Journal of the Taiwan Institute of Chemical Engineers 66 (2016) 54-61

Journal of the Taiwan Institute of Chemical Engineers

Contents lists available at ScienceDirect

the TaiwanHstLuTe]
of Chenicall ENGINEErs:

journal homepage: www.elsevier.com/locatef/jtice

Numerical study on gas dispersion characteristics of a coaxial mixer
with viscous fluids

@ CrossMark

Baoqing Liu, Bolin Huang, Yanan Zhang, Jingliang Liu, Zhijiang Jin*

College of Chemical and Biological Engineering, Zhejiang University, Hangzhou 310027, Zhejiang, China

ARTICLE INFO

Article history:

Received 10 September 2015
Revised 9 March 2016
Accepted 24 June 2016
Available online 9 July 2016

Keywords:

Coaxial mixer

Gas dispersion
Viscous fluid
Numerical simulation

ABSTRACT

CFD (Computational fluid dynamics) method was used to study the gas dispersion characteristics of a
coaxial mixer consisting of an outer anchor and an inner Rushton turbine with viscous fluids. The flow
patterns of both phases and the distributions of shear strain rate, bubble diameter and local gas vol-
ume fraction were obtained. Using the total gas holdup and local gas volume fraction distribution as
criteria, gas dispersion performances of the coaxial mixer operating in counter-rotation, co-rotation and
single-inner-impeller rotation modes were compared. It was found that operating the mixer in counter-
rotation mode exhibited better gas dispersion performance than co-rotation and single-inner-impeller ro-
tation modes. Influences of inner impeller speed and fluid viscosity on local gas volume fraction distribu-
tions were evaluated. Results showed that increasing inner impeller speed is favorable to gas dispersion,
whereas increasing fluid viscosity is not. Finally, simulated and experimental results of the vertical gas

volume fraction profile in the region near the wall were compared, which showed a good agreement.
© 2016 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

Gas dispersion operations are widely encountered in food, poly-
merization, fermentation and sewage treatment industries. Flu-
ids in these industrial processes are usually of high viscosity or
pseudo-plastic, which imposes high requirements on the mixers.
Conventional mixers are only applicable to special conditions. By
contrast, coaxial mixers have the virtues of flexibility and adjusta-
bility. They can apply to a wide range of conditions, include those
conditions mentioned above [1].

Previous researches concerning coaxial mixers focused mainly
on their performance in single phase systems. Foucault et al.
[2,3] assessed the power consumption characteristics of several
coaxial mixers consisting of an outer wall-scraping impeller and
different types of inner dispersing impellers operating in counter-
and co-rotating modes with Newtonian and non-Newtonian fluids.
They found that the speed of the outer impeller has little effect
on the power draw of the dispersing impeller, whereas the speed
of dispersing impeller was shown to affect the anchor power con-
sumption significantly; the power consumption of the outer im-
peller would increase in counter-rotating mode and decrease in
co-rotating mode. They also proposed a new correlation based on
the impeller geometry for the generalized Reynolds number and
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the power consumption. Christian et al. [4-6] experimentally and
numerically studied the power consumption, mixing time, tracer
evolution, and flow characterization of coaxial mixers with dif-
ferent combinations of inner and outer impellers. Both co- and
counter-rotation modes were investigated and results showed that
operating the agitator in co-rotation mode exhibits shorter mix-
ing time than counter-rotation mode at the same power per unit
volume. Liu et al. [7,8] investigated the power consumption and
heat transfer performance of a coaxial mixer operating in an ag-
itating vessel full of malt syrup with high viscosity. By defining
a new characteristic diameter and a new characteristic speed, a
novel correlation for the calculation of the total power consump-
tion of the coaxial mixer was introduced. They also found that the
effect of the co-rotation mode and counter-rotation mode on heat
transfer is of little difference. Pakzad et al. evaluated the effects
of operating conditions (impeller speed, rotation mode, speed ratio
and fluid concentration) on the performance of coaxial mixers in
the mixing of yield-pseudoplastic fluids [9,10], and developed new
correlations for the generalized Reynolds and power numbers of
different kind of coaxial mixer configurations operating in yield-
pseudoplastic fluids [11,12].

For the gas dispersion characteristics of coaxial mixers, very
few investigations have been reported. Espinosa-Solares et al.
[13,14] studied the gas dispersion performances of coaxial mixers
consisting of a helical ribbon and either a Smith or a Rushton tur-
bine. By observing the bubble distribution in the stirred tank, they
found that coaxial mixers perform much better than individual
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Nomenclature

Cp Drag coefficient

dp Bubble diameter, mm

Eo E6tvos number

B Drag force, N

g Gravity acceleration, ms—2

h Height of monitoring point, mm
H Height of liquid level, mm

k Turbulent kinetic energy, m? s—2
Mo Morton number

Ni Inner impeller speed, rpm

No Outer impeller speed, rpm

Re Reynolds number

i Velocity, ms~!

Vg Gas flow rate, m3 h!

Greek letters

0 Density, kg m—3

1% Viscosity, Pa-s

o Volume fraction, %

o Surface tension coefficient, N m

£ Turbulent kinetic energy dissipation rate, m? s—3
subscripts

g gas

l liquid

impellers in terms of gas dispersion, and coaxial mixers can
also achieve good gas dispersion performance in both Newtonian
and non-Newtonian fluids. To further understand the gas disper-
sion characteristics of coaxial mixers with viscous fluids, more
investigations are necessary.

Experimental methods are usually adopted to study the gas dis-
persion characteristics of mixers. However, experimental studies
can hardly obtain such information as the shear strain rate dis-
tribution and flow pattern in the stirred vessel, which will greatly
limit the study of the gas dispersion characteristics of coaxial mix-
ers. By contrast, the CFD method does not have such limitations,
thus can make up for these shortages of the experimental method.

This work is an extension of our previous experimental research
[15]. Computational fluid dynamics software — CFX 14.5 was used
to study the gas dispersion characteristics of a coaxial mixer con-
sisting of an outer anchor and an inner Rushton turbine with vis-
cous fluids. Besides, to verify the reliability of simulation results,
gas volume fractions at six points near the wall were experimen-
tally measured and results from numerical simulation were com-
pared with the experimental data.

2. Configuration of the mixing system

The mixing system consisting of a vessel, an outer impeller, an
inner impeller, a ring sparger and coaxial shafts of inner and outer
impellers is shown in Fig. 1. The vessel with a diameter of 380 mm
is equipped with a standard elliptical head. The outer impeller is
actually an anchor because its crossbeam does not immersed in
liquid. Its outer diameter is 280 mm, and the width of its blades
is 38 mm. The diameters of the Rushton turbine and its center disc
are 133 mm and 90 mm, respectively. Its blade width is 27 mm. The
ring sparger is located at the height of 112 mm from the bottom. It
has a diameter of 120 mm and a cross section diameter of 18 mm,
and 24 holes with 2mm diameter are equispaced around its
circumference.

3. Mathematical model
3.1. Equations for two-phase flow

The gas-liquid flow in the stirred vessel was modeled using the
Eulerian two-fluid model, where both the continuous and the dis-
persed phases are treated as interpenetrating continua. The Eule-
rian modeling framework is based on ensemble-averaged mass and
momentum transport equations for each of these phases. These
transport equations can be written as:

Continuity equation:

0 _
3¢ (koK) + V (ot piclii) (1)

Momentum transfer equation:
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where k =1 for liquid, k = g for gas. P is the pressure which is
shared by both phases. ity is the effective viscosity and Flg is the
ensemble-averaged momentum exchange between the two phases.

In the Eulerian frame of reference gas is treated as a continuum,
so the gas phase should have the similar physical parameters such
as the turbulent viscosity with the liquid. These parameters play an
essential role in closing the above mass and momentum transport
equations.

The effective viscosity of the liquid phase is calculated as:

Weffl = M1+ e p + Mep (3)

where w, is the molecular viscosity of the liquid phase, u, is the
turbulent viscosity of the liquid phase and i is an extra term
due to bubble induced turbulence.

To obtain the turbulent viscosity of the liquid phase, the stan-
dard k-¢ model was used. It assumes that the turbulent viscosity
is linked to the turbulence kinetic energy and dissipation via the
relation:

2
Mt = C;uolk? (4)

where C;, = 0.09, the values of k and ¢ come directly from the dif-
ferential transport equations for the turbulence kinetic energy and
turbulence dissipation rate:
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where Cg,,Ce,, 0y and o, are constants and their values are 1.44,
1.92, 1.0 and 1.3, respectively. P, is the turbulence production due
to viscous forces and is given by:

o _ 2 _
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In addition, to calculate the extra term, ¢y, the model pro-
posed by Sato and Sekoguchi [16] was adopted, and therefore:

Mip = Cuppiotgdy |ty — 1y (8)

with a model constant C,p = 0.6.
The effective gas viscosity is formulated as:

Heffg = Mg+ Ui g (9)
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