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ABSTRACT

The increasing concentration of phosphorous in the water system is presented as a cause of the algal
bloom, which is spreading severely as the climate changes. It is therefore necessary to develop the
technology to remove algae and phosphorus effectively. Dissolved air flotation (DAF) is effective
in removing algae and phosphorous in water systems by using micro-bubbles. This study aims to
increase the hydraulic loading rate by optimizing the internal hydraulic characteristics of the DAF
process. The number of orifices in the nozzle has been diversified in order to optimize the volume and
the size of micro-bubbles. Further, the slope baffle was optimized by enhancing the collision efficiency
of micro-bubbles through the current control of the contact zone. An increase in the hydraulic loading
rate as a function of the flow of the fluid was achieved by using a horizontal baffle and a perforated
panel. According to the results of the tests, when the number of orifices in the nozzle is five, six, or
seven, the diameter of the micro-bubbles decreases by approximately 37% and the bubble volume con-
centration increases by approximately 15%. In addition, the turbidity and T-P removal achieved were
96% and 98%, respectively. This represents increases of 28% and 23%, respectively, and was achieved
by changing the height ratio of the slope baffle, including a horizontal baffle, and changing the perfo-

ration ratio of the perforation panel, as compared with the conventional DAF process.
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1. Introduction

Due to recent climate changes, the inordinate algal
blooms are expected to decrease the treatment efficiency
and increase the cost of water treatment plants (WTP). The
taste and odor caused by the algae are causing apprehen-
sion in the use of tap water [1,2]. The sedimentary material
such as phosphorous and nitrogen are deposited as internal
pollutants at the bottoms of lakes. Due to climate change,
dissolved oxygen at the bottom of a lake decreases and the
release of phosphorus intensifies the algal bloom. Also, in
raw water with low turbidity and non-precipitation matter,
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micro-flocs are slowly formed and deposited in the process
of water treatment, making it difficult to deal with using
conventional sedimentation methods. Dissolved air flota-
tion (DAF) is an alternative technology for effective total
phosphorus (T-P) and algae removal in an existing sedimen-
tation process. The treatment time of DAF is less than one-
eighth of that for conventional sedimentation processes. It
was reported as an effective method for the removal of odor
and taste, non-precipitation matters such as algae, and dis-
solved organic matter and nutritive salts such as T-P, when
compared with coagulation/flocculation [3,4]. Moreover,
DAF has the advantage of reducing the installation area of
the WTP and simplifying the operation and maintenance
of the treatment process through an automated process in
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comparison with conventional sedimentation processes [5,6].
The conventional DAF process is operated at a hydraulic
loading rate of 5-15 m/h. However, high-rate DAF (HDAF)
with a hydraulic loading rate of 30-50 m/h has appeared
recently [7,8]. In the case of HDAF, an error in the design of
the flotation zone will cause the bubble—flocs to flow out with
the treated water because the hydraulic loading rate is faster
than the rising velocity of bubbles. The flotation reactor con-
sists of two parts: the contact zone and the flotation zone. In
order to prevent an outflow situation, the ideal fluid pattern
must be maintained within the flotation zone. In flotation
zones, there are three characteristic flow patterns: the strat-
ified flow on the surface, the plug flow in a vertical direction
below the surface, and the plug flow in a horizontal direc-
tion in the bottom layer. It is known that when these types of
flows are maintained, the DAF shows excellent performance
[9-11]. In DAF, it is important to design the flotation tanks
to have an optimized shape. This study aims to develop an
HDATF process that is able to increase the hydraulic loading
rate by means of internal configuration changes. The scope
of the study is as follows: (1) the variation in internal con-
figuration of the nozzle using HDAF, the analysis of bubble
characteristics, and the optimization of treatment efficiency
according to changes in location of the nozzle within the con-
tact zone; (2) the analysis of treatment efficiency according to
changes in the HDAF shape and height of slope baffle; (3) the
analysis of the treatment efficiency by changing the length
ratio of the horizontal baffle; and (4) evaluation of the treat-
ment efficiency according to the distribution pattern of the
perforated panel and the perforated rate.

2. Materials and methods
2.1. Synthetic water

The synthetic water that was used for the experiment was
based on the water quality of lake water as shown in Table 1.
CH,COONa,H,O (Daejung Chemicals, Korea) was used for
pH adjustment, Bacto-yeast extract (Difco, USA) was used as
a carbon source. Kaolin chemicals (Duksan Pure Chemical,
Korea) were used for turbidity and suspended solids (SS).
NH,Cl (Daejung Chemicals, Korea) and K,HPO, (Daejung
Chemicals, Korea) were used for nitrogen and phosphorous,
respectively.

Table 1
Quality of synthetic water

Lake water Component Synthetic water

(real water)

COD_: 18+ 0.5 mg/L

Bacto-yeast extract COD _:

o’

CH,COONa,H,0 20+0.5mg/L
SS: 73 £ 2 mg/L Kaolinite SS: 80 + 2 mg/L
Turbidity: 35 + 1 mg/L Turbidity:
40 +1 mg/L
T-N: 8 + 0.5 mg/L NH,CI T-N:10 + 0.5 mg/L
T-P:2 0.1 mg/L K,HPO, T-P:
4+0.2 mg/L

2.2. Schematic of the HDAF process

The schematic of the HDAF process is shown in Fig. 1.
Processchartof the HDAF consists of coagulation/flocculation,
contact zone and flotation zone. The experiment was
conducted by adjusting the hydraulic loading rate from
20 to 40 m/h using an 880 W pump (Wilo Co. Ltd., German).
Synthetic water was injected to the DAF reactor after pre-
treatment with a coagulant. The HDAF process produced
a shorter retention time of less than one-eighth the time of
the conventional DAF process. The aspect ratio of the flota-
tion zone was designed as a 1:1 square design, instead of the
1:12 existing aspect ratio, to deepen the depth of the reac-
tor. The nozzle, which is the part where the initial influent
of HDAF meets the bubbles, forces synthetic water in the
direction opposite to the inflow to enhance the bubble-floc
collision. With regard to the study elements, modification of
the slope baffle increased the efficiency of the flotation, the
short-circuiting of the upper flotation zone was controlled
through varying the length of the horizontal baffle, and the
perforated panel increased the hydraulic loading rate by
changing the distribution pattern of the perforated panel and
the perforated rate. Recycle ratio of HDAF was 15%.

2.3. Optimum dose of coagulant

In order to determine optimum dose of coagulant, the
synthetic water was conducted through a jar tester (Phipps
& Bird, USA). The jar test was conducted by measuring the
turbidity and T-P concentration after stirring as rapid mixing
at 130 rpm for 5 min, as slow mixing at 50 rpm for 15 min,
and after 30 min of precipitation. Optimum dose of coagu-
lant using DAF process is determined through conventional
method. The coagulant used was polyaluminum chloride
(PAC: AI(OH),Cl, 17%). Cation polymer (A-101P, Eyang Co.
Ltd., Korea) was used as a coagulant additive to measure the
optimum volume of coagulant. Also, in order to identify the
treatment efficiency of the synthetic water, turbidity and T-P
were analyzed, respectively. T-P concentration was analyzed
using a spectrophotometer (Hach Co. DR5000TM, USA) and
turbidity was measured using a turbidity meter (Hach Co.
2100N Turbidimeter, USA).

2.4. Measurement of micro-bubble size using a particle counter

To measure the size of the micro-bubble produced by the
saturator and nozzle, an online particle counter (Chemtrac,
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Fig. 1. Schematic of the HDAF process.
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Model PC, USA) was used. The method of measuring bub-
ble sizes using the counter equipment has been verified by
other researchers [13]. Particle counter monitor (PCM) means
measuring the distribution of sizes and numbers of bubbles
by laser scattering in a particle counter. A schematic diagram
of the measuring system is given in Fig. 2. For the same accu-
racy, PCM has a much shorter measuring time compared
with conventional image analysis methods [12,13]. The mea-
suring range covered eight channels and the bubble size was
measured from 2 to 80 pm in increments of 10 um. The injec-
tion flow was set at 100 mL/min.

2.5. Measurement of bubble volume concentration

The bubble volume concentration (BVC) was measured
by the serial water substitution method using an acrylic reac-
tor. After injecting pressurized water into the acrylic reactor
using a volumetric pump, the volume of generated bubbles
was measured using an air flow meter. The volume ratio of
collected bubbles from the pressurized water was calculated
as a dimensionless value.

2.6. Analysis of bubble characteristics in accordance with nozzle
changes

As shown in Fig. 1, the nozzle of the HDAF process is the
part where the pressurized water is sprayed through a satu-
rator at atmospheric pressure. In general, the nozzle is fitted
with a number of orifices and the bubble sizes and volume
are changed according to their arrangement [14]. The num-
ber of nozzle orifices was changed from four to eight under
the pressurized water condition and the same saturator. The
sizes and the volumes of micro-bubbles were analyzed for
the different nozzle configurations by PCM.

2.7. Effect of spray direction on micro-bubbles

In the normal DAF process, the flow of synthetic water
and the spray direction of micro-bubbles are in the same
direction. However, in this HDAF process, a reversed noz-
zle was applied to achieve micro-bubble flow in the oppo-
site direction to the flow of the synthetic water. The collision
capacity was enhanced by improving the combination of
bubbles and floc through the forced increase in collisions. The
ratio of flotation tank height vs. spray location (H /H) was
changed from 0.125 to 0.25, 0.5, and 0.7 to further investigate
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Fig. 2. Schematic diagram of PCM [12].

the efficiency of bubble—floc combination. For evaluating the
combination efficiency of the HDAF process, the location
ratio of the optimum spray was decided by the removal of
turbidity and T-P in the flotation zone.

2.8. Effect of the slope baffle

The slope baffle increases the flotation capacity of parti-
cles by raising the surface area of synthetic water contacting
with micro-bubbles in the flotation zone. To prevent short
circuiting flow at the flotation zone, the height ratio of the
slope baffle and the shape should be controlled. Various
studies have been conducted by several researchers on the
height ratio of the slope baffle and the shape [9,11,15]. As
shown in Table 2, three height ratios of the slope baffle and
two shape types were used.

2.9. Effect of the horizontal baffle

As the hydraulic loading rate increases in the conven-
tional flotation zone, cases of short circuiting flow in the zone
after the slope baffle have been reported [10]. The shear force
generated in the flotation zone causes the lowest water qual-
ity in bubble—floc treatment. Therefore, to achieve effective
flotation, it is necessary to control the upper part flow using
a horizontal baffle. Fig. 3 shows the effect of each baffle by
changing the ratio of the horizontal baffle (W,/W) from 0.165
to0 0.33 and 0.495, in terms of surface area of the flotation zone.

2.10. Effect of the perforated panel

A previous study reported that the flow at the bottom part
of the flotation zone (B zone) shows a fast velocity distribution
as it is close to the outlet, and it showed irregular fluid flow
by the short-circuiting flow [15]. Parts of the sludge are spilled

Table 2
Height ratio of slope baffle as a function of baffle
Type Height ratio (H/H)
0.55 0.65 0.75
Linear slope baffle L55 L65 L75
Bend slope baffle B55 B65 B75
Horizontal baffle
Slope baffle W, e
| |4_, _l -
F 3
H
Y Y H,
H,
A 4 h 4 A 4
- =

Fig. 3. (H /H) of flotation zone, (H /H) of slope baffle, and (W,/W)
of horizontal baffle.
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into the lower part of the flotation zone and increase the tur-
bidity of the treated water. Therefore, a porous perforated
panel was used to decrease the occurrence of short-circuiting
flow, as shown in Fig. 4. Table 3 presents the results of this
experiment, which was conducted by changing the perfora-
tion ratio and the perforation arrangement of each panel.

2.11. Computational fluid dynamics analysis of the HDAF process

To analyze the HDAF process using computational fluid
dynamics (CFD), the ANSYS Fluent V.16.5 program was
used. The HDAF process was analyzed as two-phase flow
of water and bubbles and the characteristics of the fluid flow
according to internal configuration changes were identified.
To identify the characteristics of fluid flow, a k—¢ turbulent
model was applied. With the application of the k—¢ turbulent
model, the result of the computational analysis is more rep-
resentative than the result of a numerical analysis assuming
laminar flow [16,17]. Therefore, this analysis was conducted
by applying the k—¢ turbulent model. The influent of synthetic
water and pressurized water were adjusted in terms of inlet
velocity. The treated water was adjusted in terms of outlet
pressure. The boundary conditions for this analysis were as
indicated in Table 4.

@ Rectangular panel

Horizontal baffle

Slope

baffle -‘ |

Additional
perforated panel

Perforated panel

Fig. 4. Perforated panel in flotation zone.

Table 3
Perforation ratio of perforated panel as a function of panel

Type Perforation ratio
0.25 0.50 0.75
Rectangular panel H25 H50 H75
Tapered panel 125 T50 175
Table 4
Configuration of HDAF
Location Boundary condition
Influent Velocity inlet

Inflow of pressurized water Velocity inlet

Effluent of treated water Pressure outlet

Wall No slip

3. Results and discussion
3.1. Bubble size and BVC depending on number of nozzle orifices

Fig. 5 shows the distribution of bubble size against the
number of bubbles as a function of the number of orifices in
the nozzle. Four, six, and eight orifices were used. Most of the
generated bubbles had a size of 10-30 pm. The results also
show that the average bubble size decreases as the number of
orifices increases. In addition, the generation of bubbles over
50 um also decreases.

Previous researcher shows that optimum the number of
orifice is dependent on specific flow rate generated in the
DAF system [18].

Table 5 indicates that the optimum BVC is 69 mL/L when
six orifices are used. The flotation time was 115 s, which was
an increase of 40% over conventional DAF [14]. This means
that the decrease in bubble size also decreases the flotation
velocity and increases the retention time of the bubble flota-
tion layer, which is significant for treated water.

3.2. CED analysis of the HDAF process

Fig. 6(a) shows the velocity distribution over the optimum
slope baffle at a hydraulic loading rate of 30 m/h.

The bubble—floc which passed over the slope baffle is
spilled through the outlet immediately due to the high veloc-
ity of the bubbles caused by the high hydraulic loading rate.

The flow structure was found to be matter of a limiting dis-
tance between the slope baffle top and the drainage pipe, and
between the top of the slope baffle and the water surface [19].

Fig. 6(b) shows that the treatment efficiency of the DAF pro-
cess with a horizontal baffle installed has been improved without
immediate spillage by inducing the retention of flow at the upper
part. However, even with the horizontal baffle, short-circuiting
flow still occurred, and this decreased the treatment efficiency
at the bottom part of the flotation zone. Therefore, as shown in
Fig. 7, the treatment efficiency of the DAF process was improved
by increasing the retention time due to the effect of suppressing
the water flow with the perforated panel.

3.3. Effect of spray location on micro-bubbles

Fig. 8 shows the effect of hydraulic loading rate in
accordance with changes in nozzle location and direction.

60

50 - Orifice 8
=0=Orifice 6
~-Orifice 4

Bubble number ratio(%)

0 10 20 30 40 50 60 70
Bubble size(pm)

Fig. 5. Bubble size vs. bubble number ratio as a function of the
number of orifices.
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The ratio of nozzle location and the depth of the reactor was
changed from 0.125 to 0.25, 0.5, and 0.7. Turbidity and T-P
removal are indicated for hydraulic loading rates of 20, 30,
and 40 m/h, respectively. The variation in the effects caused
by changing the nozzle location was within 5% at 20 m/h.
The optimum H /H was 0.25, and the removal of turbidity
and T-P was 89.5% and 94.1%, respectively. However, as the
hydraulic loading rate increased, the difference of removal
rate in respect of H /H increased. At a hydraulic loading rate
of 30 m/h, total efficiency was decreased and the removal
of HDAF was the most when H /H was 0.5. When the

hydraulic loading rate was 40 m/h, the optimum H /H was
0.7. As the hydraulic loading rate increased, the activation
area of enhanced collision also increased.

3.4. Effect of the slope baffle

The optimum shape of the slope baffle was the linear
for a hydraulic loading rate of 30 m/h, as shown in Fig. 9.
This means that the shape of the slope baffle is effective for
flotation separation if the water current flows are stable in
the flotation zone after the contact zone [10,15]. Moreover,

Table 5
Bubble characteristics of HDAF
HDAF nozzle Conventional
Orifices: 4 Orifices: 6 Orifices: 8 nozzle
Average bubble size (um) 45.4 34.2 31.5 41.2
Bubble volume concentration (mL/L) 54 69 63 55
Flotation time of bubble in the reactor (s) 84 115 124 75

0TS 0225

Fig. 6. Results of CFD analyses for (a) slope baffle and (b) slope
baffle and horizontal baffle.

0,050 0150

'[’f'ilrf!TT!'Tvvv.,--.,

[}

Fig. 7. Results of CFD for perforated (a) rectangular panel and
(b) tapered panel.



198 M.-S. Meang et al. / Desalination and Water Treatment 96 (2017) 193200

bubble-flocs should be injected into the bottom part of the
bubble-forming layer where flotation and separation occur
simultaneously. Therefore, the optimum height ratio (H/H)
of the slope baffle in the HDAF reactor is 0.65 and the removal
of turbidity and T-P showed is 69.1% and 74.8%, respectively.

3.5. Effect of the horizontal baffle

Fig. 10 shows the treatment efficiency according to the
length ratio of the horizontal baffle at the flotation zone,
when height ratio H/H of the linear slope baffle was 0.165.
According to previous research [20], velocity distribu-
tion with break-through flow was occurred as the velocity
increased. In order to decline break-through flow, horizontal
baffle was required to install in flotation zone. Therefore, the
horizontal baffle increased the treatment efficiency of DAF
by retaining bubble—flocs at the upper part after the slope
baffle. With a length ratio of the horizontal baffle of 0.33, opti-
mum treatment efficiency was achieved. When the length of
the horizontal baffle shortened, the velocity at the upper part,
which maintains the bubble layer, decreased. With a longer
horizontal baffle, the velocity was increased because of the
short distance between the slope baffle and the horizontal

100

£=0.7 (Turbidity)  ==30.5 (Turbidity)

025 (Turbidity) wmm0.125 (Turbidity) | 120

80 -0-0.7 (I-P) —=0.5 (I-P)

—-0.25 (1-P) ~CF0.125 (T-P)

60 80

40 60

Turbidity removal (%)
T-P removal (%)

40

20
20

20 30 40
Hydraulic loading rate (m/h)

Fig. 8. Turbidity and T-P removal as a function of hydraulic load-
ing rate and nozzle location.
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Fig. 9. Turbidity and T-P removal as a function of the height ratio
of the slope baffle (hydraulic loading rate: 30 m/h).

baffle. Immediate spillage of bubble-flocs then occurred and
the treatment efficiency was decreased. Using the horizontal
baffle with the optimum length ratio, T-P removal was 80.1%,
which is 5.3% more than with only the slope baffle.

3.6. Effect of the perforated panel

Therefore, Fig. 11 shows the results of the perforated
panel on treatment efficiency based on the perforated panel

120 120
=320 m/h (Turbidity) E=30 m/h (Turbidity) =40 m/h (Turbidity)
-0-20 m/h (I-P) —30 m/h (T-P) —A—-40 m/h (T-P)
100 o _ I 100
g 80 80
= o— o— | g
g =
£ >
S 60 60 £
£ 2
2 )
£ 40 40 =
=t
20 20
0o L 0
Non 0.165 0.33 0.495

Length ratio of horizontal baffle

Fig. 10. Turbidity and T-P removal as a function of the length
ratio of the horizontal baffle.

(a) 30 m/h

w
=3

-
X
s DORectangular panel
T 80
E OTapered panel
g B Additional panel
Ry
= 60
50
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100
~ 80
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<
E 60 DORectangular panel
2
5 40 B Tapered panel
z 20 ® Additional panel

Fig. 11. T-P removal as a function of the perforation ratio and
perforation array structure of perforated panels for (a) 30 m/h
and (b) 40 m/h.
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ratio and perforation arrangement, and for hydraulic loading
rates of 30 and 40 m/h, respectively. It is reported that per-
forated panel was used as the effect of evenly distribution
the flow [21]. When the hydraulic loading rate was 30 m/h,
Fig. 11(a), the optimum perforation ratio was 0.5, regardless
of the perforated panel arrangement. The treatment effi-
ciency of DAF was increased with the tapered type, and the
addition of an additional tapered type showed the highest
treatment efficiency. The T-P removal achieved was 98.0%.
When the hydraulic loading rate was 40 m/h, Fig. 11(b), the
flotation capacity of the bubble layer decreased inside the flo-
tation zone as the inflow of water increased in the reactor.
Therefore, the optimum perforation ratio increased and did
not affect the bubble layer. The optimum treatment efficiency
was achieved when the perforation rate was 0.75 and the per-
foration arrangement was also tapered. Turbidity and T-P
removal achieved were 49.1% and 53.2%, respectively.

3.7. Effect of total shape change

Fig. 12 shows the results for T-P and turbidity removal
for a hydraulic loading rate of 30 m/h, as a function of chang-
ing the slope baffle, the horizontal baffle, and the perforated
panel. In zone A, the treatment efficiency gradually increased
for height ratios of 0.75, 0.55, and 0.65 for the slope baffles
of bent type. The optimum slope baffle height ratio was 0.65
with a linear slope baffle. In zone B, the treatment efficiency
showed higher removal of T-P than turbidity for both zones
A and B for horizontal baffle length ratios of 0.165, 0.49, and
0.33. For zones C and D, the highest treatment efficiency was
achieved when the perforation ratio of the perforated panel
was 0.5. The tapered type perforation arrangement showed
better results than the homogeneous type. The addition of a
second perforated panel also showed higher treatment effi-
ciency than with a single perforated panel. As a result, the
optimum HDAF shape was shown to be when the slope baf-
fle type, baffle length ratio, horizontal baffle length ratio, per-
forated panel, and perforation ratio were linear slope baffle,
0.65, 0.33, additional tapered panel, and 0.5, respectively. The
treatment efficiency of this HDAF process showed turbidity
and T-P removal as 96.2% and 98.0%, respectively.

1.0
D) Panel Ete. zone A
@

0.9 c OBend slope baffle 0.75
~ ) Rectangular panel zone o Bend slope baffle 0.55
g A4 D Bend slope baffle 0.65
S ALinear slope baffle 0.65
N2
o 08 ° @Horizontal baffle 0.165
s
g B) Horizontal baffle zone o® © Horizontal baffle 0.495
= AHorizontal baffle 0.33
2 0.7 A) Slope baffle zone & @Rectangular panel 0.25
§ : N 0 Rectangular panel 0.75
o ARectangular panel 0.5
- ©® Tapered panel 0.5

0.6 o A Additional panel 0.5

0.5

0.5 0.6 0.7 0.8 0.9 1.0

Turbidity removal ratio (C/Cy)

Fig. 12. Turbidity and T-P removal as a function of types of slope
baffle, horizontal baffle, and perforated panel (30 m/h).

4, Conclusion

HDAF is an effective process to remove turbidity and T-P
more effectively than conventional DAF for high hydraulic
loading rates. However, various internal characteristics are
required to achieve HDAF. The nozzle, as the basis of the
DAF process, shows that the average bubble size decreases
when the number of orifices increases. Most of the gener-
ated bubbles had a size of 10-30 um. The optimum BVC was
69 mL/L when the number of orifices was six. A horizontal
baffle increases the treatment efficiency of DAF by retain-
ing bubble—flocs at the upper part after the slope baffle. The
tapered type perforation arrangement showed better results
than the homogeneous type. An additional perforated panel
showed higher treatment efficiency than with a single perfo-
rated panel.
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