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Abstract: The scale-up technology of anaerobic fermentation stirring equipment is worthy of attention.
Computational fluid dynamics (CFD) simulations were used to study the scale-up of anaerobic
fermentation mixing under different solid content conditions. The applicability of different scale-up
criteria was analyzed by investigating the relative parameters, such as the blade tip speed and the
Reynolds number. On this basis, the scale-up index was optimized and verified. The results revealed
the applicability of five common scale-up criteria under different solid content conditions. When the
solid content is less than 5%, the anaerobic fermentation tank should be scaled up according to the
same Weber number. When the solid content is between 5% and 10%, the anaerobic fermentation tank
should be scaled up according to the same blade tip speed; it was especially suitable for anaerobic
fermentation and other conditions that limit the shear rate. Scaling up according to the Reynolds
number was not recommended due to the poor mixing effect. When the scale-up index x reached
0.75, there was no need to further reduce it. For anaerobic fermentation systems, the suitable scale-up
indices selected for 5%, 10%, and 15% solid content were 1.1, 1, and 0.75, respectively.

Keywords: anaerobic fermentation; solid-liquid mixing system; solid concentration distribution;
scale-up; numerical simulation

1. Introduction

Anaerobic fermentation is a process that converts organic matter (feces, straw, weeds,
etc.) into combustible gases, such as methane, and other usable products (carbon dioxide,
alcohol, acids, etc.) through the catabolism of various microorganisms under a specific
temperature (28~38 ◦C) and humidity (40~60%) environment [1–3]. Treating organic waste
to produce biogas through anaerobic fermentation process is a biomass energy technology
to control environmental pollution, reduce carbon emissions, and provide renewable energy.
In anaerobic fermentation, mechanical stirring is often used to accelerate the microbial
growth and metabolic reactions [4,5]. Stirring can improve the efficiency of anaerobic
fermentation of biogas and significantly increase the gas production rate and pollutant
removal rate [6,7]. Under the global trend of energy savings and emissions reduction, the
scale of anaerobic fermentation production has great development potential. Most available
facilities worldwide are lab-scale (29%) or pilot-scale (41%), while there are far fewer
demo-scale (15%) and commercial-scale (16%) facilities, which cannot meet the current
demand [8]. Hence, the research on the scale-up technology of anaerobic fermentation
stirring has become essential.

According to different production requirements, scale-up technology can be divided
into five types: geometric similarity, dynamic similarity, kinematic similarity, thermal
similarity, and chemical similarity, which respectively correspond to the size ratio, the
structural force ratio, the flow rate ratio, the fluid temperature ratio, and the corresponding
concentration ratio before and after scaling up. In general, the primary condition for
scale-up of stirring equipment is geometric similarity. Industrial production is generally
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based on laboratory research results; then, industrial models are designed according to
the geometric similarity method. However, due to the complexity of the fluid flow, it
is usually challenging to achieve the same flow state on both a laboratory scale and an
industrial scale [9]. Therefore, selecting key process features for the industrial scene is
necessary, as is then choosing the corresponding scale-up criteria. The most commonly
used scale-up criteria for solid-liquid mixing systems can be obtained through Equation
(1) [10]. The scale-up indicators include unit volume power, blade tip speed, Reynolds
number, rotational speed, Weber number, etc. It can be easily seen from Equation (1) that,
when the reacting tank size is enlarged, the working speed required to achieve the same
mixing effect tends to decrease. A slight change in the x value can significantly change the
power consumption and dispersion effects of the solid-liquid mixing system.

NSDx
S = NLDx

L (1)

where x is the scale-up index; and NS, NL, DS, and DL are the rotational speed and the
diameter of the stirring tanks before and after scaling up, respectively.

The key to the geometric similarity method is selecting scale-up criteria suitable
for different industrial scenes. Different scale-up criteria determine different x values in
Equation (1). The corresponding scale-up indices of different criteria are shown in Table 1.

Table 1. Scale-up indicators of mixing equipment.

Indicator Scale-Up Index

rotational speed 0
Froude number 0.5

unit volume power 0.67
solid suspension degree 0.75

Weber number 1.5
blade tip linear velocity 1

Reynolds number 2

Many experimental and numerical studies have been conducted to investigate the
scale-up of solid-liquid mixing systems. Montante et al. [11] used multi-impeller stirring
tanks with similar geometric shapes to obtain the same solid concentration distribution.
The appropriate scale-up index x under this condition was 0.93, closer to the scale-up
criterion with the same blade tip speed (x = 1) rather than constant unit volume power
(x = 2/3). Zhou et al. [12] found that the velocity field was similar before and after scaling
up according to the same blade tip speed. The solid concentration distribution in most
regions of the tank was relatively uniform, with a high local solid volume fraction only
appearing at the bottom of the stirring tank and near the baffle. Harrison et al. [13] found
that, under constant blade tip speed conditions, the unit volume power of the tank after
scaling up would increase. When the unit volume power or the blade tip speed was
constant, the small tank was more uniform than the larger one. However, with the increase
in the solid volume fraction, the solid concentration distribution of the tank scaled up
worsened. Jafari et al. [14] studied the effects of impeller type, blade off-bottom distance,
and solid volume fraction on the solid concentration distribution characteristics in a dense
solid-liquid system using the optical fiber probe method. Furthermore, the methods used
to reproduce the lab-scale solid concentration distribution in industrial systems were
evaluated, such as the same unit volume power method, the same blade tip speed method,
the Montante method [11], and the Buurman method [15]. It was found that none of
them was fully applicable. Therefore, exploring the most appropriate scale-up criteria for
anaerobic fermentation mixing equipment under different solid volume fraction conditions
is necessary to reproduce the solid concentration distribution of a lab-scale tank.

In this paper, a double-layer, two-pitched blade impeller, widely used in anaerobic
fermentation, was selected. Through numerical simulation, the application of five common



Fermentation 2023, 9, 375 3 of 25

scale-up criteria was investigated. The appropriate scale-up index was optimized and
determined for anaerobic fermentation systems with different solid content.

2. Materials and Methods
2.1. Experimental Setups

A particular experimental device was built to verify the accuracy of the numerical
simulation, as shown in Figure 1. The stirring tank was a cylinder with a flat bottom, a
diameter of 380 mm, and a total volume of 43.1 L. The liquid level height (H) during the
experiment was always equal to the diameter of the tank (DT). The stirring tank was made
of transparent organic glass, with holes for optical fiber probes on the tank body. To avoid
the influence of external light on the measurement of the optical fiber probe, the whole
stirring tank was wrapped with a black shading cloth during the experiment. A light
shielding plate was also used to block the light above the stirring tank.
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Figure 1. Schematic diagram of the experimental setup: 1. Optical fiber probe (P1–P4); 2. Motor;
3. Torque sensor; 4. Mixing shaft; 5. Impeller; 6. Control cabinet; 7. Computer.

A double-layer impeller, composed of two-pitched blades, was selected as the research
object in the experiment because the two-pitched blade impeller has lower power con-
sumption and higher discharge at the same speed, compared with other impellers, such as
the two-straight blades impeller, the Ruston impeller, and the propeller. In addition, the
required speed of the double-layer impeller is significantly lower than that of the single-
layer impeller with the same mixing effect, decreasing the shear rate [16]. Additionally,
the double-layer impeller increases the mixing area and improves the mixing effect of
the whole area in the stirring tank [17]. The structure of the two-pitched blade impeller
is shown in Figure 1, with the diameter of a 152-mm blade. During the experiment, the
distance between two impellers (H1) could be changed, and the lower impeller off-bottom
distance (H2) was adjusted by controlling the lifting of the tank.

Based on the optical fiber probe method [18,19], the PC-6M particle concentration
analyzer was used to measure the local solid volume fraction, as shown in Figure 2. The
detection light was emitted to the tank through the light source, and it was reflected to
the probe when encountering particles, at which point the probe transmitted the signal
to the measuring instrument and converted it into a voltage value. The voltage value
was transformed into the particle concentration value through the calibrated volt-particle
concentration curve before the experiment [20]; finally the particle concentration value was
displayed on the computer in real time. When using the optical fiber probe, it should be
noted that the probe was horizontal and inserted at a depth of no more than 5 mm to avoid
collision with the blade. Four measuring points were established during the experiment.
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The distance between the bottom probe and the bottom of the tank was 40 mm, and the
distance between each measuring point was 100 mm.
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Figure 2. PC-6M particle concentration analyzer.

Considering that the main purpose of this study was to maintain the mixing effect in
the tank before and after enlarging the anaerobic fermentation mixing tank, and the reaction
involved was a straw fermentation reaction, the experiment system could be simplified to a
solid-liquid two-phase system. In the experiment, as a cheap and easily available material,
malt syrup aqueous solution was selected as the liquid phase, composed of malt syrup
at a concentration of 75% and water. The malt syrup aqueous solution in the experiment
required a viscosity of 0.3 Pa·s and a density of 1337.5 kg/m3. Special consideration was
given to the hydrophobicity, density and particle size of the material in the selection of the
experimental solid phase used to characterize actual straw particles. As a hydrophobic
material, polyformaldehyde particles were selected as the solid phase with a density of
1500 kg/m3, which was the same as the density of actual straw particles and was slightly
heavier than the malt syrup aqueous solution prepared. Since the particle size significantly
impacts mixing effects, particles similar to those in actual straw anaerobic fermentation
scenes were selected, with an average particle size of 3.10 mm. As one of the critical factors
in this study, the solid volume fraction (Co) had three conditions: 5%, 10%, and 15%. During
the experiment, this factor could be prepared according to the requirement.

During the experiment, the rotating speed of the impeller was adjusted at intervals of
50 rpm. After the system was stable, the solid volume fraction at each monitoring point
(Ci) was measured using the optical fiber probe. The real-time torque measured by the
torque sensor was used to calculate the stirring power. To ensure the accuracy of the data,
measurements were repeated at least three times in each group.

2.2. Simulation Methods

The model had two scales: lab test and pilot test. The size of the lab test was precisely
the same as that of the experimental tank. Based on the lab test, the geometric similarity
method was used to design the pilot test. The pilot test size was scaled up by 1.3 times that
of the lab test, including mechanical components, such as the tank body, shaft, and blades.
The specific parameters are shown in Table 2.

Table 2. Structural parameters of different models.

Parameter Lab Test Pilot Test

Stirring tank diameter T/mm 380 494
Blade diameter Db/mm 152 198

Diameter of stirring shaft Ds/mm 25 32
Blade thickness t/mm 2 3

Stirring tank volume V/L 43.1 94.7
Volume ratio - 2.2
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There are Euler–Euler and Euler–Lagrange methods for the study of multiphase flow.
The Euler–Lagrange model regards the liquid phase as continuous fluid and the solid phase
as discrete particles, between which there can be the exchange of mass, momentum, and
energy. When calculating based on the Euler–Lagrange method, the motion trajectory of
each particle is independent. Although the specific flow trajectory of each particle can be
accurately obtained in this way, the calculation amount will be greatly increased when the
volume fraction of the solid phase is high or the number of solid phase particles is large. For
the Euler–Euler method, both solid-liquid phases are regarded as continuous phases and
permeable with each other. Although this processing loses the behavior information based
on particle size, it also gives the method the advantage of a small calculation amount in
cases of accurate calculation results. The Euler–Euler model was chosen as the multiphase
flow model because the average solid concentration was high in this study.

Without considering conditions such as chemical reactions and temperature changes,
the Euler–Euler model needs to consider the conservation equations of mass and momen-
tum, As shown in Equations (2)–(4):

Mass conservation equation:

∂

∂t
(αiρi) +∇

(
αiρi

⇀
v i

)
= 0, Σαi = 1, (2)

Momentum conservation equation:

∂

∂t

(
αiρi

⇀
v i

)
+∇

(
αiρi

⇀
v i

⇀
v i

)
= −αi∇p +∇=

τi + Σ
⇀
R ij + αiρi

⇀
F i (3)

τi = αiµi

(
∇→ν i +∇

→
ν i

T
)
+ αi

(
λi −

2
3

µi

)
∇→ν i

=
I (4)

where αi is the volume fraction of each phase, ρi is the density of each phase, p is the static

pressure,
=
τi is the stress tensor,

⇀
R ij is the interphase interaction force, and

⇀
F i is the external

volume force, such as lift force, virtual mass force, etc.
In this study, a commercial CFD software package (Fluent V6.3) was used to simulate

the mixing of the anaerobic fermentation tank by solving the conservation of mass and
momentum equations. The simulation involved a solid-liquid two-phase system. In these
systems, the forces between particles and liquid include drag force, virtual mass force, lift
force, diffusive force, etc. Since the lift and virtual mass forces have little influence on the
solid phase distribution compared with other forces, the effects of these two forces were
ignored in this study. Through comparing the simulation and experimental results, the
realizable k-ε model was selected as the turbulence model, and the Gidaspow model was
selected as the drag force model. The optimization flow diagram of CFD simulation is
shown as Figure 3.

The multiple reference frame (MRF) method [21–23] was used to process the computa-
tional domain in the simulation. The discrete grids are shown in Figure 4b, using Gambit
software, version 2.4, for meshing. The model was divided into a rotational region con-
taining two impellers and an outer stationary region, with mesh sizes adjusted to 2–7 mm,
respectively. The total numbers of grids generated were about 1.31 million (lab test) and
2.56 million (pilot test). The stationary region speed was 0 during the simulation, while
the rotational region speed was set according to the simulation conditions. Structured
meshes were used for the stationary region with a regular shape when meshing. At the
same time, unstructured meshes were used for the rotational region with an irregular shape
to achieve a trade-off between mesh quality and computing speed. All meshes passed the
grid independence check.
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The computational domain was divided into a rotational region and a stationary
region. The area between the rotational and stationary regions was set as the interface to
facilitate material exchange and momentum. The free liquid surface in the tank was set
as the symmetry. The inner wall of the stirring tank, blade, and shaft was set as the wall,
which could not be used for material exchange.

The finite volume methods discretized the governing equations, including the first-
order upwind, second-order upwind, central difference, and QUICK schemes. To im-
prove the calculation accuracy, the second-order upwind scheme was used to discretize
the turbulent kinetic energy, momentum, and turbulent dissipation rate. The QUICK
scheme was selected to discretize the volume fraction. The simulation run required
12,000–15,000 iterations to converge. The simulation was performed on a 3.0-GHz,
2 GB RAM, Pentium IV. The convergence of the calculation was judged by checking



Fermentation 2023, 9, 375 7 of 25

whether the iterative residual error was less than 10−5. At the same time, the solid volume
fraction in a section and local area was monitored. When the value did not change while
the number of iteration steps increased, it was considered that the simulation had reached
a stable state under this condition.

3. Results and Discussion
3.1. Validation and Comparison of Models

Gidaspow [24], Syamlal-Obrien [25], and Wen-Yu [26] were selected for calculation,
and the simulation results were compared with the experimental results, as shown in
Figure 5.
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Figure 5. Comparison of axial solid concentrations obtained from the simulation and experimental
results under different drag models (H1 = 0.2 DT, H2 = 0.4 DT, N = 150 rpm, Co = 0.05 L·L−1).

As shown in Figure 5, the axial solid concentration distribution trends under the
three drag force models were similar, but the overall values had specific differences. The
maximum deviations between the simulated and experimental values of the Gidaspow,
Syamlal-Obrien, and Wen-Yu models were 7.24%, 13.63%, and 15.94%, respectively. The
Wen-Yu model obtained the lowest concentration, while the Syamlal-Obrien and Gidaspow
models obtained similar results. Compared with the experimental results, none of the
drag force models could precisely match the experimental values. However, the simula-
tion results of the Gidaspow model were more consistent with the experimental results.
Therefore, the Gidaspow model was chosen for this study. Based on the Gidaspow model,
turbulence models, such as standard k-ε, realizable k-ε, and RNG k-ε models, were con-
ducted. The comparison between the simulation and the experimental results is shown in
Figure 6. The maximum deviations between the simulated and experimental values of the
three turbulence models were 17.72%, 7.24%, and 22.72%, respectively.
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Figure 6 shows that the axial solid concentration distribution trends under three
turbulence models were similar. Among them, the solid concentration calculated by the
RNG k-ε model was significantly higher than the experimental value, while the other two
were close to the experimental values. Although the RNG k-ε model considers turbulent
vortices, the flow situation in the tank is more complex under double-layer impeller stirring.
The generated turbulent eddies are not as regular as with the single-layer impeller stirring,
which may lead to inaccurate calculation of the RNG k-ε model. The standard k-ε model is
widely adaptable and can be applied to most working conditions. It can be observed in
Figure 6 that the maximum deviation was less than 20%. The realizable k-ε model had good
predictive ability for rotary flows; its simulation results were the closest to the experimental
results. Therefore, the realizable k-ε model was selected for simulation.

3.2. Analysis of Scale-Up Criteria
3.2.1. Scale-Up Criterion Based on the Same Blade Tip Linear Velocity

Based on this criterion, the blade tip linear velocity with the mixing equipment in
different sizes is equal, which means that the flow velocity at the same fluid position is
equal [27]. The criterion can be expressed as follows:

ND = constant (5)

where N is the rotational speed, and D is the diameter of the tank.
Table 3 shows the parameters calculated according to the same blade tip linear velocity.

From the definition of unit volume power, it can be expressed as PVN3D2. As show in
Table 3, when the blade tip linear velocity was constant, the Reynolds number in the
stirring tank rose with the increase in the stirring tank diameter, and the stirring power
ratio was the square of the diameter proportion of the tank. At the same time, the power
growth speed was accelerated. In the anaerobic fermentation scaling up process, special
attention should be paid to the influence of shear force on microbial activity. Nielsen
et al. [28] showed that, when the blade tip linear velocity was greater than 3.2 m/s, the
shear force may cause damage to microorganisms. The blade tip linear velocity before and
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after scale-up was the same, so it can be considered that this scale-up criterion had little
effect on microbial activity.

Table 3. Working condition parameters based on the same blade tip linear velocity.

Parameter Lab Test
(T1 = 380 mm)

Pilot Test
(T2 = 494 mm)

Blade diameter Db/mm 152 198
Rotate speed/rpm 250/300 192/231
Reynolds number 429.2/515.0 559.3/672.9

Blade tip linear velocity/m·s−1 1.99/2.39 1.99/2.39
Stirring power ratio Pn/P1 1 1.69

Unit volume power ratio Pvn/PV1 1 0.77

Figure 7 displays the cloud diagrams of the solid concentration distributions under
three solid volume fraction conditions scaled up based on the same blade tip linear velocity.
The results show that, as the solid volume fraction increased, the solid concentration
distribution in the pilot-scale tank compared with the lab-scale tank changed from better
to worse. This outcome was consistent with the conclusions drawn by Harrison et al. [13].
Accordingly, the scale-up criterion based on the same blade tip linear velocity could be
selected for low solid volume fraction conditions.
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To better quantify whether each criterion was applicable to the scale-up processes of
anaerobic fermentation reactors with different solid content, the solid uniformity σ was
introduced, which can be expressed by the following formula:

σ =

√
∑n

1 (αs − αs,ave)
2

n
(6)

where αs is the local solid phase concentration at the measuring point, and αs,ave is the
average value of the local solid phase concentration at each point.

Table 4 records the solid uniformity σ of the tanks before and after scaling up, according
to the same blade tip speed criterion under different solid content. It can also be seen from
Table 4 that, when solid content was between 5% and 10%, the σ values of the pilot-scale
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tank and the lab-scale tank were similar, which means this criterion could be used for the
scale-up process under this condition.

Table 4. The solid uniformity σ before and after scaling up based on the same blade tip speed.

Solid Content Lab Test
(T1 = 380 mm)

Pilot Test
(T2 = 494 mm) Relative Deviation

σ
5% v/v 0.01065 0.01039 2.5%

10% v/v 0.01295 0.01166 9.96%
15% v/v 0.00208 0.00331 58.6%

3.2.2. Scale-Up Criterion Based on the Same Reynolds Number

The Reynolds number is a dimensionless number used to characterize fluid flow
state. For Newtonian fluids, the calculation formula is shown as Equation (7). In stirring
equipment, it is generally believed that turbulence is defined when the Reynolds number is
higher than 300 under unbaffled conditions. The scale-up criterion derived from the same
Reynolds number can be shown in Equation (8):

Re = ρND2/µ (7)

ND2 = constant (8)

where N is the rotational speed, and D is the diameter of the tank.
Table 5 lists the parameters calculated according to the same Reynolds number. It

can be easily seen that the rotating speed and the blade tip linear velocity decreased after
scaling up, as well as the total power and unit volume power. Comparing the calculation
results with various scale-up criteria, the rotating speed scaled up based on the same
Reynolds number was the lowest. Although the Reynolds number can characterize the
flow condition, achieving the same suspension condition with a lower unit volume power
is practically impossible, which can also be proved by Figure 8. Generally, the Reynolds
number of a large tank is usually higher than that of a small one, so it is impractical to scale
up according to the same Reynolds number under actual production conditions. Mishra
et al. [29] also presented the same views on this scale-up criterion.

Table 5. Working condition parameters based on the same Reynolds number.

Parameter Lab Test
(T1 = 380 mm)

Pilot Test
(T2 = 494 mm)

Blade diameter Db/mm 152 198
Rotate speed/rpm 250/300 148/178
Reynolds number 429.2/515.0 429.2/515.0

Blade tip linear velocity/m·s−1 1.99/2.39 1.53/1.84
Stirring power ratio Pn/P1 1 0.77

Unit volume power ratio Pvn/PV1 1 0.35

Figure 8 shows the cloud diagrams of the solid concentration distributions under
three solid volume fraction conditions scaled up according to the same Reynolds number.
Although the Reynolds number characterizes the flow condition to some extent, it can be
seen from Figure 8 that, when the Reynolds number is constant, the mixing conditions
deteriorate as the scale of the stirring tank increases. As shown in the cloud diagram, there
is some solid deposition at the bottom under all three solid volume fraction conditions
because the unit volume power decreases rapidly with scaling up according to the same
Reynolds number, resulting in the energy system obtained not being able to meet the
requirement of uniform solid suspension. In general, although the decrease in blade tip
linear velocity based on the same Reynolds number scale-up criterion benefits the survival
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of microorganisms, the disadvantages caused by the poor solid-liquid mixing effect are far
more significant than the former.
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Table 6 records the solid uniformity σ of the tanks before and after scaling up, according
to the same Reynolds number criterion under different solid content. It can easily be seen
from Table 6 that there was a large gap in the σ values before and after scaling up under
the three solid content conditions, also confirming the conclusion reached before.
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Table 6. The solid uniformity σ before and after scaling up based on the same Reynolds number.

Solid Content Lab Test
(T1 = 380 mm)

Pilot Test
(T2 = 494 mm) Relative Deviation

σ
5% v/v 0.01065 0.02000 87.7%
10% v/v 0.01295 0.02048 58.1%
15% v/v 0.00208 0.01028 393.3%

3.2.3. Scale-Up Criterion Based on the Same Weber Number

The Weber number is also a dimensionless number in fluid mechanics, characterizing
the ratio of inertial force to surface tension. The scale-up criterion based on the same Weber
number is generally used in liquid–liquid mixing conditions. However, considering this
study involved multiple solid volume fractions and the density of solid–liquid phases
were relatively close, it was also investigated here. The Weber number can be expressed as
Equation (9):

We = ρN2D3/σ (9)

where σ is the surface tension coefficient of the fluid.
The scale-up criterion based on the same Weber number can be further obtained

as follows:
N2D3 = constant (10)

Table 7 lists the parameters calculated according to the same Weber number. The
results show that the blade tip linear velocity and unit volume power decreased while the
Reynolds number and total power increased after scaling up. For anaerobic fermentation
systems, the decrease in blade tip linear velocity is beneficial to maintain microbial activity.
Therefore, the negative impact of blade tip linear velocity on microorganisms in scaling up
processes can be ignored by selecting the scale-up criterion with the same Weber number.

Table 7. Working condition parameters based on the same Weber number.

Parameter Lab Test
(T1 = 380 mm)

Pilot Test
(T2 = 494 mm)

Blade diameter Db/mm 152 198
Rotate speed/rpm 250/300 169/202
Reynolds number 429.2/515.0 492.3/588.4

Blade tip linear velocity/m·s−1 1.99/2.39 1.75/2.09
Stirring power ratio Pn/P1 1 1.14

Unit volume power ratio Pvn/PV1 1 0.52

Figure 9 shows the cloud diagrams of the solid concentration distributions under three
solid volume fraction conditions scaled up according to the same Weber number. It can be
seen from Figure 9 that, when the solid volume fraction was 5% v/v and 10% v/v, the solid
concentration distribution was more similar between the pilot-scale and lab-scale tanks
because, when the density of the solid and liquid phases is relatively close in anaerobic
fermentation systems, the scaling up process can be simplified to pure liquid phase scale-up
under a low solid volume fraction condition. With the increase in the solid volume fraction,
the density difference between the solid and liquid phases and the force between the
particle–particle, particle–wall, and solid–liquid phases cannot be ignored. When the solid
volume fraction reached 15% v/v, the reproducibility of the solid concentration distribution
was worse than that of 5% v/v and 10% v/v.
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Table 8 records the solid uniformity σ of the tanks before and after scaling up, according
to the same Weber number criterion under different solid content. As can be seen from
Table 8, with the increase in solid content, the gap of solid uniformity in the tanks became
larger before and after scaling up. Therefore, this scale-up criterion is only applicable to
anaerobic fermentation mixing systems with a solid content of less than 5%.

Table 8. The solid uniformity σ before and after scaling up based on the same Weber number.

Solid Content Lab Test
(T1 = 380 mm)

Pilot Test
(T2 = 494 mm) Relative Deviation

σ
5% v/v 0.01065 0.01109 4.1%
10% v/v 0.01295 0.00791 38.9%
15% v/v 0.00208 0.00573 175.1%

3.2.4. Scale-Up Criterion Based on the Same Unit Volume Power

Unit volume power is the energy used to stir per unit of fluid volume per unit of
time [30]. In scaling up processes, the scale-up criterion based on the same unit volume
power is shown in Equation (11):

N3D2 = constant (11)

Table 9 lists the parameters calculated according to the same unit volume power.
The results show that the blade tip linear velocity, unit volume power, and total power
increased after scaling up. Although this scale-up criterion is commonly used, it is necessary
to consider whether the blade tip linear velocity will affect microbial reactions for stirring
equipment with cells or microorganisms. It can be calculated that, when the volume of
the stirring tank is enlarged by eight times, the maximum blade tip linear velocity reaches
3.01 m/s, and further enlargement will cause adverse effects on microbial activity. Generally,
considering the influence of the blade tip linear velocity, some bioreactors will choose
the same blade tip linear velocity as the scale-up criterion [31]. For conditions without
considering this factor, better mixing results can be obtained by scaling up with the same
unit volume power, rather than scaling up based on the same blade tip linear velocity.

Table 9. Working condition parameters based on the same unit volume power.

Parameter Lab Test
(T1 = 380 mm)

Pilot Test
(T2 = 494 mm)

Blade diameter Db/mm 152 198
Rotate speed/rpm 250/300 210/252
Reynolds number 429.2/515.0 611.7/734.1

Blade tip linear velocity/m·s−1 1.99/2.39 2.18/2.61
Stirring power ratio Pn/P1 1 2.20

Unit volume power ratio Pvn/PV1 1 1

Figure 10 shows the cloud diagrams of the solid concentration distributions under
three solid volume fraction conditions scaled up according to the same unit volume power.
It can be seen from Figure 10 that, under this scale-up criterion, the solid concentration
distribution of the pilot-scale tank was better compared with the lab-scale one because
only the mechanical components, such as the tank body, shaft, and blades, are scaled up in
the scaling up process of the stirring equipment, while the particle size of the solid phase
remains the same. In other words, the pilot-scale tank stirs smaller particles at the same unit
volume power as the lab-scale tank. The small particle size is more accessible to suspend
than the large particle size [32]. Therefore, selecting the scale-up criterion based on the
same unit volume power for solid-liquid mixing will cause energy waste when the physical
properties of the solid and liquid phases are unchanged.
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Table 10 records the solid uniformity σ of the tanks before and after scaling up,
according to the same unit volume power criterion under different solid content. As shown
in Table 10, under the three solid content conditions, the values of σ of the lab-scale tank
were always greater than those of the pilot-scale tank, confirming the conclusion obtained
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from the cloud diagrams that the solid uniformity is better after scaling up according to
this criterion.

Table 10. The solid uniformity σ before and after scaling up based on the same unit volume power.

Solid Content Lab Test
(T1 = 380 mm)

Pilot Test
(T2 = 494 mm) Relative Deviation

σ
5% v/v 0.01065 0.00991 6.9%

10% v/v 0.01295 0.00869 32.9%
15% v/v 0.00208 0.00189 9.2%

3.2.5. Scale-Up Criterion Based on the Same Solid Suspension Degree

According to the different purposes of operation, the degree of solid suspension can
be divided into two states. One is the critical suspension state, which means that the solid
particles stay at the bottom of the stirring tank for no more than 2 s, but the solid particles
are not homogeneously suspended. The other is the homogeneous suspension state, which
means that the solid particles in the tank are evenly distributed throughout the tank. The
scale-up criterion based on the same solid suspension degree is shown in Equation (12):

N4D3 = constant (12)

Table 11 lists the parameters calculated according to the same solid suspension degree.
The results show that the blade tip linear velocity, Reynolds number, and total power
increased while the unit volume power decreased after scaling up. Compared to the scale-
up criterion with the same unit volume power, the blade tip linear velocity increased much
slower using the former scale-up criterion, which is beneficial to bioreactors.

Table 11. Working condition parameters based on the same solid suspension degree.

Parameter Lab Test
(T1 = 380 mm)

Pilot Test
(T2 = 494 mm)

Blade diameter Db/mm 152 198
Rotate speed/rpm 250/300 205/246
Reynolds number 429.2/515.0 527.2/716.6

Blade tip linear velocity/m·s−1 1.99/2.39 2.13/2.55
Stirring power ratio Pn/P1 1 1.892

Unit volume power ratio Pvn/PV1 1 0.94

Figure 11 shows the cloud diagrams of the solid concentration distribution under
three solid volume fraction conditions scaled up according to the same solid suspension
degree. It can be seen from Figure 11 that the solid concentration distributions were
similar, respectively scaled up with the same solid suspension degree and the same unit
volume power. Although the scale-up index of 0.75 according to the same solid suspension
degree had been empirically determined by experts, it can be seen in Figure 11 that the solid
suspension degree before and after scaling up was not precisely the same. Therefore, during
the scaling up of anaerobic fermentation mixing equipment, it is necessary to conduct the
corresponding scale-up design according to the specific conditions.

Table 12 records the solid uniformity σ of the tanks before and after scaling up,
according to the same solid suspension degree criterion under different solid content. Since
the impeller speeds in the two scale-up situations were similar, the σ values in the tanks
were basically the same when scaled up based on the same unit volume power and the
same solid suspension degree. It can be basically considered that the best mixing effect can
be satisfied when the scale-up index is 0.75, and there is no need to further reduce it. If the
solid phase concentration distribution has high requirements, it can be directly selected to
scale up according to the same solid suspension degree criterion.
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Table 12. The solid uniformity σ before and after scaling up based on the same solid suspension degree.

Solid Content Lab Test
(T1 = 380 mm)

Pilot Test
(T2 = 494 mm) Relative Deviation

σ
5% v/v 0.01065 0.00913 14.3%

10% v/v 0.01295 0.00867 33.0%
15% v/v 0.00208 0.00195 6.6%

3.3. Optimization of Scale-Up Criteria for Different Solid Content Systems

To select the scale-up criteria suitable for different solid content more accurately, we
considered 36 measuring points on one side of the stirring tank. The ratios between the
point locations (ri) and the stirring tank radius (R) in the radial direction were r1/R = 0.2,
r2/R = 0.4, r3/R = 0.6, and r4/R = 0.8, respectively. The longitudinal range of points was
0.1~0.9 H from the bottom of the tank, including nine measuring points equidistantly taken
from the remaining areas. Since the cloud diagrams of the solid concentration distribution
scaled up with different scale-up criteria are given above, they are not repeated here. To
quantify the solid-liquid mixing condition, the mixing index (MI) was used to quantitatively
characterize the uniformity of the solid concentration distribution in the tank. The definition
formulas are as follows:

Xi = Ci/Co (13)

−
X =

n

∑
1

Xi/n (14)

MI =

√√√√∑n
1 (Xi −

−
X)

2

n
(15)

where Xi (i = 1,2, 3 . . . , n) is the relative solid concentration at each measuring point,
−
X

is the mean value of the relative solid concentration at all measuring points, and n is the
number of measuring points in the selected plane.

Figures 12–14 show the influence of different scale-up criteria on the MI curve with
three solid volume fraction conditions. The data for each radial position (ri/R) were the
mean of the longitudinal values. The original MI curve characterizes the mixing condition
in the original tank. According to Figures 12–14, the mixing index decreased and tended
to be stable with the decrease in the distance from the wall, indicating that the axial
concentration gradient in the near-wall region is small. It can also be seen from the previous
concentration distribution cloud diagrams that it was related to the axial and radial flows
generated by the two-pitched blade impellers.

At the same time, it is found that, as the solid volume fraction increased, the scale-up
index corresponding to the curve similar to the original MI curve became smaller. For the
5% solid volume fraction system, the original MI curve was between the curves belonging to
the scale-up indices of 1 and 1.5. For the 10% solid volume fraction system, the original MI
curve and the curve belonging to the scale-up index of 1 almost overlapped. Regarding the
15% solid volume fraction system, the original MI curve was between the curves belonging
to the scale-up indices of 0.67 and 1. This result is sufficient to demonstrate the effect of the
solid volume fraction on the scaling up of solid–liquid stirring equipment.

In addition, Figures 12–14 show that, with the increase in the solid volume fraction,
the MI curves with scale-up indices of 0.75 and 0.67 become closer. It can be considered
that, even if the solid volume fraction continues to increase, using the scale-up index of
0.75 can already achieve the same mixing effect in the scaling up process. Additionally, this
condition is the most uniform condition that can be achieved in actual production.
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To better reproduce the solid distribution of the original tank, the scale-up index
under different solid content conditions was optimized. The scale-up index range in which
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the MI curve was closer to the original tank curve was taken as the optimization range.
According to Figure 12, the optimization range of the scale-up index under a 5% solid
volume fraction was positioned from 1 to 1.5. The solid concentration distribution was
simulated with the scale-up indices of 1.1, 1.2, 1.3, and 1.4, respectively. Similarly, the
optimization range was positioned from 1 to 1.5 under a 10% solid volume fraction in
Figure 13. The simulation process was the same as previously mentioned. According to
Figure 14, the optimization range was positioned from 0.75 to 1 under a 15% solid volume
fraction. The solid concentration distribution was simulated with scale-up indices of 0.8,
0.85, 0.9, and 0.95, respectively.

Figures 12–14 show that the mixing index was lower near the tank wall. The difference
between the mixing index of the stirring equipment scaled up under different criteria was
relatively minor near the wall. Therefore, in the further comparison of solid concentration
distributions, we chose the part close to the stirring axis for comparison. However, the
mixing effect at r/R = 0.2 was not globally representative due to the large gap between
the mixing condition here and that at other positions. Finally, the solid concentration
distribution at r/R = 0.4 was selected as the basis for optimization. Figures 15–17 show the
axial concentration distributions of 5%, 10%, and 15% solid volume fraction, respectively,
under different scale-up indices.
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The maximum relative deviation between the axial concentration distribution curve
of the stirring tank after scaling up and that of the original tank curve was used as the
benchmark to judge the reproduction effect. The details of the operations are explained in
the following steps:

Step 1: The solid concentration of nine axial points at r/R = 0.4 in simulation results
were derived;

Step 2: The relative deviation of the axial concentration distribution between the
stirring equipment after scaling up and the original tank was calculated. The maximum
value of the relative deviation under each scale-up index was recorded;

Step 3: Finally, by comparing the maximum relative deviation under each scale-
up index, the minimum result was selected, and the corresponding scale-up index was
identified as the optimized scale-up index.

According to the calculation results, the optimized scale-up indices were 1.1, 1, and
0.75, respectively, at 5%, 10%, and 15% solid volume fractions, and the corresponding
maximum relative deviations were 3.64%, 0.98%, and 0.73%, respectively. It can be con-
cluded that a system with a higher solid concentration requires a smaller scale-up index
to reproduce the same mixing conditions. This conclusion is consistent with the research
results of Harrison et al. [13].

Based on the optimization of the scale-up indices under three solid content conditions
mentioned above, the anaerobic fermentation reactor was further enlarged, and the solid
phase concentration distribution in the three scales of tanks was selected to verify the
reliability of the optimized scale-up indices. The structural parameters of the three scales of
tanks (including the lab-scale and pilot-scale tanks) are shown in Table 13.

Table 13. Structural parameters of three scales of tanks.

Parameter Lab Test Pilot Test Large Test

Stirring tank diameter T/mm 380 494 760
Blade diameter Db/mm 152 198 304

Diameter of stirring shaft Ds/mm 25 32 50
Blade thickness t/mm 2 3 4

Stirring tank volume V/L 43.1 94.7 344.8
Volume ratio - 2.2 8

Figures 18–20 show the solid concentration distributions at r/R = 0.4 during the scale-
up process under three solid content conditions. The maximum relative deviations of
large and lab tests were 6.6%, 7.73%, and 10.52%, respectively. The solid concentration
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distribution of the large test was similar to that of the lab and pilot tests, indicating that the
reproduction was good.
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4. Conclusions

The geometric similarity method was used to scale up anaerobic fermentation stirring
equipment. The applicability of different scale-up criteria was analyzed by investigating
the relative parameters. On this basis, the scale-up index was optimized and verified. The
Weber number criterion applied to a less than 5% solid content system. The blade tip speed
criterion applied to a 5% to 10% solid content system, which was especially suitable for
conditions that limit the shear rate, such as straw anaerobic fermentation. The Reynolds
number criterion was not recommended due to the poor mixing effect. When the scale-up
index x reached 0.75, there was no need to further reduce it. For anaerobic fermentation
systems, the suitable scale-up indices selected for 5%, 10%, and 15% solid content were 1.1,
1, and 0.75, respectively.
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