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1. Introduction

Chemical engineering involves both physical and

Abstract

The hydrodynamics of stirred tanks and bubble breakup are crucial in
gas-liquid flows, yet this system has not been well characterized for different
operating conditions. In this work, the numerical method was used to
investigate the hydrodynamics of six- flat blades impeller (Rushton turbine)
and the results were employed to understand the bubble breakup behavior
in the stirred tank. Simulation results of predicted flow pattern, power
number, and the distribution of turbulence energy generated were
performed with COMSOL Multiphysics. Numerical results showed good
agreement with the experimental literature. The effect of rotational speed
on bubble breakup behavior, such as breakage probability, the average
number of daughter bubbles, and the breakage time was investigated using
the high-speed imaging method. The main finding is that the breakage
process occurs in the high energy area of high turbulence intensity, which is
located within a distance equal to the blade width of a radius of (15-35 mm).
The breakage probability (Bp) was found to be increased by 12.61 percent
for a mother bubble of 4 mm at 340 rpm, with an average fragmentation of
up to 22 fragments. Furthermore, the bubble breakage time was found to
decrease with increasing impeller rotational speed, with an average value of
19.8 ms.

Keywords: Stirred tank, Rushton turbine, CFD, Bubble breakup, Breakup time.
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industries contain many sectors that involve the use of
gas-liquid and liquid-liquid multiphase flows where the

chemical process which are employed to convert the
raw materials into useful products. On the industrial
scale, the main chemical processes involve mixing and
reaction of one substance with another [1]. Process

breakage of fluid particles plays an important role,
including the petroleum, food and pharmaceutical
industries., chemical reaction in the liquid,
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hydrogenations,  oxidations,  and
fermentations [2].

Dispersion is the process of creation suspended

bioprocess

(gas, liquid, and solid) particles in an immiscible fluid
and typically used to improve the mass or heat transfer
of a component from phase to liquid and vice versa
[3]. Dispersion is caused by high shear mixers, which
transport a lot of turbulent energy to the system.
Turbulence caused by this energy disperses the gas
bubbles throughout the liquid phase by breaking them
into small bubbles. As a result of this, the contact area
which is a n important industrial parameter between
the gas and the liquid is increased [4]. Due to the
flexibility of mechanically stirred vessels, made it a
commonly used equipment in the industry and one of
most common devices used to improve the dispersion
process in which the gas is injected at the bottom and
dispersed by stirring impeller where it produces higher
mass transfer rates.

1.2 Bubble break-up

A bubble break-up results into two or more
generated bubbles, and the interfacial area increases
and so does the interfacial transfer between phases.
The break-up process can be expressed as the balance
between hydrodynamic forces and surface tension
forces and form Weber number [5][0].

Therefore, different mechanisms of the bubbles
break-up are exist depending on the flow region
hydrodynamic.

In turbulent fluid, the break-up is occurring due to
bubble-eddy collisions. In laminar flow, the viscous
shear at the bubble surface will elongate the bubble
and cause break-up by velocity gradient. An additional
break-up mechanism that is common in natural and
industrial processes, fluid particles may break in
stagnant fluid due to density differences causing
interfacial instabilities.

1.3 Turbulent break-up mechanism

In turbulent condition which is the case likely
happening in stirred tanks, kinetic energy in form of
random fluctuations in velocity (known as eddies) is
the main mechanism for bubble breakup [7]. The size
of greatest eddies will be proportionate to the size of
the equipment that creates the flow (for example, the
blade width). The Kolmogorov scale (Ao), on the other
hand, represents the size of the smallest eddies.
Because of this the larger eddies exist for a longer
period of time than the smaller ones, this knowledge is
crucial to the effective design and scaleup of mixing
processes [7][8]. The size of eddies formed is
employed to distinguish the regime in turbulent
condition resulting in two basic regions ’turbulent
inertial regime’ and ’turbulent viscous regime’ as
shown in Fig.1. The droplets/bubbles in the turbulent
inertia regime are larger than the smallest turbulent
eddies[5]. The opposite is in the turbulent viscous
regime, where the bubble is smaller than the size of the
smallest eddies [9]. In addition to the size of eddies,
the contact period between a bubble and turbulent
eddies is efficient in causing a breakage [10]. The
energy of eddies that has length scales equal or lower
than fluid particle diameter will break the drop or
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bubble, while larger eddies simply transport them
[5][10][11]. To capture the effect of eddies it is
normally approximated by terms of the turbulent
energy dissipation rate per unit mass, & [11].
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(a) Turbulent inertial regime (b) Turbulent viscous regime

Figure 1: Presentation of two different turbulent
regime.

Hasan (2017) made a good review of the
existing particles (droplets and bubbles) breakage
mechanisms in stirred tanks. Three primary
mechanisms are proposed as a tesult of his
research [10]:

(@) Particle—eddy collisions: In the bulk region, the
particle deforms and breaks up due to collision
with the turbulent eddies that generated or
transported from the flow of the impeller
discharge region.

(ii) Shear of the blade: In the impeller region at the

boundary layer covers the front side of the blades

surface and the trailing vortex, the particle deforms
and breaks up as a result of the shear effects
generated from the difference between the gases
velocity inside the particles and the velocity of the
liquid flow at the particle-fluid interface.
particle-blade collision: The collision between the
fluid particle and the blade has been observed
experimentally and can result in a breaking without
or with small deformation, depending on the blade
geometry and agitation speed

(iii)

Thus, the hydrodynamics and the distribution of
the turbulent kinetic energy dissipation rate has a
major effect in determining the success of dispersion
process and the breakage rate as well as the stable
bubble size [12][5]. Mixing increases the break-up rate
which is necessary to build and solve the population
balance model (PBM) and knowing the bubble size
distribution. And therefore, increasing the interfacial
area of dispersion and reaction rate and products yield.
As discussed by Solsvik [13] and Liao and Lucas [14],
a number of bubble break-up models have been
proposed. However, because reliable bubble break-up
experimental data is limited, evaluating the accuracy of
bubble break-up models is difficult.

This work aimed to investigate the hydrodynamics
of stirred tank of six-flat blades Rushton turbine by
CFD simulation and characterize the bubble breakage
The effect speed was
investigated by determining the breakage probability,
average daughter bubbles generated by using a high-

behavior. of rotational

speed imaging technique.

2.1 Experimental materials and setup

The experiments were conducted at the
laboratoties of Department of Chemical Engineering/
Al-Nahrain University. As shown in Fig. 2, the system
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consists of a cylindrical flat bottom tank partially
baffled made from transparency material (acrylic glass)
filled with water as a continuous phase. The stirrer is
equipped with the acrylic shaft attached to Rushton
turbine (6RT). To avoid optical distortions, the
cylindrical tank is placed in a square glass tank
(360%360*360 mm). An air pump of the model (RS
Electrical Silent Aquarium air pump RS-628A with
two outlets) this type is available, cheap and at the
same time very practical, is connected to a Teflon tube
for injecting the bubble centered below the impeller.
A plastic tube was used to surround the injection tube
to protect the bubbles during the formation stage and
prevent the bubble from detaching earlier. Table 1
shows the dimensions of the stirred tank and the
injection system.

A plastic ball valve (inner diameter 6.3 mm) was
used to ensure a constant airflow rate (Q) during the
injection of the mother bubble. A high-speed camera
(Phantom Miro-C110) was used with a resolution of
the images of 1280%800 pixel and the recording speed
at this resolution 1200 frames per second (fps) at full
resolution. LED of 300 Watt for illumination and
Tachometer for calibration of the stirrer rotational
speeds. The experiments were conducted at room
temperature.

Table 1: Geometrical parameters of the stirred tank.

Parameter Value
Tank height, H, mm 400
Tank diameter, T, mm 180
Height of liquid surface, Ls, mm H
Injection distance below the 35
impeller, Ah, mm
Number of baffles, Nj 2
Baffle width, mm 18
Impeller diameter, Di, mm 70
Width of blade, W, mm 20
Length of blade, L, mm 20
Shaft diameter, Ds, mm 20
Impeller disc diameter, Dc, mm 40
Injection tube diameter, mm 4
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Figure 2: Experimental setup, 1-high speed camera,
2-computer, 3-outer glass tank, 4-inner cylindrical
tank, 5-stirrer, 6-impeller, 7-air pump, 8-gas control
valve, 11-LED lamp, 10- injection tube, 11-baffle.

2.2 Experimental procedures

The experiment was conducted in stirred tanks
with two baffles. The impeller made from transparent
acrylic material, which reveals the changes and
behavior of the bubble in the impellet's highly
turbulence area and indicates the number of fragments
bubble produced for each breakage. Impeller was
located at a clearance of 35 mm above the injection
position of mother bubble.

A mechanical gas valve was utilized to control the
injection rate, as a consequence, injected bubbles
develop and enter the high non-uniform turbulence
generated by the impellers. Due to the high rotating
flow currents in the tank, the injected bubble would
frequently detach from the sparger pipe before
reaching the desired size. The injected bubble size has
to be regulated for the range of stirring speed adopted
in order to examine the effect of increasing stirring
speed. An exterior plastic tube was utilized to frame
the sparger pipe to overcome this problem. The outer
tube protected the injected bubble from the flow
cutrents and finally reached its full size [15][16]. The
frame tube had a diameter of 10 mm. The inside
diameter of the injection pipe was 4mm, and the stable
diameter of injected bubbles was approximately 4 mm
for the range of investigated rotational speed.

Because the injection position affects the bubble's
trajectory [17][18], the sparger pipe was placed beneath
the impeller in center of the tank's bottom, where the
majority of injected bubbles can reach the impeller
region.

Each experiment captured at least 500 bubbles by
injecting the bubbles one by one. For low rotational
speed, an average of one bubble was injected every 4
seconds. As a result of the large number of fragments
created, and their buoyancy force, a slower injection
rate was employed for higher rotational speeds.

Image], an open-source program, was used to
analyze high-speed images of mother bubbles that had
broken. As seen in Fig. 3, image processing techniques
included background noise removal, thresholding, and
outline tracking to determine bubble size (diameter).
For size reference items, the blade dimension or any
known distance was employed. The diameter obtained
from the two-dimensional image was used to express
the size of each bubble.

Figure 3: Post processing of the pierced bubble
using Image] software.
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3. Computational approach
3.1 Geometry

The hydrodynamics generation in the system were
studied using software COMSOL Multiphysics 5.5. As
the setup is shown in Fig. 4, the flow field was
investigated in a cylindrical tank with a height of
H=400mm and a diameter of T=180mm. Two
symmetrical baffles were equipped width of W = 0.1
T to avoid vortex formation on the free surface. Water
is the working medium with density of (o= 998 kg/m?)
and viscosity of (u = 0.001 Pa-s).

The effects of rotational speed on hydrodynamics
in the tank were investigated. Simulations were
performed on a Lenovo Idea-pad 320 PC intel i7CPU
with 8 GB memory.
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Figure 4: Schematic diagram of the stirred tank.
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3.2 Mathematical model

In order to simulate the turbulent flow in the
stirred tank, partial differential equations (PDEs) are
used to describing the conservation of mass and
momentum within the flow system. The continuity
equation describes the mass conservation [19][20]:

% +V (o) =0 (1)

Reynolds  averaged Navier-Stokes’s
(RANS) equations are used to describe the
momentum conservation [19][20]:

P+ p(u V)u=V.[~pl+ (u+ pr ) (Vu +
Vu™) — 2 (4 pp) (VW)L — 2 pki] + f (2)

Where u represent the velocity of flow, and g is the
density of the fluid, p is the pressure, n is the fluid
viscosity, pr is the turbulent eddy viscosity and F is the
body forces. In all numerical analysis, the accuracy of
results that use Reynolds-averaged Navier—Stokes
equations (RANS) to model the effect of eddies
depends on the turbulence models used [21]. In CFD
simulation of flow and among numerous turbulence
models, the k-e model is considered to have a good
convergence rate and relatively low memory
requirements and can handle various fluid flow
conditions. Based on that, the k-¢ was the most
common model used characteristics for turbulent
conditions [20].

/L%Q)

The k-e model and RANS calculating the velocity
field by using turbulence viscosity [19][20]:

k2
pr = Cy 03)

The term (k) refers to turbulent kinetic energy and
describe the movement of large eddies [19]:

p% +p(u-Vk= V[(u+ z—:) Vk]+p — pe  ...(4)

The term (g) refers to turbulent energy dissipation,
and describe the energy dissipation of the small eddies
[19]:

a
po; (- Ve = V[(u+ HVelCe, 1 pic =

2

CSzp% (5)

The production rate of turbulence kinetic energy
and due to less computations are needed the stress is
calculated as average stresses described by the stress
tensor (Px) defined as [19]:

Pk = Ut [V. u(Vu + vuT) — gV . u2] - zpkv. u

..(6)

The parameters used in standard k- € model for
both liquid and gas phases are as follows: Cu=0.09,
Ce,=1.44, C;,=1.92, 0, =1.0 and 0,=1.3.

3.3 Computational details

The simulated cell in this study selecting 3D
component and the mixture model of (The Rotating-
Machinery, and Turbulent-Flow k- Interface)
supports the study of stationary and time-dependent
studies. The following assumptions were made in
order to lower the computational load without
dramatically altering the simulation results:

e The hydrodynamics generated in a stirred tank
doesn’t affect by dispersed phase and single-phase
fluid was examined.

e The turbulent of the system was computed using a
frozen rotor, which is an example of a steady-state
study.

Among the many methods that do not need the
requirements of experimental impeller boundary
conditions, multiple frame of reference (MRF) method
has lowest shortcomings in the mixing simulations
[22]. MRF is considered as the simplest approaches for
multiple zones and steady-state approximation for
modeling impeller rotation. In order to model a
rotating motion using CFD simulation approach, the
MREF divided the system into a static domain which is
include the fixed parts (walls, and baffles) and rotation
domain that includes rotating impellers. Models were
built using COMSOL Multiphysics platform.

3.4 Boundary conditions

Based on the experiment, the inner domain
rotates with vatious stirring speeds at 180, 240, 340
rpm. As for initial conditions we employ the following
assumptions:

e The process takes place at a constant temperature
of 20 °C.

e No-slip conditions (u=0) at all wall-fluid interfaces.
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e The pressure points constraint (P=0) at the upper

edge of the blade.
3.5 Mesh selection

The meshes are generated by COMSOL
Multiphysics 5.5 software. As shown in Fig.5.
Tetrahedral unstructured meshes were generated for
the inner domain. Moreover, Impeller region (10% of
tank volume) was meshed with half size of total grids
generated for the tank volume with a higher resolution
on the impeller blades and baffle walls where the
velocity gradients are expected to be high. The number
of elements and degree of freedom was selected to
achieve acceptable results for less simulation time.
General Minimal Residual Method (GMRES) is
an iterative method used to solve a non-
symmetric system of linear equations[23]. The
solution was considered to be converged when the
relative residuals was less than (104 for all the
simulations.
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(a) Mesh for the fluid domain (b) Mesh for the impeller

Figure 5: The mesh structure for the stirred tank
built in COMSOL software.

3.4 Theoretical calculations

The mean energy dissipation rate has a
nonuniformly distribution in stirred tanks, being much
higher in impeller region than in the remainder of the
fluid bulk. Therefore, the use of the total volume of
the liquid is inaccurate in calculating the dissipated
energy. Instead, assuming that most of the turbulent
energy is in the region around the impeller, we get an
alternative expression for (g) [24]:

p
&= o D3 (7)

The experimental data of more than 500 injected
bubbles were gathered for determine the bubble
breakup probability and the average number of
produced fragments (Na.). The bubble breakup
probability Bp was determined as the percentage
number of broken bubbles among the total injected
bubbles.

The bubbles breakage probability is given by [11][17]:

2 number of broken bubbles (Nb)
Z number of injected bubbles (Nt)

Bp%= X100 ..(8)

The mean average number of generated bubbles is

given by:

X bubbles produced
Navr = L -(8)
X number of broken bubbles
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4. Results and Discussion
4.1 Flow field pattern

The most common impeller and effective choice
used in the bioindustry and gas dispersion processes is
the six-flat blade disc turbine (Rushton turbine) shown
in Fig. 6(a) [24]. The CFD simulation results are
presented in this chapter. Fig.6(b) shows the radial
flow patterns generated by the Rushton turbine used
in the present work as in the vertical plots of the mean
velocity  vector. The discharged fluid flows
horizontally from the blade tips and once the
discharged fluid hits the wall tank, two symmetrical
loops of circulated flow are formed. The arrows of
mean velocity vector plot determine the direction and
length of the velocity magnitude generated [24].

Most of the mixing and gas dispersion
performance takes place near the impeller region [24].
Fig. 7 shows the intensity of dissipation rate of
turbulence kinetic energy in stirred tank that associated
with trailing vortices and described as randomly
distributed. The formation of trailing vortices behind
the blades of the impeller has consequences for
phenomena such as fluid particle breakup and cell
damage in bioreactors [24]. Horizontal plan Fig. 7(a),
illustrates the covered area of turbulence kinetic energy
dissipation rate with highest magnitude occurs at the
blades tip in the discharged fluid leaving the blades as
obtained by CFD simulation. It can be seen that it is
maximum at the blade’s tip and gradually decreasing
toward the tank wall. Vertical plan Fig. 7(b), shows the
weakly transmit of turbulence kinetic energy
dissipation rate above or below the turbine. This trend
of energy dissipation rate affects the dispersion of
bubble/drop in two-phase flow processes. It can be
seen that there is a relatively high level or energy
dissipation at the wall due to the presence of baffles.
4.2 Effect of rotational speed

Fig. 8 in vertical plan shows the effect of rotational
speed (N) on turbulence dissipation rate (g) generated
by Rushton turbine. Three rotational speeds were used
to examine that effect. The numerical results of
dissipation rate of turbulence kinetic energy show a
direct relationship with the increase in rotational speed
with maximum values at the blades. It is evident that
when (N) increases the turbulence increases especially
in radial direction. At highest speed the turbulence
dissipation becomes clearly pronounced. It is to be
noticed that the dissipated energy near the baffle
shows the effect of baffles which induce the
turbulence inside the stirred tank.

Fig. 9 shows a horizontal trend draw from the
center of the tank toward the tank wall. The intensity
of dissipative energy for all speeds located within a
distance equal to the blade width which equals to a
radius of (15-35 mm). The increase in energy within
this distance is non-linear, as shown in the graph, and
is followed by a drop along the path towards the wall,
before rising again at the baffles. The maximum
turbulent dissipation rate reaches maximum before
arriving the blades tip for all rotation speeds. This
means there is a high turbulence level and high
strength vortices at this location. At the blade’s tip, the
energy level is still high and few millimeters beyond
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this tip, it decreases considerably in radial direction. as 0.825, 1.94, and 5.5 m?/s? at the rotational speeds

The mean energy dissipation rate (€) was determined of 180, 240, and 340 rpm, respectively.
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Figure 6: (a) Rushton turbine. (b) Mean velocity vectors for radial impellers at N = 340 rpm.
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Figure 7: a,b Distribution of turbulence dissipation rate (&) at N = 340 rpm.
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Figure 8: Distribution of turbulence dissipation rate () at N1 =180 rpm, N2 =240 rpm, and N3 =340 rpm.
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Figure 9: Turbulence dissipation rate (¢) with different rotational speeds at C=H/3.2, N1 =180 rpm, N2 =240 rpm,
and N3 =340 rpm.

Fig. 10 represents the effect of rotational speed on
the power number (Po) which shows a horizontal
curve and slightly decreases with the increase in
rotational speed. This is due to the fact that at high
rotational speeds which have a Reynold number value
of (Re>10%), the flow is described as turbulent and the
power number almost constant. The experimental
prediction of previous works for turbulent region
determined the range of power number is
approximately 5-6 [25][26]. The error of predicted
power number was within 12.73%. This might be due
to the k- € model's constant parameter, which may not
be precise enough for the flow field in stirred tanks.
The accuracy of prediction the value of Po tend to
increase with the turbulence intensity, which is
consistent with the fact that all k-e models assume a
fully developed turbulent regime [27].

Power number vs. Rotational speed

e CFD

Literature

180 240

N, rpm

340

Figure 10: Power number with different rotational
speeds.

4.3.1 Bubble breakage behavior

Following the bubble from the point of injection
to the point of breakup using a high-speed camera
enable us to observe the dynamic behavior of bubble
breakage under different turbulent flow conditions.
Thus, determining the breakage probability (BP), and
the number of fragments (daughter bubbles)
produced, and breakage locations relative to the
impeller and understanding the governing break-up
mechanism.

Based on videos recorded, the spherical mother
bubble experiences different scales of deformation

41

which change its shape depending on the region
hydrodynamics. At low rotational speeds, the bubble
can reach the impeller disk and shift or suck by a low-
pressure zone behind the blade. The breakage takes
place in the high energy area after the relative scale of
deformation as can be seen in Fig. 11, Fig. 12.and Fig.
13. Analysis of the images shows us that the breakage
process goes through three stages: oscillation, then
elongation, and then break up into binary or multiple
fragments of equal or unequal sizes [5][16].

Those figures show different forms of elongation
deformation to form a thin thread, dumbbell shape,
and long tail with ball connected at one side. For
Rushton turbine, side elongation deformation was also
observed by Martin [28] and Hasan [21]. The side
elongation becomes relatively long and forming a thin
thread, this case was also noticed by Solsvik and
Jackobsen [29]. The breakage time (define as the time
taken from the beginning of the elongation to the first
breakage at the low-pressure area behind the blade)
shows an inverse relation with power input. For 50
tests, the breakup has an average time of 49.38, 39.84,
and 19.8 ms at 180, 240, 340 rpm respectively. The
decrease in breakage time was also observed by Zhang
[12] and explained this by increasing the eddy velocity
due to increasing energy turbulent dissipation rate.

10ms

Figure 11: Elongation deformation close to the
blades at N=180 rpm.
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-396ms -296ms

-426ms

20ms 24ms

Figure 12: Elongation deformation close to the
blades at N=240 rpm.

Figure 13: Side ball deformation close to the blades
at N = 180 rpm.
4.3.2 Bubble break-up statistics

Methods for increasing bubble break-up are of
interest because smaller bubble sizes are generally
desired in gas-liquid contact. This section discusses the
effect of increasing input power as one of the most
effective parameters on the dispersion process. Those
results of breakage probability and generated
fragments (daughter bubbles) number obtained
experimentally for 500 injection tests are determined
presented for the Rushton turbine (6RT).

In Fig. 14 and for turbulent conditions, the
breakage probability increases as the rotational speed
increases. The increase in Bp was about 12.61% when
the rotational speed increased from 180 rpm to 340
rpm. Increasing the rotational speed results in an
increase in the turbulence intensity and the velocity of
generated turbulent eddies as a function of increasing
the power input especially around the impeller as
shown in Fig. 9. The increase of breakup probability
with rotational speed was also observed by Solsvik [11]
and Hasan [10] in a stirred tank.

Fig.15, on the other hand, illustrates the average
number of fragments (daughter bubbles) generated as
a function of rotational speed. Breakage is largely
binary and tertiary at lower speeds. However, as the
rotational speed increases, it induced cascade breakage
and results in a considerable rise in the average number
of fragments where multiple breakages dominate. The
breakage results in generation multiple fragments due
to increasing the power input also reported by several
investigations Solsvik and Jakobsen [11], Hasan [10],
and Maass and Kraume [30].
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Figure 14: Breakage probability vs. rotational speeds.

6-Rushton
g 2>.000 3.5906x1.5139
g y = 3.5906x1. ® 22,066
2 200007 R = 0,9486
:; 15.000
S 10.000
Z ® 8052
£ 5.000
< 3.926
0.000
180 240 340
N, rpm

Figure 15: The average number of fragments vs.
rotational speeds.

5. Conclusion

Both experimental and numerical method were
employed to investigate the hydrodynamics generated
by six- flat blades Rushton turbine and its effect on
bubble breakage behavior. The predicted flow pattern
and power number in addition to the distribution of
turbulence energy is consistent with the literatures
results. High energy areas are found to occur close to
the blade's tip within a distance equal to the blade
width of a radius of (15-35 mm) in the radial direction,
as well as close to the baffles at the wall. The breakage
process occurs in three stages: oscillation, elongation,
and break up, and occurs in a high-intensity energy
area. The breakage probability (Bp) was found to be
increased by 12.61 percent for a mother bubble of 4
mm at 340 rpm, with an average fragmentation of up
to 22 fragments. Furthermore, the bubble breakage
time was found to decrease by 60% with increasing
impeller rotational speed, reaching an average value of
19.8 ms at 340 rpm.
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