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Abstract: Technological advancements have continued to progress in all fields, achieving remark-
able feats. Additionally, productivity is increasing across the board as a result of strong economic
expansion, which has encouraged changes in people’s way of life, such as the increasing use of
pharmaceutical products, cosmetics, detergents, and food products. A hydrothermal study is re-
quired in these areas to optimize the design of the stirring system. The aim of the current work
is to investigate the hydrodynamics and thermodynamics of a mechanical agitation system with a
non-Newtonian fluid of the Bingham–Bercovier type in a cylindrical vessel with three blade con-
figurations. Our research is specifically directed towards mechanically agitated systems utilizing
close clearance stirrers, particularly focusing on the anchor, gate and two-bladed impellers, within
cylindrical tanks that possess flat bottoms without baffles. The results show that the anchor impeller,
with its broad blades and low-shear characteristics, is more suited for breaking down yield stress
and inducing flow in these fluids, which creates a wide flow pattern that effectively overcomes yield
stress. However, the addition of vertical arms to transform it into a gate impeller promotes mixing,
heat transfer and thermal efficiency with a small energy cost compared to an anchor impeller against
the two-bladed impeller.
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1. Introduction

Efficient mixing is essential for attaining the full homogenization of process substances
within a vessel, ensuring that all reactive components can interact harmoniously to produce
the desired product. Moreover, the level of homogeneity in a system significantly impacts
heat transfer. An ideal system can uphold a consistent temperature across the entire tank
volume and promptly respond to changes.

One significant category of non-Newtonian fluids is viscoplastic fluids [1], which
are often used in chemical engineering in the pharmaceutical, food, paint, polymer and
cosmetic sectors. These fluids exhibit unique behavior, flowing only when subjected to
shear stress exceeding a critical value [2], which creates dead zones where the fluid is less
agitated and affects the mixing efficiency; in addition, more difficulties are encountered due
to complex rheology proprieties when dealing with these types of highly viscous fluids,
wherein they exhibit a range of possible behaviors, which still remain a challenge.

In the laminar mixing of high viscosity fluids, close clearance impellers are suitable
among the several types of impellers that are accessible in industries [3,4]. Several studies
have explored the characteristics of these types of impellers. Bertrand et al. [5] carried
out a 3D numerical investigation focused on the mixing of non-Newtonian fluids under
laminar flow conditions, employing an anchor impeller agitator. Hami et al. [6] revealed
that an anchor impeller with a 45◦ blade inclination consumes significantly more power
compared to a classical anchor agitator. Mihailova et al. [7] delved into the performance
of merged anchor-helical impellers and highlighted the pivotal role of impeller height in
overall mixing system performance. Ameur et al. [8] innovatively combined an anchor
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impeller with a Scaba 6SRGT turbine for mixing shear-thinning fluids, achieving notable im-
provements in cavern size, particularly near the impeller axis. Mebarki et al. [9] conducted
a numerical exploration of a novel round-shaped anchor impeller design for mixing yield
stress fluids. Their results presented several advantages over the standard anchor impeller,
including improved flow field patterns and reduced energy consumption costs. Prajapati
and Ein-Mozaffari [10] investigated the mixing behavior of viscoplastic fluids using anchor
impellers. Their study determined the optimal values for the stirrer clearance-to-vessel
diameter and the stirrer width-to-vessel diameter ratios as 0.079 and 0.102, respectively.
They also found that the four-bladed anchor impeller outperformed the two-bladed variant
in terms of mixing efficiency.

Numerous research efforts have employed a combination of experimental and com-
putational approaches to improve the efficiency [11] of hydrodynamic configurations and
address operational constraints. Several researchers have made valuable contributions
on the thermal behavior and fluid flow within agitated tanks through a range of studies
documented in the literature [12]. Among them, Anne-Archard et al. [13] explored the
distributions of shear rates and their correlation to power consumption during the mixing
of power-law fluids using helical and anchor impellers. They developed a Metzner–Otto
correlation applicable to power-law fluids, including Bingham, Herschel–Bulkley, and
Casson fluids. Foukrach et al. [14] investigated the influence of various agitator types on
turbulent flows within stirred tanks, both with and without baffles. Their research revealed
that the agitator DTBT effectively reduced the vortex size at specific impeller angles. Korib
et al. [15] conducted a numerical simulation to investigate the fluid flow and heat transfer
around a rotating circular cylinder at low Reynolds numbers. Their study revealed that
as the rotational rate increased, the mean Nusselt number decreased. Ameur et al. [16]
employed a modified impeller configuration comprising a combination of a curved blade
turbine and a standard anchor impeller. They investigated the impact of geometric design,
anchor curvature, and shear zone on energy consumption. The same authors proposed a
modification to the classical anchor impeller design in [17] by curving the upper vertical
arms of the blade structure to prevent blade deformation and enhance impeller perfor-
mance. Furthermore, they investigated the flow energy efficiency of double helical ribbon,
anchor, gate and Maxblend impellers for stirring shear-thinning fluids in cylindrical tanks
in [18]. They found that the Maxblend impeller exhibited the best mixing quality and less
energy consumption. Kamla et al. [19] conducted a comprehensive comparison of anchor
impellers with blades of different shapes, including rectangular, octagonal, and circular
designs. Their findings indicated that the octagonal blade shape provided the broadest
well-stirred region. However, the circular blade shape demonstrated the lowest power
input requirements. Benmoussa et al. [20] explored the hydrodynamic properties of a
mixing system with an anchor agitator using a viscoplastic fluid model by Bercovier and
Engelman. Their findings highlighted the impact of different rheological parameters on the
flow pattern, heat exchange and power consumption. Later, Komoda et al. [21] conducted a
numerical investigation on the effect of various geometric parameters of the anchor impeller
on fluid mixing characteristics, with a specific focus on achieving uniform fluid spreading.
Following this, the authors conducted experimental observations of streaklines in the
horizontal cross-section to validate the optimized anchor impeller design. In another study,
conducted by Kada et al. [22], a three-dimensional numerical investigation was carried out
on a Bingham–Papanastasiou fluid using different geometric designs and inclination angles
of anchor blades within a stirred vessel. The findings revealed that the anchor impeller
with a 60◦ inclination exhibited the most efficient acceleration of flow within the stirred
system. Coaxial mixers equipped with close clearance impellers have shown significant
interest due to their potential for intensification. Bao et al. [23] tested four coaxial mixer
configurations, each pairing either a CBY or Pfaudler impeller as the inner component with
an outer component of either an anchor or helical ribbon (HR). Pakzad et al. [24] evaluated
the performance of anchor coaxial mixers in agitating yield-pseudoplastic fluids in terms
of mixing time and specific power consumption. Kazemzadeh and collaborators [25,26]
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conducted a systematic investigation on the impact of rheological properties on the power
consumption and mixing time of coaxial mixers. Recently, Shiue et al. [27] conducted a
comparative study of three coaxial mixers featuring different inner elements: a Cowles
turbine, a four-pitched blade turbine, and a three-blade propeller impeller, in conjunction
with an anchor impeller as the outer element. This investigation encompassed laminar,
transition, and turbulent flow conditions. Their findings revealed that the combination of a
four-pitched blade turbine and an anchor impeller achieved the shortest mixing time while
consuming less power. Table 1 provides a concise summary of recent studies exploring the
mixing of non-Newtonian fluids using a variety of close clearance impellers.

Table 1. Recent studies on mixing non-Newtonian fluids with close clearance impellers.

Impeller Type Fluid Studied Contribution Refs.

Anchor-helical impellers Shear-thinning fluid Highlighted the pivotal role of impeller height in
overall mixing system performance. [7]

Anchor impeller + Scaba 6SRGT Shear-thinning fluid
Combined an anchor impeller with a Scaba 6SRGT

turbine, achieving notable improvements in
cavern size, especially near the impeller axis.

[8]

Circular anchor impeller Viscoplastic fluid

Conducted a numerical exploration of a
circular-shape anchor impeller design for mixing
yield stress fluids, presenting advantages such as
improved flow field patterns and reduced energy

consumption costs.

[9]

Anchor impeller Viscoplastic fluid

Determined optimal values for stirrer clearance
and width-to-vessel diameter ratios. Found that

the four-bladed anchor impeller outperformed the
two-bladed variant in terms of mixing efficiency.

[10]

Modified anchor impeller
configuration Shear-thinning fluid

Employed a modified impeller configuration and
studied the impact of geometric design, anchor

curvature, and shear zone on energy consumption.
[16,17]

Double helical ribbon, anchor, gate,
Maxblend impellers Shear-thinning fluid

Investigated the flow energy efficiency. Maxblend
impeller demonstrated superior mixing quality

and lower energy consumption in
cylindrical tanks.

[18]

Anchor impellers with different
blade shapes Viscoplastic fluid

Compared different anchor blade shapes. The
octagonal blade shape provided the broadest

well-stirred region.
[19]

Anchor agitators Viscoplastic fluid Explored rheological parameters effects on flow
and power consumption. [20]

Anchor and paddle impellers Mixing characteristic
using tracer particles

Investigated geometric parameters’ impact on the
anchor and plate impellers on fluid mixing

characteristics, with a focus on achieving uniform
fluid spreading.

[21]

Anchor impeller with different
horizontal blades Viscoplastic fluid

Investigated different geometric designs and
inclination angles of anchor blades. Found that the
anchor impeller with a 60◦ inclination exhibited

the most efficient acceleration of flow.

[22]

Coaxial mixers: anchor with A200
impeller, ARI impeller and

Rushton turbine
Shear-thinning fluid

Highlighted the significance of the interaction
between the central impeller type and speed in

determining coaxial power consumption.
[23]

Coaxial mixers: CBY or Pfaudler
impeller combined with anchor or

helical ribbon
Shear-thinning fluid

Showed that the Pfaudler helical ribbon
configuration stood out as the optimal choice,
yielding the shortest mixing time with same

power consumption.

[24]
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Table 1. Cont.

Impeller Type Fluid Studied Contribution Refs.

Scaba-anchor coaxial mixer Shear-thinning fluid
Revealed that mixing efficiency was higher in the

co-rotating mode compared to the
counter-rotating mode.

[25,26]

Coaxial mixers: anchor with Cowles
turbine, four-pitched blade turbine or

three-blade propeller impellers
Viscoelastic fluid

Showed that the four-pitched blade turbine
combined with an anchor impeller achieved the

shortest mixing time with less
power consumption.

[27]

Although heat transfer within stirred vessels plays a crucial role in improving the
mixture quality and expediting chemical reactions, it is important to highlight the limited
research dedicated to exploring the thermal characteristics of viscoplastic fluids in stirred
tanks. Thus, this paper’s primary aim is to assess the energy efficiency and thermal
performance of different impeller configurations employed in agitating yield stress fluids.
The study places particular emphasis on the anchor, gate, and two-bladed impellers.

The remaining sections of this paper are organized as follows: Section 2 provides
an overview of the numerical formulation, encompassing the governing equations, fluid
behavior, and the mechanical agitation systems. Section 3 thoroughly examines and
discusses the simulation results. Section 4 presents the conclusion.

2. Numerical Modeling and Computational Settings
2.1. Mechanical Agitation System

Figure 1 depicts the geometries of the three stirring systems. A cylindrical vessel with
a flat bottom and no baffles, having a diameter Dv = 300 mm and a height Hv/Dv = 1, was
equipped with an impeller. Three type of impellers were used: anchor (Figure 1a), gate
(Figure 1b) and two-bladed (Figure 1c), with a diameter d = 288 mm, which rotated around
a shaft of diameter da/Dv = 0.023. The blade of the impeller had a dimension of L/Dv =
0.074 and a thickness of e/Dv = 0.02, and geometrical details are provided in Table 2.

Eng 2023, 4, FOR PEER REVIEW  4 
 

 

Coaxial mixers: CBY 

or Pfaudler impeller 

combined with an-

chor or helical rib-

bon 

Shear-thinning fluid 

Showed that the Pfaudler helical ribbon configuration 

stood out as the optimal choice, yielding the shortest mix-

ing time with same power consumption. 

[24] 

Scaba-anchor coax-

ial mixer 
Shear-thinning fluid 

Revealed that mixing efficiency was higher in the co-rotat-

ing mode compared to the counter-rotating mode. 
[25,26] 

Coaxial mixers: an-

chor with Cowles 

turbine, four-

pitched blade tur-

bine or three-blade 

propeller impellers 

Viscoelastic fluid 

Showed that the four-pitched blade turbine combined 

with an anchor impeller achieved the shortest mixing time 

with less power consumption. 

[27] 

Although heat transfer within stirred vessels plays a crucial role  in  improving the 

mixture quality and expediting chemical reactions, it is important to highlight the limited 

research dedicated to exploring the thermal characteristics of viscoplastic fluids in stirred 

tanks. Thus, this paper’s primary aim is to assess the energy efficiency and thermal per-

formance of different  impeller configurations employed  in agitating yield stress fluids. 

The study places particular emphasis on the anchor, gate, and two-bladed impellers. 

The remaining sections of this paper are organized as follows: Section 2 provides an 

overview of the numerical formulation, encompassing the governing equations, fluid be-

havior, and  the mechanical agitation systems. Section 3  thoroughly examines and dis-

cusses the simulation results. Section 4 presents the conclusion.   

2. Numerical Modeling and Computational Settings 

2.1. Mechanical Agitation System 

Figure 1 depicts the geometries of the three stirring systems. A cylindrical vessel with 

a flat bottom and no baffles, having a diameter Dv = 300 mm and a height Hv/Dv = 1, was 

equipped with an impeller. Three type of impellers were used: anchor (Figure 1a), gate 

(Figure 1b) and two-bladed (Figure 1c), with a diameter d = 288 mm, which rotated around 

a shaft of diameter da/Dv = 0.023. The blade of the impeller had a dimension of L/Dv = 

0.074 and a thickness of e/Dv = 0.02, and geometrical details are provided in Table 2. 

 
(a)  (b)  (c) 

Figure 1. Geometry and presentation of the simulated systems: (a) anchor impeller; (b) gate impel-

ler; and (c) two-bladed impeller. 
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and (c) two-bladed impeller.
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Table 2. Dimensions of the simulated system.

Dv d da/Dv e/Dv L/Dv W/Dv c/Dv

300 mm 288 mm 0.023 0.027 0.067 0.02 0.167

The planar impellers generated a tangential flow, in which the axial velocity was
negligible in comparison to the tangential one; furthermore, the slight dependency of the
flow field and temperature on the vertical axis only spread in the horizontal plane, as was
conducted in many studies [28,29]. In addition, the symmetrical design of the flat-bottomed
vessel made the fluid sweep symmetrically over the vessel’s horizontal levels. Therefore,
the simulation was conducted in two dimensions.

2.2. Governing Equations

The fluid is non-Newtonian incompressible and the flow was considered laminar.
Neglecting the areas near the bottom of the tank and the free surface of the liquid, we
assumed that all horizontal planes were identical.

The equations governing the flow are represented by mass conservation, filtered
momentum and energy equations.

∇ ·V = 0 (1)

ρ
∂V
∂t

+ ρ(V · ∇V)− ηap∆V − 2D · ∇ηap +∇P = 0 (2)

∂T
∂t

+
→
V∇T = k∆T (3)

k is the thermal diffusivity, defined by:

k =
λ

ρCp
(4)

where Cp, λ and ρ denote the specific heat, the thermal conductivity and the fluid density,
respectively.

2.3. Fluid Comportment

The fluid rheology is described using a regularized version of the Bingham model
proposed by Bercovier and Engelman [30], which is characterized by the existence of a
minimum value (τ0) of yield stress or flow threshold, in which there is no flow below. It is
provided by

•
D = 0 in

∥∥τ
∥∥ ≤τ0 (5)

τ =

(
τ0
•
γ + β

+ η∞

)
•
D in

∥∥τ
∥∥ > τ0 (6)

where η∞ is the infinite shear rate viscosity, τ refers to the fluid’s shear stress, τ0 is the yield
stress and β is a regularization parameter.

•
D and τ denote the tensor of deformation and the stress tensor, respectively, and are

defined by
•
D = 1/2

(
∇V +∇VT

)
(7)

∣∣τ∣∣ = √τ : τT

2
(8)

•
γ denotes the second invariant of the strain rate tensor obtained using

•
γ =

√
2.
•
D
•
D (9)
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Two zones define the flow domain for a yield stress fluid. The first zone is when∥∥τ
∥∥ ≤ τ0, and the material acts rigidly, while in

∥∥τ
∥∥ > τ0 the material flows with an

apparent viscosity ηap, which is given by

ηap = η∞ +
τ0
•
γ

(10)

The dimensionless parameters used are

r* =
2r
Dv

, x∗ =
2x
Dv

, y∗ =
2y
Dv

, vt
∗ =

vt

πNDv
, vr
∗ =

vr

πNDv
(11)

where Vr and Vt denote the radial and tangential velocities, N is the rotational speed and
Dv is the vessel diameter.

The dimensionless numbers are presented below [13]:

• Reynolds number:

Re =
ρNd2

η∞
(12)

• Bingham number:

Bi =
τ0

η∞N
(13)

• Nusselt number:

Nu =
htDv

λ
(14)

• Power consumption:

Np =
P

ρN3d5 (15)

2.4. Solver Settings

The numerical simulation was carried out through ANSYS Fluent 16 software based
on the finite-volume method and Navier–Stokes equations; the fluid model was coded
and loaded into the solver using a user-defined function (UDF) framework [31,32]. A
second order upwind scheme was used to solve the discrete equations with coupling
pressure-velocity and the SIMPLE algorithm.

For boundary conditions, a rotating reference frame was selected rather than a fixed
reference frame to avoid the periodic flow caused by the rotation of the impeller. In the
rotating reference frame (RRF), the stirrer was held stationary, while the vessel rotated
with the same angular velocity as the rotating frame in the opposite direction, considering
centrifugal and Coriolis accelerations. This technique was used and proved by many
authors, namely Hami et al. [5], Mebarki et al. [8], Anne-Archard et al. [12], Marouche
et al. [33], and Rahmani et al. [34]. Afterwards, the results were then expressed in a fixed
frame in a post-processing stage. The residuals for all variables were set to 10−6 in order to
satisfy the convergence criterion.

Figure 2 illustrates the two-dimensional computational domain and boundary con-
ditions. The selected mesh for the computational domain was triangular and was refined
near the impeller edge.

The boundary conditions for velocity were defined as follows:

• On the impeller vr = vt = 0;
• On the vessel vr = vt = −2πNR.

Temperature conditions were applied to the vessel wall and insulate on the impeller.

• On the impeller ∂T
∂n = 0;

• On the vessel T = 1.
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Figure 2. Computation domain mesh (anchor impeller).

3. Results and Discussion
3.1. Grid Independency and Numerical Validation

Three unstructured triangular grid resolutions were employed to determine the opti-
mal mesh for accurate calculations and to obtain correct results. These resolutions, referred
to as mesh1, mesh2 and mesh3, had varying numbers of cells—specifically, 26,044, 40,610
and 59,288 cells, respectively.

The effects of these three meshes are depicted in Figure 3. The tangential velocity on
the median plane of mesh2 and mesh3 exhibited negligible differences, as can be observed.
Therefore, our simulation was conducted using mesh2, which comprised a total of 40,610 cells
in the overall computational domain (Figure 2).

Eng 2023, 4, FOR PEER REVIEW  8 
 

 

 On the vessel  𝑣 𝑣 2. 𝜋𝑁𝑅. 

Temperature conditions were applied to the vessel wall and insulate on the impeller. 

 On the impeller  0; 

 On the vessel  𝑇 1. 

 

Figure 2. Computation domain mesh (anchor impeller). 

3. Results and Discussion 

3.1. Grid Independency and Numerical Validation 

Three unstructured triangular grid resolutions were employed to determine the op-

timal mesh for accurate calculations and to obtain correct results. These resolutions, re-

ferred to as mesh1, mesh2 and mesh3, had varying numbers of cells—specifically, 26,044, 

40,610 and 59,288 cells, respectively.   

The effects of these three meshes are depicted in Figure 3. The tangential velocity on 

the median plane of mesh2 and mesh3 exhibited negligible differences, as can be observed. 

Therefore, our simulation was conducted using mesh2, which comprised a total of 40,610 

cells in the overall computational domain (Figure 2). 

 

Figure 3. Tangential velocity on the median plane obtained for the three sets of grids. 
Figure 3. Tangential velocity on the median plane obtained for the three sets of grids.

At first, it was necessary to validate our numerical model using the available previous
data. Therefore, we used the same rheological and geometrical characterization of a stirred
system as chosen by Marouche et al. [33] and Rahmani et al. [34], with the working fluid
being Bingham. As shown in Figure 4, the computed results exhibited good agreement.
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Figure 4. Comparison of the tangential velocity on the blade plane of the CFD model and numerical
results of refs. [33,34].

3.2. Effect of Inertia

Assessing the mixing performance in a stirred system relies significantly on the flow
pattern, which is influenced by both the rotational speed of the impeller and its design.
Figure 5 shows the stream function results comparison obtained for the three impellers as
functions of the Reynolds number for τ0 = 1 Pa and β = 0.01.

In Figure 5a, for the anchor impeller, a recirculation zone exists within the stream-
lines, characterized by closed loop patterns. This zone is symmetric with respect to the
bisector for low Reynolds numbers. As the Reynolds number increases, this zone shifts
towards the leading edges of the impeller, showcasing the prevalence of inertial forces over
viscosity forces.

In Figure 5b, for the gate impeller, three distinct regions can be identified. One region
experiences low shear near the first blade, while another region encounters higher shear
near the second blade. The third region represents the remaining fluid, which we will refer
to as the solid region.

For the two-bladed impeller (Figure 5c), the area near the blade subject to significant
shear becomes prominent in contrast to the rest of the tank, thereby constituting the
solid region.

It can be noticed that close to the blades, a deviation in the streamlines is observable.
This deviation becomes more pronounced as the Reynolds number increases, indicating
heightened shear forces experienced by the fluid in this region. From the external edge of
the blade to the tank wall, the streamlines remain roughly parallel to the wall, implying
that the flow in this area assumes a tangential nature.

Figures 6 and 7 illustrate the variation in the tangential velocity on the blade and its
extension and on the median plane, respectively, for the three impellers as a function of
the radial position for Re 13.8 and Re = 416 with τ0 = 1 Pa. It is evident in Figure 6 that
the tangential flow structures were nearly identical across all impellers. The tangential
velocity reached its maximum, which is 0.96, at the tip of the impeller blades and gradually
decreased to zero along the tank wall. It can be observed that the tangential component
of velocity was negative and there was a flow delay between the shaft and the blade for
the anchor impeller. Similarly, for the gate impeller, the tangential velocity was negative
between the first blade and the second blade, all at a low Reynolds number of 13.8. However,
an increase in Re = 416 generated a stronger flow that drew the fluid upstream of the blade,
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resulting in a positive velocity profile. This behavior contrasts with that of the two-bladed
impeller, where the velocity remained positive.
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Figure 5. Stream function comparison for different Reynolds numbers: (a) anchor impeller; (b) gate
impeller; (c) two-bladed impeller.

Overall, a distinct non-sheared region existed within the velocity profiles at low
Reynolds numbers (Re = 13.8). This region yielded an almost negligible velocity, with
noticeable shear confined mainly to the vicinity of the impeller blades. However, with an
increase in Reynolds number (Re = 416), this sheared zone progressively expanded across
the entire tank, where the influence of inertia prevailed over the effects originating from
the fluid’s plasticity. In Figure 7, it is clearly shown that the anchor impeller exhibited
the lowest tangential velocity. This is due to the fact that the fluid initiates its rotation in
synchrony with the stirrer, rather than through being pumped. On the other hand, the gate
impeller showed a higher tangential velocity, although not as significant as the two-bladed
impeller, which had the highest tangential velocity among the three impellers.
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3.3. Effect of Rheology

Figure 8 presents the influence of rheological parameters, quantified by the Bingham
number (Bi) on the velocity contour for the three impellers.

It can be seen that the patterns were nearly identical, indicating the presence of three
distinct zones. The first zone exhibited shear at the level of the blades. The second zone
was a recirculation region situated near the agitator axis. The third zone represented a rigid
area, corresponding to the remaining part of the tank.

As the Bingham number increased to 600, these three zones persisted, although their
shapes and sizes underwent significant changes. The first zone decreased in size, the second
zone expanded to encompass the agitator axis, and the third zone (rigid area) diminished
to the point of disappearance. This can be attributed to the fact that larger Bingham values
corresponded to broader immobilized regions and reduced shear zones near each blade.
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In such flow conditions, viscosity increases across most of the domain, maintaining the
flow structure. As the Bingham number decreases, the influence of inertia becomes more
pronounced compared to the effects of yield stress. This leads to non-uniform changes in
the velocity fields. This shift reflects the simultaneous impact of both factors. Shearing
occurs extensively throughout the tank, and the extreme viscosity contrast within the tank
diminishes. Consequently, the behavior approaches that of a shear-thinning fluid.
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Figure 8. Velocity contour distribution for different Bingham numbers: (a) anchor impeller; (b) gate
impeller; and (c) two-bladed impeller.

The impact of yield stress (τ0) on the velocity vector field and velocity contour distribu-
tion for the three impellers was depicted in Figure 9. Three values of yield stress (τ0) were
investigated, ranging from 0 to 5 Pa, where a zero value corresponded to the Newtonian
case. The angular velocity was fixed at 1 rpm. It is noticeable that as the yield stress
increased, the tangential velocity on the blade plane significantly diminished and even
became negative in proximity to the blades. However, on the median plane, the tangential
velocity remained zero, resulting in an expanded sheared zone near the agitator blades. The
presence of yield stress can dramatically alter the hydrodynamics by effectively reducing
or nullifying the velocity in a significant portion of the vessel, and the fluid exhibited a
solid behavior. When comparing the three impellers, it becomes apparent that both the gate
impeller and two-bladed impeller exhibited larger swept areas compared to the anchor
impeller. This extended coverage enhanced mixing within the vessel, facilitating efficient
fluid motion and convective heat transfer. In contrast, the anchor impeller appeared less
efficient within the vessel, particularly in regions where the tangential velocity became
negative, leading to reduced mixing efficiency in those areas.
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Figure 9. Velocity vector field and velocity contour distribution for different yield stress τ0: (a) anchor
impeller; (b) gate impeller; and (c) two-bladed impeller.

3.4. Thermal Performance

The thermal distribution of the three studied impellers is depicted in Figure 10. Along
the radial direction, a consistent thermal gradient pattern can be observed for Re = 13.8. In
this case, the maximum temperature value was located at the sidewall region. However,
a higher inertia value (Re = 276) resulted in a significant change in the thermal gradient
behavior and a notable temperature increase across most of the vessel’s area. An observable
deviation in the thermal lines explains the alteration in the flow pattern within the stirred
tank, which in turn accelerated heat transfer and improved the flow pattern in the stirred
system. Furthermore, the lowest temperatures were located within the recirculation zones,
where heat conduction was taking place between two adjacent fluids.

Figure 11 illustrates the evolution of the average Nusselt number as a function of
time for the three types of impellers studied, at Re = 13.8 and Pr = 7. Comparing the three
profiles reveals that the gate impeller exhibited an enhanced heat transfer effect through
forced convection due to the rise in the Nusselt number, and as a result the temperature
distribution became quite rapid.



Eng 2023, 4 2537

Eng 2023, 4, FOR PEER REVIEW  14 
 

 

stirred system. Furthermore, the lowest temperatures were located within the recircula-

tion zones, where heat conduction was taking place between two adjacent fluids. 

     

 

   
(a)  (b)  (c)   

Figure 10. Temperature field comparison for different Reynolds numbers: (a) anchor impeller; (b) 

gate impeller; and (c) two-bladed impeller. 

Figure 11 illustrates the evolution of the average Nusselt number as a function of time 

for the three types of impellers studied, at Re = 13.8 and Pr = 7. Comparing the three pro-

files  reveals  that  the gate  impeller  exhibited  an  enhanced heat  transfer  effect  through 

forced convection due to the rise in the Nusselt number, and as a result the temperature 

distribution became quite rapid. 

 

Figure 10. Temperature field comparison for different Reynolds numbers: (a) anchor impeller; (b) gate
impeller; and (c) two-bladed impeller.

Eng 2023, 4, FOR PEER REVIEW  14 
 

 

stirred system. Furthermore, the lowest temperatures were located within the recircula-

tion zones, where heat conduction was taking place between two adjacent fluids. 

     

 

   
(a)  (b)  (c)   

Figure 10. Temperature field comparison for different Reynolds numbers: (a) anchor impeller; (b) 

gate impeller; and (c) two-bladed impeller. 

Figure 11 illustrates the evolution of the average Nusselt number as a function of time 

for the three types of impellers studied, at Re = 13.8 and Pr = 7. Comparing the three pro-

files  reveals  that  the gate  impeller  exhibited  an  enhanced heat  transfer  effect  through 

forced convection due to the rise in the Nusselt number, and as a result the temperature 

distribution became quite rapid. 

 Figure 11. Evolution of average Nusselt number as function of time for the three impellers.

3.5. Power Consumption

Figures 12–14 illustrate the variation in power number for the three agitators un-
der investigation concerning the Reynolds number, Re (Figure 12), Bingham number, Bi
(Figure 13), and yield stress, τ0 (Figure 14), respectively.
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In Figure 12, we observe that an increase in inertia led to a decrease in energy con-
sumption within the mixing system, thereby reducing the cost of energy consumption in
the stirred vessel.

As the Bingham number increased (Figure 13), indicating a higher yield stress, the
fluid became more resistant to flow, resulting in increased power requirements for agitation.

As the yield stress τ0 increased from 0 to 30 (Figure 14), the zero value corresponded
to the Newtonian case, indicating a larger yield stress relative to the viscous forces that
modify the behavior of the fluid, which became more resistant to flow and required more
energy consumption.

The power consumption comparison among the studied cases showed that the energy
consumption was lowest for the anchor impeller, followed by the gate impeller and then
the two-bladed impeller.

4. Conclusions

This study conducts a numerical investigation of the thermo-hydrodynamic character-
istics of viscoplastic stirring within a cylindrical vessel using three planar stirrers, employ-
ing the Bingham–Bercovier model. The primary objective of this investigation is to illustrate
and assess how inertia, yield stress, and plasticity impact the thermo-hydrodynamic struc-
ture, including flow patterns, power consumption and heat transfer. Additionally, the study
examines how geometric design influences the overall parameters of the stirred system.

It is important to consider the rheological properties of the fluid, the desired mixing
intensity, and the specific goals of the agitation process when selecting the most suitable
impeller type.

For the studied conditions, the anchor impeller, with its broad blades and low-shear
characteristics, is more suited for breaking down yield stress and inducing flow in these
fluids. The anchor impeller’s design creates a wide flow pattern that effectively overcomes
yield stress and offers the benefit of lower energy consumption. However, the addition
of vertical arms promotes mixing by increasing the cavern size, heat transfer and thermal
efficiency with a small energy cost compared to the anchor impeller against to the two-
bladed impeller.
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