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Abstract—Under the conditions of liquid phase inlet Re ranging from 9,836 to 56,206 and gas fraction o from 4.76%
to 66.67%, gas-liquid two-phase bubbly flow was investigated in a static mixer with three twisted leaves (TKSM) with a
diameter of 100 mm and an aspect ratio of 1.5. A high-speed camera Revealer-2F04M with a resolution of 1,920x1,080
pixels was used to capture the evolution of bubble groups at the different axial windows of mixer elements. The results
show that the flow pattern in the TKSM is still in bubbly flow at the flow rate of continuous phase Q; no more than 1.0
m’/h and gas fraction o higher up to 54.55%-66.67%. The Sauter mean diameter d;, of bubble groups gradually decreased
with the increase of the mixing elements number. With the given liquid flow rate Q,<1.0 m*/h, the Sauter mean diame-
ter d;, firstly decreased and then increased with the increase of gas flow rate. The local minimum of d;, was obtained at
Qs=0.72 m’/h and 84.5% of the ds/D, is in the range of 0.02-0.05. The relationship among Sauter mean diameter, the
inner diameter and the non-dimensional residence time 7 satisfies the correlation We**-d.,/D,=0.0267"".
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INTRODUCTION

Multiphase flow mixing widely exists in the chemical industry,
pharmaceutical industry, biological science, food production and
other processes. Gas-liquid two-phase flow; as a turbulent dispersed
multiphase flow in which dispersed phase and continuous phase
coexist, has strong turbulent interactions and its mixing is a com-
plex phenomenon [1]. Understanding and predicting bubbly flow
behavior between fluids is critical to improving production effi-
ciency and quality [2]. Increasing the mixing efficiency of the mixer
under the condition of low energy consumption is a criterion for
evaluating the mixer performance [3].

Static mixers are devices equipped with specific mixing elements
in a smooth tube for continuous flow and mixing applications. It
has no moving parts and the fluid flow is driven by the pressure
difference across the static mixer [4]. Static mixers can achieve bet-
ter mixing results with less energy consumption and be employed
as an alternative to replace the traditional stirred tank [5]. Bayer et
al. [6] found that a 0.6 L small continuous-flow static mixer could
replace a 6,000 L batch reactor to handle mixing of viscous materi-
als with residence time and energy consumption reduced by ~15,000
and 18 times, respectively. Thakur et al. summarized the potential
advantages of static mixers over conventionally agitated vessels [7].

The Kenics static mixer (KSM) employs helical Kenics elements
inside the bare tube for many process intensification industries. KSM
has become a standard static mixer that has been used commer-
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cially for many years. KSM consists of a series of left and right-hand
helical blades which are alternatively arranged and have been given
a twist angle of 90°-180° [8]. Hobbs et al. [9] numerically studied
the three-dimensional chaotic mixing characteristics in the KSM.
They found that the static mixer elements with twist angle of 120°
produced more energy efficiency than standard KSM [10,11]. Kumar
et al. [12] conducted numerical research on the pressure drop in
KSM under a range of Re=1-25,000. At higher Re with a range of
10,000-25,000, the pressure drop across the KSM increased signifi-
cantly. Zidouni et al. [13] numerically studied the axial and radial
gas phase distribution in the KSM under different initial bubble
sizes (3, 5.8 and 8 mm). The effects of Re number, Weber number
and number of mixing elements on the Fanning friction were eval-
uated by Haddadi et al. [14], who found that the Sauter mean diam-
eter decreased with the increasing of Weber and mixing elements
number.

The KSM also plays an important role in environmental protec-
tion. Tajima et al. [15] proposed a new method for ocean seques-
tration of the anthropogenic CO, by using a KSM. They experi-
mentally explored and analyzed the formation process of CO, drop-
lets and found that the size of the CO, droplet formation rapidly
decreased with the increase of the number of mixing elements [16].
According to arrangement of different spiral blades, MSM, KSM,
SSM, RSM static mixers can be formed. Tajima et al. [17] compared
the eftects of these four static mixers on the disposal of CO, droplets
and found that KSM can reduce the size of CO, droplets faster.

According to previous studies, some researchers have developed
many new types of static mixer in recent years. Wu [18] proposed
a new type of static mixer which is a single smooth tube equipped
with multi-twisted leaves in the circumference; it has better disper-
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sion mixing efficiency than KSM in the process of producing pro-
pylene oxide by propylene chlorohydrination reaction. Zhang et al.
[19] studied the effect of different combinations of two twisted
blades on the turbulent heat transfer performance in a double twisted
static mixer. They found that the effect of the dislocation angle be-
tween the two adjacent sets of twisted blades on the Nusselt num-
ber and pressure drop was significantly greater than the twist direc-
tion of elements. Meng et al. [20] conducted a numerical study on
the mixing characteristics of high-viscosity fluids in the novel static
mixers. The mixing efficiency of three novel static mixers was evalu-
ated through G value, particle distribution and stretching rates. It
was concluded that a static mixer with three twisted leaves (TKSM)
had the strongest micro-mixing ability in the novel static mixers.
However, the multiphase flow characteristics in the novel static mixer
are rarely studied. To reveal the bubble flow characteristics of gas-
liquid two-phase mixing process in a TKSM, an air-water two-phase
experiment was conducted under the liquid Reynolds number
Re=9836-56206 with average gas fractions or=4.76%-66.67% at the

inlet. The distribution of bubble d,, the dimensionless bubble diame-

ter and the relationship between Weber number and residence time
were used to evaluate the bubble performance in the TKSM.

PHYSICAL MODEL AND EXPERIMENT

1. The Physical Model of the Static Mixer

The physical model of the TKSM used in this experiment is
shown in Fig. 1. For the classical KSM, the mixing elements con-
sist of helical blades with a twist of 180° and the upper and lower
edges of the two adjacent groups of mixed elements are staggered
by 90° with their twist directions are opposite [21-23]. The advan-
tages of the TKSM structure are that three spiral blades with the
same twist direction are uniformly fixed on the shaft core at a cir-
cumferential angle of 120° and the adjacent two mixing elements
are oppositely twisted and staggered by 60° [18]. The TKSM model
of this experiment has an internal diameter of 100 mm and employs
13 groups of mixing elements which are numbered from the bot-

Fig. 1. The physical model of TKSM.
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Fig. 2. Schematic layout of the gas-liquid two-phase flow experimental setup: (a) Oil-free air compressor, (b) rotor flow meter, (c) ISEL 3D
synchronous coordinate traverse, (d) computer, (e) high speed camera, (f) TKSM, (g) cyclone separator, (h) water tank, (i) Wilo cen-

trifugal pump, (j) jet pump.
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Fig. 3. The experimental operating conditions: (a) The matching relationship between the Q. and Q, and the corresponding gas fraction dis-
tribution and (b) the relationship between experimental conditions and empirical Hewitt and Roberts flow pattern map for vertical

upward gas-liquid cocurrent flow.

tom to the top. The single spiral blades have a length of 60 mm, a
width of 40 mm (aspect ratio of 1.5), and a thickness of approxi-
mately 2 mm. With the same tube length and blade thickness, the
KSM employed in the experiment consists of four helical blades
with a length of 180 mm and a width of 100 mm.
2. Apparatus and Experimental Procedure

A schematic layout of the gas-liquid two-phase flow experimental
setup in TKSM is illustrated in Fig. 2. The air and water phases are
pumped by the oil-free air compressor (SY-95/7, Zhejiang Shengyuan
Compressor Manufacturing Co,, Ltd.) and stainless multistage cen-
trifugal pump (MHI802, Wilo), respectively. The two-phase work-
ing fluids encountered in the jet pump are located at the bottom
of the mixer. The inner tube diameter of the jet pump for water
and gas inlets is 25 mm and 14 mm, respectively. The volumetric
flow rates of air and water are measured by glass rotor flowmeter
(G10-15, Shenyang Beixing Instrument Co,, Ltd.) and stainless rotor
flowmeter (LZD-50/Y10/RR1/ESK, Shenyang Beixing Instrument
Co,, Ltd.). The measurement range of G10-15 and LZD-50 flow-
meters, which have a 1.5 accuracy class, was 0.2-2.0m’h and 1-
10 m’/h, respectively. The recycling liquid phase is separated from
mixture phases by a cyclone separator after effective mixing. The
mixing segments are placed in a plexiglass tube with an inner diame-
ter of 100 mm, and a square plexiglass jacket is employed on the
outside of the round tube to correct the distortion and refraction
[24,25]. The bubble groups in the vertical TKSM are evaluated by
a high-speed camera with 8-bit resolution and 1,920x1,080 pixel
window (Revealer-2F04M, Fuhuang AgileDevice High-tech Infor-
mation Technology Co., Ltd.). The measurement coordinates of
Revealer-2F04M high-speed camera are controlled by 3D synchro-
nous coordinate Traverse (234000 SDZ5835, Isel Germany AG) to
capture the four axial measurement windows named MW0627,
MW0752, MW1014, MW1279 from top to bottom, respectively.
The sampling images with the length of time series 25640 s are
online imported into the Dell Inspiron 3670 computer.

RESULTS AND DISCUSSION

1. Flow Pattern Identification

The air as dispersed phase and the water as the continuous phase
have an inlet flow rate range of Qz=0.20-1.20 m’/h and Q;=0.50-
4.00 m’/h. Thus, the inlet Re of liquid phase ranges from 9,836 to
56,206 and the corresponding gas fraction ¢ is in the range of 4.76%
to 66.67%. Fig. 3(a) shows the matching relationship between the
air and water phase and the corresponding gas fraction. This experi-
ment is based on a vertical upward gas-liquid two-phase flow model.
Due to the interaction of surface tension and gravity, the gas-lig-
uid two-phase flow in the mixing tube generates several flow pat-
terns which determine the mixing efficiency of the gas-liquid two
phases. It can be seen in Fig. 3(b) that the same operating condi-
tions in the smooth tube as above experiment mentioned in Fig.
3(a) are scattered in the slug flow region of the empirical Hewitt
and Robert flow diagrams [26]. The horizontal and vertical coor-
dinates represent the momentum fluxes of the liquid and gas phases,
respectively, expressed by G’/p (kg/s'm), where G (kg/m’s) is the
mass flow rate of the gas phase and the liquid phase.

The distribution of bubble groups in the different measurement
windows at lower and higher air fraction is depicted in Fig. 4 and
Fig. 5, respectively. At flow rate of continuous phase Q; higher than
1.0m*h and lower gas fraction (4.72%-16.67%), the diameter dis-
tribution of the bubble groups becomes smaller and the shape is
mainly spherical and cap-shaped. With the decreasing measure-
ment height in Fig. 4, the coupled effects among splitting func-
tion, radial mixing and flow reversal have an obvious inhibition on
the bubble coalescence. Furthermore, it can be clearly seen in Fig.
5 that the flow pattern in the TKSM is still in bubbly flow at flow
rate of continuous phase Q; no more than 1.0 m’/h and the corre-
sponding gas fraction o higher up to 54.55%-66.67%. Obviously, it
the dispersion function for bubble groups is clearly enhanced by
the mixing elements in the TKSM.

Korean J. Chem. Eng.(Vol. 37, No. 11)
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Fig. 4. The bubble group distribution in the different measurement windows of TKSM at lower air fraction (a) Q=0.60m’/h and
Q=020 m’/h, (b) Q;=4.0m’/h and Q;=0.2m’/h.
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2. Diameter Distribution of Bubble Groups

Image Pro Plus was used to calibrate the bubble diameter in the
gray pictures with an accuracy of one pixel of 152 pmx148 um.
The bubble diameter was evaluated by the average length of diam-
eters measured at 2 degree intervals and passing through bubbles
centroid. The distribution of bubble diameters can be character-
ized by the average diameter of the bubbles. In this study, the Sau-
ter mean diameter (d;,) was used as an indicator of the bubble
diameter distribution, defined as:

Znidz

Tndj
where, d; and n; represent the bubble diameter of the ith group and
its corresponding number.

From the bottom of the mixer, each group of mixing elements
was numbered and monitored, and the mean diameter of bubble
groups was obtained as shown in Fig. 6. From Fig. 6(a), the bub-
ble diameter in the TKSM obviously decreases gradually with the
increase of both the number of mixing elements and liquid vol-
ume flux at the same air flow rate. For much smaller flow rate dif-
ference between the air-liquid phases, there are two tendencies for

SMD (1
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Sauter mean diameter of the bubbles in the mixer: the bubble diam-
eter decreases at a faster rate in the first two groups of mixing ele-
ments and decreases linearly at a slower rate in the downstream
mixing inserts. In Fig. 6(a), the increase of continuous phase veloc-
ity causes the overall decrease of bubble ds,, especially in the case
of a high Reynolds number. The main reason for this phenome-
non is that the bubble groups are continuously split by the down-
stream mixing elements in a much shorter flow time. At the same
time, the shear flow field in the TKSM causes bubble fragmenta-
tion due to the instability of the larger bubble surface and the sec-
ondary flow collision [27]. On the other hand, the smaller bubbles
are less likely to be aggregated between the bubbles due to their
larger surface tension. Fig. 6(b) shows the probability density dis-
tribution of average bubble diameter at MW0751, MW1014 and
MW 1279, respectively. As the number of mixing groups increases,
the peak not only moves toward the smaller diameter but also
becomes much larger and narrower. The bubble diameter of dif-
ferent axial measurement windows exhibits a Gaussian distribu-
tion with long tails of larger bubbles. For the same tube length and
operation conditions, the characteristics of bubble groups in the
KSM was evaluated. In Fig. 6(c) the average bubble diameter in
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Fig. 6. The distribution profiles of bubble groups of (a) Sauter mean diameter and the number of the mixing element, (b) probability density
distribution, and (c) axial profiles of Sauter mean diameter in the TKSM and KSM.
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Fig. 8. Probability and cumulative density distribution of bubble mean diameter in TKSM.

the KSM decreases gradually with the increase of axial flow length
and liquid flow rate at the same air volume flux. The Sauter mean
diameter in the TKSM becomes much smaller by 39.94%-42.68%,
42.57%-48.71%, 38.62%-40.91% than that in the KSM for Q;=2.50,
325, 40 m’/h, respectively. As a result, the enhancement effect of
TKSM on dispersion and breakup of bubble groups is obviously
larger by 40.37%-44.10%.

In this experiment, the zero of ruler labels was set at the top of
the mixer. The distribution of the bubble ds, in the TKSM was eval-
uated in Fig. 7 with the different flow rates of liquid and gas phase
at the monitored windows MW0752 corresponding to the 9-10th
groups of mixing elements. In Fig. 7(a) the mean Sauter diameter
decreases when the liquid flow rate increases and becomes much
larger than the given air flow rate. There is a nearly linear relation-
ship and the diameter of the bubbles ds, can be predicted by the
fitting relationship as follows: d;,=—1.071Q;+6.8. Furthermore, in
Fig. 7(b), the bubble ds, in the TKSM decreases when the air flow
rate gradually increases from 02 to 0.72m’/h at Q=0.60 m’/h.
Similar profiles between d;, and air flow rate could be obtained for
Q;<1.0m’/h. That may be induced by the increasing turbulence
which plays an important role in the breakup of bubbles. How-
ever, bubble d, increases when the gas flow rate increases and be-
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comes larger than the given liquid flow rate. This indicates that the
centrifugal force and bubble forces slightly improve the coales-
cence probability for smaller bubble groups.

Fig. 8 shows the probability and cumulative density distribution
of bubble diameters in the gas phase flow Q;=0.20-1.12 m’/h when
the liquid phase flow rate Q; is constant at 0.6 m’/h at the mea-
surement window MWO0627. In Fig. 8(a) the peaks of PDD shift
to the left and become much higher and narrower, which indi-
cates that the mean diameter of bubble groups gradually decreases
with the increasing gas flow rate until Q;=0.72m’/h. As it turns
out, just the opposite in Fig. 8(b): the peaks shift to the right again
and become much lower and fatter with the increasing gas flow
rate Qz=0.72-0.96 m’/h. Tt may be because the increasing chance
of collisions contributes to bubble coalescence. The mean bubble
diameter gradually stabilizes for Qz>1.04 m’/h due to the increas-
ing turbulence. In Fig. 8(c) and 8(d) the local minimum of ds, is
obtained at Q;=0.60 m’/h and Q;=0.72m’/h and the probability
of bubble diameter dg/D, less than 0.02 is 13.67% and 84.50% of
the dy/D, is in the range of 0.02-0.05. At Q;=0.60 m’/h and Q=
0.20 m’/h, the probability of bubble diameter d,/D, in the range of
0-0.02, 0.02-0.05 and 0.05-0.08 is 5.55%, 61.94% and 29.71%, respec-
tively. The curves exhibit long tails on the high bubble diameter of
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0.07-0.09, indicating that a subset of points experiences high bub-
ble coalescence. The extended tails on the lower bubble diameter
side of the curves indicate that the splitting, radial mixing and flow
reversal functions play an important role in the breakup of bubble
groups.

Because the diameter evolution of bubble groups is related to
the Weber number, Tajima et al. [15,16] experimentally investigated
the dependence of the dimensionless Sauter mean diameter of dis-
persed CO, droplets in a Kenics static mixer on the continuous
phase velocity. In Fig. 9 there is a linear relationship fitted based on
least square method with an acceptable deviation range of —10.68%-~
+11.236% between the dimensionless Sauter mean diameter of the
bubble and the Weber number at the monitored window MW0752
of the TKSM. The relationship among the bubble diameter, the
inner diameter of the mixer and the Weber number could be ob-
tained as follows:

d,,/D,=0.0879-We °* )

where We=u’oD,/c is the Weber number of the continuous phase,
p and u are the density and velocity of the continuous phase,
respectively; ois the surface tension.

In the mixing process of static mixers, the degree of mixing is
not only dependent on the inlet flow rate but also on the residence
time of the mixture in the mixer. Nevertheless, it does not contain
enough information about the residence time in Eq. (2). Accord-
ing to the previous experimental results [16], the diameter of the
bubble depends on the number of mixing elements and the flow
rate of the continuous phase. Hence, the ds, of the bubble diame-
ter can be expressed as:

(Ii)—tzkaemx 7 3)
where, m=—0.35, and k and s are constants; 7=t,/t, t,=NL/u is
the residence time, N is the number of mixing groups, and L, stands
for the length of a single mixing group; t =Dg/v; is the characteris-
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Fig. 10. Relationship between the dimensionless (d;,/Dy)xWe"** and
dimensionless residence time.

tic time, v;; is kinematic viscosity of the gas phase under the cur-
rent experimental conditions. Eq. (3) can be expressed in logarithmic
form:

1 (d” ") =log, (k) +1
0810 D_owe =log;o(k) +1og;(?) 4)

By this form, the relationship of Eq. (3) can be converted into
the relationship between ds,/DyxWe ™ and 7in Eq. (4). The rela-
tionship between all the dimensionless diameters of bubble groups
for various phase flow rates of water can be linearly fitted using
least square method as shown in Fig. 10. That is, the d;, of the bub-
ble groups is related to Eq. (4), regardless of the liquid phase flow
rate, where log,,(k) is the intercept of the fitted line and s is the
slope. The slope of the regression line in Fig. 10 is s=—0.17 and
k=0.026. Then, Equation 4 can be written as:

90,0265 We 0¥ 07 ©)
D()

The deviation profiles about dimensionless (d;,/Dy)xWe**® and
dimensionless residence time between Eq. (5) and the experiment
results are depicted as shown in Fig. 10. The empirical relationship
with a smaller deviation range of —8.74%~+6.96% could be used
to predict the bubble characteristics of TKSM with higher contin-
uous phase and lower gas fraction than 7.41%.

CONCLUSIONS

The bubble flow characteristics of gas-liquid two-phase mixing
process in a static mixer with three twisted leaves (TKSM) were
experimentally studied under the liquid Re=9,836-56,206 with
average gas fractions a=4.76%-66.67% at the inlet. The flow pattern
in the TKSM was still in bubbly flow at lower flow rate of continu-
ous phase Q;<1.0 m’/h and the gas fraction =54.55%-66.67%.

The bubble diameter decreased gradually with the increase of
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both the number of mixing elements and liquid volume flux at the
same air flow rate. The bubble diameter decreased at a faster rate
in the first two groups of mixing elements and linearly decreased
at a slower rate in the other mixing groups. As the number of mix-
ing groups increased, the peak not only moved toward the smaller
diameter but also became much larger and narrower. The diame-
ter of bubble groups exhibited a Gaussian distribution with long
tails of larger bubbles. The local minimum of d;, was obtained at
Q=060 m’/h and Qz=0.72m’h and the probability of bubble
diameter dg/D, less than 0.02 is 13.67% and 84.50% of the dy/D,
was in the range of 0.02-0.05. A general correlation among the
dimensionless Sauter mean diameter ds,, liquid phase We and the
non-dimensional residence time 7 was obtained as We"*-d,,/Dy=
00267,
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NOMENCLATURE

MW : measurement window

d;  :diameter of the single bubble [mm]

d;, :sauter mean diameter [mm)]

D, :inner diameter of the mixer [mm]

G :mass flow rate [kg/m’s]

n  :total number of bubbles in a mixing segment
n, :numbers of bubbles with the same diameter
N  :total number of mixing element

Q; :flow rate of gas phase [m’/h]

Q, :flow rate of liquid phase [m’/h]

Re  :Reynolds number

t, :residence time [s]

u  :velocity of continuous phase [m/s]

We : Weber number

Greek Letter

a  :gas fraction

p  :density [kg/m’]

o :surface tension [N/m]

T : non-dimensional residence time
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