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Abstract: Coaxial mixers have shown a uniform energy dissipation rate throughout the mixing tank
and a high mass transfer rate. However, to the best of our knowledge no investigation has been
conducted on the scale-up of the aerated coaxial mixers. In this study, the gas hold-up profile, en-
ergy dissipation rate profile, power consumption, and mixing hydrodynamics were explored to
keep the mass transfer of the large-scale mixer the same as its small-scale counterpart. The effects of
the impeller type, impeller speed, pumping direction, and aeration rate on the reliability of the pro-
posed scale-up technique were explored through electrical resistance tomography, simplified dy-
namic pressure method, and computational fluid dynamics.
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1. Introduction

The scale-up of the gas-liquid mixing process is a challenging task. Some of these
challenges are associated with the fluid’s non-Newtonian behavior resulting in oxygen
depletion zones upon scale-up. Coaxial mixers comprising of a central impeller and an
anchor have shown promising performance in mixing non-Newtonian fluids [1]. The
mass transfer coefficient, gas hold-up, power consumption, and flow hydrodynamics ob-
tained by an aerated coaxial mixer filled with non-Newtonian fluid have been studied by
a few number of researchers [2-7].

Mass transfer coefficient (kza) is a process limiting parameter in many mixing opera-
tions used in biochemical industries [8]. Because of that there have been many efforts to
maintain the mass transfer constant upon scale-up of a mixing tank [9-12]. It was shown
that the kia is largely depends on the specific power consumption and the aeration rate.
Thus, controlling the specific power consumption and proper aeration rate are crucial to
maintain the mass transfer rate of the large-scale mixer the same as the small-scale coun-
terpart [13,14].

According to the literature review, there has never been a scale-up investigation of
the coaxial mixer. Therefore, the main objective of this study is to determine the coaxial
mixer’s scalability by maintaining the mass transfer coefficient constant. In this study, a
scale-up analysis was carried out using two coaxial mixer scales containing a non-New-
tonian fluid. The gas hold-up profile, energy dissipation rate profile, mixing hydrody-
namics, and power consumption were investigated to propose a successful scale-up ap-
proach by exploring the effect of the impellers’ speed, aeration rate and central impeller
pumping direction.

2. Experimental Setup and Methods
Experimental Method
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A cylindrical tank with a diameter of 40 cm was used in this study as a small-scale
mixing tank. A large-scale mixing vessel was built based on the geometrical similarities
and with a scale-up factor of 1.5. Two impellers namely as a central impeller and an anchor
were mounted on to the upper and lower shafts, respectively. Each shaft was able to rotate
independently. The pitched blade impeller was used as a central impeller. The geometrical
parameters of both small-scale and large-scale coaxial mixer are listed in Table 1. The air
was introduced inside the mixing tank through a ring sparger. The operational conditions
used in this study can be found in Table 2. Carboxymethyl cellulose (CMC) solution with
a concentration of 0.5 wt% was used as a working fluid. The rheological data of the work-
ing fluid was obtained by a Rheometer. It was found that the rheological behavior of the
CMC solutions at room temperature (22 +1 °C) obeys the power-law model as follow:

T = 0.3875 y 08 (1)

where, T and y are the shear stress and shear rate, respectively.

The gas hold-up was measured using the electrical resistance tomography (ERT)
method. In this method the conductivity profile constructed for each plane of the ERT
system was used to determine the gas hold-up by applying the simplified Maxwell equa-
tion. The ERT systems employed for both large-scale and small-scale mixers were con-
sisted of four planes.

The mass transfer coefficient was obtained by dynamic pressure gassing-out method.
In this study, three dissolved oxygen meters were employed at different heights of the
mixing vessel to record the oxygen concentration inside the CMC solution.

The power consumption of each impeller was acquired from the relevant torque me-
ter. The residual torque due to the friction was subtracted from the measured torque to
obtain the net power consumption.

Table 1. Geometrical parameters of the coaxial mixers.

Mixer vessel Central impeller Anchor impeller
Diameter = 18.0
i = 40. , . ’ i =36. , width=3.1
Small-scale Diameter = 40.0 cm width = 3.4 cm, Diameter = 36.0 cm, width=3

height = 40.0 cm cm, height =36.0 cm

clearance =17.5 cm

Laree-scale Diameter = 60.0 cm, Dvljilgf;e_r 5= fz;m’ Diameter = 54.0 cm, width =4.7
8 height = 60.0 cm o cm, height = 54.0 cm

clearance = 26 cm

Table 2. Operating conditions.

Central impeller

Mixer Anchor impeller speed range  Aeration rate (vvm)
speed range
Small-scale  142-288 rpm 10-30 rpm 0.12
Large-scale ~ 95-210 rpm 10-30 rpm 0.08 and 0.12

3. Numerical Method

The numerical model to solve the gas-liquid multiphase flow was generated by AN-
SYS FLUENT (2020 R1) software. In this model the Eulerian-Eulerian approach was
adopted to solve the mass and momentum transport equations. The dispersed k — ¢ tur-
bulence model was implemented. The modified Brucato [15] drag model was utilized and
Sato [16] model was used to consider the bubble induced turbulence effect.

The moving zones inside the mixing tank were modeled by using the sliding mesh
technique. The top surface of the mixing vessel was set to the degassing boundary condi-
tion and the mass flow rate boundary condition was defined at the top surface of the
sparger.
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The time step used in this numerical model was 0.001 s. The mathematical model was
solved for almost 24 revolutions of the central impeller. The grid independency test was
performed. The 1,653,952 cells and 4,673,962 cells were found to be optimum grid sizes
for the small-scale and large-scale models, respectively. Both mixer scales were validate
using the gas hold-up profile, power consumption, and mass transfer coefficient.

4. Results and Discussion

Previously, it was found that the mass transfer efficiency obtained for the coaxial
mixer comprised of a pitched blade impeller in the upward pumping direction and an
anchor (PBU-anchor) in the co-rotating mode was higher than those for the other coaxial
mixer configurations [2]. Thus, in this study the PBU-anchor mixer in the co-rotating mode
was investigated.

As analysis of the cavity size and local gas hold-up is one of the methods to determine
the flow regime inside the mixing vessel [17]. Therefore, in this study the local gas hold-
up profile was investigated both experimentally and numerically. The local gas hold-up
profile obtained from the ERT plane located near the central impeller showed a good
agreement with the results attained from the CFD model. As can be seen in Figure 1, it
was found that at the higher power consumptions the cavity size at vicinity of the central
impeller was almost negligible and the mixing flow regime was under complete disper-
sion condition.

The results accomplished from ERT depicted in Figure 1a shows that the flow hydro-
dynamics was almost uniform throughout the mixing vessel. Furthermore, according to
the results illustrated in Figure 1b, it was found that the gas hold-up distributions in both
radial and axial direction were uniform and the cavity size generated by the coaxial mixer
at the vicinity of the central impeller was insignificant.

() (b)
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Figure 1. Gas dispersion upon scale-up: (a) 3D tomogram obtained from ERT, and (b) gas volume
fraction obtained from CFD (central impeller speed =192 rpm, anchor impeller speed =10 rpm, and
aeration rate of 0.12 vom, 0.5 wt% CMC)

The flow-regime attained by the coaxial mixer was further investigated by analyzing
the relative power demand (RPD). In order to measure RPD, the aerated power consump-
tion was divided by the unaerated power consumption. It was found that RPD has an
inverse relation with the cavity size. In another words, by increasing the cavity size the
RPD value obtained by the PBU-anchor mixer decreased. This was due to the fact that
under large cavity size conditions, only a small amount of drag force was produced
against the central impeller rotation and as a result the amount of the power consumption
obtained by the central impeller was decreased.

It was revealed that for the large-scale PBU-anchor mixer in the co-rotating mode
under the same specific power consumption and central impeller tip speed, the RPD re-
sults followed the same pattern as its small-scale counterpart upon scale-up. This finding
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was important since it showed that the large-scale flow-regime could be predicted based
on the flow-regime observed by its small-scale counterpart.

kia and the aeration rate (volumetric flow rate of air per volume of working fluid)
were kept constant at both small and large scales to investigate the performance of the
PBU-anchor mixer upon scale-up. The specific power consumption of the large-scale mix-
ing tank was found to be lower than that of the small-scale mixing tank when this method
was used as a scale-up approach to maintain the mass transfer coefficient constant. As can
be seen in Figure 2, it was observed that reasonable gas hold-up and the energy dissipa-
tion rate distributions achieved for the large-scale mixer. As shown in Figure 2¢, the fluid
velocity vector profile demonstrated that the flow regime acquired by the large-scale PBU-
anchor mixer in the co-rotating mode was under complete dispersion condition upon
scale-up.

(@) (b) (©

Figure 2. The performance of the PBU-anchor mixer upon scale-up: (a) gas hold-up profile (b) en-
ergy dissipation rate profile, and (c) fluid velocity vector (central impeller speed =173 rpm, anchor
impeller speed =10 rpm, and aeration rate of 0.12 vom, 0.5 wt% CMC).

5. Conclusions

The scale-up study was performed for an aerated coaxial mixer comprising of a
pitched blade impeller in an upward pumping direction as a central impeller and an an-
chor as a close-clearance impeller. The effectiveness of the scale-up study was assessed by
investigating the power consumption, energy dissipation rate, gas hold-up, mass transfer,
and fluid hydrodynamics.

It was observed that at the same central impeller tip speed and anchor impeller rota-
tional speed, the flow regime attained by the large-scale mixer was almost the same as its
small-scale counterpart. Furthermore, for the first time the scale-up study of the PBU-an-
chor mixer in the co-rotating mode was conducted successfully. The established scale-up
was based on maintaining the mass transfer coefficient constant between the two scales.
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