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Three flow patterns of flooding, loading and complete recirculation in a gas-liquid stirred Rushton tank
were identified based on experimental observation. The gas-liquid system was composed of air and water.
Under different operating conditions of gas flow rate and impeller rotating speed, the distribution of gas
holdup near the region of impeller was measured using a 'y-CT scan method. Both quantitative digital
distribution curves of gas holdup and their qualitative color CT images were obtained. At the region of
impeller, there was a convex characteristic peak of gas holdup distribution both in radial and in axial
directions, and with the region being gradually away from the impeller, the distribution of gas holdup
became flatter. The values of gas holdup in S33 regime were a little higher than those in L33 regime.
Higher impeller rotating speed had some effect on the increasing of gas holdup at the region of higher
axial height. The experimental measurement results were basically consistent with those previously
published by Bombac. The hole number and diameter of sparger had little influence on the distribution
of gas holdup, while the sparger’s installed height had significant influence on them. When the sparger
was installed close to the bottom of Rushton tank, a comparatively smoother distribution of gas holdup
above the space of impeller could be obtained. The research results in this paper were useful for better
understanding of gas holdup distribution near the region of impeller of Rushton tank, and could also

provide experimental data for CFD simulation.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The gas-liquid hydrodynamics behavior, such as the dispersion
and mixing of gas-liquid system in a gas-liquid stirred Rushton
tank exhibited different flow patterns with the varying hardware
(the tank scale, the impeller and sparger’s details) and operat-
ing conditions (the flow rate of gas and the rotating speed of
impeller) [1]. The gas-liquid flow generated by the blades of rotat-
ing impeller interacted with each other and formed some trailing
vortices behind the blades of impeller, such as RC (ragged cavity
structures), VC (vortex clinging cavities), L33 (three large and three
small cavities) and S33 (three large and three clinging cavities) [2].
The size and shape of these cavities were used to identify differ-
ent flow regimes [3]. Some research efforts had been spent on the
identification of flow regimes [1-6]. For example, Nienow [4] and
Warmoeskerken [6] presented a flow regime map based on the gas-
filled cavity structures developed behind the blades of impeller.
On which, three flow patterns of flooding, loading and complete

* Corresponding author. Tel.: +86 73 58293284; fax: +86 731 58293284.
E-mail address: xdlyj@163.com (Y.-j. Liu).
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recirculation were identified and the normally operated loading
pattern was characterized in the presence of L33-S33 regimes [3].
These different flow patterns reflected different the dispersion,
mixing and flow behavior of gas-liquid system in Rushton tank.
Although there were some research on them [1-6], the relation-
ship among the flow regime, flow pattern, hardware and operating
condition was not yet adequately understood.

Different measurement techniques had been developed to mea-
sure the flow regimes near the region impeller of Rushton tank,
which included the global measurement technique combined with
visual observation [7-9], the hydrophone [10], the torque and pres-
sure sensor [2], the resistivity probe [11-14], and so on [15-17].
However, most of them were intrusive and point measurement.
Some works laid stress only on the identification and transition
of flow regimes [4,6,10,12,14], and the detailed information of
gas holdup distribution near the impeller of region were limited
[3,10,12,14].

CT was a non-invasive and tomography measurement method,
which was used in the detection of gas holdup distribution of
gas-liquid system or solid void distribution of gas-solid system
[18,19]. Recently, Liu [20] carried out a research on the distribution
of gas holdup and CT image in a gas-liquid stirred Rushton tank
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Nomenclature

Dr tank diameter (mm)

Dy impeller diameter (mm)

H tank height (mm)

V4 axial height (mm)

n impeller rotational speed (rps)
q gas-flow rate (L/min)

Fl Flow number, Fl=q/(nD73) (dimensionless)
Fr Froude number, Fr=n2Dr/g (dimensionless)
g gravity (m/s2)

Subscripts

i particle group i

j particle group j

using the CT scan method. However, Liu’s research only focused on
the influence of gas flow rate and impeller rotating speed on the
distribution of gas holdup at 3/4 static liquid height, and the infor-
mation of gas holdup distribution near the region of impeller had
not been reported.

The current work attempted to obtain the distribution of gas
holdup near the region of impeller using the CT scan method. The
influence of sparger’s hole number, diameter and location on the
distribution of gas holdup near the region of impeller was also
examined.

2. Experiment
2.1. Experiment facilities

The Rushton tank was a cylindrical perspex tank of Dr=200 mm
diameter with four baffles of width D7/12.5, and a six-blade Rushton
impeller of diameter Dy/3 with the blade height Dy/15 and width
Dr/12. A shaft of diameter 3D7/100 connected the impeller, which
was set at the axial height of Dy/3. A ring sparger of 0.315Dr diam-
eter with two types of equidistant small holes (8 holes of diameter
1.5 mm and 16 holes of diameter 0.5 mm) was used, and the sparger’
off-bottom clearance was Dr/20. The gas-liquid system was com-
posed of air and water. The whole geometry of Rushton tank was
depicted in Fig. 1.

Dy 12,5

The CT set-up consisted of seven fan-arrayed Nal (TI) detec-
tors with a span of 5° between each other, and a 100 mCi lead
shielded 137Cs source located at the opposite central point of
the fan-arrayed seven detectors. The seven Nal (TI) detectors
and 137Cs source were installed together on a ring-shaped plate,
which could both rotate and moved up and down around the
Rushton tank using two stepper motors. A thick lead shielding
in front of source was used to make y-ray emit in the form of
fan beam, and in front of each detector, a lead collimator was
used to collect y-ray. The CT set-up was illustrated in Fig. 2.
More details about it could be found in the related references
[20,21].

2.2. CT scan measurement

After fixing the CT set-up at some axial height of Rushton tank,
first, the seven fan-arrayed detectors made a fan-movement of
total 4.8° at a clearance of 0.2° around the source from one side
to another side of the Rushton tank, so as to acquire 25 indepen-
dent projections for each detector in a view scan, and then quickly
rotated back to their original positions. Then, the ring-shaped plate
of seven fan-arrayed detectors and 137Cs source together circum-
rotated 3.6° around the Rushton tank to begin a next view scan,
until 100 views were acquired in this way. Finally, a total of 17,500
projections (25 x 7 x 100) were acquired in a 360° circle scanning
range to meet the need of enough projections through per pixel for
CT image reconstruction of gas holdup distribution.

According to the spatial resolution of CT set-up, the cross-
section of Rushton tank was divided into 10,000 pixel units of
2mm x 2 mm. Through processing of the massive random statis-
tical attenuation signals of 17,500 projections, an E-M algorithm
based on the principles of maximum likelihood [22,23] was used
to obtain a time-averaged value of gas holdup in each pixel. Thus,
10,000 time-averaged values of gas holdup were obtained on the
cross-section of Rushton tank, on which the CT color image could be
formed. Then, a radial distribution curve of gas holdup with dimen-
sionless radius could be obtained by averaging time-averaged
values of gas holdup in each pixel along different concentric annuli
at an interval of 0.02 dimensionless radius.

Changing the CT set-up at different axial heights of Rushton tank,
both the color CT images of gas holdup distribution and their radial
distribution curves of gas holdup with dimensionless radius were
obtained through CT scan. Finally, an axial distribution curve of

Dy/3

Fig. 1. The Rushton tank.



Table 1

The experimental conditions for flow pattern.
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Gas flow rate (L/min)

9.44

18.88

28.32

Flooding to loading
Loading
Complete recirculation

350" (FI=0.09, Fr=0.23)
500" (FI=0.06, Fr=0.47)
800" (FI=0.04, Fr=1.21)

470" (FI=0.14, Fr=0.42)
600" (FI=0.11, Fr=0.68)
800" (FI=0.08, Fr=1.21)

530" (FI=0.18, Fr=0.53)
640" (FI=0.15, Fr=0.77)
800" (FI=0.12, Fr=1.21)

" The rotating speed of impeller (rpm).

gas holdup could be obtained by averaging values of gas holdup at
different axial heights of Rushton tank.

3. Result and discussion
3.1. The flow regime and flow pattern

Based on the cavity structures developed behind the blades of
impeller, the flow regime map in Fig. 3 was given in dimensionless
flow number FI (the ratio of the sparger rate of gas to the rate of
pumped liquid), and dimensionless Froude number Fr (the ratio of
inertial or centrifugal force of moving-tangentially outward liquid
near the edge of rotating impeller to the gravitational force).

When the rotating speed of impeller increased from zero at a
given gas flow rate, first, the flooding was formed (Fig. 4a), where
the gas sparging produced and dominated the bubble column of
rising gas around the shaft. When the rotating speed of impeller
further increased to some critical speed, the flooding was suddenly

Detectors | source

Fr
14
1 Complete Recirculation
vc
0.14
Limited Recirculation .
Experiment
D -3 <+ Complete Recirculation
D ) ¢ Loading
3¢ Flooding to Loading
0.01 — — T —
0.001 0.01 0.1 1 FI

Fig. 3. The flow regime map.

Table 2
The experimental condition of axial gas holdup distribution.

Regime The current work Bombac’s work

L33 n=470rpm, q=18.88 L/min n=265.8rpm, g=100.2 L/min
L33-S33 n=600rpm, g=18.88 L/min -

S33 n=800rpm, g=18.88 L/min n=376.2rpm, q=100.2 L/min

changed into the loading, where gas bubbles were well distributed
above the space of impeller (Fig. 4b). When the rotating speed of
impeller further increased over the critical speed, the complete
recirculation loops of gas bubbles were formed both above and
below the impeller (Fig. 4c), which was caused by the splitting of
discharged flow from the impeller, upon reaching the tank wall in
radial direction. At this time, the impeller dominated the disper-
sion effects of rising gas from the sparging. These flow patterns are
marked on the flow regime map in Fig. 3, and the corresponding
experimental condition is listed in Table 1.

Comparing the experiment results with the flow regime map, it
could be seen that the experiment results basically corresponded
to the flow regime map. The normally operated loading pattern
was characterized by the presence of L33-S33 regimes [3]. This
was because that in the pattern of loading, massive gas cavities
could produce and develop behind the blades of impeller, and a
variety of gas bubbles mainly occurred near the region of impeller.
To obtain comprehensive information of gas holdup distribution
near the region of impeller, three typical experimental points in
Fig. 3 were chosen for CT scan in detail.

3.2. Axial gas holdup distribution

Under the experimental condition listed in Table 2, the axial dis-
tributions of gas holdup in Rushton tank were obtained according
to the method mentioned in Section 2.2. The results were plotted in
Fig. 5. Compared with Bombac’s experimental results [3], it could be
seen that, on the whole, there were similar axial distributions of gas
holdup in L33-S33 regimes, although both experimental conditions
of gas flow rate and impeller rotating speed were quite different.
Gas bubbles significantly appeared near the region of impeller and
exhibited a convex characteristic peak at this region. Below the
impeller, only little gas bubbles appeared. With the increase in axial
height, gas holdup distribution became flatter. Gas holdup in S33
regime was a little higher than that in L33 regime. Although the
gas flow rate here was lower than that in Bombac¢’s experiment,
higher gas holdup was still obtained. It was perhaps because higher
impeller rotating speed was adopted.

3.3. Radial gas holdup distribution

3.3.1. Digital distribution curve

After fixing the gas flow rate of 18.88 L/min, under different
axial heights (Z/H=1/3,4/9 and 1/2) and different impeller rotating
speeds (470, 600, 800 rpm), the radial distributions of gas holdup
near the region of impeller were obtained using CT scan measure-
ment. The radial digital distribution curves of gas holdup are shown
in Fig. 6.
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Fig. 4. The flow patterns at flow rate g=18.88 L/min: a - flooding, b - loading, and ¢ - complete recirculation.

At the same axial height, the radial distribution curves of gas
holdup were similar. At the central region of impeller, because of
the block-down effect of impeller disk on the rising of gas bub-
bles emitting from the ring sparger, gas holdup was quite low.

0.14 -
—m— $33(800 rpm)
g 0124 S33 g $33-133(600 rpm)
] A, 0
= (470 rpm)
£ 0.10-
w
x
o0
°  0.08- - _m
&
R |

S 006 AV 1
« A
el lt\,_/
= 0.04- —
= Rl a1
«< = =
® 0024 4, 4T

O'OO T T T T 1

0.0 0.2 0.4 0.6 0.8 1.0

Axial height, zZ/H

Fig. 5. The axial gas holdup distribution.

When the dimensionless radius was over 0.2, gas holdup began
to increase significantly and exhibited different gas holdup dis-
tributions at different axial heights. With the increase in axial
height, this convex characteristic peak of gas holdup distribution
became diverging and moved away from the edge of impeller
blades.

At the axial impeller height (Z/[H=1/3), the convex charac-
teristic peak of gas holdup distribution appeared at the edge of
impeller blades (0.34 dimensionless radius). After experiencing the
peak, gas holdup decreased sharply and became flatter with the
increase in dimensionless radius. Under three different impeller
rotating speeds (470, 600, 800 rpm), the distributions of gas holdup
were nearly over-lapped, and only after the dimensionless radius
reached 0.47, gas holdup was a little different. Higher gas holdup
appeared in S33 regime, lower in L33 regime, and the middle in
S$33-L33 regimes. At the axial height of Z/H=4/9, only when the
dimensionless radius was in the range of 0.25-0.5, gas holdup in
S33 regime was obviously higher than those in other two regimes.
At the axial height of Z/JH=1/2, gas holdup in S33 regime was
obviously higher than those in other two regimes. The above phe-
nomena showed that higher impeller rotating speed had some
effect on the increasing of gas holdup at the region of higher axial
height.
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Fig. 6. The radial gas holdup distributions at different axial heights (Z/H): a-1/3,b
- 4/9, and c - 1/2 with 18.88 L/min of gas flow rate.

3.3.2. CTimages

The corresponding color CT images of gas holdup distributions
in Fig. 6 are shown in Figs. 7-9. These CT images could clearly
demonstrate the cross-sectional distributions of gas holdup and
their changes. The darker the color of CT image was, the smaller
the value of gas holdup was. A black circle plane appeared at the
central region of CT images, which meant that gas holdup at this
region was quite low and proved the block-down effect of impeller
disk on the gas bubbles rising from the sparger. At the region of
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0.2 & . - 042
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a v . .
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0.8
0.6
0.4
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0.4
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o
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-0.8

1 “
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1 08060402 0 02 04 06 08 1
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Fig. 7. The CT images of gas holdup distribution at Z/[H=1/3: a - S33, b - S33-L33,
and c - L33. (For interpretation of the reference to color in the text, the reader is
referred to the web version of the article.)
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dimensionless radius
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Fig. 8. The CT images of gas holdup distribution at Z/[H=4/9: a - S33, b - S33-L33,
and c - L33. (For interpretation of the reference to color in the text, the reader is
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Fig. 9. The CT images of gas holdup distribution at Z/H=1/2: a - S33, b - S33-L33,
and c - L33. (For interpretation of the reference to color in the text, the reader is
referred to the web version of the article.)
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Fig. 10. The influence of sparger’s hole number and diameter on radial gas holdup
distribution in L33-S33 regimes at Z/[H=2/3: a - S33, b - S33-L33, and ¢ - L33.

impeller blades, a white ring area appeared, which meant that more
gas bubbles existed at this region and proved the break-down effect
of impeller blades on the gas bubbles rising from the sparger. With
the increase in axial height, the effects of both impeller disk and
impeller blades on the gas bubbles rising from the ring sparger
became weak. The gray CT pixels mixed with the “black” and the
“white” colors showed a comparatively uniform gas holdup distri-
bution at the outer region of CT images. At the same axial height,
the color of CT image in L33 regime was darker than that in S33
regime, which meant that more gas bubbles existed in S33 regime.
The above qualitative color CT images of gas holdup distribution
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Fig. 11. The influence of sparger location on gas holdup distribution in S33-L33
regimes at different axial heights (Z/H): a-1/6,b - 1/3, and ¢ - 9/10.

showed good agreements with the quantitative digital distribution
curves of gas holdup.

3.4. The influence of sparger

3.4.1. The influence of sparger’s hole number and diameter

With two kinds of spargers (8 holes of diameter 1.5mm and 16
holes of diameter 0.5 mm), the radial distributions of gas holdup
at four axial heights (Z/[H=1/6, 1/3, 2/3 and 4/9) were examined
respectively, which showed that the radial distributions of gas
holdup with two kinds of spargers were similar, and their chang-
ing trends were also almost the same. The typical result is shown
in Fig. 10. So, the hole number and diameter of sparger had little
influence on the radial gas holdup distribution.
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3.4.2. The influence of sparger’s installed height

When the sparger was installed at Z/H=1/20 and 1/6 respec-
tively, the radial distributions of gas holdup at three axial heights
of Z[H=1/3, 1/2 and 9/10 are examined in Fig. 11, which showed
that the sparger’s installed height had significant influence on the
radial distribution of gas holdup. At the axial height of Z/[H=1/3,
gas holdup and its distribution with the sparger’s installed height
at Z/[H=1/6 were respectively lower and smoother than those with
the sparger’sinstalled height at Z/H = 1/20, while at the axial heights
of Z[H=1/2 and 9/10, the situation was in reverse. So, in order to
obtain comparatively smoother distribution of gas holdup near the
region of impeller, the sparger was installed at the axial height of
Z/H=1/20.

4. Conclusion

Three flow patterns of flooding, loading and complete recircula-
tion in a gas-liquid stirred Rushton tank were identified based on
experimental observation. Gas bubbles mainly appeared above the
space of impeller and varied greatly near the impeller region.

The distributions of gas holdup near the region impeller in Rush-
ton tank were measured using y-CT scan method under different
operating conditions of gas flow rate and impeller rotating speed.
Both quantitative digital distribution curves of gas holdup and their
qualitative color CT images were obtained, which demonstrated
that there was a convex characteristic peak of gas holdup distribu-
tion at the region of impeller both in radial and in axial directions.
With the region being gradually away from impeller, the distri-
bution of gas holdup became flatter. The values of gas holdup in
S33 regime were a little higher than those in L33 regime. Higher
impeller rotating speed had some effect on the increasing of gas
holdup at the region of higher axial height. The experimental mea-
surement results were basically consistent with those previously
published by Bombac.

The hole number and diameter of sparger had little influence
on gas holdup distribution, while the sparger’s installed height had
significant influence on them. When the sparger was installed at the
axial height of Z/H=1/20, a comparatively smoother distribution of
gas holdup above the space of impeller could be obtained.

The research results in this paper were useful for better under-
standing of gas holdup distribution near the region of impeller of
Rushton tank, and could also provide experimental data for CFD
simulation.
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