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Process design of solid-liquid mixing in agitated vessels based on transport phenomena
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A chemical plant consists of many kinds of organically linked basic operations, so-called unit operations.
Even in the recent chemical industries, where digital technologies have streamlined chemical plants, the
performance of each unit operation dominates the productivity of the whole of a chemical plant. Mixing is
one of the most common unit operations in various chemicat processes, and the mixing device deals with
several functions simultaneously. The conventional agitated vessel is one of the most commonly-used
mixing devices, which contains a rotating impeller, baffles, a jacket or a coil for thermal control, and other
measurement instruments. Furthermore, the agitated vessel often plays a principal role in the processes as
a reactor due to the large throughput and high performance in physical transfer. In addition, the agitated
vessel is used supplementary in pretreatment and after-treatment processes. Consequently, the agitated
vessel deals with the fluid flow with different properties, including multiphase flows, which leads to a wide
variety of requirements for processes in the agitated vessel. In addition, although the operation of an agitated
vessel process looks simple, such as filling up the vessel with the working fluid and rotating the impeller,
but is actually not. The complicated t}ansport phenomena and distribution of physical values lead to
difficulties in designing processes using the agitated vessel. Hence, the optimal design of a mixing tank is
essential for the successful performance of the process in the vessel to accomplish an appropriate
hydrodynamic state which directly impacts the physical transport, process efficiency, and product quality.

Many industries deal with solid-liquid multiphase processes in the agitated vessel, such as agglomeration
of solid particles, mineral treatment, crystallization, preparation of the slurry, and synthesis of chemicals
using catalysts. The dissertation is devoted to resolving two issues in practical solid-liquid processes using
agitated vessels and providing beneficial guidelines to design processes and geometrical configuration of
the equipment. One issue is the need for the representative shear rate in an agitated vessel to'describe the
agglomeration process effectively. The spatial distribution of the shear rate in a vessel leads to difficulty
assessing the agglomeration behavior of suspended particles. Another issue is scaling on the vessel wall
around baffles. Although the scaling is a complex phenomenon including heat and mass transfer near the
vessel wall, the discussion in previous studies had been limited in the velocity magnitude near the wall,
Therefore, in the approach of controlling the hydrodynamies, transport phenomena near the vessel wall
must be investigated in detail to understand and suppress scaling on the wall.

This doctoral dissertation consists of five chapters. Chapter 2 investigated a particle agglomeration process
in an agitated vessel with a wide shear distribution. Chapteré 3 and 4 studied the scaling process in the
baffled agitated vessel and discussed the effect of clearance between baffles and the sidewall of the vessel.
Each chaptet can be summarized as follows, respectively.

Chapter 1 provided the general introduction about the agitated vessel as one of the devices for mixing
operation and summarized physical phenomena and mechanical components in an agitated vessel.
Subsequently, presenting some issues in the solid-liquid process in the agitated vessel, chapter 1 described
the objective and outline of this dissertation.

Chapter 2 dealt with a particulate process in an agitated vessel. The shear rate significantly dominates the
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orthokinetic agglomeration and breakage of solid particles in an agitated vessel. Thus, the impeller agitation
should provide appropriate shear for success in the process. However, physical values, including shear rate,
typically have spatial distribution, leading to difficulty estimating the representative value. This chapter
proposed a new representative shear rate which tool shear history of particles into account as a weighted
average shear rate based on thé local residence time. The applicability of the offered representative shear
rate for a Rushton turbine was investigated using a simplified model of the agglomeration behavior of solid
particles. It was shown that the proposed representative shear rate could successfully predict agglomeration
behavior in the vessel. This chapter also concluded that the representative shear rate by Metzner and Otto
provided better estimation when particle concentration was small, and the rotational speed of the impeller
was low.

Chapter 3 numerically analyzed the friction factor at the sidewall of the baffled vessel in the turbulent
regime. Considering the Chilton-Colburn analogy, the friction factor directly impacts the heat and mass
transfer near the vessel wall, Most of the research numerically investigating turbulent flow in an agitated
vessel often focused on the flow velocity distribution far from the wall. Thus, this chapter first validated
the near-wall velocity obtained by the used turbulent model, k-« SST model. The friction velocity at the
side.wall was calculated from the numerically obtained normal gradient of tangential velocity. Then, the
universal velocity profile near the sidewall using a paddle impeller was compared with the model proposed
by Hiraoka et al. (2007) and showed good agreement. At the sidewall of the vessel agitated by a
MAXBLEND® impeller, a large value of the friction factor was obtained in the range with a strong
discharge flow. On the other hand,.the friction factor was smaller in the other vertical range. The friction
factor drastically increased by adding baffle clearance, especially around baffles. This result implied that
baffle clearance could reduce scale on the vessel wall there. In addition, a large scale of the fluctuation of
friction factor was found, which may lead to the further enhancement of the heat and mass transfer.

Chapter 4; as a verification of the consequence in chapter 3, experimentally investigated the effect of the
baffle clearance in a practical process to overcome the issue of material deposition on the wall of the vessel.
The production reaction of magnesium hydroxide was conducted as a model of scale formation in a baffled
vessel agitated by a MAXBLEND® impeller, The increase in rotational speed of the impeller suppressed
scale growth both in cases with and without baffle clearance. In the case without baffle clearance, the
numerical simulation showed the flow impingement on baffles, which enhanced the removal of the scale
deposition. In contrast, the lower velocity magnitude behind the baffles resulted in the formation of more
scale in amount. Installation of baffle clearance caused contraction flow between the vessel wall and baffles,
and, consequently, higher flow velocity reduced the scale deposition there. Measurement of torque of the
rotating impeller showed that the installation of baffle clearance did not reduce energy consumption.
However, from the viewpoint of operating cost and process safety, it can be a promising approach to

improve process efficiency.

Chapter 5 gave conclusive remarks of Chapter 2—4 and suggested some potential future works.
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