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ABSTRACT: Packed tower reactors, mechanically stirred reactors, airlift
reactors, and gas-self-inducing reactors are frequently utilized among the
various types of reactors. Self-inducing reactors exhibit notable advantages
owing to their simple structure, effective gas−liquid intermixing, and low
energy requirements, rendering them highly suitable for bioengineering
endeavors. The purpose of this analysis is to shed light on the use of self-
inducing reactors in bioengineering by examining the following five
parameters: critical speed, suction rate, volumetric mass transfer coefficient,
power characteristics, and gas hold-up. Through a comprehensive analysis of
the advancements achieved in these domains, it is possible to determine the
challenges and opportunities that lie ahead in the realm of bioengineering.

1. INTRODUCTION
Reactor systems are extensively utilized throughout diverse
domains, including bioengineering, chemical engineering,
sewage treatment, and metallurgy. There are several distinct
types of reactors, including packed tower reactors, mechan-
ically stirred reactors, airlift reactors, and gas-self-inducing
reactors. In order to enhance the gas−liquid reaction process
in packed tower reactors, mechanical stirring reactors, and
airlift reactors, aeration devices such as gas distribution rings,
pipelines, and porous plates are often integrated. Nevertheless,
the incorporation of these components amplifies the total
intricacy of the reactor installation, resulting in elevated energy
consumption and an augmented likelihood of malfunction.1 In
contrast, self-inducing reactors have a simpler structure
because the blades can simultaneously mix, agitate, and draw
in the gas. This eliminates the need for an external gas supply
apparatus and permits the recycling of unreacted gas multiple
times within the reactor, thereby improving utilization
efficiency.
Self-inducing reactors are therefore economically and

practically feasible for industrial-scale reactions. These benefits
have led to a growing interest in the self-inducing reactor for
use in gas−liquid bioprocesses.2 An extensive study has been
carried out on self-inducing reactors, and Figure 1 provides a
concise summary of the progression of their developmental
stages, which range from single suction mode to multistructure
suction mode. Moreover, computational fluid dynamics (CFD)
has played a crucial role in furthering research on self-inducing
reactors and expanding their applicability in a variety of
fields.3−5

Research on reactor characteristics focuses predominantly
on key parameters including critical speed,6 suction rate,7

power consumption,8,9 gas hold-up, and volumetric mass
transfer coefficient.10,11 The investigation of these parameters
is conducted by employing a combination of experimental
methods, mathematical models, and numerical simulations.
This comprehensive approach serves as the basis for the
optimization of reactor design. The advent of CFD has made a
noteworthy impact on the area, as it enables an extensive
numerical model and analysis of the distribution of flow fields
within the reactor. This is particularly beneficial in the context
of gas−liquid two-phase flows, as it enhances the ability to see
and analyze the distribution of gas and liquid phases. The use
of this approach not only leads to a decrease in capital
investment during the design phase but also improves the
accuracy and reliability of the reactor.12 As a result, CFD
simulations enable more precise and efficient scale-up, which
serves as the foundation for reactor design and optimization.
The knowledge acquired from these investigations carries great
importance in comprehending the structural configuration of
self-inducing reactors and facilitating their industrial imple-
mentation.

2. SELF-INDUCING REACTORS
2.1. Types of Self-inducing Reactors. On the basis of

the inspiratory principle, self-inducing reactors can be
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Figure 1. Timeline of self-inducing reactor development.

Figure 2. Some types of gas-inducing impellers. (a) The self-inducing impeller based on the Venturi tube principle comprises a contraction pipe
and a gas−liquid mixing cavity. (b)The internal self-inducing impeller consists of a hollow shaft and self-inducing impeller. (c) The mechanically
stirred self-inducing impeller with cavitation comprises a rotating impeller and a dispersing stator.

Figure 3. Improvement of self-inducing impeller design. (a) Six-blade concave self-inducing impeller. Reprinted with permission from ref 21.
Copyright 1998 Elsevier B.V. License Number 5644001141792. (b) The self-inducing double disc impeller. Reprinted with permission from ref 22.
Copyright 2008 Elsevier B.V. License Number 5643991096684. (c) Self-inducing inclined impeller. Reprinted with permission from ref 22.
Copyright 2008 Elsevier B.V. License Number 5643991096684. (d) The hollow tube self-inducing impeller incorporating six circular tubes.
Reprinted with permission from ref 23. Copyright 2009 Elsevier B.V. License Number 5643601243866.
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categorized into three types: mechanically agitated self-
inducing reactors with cavitation,13,14 Venturi tube principle
reactors, and hollow tube self-inducing reactors.15−17 Figure 2
illustrates the schematic layout of reactors, displaying their
structural layout.
The Venturi tube operates by utilizing a hydraulic pump to

generate a high-speed liquid flow, which in turn draws gas into
the reactor. The open blade impeller is commonly utilized for
surface suction due to its uncomplicated structure and
excellent suction efficiency. The suction mechanism utilized
by the internal self-inducing impeller is comparable to cavity
suction, primarily employed for internally suctioning reactors.
Therefore, extensive research has been conducted on the open
blade impeller and the internal self-inducing impeller, taking
into account various working conditions.18−20

The self-inducing reactor, which is based on the Venturi
tube principle, consists of a contraction pipe and a gas−liquid
mixing cavity. The liquid phase flows through the pipeline at a
certain velocity by utilizing an external hydraulic pump. As the
liquid reaches the contraction pipeline, its speed increases,
resulting in ejection from the pipeline mouth (see Figure 2a).
The high-speed flowing liquid phase simultaneously drives the
gas phase, resulting in the formation of a gas−liquid mixed
phase that enters the reactor.15 However, high shear stress
poses a significant challenge in bioengineering applications.
The hollow impeller consists of a hollow shaft and an

impeller, while the open impeller is composed of an impeller
and a stator (see Figure 2b and 2c). According to eq 1, the
fluid in motion is subjected to three types of energy: kinetic
energy, gravitational potential energy, and pressure potential
energy. The gas will be inhaled once the pressure difference
generated during inhalation is overcome. As the impeller
rotates, the fluid elements surrounding it acquire kinetic energy
and generate negative pressure. Consequently, the gas is drawn
into the reactor due to the pressure difference.

v gh P
1
2

c2 + + =
(1)

ρ: Fluid density in kg·m−3; v: Fluid velocity in m·s−1; g:
Gravity acceleration in m·s−2; h: Fluid unit position in m; P:
Pressure at a certain point in a fluid in Pa; c: Dimensionless
constant.
Researchers have made significant progress in the con-

struction of self-inducing impellers, building upon the
previously specified suction approach. In their study, Forrester
et al.21 investigated a self-inducing impeller with six concave
blades. The blades were hollow and had apertures on their
surface to facilitate coupling with the hollow shaft. The
structural diagram is depicted in Figure 3a. Murthy et al.22

enhanced the self-inducing double disc impeller (MDD) and
conducted experiments with the self-inducing inclined impeller
(PBTD). The enhanced MDD is comprised of upper and
lower discs that are interconnected and fastened together by
vertically dispersed impellers. The gas phase enters the center
cavity of the disc by way of a hollow shaft, and then it is spread
throughout the reactor vessel by means of dispersed blades, as
shown in Figure 3b. The PBTD blade exhibits internal
hollowing, with suction being facilitated by lateral holes, as
seen in Figure 3c. Ju et al.23 presented a unique design
methodology for self-inducing impellers in order to mitigate
the reduction in speed. This strategy involves the integration of
six circular tubes that extend radially from the axis of the
impeller. The circular tubes are interconnected with the hollow

shaft through connectors, and there are apertures located on
the surface of the circular tubes. Various impeller blades are
integrated beneath the circular tube in order to attain an
optimal self-inducing impeller design. The structural schematic
diagram is depicted in Figure 3d.

2.2. Self-inducing Reactor Parameter Characteristics.
The field of self-inducing reactors includes the examination of
several significant attributes, such as critical speed, suction rate,
volumetric mass transfer coefficient, power characteristics, and
gas hold-up. The reaction process and the state within the
reactor are directly influenced by these characteristics, which
exhibit a strong correlation with the reactor’s structure and the
structural parameters of the self-inducing impeller. The gas-
inducing reactors possess two distinct variables, namely the
critical speed and suction rate. Tanaka et al.24 defined the
critical speed, which refers to the speed at which the initial
bubble becomes perceptible.
Presently, the majority of reactor investigations use a

combination of theoretical analysis and experimental valida-
tion. However, due to notable progress in the fields of fluid
mechanics and computer technology, computational fluid
dynamics (CFD) has emerged as a promising approach.
CFD is a research approach that is partially theoretical in
nature and is commonly employed in the study of reactors. It is
often used in conjunction with experimental research to
provide useful insights into the modeling and optimization of
reactors. Numerous theories and research methods have been
developed by scholars in the field of self-inducing reactors,
which have significantly aided in the resolution of flow field
and mass transfer issues within the reactor. This combination
of semi-theory and experiment has considerably decreased
testing time while improving accuracy and efficiency in
following reactor improvement designs.25 The study con-
ducted by Harvey et al.26 utilized CFD technology to analyze
and forecast the two-dimensional flow patterns occurring
within stirred reactors. This enabled the researchers to
effectively visualize the interior flow fields of these reactors.
This work presents a comprehensive review of the theoretical
advancements made in the study of these parameters as well as
the application of CFD.
2.2.1. Critical Speed. The critical speed of self-inducing

reactors with gas-phase multiphase flow is of the utmost
significance since it directly influences the effectiveness of the
self-inducing impeller. The power consumption of the reactor
is directly affected by the rotating speed, and throughout the
scale-up design process, higher speeds lead to higher costs.
Furthermore, increased rotational speeds result in significant
shear stresses, which have the potential to induce mortality in
microorganisms present within the culture, thereby impacting
the overall quality of the product. Hence, the identification of
strategies to reduce the critical speed has considerable
significance in the context of bioengineering applications
pertaining to self-inducing reactors.
The critical speed of a system is influenced by several

elements, such as the structural characteristics of the impeller,
the properties of the fluid in the liquid phase, and the specific
configuration of the impeller type. These factors have a direct
or indirect influence on the critical speed. The study
conducted by Zhang et al.27 revealed that the critical speed
is indirectly influenced by the presence and density of solid
particles, whereas bigger solid particles lead to a decrease in the
critical speed. Research was undertaken by Murthy et al.22 to
investigate the impact of various impeller designs and the

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c06484
ACS Omega 2023, 8, 48613−48624

48615

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


presence of solid particles on the critical speed. The critical
speed values were acquired by CFD simulations and then
compared to the critical speeds determined through the
utilization of a magnetic sensor. The findings exhibited a high
level of concordance between the two. Previous studies have
examined the relationship between critical speed, suction rate,
operational circumstances, and structural characteristics of self-
inducing reactors, as described in Table 1. Heim et al.20

describes the beginning of self-inducing impeller suction
through Fr*, and defines the critical Fr* of different impellers
to describe the critical speed of self-inducing impeller, the
higher Fr*, the higher the critical speed of the impeller. Evans
et al.28 proposed a model for blade slip coefficient and pressure
coefficient that predicts critical speed with precision. In their
research, Martin et al.29 proposed the use of a dimensionless
experimental constant, denoted as K1, in order to address the
discrepancy seen between suction rate measurements and
theoretical predictions. In their study, Forrester et al.21 made
improvements to the model used for the porous outlet
impeller. These enhancements focused on addressing the
beginning circumstances and the dynamic pressure loss
coefficient. As a consequence of these modifications, the
researchers were able to achieve reductions in both theoretical
and experimental errors. Sawant et al.30 took into account
viscosity as a factor alongside structural characteristics while
investigating critical speed, ensuring an error margin of less
than 10%. The model proposed by Ju et al.23 incorporates the
principles of energy conservation to determine the critical
speed and suction rate in gas suction pipe research. This model
disregards any losses in turbulent kinetic energy, hence
expanding its potential applications in this field.
In addition to analyzing the effects of self-induced structure

and impeller combinations on critical speed, a considerable
number of academics have also conducted research on the
mathematical model pertaining to critical speed. In the field of
single-phase fluid mechanics, it is commonly accepted that, in
the absence of frictional losses, the initiation of gas intake
occurs when the pressure difference ΔP resulting from impeller
spinning surpasses the pressure drop.31 The aforementioned
relationship may be mathematically represented by the
subsequent equation:

P ghq 0= (2)

ΔP: Pressure drop in Pa; ρq: Liquid density in kg·m−3; h0:
Liquid depth in m.

The pressure coefficient CP is a significant metric in the gas
self-inducing system since it denotes the ratio between the
dynamic head and the static head.32 The equation for
determining this coefficient is as follows:

C P
V

P
Nd( )

p
q tip q

1
2

2 1
2

2= =
(3)

CP: Pressure coefficient, dimensionless; Vtip: Speed of
impeller tip in m·s−1; d: Impeller diameter in m; N: Impeller
speed in r·min−1.
Combining eqs 2 and 3 yields the following relationship

between the critical speed, NC, and the pressure coefficient, CP:

N
d

gh
C

1 2
c

p

0=
(4)

NC: Critical speed in r·min−1.
In order to create a mathematical model, Ju et al.23 explored

the theory of energy conversion between gas intake and gas
evacuation. The pressure differential between the pressure Pa
at the gas suction hole and the pressure P1 at the gas outlet
hole is used to compute the motive force of gas suction. An
energy study reveals:

gh
P P

u h
1
2

a

q q
f0

1 2
1+ = + +

(5)

hf1: Energy loss in turbulent liquid; Pa: Gas suction inlet
pressure in Pa; P1: Pressure at the gas outlet in Pa; u: Gas−
liquid relative velocity at the air outlet u = πdNK (0 < K < 1) in
m·s−1; K: Velocity loss coefficient.
When Pa = P1, the first bubble is observed.
When inducing air, Pa > P1

P P u h gh
1
2a q q f q1

2
1 0= +

(6)

Finishing is available:

N
gh h

dK

(2 )
c

f0 1
=

(7)

As the energy loss in a turbulent liquid is negligible and can
be ignored, so:

N
gh

dK

2
c

0=
(8)

Table 1. Critical Speed and Suction Rate

Ref Critical speed Suction rate
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h

N d
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The mathematical model determines that the diameter and
immersion depth of the impeller directly impact the critical
speed of a self-inducing impeller. The relationship between the
critical speed and impeller diameter is inverse, indicating that
an increase in impeller diameter leads to a decrease in critical
speed. Moreover, it can be observed that the critical speed
exhibits a direct relationship with the immersion depth,
implying that an increase in immersion depth results in a
corresponding increase in critical speeds. When the diameter of
the self-inducing impeller is increased, the distance between
the air exit and the rotating center is correspondingly greater.
As a result, the linear tip speed at the air exit is greater
compared to the same speed achieved with a smaller impeller
diameter. Conversely, augmenting the immersion depth of the
self-inducing impeller leads to an elevated pressure differential
that must be overcome during gas intake. The impeller’s liquid
microelements necessitate a greater amount of kinetic energy
in order to surpass the pressure at the gas exit. Consequently, it
is necessary to augment the rotational speed of the impeller in
order to guarantee that the liquid phase contained within the
impeller obtains sufficient kinetic energy.
2.2.2. Suction Rate. The analysis of the suction rate is of

utmost importance in the study of self-inducing reactors, as it
serves as a direct indicator of the reactor’s suction performance
and its ability to disperse gas and liquid phases. The suction
rate is predominantly affected by the pressure differential and
the gas dispersion capability during the self-inducing impeller’s
rotation.31

Through analysis of the fundamental principles behind the
suction performance of self-inducing reactors, it has been
found that the suction process is propelled by a pressure
disparity that arises from the rotational motion of the self-
inducing impeller. The dimensions and configuration of the
impeller blades are influential factors in the determination of
both the pressure differential and the capacity for gas−liquid
dispersion. The influence of impeller design, solid particle size,
and solid particle density on the suction rate has been
examined in previous research conducted by Murthy et al.22

The results of their study demonstrated a clear correlation
between the rate of suction and the size and density of
particulate matter. The presence of larger and denser solid
particles was shown to be positively correlated with greater
critical speeds and enhanced suction rates. In a study
conducted by Deshmukh et al.,32 it was shown that the
suction rate is positively correlated with the increase in both
the opening area and the blade angle of the impeller design.
Ju et al.23 did research in the field of optimization design for

self-inducing impellers. They constructed a mathematical
model with the aim of determining the suction rate.
The determination of the gas suction flow rate Q may be

achieved by employing the Bernoulli equation, which
establishes a relationship between the gas suction hole and
the gas outlet hole.

P Q
S

h
P1

2p
f

a

p

1
2

2+ + =i
k
jjj y

{
zzz

(9)

Q: Gas suction rate in m3·h−1; S: Air outlet area in m2; hf 2:
Energy loss in the flow process.
Finishing is available:

Q S
P P

h2 a
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Through combination of eqs 6, 9, and 10, a comprehensive
equation can be obtained:
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According to eq 11, it is advantageous to increase the stirring
speed N or the impeller diameter d at the air outflow in order
to increase the gas suction rate. In contrast to the mathematical
model of critical speed, the model for suction rate incorporates
numerous influencing factors, such as the interaction between
the gas and liquid phases. As a consequence, the model’s error
is substantial, and it becomes more difficult to anticipate the
critical speed.
With the development of CFD, the prediction of suction rate

has become crucial to model development.33 Murthy et al.34

utilized an iterative method to calculate the gas suction rate,
investigated the effect of impeller design and multiphase
suction rate, and employed CFD simulations to predict the
suction rate of self-inducing reactors. In addition, the
combination of impellers has a significant impact on the
suction rate. The axial flow of the blade beneath the self-
inducing impeller is superior to the radial flow. Under the same
rotational speed, the upward axial flow increases the suction
rate of the impeller. During the rotation of the self-inducing
impeller, the gas−liquid dispersion ability is limited, leading to
the accumulation of gas within the liquid phase. These gas
accumulations frequently cause cavitation in the low-pressure
regions of the impeller, impeding the development of the
extraction rate. The upward axial flow generated by the lower
stirring paddle facilitates the discharge of bubbles accumulated
in the low-pressure region of the self-inducing impeller through
the air outflow. This indirectly improves the self-inducing
impeller’s gas−liquid dispersion capability and mitigates the
cavitation phenomenon, thereby increasing the suction rate.
2.2.3. Volumetric Mass Transfer Coefficient. The volu-

metric mass transfer coefficient (kLa) holds significant
importance in the analysis of reactors, as it serves as an
indicator of mass transfer efficiency and exerts a direct impact
on the reaction rate occurring within the reactor. The gas−
liquid mass transfer process is that the gas molecules diffuse
from the gas phase through the gas and liquid films to the bulk
liquid. Conventional mechanically stirred reactors generally
exhibit a relatively low gas−liquid mass transfer coefficient,
which therefore leads to reduced reaction rates. Moreover,
when the size of the reactors is increased, there is a drop in the
total actual mass transfer coefficient. In order to improve the
efficiency of mass transfer and stimulate higher response rates,
it is often necessary to employ a supplementary aeration and
gas−liquid dispersion apparatus.35 Nevertheless, this method-
ology not only introduces intricacies to the apparatus but also
amplifies the aggregate consumption of power. The reactor,
which possesses a distinctive construction, effectively tackles
these issues by simultaneously inducing gas into the reactor
and facilitating stirring. The aforementioned design presents a
novel approach that effectively enhances the volumetric mass
transfer coefficient in the reactor, resulting in improved
reaction rates.
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Numerous scholars have undertaken comprehensive inves-
tigations into enhancing the mass transfer efficiency of self-
inducing reactors. The impact of various gas−liquid phase
types on mass transfer was investigated by Zieverink et al.36

The researchers conducted tests to assess the mass transfer
coefficient. The researchers also examined the impact of critical
rotational speed, suction rate, rotational speed, gas−liquid
turbulence intensity, and fluid characteristics (Reynolds
number and Schmidt number) on the rate of gas−liquid
mass transfer. Linek et al.37 utilized a dissolved oxygen probe
to quantify alterations in the concentration of dissolved oxygen
in the liquid phase. This approach, which involves unsteady
dynamic measurements, has been extensively exploited in the
past for the purpose of determining kLa.
The volumetric mass transfer coefficient, kLa, for gas−liquid

systems, as determined by the physical unsteady-state dynamic
measurement approach outlined earlier, is based on the
assumption of a flow state characterized by complete mixing.
Nevertheless, the attainment of a completely homogeneous
flow condition in real-world reactor applications poses
significant difficulties, resulting in a certain level of imprecision
in measurements. In addition to the physical unsteady-state
approach, chemical steady-state methods are also employed.
These include the sulfite oxidation method and the absorption
of carbon dioxide by an aqueous solution of sodium hydroxide.
The advantage of chemical methods is that they do not rely on
the supposition of a completely mixed flow state and can
neglect the impact of the gas phase flow in the liquid phase.
However, chemical approaches are often more appropriate for
systems that do not readily coalesce.38 The investigation of the
volumetric mass transfer coefficient encompasses the utiliza-
tion of both physical and chemical methodologies, which are
extensively applied.21 Moreover, a significant body of research
has been undertaken to investigate the many elements that
impact the volumetric mass transfer coefficient. The kLa value
is subject to the effect of two key factors: the liquid film mass
transfer coefficient, kL, and the specific surface area, a.
Numerous studies have been undertaken by researchers in
order to raise the particular surface area, denoted as “a”. As an
illustration, Sharma et al.39 successfully produced nanobubbles
by utilizing an ejector, resulting in a significant reduction in
bubble diameter. Nanobubbles demonstrated a significant
enhancement in the volumetric mass transfer coefficient, with
values ranging from 2.2 to 3.8 min−1, when compared to
microbubbles. In their research, Lakhdissi et al.40 included
minute solid particles in the bubble column reactor with the
aim of decreasing the gas−liquid interfacial area (a) and
increasing the mass transfer coefficient (kL). The enhancement
of the volumetric mass transfer coefficient may be achieved by
altering the reactor’s construction, the adjustment of its
operating conditions, and the modification of its internal
components. Similar to the research on critical speed and
suction rate, modifying the impeller type, impeller combination
form, and geometric dimension also affects the volumetric
mass transfer coefficient. In their study, Yu et al.41 examined
the relationship between impeller diameter, immersion depth,
and mass transfer coefficient in a self-inducing reactor:
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Vq: Liquid volume in m3.

2.2.4. Power Characteristics. While ensuring optimal
reactor performance, power consumption is a crucial parameter
to consider, particularly for large-scale industrial apparatuses,
where excessive power consumption can be expensive.
Additionally, lower power consumption increases the reactor’s
efficiency and utilization.
The majority of the reactor’s power consumption is

attributable to the flow mixture within the reactor, which is
influenced by a variety of factors, including the reactor’s
structure, impeller design, liquid properties, and blade
configuration. In general, gas inhalation reduces energy
consumption relative to non-gas inhalation. This is due to
the fact that when gas is drawn into the impeller, the gas under
impeller shear reduces the mixing density, resulting in a lower
power consumption per unit volume and a lower overall power
consumption.42 Patil et al.43 examine the design of a multiple-
impeller self-inducing system and find that at the same gas
hold-up, the power consumption is less when the bottom blade
is 45°PBTU (pitched-blade upflow turbine). Some studies
explored the impact of Reynolds number, fluid viscosity, and
impeller stator on power consumption in both Newtonian and
non-Newtonian fluids.44 Power consumption was found to
increase with viscosity. Baczkiewicz et al.45 investigated the
hollow tube impeller power consumption model. Their
research improved our understanding of the dynamics of
power consumption in the reactor system.
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Pp: Power consumption during suction in W; D: Reactor
diameter in m; n1: Number of blades.
In their work, Jafari et al.46 investigated the correlation

between the power number of a self-inducing impeller and the
Reynolds number at various speeds. The power number has a
negative correlation with the Reynolds number as it increases.
The power number is mainly related to impeller diameter (d),
rotating speed (N), viscosity (μ), and density (ρ) and increases
with the increase of d, N, μ, and ρ.

N
P

N dP 3 5=
(14)

N
Nd

Re

2

=
(15)

Np: Power number, dimensionless; NRe: Reynolds number,
dimensionless; μ: Viscosity in Pa·s−1.
The aforementioned models can be classified as empirical

formulas, and their practical utility is subject to certain
constraints. Hence, it is necessary to make parameter
adjustments for various types of self-inducing impellers.
2.2.5. Gas Hold-up. In conventional mechanically stirred

reactors, the presence of aeration equipment is necessary to
facilitate the introduction of gas, hence establishing a direct
correlation between gas hold-up and gas flow. In the
framework of self-inducing reactors, it is observed that when
the rotating speed of the impeller surpasses the critical speed,
there is an automatic inflow of gas into the reactor. The gas
hold-up in self-inducing reactors is significantly impacted by
the suction rate, resulting in self-inducing impellers with a
higher gas hold-up demonstrating superior suction perform-
ance.47 When bubbles enter the liquid phase, they are
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dispersed in the reactor under the shear dispersion of the
impeller. Reduced bubble sizes yield enhanced dispersion
uniformity and heightened vulnerability to turbulence, thus
resulting in prolonged residence durations within the reactor
and increased gas hold-up. The primary objective of enhancing
the gas hold-up in self-inducing reactors is to enhance their
suction performance and gas−liquid dispersion capability.
There are several techniques available for the measurement of
gas hold-up, such as the volume expansion method, pressure
difference method, and conductivity probe method.48,49 The
utilization of high-precision X-ray imaging studies enables the
quantification of the gas hold-up distribution within self-
inducing reactors, hence facilitating the examination of various
hydrodynamic characteristics. The utilization of this measuring
approach has the potential to validate the findings derived from
CFD simulations pertaining to gas hold-up.50

The gas hold-up in self-inducing reactors is influenced by the
suction rate of the self-inducing impeller. Indirectly, the
suction rate is influenced by factors that also have an impact on
the gas hold-up. Gas hold-up in a double-layer self-inducing
stirred reactor is influenced by several factors, including fluid
characteristics, gas−liquid flow rate, operating temperature,
geometric structure of the stirring paddle, stirring speed, and
bubble size.51,52 In a typical scenario, the gas hold-up exhibits a
decline as the immersion depth increases, with all other factors
remaining constant. The generation of upward axial flow by the
bottom blade results in an enhancement of the suction rate,
leading to an improvement in the gas hold-up.
In conclusion, the critical speed of a system is primarily

influenced by the diameter of the impeller and the depth of
immersion. Specifically, the critical speed decreases as the
impeller diameter grows, while it increases as the immersion
depth increases. The mass transfer coefficient is influenced by
both bubble diameter and liquid viscosity. Specifically, the
coefficient rises as the bubble diameter decreases and drops as
the viscosity of the liquid increases. The primary parameters
that influence gas hold-up, suction rate, and power
consumption are the diameter and speed of the impeller.
The gas hold-up, suction rate, and power consumption exhibit
a positive correlation with both impeller diameter and
rotational speed.

2.3. CFD Application of Self-inducing Reactors. In the
study of two-phase flow in reactors, the Eulerian−Eulerian and
Eulerian−Lagrange approaches are two of the most common
techniques. The primary distinction between these techniques
is how they handle dispersed phases in two-phase flow. The
dispersed phases are calculated using the same coordinate
system as the continuous phase in the Eulerian−Eulerian
method. The Eulerian−Lagrange method, on the other hand,
requires solving equations for a large number of dispersed
phases in a Lagrange coordinate system, which can be
computationally intensive. When the reactor is a two-phase
gas−liquid system, the Euler−Euler method is typically
employed because it provides a suitable framework for
capturing the behavior of the dispersed gas phase.53 In the
Eulerian−Eulerian approach:
The conservation of mass equation:

t
v m m S( ) ( ) ( )q q q q q
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pq qp
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S1: Quality source term in kg·(m3·s)−1; ṁpq and ṁqp: Mass
flow rate between two phases in kg·s−1; t: Time in s; α: Phase

hold-up in %; p and q: Subscripts p and q denote gas phase and
liquid phase.
Momentum transfer equation:
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τ̅q: Stress tensor of q phase, dimensionless.
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μq: Shear viscosity in Pa·s−1; λq: Bulk viscosity in Pa·s−1; F⃗q:
External forces in N; F⃗lif t,q: Lift force in N; F⃗wl,q: Wall slip force
in N; F⃗td,q: Turbulent dispersion force in N; R⃗pq: Interphase
drag in N.
The stirring paddle induces unpredictably turbulent flow

patterns within the flow field of the reactor, resulting in a
highly complex flow environment. In processes involving
significant turbulence, the intensive shear effects further
influence the flow characteristics and mass transfer rates.
Therefore, it is essential to choose an appropriate turbulence
model when simulating and predicting the behavior of a
reactor. Reynolds stress models and vortex viscosity models are
the two categories of turbulence model research. The vortex
viscosity models are frequently used and include the
conventional k-ε model, the improved RNG k-ε model, and
the realizable k-ε model. Standard k-ε models and RNG k-ε
models are currently more prevalent. The standard k-ε model
is founded on the assumption of completely developed
turbulence and is frequently appropriate for simulating high
Reynolds number reactors. The RNG k-ε model modifies the
coefficients of the standard k-ε model through theoretical
analysis, thereby enhancing its applicability in numerous
situations.
The standard k-ε model includes a turbulence dissipation

rate ε that represents the turbulent kinetic energy consumed
per unit of time. This is its system of control equations:54

Equation of k:
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Equation of ε:
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k: Turbulence kinetic energy in J·kg−1; ε: Turbulence
dissipation rate in m2·s−3; σ: Turbulent Prandtl number; GK:
Turbulence kinetic energy produced by average velocity
gradient in J·kg−1; Gb: Turbulence kinetic energy produced
by buoyancy in J·kg−1; Ym: Influence of wave expansion on
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turbulent dissipation rate; Sk: Source term of k equation; Sε:
Source term of ε equation; Cε: Additional generating term of
equation; μeef: Effective viscosity, Pa·s−1.
By generating additional terms at higher Reynolds numbers,

the RNG k-ε model compensates for the shortcomings of the
standard k-ε model. These are the reformed equations for k
and ε:55
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Rε: Correction term under different Re numbers.
In reactor simulations, the stirring shaft and paddle

continuously move over time. Researchers have proposed a
number of approaches to address the interaction between the
revolving paddle and the stationary baffle. The internal and
external iteration method, the “black box” model method, the
sliding grid method (SM), the momentum source method, the
multiple reference frames (MRF) method, and the rapid
photography method are among these.56−59

Simulation has become an integral part of reactor research,
and when combined with experimental studies, it can expedite
the design and optimization of reactors significantly. Murthy et
al.34 utilized CFD to simulate the suction rate and power
consumption of the self-inducing reactor, thereby significantly
reducing the cost of experimentation. Simulation technology’s
ability to predict these computational parameters has
significant implications for reactor and internal structure
design. Achouri et al.60 performed numerical simulations to
examine the effect of impeller immersion depth and blade
angle on the kLa of a self-inducing impeller in the reactor and
compared the results to experimental data. Greater impeller
depth and blade angle resulted in lower kLa values. Due to the
diverse internal structures of reactors, it is essential to select
the most applicable models for simulation and prediction
purposes during simulation and optimization design. Li et al.9

utilize the standard k-ε model to predict the gas self-induced
flow rate, power consumption, and impeller power number of
the hollow self-inducing impeller and contrast and discuss it
with experimental data from the research that has been
published. The outcomes demonstrate that the CFD results are
highly reliable. Jahoda et al.61 used the multiple reference
frame (MRF) method and the sliding grid method (SM) to
simulate single-phase and gas−liquid two-phase unsteady
states, respectively, and they compared the parameters
obtained from the two methods. The characteristics acquired
using the two techniques in a single-phase system were mostly
consistent. In a two-phase gas−liquid system, however, the SM
demonstrated a greater correlation with experimental results.
Due to the longer computational time required by the SM,
Achour et al.62 utilized a three-dimensional steady-state
simulation method to simulate the pressure difference and
flow field in the self-inducing reactor, thereby providing
intuitive insights into the self-inducing reactor’s suction
principle.
Simulation serves a crucial role in accelerating the design of

reactors. Utilizing experimental data, numerical simulation

allows for the visualization of the phase distribution
throughout the reaction process. In the context of self-inducing
reactors, numerical modeling is of critical significance for
making predictions about a wide range of parameters. By
simulating these predictive parameters, the self-inducing
performance can be evaluated effectively, and the suction
process can be visualized. As a consequence, this provides a
robust framework for the design and optimization of self-
inducing structures.

3. APPLICATION OF SELF-INDUCING REACTORS
Due to their advantageous characteristics, such as high raw
material utilization, efficiency, energy efficiency, and gas
recovery capacities, self-inducing reactors have drawn signifi-
cant attention among researchers. Consequently, extensive
research has been conducted in various disciplines, resulting in
substantial progress in this area of study.63 In response to the
expanding global demand for bioproducts, cell culture
technology has grown in prominence, with bioreactors playing
a crucial role. A favorable cell culture environment is
indispensable for attaining high culture density and establish-
ing the groundwork for large-scale bioproduct production. It is
vital to reduce shear pressures as much as possible, provide
effective mixing, and maximize ventilation in order to fulfill the
prerequisites of cell culture. This will help to reduce the
amount of cell damage that occurs while still guaranteeing
enough nutrition. Kshirsagar et al.64 developed a novel self-
inducing agitated photobioreactor utilizing Spirulina platensis
as a model system. As depicted in Figure 4, the reactor is

equipped with a self-inducing hollow-tube impeller. This
design minimizes shear forces, facilitates byproduct recovery,
and significantly improves biomass concentration and specific
growth rate.
Puskeiler et al.65 devised a unique self-inducing impeller

milli-upgrade bioreactor with a high volumetric mass transfer
coefficient. Batch culture experiments were performed by
utilizing Escherichia coli, yielding noteworthy outcomes. The

Figure 4. Novel self-inducing impeller milli upgrade bioreactor. The
photobioreactor consists of a hollow tube self-inducing impeller. A
hollow shaft above the liquid level has an air inlet hole, which is
rotated to suck the gas in and disperse it in the reactor.
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growth rate and biological production of Escherichia coli in the
10 mL-size reactor exhibited similarity to those seen in a
conventional agitator of a significantly higher scale, such as 3.0
L. The issue of global energy scarcity has emerged as a
progressively urgent concern, prompting a heightened
emphasis on the advancement of efficient, green, and
renewable alternative fuels. Ethanol, being a cleaner fuel
alternative, has superior performance compared to gasoline
across multiple aspects. Nevertheless, conventional chemical
catalytic techniques utilized in the synthesis of ethanol require
the use of elevated temperature and pressure conditions.
Moreover, these processes exhibit low selectivity and sensitivity
toward the composition of synthetic gas components.66 In
response to these challenges, synthetic gas biological
fermentation has emerged as a promising alternative for
ethanol production. Specific strains of Clostridium bacteria
possess the ability to transform carbon monoxide (CO) and
hydrogen (H2) into ethanol and acetic acid.67 At present,
stirred tank reactors (STRs) are widely utilized as the
predominant bioreactors for the process of synthesis gas
fermentation. Nevertheless, the insufficient mass transfer
efficiency of stirred tank reactors (STRs) is frequently seen
as a result of the limited solubility of CO and H2 in liquid
media. In order to enhance mass transfer, STRs commonly
employ strategies such as augmenting impeller speed and
ventilation rate.68,69 However, this methodology may lead to
elevated energy consumption and the production of shear
pressures that might have adverse effects on microorganisms.
Hence, the use of self-inducing reactors presents a promising
resolution by promoting the dissolution of CO and H2, thereby
augmenting the efficiency of mass transfer.
Self-inducing reactors have been shown to provide some

benefits over typical stirring aeration reactors in specific
aerobic biological fermentation operations. These reactors
efficiently enable the necessary gas−liquid mixing and gas
supply mechanisms for fermentation operations. They improve
the effectiveness of dissolved oxygen and facilitate the internal
circulation of unutilized gas. In research done by Wu et al.,70

the simultaneous synthesis of ethanol and succinic acid was
investigated utilizing two types of bioreactors: stirred aeration
bioreactors and self-inducing bioreactors. The structural
schematic is shown in Figure 5. The self-inducing impeller is
employed to effectively redirect the CO2 produced during
ethanol synthesis for utilization in succinic acid production.
The process of integration described herein serves to mitigate
the environmental impact of ethanol production by reducing
CO2 emissions while simultaneously improving the efficiency
of CO2 usage in the manufacture of succinic acid.
Gas−liquid reactions are prevalent chemical processes in the

realm of industrial manufacturing. Nevertheless, conventional
stirred tank reactors commonly employ bubbling via a
ventilation pipeline, leading to inadequate dispersion of
bubbles. This constraint has an adverse effect on both the
rates of reactions and the resulting yields. Moreover, unreacted
gas is typically discharged as waste gas, resulting in a decrease
in gas utilization efficiency. In order to address these
challenges, researchers have investigated the employment of
multicascade reactors as a means to facilitate efficient and rapid
manufacturing. Self-inducing reactors have several benefits
within the manufacturing process of diverse items. They can
effectively conserve energy, enhance raw material utilization,
and substantially reduce exhaust gas emissions in gas−liquid
reactions. The attainment of equilibrium between shear stress

and gas−liquid mixing has significant importance in the further
progress of utilizing self-inducing reactors within the realm of
bioengineering.

4. CONCLUSION AND PERSPECTIVES
The self-inducing reactor, characterized by its distinctive
configuration, is extensively utilized in the realm of
bioengineering and several other disciplines. In the study of
self-inducing reactors, it is crucial to augment their
configuration as well as enhance impeller design through
theoretical investigation. The objective of this approach is to
enhance the suction performance and mass transfer character-
istics of the reactor. Impeller rotational speed is a limiting
factor in the suction performance of a self-inducing reactor.
Excessive rotational speed has the potential to induce
heightened shear stresses, which can be detrimental to shear-
stress-sensitive cultures, particularly those including micro-
organisms. Moreover, the dispersion efficiency of self-inducing
reactors may be less than desirable. In order to address the
aforementioned issues encountered in real industrial applica-
tions, it is common practice to integrate self-inducing impellers
with other varieties of stirring impellers. This combination
facilitates the achievement of multilayer stirring and self-
induction. Furthermore, the integration of aeration with self-
induction is employed in bioengineering reactors to augment
the overall efficiency of mixing and mass transfer processes.
This approach ensures the efficacy of the self-inducing impeller
in terms of suction performance and mixing characteristics.
Additionally, it leads to a reduction in exhaust emissions, an
enhancement in gas circulation efficiency, a decrease in
expenses, and a mitigation of environmental contamination.
The accurate prediction of the internal flow field within the
reactor is of utmost importance, as it undergoes alterations in
response to changes in the reactor’s construction. Continuous
fermentation has attracted increasing interest in recent times.
In contrast to batch fermentation, continuous fermentation has
the potential to enhance equipment utilization rate and output
per unit time while also reducing nonproduction time in the
reaction process. Hence, the utilization of multistage reactors
holds significant potential across a wide range of applications.
The use of gas inside self-inducing reactors is highly efficient,

Figure 5. Schematic of ethanol-coupled succinic acid production. (a)
Production of ethanol. (b) Generation of succinic acid. The system
consists of a stirred bioreactor (a) and a self-inducing bioreactor (b).
The CO2 generated in the stirred bioreactor enters the self-inducing
bioreactor through a pipeline and is absorbed and dispersed into the
bioreactor under the action of an impeller for succinic acid
production.
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and the integration of self-inducing reactors with other reactor
types has considerable importance in enabling multistage
utilization. The visualization of the internal flow field of the
reactor may be achieved through the utilization of CFD
technology. The integration of experimental research and
computer simulation facilitates the rectification of scale-up
parameters within the design phase. This integrated approach
provides reliable information for optimizing and designing
reactors in bioengineering.
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■ ABBREVIATIONS
MRF Moving reference frame
rpm Revolutions per minute
SM Sliding grid method

■ NOMENCLATURE

c Dimensionless constant, dimensionless
C0 Conventional orifice coefficient, dimensionless
CP Pressure coefficient, dimensionless
Cε Additional generating term of equation, dimen-

sionless
d Impeller diameter, m
D Reactor diameter, m
Fr Froude number, dimensionless
Fr* Modified Froude number, dimensionless
g Gravity acceleration, m·s−2
Gb Turbulence kinetic energy produced by buoy-

ancy, J·kg−1

GK Turbulence kinetic energy produced by average
velocity gradient, J·kg−1

h Fluid unit position, m
h0 Liquid depth, m
K Velocity loss coefficient, dimensionless
K0 Blade slip factor, dimensionless
K1 Experimental constant, dimensionless
N Impeller speed, r·min−1

n1 Number of blades, dimensionless
NC Critical speed, r·min−1

Np Power number, dimensionless
NRe Reynolds number, dimensionless
P Pressure at a certain point in a fluid, Pa
p and q Subscripts p and q mean gas phase and liquid

phase
P1 Pressure at gas outlet, Pa
Pa Gas suction inlet pressure, Pa
Pp Power consumption during suction, W
Q Gas suction rate, m3·h−1

R Position of air outlet from rotating shaft, m
rd Bubble radius at detachment, m
Rε Correction term under different Re numbers
S Air outlet area, m2

Sk Source term of k equation, kg·(m3·s)−1

Sε Source term of ε equation, kg·(m3·s)−1

t Time, s
td Total bubble formation time, s
u Gas−liquid relative velocity at air outlet u =

πdNK (0 < K < 1), m·s−1
v Velocity, m·s−1
Vq Liquid volume, m3

Vtip Speed of impeller tip, m·s−1
y Distance between the impeller and the tank

bottom, m
Ym Influence of wave expansion on turbulent

dissipation rate
α Phase hold-up, %
ΔP Pressure drop, Pa
ε Turbulence dissipation rate, m2·s−3
μ Viscosity, Pa·s−1
μeef Effective viscosity, Pa·s−1
ρ Density, kg·m−3

σ Turbulent Prandtl number, dimensionless
F⃗lif t,q Lift force, N
F⃗q External forces, N
F⃗td,q Turbulent dispersion force, N
F⃗wl,q Wall slip force, N
R⃗pq Interphase drag, N
ṁpq and ṁqp Mass flow rate between two phases, kg·s−1
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τ̅q Stress tensor of q-phase, dimensionless
hf1 Energy loss in turbulent liquid, dimensionless
hf 2 Energy loss in the flow process, dimensionless
S1 Quality source term, kg·(m3·s)−1

λq Bulk viscosity, Pa·s−1
μq Shear viscosity, Pa·s−1
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