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a b s t r a c t

Efficiently modulating the velocity distribution and flow pattern of non-Newtonian fluids is a critical
challenge in the context of dual shaft eccentric mixers for process intensification, posing a significant
barrier for the existing technologies. Accordingly, this work reports a convenient strategy that changes
the kinetic energy to controllably regulate the flow patterns from radial flow to axial flow. Results
showed that the desired velocity distribution and flow patterns could be effectively obtained by varying
the number and structure of baffles to change kinetic energy, and a more uniform velocity distribution,
which could not be reached normally in standard baffle dual shaft mixers, was easily obtained.
Furthermore, a comparative analysis of velocity and shear rate distributions is employed to elucidate the
mechanism behind the generation of flow patterns in various dual-shaft eccentric mixers. Importantly,
there is little difference in the power number of the laminar flow at the same Reynolds number, meaning
that the baffle type has no effect on the power consumption, while the power number of both unbaffle
and U-shaped baffle mixing systems decreases compared with the standard baffle mixing system in the
transition flow. Finally, at the same rotational condition, the dimensionless mixing time of the U-shaped
baffle mixing system is 15.3% and 7.9% shorter than that of the standard baffle and the unbaffle mixing
system, respectively, which shows the advantage of the U-shaped baffle in stirring rate.
© 2024 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Non-Newtonian fluids play a significant role in the chemical
industry and are widely used in the production of food, paint,
biopharmaceuticals and cosmetics. However, due to its special
shear-thinning rheological characteristics [1e3], the viscosity dis-
tribution in agitated tanks is not uniform, and it is easy to form flow
dead zones, which leads to many problems, such as wall fouling,
low heat, mass transfer efficiency and high mixing time [4e8].
Therefore, achieving efficient mixing of non-Newtonian fluids is
crucial for increasing production yield and enhancing product
quality.

With the advancement of chaos theory, experts have recognized
the potential of chaotic phenomena in achieving the mixing of

laminar fluids. Aref [9] and Ottino [10] first proposed the chaotic
mixing theory and verified the superiority of the two-dimensional
mixing regime. Subsequently, the application was extended to
three dimensions, leading to the proposal of chaotic mixing [11,12],
which marked a significant milestone in the field of mixing
research. Based on the space-time chaotic mixing theory, scholars
worldwide have put forward various methods to enhance fluid
mixing. One approach involves breaking away from conventional
steady-state mixing, known as temporal chaotic mixing. Examples
include variable speed mixing [13], forward and reverse mixing
[14], and other techniques aimed at disrupting the periodicity of
fluid flow and inducing fluid chaos. Another approach focuses on
improving the design and arrangement of paddles, referred to as
spatial chaotic mixing. These methods include rigid-flexible com-
bination impellers [15e17], eccentric shaft mixers [18,19], multi-
layer combination impellers [20], staggered agitators [21],
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multi-shaft mixers [22e24], and other strategies to disrupt the
spatial symmetry of fluid flow.

The impeller is one of the core components in mixers, and its
type, size, number, and rotation speed significantly impact the flow
field and mixing performance. Scholars have developed various
innovative impellers to achieve non-steady state energy transfer in
the flow field, enhance the complexity of the flow field, improve
break symmetry, and improve mixing efficiency. Luan et al. [25,26]
dislocated the blades of the six-bent blade (6BT) impeller up and
down and named it the impeller of a perturbed six-bent-bladed
turbine (6PBT). The 6PBT impeller addressed symmetry issues in
non-Newtonian fluid mixing, resulting in substantial improve-
ments in mixing efficiency. Liu et al. [15e17] inspired by the bio-
mimetic principle of fish fins, introduced a novel rigid-flexible
combination impeller. By employing flexible and variable blades
that induce irregular disturbances in the fluid, they effectively
enhance mass transfer between fluids, induce chaotic flows, elim-
inate fluid dead zones, and improve laminar mixing characteristics.
Yang et al. [27] developed a Rushton impeller equipped with flex-
ible blades. Through a combination of experimental and compu-
tational fluid dynamics (CFD) approaches, the flexible Rushton
impeller exhibited strong adaptability, enhanced radial momentum
transfer, and reduced macro mixing time by 29.4% compared to
standard Rushton impellers. Gu et al. [28,29] invented a novel self-
similarity impeller agitator, which has been applied in research on
pseudoplastic fluid mixing. The results demonstrated that the self-
similar structure design of the impeller could effectively enlarge
the well-mixed regions and improve the mixing efficiency of the
pseudoplastic fluid mixing process. Luo et al. [30] invented a novel
long-short blades (LSB) agitator, which has been applied in research
on gaseliquid two-phase mixing. Experimental results demon-
strated that the LSB agitator improved bubble distribution and
facilitated effective gaseliquid mass transfer.

Furthermore, altering the impeller's motion pattern can
enhance mixing efficiency, directly benefiting practical production
processes. Kordas et al. [31] introduced a stirred reactor equipped
with reciprocating blades and investigated the impact of rotational
speed on mixing time and power consumption. The findings
demonstrated that the reciprocating stirred effectively induced
fluid chaos and reduced isolation zones. Gao et al. [13] conducted
particle image velocimetry (PIV) experiments to compare the radial
velocity distribution in laminar flow between variable-speed and
constant-speed stirred. The results revealed that variable-speed
stirring exhibited superior flow field velocity distribution. Build-
ing upon chaos control theory, Zhang et al. [32] proposed
employing a Chua circuit to generate chaotic signals for motor
control, resulting in chaotic rotation of the impeller. Chaotic stirring
was observed to effectively dismantle isolated mixing regions,
leading to a remarkable enhancement in mixing efficiency within
the stirred tank. Lamberto et al. [33] induced chaotic flow by
periodically rotating the impeller blades in a square wave pattern.
By employing high-speed camera technology, the study demon-
strated a gradual reduction of isolated mixing regions above and
below the impeller during the cyclic rotation of the blades.

The above-mentioned studies mainly focused on the types and
motion behavior of impellers. However, as one of the important in-
ternal components of a stirred tank, the baffle also plays a significant
role in controlling themotion behavior of the flow field and inducing
fluid instability in thewall regions. Moreover, it has been shown that
the “standard baffle” is not suitable for all mixing conditions, and the
flow dead zone is easily formed behind the baffle, and in some cases,
the non-standard baffle is superior [34e36]. Xiong et al. [37] inves-
tigated the power consumption and solideliquid suspension char-
acteristics of three systems: the unbaffled stirred tank, the
traditional baffled stirred tank, and the punched baffled stirred tank

(Pun-BST). The results showed that the Pun-BST system exhibited
significantly improved mixing characteristics. Sirasitthichoke et al.
[38] studied the effect of baffle curvature on the velocity, flow
pattern, and power consumption in the stirred tank. It was found
that, compared to straight baffles, curved baffles could generate a
well-defined mixing region and stronger radial fluid flow.

In the present study, based on the initial condition sensitivity of
chaos theory, a strategy of regulating the kinetic energy distribu-
tion to strengthen fluid chaotic mixing is established by a novel
U-shaped baffle combined with a dual shaft. Power demand per-
formance in different dual-shaft eccentric mixers was first
compared. Then, the velocity distribution laws were investigated
and tried to find the inherent mass transfer mechanism in different
baffle mixing systems. Besides, the effects of rotational speed on
the average shear rate were studied in three different mixing sys-
tems. Finally, the mixing performance and mass transfer behavior
in the U-shaped baffle stirred tank were revealed, and a new pre-
diction model for the dimensionless mixing time was developed.

2. Experimental

2.1. Experimental apparatus

The dual-shaft eccentric experimental apparatus and the
applied measurement techniques are shown in Fig. 1. The main
devices include a data collection and control system, a high-speed
camera (5F04 M, Revealer, China), stirred equipment, and an elec-
tromotor. The rotational speed and direction of the two shafts are
driven by separate motors, and each shaft was equipped with a
rotary torque sensor to continuously measure the torque (HX-90D,
Huaxin Electromechanical, China). As non-Newtonian fluids,
carboxyl methyl cellulose (CMC) was used in mixing experiments.
The structure of the cylindrical flat-bottomed stirred tanks (diam-
eter is T ¼ 240 mm, liquid height is H ¼ 360 mm), as shown in
Fig. 1(b). Fig. 1(c) shows the three kinds of mixing systems, namely
the vertical baffle vessel, the unbaffled vessel, and the “U-shaped”
parallel baffle vessel. Two impellers used in the experiment were a
rushton turbine (RT) and a pitched blade down-pumping rushton
turbine (PBRTD) (diameter is D ¼ T/3). The inclined angles (q) of
PBRTD were 45�. The blade thickness of the impellers was 2 mm.

The dimensions of various parts are given in Table 1.

2.2. Materials and measurement strategy

2.2.1. Materials
In the present study, the mass fraction of 0.5% CMC solutionwas

employed in chaotic mixing experiments. The density and rheo-
logical parameters are shown in Table 2 [22,23].

The investigated CMC fluids are typical non-Newtonian fluids;
the rheological properties of the shear-thinning fluids could be
described by the power-law model [39,40].

t¼K _gn (1)

ma ¼K _gne1 (2)

where _g is the shear rate, s�1; ma is the apparent viscosity, Pa$s.
The viscosity of non-Newtonian fluid is a power-law function of

shear rate. In this study, the value of the Reynolds number can be
obtained as follows [41,42]:

Re¼ rND2

ma
¼ rNð2�nÞD2

Kkn�1
s

(3)
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where D is the impeller diameter, m; ks is the MetznereOtto con-
stant. The MetznereOtto constant ks was determined through the
experimental calibration for RT and PBRTD to obtain the values of
11.5 and 11.2, respectively.

2.2.2. Measurement of power consumption
During the experiment, the rotational speeds of impellers were

adjusted through the console, and the corresponding torques of
impellers were measured through the equipped torque sensor (HX-
901, Huaxin Electromechanical Co., Ltd., China). These data can be
recorded and saved in real time for subsequent data processing and
analysis. In order to make the measured values more accurate, the
torque was measured under load (Ml,l, Mr,l) and without load (Ml,0,
Mr,0), respectively. All torque tests were repeated at least three
times to eliminate accidental errors. The power consumption of the
dual-shaft eccentric mixers can be calculated using the following
formulas.

P¼ Pl þ Pr (4)

Pl ¼2pNlMl (5)

Fig. 1. Schematic diagrams of the stirred experimental system: (a) experimental apparatus; (b) dual shaft eccentric mixer; (c) three vessels. 1ddata collection and control system;
2dfrequency modulator; 3dbaffle; 4dstirred shaft; 5dhigh speed camera; 6delectromotor; 7dtorque sensor; 8dtank.

Table 1
Dimensions of various parts in the vessel

b/mm d/mm r/mm H/mm T/mm C1/H C2/H Dd/T e/T

16 30 15 360 240 0.7 0.2 0.25 0.24

Table 2
The rheological parameter of CMC solution

Concentration,
wt/%

Density, r/
kg$m�3

Consistency coefficient, K/
Pa$sn

Power law
index, n

0.5 985 0.305 0.878
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Pr ¼2pNrMr (6)

Ml ¼Ml;l �Ml;0 (7)

Mr ¼Mr;l �Mr;0 (8)

where Pl and Pr are the power consumption of the left impeller and
the right impeller, respectively, andMl andMr are the torque of the
left impeller and the right impeller, respectively. Power number
(NP) is an important parameter representing the mixing power. NP
is calculated as

NP ¼ P
rN3D5 (9)

2.2.3. Measurement of mixing time (tm)
Themixing rate is an important indicator in industrial production

because it reflects the time required to complete the mixing process.
Fig. 2 shows the feed point (P0) of the tracer and five monitoring
points (P1eP5). Numerical simulations are employed to track the
dispersion of the tracer in order to estimate the mixing time [43,44].
The determination of mixing time (tm) followed the 95% principle,
which is consistent with our previous research [22,23].

3. Numerical Methodology

3.1. Theoretical basis and boundary conditions

In this simulation work, the flow medium was a single-phase,
isothermal, and incompressible flow of CMC inside the stirred
tank. The rotational speed was set between 60 and 300 r$min�1 in
the CFD calculation, with the corresponding Reynolds numbers
(Re*) ranging from 27.75 to 169.42. The laminar flow model was
employed to simulate the mixing of CMC solutions [2,24]. The

continuity and momentum equations were solved both separately
and simultaneously.

The mass conservation equation [45] of the flow model is

vr

vt
þ vðruÞ

vx
þ vðrvÞ

vy
þ vðrwÞ

vz
¼ 0 (10)

where r is the fluid density; t is the flow time; and u, v and w are
velocity components in x, y and z directions.

Momentum conservation equations [45] are as follows:

vru
vt

þV,ðruVÞ ¼ �vp
vx

þ vtxx
vx

þ vtyx
vy

þ vtzx
vz

þ Fx (11)

vrv

vt
þV,ðrvVÞ ¼ �vp

vy
þ vtxy

vx
þ vtyy

vy
þ vtzy

vz
þ Fy (12)

vrw
vt

þV,ðrwVÞ ¼ �vp
vz

þ vtxz
vx

þ vtyz
vy

þ vtzz
vz

þ Fz (13)

where Fx, Fy and Fz are the stresses received by the fluid element in
the x, y and z directions, respectively. When the stress is gravity
only, Fx ¼ 0, Fy ¼ 0 and Fz ¼ �rg.

The commercial CFD package, Fluent 2020 R2, was used in this
study. The baffles and impeller blades were considered zero-
thickness walls. The entire flow region was divided into two re-
gions: the moving region and the stator region. Furthermore, the
refined mesh was employed near the impeller and wall to account
for the significant velocity gradient in those areas. The model
adopted in this study was consistent with our previous work, and
more detailed information can be found in the referenced previous
studies [23]. Specific meshing is shown in Fig. 3.

The multiple reference frame (MRF) model and sliding mesh
(SM) model were utilized to address the rotation of the impellers in
both steady-state and transient motion calculations. In this
approach, the steady-state calculation results served as the initial
flow field conditions for the SMmodel. This integration of MRF and
SM models enabled an effective simulation of the impeller rotation

Fig. 2. The location diagram of tracer feed point and five monitoring points.
Fig. 3. Computational grids: (a) stirred tank; (b) refined mesh of interface, impeller
and shaft; (c) impeller.
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and ensured accurate predictions of flow behavior. A second-order
upwind discretization scheme was employed to calculate the mo-
mentum equations. At the liquid surface, all normal gradients
were set to zero, representing the symmetry boundary. The
pressureevelocity coupling was achieved using the SIMPLE algo-
rithm [27,30]. The coincident surfaces between the moving zone
and stator zone were defined as “interface”. The tank wall, shaft,
and impellers were all treated as no-slip wall boundaries. Within
themoving zone, the impeller and shaft were assigned a zero speed
relative to the adjacent cell zone, while the rotor shaft outside the
moving zone was set to match the absolute impeller speed. Fig. 4
shows the specific boundary conditions of the stirred tank.
Convergence residuals for each equation were set to 1 � 10�5.

3.2. Validation of computational model

The accuracy of the model was verified by a power consumption
experiment with CMC fluids. Fig. 5 shows the experimental and

simulated power consumption values of a standard baffle mixing
systemat different rotational speeds.We found that the experimental
values agree well with the simulated values, which proved the ac-
curacy of the laminar flow model established in this study.

4. Results and Discussion

4.1. Power consumption

Power consumption is one of the key concerns in industrial
mixing production. Fig. 6 shows the power curve against Rey-
nolds number (Re) for three different mixing systems. The power
curve of three systems shows the following: (1) P increased
continuously with the increase of Re in all mixing systems. With
the same Reynolds number, the power numbers show little
difference in the laminar flow. This means that the baffle types
have no effect on power consumption as the impeller speed is
low in laminar flow. (2) In the transitional flow (Re > 60), the
fluid speed of the baffle region becomes relatively high with the
impeller rotational speed increasing, and the interaction between
the baffle and tangential flow affects the impeller region, influ-
encing its power consumption. Compared to standard baffle
mixing systems, the power number of both unbaffle and U-sha-
ped baffle systems is decreased under the same conditions. Due
to the additional resistance of the baffle to the tangential flow
generated by the impeller, power consumption is increased. To
find the inherent mechanism behind the mass transfer perfor-
mances in different mixing systems, the comparison of velocity
flow behaviors in different systems has been studied in the next
section.

4.2. Velocity distribution

The velocity distributions of three mixing tanks at 300
r$min�1 is showed in Fig. 7. As shown in Fig. 7(a) and (b), we
have divided the tank into three areas: the upper area (part A),
the middle area (part B), and the lower area (part C). Compared
with the baffle tank and the unbaffle tank, the mixing tank
equipped with a U-shaped baffle can strengthen the fluid cir-
culation in the whole tank, and the overall velocity distribution
is more homogeneous. It is worth noting that the lower impeller

Fig. 4. Boundary conditions of the stirred tank.

Fig. 5. CFD model predicted power consumption with experimental date in the
standard baffle mixing system. Fig. 6. Power curve against Reynolds for different mixing systems.
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of the unbaffle and U-shaped baffle tank pumps the fluid in an
inclined direction, which enhances the stretching and folding of
the fluid and enlarges the chaotic mixing region of the lower area
fluid. On the contrary, the 3D streamlines in the lower area of the
baffle stirred tank form two vortexes, which prevent the circu-
lation of fluid (as shown in Fig. 7(b) and (c)). Furthermore, the
distribution of fluid kinetic energy at the position of the U-sha-
ped baffle is controlled directionally. The sudden drop of
instantaneous incoming flow speed at this position causes a
sharp reduction of kinetic energy, which is partially converted
into pulsating kinetic energy and pressure pulse, and
strengthens the uniform distribution of fluid velocity. As ex-
pected, Fig. 7(d) demonstrated a wider spatial distribution of
velocities in the U-shaped baffle mixing tanks.

Fig. 8 shows the statistical distribution of velocity at different
times in three stirred tanks. With the prolongation of mixing
time, the fluid velocity distributions of the three mixing systems

gradually converge to a steady state. As shown in Fig. 8(a), there
is no obvious change in the baffled mixing tank, and the
maximum dimensionless velocity is 0.1. The baffle mixing tank's
dimensionless velocity distribution changes with the mixing
time's prolongation until it reaches the steady state. Maximum
dimensionless velocity in the mixing tank in the range of
0.2e0.3 indicates a more uniform velocity distribution of the
fluid. Based on the reinforcing effect of the U-shaped baffle, the
maximum dimensionless fluid velocity further increases to close
to 0.3. This is in good agreement with the conclusions obtained
for Fig. 7.

To further reveal the kinetic energy distribution mechanism of
the stirred tank modulated by different baffle configurations and
structures, we extracted the distributions of X-directional velocity
and total velocity separately on 24 cross-sections perpendicular to
the shaft in three mixing systems, as shown in Figs. 9 and 10,
respectively.

As shown in Fig. 9, the overall distribution of X-direction
velocity is similar for all three mixing systems at low rotational
speeds (N ¼ 120 r$min�1), while the velocity is maximum for the
U-shaped baffle mixing system in the impeller regions. As the
rotational speed increases to 210 r$min�1, the advantage of the
U-shaped baffle system for the distribution of the velocity
regulation in the bottom and top regions of the tank becomes
evident. At 300 r$min�1, we find the lowest X-direction velocity
in the bottom region of the unbaffle mixing tank, while the
mixing system equipped with the baffle in the upper region has
a low velocity. In addition, there is no significant difference in
the middle area of the impellers between the three mixing
systems at different rotational speeds.

Fig. 10 indicates that at low rotational speeds (N¼ 120 r$min�1),
compared with baffle and unbaffle mixing systems, the U-shaped
baffle mixing tank only enhances the velocity distribution in the
impeller area. As the rotational speed increases, the advantage of
the U-shaped baffle to regulate the velocity distribution of the
whole mixing tank becomes more obvious, especially in the region
between the PBRTD impeller and the RT impeller. This demon-
strates the importance of the strategy for modulating control of the
kinetic energy distribution to enhance the fluid velocity distribu-
tion in the tanks.

4.3. Average shear rate

Fig. 11 shows the average strain rate at the vertical section in
three mixing systems at N ¼ 300 r$min�1. Results showed that
the larger shear strain rate was mainly concentrated near the
impeller region, while the smaller shear strain rate was in the
upper and lower regions of the tank. It is worth noting that the
range of the average shear rate distribution in the middle region
of the impellers in the U-shaped baffle tank is larger compared
to the baffle and unbaffle tanks. A quantitative analysis of the
three mixing systems comparison will follow to further deter-
mine the reasons for the superiority of the U-shaped baffle
mixing system.

Fig. 12 shows the average shear rate separately on 24 cross-
sections perpendicular to the shaft in three mixing systems. It
can be observed that the overall average shear strain rate in the
tank increases with the increase in rotational speed. At the same
speed, the average shear rate of the baffle and unbaffle tanks is
close. The reason is that the vertical standard baffle has less influ-
ence on the fluid in laminar flow. In addition, it can be found that
the U-baffle mixing system can strengthen the average shear rate
distribution in the whole tank, especially for the height of the two
blades, which is significantly higher than that of the baffle and
unbaffle stirred tanks.

Fig. 7. Velocity distributions of different mixing tanks at 300 r$min�1: (a) velocity
contours, (b) velocity vectors, (c) 3D streamlines, (d) velocity contours of cross-section.
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Fig. 9. Distributions of X-directional velocity at axial direction in three mixing systems: (a) 120 r$min�1, (b) 210 r$min�1, (c) 300 r$min�1.

Fig. 8. Statistical distributions of velocity at different times in three stirred tanks at 300 r$min�1: (a) baffle, (b) unbaffle, (c) U-shaped baffle.
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Fig. 13 shows the distribution of average strain rate at the height
of impellers in three mixing systems. At the height of the impellers,
the average shear rate is highest in the U-shape baffle mixing
systems compared to the baffle and unbaffle systems. Specifically,
atN¼ 300 r$min�1, the average strain rate of a U-shaped baffle tank
was 13.8% and 16.1% higher than that of baffle and unbaffle tanks at
Z/H ¼ 0.2, respectively, while it was higher than that of baffle and
unbaffle tanks (22.1% and 27.7%, respectively, Z/H ¼ 0.7). Besides, as
the mixing speed increases, the advantage of the U-shaped baffle
stirred tank reinforced localized region of fluid stretching and
folding becomes more obvious.

4.4. Mixing performance

Fig. 14 shows the variation in the dimensionless concentration
of the liquid tracer over time. The curves of the unbaffled stirred

tank are the smoothest, and those of the U-shaped baffle stirred
tank are the most erratic. In each system, the dimensionless con-
centration curves gradually converged to stable values over time.
Additionally, in all three tanks, the last one to achieve 95% unifor-
mity was monitoring the P5 solution at the liquid surface. Results
show that the tm of the baffle, unbaffle and U-shaped baffle tanks
are 13.61, 13.12 and 11.38 s, respectively. It can be found that the
presence or absence of a standard baffle has little influence on the
mixing time of non-Newtonian fluid under the same conditions.
The tm of the U-shaped baffle tank was nearly 16.4% and 13.3%
shorter than that of the baffle and unbaffle tanks, respectively. It
indicated that U-shaped baffles can effectively shorten the mixing
time.

Fig. 15(a) shows the relationship between the mixing time (tm)
and power consumption per unit volume (Pv). It can be observed
that the mixing time unsurprisingly decreased with the increase

Fig. 10. Distributions of velocity at axial direction in three mixing systems: (a) 120 r$min�1, (b) 210 r$min�1, (c) 300 r$min�1.

Fig. 11. Distributions of average strain rate at vertical section in three mixing systems: (a) baffle, (b) unbaffle, (c) U-shaped baffle.
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of Pv in all three systems. Furthermore, at the same Pv, the longest
mixing time appeared in the standard baffle mixing system, fol-
lowed by the unbaffle and U-shaped baffle mixing systems (baffle
＞unbaffle＞U-shaped baffle). This can be attributed to the fact
that the U-shaped baffle accurately regulates the movement of
the fluid field in the baffle region and enhances the nonlinear
instability of the fluid in the whole tank. As illustrated in
Fig. 15(b), at the same rotational condition, the values of mixing
energy per unit volume (Wv) in the U-shaped baffle mixing sys-
tem were lower than those in the standard baffle and unbaffle
mixing systems, and the values of Wv could be further increased
with the increase of Pv. Specifically, the Wv of U-shaped baffle
systems was 15.6% and 10.1% lower than that of standard baffle
and unbaffle mixing systems at Pv ¼ 0.07 kW$m�3, respectively.
As the Pv increased to 0.14 kW, the Wv of the U-shaped baffle was
19.1% and 13.3% lower than that of the baffle and unbaffle

systems, respectively. According to the mixing energy results, a
reduction in the mixing time occurs at the expense of increasing
power consumption. From the perspective of unit volume energy,
the most energy-efficient non-Newtonian fluid mixing operation
condition is low energy input, that is, low stirring speed. Hence,
we recommend the use of U-shaped baffle mixers in industrial
production involving non-Newtonian fluids due to their ability to
achieve high energy efficiency while maintaining low power
consumption.

Fig. 16 shows the dimensionless mixing time versus Reynolds
number. As can be seen, the results show a linear relationship
between the Reynolds number and Ntm in three mixing systems.
The fundamental implication is that a deliberate augmentation
of the Reynolds number precipitates a concomitant escalation in
the dimensionless mixing time. It is important to bear in mind
that the rise in Reynolds number (Re) is solely attributed to the

Fig. 13. Distributions of average strain rate at height of impellers in three mixing systems: (a) Z/H ¼ 0.2, (b) Z/H ¼ 0.7.

Fig. 12. Distributions of average strain rate at axial direction in three mixing systems: (a) baffle, (b) unbaffle, (c) U-shaped baffle.
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escalation in impeller rotational speed. However, this increase in
speed exhibits limited efficacy in substantially diminishing
the dimensionless mixing time. Further improvements are ach-
ieved by the increase in its rotational. At the same Re, the Ntm of
the U-shaped baffle system was nearly 15.3% and 7.9% shorter
than that of standard baffle and unbaffle mixing systems,
respectively. It indicated that U-shaped baffle systems can
shorten mixing time on the basis of the same stirred condition.
The advantages of U-shaped baffle systems in terms of mixing
rate were illustrated.

4.5. Fluid transport mechanism

Fig. 17 shows the fluid transport mechanism of three mixing
systems. As shown in Fig. 17(a), fluid transportation in the wall

region was hindered by the baffles, resulting in the formation of
high-velocity vortex zones in the near-impeller region, which
increased the fluid velocity between impeller and wall and
enhanced the local region’s chaotic mixing. Unfortunately,
multiple low-velocity isolated regions were formed in the lower
part of the tank, which was inefficient and unfavorable in terms
of momentum and mass exchange. For the unbaffled mixing
system (Fig. 17(b)), the low-velocity vortex regions gradually
disappear, and the overall flow field has a more uniform velocity
distribution. However, the flow velocity of fluid in the wall re-
gion was still low, which clearly requires further optimization of
the wall structure to enhance the chaotic mixing of the local
fluid. Unsurprisingly, the proposed U-shaped baffle solved the
above problems (Fig. 17(c)), which accelerated the fluid trans-
port process on the wall surface through the special U-shaped

Fig. 14. Dimensionless concentrations of liquid tracer over time in three mixing systems: (a) baffle, (b) unbaffle, (c) U-shaped baffle.

Fig. 15. Mixing time and mixing energy per unit volume against power consumption per unit volume for different mixing systems: (a) mixing time, (b) mixing energy per unit
volume.
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structure, making the fluid flow pattern from radial flow to axial
flow rapid transformation, and strengthening the stretching and
folding process of non-Newtonian fluid. In turn, it regulates the
fluid in the whole tank and makes its velocity distribution more
uniform.

5. Conclusions

In summary, this work proposes an innovative approach that
changes the kinetic energy of the fluid by embedding U-shaped
annular baffles on the wall of the stirred tank, thereby

controlling and generating different axial and radial flow pat-
terns. Firstly, the power consumption characteristics of three
different mixing systems (baffle, unbaffle and U-shaped baffle
mixing systems) are compared. Under the same rotational con-
ditions, the power number of the laminar flow state remains
relatively consistent, while the power number of both unbaffle
and U-shaped annular baffle mixing systems decreases
compared with the standard baffle mixing system in the tran-
sition flow. In addition, via analysis of the magnitude and dis-
tribution of the velocity and average shear rate, the U-shaped
baffle can change the flow field pattern of the fluid in the tank,
strengthen the stretching and folding of the fluid in the local
region of the baffle, and accelerate the fluid transport process in
the wall area, so as to regulate the uniform distribution of the
fluid velocity and shear rate in the whole tank. Finally, a con-
ventional strategy for controllable flow pattern generation based
on dual-shaft stirring coupled with a U-shaped baffle is pro-
posed. In the future, our aim is to develop comprehensive
models for non-Newtonian fluid mixing encompassing a range
of U-shaped structural configurations.
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Fig. 17. Schematic diagrams of fluid transport mechanism: (a) standard baffle mixing system, (b) unbaffle mixing system, (c) U-shaped baffle mixing system.
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Nomenclature

b impeller blade width, m
C1 off-bottom clearance of left impeller, m
C2 off-bottom clearance of right impeller, m
D impeller diameter, m
Dd disc diameter of impeller, m
d U-shaped baffle height, m
e eccentric distance, m
H fluid height, m
K consistency index, Pa$sn

ks constant of MetznereOtto
M torque, N$m
N impeller speed, r$s�1

n rheological index
P power consumption, W
r U-shaped baffle radius, m
T vessel diameter, m
tm mixing time, s
V fluid volume, m3

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

h non-Newtonian viscosity, Pa$s
ma apparent viscosity, Pa$s
r density, kg$m�3

t shear stress, Pa

Subscripts

l left
r right
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