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Abstract: The homogenization of the agitated batch and ensuring the suspension of particles are the
most frequently encountered requirements in terms of mixing applications. These operations are
affected by the flow of the agitated batch. The geometrical parameters of the mixing system, especially
the shape of the agitator blade, affect flow and circulation in the agitated batch. The present work
provides a general description of the most common processes in the agitated batch (blending and
particle suspension), hydrodynamic parameters (flow in agitated batches, pumping and circulation
capacity of impellers) and the geometrical configurations of the mixing equipment (shape of vessel,
baffle and impeller, and their mutual arrangement) that influence the process. The dimensionless
process characteristics of the agitator were derived by theoretical analysis. These characteristics were
applied to evaluate an extensive set of experimental data with various geometric configurations of
the mixing equipment. This study shows how the flow in the agitated batch, caused by the pumping
and circulating effects of the agitators, affects the parameters and energy efficiency of these processes,
depending on the geometric configuration of the mixing equipment. Moreover, the benefits of the
hydrofoil impellers used for these mixing processes are presented.

Keywords: mixing; agitator; blending; pumping capacity; particle suspension; impeller efficiency;
hydrofoil impeller

1. Introduction

The mixing of liquid media is one of the most common operations in the chemical, biochemical,
food and consumer industries. The purpose of mixing is to intensify heat and mass transfer and
to prepare mixtures of desired properties, e.g., suspensions and emulsions. Three basic forms of
mixing are used in mixing equipment—hydraulic, pneumatic and mechanical. For the common flow
of substances through a pipeline, shaped inserts in the pipeline are used, ensuring the radial mixing of
liquids—so-called static mixers. Mixing equipment with a mechanical rotary agitator, which creates a
forced flow in the vessel, is the most often used in industry.

For the purpose of mixing, the most common requirements are the homogenization of the
mixed batch and ensuring the suspension of particles in the liquid, which corresponds to data
from manufacturers, e.g., published in [1]. In this publication it is shown that as many as 80%
of application processes comprise homogenization, and 50% of processes deal with solid–liquid
suspensions. These operations are influenced by the flow of the agitated batch, where the primary flow
of the liquid, which mainly affects the suspension of the solid phase, is caused by the pumping effects
of the mechanical agitator [2]. Due to the transfer of momentum between the liquid flowing out of
the rotor region of the agitator and the surrounding area, an induced flow is created in the remaining
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volume, which affects the homogeneity of the agitated batch. The flow and circulation of the agitated
batch is influenced by the geometric parameters of the mixing system and, in particular, by the shape
of the agitator blades.

For the design, construction and operation of the mixing equipment, it is necessary to determine
the required rotation frequency of the agitator so as to ensure the required process takes place in the
agitated batch and the correct power input of the agitator shaft is used for dimensioning the driving
system. These design parameters, depending not only on the geometric configuration of the mixing
equipment (shape of vessel, inserts inside the vessel, the types of agitators and their mutual geometric
arrangements) but also on the physical–chemical properties of the agitated batch, are determined
experimentally on a geometrically similar model of mixing equipment. The evaluation of experiments
in the form of suitable dimensionless process characteristics will then allow for the use of these results
in the design of the operating equipment and the choice of the optimal geometric configurations of the
equipment, not only in terms of ensuring the required process takes place, but also in terms of the
minimization of operating energy costs.

2. Flow in Agitated Batch

2.1. The Characterization of Flow in Agitated Batch

The primary effect of a mechanical agitator is the flow and circulation of the agitated liquid in the
vessel. Mechanical rotary agitators, depending on their geometry, cause the axial, radial or tangential
flow of the agitated batch in the vessel.

Mixing equipment with a cylindrical vessel and with an axially-arranged mechanical rotary
agitator, which creates a forced flow in the vessel, is the most common in the industry. If it is necessary
to suppress the tangential flow in the agitated batch and prevent the formation of a central vortex,
the cylindrical vessels are equipped with inserts in the form of variously shaped baffles (radial, tubular,
finger). These enhance the axial flow and the intensity of circulation in the agitated batch, which results
in an extension of the flow to the whole batch and, therefore, has a positive effect on the process of the
homogenization of miscible liquids and heterogeneous mixtures in the agitated batch. The effect of the
baffle installation on the flow patterns of both an agitated batch in a cylindrical vessel without baffles,
and a vessel with four radial baffles and a radial agitator with curved blades, is shown in Figure 1.
The flow pattern is illustrated by the path lines in a turbulent regime, solved by CFD simulation
in fluent. In many applications, this is not possible, due, for example, to the sanitation or surface
treatment needed to equip the mixing vessel with baffles. In the case of a viscous flow of highly viscous
substances, it is possible to enhance the axial flow by suitably configuring the agitator. In the case of a
turbulent flow in the mixing vessel without baffles, it is possible to partially suppress the tangential
flow by means of an eccentric or obliquely-inclined positioning of the agitator in the mixing vessel.
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Figure 1. Flow in a cylindrical vessel with radial agitator with curved blades: (a) vessel without baffles;
(b) vessel with four radial baffles.
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Occasionally, because of the installation plan and space saving, it is necessary to enact the mixing
process in a vessel of square or rectangular cross-section. It is evident from Figure 2 that the sharp
corners of the vessel disturb the tangential flow and practically perform the function of radial baffles.
For example, the flow field in a rectangular vessel equipped with a side-entering agitator in the laminar
region is described in [3].
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Figure 2. Flow in a vessel with a rectangular cross-section equipped with an axial impeller.

2.2. Flow Field in the Agitated Batch

Data about the distribution of velocity and pressure in the agitated fluid can be obtained by
solving a system of partial differential equations, i.e., the continuity equation and the Navier–Stokes
equation. An analytical solution of this system of equations is not possible due to the complexity of the
monitored system of the vessel equipped with the agitator. Therefore, it is necessary to limit oneself
only to the inspection analysis of these equations, e.g., [4], which shows that the dimensionless velocity
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The time dependence has a periodic character at a steady flow, which is caused by the geometric
shape of the agitator and the vessel. The time dependence of speed and pressure is usually neglected,
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For large values of the modified Reynolds number, i.e., for the developed turbulent flow, the
effect of viscous forces can be neglected. Based on the inspection analysis, Equations (3) and (4) take
the form:
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u
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∗
)
, (5)

p̃∗ = f2
(
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x
∗
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. (6)

Examples of axial velocity profiles in the agitated batch and in the discharge stream in the
rotor region of the agitator are shown in Figures 3 and 4 for the turbulent flow caused by the axial
flow impeller.
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Figure 3. Dimensionless axial velocity profiles in an agitated batch for a measuring level passing the
discharge stream of the impeller [5].
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Figure 4. Axial velocity profile (a,c) and dimensionless axial velocity profile (b,d) of the liquid
discharge from the rotor of the agitator: (a,b) 3SL24—pitched three-blade turbines with pitch angle 24◦;
(c,d) 3RLL—pitched there-blade turbine with diagonally folded blades [6].

In the region of small values of the Reynolds number (area of the creeping flow), the inertia forces
are negligible. Therefore, when converting the Navier–Stokes equation to a dimensionless form, it is
necessary to divide this equation by the expression of the term that expresses the effect of viscous forces.
Then the definition of dimensionless pressure changes into the form p+ =

p
µn . From the inspection

analysis of the equations adjusted in this way, it follows that:

→
u
∗

= f1
(
→
x
∗
)
, (7)

p+ = f2
(
→
x
∗
)
. (8)
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2.3. Pumping Efficiency of Rotary Agitators

The pumping capacity of an agitator is defined as the volume of liquid leaving the agitator per
unit of time. If the velocity field at the discharge of the agitator is known, the pumping capacity can be
determined from the equation:

QP =
1
2

∫
S

[
Sign

(
→̃
u ·
→
n
)
+ 1

]
→̃
u ·
→
ndS (9)

where S is the surface of a cylinder with a diameter equal to the diameter of the agitator, and a height
equal to the axial height of the blades.

After adjusting Equation (9) to a dimensionless form, it follows from the inspection analysis of
this equation, e.g., [4], that for geometrically similar system configurations the dimensionless pumping
capacity, the so-called flow number NQP, is a function of the modified Reynolds number Re:

NQP =
QP

nd3 = f (Re) (10)

For large values of the modified Reynolds number, i.e., for the developed turbulent flow,
when considering the dimensionless velocity according to Equation (5), it follows from the inspection
analysis that:

NQP =
QP

nd3 = const. (11)

This conclusion is valid analogously to the creeping flow when considering the dimensionless
velocity according to Equation (7).

The pumping efficiency of agitators is determined either by measuring the mean circulation time
of two successive passages of the indicator particle through the control surface, i.e., in this case by an
agitator (so-called flow-follower)—e.g., [7]—or by integrating the measured velocity profiles of the
discharge from the agitator according to Equation (9)—e.g., [8].

The primary flow of a liquid in the agitated batch is caused by the pumping efficiency of the
mechanical agitator. Due to the transfer of momentum between the liquid flowing out of the rotor
region of the agitator and the surrounding environment, an induced flow is created in the remaining
volume. The total volume flow of the agitated batch QT can then be obtained as the sum of the flow
rate power QP and the induced flow Qi:

QT = QP + Qi, (12)

Dividing Equation (12) by nd3 in dimensionless form yields:

NQT = NQP + NQi. (13)

For comparison of hydraulic pumping or the total circulating efficiency of the agitators, a
dimensionless energy criterion was proposed [9] in the form:

EP =
N3

QP

Po
(14)

or

ET =
N3

QT

Po
(15)

where Po is the power number expressing the dimensionless power of the agitator shaft. These criteria
express the energy necessary to pump liquid or to develop the required total volumetric flow rate
for similar agitated systems. From the inspection analysis of equations expressing the force effects of
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the liquid acting on the agitator, e.g., [4], it follows that for geometrically similar arrangements of the
mixing equipment, the power number Po is a function of the modified Reynolds number Re:

Po =
P

ρn3d5 = f (Re) (16)

For large values of the modified Reynolds number, i.e., in the turbulent flow region, the power
number Po does not depend on the modified Reynolds number Re, i.e.,

Po = const. (17)

2.4. Hydrofoil Impellers

It is evident from Figures 3 and 4 that the geometric configuration of the agitator and the shape
of the agitator blades have a fundamental effect on the velocity distribution in the agitated batch,
and they thereby influence the ongoing agitation processes. Currently, there is a trend of designing
hydrodynamically optimized agitators with shaped blades called hydrofoil impellers. Most companies
producing mixing equipment (e.g., Chemineer, Lightnin, Ekato, and the Czech company Techmix)
use their own developed types of hydrofoil impellers. The aim is to design an agitator with shaped
blades that direct the flow of the agitated batch as much as possible, while achieving the highest
possible hydraulic efficiency, i.e., the highest use of energy supplied to the agitator in the form of its
power to induce its pumping power and turbulence dissipated outside the rotor area of the agitator.
A comparison of the flow in a vessel with an axial hydrofoil impeller and a standard axial inclined
blade turbine is illustrated in Figure 5 in the form of a flow pattern sketch and a velocity map in the
agitated batch. From this comparison, it is evident that the hydrofoil impeller produces directed axial
flow in an agitated batch.
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Figure 5. Flow in agitated batch with: (a) standard axial inclined blade turbine; (b) axial hydrofoil
impeller (sketch of flow pattern [10], contours of velocity field; red is max. value and dark blue is min.
value of flow velocity).

Design modifications of the blade shape consist of adjusting the surface of the blades and their
folding or inclining. The angles of inclining or folding affect the pumping capacity of the impeller
and the flow velocity field’s discharge from the rotor area of the impeller. Examples of developmental
types of axial hydrofoil impellers are shown in Figure 6. Figure 6a shows a basic non-optimized type
of stirrer with inclined rectangular blades (standard pitched six-blade turbine with pitch angle 45◦).
The simplest way to shape the blades is to diagonally fold them (see Figure 6b). It can be seen from
Figure 6b that only folding the blades results in a uniform axial outflow of liquid from the agitator
with a piston speed profile. The next step is to increase the area of the blade and adjust its shape,
which will not only direct the flow, but also improve other process characteristics, e.g., Figure 6c
shows a turbine designed by the author [11], and Figure 6d shows a turbine designed by Techmix s.r.o.
The shaping of the blades is carried out either on the basis of operational experience or on the basis
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of experimental monitoring of the processes taking place in the agitated batch (e.g., homogenization,
particle suspension, dispergation) and the velocity field in the agitated batch (e.g., by LDA or PIV),
or using CFD simulations. Flow in the agitated batch with hydrofoil impellers is described in more
detail in [6,12,13].
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The processes taking place in the agitated batch are affected not only by the flow and circulation,
but also by the pumping and the circulation efficiency of the agitator. For this reason, based on the
measurement of the velocity field in the agitated batch by LDA, the hydraulic efficiencies of a number
of standardized and hydrofoil impellers used for homogenization and particle suspension, especially in
the turbulent flow region, were evaluated. The pumping and the circulation efficiency of these agitators
were compared on the basis of their hydraulic efficiency, defined according to Equations (14) and (15).
From the summary of the results given in Tables 1 and 2, it is evident that all the hydrofoil impellers
show higher pumping efficiency than agitators with inclined unshaped blades.

Table 1. The pumping efficiency of axial flow agitators in the turbulent flow region—cylindrical vessel
with dished bottom and four radial baffles, H/D = 1, d/D = 0.36, H2/d = 0.5 [6].

Agitator NQP(ax.) Po EP

3SL24 0.41 0.37 0.183
3SL35 0.51 0.79 0.168
3SL45 0.56 1.27 0.138

6SL 0.65 1.81 0.148
3RLL 0.51 0.79 0.170

MP(EKATO) 0.42 0.44 0.168
P(FH) 0.44 0.45 0.186

Table 2. The pumping and circulation efficiency of axial flow agitators in the turbulent flow region—flat
bottomed cylindrical vessel and four radial baffles, H/D = 1, D/d = 3, H2/d = 1 [13].

Agitator NQP NQT Po EP ET

6SL 0.844 1.76 1.660 0.362 3.284
TX535 0.604 1.21 0.671 0.328 2.640
TX445 0.714 1.364 0.860 0.423 2.951
TX335 0.770 1.367 0.944 0.483 2.706

The shape of the velocity profile at the discharge of the hydrofoil impellers, the directed flow
of liquid in the agitated batch and their high pumping efficiency predetermine these impellers to
increase the efficiency of the homogenization and particle suspension processes, especially with regard
to minimizing energy requirements.
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2.5. Multistage Axial Flow Agitator

To ensure, in particular, the homogeneity of the agitated batch, in the case of mixing in lean vessels
(H/D > 1) or when mixing non-Newtonian fluids, it is expedient to install more agitators on a common
shaft; these are called multistage impellers. Each agitator ensures pumping and circulation of the
batch in its immediate vicinity, and due to the transfer of momentum between these partial circulation
loops, the entire agitated batch is flowing and circulating, which is necessary for homogenization.
An overview of the use of multistage impellers and the optimization of their configuration is given
in [14].

In lean vessels, the recommended distance between individual agitators is in the range of one to
two times the agitator diameter (H3/d = 1–2). When at a distance equal to approximately twice the
agitator diameter, the circulation zones of individual agitators are not affected, but there is sufficient
momentum transfer between them. Further increase of the mutual distance of the agitators (H3/d > 2)
leads to the separation of individual circulation loops and the formation of unmixed “dead” zones
between them. Conversely, with an agitator distance less than H3/d < 0.75, only one circulation loop is
formed in the agitated batch with axial flow impellers (see Figure 7a). In this case, all of the liquid in
the discharge from the upper agitator is sucked by the lower agitator, and the system acts as pumps
connected in a series. When the distance of the agitators is increased in the range H3/d = 0.75–1.25,
the circulation loops gradually separate, with an increased energy dissipation at the point of their
collision (Figure 7b), which results in the throttling of the agitators and the reduction of their hydraulic
efficiency. These conclusions follow from the dimensionless pumping capacities of the agitators
forming two arrangements of multistage impellers, mentioned in Table 3 [15].
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Table 3. Dimensionless pumping capacities of agitators working on a common shaft—cylindrical vessel
with dished bottom and four radial baffles, D/d = 3 [15].

NQP(ax.)

Multistage Impeller I Multistage Impeller II

Lower Upper Lower Upper

H2/d H3/d 6SL 6SL 6SL 3SL45

0.5 0.5 0.71 0.74 0.71 0.68
0.5 0.75 0.69 0.69 0.69 0.61
0.5 1 0.69 0.54 0.69 0.46
0.5 1.25 0.64 0.51 0.65 0.42
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3. Homogenization Effects of Agitators

3.1. Homogenization in the Agitated Batch

A theoretical description of the homogenization process would require a simultaneous solution of
the Navier–Stokes equation and basic equation for mass transfer. When mixing mutually miscible
liquids, the blending is usually controlled by convective and turbulent diffusion. Molecular diffusion
in liquids is relatively slow, and in mixed systems with good circulation its effect can usually be
neglected. Based on the inspection analysis [4] of the equations described above, in geometrically similar
mixing equipment, with a constant degree of homogeneity in the agitated batch the dimensionless
homogenization time depends on the modified Reynolds number Re used in mixing theory:

nt = f (Re) (18)

In the area of creeping flow, in addition to that for fully developed turbulent flow, Equation (18)
takes the form:

nt = const. (19)

The homogenization of the agitated batch occurs due to the circulating flow. The required number
of circulations also depends on the required degree of homogeneity. The blending (homogenization)
time can therefore be expressed as the product of the required number of circulations and the circulation
time:

t = itc (20)

and in dimensionless form:
nt = i ntc (21)

The number of agitated batch circulations required to achieve the desired degree of homogeneity
can be expressed in the turbulent flow region with knowledge of the total dimensionless flow in the
mixed batch NQT and the dimensionless homogenization time nt, in the form [16]:

i =
4
π
(nt)NQT

(
d
D

)3

(22)

It is necessary to take into account not only the power input, but also the homogenization time
when choosing a suitable type of agitator. A low-power agitator that exhibits a long homogenization
time may be as unsuitable as an agitator that homogenizes the agitated batch in a very short time, but at
a disproportionately high power input. It follows that the energy needed for achieving the required
degree of homogeneity must be taken into account when comparing different types of agitators. In the
turbulent flow region, it is possible to express this energy according to [4] with knowledge of the power
number of the agitator Po in a dimensionless form:

E =
P t3

ρD5 = Po(n t)3
(

d
D

)5

(23)

A number of methods for determining the degree of homogeneity (decolorization, conductivity)
are used in the experimental determination of the mixing time required for the homogenization of
the agitated batch. A detailed overview of the principles of these methods is summarized in [10].
The homogenization times thus obtained are evaluated in the form of a dimensionless homogenization
characteristic, according to Equation (18) or (19), in accordance with [17–19].
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3.2. Geometric Configuration of the Mixing Equipment

3.2.1. Use of Baffles in a Cylindrical Vessel

As already mentioned, the installation of the inserts in a cylindrical vessel in the form of baffles
has a significant effect on the character of the flow in the agitated batch. Enhancing the axial flow in
the agitated batch results in a significant reduction in homogenization time. From the comparison of
the homogenization time and, in particular, the energy needed for achieving the required degree of
homogeneity in the agitated batch, given in Table 4 for agitators with curved blades (Figures 8 and 9),
it is evident that the use of baffles (radial and special finger—Figure 8) will reduce the energy intensity
of the process by several orders of magnitude. In the case of a vessel without baffles, it is energetically
more advantageous to use agitators of larger diameters.

Table 4. Homogenization effects of three-blade (radial) impellers with curved blades in a cylindrical
vessel with a dished bottom [20].

D/d h/d s/d nt Po E

without
baffles

1.5 0.1 0.03 144.1 ± 12.6 0.19 ± 0.002 75,626
1.5 0.15 0.03 95.3 ± 2.7 0.26 ± 0.002 29,275
1.5 0.15 0.07 136.5 ± 6.7 0.22 ± 0.004 73,376
2 0.1 0.03 385.6 ± 84.2 0.25 ± 0.003 450,357
2 0.12 0.03 338.8 0.30 ± 0.007 359,213
2 0.15 0.03 287.7 0.30 ± 0.003 225,891
2 0.15 0.07 381.1 ± 53.6 0.27 ± 0.006 275,229
2 0.2 0.03 164.5 0.35 ± 0.004 48,498

modified
radial baffles

1.5 0.1 0.03 27.0 ± 1.6 0.29 ± 0.01 750
1.5 0.15 0.03 20.7 ± 0.9 0.46 ± 0.03 538
1.5 0.15 0.07 23.7 ± 1.3 0.36 ± 0.02 627
2 0.1 0.03 40.6 ± 2.8 0.25 ± 0.04 513
2 0.12 0.03 38.8 ± 3.8 0.32 ± 0.04 589
2 0.15 0.03 35.2 ± 2.7 0.39 ± 0.05 525
2 0.15 0.07 37.9 ± 3.2 0.35 ± 0.03 590
2 0.2 0.03 31.9 ± 1.8 0.53 ± 0.04 539

finger baffles 2 0.15 0.03 39.0 ± 2.5 0.57 ± 0.06 1057
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3.2.2. Shape of the Blades and Geometry Configuration of Agitators

The homogenization of the agitated batch occurs because of the circulation flow caused by
the pumping effects of the agitators, which depends on the shape of the blades and the geometric
configuration of the agitator. The hydraulic characteristics of the agitators (Tables 1 and 2) were
supplemented by the experimentally determined homogenization characteristics of various types and
configurations of the agitators, mentioned in Table 5. To achieve the required degree of homogeneity,
radial impellers (Table 4, Table 5 and Figure 10) have a higher energy consumption compared to axial
flow impellers. From a comparison of the energy requirements of the homogenization of the agitated
batch, it can be seen that the hydrofoil impellers, while maintaining the same geometric parameters,
show lower energy requirements compared to impellers with inclined blades. The relative diameter of
the impeller D/d and its relative height above the bottom H2/d have a significant effect on the energy
intensity. These parameters affect the pumping and the circulation effects of the impellers.
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Table 5. Dimensionless energy necessary to achieve the required degree of homogeneity of impellers in
a cylindrical vessel with radial baffles [4,17,21,22].

Impeller D/d H2/d nt Po E

RT 3.3 1 51.8 5.10 1811

6SL 3.3 1 53.1 1.70 651

3SL45 3.3 1 60.5 1.10 622
3SL24 2 1 37.8 0.39 430

3SL24 3 1 60.3 0.34 367

3SL24 4.5 1 142 0.29 450

3SL35 2 1 25.3 0.8 403

3SL35 3 1 58.7 0.69 572

3SL45 2 1 18.6 1.23 236

3SL45 3 1 42.3 1.06 329

3SL45 3 0.75 51.8 1.11 633

3SL45 3 0.5 55.3 1.19 824

3SL45 3 0.33 54.5 1.29 858

3SL45 4.5 1 112 0.92 697

6SL 3 0.75 39.1 1.65 404

4SL 3 0.75 46.5 1.29 534

4RLLN 3 0.75 55.5 0.59 414

TX 335 3 0.75 44.7 0.905 333

TX 445 3 0.75 45.9 0.900 358

TX 535 3 0.75 51.7 0.646 367

The evaluation of homogenization measurements, taking into account the pumping and the
circulation effects of impellers [16,21], shows that the number of agitated batch circulations required
to achieve 98% homogeneity is i = 3–4 for all measured axial flow impellers in a cylindrical vessel
with radial baffles. In addition, this extensive set of homogenization characteristics of agitators in the
turbulent flow region was evaluated together with the power characteristics, in the form:

Po
1
3 nt

(
d
D

)2

= const. (24)

For all measured configurations, the value of the constant mentioned in Equation (24) oscillated
around 5.2 with a standard deviation of ±10%, which confirmed the approach published in [23].
It follows from this approach that it is possible to determine the dimensionless homogenization time in
the turbulent flow region in a cylindrical vessel with radial baffles approximately with knowledge of
the power number Po of the used agitator, according to Equation (24).

4. Suspension Efficiency of Impellers

4.1. Description of the Particle Suspension Development

The description of the suspension of sedimented particles means monitoring the arrangement of
the layer of unsuspended particles at the bottom of the vessel, in addition to the interface of the cloud
of suspended particles and pure liquid in the agitated batch characterized by its height hs, depending
on the impeller speed. As the agitator speed increases, the particles gradually take a just-suspended
state. A ring without settled particles is formed at the bottom of the vessel. This ring separates the
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layer of particles settled under the impeller, characterized by its radius ri, and the layer of particles
settled at the wall of radius re and height at the wall h. With a further increase in the impeller speed,
the ring of the cleaned bottom grows until the just-suspended state is reached for all particles; when
the radius of the layer of particles settled on the bottom below the impeller is zero ri = 0, the radius of
the layer of particles settled on the bottom at the wall is half the diameter of the vessel re = D/2, and the
height of this layer at the vessel wall is also zero h = 0.

While in the just-suspended state, all of the solid phase is dispersed in the liquid, but with an
unequal local concentration that decreases towards the surface. As the impeller’s speed is further
increased, the homogeneity of the suspension gradually increases. The maximum impeller speed is
then usually limited by the entrainment of air from the space above the surface into the agitated batch.
These monitored parameters are shown in Figure 11.
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Figure 11. Arrangement of a layer of particles settled at the bottom of the mixing vessel and the
interface between the formed suspension and the clear liquid in the agitated batch.

Particles located before the just-suspended state, from the layer of settled particles at the bottom,
i.e., z = 0 (r = ri, r = re) and z = h (r = D/2), and the particles located at the dead level at the cloud
interface of the formed suspension and the pure liquid, i.e., z = hs, have zero velocity. The vertical
component of the force of the flow liquid acting on the particles is in balance with the gravity force
reduced by the buoyancy force.

For geometrically similar mixing equipment, based on the inspection analysis [24] of basic
hydrodynamic equations in dimensionless form, together with the force equilibrium with respect to
the number of particles, and also considering the conditions for the dimensionless coordinates of the
boundary layer of settled particles and for the created suspension, the following conclusions can be
made:

2ri
D

= f1

(
Fr′, Re,

dp

D
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)
(25)

2re
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(
Fr′, Re,

dp

D
, cv

)
(26)

and
h
H

= f3

(
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dp

D
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)
(27)

hs

H
= f4

(
Fr′, Re,

dp

D
, cv

)
(28)

In the region of large values of the modified Reynolds number, the influence of viscous forces can be
neglected, and the arrangement of the layer of particles and suspension according to Equations (25)–(28)
will not be a function of the modified Reynolds number Re.
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4.2. Just-Suspended State of Solid Phase

The just-suspended state of the solid phase is defined as the state in which all of the solid
particles are dispersed in the agitated liquid, i.e., no particles remain in contact with the bottom
of the vessel (no particles lie without motion at the bottom) and all are completely surrounded by
liquid [25]. This achieves the maximum interfacial area, which is required, for example, in mass transfer.
The impeller speed required to achieve the just-suspended state is called the just-suspended speed.

To keep the solid phase particles in the just-suspended state, it is necessary that the vertical
component of the force by which liquid acts on these particles is greater than the gravitational force
as reduced by the buoyancy force. For geometrically similar mixing equipment, based on inspection
analysis according to [26], basic hydrodynamic equations in dimensionless form and this force balance,
with regard to the number of particles in the just-suspended state, the following conclusions can
be drawn:

Fr′ =
ρn2

crd
g∆ρ

= f
(
Re,

dp

D
, cv

)
(29)

In the region of large values of the modified Reynolds number, the influence of viscous forces can
be neglected, and therefore it can be assumed that the liquid acts on the particles only by the force of
dynamic pressure. In the turbulent flow region, Equation (29) takes the form:

Fr′ = f
(

dp

D
, cv

)
(30)

The dependence of the modified Froud number Fr′ on the dimensionless particle size dp/D and the
mean volumetric concentration of the solid phase cv according to Equation (30) is called the suspension
characteristic, and in this form it is possible to evaluate the experimental determination of the impeller
speed needed to achieve or maintain the just-suspended state of the solid phase in the turbulent flow
region. The mechanism of the suspension of relatively small particles is different from that of relatively
large particles. For this reason, it is necessary to distinguish the evaluation of experimental data for
these two areas. In the work [26], it was shown that the suspension characteristics for individual
volumetric concentrations of the solid phase can be expressed by the power law:

Fr′ = Ci

(
dp

D

)γi

(31)

with coefficients C1 and exponent γ1 for relatively small particles, or C2 and exponent γ2 for relatively
larger particles (usually γ2 = 0).

The coefficients Ci and γi of the Correlation (31) expressing the suspension characteristic of
the impeller depend on the mean volumetric concentration of the solid phase cv. A mathematical
description of this dependence was proposed and verified via experimental data by [26] in the form:

Ci = Ai exp(Bicv) (32)

and
γi = αi + βicv (33)

The impeller’s speed required to achieve the just-suspended state of solid phase, i.e., the minimum
impeller speed in the operating equipment for suspension mixing, can be determined by calculation
with Equation (31), which is confirmed by the scale-up results according to [27]. The values of the
coefficients in Equations (31)–(33), determined experimentally for geometrically similar models of
mixing equipment with different geometric configurations of impellers, are given, e.g., in [28].

The suspension efficiency of the impellers is assessed on the basis of the power input of the
impeller required to achieve the just-suspended state of the particles. For this purpose, a dimensionless
criterion is proposed [29], which emerges by excluding the impeller’s speed at the just-suspended state
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and the impeller’s diameter from the dimensionless criteria already defined by the modified Froud
number Fr′ and the power number Po in the form:

πs =
P
ρsu

(
ρ

g∆ρ

) 3
2 ( 1

D

) 7
2
= Po · (Fr′)

3
2 ·

(
d
D

) 7
2

(34)

4.3. Geometric Configuration of the Equipment for Mixing Suspensions of Sedimented Particles

A detailed analysis of the optimization of the geometric configuration of equipment for mixing
sedimented particles is given in a summary work [30], which expands the work [31], and therefore
only summary conclusions supplemented by the latest results will be given below.

4.3.1. Vessel of the Mixing Equipment

Mixing equipment with a cylindrical vessel and a centrically positioned mechanical rotary agitator
are most often found in industry. In the case of apparatuses loaded only with the hydrostatic pressure
of the agitated batch, large cylindrical vessels with a flat bottom, or smaller vessels with a conical
bottom provided with a discharge, are used. Pressure apparatuses are always, from a strength point of
view, equipped with a cylindrical vessel with a dished bottom.

The experimental monitoring of the suspension in a vessel with a flat bottom shows that its
biggest disadvantage lies in the sharp transition between the flat bottom and the wall of the vessel,
in which the mixing intensity decreases and settled particles remain, resulting in a significant increase
in just-suspended impeller speed and thus power required to achieve the just-suspended state.
This disadvantage can be eliminated by modifying the construction of the vessel bottom, consisting in
removing the sharp transition between the bottom and the wall of the vessel or in modifying the space
of the bottom under the agitator. Although the conical transition will significantly reduce the impeller
speed and the power of the impeller required for the just-suspension state of the particles compared to
a flat-bottomed vessel, a vessel with a dished bottom is the most energy-efficient for a wide range of
particle sizes and concentrations in suspension [32,33].

4.3.2. Use of Baffles in a Cylindrical Vessel

When mixing in cylindrical vessels with a flat or dished bottom, the character of the flow of the
agitated batch, and thus also the suspension of particles, is influenced by the use of inserts in the vessel
in the form of variously shaped and placed baffles. In the case of mixing in a vessel without baffles
in the region of turbulent flow, the agitated batch in the vessel flows predominantly in a tangential
direction, and the layer of particle sediment at the bottom of the apparatus only rotates and does
not homogenize in its entire volume. For these reasons, it is necessary to install the baffles in the
vessel and thus strengthen the axial flow of the suspension, thereby achieving better homogeneity.
Currently, different types, shapes and locations of baffles in the vessel are used depending on the
design of the apparatus (e.g., flat radial, arrow, tubular, finger). Adjusting the shape and position of
the baffles installed in the mixing vessel does not lead to significant energy savings, but due to the
elimination of dead flow zones, all these adjustments of standard baffles are advantageous, particularly
for operational and technological reasons (e.g., uniform product quality, and the good cleanability and
sanitation of the apparatus).

4.3.3. Shape of Blades and Geometric Configuration of the Impeller

The choice of the type and geometrical arrangement of the rotary agitator affects not only the course
of the particle suspension, but also the energy required for the suspension of the solid phase. High-speed
impellers of various constructions are most often used for mixing suspensions, predominantly causing
an axial flow in the agitated batch in the vessel. Based on many experiments [30], it can be concluded
that in terms of the power of the impeller required to achieve the just-suspended state, it is appropriate
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to use an axial flow impeller to pump liquid towards the bottom of the vessel. The optimum height of
the lower edge of the blades of the axial flow impellers above the bottom of the vessel ranges from
one-third to three-quarters of the diameter of the impeller H2/d = 1/3–3/4, and the optimal ratio of the
diameter of the vessel to the diameter of the impeller is around the value D/d = 3. In some special
constructions of mixing equipment (e.g., enameled apparatuses), the radial impellers are also used for
suspension. Three-bladed agitators, with curved blades in the configuration according to Figure 8,
are energetically and structurally advantageous for these apparatuses, but in these cases it is necessary
to pay increased attention to the appropriate use of baffles, which at least partially direct the flow in
the axial direction.

A comparison of the suspension efficiency of a large number of axial flow impellers shown in
Figures 12–14 shows that all impellers with shaped blades (axial hydrofoil) have significantly lower
energy requirements for suspension than standard impellers with inclined blades. All hydrofoil
impellers (with folded and large-shaped blades) show practically the same suspending efficiency when
compared based on their energetically optimal height above the bottom. In addition, an impeller with
diagonally folded blades, which has a significantly simpler geometric blade shape, has practically the
same, or even slightly lower, energy requirements for suspension compared to hydrofoil impellers with
complicated blade shapes. Moreover, its efficiency is practically the same regardless of the number
of blades.
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Figure 13. Dependence of the dimensionless power required to achieve the just-suspended state of
particles of hydrofoil impellers TECHMIX on the dimensionless particle diameter dp/D for the mean
volumetric concentration of the solid phase cv = 15% [34].
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Figure 14. Comparison of the dimensionless power required to achieve the just-suspended state
of particles for a standard pitched blade impeller and an axial flow impeller with large area folded
blades [11,22].

A frequent application of mixing operations in industry is the mixing of suspensions with a
high content of solid phase in a liquid. In equipment for the mixing of concentrated suspensions,
it is often necessary to ensure, in addition to achieving the just-suspended state of the suspension
particles, the sufficient homogeneity of the suspension in the agitated batch, which can be achieved
using multistage axial flow impellers. From the point of view of the power of the multistage impellers
required to achieve the just-suspended state of the particles, or required to keep the particles in this
state, the most advantageous appear to be multistage impellers with the largest distance between the
impellers, i.e., H3/d = 1.25, which corresponds to the conclusions given in Section 2.5. At the same time,
the power of these multistage impellers does not depend on the number of their blades [35].

4.4. Geometric Configuration of the Equipment for Mixing Suspensions of Floating Particles

In industry, there are suspensions of particles lighter than liquid, i.e., particles floating at the liquid
level (floating particles) (e.g., sludge treatment, fermentation processes, polymerization reactions and
production of colors, paper, cellulose, powders and food). Various configurations of mixing equipment
with axial flow impellers are used in industry to mix these suspensions.

Three commonly recommended configurations of this equipment were tested in the work [36]—a
vessel with four radial baffles, a vessel with one baffle placed against an eccentrically placed impeller,
and a vessel without baffles with an eccentrically placed impeller. The devices were equipped with
standard impellers with inclined blades, in addition to axial hydrofoil impellers pumping to the bottom
of the vessel or to the batch surface. From a comparison of the configurations shown in Figure 15, it is
clear that the lowest power required for suspension formation of the floating particles (i.e., to remove
the particles from the surface and homogenize them) is achieved in a vessel with four radial baffles
and a centrally located axial flow impeller pumping towards the surface and placed one-third of the
impeller diameter below the surface, i.e., H2/d = 2/3. These conclusions correspond to the results
reported in [37]. Analogous to mixing sedimented particles, the most energetically preferred are
impellers with shaped blades (hydrofoil) operating in the above-mentioned configuration.
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4.5. Geometric Configuration of the Equipment for Mixing Heterogenous Suspensions

When mixing dispersions, heterogeneous suspensions are encountered in industry consisting
of particles of various sizes and compositions, which must be considered when choosing a suitable
system geometry and determining the speed and power of the impeller. Sludges and substrates in
biotechnological processes have strongly heterogeneous composition, i.e., they contain sedimented
and floating particles. An example of a substrate in an agitated fermenter in biogas production is
shown in Figure 16.Processes 2020, 8, x FOR PEER REVIEW 20 of 27 
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In the case of heterogeneous suspensions comprising particles of the same or similar density
but different particle sizes, experiments have shown that it is possible to disregard the particle size
and the concentration of the particles in the largest fraction of the solid phase when determining
the impeller speed required to achieve the just-suspended state of the particles. The energetically
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optimal configuration of mixing equipment for these suspensions can then be selected according to the
recommendations in Section 4.3.

A more complicated situation occurs when mixing heterogeneous suspensions formed by particles
of different size and composition, particularly suspensions containing both floating and sedimented
particles. In such a case, it is necessary to ensure that sedimented particles are in the just-suspended
state, floating particles are entrained from the surface, and, at the same time, the suspension is
homogenized evenly throughout the volume. A number of configurations of mixing equipment,
differing in the location, type and shape of the impeller blades, the direction of liquid pumping
and the use of multistage impellers, were tested experimentally. When using a separately working
impeller that pumps the liquid towards the bottom according to the configuration recommended in
Section 4.3, the particles were removed from the surface with great difficulty, and only after achieving
high impeller speeds, although the just-suspended state of sedimented particles was ensured. In the
case of using impellers which pump the liquid towards the liquid level according to the configuration
recommended in Section 4.4, the opposite situation occurred. In both cases, the homogeneity of
the suspension was not ensured, as the sedimented particles remained at the bottom of the agitated
batch and the floating particles remained close to the liquid level. For this reason, the use of a
multistage impeller has been proposed [38], wherein the lower impeller pumps to the bottom and
ensures the just-suspended state of sedimented particles, and the upper impeller pumps towards the
liquid level, thereby entraining the floating particles. Due to the transfer of momentum between the
lower and upper circulation loop, sedimented and floating particles are homogenized throughout the
volume. In addition, this configuration exhibits minimal energy requirements for the suspension and
homogenization of the agitated batch; the specific power needed for the formation of a homogenous
suspension is from 5× to 10× lower than that of the standard configurations mentioned above, i.e., single
up or down pumping impeller [11]. A scheme of the designed configuration of the equipment is shown
in Figure 17.Processes 2020, 8, x FOR PEER REVIEW 21 of 27 
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heterogeneous suspensions (H2 = max. d1, H3 = max. d2) [38].

4.6. Geometric Configuration of the Equipment for Mixing Highly Concentrated Fine-Grained Suspensions

In cases where the highly concentrated suspension consists of fine particles with dimensions from
µm to tens of µm, there is a change in the flow properties of the suspension, which begins to exhibit
non-Newtonian visco-plastic behavior. When mixing non-Newtonian suspensions with high-speed
impellers, there is a danger that in areas remote from the impeller there is a low shear stress and thus
a high apparent viscosity, and as a result, the liquid does not flow there. The flow occurs only at
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the impeller, where a well-mixed cavern is formed. The procedure for determining the size of the
agitated cavern is given attention, for example, in [39]. The design parameters of equipment for mixing
these suspensions are thus determined to achieve circulation of the suspension throughout the batch,
which can be achieved by a suitable geometric configuration of the mixing equipment.

Experiments testing a number of slow-speed and high-speed impellers (screw agitator with a
draft tube, axial flow impellers, and various variants and arrangements of multistage impellers) and
their configurations given in [40] showed that to ensure the circulation of the agitated batch during
the mixing of highly concentrated non-Newtonian visco-plastic suspensions, the most preferred are
multistage impellers of larger diameters (Figure 7). In this configuration, the power required to get the
entire slurry to move sufficiently can be up to half that of a standard six-blade impeller when these
impellers are correctly placed in the slurry.

5. Special Aspects of Mixing Equipment Design

When designing mixing equipment, the configuration of the equipment must be chosen
not only with regard to minimizing operating costs, but also based on the shape and material
of functional parts of the equipment (agitator, shaft and vessel), and in terms of their strength
characteristics, corrosion resistance and mechanical wear. In the chemical, food and pharmaceutical
industries, equipment is often exposed to aggressive environments, where a suitable surface treatment,
e.g., enameling, must be chosen to protect against corrosion and wear. From the point of view of the
engineering production of such equipment, it is then necessary to take into account the adjustment of the
geometry of the functional parts of the equipment (e.g., the necessity of removing all sharp transitions
and edges by gradual rounding in the case of enameling). These modifications in the construction of
the equipment significantly affect the character and intensity of the flow in the agitated batch, and thus
the processes taking place in it. When comparing the energy requirements for homogenization and
suspension, rounded-blade impellers showed energy requirements that were from 2× to 3× higher than
those of standard (sharp) impellers (Figure 18). This fact must be taken into account when designing,
for example, enameled apparatuses, and it is not possible to use the process characteristics of agitators
without rounding the edges to calculate the speed and the power of enameled rounded agitators.
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Processes 2020, 8, 955 21 of 25

In the case where no modification of the equipment is made due to corrosion and mechanical wear,
it must be taken into account that due to the effect of the environment on the agitator blades, shape or
surface wear will occur. Shape wear of the agitator blades results in a change in the geometric shape
of the agitator. As a result, its pumping efficiency decreases, and thus other process characteristics
change [41], which can lead to deterioration of product quality. An illustration of the changes in process
parameters, in particular homogenization effects, caused by the shape erosive wear of the agitator
blades is shown in Figure 19. The photographs show the blade shape change of the impeller caused by
the erosive impact of particles on the leading edge of the impeller blade during the mixing of industrial
suspensions with hard particles. From Figure 19, it is evident that growing blade wear significantly
increases the dimensionless blending time. Surface wear of the impeller blades results in a reduction in
their thickness, and thus in their strength. In extreme cases, they can also be destroyed, which results
in putting the mixing equipment out of operation, with the consequent costs of maintenance and
replacement of the impeller.Processes 2020, 8, x FOR PEER REVIEW 23 of 27 
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The degree of wear depends on the material of the blades and their surface treatment, and on
their geometric shape and interaction with the particles. A detailed description of the influence of the
material on the degree of blade wear is given in [42].

6. Conclusions

In mixing purpose terms, the most common requirements are to homogenize the agitated batch
and ensure suspension of the particles. These operations are sensitive to the hydrodynamic conditions
in the agitated batch, which is an issue that has not yet been comprehensively solved from the point of
view of plant construction. Based on an extensive set of experiments, it was shown how the flow in the
agitated batch caused by the pumping and circulating effects of the agitators affects the parameters
and energy efficiency of these processes in a manner depending on the geometric configuration of
the mixing equipment. Such a comprehensive review allows the optimization of the design and
arrangement of mixing equipment.

The shape of the velocity profile at the discharge of hydrodynamically optimized (hydrofoil)
impellers, the directed flow of the agitated batch in a cylindrical vessel equipped with radial baffles and
their high hydraulic efficiency predetermine these impellers to increase the efficiency of homogenization
and suspension processes.
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Subsequent experiments confirmed the use of hydrofoil impellers for the homogenization of the
agitated batch, and their mixing of suspensions is more effective compared to standard impellers with
inclined blades.

For mixing suspensions of sedimented particles, it is advantageous for these impellers to be placed
in a vessel with radial baffles above the bottom, and for them to pump towards the bottom. Conversely,
to draw down particles and ensure the suspension homogenization of floating particles, the impellers
need to be placed below the liquid level and pump towards the liquid level.

When mixing highly concentrated, fine-grained or heterogeneous suspensions, from the point of
view of ensuring the required homogeneity of the suspension and the energy intensity of the process,
it is suitable to install a multistage impeller in a cylindrical vessel with baffles so as to ensure the
necessary flow and circulation in the entire volume of the agitated batch.

In cases where it is necessary to adjust the shape of the blades, e.g., by rounding for enameled
impellers, or in cases where the shape of the blades changes due to wear, it should be taken into account
that this change in blade shape significantly affects the hydrodynamic parameters of the impellers,
and thus the processes taking place in the agitated batch.
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Nomenclature
Ai, Bi coefficients of Equation (32) [1]
b baffle width [m]
Ci coefficients of Equation (31) [1]
cv mean volumetric concentration of solid phase [1]
D vessel diameter [m]
d agitator diameter [m]
dp mean volumetric particle diameter [m]
d1 diameter of upper impeller [m]
d2 diameter of lower impeller [m]

E
dimensionless energy necessary to achieve the required
degree of homogeneity

[1]

EP impeller energetic efficiency EP =
N3

QP
Po

[1]

ET impeller total energetic efficiency EP =
N3

QT
Po

Fr′ modified Froude number Fr′ = ρn2d
g∆ρ [1]

g acceleration due to gravity [m·s−2]
H height of the liquid level [m]

H2
impeller off-bottom clearance (measured from the lowest
point on the blades)

[m]

H3 distance between impellers for multistage configuration [m]
h height of the particle sediment layer at the wall [m]
h blade width [m]
hs height of the cloud of suspended particles [m]
i number of circulations of agitated batch [1]
NQi inducted flow rate criterion NQi =

Qi
nd3 [1]

NQP flow rate criterion (flow number) NQP = QP
nd3 [1]

NQT total flow rate criterion NQT = QP
nd3 [1]

n impeller speed [s−1]
n normal vector [1]
nt dimensionless blending time [1]
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ncr just-suspended impeller speed [s−1]
P power input of agitator [W]
Po power number Po = P

ρn3d5 [1]
p pressure [Pa]
V volume of agitated batch [m3]
Qi inducted volumetric flow rate in agitated batch [m3

·s−1]
QP pumping capacity of impeller [m3

·s−1]
QT total flow rate in agitated batch [m3

·s−1]
R bending radius [m]

Re Reynolds number in mixing theory Re = nd2ρ
µ [1]

r radial coordinate [m]

ri
outer radius of the particle sediment layer at the center of the
vessel bottom

[m]

re
inner radius of the particle sediment layer at the vessel
bottom

[m]

S surface [m2]
s blade thickness [m]
t mixing time [s]
tc circulation time [s]
u velocity [m·s−1]
→
u velocity vector [m·s−1]
x coordinate [m]
→
x position vector [m]
z axial coordinate (measured along agitator shaft) [m]
αi, βi coefficients of Equation (33) [1]
γi coefficients of Equation (31) [1]
ε specific power ε = P

V [W·m−3]
µ dynamic viscosity [Pays]

πs

dimensionless power consumption

necessary for particle suspension πs =
P
ρsu

(
ρ

g∆ρ

) 3
2 ( 1

D

) 7
2

[1]

ρ liquid density [kg·m−3]
ρsu suspension density [kg·m−3]
∆ρ solid–liquid density difference [kg·m−3]
Lower index
ax. axial component
Upper index
*, + dimensionless variables
~ time—average value
Abbreviations

3SL24, 3SL35, 3SL45
Pitched three-blade turbine with pitch angle α = 24◦, 35◦ or
45◦

4SL, 6SL Pitched four- or six-blade turbine with pitch angle α = 45◦

3RLL, 4RLL, 6RLL
Pitched three-, four- or six-blade turbine with diagonally
folded blades

3TL Pitched cylindrical three-blade turbine
A310 Hydrofoil impeller LIGHTNIN type A310
MP(EKATO) Marine propeller EKATO

P(FH)
Propeller designed by Anhalt University of Applied
Sciences/Hochschule Anhalt (FH)

TX335, TX445, TX535 Axial-flow hydrofoil impeller TECHMIX

4RLLN
Axial-flow impeller with large-area diagonally folded blades
[11]

RT Six-blade Rushton Turbine
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