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Abstract

Experiments on aeration from a bubble diffuser pipe having five aeration holes are
carried out to investigate effects of the azimuthal angle of the holes on flows inside and
outside the pipe. The azimuthal angle is varied by rotating the pipe. When the hole angle
becomes larger than a certain angle, the liquid height inside the pipe is fixed just below
the holes, which results in the prevention of slugging inside the pipe. The effects of hole
angle on bubble generation mode and bubble size are small except for the large hole
angles, at which generated bubbles are to break up due to an interaction between the
bubbles and the pipe wall. Hence uniform aeration is easily realized just by rotating the
pipe to some extent. Uniform aeration is also realized with a longer diffuser pipe having
ten aeration holes by rotating the pipe. The power in aeration is evaluated from the
pressure difference and the total gas inflow. Although the decrease in the hole diameter
is also effective to realize the uniform aeration, the increase in the azimuthal angle is

superior to the former from the point of view of energy saving.
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Nomenclature

D pipe diameter (m)
dpy aeration hole diameter (m)
d mean diameter of bubbles (m)
power in aeration (W)
I bubble frequency (Hz)
g gravitational acceleration (m/s”)
hc critical liquid height for slugging (m)
hr liquid height inside diffuser pipe (m)
0 gas flow rate (m’/s)
O total gas flow rate (m’/s)
Ou ideal flow rate (= Q/5) (m’/s)
u velocity (m/s)
€ maximum deviation of Q;
0 azimuthal angle oh hole (°)
o manometric head (m)
AP pressure difference between duct and exit of aeration hole (Pa)
p density (kg/m’)
Subscripts
G gas phase
L liquid phase

aeration hole number



1. Introduction

Aeration has been utilized in various practical applications such as bubble columns
and bioreactors in wastewater treatment to enhance mass transfer and liquid mixing [1-3].
Though the desirable aeration state depends on the purpose of applications, many
applications prefer uniform aeration [4-7], i.e. uniform distributions of the gas flow rate
and bubble size. Various types of gas spargers such as bubble diffuser pipes [4,8], sieve
plates [9] and membrane diffusers [10] are available for aeration. Bubble diffuser pipes,
which possess multiple aeration holes on their top sides, have often been used in various
applications.

Gas-liquid two-phase flows are formed in bubble diffuser pipes in some practical
applications. A bubble diffuser pipe in an MBR (membrane bioreactor) [8,11] intendedly
introduces liquid into the inside through a bottom opening to prevent blockage of the
aeration hole by dried sludge. Fan et al. [12] pointed out that an optimized aeration can
be realized at a gas flow rate smaller than a standard operating condition. Aeration at a
low gas flow rate is desirable from the point of view of running cost and for formation of
mono-dispersed bubbly flows. The decrease in the gas flow rate, however, can also be a
possible cause of liquid intrusion.

The authors investigated the relation between the flow inside a diffuser pipe and the
uniformity of aeration [8,11]. Figures 1(a) and (b) show examples of the flows inside and
outside the pipe, whose dimensions are given in Fig. 1(c). The pipe has five circular
holes (i = 1 = 5) of dy = 5 mm, where dy is the hole diameter. Air was flowing from the
left side at a constant flow rate, Q. O = 7.0x10-* and 3.0x10-* m%/s in Figs. 1(a) and
(b), respectively. The pipe was initially filled with water, and then the supplied gas
discharged some of the liquid in the pipe and flowed out through the aeration holes as
bubbles. The gas and the liquid were separated in the pipe at O;y = 7.0x10-* m*/s and all
the holes always opened for the gas. The distribution of th gas flow rate, Q;, from each
aeration hole was thus uniform as shown in Fig.2. On the other hand, liquid slugs were
formed inside the pipe at Q;y = 3.0x10-* m’/s when the liquid height became larger than
a certain critical value. The slug run toward the end of the pipe and disturbed the
aeration by covering the aeration hole. The slugging made Q; non-uniform as shown in
Fig. 2. One of the keys to realize uniform aeration even at low Qv is, therefore, to
prevent the slugging by making the liquid height inside the pipe lower than the critical
liquid height.
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(c) Cross-sectional view of bubble diffuser pipe

Fig. 1 Flow inside and outside bubble diffuser pipe (D is the pipe diameter.)
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Fig. 2 Distribution of gas flow rate, Q;, from each aeration hole

The decrease in dy increases the pressure drop at the aeration hole, which in turn
makes the pressure of the gas phase in the pipe higher. It would therefore be a simple
way to make the liquid height in the pipe lower by the high pressure. However, from the
point of view of the running cost, excess pressure drops should be avoided. We will
discuss this point again in Sec. 3.4. One of another possibilities to decrease the liquid

height is to change the position of the aeration holes, which may affect the position of



the gas-liquid interface. However there are only a few studies on the uniformity of the
gas flow rate from each aeration hole, and our knowledge on the effects of the position
of aeration holes on the gas flow rate is rudimentary. In this study, experiments on
aeration from the bubble diffuser pipe were therefore carried out to investigate the
effects of the hole position by varying the azimuthal angle of the holes. The hole
diameter and the diffuser length were also varied to investigate their effects on aeration

from the rotated diffuser pipe.

2. Experimental
2.1 Experimental setup and conditions

Figure 3 shows the experimental setup. The circular bubble diffuser pipe was
horizontally placed in the water tank. A horizontal rectangular duct was connected to the
pipe. They were made of transparent acrylic resin for flow visualization. As shown in
Fig. 1(c), the inner diameter, length and thickness of the pipe were 20, 260 and 3 mm,
respectively. The pipe has five aeration holes. The hole diameter dy was 5 mm and the
spacing between the neighboring holes was 50 mm.

Air at room temperature was used for the gas phase. Tap water was used for the liquid
phase and its temperature was kept at 25 + 0.5 °C. The liquid temperature was measured
throughout the experiments using a thermometer (Netsuken, SN3000, accuracy + 0.1 °C).
The tank was filled with the liquid. The elevation of free surface was 390 mm from the
bottom of the tank. The distance between the free surface and the pipe axis was 290 mm.
Some amount of the liquid overflowed the tank due to burst of bubbles at the free surface
and was returned using a pump to keep the elevation of the free surface constant. The gas
supplied from the compressor (HITACHI, SRL-2.2DA6) flowed into the pipe through
the regulator (Nihon-seiki, BN-3RTY), the flowmeters (Nippon flow cell, SPO-4; Nippon
flow cell, STO-4) and the duct. The gas flowed from the left side of the pipe at a
constant flow rate and discharged through the holes. The total gas flow rate, Qv, was
varied from 8.0x10~ to 3.0x10* m%s.

The azimuthal angle, 0, of the aeration holes was defined as the angle of the hole
centers to the vertical axis as shown in Fig. 4. The hole position was changed by
increasing 6 from 0° to 180° with the interval of 30°. A longer diffuser pipe having ten
aeration holes and pipes with dy =1 and 3 mm were also used to examine the effects of

the pipe length and dp.
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Fig. 3 Experimental setup
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2.2 Measurement methods
After the flow reached a quasi-steady state, bubbles released from each hole were

captured with a graduated cylinder of a certain volume. The gas flow rate, Q;, from the

ith aeration hole was obtained by dividing the cylinder volume by the capturing time.



The measurement was repeated 15 times for each hole to obtain an averaged value. The
differences, |Qw - 23, 0:|, were less than 1 % of QO under all the conditions.
Successive 8-bit grayscale images of flows inside and outside the pipe were taken by
using a high-speed video camera (IDT, MotionPro X-3). The shutter speed and the frame
rate were 1.9 ms and 300 fps, respectively. The pressure difference, AP, between the

duct and the aeration hole exit was measured using the manometers as

AP =p, g0 (1)

where p; is the density of the water, g is the gravitational acceleration, and 0 is the

manometric head shown in Fig. 3 (see Appendix for more detail).

3. Results and discussion
3.1 Effects of 0 on flow pattern and uniformity of aeration

In this section, discussion will be made mainly on flows at Qv =8.0x10° and
3.0x10-* m’/s. Hereafter these flow rates are referred to as Qo and Qpign, respectively.
The flow at Quign and 6 = 0° is shown in Fig. 5(a). A separated flow formed inside the
pipe and the gas-liquid interface in the pipe was wavy. Generated bubbles often
coalesced with trailing bubbles. The interfacial waves intermittently grew into liquid
slugs, which occupied the whole cross section of the pipe. The slugs traveled toward the
end of the pipe and covered some aeration holes, which prevented aeration. A similar
flow pattern was also observed at 6 = 30° (Fig. 5(b)).

At 6 = 60°, the liquid height was fixed just below the aeration holes throughout the
experiment as shown in Fig. 5(c). Slugs did not formed at this angle, so that bubbles
were continuously generated from all the aeration holes. The liquid height fixing also
took place for 8 > 60° as shown in Figs. 5(d)-(g), and all the holes always worked as
aeration holes. Especially for 6 > 150°, the inside of the pipe was almost dry because of
the lower position of the hole. The bubbles, however, irregularly broke up due to the

interaction between the pipe wall and the bubbles.
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Fig. 5 Flows inside and outside bubble diffuser pipe at Quign

The distributions of Q; at Qmign are shown in Fig. 6. At 6 = 0°, the aeration is not
uniform, i.e., Q; decreases with increasing i. This is because the liquid slugs disturbed

the aeration [8,11]. The distribution of Q; at 6 =30° is also non-uniform. Its



non-uniformity is, however, smaller than that at 6 = 0°. The distribution at 6 = 60° is
uniform, at which no liquid slugs were formed. Being similar to the distribution of Q; at
0 = 60°, that at 6 =90° is also uniform since slugging was prevented. The data for
0 > 90° are omitted from the figure since the distributions were almost the same as those
at 6 = 60° and 90°. The deviation of Q;, (Q:; - Qu)/Qu, from the ideal flow rate Qu
(= Ow/5) corresponding to the perfectly uniform aeration is shown in Fig. 7. The

maximum deviation decreases with increasing 6 for 6 <60° and becomes constant for

0> 60°.
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Fig. 6 Effect of 6 on distribution of Q; at Quion
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Fig. 7 Deviation of Q; from Qu at Quign

In our previous study [8,11], we confirmed that the onset of slugging at 6 = 0° is well

predicted by the following Mishima and Ishii's model [13]:

uG—uL20.487\/(pL_pGp)g(D_hL) (2)
G



where ug and u; are the gas and liquid velocities, pg is the gas density, D is the pipe
diameter, and 4, is the liquid height in the pipe. Applying u; = 0 and p; >> pg to Eq. (2)
yields

2
h, = D-422Pd%c
PLg 3)

The RHS of this equation represents the critical liquid height, 4, for slugging. The A¢ at
0 = 30° is represented by the white broken lines in Fig. 8(a), in which a wave of & > h¢
grows into a liquid slug. On the other hand, due to the liquid height fixing, A, at 6 = 60°
was lower than /¢ as shown in Fig. 8(b), and no slugs were formed. Thus the liquid
height fixing is the key for uniform aeration, and slugging can be easily prevented by

setting 6 > 60°.

0.000s

0.033s

0.067 s

(b) 0 = 60°
Fig. 8 Critical liquid height and gas-liquid interface at Quign

Flows at Q;ow are shown in Fig. 9. At 6 = 30°, the holes of i = 3, 4 and 5 were filled
with the liquid throughout the experiment. On the other hand, for 6> 60° the gas
reached the end of the pipe. The liquid height fixing took place, resulting in no slug
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formation and all the holes worked continuously during the aeration. Bubble coalescence
was not observed and the bubble release was synchronized for all the holes. The bubbles
were smaller than those at Qpigr. As shown in Fig. 10, the deviation of Q; at QOrow for
0 < 30° is much larger than that at Qu;cn. However it steeply decreases with increasing 6

from 30° to 60°. The effects of 8 and Qv on the maximum deviation
e =max((Q, -0y )/ Oy )

are summarized in Fig. 11. When QO < 3.0x10"* m’/s, the deviation is large for
0° <0 <30° i.c. the aeration is non-uniform due to the slugging. On the other hand,
uniform aeration is realized even in the low Q;y range just by setting 6 for 60° < 6 < 120°.
At higher Qv (= 5.0% 10 m3/s), aeration is uniform for 0 < 120°. It should be noted that
bubbles irregularly break up due to the interaction between the pipe wall and the bubbles
for 8 > 150° even though ¢ for 6 > 150° are small.

(b) 6 = 60°
Fig. 9 Flows inside and outside bubble diffuser pipe at Qrow
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Fig. 10 Deviation of Q; from Qy at Qrow
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3.2 Bubble diameter

Two bubble generation modes were observed. At Qrow, single bubbles were formed
without bubble coalescence as shown in Fig. 12(a). On the other hand, at Qn;cn, bubbles
were generated with coalescence between the leading and trailing bubbles as shown in
Fig. 12(b). In the following, these modes are referred to as mode I and II, respectively.
Figure 13 shows bubble generation processes at several 0. The bubble generation mode

is independent of 6 for 6 < 120°.
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Fig. 12 Bubble generation modes
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Fig. 13 Effects of 6 and Q, on bubble generation mode

The mean diameter, d;, of bubbles generated from the ith hole was evaluated as

_[eo
l T f 5 (5)

where f3; is the bubble frequency measured by counting the number of bubbles passing
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through the elevation 50 mm above the top of the pipe using the high-speed video images
for ten seconds. It should be noted that, in mode II, bubbles at this elevation were formed
by coalescence of two or three bubbles. For modes I and II, the distributions of d; were
uniform except for the cases, in which Q; were non-uniform e.g., (O, 0) = (Qrow, 0°)

and (Quicu, 0°) as shown in Fig. 14.
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Fig. 14 Effect of 6 on distribution of d;
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Fig. 15 d, plotted against Q;

Figure 15 shows d; plotted against Q;. The data for non-uniform aeration and for
0 =150° and 180° with irregular breakup of bubbles were omitted. The diameter
monotonously increased with increasing Q;. In spite of the difference in 6, the data lie on
a single curve. Hence the effect of 8 on the mean bubble diameter is small, and therefore,
the rotation of the diffuser pipe realizes uniform distributions not only of Q; but also of
d;. It should, however, be noted that the use of 6 > 150° causing irregular bubble breakup

1s not recommended.
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3.3 Long diffuser pipe

Flows inside and outside a longer bubble diffuser pipe (510 mm in length) having ten
aeration holes are shown in Fig. 16. The hole diameters and the pipe diameter were 5 and
20 mm, respectively. The pipe length and Q;y were twice as large as those in the case in
Fig. 5. At 6 = 0°, liquid slugs were formed. In addition, the gas did not reach the end of
the pipe. The distribution of Q; was non-uniform as shown in Fig. 17. On the other hand,
at 0 = 90°, the liquid height was fixed to the holes and the distribution of Q; became

uniform. Increasing 0 is thus very effective to easily realize uniform aeration.

(b) 6 = 90°
Fig. 16 Flows inside and outside diffuser pipe with ten aeration holes at Oy = 6.0x10-*
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Fig. 17 Effect of 6 on distribution of Q; at diffuser pipe with ten aeration holes at

O = 6.0x10-* m’/s

3.4 Effect of du

Figure 18 shows flows inside and outside a diffuser pipe with holes of dy = 3 mm and
Qrow. As in the case of 5 mm hole, liquid slugs were formed at 6 = 0° (Fig. 18(a)) and
30°. For 6 >60°, the liquid height was fixed to the holes, and therefore, slugging was

prevented as shown in Fig. 18(b). The gas flow rate also became uniform just by rotating

15



the pipe as shown in Fig. 19.

The flow at dy = 1 mm, Q.o and 6 = 0° is shown in Fig. 20. In spite of small 6, the
gas reached the end of the pipe and no slugs were formed inside the pipe. As shown in
Fig. 21, the deviation of Q; is small even at small 0, and 6 has no influence on the

uniformity. However generated bubbles tended to coalesce with some trailing bubbles.

 (b) 0 =60°

Fig. 18 Flows inside and outside diffuser pipe at dy = 3 mm and Qrow
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Fig. 19 Deviation of Q; from Qy at dy = 3 mm and Qrow

Fig. 20 Flows inside and " ’ rn, Orowand 6 = 0°
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Fig. 21 Deviation of Q; from Qy at dy = 1 mm and Qrow

The power, E, in aeration was evaluated as

The effects of dy and Qv on AP and FE in the case of 6 = 60°, at which the gas flow rate
was uniform at all dy, are shown in Fig. 22. The decrease in dy makes E significantly

larger. The increase in 0 is, therefore, superior to the decrease in dy from the point of

view of energy saving.
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Fig. 22 Effects of dy and Q;v on AP and E

4. Summary and conclusions

Experiments on aeration from a bubble diffuser pipe having multiple aeration holes
were carried out to investigate effects of the azimuthal position of the holes on the flows
inside and outside the pipe. The pipe diameter was 20 mm. The hole diameters were 5
mm. The azimuthal angle 6 was varied from 0 to 180°. The gas and liquid phases were
air and water, respectively. The total gas flow rate was varied from 8.0x10- to 3.0x10-*
m’/s. The flows inside and outside the pipe were observed using a high-speed video
camera. The gas flow rates, Q;, from each hole were measured by capturing generated
bubbles. A map for the uniformity of Q; in terms of the total gas flow rate and 0 was
presented. The mean diameter, d;, of bubbles was evaluated from Q; and the bubble
frequency. The effects of 6 for a longer bubble diffuser pipe and for smaller dy, i.e.
dy =1 and 3 mm, were also investigated. The conclusions obtained under the present

experimental conditions are as follows:

18



(1) When 0 becomes larger than a certain angle, the maximum liquid height inside the

pipe is fixed just below the holes, which results in the prevention of slugging.

(2) Uniform aeration is easily realized just by setting 6 > 60° due to the liquid height

fixing.

(3) The mean diameter of bubbles generated from each hole is uniform when Q; is
uniform. The effect of 6 on the bubble size is small except for 6 > 150° for which

bubbles irregularly break up due to the interaction between the pipe wall and the

bubbles.

(4) Increasing 0 is a better way to realize uniform aeration than decreasing dy from the

point of view of energy saving.

Appendix

The pressure difference, AP, between the pressure in the duct, Pg, and that at the
aeration hole exit, P,, was measured using the manometer as shown in Fig. A1. Hereafter
the liquid columns of the manometer attached to the duct and the tank are referred to as
column (a) and (b), respectively. The manometric head, 0, for the two manometer liquid

columns is given by

5=, =h,')-(h, -, (A1)
where 4, and h, are the liquid heights in column (a) and (b), and 4,' and 4;' are the
distances from the gas-liquid interface inside the pipe to the bottom levels of columns (a)

and (b), respectively. The pressures Pg and P, are given by

Ps=p,glh, —h,")+P, (A2)
P, =p,glh, -h,")+P, (A3)

where P, is the atmospheric pressure. Hence the pressure difference AP = Pg — P, is

given by Eq. (1), i.e. AP = p.gd.

19



Column (b)
_Column (a)

P..
] \V4
o
= Pe
/ 0 = 60°
£ === ol
)= Gas-liquid interface

Fig. A1 Measurement method of pressure difference
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