of bubble coalescence in
the simulations. If this phenomenon had been accounted for,
it is likely that the velocity and thickness of these currents
would have been greater, although the general characteristics
of the flow between and over the lamellae would not have
changed significantly.

Finally, the results shown in Fig. 12 indicate that the
descending current that develops on the top side of the
lamellae begins at their upper edge. This current then
increases and loses bubbles due to buoyancy as it progresses,
generating an ever-thicker layer of clarified water linked to
the wall. This evolution in the downward direction is evident
in both the air concentration contours (see Fig. 12a, b) and
water velocity and air concentration profiles in the channels
between lamellae 3 and 4 (Fig. 12c¢) and between lamellae
13 and 14 (Fig. 12d). In the latter instance, where lines 4-5
lie below the bubble blanket, it is evident that these cur-
rents are able to break-through it and transport the clarified
water below due to their higher density. The bubbles that
are lost by these currents are transported away by the three-
dimensional flow in the blanket, as deduced from all previ-
ous analyses. A portion of the bubbles is brought out from
the top of the lamellae by this flow, while the remaining
portion reaches the bottom side of the lamellae due to buoy-
ancy, joins the ascending current, and ultimately exits above
the lamellae through the aforementioned current. It has been
demonstrated that this last-mentioned mechanism—the only
one observed and described to date—is neither the sole
nor the most essential means by which bubbles that enter
between the lamellae exit over the lamellae and fail to reach
the outlet pipes. The significant difference in densities that
the lamellae let occur between the bubble blanket and clari-
fied water also plays a key role that must be researched fur-
ther in order to develop more effective L-DAF tanks.

Conclusions

The mechanism by which flat lamellae improve the per-
formance of DAF tanks is commonly described as a two-
dimensional flow in which bubbles (with flocs) accumulate
on the bottom side and float off the top part of the lamellae.
This reasoning is based on a (reverse) analogy with counter-
current lamellar settlers and observation through transparent

walls in pilot plants. The computer study conducted, how-
ever, revealed that the hydrodynamic structure of the flow
in the separation zone of a DAF tank with lamellae is three-
dimensional, complex, and conditioned by density differ-
ence. It was found that the lamellae generate a blanket with
a high concentration of bubbles on top of the clarified water,
so that the density gradient between the two zones is sub-
stantially greater than in a DAF tank with stratified flow but
no lamellae, which prevents a bubbly current from passing
through the lamellae by acting as a barrier. Therefore, the
bubble-rich water currents channelled through the lamellae
to the outlet pipes cannot progress, since their density is con-
siderably lower than that of the clarified water below. Only
descending currents that form on the top side of the lamellae
and lose bubbles (increase in density) as they advance are
capable of passing through the bubble blanket and transport-
ing the clarified water beneath it.

Two mechanisms were identified that return bubbles
which are unable to pass through lamellae to the region
above them. On the one hand, the simulation results corrobo-
rate the existence of an ascending current near the bottom
side of the lamellae, which is caused by the accumulation of
bubbles rising to them by flotation. Simulations, on the other
hand, demonstrated the existence of a second mechanism
related to the density difference between the bubble blan-
ket and the clarified water. Currents entering between the
lamellae and reversing their direction transport a significant
number of bubbles, which are afterwards evacuated from
between the lamellae. These currents are stronger between
the first lamellae, close to the CZ, and reach a greater depth
than between the later lamellae, where the horizontal cur-
rent over the latter transports the bubbles extracted by both
mechanisms and increases the density gradient relative to
the clarified water.

The influence of hydraulic loading on the performance
and bubble removal efficiency of the L-DAF under consid-
eration was examined. Major changes were observed in the
flow between the lamellae, particularly in the depth of the
bubble blanket between them, which increases as HL rises.
However, the increase in blanket depth is not uniform, but
rather, is more pronounced in the first lamellae through
which more flow passes than between the last lamellae,
where there is a higher density gradient relative to the clari-
fied water. Once bubbles escape below the first lamellae,
bubble removal efficiency begins to decline dramatically as
HL grows. However, it remains greater than 90% at high
HL—about 30 m/h, which is within the range of the high-
rate DAF.

In conclusion, this study confirmed the ability of flat
lamellae to significantly increase the HL at which DAF tanks
can operate, but more importantly, it demonstrated that the
performance improvement achieved with them is related to
the density difference they cause to exist between the bubble
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blanket and clarified water. It has therefore been proved that,
in order to optimise performance of L-DAF tanks, it is nec-
essary to analyse the effect of the lamella design parameters
(length, angle, and distance between them), not only on the
ascending currents produced by bubble flotation, but also
on the density difference generated. The approach employed
in this study, using CFD simulations of water and bubble
flow within an L-DAF tank, is deemed suitable for such a
parametric analysis.
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