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The hydrodynamic performance of three mixers (single shaft central mixer (SSC), single shaft off-centred
mixer (SSO), dual shaft off-centred mixer (DSO), was investigated in the mixing of yield-pseudoplastic
fluids (xanthan gum solutions) in the laminar regime. To explore and determine the efficiency of three
mixers, both numerical and experimental approaches were adopted. The fluid rheology was described
by the Herschel–Bulkley rheological model. Computational fluid dynamics was employed to simulate
the apparent viscosity distribution, mixing time, and the flow pattern inside the stirred tank. The devel-
oped model was validated through experimentally measured torque. The influence mechanism of the
rotational speed and fluid rheology on the cavern evolution was explored deeply. The performances of
three mixers in this work were compared at the constant power input and fluid rheology with respect
to the flow pattern, mixing time, and mixing efficiency. The results verify that the faster the rotating
speed, the greater influence of the fluid rheology on the cavern evolution, and the more uniform apparent
viscosity distribution. Moreover, the mixing time decreases continuously as the increasing power con-
sumption per unit volume, and the dimensionless mixing time of DSO mixer was nearly 42.8% and
6.1% shorter than that of SSC and SCO mixer at the same Reynolds number, respectively. According to
the mixing efficiency criteria, these data also revealed that DSO was more efficient than SSC and SSO.
� 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.
1. Introduction predict cavern development. The classical models mainly included
The mixing of pseudoplastic fluid gradually become vital with
the development of modern chemical industry, which is exten-
sively applied in many industries such as polymer, food, biotech-
nology and cosmetics. The viscosity of pseudoplastic fluid is non-
uniformly distributed in different regions of stirred tank, which
leads to unique mixing performance [1–3], and a series of prob-
lems, such as gel formation, wall fouling, and accumulation, low
heat transfer, and high mixing time, forming well-mixed region
close to impeller (called cavern) with dead or stagnant zones in
the rest of the tank [4–9]. Therefore, it is particularly significant
to predict the evolution law of cavern, and eliminate cavern phe-
nomenon by obtaining the overall mixing of pseudoplastic fluids.

The scholars carried out much research on the characteristics of
cavern [10–15]. Different mathematical models were proposed to
the spherical model [16], cylindrical model [17], and torus model
[18]. It revealed that the cylindrical model was more suitable to
describe cavern characteristics than other models, while the spher-
ical model overestimated the size of cavern, and the torus model
might predict better the shape of the pseudo-cavern in mixing
the power-law fluids [19,20]. Hence, Wilkens et al. [21] and Xiao
et al. [22] established the elliptical torus model and apple torus
model respectively to better describe the size and shape of caverns.

In terms of optimizing and designing the mixing system, many
scholars were engaged in related research on the mixing of highly
viscous fluids. Luan et al. [23] dislocated the blades of the six-bent-
blade (6BT) impeller up and down, named it the impeller of per-
turbed six-bent-bladed turbine (6PBT), and compared the mixing
performance of stirred pseudoplastic fluids with the 6BT impeller.
The results demonstrated that the 6PBT impeller had stronger
chaotic characteristics in mixing pseudoplastic fluid under the
same working condition. Liu et al. [24] used a rigid-flexible impel-
ler to explore the chaotic mixing characteristics of high-viscosity



Fig. 2. Structure diagram of the Rushton impeller.
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stirred fluids. The results showed that the rigid-flexible paddle
could improve the largest Lyapunov exponents (LLE) of the system
by about 10.29% compared with the traditional rigid impeller. Gu
et al. [25] explored the laminar mixing characteristics of non-
Newtonian CMC solutions in a stirred tank, and found that the
dimensionless mixing time for punched rigid-flexible impeller
was shorter than that for rigid impeller and rigid-flexible impeller
at the same power consumption per unit volume (Pv). Aubin et al.
[26] investigated the mixing characteristics of multi-layer impel-
lers for high-viscosity fluids by computational fluid dynamics
(CFD). They concluded that the distance of the lower two impellers
was slightly reduced to ensure that the fluid could exchange
between the impellers when the Reynolds number (Re) was less
than 27. Pakzad et al. [27–29] used a concentric double-shaft stir-
red tank to carry out related research on the mixing characteristics
of non-Newtonian fluids. The results showed that the concentric
double-shaft stirred tank was more conducive to the mixing of
non-Newtonian fluids compared with traditional stirred tank.
Gabriel et al. [30] measured the mixing time based on the color-
changing technology of rapid acid-base reaction. They found that
the dual off-centered impellers were more likely to destroy the
separation area, and shorten the mixing time compared with the
single-center impeller. Cabaret et al. [31] investigated the hydrody-
namic properties of high viscosity Newtonian fluids by dual off-
centered impellers. The results suggested that dual off-centered
shaft mixer was more energy efficient than single shaft mixer,
and the mixing time of the counter-rotating impeller was shorter
than that of the co-rotating impeller in the stirred tank with dual
off-centered impellers.

It is clear from the above studies that unconventional mixing
strategies appear to reduce the mixing time in stirred tanks under
laminar flow and transition regime conditions. A thorough search
in the literature suggests that limited effort has been devoted to
the study of non-Newtonian fluid flows in a stirred tank with dif-
ferent impeller arrangements. Therefore, the focus of the present
study was to investigate cavern evolution of the xanthan gum solu-
tion and its mixing characteristics in stirred tanks with three
impeller arrangements (single shaft central mixer, single shaft
off-centred mixer, dual shaft off-centred mixer, i.e. single shaft cen-
tral mixer (SSC), single shaft off-centred mixer (SSO), dual shaft off-
centred mixer (DSO)). Three-dimensional numerical simulations of
the flow fields generated by the stirred tanks were carried out by
Fig. 1. Diagrams of the stirred tank with three imp
CFD. This study provides an exciting opportunity to advance our
knowledge of the cavern evolution of pseudoplastic fluids and
the arrangement of impellers in a stirred tank.
2. Experimental Set-up, Materials and Strategy

2.1. Experimental set-up

The structure of the cylindrical flat-bottomed stirred tank (di-
ameter is T = 240 mm) with three impeller arrangements, as shown
in Fig. 1. Four equally spaced baffles (width: w = T/10) were fitted
in the tank, the clearance from baffle to the tank wall was 2 mm,
and each shaft was equipped with a rotary torque sensor with
two flexible couplings to continuously measure the torque. For four
monitoring points, P1, P2, P3 and P4, their distances from the wall
were all 20 mm, the clearance of P1 and P2 from the off-bottom
was 40 and 160 mm, respectively. The off-bottom clearance was
300 mm for P3 and P4, P is the feed point of the tracer. As depicted
in Fig. 2, the impellers used in experiment were Rushton turbine
impellers (diameter is D = T/3), and the total height of liquid in
the tank was 500 mm. All of the blade thicknesses were 2 mm.
In addition, the dimensions of various parts are given in Table 1.

Taking the single shaft stirred experiment as an example, the
experimental setup is shown in Fig. 3. The main devices include
eller arrangements: (a) SSC, (b) SSO, (c) DSO.



Table 1
Dimensions of various parts in the stirred tank

T/mm b/T C/T d/T Dd/T e/T L/T

240 0.067 0.333 0.058 0.25 0.167 0.5

Fig. 3. Schematic diagram of stirred experimental system: 1—stirred tank; 2—stirred shaft; 3—electromagnetic speed regulating motor; 4—hydraulic lifting frame;
5—hydraulic pump; 6—data collection system.
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the lifting frame, stirred equipment, electromagnetic speed regu-
lating motor, and data collection system.

2.2. Materials and strategy

The xanthan gum solutions were used as the working medium
at concentrations ranging from 1.2% to 1.8%. The mass fraction,
densities, and rheological parameters of the xanthan gum solutions
applied in this study are listed in Table 2 [15].

The rheology of xanthan gum solution is by the Herschel–Bulk-
ley model [32,33], which can be expressed as:

s ¼ sy þ K _cn ð1Þ
where _c is the shear rate.

The average shear rate cavg can be calculated by the Metzner
and Otto’s method [34]:

cavg ¼ ksN ð2Þ
For radial flow impeller, ks = 11.5 [35].
The apparent viscosity ga of the solution and the apparent Rey-

nolds number Re* can be defined as, respectively:

ga ¼
s
cavg

¼ s
ksN

¼ sy þ KðksNÞn
ksN

ð3Þ

Re� ¼ ksN
2D2q

sy þ KðksNÞn
ð4Þ
Table 2
The rheological parameter of xanthan gum solution at different mass fractions

Mass fraction,
wt/%

Yield stress,
sy /Pa

Consistency coefficient,
K/Pa�sn

1.2 4.38 8.70
1.4 7.17 11.67
1.6 9.46 19.55
1.8 11.49 23.92
3. Numerical Methodology

3.1. Computational model

The rotational speed was set between 120 to 660 r�min�1 in CFD
calculation, and the corresponding Reynolds numbers (Re*) range
from 4.5 to 203.4. The laminar flow model was employed to simu-
late the mixing of xanthan gum solution in a stirred tank
[12,27,28]. The fluid domain was discretized with tetrahedral mesh
by the software Fluent 2020 customized. The whole solution
domain was divided into three zones, two inner rotating zones
enclosing the inner two impellers, and the inner static zone of
the rest of the stirred tank.

Meanwhile, the zones near the impeller and wall are refined
owing to the large velocity gradient. The meshing results of the
three mixers are shown in Fig. 4. The original 3D mesh had about
342800 cells. To verify the grid independence [27,33,36], the num-
ber of cells was increased to about 537200 and 786900, respec-
tively. These increases changed the velocity and power number
in rotor region by more than 3%. Finally, the number of cells was
further increased to 1103168, the power number and velocity
changed by less than 3%. Therefore, the mesh sizes of the rotating
and stationary domains were finally determined to be 2 and 4 mm,
respectively, and 1103168 cells were employed in numerical
simulations.

The multiple reference frame (MRF) method was adopted to
simulate the rotation of the impeller [37,38]. This technique has
been found to make flow field predictions comparable to those
Density,
q/kg�m�3

Rheological index,
n

Yield viscosity,
gy

991 0.31 25.8
990 0.28 46.1
988 0.26 63.5
986 0.25 81.3



Fig. 4. Computational grids of three stirred tanks.
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obtained using the sliding mesh (SM) approach, and meantime, the
MRF method can reduce computational requirements [39,40]. The
coincident surfaces between the rotor zone and stator zone were
set as ‘‘Interface”. No-slip boundary condition (V = 0) was assumed
on the tank wall, bottom and shaft. The top surface was modeled as
‘‘symmetric” boundary. The second-order upwind discretization
scheme was adopted to calculate the momentum equations. Pres-
sure–velocity coupling was performed by SIMPLE algorithm
[28,41]. The 3D coordinate origin was chosen at the center of the
impeller, with the z-axis pointing towards the liquid surface and
the stirrer rotating around the z-axis in a counterclockwise direc-
tion. The calculated results were considered converged when
the scaled residuals for each transport equation were below
1 � 10–5. The original data of all velocities were set as 0.

3.2. Validation of computational model

The power consumption P can be solved by using Eq. (5).

P ¼ 2pNM ð5Þ
where N is the speed, and M is the torque of the shaft and impeller,
which can be obtained by torque test and numerical calculation.

The power consumption experiment of xanthan gum solution
with mass fraction of 1.2%, was carried out to verify the simulated
results. Experimental data of power consumption at different
speeds were compared to CFD calculated values, as indicated in
Fig. 5. It found that the experimental data and simulation values
were always in good agreement at different stirred speeds, and
the maximum deviation was only 8.6%, which verified the laminar
viscous model established in this paper and indicated that the CFD
results were reliable.
4. Results and Discussion

4.1. Effect of stirred speed

Based on yield viscosity method, Luan et al. [15] defined the
cavern boundary of pseudoplastic fluid flow field. The results
showed that compared with the velocity method, the yield viscos-



Fig. 5. Comparison of CFD and experimental power values at different speeds: (a) SSC, (b) SSO, (c) DSO.

S. Wang et al. / Chinese Journal of Chemical Engineering 55 (2023) 111–122 115
ity method can maintain its accuracy all the time free from the
influence of the impeller speed. Therefore, the yield viscosity
method was employed to describe the cavern boundary in this
work.

The apparent viscosity contours of xanthan gum solution
(wt = 1.2%) at different stirred speeds obtained by CFD simulation,
as shown in Fig. 6. There are obvious flow dead zones (red zone) in
three mixers at low speed (180 r�min�1). Although the cavern area
of the three mixers becomes larger as the speed increases from 180
to 420 r�min�1, the stagnant or slow-moving fluid areas still
existed in the stirred tank, which indicated that the cavern phe-
nomenon has not been fully eliminated. Fortunately, under the
same stirring condition, the cavern distribution area generated
by DSO mixer is always greater than that by SSC and SSO, which
testify that the advantages of DSO in terms of eliminating the cav-
ern phenomenon.

To quantify the variations of apparent viscosity distribution cre-
ated by three mixers, the original apparent viscosity distribution
was carried out with Image Pro Plus 6.0 software. Fig. 7 shows
the binary image of black and white with a width of 477 pixels
and a height of 715 pixels, where the white area is g > 6.55 Pa�s
area, black area (cavern area) is g � 6.55 Pa�s area.

Through the calculation of Eq. (6), the ratio of the black area to
the total area was achieved at different stirred speeds.

Aratio ¼ Ag66:55 Pa�s
Atotal

ð6Þ
The Aratio of three agitators at different stirred speeds is demon-
strated in Fig. 8. The value of Aratio increases as the increase of
impeller speed (120–480 r�min�1), whereas the variation of the
curve is close to smooth with further increase of the speed (480–
660 r�min�1). When the curve changes from an oblique line to a
horizontal straight line nearly, which means that the volume of
cavern has reached a stable value, that is, the maximum value. In
addition, under the same working conditions, the Aratio values of
DSO mixer are always greater than that of SSC and SSO mixer,
which shows the advantages of DSOmixer in stirring pseudoplastic
fluid mixing.
4.2. Effect of fluid rheology

Fig. 9 shows the Aratio variations of xanthan gum solutions with
different mass fractions at different speeds stirred by SSC, SSO and
DSO, respectively. The fluid rheology has little influence on the
variation of Aratio at the low speed (N = 120 r�min�1), the corre-
sponding maximum absolute value of slope is 0.05. As the speed
increases to 300 r�min�1, the Aratio shows a downward trend with
the increase of the fluid mass fraction, and there is a greater
decrease with the further increase of speed range from 480 to
660 r�min�1. When the area of cavern approached or reached its
stable value, that is, the corresponding speed is 660 r�min�1, the
variation range of the cavern area has the most obvious trend of



Fig. 6. The apparent viscosity cloud diagram for three mixers at different stirred speeds: (a) SSC, (b) SSO, (c) DSO.
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Fig. 7. Post-processing image of apparent viscosity for three mixers at 180 r�min�1: (a) SSC, (b) SSO, (c) DSO.

Fig. 8. The Aratio of three mixers in the axial lengthwise section at different speeds.
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decreasing as the increase of the mass fraction, and the maximum
absolute value of the corresponding slope is up to 0.31.

The flow range of fluids decreased with the increase of yield
stress, which results in a change in the cavern area. Moreover, it
is also observed that the Aratio generated by DSO is always higher
than that by SSC and SSO, which indicates that dual shaft off-
centred impellers are more conductive in eliminating the cavern
phenomenon of pseudoplastic fluids in a stirred tank.

As shown in Fig. 10, the variation curves of the absolute value of
slope for three mixers at different speeds. The slope corresponding
to the Aratio values of different mass fractions has a linear relation-
ship with the rotational speeds. The results showed that the faster
the rotating speed, the greater influence of fluid rheology on cavern
area.

4.3. Flow pattern

The mixing performance of a stirred system is affected by the
flow pattern, which depends on the factors such as the number
of impellers, impeller spacing, arrangement of the impellers, and
rheology of the fluid. The focus of this section is to evaluate numer-
ically, the mixing performances of the three mixers by comparing
the flow pattern generated inside the stirred tanks at the fixed
power consumption.

In order to analyze and explore the flow field generated inside
the stirred tank, the velocity contour plots of three stirred tanks,
were obtained from the CFD model for the vertical planes as illus-
trated in Fig. 11. It can be noticed in Fig. 11(a) that the use of the
SSC resulted in the formation of a small well-mixed region with
the higher fluid velocities around the Rushton impeller, while a
large dead region was formed in the rest part of the stirred tank.
On the contrary, as depicted in Fig. 11(b) and (c), when the SSO
and DSO were employed with the same power consumption as
the SSC, fluid flow was intensified in both axial and radial direc-
tions, and the well-mixed region increased significantly. The rea-
son is that the impeller was closer to the wall. Compared with
SSC at the same power consumption, the SSO and DSO agitated
tanks have greater fluid velocity and flow range.



Fig. 9. The Aratio variations of xanthan gum solutions as different mass fractions at different speed: (a) N = 120 r�min�1, (b) N = 300 r�min�1, (c) N = 480 r�min�1, (d)
N = 660 r�min�1.
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For further analysis, the 2D streamlines are plotted for the SSC,
SSO and DSO mixers at the fixed power consumption of P = 5.7 W
in Fig. 12. As presented in Fig. 12(a), the fluid flow generated by the
SSC mainly occurred in the torus formed around the Rushton
impeller. Four circulation loops were created around the two cen-
tral Rushton impellers, and a symmetrical flow field structure was
formed. It can be seen that the stagnant or slow-moving fluid areas
occurred near the shaft and the upper part of the tank. For the SSO
mixer, as shown in Fig. 12(b), the off-centred placed impellers
broke the symmetrical flow field distribution in the tank, and
intensified the axial flow of the fluid, especially the fluid between
the stirred shaft and the wall near the shaft, while the fluid
between the shaft and the wall farther away from shaft did not
get the same axial strengthening effect. It can be noticed in
Fig. 12(c) that the fluid flow created by the DSO was more abun-
dant, and the streamlines were more evenly distributed. The rea-
son may be that the dual-shaft agitation mode further disrupted
the ordered structure of the flow field, and strengthened dynamic
perturbations between two impellers in the tank. As a matter of
fact, mixing achieved by using the DSO was more efficient than
that for the SSC and the SSO. Comparison will be quantified later
in this work with regard to the mixing time and mixing efficiency.
4.4. Mixing performance

4.4.1. Mixing time
The numerical simulations of the mixing procession are con-

ducted through detecting the tracer concentration (taking water
as a tracer in this work). The mixing time (t95) can be obtained
based on the 95% principle [42]. To compare the performances of
three mixers in the mixing of the yield-pseudoplastic fluids, taking
the xanthan gum solution with the mass fraction of 1.2% at N = 4
80 r�min�1 as an example, the tracer concentration response curves
at four monitoring points are shown in Fig. 13. It can be seen that



Fig. 11. Vertical velocity contour plots of the three mixers at P = 5.7 W and 1.2% xanthan gum solution.

Fig. 12. The 2D streamlines of the three mixers at P = 5.7 W and 1.2% xanthan gum solution.
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the concentration response curves of tracer fluctuate greatly at the
beginning by rising sharply, and then it descends rapidly. Finally, it
tends to be a straight line, which means the completion of the mix-
ing process. The mixing time (t95) of SSC, SSO and DSO was 8.31,
5.18 and 4.92 s, respectively.

It is necessary to compare the dimensionless mixing time (Nt95)
for three mixers at different Re*. Fig. 14 shows the comparison of
Nt95 for the three different mixing systems at different Reynolds
numbers. As can be seen, the Nt95 unsurprisingly decreased lin-
early as an increase in the Re*. At the same Re*, the Nt95 of DSO
was nearly 42.8% and 6.1% shorter than that of SSC and SSO,
respectively. It indicated that DSO can shorten mixing time on
the basis of same stirred condition, the advantages of DSO in terms
of mixing rate were illustrated.
4.4.2. Mixing efficiency
Mixing rate reflects the time required to complete the mixing

process, which is an important indicator that needs to be paid
attention to in industrial production. At the same time, the power
consumption of agitators is also a key factor to be considered.
Hence, it is necessary to evaluate the mixing performance of single
shaft central dual impellers, single shaft off-centred dual impellers
and dual shaft off-centred impellers based on the specific power
consumption.

The mixing efficiency is usually characterized by mixing energy
per unit volume (Wv) and the power consumption per unit volume
(Pv) [43,44], and the smaller the value of Wv, the higher the mixing
efficiency. The Wv and Pv are defined as follows:

Wv ¼ Pvt95 ð7Þ
Pv ¼ 2pNM
V

ð8Þ

where V is the total volume of fluid in a stirred tank.
Fig. 15 shows the relationship between the mixing time (t95)

and Pv. As can be seen from Fig. 15, t95 decreases continuously as
the increasing Pv, and t95 for SSO and DSO mixers are very close
when Pv is higher than 2 kW�m�3. At the same Pv, the t95 of DSO
was shorter compared with that of SSC and SSO mixers. Therefore,
DSO mixer could be recommended for the future in industrial pro-
duction involving mixing of non-Newtonian fluids because of its
shortest mixing time for the given power consumption.

The CFD results of torque and mixing energy per unit volume at
different speeds are given in Table 3. The torque values are the sum
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of each shaft and impeller under the corresponding stirring
conditions.

It can be observed that the value of the mixing energy per unit
volume of DSO was the smallest in the three stirred tanks at the
same stirred speed, and the mixing energy per unit volume of
DSO was 15.8% and 7.8% lower than that of SSC and SSO at N = 4
80 r�min�1, respectively. As the rotational speed increased to
660 r�min�1, the mixing energy per unit volume of DSO was
17.3% and 7.5% lower than that of SSC and SSO, respectively. These



Table 3
The calculation results of the torque and mixing energy per unit volume for the three stirred tanks at different speeds

N/r�min�1 M /N�m Wv /kJ�m�3

SSC SSO DSO SSC SSO DSO

480 0.26 0.46 0.47 7.82 7.14 6.58
540 0.33 0.60 0.62 8.95 8.24 7.66
600 0.41 0.72 0.75 10.28 9.36 8.74
660 0.49 0.86 0.88 11.54 10.31 9.54
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results confirm our previous finding that the DSO was more effec-
tive than the SSC and SSO in the mixing of the yield-pseudoplastic
fluids.
5. Conclusions

The hydrodynamic performance of the dual shaft off-centred
mixer was assessed and compared to that of the single shaft central
mixer and single shaft off-centred mixer with regards to the power
consumption, generated flow domain, mixing time and mixing effi-
ciency by using the torque test and CFD. Meanwhile, the influences
of the fluid rheology and rotational speed on the development of
cavern in a stirred tank with three impeller arrangements were
also made an exploration deeply. The conclusions are obtained as
follows:

The caverns of the three stirred tanks all developed from axial
and radial direction as the increase of stirred speed, and the pro-
portion of cavern in DSO mixer was better than that in SSC and
SSOmixers at the same stirred condition. The fluid rheology has lit-
tle influence on the variation of cavern area at the low speed
(120 r�min�1). When the Aratio approached or reached its stable
value, that is, the corresponding speed range from 480 to
660 r�min�1, the Aratio has a significant downward trend with the
increase of the mass fraction of the fluid. The faster the rotating
speed, the greater influence of the fluid rheology on the cavern
area.

The dual-shaft agitation mode further disrupted the ordered
structure of the flow field and strengthened dynamic perturbations
between two impellers in the tank. Moreover, the mixing time t95
decreases continuously as the increasing Pv, and the Nt95 of DSO
was nearly 42.8% and 6.1% shorter than that of SSC and SSO mixers
at the same Re*, respectively. The mixing energy per unit volume
(Wv) of DSO was nearly 15.8% and 7.8% lower than that of SSC
and SSO mixers at 480 r�min�1, respectively. As the rotational
speed increased to 660 r�min�1, the Wv of DSO was 17.3% and
7.5% lower than that of SSC and SSOmixers. These results indicated
that DSO mixer was more effective than SSC and SSO mixers in the
mixing of the yield-pseudoplastic fluids.
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Nomenclature

b impeller blade width, m
C off-bottom clearance, m
D impeller diameter, m
Dd disc diameter of impeller, m
d shaft diameter, m
e eccentric distance, m
H fluid height, m
K consistency index, Pa�sn
ks constant of Metzner-Otto
L spacing between two impellers, m
M torque, N�m
N impeller speed, r�s�1

Nt95 dimensionless mixing time
n rheological index
P power consumption
T vessel diameter, m
t95 mixing time, s
V fluid volume, m3

w baffle width, m
wt mass fraction
_c shear rate, s�1

g non-Newtonian viscosity, Pa�s
q density, kg�m�3

s shear stress, Pa
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