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Abstract: Improvement of stirring performance is one of the primary objectives in solid–liquid
mixing processes, such as the preparation of phase change materials (PCMs) for energy saving in
refrigeration and heat pump systems. In this paper, three novel impellers are proposed: pitched-blade
punched turbine (PBPT), bionic cut blade turbine (BCBT) and bionic cut punched blade turbine
(BCPBT). An experimental test was conducted to validate the stirring system model based on the
Eulerian–Eulerian method with the kinetic theory of granular flow. Then the performance of the
novel impellers was predicted, studied, and compared. The outcomes indicate that a novel impeller,
specifically BCPBT, can effectively suspend particles and dramatically reduce power consumption. A
better solid–liquid suspension quality was obtained with an aperture diameter of 8 mm and aperture
ratio of 13%. Within the range of impeller speeds and liquid viscosity studied in this this paper,
higher impeller speeds and more viscous liquids are more conducive to particle dispersion. One of
the most important contributions of this work lies in the design of novel impellers, an extent of energy
conservation to 17% and efficient mixing was achieved. These results have reference significance for
improving the energy efficiency of temperature regulation systems.

Keywords: stirred tank; solid–liquid mixing; CFD; novel impeller; PCMs

1. Introduction

Air conditioning, refrigeration and heat pump systems have been widely used in the
civil, military and industrial fields, for example, the application of heat pump systems in
the cold climate of northern China [1,2]. Building energy consumption accounts for 23%
of global primary energy and 30% of global electricity. To improve the energy efficiency
of refrigeration/heat pump systems, phase change materials (PCMs) for thermal energy
storage have attracted more and more attention [3,4], as they can help smooth energy
supply and consumption.

In particular, it has been pointed out that organic solid–liquid PCMs have great
practical application value, and can be used in building air conditioning, underground
heating and refrigeration systems [5,6]. However, the thermal conductivity of organic
solid–liquid PCMs is low and needs to be increased by adding thermal conductive particles.
In the preparation processes of PCM mixture, the key is to ensure a degree of homogeneity
throughout the vessel, prevent solid accumulation and maximize the contact area between
solid and liquid phases [7–9]. Thus, most of the methods for the mixing of thermal
conductive particles and PCMs needs high efficiency stirring. For example, the melt
blending method, one of the most favorable manufacturing methods for solid–liquid PCMs
due to its potential in large-scale production, is to directly add the thermally conductive
filler to the molten polymer, mix it evenly in the stirred tank, and then solidify it to form
the product (Figure 1). The mixing quality in the stirring process is directly related to
the performance of solid–liquid PCMs, which affects the energy utilization efficiency. At
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present, various small batches production of solid–liquid PCMs have been widely adopted,
however, large-scale production is still in its infancy. The most important reason is the lack
of manufacturing technology and equipment suitable for mass production. Therefore, a
study of stirring equipment for mixing with high efficiency, rapidity, and homogeneity is
important, and can also be helpful for solid–liquid mixing in other fields.
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Pitched blade turbine (PBT) has been extensively applied in solid–liquid mixing
systems [9–12], however, some undesirable problems, such as flow stagnant regions, the
settling of solids and the accumulation of solids near the wall, still occur when using PBT,
which seriously affects the output, quality and process cost of the PCMs. In order to obtain
good solid–liquid suspension quality, the most commonly used method is to increase
the impeller speed, but this means high power consumption and cost. Thus, the mixing
equipment requires further technical optimization to reach economic viability. To address
the above issues, numerous recent works have been centered on mixing processes, which
indicates that the modification of impeller design can enhance mixing behavior [13,14].
The effects of a Rushton turbine with streamlined or perforated blades on power, turbulent
dispersion, gas holdup and mass transfer rate performance were studied by Vasconselos
et al. [15]. Trivellato et al. [16] evaluated the turbulent mixing efficiency of a perforated
paddle impeller using computational fluid dynamics (CFD). Zhao et al. [17] investigated
the effects of blade shape on trailing vortices, indicating that trailing vortices could provide
a source of turbulence and have a potential benefit for mixing in a stirred tank. Yang
et al. [18] developed a novel zigzag punched impeller with promising outcomes. Another
alternative is based on cut blade surfaces. Ankamma Rao et al. [19] reported that the power
consumption of the Rushton turbine was reduced when V-shaped or rectangular cuts were
made in the blade tips. Steiros et al. [20] and Babu et al. [21] studied the mechanism of fractal
shaped blades in a Rushton turbine stirred tank reducing the power consumption through
experiments and simulations. Recently, a new design method, the hydrodynamics-based
bionic airfoil, has gathered more attention in rotating machinery blades. Fish et al. [22]
believed that the nodular structure at the anterior edge of the fins and limbs of humpback
whales could generate vortices by excitation of flow and reduce swimming resistance. Lin
et al. [23] applied the leading-edge protuberances structure of humpback whale pectoral
fins to fx63 wind turbine blades and found that the leading edge protuberant effectively
stabilizes the wind turbine output power. Yan et al. [24] quantified and characterized the
flow field of bionic airfoils based on sturgeon, and applied it to water jet propulsion pumps,
demonstrating better hydraulic efficiency. From the above, we can conclude that impeller
optimization and bionic design can contribute to broad prospects.

Numerous studies have been carried out on the performance and application of
PCMs, however, the PCM products are still limited due to their high cost. In addition,
the very little information is available on the relationship between preparation processes
and performance is very limited. In particular, the solid–liquid mixing in the preparation
process of PCMs has received little attention. In the mixing research, most studies mainly
focus on the improvement of the structural parameters of traditional impellers, and less on
the collaborative optimization among punched-bionic, high-efficiency, homogeneous, and
energy-saving designs.
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Therefore, in order to improve the mixing performance and reduce energy consump-
tion in the preparation of solid–liquid PCMs, a pitched-blade punched turbine (PBPT),
a bionic cut blade turbine (BCBT) and a bionic cut punched blade turbine (BCPBT) are
proposed in this paper. The overall objective of this study is to design a novel impeller to
improve the solid–liquid mixing efficiency and reduce power consumption in the prepa-
ration processes of PCMs. Around this objective, the following specific work has been
carried out: (1) the accuracy of the CFD model was verified by the PIV experiment and
experimental data of Guida et al. [25]. (2) The validated model was then further employed
for the investigation of the hydrodynamic behavior and solid–liquid mixing performance
occurring in a stirred tank equipped with the traditional impeller (PBT) and the novel
impellers (PBPT, BCBT and BCPBT). The flow field and distribution of solid particles in the
stirred tank were predicted. (3) The influence of the aperture parameters, impeller speed
and liquid viscosity of the BCPBT on the homogeneity of the solid–liquid mixing processes
are then discussed.

2. Proposal and Description of the Novel Impeller

The mixing quality depends on the flow field of the stirred tank. Alvarez Hernandez
et al. [26] clearly pointed out that the formation of the recirculation cells of the stirred tank is
an obstacle to solid–liquid mixing. In addition to the overall turbulence level, the uniformity
of turbulence in the stirred tank is also essential. Since the energy injected by the impeller
decays rapidly from its vicinity, it is difficult to achieve high uniformity. The impellers may
need to have higher rotation speeds to reach the target level of homogenization, and energy
consumption may become a problem worthy of attention. Therefore, an ideal optimization
design would achieve high mixing quality and low power consumption.

The blade surface is changed by adding holes on the impeller. A hole can reduce
the resistance during rotation (thus saving input power), and the edge of the hole plays a
role in the generation of turbulence. Due to the increase of shear times, the micro mixing
efficiency is increased. Bionics has made great progress in improving aerodynamic and
hydraulic properties. Biological structures have a number of characteristics, for instance,
that the flow field is evenly distributed. Bionic design is a new design method that applies
the laws and mechanisms of biology to improve product performance. It can effectively
improve the turbulent boundary layer and velocity distribution of the flow field, reducing
the resistance and improve the efficiency. The possible benefits of bionic airfoils include
controlling the flow around the blade, inhibiting the flow separation at the large inlet angle,
controlling the tip vortex, delaying stall and improving the lift–drag ratio [27]. Previous
studies [28] have shown that changing the blade surface can improve flow characteristics
in the stirred tank. Bionic cuts can interfere with the regular movement of the fluid, help
to break the mixing isolation zone, have a key impact on the wake vortex structure and
energy dissipation, and play a positive role in reducing power consumption.

Based on the potential benefits of perforation and bionics, three novel impellers with
different structures were proposed in this paper by introducing apertures and bionic cuts
into the traditional impeller (PBT), the geometric dimensions of the conventional impeller
(PBT) and the novel impellers (PBPT, BCBT, and BCPBT) are shown in Figure 2. PBT is
commonly used in the solid–liquid mixing processes of industrial applications. PBPT adds
holes to the blade surfaces of the PBT. Inspired by bionic design, BCBT has bionic cuts on
the edge of the PBT. The contour of the bionic cuts is a sine function curve, and its shape is
determined by the wavelength and amplitude. BCPBT combines the holes and bionic cuts.
Compared with the traditional impeller optimization design, BCPBT has the advantages of
promoting turbulence uniformity and enhancing mixing because of holes and bionic cuts.
These impeller structures are determined by impeller diameter, D, blade width, Wi, blade
length, b, aperture diameter, d, aperture ratio, β, wavelength, λ, amplitude, A and other
structural parameters. The basic dimensions of the impeller are summarized in Table 1. The
change of each structural parameter may have a significant impact on mixing efficiency.
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Table 1. Dimensions of tank and impeller.

Parameter Symbol Value

Tank diameter T 288 mm
Liquid height H T
Baffle width Wb 0.1 T

Off-bottom clearance C 0.25 T
Impeller diameter D 0.5 T

Blade width Wi 41 mm
Blade length b 55 mm

3. PIV Experimental Apparatus

The two-dimensional (2D) PIV system (Microvec Pte Ltd, Beijing, China) adopted
in the present work consisted of a dual Vlite series 532 nm dual pulse laser (Beamtech
Optronics Co., Ltd., 500 mJ, 10 Hz, Beijing, China), a high-resolution CCD camera with
6600 × 4400 pixels, a synchronizer, and the commercial software MicroVec-V3.6. The
experimental setup is shown in Figure 3. An electromagnetic phase-locking device was
used to obtain the phase-resolved measurements. The signals triggered by the shaft once
per revolution were used to synchronize the blade angular position, image acquisition, and
laser firing. In all of the experiments, the vertical laser plane was placed at a 5◦ angle from
the nearest baffle, passing through the vessel axis to give a clear and undistorted image of
fluid flow [29]. Only half of the plane was measured due to symmetry.

The tracer particles used in this experiment were hollow glass particles with a diameter
of 10 to 20 µm and a density of 1030 kg·m−3, which was quite close to the liquid density,
so as to better track the liquid velocity. The selected interrogation area was 64 × 64 pixels,
and the overlap area was 50% during the correlation. Considering the accuracy of the
experimental data and the efficiency of the image processing, 500 pairs of collected images
were processed to obtain the time-average flow field in each condition.
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Figure 3. PIV measurement system. 1—stirred tank, 2—electromagnetic phase locking device,
3—laser, 4—synchronizer, 5—computer, 6—cylindrical lens, 7—CCD camera.

A flat-bottomed cylindrical tank equipped with four baffles that were mounted per-
pendicular to the tank wall was studied, as shown in Figure 4. The dimensions of the
tank are listed in Table 1. The cylindrical tank was placed in a square tank to reduce the
optical refractive index effect at the cylindrical surface of the tank. In order to prevent the
reflection of the laser from damaging the high-speed camera CCD, the impellers and shaft
were painted black. The tank was stirred by the traditional impeller (PBT) and the novel
impellers (PBPT, BCBT and BCPBT), as depicted in Figure 2. The properties of the liquid
and the solid particles are given in Table 2.
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Figure 4. Schematic of the investigated stirred tank. (a) Vertical view along the axis and CFD
monitoring position, (b) horizontal (top) view and experimental measurement plane.

Table 2. The physical properties of the fluid and particle.

Parameter Symbol Value

Density of the liquid ρl 1150 kg/m3

Dynamic viscosity of the liquid µ 0.001 pa·s
Density of the solid ρs 2485 kg/m3

Solid particle diameter ds 3 mm
Solid volume fraction αS 5.2%

4. Mathematical Model

The Eulerian–Eulerian (E-E) approach was applied to analyze the hydrodynamic
behaviors of multiphase systems in various stirred vessels because of its lower CPU time
cost compared with the Eulerian–Lagrangian (E-L) approach [30,31]. The fatal problem
is that it only considered the drag force between the solid particles and fluid with less
attention paid to the interaction between solid particles. For this reason, Gidaspow [32]
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proposed the kinetic theory of granular flow (KTGF). Wadnerkar et al. [33] and Xie et al. [34]
investigated solid–liquid mixing systems utilizing E–E and Eulerian–Eulerian methods
combined with the kinetic theory of granular flow (EE-KTGF), and found that the EE-KTGF
method is available to accurately predict the flow field and particle distribution with high
concentrations and large particle sizes. Therefore, the EE-KTGF model was adopted to
describe the solid–liquid two-phase flow in the stirred tank in the present work. This model
assumed that the solid was a pseudo fluid. Viscosity, solid pressure and stress were solved
by the KTGF model. The continuity equation and momentum equation of each phase
were solved under the Euler framework, and the coupling between phases was obtained
through the pressure and interphase exchange coefficients.

4.1. Governing Equations

Each phase was regarded as an interpenetrating continuum. Reynolds-averaged mass
and momentum balance equations were solved for each phase. The governing equations
for phase q are as follows [32]:

Continuity equation:
∂

∂t
(αiρi) +∇·

(
αiρi

→
u i

)
= 0 (1)

where αi, is the concentration of each phase, and ρ and
→
u i are the density and velocity

vector, respectively.
Momentum equation:
The momentum equation for the liquid phase is:

∂

∂t

(
αlρl

→
u l

)
+∇·

(
αlρl

→
u l
→
u l

)
= −αl∇p + αl∇·

=
τ l + αlρl

→
g − K

(→
u l −

→
u s

)
(2)

where p is the thermodynamic pressure, K the momentum transfer coefficient,
→
g the gravity

acceleration, and
=
τ l the viscous stress tensor of liquid phase listed in Table 3.

The momentum equation for the solid phase is:

∂

∂t

(
αsρs

→
u s

)
+∇·

(
αsρs

→
u s
→
u s

)
= −αs∇p−∇ps +∇·

=
τs + αsρs

→
g + K

(→
u l −

→
u s

)
(3)

where
=
τs is the viscous stress tensor of solid phase and ps is the solid pressure shown in

Table 3.
The effects of mass transfer, lift force and virtual mass force were ignored. Only the

drag force, which significantly influences the simulation results, was considered in this
paper [34]. The Huilin–Gidaspow model [35] was adopted to calculate the momentum
exchange coefficient:

K = (1− ψ)KE + ψKWY (4)

ψ =
arctan[150× 1.75(0.2− αs)]

π
+ 0.5 (5)

KE = 150
(1− αl)

2µl

(αlds)
2 + 1.75

ρl(1− αl)
∣∣∣→u l −

→
u s

∣∣∣
αlds

αl ≤ 0.8 (6)

KWY =
3
4

CD

ρl(1− αl)
∣∣∣→u l −

→
u s

∣∣∣
ds

α−2.65
l αl > 0.8 (7)

CD =
24

αl Res

[
1 + 0.15(αl Res)

0.687
]

(8)

Res =
ρlds

∣∣∣→u s −
→
u l

∣∣∣
µl

(9)



Appl. Sci. 2021, 11, 9883 7 of 20

where K is fluid-solid exchange coefficient, ψ is the stitching function, CD is the drag
function, and Res is the relative Reynolds number.

Montante [36] found that the mixture model is the most proper turbulence model. For
this reason, both the turbulent kinetic energy and dissipation rate of the liquid phase were
calculated using the mixture k-ε turbulence model where the two phases are assumed to
share the same k and ε. The k and ε equations describing this model are as follows:

∂

∂t
(ρmk) +∇·

(
ρm
→
u mk

)
= ∇·

(
µm +

µt,m

σk
∇k
)
+ Gk,m + Gb,m − ρmε (10)

∂

∂t
(ρmε) +∇·

(
ρm
→
u mε

)
= ∇·

(
µt,m

σε
∇ε

)
+

ε

k
(C1εGk,m − C2ερmε) (11)

where the mixture density, ρm, molecular viscosity, µm and velocity,
→
u m, are computed

from

ρm =
N

∑
i=1

αiρi (12)

µm =
N

∑
i=1

αiµi (13)

→
u m

N
∑

i=1
αiρi

→
u i

N
∑

i=1
αiρi

(14)

The turbulent viscosity for the mixture, µt,m, is computed from

µt,m = ρmCµ
k2

ε
(15)

and the production of turbulence kinetic energy, Gk,m, is computed from

Gk,m = µt,m

(
∇→u m +∇→u

T
m

)
: ∇→u m (16)

The constants involved in the above equations are C1ε = 1.44, C2ε = 1.92, Cµ = 0.09,
σk = 1.0, σε = 1.3, respectively.

The equation of the conservation of granular temperature can be expressed as:

3
2

[
∂

∂t
(αsρsθs) +∇·

(
αsρs

→
u sθs

)]
= −

(
∇ps

=
I +∇·=τs

)
: ∇→u s +∇·(kθs∇θs)− γθs + ϕls

(17)

where θs is the granular temperature for the solid phase, −
(
∇ps

=
I +∇·=τs

)
: ∇→u s is the

generation of energy by the solid stress tensor, ∇·(kθs∇θs) is the diffusion of energy, kθs
is the diffusion coefficient for granular energy, γθs is the collisional dissipation of energy
and ϕls is the energy exchange between the liquid phase and the solid phase, as given in
Table 3.
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Table 3. Equations for the KTGF model.

Description Equation

Stress tensor of liquid phase =
τ l = αlµl(∇

→
u l +∇

→
u

T
l ) + αl

(
λl − 2

3 µl

)
∇→u l

=
I

Stress tensor of solid phase =
τs = αsµs(∇

→
u s +∇

→
u

T
s ) + αs

(
λs − 2

3 µs

)
∇→u s

=
I

Solids bulk viscosity λs =
4
3 αs

2ρsdsg0,ss(1 + ess)
(

θs
π

)1/2

Solids pressure ps = αsρsθs + 2ρs(1 + ess)αs
2g0,ssθs

Solids shear viscosity
µs =

4
5 αs

2ρsdsg0,ss(1 + ess)
√

θs
π

+
10ρsds

√
πθs

96αs(1+ess)g0,ss

[
1 + 4

5 g0,ssαs(1 + ess)
]2

Conductivity of granular energy
kθs =

25ρsds
√

πθs
64(1+e)g0,ss

[
1 + 6

5 (1 + ess)g0,ssαs

]2

+2αs
2ρsdsg0,ss(1 + ess)

(
θs
π

)1/2

Rate of kinetic energy dissipation γθs =
12(1−ess

2)g0,ss

ds
√

π
ρsαs

2θs
3
2

Rate of energy exchange ϕls =
dsρs

4
√

πθg0,ss

(
18µl
ds2ρs

)∣∣∣→u l −
→
u s

∣∣∣2
Radial distribution function g0,ss =

[
1−
(

αs
αs,max

)1/3
]−1

4.2. Numerical Details

Based on the complex geometry, the computational domain was discretized by un-
structured grids. The commercial CFD solver FLUENT was utilized to solve the governing
equations of the solid and liquid phases in a double precision solver. The Eulerian model
was selected as the multiphase model to describe the liquid–solid flow. The transient
pressure-based solver with implicit formulation was specified, and the absolute velocity
formulation was adopted. The segregated SIMPLEC algorithm was adopted to couple
pressure and velocity. The convection term was discretized with a second order upwind
scheme, and central differences were employed for all diffusion terms.

A sliding grid (SG) algorithm was applied to simulate the impeller rotation with a set
time step of 0.001 s. As far as the SG simulations are concerned, 100 full revolutions were
considered sufficient to reach steady state conditions in all cases [37]. The standard wall
function was applied for the modeling of the near-wall zones. All geometry walls were
assumed to be no slip boundary conditions, except that the top surface adopted the free
slip condition to simulate a free surface. Under the initial conditions, the solid particles
were settled uniformly at the bottom of the tank, while the liquid was kept stationary in
the remaining space of the tank.

4.3. Validation against PIV Experiment

The reliability of the simulation was verified by the self-conducted PIV experiment.
The system becomes opaque at higher volume fractions and impeller speeds, which affects
the application of optical measurement techniques. Thus, the impeller speed was set at
240 rpm and the solid volume fraction was 2%. The simulation and experiment were
carried out under the same conditions. Figure 5 compares the liquid phase flow field of the
PIV experiment and CFD simulation. A large single circulation loop existed in the stirred
tank. The liquid was ejected obliquely downward from the impeller to the bottom of the
tank with a maximum velocity magnitude and then divided into two streams. Most of the
liquid was fed into the main circulation of the whole tank, which forms the downward
main loop; and a small part went down, forming the inverted conical secondary induced
circulation region in the center of the bottom of the tank. A high-speed flow was generated
near the tip of the blade due to the rotation of the impeller, and the downward flow formed
a high-speed jet. The liquid velocity was relatively high in the impeller region and along
the jet, whereas it was lower at the upper part of the stirred tank and at the center of the
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bottom of the tank. The simulation and experimental results are consistent, which verifies
the reliability of the EE-KTGF model.
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4.4. Verification for Grid Independence

After the qualitative verification of the EE-KTGF model, the simulation results for
the axial, radial and tangential velocities at z = 0.2H obtained using computational grids
with 700, 1300 and 1800 k cells were compared with the experimental data from Guida
et al. [25] to ensure grid independency and reliable results in high solid loading systems.
The impeller speed was 405 rpm and the solid volume fraction was 5.2%. Figures 6 and
7 display three velocity components of both the liquid and solids with different mesh
cells. The velocity components were normalized by the impeller tip speed, utip. It is
evident that the results with different cells have the same variation trend, but the 700 k
cells had a large deviation compared with experimental data. A further-refined mesh was
required to acquire accurate results. The normalized velocity components obtained using
numerical simulation with 1300 k cells and 1800 k cells were in good agreement with the
experimental results. The average relative error between the CFD and the experimental
results was 9.7%, indicating that the simulation method can reasonably predict complex
flow in the stirred tank. The relative error for the normalized velocity component between
1300 k cells and 1800 k cells was less than 5%. Therefore, the mesh with 1300 k cells
was used for the subsequent simulations to achieve a compromise between accuracy and
computational cost.
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5. Results and Discussions
5.1. Flow Filed

The flow field of the different impeller types (PBT, PBPT, BCBT and BCPBT) in the
stirred tank is shown in Figure 8. It is illustrated that all impellers are able to generate axial
flow. The aperture and gaps will not cause the change of the typical flow pattern. However,
the flow field can be influenced crucially by means of modifications in the impeller blade
shape. It is interesting to note that the velocity vector is quite different in the impeller
region. The velocities of PBPT, BCBT and BCPBT were obviously higher than that of PBT
and the axial circulations were strengthened, which is attributed to the effect of the jet.
Many high-speed jets were generated behind the blade when the liquid flowed through the
apertures and gaps around the impeller. The shear effect of the jet on the surrounding liquid
led to remarkable growth in the velocity gradient, thereby improving the flow capacity of
the impellers.
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5.2. Trailing Vortices

It is critical to study the characteristics of trailing vortices. Figure 9 presents the three-
dimensional structure of the trailing vortices behind the different impeller blades. The
trailing vortices were produced behind each blade. A large part of the impeller energy was
consumed in the trailing vortices, while only a tiny part of the energy could be transferred
to the far end of the flow field for the suspension process of solid particles. Comparing with
Figure 9a–d, the trailing vortices near the PBT were characterized by large size, narrow
shape and small influence range, which are not beneficial features for energy transfer.
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Nevertheless, the novel impellers were able to significantly change the trailing vortex
structures. The large trailing vortices observed in the wake of the PBT blades were replaced
with multiple, weaker vortices in the wake of the novel impellers. It can be proved that the
novel impellers could effectively reduce the size of the trailing vortex through the apertures
and gaps around the impeller blades, which are conducive to improving energy utilization
and enhancing mixing efficiency. Many small-scale vortices were formed at the apertures
and gaps of the novel impellers. The turbulent kinetic energy around the vortices was more
prominent, which was in favor of improving stirring efficiency. In addition, the pressure at
the center of these vortices was relatively low, giving the impeller some extra driving force
and reducing energy consumption to a certain extent.
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5.3. Pressure Filled

The pressure difference is the main driving force directly affecting power consumption.
Figure 10 compares the contour plots of pressure on the center plane of the impeller
(z = 0.25H). It can be found that the distribution of pressure on the pressure sides is the
largest, but that negative pressure appears on the suction sides. The input of energy
is required to overcome the pressure difference and achieve material mixing when the
impeller rotates. Compared with the PBT, the novel impellers are capable of reducing
the pressure difference and alleviating the obstruction of the pressure difference. The
possible reason is that a series of jets can be generated around the apertures and gaps,
thus producing an enormous number of smaller vortices, which also reduce the pressure
difference ahead and behind the impeller blade and improve energy transfer efficiency.
BCPBT had the most obvious effect of reducing the pressure difference.
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5.4. Solid Particle Distribution

The proper quantification of solid dispersion is indispensable for a detailed under-
standing of the hydrodynamics of solid–liquid stirred tanks, as it strongly impacts the
mass transfer between the liquid and the particles. Figure 11 reports the solid volume
fraction of vertical cross-section (z = 0.1H, z = 0.4H, z = 0.7H), and Figure 12 shows the
axial distribution of the solid volume fraction at R/r = 0.5. As depicted in Figure 11, there
was particle accumulation under the impeller and around the baffle. The novel impellers,
however, may function to reduce the deposition of solid particles at the bottom of the
stirred tank and the thickness of the clear liquid layer at surface was lower than that
of the PBT. The PBPT, BCBT and BCPBT improved the solid suspension quality in the
stirred tank compared with the PBT. The dispersion degree of solid particles in the PBPT
and BCBT impeller systems were superior to that of the PBT impeller system under the
same operation condition, and the BCPBT could further promote the dispersion degree of
solid particles on the basis of PBPT and BCBT. This phenomenon can also be observed in
Figure 12. Obviously, a conclusion could be drawn that the capacity of BCPBT for solid
suspension is superior to that of other impellers. As previously mentioned, it might be
explained by the fact that the apertures and gaps around the novel impellers causes a series
of high-speed jets generation around the blade, and that the shear effect of the jets on the
surrounding liquid generated many stable small-scale vortices, thus advancing the local
energy dissipation rate around the liquid and enhancing the mixing effect.
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5.5. Power Consumption

Power input is a major cost in industrial-scale stirred tanks. In the present work,
the power consumption of different impeller types was calculated by the torque monitor
applied to the impeller walls. The power input was mainly used to overcome the pressure
gradient. A reduction of the pressure difference drag force and projected area on the
novel impellers were the dominant factors explaining the lower power consumption.
Furthermore, many small-scale vortices were formed around the apertures and gaps of
the novel impeller. The pressure in the center of these vortices was relatively low, which
gives some extra driving force to the impeller and can also reduce the energy consumption
to a certain extent. The variations of the power consumption of different impellers at
the same speed re tabulated in Table 4, which shows that the novel impellers can reduce
power consumption to varying degrees. The sequence of decreasing power consumption
at the same impeller speed is: PBT > PBPT > BCBT > BCPBT. Of note was the sharp power
consumption drop of 17% when the BCPBT was employed instead of the PBT.
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Table 4. Effect of impeller type on power consumption.

Impeller Type Power Consumption (W) Reduction of Power Consumption (%)

PBT 50.5 —
PBPT 46.9 7.1
BCBT 43.2 14.5

BCPBT 41.9 17.0

5.6. Influence of Aperture Parameters

It is known that turbulence kinetic energy and turbulent energy dissipation rate play
scrucial role in the mixing time and solid–liquid suspension quality. Figures 13 and 14
depict the distributions of the turbulence kinetic energy and the turbulent energy dissi-
pation rate at different aperture diameters and aperture ratios, respectively. In all cases,
the turbulenve kinetic energy and turbulent energy dissipation rate were highest near
the impeller blade tip, but tended to be very low outside the sweep field by the impeller
blades. The turbulence kinetic energy and turbulent energy dissipation rate profiles of
the BCPBT presented increased values than those of the PBT for most of the positions
and show multiple spikes, especially near the impeller (from r/R = 0.3 to r/R = 0.6). The
turbulent energy dissipation rate was higher for the BCPBT, which implies that smaller
trailing vortices in the wake of the BCPBT blade dissipated over a shorter distance from
the impeller.
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The turbulence kinetic energy and turbulent energy dissipation rate have an increasing
trend with an increase in the aperture diameter; however, they decreased slightly when the
aperture diameter was too large. Overall, the aperture diameter should not be too large,
and 8 mm is more suitable. As shown in Figures 13b and 14b, the turbulence kinetic energy



Appl. Sci. 2021, 11, 9883 15 of 20

and turbulent energy dissipation rate increased with the increase of the aperture ratio.
Under conditions of an aperture ratio of 13%, the turbulence kinetic energy and turbulent
energy dissipation rate were the largest, showing a downward trend when the aperture
ratio as more than 13%. The vortex diffusion as weak due to the small aperture ratio. In the
case of an oversized aperture ratio, the concurrent flow can emerge easily, thereby affecting
the enhancement of eddy diffusion.

Figure 15 depicts the axial solid concentration profile for different aperture parameters
at r/R = 0.5. With the increase of aperture diameter, mixing effects were improved in the
axial direction. When the aperture diameter reaches 8 mm, a better mixing performance
forms in the tank, where particle deposition decreases significantly at the bottom. As the
aperture diameter increases to 10 mm, owing to the fact that the axial pumping effects of
impellers are weakened in the vertical direction, it has an adverse impact on particle axial
motion. As a result, the solid hold-up is larger, and the deposition is more severe at the
bottom of tank. It can be observed from Figure 15b that the Cz/Cav values of the BCPBT
were higher than those of the PBT. The distribution of the solid particles of BCPBT was
more uniform than that of PBT in the axial direction when the aperture ratio was 13%.
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Figure 15. Influence of aperture parameters on local axial solid concentration profile. (a) Influence of
aperture diameter, (b) influence of aperture ratio.

An interface appears between the suspended solids and a clear liquid layer in the
upper part of the tank. The height of this interface is the cloud height. In this research,
the cloud height was analyzed by means of monitoring the average solid concentration
iso-surface, which was defined as the maximum axial height of the iso-surface of the
average solid concentration. The cloud height can be taken as a significant parameter for
evaluating mixing degree. Figure 16 exhibits the change of cloud height in the stirred tank.
Owing to the jet effect of the BCPBT, solid particles could be pumped to a higher position,
which improved the lifting ability of the liquid to the solid particles. Consequently, the
cloud height in the stirred tank with the BCPBT was higher than that with the PBT. Cloud
height trends higher with an increase in aperture size, reaches a maximum value, and
then drops gradually with further increases in the aperture size. The orifice flow velocity
shows a dampening with the increase of the aperture size. If the aperture size is too small,
the local eddy diffusion intensity is not enough. However, a slight velocity gradient is
formed in the flow field when the aperture size is too large, thereby causing the shear stress
of the impeller to weaken. The cloud height was the largest at the aperture ratio of 13%.
With further increases of the aperture ratio, the cloud height slightly declined. An increase
in the aperture ratio increased the number of apertures on the blade, and the jet flows
were converted to concurrent flows, leading to a negative impact on the mixing process.
However, the aperture ratio was too small to produce enough vortices for energy diffusion.
From the above we can conclude that better solid–liquid suspension quality can be acquired
when the aperture diameter is equal to 8 mm and the aperture ratio is equal to 13%.
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5.7. Influence of Liquid Viscosity

Figure 17 illustrates the axial solid concentration profile at r = 0.5R as a function
of liquid viscosity for the BCPBT. It can be seen that the BCPBT can effectively enhance
the solid–liquid mixing degree under different liquid viscosities, which shows that it can
be applied to various industrial productions, such as the preparation of PCMs. With an
increase in the liquid viscosity, the Cz/Cav value prominently increases and lower solid
concentration gradients in the axial direction are observed. The more viscous the liquid,
the more easily the solid particles remain suspended, and the more uniform the particle
distribution. The reason is that the higher viscous drag leads to the smaller settling velocity
of a single particle, thus preventing the solid particles from returning to the bottom of the
tank after suspension.
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5.8. Influence of Impeller Speed

Figure 18 suggests the three-dimensional view of solid volume fraction iso-volume and
the solid volume fraction of vertical cross-section for different impeller speeds. Figure 19
exhibits the 3D solid volume fraction contour plots and cloud height. At a low impeller
speed (i.e., 180 rpm), solid particles are basically deposited at the bottom of the tank,
and the upper parts of the stirred tank are almost liquid. An increase in impeller speed
decreases the accumulation region at the bottom of the stirred tank gradually. More and
more particles are suspended and dispersed in the stirred tank, and the distribution of the
solid particles is uniform. Only a few solid particles accumulate below the impeller and
around the baffles at impeller speeds of 540 rpm, and more solid particles are pumped
to a higher position. As can be seen from Figure 19, the cloud height gradually increases
with an increase in impeller speed. According to Zwietering’s criterion [38], the state of
complete suspension is defined as no solid remains stationary on the vessel base for more
than 1–2 s. Kraume [39] indicates that the cloud height reaching 90% or more of the liquid
height can be considered to have reached the state of complete suspension. When the
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impeller speed reaches 420 rpm, the cloud height has reached 90% of the liquid height,
which can be considered the state of complete suspension. There is no significant increment
in cloud height with a further increase in the impeller speed.
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6. Conclusions

In order to improve the performance and production efficiency of PCMS at an indus-
trial scale, three novel impellers (PBPT, BCBT and BCPBT) were proposed in this paper.
The performance of the original impeller (PBT) and three novel impellers were evaluated
in a solid–liquid stirred tank utilizing the EE-KTGF approach. The numerical model was
verified by a PIV experiment and the experimental data from Guida et al. [25]. The flow
field, trailing vortex, turbulent parameters, local axial solid concentration profile and cloud
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height were predicted. Furthermore, the effects of aperture parameters, impeller speed and
liquid viscosity of BCPBT on solid–liquid mixing homogeneity were studied. The results
of the current study can be summarized as follows:

The novel impellers are able to generate high-speed jets in the process of rotation,
which can not only reduce the size of the trailing vortex and the pressure difference of
the impeller blade, but also enhance the velocity gradient and turbulence parameters in
this manner to improve the solid–liquid suspension quality and reduce power consump-
tion. Notably, the BCPBT can more effectively suspend solid particles, and the power
consumption shows a decrease of approximately 17%, which is of great significance for the
preparation processes of PCMs in refrigeration systems.

Proper impeller structure parameters play an essential role in the solid–liquid mixing
performance of a stirred tank. An aperture diameter of 8 mm and the aperture ratio of
13% are especially appropriate for the solid–liquid suspension process in this work. An
appropriate selection of other design and structure parameters, such as the amplitude and
wavelength of the bionic cut, impeller clearance and diameter will be addressed in the
near future.

The BCPBT facilitated the solid–liquid suspension for different viscosities of liquids,
and increasing the impeller speed in a certain range can significantly promote the solid–
liquid mixing. Moreover, the approach of opening holes and bionic cuts is also applicable
to other types of impellers. The punched-bionic impeller, therefore, can be widely utilized
for many chemical industry and energy applications, such as in the preparation processes
of PCMs for solid–liquid mixing.
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Nomenclature

A Amplitude, mm
b Blade length, mm
C Off-bottom clearance, mm
Cav Average concentration
Cz Axial concentration
C1ε, C2ε, Cµ Coefficients of turbulent model
D Impeller diameter, mm
ds Solid particle diameter, mm
d aperture diameter, mm
Gk,m Turbulence generation, kg·m/s3

g Gravity acceleration, m/s2

H Liquid height, mm
HC Cloud height
i i = 1 for liquid phase or 2 for solid phase
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K Interface momentum transfer coefficient
k Turbulent kinetic energy, m2/s2

N impeller speed, rpm
p Pressure, pa
Re Reynolds number
T Tank diameter, mm
t Time, s
→
u Velocity vector
ur, uθ , uz cylindrical velocity components
utip impeller tip velocity, m/s
Wb Baffle width, mm
Wi Blade width, mm
x,y,z Cartesian coordinates
Greek Letters
α Volume fraction
β aperture ratio, %
λ Wavelength, mm
ε Turbulent kinetic energy dissipation rate, m2/s3

µ shear viscosity, Pa s
ρ Density, kg/m3

σ Prandtl number
=
τ Viscous stress tensor, Pa
υ bulk viscosity, Pa
Subscripts
l Liquid phase
s Solid phase
m Mixture properties
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